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ABSTRACT

1. INTRODUCTION

In this study, it was aimed to determine the preventive effects of rose water against toxicological effects of chlorpyrifos-ethyl (CPE). Group I was the control group, group II
received CPE (0.3 mg/kg/day), group III received water solution of rose extract (WR, 100 mg/kg/day), while group IV
received WR + CPE. The rats were sacrificed after 15 days
of the experiment to collect blood samples, liver and kidney tissue. The results showed that, compared to the CPE
group, there was a significant (p<0.001) decrease in the activities of GGT, ALT, AST, lipase enzymes and MDA levels, while a significant (p<0.001) increase was observed in
put the actual words (TAC) and platelet (PLT) levels in the
CPE + WR group. Between the control and WR groups,
TAC, WBC and CAT levels were significantly (p<0.001)
higher, while TOC and OSI levels were significantly
(p<0.001) lower in the WR group. The highest OSI levels
were determined in the CPE group (1.12 µmol H2O2 equ./L)
followed by CPE + RW (1.02 µmol H2O2 equ./L), (0.93 µmol
H2O2 equ./L) and RW (0.87 µmol H2O2 equ./L) groups. PON
and ARE were found to be significantly (p<0.001) low in
the CPE and CPE + RW groups. In between these two
groups of CPE and CPE + RW, the levels of PON and ARE
were found significantly (p<0.001) higher in the CPE + RW
group. A residue of CPE was also detected in the groups II
and IV. In conclusion, it can be said that WR showed some
positive effects on the enzymes of liver and haematological
parameters in rats, and reduced the toxic effects of CPE.

KEYWORDS:
Chlorpyrifos-ethyl, preventive effects, rat, rose water

* Corresponding author

Pesticides are substances used for prevention of unwanted insects, rodents, plants, moss and other harmful organisms. Extensive and misuse of them can cause negative
effects on humans and environment. Pesticides used widely
in agriculture cause occurrence of reactive oxygen radicals,
such as hydrogen peroxide (H2O2), superoxide (O2̄ ) and
hydroxyl (-OH). These antioxidants cause oxidative stress
if they cannot be removed by immune system and, as a result of oxidative stress, DNA damage and pathological cancer lesions can be seen [1, 2]. Chlorpyrifos-ethyl (CPE; 0,0´diethyl 0-[3,5,6-trichloro-2-pyridyl] phosphorothionate) is
an organophosphate insecticide widely used against pests of
garden, agriculture and forest that people are frequently exposed [3]. CPE is absorbed easily in rats by oral route [5, 6].
Like in other organophosphates, the main principle of
the effect of this pesticide is phosphorylation of acetylcholinesterase and the following inactivation [4].
In Turkey, growing Rosa damascena Mill (Rosaceae)
dates back to sometimes before the Turkish Republic, and
it is one of the main commercial agricultural products grown
and harvested in Isparta district. Several different commercial products, such as water solution of rose extract, rose
essential oil, rose jam, rose soap, rose skin and body lotion
etc., are produced from Rosa damascena Mill. It is known
that Rosaceae family has many species used for medicinal
purposes, showing effects on physiological functions, biochemical activities, and have anticancer, anti-inflammatory, and antioxidant effects. It has been detected that water
solution of rose extract and rose essential oil produced from
Rosa damascena contained several terpenes, anthocyanins,
and flavonoids [7-9].
In this study, the preventive effects of water solution
of rose extract against toxicological effects of CPE have
been investigated.
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2. MATERIALS AND METHODS
2.1. Materials
2.1.1. Production of water solution of rose extract

Rose flowers [Rosa damascene Mill var. trigintipetala
(Dieck)] used in the study belong to the Keller Taxonomy.
Rose flowers (8 kg) were picked up at early hours of the
day in the second week of June in 2013, and brought to the
factory. They were distilled in a classic traditional village
distillery which is called ‘Imbik’ in Güneykent Town of
Isparta district. To achieve that, 24 L of water was added
to the boiler of distillery and the joint device was covered
by a special mud. Distillation took 2.5 h. The resulting water solution of rose extract contains a small amount of rose
essential oil and it is, therefore, called as ‘Rose water oil’,
and was stored in a cool and dark place.
2.1.2. Experimental animals

Thirty-two Wistar albino male rats (250-300 g each) at
age of 8-12 months were used in the study. The rats were
accommodated in 30×55×35 cm steal cages at 18-25 °C.
Water was available ad libitum. Prior to experiment, the
rats were kept for a week to get them adapted to the new
laboratory conditions. The rats were randomly divided into
4 experimental groups, each group having 8 rats. Group I
was the control group, and the rats in this group were supplied only with tap water and standard rat feed. In Group II
(CE group), the rats were supplied with tap water, standard
rat feed, and 0.3 mg CPE was given [10] individually once
a day for 15 days by oral gavage. In Group III, the rats were
supplied with tap water, standard rat feed, and 1 ml water
solution of rose extract was given individually once a day
for 15 days by oral gavage. In Group IV, the rats were supplied with tap water, standard rat feed, and 1 ml water solution of rose extract + 0.3 mg CPE mixture was given individually once a day for 15 days by oral gavage. The rats
were withdrawn from feeding for 2 h after each application.
At the end of 15 days, the rats were anesthetized by intramuscular injection of 10% Ketamine (Alfamin, Alfasan
IBV)-2% xylazine and were decapitated to collect liver,
kidney and blood samples.
Chlorpyrifos (CE; diethyl 3,5,6,-tricholoro-2- pyridyl
phosphorothionate), an organophosphorus insecticide
(OPI), is widely used in controlling pests on vegetables,
fruits, cereals, cocnut, tobacco, coffee, tea, sugarcane, jute
and cotton. It is also registered for direct use on sheep and
turkeys, for horse site treatment, dog kennels, domestic
dwellings, farm buildings, storage bins, and commercial
establishments [10].
2.2. Methods
2.2.1. Gas chromatography (GC) and gas chromatography–
mass spectrometry (GC/MS)

The concentrated diethyl ether extracts of rose water
and essential oil samples were subjected to GC analyses on
a Nucon GC, model 5765 and a Perkin Elmer Auto XL GC
equipped with a flame ionisation detector (FID) and two stationary phases of different polarity, viz. BP-20 (30 m×

0.25 mm × 0.25 µm film thickness) and DB-5 (30 m ×
0.32 mm× 0.25 µm film coating) fused silica columns, respectively. Hydrogen was the carrier gas at 1.0 ml min-1.
Temperature programming was done from 70 °C to 230 °C
at 4 °C min-1 with an initial and a final hold time of 2 min
(for BP-20), and from 60 °C to 210 °C at 3 °C min-1 (for
DB-5). The injector and detector temperatures were 210
and 230 °C on BP-20, and 210 and 220 °C on DB-5 column, respectively. The injection volume was 0.02 ml, and
the neat and the split ratio was 1: 30. GC–MS analysis was
recorded on a Perkin Elmer Auto System XL GC and Turbo
Mass Spectrometer fitted with a fused silica capillary column, PE-5 (50 m×0.32 mm id×film thickness 0.25 µm).
The column temperature was programmed at 100–280 °C
at 3 °C min1, using helium as carrier gas at a constant pressure of 10 psi. The injector temperature was 220 °C and
MS conditions were as follows: EI mode 70 eV, ion source
temperature 250 °C.
2.2.2. Identification of compounds

The compounds were identified by comparing the retention time, retention indices and mass fragmentation pattern with those of literature values, standard compounds
run under the same conditions, and by peak enrichment on
co-injection with authentic samples wherever possible to
corroborate identities [11-16]. The peak area percentage
was computed from the peak areas without applying FID
response factor correction.
2.2.3. Biochemical and haematological analysis

The blood samples were centrifuged at 3000 rpm for
15 min to obtain blood serum and ALT, AST, and GGT
levels were measured by using an auto-analyser in serum
(Olympus, AU 5200). Amylase and lipase activities were
determined by using an auto-analyser (Abbott Aeroset, IL,
USA). Hemogrammes were performed by using a haematological analyser (Beckman Counter LH 780).
2.2.4. TAC and TOC measurements

Total antioxidant capacity (TAC) levels were measured by Erel’s TAC method in serum [17], which is based
on the bleaching of the characteristic colour of a more stable 2,2’-azino-bis (3-ethylbenz-thiazoline-6-sulfonic acid)
(ABTS) radical cation by antioxidants. The results were expressed in mmol trolox equiv./L. Measurements were performed in blood samples, liver and kidney tissues.
Total oxidant status (TOS) serum concentrations were
measured using Erel’s TOS method in serum [18], which
is based on the oxidation of ferrous to ferric ions in the
presence of various oxidative species in acidic medium,
and the measurement of the ferric ions by xylenol orange.
The results were expressed in μmol H2O2/L. Erel’s TAC
and TOS methods are colorimetric and automated, and the
precision of this assay is excellent (<3%) [19, 20].
The percentage ratio of total peroxide level to TAC level
was taken as the oxidative stress index (OSI). To perform the
calculation, the unit of TAC, mmol trolox equivalent/L, and
the OSI value were calculated using the following formula:
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OSI = [(Total peroxide, mmol/L)/(TAC, mmol trolox
equivalent/L)/100] [18-20].

The chromatogram of CPE obtained from the blood
sample of a rat in group IV is shown in Fig. 3.

2.2.5. Paroxonase and arylesterase measurements

The calibration function values of the studied pesticide
(CPE) are given in Table 2.

Paroxonase (PON) and arylesterase (ARE) activities
were measured using paraoxon and phenylacetate as substrates [23]. The rate of paraoxon hydrolysis (diethyl-p-nitrophenyl phosphate) was measured by monitoring the increase in absorbance at 412 nm and 37 °C. The amount of
p-nitrophenol generated was calculated from the molar absorptivity coefficient at pH 8, which was 17000 M-1 cm-1.
PON activity was expressed as U/L plasma. Phenylacetate
was used as a substrate to measure the ARE activity. Enzymatic activity was calculated from the molar absorptivity
coefficient of the produced phenol, M-1 cm-1. One unit of
ARE activity was defined as 1 mmol phenol generated per
min under the above conditions and expressed as U/L
plasma [22, 23]. PON phenotype distribution was determined by a double substrate method that measures the ratio
of PON activity (with 1 M NaCl in the assay) to ARE activity, using phenylacetate. The coefficient of variation for
individual plasma samples was <2%.

The mean values of biochemical and haematological
results are summarized in Table 3.
The mean values of antioxidant and oxidant parameter
results in erythrocyte and serum are summarized in Table 4.
TABLE 1 - Volatile compounds of water rose oil (%).

Compounds

%

Caryophyllene

0.00

Diacetone alcohol

0.00

Heptadecane

1.33

Germacrene-D

0.40

Geranyl acetate

0.31

Citronellol

1.81

2.2.6. Catalase measurement

Nerol

2.33

Catalase (CAT) activity was detected in erythrocytes
according to Aebi method [25]. CAT can deteriorate H2O2
to water and molecular oxygen. In the study, CAT activity
was detected spectrophotometrically at 240 nm according
to the decrease in H2O2 concentration during a unique time.
The CAT activity was expressed as kU/g protein.

Acetic acid, phenylethyl ester

0.65

Geraniol

3.37

Benzyl alcohol

0.57

Nonadecane

14.89

9-Nonadecane

3.09a

Phenyl ethyl alcohol

22.16

Eicosane

1.18

Heneicosane

9.78

Tricosane

10.89

Tetradecanol

0.73

1-Octanyl-4-ol

1.23a

2-Ethyl-2-methyl-1,3-propandiol

1.07

2,2-Dimethyl-1-octanol,

1.20

Concrete yield (%)

0.34

2.2.7. MDA measurement

To measure MDA, one of the lipid peroxidation products, Draper and Hadley double heating method was used
in erythrocytes [26]. The principle of the method depends
on the measurements of the absorbance of MDA-TBA
complex at 532 nm. The results were given as nmol/g.
2.2.8. Statistical analysis

Non-parametric Mann-Whitney U-test was used to
evaluate the biochemical and haematological results between the rat groups [27].

3. RESULTS
The volatile compounds of water rose oil are shown in
Table 1. Phenyl ethyl alcohol was an important compound,
found at the level of 22.16% in our sample. Tricosane, heneicosane and nonadecane were determined at the levels of
10.89, 12.95, 9.78 and 14.89%, respectively.
The chromatogram of the standard mixture is shown in
Fig.1.
The chromatogram of CPE obtained from the blood
sample of a rat in group II is shown in Fig. 2.

In the comparison of ALT enzymes, no significant difference was found between the control and RW groups but
a significant (p<0.001) reduction was determined between
the groups of CPE and CPE + RW. Likewise, the same results were observed for AST and GGT enzymes. This
makes us to think that rose water oil given with CPE may
lead to a preventive reduction of liver enzymes. In the comparison of lipase activity between the groups, a significant
(p<0.001) reduction in the activities of lipase and amylase
was determined in the control and CPE + RW groups compared to the CPE group. These results indicate that CPE
can be effective on the pancreas in rats, and rose water oil
solution might have reduced the toxicological effect of
CPE in the CPE + RW group.
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FIGURE 1 - Chromatogram of standard mixture (3–5 µg/L) and pesticides (GC/NPD) (1 dichlorvos; 2 diazinon, 3 parathion_methyl, 4
chlorpyriphos ethyl, 5 malathion, 6 cyprodinil, 7 captan, 8 methidathion, 9 kresoxim_methyl, 10 ethion, 11 azinphos ethyl, 12 fenazaquin, 13
cypermethrin, 14 deltamethrin (TRB 5 column, 30 m × 0.32 mm, 0.25 µm).

FIGURE 2 - Chromatogram of CPE in a blood sample of a rat in group II.

FIGURE 3 - Chromatogram of CPE in the blood sample of a rat in group IV.

1012

© by PSP Volume 24 – No 3b. 2015

Fresenius Environmental Bulletin

TABLE 2 - Calibration function values of CPE.
r2*

Compounds

LOD**
LOQ***
Recovey
(ng/L)
(ng/L)
(%)
CPE
0.999
20.0
66.0
100
* correlation value; **detection limit; ***lower limit of determination; **** relative standard deviation

Linear range
(ng/L)
20.0–1000

RSD****
(%)
1.00

TABLE 3 - Mean values of biochemical and haematological blood parameters of experimental groups.
ALT*
(U/L)

AST*
(U/L)

GGT*
(U/L)

Lipase*
(U/L)

Amylase*
(U/L)

PON*
(U/L)

ARE*
(U/L)

WBC*
(×106 mm3)

Control

64 ± 18

576 ± 213

5.05 ± 1.24

13.6± 5.4

84 ± 27

1148 ± 439

9,59 ± 3.41

21.6± 6.7

258 ± 80

72 ± 22

647 ± 285

6,41 ± 2.17

17.5± 5.9

7.48 ± 1.95

315 ± 98

RW

65 ± 20

580 ± 220

5,23 ± 1.84

14.1± 5.6

48.25±
18.94
37.62±
15.83
43.39±
16.95
53.47±
20.25

5.46 ± 1.58

CPE + RW

153.20±
88.84
114.43±
69.51
136.60±
73.43
158.92±
92.74

9.75 ± 2.08

CPE

1856.5±
224.3
2144.8±
242.2
1930.9±
231.6
1789.4±
218.1

PLT*
(×103
mg/dl)
270 ± 85

12.72
3.29

283 ± 82

±

* statistically significant when compared with control group

TABLE 4 - Mean values of antioxidant and oxidant parameter results of experimental groups.
TOS*
H2O2equ./L)

(µmol

OSI* (TOS/
TAS)

MDA*
(nmol/g)

CAT*
(kU/g)

1.47 ± 0.15
1.97 ± 0.33
1.67 ± 0.19

0.93
1.12
1.02

2.68 ± 0.85
5.74 ± 1.79
3.40 ± 1.05

21.63± 6.24
13.55± 4.89
17.41± 5.12

RW
1.71 ± 0.23
1.50 ± 0.17
*statistically significant (When compared with control group).

0.87

2.54 ± 0.79

28.74 ± 8.06

Control
CPE
CPE + RW

TAS*
(µmol
H2O2equ./L)
1.58 ± 0.18
1.75 ± 0.21
1.63 ± 0.20

4. DISCUSSION
The R. damascena extract may be exploited as a natural antioxidant and health-promoting agent that can conveniently find its appropriate therapeutic applications [28].
Previous studies have shown that R. damascena has high
antioxidant, hepatoprotective and antibacterial effects [29,
30]. Rose water contains phenylethyl alcohol at a higher
rate, different from rose essential oil [8, 31]. Likewise, in
this study, phenylethyl alcohol was determined at the highest concentration in rose water samples.
Paraoxonase-1 (PON1) is an antioxidant enzyme which
has PON and its activity due to the presence of high density
lipoproteins. PON 1, synthesized in the liver and serum, is
located on high-density lipoprotein (HDL) [19]. PON
[(PON 1; EC 3.1.8.1) aryldialkyl phosphatase] has been
studied extensively in the field of toxicology because it hydrolyses organophosphate compounds, which are used as
insecticides and nerve gases. Since CPE is an organophosphate compound, when the control and RW groups were
compared to the CPE and CPE + RW groups, the PON and
ARE levels were found to be significantly (p<0.001) lower
in the CPE and CPE + RW groups. However, between the
CPE and CPE + RW groups, the levels of PON and ARE
were significantly (p<0.001) higher in the CPE + RW

group. These results indicate that rose water oil solution
applied with CPE might cause an increase in the levels of
PON and ARE. In a study performed on the blood samples
of agricultural workers, the PON levels were found significantly (p<0.001) lower with respect to the control [32, 33].
In order to evaluate the cellular oxidative stress, TOS
and TAS are well-established markers in experimental
analysis. TOS is defined as composed of radicals, which
are taken directly into the body, or may be released during
some reactions. Total Antioxidant Status (TAS) also means
a defence mechanism of the body against oxidant stress.
TAS is composed of various enzymes and vitamins [32]. In
this study, among the 4 groups, the highest OSI levels were
determined in the CPE group (1.12 µmol H2O2 equ./L), followed by CPE + RW group (1.02 µmol H2O2 equ./L), control
group (0.93 µmol H2O2 equ./L) and RW group (0.87 µmol
H2O2 equ./L). In terms of increased TAS, these results indicate that application of rose water oil solution reduces the
toxicological effects of CPE. In the RW-supplemented
group, the increased TAS but decreased TOS and OSI levels (values) support this. In a study, performed on people
who were exposed to pesticides for a long period, similar
results were found in terms of TAS, TOS and OSI [31, 32].
In this study, the WBC levels were found to be significantly (p<0.001) lower in the CPE and CPE + RW groups
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compared with the control group. Similarly, Ambali and
co-workers [33] found a significant reduction in the levels
of WBC in the blood samples of rats given CPE. It is eye
catching that the WBC level is significantly higher in the
CPE + RW group compared to the CPE group. Furthermore, the level of WBC in the RW group is higher than
control group. When the PLT levels were compared between the groups, similar results were observed as in the
WBC levels. Published literature exists showing that application of CPE causes significant changes of the PLT levels
in rats [31, 33].
Catalases, like glutathione and superoxide dismutase,
are important antioxidants for living systems. Catalase also
has an important role in removing toxic hydrogen peroxide
from cells [34]. At the present research, while CAT enzyme activity showed a significant reduction only in the
CPE-applied rats, a significant increase was determined in
the RW-applied rats. The CAT enzyme activity of CPE +
RW group increased significantly compared to the CPE
group. These findings indicate a positive effect of RW application on the antioxidant CAT enzyme and its activities.
In the study, liver enzymes (ALT, AST, and GGT) and pancreas enzymes (amylase, lipase) were investigated. Comparing to the control group, while ALT, AST, GGT, amylase,
and lipase were found to be significantly higher in the CPE
group rats, no changes were observed in the RW group rats.
Furthermore, a significant decrease was determined in the
RW + CPE group compared with the CPE group. These
results indicated positive effects of RW application on the
liver and pancreas enzymes.
As a result of this study, it can be concluded that the application of rose water oil solution has shown a positive preventive effect against the toxicological harm of an organophosphate pesticide, CPE. Particularly, the significant reductions in the levels of liver enzymes (ALT, AST, and GGT),
PON and ARE, and the significant increases in the WBC,
PLT and TAK levels indicate this final conclusion. Considering the rose water being accepted as a food ingredient in
recent years, consumption of rose water in terms of its antioxidant content may show positive effects on health.
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Project.
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ABSTRACT
In the face of continuously rising energy prices, depleting fossil fuel resources and environmental problems caused
by them, interest in alternative energy sources is increasing
day by day. Vegetable oils are one of the important alternative energy sources. Furthermore, these oils can be used as
fuel in diesel engines. One of the biggest problems of using
vegetable oils as fuels is their high viscosity value. Transesterification is a good way to decrease their viscosity and
density. Early prediction of viscosity of biodiesel and its
blends with diesel fuel saves time and effort, and also provides correct blending rates for diesel engines. In this
study, through neutralization process, neutralized waste
cooking oil (NWCO) was obtained. Then, biodiesel was
produced from NWCO via transesterification method using
sodium hydroxide (NaOH) and methyl alcohol. The resulting biodiesel was mixed with diesel fuel by means of volumetric ratios of 5, 20 and 50%. Using a Koehler brand
K23377 viscosity measurement device, kinematic viscosities of B100, B50, B20, B5, diesel and NWCO were determined to be between the ranges of 303.15-373.15 K for
each 10-K interval. Additionally, kinematic viscosities of
B100, B50, B20, B5, diesel and NWCO were estimated by
means of Arrhenius blending equation. Kinematic viscosity changes depending on the temperature, absolute errors
and percentage error rates were determined by using Andrade equations with 2 and 3 constants via MATLAB
R2008a package program. Kinematic viscosities of 50,
B20 and B5 fuels, obtained by the Arrhenius equation with
an experimental value, in the temperature range of 303.15373.15 K, were compared and maximum error rates (10.18,
6.086 and 7.809%) were determined, respectively. When
2-constant Andrade equation was used, the maximum error
rates for B50, B20 and B5 fuels were determined to be
8.398, 4.744, and 4.879%, respectively, and R2 value was
determined to be >0.9913. When 3-constant Andrade equation was used, the maximum error rates for B50, B20 and
B5 fuels were determined to be 5.753, 1.632 and 1.022%,
respectively, and R2 value was determined to be >0.9969.

* Corresponding author

1. INTRODUCTION
Energy as an important part of human life preserves its
importance today as in the past. Energy is still an indispensable factor for economic and social development, thus improving social welfare of the countries. In land transport
and in agricultural production, existence of diesel engine
and diesel engine vehicles using this fuel become widespread leading to more fuel need. Increase in diesel fuel
consumption and increasing prices over the last few years
[1], depletion of world petroleum reserves and the impact
of environmental pollution, as a result of exhaust emissions, have led to the search for suitable alternative fuels
for diesel engines [2].
Biodiesel is currently the most widely accepted alternative fuel for diesel engines due to its technical, environmental and strategic advantages. It has enhanced biodegradability, reduced toxicity and improved lubricity, in comparison with conventional diesel fuels. In addition to these,
biofuel is completely miscible with petroleum diesel, allowing the blending of these two fuels in any proportion.
Biodiesel can be used neat or blended in existing diesel engines, without significant modifications to the engine [3].
Vegetable oils and animal fats are used as fuel for diesel engines [4]. Higher flash points and better lubricating
ability are their positive characteristics. However, high viscosity and low evaporation of these oils make their use as
fuel more difficult [5]. The use of crude vegetable oils in
diesel engines without modification leads to some problems. The problems include coking and trumpet formation
on the injectors to such an extent that fuel atomization does
not occur properly, or is even prevented as a result of
plugged orifices, carbon deposits, oil ring sticking and
thickening and gelling of the lubricating oil as a result of
contamination caused by these oils [6, 7].
The biodiesel is definitely not economically competitive with petroleum products at current prices. This can be
explained by the fact that most plant-derived fuels are used
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for cooking. Farmers have not fully realized the great potential of these oils for transportation purposes. A wider
demand for the plant-derived fuels will definitely encourage wider cultivation, and therefore, a possible lowering of
their price. Also, their use will deplete the agricultural stockpiles that cannot be utilized economically [8]. Therefore, it
is necessary to find ways to minimize the production costs
of biodiesel. In this context, methods that can reduce the
costs of raw materials as well as the energy consumption
are of special concern. The use of waste cooking oils
(WCOs) is one of the more attractive options to reduce the
raw material costs [9].
Turkey has approximately 950.000 tons of liquid
oil, 550.000 tons of margarine, 200.000 tons of fodder,
paint and soap industry needs; notwithstanding, there are
1.7 million tons of vegetable oil consumption. Approximately 350.000 tons of WCO is estimated to be accumulated after oil refinement process and oil consumption. Dispose of WCO with household waste to sewage collector
systems, or dispose to outdoor uncontrolled manner is objectionable. The WCOs poured into such areas can cause
blockage in collector systems, groundwater pollution and
increase in domestic wastewater pollution, and thus, increase the costs of running a treatment plant [10].
Viscosity is one of the biggest problems for vegetable
oils to be used in diesel engines, and this problem can be
decreased by 10 times with biodiesel produced by transesterification reaction. Also density is approximately decreased by 2%. Besides, the molecular weight is reduced to
a third of the molecular weight of the oil. Some improvement in volatility is also achieved. Thus, the properties of
vegetable oils become comparable to diesel fuel properties
[11-13]. Although the effects of viscosity can be seen in the
quality of atomization and combustion as well as in engine
wears, the higher viscosity of biodiesel fuel compared to
diesel makes it an excellent lubricity additive. In addition,
the high viscosity of biodiesels lead to premature injector
fouling [4]. Pre-heating systems can be used to decrease
viscosity of biodiesels [14]. The effect of temperature on
the kinematic viscosity of biodiesel and its blends with diesel fuels has been investigated by different researchers.
Tate et al. (2006) [15] tested kinematic viscosity of canola oil methyl ester, soybean oil methyl ester and fish oil
ethyl esters, which are commercially available, by using a
Saybolt viscosity measurement device between the temperature ranges of 20-300 °C. As a result of experiments and
using Andrade equation, it was found that kinematic viscosity values are inversely proportional to temperature.
Acaroglu and Demirbas (2007) [16] indicated that viscosity values of vegetable oils are between the ranges of
27.2-53.6 mm2/s, viscosity values of vegetable oil methyl
esters are between the ranges of 3.59-4.63 mm2/s, and if it
was compared with diesel fuel, vegetable oil methyl ester
is more viscous.
Tesfa et al. (2010) [17] indicated that high viscosity
and density values cause some problems in the engine
which is not modified. In their study, the researchers exam-

ined the effect of temperature on the density and viscosity on
the biodiesels which were produced from canola oil, corn
oil, waste oil and also diesel fuel blends (B75, B50, B20,
B10 and B5) and diesel fuel. As a result, they have developed an equation to determine the density and viscosity values of biodiesel for different temperatures and volumetric ratios. They have also determined regression values of 0.9930
and 0.9990 for density and viscosity, respectively.
Aksoy et al. (2012) [18] optimized methyl ester production process from NWCO by using one-step transesterification process with potassium hydroxide (KOH), and they
designated that optimum conversion efficiency of methyl ester is 90.1% under the following conditions: amount of catalyst is 0.7%, methyl alcohol/oil ratio is 25%, reaction time
is 90 min, and reaction temperature is 60 °C.
Gnaprakasam et al. (2013) [19] showed that biodiesel
production costs of crude vegetable oil by the method of
transesterification are higher than those of fossil-sourced
fuels because of the fact that raw material prices are high.
In order to reduce the costs of biodiesel production, raw
material needs can be eliminated using WCO.
The aim of this paper is to obtain insightful knowledge
about the temperature dependencies of the critical physical
parameters, such as viscosity of NWCO, NWCO biodiesel,
diesel and its blends. Applicable empirical relations which
describe the variation of kinematic viscosity with temperature were fitted to the experimental data, and the correlation constants for the best fit are presented. The criteria
used for model selection were the magnitude of the determination coefficient, R2, and the deviation of viscosity, calculated according to theoretical model from the experimentally determined value.

2. MATERIALS AND METHOD
2.1 Neutralization of waste cooking oil

Waste cooking oil was used as material in this study
and obtained from ALBIYOBIR (Alternative Energy and
Biodiesel Producers Association), which has a license to
collect WCO. Neutralization process was realized in a biodiesel production facility at the Department of Agricultural
Machinery, Agricultural Faculty, Selcuk University. The
fuel properties were determined in Biodiesel Laboratory at
the Department of Agricultural Machinery, Agricultural
Faculty, Selcuk University, which was founded within the
scope of DPT 2004/7 project [20].
With physical cleaning of WCO, waste frying particles were removed and the oil was taken to a settling tank
in the production facility. In this tank, WCO was heated
up to 100 °C and kept under vacuum for 2 h at this temperature; the water formed in it because of its usage was removed. After the water in WCO was removed, the oil was
taken and kept in the reactor tank till temperature fell down
to 85 °C. The temperature was kept constant, reactor stirrer
was started, phosphoric acid was added at a rate of 0.2% of
the oil for neutralization process and mixed with the oil for
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10 min. During the mixing process, 1/3 sodium hydroxide
(NaOH)/pure water mixture was added to WCO at a ratio
of 5% of the oil, and both were mixed for 5 min. The stirrer
was turned off, the mixture was left aside for 3 h so that
phosphor compositions would settle. After that, the phosphor compositions were removed. Waste cooking oil was
again heated up to 85 °C and washed with pure water at a
ratio of 20% of the oil at the same temperature by the
douching method. The mixture was left aside for 3 h for
settling of the wastewater, and then, the wastewater was
removed. The mixture was dried for 2 h at 100 °C under
vacuum. Waste cooking oil was left to stand till the temperature fell down to 85 °C. The reactor stirrer was started
and blanching soil was added at a ratio of 2% of the oil and
mixed for 45 min. Later on, the reactor stirrer was turned
off and the mixture was left to stand for 3 h for the bleaching soil to settle, and the settled blanching soil was removed. After the neutralization process, WCO was passed
through a plate filter [18, 21].
2.2 Biodiesel production from neutralized waste cooking oil

The transesterification process was performed with
methyl alcohol in base-catalyzed sodium hydroxide
(NaOH). In order to produce biodiesel from NWCO, 20 L
of NWCO was put into an oil tank in the pilot plant, and
then, the oil was pumped to the reactor tank. Oil was heated
up to 60 °C which was the best reaction temperature (best
ester yield) in the reactor [22]. Thermostat control was used
to maintain a constant temperature throughout the reaction.
Oil temperature was ensured to be uniform everywhere by
mixing it with a stirrer. Pure methyl alcohol (Merck,
99.5%, 4 L, d =

0.791-0.792 kg/L) was used, which corresponds to 20% of
NWCO, and the catalyst was used at a rate of 3.5 g/L of
the oil which corresponds to 70 g NaOH (Merck). The detail
of the transesterification process used in this experiment is
given in Figure 1. As seen in Figure 1, the reaction was
carried out in two stages.
In the first reaction, 75% (3 L) methyl alcohol and 50%
(35 g) NaOH catalyst were dissolved in the methoxide
tank, and the resulting methoxide was sent to the reactor
while stirring was ongoing. Stirring speed was adjusted to
80 rpm in the PLC system. In the reactor, the mixture was
stirred for 90 min. Then, stirring and heating were stopped.
In order for glycerol to flop down, the mixture was left to
stand for 120 min, and the glycerol was taken off. Then,
the second stage was started.
In the second reaction, 25% methanol (1 L) and 50%
NaOH (35 g) were dissolved in the methoxide tank in order
to get methoxide. Crude biodiesel produced from the first
reaction was mixed and heated up to 60 °C again, combined with the methoxide, and the mixture was subjected
to the reaction during 60 min. Then, stirrer and heater were
turned off. The mixture was left to stand for 2 h for glycerol
to precipitate, and the glycerol was taken. The temperature
of crude biodiesel rose up to 75 °C, and methyl alcohol was
removed with the help of a heat exchanger. The crude biodiesel in the reactor was sent to a settling/washing tank, in
which the precipitation of residual glycerol as well as the
crude biodiesel was left to cool for 15 h, and 15 h later, glycerol was removed again. Meanwhile, the pH of the above
biodiesel was examined, and because the reaction was of
basic character, it was washed by using distilled water

FIGURE 1 - The flow diagram of methyl ester production process.
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with douching method until it was neutral. The purpose of
washing was to remove the unreacted alcohol in the biodiesel, the remaining fatty acids, Na+ and K+ ions, which
might remain in the body during the catalyst, and separation of glycerol. During the washing process, biodiesel
temperature was 50 ºC and the temperature of distilled water used in the washing was 50 ºC. A total of 5 L of distilled
water was used in the washing process. After the washing
process, the biodiesel was left to stand for 12 h. Wastewater
was sent to the wastewater tank. Settling/washing tank
heater was started and the biodiesel was heated up to 100 °C,
which is the boiling point of water. While biodiesel was
heated, evaporating water was discharged out with the help
of a vacuum pump, which was connected to the settling/washing tank. The biodiesel was dried for 2 h at 100 °C. Subsequently, NWCO biodiesel was sent to the biodiesel fuel
tank through a filter. Thus, biodiesel was produced from
NWCO.
2.3 Preparation of the fuel blends of B5, B20 and B50
When mixing diesel fuel and NWCO biodiesel, at first,
95, 80 and 50% diesel fuel was added, and then, 5, 20 and
50% biodiesel was added, respectively. The blend was tried
to be made homogenous firstly by using a laboratory type IKA
brand Yellow line OST basic model mixer at 1500 L/min, and
then using a Yellow line brand DI 18 basic model homogenizer at 24000 L/min for 7.5 min each. After that, B5, B20
and B50 mixtures were acquired. B100 fuel properties
were determined according to TS EN 14214, diesel fuel
which was used as reference in experiments and fuel blends
properties were determined according to TS EN 590 3082,
and are given in Table 1.
2.4 Measurement of viscosity

For viscosity measurement of NWCO, B100, B50,
B20, B5 and diesel fuels between the ranges of 303.15373.15 K for each 10-K interval, Koehler brand K23377
model metering device with a 0.01K sensitivity was used.
The device can perform viscosity metering in accordance
with ASTM D 445, DIN 51550 and ISO 3104 standards.
Before the measurement, the device was set to the temperature to be measured, and then, it was heated. In order to
eliminate the residues inside the glass, a measuring tube
was dipped into the device, and toluene-acetone-methanol
blends were prepared to clean it. A clean, dry air-flow was
used to eliminate the residues of the dissolver. The fuel
with the viscosity to be measured was placed into the glass

metering tube, and it was heated for 10 min to reach the
temperature to be measured. Glass metering tube works on
reverse flow principle. There is a wide mass (balloon) on
the glass metering tube. The balloon was filled with fuel by
the help of a pendant switch, left to reverse flow, and the
flow duration was measured with a chronometer from the
measurement line intervals and then, these values were
multiplied with the coefficients of certain temperatures of
the glass metering tube to determine the kinematic viscosities.

3. RESULTS AND DISCUSSION
3.1 Experimental results

Figure 2 shows the variations of viscosity in diesel fuel
and B100, B50, B20 and B5 at the temperature range of
303.15-373.15 K, respectively. Since biodiesels can be
used in the winter, their physical properties need to be close
to diesel fuels. Therefore, biodiesel can be heated at different temperatures, or can be added in diesel fuels [14]. At
313.15 K, 66.55, 30.40, 16.58 and 8.08% increase was observed in the viscosities of B100, B50, B20 and B5 fuels,
in comparison with diesel fuel, respectively. Kinematic
viscosity values of biodiesels approach the viscosity of diesel fuels with increasing temperatures and increasing diesel
concentration in the fuel. When preheating is applied to
B100 fuel at 333.15 K, it approaches to the viscosity of diesel fuel at 313.15 K.
3.2 Prediction of viscosity

A mixing equation similar in form to the one originally
proposed by Arrhenius and described by Grunberg and
Nissan in 1949 [23], is applied to the measured biodiesel
and diesel fuel data to correlate the kinematic viscosities of
the B50, B20 and B5 biodiesel blends with diesel fuel. The
general form of the equation is as follows:

(1)

ln(ηmix) = υ1ln(η1) + υ2ln(η2)

where, ηmix indicates the kinematic viscosity of the
mixture at a certain temperature, υ1 and η1indicate volumetric mixing ratio and kinematic viscosity of primary fuel
used for mixing, υ2 and η2indicate volumetric mixing ratio
and kinematic viscosity of secondary fuel used for mixing.
The mole fraction of the original Arrhenius equation is
used in the weighting factor. Also suitable for use in Arrhenius equation, the mass fraction results are indicated by

TABLE 1 - Fuel characteristics of diesel and B100, B50, B20, B5 fuels.
Fuel
types
Diesel
B100
B50
B20
B5

Calorific value
(MJ/kg)
47.500
41.851
44.867
45.344
47.173

Kinematic viscosity
at 40 °C (mm2/s)
2.822
4.700
3.680
3.290
3.050

CFPP
(°C)
-20
-4
-13
-18
-20

1019

Density at 15 °C
(kg/m3)
827.1
884.4
857.4
841.9
834.3

Flash point
(°C)
60
135
85
70
63

Water content
(mg/kg)
9.891
327.550
164.560
55.466
25.244
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FIGURE 2 - Comparisons of viscosities of biodiesel and its blends with diesel fuel.

TABLE 2 - Kinematic viscosities predicted by Arrhenius equation.

353.15

363.15

373.15

B5

343.15

B20

333.15

B50

Measured
Measured
Measured
Measured
Predicted
Error (%)
Absolute Error
Measured
Predicted
Error (%)
Absolute Error
Measured
Predicted
Error (%)
Absolute Error

323.15

Diesel Fuel
NWCO
B100

313.15

Fuel Type

303.15

Temperature (K)

3.564
63.23
5.830
4.650
4.558
1.573
0.092
4.070
3.933
2.356
0.137
3.765
3.574
5.079
0.191

2.822
43.22
4.700
3.680
3.642
0.811
0.038
3.290
3.125
3.508
0.165
3.050
2.833
7.155
0.217

2.341
30.72
3.840
3.100
2.998
2.650
0.102
2.710
2.585
3.267
0.125
2.520
2.350
6.760
0.170

1.993
22.96
3.110
2.520
2.490
0.977
0.030
2.280
2.179
3.264
0.102
2.110
1.999
5.275
0.111

1.712
17.38
2.730
2.240
2.162
2.861
0.078
1.970
1.879
3.316
0.091
1.830
1.718
6.136
0.112

1.491
13.71
2.350
2.000
1.872
5.453
0.128
1.730
1.633
4.126
0.097
1.600
1.496
6.483
0.104

1.322
11.02
2.060
1.860
1.650
10.18
0.210
1.570
1.444
6.086
0.125
1.440
1.328
7.801
0.112

1.175
9.039
1.810
1.520
1.458
3.407
0.062
1.380
1.281
5.467
0.099
1.280
1.180
7.809
0.100

various researchers [1, 24]. Mass fraction may also be used
instead of volume fraction [25]. Variance in kinematic viscosity values along the temperature, which were obtained
experimentally, were predicted using the Arrhenius equation, and error rates are given in Table 2. When the experimental results were compared with predicted values by using the Arrhenius equation in the temperature range of
303.15-373.15 K, the maximum error rates of B50, B20
and B5 fuels were 10.18, 6.086 and 7.809%, respectively.
Kinematic viscosity depending on the temperature
change can be found using Andrade equation [13, 24, 2628], and 2- and 3-constant Andrade equations are as follows:
ln η = A + (B/T)

(2)
2

ln η = A + (B/T) + (C/T )

(3)

where A, B and C are constant coefficients for the
fluid, η(mm2/s) is kinematic viscosity and T (K) refers to
the absolute temperature. The kinematic viscosity values of
NWCO biodiesel and its blends with diesel fuel, using the
regression values of 2- and 3-constant Andrade equation,
constant coefficients, the amounts of error and percentage
error rates, were found using MATLAB R2008a package
software and are given in Tables 3 and 4. As can be seen
from Tables 3 and 4, R2 values are >0.9913 in equation 2
and >0.9969 in equation 3.
By using Andrade equation, R2 value was found to be
0.9800 by Kerschbaum and Rinke [29], 0.9996 by Yuan et
al. [26], 0.9500 by Tate et al. [15], and 0.9970 by Kimilu
et al. [13]. For equations 2 and 3, when compared with the
maximum error rates, for diesel fuel 4.88 and 2.917%, for
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neutralized waste vegetable cooking oil 11.485 and
0.985%, for B100 4.238 and 2.482%, for B50 fuel 8.398
and 5.753%, for B20 fuel 4.744 and 1.632%, and for B5

fuel 4.879 and 1.022% were established, respectively. Also
a maximum values of R2 were determined as 0.9983 and
0.9999, respectively.

TABLE 3 - Kinematic viscosities obtained by Equation 2.

0.9932
0.9983
0.9977
0.9961

0.9913

1811

-4.728
-6.815

3319
1943
1795

0.9968

B5

R2

1801

B20

B

1803

B50

3.570
2.762
2.382
1.994
1.689
1.511
1.362
1.175
63.230
43.220
30.720
22.960
17.380
13.710
11.020
9.0390
5.830
4.700
3.840
3.110
2.730
2.350
2.060
1.810
4.650
3.680
3.100
2.520
2.240
2.000
1.860
1.520
4.070
3.290
2.710
2.280
1.970
1.730
1.570
1.380
3.765
3.050
2.520
2.110
1.830
1.600
1.440
1.280

-4.657

B100

303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15

A

-4.410

NWCO

Measured

-4.553

Diesel

Temperature (K)

-4.635

Fuel Type

1021

Calculated

Absolute Error

Error (%)

3.476
2.872
2.402
2.030
1.733
1.492
1.296
1.133
62.388
43.981
31.683
23.277
17.412
13.240
10.221
8.001
5.768
4.701
3.879
3.239
2.733
2.328
2.001
1.733
4.532
3.751
3.141
2.659
2.273
1.960
1.704
1.492
4.007
3.314
2.774
2.347
2.005
1.728
1.501
1.315
3.716
3.073
2.571
2.175
1.858
1.601
1.391
1.218

0.094
0.110
0.020
0.036
0.044
0.019
0.066
0.042
0.842
0.761
0.963
0.317
0.032
0.470
0.799
1.038
0.062
0.001
0.039
0.129
0.003
0.022
0.059
0.077
0.118
0.071
0.042
0.139
0.033
0.040
0.156
0.028
0.063
0.024
0.064
0.067
0.035
0.002
0.069
0.065
0.049
0.023
0.051
0.065
0.028
0.001
0.049
0.062

2.627
4.000
0.830
1.801
2.577
1.256
4.880
3.535
1.331
1.760
3.134
1.382
0.184
3.425
7.248
11.485
1.059
0.013
1.027
4.142
0.095
0.946
2.887
4.238
2.538
1.935
1.339
5.517
1.458
2.012
8.398
1.815
1.557
0.738
2.359
2.922
1.755
0.130
4.371
4.744
1.311
0.751
2.040
3.075
1.506
0.048
3.416
4.879
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TABLE 4 - Kinematic viscosities obtained by Equation 3.

Biodiesel is one of the alternative energy sources and
can be produced by utilizing vegetable oils, animal fats,
WCOs and algal oils. Viscosity is an important problem for

0.9976
0.9999
0.9994
0.9998
0.9999

0.9969

7.0180e+05
8.074e+05
4.8000e+05
7.8730e+05

R2

6.3770e+05

-2458
-1669
-982.2
-2994

1.737
0.8658

4. CONCLUSIONS

C

5. 904e+05

B5

-2079

B20

B

-1790

B50

A

-0.2174

B100

Measured
3.570
2.762
2.382
1.994
1.689
1.511
1.362
1.175
63.230
43.220
30.720
22.960
17.380
13.710
11.020
9.0390
5.830
4.700
3.840
3.110
2.730
2.350
2.060
1.810
4.650
3.680
3.100
2.520
2.240
2.000
1.860
1.520
4.070
3.290
2.710
2.280
1.970
1.730
1.570
1.380
3.765
3.050
2.520
2.110
1.830
1.600
1.440
1.280

2.844

NWCO

303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15

1.324

Diesel

Temperature (K)

0.8066

Fuel Type

Calculated
3.544
2.842
2.342
1.978
1.706
1.498
1.336
1.209
63.176
43.362
30.964
22.889
17.441
13.650
10.938
8.950
5.846
4.669
3.818
3.187
2.709
2.340
2.050
1.818
4.640
3.712
3.060
2.587
2.237
1.972
1.767
1.607
4.076
3.280
2.711
2.291
1.976
1.734
1.544
1.394
3.767
3.038
2.512
2.124
1.830
1.603
1.425
1.284

Absolute Error

Error (%)

0.026
0.080
0.040
0.016
0.017
0.013
0.026
0.034
0.054
0.142
0.244
0.071
0.061
0.061
0.082
0.089
0.016
0.031
0.022
0.077
0.021
0.010
0.010
0.008
0.010
0.032
0.040
0.067
0.003
0.028
0.093
0.087
0.006
0.010
0.001
0.011
0.006
0.004
0.026
0.014
0.002
0.012
0.008
0.014
0.000
0.003
0.015
0.004

0.717
2.881
1.662
0.801
0.985
0.872
1.874
2.917
0.086
0.328
0.793
0.310
0.351
0.439
0.745
0.985
0.268
0.664
0.575
2.482
0.761
0.428
0.503
0.436
0.224
0.873
1.305
2.665
0.143
1.423
4.990
5.753
0.144
0.291
0.023
0.502
0.302
0.213
1.632
1.032
0.056
0.402
0.311
0.643
0.016
0.193
1.022
0.288

biodiesel fuel. By using preheating of biodiesels, their viscosities can be decreased to reach the viscosity of diesel
fuels. Prediction of viscosity of biodiesel and the mixture
of diesel fuel, which reduces time and workload at the same
time, will allow preparation of the correct blending ratio
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for the diesel engines. In this study, kinematic viscosity,
which is one of the most important parameters affecting atomization characteristics in diesel engines, changes depending on the temperature and blending ratio were investigated. The resulting kinematic viscosities of fuels were
estimated using the Arrhenius and Andrade equations, proposed by various researchers, and were compared with experimental results.
As a result, kinematic viscosity value of the resulting
NWCO biodiesel was 66.55% greater than diesel fuel at
313.15 K. Along with increase in temperature, kinematic
viscosity of biodiesel approached to diesel fuel viscosity.
Kinematic viscosities of B50, B20 and B5 fuels obtained
by the Arrhenius equation with an experimental value; in
the temperature range of 303.15-373.15 K, were compared
and maximum error rates of 10.18, 6.086 and 7.809% were
determined, respectively. When 2-constant Andrade equation was used, the maximum error rates for B50, B20 and
B5 fuels were determined as 8.398, 4.744 and 4.879%, respectively, and R2 value was >0.9913. When 3-constant
Andrade equation was used, the maximum error rates for
B50, B20 and B5 fuels were determined to be 5.753, 1.632
and 1.022%, respectively, and R2 value was >0.9969. Equation 3 yielded better results than equation 2. Kinematic viscosity of the NWCO biodiesel and diesel fuel blends can
be easily found using the resulting coefficients without experimental measurements.
The authors have declared no conflict of interest.
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OF MAGNETIC CMC-COFE2O4 ADSORBENTS
IN REMOVING AND RECOVERING PHOSPHATE
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ABSTRACT
Phosphate removal is important to control eutrophication; adsorption is a proven method for this removal. This
research used improved co-precipitation method to prepare
CoFe2O4-carboxymethyl cellulose (CMC) composite materials, which were then used as adsorbents for phosphate
removal. The CMC-CoFe2O4 was characterized using SEM,
XRD, and FT-IR analyses. The research included an analysis of adsorbent desorption and regeneration, and determined
that phosphate could be converted to Ca5(OH)(PO4)3 by recovering phosphate from a reusable desorption solution. Results showed that the most effective desorption solution
was a 5% (w/v) NaOH solution; the optimum regeneration
solution was a 15% (w/v) NaNO3 solution. The optimal
phosphate removal rate was 95.24%, the saturated adsorption capacity was 3.81 mg/g, and the residual phosphate concentration was 0.48 mg/L in a 10 mg/L phosphate solution.
This characterization showed that when using CMCCoFe2O4, the adsorption was primarily physical adsorption.
Using adsorption, desorption, and regeneration, the techniques effectively recovered phosphate from wastewater.

KEYWORDS: CMC-CoFe2O4; phosphate removal; desorption; regeneration; phosphate recovery

1. INTRODUCTION
Eutrophication occurs when there is both phosphate
pollution and a lack of available phosphate resource. Phosphate removal and recovery from wastewater improves water quality, reduces contamination, supports phosphate recycling and sustainability, and relieves phosphate resource
deficits [1-4]. Removal technologies for aqueous phos* Corresponding author

phate include chemical precipitation [5-6], membrane separation [7], and A/O (anaerobic/oxic) [8] and A2/O (anaerobic-anoxic/oxic) [9] biological processes. Of these, chemical precipitation is most widely used; however, many of
the chemical reagents required for this precipitation may
cause secondary pollution. Membrane separation technology is not as efficient as other methods, and while enhanced
biological treatments are highly efficient, they occur with
operational difficulties.
Recent research has demonstrated that adsorption is a
cost-effective technology for phosphate removal. Low-cost
and efficient adsorbents include fly ash [10], active red
mud [11], hydrotalcite compounds (HTALs) [12], aluminum oxide [13], and some other materials [14-16]. However, desorption and regeneration of the adsorbents, the
solid-liquid separation, and phosphate recovery remain difficult aspects of this method [17-19].
Magnetic nano-materials, serving as adsorbents, have
also been successful in phosphate removal. Magnetic nanoadsorbents can be efficiently used to separate solids and
liquids, are less expensive than other materials, and have
relatively easy regeneration and desorption capabilities. As
such, these are attractive materials for further research and
application [20, 21].
Ishiwata et al. [22] developed High Gradient Magnetic
Separation (HGMS), using ferromagnetic zirconium ferrite
adsorbent to remove phosphate; the adsorbents successfully achieved solid-liquid separation under magnetic
fields. Then, adsorbed zirconium ferrite adsorbent could be
effectively desorbed and regenerated. However, magnetic
adsorbents exhibit an undesirable agglomerate phenomenon because of their magnetic force. This leads to a decrease in the number of adsorption active sites and lowers
adsorption ability [23]. Carboxymethyl cellulose (CMC) is
a kind of polysaccharide derivative that tolerates high temperature and is easily dissolved in aqueous solutions with a
wide pH range (2-11). CMC materials have high creature
affinity and degradation properties. With a molecular chain
containing –OH and –COOH, CMC is able to modify the
chemical function of certain substances [24].
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This research combined CoFe2O4 and CMC to form CMC-CoFe2O4 composite materials, with well-distributed
and well-scattered characters. The CMC-CoFe2O4 composite was used to adsorb phosphate, and then to desorb the
adsorbed CMC-CoFe2O4, to regenerate the desorbed CMC-CoFe2O4, and to recover the phosphate.

at a constant speed (125 rpm) in a water bath oscillator at
298 K for 120 min. The adsorbents were fixed at the bottom
of the phosphate solution under magnetic fields, achieving
solid-liquid separation during measuring time. The final
concentration of residual phosphate (Ct) in the supernatant
derived from the solid-liquid separation was determined
using UV-VIS analysis. Equations that describe the effect
of phosphate removal are expressed as follows:

2. MATERIALS AND METHODS
2.1. Chemicals

Carboxymethyl cellulose (CMC) was provided by
Zhong Jia Chemical Corporation, Harbin, P.R. China. Standard Fe(NO3)3·9H2O, and Co(NO3)2·6H2O samples were purchased from Dong Ju Chemical Corporation, Guangzhou,
P.R. China. HO(CH2CH2O)nH (PEG6000) was supplied by
the Institute for Environmental Protection in P.R. China.
2.2. Apparatus

Adsorption experiments were performed at a constant
rate of speed (125 rpm) using a water bath oscillator (Model
No. HY-2, instruments, Beijing, P.R. China.). Absorbance
values were measured using a UV-VIS instrument (TU1810DPC, Beijing, P.R. China.).
2.3. Adsorbent preparation

The relevant chemical formula at room temperature is
expressed as follows:
Co2+ + 2Fe3+ + 8OH- ↔ CoFe2O4 + 4H2O

(1)

An appropriate proportion of CMC (CMC:CoFe2O4, using a mass ratio of 0.4:1) was firstly dissolved in 150 ml deionized water, forming aqueous solution (A). Fe(NO3)3·9H2O
and Co(NO3)2·6H2O were dissolved together in a separate
container with 50 ml deionized water using a mole ratio of
2:1, forming aqueous solution (B). Aqueous solution (B)
was then slowly added to (A), forming aqueous solution (C).
2 mol/L NaOH solution was slowly added to (C) while being
vigorously stirred, forming black precipitate solution (D).
PEG6000 (CoFe2O4 and PEG6000 according to a mass
ratio of 1.4:1) were then added to the black precipitate solution (D), and vigorously stirred for 30 min. Deionized
water was then added to reach a target volume of 300 ml.
The pH value of the black precipitate solution (D) was then
adjusted to 10.5, placed in a reflux water condenser for 90
min, and then washed to remove the excess alkali with deionized water. This process converted solution (D) into a
wet cake, which was dried in an oven for 12 h at 353 K.
The final product was crushed to form CMC-CoFe2O4
powder. This powder served as the adsorbent.

N=

C0 Ct
C0

(2)

qe =

C 0V - C t V
m

(3)

In these equations, N is the removal rate of phosphate
(%), qe is the adsorption capacity of adsorbents (mg/g), C0
is the initial concentration of phosphate (mg/L), Ct is the
residual concentration of phosphate after adsorption
(mg/L), m is the adsorbents mass (g), and V is phosphate
solution volume (ml).
2.5. Desorption and regeneration experiments

Once adsorption was complete, desorption was done in
a NaOH solution at different concentration (3, 5, 10, 15 and
20%, w/v). Adsorbed CMC-CoFe2O4 and desorption solutions in conical flasks with rubber stoppers were shaken at
a constant speed (125 rpm) in a water bath oscillator at 298 K
for 2 h (using a ratio of 100 ml solution for each 1 g adsorbent). The final concentration of desorbed phosphate in the
NaOH solution was UV-VIS-determined. After the desorption process, the remaining adsorbent was washed with distilled water to reach a neutral pH value. Then, the desorbed
adsorbents were added to a 10% w/v regeneration solution
(ZnCl2, MgCl2, NaNO3, Na2SO4, Na2CO3). Regeneration
experiments were conducted using the same steps as for
desorption experiments. Regenerated adsorbents were washed using distilled water to reach a neutral pH value, and
were then reused. Desorption and regeneration rates were
expressed as follows:

R=

(4)

In this equation, R is the desorption rate (%), C1 is
the phosphate concentration in solution after desorption
(mg/L), C0 is the phosphate concentration in solution based
on adsorption capacity of adsorbents after entire desorption
(mg/L).

R1 =

2.4. Adsorption experiments

The initial concentration of the experimental phosphate solution was 10 mg/L (C0) (the concentration of
phosphate in typical sewage is 3-6 mg/L). Conical flasks
containing 0.025 g adsorbent and 10 ml phosphate solution
with an initial pH value of 2.5±0.1 were sealed and shaken

C1
×100
C0

qr
× 100
q0

(5)

In this equation, R1 is the phosphate regeneration rate
(%), qr is the adsorption capacity of adsorbents after regeneration (mg/g), and q0is initial adsorption capacity of adsorbents (mg/g).
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2.6. The phosphate recovery experiment

PO3- and Ca2+ generated Ca5(OH)(PO4)3 under alkaline
conditions [25]. The chemical formula of the precipitate
generated by experiments can be expressed as follows:
5Ca2+ + 3PO43- + OH- ↔ Ca5(OH)(PO4)3↓, Ksp = 10-55.9
(6)
For this part of the experiment, the 100 ml desorption
solution was adjusted to pH value of 13 in conical flasks,
and then was intensely agitated in a horizontal shaker for
90 min at a constant speed (200 rpm). The initial phosphate
concentration in the desorption solution was 50 mg/L.
CaCl2 was added to the desorption solution using a ratio of
Ca:P = 2. Phosphate was enriched through the adsorptiondesorption processes; the enriched phosphate was then recovered as calcium phosphate by adding CaCl2. Once the
phosphate was removed from the exhausted desorption solution, the residual solution was reused for the next desorption process by resupplying NaOH. The phosphate recovery rate is expressed as follows:

R2 =

C0 - C1
×100
C0

(7)

In this equation, R2 is the phosphate recovery rate (%),
C0 is the initial desorbed phosphate concentration in desorption solution after desorption (mg/L), and C1 is the
concentration of the residual phosphate in desorption solution after recovery (mg/L).

3. RESULTS AND DISCUSSION
3.1. Microscopic CMC-CoFe2O4 analysis

CMC-CoFe2O4 was characterized using a Scanning
Electronic Microscope (SEM) and Energy Dispersive Xray (EDX). Figure 1 shows the scan results. First, SEM (a)
shows that magnetic nano-materials display irregular particles; the CMC-CoFe2O4 is well-distributed and well-scattered. CMC had a molecular chain that included OH and

COOH, which could modify the chemical function of
CoFe2O4. Linear CMC which was dissolved in aqueous solution emerged a swelling phenomenon and carried negative charge to, respectively, generate steric hindrance effect
and charge repulsion, overcoming the magnetic attraction
and Van der Waals force[24]. Consequently, the agglomerate ability of magnetic CoFe2O4 was reduced. Second,
EDX (b) shows where carbon is detected, indicating that
CMC and CoFe2O4 were combined through chemical precipitation. Atomic percentage ratio (35.17%:17.04%) of Fe and
Co was present at approximately a 2:1 ratio; this aligns with
the mole ratio of Fe and Co.
3.2. X-Ray diffraction analysis of CMC-CoFe2O4

XRD measurements were used to observe the X-ray
diffraction patterns of CoFe2O4, CMC-CoFe2O4, adsorbed
CMC-CoFe2O4 and regenerated CMC-CoFe2O4. Figure 2
shows the diffraction peaks of CMC-CoFe2O4 nano-particle crystalline, similar to the diffraction peaks of standard
CoFe2O4 crystalline. The diffraction peaks of CMCCoFe2O4 correspond with the CoFe2O4 crystalline faces:
(104), (113), (024), (125), (208) at 2θ = 30.174°, 35.475°,
43.030°, 56.979°, 62.470°. This indicated that CMCCoFe2O4 had a pure single spinel structure, and CMC could
not cause CoFe2O4 crystalline phases to change. CoFe2O4
and CMC-CoFe2O4 particle sizes were 11.4 and 9.6 nm, respectively, according to Scherrer equation: D = kλ/(βcosθ).
The composite adsorbent composed of CMC and
CoFe2O4 decreased the nano-particle diameters but increased
specific surface area and adsorption ability. Diffraction
peak positions did not change from the beginning to the
end of the adsorption, indicating that phosphate adsorption
was physical adsorption rather than chemical adsorption.
The diffraction peak at 2θ = 35.475° for adsorbed CMCCoFe2O4 shifts to a smaller angle and broadens. Results indicated that the crystal lattice was loosened by adsorbing
phosphate. The strong peak at 2θ = 35.475° is restored after
regeneration; adsorbent crystallinity and adsorption sites
may be restored through the regeneration process.

FIGURE 1 - SEM images (a) and corresponding EDX spectra (b) of CMC-CoFe2O4.
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teristic peaks of HPO42- (H2PO4-) and asymmetrical stretching vibration peaks of COO- at 1072 cm-1 may be a superposition, and the C–H asymmetrical bending vibration
peak at 1319 cm-1 disappears after adsorption. This might
be caused by the descending bonds of atoms after adsorption. The predominant peaks of COO- of adsorbed CMCCoFe2O4 at 1115 cm-1 and 1072 cm-1 shift to 1083 cm-1 and
1063 cm-1 after regeneration. Results suggested that the regeneration processes included CMC-CoFe2O4, which was
reconstructed in aqueous phase, and the adsorption sites
were recreated by regeneration process.
3.4. Phosphate adsorption

FIGURE 2 - X-ray diffractograms of (a) regenerated CMC-CoFe2O4,
(b) adsorbed CMC-CoFe2O4, (c) CMC-CoFe2O4, and (d) CoFe2O4.

As Figure 4 shows, CMC-CoFe2O4 was able to adsorb
the initial concentration of 10 mg/L phosphate; phosphate
adsorption onto CMC-CoFe2O4 is very rapid between 0 to
10 min, with adsorption equilibration after 90 min, and a
constant adsorption rate as shaking continued. The optimal
removal rate was 95.24%; the saturated adsorption capacity was 3.81 mg/g; and the residual phosphate concentration
was 0.48 mg/L. CMC-CoFe2O4 had positive charge when the
aqueous solution pH was 2.5, according to CoFe2O4 zeta potentials [26]. HPO42- and H2PO4- with negative charge were
adsorbed to surface sites of CMC-CoFe2O4, demonstrating
that phosphate adsorption was a physical adsorption by
static electricity fields.

FIGURE 3 - FT-IR spectra of (a) regenerated CMC-CoFe2O4, (b) adsorbed CMC-CoFe2O4, (c) CMC-CoFe2O4, and (d) CoFe2O4.
3.3. FT-IR analysis of CMC-CoFe2O4

Spectra patterns of CMC-CoFe2O4 were obtained using FT-IR measurements. Figure 3 compares FT-IR graphs
of the different samples. The predominant adsorption peaks
of CoFe2O4 at 592 cm-1and 412 cm-1 represent the Fe–O
stretching vibration of the iron oxygen tetrahedron. The
characteristic peaks at 1632 cm-1 represent the –OH bending
vibration peak of H2O. The characteristic peaks at 1470 cm-1
and 1383 cm-1 are the C–H symmetrical and asymmetrical
bending vibration of PEG6000, respectively. CMC-CoFe2O4,
compared with CoFe2O4, revealed COO- symmetrical and
asymmetrical stretching vibration peaks at 1115 cm-1 and
1072 cm-1. The predominant adsorption peaks of CoFe2O4
at 1470 cm-1 and 1383 cm-1 shift to 1406 cm-1 and 1319 cm-1.
The red shift might be because the CMC led CoFe2O4 to
bond with C–H more intensively. The predominant charac-

FIGURE 4 - Effects of CMC-CoFe2O4 samples as adsorbents for phosphate removal (10 ml phosphate solution, 0.025 g adsorbent dosage,
[H2PO42- (HPO4-)] = 10 mg/L, pH = 2.5, contact time: 120 min, vibration speed: 125 rpm, T = 298 K).

The formula G = γ.As, where G is Gibbs free energy, γ
is surface tension, As is specific surface area, and γ is related to intrinsic property of adsorbent. The more microscopic the adsorbent diameter, the more the specific surface area of adsorbent increased. G increased along with
incremental As. The surface molecules of adsorbents were
subject to force asymmetrically because the G of CMCCoFe2O4 was higher; then, adsorbents tended to be more
unstable; as such, H2PO4-(HPO42-) was self-propelling and
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adsorbed through static electricity fields, reducing the G of
adsorbents to attain stability. However, when the kinetic
energy of adsorbed H2PO4-(HPO42-) overcame the energy
barrier of static electricity fields, H2PO4-(HPO42-) returned
to a liquid phase and desorption occurred successively.
When the adsorption and desorption rates were equal,
phosphate adsorption attained equilibrium, and G was at its
minimum. Therefore, adsorption rate remained constant after 90 min.
3.5. Phosphate desorption and adsorbent regeneration

Phosphate desorption performance was also examined.
The desorption ratio of 5% (w/v) NaOH desorption solution
was 92.61%.; that solution composition was used for the
following experiments. A changing phosphate desorption
rate could indicate that fewer adsorbents might dissolve in
the NaOH solution and release phosphate. CMC-CoFe2O4
had very high selectivity for OH-; OH- could exchange with
phosphate onto superficial adsorbents. When phosphate was
recovered from the exhausted desorption solution, the solution was reused for the next desorption process [12]. Alkali
supplements were required, given the consumption of alkali in the phosphate recovery process.
Regeneration experiments were used to determine
whether desorbed CMC-CoFe2O4 needed regeneration
or not. The regeneration solution was an aqueous solution
of fixed Cl- and fixed Na+; the different cations and anions
were used to regenerate desorbed CMC-CoFe2O4. Figure 5
shows how Cl- with diverse cations affected CMC-CoFe2O4
regeneration.

fore, regeneration of desorbed CMC-CoFe2O4 was required.
This might indicate that the Cl- exchange ability was weaker
than HPO42- (H2PO4-), based on the ion exchange mechanism. Cl- supplied surface sites of CMC-CoFe2O4 on the
regeneration process; therefore, when adsorption was carried out again, HPO42- and H2PO4- could exchange the supplied Cl-. However, the CMC of CMC-CoFe2O4 was dissolved in a neutral aqueous solution with a little amount of
negative charge [24]. Na+, Zn2+ and Mg2+ were adsorbed to
the surface of CMC-CoFe2O4, affecting adsorbent regeneration. Zn2+ and Mg2+ each have two positive charges, Na+
has only one. The binding force of Zn2+ with adsorbent is
relatively stronger than that of Mg2+ with adsorbent. Based
on this, NaCl had a higher regeneration ability than MgCl2,
which had a higher ability than ZnCl2.
Based on these results, Na+ was used for the following
regeneration experiments. Figure 6 shows how fixed Na+
with diverse anions affected the regeneration of CMCCoFe2O4. The regeneration ratios of 10% (w/v) of Na2CO3,
Na2SO4, NaCl and NaNO3 were 69.55, 75.83, 88.90 and
97.39%, respectively. Ion exchange ability was greatest for
CO32-, followed by OH-, SO42-, H2PO42- (HPO4-), F-, Cl-, Br- ,
NO3-, and I-. This might suggest that NO3-, which supplied
the CMC-CoFe2O4 surface sites, was more advantageous
for exchange than Cl- by HPO42- (H2PO4-) in the next adsorption cycle.

FIGURE 6. -The regeneration effects of dissimilar anions regeneration
solution.

FIGURE 5 - The regeneration effects of dissimilar cations regeneration solution.

Regeneration ratios using 10% (w/v) of NaCl, MgCl2,
and ZnCl2 were 88.90, 85.24, and 82.63%, respectively.
Without regeneration, the ratio was only 56.48%, and the
adsorption capacity of desorbed CMC-CoFe2O4 decreased
with each sequential test. The regeneration rate was higher
after regeneration than when no generation was done. There-

CO32- and SO42- potentially posed three problems: (1)
CO32-and SO42- both had very intense affinity with CMCCoFe2O4 and competed to be adsorbed to its surface sites;
(2) considering their ion exchange abilities, CO32-and SO42were disadvantageous to be exchanged by H2PO42- (HPO4-)
during the subsequent adsorption cycle; and (3) when considering phosphate recovery, CO32- and SO42- could precipitate with Ca2+, generating CaCO3 and CaSO4.
As Figure 7 shows, the initial concentration of NaNO3
in the regeneration solution affected the regeneration ratio
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of CMC-CoFe2O4. The optimal regeneration solution was
15% (w/v) NaNO3, which led to a regeneration ratio of
98.40%. When the initial concentration of regeneration solution was increased further, the adsorbent regeneration ratio remained constant. This indicated that adsorbed surface
sites for a given amount of CMC-CoFe2O4 were finite, and
exceeding a concentration of 15% (w/v) of NaNO3 did not
affect the regeneration ratio.

However, as the phosphate recovery experiment generated
deviations, CaCl2 was added to the desorption solution containing phosphate according to Ca:P = 2 (mole ratio). The
diffraction peaks of Ca5(OH)(PO4)3 correspond with its
crystalline faces, which are (002), (211), (310), (222),
(213) at 2θ = 25.879°, 31.773°, 39.818°, 46.711, 49.468°.
The diffraction peaks of Ca(OH)2 correspond with Ca(OH)2
crystalline faces, which are (100), (101), (102), (110) at 2θ
= 28.671°, 34.101°, 47.120°, 50.818°. XRD analysis of the
precipitates indicated the precipitate contained Ca5(OH)(PO4)3 and less Ca(OH)2. The saturated precipitation time was
60 min, with a phosphate recovery rate reaching 97.30%.
The residual phosphate concentration was 1.35 mg/L.

4. CONCLUSIONS

FIGURE 7 - The regeneration effects of NaNO3 with dissimilar concentration.

FIGURE 8 - X-ray diffractograms of Ca5(OH)(PO4)3.
3.6. Phosphate recovery

X-ray diffraction patterns of Ca5(OH)(PO4)3 were obtained using XRD measurements. Figure 8 shows the XRD
graphs. Optimal phosphate recovery was achieved when
the pH value of the desorption solution was 13 and the desorption solution contained phosphate whose the initial
concentration was 50 mg/L. The mole ratio of Ca and P is
approximately 1.67, according to the chemical formula (6).

The properties of CMC-CoFe2O4 as an adsorbent for
phosphate removal and recovery were studied from the following view-points: adsorption, desorption, regeneration,
the reuse of desorption solution, and phosphate recovery.
Key results were as follows:
(1) SEM and EDX analysis of CMC-CoFe2O4 demonstrated well-distributed and well-scattered CMC-CoFe2O4
using an improved co-precipitation method. XRD analysis
demonstrated that CMC-CoFe2O4 adsorbed phosphate using physical adsorption rather than chemical adsorption.
CMC-CoFe2O4 was structurally a pure single spinel. FT-IR
analysis demonstrated that adsorption sites were recreated
through a regeneration process.
(2) The optimal removal rate of 10 mg/L phosphate
solution was 95.24%. The saturated adsorption capacity
was 3.81 mg/g. The residual phosphate concentration was
0.48 mg/L, and phosphate adsorption was physical adsorption.
(3) Applying a 5% (w/v) NaOH desorption solution led
to a desorption ratio of 92.61%. The exhausted solution
was prepared to be reused for the next desorption process
by supplying alkali after phosphate recovery. The optimal
regeneration ratio of 98.40% was attained using a 15%
(w/v) NaNO3 regeneration solution. Ion exchange formed
the basis of the regeneration theory.
(4) Phosphate was recovered from the desorption solution containing phosphate as calcium phosphate precipitation by adding CaCl2. Phosphate was converted to Ca5(OH)(PO4)3 and, to a lesser extent, to Ca(OH)2. When the
mole ratio of Ca and P was 2, the optimal phosphate recovery rate could attain 97.30% in a pH = 13 desorption solution containing 50 mg/L phosphate.
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ABSTRACT
In the present study, the photocatalytic degradation of
the herbicide acetochlor in aqueous solution has been studied by using titanium dioxide as a photocatalyst. Operational parameters such as catalyst loading, initial pollutant
concentration, pH value, inorganic saltsand the type of
light sources on the reaction rate were evaluated. The apparent first-order rate constants (kap) were used to evaluate
the degradation efficiency of acetochlor. The results of experiments showed that increasing in the initial concentration of acetochlor and catalyst loading decreases the photocatalytic degradation efficiency. The optimal TiO2 and
acetochlor concentrations were 0.1 g/L and 50ppm, respectively. Higher degradation efficiency of acetochlor was observed at neutral pH values. The apparent pseudo first-order rate constants were 0.065, 0.064, 0.088 and 0.078 min−1
at pH 3, 5, 7 and 9, respectively. However, the presence of
HCO3- anion leads to an increase in the effectiveness of the
photocatalytic degradation. Results showed considerable
reductions of herbicides concentration, using UVC lamps
and the TiO2 photocatalyst.
KEYWORDS:
Acetochlor; Photocatalytic degradation; Ultraviolet lamp; TiO2.

1. INTRODUCTION
Acetochlor (2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6methylphenyl) acetomide) is a chloracetanilide herbicide
registered for pre- and early post emergent control of annual grasses and small seeded broad-leaved plants (see Fig. 1).
It is commonly used in the United States and countries
throughout Latin America, Europe and Africa [1,2]. Acetochlor is the third most frequently detected herbicide in natural waters behind atrazine and metolachlor [3].
The public and environmental health impacts of acetochlor are not well established. Acetochlor is listed as a suspected endocrine disruptor by the USEPA and European
* Corresponding author

Union, and acetochlor is moderately persistent in the environment and is very mobile in soil, as it has been shown to
exhibit activity in a wide range of vertebrates [4,5]. Acetochlor has also been classified by the US EPA as a probable
human carcinogen [6].

FIGURE 1 - Molecular structure of acetochlor

Nonetheless, Coleman and Zheng [7, 1] studied the biological degradation of acetochlor that led to the formation
of metabolites being not analogous to intermediates detected and Brekkenet al [8] studied the reaction between
acetochlor and HO-. According to their experimental data,
the direct photolysis would be much slower than HO- mediated degradation. No work has been reported in the literature on the removal of acetochlor from aqueous solutions
using TiO2 nanocatalyst.
In the recent 20 years, an alternative to conventional
methods is the ‘advanced oxidation processes’ (AOPs),
based on the generation of very reactive species such as
hydroxyl radicals, which oxidizes a broad range of organic
pollutants quickly and non-selectively [9]. Among these,
heterogeneous photocatalysis is a promising method which
generates hydroxyl radicals (•OH) by oxidation of adsorbed
OH- or H2O molecules on a semiconductor surface while it
is irradiated with light of energy greater than its band gap
[10]. TiO2 semiconductor photocatalysis is a well-established technique for the destruction of environmental pollutants [11], For photocatalysis has to be (i) photoactive,
(ii) able to use visible or near-UV light, (iii) biologically
and chemically inert, (iv) photostable, and (v) supplied at a
reasonable low cost [12]. Of all known semiconductors, titanium dioxide (TiO2) is the one that fulfills almost all the
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previous conditions, except for the fact that it absorbs only
in the UV region.
In this work, a representative acetochlor was used as a
model; photocatalytic degradation was investigated in the
TiO2/UV system. The effect of initial concentration,
amount of photocatalyst, initial pH value, and inorganic
salts on the photodegradation of acetochlor was evaluated
and kinetics analysis was conducted.

2.3. Analysis

The concentration of acetochlor in the aqueous solutions was detected by HPLC (Adept, Cecil Instruments,
UK) equipped with a reverse-phase C18 Hichrom column
(5μm, 4.6×150mm). Aliquots of 20 μl were injected into
the column and eluted with a mobile phase of methanol
(80%) and water (20%) at flow rate 1.0 ml/min. The detection wavelength was 220 nm.

2. MATERIALS AND METHODS
2.1. Materials

Chemically pure acetochlor was purchased from Golsam
Gorgan, Iran. Some physical properties of this compound are
presented in Table 1. The photocatalyst nano-TiO2 (P-25 ca.
80 % anatase and 20 % rutile, particle size 21nm, surface area
50±15 m2 g-1) was purchased from Degussa, Germany. Other
chemicals like NaCl, HCl were used to adjust the pH values
of solutions. HPLC grade solvents (purity 99%) such as
methanol /water and other chemicals like Na2SO4, NaCl,
and NaHCO3 were purchased from Merck, Germany. Double distilled water was used in the experiment.
TABLE 1 - Some physical properties of acetochlor
IUPAC name

2-Chloro-N-(ethoxymethyl)-N-(2ethyl-6-methylphenyl) acetamide

Molecular weight (g/l)

269.767

Solubility in water(ppm)

223 (at 25°C)

Melting Point(°C)

<0

Boiling Point(°C)

134

Density (g/cm3)

1.136 g/cm3 at 20°C

Vapor Pressure

FIGURE 2 - Schematic diagram of slurry cylindrical batch reactor

-8

3.4 * 10 mmHg (at 25°C)

2.4. Kinetics study

2.2. Photocatalytic degradation experiment

Irradiation experiments were carried out in stainless
steel batch cylindrical photoreactor (9 cm ID×25 cm H).
The reactor was equipped with three UVC (F6T5/GL 6W,
low pressure Hg lamp close to monochromatic output at
254 nm, Philips, Poland), and UVA lamps (Black Light
Blue, Haichao F6T5 6W at 365 nm, China). The UV light
sources were surrounded by a Quartz glass tube to preventing direct contact with solution (Fig. 2). Suspensions of the
photocatalyst and aqueous contaminant solutions were
kept aerated and stirred by a steady stream of air in the dark
(for the adsorption–desorption equilibrium of the acetochlor on the TiO2 surfaces) and exposed to UV light. The
conditions of 0.1 g/L photocatalyst, 50 ppm acetochlor,
were used throughout the course of the investigation.
Aqueous acetochlor solution containing TiO2 were prepared, the TiO2 suspensions were equilibrated in the dark for
20 min. At different time intervals during irradiation, samples were collected and centrifuged at 4000 rpm for 20 min
in B3.11 centrifuge (Jouan), and finally, the acetochlor concentration was determined by HPLC analysis.

The kinetics of the photocatalytic degradations of
acetochlor solutions were investigated with an initial concentration of 50 ppm, 0.1g/L TiO2 and under UV irradiation within 120 min. Pseudo-first-order reaction has been
widely and successfully used for the description of photocatalytic degradation of organic pollutants. The removal
rates of acetochlor inUV/TiO2 process is therefore expressed
as:

 Ln

C
 K ap t
C0

(1)

Where, Co is the initial concentration of acetochlor, C
the concentration at time t and Kap (min-1) is the pseudofirst-order photocatalytic removal rate constant.

3. RESULTS AND DISCUSSION
3.1. Effect of the amount of TiO2 on photodegradation of acetochlor

To evaluate the photocatalytic activity of TiO2 catalysts, a set of acetochlor photocatalytic degradation tests
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was carried out in an aqueous suspension with an initial
concentration of 50 ppm. The effect of catalyst loading on
degradation of acetochlor was investigated using TiO2 (0.1
to 1.0 g/l). Figure 3 and Table 2 show that the acetochlor
photodegradation decreased when the amount of catalyst in
the reactor increased up 0.1 g/l. It should be pointed out
that, the catalyst loading affect the number of active sites
on photocatalyst and the penetration of UV light through
the suspension. As the catalyst loading increases, the number of active sites increases but the penetration of UV light
decreases due to shielding effect [13].
TABLE 2 - The effect of TiO2 loading on the photodegradation rate
of acetochlor
TiO2 (g/l)

K (min-1)

R2

0.1
0.3
0.5
1.0

0.05
0.042
0.033
0.025

0.941
0.996
0.996
0.98

It should also be noted that the optimum value of catalyst loading will strongly be dependent on the type, initial
concentration of the pollutant and the operating conditions
of the photoreactor [14]. A similar phenomenon has also
been reported, for example the optimum value of catalyst
loading has been reported to be 1.66g/l TiO2 for photocatalytic removal of phenol [15], for azodyes acid red 18 and
Reactive Orange 4, optimum value of TiO2 was 4 g/L [16].
Generally, in any given photocatalytic application, the
optimum catalyst concentration must be determined, in order to avoid the excess catalyst and ensure the total absorption of the efficient photons [17]. This is because the scattering of an unfavorable light and reduction of light penetration into the solution is observed with excess photocatalyst loading [18]. So the optimum catalyst loading was
0.1g/l in the present study.

3.2. Effect of initial acetochlor concentration

Figure 4 shows the effect of the initial acetochlor concentration on the photocatalytic degradation efficiency.
The initial acetochlor concentration in this study was 25,
50, 100 and 200ppm. Acetochlor degradation efficiency
decreased as initial acetochlor concentration increased. A
possible reason is that the generation of hydroxyl radicals
on the catalyst surface is reduced when the initial acetochlor concentration is increased [19]. More acetochlor
molecules are adsorbed on the surface of TiO2 photocatalyst will make fewer active sites available for the hydroxyl
radicals adsorption. Hence, large amounts of adsorbed acetochlor would have an inhibitory influence on the reaction between acetochlor molecules and hydroxyl radicals due to
the lack of any direct contact between them. Once the
acetochlor concentration is increased, most of UV light is
absorbed by the acetochlor molecules. Abdul Rahman et al
[20] indicate similar results, and photons do not reach the
surface of photocatalyst to activate it to generate hydroxyl
radicals. As presented in Fig.4 and Table 3, it is concluded
that 50 ppm is the optimum concentration for efficient degradation of acetochlor.
TABLE 3 - Effect of initial acetochlor concentration on the photodegradation rate
Initial Con. (ppm)

K (min-1)

R2

25
50
100
200

0.098
0.073
0.038
0.024

0.879
0.912
0.987
0.989

3.3. Effect of initial pH values

pH value is one of the factors influencing the rate of degradation of some organic compounds in the photocatalytic
process. It is also an important operational variable in waste-

1,2

C/C0

1

0.1 g/l

0,8

0.3 g/l

0,6

0.5 g/l

0,4

1 g/l

0,2
0
0

20

40

60

80

100

120

140

Time (min)
FIGURE 3 - The Effect of TiO2 loading on degradation of acetochlor; T= 25oC, pH0 = 7, Under UVC light
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FIGURE 4 - Effect of acetochlor concentration on the photocatalytic degradation; T= 25oC, pH0 = 7, Under UVC light
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FIGURE 5 - Effect of pH on the photocatalyticdegradation of acetochlor; T = 25oC, Under UVC light

water treatment [22, 23]. The effect of pH values (in the
range 3–9) on photodegradation of acetochlor using initial
concentration of 50 ppm and optimum value of catalyst loading (0.1 g/l) (was obtained in preliminary experiments) is illustrated in Figure 5. The degradation rate decreased with
increase in pH. Furthermore, it is worthy to note that, under
acidic conditions, TiO2 particles may tend to agglomerate,
and the surface area available for adsorption of contaminants
and photon would be reduced what eventually affects the
acetochlor degradation rate. The highest degradation efficiency occurred at pH 7 in a UV/TiO2 system (Table 4) as
observed in the literature [21].
TABLE 4 - Effect of pH on the photodegradationrate of acetochlor
pH

K (min‐1)

R2

3
5
7
9

0.065
0.064
0.088
0.078

0.986
0.993
0.996
0.992

The decrease was more marked at pH value lower than
the optimal one. This same kind of behavior has been observed for acetochlor and, more generally, for compounds
containing the aromatic ring [22, 23].
3.4. Effect of inorganic salts

The importance of anions effect on the photodegradation of pollutants has been remarkably recognized due to
the occurrence of the competitive adsorption, resulting in
the inhibitive effect on the photoreaction of organic pollutants. Evolution of the inorganic ions (SO42−, Cl−, and
HCO3-) as a function of irradiation time from 0 to 120 min
is shown in Figure 6. These anions can also compete with
the target pollutant for the active sites. The adsorption of
these anions to catalyst surface reduces•OH formation. Although hydroxyl radical scavenging by the anions bicarbonate, sulfateand chloride resulted in corresponding anion
radicals. Consequently all these reactions can influence the
overall rate of photocatalytic oxidation [24].

1035

© by PSP Volume 24 – No 3b. 2015

Fresenius Environmental Bulletin

1,2
1

NaCl

C/C0

0,8

Na2SO4

0,6

NaHCO3

0,4
0,2
0
0

20

40

60

80

100

120

140

Time (min)
FIGURE 6 - The effect of inorganic salts on the photocatalytic degradation of acetochlor, T = 25°C, pH0 = 7 under UVC light
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FIGURE 7 - Effect of different light sourceson the photocatalytic degradation of acetochlor; T = 25oC, pH0 =7

All the experiments were carried out using 0.5mM solutions of the anions with initial acetochlor concentration
of 50 ppm and 0.1 g/l catalyst loading. The effect of presence of these anions on photocatalytic degradation of
acetochlor showed the following trend:
Cl-< SO42-< HCO3The pseudo-first-order reaction rate constants obtained
for the photocatalytic degradation of acetochlor in the presence of various anions are presented in Table 5.
TABLE 5 - Effect of inorganic salts on decomposition rate of acetochlor
Anion

K (min‐1)

R2

HCO3‐
SO42‐
Cl‐

0.068
0.047
0.039

0.995
0.981
0.951

3.5. Effect of different light sources

The rate of initiation for photocatalysis electron-hole
formation in the photochemical reaction is strongly dependent on the light intensity [25]. Acetochlor has a characteristic absorption band at 220 nm; however, the rate of
photodegradation is followed using the decay of this band.
The degradation of acetochlor was carried out under their
radiation of light from two different sources, UVC and
UVA lamps which emits light around 254 and 365nm respectively. It has been reported that the photodegradation
rate increases as increasing the light intensity during photocatalytic degradation reaction [26, 27]. Our results
clearly indicate that UVC irradiation causes higher rate of
degradation for acetochlor than with UVA light, due to
high intensity of light which is suitable for the excitation
of many electrons from the valence band of the metal oxide
semiconductor as illustrated in Fig. 7 and Table 6. Consequently the dependency of pollutant degradation rate on the
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light intensity has been studied in numerous investigations
for various organic pollutants [28, 29].
TABLE 6 - Effect of different light sourceson the photodegradation
efficiency of acetochlor
Light Sources

K (min-1)

R2

UVC
UVA

0.046
0.015

0.997
0.989

4. CONCLUSIONS
In this study, we investigated the degradation of acetochlor as the model pollutant of water by TiO2 dispersion
under irradiation with UV light. Treatment of acetochlor
has been carried out by varying the operational parameters
including initial concentration, catalyst loading, solution
pH, inorganic salts and light intensity. The degradation
process follows pseudo first-order degradation behavior.
Experimental results indicate that the degradation of pollutant is effective in the presence of catalyst. Increasing TiO2
concentration beyond 0.1 g/l showed a reduction on the
photodegradation of acetochlor due to light shielding effect. The removal efficiency and the constant rate of degradation decreased with increasing initial concentration of
acetochlor. The optimum acetochlor concentration was
50ppm. The highest photodegradation rate was obtained at
pH=7. Furthermore, the effects of inorganic salts were
studied. The results revealed that bicarbonate, chloride and
sulfate ions act as hydroxyl radical scavengers and absorb
UV light which results in decreasing degradation rate of
acetochlor. Furthermore, the results showed that using
UVC lamp as a light source resulted in the highest apparent
rate constant (kobs=0.0464min-1) that may be due to the
highest illumination intensity. The order of degradation
rate using different light sources was shown to be UVC >
UVA.
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ABSTRACT
In this work, the anaerobic digestion of the organic
fraction of municipal solid waste (OFMSW) was systematically investigated after fast aerobic fermentation. It was
found that aerobically pretreated OFMSW presented higher
pH and alkalinity of 7.89 and 1300 mg CaCO3·L-1 compared
to not pre-treated OFMSW. After the aerobic pretreatment,
the C/N ratio in OFMSW was 34.81, which was lower than
the original OFMSW, and more beneficial to anaerobic digestion. Anaerobic digestion results indicated that the total
biogas production rates of pre-treated OFMSW were
higher than those of untreated OFMSW, by 14.20, 349.81
and 22.36% for the loading rates of 20, 50 and 30 g VS·L-1,
respectively, when the mixed liquor suspended solids
(MLSS) of activated sludge was at 15000, 30000 and 45000
mg L-1. The pre-treated OFMSW could also shorten the
technical digestion time by 3-11 days, in contrast to the
original OFMSW. Based on these results, it could be concluded that fast aerobic fermentation pretreatment could be
regarded as one of the efficient methods to improve anaerobic digestion of OFMSW.

KEYWORDS: anaerobic digestion, OFMSW, fast aerobic fermentation, biogas, stability

1. INTRODUCTION
In 2011, more than 160 million tons of municipal solid
waste (MSW) were generated in China, in which approximately 78.9% (wet basis) could be treated harmlessly.
About 61.4% MSW was disposed in landfills and 15.9%
was treated by incineration, and only 2.6% was composted
as recyclable resources [1]. Up to date, landfill is still the
main approach for MSW disposal due to low investment.
However, the potential environmental issues, including
methane emissions, leachate generation, terrible odor dif* Corresponding author

fusion and excessive land resource encroachment, are increasingly serious [2]. Incineration is conventionally regarded as another option for MSW treatment. However, the
emissions of harmful polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDD/Fs) and acid gases during MSW
incineration are seriously worsening air quality and threatening the health of human beings [3]. Moreover, the overall
investment of an incineration system for MSW is also relatively high. Although OFMSW composting could offer
some environmental benefits and is widely acceptable, the
economical value of the products is usually low, and the disposal period is relatively long. In this context, it is urgent to
seek for some potential methods to effectively utilize the
wastes and reduce the pollution.
Anaerobic digestion has been widely applied to convert biodegradable organic materials into the biogas [4-6].
Generally, the organic fraction of municipal solid wastes
(OFMSW) is up to 60% with high moisture content. These
characteristics facilitate the anaerobic digestion to be more
suitable to dispose and utilize the MSW.
The anaerobic digestion process is generally influenced
by a number of factors, in which the important factors include pH level [7, 8], carbon to nitrogen ratio (C/N) [9], and
alkalinity[10]. It was reported that pH 7 provided optimum
working conditions for anaerobic digestion of kitchen wastes,
compared with pH at 5, 9 and 11. When the anaerobic digestion was performed at pH 7, approximately 86% of the
total organic carbon (TOC) and 82% of chemical oxygen
demand (COD) could be solubilized on the fourth day, and
most of the protein could be degraded into ammonia nitrogen (NH4+-N), resulting in an additional buffer of the acidified liquid [11]. It also could be found that relatively high
degradation of TSS and VSS was obtained in the reactors
operated at pHs 7-8, and 75% degradation of TSS and 85%
degradation of VSS could be achieved as well [12]. The
C/N has an important effect on anaerobic digestion. The
optimum C/N is generally recommended in the range of
20-30 [13, 14]. It is well-established that an optimal aerobic and anaerobic microbial metabolism is achieved with a
C/N ratio between 20 and 30. The neutralization is, thereby,
required prior to anaerobic digestion [15]. Agdag and
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Sponza [16] investigated the effects of alkalinity on the anaerobic treatment of the organic solid wastes, and found
that alkalinity addition could reduce the waste quantity, the
organic content of the solid waste, and the biodegradation
time with better organic solid wastes stabilization. Dong et
al. [17] investigated the influence of alkalinity on the anaerobic treatment of municipal solid waste (MSW), and
found that alkalinity addition presented positive effects on
the stabilization of MSW. Duan [18] reported that the pH
and C/N of MSW in Beijing were 4.91-6.90 and 42.5745.63, respectively. Thus, the directly employing OFMSW
in anaerobic digestion will lead the potentially easy acidification, and instability.
Recently, many work focused on seeking an effective
process to avoid the fast acidification and improve the stability of the system when the OFMSW was employed in
anaerobic digestion. Pre-composting was used for the pulp
mill sludge to get a slight degradation of organics to prevent fast acidification during anaerobic digestion [19]. Pretreatment of MSW by natural convection of air with leachate recirculation is a sustainable method to reduce the emissions and to stabilize the waste [20]. Charles et al. [21] found
that a short pre-aeration step as pretreatment for thermophilic anaerobic digestion of OFMSW could reduce excess
easily degradable organic compounds in OFMSW, which
were the common cause of acidification during the start-up
of the batch system. Fdez-Güelfo et al. [22] reported that biological pretreatment with mature compost, followed by
dry-thermophilic anaerobic digestion, provides the best results for stabilizing the industrial OFMSW. So, it is necessary to pretreat the OFMSW before anaerobic digestion.
Although considerable research on anaerobic digestion
of OFMSW has been conducted, little information on effects of fast aerobic fermentation on biogas production and

stability of anaerobic digestion of OFMSW is available.
Therefore, fast aerobic fermentation was applied as a biological method for MSW pretreatment at ambient temperature. The objective of this study was to investigate the effect of fast aerobic fermentation pre-treatment on biogas
production and stability of anaerobic digestion. The process of fast aerobic fermentation and the changes of main
compositions of OFMSW were also investigated.

2. MATERIALS AND METHODS
2.1. Municipal solid waste (MSW)

MSW was collected from a community in Beijing,
China. It was composed of 64.4% (w/w; wet weight) food
waste, 14.3% (w/w) paper, 14.3% (w/w) plastics, and 7%
(w/w) others. MSW was ground into 10-20 mm size pieces
by a lab grinder.
2.2. Experimental set-up

A laboratory-scale fast aerobic fermentation system
with reactor was used for this study. As presented in Fig. 1,
the reactor was 900 mm in height and 380 mm in diameter.
The outer wall of the reactor was wrapped with a 50-mm
rubber for thermal insulation. At the bottom of the reactor
was a 100 mm high layer filled with crockery balls (about
10 mm in diameter) for air distribution and leachate drainage. An air-distribution manifold system was installed in the
reactor above the balls to distribute air, and a 50 mm high
layer filled with the balls. A perforated PVC plate (5-mm
mesh) was placed on the balls to facilitate aeration and support the waste. An air pump (LP40, Ri Sheng, China) and
a gas flow-meter (LZB-10, Dong Xing, China) were also
integrated in this aeration system.

FIGURE 1 - Experimental equipment for aerobic pre-treatment.
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TABLE 1 - The experimental design

MLSS (mg·L-1)
OLR (g VS·L-1)
Untreated
Aerobically treated

Experiment I
15000
5
10
A3
A1
A2
A4

15
A5
A6

20
A7
A8

Experiment II
30000
10
20
B1
B3
B2
B4

The reactor was equipped with two thermocouples,
which were mounted 0.2 and 0.4 m above the perforated
PVC plate, respectively, to monitor temperatures inside,
with a frequency of 1-h intervals. The mean value of the
two temperatures was recorded as composting temperature.
The reactor was also equipped with an oxygen probe developed by Dittrich (Model FM-010, Germany) for monitoring the oxygen concentration in the exiting air stream. A
data logger (CR23X, Campbell Scientific Inc., USA) was
used to record the temperature and the oxygen concentration data from the reactor. The aeration rate was controlled
as 0.02m3 air/hkg MSW, which was based on a previous
research. After pretreatment by fast aerobic fermentation,
the pretreated OFMSW were stored in a freezer at -20 °C
till anaerobic digestion.
2.3. Experimental design and operation for anaerobic digestion

Three batch anaerobic digestions were employed in this
study (see Table 1). Not pre-treated and aerobically pretreated OFMSW were digested in batch anaerobic digesters.
The volume of the reactor for anaerobic digestion was 1.0 L,
with a working volume of 0.8 L. The activated sludge collected from a waste treatment plant (Shunyi, Beijing) was
employed as the inoculum. The seeding sludge contained
7.01% total solids (TS), 3.68% volatile solids (VS), and 69.8
g·L-1 mixed liquor suspended solids (MLSS). In the first
batch experiment (Exp. I), 4 organic loading rates (OLRs) of
5, 10, 15, and 20 g VS·L-1 were set for the not pre-treated and
aerobically pre-treated OFMSW. Each digester was seeded
using the activated sludge with MLSS in the digester of
15000 mg L-1, based on the research of Zhang [23]. The second (Exp. II) and the third batch experiments (Exp. III) with
5 OLRs of 10, 20, 30, 40, and 50 gVS·L-1 were set for the
not pre-treated and aerobically pre-treated OFMSW. Each
digester was also seeded using the activated sludge with
MLSS in the digester of 30000 and 45000 mg L-1, respectively. The prepared digesters were placed in shakers for anaerobic digestion. The shakers were operated at mesophlic
temperature (35 ± 1 °C) with 120 rpm.
2.4. Sampling and analytical methods

Not and aerobically pre-treated OFMSW samples were
analyzed for TS and VS according to the APHA standard
methods [24]. Total carbon (TC) and total nitrogen (TN)
were analyzed by an TC analyzer (Skalar Primacs SLC,
Netherlands) and a total Kjeldahl nitrogen (TKN) analyzer
(model KDN-2C, Shanghai, China), respectively. The contents of cellulose, hemicellulose, and lignin were analyzed
according to the procedure of van Soest [25].

30
B5
B6

40
B7
B8

50
B9
B10

Experiment III
45000
10
20
C1
C3
C2
C4

30
C5
C6

40
C7
C8

50
C9
C10

The daily biogas production from each anaerobic digester was recorded by water displacement method and the
corresponding cumulative biogas volume was calculated.
The biogas samples were taken from the gas collection pipe
and analyzed for the contents of CH4 using a gas chromatograph(GC) (HJAT, SP2100) equipped with a thermal conductivity detector (TCD) and a TDX-01 stainless steel column with argon as gas carrier, The operational temperatures of injector, detector and column were kept at 140 °C,
150 °C and 150 °C, respectively.
3. RESULTS AND DISCUSSION
3.1 Pretreatment of MSW

After the experiment started, the temperature increased
quickly in the reactor, reaching the first peak value of 40.4 °
after 34 h. Afterwards, the temperature of the reactor decreased slowly due to the weakening of the activity of mesophilic microorganisms. The temperature increased again
after half a day due to the strengthening of the activity of
thermophlic microorganisms (Fig. 2). After 124 h, the temperature reached the peak value of 63.2 °, and then decreased. However, the trend of oxygen concentration variation was negatively correlated with the temperature. This
was mainly because the organic matter in the MSW was
biologically degraded, and the activity and number of the
microorganisms were increased, which need more of oxygen. Thus, the oxygen concentration of the air outlet on the
top of the reactor began to decline. Moreover, the weakness
of the activity of the microorganisms also may cause the
decrease of oxygen consumption. Therefore, the oxygen
concentration of the air outlet on the top of the reactor gradually increased.
Table 2 presents the characteristics of not and aerobically pre-treated OFMSW. In contrast to not pre-treated
OFMSW, aerobically pretreated OFMSW contained higher
TN, NH4-N, total Kjeldahl nitrogen, alkalinity, protein, cellulose and lignin, but lower percentages of TS, VS, total
carbon (TC), soluble chemical oxygen demand (SCOD),
crude fat and hemicellulose. The pH of untreated OFMSW
was 5.94 (faintly acid), while aerobically pre-treated OFMSW had a higher pH (7.83), which was more suitable for
anaerobic digestion [11,12]. Generally, the proper C/N ratio for anaerobic digestion is 25-35 [24]. The C/N ratio of
aerobically pre-treated OFMSW was 30.81, whereas that
of not pre-treated OFMSW was higher (46.54). In addition,
aerobically pre-treated OFMSW had stronger buffer capacity as indicated by higher alkalinity of 1300 mg CaCO3•L-1,
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FIGURE 2 - Variations of temperature during the fast aerobic fermentation.

TABLE 2 - Characteristics of untreated and aerobically pretreated OFMSW.
Parameters
pH
TS (%) (wb)
VS (%) (wb)
VS/TS (%)
TC (%) (db)
TN (%) (db)

Not pre-treated
5.94
36.31
31.85
87.72
41.51
0.892

Aerobically pre-treated
7.83
28.73
23.80
83.40
40.42
1.161

C/N (db)
46.54
42
NH4-N (mg•L-1)
322
TKN (mg•L-1)
775
Alkalinity (mgCaCO3•L-1)
SCOD (mg•L-1)
20210.10
Crude fat (%) (db)
6.64
Protein (%) (db)
2.01
Hemi-cellulose (%) (db)
7.68
Cellulose (%) (db)
36.15
Lignin (%) (db)
8.86
Units were based on wet (wb) or dry base (db).

30.81
238
798
1300
14873.40
3.91
4.99
7.54
42.63
13.64

which can potentially prevent digestion from acidification
[16, 17].
3.2. Biogas production

The results of daily biogas production of not and aerobically pre-treated OFMSW, at the 4 loading ratios of 5,
10, 15, 20 gVS·L-1, are presented in Fig. 4 a. Similar trends
of the daily biogas production can be observed for these
4 loading ratios. The biogas production started after seeding, and kept increasing until reaching the first peak, and
then began to decline. The daily biogas production indicated several peaks as the digestion was in progress. The
main differences among these 4 loading ratios were the
peak values of daily biogas production and the whole digestion time. Untreated OFMSW with the loading ratios of

15 and 20 gVS·L-1 presented apparent acidification phenomena at an early stage, and needed to be recovered with NaOH
adjustment to pH 7-8. However, aerobically pre-treated OFMSW with the loading ratios of 15 and 20 gVS·L-1 had high
stability during the anaerobic digestion. This may be attributed to high pH and alkalinity in OFMSW after aerobic
pre-treatment, by which the buffering capacity of digestion
was improved, consequently.
The daily biogas production presented similar trends
for both not and aerobically pre-treated OFMSW at the
loading ratios of 10, 20, 30, 40 and 50 gVS·L-1, in which
the activated sludge were seeded with MLSS of 30000 and
45000 mg ·L-1, respectively. As plotted in Fig. 4 b, the major differences between not and aerobically pre-treated OFMSW were daily biogas production and digestion time.
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a) Activated sludge MLSS at 15000 mg L-1
a) Activated sludge MLSS at 15000 mg L-1

b) Activated sludge MLSS at 30000 mg L-1
b) Activated sludge MLSS at 30000 mg L-1

c) Activated sludge MLSS at 45000 mg L-1
c) Activated sludge MLSS at 45000 mg L-1

FIGURE 4 - Cumulative biogas production of not and pre-treated
OFMSW.

FIGURE 3 - Daily biogas production of untreated and treated OFMSW.
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the loading ratios of 30 and 40 g VS·L-1, the daily biogas
production of not pre-treated OFMSW appeared obviously
be delayed, compared with that of the aerobically pretreated OFMSW. Not pre-treated OFMSW with the loading ratio of 50 gVS·L-1 showed apparent acidification phenomena during the early period of the digestion. However,
the anaerobic digestion of aerobically pre-treated OFMSW
could be conducted normally. The daily biogas production
reached the biggest peak value of 2780 ml on the 5th day,
and then gradually declined. After that, the daily biogas
reached its second peak value of 1000 ml, and then gradually declined. Additionally, aerobically pre-treated OFMSW had a higher daily biogas production in shorter time
compared to that without pre-treatment. Particularly, this
presented more obviously, when the higher loading ratios
were employed. This result implied that aerobic pre-treatment could improve the buffering capacity of anaerobic digestion of OFMSW. As shown in Fig. 4 c, not pre-treated
OFMSW appeared to be delayed in daily biogas production, compared with aerobically pre-treated OFMSW, with
the activated sludge MLSS at 45000 mg ·L-1, when the
loading ratio was 50 g VS·L-1. These results further verified that the aerobically pre-treated OFMSW had a higher
stability and a shorter time for anaerobic digestion, compared with the not pre-treated OFMSW.

29.78, 1.38, 23.85 and 18.43% higher than those of untreated ones, at the loading ratios of 5, 10, 15, 20 g VS·L-1
whereas 264.83, 283.97, 270.22, 292.94 and 274.82 ml

The cumulative biogas production was calculated
based on the daily biogas production. As shown in Fig. 4,
the cumulative biogas productions of aerobically pretreated OFMSW were higher than those of the untreated
OFMSW, at different MLSS levels. When the activated
sludge MLSS was 15000 mg·L-1, the cumulative biogas
productions of aerobically treated OFMSW can achieve
1365, 2756, 4788 and 6250 ml, and 7.82, 4.24, 10.40 and
14.20% being higher than those of the untreated one, at the
loading ratios of 5, 10, 15, 20 g VS·L-1. The cumulative
biogas production rates of aerobically pre-treated OFMSW
reached 3533l, 8176, 11724, 16555 and 19027 ml, respectively, which were 8.31, 5.39, 3.60, 6.55 and 349.81% (untreated OFMSW, acidification phenomena) higher than
those of the untreated one at the loading ratios of 10, 20,
30, 40 and 50 g VS·L-1, with the activated sludge MLSS at
30000 mg L-1. Additionally, the cumulative biogas production rates of aerobically treated OFMSW reached 4877,
9222, 14289 ,18568 and 22555 ml, respectively, which
were 2.09, 2.35, 22.36, 14.22 and 12.06% higher than those
of the untreated one, at the loading rates of 10, 20, 30, 40 and
50 g VS·L-1, with the activated sludge MLSS at 45000 mg
L-1. These results indicated that aerobic pretreatment could
significantly enhance the cumulative biogas production of
OFMSW.

Activated sludge MLSS at 15000 mg L-1

Activated sludge MLSS at 30000 mg L-1

3.3. Biomethane yield and TS/VS reduction

Biomethane yields of not and pre-treated OFMSW
samples were calculated in this work. As indicated in Fig. 5,
when the activated sludge MLSS was 15000 mg L-1, the
biomethane yield of aerobically pretreated OFMSW were
192.36, 192.44, 249.75 and 239.80 ml CH4·g-1 VS, being
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TABLE 3 - Comparisons on TS and VS reduction of not and aerobically pre-treated OFMSW.
TS reduction

VS reduction

Not pre-treated

Aerobically pre-treated

Experiment I

35.01~57.24%

47.14~74.30%

79.04~82.01%

87.43~89.23%

Experiment II

25.97~55.60%

36.90~74.72%

64.98~77.15%

70.72~84.84%

Experiment III

52.41~75.96%

75.57~78.28%

66.17~79.53%

78.04~85.66%

CH4·g-1VS of biomethane yield from the aerobically pretreated OFMSW could be achieved at the loading ratios of
10, 20, 30, 40 and 50 g VS·L-1, with the activated sludge
MLSS at 30000 mg·L-1, and the yields corresponded to
10.02, 3.24, 2.19, 1.35 and 759.62% (untreated OFMSW,
appearing acidification phenomena) higher values, compared to those of untreated OFMSW. When the activated
sludge MLSS was at 45000 mg L-1, the biomethane yield
of aerobically pretreated OFMSW reached 362.75, 334.01,
344.58,333.11 and 322.35 ml CH4·g-1 VS at loading rates
of 10, 20, 30, 40 and 50 g VS·L-1, being by 11.25, 0.04%,
24.18, 13.53 and 15.29% higher than those of the untreated
OFMSW. These results again indicated that aerobic pretreatment could enhance the biomethane yield of OFMSW.
Generally, biogas production and energy recovery
were both related to the biodegradability of the OFMSW.
The biodegradability can be evaluated by the reduction of
TS and VS, and biogas is generated from the biological
conversion of substrate. The amount of dry matter of substrate will be reduced correspondingly, which could be reflected by TS and VS. In this work, TS and VS reduction
were calculated, and the results are shown in Table 3. The
aerobically-pretreated OFMSW achieved higher TS and
VS reduction, compared with the untreated OFMSW for all
loading ratios. TS and VS reduction for aerobically pretreated OFMSW were 10.93-19.12 and 5.74-7.69% higher
than those of the OFMSW without pretreatment correspondingly, which was mainly because the substrate was
decomposed during the aerobic treatment process. The results implied that the digestible components became more
available after aerobic treatment, and the biodegradability
of aerobically pre-treated OFMSW was consequently improved, and more OFMSW was, therefore, utilized by anaerobic microorganisms. Since more biogas generation
would need to digest more substrates, the increase of TS and
VS reductions could explain the reason why biogas production of OFMSW was enhanced after aerobic treatment.

Not pre-treated

Aerobically pre-treated

and the results are shown in Table 4. It was observed that
T90 for the aerobically pre-treated OFMSW were by 9.136.7% shorter than those of the OFMSW without pre-treatment. The significant reduction of digestion time further
indicated that the OFMSW was more readily biodegradable and facilitated the anaerobic digestion after pretreatment. Consequently, it would take less time to achieve the
stable digestion conditions. Additionally, shortening digestion time could bring significant economical benefit to increase production efficiency, or treatment capacity of the
digester.
TABLE 4 - The optimal T90 values for untreated and aerobically
treated OFMSW (days).
untreated
Experiment I
Experiment II
Experiment III

30
33
27

Aerobically
treated
19
30
19

Time reduced
11
3
8

4. CONCLUSIONS
Fast aerobic fermentation pretreatment was proven to
be one of the efficient methods to enhance biogas production
of OFMSW, and improve stability of anaerobic digestion.
Approximately 65% moisture content, 0.02 m3 air/h kg
MSW aeration rate and 7-days treatment time were recommended for pretreating MSW. In contrast to the untreated OFMSW, the total biogas production from the
pre-treated OFMSW was increased by 2.09-22.36%, and
the technical digestion time (T90) was shortened by 9.136.7%. More important, fast aerobic fermentation pretreatment could greatly maintain the stability of the anaerobic digestion. However, the mechanisms of the changes are very
complicated, and deserve more attentions in the future.

3.4. Technical digestion time

Digestion time is generally regarded as another important indicator for substrate biodegradability, and it was,
thereby, investigated in this study. Moreover, it is not costefficient to run digesters with long time periods, in application. Since biogas production tended to decrease dramatically in the late stage, technical digestion time (T90) was
used, which was defined as the number of days required to
reach 90% of potential biogas generation. T90 values for untreated and aerobically pre-treated OFMSW were calculated,
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ABSTRACT
We sought to explore a simple and convenient method
for determining nitrogen resorption efficiency (NRE) and
the uptake and utilization strategy of city garden plants.
The Chlorophyll Content Index (CCI) values of mature
leaves and fresh litter of Populus tomentosa and Euonymus
japonicas in contaminated and residential areas were measured. CCI values of both mature leaves and fresh litter from
two species in the contaminated area were higher than values in the residential area, and there were high correlation
coefficients between leaf nitrogen content and CCI values
(R2 = 0.887; R2 = 0.819), demonstrating the validity of CCI
values as indicators of leaf nitrogen content. The NRE of
Euonymus japonicas was much greater than that of Populus tomentosa. The CCI values and NRE of mature leaves
were significantly positively correlated with leaf water content, and significantly negatively correlated with leaf area,
indicating that increased water supply promoted NRE, while
increased leaf area may increase the cost of N transport as
well as the time required for senescent leaf transfer, ultimately leading to decreased NRE. There was no significant
difference in NRE between contaminated and residential
areas for Euonymus japonicas, which may result from the
higher NOx absorptive and tolerance capacity of evergreen
plants.
KEYWORDS: Chlorophyll content index (CCI); leaf trait; nitrogen
oxides; nitrogen resorption efficiency (NRE)

1. INTRODUCTION
Plant nutrients are withdrawn from senescent leaves to
be reutilized by new organs [1, 2], which increases the cycling time of nutrients within the plant [2], reduces dependence on soil nutrients [3], and reduces nutrient loss [4]. Foliar nutrient resorption is a crucial strategy among plants
for nutrient conservation and survival in nutrient-poor conditions [4-6]. As a critical life element, nitrogen plays an
important role in nutrient cycling within the ecosystem.
* Corresponding author

Numerous studies on nitrogen resorption efficiency (NRE)
in urban environments have examined the impact of plant
species [4, 5], seasonal variation [3], and other factors [1,
7, 8]. However, the lack of a fast, simple and non-invasive
method for the determination of NRE limits our ability to
screen for species with high NOx absorption or tolerance
capacity. Therefore, we sought to establish a practical
method for the investigation of plant N uptake strategies.
As urbanization and industrialization have accelerated,
pollution by one of the most abundant greenhouse gases,
nitrogen oxide (NOx), it has seriously affected the quality
of economic and social development [9-11]. A certain concentration range of NOx can be absorbed through the pores
of city plants. The compound is then degraded, discharged
or stored in plants, which purifies the air [9-14]. However,
there are still many questions that remain to be solved, such
as the effect of NOx concentration on absorptive capacity
and NRE of plants. Simple methods for the research necessary to answer these questions remain to be established.
The knowledge obtained through such a research could
promote greening of the urban landscape. This study attempts to explore a fast, simple method that can predict
plant N content, determine the ability of plants to absorb
NOx, and measure NER, so that urban gardeners and managers can select species with high capacities for NOx absorption, quickly and non-invasively.
The chlorophyll content index (CCI) is obtained from a
handheld, portable chlorophyll concentration meter (CCM)
[15]. The rate of leaf absorption upon exposure to 660-nm
and 940-nm light is calculated. There is a significant correlation between the dimensionless CCI value and leaf nitrogen concentration [15-18], and so, CCI values are commonly
used to determine the chlorophyll and nitrogen content [15,
19] of economic tree species [20], such as tobacco [16],
wheat [21], maize [22, 23], etc. In this study, the CCI values
of two tree species growing in contaminated and residential
areas of northern China, respectively, were measured to estimate their leaf N content. The differences in CCI values
between mature leaves and fresh litter were used as indicator of leaf NRE for the first time. The research was based
on two hypotheses: 1) CCI values are a valid index for leaf
nitrogen content, and plant leaves can effectively absorb
NOx so that the CCI values of mature leaves should be
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higher in contaminated compared to residential areas. 2)
Euonymus japonicas is an evergreen species that does not
survive in the winter in a dormant state and, therefore, has
a greater need for nutrients than Populus tomentosa does.
In addition, the period of leaf aging prior to shedding is
much longer for Euonymus japonicas than Populus tomentosa. For these reasons, Euonymus japonicas should have
higher NRE.

(LMA) and NRE were calculated in accordance with the
following formulas:

LWC (%) 

LMA(mg  cm 2 ) 

2. MATERIALS AND METHODS

NRE (%) 

2.1. Materials and sampling site

Two most common plants in the urban areas of northern China, Euonymus japonicas and Populus tomentosa,
were selected as research subjects. Euonymus japonicas is
an evergreen shrub or small tree belonging to Euonymus of
Celastraceae, while Populus tomentosa is a deciduous tree
belonging to Populus of Salicaceae.
The sampling site is located in the Nankai district of
Tianjin (116°43′-118°04′E，38°34′-40°15′N) along the
Haihe River in the North China Plain, near Bohai Bay, with
a warm, temperate and semi-humid monsoon climate.
Mean average temperature is about 14 °C, with lowest average monthly temperature of –2 °C in January and highest
average monthly temperature of 28 °C in July. Mean annual precipitation is 600 mm, with most precipitation occurring from June through September. The contaminated
samples were drawn from an area where trees grew on both
sides of the main road, while residential samples were
mainly obtained from neighbourhoods surrounding the
Nankai University campus (away from the parking lot and
the street).
2.2. CCI value measurements

Ten Populus tomentosa plants with 20 cm diameter at
breast height (DBH), and ten Euonymus japonicas plants
with 5 cm base diameter were sampled in contaminated and
residential areas, respectively. For each plant, a mature,
healthy leaf was obtained from eastern-, southern-, western-,
and northern-facing branches, respectively. Eight fresh leaf
litters of each plants were wiped clean. CCI values were
measured with a CCM-200 at the centre of the leaf vein, on
the upper and lower surfaces of the leaf. Each leaf was numbered and sealed in a pocket for transport back to the lab.
2.3. Determination of leaf traits and nitrogen content

For each mature leaf collected, fresh weight (FW) and
leaf area (LA) were measured using a balance. In a LI3100C desktop leaf area meter (LI-COR; USA), respectively, the leaf was fixed at 105 °C and dried to constant
weight at 75 °C, at which point dry weight (DW) was determined. 15-20 dried leaf samples of each plant species
were randomly selected to be ground in a mill, and then,
total nitrogen content was determined with a CHNS elemental analyzer (Vario EL/micro cube, Elementar, Hanau,
Germany). Leaf water content (LWC), leaf mass per area

[ FW ( g )  DW ( g )
 100 .
FW ( g )

DW ( g )
LA(cm 2 )

 1000 .

(CCI mature  CCI litter )
100 .
CCI mature

(1)

(2)

(3)

where, CCImature is CCI value in mature leaf, and
CCIlitter is CCI value in leaf litter.
2.4. Statistical analysis

The CCI values of mature leaves and leaf litter as well
as NRE in contaminated and residential areas were tested
for differences using the independent-sample t-test. The
correlations between leaf areas and CCI values, LWC and
CCI values were analyzed; the leaf traits and NRE of each
tree were calculated. The impact of each leaf trait on NRE
was determined by correlation analysis; the trend surface
simulation was conducted using the least squares method
to study the contribution of LWC and CCI values to LMA.
Data analysis was performed using SASTISTICA 8.0 software, with the level of significance set at P <0.05.

3. RESULTS
3.1. CCI values in mature leaves

The results showed that there were significant differences between the contaminated and residential areas in
the CCI values of mature leaves (Fig. 1). The CCI values
in Populus tomentosa leaves from the contaminated area
(25.80 ± 0.43) were significantly larger than those in
leaves from the residential area (22.28 ± 0.30). The CCI
values in Euonymus japonicas leaves from contaminated
areas (100.74 ± 1.70) were also greater than those in
leaves from the residential area (82.51 ± 1.11). The differences in CCI values between two sites may be associated with leaf NOx absorption capacity. That is, the different NOx concentrations in atmospheric conditions led
to a difference in the amount of NOx absorbed and utilized by plant leaves, ultimately affecting leaf N content
and CCI values. In addition, the higher CCI values in Euonymus japonicas suggested greater N accumulation, in
comparison to the Populus tomentosa.
3.2. CCI values in fresh litter and leaf NRE

CCI values in fresh litter and leaf NRE also varied between contaminated and residential areas (Table 1). As observed for the CCI values in mature leaves, the CCI values
in litter were significantly greater in the contaminated vs.
residential area, indicating increased N content in litter
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FIGURE 1 - CCI values in mature leaves from contaminated and residential areas (□: 25%–75%; I: Non-outlier range; ○: Outliers; *: Extremes; ___: Mean).

TABLE 1. CCI values in litter and leaf NRE of two tree species.
Factors

Specie
Populus tomentosa

CCI value of litter
Euonymus japonicas
Populus tomentosa
Leaf NRE / %
Euonymus japonicas

Site

Mean

Std. Deviation

t

P

contaminated area

8.17 ± 0.24

6.02

37.51

< 0.001

residential area

6.11 ± 0.26

3.42

contaminated area

2.68 ± 0.09

1.11

21.93

< 0.001

5.92

< 0.05

0.04

> 0.05

residential area

2.15 ± 0.71

0.90

contaminated area

65.62 ± 2.53

6.02

residential area

72.84 ± 1.55

4.89

contaminated area

97.35 ± 0.19

0.60

residential area

97.41 ± 0.22

0.70

from the contaminated area. NRE in Populus tomentosa
from the contaminated area was significantly lower than
that in the residential area, which may be related to a longterm adaptation strategy whereby more NOx was absorbed
and accumulated by Populus tomentosa under higher NOx
concentrations in the contaminated area; therefore, less N
migrated and reuse was needed during leaf senescence and
shedding. The amount of NOx absorbed and accumulated
by Populus tomentosa was reduced in the residential area,
resulting in the need for increased N recycling and higher
rates of N transfer to senescent and shedding leaves. Higher
NRE may be an adaptation to insufficient N uptake; however, Euonymus japonicas exhibited no such strategy. The
NRE of Euonymus japonicas did not differ significantly
between the two sites but was dramatically greater (up to
97%) than that of Populus tomentosa. This finding was
consistent with the characteristics of evergreen plants: variability in environmental NOx concentrations did not affect
the N utilization strategy in Euonymus japonicas.

3.3. Leaf traits affecting CCI values and NRE

LA and LWC of mature leaves affected CCI values in
two species (Fig. 2). The differences of LA among Populus
tomentosa leaves were large, while LA remained stable at
about 20 cm2 in Euonymus japonicas. Compared with the
discrete distribution of LWC in Euonymus japonicas,
LWC of Populus tomentosa was more concentrated.
Generally, CCI values were significantly negatively correlated with LA and positively correlated with LWC.
These trends suggested that a relative increase in LWC
can effectively promote the accumulation of leaf N content. In contrast, N content per unit LA decreased with
increased LA.
The results showed a correlation between NRE and
certain leaf traits in two species (Fig. 3): NRE and LMA
had no significant correlation with one another, but LWC
had a significantly positive correlation with NRE, suggesting that an abundant water supply may be beneficial
for N resorption of senescent and detached leaves, while
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FIGURE 2 - The correlations among CCI value, leaf area and leaf water content.

FIGURE 3 - The influence of leaf traits on the NRE.

carbon assimilation efficiency was not necessarily connected to NRE. Both LA and DW showed a significant
negative correlation with NRE, indicating that plants
with smaller leaves may reuse N more effectively. Reduced DW and high moisture levels could promote NRE,

resulting in increased NRE, as observed for the CCI values in mature leaves.
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4. DISCUSSION
4.1. CCI values as an index for NOx absorptive capacity in urban garden plants

Based on the ability of plant leaves to directly absorb
NOx [9, 14, 24], numerous fumigation tests have been conducted to study the NOx absorptive characteristics of various leaf types [10, 11]. Plants were cultivated under simulated NOx concentrations and selected for adaptation or resistance training. The differences between leaves N mass
before vs. after training were used to determine the NOx
absorptive capacity or tolerance of plant leaves. Although
the fumigation test used to determine NOx absorptive capacity was accurate, this technique cannot be used to characterize urban garden plants because of the absence of appropriate test equipment and relevant background knowledge for
gardeners.
Our finding that leaf CCI values were higher in contaminated vs. residential areas was not only consistent with the
hypothesis of the study, but also similar to many previous
reports of elevated N content in plant leaves in contaminated areas [10, 11, 13, 24]. Also, CCI values were significantly positively correlated with leaf N (Fig. 4), as reported previously [17-19], indicating that CCI values can
serve as an index for leaf N content under various NOx concentrations. If used in combination with reference values
for plants in non-contaminated areas (such as forest parks
or nature reserves), the difference in CCI values would be
a simple, non-invasive method for measuring urban plants’
NOx absorptive capacity. In the different conditions characterized by various levels of N supply environments, the

N uptake and utilization strategies of plants will change
[25-28].This is the first time to use CCI values in leaf litter
to study NRE. The results presented the feasibility of this
approach, not only for using CCI values to predict NOx absorption in urban plants, but also to understand the plant N
uptake and utilization strategies under various N concentrations.
4.2. N absorption and utilization strategies across species

The utilization of resorbed N varies across species. For
example, the senescent leaves of perennial herb plants have
greater NRE and lower N content than those of shrubs [29].
One study conducted in 28 plant species by Yuan et al.
(2005) [4] found that NRE was highest among herbs, followed by shrubs, trees, grasses and N-fixing plants, in that
order. The data also showed that NRE of evergreen shrubs
and trees were slightly lower than that of deciduous shrubs
and trees, but the authors did not find a significant relationship between NRE and plant life form [7]. Thus, whether
NRE varies with plant type remains to be established. Many
scholars maintain that NRE is not affected by leaf nutritional status or nutrient supply levels [1, 5, 7], but may be
impacted by leaf life span [2], the duration of leaf shedding,
water stress [1], and other factors.
The results in this paper showed that both CCI values
and NRE in mature leaves were significantly positively
correlated with LWC (Figs. 2, 3), indicating that increased
leaf moisture content and a good water supply can promote
N retention in leaves and improve NRE, as proposed by
Del Arco (1991) [1] and Bertiller et al. (2005) [29]. These
authors found that plants in arid environments tended to

FIGURE 4 - The correlation between leaf total nitrogen and CCI value.
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have lower NRE. The CCI values and NRE in mature
leaves showed strong negative correlations with LA. Increased LA may have led to reduced N content per unit area
and decreased CCI values. Increased LA also increased
transfer time and the cost of transporting leaf N, decreasing
the amount of N transfer, and thus leading to reduced NRE.
The time required to shed senescent leaves also significantly affected NRE: slow shedding can promote N transfer from senescent leaves and increase the duration of N
retention in the plant as well as significantly improve NRE
[1, 2]. In this paper, the time from leaf senescence to shedding was longer in Euonymus japonicas than that of Populus tomentosa. Therefore, the former species had higher
NRE with an increase of almost 100%, which was consistent with the hypotheses of our research. However,
whether or not this phenomenon was associated with the
survival strategy adopted by evergreen trees will require
further research. Under various NOx concentrations, the
NRE of Populus tomentosa leaves was greater in contaminated vs. residential areas, while there was no significant
difference between Euonymus japonicas leaves from contaminated vs. residential areas (Table 1). Aerts [7] showed
that the NRE in evergreen shrubs and trees responded only
weakly to the increased N availability. Similarly, in this paper, the NRE of Euonymus japonicas showed no obvious
response to different NOx concentrations (Table 1), which
may be due to the evergreen nature of Euonymus japonicas,
and the associated sufficiency of N transfer and resorption.

LMA (Fig. 5). With increasing CCI values, LMA increases
gradually; that is, leaf capacity for carbon fixation was significantly enhanced by increased levels of chlorophyll and
leaf N content. Also, this result confirmed the general rules
of photosynthesis. Furthermore, this finding demonstrated
the feasibility of using CCI values to measure leaf N content and leaf NRE.

5. CONCLUSION
CCI values of both mature leaves and fresh litter from
Euonymus japonicas and Populus tomentosa in the contaminated area were higher than values in the residential area,
and there were high correlation coefficients between leaf nitrogen content and CCI values (R2 = 0.887; R2 = 0.819),
demonstrating the validity of CCI values as indicators of leaf
nitrogen content. Using CCI values is feasible to determine
NRE in urban plants without the leaves damaged.
The NRE of plants was related to the duration of leafshedding and LA. Increased water supply may promote
NRE, while increased LA may increase the cost of N
transport as well as the time required for senescent leaf
transfer. Beyond that, NRE may be influenced by life
forms of plants, and that is, plant species could have different NOx absorptive and tolerance capacity.
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1. INTRODUCTION

ABSTRACT
Shipbuilding industry is one of the oldest and most
complex production and transportation methods. Merchant
and military ships had significant importance throughout
the history for both transportation of humans and goods.
Due to its great carrying capacity, shipping is still the most
important transportation method.
Besides the uncountable benefits, ships have a considerable role on both human health and environment. Due to
the combustion techniques, various operations and heavy
fossil fuels, ships can produce remarkable amounts of
solid, liquid and gaseous emissions. These emissions have
serious effects on the environment, and it is predicted that
the effects will increase in the near future. In order to prevent these effects, emission estimation techniques are very
important. Through these methods, the emission amounts
can be calculated, and thus, estimations for future can be
realized.
In this study, the harmful effects and previous studies
on emission estimation methods are investigated. Using the
annual cruise data, annual emission footprint is calculated
of three different cargo ships. The emission density of the
different routes is also calculated. Some formulas are obtained according to the estimation methods, characteristic
principal dimensions of ships. These formulas can be used
in order to estimate ships’ emission footprints by using the
information of ships’ routes and main dimensions. The developed formulas provide estimation, even during the predesign.

KEYWORDS: Ship emissions, Life cycle assessment, Emission
estimation, Ship emission footprint

* Corresponding author

General economic data of the world have close relationships with the total world trade, and thus, shipping, indirectly. All the developments in the shipping sector strongly
depend on these economic data. According to United Nations Conference on Trade and Development (UNCTAD),
between the years of 1970-2011, floating trade raised from
2.605 to 8.748 million tons, which corresponds to a 235 %
increase [1]. The increase of the floating trade, according
to the good type is shown in Table 1.
According to the data of International Chamber of
Shipping (ICS) for the year of 2010, there were 50054 registered ships in the world [2]. In another study, it was recently calculated that there were 90363 ships including
43967 cargo ships, 45096 passenger and fishing ships and
tugs, and 1300 military ships [3]. In a different study that
was made for the years of 1996-2000, it was indicated that
there were 87546 ships all over the world [4]. The increasing rate of the number of ships is 3.7% annually; while
there were 30844 registered ships in 1950, the number has
increased to 89063 in 2001 [3].
The increasing rate of fuel consumption is strongly dependent on the increase of the number of ships. Fuel consumption data are very important to get realistic emission
estimations. According to the study, the fuel consumption
increasing rate is approximately 6.5 %, annually, and it can
be seen that this rate is more than the increasing rate of
number of ships. The reason is using bigger and stronger
engines. Therefore, engine power per ship increased, and
thus, the emission amount increased, too [5]. According to
a recent study [3], fuel consumption increased from 64.5 to
280 tons between 1950-2001.
According to Endresen et al. (2007) [6], estimated SO2
and CO2 emissions increased from 2.5 to 8.5 and from 229
to 634 teragram (Tg), respectively, between 1925-2002. It
must be considered that this study includes the emissions
related with coal.
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effects on human health and agriculture [7, 10, 11]. In another study, it is estimated that NOx may contribute more
effects to global warming than carbon dioxide [12].

2. MATERIALS AND METHODS
2.1 Ship Emissions

Ship emissions can be divided into two main categories: (1) The environment that the emissions emitted into
(a) Emissions to air, (b) Emissions to water, and (c) Emissions to land. (2) According to the processes of ship life
cycle: (a) Emissions during manufacturing process, (b)
Emissions during operation process, and (c) Emissions
during dismantling/recycling.
Ship operation is the main emission and waste source
of a ship’s life cycle, and the major part of the ship emissions is that to the air.
TABLE 1 - Increase in International Sea Trade [1].
Year
1970
1980
1990
2000
2005
2006
2007
2008
2009
2010
2011

Oil and Gas
1.440
1.871
1.755
2.163
2.422
2.698
2.747
2.742
2.642
2.772
2.796

Bulk Cargo
448
608
988
1.295
1.709
1.814
1.953
2.065
2.085
2.335
2.477

Other Dry Cargo
717
1.225
1.265
2.526
2.978
3.188
3.334
3.422
3.131
3.302
3.475

Total
2.605
3.704
4.008
5.984
7.109
7.700
8.034
8.229
7.858
8.409
8.748

2.3 Oxides of Sulfur (SOx)

SOx form via the transformation of the sulfur, which is
a part of the fuel, into SO2 and SO3 compounds by oxidation. The amount of SOx strongly depends on the fuel content
[13, 14]. SOx cause acid rains with water and NOx in the atmosphere. Exposure to high doses of SOx may cause respiration problems and disfunction in lung immune system [15].
2.4 Particulate Matter (PM)

PM is a general term for particulates that can have various shapes, compounds and dimensions. Although the
amount of PM strongly depends on the fuel type, specifications of the combustion system have important effects on
the particulate types [16]. PM has positive ones, which cause
global warming, and negative ones, which cause global cooling, radiative forcing (RF) effects [4, 17, 18]. In another
study, it was estimated that shipping-related PM emissions
cause approximately 60,000 deaths all over the world, particularly in Asia and Europe [15].
2.5 Carbon dioxide (CO2)

There occur approximately 450 different gas emissions
during ship operation process [7]. Carbon dioxide (CO2), oxides of nitrogen (NOx), oxides of sulfur (SOx), carbon monoxide (CO), methane (CH4), volatile organic compounds
(VOCs) and particulate matter (PM) are the most known and
produced emissions among all. Sulfur dioxide (SO2) can turn
to sulfate particulates (SO4) in the atmosphere. Ships also
produce a considerable amount of black carbon (BC).
The international shipping contributes a small percentage of the total volume of atmospheric air pollution compared to road vehicles and other industries. The exhaust gas
emissions (NOx, SOx, COx, VOCs, PM) are potentially affecting the environment by contributing to smog and acid
rain and, in the case of carbon oxides, to the greenhouse
effect. According to MEPC (1998) [8], although ships are
responsible for the carriage of 80% of the world trade volume, they account for <2% of total CO2 emissions.
The emissions are affected by the types and qualifications of the fuel and engine, characteristic efficiency of the
combustion, specifications of the lubricant oil, operation
conditions of the ship, hull form of the ship, and the efficiencies of the engine and equipment [9].
2.2 Oxides of Nitrogen (NOx)

Oxides of nitrogen include nitrogen oxide (NO) and
nitrogen dioxide (NO2). Because formation of NOx totally
occurs during the combustion, the amount of oxides of nitrogen strongly depends on heat of combustion, concentration of oxides and the fuel type [7]. NOx have effects on
formation of ground-level ozone which can be wafted by
air currents, such as wind. Ground-level ozone has harmful

CO2 is the main emission which contributes most to the
global warming among the ship emissions, and it is an inevitable end product of carbon-based fossil fuels.
The amount of CO2 directly depends on the fuel consumption. In addition, the carbon-hydrogen rate has an effect on the produced CO2 amount [16]. It has been wellknown that CO2 has a strong positive effect on global
warming [19]. Besides global warming, CO2 contributes to
the increase of ocean acidification [20].
2.6 Carbon monoxide (CO)

CO is another inevitable gas emission produced during
the combustion process of carbon-based fossil fuel. It is
formed via the compounding of carbon and oxygen.
CO is an extremely toxic gas that can block the oxygen
flow to the cells and tissues, and it has very harmful effects
on the cardiovascular system that may result in heart-attacks. Exposure to a high dose of CO may be harmful to
the nervous system [21]. It is known that CO has effects on
ground-level ozone formation [21, 22], and it contributes
positive effects on global warming [19].
2.7 Volatile Organic Compounds (VOCs)

VOCs are hydrocarbons that have aliphatic and aromatic structure, and boiling temperatures up to 250 °C. Exposure to high doses of VOCs may cause irritation on eye,
nose and skin, and damage on blood, heart and kidneys [23].
2.8 Black Carbon (BC)

BC is classified as an aerosol that is produced as a result of poor combustion of fossil fuels and bio-fuels. It is
also called as soot [24, 25].
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2.9 Emission Estimation Methods

There are many studies in order to calculate the ship
emissions. Emission estimations are calculated by using
generally two methods: Bottom-up and top-down.
In the study in which Wang et al. (2008) [26] investigated the previous studies, the emission estimation methods
are divided into bottom-up and top-down ones. AEA Energy
& Environment (2008) [19] indicated that, in top-down
method, the estimations are made by the fuel sales/ consumption data, and the method assumed that all of the fuel is
consumed. After reaching the fuel consumption data, the
pollutants can be calculated as kg emission per ton fuel. Bottom-up method is based on the fuel consumption data and
emission amounts per each ship. Thus, bottom-up method is
more complex, and due to the uncertainties of the fuel sale
data, it is less reliable. According to Miola et al. (2010) [21],
there are other methodologies in which these two methods
can be used together: Bottom-up in emission estimation, topdown in geographical characterization as well as top-down
in emission estimation, bottom-up in geographical characterization. Andreoni et al. (2008) [7] indicated that top-down
method uses a specific engine emission modeling, global
dispersion methods and ship operation data for each ship;
bottom-up method divides the world into countries, ships or
regions in order to calculate the emissions.
A bottom-up for emissions, top-down for geographical
characterization study was made by Endresen et al. (2003)
[4], for the first time. In this study, it is aimed to reach the
results by using only one emission source. A similar study
was made by Corbett and Köhler (2003) [27]. In this study,
engine power and ship activities data are directly used. Although Endresen et al. (2004) [28] indicated that the results
were very high according to the average journey time and
engine load, the results, reached by Corbett and Köhler
(2004) [29], were not so much different from the previous
study. These results have also been investigated by Eyring
et al. (2005) [3]. National Environmental Research Institute of Denmark (NERI) prepared a research to take an inventory of emissions for the country. This study is based on
activities, and it aimed to develop a relationship between
shipping emissions and fuel sales, and especially focused
on development of an emission factor [30]. Endresen et al.
(2007) [6] had made a different study with a new approach.
In this study, both bottom-up and top-down methods we
investigated. Dalsøren et al. (2009) [31] have examined the
studies mentioned above, and they indicated that solving
the problems of emission estimations are quite difficult.
IMO, (2009) [5] had realized a study using Automatic Identification System (AIS). This study was made in order to prevent ship-related air pollution. Georgakaki et al. (2005) [32]
has made an important study using top-down for emission
estimation and bottom-up for geographical characterization. Another study on ship traffic and geographical characteristics of emissions was prepared by Wang and Corbett
(2005) [33]. In this study, local and global ship traffic data
were used, and the world was divided into 0,1 x 0,1 zones.
The results that are gained in this study were developed by

Wang et al. (2008) [26] who used The Waterway Network
Ship Traffic, Energy and Environment Model (STEEM),
that was also used by Wang et al. (2007) [34]. Winebrake
et al. (2009) [35] made investigations on health effects of
ship emissions. ENTEC (2005) [36] and IIASA (2007) [37]
made similar and important studies using the bottom-up
method. Wang et al. (2007) [38] developed a model by using STEEM. This model used the bottom-up method and
detailed ship activity data in order to calculate emissions
and identify geographical characterization of these emissions. STEEM system approach was also used by Wang et
al. (2007) [39] and Corbett et al. (2009) [40]. Schrooten et
al. (2009) [41] used the improved system, which was earlier used by Georgakaki et al. (2005) [32], within the Exploring non-Road Transport Emission in Europe Project.
The method, which was explained by Paxian et al. (2010)
[42] and implemented by Faber et al. (2009) [43], suggests
to use Lloyd’s Marine Intelligence Unit database in order
to overcome the uncertainties caused by the lack of ship
activity information. Farrell et al. (2003) [44] made another
study to calculate the rates of ship-related pollutants. This
study mainly focused on intermodal transportation of the
United States of America, and a comparison was made between ship and other transportation methods. Apart from
these, Amann et al. (2004) [45] was one of the studies that
made future emission estimation.
Ships are structures with a relatively long life, and their
manufacturing process includes many complex stages. Besides innovative technologies and strict regulations, all of
the phases of ships must be investigated in detail in order
to make them more environmental-friendly.
2.10 Life Cycle Assessment (LCA)

LCA of a product is used to identify, evaluate and minimize energy consumption and environmental impacts holistically, across the entire life of the product. LCA is,
therefore, a systematic way of examining the environmental impacts of a product throughout its lifecycle, from raw
materials extraction through the processing, transport, use
and, finally, product disposal. LCA could be used also to
assist companies to identify and assess opportunities to realize cost savings by making better design and more environmentally friendly products, more effective use of available resources and improving waste management systems.
LCA adopts a holistic approach by analyzing the entire life
cycle of a product from raw materials extraction and acquisition, materials processing and manufacture, material
transportation, product fabrication, transportation, distribution, operation, consumption, maintenance, repair and, finally, product disposal/scrapping. LCA has 3 main objectives: (1) minimization of energy consumption, (2) minimization of environmental impacts, and (3) rationalization
of materials used [46].
Because LCA is a holistic approach, it must consider
all of the stages of a ship’s life cycle, such as design, manufacturing, operation, repairing and dismantling/recycling.
LCA methods that are applied during design stage will af-
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fect the ship in a whole life cycle. Thus, an appropriate
analysis must be made for each ship. Better design means
less energy consumption, more efficient operation and better recycling. Manufacturing phase causes various types of
gaseous, liquid and solid waste production. Especially
blasting, welding and painting processes are the sources of
harmful wastes. Automated technologies can help to reduce these wastes. Operation phase is the longest stage of
a ship. It is also the phase in which most emissions and
wastes are produced. Using new innovative technologies
has considerable effects on reducing the emissions. Environmental awareness of the crew is also an important matter. Determining the recyclable materials well, environmental awareness of the workers, as well as taking strict
measurements to protect the environment and workers are
the key points for a good recycling phase.
LCA for ships is a totally new concept that includes
new production methods, innovative technologies and
stricter regulations. Waste management is a stage of LCA
to reduce, minimize, or prevent the harmful wastes. LCA
approach especially must be focused on operation. On the
other hand, it must be remembered that LCA is a holistic
approach in which the phases cannot be divided into different parts. All phases have effects on the other phases [47].
Ship production phase is a long-term and emissionproduced stage in a ship’s life cycle, LCA method is used
to manage the logistics and production process to provide
time efficiency; besides, the method is used to reduce the
emissions and discharges [48].
2.11 Regulations on Ship Emissions

IMO is recognized as the responsible organization by
the United Nations (UN) for regulations on ship emissions.
IMO’s aim is to bring strict rules for states in order to prevent or reduce environmental pollution caused by accidents, spills, hazardous emissions and invasive species. International Convention for the Prevention of Pollution
from Ships (MARPOL) is the strongest current regulation.
MARPOL has six annexes, and Annex VI is responsible
for air pollution caused by shipping emissions.

Regulation 14 of Annex VI was especially prepared for
SOx emissions. Regulation 14 brought some rules in order
to reduce the sulfur contents of fuels must be reduced to
3.5 % by 1st January 2012, and 0.5% by 1st January 2020.
Furthermore, Sulfur Emission Control Areas (SECAs)
have a special situation. Sulfur contents of the fuel of the
ships that service in these areas cannot be higher than 1.5%
by 1st March 2010, and 0.1% by 1st January 2015 [7].
Regulation 13 of Annex VI is responsible for NOx
emissions. Table 2 presents the NOx reduction process according the IMO plan.
2.12 Emission Estimation Methods

Trozzi (2010) [49] offered two methods for emission
estimation: Fuel consumption method (FCM) and engine
power method (EPM). It is assumed that fuel consumption
method has more reliable and realistic results because it
uses real time and certain data. EP must be used in the case
of obtaining realistic cruising data. It may be suggested that
two methods must be used in order to make a reliable calculation.
Trozzi (2010) [49] summarized the formulas that were
used by different studies into two basic equations for fuel
consumption and engine power shown below:
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In equation (1), ETrip = Total emission (tons); FC =
Fuel consumption (tons), EF = Emission factor (kg/ton
fuel); I = Pollutant type; j = Engine type; m = Fuel type, p
= Stages of cruise.
In equation (2), ETrip = Total emission (tons), LF = Engine load factor (kg/kWh), P = Engine power (kW), T =
Cruising time (h), e = Engine category, I = Pollutant type,
j = Engine type, m= Fuel type, p = Stages of cruise.
In this study, three different cargo ships’ (Ship A, Ship
B, Ship C) annual emissions are estimated with the emission
factors, given by Cooper and Gustafsson (2004) [50] in
their study.

TABLE 2 - NOx Emission Limits [22]
NOx Limit

Regulation

Tier I
Diesel engines (> 130 kW) installed on a ship constructed on or after 1 January 2000 17 g kWh-1
and prior to 1 January 2011
45 x n-0.2 g kWh-1
9.8 g kWh-1
Tier II
Diesel engines (> 130 kW) installed on a ship constructed on or after 1 January 2011 14.4 g kWh-1
44 x n-0.23 g kWh-1
7.7 g kWh-1
Tier III
Diesel engines (> 130 kW) installed on a ship constructed on or after 1 January 2016 3.4 g kWh-1
9 x n-0.2 g kWh-1
3 gkWh-1
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RPM (n)
n<130
130<n<2000
n>2000
n<130
130<n<2000
n>2000
n<130
130<n<2000
n>2000
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TABLE 5 - Annual emission amounts of each ship.

(L=LBP) Length Between Perpendiculars is the distance
measured parallel to the base at the level of the load waterline from the after perpendicular to the forward perpendicular. (B) Breadth is the distance from the inside of plating
on one side to a similar point on the other side measured at
the broadest part of the ship. (DWT) Deadweight Ton is the
total amount of weight that a ship can carry (cargo, fuel,
lubricating oil, fresh water, stores, passengers and baggage,
crew and their effects) [51]. (CB) Block Coefficient is the
volume of the hull divided by LxBxT of the ship. CB is a
very important dimensionless coefficient in order to get
pre-information about the hull.

EPM

Of all parameters utilized at initial design stage, length
between perpendiculars (LBP), breadth (B), draught (T) and
deadweight ton (DWT) have influence on stability, strength,
capacity, construction and operational costs; moreover, ship
speed (V) and main engine power (P) have influence on
techno-economic aspects, such as hydrodynamic characteristics, resistance and propulsion, or seakeeping, and they
all effect performance of ships.

FCM

3. RESULTS AND DISCUSSION

Total Emission (ton)

TABLE 3 - Annual routes of ships.
Ship C

India-Ukraine
Ukraine-USA
USA-Norway
Norway-Germany
Germany-S. Arabia
S. Arabia-Madagascar
Madagascar-Canada
Canada-Djibouti
Djibouti-India

Peru-Panama
Panama-Bulgaria
Bulgaria-Portugal
Portugal-Lithuania
Lithuania-Chile
Chile-Brazil
Brazil-Canada
Canada-Peru
Peru-Canada

Greece-Congo
Congo-Argentina
Argentina-Turkey
Turkey-Congo
Congo-Turkey
Turkey-Guinea
Guinea-Turkey

Total Emission (ton)

TABLE 4 - Main dimensions of ships.
Ship B

Ship C

L
B
T
CB
V
DWT

185 m
32 m
12.5 m
0.76
14 knots
66530 tons

172 m
30 m
9.5 m
0.78
13.7 knots
35350 tons

175 m
30 m
11 m
0.82
13 knots
41500 tons

Ship A

20000

Ship B

15000

Ship C

10000
5000
0
5,7

5,75

5,8

5,85

5,9

30000
25000
20000

Ship A
Ship B

15000

Ship C

10000
5000
0
30000

40000

50000

60000

70000

DWT

After calculating the estimated emission amounts, parametric formulas are obtained according to DWT, CB and
L/B values. The formulas are developed for each type of
pollutant.

Ship A

25000

L/B

Emission estimations of 3 cargo ships, whose carrying
capacities and main dimensions are different, are calculated according to the annual route data and FCM and
EPM. Table 4 presents the main dimensions, and Table 5
presents the annual emission amounts of each ship.

Dimensions

Ship C
253.32
8.59
122.36
17.43
9712.8
10114.49
321.05
10.03
153.5
21.44
11494.22
12000.24

30000

Total Emission (ton)

Ship B

Ship B
352.72
12.47
196.15
24.3
13807.59
14393.23
498.1
15.96
243.41
32.89
18019.56
18809.92

In order to develop the formulas, regression analysis
was used. Regression analysis is an analysis method that is
used to analyze the relation between dependent variables
and one or more independent variables. It can be investigated whether there is a linear or non-linear relation between independent and dependent variables by searching
the distribution of xi and yi values of each unit. However,
if the R2 value is not close to 1, then consistence of the formula must be checked and, if necessary, changed.

Ship routes are presented in Table 3, and these routes
are taken from real ship data.

Ship A

Ship A
365.77
32.56
249.59
20.32
19458.02
20126.28
673.67
19.45
333.29
49.02
23379.3
24454.8

NOx
CO
SOx
PM
CO2
Total
NOx
CO
SOx
PM
CO2
Total

30000
25000

Ship A

20000

Ship B

15000
10000

Ship C

5000
0
0,74

0,76

0,78

0,8

0,82

0,84

Cb

FIGURE 1 - Regression analyses of ship A, ship B and ship C according to EPM.
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Although L/B and CB include the same values (L and
B), they are totally different parameters. L/B ratio can be
used to define the carrying capacity of the ship if the DWT
is not known. CB is the fineness coefficient that gives information about ship’s resistance and carrying capacity.
Both of them have important effects on ship’s emissions.

25000

Ship A

20000
15000

Ship B

10000

Ship C

5000

In Fig. 1, the total emission amounts of the ships A, B
and C are calculated with EPM. The total emission
amounts were 24454.8, 18809.92 and 12000.24 tons for
ships A, B and C, respectively.

0
5,72

5,74

5,76

5,78

5,8

5,82

5,84

L/B

In Figure 2, FCM is used in order to calculate emissions. The total emissions of ships A, B and C were 20126,
14393 and 10114 tons, respectively.

25000
20000

Ship B

15000

Ship A
Ship C

10000

After the calculations, a regression analysis was made
for all of the graphs, and a formula was developed for each
graph. Because total emission is much bigger than emissions
of each pollutant type, only total emission graphs is shown
in this study. The formulas were developed by using the polynomial graphs that include the emission amount data and
parametric values. The developed formulas for each method
and pollutant type are shown in Table 6, in detail.

5000
0
30000

40000

50000

60000

70000

DWT

Total Emission
(ton)

Total Emission (ton)

Total Emission (ton)
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25000

Ship A

20000
15000

Ship B

By these formulas, potential emissions of a ship can be
estimated approximately, even during pre-design. Because
they are based on main dimensions, the changes in the
emissions can be monitored for every change in the design
stage. Due to the formulas which are based on only three
main dimensions, the estimations can be calculated without
any other data.

Ship C

10000
5000
0
0,74

0,76

0,78

0,8

0,82

0,84

Cb
FIGURE 2 - Regression analyses of ship A, ship B and ship C according to FCM.

Figures 1 and 2 present the graphics that include relations between total emission amounts and parametric values.

In order to calculate the emissions, the appropriate
main dimension must be chosen, firstly. Then, the value of
the dimension should be put in its place in the formula. After the necessary calculations, the estimated emissions can
be obtained.

TABLE 6 - Developed formulas related with main dimensions for each type of pollutant and estimation method.
Estimation
Method

Pollutant
Type
NOx
CO

EPM

SOx
PM
CO2
Total
NOx
CO
FCM

SOx
PM
CO2
Total

L/B
5

DWT
2

y = -1.2896772*10 (L/B) +
1.4882373x106(L/B) - 4.2927295x106
y = -3.1877330x103(L/B)2 +
3.6768340x104(L/B) - 1.0600438x105
y = -6.5837072x104(L/B)2 +
7.5973935x105(L/B) - 2.1914471106
y = -1.0606516x104(L/B)2 +
1.2242883x105(L/B) - 3.5324264x105
y = -4.2258514x106(L/B)2 +
4.8756826x107(L/B) - 1.4061202x108
y = -4.4344504x106(L/B)2 +
5.1164000x107(L/B) - 1.4755544x108
y = -2.4314238x104(L/B)2 +
2.8024069x105(L/B) - 8.0712454x105
y = -8.7952219x103(L/B)2 +
1.0169260x105(L/B) - 2.9391639x105
y = -3.5584545x104(L/B)2 +
4.1085667x105(L/B) - 1.1856786x106
y = 2.7353044x102(L/B)2 3.2325354x103(L/B) + 9.5662536x103
y = -3.0503037x106(L/B)2 +
3.5240898x107(L/B) - 1.0176714x108
y = -3.1187562x106(L/B)2 +
3.6030823x107(L/B) - 1.0404535x108

6

2

CB
-1

y = 2.5959462x10- (DWT) - 2.2831190x10 (DWT) +
5.3256354x103
y = 7.8840532x108(DWT)2 - 7.0235095x10-3(DWT) +
1.6574160x102
y = 1.3207465x10-6(DWT)2 - 1.1613162x10-1(DWT) +
2.6985649x103
y = 1.8411239x10-7(DWT)2 - 1.6013321x102(DWT) +
3.6893422x102
y = 9.1898809x10-5(DWT)2 - 8.1241621(DWT) +
1.9039394x105
y = 9.6078455x10-5(DWT)2 - 8.4916425(DWT) +
1.9895282x105
y = 6.6080043x10-7(DWT)2 - 6.6915389x10-2(DWT) +
1.8927268x103
y = 5.0930685x10-8(DWT)2 - 4.5451348x10-3(DWT) +
1.0951036102
y = 5.4672452x10-7(DWT)2 - 5.3995165x10-2(DWT) +
1.4219069x103
y = 3.9410931x10-8(DWT)2 - 4.1434056x10-3(DWT) +
1.2154069x102
y = 3.3785120x10-5(DWT)2 - 3.2613411(DWT) +
8.6890267x104
y = 3.5083051x10-5(DWT)2 - 3.3909468(DWT) +
9.0436104x104
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y = 7.2544737x104(CB)2 1.2049783x105(CB) + 5.0350189x104
y = 4.4212667x102(CB)2 8.5565267x102(CB) + 4.1437922x102
y = 3.7444574x104(CB)2 6.2159069x104(CB) + 2.5946205x104
y = 8.6710125x103(CB)2 1.4159870x104(CB) + 5.8021446x103
y = 1.7475686x106(CB)2 2.9592432x106(CB) + 1.2630085x106
y = 1.8666710x106(CB)2 3.1569156x106(CB) + 1.3455215x106
y = -3.0540918104(CB)2 +
4.6380469x104(CB) - 1.7242951x104
y = 1.5125595x104(CB)2 2.4297953x104(CB) + 9.7624608x103
y = 1.3795174x104(CB)2 2.3917028x104(CB) + 1.0458448x104
y = -6.1745949x103(CB)2 +
9.7076019x103(CB) - 3.7910059x103
y = 3.0025318x106(CB)2 4.9064207x106(CB) + 2.0140754x106
y = 2.9947329x106(CB)2 4.8985412x106(CB) + 2.0132598x106
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4. CONCLUSION
In this study, annual emissions of a ship are calculated,
and an emission inventory is developed. For calculations,
two different methods are used. Fuel consumption approach generally gives more certain results due to the real
fuel consumption data. Engine power approach has a more
complex and difficult calculation due to more needed unknowns. For FCM, the total emission of Ship A was estimated as 20126.28 tons according to Cooper and Gustafsson
[50], but in EPM, the estimations were 24454.8 tons. Similarly, the total emissions for FCM were 14393.23 tons and
10114.49 tons for Ship B and Ship C, respectively.
Whereas those of Ship B and Ship C were 18809.92 and
12000.24 tons, respectively, for EPM method. The differences occurred as a result of the differences between the
emission factors that are used by different methods. In order to obtain reliable results, the estimations must be made
by using different factors from different sources.
The obtained formulas, which are totally based on
main dimensions, provide a great convenience both to ship
owners and shipyard operators in order to calculate the
emissions before building the ship. Since 2000, there have
been many different studies on reducing the harmful effects
of emissions. On this subject, global warming is the main
issue. Intergovernmental Panel on Climate Change (IPCC)
regards IMO as being responsible on ship emissions subject. Thus, IMO develops new regulations on reducing the
harmful ship emissions. The formulas that are obtained
from this study can provide an easy and early way for the
ship owners to calculate the emissions rapidly, and thus,
ship owners can make environmental benefits/cost analyses. Therefore, emission reduction methods can be implemented to the ships, or new routes can be determined. These
steps must be considered as a part of LCA.
Because ship emissions have a considerable importance on environmental impacts, they must be in focus,
especially in the near future. In order to reduce the emissions, many studies were prepared, and this study will provide a beneficial method that can be used in a whole ship’s
life cycle to calculate the emissions.
The authors have declared no conflict of interest.
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ABSTRACT
UV/H2O2 was employed to decompose Reactive Dark
Blue B-2GLN (RDB B-2GLN) in aqueous solution. The
effects of hydrogen peroxide dosage, pH value, initial dye
dosage, and different anions on colour removal were investigated in detail. The online spectrophotometric method
was applied to monitor the change of RDB B-2GLN dye
absorbance at different reaction times in aqueous solution.
The results show that RDB B-2GLN was completely decomposed within 40 min, and the optimum operating conditions of the method were found as 8.0 mM of H2O2 dosage, initial dye concentration of 16 mg L-1 at pH 5.3. Under
these conditions, a maximum of 86.10% decolorization of
the dye was achieved.The various anions inhibiting the effects on dye decolorization follow the descending order:
CO32-> PO43-> HPO42->Cl-. The molecular structure of
RDB B-2GLN may be decomposed and mineralized with
UV/H2O2 process by IC analysis.

KEYWORDS: Reactive dark blue B-2GLN, UV/H2O2, online spectrophotometric method,decolorization, wastewater

1. INTRODUCTION
Numerous synthetic dyes (D) have been utilized
broadly in the textile industry, printing, and paper and pulp
manufacturing [1-3]. Wastewater discharge from industries poses a serious problem for conventional treatment
plants nowadays. The release of these coloured wastewaters
in natural environments is not only dangerous to aquatic life
but also hazardous to humans, in many cases [4]. Dye
wastewaters contain many aromatics, metals and chlorides,
which are toxic to underwater creatures, and even the biosphere [5]. Dye pollutants are generally resistant to biological degradation. Therefore, it is essential to remove these
compounds from aqueous solution so as to minimize the
damage to the environment and also to decolorize the water.
* Corresponding author

There are many traditional techniques to deal with industrial dye wastewaters, such as biodegradation [6], activated carbon adsorption [7], membrane separation [8], ultrasonic synergistic degradation [9], chemical coagulation/flocculation [10], ozone oxidation, Fenton oxidation
[11] etc. However, these methods are either costly, inefficient, or result in the production of secondary waste products. Thus, the decolorization technologies become major
challenges as well as of increasing importance [12].
Advanced oxidation process (AOP), based on UV/H2O2
technique, is a very promising technique [13]. H2O2, as a
good oxidant, can be decomposed by UV light to generate
hydroxyl radicals (OH). Then, the highly active and effective oxidizing agent OH attacks and destroys the pollutants,
or convert them into simple harmless materials in wastewater.
Compared with other water treatment methods, UV/H2O2
technique has several advantages, such as no undesirable
solid waste, operation at ambient temperature, low capital
cost, and high removal rates of chemical oxygen demand
[14]. The online spectrophotometric method developed in
this study is a quick, feasible and convenient technique for
monitoring the change of instant colour concentration. The
objectives of this study were (1) to investigate the decolorization and degradation of RDB B-2GLN using online
spectrophotometry system, (2) to investigate the feasibility
analysis of UV/H2O2 process of RDB B-2GLN degradation, and (3) to understand the influences of H2O2 dosage,
pH value, dye concentration and five anions on RDB B2GLN degradation.

2. MATERIALS AND METHODS
2.1 Materials

RDB B-2GLN was obtained from Shijiazhuang Dyestuffs Company (China), and used without further purification. The structure of RDB B-2GLN is given in Fig. 1.
Wastewater of RDB B-2GLN was prepared by dissolving
a requisite quantity of dyestuffs in double-distilled water.
H2O2 (30% in H2O), NaOH, H2SO4, Na2HPO4·12H2O,
Na2SO4, NaCl, Na2CO3 and Na3PO4·12H2O were of analytical grade and purchased from Shijiazhuang Xiandai
Chemical Reagent Company (China).
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3. RESULTS AND DISCUSSION
3.1 Feasibility analysis of online spectrophotometric method

FIGURE 1 - The chemical structure of RDB B-2GLN.
2.2 Apparatus

Figure 2 shows the online spectrophotometric system.
This system consists of 3 parts: reaction unit, optical measuring unit, and recording unit. Reaction unit (photocatalytic degradation device) contains a magnetic stirrer apparatus (Shanghai Instrument company, China), UV-lamp
with length of 10 cm (15W, 254 nm, Guangdong Bright
Star), a tinfoil box and a 250-ml beaker. Optical measuring
unit includes UV-VIS spectrometer and peristaltic pump.
General velocity of wastewater in the system was 22 ml
min−1. Recording unit was a computer, and the monitoring
frequency was 1 min−1 during the reaction process.

Online spectrophotometry method was applied to analyze RDB B-2GLN in UV/H2O2 process. Figure 3 shows
the UV-VIS spectra of reactants. The RDB B-2GLN
+H2O2is the UV-VIS spectrum of H2O2 in RDB B-2GLN
waste-water after 40 min. Only RDB B-2GLN in 500-700
nm spectral range has a great absorption. Figure 3 depicts
the shift of UV-VIS spectra of RDB B-2GLN when H2O2
was added to the solutions, but the spectrum of dye solution
within 500-700 nm does not display any variation with addition of H2O2. Therefore, it is concluded that RDB B2GLN cannot be oxidized by only H2O2 in this area, and
600 nm is the characteristic adsorption peak of RDB B2GLNand taken as monitoring wavelength in the online
spectrophotometric system. The criterion equation of RDB
B-2GLN and absorbance (A) at 600 nm against RDB B2GLN concentration (C) at neutral pH value is shown in
Figure 3 (C =47.94503 A +2.24749, R2=0.9999).
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FIGURE 2 - Degradation device and online spectrophotometric data
acquisition system.
2.3 Experimental procedure

The process was performed in a vessel with 250 ml solution, in which the specified concentration of the selected
dyestuff was remained. The pH adjustment of the wastewater was done by adding H2SO4 or NaOH. At the same
time, UV-lamp, magnetic stirrer and peristaltic pump were
applied. The wastewater was pressed into the current colorimetric container in the UV-VIS spectrophotometer by
the peristaltic pump. H2O2 at the calculated concentrations
was added to the wastewater, and the UV-VIS spectrophotometer began to record the change of RDB B-2GLN, absorbance at different reaction times.
2.4 IC analysis

Inorganic ions (Cl−, NO3−and SO42−) in aqueous solution were measured by a Metrohm-881 Ion Chromatography (IC) instrument with conductivity detector, tower type
IC column (4×250 mm) and MagIC Net software. The eluent
was a mixture of Na2CO3 (1.8 mmol L−1) and NaHCO3 (1.7
mmol L−1). The eluent flow-rate was 1.0 ml min−1.

300

400

500

600

700

W a v e le n g th /n m

FIGURE 3 - UV-VIS spectrum of RDB B-2GLN, H2O2 and dye +
H2O2.
3.2 Effect of different factors

Four factors (initial dosage of H2O2, pH value, initial
concentration of RDB B-2GLN, and different anions) were
investigated in this paper. The colourremoval of dye at
40 min was used for comparison under different experimental
conditions. The colour removal rate of dyeis defined
asfollows:
R = (C0−C)/C0  100%, where R is the colour removal
rate of dye, C0 denotes initial concentration of dye; and C
represents instant concentration of dye in reaction.
3.2.1 Effect of initial H2O2 concentration

The effect of initial H2O2concentration on degradation
of RDB B-2GLN is illustrated in Fig. 4. As can be seen,
the RDB B-2GLN cannot be damaged by only UV light.
The colour removal of RDB B-2GLN increases from 69.71
to 86.10%, with the addition of H2O2 dosage from 1.6 to
8.0 mM.It has not any effect on colour removal with further
H2O2, after dosage was greater than 8.0mM. This indicates
that high H2O2 dosage decreasesdecolorization percents of
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RDB B-2GLNin the UV/H2O2 process. This can be explained as follows: The decolorization of the dye RDB B2GLN is due to the reaction of hydroxyl radicals generated
by combining hydrogen peroxide with UVin solution (Eq. 1)
[15]. Hydroxyl radicals can react with the dye RDB B2GLN molecules to produce intermediates, and cause the
decolorization of the wastewater solution (Eq. 2). The OH
concentration in aqueous can be added with the rise of
H2O2, and decolorization and degradation of RDB B2GLN can be also increased.

tion decreases; and therefore, hydroxyl radical concentration decreases [18], and colour removal decreases.
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FIGURE 5 - Effect of RDB B-2GLN concentration ([H2O2]0 = 8.0 mM,
pH = 5.3, T = 25 °C).
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FIGURE 4 - Effect of H2O2 concentration ([RDB B-2GLN]0=
16 mg/L, pH = 5.3, T = 25 °C)

H 2O2  hv  2  OH

(1)

D  OH  Doxid

(2)

However, hydrogen peroxide can also serve as a scavenging agent. In other words, when hydrogen peroxide
concentration exceeds the appropriate value, the high concentrations of H2O2 accelerates the generation of OH.
However, as a result of reaction of H2O2 and OH, higher
concentration of H2O2 can consume·OH.(Eqs. 3-4) [16,
17]. Therefore, 8.0 mM of initial H2O2 dosage can be used
as optimum value for the photooxidative degradation of
RDB B-2GLN.
H 2 O2  OH  OOH  H 2O

(3)

 OH  OOH  H2O  O2

(4)

The pH value of the dye solution plays an important
role on UV/H2O2 process. The effect of different pH values
on decomposition of RDB B-2GLN by UV/H2O2 is listed
in Fig. 6. It can be seen from Fig. 6 that the colour removal
of RDB B-2GLN has a reduction from 86.10 to 84.86%
with the rise of pH value in aqueous solution from 2.7 to
9.9 at 40 min. It was observed that the colour removal of
dye has pH dependency. The acidic medium is more
advantageous than alkaline medium for degradation of
RDB B-2GLN by UV/H2O2 process. Under alkaline
medium, hydrogen peroxide deprotonates with formation
of the H2O2/HO2-equilibrium. The HO2- can react with nondissociated H2O2 (Eq. 5), not producing hydroxyl radicals.
So, the hydroxyl radical’s instantaneous concentration is
lower than expected [18].
HO2  H 2O2  H 2O  O2  OH 

In addition, the deactivation of hydroxyl radicals is
more important in alkaline substances [18]. The reaction of
hydroxyl radical with HO2- is about 100 times faster than
its reaction with H2O2 (Eq. 6). Meantime, in this case, the
H2O2 becomes very unstable and self-decomposition takes
place (Eq. 7), which is closely related with pH value [19,
20] and cannot produce hydroxyl radicals.
 OH  HO2  H 2O  O2

3.2.2 Effect of RDB B-2GLN concentration

The initial dye concentrations ranging from 8 to 28 mg
L-1 were investigated in Fig. 5.As can be seen from Fig. 5,
the chromaticity removal of RDB B-2GLN after 40 min
shows a decreasing tendency with increasing initial RDB
B-2GLN concentration. It is observed that the lower the
dye concentration is, the higher the chromaticity removal
of RDB B-2GLN is. The rise of dye concentrations in aqueous solution increases the number of dye molecules. As a
result, an inner filter effect is engendered, and the penetration of photons (UV light) entering into the aqueous solu-

(5)



2H 2 O 2 OH

 2H 2 O  O 2

(6)
(7)

The last degradation process of RDB B-2GLN in
UV/H2O2 system can create a lot of CO2 which has a better
dissolvability to produce HCO3- and CO32- in basic than
acidic ambient. OH is consumed by HCO3- according to
Eqs. 8-10 [21].In acidic medium, dissolvability of CO2 in
aqueous solution is low and easy to release from water.
Thus, acidic medium is of advantage with regard to alkaline conditions [22].
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HPO 24   OH  PO34   H 2O

(19)
But, owing to the hydroxyl radical scavenging effect
of chloride ions, the addition of Cl- does not remarkably
affect the removal efficiency. The reactions are as follows:
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FIGURE 6 - Effect of pH value ([RDB B-2GLN]0= 16 mg/L, [H2O2]0
= 8.0 mM, T = 25 °C).

HCO3  OH  HCO3  OH 


HCO 3   H   CO 3 


CO3   H 2O 2  H 2O   HCO3

(8)
(9)
(10)

3.2.4 Effect of different anions

Another important point to be considered in UV/H2O2
process was the inorganic anion. The effect of five
inorganic anions on RDB B-2GLN decompositionis given
in Fig. 7. It can be seen that all the anions have ability to
inhibit dye decolorization. Their inhibiting effect on RDB
B-2GLN decolorization follows the order of CO32-> PO43> HPO42->Cl-.
Hydroxyl radicals are the dominant oxidative species
in UV/H2O2 process. The experimental phenomenon suggests that inorganic anions affect decolorization of RDB B2GLN in the UV/H2O2 process due to inorganic anions
competing for OH with dye molecules.Although HPO42has an inhibitory action, it can also ionize to produce H+
which can promote dye removal. So HPO42- has two impacts on degradation process, and the mechanic equations
are shown by Eqs. 11- 13 [22].
 OH  HPO 42   HPO 4   OH 

4


4

H 2O 2  HPO   H 2 PO  HO 2 

4


4

H2PO  OH  HPO  H2O
2-

(11)
(12)

FIGURE 7 - Effect of different anions ([RDB B-2GLN]0= 16 mg/L,
[H2O2]0 = 8.0 mM, pH = 5.3, T = 25 °C).
3.3 Analysis of products after UV/H2O2process

In order to estimate the molecular structure of RDB B2GLN after UV/H2O2 process, UV-VIS and IC were used
to study intermediates or by-products. The reaction conditions were as follows: initial H2O2 dosage was 8.0 mM, initial RDB B-2GLN concentration was 16 mg L−1, pH value
was 5.3, temperature was 25 °C, and reaction time was
40 min under UV light.
3.3.1 UV-VIS spectrum

The UV-VIS spectral changes of dyes during UV/H2O2
process evidenced that RDB B-2GLN indicates a maximum
absorbability (λmax = 599 nm) in the visible spectral range
before reaction, and there is a greatabsorbance from 500 700 nm. There is no absorbability in the visible region but
only in the UV area after UV/H2O2 process within 40 min.

(13)

3.0

3-

CO3 and PO4 have a great suppression to impact on
decomposition dye because they can hydrolyze to form
OH- which can decrease the colour removal. On the other
hand, as scavengers of hydroxyl radicals, CO32- and PO43can react with OH and reduce the dye decomposition [4,
21, 22]. The reaction mechanism is as follows:
(14)

CO 3   H 2 O 2  HCO 3  HO 2 

(15)

HCO 3  OH  CO 3   H 2 O

(16)

PO43   OH  PO42   OH 
2
4

2
4

PO  H 2O 2  HPO  HO 2 
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FIGURE 8 - UV–VIS spectral comparisons of dyes during Fenton oxidation (1: 0 min, 2: 40 min).
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Thus, decolorization of RDB B-2GLN wastewater can
effectively be obtained. This result displayed the structure
of RDB B-2GLN is totally destroyed by the UV/H2O2
process. Meantime, the absorbance after UV/H2O2 process
is weaker than that before reaction in the UV area. This
shows that RDB B-2GLN may be mineralized by UV/H2O2
process.
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3.3.2. Analysis of IC

Inorganic products were analyzed by IC after
UV/H2O2 reaction. There are a lot of chloride, nitrate, and
sulfate ions in aqueous solution. It is likely that chloro-,
nitro- and sulfonic-groups are displaced by hydroxyl radicals, and this embodies that the chemical structure of RDB
B-2GLN is effectively damaged by UV/H2O2 process. The
result exhibits that the reaction may be thoroughly, and
RDB B-2GLN is mineralized within 40 min.

4. CONCLUSIONS

The RDB B-2GLN is completely decolorized under
optimal H2O2 dosage of 8.0 mM and initial dye level of
16 mg L-1 in less than 40 min at pH 5.3. The reaction maximum decolorization rate of the RDB B-2GLN is 86.10%
at UV/H2O2 process. The anions inhibiting effects on dye
decolorization follow the order of CO32-> PO43-> HPO42>Cl-. The molecular structure of RDB B-2GLN is decomposed and may be mineralized by UV/H2O2 process. There
are some mediates or by-products existing during the
UV/H2O2 oxidation after 40 min. The primary inorganic
ions were Cl-, NO3-, and SO42- as shownby IC analysis.
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[13] Neamtu, M., Siminiceanu, I., Yediler, A. and Kettrup, A.
(2002) Kinetics of decolorization and mineralization of reactive azo dyes in aqueous solution by the UV/H2O2 oxidation.
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ECOLOGICAL CHARACTERIZATION
AND DIFFERENTIATION OF THE LOWLAND
FOREST HABITATS IN THE RAVNI SREM (SERBIA)
Branislav Jurišić* and Branko Vidicki
Faculty of Agriculture, University of Novi Sad, 21000 Novi Sad, Serbia

ABSTRACT

1. INTRODUCTION

In this paper the relevant ecological factors were researched on the basis of indicator values present floristic
composition, as the base for ecological characterization
and differentiation of the investigated forest habitats. According to the multiple regression CCA model, the ecological factors representing the bioindication gradients of
moisture, temperature and light were shown to be the most
important for structure of species variability and differentiation of researched lowland floodplain forests. Analysis
of Similarity has shown the greatest degree of bioindication
divergence between two oppositely distributed coenoecological groups of forest types (CEG) in CCA model: CEG
Pedunculate Oak and Hornbeam (Carpinion betuli ilyrico
moesiacum Horv.56, suballiance Quercion roboris planarum Rauš.76, as the most xerophilous and the most thermophilous) and CEG Swamp forest of Black Alder (Alnion
glutinosae Malc.29), asthe most hygrophilous and conditionally the most frigoriphilous, whereby it indicates a
complete divergence of overall ecological conditions represented by indicator values of floristic composition. According to SIMPER procedure, alternation of hygro-thermal gradient is the main factor of existing vegetation variability and differentiation of lowland forests of both floodplain and out-of-floodplain areas of RavniSrem. Additionally, according to their overall bioindication character the
studied forest habitats were mostly: mesophilous-submesophilous, mesothermic, semi-sciophilous, neutrophilous
and mesotrophic. Special attention was given to discussion
of the broader geographic context of bioindication studies
of various habitats in both floodplain and out-of-floodplain
forest areas, with special consideration of correlation patterns in bioindication gradients.
KEYWORDS: bioindication analysis, Canonical Correspondance
Analyses, differentiation, gradients, indicator values, lowland forests, Ravni Srem

* Corresponding author

Floodplain forests have a multiple role in the landscape, since they are important from ecological, biological,
environmental and economic points of view [1] and show
rich biological and ecological diversity [2]. If they are protected, they build an important part of biological richness
on a regional scale [3]. These forests are biologically diverse associations appearing at the points of contact between the aquatic and the terrestrial environmental conditions, in valleys of lowland rivers and river channels, where
the main environmental factors are lower altitude, distance
from the river and frequency and duration of inundation
with flood water [4] in which the water table is usually at
or near the surface, and the land is covered periodically or
at least occasionally with shallow water [5]. Therefore,
these forests have very specific ecological conditions in the
temperate zone [6] and according to the Habitat Directive,
belong among the habitats of the greatest importance for
nature protection on the European scale [7].
Flooded forests have already been thoroughly studied
in many parts of Europe [see 8-12] and also in the southeastern part of Europe in the area of large rivers, such as
the Sava, Drava and Danube [see 13-20]. Species indicator
values, especially those defined by Ellenberg, have been
used widely in applied plant ecology [see 21-28], forestry
and agriculture. In spite of being criticised by many, there
is a growing interest in using them also outside central Europe in order to analyse trends of change in the vegetation
and their underlying environmental variables [24]
Numerous types of floristic and ecological analyses of
floodplain forests were performed both in the Balkans region and the European continent as a whole and one almost
omnipresent type is characterization and differentiation of
forest habitats according to indicator values of associated
floristic composition. Numerous authors [see 7, 18, 29-34]
have determined the bioindication gradients and their correlations, as well as their synergetic influence on vegetation variability in floodplain or related forest ecosystems.
As in the region of Ravni Srem the floodplain forests
are still very well represented and there are some very old
and relatively well-preserved stands, the goals of this paper
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were to: 1. determine the complex multiple relationship between the floristic composition and the existent pattern of
ecological factors by specifying the species variability and
differentiability of lowland floodplain forests regarding the
positioning of gradients in the ecological multiple regression model; 2. Perform ecological characterization and
comparison of forest habitats at the level of coeno-types
(alliances) according to indicator value of floristic composition; 3. Use the bioindication matrix of all environmental
factors to quantify the differentiation level and determine the
level of statistical significance for the resulting bioindication
divergence at the level of studied CEG; 4. Discuss specifically the comparison of our bioindicator studies with the
broader geographic range of such studies in the floodplain
forests and related forest ecosystems, with special consideration of correlation pattern of bioindicationgradients.

2. MATERIALS AND METHODS
Study area. The area of Ravni Srem is situated between
18°59’45’’ and 20º21'30'' of Eastern longitude and between 44º37'53'' and 45º11'37'' of Northern latitude.The absolute altitude decreases from west toward east. The terrain
is slightly undulating with terraces and depressions, which
are filled with atmospheric and river water when water
level of river Sava exceeds 500 cm [35]. The seasonal fluctuation of this river is causing floods which become the
main ecological factor [36] in charge of appearance and development of individual phytocenoses. The study area covers 5453 ha, including the forests of most of Forest Management Area “Klenak” (Fig. 1).

According to degree of presence of continental climate, this area has temperate-continental climate. The climate classification by Thornthwaite-Mather shows prevalence of moist subhumid climate (type C2), while during
the vegetation period the dominant climate is dry subhumid
(type C1) [37]
All soils in flooded forests of Ravni Srem may be divided into soils of flooded ground and soils of defended
ground. In the flooded area the soils belong to systematic
units: fluvisol, humofluvisol, humogley (marsh black earth)
and eugley (marsh-gley soil). Following systematic units
are represented in the area defended from the floods:
pseudogley (at lower ground) and alluvial-delluvial soil, chernozem and eutriccambisol (at higher ground) [38]
Experimental data and Numerical analysis. Each plot
used to measure values of abundance and cover for each
species, according to Braun-Blanquet methodology [39] was
circular in shape with a 20 m radius (172 plots was used for
the analysis of floristic composition). Coenoecological
groups types of forests (CEG) were determined according
to the national typology of forests [15]. Coenoecological
group types of forests are defined by the vegetation on the
level of alliance and suballiances [40].
The Braun-Banquet’s combined abundance-cover scale
is alpha-numeric, and this prevents numeric data processing.
Therefore we transformed the combined abundance-cover
values into a completely numeric scale that was proposed
by Westhoff& van der Maarel [41]. For character species in
researched CEG, Indicator values (IVs) were calculated by
using weighted average formula:
nn
Weighted average= Σ (rij* xi) / Σrij
i=1

i=1

(rij = response of species i in sample plot j ; xi = indicator value of species i)
The ecological indices of plant species used for this
calculation were taken from literature data by [42]. The
values of ecological indices they presented in Flora of Serbia were a sublimation of previous conclusions by other
authors (Ellenbeg, Landolt and Soo) and their own experiences and knowledge. The scale of indicator values for all
factors was 1-5 except for the scale of ecological indices
for humidity, which varies from 1 to 7.

FIGURE 1 - UTM Map of Serbia with projection of the study area in
Ravni Srem

In order to detect the basic ecological ordination of analyzed species and stands (forest habitats on level of coenotypes) we applied the ordinary Canonical Correspondence
Analysis (CCA) used to explore variability and distribution
of species and site score along bioindicationgradients.The
interpretation follows the eigenanalysis algorithm. Forward selection CCA was used to select a combination of
bioindication variables that explained most of the variation
observed in the species matrix. The variables were put
through the automatic forward selection with a Monte
Carlo permutations tests, which are used to judge the statistical significance of selected variables [43]. The ordina-
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tion methods and visualization of CCA results were carried
out using the CANOCO and CanoDraw programs [43].
Analysis of Similarities (ANOSIM), was used in order
to evaluate the significant divergence between coeno-types
according to the researched bioindication variables (tested
is bioindication matrix for the five factors and 172 samples). For this investigation a Chord distance was conducted on the data matrix without transformation. The distances were converted to ranks. The ANOSIM statistic R
is based on the difference of mean ranks between groups
rB and within groups rW. R = rB - rW / (N (N-1) / 4), where
N – number of samples. The divisor is chosen so that R will
be in the interval -1 ... +1.
In addition, we used the SIMPER (Similarity of percentages) procedure [44] for assessing which biondication
gradient is primarily responsible for an observed difference
between four groups of samples on the level of coenotypes. The results include the average dissimilarity, contribution % (average dissimilarity / SD (average dissimilarity)) for each individual biondication variable and cumulative contribution of all five variables, according to the
Chord distance.
One Way ANOVA was performed separately for each
of the five ecological factors on 172 samples, in order to
test the alternative hypothesis that within the group of four
studied coeno-types there was a statistically significant dissimilarity in ecological conditions characterized by bioindication gradients. The Kruskal Wallis non-parametric
ANOVA was performed for the same reasons on those ecological factors that previously did not satisfy the condition
of variance homogeneity and therefore it was not possible
to implement the parameter ANOVA. These analyses were
realized with multivariate analysis software PAST version
2.17 [45].

3. RESULTS
3.1 Ecological differentiation of coeno-types based on bio-indiactor values of floristic composition

In order to determine interaction between the observed
coeno-types and five variables that represent the ecological
factors, gained the bioindication analyzing, Canonical Correspondent Analysis (CCA) was applied. This analysis explains the synergistic effect of ecological factors (biondication gradients) in relation to the score samples, as well as
ordination score of the species. Marginal (individual) and

conditional (partial) effect of each of five bioindication
variables is presented in Table 1.
The results of forward selection and permutation
Monte Carlo test show that the conditional effect of all five
factors is such that four factors are statistically significant,
in order presented in the table. The exception is soil reaction, which therefore does not explain a statistically significant amount of variability in the observed data set. However, as soil reaction was still shown to be statistically significant through its marginal effect, even more than the factor of nitrogen supply in the soil, it was included in the final
CCA model. The multicolinearity factor (VIF = variance
inflation factor) for bioindication variables was: moisture
= 1.4480, temperature = 1.4489, light = 1.1459, reaction of
soil= 1.1171 and availability of nitrogen in soil = 1.1578),
indicating that none of the bioindication variables within
the multiple regression model was highly correlated, and
therefore none of them was excluded from the model for
that reason. The CCA biplot (Fig. 2) shows insufficiently
homogenized groupings of coenoecological groups of forest types studied from bioindication aspect. The ordination
score of four CEG, derived from multiple correlation with
five bioindication variables, shows heterogeneity that indicates medium level of variability in observed vegetation
and ecological conditions.
However, there is a clearly pronounced diametrically
opposite position of ordination score for CEG Pedunculate
Oak and Hornbeam, positioned on the most xerophilous
and the most thermophilous part of the gradient and the ordination score for ecologically partially overlapping CEG
Swamp forest of Black Alder and CEG White Willow and
Poplar (Salicion albae Soo. 40), which are positioned on
the most hygrophilous and coldest part of the gradient. This
diametrically opposite position, caused by correlation matrix of bioindication gradients, is without doubt a reflectionof their great differences as well as hygro-edaphic factors and local microtopography of floodplain and out-offloodplain areas, as they all alternate in a very pronounced
style within these three diametrically positioned CEG.
The intermediary position at the CCA biplot is occupied by the most heterogeneous ordination score for CEG
of Pedunculate Oak and Alder (Alno-Quercion roboris
Horv. 37). From the aspect of similarity of ecological conditionspresented by bioindicationgradients it is ecologically constant and even partially overlapping with all other
CEG. Summary results of the CCA analysis are presented
in Table 2.

TABLE 1 - The Marginal (individual) andconditional (partial) effectoffivebioindication variables
No

Bioindication variables

1
2
3
4
5

Moisture
Temperature
Light
Soil Reaction
Soil Nitorgen

Marginal effect
Lambda 1
0.25
0.14
0.14
0.09
0.08

Bioindication variables
Moisture
Light
Soil Nitorgen
Temperature
Soil Reaction
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Lambda A
0.25
0.09
0.07
0.05
0.06

Conditional effect
P
0.002
0.002
0.006
0.044
0.084

F
5.28
1.99
1.42
1.25
1.16

© by PSP Volume 24 – No 3b. 2015

Fresenius Environmental Bulletin

FIGURE 2 - Canonical Correspondence Analysis at the level coenoecological groups of forest types (circle- CEGPedunculate Oak and Hornbeam, triangle - CEGPedunculate Oak and Alder, rectangle- CEG White Willow and Poplar and cross- CEG Swamp forest of Black Alder,
factors: V- moisture, T- temperature, S-light, RZ- solil reaction and N- solil nitrogen

TABLE 2 - Summary statistical results of the Canonical correspondence analysis
Axes

1

2

3

4

Eigenvalues

0. 277

0. 079

0. 062

0. 055

Species-environment correlations

0. 874

0. 635

0. 699

0. 682

3. 4

4. 3

5. 1

5. 8

53 .4

68. 6

80. 7

91. 3

Cummulative percentage variance of species data
Cummulative percentage variance of
species-environment relations
Sum of all eigenvalues (total inertia)

8. 204

Sum of all canonical eigenvalues

0. 518

The first axis shows yet more than a half (53.4% = 100 *
0.277/0.518), and two first axes show somewhat more than
2/3 of variation, which may be explained by bioindication
variables. The results of permutation Monte Carlo test regarding the statistical significance of canonical axes have
shown values, for the first canonical axis Eigenvalue =
0.277, F = 5.792, p = 0.0020; and for all canonical axes
together Trace = 0.518, F = 2.236, p = 0.0020. The results
of both tests demonstrate the very highly significant relationship between species appearance and gradients represented by canonical axes.

Figure 3 shows an incomplete but significant part of
species from all coeno-types (the CCA model included the
whole species list), enabling easy recognition of ordination
score for the commonest species and species belonging to
the adventive species fond. The ordination score of species
follows the score samples, as species are concentrated around
those coeno-types where they are present or dominating with
their abundance or cover, and their distribution is determined by the precise position regarding the direction and
distribution of bioindication gradients. Score of the species
and samples is under particularly strong influence of hygro-
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thermic gradient pronounced at the first (most significant)
canonical axis.

tion variables and WA score (score of locations derived
from scores of species), is presented in Table 4.

The longest vectors on the CCA biplot are for: humidity, temperature and light. Therefore, these bioindication
variables (particularly humidity) may be considered the
most important, for shaping species variability in the studied ceono-types. The correlation quotients were determined
through intra-set and inter-set correlation. The intraset correlation, as correlation between the bioindication variables
and LC score (which is within the environmental space)
where each axis was formed by the linear combination of
bioindication variables, is presented in Table 3, while the
interset correlation, as correlation between the bioindica-

These correlations are actually connected with the rate
of change in species composition of vegetation by unit of
change in the corresponding bioindication variable. The
correlation quotients precisely determine that along the
gradient of first canonical axis the greatest correlation was
produced by the humidity factor, along the second axis by
the light factor, while third and fourth axis were represented by presence of nitrogen in soil and temperature, respectively. Temperature values also show a significantlevel
of negative correlation to the gradient of first axis, as the
most important one for the derived pattern of vegetation

FIGURE 3 - Canonical Correspondence Analysis – Ordination score of species (dominant woody, adventive and some differential species) in
the researched coeno-types, factors: V- moisture, T- temperature, S-light, RZ- solil reaction and N- solil nitrogen

TABLE 3 - CCA results – Intra-set correlations of bioindication variables with canonical axes
Bioindication variables
Moisture
Temperature
Light
Soil Reaction
Soil Nitrogen

ENVI AX1

ENVI AX2

ENVI AX3

ENVI AX4

0. 9227
-0. 6232
0. 5748
-0. 3847
0. 2708

-0. 2412
-0. 0888
0. 6508
0. 3569
0. 4270

-0. 1770
-0. 2630
0. 3683
0. 0323
-0. 7741

-0. 1434
-0. 6183
-0. 1199
-0. 4781
0. 2907
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TABLE 4 - CCA results – Inter-set correlations of bioindication variables with canonical axes
Bioindication variables

SPEC AX1

SPEC AX2

SPEC AX3

SPEC AX4

Moisture
Temperature
Light
Soil Reaction
Soil Nitrogen

0. 8111
-0. 5449
0. 5026
-0. 3364
0. 2368

-0. 1533
-0. 0564
0. 4135
0. 2268
0. 2714

-0. 1238
-0. 1839
0. 2576
0. 0226
-0. 5414

-0. 0979
-0. 4219
-0. 0818
-0. 3263
0.1984

TABLE 5 – Correlation matrix bioindication variables used in the CCA analysis
Factor

Moisture

Moisture

1

Temperature

Light

Soil Reaction

Temperature

- 0. 4883

1

Light

0. 2753

- 0. 3178

Soil Reaction

- 0. 2598

0. 2206

- 0.1337

1

Soil Nitrogen

0. 2856

- 0. 2788

0. 0374

0. 0571

Soil Nitrogen

1
1

TABLE 6-Analysis of Similarities (ANOSIM) coenoecological groups of forest types on the basis of bioindication analysis of all five factors,
also for 172 samples. Permutation post-hoc test is based on the number of permutations of N = 10 000) CEG 16- Pedunculate Oak and Hornbeam, CEG 15- Pedunculate Oak and Alder, CEG 14 - White Willow and Poplar, CEG 11 - Swamp forest of Black Alder
p
R
CEG 11
CEG 14
CEG 15
CEG 16

CEG 11

CEG 14

CEG 15

CEG 16

0
0.2351
0.6122
0.9426

0.0048
0
0.3074
0.7909

0.0006
0.0006
0
0.3744

0.0006
0.0006
0.0006
0

variability. The correlation of bioindication variables is
presented in Table 5.
As expected, moisture in the habitat has the greatest
negative correlation with increase in heat intensity, which
was highest in the most thermophilous stands of CEG Pedunculate Oak and Hornbeam. Humidity is negatively correlated with gradient of basophility, which is slightly increasing from left to right in the ordination CCA model,
from the more humid to more arid coeno-types, while it is
positively correlated with increase in nitrogen concentration. The light gradient is positively correlated with increase in humidity and nutritive level, while it is negatively
correlated with the direction of heat gradient.
3.2 Quantification and testing of bioindication differentiation
of coeno-types

ANOSIM derived from the matrix of five bioindication
variables simultaneously, determined for the sample of 172
datasets and for each CEG, generally supports the moderate
(transition) type of their differentiation. The complete results
of ANOSIM analysis are presented in Table 6.
The Global ANOSIM at the level of four CEG was
Global R anosim = 0.5175, with level of statistical significance p = 0.0001. According to this value and relation of

anosim statistic R (0.50 <R< 0.75) this was obviously the
intermediary level of differentiation. In fact, it may be concluded that the matrix biondication variables create a separate but partially overlapping (moderately homogeneous) bioindication (ecological) sets, expressed at the level of CEG.
According to the permutation post-hoc test within each
coenoecological group, the greatest level of bioindication
divergence was found between CEG Swamp forest of
Black Alder and CEG Pedunculate Oak and Hornbeam, as
expected, where R anosim was 0.9426 (p = 0.0006). It may
be concluded that these were ecologically well-separated
forest habitats, in completely opposite ecological conditions (R>0.75) that homogenize the positions of two groups
regarding each other, without ordination overlap, at the opposite sides of observed gradients. The ANOSIM analysis,
again as expected, has shown that the greatest degree of
similarity was present between CEG Swamp forest of
Black Alder and CEG White Willow and Poplar, where R
anosim was just 0.2351 (p = 0.0048), clearly indicating a
barely slight (R<0.25) weak bioindication (ecological) divergence, insufficiently separating scores of these CEG
into distinct homogenous groupings.
The SIMPER procedure (Table 7) conducted at the
level of CEG, produce the expected order of individual
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TABLE 7 - Multivariate Simper procedures (Similarity of percentage), observed simultaneously at the level of all four the coeno-type, based
on the bioindication analysis of moisture, temperature, light, soil reaction and soil nitrogen. CEG 16- Pedunculate Oak and Hornbeam, CEG
15- Pedunculate Oak and Alder, CEG 14 - White Willow and Poplar, CEG 11 - Swamp forest of Black Alder
factor

Av. Dissim

Contrib. %

Cumulative %

CEG 11

CEG 14

CEG 15

CEG 16

Moisture
Temperature
Light
Soil Reaction
Nitrogen

0.003666
0.002723
0.002258
0.001096
0.0009326

34.34
25.51
21.15
10.26
8.736

34.34
59.85
81
91.26
100

3.89
3.2
3.29
3.2
3.04

3.6
3.33
3.36
3.23
3.16

3.39
3.52
3.06
3.29
3.07

2.99
3.63
2.99
3.33
2.96

contributions bioindication variables, whereby we note that
the moisture gradient with 34.34% contribution has the
greatest impact on the overall pattern of ecological differentiation. Combination of humidity and temperature produces more than a half of cumulative contribution
(59.85%) to the determined differentiation pattern, additionally proving that the hygro-thermal gradient (shown at
the first canonical axis) is the main factor of vegetation variability caused by ecological conditions of studied habitats
shifting apart from each other. The third most important
factor quantified the influence of light regime in the observed coeno-types. With 21.15% it was not much behind
the temperature gradient, and together with the first two
factors it produces 81% of cumulative contribution. When
combined, soil reaction and nitrogen supply in soil produce
only 19% of cumulative contribution, so their influence of
ecological separation of habitats in floodplain and out-offloodplain forest areas is much smaller.

4. DISCUSSION
4.1 Ecological characterization of coeno-types based on indiactor values of floristic composition

Environmental factors in forest communities are very
complex due to the overlapping of species’ niches [46, 47].
Plant ecologists know about the varying habitat requirements of the organisms investigated by them [26]. Biological indicator involves use of specific reactions of organisms to their environment [23]. So the tolerances of the species against certain environmental factors affect their distribution areas. According to [48] synthetic and effective
way of analyzing and expressing ecosystem complexity is
indicator values (Zeigerwerte) proposed for plant species.
According to presented data, the minimum, maximum
and mean bioindication values of all five factors (Table 8.),
expressed on the level of CEG, forest habitats are positioned from the markedly driest subxerophilous to very

TABLE 8 - The minimum, maximum and mean values of bioindication variables and the results of the test of statistical significance in the
difference between the analyzed coeno-types, obtained through One-Way ANOVA and Kruskal-Wallis ANOVA. CEG 16- Pedunculate Oak
and Hornbeam, CEG 15- Pedunculate Oak and Alder, CEG 14 - White Willow and Poplar, CEG 11- Swamp forest of Black Alder
FACTOR

CEG 11

MOISTURE

CEG 14
F (3,168) = 124,929

CEG 15

CEG 16

p= 0, 00 00

Min

3. 54

3. 18

2. 97

2. 66

Max

4.12

4. 02

3. 88

3. 33

Mean

3. 89

3. 60

3. 39

2. 99

TEMPERATURE

F (3,168) = 76,5156

p = 0,0000

Min

3. 02

3. 12

3. 22

3. 31

Max

3. 45

3. 51

3. 72

3. 94

Mean
LIGHT

3. 20

3. 33

3. 52

3. 63

Min

2. 85

2. 88

2. 55

2. 21

Max

3. 94

3. 86

3. 85

3. 28

Mean

3. 29
3. 36
KW-H (3,172) = 16,1617

SOIL REACTION

KW-H (3,172) = 46,8995

p = 0, 00 00

3. 06
2. 99
p = 0, 00 11

Min

3. 03

3. 07

3. 02

3. 08

Max

3. 32

3. 48

3. 58

3. 88

Mean

3. 20

3. 29
p = 0, 00 00

3. 33

NITROGEN

3. 23
KW-H (3,172) = 28,9858

Min

2. 81

2. 86

2. 64

2. 6

Max

3. 39

3. 55

3. 46

3. 29

Mean

3. 04

3. 16

3. 07

2. 96
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FIGURE 4 - The attribute plot of moisture gradient, obtained by CCA for 172 samples, at the level coenoecological groups of forest types (CEG
16- Pedunculate Oak and Hornbeam, CEG 15- Pedunculate Oak and Alder, CEG 14 - White Willow and Poplar, CEG 11 - Swamp forest of
Black Alder

mesophilous, on the transition to hygrophilous. Conditionally the most xerophilous proved to be CEG Pedunculate Oak
and Hornbeam, and expectedly the most hygrophilous CEG
Swamp forest of Black Alder. The overall bioindication
(ecological) positioning of all forest habitats in terms of moisture is prevalent submesophilous-mesophilous character.
The gradual change of bioindication-determined humidity gradient in each of 172 samples for four CEG may be best
studied from the attribute plot derived through canonical
correspondent analysis (Fig.4.). The attribute plot also
shows average bioindication values for humidity in each
CEG as well as the direction of gradient and the lowest and
highest bioindication values at that gradient. The identical
analogy based on the performed analysis and bioindication
values (Table 8), we can consider the ecological position and
the character of the coeno-types for other factors.
Vegetation plays an important role in forming the thermic regime of the habitat as its surface collects radiation
from sunshine, reflecting, passing and absorbing it, changing it to heat energy. In any case, the thermic balance of an
area is greatly dependent of type and impact of plant cover
[49]. In our study, the plants have proven to be an excellent
indicator of the thermal gradient on the different habitats
outside the floodplain and within floodplain forest areas.
CEG have shown completely opposite ecological arrays regarding the humidity gradient and the thermic gradient. As
humidity decreases, the thermic regime of the habitat gradually increases.
CEG Swamp Forest of Black Alder proved to be relatively the most frigoriphilous, and expectedly the most

thermophilous was CEG Pedunculate oak and Hornbeam,
while the total bioindication positioning researched forest
habitats in terms of temperature with the prevailing mesothermic character.
This is a reflection of greater participation of flora in
the transitional indicator group between the mesothermophilous and termophilous species, primarily the dominant phanerophytes and also numerous hemicryptophytes
and therophytes in particularly arid forest habitats CEG Pedunculate Oak and Hornbeam and most of habitat of CEG
Pedunculate Oak and Alder.
Bioindication analyses of the four coeno-types have
also shown clear differentiation regarding the light regime
into two more homogenous groupings. The first group includes the more heliophilous associations of CEG Swamp
forest of Black Alder and White Willow and Poplar, while
the second group includes the relatively more sciophytic
associations of CEG Pedunculate Oak and Alder and Pedunculate Oak and Hornbeam. The studied forest habitats
were generally predominated by semi-sciophytes, as plants
of semi-shaded areas. According to [42] they cannot survive in conditions below 10% of full daylight.
The most heliophytic CEG White Willow and Poplar
is presently dominated by the artificially planted stands of
Euro-American poplars, with much more open canopy (often young plantations where canopy did not have time to
close), enabling penetration of higher amount of direct sunlight. This enables a more appropriate light regime for development of more heliophytichemicryptophytes and therophytes, which particularly quickly conquer the bare ground
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left after complete timbering used in this coeno-type more
intensively due to quicker turnover in plantation husbandry.
Narrow-leaved ash as a dominant first-stratum species
with high abundance and cover values in CEG Swamp forest of Black Alder is a pronounced indicator of heliophytic
character of this coeno-type when compared to the relatively sciophilous stands of CEG Pedunculate Oak and Alder, particularly Pedunculate Oak and Hornbeam. Conditionally the most sciophilous CEG Pedunculate Oak and
Hornbeam, with the mean indicator value derived by pondering to 2.99, is characterized by the much greater abundance and cover by semi-shade species concentrated in the
developed and often thick stratum of bushes, as well as the
species from tree stratum that behave like sciophytes for
most of their lives, particularly Hornbeam and smallleaved and large-leaved linden.
The mean indicator values of soil acidity, determined
by the floristic composition in all studied coeno-types
shows that these forests provide suitable conditions for successful development of most species belonging to the ecological group of neutrophilous plants, which are always
recorded at neutral to weakly acidic soil. The range within
this bioindication variable is just negligible, and the overall
positioning of studied forest habitats regarding the soil reaction indicates neutrophilic character. CEG Swamp forest
of Black Alder proved to the most acidophilous, developing mostly in most inundated microdepressions, at various
dense gley soils, which [50] characterized as having irregular aeration, and they are mostly more acidic. Most localities of this coeno-type in Ravni Srem are presently dominated by Fraxinus angustifolia. [51] found that swamp forest species, especially canopy species in swamp forests
(Fraxinus angustifolia varoxycarpa) studied, can tolerate
higher soil pH, although it grows better in more open soils
with a lower pH.As expected the opposite positioning on
the gradient reaction of soil has shown the most xerophilous CEG was Pedunculate Oak and Hornbeam which has
the most basophilous character.
Nitrogen is known as the most important macronutrient in terrestrial ecosystems [23]. IVs for soil N concentration are a good indicator of productivity and nutrient availability and also refer to the degree of mobilization of accumulated nitrogen in the soil [52].
It is known that plants use nitrogen in ammonia and
nitrate forms, where the ammonia form of nitrogen mostly
forms in the most humid coeno-types in far less suitable
environment, where anaerobic conditions are constant in
permanently flooded and marsh soils, as all pores in such
soils are clogged by water. Presence of oxygen is in constant deficit, so aeration in this area is particularly small.
Therefore, according to [53], where the conditions for decomposition of organic matter are less favorable, ammonia
form of nitrogen appears. The ammonia ions are absorbed
quite significantly and therefore remain in the soil for a
longer period of time. This was shown to be consistent with
the determined bioindication values in our analysis, as the
indicator values in the floristic composition show existence

of not highly pronounced but still present differences in nitrogen soil supply among the studied coeno-types. Thus the
character of forest habitats ranging from transitional oligotrophic-mesotrophic character mostly in driest CEG Pedunculate oak and Hornbeam, which proved to be conditionally the most nitrophobous to transitional mesotrophiceutrophilous character in the most nitratophilous CEG
White Willow and Poplar and Pedunculate oak and Alder,
which are in conditions of high humidity. The overall character regarding nitrogen supply in the soil is mostly determined by the mesotrophic group of plants in all coenotypes, indicating soils with moderate richness in mineral
materials.
4.2 Ordination of species regarding the hygro-thermic gradient

Plant species are tightly constrained by the climatic regime under which, and the soil type on which, they grow.
Plants often reflect temporally integrated environmental
conditions and are therefore particularly useful indicators
when values averaged over time are needed [54]. In Europe, the indicator value approach has been used for many
years. It is based upon the principle that individual plant
species can be associated with a particular range of conditions, for example pH, site moisture and soil fertility, and
on this basis can be given values denoting the position
along environmental gradients at which each, on average,
reaches peak abundance [55].
Our analyses have shown rapid increase of humidity
from the driest habitats predominating in CEG Pedunculate
Oak and Hornbeam, where in addition to significant participation of submesophytes most localities are predominated
by high cover values of subxerophytic species, to the most
humid forest types, particularly CEG Swamp forest of
Black Alder and certain localities of CEG White Willow
and immediately along Sava river, where in addition to the
large number of mesophytes the ground level of flora in
numerous inundated microdepressions is dominated by hygrophytes in terms of cover.
The ordination biplot (Fig. 2.) shows that most adventive species, including the highly invasive species Amorphafruticosa, reach their highest concentration in CEG
White Willow and Poplar, as well as in all humid habitats
with most of CEG Pedunculate oak and Alder iSwamp forest of Black Alder. The False Indigo Bush became a serious
threat to forest areas in lowland regions, where it may
quickly conquer large areas [56]. This species penetrates
the newly-formed forest cultures, and as it grows much
faster and more luxuriant that most species in forest cultures, it exceeds their height, chokes them and leads to their
demise [57].
Besides the False Indigo Bush, this group also includes
the adventive phanerophytes: Fraxinus lanceolata, Fraxinus velitina, Fraxinus americana, Fraxinus pennsylvanica,
Acer negundo, Ailanthus glandulosa and Sophora japonica.
Among the autochthonous phanerophytes, the most humid
part of gradient includes hygrophytes Salix cinerea and Alnusglutinosa, as well as mesophytes Salix alba, Salix amig-
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dalina, Salix fragilis, Fraxinus angustifolia, Populus nigra
and submesophytes Populus alba and all clonal Euro-American poplars.
The Green Ash is a highly flood-tolerant species relative the most other bottomland hardwood forest tree species [58]. Species such as false indigo bush, narrow-leaved
ash, black alder, box elder and green ash belong to the
group with similar ecological optimums, ranging from app.
116 to 136 days of flood period [20]. This primarily indicates that these species are best connected with micro-depression relief, from drained rows of micro-depressions to
greater presence in type of medium and long-term sloughs,
where they are able to properly thrive in completely anoxic
conditions from the zone of rhizosphere to the area far
above the surface of the terrain [20]. According to the ordination biplot, this group also includes numerous hygrophytes from the ground stratum: Mentha aquatica, Rorippa
amphibiaa, Rumex hydrolapathum, Glyceria maxima, Caltha palustris etc., as well as the floating hydrophyte Alisma
plantago-aquatica and the adventive species Aster lanceolatus. Some of the more pronounced mesophytes include:
Lindernia gratioloides, Cardamine pratensis, Arum maculatum, Circaea lutetiana, Juncus effuses, Rubus caesius,
Prunus padus etc.
On the completely opposite end of hydrothermic gradient according to the ordination biplot, there are some species appearing or dominating in CEG Pedunculate Oak and
Hornbeam, while some species in the intermediary part of
ordination biplot belong to the part of most arid habitats of
CEG Pedunculate Oak and Alder. This group includes a
small number of typical xerophytes such as: Asperula cynanchica, Thymus glabrescens. subsp. glabrescens, Teucrium chamaedrys etc., as well as numerous subxerophytes:
Acer tataricum, Asclepias syriaca, Carpinus orientalis,
Convallaria majalis, Fragaria viridis, Erigeron canadensis, Geranium columbinum, Prunus cerasifera, Quercus
cerris, Quercus frainetto, Reseda lutea, Sorbus domestica,
Sorbus torminalis, Viburnum lantana etc., which appear
both in extremely arid and mesophytic habitats. Some of
the most pronounced mesophytes include: Scilla bifolia,
Symphytum tuberosum, Stenactis annua, Ballota nigra,
Rorippa lippizensis, Acer campestre, Carpinus betulus,
Corylus avellana, Crataegus monogyna, Crataegus oxyacantha, Evonymus europaeus, Pyrus pyraster, Quercus
robur subsp. robur, Rhamnus cathartica, Rosa arvensis,
Tilia grandifolia, Tilia parvifolia, Ulmus carpinifolia,
Ulmus procera, Viburnum opulus etc.
4.3 Comparisons with other studies

In the region of Balkans and European continent as a
whole there were numerous studies analyzing the floristic
diversity and vegetation of floodplain forests, and one that
appears in almost all cases is characterization and differentiation of forest habitats according to the indicator value of
appropriate floristic composition. According to [7] Salix
alba and Populus nigra stands (Salicetum albae Issler 26)
along Mura River, occur on the most moist and nutrient-

rich sites. The bioindicator-determined variables for humidity and nutrients were positively correlated. This result
is identical to results of our study, where CEG White Willow and Poplar (Salicion albae Soo.40) along Sava River
(although mostly replaced by plantations of various hybrid
poplars), in addition of CEG Swamp forest of Black Alder
(Alnion glutinosae Malc. 29), which is represented by forest of narrow-leaved ash and grey sallow (Saliceto cinereae Fraxinetum angustifoliae Jov.79 at alpha –beta to beta
gley), have also appeared at the most hygrophilic and most
nitrophilic part of gradients studied for bioindication. According to [7] a completely opposite phenomenon was observed when Quercus robur and Carpinus betulus stands
(Fraxino-Ulmetum effusae Slavnić 1952 quercetosum robori subass. nova hoc loco) along Mura River were recorded
in the most arid and nutrient-poor habitats. This matches
our results, where CEG Pedunculate Oak and Hornbeam
(Carpinion betuli ilyrico moesiacum Horv. 56 suballiance
Quercetion roboris planarum Rauš.76) at Ravni Srem,
according to indicator values of recorded flora, also shows
the relatively most xerophilous and the most oligotrophic
character.
One of the floristic and ecological studies was also performed in floodplain forests of the NW Trace (Turkey).
The ecological conditions are estimated by bioindicator
values and the gradient from wet and nutrient rich forests
to mesic and nutrient poor forests is presented. Within the
study area of Igneada it was concluded that: In the wettest
sites, forests dominated by Alnus glutinosa and Fraxinus
angustifolia appear; on wet and nutrient rich sites along
rivers there are forests dominated by Ulmus laevis and
Fraxinus angustifolia; on wet and less nutrient rich sites
Ulmus minor and Fraxinus angustifolia appear; on humid
sites Fraxinus angustifolia and Carpinus betulus thrive and
on mesic sites Carpinus betulus forests appear [32]. This
study has also shown that humidity is the main ecological
factor in differentiation of floodplain forests. The thermic
gradient also turned to be important. Humidity is positively
correlated with gradients of light intensity and nutrient supply in soil, while it has opposite direction to the temperature gradient of studied floodplain forests. All this is
matching the results of correlation in these gradients shown
in our own study.
The next study used for comparison with results of our
study pertains to the floristic composition as an indicator
of identical lowland forest ecosystems in Posavina, involved the central part of Žutica Forest in Croatia. According to [18], the associations dominated by black alder and
narrow-leaved ash proved to be most hygrophilous, while
the most xerophilous ones were the typical stands of pedunculate oak and common hornbeam. Stands of pedunculate oak and brush Genista elata occupy an intermediary
position at the hygrophilic gradient. This result is consistent even with distribution of whole coeno-types in our
analysis and most forest types forming CEG.In our sample
even the very type of Pedunculate Oak forest (Quercetum
roboris caricetosum remotae) in depressions on pseudogley-
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gley, with characteristic bush species Genista elata within
the CEG Pedunculate Oak and Alder, is also at the middle of
bioindication gradient of humidity. In the studied forests of
Croatia, the gradient of light regime (leading to more heliophytic habitats) and gradient of nutrition level (toward the
more eutrophic habitats) are positively correlated with the
humidity gradient, just as shown by the bioindication analyses of our coeno-types.
However, the determined temperature and soil reaction
gradients in the studied lowland forests of Croatia are differently distributed and in opposite ratio to our study and
numerous other bioindication studies of lowland floodplain
forets. The most hygrophilous forests with black alder and
narrow-leaved ash turned out to be the most thermophilous
and most basophilic. As such hygro-thermal gradient is not
very common for habitats of lowland floodplain forests of
our region, it must be mentioned that results based on Ellenberg’s indicator values may be unreliable to a certain
level. In fact, Ellenberg determined the indicator values for
plants in one part of Central Europe, while the deviation of
his scale (for some of the factors more than for the others)
for many species gradually becomes larger and more frequent as distance from area of Central Europe increases.
Vukelić [30] indicated such problems, stating that relationships of habitat temperatures and plant species follow different rules in Central Europe than here in its southern and
southeastern part, and that further research and bioindicator evaluation of a much larger number of samples should
indicate the direction in which the scale should be corrected in this part of Europe.
According to [33], the floodplain forests between the
villages of Rusovce and Čunovo (Slovakia) to the association Fraxino pannonicae – Ulmetum Soó in Aszód 1936
corr. Soó 1963, the temperature peak is located almost exclusively around mesothermophilous species. Soil moisture factor exhibits a broad peak between 5 and 6 Ellenberg’s scale indicating a preference of mesophilous to hygrophilous species.General, bioindication finding for this
association, located next to the Danube is almost congruent
with the overall bioindication character for these two factors in the researched coeno-types of our area.
Duoda has also studied the main ecological gradients
responsible for the variation in the vegetation of alder carr
and floodplain forests in Czech Republic. The most important factors affecting this variation were temperature
(for Alnionin canae), and nutrient availability, moisture
and soil reaction (for Alnion glutinosae) [31]. Within the
alliance Alnion glutinosae Malcuit 1929, light gradient is
positively correlated to humidity gradient. Relationship of
these two gradients is consistent with the bioindication result of our coeno-types, indicating that floodplain forests
of different types distributed at the most hygrophilous part
of the gradient are at the same time also positioned as the
most heliophytic. Within the alliance Alnionin canae
Pawłowski, Sokołowski et Wallisch 1928, temperature, humidity and light level were shown to be the main ecological
factors causing vegetation variability within that alliance.

Gradients of these three factors turned to be key factors in
ecological differentiation of our coeno-types as well.

5. CONCLUSIONS AND RECOMMENDATIONS

The applied CCA model indicates that there are different degrees of floristic discontinuity at the level of all studied coeno-types in regard to all set bioindication gradients,
which actually represent average indicator values determined by pondering for each species in each sample. The
greatest differentiability was recorded between the ordination scores of CEG Pedunculate Oak and Hornbeam and
CEG Swamp forest of Black Alder. CEG Pedunculate Oak
and Hornbeam positioned in out-of-floodplain area is in
much more xerophytic and thermophilous conditions, with
a greater contribution of sciophytic species. These habitats
are also more nitrophobic and basophilic. The CEG Swamp
forest of Black Alder is situated in an almost permanently
inundated area at the extreme hygrophilic part of gradient.
It is conditionally the most frigoriphilic, with a significant
representation of heliophytes, certainly more acidophilic
and nitrophilic. The bioindication matrix has indicated
high levels of similarity between CEG White Willow and
Poplarwith swamp forest of black alder, while CEG Pedunculate Oak and Alder occupied an intermediate position indicating mostly those forest habitats where ecological conditions overlap all other coeno-types.
The pondered indicator values at the level of each coenotype indicate their present overall ecological character. Regarding humidity, the dominant are the mesophilous to submesophilous forest habitats, positioned at the temperature
gradient mostly as mesothermic and at the light gradient as
semi-sciophilous. According to nutritive value (content of
nitrogen in soil), these are mostly mesotrophic habitats,
while according to soil reaction they are mostly neutrophilic.
The effective forest management, respecting biodiversity maintenance, must be based on ecological and floristic
differentiation and characterization of forest types, consequently these ecological research bioindication gradients
based on indicator values of floristic composition may be
well used for the practice of breeding and management of
forest stands. Also, this research is suitable for adaptation
management assessment to use the umbrella species theory
according to ecological conditions. The Umbrella species
theory [59] seems to be suitable and applicable for suggestion of management principles of various floodplain forest
habitats, as Machar demonstrates [60, 61]. The most useful
umbrella species of floodplain forest communities should
be woody plants within the vascular plants [62]. As floodplain forests in Europe are fragile and increasingly threatened by anthropogenous pressure, there is a growing need
for an increasing degree of placing the stands of these lowland floodplain forests under a special conservation regime, thence these ecological research provides a basis for
nature protection and for the sustainable management of
forests in floodplain area of Ravni Srem.
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ABSTRACT

Erodibility indices together with other soil properties
of Atasu Dam watershed in Trabzon, Turkey, were analyzed according to land use regimes (grassland, cultivated
land, coniferous forest land and broadleaf forest land) and
the granite parent material from which the soil develops.
The findings could be applied to future management plans
with the aim of enhancing the ability of Atasu Dam to supply water for drinking, domestic use and irrigation to the
region. Forty sample plots having the same northern aspect
were selected from bordering lands. Cross-section soil
samples from depth levels of 0-10 cm and 10-30 cm were
gathered from the selected sites. Particle size distribution,
soil organic matter (SOM), dispersion ratio (DR), erosion
ratio (ER), colloid-moisture equivalent ratio (C-MER),
structural stability index (SSI), water dispersible clay
(WDC), clay dispersion ratio (CDR), clay flocculation index (CFI), exchangeable cations, exchangeable sodium ratio (ESR), sodium adsorption ratio (SAR) and soil reaction
(pH) analyses were performed. A variance analysis was
carried out in order to determine if the obtained results varied according to land use type. Soil samples from a variety
of sites in areas with granite as parent material were applied
to erodibility indices and the sites were found to be susceptible to erosion. Some other characteristics were also found
to be effective on the erodibility indices, including the relationship of soil organics, which was also considered to be
to a factor of interest in this study. Soils that were developed from granite parent material in areas covered by forest were observed to be more susceptible to erosion. These
results were fairly significant in the context of the study
area of the Galyan-Atasu Dam watershed. This study suggests that incorporating these findings in planning and
management-related activities can potentially lead to improvement of the basin and contribute to the economic life
of the dam.

* Corresponding author

1. INTRODUCTION

Turkey is a water deficient country with a renewable
water potential of 3500 m3 per capita. This corresponds to
approximately half of the world average, which means that
Turkey is not a water-poor country, but it has water constraints [1]. Therefore, large dams and other facilities have
been constructed in order to conserve and control the limited amount of water to be provided for drinking as well as
for utility, irrigation, energy and industrial purposes.
Conservation and planning activities involving the watersheds – on which the dams are built – are very important
for Turkey, a country where approximately 78% of the land
is erosion-endangered at different degrees of severity. Errors in the planning of dams not only reduce their economic
lives, but can also accelerate the disturbance of the natural
balance. In order to keep the adequate amount and quality
of water in a dam at all times, it is necessary to know the
general characteristics of the soils of the watershed and to
determine their susceptibility to erosion as well as to preserve and manage the vegetation in dam watersheds. In a
watershed where different types of land use exist, any planning activities will have an effect on the transportation of
soils; therefore, the factors affecting erosion will differ.
Destruction of forests in dam watersheds leads to soil erosion due to the disturbance of the natural balance of the environment. The resulting sediment accumulations in dams
can shorten their economic lives [2].
The expected function of a dam depends on the type of
land use in its watershed. The most important and desirable
function of a dam is its capacity to accumulate an abundant
supply of water. Conserving dam capacity at all times is
also an important expectation. These two essential features
emphasize the necessity for conserving the soils around the
dams in order to prevent erosion [3]. Prevention of erosion
in dam watersheds together with evaluation of the erodibility
of lands under different uses in the watershed will deter-
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mine the measures to be taken to control erosion. Erodibility is a quality that stems completely from the soil itself,
and indicates its resistance against erosive forces or its propensity to erosion [4].
Erodibility of the soil is defined as the vulnerability or
susceptibility of the soil to erosion [5]. Moreover, Lal [6]
had observed earlier that soil erodibility was the measure
of a soil’s susceptibility to particle detachment and
transport by agents of erosion. A number of factors such as
the physical and chemical properties of the soil influence
soil erodibility. In very deep, weathered soils with high
rainfall intensity, there is the need to constantly monitor the
soil erodibility in order to design and implement soil conservation measures if catastrophic soil erosion is to be
avoided [7].
Soil erodibility, aggregate stability and crust formation
are influenced by the susceptibility of the clay fraction to
disperse in water [8]. Dispersion of clay in water is influenced by the organic matter content and the presence of
iron and aluminium oxides. Most of the soil properties that
relate significantly to aggregate stability are those involved
in clay dispersion [9]. Some researchers have reported on
the relationship between aggregation and soil properties
[10-12].
This study was conducted in the catchment of the
Atasu Dam that was built on the Galyan Stream in the Eastern Black Sea Region of Turkey. The study aimed to present the erosion propensities (erodibilities) of the soils developed from the granite parent material in the dam watershed and to determine the relationships among other soil
characteristics as well as with the different land uses. Although the Eastern Black Sea Region, where the study was
conducted, receives the most precipitation in the country,
due to its geomorphological structure, it is one of the
poorer regions in terms of springs and groundwater potential. Therefore, the amount and quality of the water accumulating in dams will potentially be used to meet all the
water needs of the area. The quality of the surface water is

threatened by the soil erosion and transport occurring in the
region under the influence of its geological structure, topography and climatic characteristics.
Erodibility indices of the soils that are under different
types of land use together with the data regarding the variation of some soil characteristics will provide significant
contributions to soil conservation planning, flood and landslip prevention, land classification, functional silviculture
and rural development that will be carried out in the dam
watershed. Furthermore, this information will constitute a
base for similar watershed studies to be done in the future.
2. MATERIALS AND METHODS
2.1 Study Area

The Galyan-Atasu Dam was constructed in order to
supply drinking, utility and industrial water to meet the
needs of Trabzon and a number of its districts for a projected 35 years. The reservoir covers an area of 0.83 km2,
has a storage capacity of 37.5 million m3 and was planned
to provide 91 million m3 of water a year [13]. In addition,
electrical power is generated at the convergence point of
the Galyan and Şimşirli streams.
The study site encompasses 2978.23 ha on Kaçkar
granitoid in the Galyan and Şimşirli stream watersheds [14]
between 39o 40’ – 39o 45’ east longitudes and 40o 42’– 40o
47’ north latitudes (Fig. 1). Geomorphological, the watersheds have the characteristics of high mountainous terrain
and are generally perpendicular in nature with scattered
steep, rocky terrain and there are granite bedrock outcrops
on the Kaçkar granitoid formation in the area of the watersheds [15].
The study area lies to the north of the Colchis part of
the Euxine–Colchis flora region of the Holarctic terrestrial
ecozone, within the A7 square, according to Davis' [16]
grid system [17,18]. Picea orientalis and Fagus orientalis
are the dominant tree species in the Galyan and Şimşirli

FIGURE 1 - Location of the research area
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FIGURE 2 - Land use on granite parent material in Atasu Dam watershed

watersheds. Alnus glutinosa, Carpinus betulus, Abies nordmanniana, Castanea sativa, Pinus sylvestris, Populus
nigra-Populus tremula, Buxus sempervirens, as well as
Quercus and Corylus species are found in small groups or
clusters, pure or mixed [14]. In the subwatersheds that were
chosen as the location of the study, the coniferous forest
areas are dominated by Picea orientalis and the broadleaf
forest areas by Alnus glutinosa ssp. barbata. Conventional
agriculture is practiced and annual vegetables are grown in
cultivated areas; the grassland areas are characterized by
dense growth of meadow grass and fodder crops (Fig. 2).
2.2 Methods

A total of 40 area samples were taken, 10 from each of
the four different land use types (broadleaf forest, coniferous forest, cultivated, grassland) on the granite parent material in the research area.
From each of the 40 area sites, two soil samples, one
at a depth of 0-10 cm and another at 10-30 cm, were collected, for a total of eighty soil samples. These soil samples

were air dried, sieved through a 2-mm mesh and analyzed
as described below.
Particle size distribution of the less than 2-mm fine earth
fractions was measured by the hydrometer method as described by [19]. The clay obtained from the particle size
analysis using a chemical dispersant was regarded as total
clay (TC), while the clay and silt obtained after particle size
analysis using only deionized water were considered as water-dispersible clay (WDC). Soil pH was measured in a suspension of 1:2.5 soil: pure water. The soil organic carbon
was determined by the Walkley and Black method described
by [20]. Exchangeable cations were determined by the
method of [21]. Exchangeable sodium percentage (ESR)
was calculated using the equations (1) and (2). The clay-dispersion indices were calculated using the equations (3) - (5).
The higher the CDR and DR, the greater the soil’s ability
to disperse, while the higher the CFI, the better aggregated
the soil becomes. The colloid-moisture equivalent ratio (CMER), erosion ratio (ER) [22], and structural stability index (SSI) [23] were also determined.

ESP=(Exchangeable Na+ )/(Exchangeable Ca++ +Mg++ + K+ )
++

(1)

SAR=Na+ / Ca + Mg+K+ /2

(2)

Dispersion ratio DR =(WDSi+WDC)/(Silt+Clay)

(3)

Clay dispersion ratio CDR =WDC/Clay

(4)

Clay flocculation index CFI = TC‐WDC /Clay

(5)
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Relationships between selected erodibility indices and
other soil properties were tested using Pearson's correlation
with statistical significance set a priori at p˂ 0.05. Analysis
of variance (ANOVA) was used to compare variations in
erodibility indices and soil properties of different land use
types with significance set at p˂0.05 (Duncan). All the statistical analyses were performed using SPSS 15.0 for Windows [24].
3. RESULTS AND DISCUSSION

The study was carried out in the area around a dam
constructed in the Galyan watershed that provides drinking
and utility water to Trabzon and its surroundings. The land
use characteristics in the dam watershed and the erodibility
values of the soils in the area and their physical and chemical characteristics all have effects on the quality and quantity of the water reaching the dam reservoir.
Using one of the multiple comparison tests, the Student–Newman–Keuls test, a variance analysis was performed on all soil samples regardless of their physical
characteristics and the erodibility values of the soils. The
ratios of sand, silt and clay in the soils of the research area
varied according to land use. The ratio of sand had the
highest value (80.7%) in the soils of broadleaf forests, followed by grassland soils (73.5%) and coniferous forest
soils (73.3%). Agricultural soils showed the lowest sand
ratio (67.5 %). While grassland soils and coniferous forest
soils were similar in terms of sand ratio, agricultural soils
and broadleaf forest soils were quite different (Table 1).
Other studies have found sand ratios to be higher in
beech forests compared to other types of land use [25]. Soil
silt and clay ratios also differed according to land use. In
agricultural soils, which had the lowest sand ratio, the silt
and clay ratios were found to be the highest compared to
other land uses. Since the sand, silt and clay fractions of
soils are dependent upon each other, this situation had been
anticipated. However, this was important since variations
in the ratios of these fractions alter soil erodibility values.
High sand ratios and low silt and clay ratios in soils increase the propensity for erosion. Positive correlations between erodibility values and coarse fractions in soil have
been reported [26, 27]. When the erodibility values were
considered, the soils under all land uses were susceptible
to erosion (Table 1). However, the erodibility indices were
found to be higher in the soils of broadleaf forest areas,
where sand ratios were high and silt and clay ratios were
low. The DR and ER erodibility indices were the highest in
the soils of broadleaf forest areas, with values of 24.7 and
83.3, respectively, and the lowest were in agricultural soils
as 19.8 and 32.2, respectively. Erodibility values were
found to be highest in the soils of broadleaf forest areas
where clay ratios were the lowest (8.8%), while they were
lowest in agricultural soils where clay ratios were high
(15.9%). In previous studies, clay ratios were observed to
be higher in agricultural soils compared to other land uses
[28]. The high ratio of clay in agricultural soils can be

linked to the high magnitudes of physical and chemical decomposition present in cultivated areas. Moreover, the use
of animal manure in areas where tillage is practiced prevents clay from being leached [29]. It is known that land
use affects the ratio of clay in soils [30], and that soils with
a ratio of clay in the range of 9-30% are more susceptible
to erosion [31]. The ratio of clay in the soils of the study
area fell within these limits, thus showing the soils under
all land uses to be susceptible to erosion.
When DR values are higher than 15, ER values higher
than 10, and C-MER values lower than 1.5, soils are susceptible to erosion [22]. In addition to these erodibility indices, structure stability index values are also used to evaluate structural reliability. Soils with SSI values lower than
40% are classified as highly erodible soils; those with
higher SSI values are classified as moderately erodible
soils [23, 32].
Soils of the research area did not differ significantly according to land use in terms of average DR values (Table 2).
The DR was higher than the limit value, i.e., 15, in the soils
under each of the four land uses in the study area. The highest DR found was in broadleaf forest soils (24.7); the average DR values of grassland soils, coniferous forest soils
and agricultural soils varied as 22.4, 21.3 and 19.8, respectively. Therefore, the soils under all these land uses were
susceptible to erosion; however, the broadleaf forest soils
were more susceptible.
The ER values of the soils were higher than 10, which
is the limit value, for all land uses; thus, the soils were also
susceptible to erosion in terms of this erosion index value.
The highest average ER value (83.3) was found in broadleaf forest soils. For other land uses, the average ER values
varied in grassland soils, coniferous forest soils and agricultural soils as 64.6, 58.9 and 32.2, respectively. The soils
differed according to land use in terms of average ER values; however, the values of broadleaf forest area soils were
closer to those of grassland and coniferous forest areas.
The SSI values of the soils indicated that the soils had
the characteristics of being highly erodible. The soils
which were most susceptible to erosion were the soils of
broadleaf forest areas. According to this index, the agricultural soils in the research area were less susceptible to erosion than the soils under the other land uses. According to
statistical analysis, the SSI values of soils under different
land uses were found to differ from each other; however,
broadleaf forest soils were more similar to grassland soils
and coniferous forest soils to agricultural soils.
The soils of the research area fell into the class of erosion susceptible soils in terms of their colloid-moisture
equivalent values as well. The colloid-moisture equivalent
values of the soils were lower than 1.5, which is the limit
value (Table 2). The lower the colloid-moisture equivalent
value drops below 1.5, the more susceptible to erosion the
soils become. According to this erosion index, broadleaf
forest soils were more susceptible to erosion (C-MER =
0.33) than the others land use categories. The soils of the research area sites varied in terms of colloid-moisture equiva-
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TABLE 1 - Erodibility indices of the soils that are under different types of land use in Atasu Dam watershed and variance of soil characteristics

Sand (%)
Silt (%)
Clay (%)
WDC
DR
ER
SSI
C-MER
CDR
CFI
pH
SOM (%)
Ca (ppm)
Mg (ppm)
K (ppm)
Na (ppm)
Ca+Mg (ppm)
SAR
ESR

Cultivated land
67.5 ± 7.3
16.8 ± 6.2
15.7 ± 3.9 a
3.37 ± 1.38 a
19.8 ± 5.8 a
32.2 ±12.0 bc
25.0 ± 4.8 a
0.65 ± 0.15 a
0.22 ± 0.09 a
0.78 ± 0.09 a
6.06 ± 0.56 a
4.83 ± 1.11 b
937.7 ± 811.5 a
155.7 ± 38.2 a
242.8 ±244.4 a
55.9 ± 20.0 a
1093.4 ±792.6 a
2.63 ± 1.05 b
0.05 ± 0.02 b

Broadleaf forest land
80.7 ± 6.8
10.8 ± 4.1
8.5 ± 4.7 b
2.50 ± 0.83 b
24.7 ± 10.2 a
83.3 ± 58. a
14.5 ± 4.5 b
0.33 ± 0.15 b
0.30 ± 0.15 a
0.70 ± 0.16 a
4.35 ± 0.57 c
6.52 ±1.73 a
147.2 ± 311.8 b
56.5 ± 68.0 c
85.8 ± 32.1 b
67.3 ± 32.2 a
203.6±350.3 b
15.91 ± 15.49 a
0.42 ± 0.31 a

Coniferous forest land
73.3 ± 12.0
15.0 ± 8.6
11.7 ± 5.2 b
2.35 ± 0.91 b
21.3 ± 13.3 a
59.0 ± 46.1 ab
21.4 ± 10.8 a
0.43 ± 0.14 b
0.22 ± 0.15 a
0.78 ± 0.15 a
5.17 ± 0.68 b
6.01 ± 1.66 a
384.4 ± 400.3 b
108.5 ± 63.1 b
149.6 ± 116.8 b
52.5 ± 21.7 a
492.8±445.1 b
5.72 ± 6.81 b
0.15 ± 0.18 b

Grassland
73.5 ± 11.4
13.5 ± 6.3
13.0 ± 5.9 b
2.57 ± 1.09 b
22.4 ± 19.9 a
64.6 ± 58.8 ab
19.5 ± 9.8 ab
0.42 ± 0.18 b
0.27 ± 0.22 a
0.73 ± 0.22 a
5.35 ± 0.88 b
6.29 ± 1.66 a
483.6 ± 461.5 b
104.2 ± 77.1 b
125.0 ± 60.7 b
64.4 ± 26.9 a
587.7±533.0 b
8.74 ± 11.98 b
0.24 ± 0.35 b

F-Ratio
10.944
5.159
12.514
3.491
0.428
3.732
5.990
14.529
1.175
1.160
21.157
4.633
7.774
8.212
4.562
1.489
8.909
5.997
7.602

Sig. level
0.000
0.002
0.000
0.020
0.733
0.015
0.001
0.000
0.325
0.331
0.000
0.005
0.000
0.000
0.005
0.224
0.000
0.001
0.000

TABLE 2 - The relationships between erodibility indices of the soils of the research area and chosen soil characteristics
EO
C-MER
DO
0.843** -0.265*
EO
-0.613**
C-MER
SSI
CDR
WDC
CFI
pH
SOM (%)
Ca++(ppm)
Mg++(ppm)
Na+(ppm)
K+(ppm)
SAR

SSI
-0.689**
-0.785**
0.632**

CDR
0.725**
0.724**
-0.372**
-0.559**

WDC
0.279**
-0.023
0.364**
0.141
0.360**

CFI
-0.726**
-0.724**
0.371**
0.559**
-1.000**
-0.361**

pH
-0.255*
-0.387**
0.484**
0.494**
-0.273*
0.183
0.272*

lent values. While broadleaf forest soils, coniferous forest
soils and grassland soils were similar, agricultural soils,
which had the highest value, were found to be different.
The erodibility index is an important criterion that is
used for indicating the propensity of soil for erosion. Erodibility is a concept that is linked to the soil features. If different soils which are under the influence of the same external erosive factors suffer from erosion in different ways,
this difference stems from the soil characteristics [4, 22].
On the other hand, differences in the erodibility values of
soils which develop from the same parent material may
stem from the effect of diverse environmental conditions
on pedogenesis and soil development. These environmental factors stand out in locations where rich vegetation exists; in arid and semi-arid regions where vegetation is insufficient, distinct characteristics of the parent material
have effects on soil characteristics [26].
Although the land use areas were chosen in the same
aspect group, on the same parent material formation, at the
same level of elevation and on lands that are adjacent to

SOM (%)
-0.041
0.251*
-0.410**
-0.313**
0.147
-0.295*
-0.073
-0.293*

Ca++(ppm)
-0.166
-0.261*
0.308**
0.302**
-0.193
0.100
0.193
0.649**
-0.156

Mg++(ppm)
-0.181
-0.305*
0.317**
0.338**
-0.171
0.258*
0.170
0.691**
-0.249*
0.481**

Na+(ppm)
0.129
0.195
-0.281*
-0.211
0.115
-0.091
-0.013
-0.195
0.399**
-0.186
-0.285**

K+(ppm)
0.059
-0.049
0.163
0.067
0.021
0.108
-0.020
0.265*
-0.051
0.609**
0.169
-0.055

SAR
0.083
0.247*
-0.280*
-0.197
0.137
-0.142
-0.135
-0.382**
0.391**
-0.413**
-0.599**
0.566**
-0.189

(Ca+++Mg++)
-0.177
-0.280*
0.326**
0.322**
-0.201
0.123
0.200
0.688**
-0.174
0.995**
0.566**
-0.207
0.592**
-0.456**

each other, it is interesting that broadleaf forest soils were
more susceptible to erosion. The erodibility index values
of ER, C-MER and SSI applied to the research area, where
the soils had developed from the same granite parent material, were shown to be statistically different according to
land use. This result could stem from the collective interaction of factors such as plants, soil and water. While the
DR values were not statistically different, they varied moderately between 19.8 and 24.6.
Erodibility index values of soils are calculated by making use of the ratios of clay, and silt (dispersed and nondispersed) in the soils and their moisture equivalent values
[22]. Erodibility indices differ according to the variances
that emerge in these soil characteristics. Analysis of variance showed that the total clay, total silt and moisture
equivalent values of the soils were different according to
their land uses (Table 1). Seepage water, which enters the
soil and affects leaching and transport, is a very effective
agent. The chemical characteristics of the soil (pH, replaceable cations, plant nutrients) also contribute to the varying
of the characteristics which affect the erodibility values of
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soils. Average pH values of the soils in the research area
varied between pH = 4.34 and pH = 6.06, the lowest pH
being determined in the soils of broadleaf forest areas and
the highest in agricultural soils (Table 1). The pH values of
the soils differed according to their land uses; coniferous
forest soils and grassland soils were similar, while agricultural soils and the soils of broadleaf forest areas differed.
The dominant species in broadleaf forest areas is alder.
This species of tree fixates atmospheric nitrogen within its
roots. Consequently, as a result of microbial decomposition
of the organic materials, the nitrogen utilized by plants is
added to the soil, thus increasing the total amount of nitrogen in the soil. Due to nitrification brought about by the
microorganisms in the soil, first nitrite, then nitrate is produced, and large amounts of H+ are added to the soil solution. Subsequently, the pH of the soil solution decreases
and the environment acidifies. As the NO3 increases, cation
losses [33] contribute to acidification as well. It should be
noted that the acidity of the soil solution will increase as a
result of the decomposition of the rhododendron litter
found beneath Alder stands. If the average pH of broadleaf
forest soils, in which Alder is dominant, fell to 4.34 (1:2.5
H2O), it would lead to slaking of clay minerals and clay
fractions in the soils [29]. As a result, the total ratio of clay
in the broadleaf forest soils would decrease and their susceptibility to erosion would increase. Due to their higher
cohesions, small particles, especially, are more resistant to
water erosion [25]. In addition to the ratio of clay, the physical and chemical characteristics of clays have a significant
effect on aggregate stability and resistance [34, 35]. With
the increase of the clay ratio in soils, a decrease in DR,
CDR, ER, and CFI values have been reported [36]. Indeed,
the pH of agricultural soils, which among the soils of the
research area were less susceptible to erosion, was found
to be 6.06 and their average clay ratio was the highest
(16%). The pH of the soils of broadleaf forest areas, which
were the most susceptible to erosion, was determined as
4.34 and their average clay ratio was the lowest (8.8%).
The pH values and average clay ratios of the moderately
susceptible coniferous forest soils and grassland soils varied as 5.16/11.8% and 5.34/11.3%, respectively. Coniferous forest soils and grassland soils showed a similarity in
terms of average clay ratios. There were negative correlations between the clay contents of the soils of the research
area and DR, CDR and ER values (p<0.01, r = -0.582,
p<0.01, r = -0.612 and p<0.01, r = -0.788), and positive
correlations between them and CFI, C-MER and SSI values (p<0.01, r = 0.611, p<0.01, r = 0.852 and p<0.01, r =
0.816) (Table 2).
The erodibility is low for soils in which aggregation is
good and aggregate stability is high. A number of factors,
including abiotic, biotic and environmental, are effective in
aggregation [37]. Among these factors are replaceable cations like calcium, magnesium, sodium and potassium. Of
these cations, calcium is one that enables soil to gain a
granular structure. It balances air and water economy by enabling aggregation in the soil, thus increasing soil stability
In other words, an increase of calcium in the soil decreases

erodibility. The average calcium content of the soils of the
research area varied between 147.2 and 937.7 ppm in broadleaf and agricultural soils. The lowest calcium proportion
was in broadleaf forest soils. In addition, DR, and ER values were the highest, and SSI and C-MER values the lowest in this type of land use. There were negative correlations between the soil calcium and the ER values (p<0.05,
r = -0.261), and positive correlations between soil calcium
and SSI and C-MER (p<0.01, r = 0.302 and p<0.01, r =
0.308). It has been reported that an increase of magnesium
cations in the soil would increase stability as well [4]. Consistent with the literature, the correlations found in this
study were negative with ER (p<0.01, r = -.0305) and positive with SSI and C-MER (p<0.01, r = 0.338 and p<0.01,
r = 0.317). A negative correlation was noted between the
amounts of replaceable Ca++ and Mg++ and the erodibility
indices of the soils [38].
The second most important cation having an effect on
soil aggregation is sodium. However, excess amounts of
sodium disrupt the physical structure of the soil, break
down aggregates, and reduce water and air permeability.
Therefore, it decreases stability by increasing the dispersion
of clay [29], thus increasing erodibility. Table 1 shows that the
broadleaf forest areas had the highest average sodium
amounts, and the erodibility was the highest with this land use.
There was a negative correlation (p<0.05, r = -0.281) between
C-MER values and the average amounts of sodium in the
soils. That is, increasing of replaceable sodium decreases CMER and therefore, increases erodibility. It is known that
erodibility rises in parallel with the increasing of replaceable
sodium [39]. No significant relationship was found between
sodium in the soils and other erodibility indices.
In addition to replaceable sodium, sodium adsorption
ratios (SAR) are quite effective in the erodibility of soils.
Clay dispersion and thus, erodibility, increases in soils in
parallel with the increasing SAR [40, 41]. Average SAR
values of the soils in the research area were lowest in agricultural soils, with 2.62, and highest in broadleaf forest
soils, with 15.9. The ER and DR values were also determined to be the highest in broadleaf forest soils; however,
their SSI and C-MER values were the lowest. Analysis of
variance showed that the SAR values were varied. Coniferous forest, grassland and agricultural soils were similar
in terms of SAR values; however, the soils of broadleaf
forest areas were different from the other three land uses
(Table 1). There were negative correlations (p<0.05, r =0.280) between the SAR values and C-MER values of the
soils, and positive correlations (p<0.05, r = 0.247) between
the SAR and ER values. That is, as SAR values increased,
erodibility of the soils of the research area increased. Similar relationships between SAR values and soil erodibility
have been reported [36, 42]. Average ESR values of the
soils were between 0.05 and 0.42. The lowest ESR value
was determined in agricultural soils and the highest in the
soils of broadleaf forest areas.
One of the important erodibility indices of soils is the
CDR [43-46]. As the clay dispersion of soil in water in-
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creases, the propensity for erosion increases as well. Soils
having high amounts of clay that can disperse in water suffer from erosion more easily than soils which have lower
amounts of clay that can disperse in water [47]. An increase
of the amount of clay that disperses in water means an increase of the CDR. As the CDR increases, erodibility increases. This index is in direct proportion to DR and ER
and inversely proportional to SSI and C-MER (Table 2).
Average CDR values varied between 0.22 and 0.30 in the
soils of the research area, where the soils under all land
uses were susceptible to erosion. The highest average CDR
values were determined in the soils of broadleaf forest areas and the lowest in agricultural soils. The CDR values
covered a wide range (0.13-0.96, 0.15-0.80, 0.33-0.88,
0.24-0.80) [7, 9, 36, 40]. The average CDR values of the
soils of the research area did not differ according to land
use (Table 1). It is stated that the degree of clay dispersion
in soils depends on the interaction of replaceable sodium
and ion resistance in soil solution [48]. Thus, replaceable
amounts of sodium, which did not differ according to land
use, could have affected this similarity. Soils of the research area varied in terms of other replaceable cations
(Ca++, Mg++, K+) and average ESR values (Table 1).
The clay-flocculation index (CFI) is another index that
shows the ability of the soils to resist dispersion in water.
The CFI of the soils was low and a direct inverse of the
CDR [36]. Average CFI values of the soils of the research
area varied between 0.70 and 0.78. The CFI values were
similar for all land uses; nevertheless, the lowest value was
in the soils of broadleaf forest areas and the highest value
was in the soils of cultivated areas. There were strong negative correlations (p<0.01, r = -0.726 and p<0.01, r = -0.724)
between CFI values and DR and ER values; however, strong
positive correlations (p<0.01, r = 0.559 and p<0.01, r =
0.371) were present between CFI and SSI and C-MER values.
Organic carbon content has a significant effect on the
chemical and physical characteristics of soil and is one of
the main constituents of soil quality assessment [49, 50].
Organic matter in the soil is quite important for the structural stability of the soil and for its resistance to erosion.
An increase in the organic matter of the soil causes a decrease in soil loss [51-53]. A high organic matter content
decreases the dispersion ability of the soil [11, 54]. Again,
it is known that an increase in organic matter decreases dispersion of soil particles to a considerable extent [55]. On
the other hand, it is stated that a decrease in the organic
matter increases aggregation of the soil [56], while an increase in organic matter depletes the micro aggregates in
the soil [57]. The average amount of organic matter in the
soils of the research area varied between 4.83% and 6.52%.
Agricultural soils had the lowest amount of organic matter
(4.83%). The highest amount of organic matter was found
in the soils of broadleaf forest areas (6.52%); high amounts
were also present in coniferous forest and grassland soils
(Table 1). Broadleaf forest soils, coniferous forest soils and
grassland soils were similar in terms of organic matter,
while agricultural soils were different. As stated before, the

soils under all the land uses were susceptible to erosion.
There were strong negative correlations (p<0.01, r = -0.368
and p<0.01, r = -0.418) between the amounts of organic
matter in the soil and SSI and C-MER value. The negative
correlation (p<0.01, r = -0.295) between the amount of clay
that can be dispersed in water and amounts of organic matter was also interesting. The fact that the soils of broadleaf
forest areas, with the highest average organic matter, were
more susceptible to erosion, along with the negative correlations that resulted from the correlation analysis contradict
the known positive effect of organic matter on the stability
of soil aggregates. However, the positive relationships between SOM and CDR, and DR in the literature [7] are consistent with our study. On the other hand, it is stated that
soil organic matter acts both as a bonding material and a
dispersion medium [58]. According to Emerson [59], organic bonds can hold clay particles together against the osmotic stress induced by the adsorbed sodium. If the bond
is broken and the clay particles are forced sufficiently far
apart, the organic ions act as dispersing rather than as flocculating agents. Another way in which organic matter content can lead to dispersion of clay is when the ratio of fulvic
to humic acid increases, thereby making the organic matter
soluble. This situation was observed by [60] to be responsible for an increase in dispersible clay. The amount of dispersible clay within the water in the soil increased with the
DR/ ER ratio although the SSI, CFI and C-MER were decreased.
4. CONCLUSION AND RECOMMENDATIONS

All of the soils from areas of different land use within
the scope of the research had values higher than the DR
limit of 15 and the ER limit of 10 and thus, were shown to
be susceptible to erosion. The highest ER and DR values
were found in the soils of broadleaf forests. Furthermore,
all the soils of the research area were also determined to be
susceptible to erosion according to other erodibility indices
like C-MER and SSI.
In the Galyan-Atasu Dam watershed, the vegetation
has been extremely decimated, productive capacities have
fallen and the watershed has lost its normal groundcover
because of the excessive, irregular and uncontrolled grazing that has been practiced in the grasslands at high altitudes. As a result of the destruction of the forests around
the watershed for years, erodibility of the soils of the watershed is very high in terms of the structure of the area.
This situation has caused the soil to be eroded and transported. This has rapidly depleted the production power of
the watershed at the same time, thus threatening its future.
Moreover, in terms of geomorphological structure, a large
part of the area is steep-sloped, mountainous terrain, and
severe erosion prevails because of excessive stress. Erosion control management should be started in these areas
soon, and soil losses should be prevented.
Hazelnut plantations constitute most of the cultivated
areas in the entire watershed. Besides agricultural activity,
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alternative means of livelihood (apiculture, poultry and
cattle farming, fisheries, etc.) should be introduced for the
socio-economic development of the people who live in the
watershed. By supporting the people economically, the excessive pressure that is on the soils and forests could be
eliminated.
No wood production-based silviculture should be practiced in the Galyan-Atasu Dam watershed. If it is done, it
should be directed to the production of alder; however, soil
conservation should not be disregarded. Forests should be
created using coniferous species like Abies in addition to
beech or similar broadleaf species rather than species like
alder that negatively affect water quality. By applying such
practices, especially in the areas over the Kaçkar granitoid,
soil acidification could be prevented to a certain extent. In
the event that the soils of the watershed are not conserved,
the soils that are sensitive to erosion will be transported and
the water storage capacity of the dam will be reduced. In
parallel with this, the life of the dam will be shortened. The
necessary scientific, technical, administrative, legal and socio-economic measures must be taken in order to overcome
the problems in the watershed.
The authors have declared no conflict of interest.
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ABSTRACT

Concentrations of eight heavy metals (Cu, Ni, Zn, Cd,
Cr, Hg, As and Pb) in the surface sediments and roots, stems
and leaves of three mangrove plant species (Aegiceras corniculatum, Kandelia obovata and Acanthus ilicifolius) from
the mangrove of Maowei Gulf, South China were measured
in this study. Heavy metals in surface sediments in the
mangrove of Maowei Gulf were: Zn (59.85±14.40 mg·kg-1),
Cr (30.02±5.79 mg·kg -1 ), Cu (24.81±19.19 mg·kg -1 ),
Pb (18.31±3.85 mg·kg -1 ), As (11.56±4.28 mg·kg -1 ),
Ni (9.24±3.77 mg·kg -1 ), Cd (0.34±0.26 mg·kg -1 ),
Hg (99.85±37.25 μg·kg -1 ). And the concentration of
heavy metals in space presented inside > edge > outside
except Cd. High accumulations of most heavy metals were
observed in the root tissues while much lower concentrations
of heavy metals in other tissues. The results showed that
mangrove plants have the same distribution of these eight
heavy metal elements and the roots of mangrove plants
could strongly immobilize the heavy metals in the Maowei
Gulf. Enrichment coefficient showed that the enrichment
ability of roots in heavy metals was stronger than other organs in Aegiceras corniculatum and Kandelia obovata,
while the enrichment ability of stems in heavy metals was
stronger than other organs in Acanthus ilicifolius.
KEYWORDS:
Heavy metals; Mangrove; Sediments; Maowei Gulf

1. INTRODUCTION

out the world [4]. The accumulation of heavy metals in
mangrove sediments has been reported in the whole world
[1, 5-9]. Differences in heavy metal concentrations in mangrove are a result of the combined action of many factors
[10-11]. The heavy metal content in mangrove sediments
generally showed Fe>Mn>Zn>Cu, Pb>Ni>Cd [9, 12]. However, the heavy metal content of different mangrove sediments is varied widely, and the same heavy metal content of
mangrove wetlands showed large differences between different positions [5, 13-14]. In addition, heavy metals may
be accumulated by mangrove plants and concentrated in
exported dead plant materials, which are important food
sources for higher organisms in estuarine food chains [1516]. Content of heavy metals in the mangrove plant tissue
are lower than those in sediments [9, 14].
The Mangrove of Maowei Gulf is situated in a Regional Nature Reserve in Qinzhou Harbor, Guangxi Province, which was established in 2005, and was listed as the
first five National Ocean Park in China in 2010. Both the
mangroves and the associated mudflats are important feeding, nesting, and staging grounds for birds, fish and benthos
[17-19]. Industry and harbor along the coast in the Beibu
Gulf of Guangxi Province have been developed rapidly
since 2006, and Qinzhou Harbor Bonded Area was authorized in 2008, which would speed up coastal industrial development and increase environmental pollution along the
coast, such as heavy metal pollution [20].
Therefore, the concentrations of eight heavy metals
(Cu, Ni, Zn, Cd, Cr, Hg, As and Pb) in the sediments and
different parts (root, stem and leaf) of three mangrove
plants (Aegiceras corniculatum, Kandelia candeland
Acanthus ilicifolius) were measured in this study, (1) to assess the extent of contamination by these metals; (2) to
clarify accumulation and distribution patterns in mangrove
plants; and (3) to evaluate the risks posed by heavy metal
contamination to this mangrove ecosystem.

Mangroves are woody plant communities that are considered as important inter-tidal estuarine wetlands of tropical and subtropical coasts [1]. Mangroves are at risk from
environmental pollutants, especially heavy metals that are
associated with a diverse range of anthropogenic activities
including shipping, dredging, and urban wastewater discharge [2, 3]. Mangrove forests are considered to be one of
the highly endangered ecosystems of the world and uninterrupted man-made disturbances ranging from deforestation to
pollution threaten the survival of mangrove habitats through-

2.1 Collection of sediment and plants

* Corresponding author

Sediment and mangrove plants were segregated in distinctive bands of species in the mangrove of Maowei Gulf

2. MATERIAL AND METHODS
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FIGURE 1 - Map of the study area and distribution of sampling sites in the mangrove of Maowei Gulf, South China

(Fig.1). In November 2012, samples of roots, stems, and
leaves of three representative adult plants of each species
were collected, together with sediment samples from outside the forest to inside where close to each sampled plant.
The sediment and plant samples were separately stored in
clean, acid-washed plastic sample bags until transportation
to the laboratory.
2.2 Sediment property analysis

Sediment samples were air-dried at room temperature
and grounded with an agate pestle and mortar to pass
through a 100-mesh sieve. Sediment properties, including
the organic matter content, pH, and the moisture content
were measured based on the methods described National
standard in China [11, 21-22].
2.3 Analysis of heavy metals

Each sediment sample was digested with a 10-ml mixture
of HNO3-HF-H2O2(4:4:2v/v) (120 /5min-150 /5min185 /30min) in a MARS 5 microwave oven. All plant
samples (root, stem and leaves) were thoroughly washed,
oven-dried at room temperature. Each sample was then digested with a 10-ml mixture of HNO3-H2O2 (8:2v/v) (120 /
5min- 150 /3min-180 /20min) in a MARS 5 microwave
oven.
After digestion, samples were allowed to cool at room
temperature, diluted to a volume of 25ml with deionized
water. Contents of Cu, Pb, Zn, Cr and Ni were determinate

by ICP-OES (PE-Optima 7000DV), Cd was detected using
graphite furnace atomic absorption spectrometry (Atom
Absorption Spectrometer PE-AA700) and Hg, As was detected by atomic fluorescence spectrometry (SA-20), respectively. The precision of the analytical procedures for
sediment and plant material was assessed using a certified
reference material (GBW07318 and GBW10015, respectively, provided by Institute of Geophysical and Geochemical Exploration, China). The percentage recoveries of sediments and plants for all the analyzed heavy metals were
90.06%-93.75% (Cu), 93.41%-105.92% (Zn), 85.94%106.02% (Cr), 79.34%-80.79% (Ni), 76.35%-78.14% (Pb),
99.10%-113.41% (Cd), 80.35%-106.53% (Hg), 79.32%82.65% (As) for sediments and 103%-113% (Cu), 84.98%93.67% (Zn), 100.94%-116.56% (Cr), 78.15%-88.93% (Ni),
92.47%-103.63% (Pb), 93.32%-106.37% (Cd), 72.55104.88% (Hg), 90.15%-112.47% (As) for plants.
2.4 Statistical analysis

The mean and standard error (SE) of the heavymetal
concentrations of all sample types were calculated. Correlation analysis was then applied to assess the relationships
between heavy metals and heavy metals, heavy metals and
soil property in sediments. To compare the ability of the
roots, stems and leaves of different species to accumulate
the heavy metals, enrichment coefficient of heavy metals
were calculated by dividing the concentration of each metal
in each plant part by the concentration of the respective
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metals in sediments [23]. All statistical analyses were performed using SPSS 16.0 (SPSS Inc., USA).

3. RESULTS
3.1 Physical properties of the sediments

The pH in all the sediment samples were acid to neutral, varying from 4.96 to 7.50. The average content of organic matter and moisture in sediment were 6.58%±2.04%
and 5.52%±1.88%, respectively. Besides, the pH decreased
from outside the forest to inside the forest, while the content of of organic matter and moisture in sediment were adverse, which increased from outside the forest to inside the
forest.
3.2 Heavy metal concentrations in sediments

The mean metal concentrations of heavy metals in surface sediments of the mangrove of Maowei gulf were found
in the order Zn>Cr>Cu>Pb>As>Ni>Cd>Hg (Table 1),followed by Zn(59.85±14.40 mg·kg-1), Cr(30.02±5.79 mg·kg1
),Cu (24.81±19.19 mg·kg -1 ), Pb(18.31±3.85 mg·kg 1
), As(11.56±4.28 mg·kg -1 ), Ni(9.24±3.77 mg·kg -1 ),
Cd(0.34±0.26 mg·kg-1), Hg(99.85±37.25 μg·kg-1). The
variation coefficient of Cu was largest, and followed by
Cd, while the Cr was minimal. The concentration of heavy
metals presented a gradient with inside > edge > outside in
space except Cd.
There was no significant variation tendency in concentrations of Zn, Cr, Ni, Pb and Hg of the heavy metals spatially. The concentration of heavy metals at S10 inside of

the mangrove was higher than those at S8, S9, S17 outside
of the mangrove, which indicated those heavy metals were
likely to accumulate in sediments in the mangrove. Compare the content of Cu, Zn, Cr, Pb, Cd, Hg and As in the
surface sediment with the national marine sediment quality
standard in China (GB18668-2002) [24], Ni with soil environmental quality level of standard (GB 15618 -1995) [25],
10% of the samples in the Cu, 20% of samples were higher
than first criteria, but lower than second standard, Zn, Cr,
Pb, Hg, As and Ni were less than first criteria. Correlation
analyses showed that the concentration factors for the eight
heavy metals in sediment were mostly positive correlated
except pH and Cd (Table 2).
3.3 Heavy metals concentrations in mangrove plants

The concentrations of most heavy metals were substantially higher in the roots than in other parts for mangrove plants (Table 3). And different heavy metals presented different concentration in different mangrove
plants. For instance, content of heavy metals was in the order of Zn > Cr > As >Pb> Cu > Ni > Cd > Hg in Aegiceras
corniculatum, Zn > Cr > Cu > As >Pb> Ni > Cd > Hg in
Kandelia candel, andZn > As > Cr > Cu >Pb> Ni > Cd >
Hg in Acanthus ilicifolius, respectively. Thus, limited
amounts of the metals were transferred to the branches and
leaves. There were statistically significant differences in
the concentration factors of all plant parts among different
plant species, implying that there were differences in the
ability of heavy metal absorption and transportation among
these mangrove species.

TABLE 1 - Concentrations of heavy metals in surface sediments in the mangrove of Maowei Gulf

Outside
Edge
Inside
Average

Cu
(mg.kg-1)
21.18±23.05
25.68±15.77
26.82±19.35
24.81±19.19

Zn
(mg.kg-1)
49.38±13.37
63.74±14.08
64.32±11.45
59.85±14.40

Cr
(mg.kg-1)
24.82±4.85
32.11±5.25
32.09±4.37
30.02 ±5.79

Ni
(mg.kg-1)
6.99±4.29
9.89±3.59
10.27±2.87
9.24±3.77

Pb
(mg.kg-1)
15.48±4.23
19.18±3.53
19.68±2.62
18.31±3.85

Cd
(mg.kg-1)
0.32±0.27
0.29±0.22
0.41±0.28
0.34±0.26

Hg
(μg.kg-1)
73.33±26.30
110.34±36.61
110.56±35.92
99.85±37.25

As
(mg.kg-1)
11.28±5.55
11.53±3.65
11.80±3.88
11.56±4.28

TABLE 2 - Spearman’s correlation coefficients of heavy metal elements of the surface sediments in the mangrove of Maowei Gulf
Cu

Zn

Cr

Ni

Pb

Cu
1.000
Zn
0.750**
1.000
Cr
0.551**
0.637**
1.000
**
Ni
0.654
0.868**
0.514**
1.000
Pb
0.471**
0.633**
0.522**
0.664**
1.000
Cd
0.014
0.222
0.131
0.350**
0.180
Hg
0.548**
0.730**
0.416**
0.557**
0.461**
**
*
**
As
0.413
0.309
0.154
0.491
0.559**
pH
-0.127
-0.001
-0.249
-0.028
-0.277*
**
**
**
**
Moisture
0.382
0.353
0.533
0.387
0.307*
Organic Mat**
**
**
**
0.673
0.701
0.810
0.669
0.640**
ter
**. In confidence (dual gauge) is 0.01, the correlation is significant.
*. In confidence (dual gauge) is 0.05 the correlation is significant.

Cd

Hg

1.000
0.159
0.035
-0.011
0.203

1.000
0.099
-0.104
0.052

1.000
-0.334*
0.137

1.000
-0.260*

1.000

0.248

0.504**

0.451**

-0.429**

0.469**
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pH
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Matter
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TABLE 3 - The contentof heavy metals in different parts of different plants in the mangrove of Maowei Gulf
Tissues
root
stem
leaf

Cu
(mg.kg-1)
3.94±1.53
2.18±1.03
1.83±0.68

Zn
(mg.kg-1)
21.48±8.91
20.15±33.44
18.58±4.64

Cr
(mg.kg-1)
15.91±10.85
4.96±4.02
4.82±1.99

Ni
(mg.kg-1)
2.23±0.83
0.76±0.51
1.25±2.07

Pb
(mg.kg-1)
5.38±2.89
1.51±1.03
1.57±0.76

Cd
(μg.kg-1)
194.62±237.20
90±142.29
101.09±110.70

Hg\
(μg.kg-1)
24.68±9.44
5.89±3.74
31.40±16.33

As
(mg.kg-1)
18.31±14.97
0.90±1.49
0.63±0.24

Kandeliacandel

root
stem
leaf

3.82±1.16
3.86±2.54
2.80±1.22

19.80±8.42
14.99±6.34
17.63±4.29

33.52±47.44
3.36±1.57
3.80±1.82

1.37±0.83
0.47±0.22
0.45±0.22

4.27±2.35
1.47±1.74
0.96±0.69

101.47±88.05
98.26±97.91
87.73±123.37

15.96±9.52
11.24±25.03
36.99±17.69

13.20±10.27
0.33±0.12
0.58±0.21

Acanthus
ilicifolius

root
stem
leaf

11.21±5.71
5.35±3.43
6.00±6.52

39.65±9.21
23.04±1.10
41.23±23.30

18.41±11.71
4.96±1.79
6.41±0.70

2.86±1.17
0.40±0.11
1.15±1.00

8.23±0.40
1.21±0.34
2.38±2.39

429.89±527.80
71.36±54.45
56.84±59.06

27.33±3.29
16.98±11.34
56.80±3.95

101.82±13.45
0.64±0.47
1.06±0.17

Species
Aegicerascorniculatum

TABLE 4 - Enrichment coefficient of different parts of different plants in the mangrove of Maowei Gulf

Aegiceras
corniculatum

root
stem
leaf

Cu
0.18
0.10
0.09

Zn
0.37
0.33
0.31

Cr
0.54
0.16
0.16

Ni
0.28
0.09
0.15

Pb
0.27
0.07
0.08

Cd
0.85
0.74
0.60

Hg
0.24
0.06
0.31

As
1.51
0.08
0.06

Kandeliacandel

root
stem
leaf

0.19
0.20
0.14

0.34
0.27
0.31

1.09
0.11
0.13

0.15
0.05
0.06

0.21
0.06
0.05

1.01
0.94
0.93

0.13
0.15
0.36

1.23
0.03
0.05

Acanthus ilicifolius

root
stem
leaf

0.10
0.14
0.13

0.34
0.33
0.20

0.13
0.63
0.15

0.14
0.15
0.03

0.14
0.14
0.05

0.45
0.81
0.77

0.06
0.22
0.10

0.06
0.64
0.02

3.4 Heavy metals accumulations in mangrove plants

Enrichment coefficient showed that the enrichment
ability of roots in heavy metals was stronger than other organs in Aegiceras corniculatum and Kandeliacandel, while
the enrichment ability of stems in heavy metals was
stronger than other organs in Acanthus ilicifolius(Table 4).
The enrichment ability in heavy metals was in the order of
Cd > As > Zn > Cr > Hg, Ni >Pb> Cu in Aegiceras corniculatum, Cd > Cr > As, Zn > Hg, Cu >Pb> Ni in Kandelia
candel and Acanthus ilicifolius, respectively.

4. DISCUSSION

Sediment concentrations of Cd, Hg and As were to be
significantly different among the sampling sites, whilst
concentrations of Cu, Zn, Cr, Ni and Pb were similar
among all sites in the mangrove of Maowei Gulf, which
must be the restricted geographical coverage of this area,
an isolated mangrove community within a small bay. The
variation may be attributed to effects of biological and
physical phenomena, such as tidal inundation, salinity
changes, wind and waves. These phenomena allow the processes of bioturbation, re-suspension and erosion that are
known to affect the metal concentrations in surface sediments [26].There was the largest metal content at S10,
which must be the heavy metals often concentrate in the

surfaces of fine particulate matter, so in the weak hydrodynamic mangrove forest, heavy metals accompanied with
sediment deposition tends to concentrate in this area
[27].Confirmed that surficial sediments concentrations of
some metals could be strongly influenced by the development of a redox condition in mangrove sediments and that
covering of the sediment by litters could influence the settlement of metals out of water and increase the organic
matter content of forest inside of the mangrove, which
could resulted in low concentration of heavy metals in the
unvegetated zones [28]. In the vertical direction of the
coastline, heavy metals content decreased from high tide
beach to low tide beach [29], but in the present study elements content of Cu, Zn, Cr, Ni, Pb, Hg along the vertical
direction of the coastline decrease firstly and then increase
in the end. This reflects the hydrodynamic and particle size
on the control of the distribution of heavy metals in tidal
flat [27].
According Cu, Zn, Cd, Cr, Hg, As and Pb to background values from the sediments in the South China Sea
[30], concentrations of Cu, Cd and Hg measured in mangrove of Maowei Gulf can be considered to present a high
level of contamination and a serious threat to the mangrove
ecosystem, whilst Zn, Pb and As can be considered to be
causing slight contamination. Cr and Ni appeared to present no hazard to the mangrove system, with concentrations being measured in the region of expected natural
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TABLE 5 - Concentration of heavy metals in sediments from mangroves in the Maowei Gulf and other estuaries in China and around the
world (ppm dry wt)
Location
Guangxi Province, China
Maowei Mangrove
Daguansha
Beilun estuary
Qinzhou Bay
Shankou Mangroves
Guangdong Province, China
Gaoqiao of Zhanjiang
Futian mangrove
Pearl River Estuary
Hainan Province, China
Sanya
Dongzhai Harbor
Fujian Province
Zhangjiang estuary
Jiulong Estuary
Quanzhou bay
Hong Kong, China
Mai Po
Overseas
Brisbane Mangrove, Australia
Godavari Estuarine, India
Sinnamary mangroves, France
Kaw mangroves, France

Cu

Pb

Zn

Cd

Mn

Hg

Cr

As

Citation

24.63
9.80
5.69
17.08
17.64

17.45
29.17
23.55
46.74
81.79

59.57
75.14
49.28
65.08
75.75

0.33
0.19
0.17
0.07
0.08

-

0.10
-

28.81
14.42
12.15
13.41
15.16

11.25
5.48
4.71
9.69
11.58

Present study
[31]
[31]
[31]
[31]

13.88
69.80
64.5

64.42
133.34
35.3

34.82
193.72
334.7

0.05
0.98
4.22

-

-

19.93
30.28
85.0

9.83
8.73
-

[31]
[31]
[32]

12.44
12.57

42.27
24.37

52.76
78.27

0.09
0.45

-

-

9.21
17.79

3.63
3.15

[31]
[31]

21.04
26.6
42.5

63.20
101
73.7

126.65
138
184

0.33
0.12
0.63

607
1436

0.03
-

61.50
68.1

14.29
-

[33]
[34]
[35]

42.8

52.6

149

1.05

-

-

22.4

-

[36]

23.1
47.8
17.92
-

58.7
55.8
26.94
26.94

164.12
173.94

0.4
10.9
-

539.41
528.98

0.08
0.05

42.0
2.20
59.80
55.64

-

[37]
[38]
[7]
[7]

background levels. Comparing the results of this study with
those done in other areas of China and in the world, the
concentrations of heavy metals such as Cu, Cd, Hg, Cr and
As in the mangrove of Maowei Gulf were higher than those
in other mangroves from Guangxi Province and Hainan
Province, while contents of Cd, Pb, Zn and Cr in the present study were lower than those around the Pearl River
Estuary in China and overseas (Table 5). The sediments in
the mangrove of Maowei Gulf seemed to have relatively
low concentration with Pd and Zn, moderate concentration
with Cd and Cr, and high concentration with Cu, Zn and
As.
Absorbing heavy metals for mangrove plants, although
there are differences in quantity, there are very similar in
the distribution of plants. Cr, Ni, Pb and As are mainly distributed in the roots and stems absorbed by mangrove
plants, the reason is Cr, Ni, Pb and As are no biological
activity, while the content of Cu and Zn in roots, stems and
leaves of mangrove plants is relatively high [3]. Heavy
metals such as Zn, Cu have high content in mangrove
plants, because these two elements are essential trace elements for plants and higher accumulation in roots reflects
the physiological needs of plants, while the enrichment of
non-essential elements (such as Cd) is higher attributed to
the plant characteristics [9].
Heavy metal contaminations in mangrove plants have
also been widely investigated around the world. In general,
very small amounts of heavy metals were accumulated in

leaf tissues as most absorbed heavy metals were accumulated in stem and root tissues [39-40]. High accumulations
of the heavy metals were observed in the root and much
lower in other plant parts, indicating that the roots strongly
immobilize the metals for Cr, Ni, Pb, Cd and As and that
mangrove plants have evolved mechanisms which limit the
upward transport of heavy metals and exclude them from
sensitiveparts [41-42]. Thus, mangrove species were be
used in constructed wetlands for waste-water treatment
[43-44], since this low transportation trait should facilitate
their use for removing heavy metals from wastewater or
remediating heavy metal-polluted marine environments, as
it could inhibit the release of metals from the plant to the
surrounding environment [45].
The majority of studies showed few significant correlations between metal levels in sediment and metals in parts,
which suggested that mangroves actively avoid metal uptake
and/or most metals were present below the sediment bioavailability threshold [15]. Some macro-benthos in the mangrove could accumulate much higher levels of heavy metals
in their tissues than those of their environment [46-47], thus
posing a risk to the food chain in the mangrove ecosystem.

4. CONCLUSIONS

Heavy metals in surface sediments in the mangrove
of Maowei Gulf were: Zn (59.85±14.40 mg·kg-1), Cr
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(30.02±5.79 mg·kg -1 ), Cu (24.81±19.19 mg·kg -1 ), Pb
(18.31±3.85 mg·kg -1 ), As (11.56±4.28 mg·kg -1 ), Ni
(9.24±3.77 mg·kg -1 ), Cd (0.34±0.26 mg·kg -1 ), Hg
(99.85±37.25 μg·kg-1). The concentration of heavy metals in space showed inside > edge > outside except Cd.
High accumulations of most heavy metals were observed
in the root while much lower concentrations of heavy metals in other parts. The mangrove plants have the same distribution of these eight heavy metal elements and the roots
of mangrove plants could strongly immobilize the heavy
metals in the Maowei Gulf. Enrichment coefficient showed
that the enrichment ability of roots in heavy metals was
stronger than other parts in Aegiceras corniculatum and
Kandelia obovata, while the enrichment ability of stems in
heavy metals was stronger than other organs in Acanthus
ilicifolius.
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ABSTRACT

1. INTRODUCTION

Over the past few decades, many natural wetlands
around Xingkai Lake have been converted to soybean or
paddy fields; little is known about how such conversion affects soil microorganisms. This study investigated influence of reclaiming wetland to soybean or paddy field on
microbial biomass and activity in peat mire soil around the
lake. After reclamation, in 0-5 cm, 5-10 cm, 10-20 cm and
20-30 cm soil layers microbial biomass and activities decreased due to reclamation. MBC (Microbial Biomass Carbon), MBN (Microbial Biomass Nitrogen), MBC/MBN,
BR (Basal Respiration) all decreased. But before and after
reclamation, microbial biomass decreased with soil depth,
seasonal variations of microbial biomass and MBC/MBN
were similar, higher in May to June than those in July to
September. In 0-5 cm and 5-10 cm topsoil layers in May to
July, qCO2(Respiration Quotient-qCO2) was higher in soybean field than that in paddy field and wetland, both were
in water logging; while in August and September logging
water was drained up, qCO2 in paddy field increased dramatically to be higher than that in soybean field and wetland. In 10-20 cm and 20-30 cm subsoil layers, qCO2 were
higher in wetland and paddy field than that in soybean filed
from May to September. Changes of plant type, litter
amount and quality derived from reclamation influenced
the microbial biomass and activity seriously. Moreover,
situation of water logging was found to be the key factor
influencing microbial activity.

KEY WORDS: Microbial activity; Microbial biomass; Peat mire soil;
Reclamation; Wetland

* Corresponding author

Soil organic carbon (SOC) is an important source or
sink of atmospheric CO2 [1]. A slight change in the SOC
pool can induce a significant change in the CO2 concentration in the atmosphere [2]. Microorganisms produce many
biochemical reactions, and they are the main causes for
SOC metabolism, as decomposer and transformer of soil
organic matter. Moreover, soil microbial mechanism is an
important part of SOC stability mechanism. Soil microbes
play an important role in carbon biogeochemical cycle in
terrestrial ecosystem [3, 4].
Microbial activities are among the key factors affecting carbon cycle. Microbial biomass and activity are the
indexes to characterize number and function of microbe
[5]. Those reflect the number and metabolic ability of microbe respectively. MBC occupies a very small proportion
in soil organic matter, but it is the most active part, and has
the strongest activity especially in soil carbon and nitrogen
cycle [6]. Microbial activity directly reflects the microbial
decomposing strength to soil carbon and nitrogen [4].
Analysis of microbial biomass and activity has been an important part in research in soil carbon and nitrogen cycles
[7]. Microbial biomass and activity have important characterization functions in soil carbon and nitrogen cycles and
its responses to human activities and natural factors. Soil
microbial biomass mainly content MBC, MBN, MBP (Microbial Biomass Phosphorus) and MBS (Microbial Biomass Sulphur). To date, most studies on microbial biomass
in soils are focused on MBC and MBN [8, 9]. MBC can
reflect microbial biomass and activity to a large extent, and
it is an important index to evaluate microbe number and
activity [6]. Microbe is not only the executor of nitrogen
mineralization and sequestration, but also the active pool
of plant nutrient, and adjusts nitrogen supply [8]. Thus, Microbial activity and growth and decline of MBN are considered to be the essential content of soil nitrogen internal
cycle [10]. MBC/MBN is one of the indicators of microbial
community structure [8, 11]. Soil microbe respiration characteristics characterize microbial activity [12], BR (Basal
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Respiration) reflects overall microbial activity to some extent [6, 12]. qCO2 (Respiration Quotient) is the respiration
strength of per microbial biomass, equally the ratio of CO2C released from BR to MBC; it indicates the microbial utilization efficiency of substrate. High efficiency indicates
that less CO2 is released to form per microbial biomass, and
qCO2 is small. Large qCO2 indicates less microbial biomass is formed using the same energy, more CO2 is released, and microbial turnover is quick, average microbial
age is lower [13]. BR and qCO2 express microbial activity.
Researches suggest that natural environment, soil physicochemical characteristics, plant type and human management measurements, and so on affect microbial type, quantity and activity[14, 15], and land use change will change
these factors.
Sanjiang Plain is the largest distribution area of freshwater marsh in China. However, since the 1950s, many
wetlands in the Sanjiang Plain have been converted to dry
farm lands (soybean fields) or paddy fields [16]. Xingkai
Lake farm was built in 1955, wetlands around Xingkai
Lake are reclaimed earlier, and region around Xingkai
Lake is the typical region of land use change. Large
amounts of SOC are stored in wetlands because of their
special hydrologic condition [17]. Thus, the SOC changes
in wetlands are closely related to climate change. This region is one of the main distribution areas of peat mire soil
which is the important kind of wetland soil in Sanjiang
Plain and of high SOC density. Microbial biomass and activity are the key influence factors of SOC cycle, so it is
very meaningful and important to find out how reclamation
affects microbial biomass and activity around Xingkai
Lake. After reclamation, hydrology condition, soil environment, plant type and local microclimate of wetland which
are the important influence factors of microbial life activities
have been changed. In addition, farm management has further disturbed the living environment of microbes [14, 15].
We therefore hypothesize that wetland reclamation and different reclamation patterns have changed microbial biomass and activity in peat mire soil around Xingkai Lake.
To test the hypothesis, we designed study to: (1) analyze
MBC, MBN, BR and qCO2 in peat mire soil in wetland,
soybean and paddy fields that are converted from wetland;
(2) investigate microbial biomass and activity characteristics under different land use; and (3) reveal the effect of
reclamation on microbial biomass and activity. The general
aim of this study is to further understand SOC cycle under
different -land use, and to enrich the carbon cycle research

in Sanjiang Plain. At the same time, the study aims to provide theoretical reference to optimize land uses, taking into
consideration of sustaining food production, carbon sequestration, and emission reduction.
2. MATERIALS AND METHODS
2.1. Region description

Study sites are located at the Xingkai Lake Wetland
Experimental Station, Chinese Academy of Sciences
(132°20′00″E, 45°21′55″N). This station belongs to temperate
continental monsoon climate and the humid and subhumid
regions, experiences a mean annual temperature of 3.1
and a mean annual precipitation of 750 mm, which is concentrated in summer and accounts for about 70% of the precipitation throughout a whole year. The coldest month was
January with temperature of -19.2 and the warmest was
July with 21.2 . There are a lot of snowstorms in winter
and freeze-up period is from November to the following
March [18]. There are natural wetland with typical plant
Glyceria spiculosa and soybean (Giycine max) and paddy
(Oryza sativa) fields reclaimed from wetland. Giycine max
and Oryza sativa were both continuously cropped once a
year and just stubble was remained. The soybean and paddy
fields were ploughed with depth about 20 cm at the end of
the autumn and inorganic NPK fertilizers were used, no organic fertilizer.
2.2. Samples collection

Soil samples were collected from wetland, 50 year-old
soybean field and 15 year-old (after 35 year-old soybean
field then 15 year-old paddy field) paddy field. Both soybean and paddy fields were reclaimed from wetland. Soil
type of all the three adjacent plots is peat mire soil. For each
sample plot, five sampling sites were arranged as “S” shape.
In each sampling site, soil samples at 0-5 cm, 5-10 cm, 1020 cm and 20-30 cm soil layers were collected in the end of
May, June, July, August and September respectively in
2011. At each soil layer in one sampling site five samples
were mixed as one soil sample and then sealed in a polyethylene bag. Fresh soil samples were sieved through a 2 mm
mesh to determine MBC, MBN, and BR. In the end of September, three 0.5 m×0.5 m plots were set in wetland, soybean field and paddy field, respectively, and stubble and litter of Glyceria spiculosa in wetland, Glycine max in soybean field and Oryza sativa in paddy field were collected,
cleaned, dried and weighed.

TABLE 1 - Status of SOC, TN (total nitrogen) and little/stubble in the wetland, soybean field and paddy field*
SOC content (g/kg)

N content (g/kg)

0-10 cm

10-20 cm

20-30 cm

0-10 cm

10-20 cm

20-30 cm

Litter
(g/m2)

Stubble
(g/m2)

36.67±0.94
31.52±0.76

36.03±0.78
30.42±1.09

33.49±1.03
11.80±0.94

3.00±0.05
2.37±0.06

3.10±0.12
2.07±0.10

2.78±0.06
0.95±0.05

624.17±107.97
---

214.61±21.09
771.56±64.32

wetland
175.26±7.30
*“---” represents no data.

171.62±2.83

166.23±9.38

13.39±0.27

13.8±0.5

10.97±0.96

1230.42±125.67

---

sample plots
soybean field
paddy field
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2.3. Samples analysis

2.4. Data analysis

MBC and MBN determination: Fresh soil equivalent
to 50 g of dry soil was fumigated with CHCl3 vapour for 24 h
in a desiccator. After residual CHCl3 was removed by evacuation, fumigated portions were extracted with 0.5 M K2SO4.
Similar non-fumigated soil portions were extracted at the time
fumigation commenced. The soil extracts were filtered
through a 0.45 µm filter membrane and total organic C in
the extracts was analysed using an automated carbon analyzer Shimadzu TOC-VCPH. D-value (carbon) between
total organic carbon concentrations of fumigation and nonfumigation extracts was gained. Then MBC was calculated
by formula MBC=D-value (carbon)/0.45[19]. Total nitrogen in extracts was determined by Kjeldahl method. Dvalue (nitrogen) between total organic nitrogen concentrations of fumigation and non-fumigation extracts was
gained. Then MBN was calculated by formula MBN=Dvalue (nitrogen)/0.45 [20, 21].

An LSD significant difference test was employed to
determine the differences among the variables of different
plots at the same soil depth in the same month using the
one-way ANOVA module in the SPSS13.0. Statistic software SPSS was used to analysis data; OriginPro8.0 was
used to fit the plot.

3. RESULTS
3.1. Microbial biomass in peat mire soil under different land use

In the four soil layers, MBC contents were higher in
wetland than those in soybean and paddy field from May
to September. In 0-5 cm soil layer, MBC contents were
higher in paddy field than those in soybean field from May
to August, but lower in September. In 5-10 cm and 10-20 cm
soil layers, MBC contents in paddy field were lower than
those in soybean field in May and September, and higher
than those in soybean field from June to August. In 20-30 cm
soil layer, MBC content in paddy field was lower than that
in soybean field in May; however, it was higher than that
in soybean field from June to September. On the whole,
after reclamation, MBC content decreased, and it was
higher in paddy field than that in soybean field (Fig. 1a).
However, before and after reclamation, MBC contents
showed a decreased trend with soil depth from May to September (Fig.1b).

BR determination: BR was measured by incubation
[22]. Fresh soil (60% field capacity) equivalent to 20 g of
dry soil was incubated in 25 in 500 ml jars without any
addition of substrate, and then BR was measured as CO2
production determined by DLT-100 Green House Analyzer (GGA) with Syringe Injection Model Number 9080011 (w/ Syringe Inject Option) after 24 h. BR was described by CO2-C produced per hour.
qCO2 determination: qCO2 =BR/MBC.
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FIGURE 1a - MBC contents in different soil layers under different land use (mean ± standard error, n=5. Means bearing the same letter were
not statistically different at the P=0.05 level)
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FIGURE 1b - MBC contents in different soil layers under different land use (mean ± standard error, n=5)

MBC content in 0-5 cm soil layer in wetland increased
from May to June, the peak value 9544.07 mg/kg appeared
in June, and then it decreased and was steady from July to
September. MBC contents in 5-10 cm, 10-20 cm and 2030 cm soil layers decreased from May to July, and then increased slightly from July to September, with no significant difference among those in July, August and September. MBC contents in the four soil layers in soybean field
decreased gradually from May to September, the peak
value appeared in May. MBC contents in 0-5 cm and 2030 cm soil layers in paddy field had the same trend as in
soybean field decreasing from May to September; however, in the two subsoil layers increased from May to June
with peak value in June, and then decreased with no significant difference among those in July, August and September (Fig.1a).

MBN contents in all the four soil layers in wetland
were higher than those in soybean and paddy fields from
May to September. In 0-5 cm and 20-30 cm soil layers,
MBN contents in soybean field were higher than those in
paddy field; In 5-10 cm soil layer in May MBN content in
soybean field was lower than that in paddy field, and higher
than in paddy field from June to September; In 10-20 cm
soil layer from May to July, MBN in soybean field was approximately the same as it in paddy field, and in August
and September MBN contents in soybean field were higher
than those in paddy field. All in all, after reclamation,
MBN content decreased, which in soybean field was higher
than that in paddy field (Fig.2a). But MBN contents were
in a decreased trend with soil depth in wetland and farm
lands from May to September (Fig.2b).
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FIGURE 2a - MBN contents in different soil layers under different land use (mean ± standard error, n=5. Means bearing the same letter were
not statistically different at the P=0.05 level)
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FIGURE 2b - MBN contents in different soil layers under different land use (mean ± standard error, n=5)

MBN content in wetland soil first increased then decreased from May to September. The peak value appeared
in June in the two topsoil layers; in the other two subsoil
layers, the peak value appeared in July. In the two topsoil
layers in soybean field, MBN content first increased then
decreased with the highest MBN in July; in the other two
subsoil layers, it was in a decline trend from May to August, and then rose in September. In 0-5 cm, 5-10 cm and
10-20 cm soil layers in paddy field, MBN content decreased gradually from May to September; in 20-30 cm soil
layer, MBN content increased month by month from May
to July, decreased gradually from July to September (Fig.
2a). In general, after reclamation, MBC/MBN decreased,
and it was lower in soybean field than that in paddy field.
Before and after reclamation, it is higher in May to June
than those in July to September; the lowest MBC/MBN appeared in July.

3.2. Microbial activity in peat mire soil under different land use

After reclamation, BR decreased, and it was lower in
soybean field than that in paddy field. In all the four soil
layers in wetland, BR changed in the same trend increase
(from May to June)-decrease (from June to July)-increase
(from July to September), and the peak value appeared in
September. There was no significant variation with seasons
for BR in all the four layers in soybean field. In the two
topsoil layers in paddy field, BR increased gradually from
May to August, then decreased from August to September;
in 10-20 cm soil layer, it decreased from May to July, and
then increased from July to September; in 20-30 cm soil
layer, the lowest was in July, and it was roughly the same
as each other among other months (Fig.3a).
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was higher than that in wetland with waterlogging and soybean field; in 10-20 cm and 20-30 cm soil layers, qCO2 in
wetland and paddy field were both higher than those in soybean field (Fig.4a).
qCO2 in 0-5 cm and 20-30 cm soil layers in wetland
increased from May to July, then decreased from July to
August and rose again in September; in 5-10 cm and 1020 cm soil layers it increased gradually from May to September. In all the four soil layers in soybean field, it increased from May to August, and then decreased. In 05 cm and 20-30 cm soil layers in paddy field, qCO2 increased from May to September; in 5-10 cm and 10-20 cm
soil layers qCO2 decreased from May to June, and then increased from June to September (Fig.4a).

In soybean field, BR decreased with soil depth from
May to September. In paddy field, BR changed in the trend
decrease-increase-decrease with soil depth in May and
June, decreased in July and August, increased then decreased in September. In wetland, BR changed in the trend
increase-decrease-increase with soil depth in May and
June, had an opposite change trend in July, August and
September. Overall, in paddy and wetland, BR was higher
in topsoil layers (0-5, 5-10 and 10-20 cm) than that in subsoil layer (Fig.3b).
In 0-5 cm and 5-10 cm soil layers, qCO2 was higher in
soybean field than in wetland and paddy field which were
in waterlogging in May, June and July; however in August
and September when waterlogging in paddy field was
drained, qCO2 in paddy field increased dramatically and
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Before and after reclamation, there were no obvious
rules in change of qCO2 with soil depth from May to September. In soybean field, qCO2 decreased with soil depth
in May and June, changed in the trend decrease-increasedecrease in July, increased then decreased in August and
September. In paddy field, qCO2 increased then decreased
with soil depth in May and September, increased in June,
changed in the trend decrease-increase-decrease in July,
decreased in August. In wetland, qCO2 increased with soil
depth in May and June, changed in the trend decrease-increase-decrease in July, increased then decreased in August, decreased then increased in September (Fig 4b).
4. DISCUSSION
4.1. Effect of reclamation on microbial biomass

After reclamation, the microbial biomass decreased.
Microbial biomass depends on the amount and quality of
organic matter imported to soil, the more organic matter is
imported, and the more energy and nutriment could be used
to accelerate anabolism of microbe resulting in increased
of MBC under certain condition [23]. Different amount of
accumulations of plants litter resulting from different land
use provides different amount and quality of carbon source
for microbe, thus, MBC and MBN appears quite a difference [24, 25]. After reclamation of wetland, plant types
changed, so the amount and quality of organic matter of
plant litter and root secretion and so on were different. The
amount of aboveground litter and stubble belowground in
soybean and paddy fields were respectively 391.64 g/m2
and 458.86 g/m2 less than that of just aboveground litter in
wetland (Table 1). Researches showed that there is a significant positive correlation between microbial biomass
and SOC and TN contents in the soil, SOC and TN contents
are the key factors which determine the size of microbial
community [26].The SOC contents in 0-10 cm, 10-20 cm
and 20-30 cm soil layers in soybean and paddy fields were
79% and 82%, 79% and 82%, 79% and 92% less than those
in wetland (Table 1). Moreover, damage of aggregates and
larger bulk density resulting from plough, and chemical
fertilizer using coupled with using pesticides changed
growing environment of microbe to be hostile, it was also
the reason for the decreased of microbial biomass [27]. The

litter and stubble in soybean field were 67.22 g/m2 more
than those in paddy field and MBN in soybean field was
also higher than that in paddy field (Table 1), but MBC was
lower than that in paddy field, this was correlated with their
physiological ecology characteristics and qualities of litter
and residues. MBN is a comprehensive expression of N
mineralization and fixation in soil, so, all the factors influencing N mineralization and fixation would affect the
MBN content. N fixation increases MBN, nitrogen fixation
by rhizobium in the micro-ecology system is good to producing of MBN. Low-quality plant litter and residues are
not good to MBC increase [23, 25]; Stubble of soybean lignifies, which is different from paddy. Root (the alive, gradually senile and dead) and its secretion provides substrate
and good growing environment, thus, there are microbes
with rich diversity [28]; fibrous root system of paddy is
much more developed than the tap root system of soybean,
and there are more root secretion in paddy field, this is also
the reason for higher MBC in paddy field than that in soybean field. Before and after reclamation, MBC and MBN
were in a decreased trend with soil depth is attributed to
that content of SOC as carbon source for microbe decreased and living environment (soil porosity, light, temperature, and so on) for microbe deteriorated with soil
depth.
As a general view, except the MBN in 10-20 cm and
20-30 cm before and after reclamation, microbial biomass
was higher in early growing season (May to June) than that
in middle to later growing season (July to September), and
the lowest value appeared in July. Appropriate environment (soil temperature and moisture) and enough food will
stimulate microbial reproduce and activity, the contrary state
will compel microbe to be dormant and even dead [29]. Cold
and wet micro-climate around Xinkai Lake is obvious, thaw
begins in May, then soil temperature rises gradually, and
the litter, stubble and other organic matter not completely
decayed in last year begin to decay fast to produced more
useful carbon source for microbe; environment factors
were fit for microbe growing and reproducing, MBC and
MBN increased. In July and August it is in summer with
high temperature, plants grow vigorously with more nutrient absorbed through root, and nutrient in soil could not
meet pant and microbe growth at the same time [30], that
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restrained microbe reproduce to some extent. However, in
July MBN in soybean field was higher, which was correlated with root growing fast and N fixation by rhizobium
in root system. In September, activity of root declined, and
root secretion decreased coupled with temperature decrease, microbial biomass decreased [31].
Due to cultivation of natural wetlands, microbial community structure changed. Variation of MBC/MBN suggests
the change of microbial biomass and community structure
[11, 32]. Some researchers suggested that MBC/MBN reflects the ratio of amount of fungus to that of bacteria, much
higher MBC/MBN much more fungus [8, 11]. In the whole,
after reclamation MBC/MBN decreased, and MBC/MBN
was lower in soybean field than that in paddy field. Different
soil environments, different plant types and different microclimates influenced by plant cover, and different amounts
and qualities of litter and stubble in wetland and soybean
and paddy fields led to different microbe community structures [29, 33, 34]. Microbial diversity changed with different seasons, MBC/MBN in wetland, soybean and paddy
fields were higher in the early growing season (May to
June) than that in middle to later growing season (July to
September) with the same variation trend as microbial biomass’s variation with seasons.
4.2. Effect of reclamation on microbial activity

BR also decreased after reclamation, and that in paddy
field was higher than that in soybean field. Microbial activities are stronger in summer than that in winter. However, in the same season, available of substrate is the key
factor influencing microbial activity. Adding organic matter to soil changes microbial metabolism characteristics
and metabolism diversity [35]. Generally, using organic
fertilizer promotes microbial activity; however, using
chemical fertilizer, especially inorganic nitrogen fertilizer
may increase amount of litter and stubble, but decrease soil
C/N and accelerate decompose of SOC leading to less SOC
accumulation, which is not good to promoting microbial
activity. Using acidic fertilizer, for example, urea, triple superphosphate and lemery salt and so on for a long time will
decrease soil pH, and then weaken microbial activity [36].
BR which reflects microbial activity [12] is mainly influenced by available carbon source [37]. After reclamation,
wetland changed to farm land. Straws and undecomposed
stubble were removed to plough conveniently and a lot of
chemical fertilizers were used, that influenced microbial
activity and decreased BR. BR in soybean field was lower
than that in paddy field, and BR was higher in topsoil layers
than that in subsoil layers, which may be correlated with
the availability of substrate.

bial respiration, small proportion of carbon source for
building microbial cells, and environment is not good for
microbe to grow [40]. qCO2 is higher, ecology system faces
stronger stress [41]. In 0-5 cm and 5-10 cm topsoil layers
from May to July qCO2 were higher in soybean field than
those in waterlogging wetland and paddy field; in August
and September, qCO2 in paddy field increased dramatically
after draining water, it was higher than that in soybean field
and wetland. Thus, we can notice that waterlogging condition is not good for microbe to grow, and microbial activity
is restrained in waterlogging situation. In 10-20 cm and 2030 cm subsoil layers, qCO2 were higher in wetland and
paddy field than that in soybean field, which was correlated
with SOC and MBC contents in soils, because microbial
activity has a positive correlativity with SOC and MBC
contents [26]. Microbial activity in wetland, soybean and
paddy fields change with temperature, available carbon
source and waterlogging situation, and waterlogging situation is the most prominently influence factor. There were
no obvious rules in change of qCO2 with soil depth in wetland and farm lands in different seasons, the reason for
which needs to be explored further.

4. CONCLUSION

After reclamation, in 0-5 cm, 5-10 cm, 10-20 cm and
20-30 cm soil layers microbial biomass and activities decreased due to reclamation, MBC/MBN also decreased,
microbial community structure changed. However, before
and after reclamation, change trend of microbial biomass
with soil depth and season remained the same. Effect of
wetland reclamation on soil microbial biomass and activity
greatly correlates with changes of plant type, litter amount
and quality derived from reclamation. Waterlogging situation plays a key role in change of microbial activity.
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ABSTRACT

1. INTRODUCTION

Removal of selenocyanate (SeCN-) complex from synthetic wastewater was investigated using TiO2 based photocatalytic degradation (PCD) process. Using only UVlight showed no change in SeCN- however adding TiO2 to
the same reactor system caused near complete disappearance of SeCN-. Also selenocyanate disappearance was
noted at both acidic and basic pH values and over a wide
concentration range. At pH 4 a gradual buildup of cyanide
species along with disappearance of SeCN-, and formation
of selenite (SeO32-) and selenate (SeO42-) supported SeCNcomplex destruction. The selenite results showed an initial
increase followed by a gradual decrease. Similar was noted
at pH 6 and pH 10. However at pH 12 a larger buildup of
selenite was explained based on reduced selenite adsorption
on to TiO2 surface and consequently selenite’s reduced oxidation to selenate. In any case the respective results showed
that noted selenocyanate disappearance occurs because of
SeCN- complex destruction. Furthermore removal of produced selenite and selenate via reduction route, using EDTA
(ethylenediaminetetraacetic acid) as hole scavenger indicated
that adding EDTA at the beginning of experiment inhibits selenocyanate degradation. Furthermore addition of EDTA at
120 min reaction time yielded undesirable re-appearance
of selenocyanate in aqueous phase that indirectly indicated
that selenocyanate degradation transpires at TiO2 surface.
Also out of all experiments with EDTA added at 180, 300,
and 380 min reaction time, it was for the 380 min experiment for which the selenate amount showed near complete
selenium recovery indicating that most SeCN- complex has
been destroyed followed by oxidation of released selenium
to selenite and then to selenate; the released selenate also
showed near complete removal at reaction time higher than
380 min (after addition of EDTA) that was initiated by the
reduction route to elemental selenium.
KEYWORDS: Selenocyanate; TiO2; Selenite; Selenate; Mining;
Petroleum Refining

Contamination of surface water sources from selenium
(Se) based pollutants remains a matter of concern [1]. Though
selenium is a micro nutrient that is essential for appropriate
functioning of several important biological functions in humans and animals, however the narrow window of difference between what selenium amount is essential and what
is toxic, requires special care [2-3]. Selenium is noted to be
present in different forms in specific industrial wastewater
discharges. One such selenium species, is the selenocyanate (SeCN-) complex which is the dominant selenium species in industrial wastewater discharges from sources including petroleum refineries, mining, and power plants that
use fossil fuels [4-8]. This is of concern as selenocyanate
species is not only toxic but also poses a treatment challenge, and removal of selenocyanate from respective
wastewater streams remains a difficult task [9]. For example coagulation process using ferric chloride precipitates is
not feasible because of low attachment of selenocyanate
species on to iron hydroxide precipitates whereas biological wastewater treatment would simply oxidize selenocyanate to dissolved selenite and selenate species that itself
will require further treatment [9]. Considering this, several
studies [2, 9-10] have investigated the removal of selenocyanate and total selenium species from the aqueous phase
using specific treatment technologies. A patent application
[10] mentions selenocyanate complex destruction using a
specific chemical oxidant followed by co-precipitation of
oxidized selenium species employing ferric coagulant. Furthermore selenocyanate and associated selenium species
removal from the aqueous phase via direct reaction with
Fe(0)/elemental iron or copper based salt, has also been reported [2, 9]. These processes though reported to be successful, have concerns such as sludge production which itself has to be treated as a hazardous waste or a high coprecipitant concentration requirement. Furthermore the
presence of associated pollutants including selenite, selenate, and cyanide [2, 8-11] renders selenocyanate removal
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from concerned mixed streams even more challenging.
Therefore development of new technologies for the removal of selenocyanate and resulting selenium species under a varying set of conditions is needed. This becomes
more important as wastewater from sources including crude
oil producers, petroleum refineries, mining operations and
fossil fuel based power plants, containing selenocyanate species require an appropriate treatment because of selenium
related toxicity concerns and respective stringent discharge
regulations [12-17]. The present work explores use of titanium dioxide (TiO2) mediated photocatalytic degradation
(PCD) process for respective application. The PCD process
which is an advanced wastewater treatment process has
been reported to successfully remove aquatic pollutants under a varying set of conditions [18-22]. A few TiO2 based
studies, both from adsorption and photocatalysis point of
view, do report removal of selenite and selenate species
from the aqueous phase [23-28]. In this regard, role of several h+/hole scavengers such as formic acid has also been explored to expedite the reduction of selenite species to elemental selenium followed by its removal from the respective
wastewater streams via precipitation [29-31] as noted for
other metal species as well [32]. However to the best of our
knowledge, no study so far has explored the treatment of
selenocyanate (SeCN-) contaminated wastewater streams
using the TiO2 assisted PCD process. Hence the main objective of this study is to investigate the feasibility of TiO2
based PCD process for the removal of selenocyanate complex and resulting selenium species from synthetic wastewater streams and also to optimize the respective operational conditions, as reported in following sections.

mixed with high purity water in a 1 L volumetric flask. The
respective stock solution was transferred to a dark bottle
and then kept inside a refrigerator. For all selenocyanate
PCD experiments the respective synthetic wastewater was
prepared using the above prepared stock solution. For all
PCD experiments 1 g TiO2 was suspended in 1 L synthetic
wastewater batch using a magnetic stirrer setup. The initial
suspension pH was then measured and adjusted to the desired value using HClO4 or NaOH solutions. Also, two
blank samples were always collected from each wastewater
batch, i.e., first one before the addition of TiO2 and second
one after the addition of TiO2 and initial pH adjustment.
These steps accounted for any initial substrate adsorption
on to TiO2 at the given initial pH. The synthetic wastewater
batch with TiO2 was then transferred to the PCD reactor
and again subjected to continuous stirring using a magnetic
stirrer setup (Fig. 1). A 15 W near UV light lamp (F15T8BLB 15 W, SANKYO DENKI, Japan) which emitted rays
at wave length between 315-400 nm with peak maximum
at ~352 nm, was used in the present work. This lamp was
positioned at the centre of the reactor while being separated
from the synthetic wastewater batch using a glass sleeve.
The UV lamp was then turned on and during the course of
photocatalysis several samples were collected through the
sampling port (Fig. 1).

2. MATERIALS AND METHODS
2.1 Chemicals

All chemicals used for the present study were of high
purity reagent grade quality. The major chemicals that were
used included TiO2 (P25, DEGUSSA, Germany), NH4Cl
(BDH, England), NaCN (FISHER, USA), KOCN (FLUKA,
Switzerland), Na2CO3 (BDH, England), NaHCO3 (BDH,
England), HClO4 (BAKER, USA), NaOH (FISHER, USA),
potassium selenocyanate KSeCN (ALDRICH, USA), sodium selenite Na2SeO3 (ALDRICH, USA), potassium selenate K2SeO4 (ALDRICH, USA), disodium EDTA (FISHER,
USA), and pH calibration standards (FISHER, USA).
2.2 Photocatalysis Experimental Details

The PCD experiments were conducted using a batch
type (Pyrex glass) reactor holding 1000 mL of the respective synthetic wastewater sample. Fig. 1 provides the reactor details. Synthetic wastewater for the PCD experiments
was prepared using high purity water (CORNING Mega
PureTM System) and stock solution of selenocyanate. The
selenocyanate stock solution of 1000 ppm was prepared using
potassium selenocyanate KSeCN (ALDRICH, USA) chemical. The respective amount of KSeCN reagent was carefully
weighed (using a well calibrated physical balance) and then

FIGURE 1 - The reactor setup used for the photocatalysis experiments.
2.3 Analytical Methods

Each collected sample was first filtered through a 0.2 μm
cellulose nitrate membrane filter (WHATMAN, Germany). The selenocyanate (SeCN-), selenite (SeO32-), selenate (SeO42-), cyanate (OCN-), nitrate (NO3-), and nitrite
(NO2-), species were analyzed using an advanced ion chromatograph equipment (IC 861, METROHM, Switzerland)
that was equipped with high sensitivity conductivity detector
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and high sensitivity VA detector. A Metrosep Anion Dual
2 IC column 4.6 mm x 75 mm (6.1006.100, METROHM,
Switzerland) was used for the analyses of all respective anionic species. The eluent composition for the conductivity
detector setup was 1.8 mM Na2CO3/2 mM NaHCO3 and
eluent flow rate was 0.7 ml/min. The eluent composition
for the VA detector setup was 100 mM NaOH and eluent
flow rate was 0.7 ml/min. In case of conductivity detector,
the background conductivity resulting from Na2CO3/NaHCO3 eluent was continuously suppressed using a built in
suppressor accessory having three sub-units, out of which
one remained in use, while the other two units were recharged using 50 mM sulfuric acid and rinsed using high
purity water. The VA detector setup included a Wall-Jet cell
(Ag, Pd) having silver as the working electrode and palladium as the reference electrode. The respective IC system
was regularly calibrated using appropriate calibration
standards prepared using the respective reagent grade
chemicals. First of all stock solutions of 1000 ppm for selenocyanate and for expected intermediate-species (resulting from selenocyanate PCD) were prepared using the respective chemicals (as already mentioned above under the
Chemicals section). For each stock solution,the required
amount of respective reagent was carefully weighed (using
a well calibrated physical balance) and then mixed with high
purity water in a 1 L volumetric flask. All respective stock
solutions were then kept inside a refrigerator. All calibration standards were then prepared using the respective
stock solutions and serial dilution methodology. Aqueous
phase ammonia was analyzed using an ammonia electrode
(ORION 95-12, USA) and an ion selective electrode (ISE)
meter setup (ORION, USA). Each respective sample was

first transferred into a mini-size beaker of 10 ml to which
three drops of NaOH solution was added. The sample-solution was stirred (using a small magnetic stirrer setup)
with the ammonia electrode dipped into it and the respective mV reading was noted after the meter showed a stable
value. The ammonia testing setup was regularly calibrated
to ensure quality control. Cyanide (CN-) species was analyzed using a cyanide specific electrode (96-06 Cyanide
Electrode, ORION, USA) and an ion selective electrode
(ISE) meter setup (ORION, USA). The rest of procedure
was same as described for the ammonia analysis above.
The pH analyses were completed using a standard pH meter setup (ORION, U.S.A.). The pH meter was also regularly calibrated using pH 4, 7, and 10 calibration standards
(from Fisher, USA).
3. RESULTS AND DISCUSSION

First of all an initial selenocyanate degradation experiment was completed in the absence of photocatalyst TiO2.
This initial step helped to realize the role of TiO2 as a photocatalyst. Results from that preliminary experiment completed using only UV light and the previously described reactor setup (Fig. 1) are given in Fig. 2. The respective findings indicate that aqueous phase selenocyanate (SeCN-)
complex remains intact and no change in its concentration
is noted even after 120 min of exposure to the UV light
source. However adding 1 g/L TiO2 photocatalyst to the
same system causes near complete disappearance of selenocyanate at approx. 138 min reaction time. Thus results given
in Fig. 2 establish that photocatalytic degradation (PCD)

Effect of TiO2
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FIGURE 2 - Effect of TiO2 onto selenocyanate (SeCN-) removal (pH 12, SeCN- 20 mg/L, 15 W UV lamp, 1 g/L TiO2).

1110

© by PSP Volume 24 – No 3b. 2015

pH 4 ‐ Effect of SeCN‐ Concentration

100

SeCN- Remaining (%)

Fresenius Environmental Bulletin

5 ppm

80

20 ppm

60
40
20
0
0

20

40

60

80

100

120

140

Time (min)
FIGURE 3 - Effect of selenocyanate (SeCN-) concentration onto its removal using photocatalysis (pH 4, 15 W UV lamp, 1 g/L TiO2).

process can successfully destroy the selenocyanate complex possibly through OH radicals, which are considered
to be the dominant oxidants species in the PCD process
[33]. In brief when a TiO2 particle is exposed to a near UV
radiation source (with wavelength ~352 nm) the valence
band (VB) electrons are excited and consequently shifted
to the conduction band (CB) [33]. This phenomenon produces an electron/hole pair (e-/h+) as given below:
TiO2 + hυ → e- + h+

(1)

The electron deficient hole/h+ (located in the VB) scavenge the surface bound OH- species and in turn produce the
OH radicals:
Ti-OH- + h+  Ti-OH

(2)

The above mentioned OH radicals are powerful and
non-selective oxidants [33], which initiate destruction of
even very recalcitrant pollutants like selenocyanate complex
to near complete removal (Fig. 2). Based on above mentioned promising findings the present work was expanded
to explore the effect of selenocyanate concentration onto
its PCD initiated removal. Fig. 3 shows the respective results for experiments completed at pH 4. We note that with
an increase in the initial selenocyanate concentration from
5 ppm to 20 ppm, more reaction time is required for near
complete selenocyanate complex removal from the aqueous phase. However we do observe near complete selenocyanate removal within a reasonable reaction period. A
qualitatively similar trend is also noted at pH 12 (Fig. 4).
Nevertheless, it is important to note that the selenocyanate
complex shows near complete disappearance within 180 min

reaction time even at a higher concentration of 40 ppm
(Fig. 4). In summary the results presented in Figs. 2-4 show
selenocyanate complex disappearance at both acidic and
basic pH values over a wide concentration range within a
few hours reaction time. Based on these successful findings, the present study was further expanded to investigate
the pertinent mechanistic details, i.e., what causes the selenocyanate complex disappearance from the aqueous phase
during the PCD process. If the noted selenocyanate disappearance results because of PCD initiated destruction of selenocyanate complex then the resulting reaction byproducts should also corroborate to that fact. To that end the
expected reaction intermediates species were thus investigated. Fig. 5a shows respective results for 20 ppm selenocyanate experiment completed at pH 4. We note a gradual
buildup of cyanide species along with disappearance of selenocyanate (Fig. 5a), which does support selenocyanate
complex destruction as shown below:
SeCN-

 Se + CN-

(3)

Furthermore as the PCD reaction proceeds the elemental selenium resulting from selenocyanate complex destruction is first oxidized to selenite (SeO32-) and then to
selenate (SeO42-). The selenite (SeO32-) species results
show an initial increase followed by a gradual decrease
(Fig. 5a). Also the selenite species is further oxidized to
selenate species at higher reaction time. Considering these
interesting trends, the selenocyanate degradation was also
investigated at pH 6, pH 10, and pH 12 to better understand
the respective mechanistic details. Findings from pH 6 and
pH 10 experiments were in general similar to pH 4 find-
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ings, with some fine differences. For example for both pH
6 and pH 10 studies the oxidation of selenite to selenate
transpired at an earlier stage. Furthermore a significant
buildup of cyanate species was also noted at pH 10, which
resulted from the oxidation of reaction byproduct cyanide.

pH 12 ‐ Effect of SeCN‐ Concentration

100

SeCN‐ Remaining (%)

However at pH 12 (Fig. 5b) the selenocyanate complex
degradation trends show a larger buildup of selenite with
some oxidation to selenate. This is different from the above
mentioned trends for pH 4, pH 6, and pH 10 studies. Furthermore we also note a significant conversion of cyanide
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FIGURE 4 - Effect of selenocyanate (SeCN-) concentration onto its removal using photocatalysis (pH 12, 15 W UV lamp, 1 g/L TiO2).
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FIGURE 5a - Removal of selenocyanate (SeCN-) and formation of reaction intermediates using photocatalysis at pH 4 (SeCN- 20 mg/L, 15 W
UV lamp, 1 g/L TiO2).
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FIGURE 5b - Removal of selenocyanate (SeCN-) and formation of reaction intermediates using photocatalysis at pH 12 (SeCN- 20 mg/L, 15 W
UV lamp, 1 g/L TiO2).

SeCN-N

NO2-N

OCN-N

NO3-N

CN-N

SeO3-Se

SeO4-Se

Species Amount (%)

100
80

pH 12 - 40 ppm SeCN-

60
40
20
0
0

60

120

180

240

300

360

420

480

Time (min)
FIGURE 6 - Selenocyanate (SeCN-) removal and formation of reaction intermediates using photocatalysis (pH 12, SeCN- 40 mg/L, 15 W UV
lamp, 1 g/L TiO2).

species to cyanate species at pH 12 (Fig. 5b). Similar was
noted by Vohra [34] for thiocyanate photocatalysis, and it
was explained based on following reaction describing oxidation of CN- to OCN- [35]:
CN- + 2h+ + 2OH- → OCN- + H2O
(4)

Eq. 4 supports higher CN- oxidation to OCN- at basic pH
values that also explains the OCN- formation trend at pH 12
as shown in Fig. 5b. It should also be noted that the conversion of selenite to selenate begins only after a near complete
selenocyanate removal. On the other hand, cyanide oxida-
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tion to cyanate starts at an earlier time (Fig. 5b). These oxidation trends at pH 12 (compared to pH 4, pH 6, and pH 10
studies) are somewhat different. To confirm these specific
selenocyanate degradation trends at pH 12, one more experiment was conducted at 40 ppm selenocyanate concentration
and respective results are given in Fig. 6. The respective
findings are qualitatively similar to the 20 ppm selenocyanate study results (Fig. 5b), which confirms the above noted
different selenocyanate degradation trend at pH 12. Furthermore regarding the selenite buildup as noted in Fig. 5b and
Fig. 6, it is possible that the selenite oxidation to selenate
transpires at the TiO2 surface. It has also been reported that
the selenite adsorption onto TiO2 is lower at higher pH [24,
28, 30], which can be explained based on the pH dependent
TiO2 surface speciation [36]:
(5)
Ti-OH2+ ↔ Ti-OH + H+
+
Ti-OH ↔ Ti-O + H
(6)
Hence at pH values higher than the pHzpc of TiO2, an
electrostatic repulsion between the anionic TiO2 surface and
the anionic selenite species may result into latter’s reduced
adsorption on TiO2 surface. Consequently the reduced presence of selenite at the TiO2 surface at higher pH may also
reduce its conversion to selenate specie as noted in Fig. 5b
and Fig. 6. In any case results from the above mentioned selenocyanate PCD studies clearly establish that the noted selenocyanate disappearance occurs because of selenocyanate
complex destruction along with the formation of several reaction byproducts. After achieving this important milestone
the next important goal was to know the optimum conditions

for the removal of selenite and selenate species from the
aqueous phase. Several previous studies have reported the
reduction based photocatalysis initiated removal of selenite
and selenate species using specific hole/h+ scavenging
agents such as formic acid that scavenge the hole/h+ species
(located in the VB of TiO2); this leaves enough CB electrons/e- species that eventually convert the selenite and selenate to reduced elemental selenium [30-31, 37-41]. In the
present work a series of experiments were thus conducted
using EDTA (ethylenediaminetetraacetic acid) as the hole
scavenger. For each experiment a specific amount of EDTA
was added at the beginning of that experiment, i.e., at reaction time zero min. Howeverthe respective results as given
in Fig. 7 show a slowing down of selenocyanate degradation
in the presence of EDTA, with complete inhibition at EDTA
amounts of 150 ppm and 300 ppm. Such an inhibition of selenocyanate photocatalytic degradation transpires because
of competitive EDTA degradation by the OH radicals or
hole/h+ species that are produced during photo-excitation
of TiO2 particle (Eq. 1 and 2) as given below [30]:
EDTA + OH (or h+)  Intermediates  CO2 + H2O
(7)
Hence a simultaneous competitive degradation of
EDTA (Eq. 7) inhibits selenocyanate photocatalytic degradation (Eq. 3), specifically at higher EDTA amounts as
noted in Fig. 7. The above mentioned observations from
Fig. 7 suggest that EDTA should be added to the respective
synthetic wastewater batch at a reaction time when most
selenocyanate complex has been destroyed. To know that

Effect of EDTA added at Time 0 min
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FIGURE 7 - Effect of EDTA amount added at reaction time zero min onto 10 ppm selenocyanate (SeCN-) removal using photocatalysis (EDTA
0 - 300 mg/L, pH 4, SeCN- 10 mg/L, 15 W UV lamp, 1 g/L TiO2).
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Effect of 300 ppm EDTA ‐ Added at Time
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FIGURE 8a - Selenocyanate (SeCN-) removal using photocatalysis: Effect of time at which EDTA is added to the PCD reactor during photocatalysis (EDTA 300 mg/L, pH 4, SeCN- 10 mg/L, 15 W UV lamp, 1 g/L TiO2).
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FIGURE 8b - Removal of all dissolved selenium associated species during selenocyanate (SeCN-) removal using photocatalysis with 300 ppm
EDTA added at 380 min reaction time during photocatalysis (pH 4, SeCN- 10 mg/L, 15 W UV lamp, 1 g/L TiO2).
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optimum time, another series of experiments were conducted at pH 4 and at an initial selenocyanate concentration
of 10 ppm. In each of these experiments 300 ppm EDTA
was added at a different time after the start of PCD reaction. Fig. 8a summarizes the respective findings. Upon addition of EDTA at 120 min, we note the re-appearance of
selenocyanate species in the aqueous phase. However for
the other experiments in which EDTA is added at 180 min,
300 min, and 380 min reaction time we see no significant
selenocyanate re-appearance within the next 1 h reaction
time (after the addition of EDTA) as shown in Fig. 8a. Also
for the experiment with EDTA added at 120 min reaction
time, the noted re-appearance of selenocyanate indirectly
indicates that selenocyanate degradation transpires at the
TiO2 surface, i.e., upon the addition of EDTA the TiO2 surface bound selenocyanate is replaced by the newly arrived
EDTA. It is important to note that though the selenocyanate
species did not show any significant adsorption onto TiO2
at time zero, however under UV light illumination, the respective conditions seem to favour such an accumulation
at the TiO2 surface, as evident from re-appearance of selenocyanate species in case of EDTA added at 120 min reaction time (Fig. 8a). This observation also brings to light the
fact that any meaningful removal of selenium from the
aqueous phase will require complete destruction of selenocyanate complex followed by formation and removal of respective selenite/selenate species through the reduction
route via CB electrons/e- species resulting in formation of
reduced elemental selenium. To realize this important aspect the analyses of selenite and selenate species for respective experiments was also completed. For all experiments the remaining selenite amount was small, which is
also supported from aforementioned results from Fig. 5a,
where conversion of selenite to selenate was comparatively
faster at pH 4. Furthermore for the systems studied in Fig.
8a, the amount of aqueous phase selenate shifted to a
higher value after the addition of EDTA, which indicated
the displacement of surface bound selenate species. However it was the 380 min experiment (i.e., EDTA added at
380 min) for which the selenate amount showed near complete selenium recovery (in terms of total selenium added
at time zero min). Hence the addition of 300 ppm EDTA at
time 380 min assures that most selenocyanate complex has
been degraded followed by the oxidation of released selenium to selenite and then to selenate species. Furthermore
a follow up of this specific experiment at reaction time
greater than 380 min showed near complete removal of all
dissolved selenium species as shown in Fig. 8b. Also a
pink-orange colour formation during this step qualitatively
indicated the formation of reduced elemental selenium species, i.e., the removal of selenate after the addition of
EDTA at 380 min reaction time is initiated by the reduction
route, as given below:
Selenate + e-  Reduced Selenium

(8)

reduction to elemental selenium (Eq. 8) that will be removed from the aqueous phase via precipitation. In summary results from the present work show that the TiO2 assisted PCD process can both destroy the aqueous phase selenocyanate complex and also remove the resulting oxidized selenium based species through the above mentioned
reduction route.

4. CONCLUSIONS

The present work explored use of TiO2 mediated photocatalytic degradation (PCD) process for the destruction
aqueous phase selenocyanate (SeCN-) along with the removal of reaction intermediates selenite (SeO32-) and selenate (SeO42-). A preliminary experiment completed without TiO2 did not initiate the destruction of selenocyanate
complex. Nevertheless presence of TiO2 photocatalyst
yielded near complete removal of seleconcyanate from the
aqueous phase. Furthermore results from a pH 4 selenocyanate PCD study indicated simultaneous formation of cyanide, selenite, and selenate species, which clearly indicated
that the noted SeCN- complex removal results because of
its degradation and oxidation of released selenium and cyanide species. Also the respective selenite formation findings indicated an increasing concentration till 1 h reaction
time, after which the selenite amount decreased. Qualitatively similar trends were also noted for the pH 6 and pH
10 selenocyanate PCD studies. Nevertheless the selenocyanate PCD study completed at pH 12 showed different a different reaction trend with significant accumulation of selenite species. Application of EDTA (ethylenediaminetetraacetic acid) as a hole scavenger for the removal of above
mentioned oxidized selenite and selenate forms (via reduction) was noted to be dependent on pre-degradation of selenocyanate complex. When EDTA was added at the beginning of PCD experiment it actually retarded selenocyanate
degradation. Also introduction of EDTA at 120 min reaction time caused re-appearance of selenocyanate (possibly
because of desorption from the TiO2 surface), which also
suggests that sufficient reaction time should be given for
complete selenocyanate complex destruction. Also for experiment with EDTA added at 380 min reaction time, the
elemental selenium bound to noted selenate concentration
was equivalent to the initially added selenocyanate-selenium amount. Furthermore at reaction time higher than
380 min (after the addition of EDTA) a gradual decrease in
selenate concentration was also observed, because of its reduction to elemental selenium with EDTA acting as a hole
scavenger. In summary results from the present work show
that the TiO2 assisted PCD process can successfully destroy the aqueous phase selenocyanate complex and also
remove the resulting oxidized selenium based species
through reduction route.

+

Hence the consumption of VB hole/h species (Eq. 1)
by EDTA (Eq. 7) will result in reduced e-/h+ recombination
thus leaving enough CB e- species for the selenite/selenate
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quality is increasing, which leads to the need for highlighting the anthropogenic factor.

ABSTRACT

In this study, spatial and seasonal variations of water
quality in the Morava River system in Serbia were evaluated using multivariate statistical techniques, such as cluster analysis, principal component analysis, factor analysis
and discriminant analysis. Water quality data set was collected during the period of 8 years by monitoring 18 parameters at 14 sampling stations. The hierarchical cluster
analysis classified monitoring stations into 3 clusters, i.e.
relatively less polluted (LP), medium polluted (MP), and
high polluted (HP) areas, reflecting thus different chemical
properties and pollution levels. FA/PCA applied to the data
sets of the 3 groups obtained from cluster analysis, resulted
in 6, 4 and 6 latent factors explaining water quality data
sets of LP, MP and HP areas, respectively. The varifactors
obtained from factor analysis indicate that the parameters
responsible for water quality variations are mainly related
to mineral components and temperature (natural), nutrients, and organic matter pollution (anthropogenic) out of
point and non-point sources. The discriminant analysis offered an important data reduction as it only used 2 parameters (water temperature, calcium) for the temporal analysis, and 3 parameters (pH value, electrical conductivity, potassium) for the spatial analysis.
KEYWORDS: The Morava River system, surface water quality,
cluster analysis, factor analysis, principal component analysis, discriminant analysis

1. INTRODUCTION

Surface water is a general term describing any waterbody which is found flowing or standing on the surface,
such as streams, rivers, ponds, lakes and reservoirs [1]. As
for the suitability for a designated use, all the chemical,
physical and biological characteristics of water are defined
as water quality. Water quality problems and treatment priorities differ regionally. The quality of the surface water
mostly depends on climatic and geological factors. Until
recently, the impact of human activities on surface water
* Corresponding author

Water quality monitoring is one of the most important
aspects of the overall water quality management. The well
planned and well managed water quality monitoring system is required to signal, control, or predict changes or
trends of changes in the quality of a particular water-body.
However, a long-term survey and monitoring programs
produce large and complicated data sets, which are difficult
to analyze and interpret, and they are not fully explored [27].
Multivariate analysis techniques help in reducing the
complexity of a large-scale data set, and are currently
widely used in environmental impact studies [8-13]. These
techniques present a reliable tool used in characterizing and
evaluating the fresh water quality, as well as verifying temporal and spatial variations caused by natural and anthropogenic factors linked to seasonality [4, 14, 15]. Also, it is
possible to isolate areas with different characteristics due
to natural or anthropogenic influences of point or non-point
sources of pollution [16].
Zhang et al. [17] used the cluster analysis (CA) to identify several zones with different water qualities, and the
principal component (PCA) and factor analyses (FA) to extract the most important parameters in assessing variations
in the river water quality of different zones. The discriminant analysis (DA) is used in various studies for confirming
the clusters determined by means of CA and evaluating
both temporal and spatial variations [7, 9, 10].
The aim of this study is to confirm the utility of 3 different multivariate statistical techniques (CA, FA/PCA,
DA) in order to determine both the spatial and temporal
variations in the water quality data matrix of the Morava –
the major river system in Serbia, without losing important
information.

2. MATERIALS AND METHODS
2.1 Monitoring area

The drainage basin of the whole Morava River system
is 37,444 km2 (out of which 1,237 km2 is in Bulgaria and
44 km2 is in the Republic of Macedonia), covering 42.38%
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of the Serbian area. The Morava River system consists of
the South Morava, West Morava and Great Morava rivers,
and their tributaries. The Morava River basin lies approximately between 42°28' and 44°43' of the North latitude
and 19°33' and 23°00' of the East longitude. It represents
the most important water management potential of Serbia.
The significance of this river system water quality evaluation is particularly supported by the fact that the Great Morava River belongs to the Danube River basin, the second
largest river in Europe. Therefore, monitoring and the effective management of water from the river system is becoming a matter of international importance.
The South Morava is located in southern Serbia. It belongs to the Black Sea drainage basin, while its own drain-

age area amounts to 15,469 km2. It flows the south to north
direction, from the Macedonian border to the central Serbia. The South Morava springs in the mountain of Skopska
Crna Gora in the Republic of Macedonia. It has been
formed by the confluence of the Binacka Morava and
Presevska Moravica rivers in Bujanovac. Having the length
of 295 km, this river represents a shorter headwater of the
Great Morava. The South Morava River has 157 tributaries
and the most important are the Jablanica, the Veternica, the
Pusta Reka and the Toplica on the left, and the Vrla, the
Vlasina, the Nisava, and the Sokobanjska Moravica on the
right side. On the banks of the South Morava basin, there
are located many settlments: Vladicin Han, Vranje, Surdulica, Vlasotince, Grdelica, Leskovac, Pecenjevce, Toplica,
Aleksinac, Dimitrovgrad, Pirot, Bela Palanka, and Nis. The

FIGURE 1 - Study area and surface water quality monitoring stations (1-14) in the Morava River system.
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South Morava river has a great potential for the production
of electrical energy, but it has not been exploited yet [18]. Its
water is, to some extent, used for irrigation, as well as a natural route for the railway and highway Belgrade-SkopjeThessaloniki. What is more important to point out, is the
transportation role of the river. The investigation of the
South Morava water quality has included 5 hydrology measuring stations situated at specific distances from the confluence up the river flow: 1. Ristovac - 237 km (entry point); 2.
Vladicin Han – 195 km; 3. Grdelica – 163 km; 4. Aleksinac
– 61.8 km, and 5. Mojsinje – 18.1 km (exit point) (Fig. 1).
The West Morava river covers 308 km river in central
Serbia. It originates from the Golijska Moravica and Djetinja
headstreams and flows in latitudinal (west-to-east) direction.
The West Morava drains an area of 15,849 km2. The average
flow of the river is 120 m3/s. This river has water from 85
tributaries, and the most important are Ibar, Rasina, and
Gruza. The river valley of the West Morava is economically
the most developed one, compared to the 3 Morava river valleys. Due to the very developed industry, there is a number
of many industrialized towns: Uzice, Pozega, Cacak,
Kraljevo, Trstenik, and Krusevac. The research of the West
Morava water quality status is covered by 5 hydrological
monitoring stations at a certain distance from the confluence
along the river: 6. Gugaljski Most (entry point), 7. Kratovska
Stena – 206 km, 8. Kraljevo – 138.3 km, 9. Jasika – 20.5 km,
and 10. Maskare (exit point) (Fig.1).
The Great Morava River, the final section of the Morava
River system, starts running nearby the small town of Stalac,
at the confluence of the South and West Morava. After its
185 km long course, the Great Morava flows into the Danube river. The average discharge at this point is 255 m3/s.
The drainage basin of the Great Morava is 6,126 km2, and it
is known as a typical example of a meandering river. Its
longest tributary is Jasenica (79 km), while others are
mostly shorter than 50 km. The Great Morava river basin
is characterized by extremely big fluctuations of flow regime. The Great Morava and its tributaries have a snowrain regime, with abundant amounts of water in spring due
to snow melting, and spring and autumn rain. The water
quality of the Great Morava River is strongly influenced by
the South and the West Morava and numerous tributaries.
Because of the risk of flooding, there is only one urban settlement on the river bank – Cuprija. The water quality data
were collected from 4 monitoring stations located on the
Great Morava River course: 11. Varvarin – 237.2 km (entry
point), 12. Bagrdan – 154.1 km, 13. Trnovce, and 14. Ljubicevski Most – 21.7 km (Fig. 1).
All of the analyzed rivers - the South, the West and the
Great Morava, are located in the densely populated areas, regions with intensive agricultural activities, industrially developed areas, and regions without a regulated sewerage system.
2.2 Data

In this study, 14 monitoring stations located along the
main courses of the Morava River system – the South Morava, the West Morava and the Great Morava (Fig. 1), and

18 physico-chemical parameters (Table 1) obtained from
each station, were used for this analysis. These datasets,
collected during January 2005 to December 2012, are part
of the database kept by the Republic Hydrometeorological
Service of Serbia.
TABLE 1 – Water quality parameters associated with their abbreviations and units used in this study.
Parameter
Water temperature
Suspended solids
Dissolved oxygen
Total hardness (as CaCO3)
pH
Electrical conductivity
Nitrate
Total nitrogen
Orthophosphate-phosphorus
Total phosphorus
Dissolved silicates SiO2
Sodium
Potassium
Calcium
Magnesium
Chloride
Sulphate
5-days biochemical oxygen demand

Abbreviation
WT
SS
DO
TH
pH
EC
NO3
TN
PO4
TP
SiO2
Na
K
Ca
Mg
ClSO4
BOD

Unit
°C
mg/L
mg/L
mg/L
pH units
µS/cm
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/l
mg/l
mg/l
mg/l
mg/l

The methods, chosen to conduct the chemical analyses,
included standard analytical techniques, as they are routinely
applied in the control laboratories of the monitoring network.
Potentiometry, gravimetry, titrimetry, and spectrophotometry
are standard analytical techniques widely used in the surface
water quality assessment.
At the sampling point, the water temperature (WT)
was measured, and the pH value (pH) was determined according to SRPS H.Z1.111 method; the 5-day biochemical
oxygen demand (BOD5) was determined by EPA 360.2
method, suspended solids (SS) according to SRPS
H.Z1.160:1987 method, dissolved oxygen (DO) according
to EPA 360.2, total hardness (TH) according to ISO
6059:1984 method, electrical conductivity (EC) according
to UP 1.86/PC12, phosphates (PO4, TP), nitrates (NO3) and
silicates (SiO2) according to standard analytical method
APHAS AWWA WEF 4500, total nitrogen oxides (TN)
were determined according to UP 1.73/PC12, sodium (Na)
and potassium (K) according to APHA AWWA WEF 3111
B, while calcium (Ca) was measured according to ISO
6058:1984.
2.3 Data treatment and statistical methods

In order to account for the non-normal distribution of
measured water quality parameters, the variables correlation structure was determined by using the Spearman rank
order coefficient [5, 9, 10, 19]. The Spearman R coefficient
is a non-parametric measure of the statistical dependence
between two variables. It is defined as the Pearson correlation coefficient between the ranked variables. In this study,
the changes of water quality parameters during the seasons
were evaluated using the Spearman’s R. Firstly, water quality parameters were grouped into 4 seasons: spring (March
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- May), summer (June - August), autumn (September - November) and winter (December - February). Secondly,
each season was assigned with a numerical value in the
data file (1 = spring; 2 = summer; 3 = autumn; 4 = winter).
Finally, this numerical variable was correlated (pair by
pair) with all measured parameters in order to establish the
ones which are associated with temporal variations [19].
Kaiser-Meyer-Olkin (KMO) and Bartlett’s sphericity
tests were performed to examine the suitability of the data
for PCA/FA [20]. A high value (close to 1) of KMO measure of adequacy indicates that PCA/FA is useful. In this
study, KMO was 0.775 which confirms the validity of the
obtained PCA/FA analysis. Bartlett’s sphericity test with
the significant level of 0 in this case (<0.05) indicated that
there were significant relationships among the variables.
All mathematical and statistical calculations were implemented using Microsoft Office Excel 2007 and software
package SPSS V.17.0.
The cluster analysis, defined as an unsupervised pattern recognition technique, reveals the intrinsic structure of
a data set without making a priori assumptions about the
data in terms of classifying the objects of the system into
categories or clusters based on their nearness or similarity
[21]. The goal of this analysis is to find out the optimal
grouping where the observations within each cluster are
similar, but the different clusters differ mutually. In the
cluster analysis, neither groups nor their number are known
in advance.
The hierarchical clustering is the most common approach, where clusters are formed sequentially starting
with the most similar pair of objects and forming higher
clusters in a step-by-step pattern [9]. The main advantage
of the hierarchical method of the cluster analysis lies in the
fact of not demanding any prior knowledge of the number
of clusters [22]. In this study, the hierarchical clustering
was performed on the base of a normalized data set by
means of the Ward’s method, using squared Euclidean distance as a measure of similarity. Ward’s method implies
that the distance between 2 clusters is, in fact, the sum of
squares of all the variables summarized in these 2 clusters.
The main advantage of the squared Euclidean distance is the
fact that it does not take the square root which speeds up the
computation, making it possible to use the recommended
measure for Ward’s clustering methods. The linkage distance is reported as Dlink/Dmax, which represents the quotient
between the linkage distance for a particular case divided by
the maximal distance, multiplied by 100 in order to standardize the linkage distance represented on y-axis [3, 9, 19].
In this study, the cluster analysis was used in order to achieve
the data reduction as well as the visual summary of the intrarelationship among parameter variations.
The usefulness of the principal component analysis,
combined with the factor analysis in transforming the large
sets of inter-correlated variables in smaller sets of independent (orthogonal) variables in the physico-chemical
water quality monitoring, has been proven by many authors
[14, 19, 21, 23]. This tool can be used to reduce the variable

numbers and explain the same amount of variance with
fewer variables, with a minimal loss of information [24].
PCA mathematically operates from the covariance matrix, describing the dispersion of the multiple measured parameters, to obtain eigenvalues and eigenvectors [19]. The
results of this extracting are new orthogonal variables
called principal components (PCs), which are the linear
combinations of the original variables. In order to achieve
a simpler and more effective image of the underlying factors, it is recommended to perform a rotation of the axis
PCs, which leads to the formation of new groups of variables called varifactors (VFs). This procedure is frequently
known as the factor analysis. The factor analysis follows
the PCA attempting to explain the correlations between the
observations in terms of the underlying factors, which are
not directly observable [25].
The discriminant analysis is a multivariate technique
used to classify the observation unit in 1 of the 2 or more
alternative groups based on the specific set of measurements. One of its objectives is to determine the variables,
which can be discriminated between the formed groups. It
operates on the raw data, and the technique constructs a
discriminant function for each group [9, 19] as in Eq. (1):
∑

(1)

where i is the number of groups (G), ki is the constant
inherent to each group, n is the number of parameters used
to classify a set of data into a given group, wj is the weight
coefficient, assigned by DA to a given selected parameter
(pj). The weight coefficient helps in maximizing the distance between the mean values of the criterion variable. For
assessing the performance of DA, the prediction matrix is
used. In contrast to CA, DA provides statistical classification of samples, and it is performed with some prior
knowledge of membership objects to a particular group or
cluster [10].
In this study, groups for temporal (4 seasons) and spatial (3 sampling regions) evaluations have been selected,
and numbers of analytical parameters have been used to
assign a measure from the monitoring site into a group
(season or monitoring area). The application of standard,
forward and backward modes helped in constructing the
discriminant functions. The monitoring sites and periods
were determined as grouping variables, while all the measured parameters are marked as the independent variables.

3. RESULTS AND DISCUSSION

The results of the descriptive statistics for the 8-year
water quality data set are summarized in Table 2.
3.1 Spatial similarity and monitoring of stations grouping

In order to detect similar groups between the monitoring stations, the spatial CA was used. As a result, the following dendrogram (Fig. 2) was obtained, according to
which 14 sampling sites were grouped into 3 statistically
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TABLE 2 - Mean, standard deviation, minimum and maximum values of water quality parameters at different locations of the Morava River
System.
Monitoring station
Varvarin

Bagrdan

Trnovce

Ljubicevski
Most

Gugaljski
Most

Kratovska
Stena

Kraljevo

Jasika

Maskare

Ristovac

Vladicin
Han

Grdelica

Aleksinac

Mojsinje

SS

DO

TH

pH

EC

NO3

TN

PO4

TP

SiO2

K

Ca

Mg

12.930

45.64

11.051

222.34

8.316

421.18

1.4051

2.3323

0.10374

0.17982

10.48 11.551

2.266

56.14

19.68 12.26 31.22

2.231

Std. Dev.

7.5116

129.635

1.7962

23.061

0.2805

53.723

0.69542

0.72414

0.03870

0.13075

3.779 2.7058

0.7595

8.521

4.657 5.320 9.746

0.6540

Min.

1.0

1.0

7.1

158.0

7.8

322.0

0.2

1.1

0.013

0.061

1.0

7.6

1.0

36.0

6.0

4.0

6.0

1.0

Max.

26.0

1102.0

16.7

276.0

8.9

545.0

2.92

4.38

0.192

1.058

20.0

23.1

4.6

75.0

29.0

30.0

54.0

5.5

Mean

13.133

33.35

10.366

204.32

8.159

404.90

1.6647

2.3244

0.11465

0.19273

9.34

12.336

2.643

56.82

18.16 12.09 32.04

2.287

Std. Dev.

7.7907

61.283

1.7773

34.138

0.2343

56.559

1.32294

0.89059

0.03824

0.09192

3.555 3.0259

1.1620

9.607

4.927 3.983 11.370

1.2400

Min.

0.3

1.0

5.9

139.0

7.5

290.0

0.10

0.80

0.025

0.077

1.0

5.0

0.6

34.0

10.0

5.0

10.0

0.5

Max.

26.7

478.0

14.4

304.0

9.0

512.0

11.95

6.76

0.221

0.658

15.0

22.7

9.0

79.0

31.0

25.0

96.0

7.0

Mean

13.861

46.60

9.988

224.88

8.172

451.98

1.5714

2.5842

0.14269

0.22511

8.80

13.768

3.436

57.63

19.48 13.51 35.41

2.733

Std. Dev.

7.8149

75.082

1.8141

35.788

0.2838

73.326

0.86216

1.37098

0.10389

0.16110

3.728 3.7903

2.0089

10.940

6.384 6.521 14.563

1.6329

Min.

0.3

1.0

6.2

130.0

7.6

242.0

0.1

1.0

0.024

0.045

0.0

7.7

1.0

27.0

6.0

4.0

9.0

0.2

Max.

28.8

544.0

14.9

317.0

8.8

770.0

4.35

6.79

1.000

1.160

15.0

23.5

12.2

82.0

37.0

49.0

100.0

8.8

Mean

13.412

38.43

10.832

211.29

7.852

419.63

1.9447

2.2054

0.10302

0.20939

8.83

13.406

3.042

57.32

18.94 12.62 37.78

3.025

Std. Dev.

7.8745

75.017

1.9215

37.744

0.4342

61.900

3.23510

0.69235

0.04525

0.14460

3.706 4.5162

1.7837

11.210

5.836 4.057 31.619

1.1006

Min.

0.3

2.0

5.3

131.0

7.0

275.0

0.20

0.80

0.008

0.030

1.0

3.1

0.9

26.0

8.0

5.0

11.0

0.5

Max.

27.8

543.0

14.7

310.0

8.6

569.0

29.57

4.47

0.210

1.020

16.0

35.9

12.5

79.0

42.0

22.0

311.0

6.3

Mean

12.162

23.47

10.902

190.68

8.226

357.70

1.3001

2.3131

0.09582

0.16601

10.55 7.427

1.427

55.99

13.86 10.55 19.10

2.885

Std. Dev.

6.3534

39.765

1.7608

34.837

0.2440

58.574

0.55623

1.58803

0.19085

0.21010

2.431 2.5040

0.5369

10.833

4.208 5.621 11.448

0.6620

Min.

2.0

1.0

7.5

127.0

7.6

252.0

0.06

0.80

0.018

0.034

4.0

3.3

0.5

39.0

3.0

3.0

3.0

1.0

Max.

23.2

333.0

16.9

368.0

8.9

723.0

2.45

11.20

1.770

1.685

17.0

12.6

3.0

120.0

24.0

24.0

93.0

6.0

Mean

12.391

34.94

10.731

192.31

8.152

361.42

1.5723

1.9885

0.07088

0.13144

10.11 7.123

1.265

56.68

14.41 10.44 20.99

3.068

Std. Dev.

6.3503

65.837

1.5331

27.881

0.2527

47.475

0.63169

0.88648

0.04140

0.07366

2.764 2.2752

0.4413

8.889

4.296 5.753 8.750

0.6342

Min.

2.0

1.0

7.8

129.0

7.4

247.0

0.20

0.20

0.016

0.041

5.0

3.2

0.4

34.0

7.0

3.0

5.0

1.2

Max.

23.8

462.0

14.0

258.0

8.9

462.0

2.80

3.86

0.185

0.420

18.0

14.5

2.2

89.0

32.0

24.0

64.0

4.4

Mean

12.578

23.61

10.692

218.48

8.318

418.11

1.4638

2.3194

0.07185

0.13326

10.88 8.700

1.567

59.54

19.02 11.03 25.05

2.730

Std. Dev.

6.8485

33.934

1.3795

33.863

0.2070

62.031

0.69237

0.64257

0.04474

0.07454

2.673 2.6075

0.5978

9.062

5.697 5.494 9.516

0.8197

Min.

1.0

1.0

7.6

132.0

7.6

265.0

0.06

0.40

0.008

0.021

2.0

4.7

0.2

37.0

5.0

3.0

10.0

0.2

Max.

27.4

243.0

13.5

310.0

8.9

546.0

2.80

4.44

0.327

0.520

16.0

14.9

3.0

80.0

34.0

24.0

66.0

5.4

Mean

12.607

37.95

11.979

213.92 8.304

2.1671

0.08972 0.19812 11.27

10.720

2.091

57.32

20.65 12.97

33.00

2.221

Std. Dev.

7.5467

57.633

9.3338

33.858 0.2783 62.983

0.79811 0.56579 0.03414 0.23641 4.767

2.9718

0.7033 11.121 4.910 5.995

9.076

0.6197

Min.

1.0

2.0

7.1

124.0

7.9

279.0

0.10

0.80

0.010

0.030

2.0

5.0

0.9

33.0

9.0

3.0

9.0

1.0

Max.

26.0

377.0

100.3

361.0

8.9

550.0

4.29

3.54

0.178

1.839

40.0

21.6

4.0

94.0

32.0

34.0

54.0

5.0

Mean

12.785

46.90

11.030

223.88 8.321

424.15

1.4188

2.3695

0.10638 0.17499 10.25

11.244

2.275

56.13

22.07 11.74

31.25

2.054

Std. Dev.

7.3835

106.337 1.7657

28.126 0.2893 57.133

0.79827 0.70021 0.04237 0.10734 3.378

2.7199

0.6780 10.279 6.755 4.433

10.157 0.4551

Min.

1.0

1.0

6.9

164.0

7.9

277.0

0.10

0.60

0.020

0.061

0.0

6.0

1.3

18.0

9.0

2.0

10.0

1.0

Max.

25.5

773.0

15.1

285.0

8.9

545.0

3.84

4.21

0.223

0.816

16.0

19.6

4.4

81.0

52.0

25.0

63.0

3.1

Mean

12.979

55.47

9.449

269.81 7.807

589.79

1.9610

3.2535

0.20064 0.40845 14.59

34.228

7.713

70.87

22.00 24.01

48.75

3.187

Std. Dev.

7.2994

72.218

2.1923

85.263 0.2185 188.994 1.40521 1.47374 0.10365 0.21631 3.716

25.0452 6.1957 22.529 8.501 12.856 16.708 0.9348

Min.

1.0

4.0

4.6

87.0

7.2

185.0

0.10

1.40

0.030

0.172

5.0

8.3

0.6

25.0

6.0

4.0

15.0

0.6

Max.

24.5

372.0

15.2

484.0

8.6

995.0

10.12

10.50

0.463

1.600

23.0

130.0

40.2

123.0

43.0

72.0

91.0

5.3

Mean

12.406

28.03

10.169

186.43 7.937

398.89

1.6481

2.4611

0.14348 0.24182 11.80

28.262

4.840

49.78

14.95 18.59

41.34

3.052

Std. Dev.

7.3039

39.955

1.9644

61.022 0.3067 157.359 0.97857 1.00340 0.08958 0.12359 3.568

23.0881 2.6161 17.001 6.095 11.894 30.593 0.8866

Min.

1.3

2.0

6.0

96.0

7.1

181.0

0.10

1.10

0.036

0.070

4.0

5.0

1.8

26.0

5.0

2.0

14.0

1.1

Max.

26.1

278.0

14.5

329.0

8.4

703.0

4.60

4.40

0.362

0.534

18.0

112.1

10.4

95.0

28.0

59.0

237.0

6.0

Mean

12.710

23.38

11.229

141.63 8.062

295.77

1.3855

1.3755

0.09092 0.20014 10.63

16.216

3.753

38.42

11.78 12.45

27.19

2.860

Std. Dev.

10.7618 34.785

1.9305

39.825 0.2635 97.394

3.50546 0.64051 0.04034 0.23130 2.724

7.8163

3.4037 10.164 7.603 6.973

10.322 1.0220

Min.

0.5

1.0

7.3

68.0

7.4

126.0

0.10

0.10

0.028

0.041

2.0

2.4

1.1

20.0

4.0

1.0

10.0

1.1

Max.

88.2

207.0

14.5

262.0

8.7

546.0

33.30

3.33

0.207

1.680

16.0

38.2

22.0

62.0

65.0

32.0

60.0

7.4

Mean

13.664

39.42

10.349

200.53 8.086

405.82

1.2093

2.0697

0.13216 0.29421 7.86

14.988

2.954

57.90

14.93 14.22

35.28

2.241

Std. Dev.

7.5816

61.340

1.9862

38.271 0.2662 80.871

0.71878 0.56903 0.06472 0.40486 3.106

4.9210

0.9807 10.059 5.084 6.497

10.256 0.6494

Min.

0.5

1.0

5.0

100.0

7.6

232.0

0.10

1.10

0.013

0.054

1.0

6.5

1.3

40.0

1.0

4.0

14.0

1.0

Max.

27.5

429.0

15.5

279.0

8.9

570.0

2.70

3.60

0.308

3.050

14.0

31.2

5.1

83.0

26.0

31.0

64.0

4.5

Mean

13.646

42.70

10.699

205.19 8.149

413.81

1.1961

2.2438

0.13746 0.23227 8.10

14.863

2.895

58.81

15.52 14.20

39.00

2.271

Std. Dev.

7.5085

56.237

1.8202

40.701 0.2485 80.330

0.67214 0.67495 0.06721 0.10964 3.727

4.5131

0.9800 11.144 4.985 5.886

25.708 0.6499

Min.

0.5

1.0

6.9

110.0

7.6

234.0

0.10

1.10

0.013

0.097

1.0

6.7

0.6

42.0

6.0

4.0

11.0

0.9

Max.

26.5

384.0

15.6

397.0

8.9

570.0

2.40

3.90

0.315

0.780

14.0

29.6

5.5

87.0

27.0

30.0

244.0

4.4

425.89

1.3343
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FIGURE 2 - Dendrogram of the cluster analysis for sampling stations according to surface water quality parameters of the Morava River
system.

significant clusters at (Dlink/Dmax)_100<60. Cluster 1 consists of 8 monitoring stations (Varvarin, Maskare, Jasika,
Aleksinac, Mojsinje, Bagrdan, Ljubicevski Most, Vladicin
Han). In cluster 2, the following locations are classified:
Gugaljski Most, Kraljevo, Kratovska Stena, Grdelica, and
Trnovce, while Ristovac stands out from all the other sampling sites, thus forming the third cluster. Although, according to the Republic Hydro-meteorological Service of
Serbia, the data water quality at all of the above mentioned
sites is under the prescribed degree, and there is a possibility to classify clusters according to their pollution level.
Monitoring sites corresponding to the cluster 1, are
mostly located near the confluence of the West and the
South Morava into the Great Morava river. This region is
one of the most industrially developed and densely populated regions of Serbia. There is a great number of towns
and settlements nearby: Varvarin, Cicevac, Krusevac,
Trstenik, Cuprija, and Paracin. The fertile valley of the Morava land led to intensive agricultural activities. Also, a
great number of landfills situated on the river banks, undoubtedly affects the water quality. According to the pollution level, Aleksinac, Bagrdan and Ljubicevski Most, although dislocated, are linked with the above-mentioned
monitoring sites belonging to the cluster. The water quality
on the Bagrdan sampling station is largely determined by
the vicinity of Jagodina city, while Ljubicevski Most station is polluted mostly from Pozarevac and Smederevska
Palanka cities. The South Morava river near the town of
Aleksinac is exposed to the impact of a numerous point and
non -point pollution sources (settlements, mines, farms, industrial wastewater, landfills). This cluster corresponds to
relatively moderate pollution (MP).
In cluster 2, five monitoring stations are integrated:
Gugaljski Most, Kraljevo, Kratovska Stena, Grdelica, and

Trnovce. These stations correspond to relatively less polluted (LP) sites. Water quality of this region is on a higher
level, mainly because of the self-purification and assimilative capacity of the river, but also because of the new pollution substances inflow reduction.
Measuring station that stands out from the others, is
that of Ristovac, which presents the third cluster designated
as high polluted (HP). Ristovac is the entry profile of the
South Morava river. In Table 2, it can be seen that the concentration of all monitored pollutants was significantly
higher at this measuring station, in comparison to the others. The analysis of the pollution agents of the South Morava river at this profile indicates the presence of a possible
pollution source – the factory of cellulose and paper. The
important information is that the factory takes the water required for the cardboard production directly from the South
Morava river, and after the finished technological process,
wastewater flow of 234 m3/h is discharged directly into the
river [18].
3.2 Data structure and pollution sources determination

Based on the obtained results of the spatial cluster
analysis, PCA/FA was performed on the normalized data
sets (18 parameters), separately for 3 defined regions, in
order to identify the most important spatial water quality
parameters and compare the compositional patterns between the analyzed water samples.
PCA of 3 data sets yielded 6 PCs for groups of LP and
HP sites, and 4 PCs for the group of MP sites with Eigenvalues 1, explaining 72.39% (LP sites), 63.92% (MP sites),
and 78.24% (HP sites) of the total variance in each water
quality data set. Liu et al. (2003) [26] classified the factor
loadings as “strong”, “moderate” and “weak”, corresponding to absolute loading values of >0.75, 0.75–0.50 and 0.50–
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TABLE 3 - Loadings of experimental variables (18) on significant principal components for LP, MP and HP site data sets.
Variables
LP sites
WT
SS
DO
TH
pH
EC
NO3
TN
PO4
TP
SiO2
Na
K
Ca
Mg
ClSO4
BOD
Eigenvalue
% Total variance
Cumulative % variance
MP sites
WT
SS
DO
TH
pH
EC
NO3
TN
PO4
TP
SiO2
Na
K
Ca
Mg
ClSO4
BOD
Eigenvalue
% Total variance
Cumulative % variance
HP sites
WT
SS
DO
TH
pH
EC
NO3
TN
PO4
TP
SiO2
Na
K
Ca
Mg
ClSO4
BOD
Eigenvalue
% Total variance
Cumulative % variance

VF1

VF2

VF3

VF4

VF5

VF6

0.145
-0.138
-0.202
0.325
-0.172
0.392
-0.393
0.293
0.624
0.365
-0.388
0.836
0.862
0.117
0.258
0.623
0.805
-0.009
3.84
21.35
21.35

0.346
-0.266
0.068
0.798
0.509
0.687
0.021
-0.064
0.135
0.043
0.294
0.310
0.175
0.463
0.682
0.033
0.259
0.079
2.56
14.20
35.55

0.755
0.016
-0.831
0.080
-0.325
0.235
-0.043
-0.163
0.414
0.407
-0.290
0.040
0.213
0.058
0.077
0.282
-0.011
-0.084
2.02
11.22
46.77

-0.049
0.793
-0.132
-0.086
-0.289
-0.293
-0.146
0.090
0.112
0.668
0.501
-0.133
0.004
-0.310
0.186
-0.185
0.184
0.049
1.78
9.91
56.68

-0.298
-0.095
0.037
0.156
-0.294
0.059
0.683
0.717
0.333
0.049
0.345
-0.039
-0.089
0.384
-0.178
0.081
0.020
0.034
1.62
9.02
65.70

0.067
0.042
0.193
0.081
-0.012
-0.147
0.200
-0.082
0.034
0.112
-0.223
-0.065
0.043
-0.311
0.211
0.156
-0.185
0.904
1.20
6.69
72.39

0.018
-0.258
-0.288
0.871
-0.179
0.885
0.071
0.349
0.746
0.365
0.454
0.791
0.669
0.760
0.720
0.724
0.474
0.222
5.71
31.74
31.74

-0.145
-0.059
0.024
0.278
-0.434
0.234
0.842
0.626
0.299
0.110
0,396
0.157
-0.002
0.235
0.022
0.064
-0.362
0.227
1.97
10.95
42.69

0.914
-0.090
-0.837
0.098
0.033
0.221
-0.007
-0.115
0.251
0.231
-0.062
0.063
0.133
0.071
0.110
0.126
-0.087
0.343
1.92
10.65
53.34

-0.081
0.778
-0.102
-0.107
-0.477
0.012
0.039
0.068
0.200
0.780
0.248
0.184
0.248
-0.102
-0.163
0.266
0.161
0.311
1.90
10.58
63.92

0.214
-0.065
-0.110
0.702
-0.106
0.485
0.285
-0.012
0.849
0.075
-0.214
0.375
0.726
0.635
0.007
0.526
0.201
-0.095
3.05
16.95
16.95

0.062
0.929
-0.113
0.009
-0.200
-0.108
-0.072
0.798
0.142
0.932
0.013
0.125
-0.036
-0.002
0.013
-0.081
0.538
-0.087
2.78
15.46
32.41

-0.886
-0.132
0.842
0.401
0.206
-0.353
0.569
0.216
-0.160
-0.163
0.145
-0.026
-0.209
0.408
0.120
-0.163
-0.169
0.092
2.57
14.28
46.69

0.186
0.027
0.282
0.172
0.795
0.555
-0.172
-0.281
0.010
0.057
0.040
0.757
0.151
0.098
0.139
0.005
0.480
-0.387
2.20
12.24
58.93

0.126
-0.105
0.111
0.245
-0.098
0.273
0.098
0.224
-0.004
-0.107
-0.391
0.160
-0.031
-0.470
0.929
0.472
0.118
-0.177
1.79
9.92
68.85

-0.011
0.020
0.088
-0.159
0.234
0.028
0.537
0.009
0.064
0.054
0.772
0.034
0.025
-0.091
-0.061
-0.065
-0.418
-0.718
1.69
9.39
78.24
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0.30, respectively. Correspondingly, variable loadings and
explained variance for each region are presented in Table 3,
and strong and moderate loadings have been highlighted.
For the data set relating to LP sites, among 6 VFs, VF1
is explaining 21.35% of the total variance. This VF is characterized by strong positive loadings of sodium, potassium
and sulphate but moderate positive loadings of orthophosphates and chloride, and it can be interpreted as the mineral
component of the river water. This clustering of variables
points to a common origin of these minerals, probably from
the dissolution of limestone and gypsum soil [21]. VF2 is
explaining 14.20% of the total variance, and has strong
positive loadings of total hardness and moderate positive
loadings of electrical conductivity, magnesium and pH,
which also represents the mineral-related hydrochemistry
of the river [9]. VF3, explaining about 11.22% of the total
variance, has a strong positive loading on water temperature and strong negative loading on dissolved oxygen,
which can be attributed to seasonal changes. The inverse
relationship between temperature and dissolved oxygen is
a natural process because warmer water becomes saturated
more easily with oxygen, and it can hold less dissolved oxygen [10]. VF4, explaining 9.91% of the total variance, has
strong positive loadings of suspended solids and moderate
positive loadings of total phosphorus and silicon dioxide.
This factor is probably of natural origin, and it stems from
the decomposition of rocks and minerals. The anthropogenic point and non-point pollution sources are represented
through the VF5. This factor is explaining 9.02% of the total variance, and has moderate positive loadings of nitrate
nitrogen and total nitrogen. It is a consequence of agricultural activities in this area and the use of fertilizers, but also
municipal and industrial effluents. The strong positive
loading on biological oxygen demand is typical for VF6,
which explains 6.69% of the total variance. The dominant
influences on the biodegradable organic pollution load of
the West and the South Morava have their tributaries [27].
For the data set pertaining to MP sites, among total 4
significant VFs, VF1, explaining about 31.74% of the total
variance, has strong positive loadings on total hardness,
electrical conductivity, sodium, calcium and moderate positive loadings on orthophosphates, potassium, magnesium
and chloride. The factor of the dominant hydro-geochemical variables (total hardness, calcium, potassium, magnesium, sodium) usually originates from the mineralization
of the geological components of soil. It is considered as a
result of cation-exchange processes at soil-water interface
[28], and the dissolution of calcium-bearing minerals of
this region. VF2, explaining 10.95% of the total variance,
has strong positive loading on nitrate nitrogen and a moderate positive loading on total nitrogen. The nitrogen pollution of water in these profiles derives from the diverse
and numerous pollution sources, mainly of anthropogenic
origin: the agricultural households, discharges from farm
livestock, flooding of septic tanks due to the absence of
regulated sewerage systems, industrial milk and meat processing plants, urban effluent in larger settlements. The

seasonal effect of temperature is represented in VF3, which
is explaining 10.65% of the total variance and has strong
positive loading on water temperature and strong negative
loading on dissolved oxygen. VF4, explaining 10.58% of
the total variance, has strong positive loadings on suspended solids and total phosphorus. Fertilization and manure spreading contribute to high levels of soil phosphorus.
Soil erosion during the wet period results in suspended particles in water with adsorbed phosphorus.
Finally, for the data set representing the water quality
in HP sites, 6 VFs were extracted. Among these, VF1, explaining 16.95% of the total variance, has strong positive
loading on orthophosphates and moderate positive loadings on total hardness, potassium, calcium and chloride.
This factor represents the combination of anthropogenic
and natural pollution sources. The presence of orthophosphates in the water is caused by human, animal and industrial wastes discharged directly into the waterway. The
hardness of water reflects the nature of geology, and it is
the consequence of the limestone soil composition of the
area. VF2, explaining 15.46% of the total variance, has
strong positive loadings on suspended solids, total nitrogen
and total phosphorus, and a moderate positive loading on
sulphate. This factor represents the nutrient and organic
matter pollution from point (municipal and industrial effluents) and non-point sources (agricultural run-off). VF3,
which accounted for 14.28% of the total variance, has
strong negative loading on water temperature and a strong
positive loading on dissolved oxygen, as well as a moderate positive loading on nitrate. Therefore, this factor can be
interpreted as seasonal effect of temperature and organic
pollution. VF4 (12.24% of the total variance) has strong
positive loadings on the pH value and sodium, and a moderate positive loading on electrical conductivity. Concerning this factor, the impact of mineral salts on the chemical
properties of water has been reflected. VF5 (9.92% of the
total variance) has a strong positive loading on magnesium
and can be also explained as mineral-related hydrochemistry of the river. Finally, VF6 (9.39% of the total variance)
has a strong positive loading on silicate, a moderate positive loading on nitrate, and a moderate negative loading on
the biological oxygen demand. This factor represents the
organic pollution deriving from the industrial runoff.
3.3 Temporal/spatial variations in the river water quality

The season-parameter correlation matrix is used for
determining the river water quality parameters referring to
the particular season. The results showed that the majority
of parameters were found to be significantly (p<0.01) correlated with the season, except for pH, NO3, TP, SiO2, and
BOD5 (abbreviations are explained in Table 1). Among
these, water temperature is a parameter with the highest
correlation coefficient (Spearman’s R = -0.449). Obviously, the seasonal changes of air temperature have influences on water temperature changes. Other parameters exhibiting high correlations were SS (R = -0.272), DO (R =
0.298), TH (R = 0.189), EC (R = 0.129), TN (R = 0.156),
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PO4 (R = 0.135), Na (R = 0.245), K (R = 0.123), Ca (R =
0.142), Mg (R = 0.163), Cl- (R = 0.206) and SO4 (R =
0.136). These parameters could be marked as the major
causes of temporal changes in water quality. The non-significant correlations of NO3, TP, SiO2 and BOD5 with season indicate a big contribution of anthropogenic sources in
the catchments.
Temporal variations in water quality parameters were
further evaluated by DA, with 4 classification groups as
defined by the seasons (spring, summer, autumn, winter).

The season was the grouping variable, and all the measured
parameters were the independent variables. The temporal
DA was performed with the raw data. The objective of the
temporal DA was to determine the most significant variables associated with the difference between the seasons.
Discriminant functions (DFs) and classification matrices (CMs) obtained from the standard, forward stepwise
and backward stepwise modes of DA are presented in Tables 4 and 5.

TABLE 4 - Classification functions and their coefficients for the temporal DA.
Parameter

Standard mode
Spring
coefficient

WT
SS
DO
TH
pH
EC
NO3
TN
PO4
TP
SiO2
Na
K
Ca
Mg
ClSO4
BOD
Constant

2.171
-0.047
0.232
-0.098
120.794
-0.163
1.515
7.821
114.915
105.432
0.724
0.318
1.029
0.886
0.443
0.253
-0.123
4.546
527.232

Summer coefficient
3.303
-0.050
0.299
-0.101
123.750
-0.175
2.195
7.811
125.800
113.717
0.763
0.353
0.991
0.947
0.444
0.256
-0.138
4.713
572.056

Autumn
coefficient
2.294
-0.050
0.362
-0.095
121.611
-0.166
1.612
7.802
130.360
105.291
0.653
0.315
0.989
0.958
0.489
0.280
-0.120
4.579
542.474

Forward stepwise

Backward stepwise

Winter
coefficient

Spring
coefficient

1.536
-0.050
0.972
-0.095
120.763
-0.161
2.372
7.625
125.096
102.952
0.612
0.297
1.119
0.864
0.482
0.180
-0.088
5.174
535.131

1.859

Summer coefficient
2.977

0.184

0.244

0.310

0.864

112.245
-0.117
2.810

115.026
-0.127
3.410

113.019
-0.119
2.901

112.456
-0.116
3.676

167.249
89.924
0.737

181.151
96.466
0.782

184.453
88.177
0.659

175.030
85.191
0.643

0.770
0.202

0.824
0.194

0.849
0.261

0.756
0.257

-0.065
4.697
494.592

-0.078
4.887
538.389

-0.062
4.758
509.355

-0.031
5.304
504.025

Autumn
coefficient
1.982

1.1241

Summer coefficient
2.1402

Autumn
coefficient
1.2746

0.453

0.492

0.550

0.463

19.4141

37.5454

26.9628

16.1559

Winter
coefficient

Spring
coefficient

1.235

.
TABLE 5 - Discriminant matrix for the temporal DA.
Monitoring seasons
Standard DA mode
Spring
Summer
Autumn
Winter
Total
Forward stepwise DA mode
Spring
Summer
Autumn
Winter
Total
Backward stepwise DA mode
Spring
Summer
Autumn
Winter
Total

% Correct

Season assigned by DA
Spring Summer Autumn

Winter

81.7
96.1
58.0
80.0
82.3

67
3
18
4
92

1
123
10
0
134

10
2
40
0
52

4
0
1
16
21

70.0
97.8
42.6
71.0
72.3

126
3
42
29
200

19
223
49
0
291

27
2
75
7
111

8
0
10
88
106

66.5
96.1
35.2
71.8
67.5

187
4
79
67
337

38
294
94
0
426

32
8
105
6
151

24
0
20
186
230
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TABLE 6 - Classification functions and their coefficients for the spatial DA.
Parameters
WT
SS
DO
TH
pH
EC
NO3
TN
PO4
TP
SiO2
Na
K
Ca
Mg
ClSO4
BOD
Constant

Standard mode
LP
MP
coefficient
coefficient
0.227
0.268
-0.029
-0.033
0.430
0.188
-0.104
-0.115
122.994
123.667
-0.183
-0.202
-1.993
-2.079
7.554
7.509
130.503
132.528
71.357
70.554
0.243
0.283
0.105
0.148
0.114
0.018
0.987
1.043
0.711
0.638
0.052
0.112
-0.086
-0.107
3.400
3.990
-521.433
-520.772

HP
coefficient
-0.031
-0.037
0.133
-0.087
115.476
-0.132
-0.246
7.906
96.218
87.622
0.588
0.209
1.046
0.770
0.515
0.216
-0.087
3.623
-490.433

Forward stepwise mode
LP
MP
coefficient
coefficient
0.128
0.174
-0.018
-0.023
0.660
0.432

HP
coefficient
-0.144
-0.026
0.345

118.792
-0.181
0.515

119.409
-0.201
0.365

111.229
-0.128
2.469

132.580
72.386
0.195
0.089
-0.182
0.856
0.459
0.221
-0.065
2.701
-503.273

134.377
71.891
0.231
0.132
-0.282
0.894
0.354
0.279
-0.086
3.260
-502.521

98.787
88.124
0.545
0.194
0.746
0.667
0.313
0.397
-0.065
2.956
-471.030

In the standard mode, all variables were included to construct DFs. It yielded 82.3% correct assignations (Table 5)
using 18 parameters (Table 4). Forward stepwise mode
of DA gave 72.3% assignations correctly (Table 5) using
12 discriminating parameters (Table 4). Further, in backward stepwise mode, DA gave CMs with 67.5% correct assignations (Table 5) using only 2 discriminating parameters. The results of the temporal DA suggested that water
temperature and calcium (Table 4) are the most significant
parameters to discriminate between the 4 seasons, and accounted for most of the expected temporal variations in water quality. Hence, it can be concluded that pollution
sources of anthropogenic origin are constant during the
year, and independent of the seasonal changes.
Similar to the temporal, the spatial DA was conducted
with the same raw data set consisting of 18 parameters, after being grouped into 3 categories of LP, MP and HP sites
as obtained through CA. The site groups were dependent
variables, while all measured water quality parameters
were independent variables. The objective of the spatial
DA was to determine the most significant variables associated with the difference between clustered monitoring regions
In Tables 6 and 7 discriminant functions (DFs) and
classification matrices (CMs) as results of the standard,
forward stepwise and backward stepwise mode of the spatial DA are displayed.
The standard mode constructed DFs using 18 parameters (Table 6) were assigning almost 82.6% cases correctly
(Table 7). The next step in the form of forward stepwise
mode of DA included 16 water quality parameters (Table
6) of the total number, with correct assignations of 82.2%
(Table 7). Backward stepwise mode DA gave CMs with
78.9% correct assignations using only 3 discriminating parameters (Tables 6 and 7). The DA shows that there are

Backward stepwise mode
LP
MP
coefficient
coefficient

HP
coefficient

102.810
-0.013

102.559
-0.024

94.666
0.020

0.974

0.958

1.896

-423.776

-418.448

-384.026

significant differences between three clustered regions
(LP, MP and HP), which are expressed in terms of the pH
value, electrical conductivity and potassium. Hence, the
spatial DA rendered a considerable data reduction.
TABLE 7 - Discriminant matrix for the spatial DA.
Monitoring regions
Standard DA mode
LP
MP
HP
Total
Forward stepwise DA mode
LP
MP
HP
Total
Backward stepwise DA mode
LP
MP
HP
Total

%
Correct

Regions assigned by DA
LP
MP
HP

92.8
44.8
78.9
82.6

206
32
4
242

14
26
0
40

2
0
15
17

92.7
42.0
72.7
82.2

306
47
6
359

18
34
0
52

6
0
16
22

96.2
13.3
59.3
78.9

358
78
11
447

9
12
0
21

5
0
16
21

4. CONCLUSIONS

In this study, multivariate statistical techniques were
implemented in order to evaluate temporal and spatial water quality changes, as well as to identify the water quality
data structure and pollution sources of the Morava River
system in Serbia. The cluster analysis has found spatial
similarities in monitoring station variations across the river
system, reducing the number of sampling locations to three
groups with similar water quality characteristics. Obtained
clusters could be divided into groups with low, moderate
and high pollution level. Extracted spatial grouping can be
used for creating a future, optimal sampling strategy, which
could lower the corresponding costs.
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The application of the factor analysis/principle component analysis helped in identifying the most important spatial water quality parameters and comparing the compositional patterns between recognized groups of sampling locations. Based on the obtained results, we can conclude
that the parameters responsible for water quality variations
of a low polluted region are mainly of natural (mineral
components related to the hydro-geochemistry and seasonal changes of water temperature and dissolved oxygen)
and anthropogenic (nutrients and organic pollution) origins. In the medium polluted areas, the most significant
water quality parameters derived from the soil mineralization, domestic and industry wastewater, the seasonal effect
of temperature, and the usage of fertilizers in agricultural
activities. The obtained factors of high polluted locations
represent not only the nutrient and organic matter pollution
from point (municipal and industrial effluents) and nonpoint sources (agricultural run-off), but also natural origin
components (limestone soil composition of the area and
seasonal effect of temperature). FA/PCA results may provide a good basis for taking preventive action in reducing
the pollution sources in the Morava River system.
The spatial and temporal water quality changes were
further evaluated by the discriminant analysis, which rendered the best results in the data reduction. For clustered
groups of monitoring sites, the DA used only 3 (pH value,
electrical conductivity and potassium) of 18 parameters affording more than 78% correct assignations. The temporal
DA emphasized only 2 parameters (water temperature and
calcium) to discriminate between 4 seasons, with more
than 67% correct assignations. Thus, this study proves the
utility of multivariate statistical methods, the cluster analysis (CA), the principal component analysis (PCA), the
factor analysis (FA), and first of all, the discriminant analysis (DA), for the analyses and interpretations of the complex water quality data sets.
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ABSTRACT

Seepage problems in embankment dams have received
wide attention, but determining seepage channel position is
difficult because methods such as water level observation
are unable to ascertain channel position under many situations. Considering the differences between low temperature characteristics of deep reservoir water and the relatively high temperature characteristics of strata, reducing
temperature by using ice was adopted to simulate a reservoir water in winter, or a deep reservoir water. By establishing an indoor dam model and temperature sensor test
system buried within the dam, we studied the correlation
between dam temperature field and seepage under low temperature water, established a dam seepage detection model
in low temperature field, and verified the feasibility of the
low temperature water seepage model in tests of three types
of dams, namely, homogeneous dam, core wall dam, and
concrete-face rock-fill dam.

KEYWORDS: embankment dam, seepage detection model, model
test, low temperature water

1. INTRODUCTION

Seepage does great harm to embankment dams and
other large-scale projects, and with wide distribution and
occurrence can create dangerous situations, such as dam
failure.
Scholars have conducted different researches on dambodies in relation to dam foundation seepage control and
seepage channels in embankment dams. Zhao et al. [1]
conducted an embankment dam seepage channel detection
using wave velocity and resistivity imaging technology,
* Corresponding author

Aufleger et al. [2] discussed the application of distributed
optical fiber temperature measurement in monitoring embankment dam seepage channels, Li et al. [3] described the
practical application of geological radar for dam body
seepage detection. Al-Fares [4] conducted a comprehensive investigation and analysis on various geophysical
seepage detection methods, such as electromagnetics and
electrical resistivity tomography. Bolève et al. [5] described the application of SP-measurements in dam seepage detection. Flores-Berrones et al. [6] conducted a detailed survey on the usage effect of instruments to prevent
embankment dam seepage and the existing relevant standard design. Han et al. [7] described the inverse analysis
method of seepage characteristics based on cloud reasoning assumptions and cloud neural networks, and successfully applied it to the Three Gorges Dam. Yan et al. [8]
conducted finite element seepage analysis on high embankment dams with deep basis and cut-off wall, and provided
a reference for the design of dam foundation seepage control measures of high embankment dams, and Wang et al.
[9] proposed a transient temperature field seepage detection model and established an inverse problem model to
achieve temperature seepage detection.
To understand the influence of seepage on large project entities, such as embankment dams at a deeper level,
many scholars have carried out model tests on seepage and
seepage problems in various soils to explore the laws of
seepage for a reference to determine seepage channels and
for the establishment of a seepage detection model, aimed
to reduce dam failure and other disasters. Some model tests
of dam leakage were carried out: Zhou et al. [10] conducted a mesoscale (21 m in flow distance) infiltration and
seepage test, Yin et al. [11] carried out a model test on the
influence of seepage on the microstructure of tailings, Hori
et al. [12] conducted a large-scale model test to study the
influence of seepage caused by water level rises on small
loose sandy dams. Aiming at understanding the problems
of tunnel seepage, Lee et al. [13] conducted a model experiment and numerical calculation on groundwater seepage
which affected the stability of tunnel surfaces. Wang [14]
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studied a 3-dimensional physical model seepage test on the
deep and long water-conveying tunnel, which provided a
theoretical basis for seepage control technology of waterconveying tunnels. As for the groundwater seepage on
riverbanks, Fox et al. [15] conducted a model test on the
seepage and erosion mechanisms of groundwater seepage
on riverbanks. Orense et al. [16] conducted a series of laboratory experiments on sandy slope initiations to determine the process of rainfall-induced slope failure. Wang et
al. [17] elaborated field test results and model analyses of
the first set of five niche seepage tests conducted in the Exploratory Studies Facility at Yucca Mountain.
Many scholars have conducted all the above theory
analyses, model test researches on embankment dam seepage, and research achievements applied to projects. However, a generally accepted dam-seepage detection model by
which seepage channels can be accurately ascertained has
not yet been found. Determination of seepage channels is
difficult and has become a focus of academic and project
research.
Water density reaches a maximum at 4 °C, and so, water temperature of a deep reservoir maintains a constant
low temperature. The internal temperature of the earth is
high, and thus strata maintain a constant high temperature
under conventional conditions. The present study investigated the correlation between dam temperature field and
seepage under low temperature water through an indoor
test of dam models. It presented a dam-seepage detection
model in a low temperature field, and validated it in 3 types
of dams - homogeneous dam, core wall dam, and concreteface rock-fill dam. Under actual water conservancy and hydropower projects, temperature sensors are often buried
deep within a dam, and many other types of sensors all
have temperature module components. These temperature
detection instruments are easy to operate and inexpensive.
Additionally, low temperature water seepage models can
provide a method to detect seepage, prevent seepage and
avoid project accidents of embankment dams.

tures, and analysed seepage area and seepage rate of the dam
model.
2.1.1 Design of the dam model

The embankment dam model in this test was 400 cm
long, 362 cm wide and 160 cm high. The slope in front of
the dam and behind the dam was symmetrical around the
longitudinal axis of the dam crest, and the slope ratio was
1:1. The plane map and profile map of the embankment
dam model are shown in Fig. 1. The slope ratios of the upstream and downstream slope of the dam body in the two
models were both 1:1, the bottom of the dam was 360 ×
362 cm2, and the dam crest was 60 cm wide. The two models used different dam types and filling materials to simulate seepage under different media conditions. Due to the
limits of indoor test simulation conditions, the dam material replaced soil with fine sand, and replaced rock mound
with coarse sand and gravel. The detailed component materials of the dam body are listed in Table 1. To ensure uniformity and density, stratified ramming was adopted in the
dam masonry. A ramming machine was used to tamp the dam
body and control the ramming thickness of each layer to no
more than 20 cm. A seepage crack was presented at the center
of the concrete core wall of Dam 2 to simulate seepage.
To monitor water head changes of different positions
in the model during seepage, 10 piezometric tubes (Fig. 2)
and 4 observation holes (Fig. 3) were buried at the bottom
of the two models at 36 cm intervals.
The observation holes simulated site dam drilling
holes, using PVC tubes 160 cm long and with a diameter
of 5 cm. The tube body was evenly perforated, wrapped
with a geotextile, and buried in the dam to monitor water
level, water temperature, and other seepage parameters in
the dam. A filter pipe was set upstream and downstream in
the model to inject and drain away water, respectively. The
lower end of the filter tube was wrapped with gauze to prevent earth and rock particles from clogging the water outlet
and inlet (Fig. 3).
The PT1000 temperature sensor previously embedded
in the dam was used to collect dam model temperature data
(Figs. 4 and 5). Sensors at the dam surface were buried under the slope at a depth of 10 cm.

2. MATERIALS AND METHODS
2.1 Indoor model construction and test program

To study the correlation between dam temperature field
and seepage under low temperature water, an indoor test
with two dam models was adopted to simulate heat transfer
problems of groundwater seepage in low temperature dams,
in actual projects.

2.1.2 Test program

The model used pre-buried sensors to conduct temperature field detection on the homogeneous dangerous embankment dam model, and used the dam body temperature
distribution to estimate the seepage situation in the dam by
inverse analysis. The test simulated low temperature water
of the dam body by lowering the water temperature in front
of the dam, and simulated also the relatively hot strata environment by using the relatively high summer tempera-

The initial temperature of the dam body was first measured before the test, the dam background temperature was
obtained, and the relatively high initial temperature was used
to simulate the high temperature strata. We added 750 kg of
ice into the water before the dam to simulate low temperature water (Fig. 8). The temperatures at different positions
of the dam body and the environmental temperature were
measured once every hour.

After the temperature sensors were buried in accordance with a predetermined program, a self-designed multichannel data acquisition system (Fig. 7) was adopted to
collect temperature data.
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FIGURE 1 - Plane map and profile map of dam model.

TABLE 1 - Component materials of dam body.
No.

Dam type

Component materials

Dam 1
Dam 2

Homogeneous dam
Core wall dam

Silt 30% + fine sand 30% + coarse sand 40%
Medium sand 15% + Coarse sand 30% + gravel 55%

1133

© by PSP Volume 24 – No 3b. 2015

Fresenius Environmental Bulletin

(a) Measuring points distribution of slope in front of the dam

FIGURE 2 - Arrangement of piezometric tubes.

(b) Measuring points distribution of slope behind the dam

(c) Measuring points distribution of PT1000 sensors
FIGURE 3 - Embankment dam model in indoor test.
FIGURE 5 - Temperature sensor layouts in the dam (in cm).

FIGURE 4 - Diagram of dam model.

FIGURE 6 - Conductance of SY-3
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and then slowly increased with the rise in reservoir water
temperature due to the influence of the high temperature of
the surrounding environment.
The water-head of the piezometric tubes buried in the
dam interior in an upstream to downstream direction uniformly declined; the water-head differences in the piezometric tubes running parallel to the dam axis were <1 cm,
and the seepage characteristics were consistent with a homogeneous dam.
As seen from the surface appearance of the seepage
behind the dam, the dam body did not form concentrated
leakage channels. After the increase in the upstream water
level, leakage occurred over a larger area in the lower position of the slope at the dam heel (Fig. 12).

FIGURE 7 - Dam intelligent lysimeter system.

FIGURE 8 - Seepage detection test of field temperature.

FIGURE 9 - Temperature changes of water before Dam 1 after the
addition of ice.

3. RESULTS AND DISCUSSION
3.1 Low Temperature Water Seepage of Homogeneous Dam
3.1.1 Temperatures of measuring points of homogeneous dam

The average temperature of the dam body before the
test was 25 °C. After commencing the test, 750 kg ice was
placed into the water before the dam. The temperature of
the reservoir water before the dam began to decrease rapidly (Fig. 9). After the ice melted the water, temperature
increased due to the influence of the environmental temperature. During the test, the temperature of the reservoir
water was constantly 6 °C lower than the environmental
temperature; so, we considered that low temperature water
worked in the whole test. The temperature changes of the
four sensors of the upstream slope are shown in Figs. 10
and 11. As seen from these above figures, because the sensor
under the slope before Dam 1 was buried at a depth of
10 cm, temperature reduction lagged slightly behind the reservoir water. After the ice was added into the water, the
temperature gradually decreased, and finally was stabilized. Because it was a homogeneous dam, the temperature
changes of each point of the slope before the dam were relatively uniform.
One hour after ice was added to the water, the temperature of the sensor behind Dam 1 started to decrease due to
the influence of the low temperature water before the dam,
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FIGURE 10 - Slope temperature before Dam 1.

FIGURE 11 -Slope temperature behind Dam 1.
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FIGURE 12 -Leakage area behind Dam 1.

3.1.2 Stabilization temperature analysis of homogeneous dam
under low temperature water

Four hours after the stabilization of the upstream reservoir water temperature, the temperature in the dam increased slightly due to environmental influence, but basically maintained a stable state. For example, the reservoir
during the cold season or relatively deep low temperature
reservoir water, was equivalent to the dam being influenced by constantly low temperature water at this time.

200

150

100

50

Temperatures of the steady state dam were distributed
more evenly in the upstream slope and the dam axis (Figs.
13a, 13b). In the lower position of the downstream slope,
the temperature was low due to seepage. The influence of
seepage in the relatively high position was small and the
temperature was relatively high, but temperature distribution was substantially uniform parallel to the dam axis (Fig.
13c). The stable distribution of temperature was consistent
with the seepage characteristics of a homogeneous dam.

0
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(b) Isotherms of slope behind the dam

(c) Temperature distribution of profile of the middle part of dam body
FIGURE 13 -Temperature detection results of Dam 1 (in cm).
3.1.3 Temperature changes of homogeneous dam under low
temperature water

(a) Isotherms of slope before the dam

The addition of ice to the reservoir was equivalent to
an abrupt climate change for the position and temperature
of the reservoir over a relatively short period. With the
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change in reservoir water temperature, dam body temperature changed correspondingly due to the influence of seepage. Because it was a homogeneous dam, the temperature
distribution of the profile perpendicular to the dam axis was
basically the same, at the same time. The temperature
changes in the middle profile of Dam 1 are shown in Fig. 14.

3.2. Low temperature water seepage of core wall dam
3.2.1 Measuring point temperatures of core wall dam

The average temperature of Dam 2 before the test was
26 °C. After the addition of 750 kg of ice to the water, the
water temperature before the dam started to decrease rapidly,
and then increased slightly due to the influence of environmental temperature (Fig. 15). The temperature changes of
the four sensors from the upstream slope are shown in Figs.
16 and 17.

(a) 11:30

FIGURE 15 - Temperature changes of water before Dam 2 after the
addition of ice.

(b) 13:00

FIGURE 16 - Slope temperature before Dam 2.

(c) 15:00
FIGURE 14 - Temperature changes of middle profile of Dam 1.

Obviously, because of seepage, low temperature reservoir water flowed into the dam and caused the dam body
temperature to decrease gradually from upstream to downstream. The decline rate of dam temperature was related to
dam body seepage. Under actual project conditions, the positions where temperature changes rapidly due to the influence of the seasonal changes were obviously those with enhanced seepage.

FIGURE 17 - Slope temperature behind Dam 2.

The slope temperature reduction of water before Dam 2
slightly lagged behind the reservoir water, as was also seen
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for Dam 1. One hour after ice was added to the water, due to
the preset crack in the concrete core wall in the dam body,
the slope sensor temperature was influenced by the low temperature water behind Dam 2, and started to decrease, but the
temperature change in each sensor was different.

200

150

100

Although the crack position in the core wall was
known, due to the great permeability coefficient of the filling material, the piezometer tube buried deep in the dam
body could not detect the position of the crack.

50

0
0

Due to the evenness of the dam foundation, the leakage
point position behind the dam was located on the right side
of the dam heel (Fig. 18). It is clear that the leakage point
position did not correspond with the crack position.
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200

250

300
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(b) Isotherms of slope behind the dam

(c) Temperature distribution of profile of the middle part of dam body
FIGURE 19 - Temperature detection results of Dam 2 (in cm).

change in low temperature position from the middle to
downstream was mainly affected by the undulating surface
of the dam foundation; the low-temperature trend still represented the seepage trend.

FIGURE 18 - Slope outlet behind Dam 2.
3.2.2 Isotherms of profile of core wall dam with local defect

After the test was commenced, the temperature before
the dam changed uniformly. However, as a result of the
core wall crack, the temperature distribution of the parallel
profile of the core wall downstream was different from that
of the homogeneous dam. The obvious low temperature occurred at the defect position. With the reservoir water seepage downstream, the temperature of the downstream profile decreased non-uniformly (Fig. 19).
The extreme temperature point of the middle part of the
dam after stability corresponded with the defect position; the

3.2.3 Temperature changes of core wall dam with local defect

Due to the core wall crack, the temperature changes in
different positions perpendicular to the dam axis profile
were also different. The temperature in the plane dam through
the crack decreased rapidly along the upstream and downstream direction, the influence of seepage on Profile 1 was
small, and the temperature decreased slightly due to heat
transfer. As for Profile 3, seepage occurred in the downstream dam heel due to the undulating surface of the dam
foundation of the core wall, resulting in local low temperature (Fig. 20).
Obviously, as seen from the temperature profiles of the
three positions of Dam 2 under actual project conditions,
the temperature of the dam changed due to a sudden change
in the environmental temperature. The position with rapid
temperature change often corresponded with seepage position, and the trend of low temperature was often the trend
of the seepage channel.
3.3. Seepage detection of composite geomembrane rock-fill
dam
3.3.1 General situation of the project

(a) Isotherms of slope before the dam

One anti-regulating reservoir is located in the middle
reaches of the Yellow River in China, and is the auxiliary
project of the large Xiaolangdi Water Control Project. The
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（ a1） 11:00 profile 1-1

（ a2） 12:30 profile 1-1

（ b1） 11:00 profile 2-2

（ b2） 12:30 profile 2-2

（ c1） 11:00 profile 3-3

（ c2） 12:30 profile 3-3

FIGURE 20 - Changes of measured temperature of different profiles in Dam 2 with time (in cm).

project is a large-scale(II) reservoir, and the main buildings
include an embankment dam for water retaining, a hydropower station across the river, a desilting tunnel, sluice, and
other concrete buildings. The normal high water level is
134.0 m, the total length of the dam crest is 3.12 km, and
total capacity is 162 million m3.
The embankment dam section is 2609.9 m long, and is
divided into left and right sections. The crest elevation is
138.2 m, crest width is 8.0 m, and maximum dam height is
20.2 m. The foundation is mainly a neogene system strata
and is middle-permeable; vertical anti-seepage treatment
was conducted before the dam using concrete. The em-

bankment dam was filled with sand and gravel, and the impermeable measure was composite geomembrane. The bottom of the composite geomembrane was anchored at the
top of the concrete cut-off wall of the dam foundation; and
the upper part of the composite geomembrane was buried
at the bottom of the concrete wave wall, at the top of the
dam. The 2 sides of the composite geomembrane were, respectively, anchored to the concrete foot wall and concrete
guide wall, and the length direction of the composite geomembrane was laid along the dam slope (Fig. 21).
After the impoundment of the dam, seepage occurred
in chainage 0+157 and other positions of the embankment
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FIGURE 21 - Profile of embankment dam of the anti-regulating reservoir.

dam on the left bank. Seepage elevation was 127 m and
fine sand flowed out with seepage, but the position of the
seepage channels was undetermined.

to the vertical dam axis of zz5 and zz6, and the elevation
of seepage position was higher than that of the low temperature point.

After field inspection by administrators, designers, and
experts, preliminary analysis showed that seepage may
have existed in several forms: a. seepage around the left
dam abutment; b. foundation seepage; and c. dam body
seepage.
Many experts believed that seepage often occurs at the
cut-off wall and impermeable membrane joint, but the horizontal position could not be determined.
3.3.2 Field test

To find the seepage position before the dam, 10 hydrological observation holes were arranged in the dam body
and dam abutment. The permeability coefficient of the filling materials was large; thus, the contour of the water table
drawn, based on the water head of drilling holes, had no
obvious rule. Technical staff used the water head method,
resistivity method, spontaneous potential method and other
geophysical methods, which indicated that the seepage
channel was located at the left abutment dam based on the
position of seepage points. However, the seepage channel
was not found in the corresponding position. Entrusted by
the management department of the anti-regulating reservoir, Hohai University conducted temperature test in the
drilling holes.
The field test was conducted in winter, and the average
reservoir water temperature was 7.8 °C. The average strata
temperature, which was far from the dam and not influenced by the seepage, was 14 °C.
The profile of the drilling holes (see Fig. 22) showed
that the low temperature occurred at zz6 position, so the
seepage channel existed at this position. From the top view
of the temperature distribution, it can be seen that seepage
before the dam was located in the position that corresponded

FIGURE 22 - Temperature distribution of profile of drilling holes.

FIGURE 23 - Seepage excavation verification before the dam.
3.3.3 Field excavation verification

To verify the test results, the management department
emptied the reservoir, excavated at the position of the test
results, and found the seepage position. The reason for the
seepage was due to geomembrane weld cracking (Fig. 23).
After processing, the seepage behind the dam disappeared and the dam began running normally.
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4. CONCLUSIONS

Through the indoor test of two dam models, this article
studied the correlation of temperature field and seepage of
dams under low temperature water. The stable distribution
of the temperature field had a direct correlation with seepage position, and temperature change rules corresponded
with the position of the seepage channel. Under low temperature water, the low temperature water seepage detection model is practical and reliable; this means that the temperature field judgment method of the seepage channel for
both homogeneous dams and core wall dams is feasible.
Under actual field project conditions of concrete-face
rock-fill dam, seepage channels which could not be determined by the water head, geophysical or other conventional methods, was detected in the low temperature environment in winter. This validated our test results and also
verified the practicality of low temperature water seepage
detection model.
Because of the high temperature characteristics of the
surrounding strata, the seepage of shallow high temperature reservoirs often cannot be determined. For complex
seepage in fractured rock mass, it is impossible to drill too
many holes, due to the high costs. Drilling holes away from
the seepage passage often does not reflect temperature
changes caused by the seepage.
As for seepage problems under complicated geological
conditions, a variety of methods are required to comprehensively determine the position of seepage channels,
seepage, and other parameters.
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ABSTRACT

Based on environmental monitoring data in 20122013, this paper analyzed the reduction processes of nutrients from inlet to outlet at the Ulansuhai Lake. A Purification Efficiency (PE) index was constructed to regionalize
different lake zones. Results indicate that nutrients in the
water body displayed an obvious decreasing trend from
northwest to southeast and the PE index was varied in different regions around the lake. According to the results of
the cluster analysis on PE indices, the entire lake area could
be classified into three zones including high-efficiency
zone (Zone I, PE ranges from 0.4-1.0 mg(Lkm)-1), mid-efficiency zone (Zone II, PE ranges from 0.2-0.4mg(Lkm)-1),
and low-efficiency zone (Zone III, PE ranges from 00.2mg(Lkm)-1). In terms of management, for Zone I, bottom sediments dredging is necessary to maintain the high
purification efficient of this zone.; for Zone II, biological
cleaning is the primary treat due to the advantage from the
dissolving function of the emerged plants to improve the
purification efficiency; for Zone III, more work should be
emphasized on the cleaning of submerged plants to create
good ecological habitats for fishery industry. This work is
significant to provide scientific evidence for the environmental assessment and management in terms of the lake
eutrophication issue in the Ulansuhai Lake.

KEYWORDS: Nutrients; Purification Efficiency; Hydroecoregion;
the Ulansuhai Lake

1. INTRODUCTION

Lakes provide important service functions for our environment, such as freshwater supply, recreation places,
and natural habitats [1]. These functions are closely related
to the natural conditions of hydrology, topography, and
vegetation within a lake, which can be tremendously dif* Corresponding author

ferent. Moreover, a wide range of human disturbances increase these differences in lake ecosystems. To effectively
manage and utilize lakes, especially for large-scale lakes,
it is of necessity to construct a scientific hydroecoregion
[2]. Different management and utilization measures should
be taken for different hydroecoregions within a lake.
Hydroecoregions (HERs) refer to relatively homogenous freshwater ecosystems or geographic units of biological entities with their associated environments [3]. Early
in the 1970s, the U.S. Environmental Protection Agency
(EPA) initialized hydroecoregion in lake districts. Beginning with the methodology of regionalization, they established the ecoregion framework for the United States considering physiography, soil, vegetation, and land use characteristics [4]. This framework received acceptance not only
from U.S.A departments at management level, but also from
many other countries and areas around the world [5-7]. To
date, the preservation and recovering policies based on ecological conditions of the freshwater ecosystems have become the fundamental principles at a global scale [8-10].
A number of researchers from different countries have
conducted studies on the topic of hydroecoregion and
achieved significant results. For example, research on hydroecoregion provides a new biogcographic unit for freshwater biodiversity conservation [11, 12],which is also useful in water quality assessment and monitoring [13]. Meanwhile, it is important to identify the boundary of hydroecoregion [14, 15] and a composite perspective of geographical and ecological investigation should be emphasized as
well [16]. Considering the unique spatio-temporal characteristics of different regions, some scholars developed
ecoregions from this perspective [17-20]), for example,
there are some others who focus on the biological or water
quality characteristics in hydroecoregion [21, 22].
The hydroecoregion research aims to clarify the hierarchy of regional ecosystems and demonstrate the homogeneity of each level and the heterogeneity of different levels due to the geographical settings. With the information
of hydroecoregion, different management standards and
measures of repair and recovery can be executed for various ecosystems [23, 24]. By introducing the concept and
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approach of hydroecoregion into a lake environment, this
topic will be promoted using a downsized method, which
is more practical and applicable. Such work also benefits
limnological research, such as lake health evaluations,
zonal management, and ecological lake restorations [25,
26]. However, it is difficult to practically apply hydroecoregion within a lake due to the different research and management goal as well as various research approaches.
Water purification is one of important function of lakes.
We hypothesize that purification efficient varied in different
areas within a lake and the above differences come from
physical, chemical and biological differences of the lake.
The purification efficient may be used as a key factor in hydroecoregion of lakes.To verify our hypothesis, we took the
Ulansuhai Lake in Inner Mongolia as an example. Specific
purposes of this case study are as follows:



Analyzing the purification efficient of different area
in the lake.
Providing some useful ecological information for
restoration and management of the lake.

2. MATERIALS AND METHODS
2.1 Site Description

The Ulansuhai (N40°36′~41°03′, E108°43′~108°57′)
is a typical plant-dominated lake located in the Ulate
County, Inner Mongolia, China. The lake covers an area of
292 km2, with a drainage area of 11,800 km2. The average
elevation the lake is 1018.8 m and hydraulic mean depth is
0.7 m [27]. The lake is 35.4 km in length and an average of
6.6 km in width, which is shown in Fig.1.
As the biggest lake in the same latitude on the earth,
the Ulansuhai Lake is playing an important role in maintaining ecological balance of local region. Historically, the

lake is rich in fish and over 230 species of birds have observed in the lake. However, it is facing severe ecological
and environmental problems due to the rapid population
growth and fast economic development in recent decades.
Return water from farmland irrigation, industrial wastewater
and municipal sewage from upstream area contribute an annual average of 5.38×108 m3 input water of the lake, resulting
in an inputs of 1088.59103 kg nitrogen and 65.75103 kg
phosphor into the lake each year. Consequently, superfluous aquatic plants, such as Potamogeton pectinatus and
Phragmites communis Trin, covered the whole lake [28].
Ecosystem health of the lake is now facing a serious challenge, which has become a widespread concern of local
managers and scholars.
2.2 Spatial distribution of nutrients

From May 2012 to October 2013, we continuously
monitored and measured total nitrogen (TN), total phosphorus (TP) concentrations of water samples, bottom sediment samples, and aquatic plant samples obtained from
20 locations in the lake area (Fig. 1). Total N and total P in
sediments were extracted by Alkaline Persulfate Oxidation
Digestion Method and Sulfuric acid/Hydrogen Peroxide
Digestion Method, respectively. Total N and total P in
plants were extracted by Salicylic acid/Zinc Powder Reduction Method and Sulfuric acid/Hydrogen Peroxide Digestion Method, respectively. TN was measured using Alkaline Potassium Persulfate Digestion-UV Spectrophotometric Method, and TP was measured by Ammonium Molybdate Spectrophotometric Method. The coordinate system was built by setting the water inlet of arterial drainage
as coordinate origin and the horizontal and vertical distance
from the origin was set as x and y axes respectively. Then,
the concentration distribution of the nutrients can be depicted within the coordinate system. Suffer software was
used to plot the distribution information for each sample site.

FIGURE 1 - Location of the Ulansuhai Lake
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In order to further analyze the distribution pattern of the nutrients, we used SPSS software to conduct the correlation
analysis on nutrient concentrations of water, bottom sediment,
and aquatic plant samples for the same sample site.
2.2 Purification Efficiency Index

To determine the purification efficiency (PE) for the
nutrients at different locations, we constructed and applied
Equation (1) to calculate PE mg(Lkm)-1.

PE j 

C j  Ci
L

(1)

where Cj is the nutrient concentration at location j; Ci
is the nutrient concentration at location i, both with unit of
mg/L, L is the straight-line distance between one sample
location (i) and the next nearest one (j)
(L 

( xi  x j ) 2  ( yi  y j ) 2 , (xi,yi) and (xj,yj) are the

location coordinates for sample locations i and j respectively, and the unit is km). PE values were displayed for
each sample location by using Suffer software.
2.3 Lake hydroecoregion evidence

Nutrients concentration reduction processes incorporates information on ecological environment features, topological features, and functionality features of lakes [29,
30], which can be important criteria for hydroecoregion of
lakes. In the study, the PE index was utilized to examine
the spatial pattern across different lake regions.

3. RESULTS AND DISCUSSION
3.1 Characteristics of nutrients spatial distribution

Based on monthly data collected from May to October
in 2012 and 2013, we illustrated the spatial concentration
distribution of nutrients in Fig.2 (1)-(6). In general, the
overall pattern of nutrients in the water body displayed an
obvious decreasing trend from northwest to southeast. The
concentration of TN was reduced from the highest level of
4.16 mg/L at the inlet to 1.56 mg/L at the outlet, with a
reduction rate of 61.5%. However, there are a few locations
where nutrient concentrations showed the opposite increasing trend with the flow, for example of No.10 and
No.15 sites which have TN concentrations of 2.56 mg/L
and 2.43 mg/L respectively, close to or even higher than
the 2.47 mg/L at No.4 site. This phenomenon is probably
caused by the relatively enclosed topography at these locations. The concentration of TP decreased from the maximum
of 0.231 mg/L at the inlet to the minimum of 0.067 mg/L at
the outlet, with a reduction rate high to 70.9%, which is
more than that of TN. Similar to TN distribution, the TP
concentrations also showed the reversed, increasing trend
with the flow at a few sites. For example, No.11 site, located very close to No.10 site, even has higher TP concentration than No.3 site. In summary, the overall trend of nutrient concentrations is gradually decreasing with the water

flow, but affected by the topography, flow velocity, and microenvironment factors, further analysis is needed for some
areas of the lake regarding to the complexity of the lake.
The result indicates that plants at the inlet have the
highest N and P percentage contents, which are 4.4% and
3.8% respectively. Submerged plants at the outlet showed
an obvious reduction of the percentages of N and P, which
are 1.4% and 1.3%, respectively. Both the above-ground
and underground parts of the submerged plants can absorb
nutrients from the environment, and the nutrients in the water body may impact the nutrient concentration level in
aquatic plants. Total N and total P of bottom sediments present no obvious rule in their concentration distribution in
the lake. The concentration peak of N and P appeared near
the No.15 site instead of the lake inlet. We attribute it to
the special topography and hydrological characteristics in
this region. A reed platform in this region slows the water
flow and resulted in the deposition of a large number of
fine particles. N and P element attached to the fine particles
will accumulate in this region and resulted in a high concentration of Total N and total P in bottom sediments.
Besides, N and P concentrations in water body are
positively correlated with these in aquatic plants, and the
correlations coefficients are 0.767 and 0.665 respectively
(p<0.01 and p<0.05, respectively). Related research noted
that submerged plants can effectively absorb N and P nutrients from water body, which indicates that the N\P concentrations in plants are influenced by N and P concentrations in water [28]. Although submerged plants take nutrients from both above- and underground environments, our
study provides evidence of larger influence gained from the
water body. High nutrient concentration in water body likely
induce high concentrations in bottom sediments; however,
due to factors like water flowability, topography and others,
the relationship between nutrient concentrations in water
body and bottom sediments is not significant [31].
3.2 Results of PE and their correlations

Figure 3 shows the purification efficiency (PE) of N\P
nutrients in water body and plants across the study area.
The PE of TN in water body was decreased with distance
increased. Sites 1 to 3 near the inlet are the location with
highest PEs, which are 1.03mg (Lkm)-1, 0.70mg (Lkm)-1,
and 0.68mg (Lkm)-1, respectively. It was abruptly decreased to less than 0.4mg/L·km at No.4 site, and then below 0.20mg/L·km at No.10 site. But it was an overall high
level (above 0.10mg (Lkm)-1) of PE across the whole monitored area. Similarly, the PE of TP in water body presented
high values at No.1-3 sites (above 0.04mg (Lkm)-1), and
then the PE decreased to below 0.030mg (Lkm)-1at No.510 sites. Finally, the PE continuously dropped to below
0.02 mg (Lkm)-1 at No.10-20 sites. At the outlet, PE
reached the minimum value of 0.009 mg (Lkm)-1. Compared with national levels of PEs of TN and TP in China,
the PE of TN is consistently higher than the PE of TP for
the entire lake area. The decreasing range of PE of TN is
about 48.8%, which is far less than the decreasing range of
81.6% for PE of TP.
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FIGURE 2 - Concentration distribution of N and P in water, sediments and aquatic plants of the Ulansuhai Lake
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nutrients in plants was not reduced abruptly after site 4. For
example, the average PE of TN still stayed around
0.3 %·km at No.5-10 sites As to No.11-20 sites, the average PE of TN kept in a level of over 0.14 %·km for each
sites. In general, the PE of TP kept at level around
0.024 %·km for all sites around the lake. Compared to the
PE of nutrients in water body, the spatial pattern of PE of
nutrients in aquatic plants is more uniform, especially for
these sites after No. site 4. The above results may be related to the relatively stable nutrients contents in plant itself. Aquatic plants absorb N and P elements stored in sediments and nutrients, which are the results of substance metabolism of plants. The percentage concentration of total N
and total P was closely related to sediments instead of water. As results, PE indices variation in water body may be
more obvious than that of plants.
We further calculated their correlations in PEs of water
body and plants, which can be observed in Table 1. Results
show that there are closely correlations among different
PEs (P≥0.816, a<0.001). We can further regionalize the
lake with respect to their PE values.
TABLE 1-Pearson correlation coefficients among different PEs

PE water-N

PE water-N

PE water-P

PE Plant-N

PE plant-P

1

.950**

0.956**

0.886**

**

0.816**

**

PE water-N

0.950

PE water-N

0.956**

1

0.905

0.905**

1

0.816**
0.956**
PE water-N 0.886**
**Correlation is significant at the 0.01 level

0.956**
1

3.3 Hydroecoregion results based on PE values

Considering purification processes in water body and
plants, the purification efficiency for nutrients in the lake
was generally decreasing gradually from inlet to outlet, thus
different measures should be designed for zones with different levels of PE. To understand and manage the lake eutrophication problem, regionalization of nutrients was conducted based on PEs of nutrients (TN-water) in water body
and ecological characteristics of lake plants, using cluster
analysis. Results of regionalization are shown in Fig.4.
According to results of cluster analysis(Table 2), the
lake was divided into three zones with different levels of
PE: No.1-3 are the high-efficiency zone (PE level about
0.4-1.0mg(Lkm)-1); No.4-9 are the mid-efficiency zone
(PE level about 0.2-0.4mg(Lkm)-1; and No.10-20 are the
low-efficiency zone (PE level about 0-0.2 mg(Lkm)-1).
FIGURE 3- PE distributions in the Ulansuhai Lake (1) TN-water (2)
TP-water (3) TN-plant (4) TP-plant

Similar to the purification process in water body,
aquatic plants also have highest purification efficiency at
No.1-3 sites nearby. In detail, at these sites, the average PE
of TN in plants reached the highest level of 0.56 %·km and
the average PE of TP in plants also reached the highest
level of 0.05 %·km. Different from water body, the PE of

To verify our classification, we also calculate the average trophic state index (ATSI) of three classified regions.
Carlson (1977) used algal biomass as the basis for trophic
state classification [32]. Three variables, chlorophyll pigments (CHL), Secchi depth (SD), and total phosphorus
(TP), were used to independently estimate TSI [33]. We
average the three variables to get the ASTI Results indicate The ASTI of three regions are 75, 57 and 45, respectively, indicating different trophic levels appeared in three
regions (Table 2).
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FIGURE 4 - Results of hydroecoregion for the Ulansuhai Lake

TABLE 2 - Results of Cluster analysis and TSI calculation
Clusters

Cases

TSI of each case

ATSI

Cluster one

Site 1 to site 3

82,72,71

75

Cluster two

Site 4 to site 9

61,59,56,54,53

57

Cluster three

Site 10 to site 20

52,51,50,49,47,46,44,43,41,39,37,35

45

3.4 Implication for ecological management

The high-efficiency zone is largely controlled by the
physical mechanism featured by rapid diffusion and the abrupt reduction of nutrient concentrations. The mid-efficiency zone is controlled by all physical, chemical, and biological mechanisms, among which Phragmites communis
and Potamogeton pectinatus function together as biological influences. The low-efficiency zone has a low flow velocity and Potamogeton pectinatus as the dominant plant
to absorb nutrients. However, the Potamogeton pectinatus
were not cleaned out or managed when they die annually,
and it caused secondary pollution in the water.
The nutrient concentrations decreased abruptly within
a short time and within a small region in the high-efficiency
zone (Zone I), bottom sediments dredging is needed in the
inlet area to avoid the diffusion effects of water flowing.
Meanwhile, net fishing should be forbidden in Zone I because a large number of fishing nets could block water flow
and decrease the purification efficiency. For the mid-efficiency zone (Zone II), the large amount of Phragmites
communis should be taken into account to utilize their ab-

sorbing ability for nutrients. At the same time, harvesting
and recycling the plants is also important to make sure that
they do not create a secondary pollution after rotting. In
addition, there is a need to ensure the water flow along waterways in the reed area and maintain a sustainable habitat
for wild avian species. For the low-efficiency zone (Zone
III), it is necessary to clean the dead submerged plants and
utilize their economic values. For example, this zone could
be converted to a fishery region, which herbivorous fish
can digest the plants so that the purification efficiency will
increase through biological cleaning. Besides, this zone is
also good for developing recreational activities or tourism
to benefit local residents economically [31].

4. CONCLUSIONS

Hydroecoregion is not an easy work since many factors including vegetation, hydrology, and water quality are
involved in its content. The current results suggest that PE
is a useful index for hydroecoregion of the Ulansuhai Lake.
By incorporating nutrient concentration and flow distance
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in the PE, physical, chemical and biological characteristics
of a lake are also implied in the index. As the changing
processes of PE index are detected for each site, the current
study is not only helpful to in lake ecosystem recovery and
management, but also promotes a case study from a blackbox model to a process model of this topic.
Although limitations such as a short monitoring period
and rough zonation exist in this study, it is the anticipation
of this research to raise awareness of the importance of hydroecoregion in ecological management of lakes, and to
provide scientific information for policy makers. Future research should incorporate ecological environment features,
topological features, and functionality features to examine
the spatial pattern of the PE across different lake regions.
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ISOLATION AND CHARACTERIZATION OF
Pb-RESISTANT STRAINS AND THE REMOVAL OF Pb(II)
Yanyan Ma*, Peifang Wang, Chao Wang, Song He Zhang and Shuai Cheng
Key Laboratory of Integrated Regulation and Resource Development on Shallow
Lakes of Ministry of Education, College of Environment, Hohai University, Nanjing, China

ABSTRACT

A total of 48 strains of lead-resistant bacteria were isolated from Meiliang bay of the Taihu Lake, China, and
were tested for Pb(II) resistance. The strain THKPS16 with
the maximum growth value under Pb(II) stress was regarded as the optimal strain for further study. The partial
sequences were amplified from the strain and the BLAST
query revealed that it was closely related to Acinetobacter
sp., and it was by 98% homologously to Acinetobacter
oleivorans strain DR1 and Acinetobacter calcoaceticus
strain NCCB 22016. Batch experiments were conducted to
remove Pb(II) using the Acinetobacter sp., and the effects
of the initial Pb(II) concentration, pH, and temperature
conditions on Pb(II) removal efficiency were investigated.
The results showed that the Acinetobacter sp. could successfully remove Pb(II) ions, and the removal efficiency
decreased with the increase of initial Pb(II) concentration.
The removal efficiency of Pb(II) was highest at pH 5 and
35 °C, and the removal efficiency rates were 71.2% and
75.1% under 100 mg/L Pb(II) stress. The SEM and FTIR
analysis indicated that the Acinetobacter sp. cells were irregular, and cracked with the appearance of wrinkles on the
surface after Pb(II) stress, and the functional groups involved in the interaction with lead were ionizable functional groups that included amino, carboxyl, and hydroxyl
groups.

trations in the contaminated environment can pose significant risks to human health and ecosystems. Therefore, the
development of a remediation strategy for a metal-contaminated environment is urgent for environmental conservation and human health [3].
Different methods have been investigated for metal removal, including chemical reduction, precipitation, adsorption, membrane separation, ionic exchange and electrolysis. All of these methods are expensive and inefficient,
especially when the metal concentrations in solution fall
into the 1-100 mg/L range [4]. An increasing attention has
been paid recently to the use of eco-friendly and low-cost
biomaterials for lead removal [5]. A number of bacterial
species have been isolated and shown to be capable of lead
reduction [6]. These microorganisms (Bacillus sp. [7], Acinetobacter sp. [2], Ralstonia sp. [8], Rahnella sp. [9], and
Pseudomonas sp. [10, 11] ) have developed the capabilities
to protect themselves from heavy metal toxicity by various
mechanisms, such as adsorption, uptake, methylation, oxidation, and reduction.
The present study deals with the isolation of lead resistant bacteria from a contaminated environment, their molecular characterization, the ability of the bacteria to reduce
divalent lead and optimization of initial Pb(II) concentrations, temperature and pH for Pb(II) removal efficiency. In
addition, SEM and FTIR experiments were carried on to obtain the cells surface changes after Pb(II) stress and the surface functional groups involved in the adsorption of Pb(II).

KEYWORDS:
lead reduction, bacteria, Pb(II), Acinetobacter sp.

2. MATERIALS AND METHODS
1. INTRODUCTION

2.1 Sediment samples

Low concentrations of certain transition metals, such
as cobalt, copper and zinc, are essential for many cellular
processes of bacteria. Other heavy metals, including lead,
mercury, and chromium, have no known beneficial effects
to bacterial cells [1]. Lead is one of the most common heavy
metal contaminants in the environment because of its widespread occurrence in mine site sand, and its historical use
as a fuel additive and pesticide [2] Excessive lead concen* Corresponding author

Sediment samples were collected from Meiliang bay
of the Taihu Lake, China, in July 2013. The area was contaminated with lead from nearby industrial activities. Total
Pb concentration in the sediments was 100 mg/kg.
2.2 Isolation and select of optimal Pb resistant strain

Heterotrophic bacteria were isolated by using R2A agar
medium. Briefly, 1 L of double-distilled water containing
(0.5 g of each) yeast extract, protease peptone, casamino
acids, dextrose, soluble starch, and 0.3 g sodium pyruvate
and KH2PO4, 0.05 g MgSO4 and 15 g agar (pH 7.2  0.2).
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The solutions were suspended and kept in the autoclave at
121 °C for 20 min, and the mixtures were poured onto the
plate after cooling to 55 °C [12].
To isolate Pb-resistant strains, the samples were screened
on R2A plates, and supplemented with Pb(II) at 100 mg/L. The
sediment slurry was spread over the surface of the R2A plates
using a sterile glass spreader at dilutions of 10-4 and 10-5, and
then incubated the cultures at 35 °C for 1-3 days.
In order to select the best heavy metal-resistant strains,
we numbered the strains 1-48, and then inoculated them into
5 ml TY liquid medium (5 g protease peptone; 3 g yeast extract; 5 g NaCl; and 1 g glucose per L), supplemented with
100 mg/L Pb(II). The cultures were incubated at 35 °C and
agitation at 150 rpm for 1-3 days [13]. The growth values
of the strains were determined by absorbance at 600 nm
(OD 600). All tests were done in triplicate.
2.3 Identification of the selected strain

The selected strain was identified using molecular methods, and the 16SrRNA gene was amplified by PCR using
two general bacterial 16SrRNA primers 1492R and 27F
(27F 5' AGA GTT TGA TCM TGG CTC AG 3'; 1492R 5'
TAC GGY TAC CTT GTT ACG ACT T 3'). The PCR conditions used were as follows: initial denaturation step at 94 °C
for 3 min, followed by 30 cycles at 94 °C for 1 min, 56 °C
for 1 min, 72 °C for 2 min, and a final extension step at 72 °C
for 10 min [14]. PCR products were detected by electrophoresis on 1% TAE agarose gel, stained with ethidium bromide and visualized using a BioRad UV transillumination
instrument (UVP EC3, USA). Sequencing was carried out
by Shanghai Sheng gong Company, China. The 16SrRNA
gene sequences were compared with known sequences in the
GenBank database to identify the most similar sequence
alignment. The nucleotide sequences of 16SrRNA gene
were aligned, and a phylogenetic tree was constructed with
Mega 5.1 software using the neighbor-joining method [15].

A non-inoculated medium was prepared strictly, following the same procedures to serve as a control. Duplicates were run to assess reproducibility. In order to avoid
microbiological contamination, all growth media, centrifuge tubes, beakers, and serum bottles were autoclaved at
121 °C for 20 min.
2.5 SEM observations

SEM analysis was performed on an environmental
SEM (HITACHI S-4800), and the analytical conditions varied as follows: back-scattered electrons mode (BSE), magnification of 10000 times, electron beam voltage of 3.0 kV,
work distance of 8.5 mm, and temperature of 20 °C [17].
The bacterial samples were examined after cell fixation and
vacuum freeze drying.
2.6 FTIR analysis

The samples were pulverized in an agate mortar before
being conditioned in KBr pellets, and tested in triplicate
using a NEXUS 870FT spectrometer from 4000 to 400 cm−1
at a resolution of 2 cm−1. FTIR spectra were plotted (T = f
(wavenumber)) from the average of the transmittance experimental values. Background correction for atmospheric
air was used for each spectrum [18]. The bacterial samples
were examined after sodium chloride wash and air-dried.
2.7 Pb analysis

The concentrations of Pb(II) in the liquid samples were
determined by ICP-MS using an Agilent 7700, USA after
being filtered by a 0.45-μm filter membrane. The removal
efficiency (RE) was calculated as follows [19]:

RE(%)  (C0 C1)/ C0 100

(1)

where, C0 and C1 are the initial Pb(II) and the Pb(II)
concentration after treatment, respectively.

3. RESULTS AND DISCUSSION

2.4 Effects of the growth conditions on Pb reduction

Removal experiments were carried out batch-wise in
250-ml Erlenmeyer flasks to evaluate the best conditions at
which the maximum Pb(II) reduction was observed. Active
cultures of Acinetobacter sp. (10%, v/v) were inoculated
into Erlenmeyer flasks, and kept on a rotatory shaker at
35 °C and 150 rpm. After agitating the solutions for a desired time period, solutions were centrifuged at 3000 rpm
for 10 min, and then, the supernatant solution was analyzed
for Pb(II) concentration.
In experiments to evaluate the effect of the initial
Pb(II) concentration, initial concentrations of 25, 50 and
100 mg/L were used. In experiments to determine the effects of pH, individual culture media under aerobic conditions were adjusted to pH 3, 4, 5, 6 and 7 by addition of
0.1M HCl and 0.1M NaOH. In experiments to compare the
effects of different growth temperatures, the following
temperatures were tested as growth conditions: 25 °C, 35 °C
and 45 °C [16].

3.1 Selection of optimal Pb resistant strain

A total of 48 Pb-tolerant bacterial strains (THKPS 1-48)
were isolated from Meiliang bay of the Taihu Lake, China,
using R2A agar medium supplemented with 100 mg/L
Pb(II). The growth values of Pb(II)-resistant strains were determined by absorbance at 600 nm (shown in Fig. 1), and
No. 16 strain, named THKPS16, with the maximum growth
value (1.735), was regarded as the optimal strain for a further
study.
3.2 16SrRNA phylogenic analysis

Sequence analysis of the 16SrRNA gene is a fast and
accurate method to identify the phylogenetic position of
bacteria. The partial 16SrRNA sequences of THKPS16
were uploaded to the National Center for Biotechnology
Information (NCBI) website to search for similarity to
known DNA sequences, and to confirm the species of this
local isolate. The BLAST query revealed that it was closely
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FIGURE 2 - Phylogenetic relationships by a neighboring analysis of the 16SrRNA sequences, showing the position of strain THKPS16.

related to Acinetobacter sp., and it was by 98% homologously
to Acinetobacter oleivorans strain DR1 and Acinetobacter
calcoaceticus strain NCCB 22016. A phylogenetic (neighborjoining) tree was constructed, and is shown in Fig. 2.
3.3 Effect of the initial Pb(II) concentrations on Pb(II) reduction

The effect of initial Pb concentration on Pb(II) reduction by THKPS16 was studied over a range of Pb(II) concentrations from 25 to 100 mg/L. The removal efficiency
of Pb(II) by the resistant strain THKPS16 in solution was
calculated from the differences between the removal efficiencies of Pb(II) of inoculated medium and non-inoculated medium. This Pb(II) reduction in the enrichment culture medium indicates a microbiological process.
As illustrated in Fig.3, the removal efficiency of Pb(II)
by THKPS16 decreased with an increase of initial Pb(II)
concentration in the enrichment culture medium. When the
initial concentration of Pb(II) was 25 mg/L, 91.2% of Pb(II)

was achieved after 60 h. Under the conditions of low initial
concentration of Pb(II) ions, the removal efficiency was high
because of the abundant availability of binding sites [20].
In the case of 50 mg/L Pb(II), 79.5% of the initial
Pb(II) was removed within 60 h. When the initial concentration of Pb(II) was 100 mg/L, 69.7% of the dissolved
Pb(II) was reduced in the same period.
3.4 Effects of the pH on Pb(II) reduction

The pH value is one of the most important factors influencing chemical speciation, solubility and bioavailability of heavy metals in the field [21]. The variation in pH of
the medium causes changes in the ionic form of the active
site of the metal reduction enzyme, and affects its activity
[22]. The different pH sorption profiles for various heavy
metal ions may be related to the nature of chemical interactions of each metal with the biomass [23].
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FIGURE 4 - Effect of pH on Pb(II) reduction.

The effect of pH on Pb(II) reduction in the enrichment
culture medium is shown in Fig. 4, with initial Pb(II) concentration in the enrichment culture medium set at 100 mg/L. At
pH 5, the removal efficiency of Pb(II) was greatest, and
71.2% of the initial Pb(II) was reduced within 60 h. At
pH 7, the removal efficiency of Pb(II) was the lowest, and
45.7% of the initial Pb(II) was reduced within 60 h. In the
range of pH 3, 4, and 6, 51.3%, 64.7% and 62.7% of the
initial Pb(II) was reduced in the same period.
The same trend was observed by several authors that investigated the effect of pH on biosorption of heavy metals

by using different bacteria, P. putida [24], A. flavus [25]
and Sargassum sp. [26].
The different pH binding values for these components
could be due to the nature of the chemical interactions of
each component with the microbial cells. At highly acidic
pH values, metal cations and protons compete for binding
sites on the cell wall, which results in a lower metal uptake
[27]. The negative charge density on the cell surface increases with increasing pH due to deprotonation of the metal
binding sites. Then, the metal ions compete more effectively
for available binding sites, which increases biosorption [28].
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3.5 Effects of the temperature on Pb(II) reduction

Effects of temperature on Pb(II) reduction in the enrichment culture medium are shown in Fig. 5, with initial
Pb(II) concentration in the enrichment culture medium set
at 100 mg/L, and pH 5. The optimum reduction temperature
for Pb(II) ions was determined to be 35 °C, and 75.1% of the
initial Pb(II) was removed in 60 h When the culture temperature was 25 °C, 58.9% of the dissolved Pb(II) was reduced
in 60 h. In the case of a culture temperature of 45 °C, 51.2%
of the dissolved Pb(II) was reduced in the same period.
The temperature of 35 °C was the optimum temperature
for Pb(II) reduction by THKPS16. Extreme temperatures severely reduced bacterial growth and metal reduction due to
loss of viability or metabolic activity of cells on prolonged
incubation. At temperatures higher than the optimum, loss
of metal reduction function, alteration of membrane struc-

ture, or inactivation of protein synthesizing mechanism due
to alteration of ribosome conformation take place. At low
temperatures, the fluidity of the membrane decreases sufficiently which prevents the functioning of the transport systems, so that the substrates cannot enter into the cell rapidly,
to support even a low rate of growth [29].
3.6 SEM observations of THKPS16

Scanning electron microscopy coupled with energy dispersive X-ray analysis was carried out to obtain information
on the changes in the cell morphology in the presence of
Pb(II). SEM micrographs obtained from THKPS16, grown
without Pb(II) (control) and exposed to 100 mg/L Pb(II),
are presented in Fig. 6. The SEM micrographs show that
THKPS16 grown without Pb(II) appeared as coccobacilli
(Fig. 6 A) with smooth surface. The average diameter of the
25C
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FIGURE 5 - Effect of temperature on Pb(II) reduction.

FIGURE 6 - Scanning electron micrographs of THKPS16 cells grown on TY medium: (A) without Pb(II) (control), and (B) with 100 mg/L Pb(II)
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FIGURE 7 - FTIR spectra of THKPS16 cells grown (A) without Pb(II) (control), and (B) with 100 mg/L of Pb(II).

cells was approximately 5 μm. However, after 24 h of growth
on TY liquid medium containing 100 mg/L of Pb(II), the
morphology of THKPS16 cells (Fig. 6 B) was irregular and
cracked with the appearance of wrinkles on the surface.
3.7 FTIR analysis

Infrared spectroscopy is very useful for obtaining qualitative information about molecules. Absorbing (vibrating)
groups in the infrared region absorb within a certain wavelength region, and the exact wavelength will be influenced
by neighboring groups. Although the most important use
of the infrared spectroscopy is in identification and structure analysis, it is useful for quantitative analysis of complex mixtures of similar compounds because some absorption peaks for each compound will occur at a definite and
selective wavelength, with intensities proportional to the
concentration of the absorbing species [30].
In this paper, FTIR analysis was carried out to investigate the surface functional groups involved in the adsorption of lead. The FTIR spectra of THKPS16 grown in TY
broth without Pb(II) and with Pb(II) at 100 mg/ L were
taken in the range of 400-4000 cm−1. The spectrum of the
biomass (Fig. 7) displays a number of absorption peaks, reflecting the complex nature of the biomass
The infrared absorption frequencies of each peak and
the corresponding functional groups of THKPS16 without
lead are displayed in Fig. 7. A. The absorption peaks
at 3303 and 3074 cm−1 are indicative of the existence of the
-OH groups and the -NH groups. The absorption peaks at
2959, 2935 and 2874 cm−1 represent the C-H stretching of
glucose and protein. The absorption peaks at 1656, 1534
and 1451 cm−1 can be attributed to primary and secondary
amide bands of the amide bond of protein peptide bonds
which correspond to C=O stretching and -NH bending. The
absorption peak at 1390 cm−1 represents the primary amide
bands of protein, and those at 1246, 1152 and 1056 cm−1
represent those of C-O and C-N [26, 31, 32].

In the FTIR spectra of THKPS16 grown in TY broth
with 100 mg/ L of Pb(II) (Fig. 7 B), changes were observed
in the regions of 1655-540 cm−1 and 3100-2900 cm−1.
These changes indicated that there was a metal-binding
process taking place on the surface of the cells with certain
functional groups. The functional groups involved in the
interaction with chromium were ionizable functional
groups that included amino, carboxyl, and hydroxyl
groups. These are reported to be able to interact with protons or metal ions [33].

4. CONCLUSIONS

In this study, Pb(II)-resistant strains isolated from Pbcontaminated sediment were investigated for their effects
on Pb(II) reduction, with respect to the initial Pb(II) concentration, temperature, and pH conditions. The results of
the present study indicate that Pb(II)-resistant strain
THKPS16 was closely related to Acinetobacter sp., and it
may be used as an inexpensive, selective, effective and easily cultivable strain for the removal of Pb(II) ions from
aqueous solutions. The removal efficiency can reach
75.1% within 60 h under 100 mg/L Pb(II) stress; thus, low
Pb(II) concentration, suitable pH and temperature conditions could enhance the removal rate.
Through SEM and FTIR analyses, we can know that
THKPS16 cells were irregular and cracked with the appearance of wrinkles on the surface after Pb(II) stress, and
the functional groups involved in the interaction with lead
were ionizable functional groups that included amino, carboxyl, and hydroxyl groups.
The properties of the Pb-resistant bacteria which can
reduce Pb(II) make them potentially useful for the bioremediation of Pb-contaminated sediments, but the complete
mechanism of Pb(II) reduction still needs further research.
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ABSTRACT

In recent years, the field of environmental management of industrial activities has been causing a great interest among scientists. This paper discusses the notion of entropy and the relationship of entropy to environmental management of industrial activities. In the paper, two case studies of Eco-Industrial Networks are presented: the case of
aluminium and that of copper.
The analysis of case studies made clear, firstly, that the
production of aluminium or copper by recycling new scrap
generates significantly less specific entropy than the production of the same product from primary raw materials
and, secondly, that the effort of closing the loops of material flows aiming at complete recycling leads to higher generation of specific entropy than those which correspond to
the use of primary raw materials. It is proven that there exists
an entropy limit of environmental effectiveness when recycling each product. The present paper comments on this
limit.
KEYWORDS: industrial ecology, industrial symbiosis, entropy,
copper recycling, aluminium recycling

1. INTRODUCTION

In recent decades, our Planet has been going through a
serious environmental crisis. The crisis is mainly due to uncontrolled growth that ignores its impact on the Planet's
natural systems.
This situation cannot be continued indefinitely. Such a
continuation will cause widespread and irreversible damages to the natural environment that would jeopardize the
lives of future generations. On the other hand, the reduction
of the development process cannot be regarded as a realistic solution.
For this reason, several solutions are sought in order to
maintain the development process in a sustainable manner.
* Corresponding author

The solutions that are considered deal mainly with recycling and reuse of industrial waste as raw material for
other industries, as well as the closure of the loops of material flows (industrial symbiosis) aiming at the complete
recycling of waste and the so-called "zero pollution”. However, recycling may have physical limits besides its environmental, economic and social ones.

2. MATERIALS AND METHODS

The method of research is based on logic abstraction,
which includes generalizations and theoretical analysis of
the natural and anthropogenic systems, according to the
conclusions and reasoning of scientists that were used in
the article. Two case studies are also analyzed, the aluminium eco-industrial network and the copper eco-industrial
network.
2.1 Entropy and recycling

There is an approach to the analysis of practices of recycling and reuse of waste, based on the second law of thermodynamics [1, 2]. As we know, energy and matter have a
natural tendency to change from the 'condensed' form to
the 'diluted' one, from the 'concentrated' form to the 'scattered' one, from the 'order' to the 'disorder'. A measure of
this "disorder" is expressed by entropy, and this tendency
is reflected by the second law of thermodynamics, according to which the entropy of an isolated system is increasing
due to irreversible processes, but remains stable due to reversible ones. The relevant change can be expressed by
Equation 1:
dS = deS + diS

(1)

where, dS is the total entropy of the system [J/K], deS
is the initial entropy of the system [J/K], and diS ≥ 0 is the
change in entropy of the system [J/K].
The total entropy of an isolated system either increases
or remains stable (for isentropic processes), but never decreases. This trend of increasing entropy of matter and energy concerns natural systems and processes as well as anthropogenic ones (in much higher degree) (Fig. 1).
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FIGURE 1 - The entropy of natural and anthropogenic systems.

Both natural and anthropogenic systems (e.g. industrial systems) actually operate as mechanisms of entropy
production, transforming primary natural resources (which
have low entropy) to waste (which has high entropy). The
humans recycle their waste in an effort to reduce the environmental impact of their systems. However, each human
activity, even those aiming at recycling, cause an increase
of global entropy. The Planet is not an isolated system,
which means that its entropy can also be reduced. The central mechanism for reducing entropy is photosynthesis. The
Planet has also an ability to transport entropy to the Universe through thermal radiation. However, the above
Planet's abilities to reduce and to transport entropy to the
Universe are not unlimited. According to this approach, entropy could be a measure of the environmental sustainability of anthropogenic systems, which means that the greater
the generation of entropy because of human activities, the
greater the environmental impact of it [3].
2.2 Brief literature review

The relationships between entropy and human activities have been previously subject to scientific investigation. Kümmel [4] stated very clearly that energy conversion and entropy production determine the growth of
wealth in industrialized economies. According to [3], the
entropy generation constitutes the indicator which predicts
the negative consequences/effects of human activities on
sustainable development.
Gutowski [5] argued that thermodynamics provide a
value system and rules for evaluating separation and recycling systems. He emphasised that, especially in the recycling arena, several researchers have provided thermodynamic frameworks for characterizing recycling systems
both at the grand scale, largely by analogy, and at the molecular scale, for specified material systems, where rigorous thermodynamic methods were applied. In general, this
area is just being developed as recycling grows in importance, and new developments and applications can be
expected.
Finally, Ayres [1] claimed that, as a consequence of
the second law of thermodynamics, if there is a large stockpile of inactive materials as well as an exogenous source of
exergy (e.g. from the Sun) for a stable steady-state recycling system to function, the total recycling for an industrial society theoretically is possible.

3. RESULTS AND DISCUSSION
3.1 Aluminium recycling

Taking into account that the production of aluminium
from bauxite (otherwise primary aluminium) in an industrial scale began in the 1890s, the first producers of aluminium from scrap (otherwise secondary aluminium) appeared
in the U.S., in the early 20th century.
In an industrial scale, aluminium is recovered not only
from scrap, and from white and black dross (waste of the
production of aluminium from scrap), but also from a salt
cake (waste of the production of aluminium from white and
black dross), thus forming a network of enterprises producing aluminium on four levels (Fig. 2).
Each level of the network has its own emissions of
waste. The research conducted by [6] showed that the recycling of new scrap, compared with primary aluminium
production, saves significant amounts of energy and raw
materials. However, in the human effort of closing the
loops of material flows by recovering aluminium from the
waste of higher levels (aiming at complete recycling), the
waste emissions increase progressively according to the
level of network, which shows a progressive and significant increase of entropy generation (Fig. 3 - qualitative assessment).
This research also showed that there is a marginal level
(environmental limit of recycling) beyond which the environmental impact and, probably, the specific entropy generation
are higher than those of primary aluminium production.
3.2 Copper recycling

The history of copper recycling began in the Bronze
Age. Since then, humans have melted the bronze objects so
that they could produce new products from them. According to [7], a wide variety of copper waste can be used to
recover copper, starting from the powders of primary copper production and ending at the anode scrap (with copper
content of 99%). Similarly, a wide variety of technologies
to recover copper from its waste can be used. Often, the
primary copper producers exploit their technology and facilities for the production of secondary copper. In contrast
to that of secondary aluminium, the technology of secondary copper production does not use salt on the surface of
the molten metal and, thus, the dross of the process does
not trap significant quantities of pure copper. For this reason, the Copper Eco-Industrial Network includes only two
levels: A' and B'. For reasons related to the objective of this
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analysis, the second level is divided into 4 sublevels: B1’,
B2’, B3’ and B4’, depending on the degree of contamination of the scrap with PVC, as discussed below. The structure of the network is shown in Fig. 4.
Research conducted by Goessling [7] showed that the
specific entropy generation from the production of secondary copper from anode scrap (sub-level B1') is significantly

lower than the generation from the production of primary
copper (Table 1). The data given by Goessling [7] also
show that the generation of specific entropy due to the production of secondary copper from PVC-contaminated
scrap increases according to the increasing rate of contamination. It can be noted that there is a marginal level (entropy limit of recycling) beyond which the specific entropy

FIGURE 2 - Aluminium Eco-Industrial Network – operational limits (adapted from [6]).
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FIGURE 3 - Specific entropy generation according to the network level and the entropy limit of aluminium recycling (qualitative assessment).

FIGURE 4 - Copper Eco-Industrial Network – operational limits.
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TABLE 1 - Specific entropy generation per ton of copper according
to the Network Level [7].
Network Level

Α΄

Β1΄

Β2΄

B3΄

B4΄

Specific entropy emis53.3
12.9
29.0
53.3
62.0
sions in [MJ/K]
A – Primary copper, B1 – Secondary copper from new scrap (anode
scrap), B2 – Secondary copper from old scrap (65% PVC contaminated),
B3 – Secondary copper from old scrap (80% PVC contaminated), B4 –
Secondary copper from old scrap (90% PVC-contaminated).

generation and the environmental impact from secondary
copper production are higher than those of primary copper
production (Table 1 and Fig. 5).

4. CONCLUSIONS
The analysis of case studies made clear, firstly, that the
production of aluminium or copper by recycling a new
scrap (which has clean metal content of 99%) generates
significantly less specific entropy than the production of
the same product from primary raw materials.
However, the analysis shows also that the effort of closing the loops of material flows, aiming at complete recycling, leads to higher generation of specific entropy than
those which correspond to the use of primary raw materials.
Since the analysis shows that the increase of entropy
indicates a qualitative degradation of the natural environment, it could be concluded that the creation of Eco-Industrial Networks of many levels aiming at complete recycling
may ultimately harm the environment.
It is proven that there exists an entropy limit of environmental effectiveness when recycling each product.
This limit corresponds to the generation of specific entropy from the use of primary raw materials. Beyond it,
the environmental impact of recycling is higher.

It should be noted that the position of this limit on the
horizontal axis can change, being affected mainly by technological factors. For example, if the recycling technology
is improved, the limit usually moves to the right because
the technological improvements give us the possibility to
use more contaminated waste while generating the same
specific entropy.
The position of this limit on the vertical axis (marginal
specific entropy generation) will significantly change (the
marginal specific entropy generation will be reduced) after
the depletion of primary raw materials. So, for the production of one product, two alternative raw materials will exist: the new scrap (with relatively low specific entropy generation) and the old scrap (with relatively high one).
Finally, because of the aforementioned inability of the
Planet to eliminate all the entropy generated by anthropogenic systems, even when keeping the entropy limits, the
generation of entropy, according to [8] and [9], will lead
the Planet’s environment to a qualitative degradation in the
long term.
The answer to this problem given by thermodynamics
in [1] and [10] that - given an unlimited energy source (the
sun), the complete recycling is possible if there is a reservoir with an infinite capacity to gather all the entropy - is
theoretical and practically unworkable.
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