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ABSTRACT

1. INTRODUCTION

All surface and ground waters contain natural organic
matter (NOM). NOM is a complex mixture of various
organic molecules mainly originating from aquatic organisms, soil and terrestrial vegetation. When chlorine is applied to drinking water processes, it reacts with NOM and
forms various types of chlorinated disinfection by-products
(DBPs). These halogenated by-products are considered to
be possible human carcinogens. Trihalomethanes (THMs)
and haloacetic acids (HAAs) are the most widely known
DBPs. Through the different reaction reactivity of the NOM
components with disinfectants, the isolation and fractionation of NOM into more homogenous components is a
better way to determine the DBP formation potential in the
waters. Characterization of the NOM is also important for
the selection of drinking water treatment processes because the US Drinking Water Regulations force water utilities to further increase DBP precursor removal by removing DOC to below 2 mg/L. In this study, using Omerli
(OM) and Buyukcekmece (BC) surface water samples
which were obtained over a 1-year period, the NOM content was isolated and chemically fractionated by means of
XAD resins. In addition, each fraction was chlorinated separately and THMs and HAAs formation potential (THMFP
and HAAFP) was investigated. The results indicated that
both water chemical phases changed on a seasonal basis.
This affects the DBPFP of waters. Hydrophobic (HPO)
fraction was detected to be the highest percentage of
the DOM in both OM and BC. But in terms of the DBPFP
dominant phase, this changes seasonally. These results
indicated that OM and BC surface waters include THM and
HAA precursors and variations of these fractions are also
effective for treatment process selection and attaining consistency in drinking water quality.
KEYWORDS: Natural organic matter (NOM), Chemical characterization, Chlorination, Disinfection by products (DBPs)

* Corresponding author

Natural organic matter (NOM) originates from physical, chemical and biological natural and anthropogenic activities which take place in water sources and the watersheds
which surround the water source. Dissolved organic matter
(DOM) is defined as the portion of the NOM which can
pass through a 0.45 µm membrane filter.
DOM has several adverse effects on water sources
such as:
• Some aesthetics problems including effects on color,
taste, odor;
• DOM can be transported in water via binding organic
and inorganic pollutants;
• DOM reacts with disinfectants and produces unexpected
disinfection by-products (DBPs);
• DOM acts as a carbon source for microbial reactions
and this cause accumulation in the water body;
• Contributes to the formation of photochemical processes.
Because of these adverse effects, the chemical structure and physical properties of DOMs should be investigated in relation to the improvement of drinking water treatment quality. However, these structures and properties are
unstable and vary depending on the water supply location,
the surrounding activities and the seasons. For this reason,
in order to improve the quality of drinking water treatment,
it is necessary to know the DOM composition and the effect
of seasonal changes on DBP’ formation reactivity [1-6].
For the purposes of explaining its complex structure
and investigating its behavior in terms of water treatment,
the fractionation of DOM is required. DOM is the complex mixture of macro molecular humic matter, low molecular weight hydrophilic acids, proteins, lipids, carboxylic acids, amino acids, carbohydrates and hydrocarbons.
The importance of DOM with regard to drinking water
treatment has increased with the discovery that chlorine
organic substances interactions can produce potential carcinogenic compounds such as THMs [7-9].
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DOMs are the precursor compounds in terms of DBP
formation and can be fractionated as hydrophilic (HPI)
and hydrophobic (HPO) fractions. HPO fractions include
humic acids, low molecular weight carbohydrates, proteins
and amino acid. Humic matter constitutes approximately
40-80 % of DOM, including both humic and fulvic acids
and this site is the most important part of DOM with regard to DBPs formation. The efficiency of DOM removal
by means of a conventional treatment plant consisting of
coagulation, sedimentation, and filtration is limited. Therefore, enhanced coagulation, granular-activated carbon or
membrane filtration systems or advance oxidation processes are required to effectively remove DOM according to
the DOM’s .specific molecular weight, size and fractions
[2, 9, 10].
The aim of this paper was to investigate the effect of
seasonal changes on the chemical composition of DOM
isolated from the OM and BC Dams (at Istanbul/Turkey)
and determine the relationship between DOM fractions
and THMs and HAAs formation potentials. The chemical
and physical properties of DOM are of great significance
for the development of water treatment processes and understanding these properties is the key for better drinking
water quality [4].
2. MATERIALS ANN METHODS

Istanbul is a large city, located in the north-west of
Turkey. The population of Istanbul is approximately
13,200,000 and every day approximately 2,200,000 m3 of
water is treated by the Istanbul Metropolitan Municipality
[11]. The OM and BC Water Dams are two big surface
water sources of Istanbul which provide approximately
55% of its drinking water requirement.
In this study, water samples were taken from OM and
BC surface waters on a seasonal basis between February
2010 and February 2011. The average water quality characteristics of the two surface waters over the sampling
period are given in Table 1.
TABLE 1 - Water quality characteristics of two surface water
sources (average values for the sampling period)
Unit
mg/L
mg/L
mg/L
mgCaCO3/L
mgN/L
mgN/L
mgCaCO3/L
µS/cm
%
mg/L
mg/L
cm-1
L/mg.m

OM
7.73
18.2
0.04
22
98
0.7
0.14
78
238
0.011
116
3.595
0.093
2.587

TABLE 2 - Water quality characteristics of two surface water sources
from previous studies (average values for the sampling period)
Literature
Water
Ates et al. [12]
Uyak et al. [13]
Source
DOC*
UV 254
SUVA
DOC* UV 254
SUVA
OM
3.90
0.066
1.732
3.90
0.075
1.95
BC
4.08
0.072
1.785
4.55
0.100
2.33
*DOC measurements were conducted according to SM 5310B

It can be seen that the DOC levels of OM had not
been varied for high interval but the UV254 and SUVA254
values of OM had increased year by year. For BC, DOC
and UV values had increased year by year too. This characteristic of variability in BC is important in relation to
water treatment. According to these results, the DBPFP of
OM was expected to be higher than BC in contrast to
previous studies [12, 13].
2.2 DOM Isolation and Fractionation Procedure

2.1 Water Quality

Parameters
pH
ClBrSO42Hardness
TKN-N
NH3-N
Alkalinity
Conductivity
Salinity
TDS
DOC
UV254
SUVA254

According to Table 1, BC raw water has higher water
quality parameter concentrations (except UV254) than OM
raw water. This difference is the result of the sea water
intrusion from the Marmara Sea into the BC. But UV254
results indicate that the aromaticity of the DOM in the
OM is higher than that of the BC in contrast to previous
studies [12, 13]. In the OM, the aromaticity of the water
has increased year by year. Previous studies on the same
water sources are presented in Table 2.

BC
8.23
37
0.10
55
200
0.7
0.24
161
505
0.023
249
3.765
0.083
2.205

The isolation and fractionation procedure was carried
out according to Avsar [14, 15]. Samples were filtered with
0.45 micron pore-sized membrane filters and then acidified
to pH=2 by stock phosphoric acid. After that, DOMs were
fractionated to HPO, TPI (transphilic or low molecular
weight hydrophobic) and HPI fractions by means of Supelite DAX 8 and Amberlite XAD 4 (Supelco, Sigma Aldrich USA) polymeric resins. Before the usage of resins, a
cleaning procedure was performed. Resins were extracted 4
days with methanol and then transferred to the columns.
The cleaning procedure for the resins was carried out on
columns by washing in two sequences (first 1 liter 0.1 N
NaOH then 1 liter distilled water were used. In the second
sequence 0.1 N HCl and 1 liter distilled water were used).
After the two sequences were complete, the washing
procedure was continued with distilled water until the
DOC concentration of the distilled water decreased under
the 0.5 mg/L at the outlet of the columns.
After the cleaning procedure, filtered and acidified
samples were passed through DAX 8 resin. The HPO
fraction of the sample DOC adsorbed on DAX 8 and the
outlet of the column was collected. After the adsorption
process, HPO fraction was desorbed by 0.1 N NaOH and
acidified to pH=2 by stock phosphoric acid. In the second
step, the collected sample was passed through XAD 4 resin
and the TPI phase adsorbed on XAD 4 resin. This phase
was desorbed by 0.1 N NaOH and acidified to pH=2. The
outlet of the XAD 4 column, the sample which contains the
HPI phase was collected. The general process diagram is
presented in Figure 1.
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FIGURE 1 - Resin Adsorption Process Diagram

After fractionation, DOC and UV measurements were
conducted in terms of the characterization of phases. DOC
concentrations were measured according to Standard Methods 5310 D. Measurements were conducted using a TOC
Analyzer (Shimadzu TOC Vcph). According to DOC measurements, organic matter mass balances were calculated to
determine the DOM recoveries for all samples given in
Table 3.

2.4 DBPs Measurement Procedure

After seven days of reaction, the period samples were
taken from the incubator, dechlorinated and then THMFP
and HAA9FP measurements were conducted via GC-µECD
(Agilent 6890) according to Uyak et al. [14] and Baytak et
al. [16] with minor modifications. The procedure was based
on EPA 551.1 for THMs and EPA 552.3 for HAA9.

TABLE 3 - DOM recoveries during chemical fractionation
Sampling Date
17.02.2010
31.03.2010
04.05.2010
29.06.2010
11.08.2010
27.10.2010
21.12.2010
22.02.2010

OM
118.9
106.0
106.7
93.2
101.9
97.4
86.6
140.1

3. RESULT AND DISCUSSION

% DOC Recovery
BC
115.5
94.6
105.6
88.9
88.1
96.8
84.8
117.8

The chemical fraction distribution of OM and BC waters
are given in Figures 2a and 2b. The total DOC distribution of
OM water varied between 3.552 and 5.804 mg/L and for
about BC water it varied between 3.669 and 5.485 mg/L.
The HPO fraction was determined as the dominant phase
for both of the waters in the sampling period.

2.3 Chlorination Procedure

The chlorination procedure was applied according to
Standard Methods 5710 B. A 5mg/mL NaOCl dosing solution was prepared for the chlorination procedure. Before
chlorination, all of the samples were maintained to pH=7
by means of 6N and 1N NaOH solutions. After that, all
fractions were chlorinated to six times of their DOC concentrations by means of the dosing solution. After chlorination, all samples were placed into the incubator and
stored in the dark at 25 0C.

For all of the sampling (except BC for August 2010
sample) period, the DOC percent of HPO fraction was
determined to be above the 50% level. The highest percent in February 2011 was reached for OM (64%) and in
February 2010 for BC (65%) waters. The HPO fraction
average values for the sampling period are; 58% for OM,
55% for BC). The HPI (average values; 23% for OM 22%
for BC) and TPI (19% for OM, 24% for BC) fractions are
comparable.
The TPI fraction is mainly produced by autochthonous origin. The variation of this phase could be mainly

a

b

FIGURE 2 - OM (a) and BC (b) waters chemical fractions DOC distributions
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related to aquatic organisms [4]. According to Uyak et al.
[13], due to the erosion and deforestation of the watersheds,
high values of color and DOC can be expected in the OM
and BC waters in rainy seasons. This soil-originated DOC
(allochthonous) has a high aromatic content and mostly
HPO and TPI characteristics. According to the DOC distribution, the highest percentage of DOC in both waters
originated from allochthonous sources.
The UV254 results of the OM and BC waters’ chemical fractions are given in Figure 3. In terms of UV254, the
highest results were obtained in February 2011 for both
the OM and BC waters and fractionations. In term of fractionations, the HPO fraction had the highest UV254 level.
The total UV254 values of the samples were higher than the
raw water UV254 values. This result indicates that DBPFP
of raw waters and the total of the phases can be different
from each other.
The lowest results were achieved on March; the highest results were achieved on February for both OM and
BC raw waters.
The SUVA254 concentrations of OM and BC waters
chemical fractions are given in Figure 4. According to
literature [3, 12], SUVA254 was found to be a good surrogate for HPO, aromatic and high molecular weight NOM

fractions, such as the humic and fulvic acids content of
the natural organic matter. Good relationships between
the SUVA254 and DBPs formation potential were also
established.
Generally both raw waters SUVA254 values were below
3 L/mg.m (except the February 2011 sample for OM) in the
sampling period. The highest SUVA254 values of OM and
BC raw waters were 3.52 (Feb. 2011) and 2.81 L/mg.m
(Feb. 2010), respectively. It is generally indicated in the
literature [12] that natural waters with high SUVA254
values (≥4 L/mg.m) have relatively high contents of HPO,
aromatic and high MW NOM fractions, while waters with
low SUVA254 values (≤ 2–3 L/mg.m) contain mostly
HPI, non-humic and low MW fractions. Thus, based on
the SUVA, DOM present in the OM and BC waters, it can
be seen that they contain dominantly lower MW fractions
and low aromaticity similarly defined by Ates et al. [12].
The SUVA254 results of the OM chemical fractions
indicate that the TPI fraction was the most active site of
the DOM (average SUVA was 2.40 L/mg.m) and that the
HPO fraction reactivity (average SUVA is 2.11 L/mg.m) is
lower than the TPI fraction. The HPI fraction (1.76 L/mg.m)
is the least active site of the DOM isolated from OM. Regarding the BC water chemical fractions, the HPO fraction

a

b

FIGURE 3 - OM (a) and BC (b) waters and fractions UV254 distributions

a

b

FIGURE 4 - OM (a) and BC (b) waters and fractions SUVA254 distribution
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was the most active site of the DOM (average SUVA was
1.90 L/mg.m) and the TPI fraction reactivity (average
SUVA was 1.79 L/mg.m) was lower than the HPO fraction. The HPI fraction (1.70 L/mg.m) was the least active
site of the DOM.
In the sampling period, raw water THMFP ranged
between 150-374 µg/L for OM and 122-406 µg/L for BC.
In terms of chemical fractions average THMFP results of
the two water source, HPO fraction had the highest average value (OM 93 µg/L ; BC: 67 µg/L). But due to the
changes of fractions DOM content, it was not possible to
make comparisons over THMFP or any DBPFP. How-

ever, the amount of DBP reactivity of the fractions was
produced per mg C, so the specific by-product formation
potential must be calculated for the suitable reactivity comparison of the fractions.
The specific THMFP of raw waters and fractions were
calculated by means of the dividing raw water or fraction
THMFP by its own SUVA254 value. These values are presented in Figure 5. The DOM fractions percentage STHMFP
distributions are given in Figure 6. In terms of raw waters,
the highest results were obtained in the winter period.
With regard to fractions, HPO was the most active
site of the DOM and had higher STHMFP (sampling

a

b

FIGURE 5 - OM (a) and BC (b) waters and fractions STHMFP results

b

a

FIGURE 6 - OM (a) and BC (b) waters fractions STHMFP distributions

b

a
FIGURE 7 - OM (a) and BC (b) waters and fractions SHAA9FP distribution
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a

b

FIGURE 8 - OM (a) and BC (b) waters and fractions HAA distribution

OM HPO

BC HPO

OM TPI

BC TPI

OM HPI

BC HPI

FIGURE 9 - OM and BC waters fractions STHMOP, SHAAOP and SUVA relations
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period average is 44.71 µg/mg) than TPI (30.99 µg/mg)
and HPI (27.24 µg/mg) phases for OM. With regard to
BC, the HPI fractions were the most active site of the
DOM and they had higher STHMFP (40.32 µg/mg) than
the HPO (33.58 µg/mg) and TPI (29.71 µg/mg) phases.
Chloroform (TCM) and bromodichloromethane (BDCM)
were the dominant species of THMs.
In the sampling period raw water HAA9FP was
changed between 170-355 µg/L for OM and 200-337 µg/L
for BC. In terms of chemical fractions average THMFP
results of the two water source, HPO fraction has the highest average value (OM 234 µg/L; BC: 136 µg/L). In terms
of raw waters, the highest results were obtained in the
summer period for OM and in the spring and winter periods for BC. In terms of fractionations, the HPO fractions
were most active site of the DOM and generated higher
HAAs than the TPI and HPI phases.
The specific HAA9FP levels of raw waters and fractions were calculated by means of the dividing the raw
water or fraction HAA9FP by its own SUVA254 value.
These values are presented in Figure 7. DOM fractions
percent SHAA9FP distributions are given in Figure 8. In
terms of raw waters, highest results were obtained in summer period for OM and spring and summer period for BC.
For raw waters and fractions thrichloroacetic acid (TCAA)
and dichloroacetic acid (DCAA) are dominant species.
With regard to fractions, similarly to the STHMOP, the
HPO was the most active site of the DOM and had higher
SHAA9FP level (sampling period average is 95.95 µg/mg)
than the TPI (71.18 µg/mg) and HPI (68.97 µg/mg) phases
for OM. With regard to BC, the HPI fractions were the
most active site of the DOM and had higher SHAA 9FP
(79.35 µg/mg) levels than HPO (68.50 µg/mg) and TPI
(63.04 µg/mg) phases. According to the results, the
SHAA 9FP levels of both waters and fractions were higher
than their STHMOP.
For both THM and HAAs chlorinated species were
higher than brominated species because the Turkish water
sources have a low bromine level as mentioned by Ates et
al. [12].
Figure 10 shows the correlations between SUVA254
and SDBPFP in all fractions of OM and BC waters. There
are no strong correlations between SUVA254 and STHMFP
formations and SUVA and SHAA9FP were found in both
waters. In addition, there is no strong relationship between THMFP and HAAFP. This result is similar to that
of Ates et al. [12] and Aydin et al. [17].
According to the results there is no strong relationship between SUVA and DBPs for OM and BC waters
and fractions.

that OM and BC waters DBPFP is changing seasonally.
This situation is important in terms of the process selection
for drinking water treatment and for the attainment of high
water quality. Both of the waters showed the low levels of
SUVA. SUVA did not correlate with the formation of
STHMFP and SHAA9FP for the fractions of both OM and
BC waters. All these results indicate that the effectiveness
of SUVA in correlating with DBP formation is water
specific [12].
The DOM removal efficiency of conventional coagulation process is considered to be around 20%. In this context
considering the BC and OM conventional water treatment
systems, to obtain DOM concentrations below 2 mg/L, the
treatment systems need modifications.
Chemical fraction distribution and DBP analysis results indicate that;
• The hydrophobic (HPO) fraction is the dominant fraction for both OM and BC waters in terms of DOM mass
basis.
• The chemical fractions DOM and UV254 results showed
that these values varied seasonally and this case indicates to us that these parameters should be monitored
seasonally. Otherwise, it would not be possible to
evaluate the DOM and UV254 characteristics of these
waters via one separate sample analysis. Similarly to
the raw water UV254 absorbance results, the OM water’s chemical fractions UV254 results were higher than
BC in the sampling period.
• According to the sum of chemical fractions DBPFP
results;
o
The dominant THM species is the TCM for both
of the waters and the brominated THM species
percentage is higher in BC than OM
o
The dominant HAA species is TCAA for both of
the waters and it appears that in the THM results,
the brominated HAA species percentage is higher
in BC than OM
• Because of aromatic content and polarity being higher
in OM than BC water, the OM raw waters and chemical fractions DBP results were higher than BC in the
sampling period. It was determined that OM and BC
water DBPFPs were increased with increasing aromaticity and polarity.
• In terms of the specific reactivity of the BC chemical
fractions, the HPO fraction was determined to be the
most reactive fraction for STHMFP and SHAAFP per
mg DOM similarly to the OM case.

4. CONCLUSION

The authors have declared no conflict of interest.
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ABSTRACT
Distribution and speciation of heavy metals (Cd, Cr,
Cu, Zn, Pb and Ni) in sediments collected from Donghu
Lake were investigated in this work. Compared with background concentrations in the soils of surrounding the lake,
Cd had the highest levels of contamination, followed by
Zn. The concentrations of the remaining heavy metals (Cr,
Cu, Pb, and Ni) were comparable with these background
values. In all three sampling sites, Cd, Cu, and Zn had the
highest bioavailability and, therefore, posed a higher ecological risk than the other metals studied. Cr, Zn and Pb
clearly show significant correlations in the sediments (p<
0.05). The nearby Wuhan motor car servicing base is a suggested source of extractable forms of Cd, Pb, and Ni.
KEYWORDS:
Donghu Lake; heavy metal; distribution; sediments; speciation.

1. INTRODUCTION
Heavy metal ions exist widely in the environment.
Even at trace levels, heavy metals may cause chronic disease, reduced growth and development, cancer, organ damage and neurodegenerative diseases [1-7]. Sediments are
the largest sink of heavy metal ions in the aquatic environment. Sediments also act as secondary non-point sources of
contamination in aquatic systems. Changes in environmental
conditions, including pH, redox potential and complexation, may remobilize metals to overlying waters, in turn,
impacting aquatic organisms. The persistence, degradability, bioaccumulation rates, and ecological risk of heavy
metal ions are not determined by total concentration alone,
but are also correlated with speciation [8-11]. Total metal
concentration is insufficient to assess the ecological risk
of metal-bearing sediments in the aquatic environment [1214]. Other analytical methods, such as metal fractionation,
are needed for such investigations [15, 16].
* Corresponding author

Wuhan is the political, economic, financial, cultural,
educational, and transportation center of central China.
Wuhan occupies a land area of 8494 km2, a quarter of which
is covered by water. Donghu Lake (East Lake), located in
Wuhan, is the largest urban lake in China. However, due
to the lack of water-use management, economic development and overpopulation, Donghu Lake has been contaminated by industrial and household effluents. The lake is
now eutrophic and various pollutants have been detected
in its sediments [17-20]. While previous studies have examined heavy metal ions in Donghu Lake sediments [2123], these works were focused on total concentrations
rather than speciation.
The Wuhan motor car servicing base is located near
Donghu Lake and has serviced China’s high-speed rail
network since 2009. Unfortunately, some of the rain and
flushing water from the base were discharged directly to
Donghu Lake without pretreatment, which likely transported organic and inorganic pollutants [24-26]. The impact
of this effluent on heavy metal concentrations in Donghu
Lake sediments has not yet been investigated.
The first objective of this work is to determine the concentration and fractionation of heavy metals (Cd, Cr, Cu,
Zn, Pb and Ni) in the sediments of Donghu Lake. The second objective is to determine the impact of effluent from
the Wuhan motor car servicing base on the heavy metal
content in Donghu Lake sediments through the comparison of past and current heavy metal concentrations.
2. MATERIALS AND METHODS
2.1 Study area and sample collection

Donghu Lake is a shallow, freshwater lake with a surface area of 34 km2. It is composed of several basins separated by artificial dikes. Three sediment cores were collected using a stainless steel static gravity corer (8 cm i.d.) in
July 2012. These sampling sites were located using a global
positioning system (Fig. 1). Samples were taken with normal gravity coring equipment. The sediment cores were 8
cm long and sectioned at 4-cm intervals immediately after
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collection using a stainless steel blade. All subsamples
were taken and placed in a pre-cleaned aluminum box with
a stainless steel spoon and freeze-dried. Sediment samples
were ground to pass through a 80-mesh sieve, homogenized, and stored at −20 °C, prior to analysis.

sediments from the main channel, tributaries, and lakes of
the Yangtze River catchment of Wuhan.
2.4 Heavy metal concentration determination and quality
control

The metal concentrations within each fraction were
determined using a graphite furnace atomic absorption
spectrophotometer (Z5000, Hitachi). For quality control,
certified reference material GBW 07309 (GSD-9; supplied
by the Chinese Academy of Geological Sciences) and a
blank sample were included in each batch of six samples
during the digestion. The analytical accuracy of the certified values for all the heavy metals was between 93 and
114%. During the sequential extraction analysis, accuracy
control was carried out with parallel samples (n = 3). The
maximum relative standard deviation was lower than 14%.
Accuracy control was also performed by adding standard
reference materials of each analyte (GBW(E)080360, Cu;
GBW(E)080361, Zn; GBW(E)080362, Pb; GBW(E)080363,
Cd; GBW(E)080377, Cr; GBW(E)080640, Ni). The recovery rates for heavy metals ranged from 80% (for Ni in
the RES-R fraction) to 118% (for Cu in the RO fraction).
The ratio of parallel samples and recovery analysis samples to the total samples was 1 to 6.
3. RESULTS AND DISCUSSION

FIGURE 1 - Sampling sites at Donghu Lake.
2.2 Digestion method for total heavy metal ion analysis

3.1 Total concentrations of heavy metals in sediments

Briefly, 0.250 g of freeze-dried and ground sediment
was pressure-digested in Teflon bombs in a microwave
oven (Preekem WX4000 Digester, Shanghai, China) with
6.0 ml HNO3, 2.0 ml HCl, and 4.0 ml HF for 30 min at
190 ± 5 ºC. The resulting solutions were transferred into a
volumetric flask and diluted to 50 ml with ultra-clean
water for heavy metal ion analysis.

The total concentrations of Cd, Cr, Cu, Zn, Pb, and
Ni in the sediments are listed in Table 1. The concentrations of heavy metals follow the order of Cr ≥ Zn > Ni >
Cu > Pb > Cd. Average concentrations of Cd and Zn were
higher than their respective background concentrations of
Hubei province [27], while the average concentrations of
the remaining heavy metals were similar to their background concentrations.
The pollution index (Pi) is considered to be a quick
and practical method to assess the heavy metal enrichment, and is defined as the ratio of heavy metal concentrations in sediments with their background values from
Hubei Province soils surrounding the lake [8]. As shown
in Fig. 2, the Pi values of Cd were larger than 1.0 at all
sites, whereas those of Cu and Ni were smaller than 1.0 at
all sites. The accumulation of Pb was largest in T1 site,
followed by Zn, with concentrations similar to previous

2.3 Sequential extraction procedure

Speciation of the heavy metals (exchangeable fraction, EXC; fraction bound to carbonate, CARB; fraction
bound to easily reducible oxides, ERO; fraction bound to
organic matter, OM; fraction bound to residual oxides, RO;
and residual fraction, RES-R) in sediments were obtained
using the selective, sequential dissolution method proposed in a previous work [8]. This method has been used
to analyze distribution and speciation of heavy metals in

TABLE 1 - Total concentrations (mg/kg) of heavy metals in the sediments of Donghu Lake.

T1_upper
T1_lower
T2_upper
T2_lower
T3_upper
T3_lower
Mean±SD
Background

Cd
0.4665
0.3341
0.3004
0.3265
0.1631
0.2048
0.299±0.107
0.172

Cr
70.01
70.25
89.53
83.25
71.56
73.25
76.31±8.14
86.00

Cu
22.28
19.75
27.51
19.04
29.53
30.25
24.73±4.99
30.70
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Zn
108.62
99.25
72.03
77.50
86.75
85.73
88.3±13.6
83.60

Pb
23.94
20.81
36.50
23.75
18.25
20.00
23.87±6.56
29.70

Ni
28.02
26.50
28.07
23.04
28.25
22.51
26.1±2.6
37.30
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FIGURE 2 -Comparison of the mean pollution index (Pi) of heavy metals in sediments from the Donghu Lakes, Wuhan.

reports [8, 28]. Since both Cd and Zn were the main inorganic pollutants near the railway, the results indicate the
nearby motor car servicing base probably contributing to
the accumulation of Pb and Zn.
3.2 Speciation of heavy metals

The speciation of the targeted heavy metals is shown
in Fig. 3. The EXC fractions of heavy metals pose a high
ecological risk due to their high mobility and bioavailability [29]. The partitioning for each metal varied among the
three sites. Cd had the highest contribution of EXC and
CARB fractions in the six sediment samples, while Cr
and Ni had the largest RES-R fraction.
The sum of EXC and CARB fractions of Cd for
T1_upper and T2_upper were 68% and 67%, respectively,
which was much larger than that of T3_upper (50%).
This pattern was similar in the lower sediment horizons
(4 - 8 cm). The EXC-Cd content of T1_upper, T2_upper
and T3_upper were 34, 34 and 25%, respectively. The
lower EXC-Cd content at T3 site may be attributed to its
location in the middle of Donghu Lake, away from the
traffic road and industrial factories. T1 and T2 contained a
high percentage of CARB-Cd, which may be due to the
high concentration of HCO3- in the sediments [8]. Carbonate-bound heavy metals may be released to the overlying water when the pH is lowered, thus increasing the
ecological risk.
Compared with the speciation of Cd in the sediments,
only a small fraction of EXC-Cr and CARB-Cr was found
in Donghu Lake sediments. The speciation of Cr in the
upper layer and lower layer was similar. However, high
percentages of RES-Cr (72-78%) were observed in the
sediments. The contribution of EXC-Cr (0.42-1.2%),
CARB-Cr, ERO-Cr, OM-Cr, and RO-Cr were all less
than 10% in all the samples. The percentages of EXC-Ni
(0.42-1.2%), CARB-Ni (3.8-5.2%), ERO-Ni (4.4-6.4%),
OM-Ni (3.7-7.9%), RO-Ni (3.6-7.6%) and RES-Ni (75.781.9%) were similar to the speciation fraction of Cr. The

distribution and speciation of Cr and Zn in Donghu Lake
were consistent with previous results from sediments in the
main channel and tributaries of the Yangtze River and
other Chinese lakes [8, 30].
The chemical partitioning of Cu was similar to Zn.
The major fractions of Cu and Zn were ERO (7.3–11.0%
for Cu and 9.6–17.4% for Zn), OM (12.8–18.1% for Cu
and 3.9–10.8% for Zn), RO (11.4–23.5% for Cu and
10.6–17.1% for Zn) and RES-R (42.7–52.4% for Cu and
46.5–57.3% for Zn) fractions. The data also show that
both Cu and Zn had a high affinity for sediment organic
matter and Fe-Mn oxides. The contribution of EXC-Cu
was 2.0–5.3%, which was much larger than that of Zn
(around 0.1%). However, the percentage of CARB-Cu
ranged from 5.5 to 7.9%, which was smaller than that of
Zn (11.3–21.6%). These data suggest that both Cu and Zn
pose an ecological risk in these sediments.
The largest Ni fraction was RES-R, followed by the
OM, CARB and ERO fractions. Although it was documented that Ni had a high sorption affinity for manganese
oxides, accumulated Ni has to bind with other adsorbents
including CARB, OM, and ERO fractions because Mn
oxides are almost completely leached from the top sediment in the recharge basin [31, 32]. Because measurable
concentrations of Ni were found in the EXC fractions of
sites T1 (0.93–1.2%) and T2 (1.0–1.2%), Ni may be more
mobile than Cu, Cr, Zn or Pb, and, consequently, pose a
higher ecological risk.
3.3 Correlation analysis

Correlation analysis was performed on heavy metal
concentrations at each site to assess possible co-contamination (Table 2). Correlations between Zn and Cr as well
as Pb and Cr were significant, with correlation coefficients
(r) of -0.783 and 0.948, respectively. However, the correlation between Cu and Pb was not significant, which is contrary to a previous work [8]. This is probably caused by
the different sample sites and sample volume.
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FIGURE 3 - Partitioning of speciation of heavy metals in sediments from the Donghu Lake, Wuhan.

506

© by PSP Volume 23 – No 2a. 2014

Fresenius Environmental Bulletin

TABLE 2 -Correlation analysis of heavy metals from all sediment
samples.
r
Cd
Cr
Cu
Zn
Pb
Ni

Cd
1
-0.0286
-0.715
0.433
-0.0486
-0.126
* p<0.05

Cr

Cu

Zn

1
0.0157
-0.783*
0.948*
-0.190

1
-0.201
0.223
0.287

1
-0.651
0.508

Pb

1
-0.0271

Ni
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4. CONCLUSIONS
We measured high concentrations of Cd and Zn in the
sediments of Donghu Lake. Cr, Cu, Zn, Pb and Ni metals
were mainly comprised of residual fractions, while Cd
was mainly present in the form of EXC and CARB fractions. High concentrations of extractable forms of Cd, Pb
and Ni in the sediment near a motor car servicing base
indicate that heavy metals from the base may contribute
to the accumulation of heavy meals. Due to the high potential toxicity of these metals, effluents from this base
should be pretreated to prevent further accumulation of
heavy metals.
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REMOVAL OF As (V) AND As(III) FROM WATER
USING Mn-DOPED MAGHEMITE NANOPARTICLES
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ABSTRACT
Although nano-adsorbents often show better adsorptive properties, they suffer from the difficulties to be separated from water. Magnetic separation is an efficient process to separate magnetic solids from water. It will be interesting to prepare magnetic nanoparticles as adsorbent
for pollutant removal, which combines advantages of
better adsorption capacity and easy separation using magnetic process. In this study, a novel nano magnetic adsorbent, Mn-doped maghemite, was developed. The prepared
adsorbent can be separated efficiently using magnetic separation process. The adsorbent was characterized and the
results showed that the nano-adsorbent with a high specific
surface area (133.9m2/g) was part amorphous. Iron and
manganese existed mainly in the oxidation state of +III and
+ , respectively. The adsorbent showed excellent adsorption towards As(V) and As(III) and they showed significantly higher adsorption capacity for As(III) than As(V).
The adsorption fits Langmuir isotherm well and the calculated As(V) and As(III) maximum adsorption capacity
was 14.97 mg/g and 22.59 mg/g respectively, at pH 7.0.
Coexisting ions have different kinds of effects on arsenic
removal. Phosphate was the greatest competitor with arsenic
for adsorptive sites on the adsorbent, while Ca2+, Mg2+ enhanced the adsorption capacity of the adsorbent for As(V).
KEYWORDS: Maghemite nanoparticles; manganese dioxide;
arsenic; adsorption; magnetic separation

1. INTRODUCTION
In many regions of the world, the concentration of arsenic in surface and ground water exceeds drinking water
standards. The most serious problems encountered are in
West Bengal, India, and Bangladesh [1,2]. Many other
countries are also affected by elevated As-concentrations
in water. Long-term uptake of arsenic contaminated water
can lead to cancer of the liver, lung, kidney, bladder, and
skin [3]. Noncancer effects include cardiovascular and cerebrovascular disease, diabetes mellitus, and adverse reproductive outcomes [4]. Because of the toxicological effects
* Corresponding author

of arsenic, the World Health Organization (WHO) has set
a guideline limit of 10µg/L in drinking water [5].
In natural water, arsenic is primarily present in inorganic forms and exists in two predominant species, arsenate (As(V)) and arsenite (As(III)). As(III) is much more
toxic [2] and mobile [3] than As(V). Therefore, developing
an economical and effective water treatment technique
that is capable of removing both As(V) and As(III) from
contaminated drinking water is gaining considerable attention in recent years.
The main techniques for arsenic removal from drinking
water includes oxidation [6,7], precipitation/coprecipitation
[8], coagulation [9,10], adsorption [11-13], ion-exchange
[14] and reverse osmosis [15]. Adsorption process is
regarded as one of the most promising technologies because of its treatment stability, easy operation, and compact
facility requirements. However, all these techniques are
effective for As(V) but fail in the case of As(III), because
As(III) exists mainly as nonionic H3AsO3 in natural water
with pH value ranging from weakly acidic to weakly alkaline [16-18]. To attain higher arsenic removal, a pretreatment for oxidation of As(III) is therefore usually involved.
In recent years, nanoscale iron oxides have attracted
growing interest in water treatment and environmental
remediation [19-21]. Iron oxide nanoparticles offer high
adsorption capacities toward a variety of important water
contaminants including As(V) [22]. As an available magnetic iron oxide, maghemite (γ-Fe2O3) has attracted great
attention. The structure of Fe3O4 is an inverse spinel that
can be expressed as [Fe3+]A[Fe2+Fe3+]BO4 (A is for tetrahedral interstitial, B is for octahedral interstitial), Fe3+
and/or Fe2+ fill in tetrahedral (Td=A) interstitial and octahedral (Oh=B) interstitial respectively. Because Fe3O4
nanoparticles are unstable, they can be transformed into
maghemite by desorption of Fe2+ ions and create vacancies. The structure of maghemite can be expressed as
[Fe2/33+V1/3]A[Fe23+]BO4 with a cubic spinel [23]. Hence,
maghemite nanoparticles are physically able to occupy
the free [FeTd] lattice positions at the surface of the other
maghemite nanoparticles. In addition, because of the high
surface energy, maghemite nanoparticles tend to agglomerate into larger aggregates or flocs, which can render loss
of specific surface area. Consequently, a stabilizer is often
required, which can be sorbed on the nanoparticles and
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prevent the particles from aggregating through steric and/
or electrostatic stabilization mechanisms [24-28].
Manganese dioxide has been extensively investigated
as oxidizing agent for arsenite [29-32]. The structure of
manganese dioxide is octahedral and can be considered as
isomorphic with the same Pauli radius to [FeOh]. Hence,
manganese dioxide nanoparticles can locate at interstices
of γ-Fe2O3 unit cell or adsorb onto surface of γ-Fe2O3 unit
cell by chemical bond or electrostatic force[33], and this
can prevent the particles from aggregating with each other,
so that maghemite nanoparticles retain their high sorption
capacity. If manganese is doped to maghemite nanoparticles, the obtained composite may possess the oxidation
property of manganese dioxide and the high adsorption
capability and magnetic property of maghemite [34]. Zhang
et al [34] demonstrated that the Fe-Mn binary composite is
more effective for As(III) removal than for As(V). Although these oxides retained desirable high adsorptive
capacity and rapid adsorptive rate, the separation and the
recovery of adsorbent were difficult to achieve when used
in the form of fine powder or hydroxide flocculation.
Magnetic separation is an effective process for separation of magnetic particles from water. It will be interesting to develop magnetic Fe-Mn binary composite particles,
which can be effectively separated from water using a
magnetic separation process after adsorption, for arsenite/
arsenate removal. In this work, novel Mn-doped maghemite
nanoparticles were successfully synthesized and employed
for arsenite and arsenate removal from water. The main
objectives of this research were (1) to prepare Mn-doped
maghemite nanoparticles by coprecipitation and oxidation
from environmentally friendly and available raw materials
for effective arsenic removal (2) to characterize the adsorbent with various techniques, and finally (3) to evaluate its arsenic adsorption capacities and to study the influence of co-existing ions on arsenic removal.

vigorous mechanical stirring, NH4OH solution was added
dropwise into the above mixture solution. After an initial
brown precipitate, a black precipitate was formed [35].
When pH reached 9.0, the mixture solution was diluted to
200 mL with deionized water. Then the mixture solution
was added to the three-neck flask and was stirred for 1h in
a 50℃ water bath using mechanical stirring. After aging at
70℃ for 2 h, the mixture was placed on a strong magnet,
and the nanoparticles were then separated from the solution. These nanoparticles were washed with deionized water
and then dried at 40℃. Finally these particles were crushed
and treated at 250℃ for 2 h. The obtained dry material
was stored in a desiccator for use.
2.3. Characterization of the adsorbent

The structural characterization of magnetic nanoparticles was conducted using powder X-ray diffraction spectrometry (XRD) (Philips, PW1830) for crystalline phase
analysis. For verification of the crystalline phase and the
composition of the synthesized product, Joint Committee on Powder Diffraction Standards files (JCPDS) were
used for qualitative characterization. The elemental composition and chemical oxidation state of surface and nearsurface species were investigated by X-ray photoelectron
spectroscopy (XPS) (Philips, 5600). The dimension of synthesized materials was examined by transmission electron
microscopy (TEM) (JEOL, 2010). Specific surface area,
pore volume and pore size distribution were measured by
nitrogen adsorption–desorption isotherm using the BET
method with a surface area analyzer (Micromeritics,
ASAP 2000). The zeta potential of magnetic nanoparticles
obtained at different pH values was determined using a
zeta potential analyzer (Malvern, Zetasizer 2000). Vibrating sample magnetometer (VSM) (Ming Seton's company,
7037/9509-P) was employed to determine magnetic properties of magnetic nanoparticles.
2.4. Batch adsorption investigation

2. MATERIALS AND METHODS
2.1. Reagents

All chemicals used were of analytical grade and were
purchased from Beijing Chemical Corporation (Beijing,
China). The As( ) and As(V) stock solution was prepared
with deionized water using NaAsO2 and NaHAsO4·7H2O,
respectively.	
  Stock solution (1000 mg/L) was frozen to
prevent oxidation. Arsenic working solutions were freshly
prepared by diluting arsenic solutions with deionized water.
The concentrations of arsenic species are always given as
elemental arsenic concentration in this study.
2.2. Preparation of the adsorbent

The Mn-doped maghemite nanoparticles were prepared
according to the following procedure: Ferric chloride
(FeCl3·6H2O, 5.58 g), ferrous chloride (FeCl2·4H2O, 2.53 g)
and manganese(II) chloride tetrahydrate (MnCl2·4H 2O,
0.79 g) were dissolved in 150 mL of deionized water. Under

For all adsorption experiments in this work, the studies were carried out in glass vessels with shaking provided
by a shaker at 140 rpm at 25℃. The solution pH was adjusted by addition of HCl and NaOH. The concentration of
As(tot) and As( ) was determined by Hydride Generation Atomic Fluorescence Spectrometry (HG-AFS) (Beijing Ruili Analytic Instrument corporation AF-610A) after
0.45 µm membrane filtration. The adsorbent was separated
by magnetic separation method with a permanent magnet
made with Nd-Fe-B (2300 G).
For the adsorption rate tests, 50 mL of As(V) and
As(III) solution both at the initial concentration of 10 mg/L
and 0.05 g γ-Fe2O3-MnO2 nanoparticles were used. The
solution pH was adjusted to 7.0. Samples were taken at
different time intervals and the obtained suspension was
placed on a permanent magnet to separate the nanoparticles
from the solution. Influence of various coexisting ions
(Ca2+, Mg2+, CO32-, PO43-, SO42-, NO3-, SiO32-, Cl- .) on
As(V) and As( ) adsorption was studied using the same
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experimental conditions (50 mL of solution with initial
As(V) concentration 10 mg/L and 0.05 g γ-Fe2O3-MnO2
nanoparticles were used, solution pH was adjusted to 7.0).
For the experiments of adsorption effectiveness at different pH values, 50 mL As(V) and As( ) solution at the concentration of 10 mg/L was mixed with 0.05 g adsorbent
for 2 h with the solution equilibrium pH ranging from 3.0
to 9.0. Adsorption isotherms were derived using the completely mixed batch reactor bottle-point method and 50 mL
As(V) and As( ) solution was mixed with 0.05 g adsorbent
for 2 h. The solution equilibrium pH was maintained at 7.0
and the initial concentrations of As(V) and As( ) ranged
from 0.1 to 50 mg/L.

Fig. 3b. This guaranteed the high surface area of the material. It is known that magnetic particles of less than 30 nm
will exhibit superparamagnetism [35]. Therefore, the prepared magnetic nanoparticles have superparamagnetic
properties and are expected to respond well to magnetic
fields without any permanent magnetization.

3. RESULTS AND DISCUSSION
3.1 Characterization of γ-Fe2O3-MnO2 nanoparticles
3.1.1. X-ray photoelectron spectroscopy analysis

XPS was used to examine the valence states of iron
and manganese in the γ-Fe2O3-MnO2 system. The results
of Fe 2p and Mn 2p electron binding energies are shown
in Figs. 1 and 2, respectively. The Fe 2p1/2 and 2p3/2 peak
positions (724.8 and 711.1 eV) and shape are characteristic of Fe(III), while the binding energies at 653.3 and
642.0 eV are assigned to the Mn 2p1/2 and Mn 2p3/2 transitions of Mn(IV) [34], respectively. But the binding energiy of Mn 2p1/2 in our study is 656.6 eV, which suggests
that more high state Mn may exist in composite oxides
nanoparticles. But most manganese and iron in the synthesized adsorbent were in the oxidation states of +IV and
+III, respectively [34].

FIGURE 1 - XPS spectra of Fe 2p of γ-Fe2O3-MnO2

3.1.2. Transmission electron microscope analysis

As shown in Fig. 3a, the TEM image of the Mndoped nanoparticles revealed that the magnetic nanoparticles synthesized in this study were dispersed with an
average diameter below 10 nm, which is smaller than
maghemite nanoparticles without Mn-doping, as shown in

(a)

FIGURE 2 - XPS spectra of Mn 2p of γ-Fe2O3-MnO2

(b)

FIGURE 3 - TEM image of (a) γ-Fe2O3-MnO2 nanoparticles and (b) γ-Fe2O3 nanoparticles
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3.1.3. X-ray diffraction analysis

As shown in Fig. 4, the prepared γ-Fe2O3-MnO2 nanoparticles have very similar XRD spectra with γ-Fe2O3 nanoparticles, which suggests that MnO2 should be amorphous
and cannot be identified by XRD [35]. From Fig.4, it can
be seen that the crystallinity of γ-Fe2O3-MnO2 is weaker
than γ- Fe2O3, which suggests that the formation of crystalline γ-Fe2O3 was blocked by the co-existing MnO2 during the synthesis process of γ-Fe2O3-MnO2 nanoparticles.
Generally, amorphous oxide has a very high surface area
and a large number of surface active sites. The surface area
and active sites decrease greatly with the increase of crystallinity [36]. The decreased crystallinity of γ-Fe2O3-MnO2
compared to that ofγ-Fe2O3 suggests that γ-Fe2O3-MnO2
may have better adsorption performance than γ-Fe2O3.

FIGURE 4 - XRD patterns of γ-Fe2O3 and γ-Fe2O3-MnO2
3.1.4. The magnetization properties and surface properties of
the nano-absorbent

The paramagnetic properties of the magnetic nanoparticles were verified by the magnetization curve measured
by VSM. The saturation moment of synthesized nanoparticles from the hysteresis loop measured was found to be
46.68 emu/g, which is very near to maghemite nanoparti-

cles (58.75 emu/g). Therefore, the prepared γ-Fe2O3-MnO2
nanoparticles are expected to respond well to magnetic
fields without any permanent magnetization, making the
separation of adsorbent from liquid phases easy. The surface area of the freeze-dried adsorbent was measured to
be 133.9 m2/g using the Brunauer, Emmett, Teller (BET)
method. The zero point of charge (pHzpc) of magnetic nanoparticles was around 6.7.
3.2. Adsorption kinetics of arsenic on γ-Fe2O3-MnO2 nanoparticles

The adsorption kinetics are important because they can
predict the rate at which a pollutant is removed from aqueous solutions and provide valuable insights into the mechanism of sorption reactions. Fig.5a shows the concentration
of As(V) in aqueous phase with time and Fig.5b shows
the kinetics of arsenite removal and changes in concentration of arsenic species in aqueous phase with time. The
initial concentration of As(V) and As(III) was 10 mg/L and
the pH value was controlled at around 7.0±0.1 by adding
dilute sodium hydroxide solution because the pH changed
during the adsorption. It can be seen from Fig.5a and b
that the reaction between the arsenic and the adsorbent is
fast during the first 10 min and about 45% of As(V) and
66% of the As(III) were removed. Then more and more
As anions occupy binding sites of the nanoparticles and
the adsorption rate became slow. Fig.5a shows that about
74.08% of As(V) was removed after reacting for 24 h. As
can be seen from Fig.5b, at the beginning of the adsorption
process, an increase of As(V) concentration in the solution
was observed, because the adsorbed As(III) could be quickly
oxidized to As(V) by MnO2 of the adsorbent [34, 36], the
As(V) in the solution reduced gradually with reaction time
as it was continuously adsorbed by the adsorbent. The nanoadsorbent shows significantly higher As(III) uptake than
As(V), this is in accordance with Fe-Mn binary oxide which
has been studied by Zhang et al [34]. Based on adsorption
kinetics, reaction time of 2 h was used in the following
adsorption experiments for both As(V) and As(III).

(a)

(b)

FIGURE 5 - Kinetics of (a) arsenate removal and (b) arsenite removal and change in concentration of arsenic species in the aqueous phase
with time. As(V) and As(III) concentration, 10 mg/L; adsorbent content, 1 g/L; pH, 7.0±0.1
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3.3. Effect of pH on arsenic removal

The results in Fig. 6 illustrate the effects of pH on the
removal of As(V) and As(III). As can be seen, the removal
of As(V) was obviously dependent on pH. Acidic condition
was favorable for the adsorption of As(V). The effect of pH
on adsorption capacity was not very obvious when pH＜6.0.
When pH＞6.0, the adsorption capacity decreased quickly
with the increase in the pH value. The pH of the solution
could affect the adsorption by affecting the surface complexation reactions and the electrostatic interactions between As(V) and the oxide surface. In the process of adsorption, the charges of adsorbate and adsorbent play an
important role. The heterocharge between the adsorbate and
adsorbent is in favor of adsorbing reaction. Lower pH is
profitable for the protonation of adsorbent surface. Increased
protonation could increase the positively charged sites,
which can enlarge the attraction force existing between As
anions and the sorbent surface, and therefore the amount of
adsorption is increased in the lower pH region. In higher
pH region, the repulsion effect increases as the negatively
charged sites dominate, and the adsorption consequently
decreased.

FIGURE 6 - Effect of pH on arsenic adsorption. Initial As(III) and
As( ) concentration, 10 mg/L; adsorbent content, 1 g/L; reaction
time, 2 h

The similar trend was observed with As(III), whereas
the decrease in removal of As(III) was not so obvious as
that of As(V) as pH increased. Many studies suggest that
pH has different effect on As(III) adsorption on iron adsorbents. Surface complexation may play the main role in
the adsorption of As(III), because the dominant dissolved
As(III) species is H3AsO3 at pH below 9.2. For the prepared adsorbent in this study, no significant decrease in
As(III) removal was observed with pH increase in solution, which indicates that the material should be effective
for the majority of water supplies, which normally have a
pH range of 6.5–8.5 [37].
3.4. Adsorption capacity at different aqueous equilibrium
concentrations of As(V) and As(III)

Adsorption capacity at different aqueous equilibrium
concentrations can be illustrated by the adsorption isotherm.
Figs. 7 and 8 show the adsorption isotherm of As(V) and

As(III) on γ-Fe2O3-MnO2 nanoparticles at 25℃ at pH 3.0,
5.0, 7.0, and 9.0. The adsorption constants obtained from
the isotherms under certain experimental conditions are
listed in Table 1 and Table 2.

FIGURE 7 - Fitting As(V) adsorption isotherm with Langmuir and
Freundlich model. As(V) concentration, 10 mg/L; adsorbent content, 1 g/L; pH, 7.0±0.1; reaction time, 2 h

FIGURE 8 - Fitting As(III) adsorption isotherm with Langmuir and
Freundlich model. As(III) concentration, 10 mg/L; adsorbent content, 1 g/L; pH, 7.0±0.1; reaction time, 2 h

As shown in Table 1 and Table 2, regression coefficients
(R2＞0.98) suggested that Langmuir model was more suitable both for describing the adsorption behavior of As(V)
and As(III) by γ-Fe2O3-MnO2 adsorbent. The highest adsorption capacity of γ-Fe2O3-MnO2 for As(V) is achieved
at pH 3.0 and it decreases when pH value increases as
shown in Fig. 7. Although the effect of pH on As(III) removal is less pronounced, the As(III) adsorption capacity
shows the same variation trend with As(V) at different
solution pH. This is because alkaline condition is favorable for the oxidation of As(III) and more As(III) can be
oxidized to As(V) at high solution pH. At the same time,
alkaline condition is adverse for As(V) adsorption. Thus,
the solution pH may have opposite effect on As(III) oxidation and As(V) adsorption. The As(V) and As(III) adsorption capacity is 14.97 mg/g and 22.59 mg/g, respectively at pH 7.0. When the initial concentration of As(III) is
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TABLE 1 - Langmuir and Freundlich isotherm parameters for As(Ⅴ) adsorption on γ-Fe2O3-MnO2

Langmuir model
qmax (mg/g)
b
31.26±0.91
2.34±0.27
18.11±0.44
2.16±0.24
14.97±0.63
0.37±0.06
10.80±0.37
0.49±0.07

pH
3
5
7
9

r2
0.99
0.99
0.98
0.98

Freundlich model
K
n
14.97±1.71
3.49±0.57
8.64±0.88
4.05±0.59
4.48±0.34
2.86±0.21
4.00±0.28
3.51±0.30

r2
0.88
0.91
0.96
0.96

TABLE 2 - Langmuir and Freundlich isotherm parameters for As(Ⅲ) adsorption on γ-Fe2O3-MnO2

pH
3
5
7
9

Langmuir model
qmax (mg/g)
b
24.62±0.85
0.59±0.08
23.14±0.57
0.52±0.05
22.59±0.56
0.42±0.04
21.90±0.60
0.37±0.04

r2
0.98
0.99
0.99
0.99

0.1 mg/L, the residual concentration of As(III) can be
reduced to 0.01 mg/L after 2 h reaction at solution pH 7.0.
These results suggested that γ-Fe2O3-MnO2 magnetic nanoadsorbent was effective for both As(V) and As(III) removal.

K
8.09±0.73
7.22±0.71
6.46±0.61
5.98±0.57

Freundlich model
n
2.77±0.26
2.73±0.27
2.59±0.23
2.55±0.22

r2
0.96
0.96
0.97
0.97

adsorption of As(V) with the presence of these anions.
Among all the anions, phosphate caused the greatest removal decrease in As(V) and As(III) removal. As phosphate element and arsenic element are located in the same
main group, the molecular structure of phosphate anion is
very similar to that of arsenic anion. The present phosphate
anions must strongly compete with arsenate anions for the
binding sites on the adsorbent surface. On the contrary, the
presence of cations of Ca2+, Mg2+ enhanced the adsorption
of As(III). This is may be due to the fact that the present
cations could be adsorbed by the adsorbent and effectively
compensate the surface negative charge generated by
specific adsorption of As(V), which favored the As(V)
anions adsorption, in addition, Ca2+ and Mg2+ can form
arsenate precipitate with As anions.

4. CONCLUSIONS

FIGURE 9 - Effects of coexisting ions on arsenic removal at fixed
initial arsenic concentration (10 mg/L). pH, 7.0±0.1; 1 g/L adsorbent
with the coexisting ions concentration 1 mmol/L; reaction time, 2 h
3.5. Effect of coexisting ions on As(V) and As(III) adsorption

The presence of the common ions coexisting with arsenic anions may have effect on the removal of arsenic and
it is necessary to investigate the influence of commonly coexisting anions and cations with As(V) and As(III) removal. In natural waters, the main cations are Na+, Ca2+, Mg2+,
and the main anions are HCO3-, HPO42-, SO42-, NO3-, SiO32(mainly existing as H2SiO3 in natural water), Cl-. As can
be seen from Fig. 9, the coexisting SO42-, NO3-, Cl- had no
significant influence on As(V) and As(III) removal. The
presence of HCO3-, SiO32-, HPO42 - decreased the removal
of As(III) slightly. However, they hindered greatly the

γ-Fe2O 3-MnO 2 nanoparticles prepared by a simultaneous oxidation and coprecipitation method had high
adsorption capacity towards As(III) and As (V). The prepared γ-Fe2O3-MnO2 nano-adsorbent with high surface area
(133.9 m2g-1) was partially amorphous. Manganese and
iron in this adsorbent existed mainly in the oxidation state
of + IV and + III, respectively. The formation of γ-Fe2O3MnO2 nanoparticles was confirmed by XRD. The TEM
studies confirmed that the nanoparticles prepared had a
mean particle size below 10 nm. The magnetic properties of the synthesized nanoparticles make it very easy to
be separated from water by magnetic separation. The maximal adsorption capacities for As(V) and As(III) were
14.97 mg/g and 22.59 mg/g at solution pH 7.0, respectively. The removal of As(V) from contaminated water was
significantly influenced by pH, while the pH had less
influence on the removal of As(III). Among the tested ions,
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phosphate caused the greatest competition with arsenic for
adsorptive sites on adsorbent surface and the As(III) removal was not markedly decreased when these ions occurred at relatively low concentration. On the contrary, the
presence of cations of Ca2+ and Mg2+ enhanced the adsorption of As(V) slightly.
ACKNOWLEDGMENTS
This work was supported by the National Basic Research Program of China (Grant No.2011CB933700-G),
National Natural Science Foundation of China (Grant No.
41273123) and National High Technology R&D Program
(863) from Ministry of Science & Technology of China
(under Grant No. 2011AA060701).
The authors have declared no conflict of interest.

[14] Kim, J., Benjamin, M.M. (2004) Modeling a novel ion exchange process for arsenic and nitrate removal. Water Res 38
2053–2062.
[15] Ning, R.Y. (2002) Arsenic removal by reverse osmosis. Desalination 143 237–241.
[16] Borho, M., Wilderer, P. (1996) Optimized removal of arsenite(III) by adaptation of oxidation and precipitation processes to the filtration step. Water Sci. Technol 34 25–31.
[17] Lee, H., Choi, W. (2002) Photocatalytic oxidation of arsenite
in TiO2 suspension: kinetics and mechanisms. Environ. Sci.
Technol 36 3872–3878.
[18] Kim, Y., Kim, C., Choi, I., Rengaraj, S., Yi, J. (2004) Arsenic removal using mesoporous alumina prepared via a templating method. Environ. Sci. Technol 38 924–931.
[19] Huber, D.L. (2005) Synthesis, properties, and applications of
iron nanoparticles. Small 1 482–501.

REFERENCES
[1]

Smedley, P.L., Kinniburgh, D.G. (2002) A review of the
source, behaviour and distribution of arsenic in natural waters. J. Appl. Geochem 17 517–568.

[2]

Smith, A.H., Lingas, E.O., Rahman, M. (2000) Contamination of drinking-water by arsenic in Bangladesh: a public
health emergency. Bull. WHO 78 1093–1103.

[3]

Roberts, L.C., Hug, S.J., Ruettimann, T., Billah, M.M., Khan,
A.W., Rahman, M.T. (2004) Arsenic removal with iron (II)
and iron (III) in waters with high silicate and phosphate concentrations. Environ. Sci. Technol 38 307–315.

[4]

[13] Arias, M., Astray, G., Fernandez-Calvino, D., Garcia-Rio, L.,
Mejuto, J.C., Novoa-Munoz, J.C., Perez-Novo, C. (2008)
Sorption behaviour of arsenic by iron and aluminium-oxidescoated quartz particles. Fresenius Environ. Bull 17 2122–
2125.

Brown, K.G., Ross, G.L. (2002) Arsenic, drinking water, and
health: a position paper of the American council on science
and health, regulatory. Regul Toxicol Pharm 36 162–174.

[20] Kanel, S.R., Greneche, J.M., Choi, H. (2006) Arsenic(V) removal from groundwater using nano scale zero-valent iron as
a colloidal reactive barrier material. Environ. Sci. Technol 40
2045–2050.
[21] Yavuz, C.T., Mayo, J.T., Yu, W.W., Prakash, A., Falkner,
J.C., Yean, S., Cong, L., Shipley, H.J., Kan, A., Tomson, M.,
Natelson, D., Colvin, V.L. (2006) Low-field magnetic separation of monodisperse Fe3O4 nanocrystals. Science 314 964–
967.
[22] Dixit, S., Hering, J.G. (2003) Comparison of arsenic(V) and
arsenic(III) sorption onto iron oxide minerals: implications
for arsenic mobility. Environ. Sci. Technol 37 4182–4189.
[23] Tronc, E., Ezzir, A., Cherkaoui, R., Chaneac, C., Nogues, M.,
Kachkachi, H., Fiorani, D., Testa, A.M., Greneche, J.M., Jolivet, J.P. (2000) Surface-related properties of γ-Fe2O3 nanoparticles. J. Magn. Magn. Mater 221 63–79.

[5]

Holm, T.R. (2002) Effects of CO32-/bicarbonate, SiO32-, and
PO43- on arsenic sorption to HFO. J. Am. Water Works Assoc
94 174–181.

[6]

Gihring, T.M., Druschel, G.K., Mccleskey, R.B., Hamers,
R.J., Banfield, J.F. (2001) Rapid arsenite oxidation by Thermus aquaticus and Thermus thermophilus: field and laboratory investigations. Environ. Sci. Technol 35 3857–3862.

[7]

Zaw, M., Emett, M.T. (2002) Arsenic removal from water using advanced oxidation processes. Toxicol. Lett 133 113–
118.

[25] He, F., Zhao, D. (2007) Manipulating the size and dispersibility of zerovalent iron nanoparticles by use of carboxymethyl cellulose stabilizers. Environ. Sci. Technol 41 6216–
6221.

[8]

Bissen, M., Frimmel, F.H. (2003) Arsenic-a review. Part II:
oxidation of arsenic and its removal in water treatment. Acta
Hydrochim. Hydrobiol 31 97–107.

[26] Lee, K.M., Kim, S.G., Kim, W.S., Kim, S.S. (2002) Properties of iron oxide particles prepared in the presence of dextran. Korean J. Chem. Eng 19 480–485.

[9]

Yuan, T., Luo, Q.F., Hu, J.Y., Ong, S.L., Ng, W.J. (2003) A
study on arsenic removal from household drinking water. J.
Environ. Sci. Health 38 1731–1744.

[27] Nishio, Y., Yamada, A., Ezaki, K., Miyashita, Y., Furukawa,
H., Horie, K. (2004) Preparation and magnetometric characterization of iron oxide-containing alginate/ poly(vinylalcohol) networks. Polymer 45 7129–7136.

[10] Kumar, P.R., Chaudhari, S., Khilar, K.C., Mahajan, S.P.
(2004) Removal of arsenic from water by electrocoagulation.
Chemosphere 55 1245–1252.
[11] Manning, B.A., Goldberg, S. (1997) Adsorption and stability
of arsenic(III) at the clay mineral–water interface. Environ.
Sci. Tehcnol 31 2005–2011.
[12] Celebi, N., Nadaroglu, H., Kalkan, E. (2012) Removal of as
(III) from wastewater using erzurum clay soil. Fresenius Environ. Bull 21 1982-1991.

515

[24] He, F., Zhao, D. (2005) Preparation and characterization of a
new class of starch-stabilized bimetallic nanoparticles for
degradation of chlorinated hydrocarbons in water. Environ.
Sci. Technol 39 3314–3320.

[28] Raveendran, P., Fu, J., Wallen, S.L. (2003) Complete “green”
synthesis and stabilization of metal nanoparticles. J. Am.
Chem. Soc 125 13940–13941.
[29] Oscarson, D.W., Huang, P.M., Defosse, C., Herbillon, A.
(1981) Oxidative power of Mn(IV) and Fe(III) oxides with
respect to As(III) in terrestrial and aquatic environments. Nature 291 50–51.
[30] Scott, M.J., Morgan, J.J. (1995) Reactions at oxide surfaces.
1. Oxidation of As(III) by synthetic birnessite. Environ. Sci.
Technol 29 1898–1905.

© by PSP Volume 23 – No 2a. 2014

Fresenius Environmental Bulletin

[31] Nesbitt, H.W., Canning, G.W., Bancroft, G.M. (1998) XPS
study of reductive dissolution of 7Å-birnessite by H3AsO3
with constraints on reaction mechanism. Geochim. Cosmochim. Acta 62 2097–2110.
[32] Manning, B.A., Fendorf, S.E., Bostick, B., Suarez, D.L.
(2002) Arsenic-(III) oxidation and arsenic(V) adsorption reactions on synthetic birnessite. Environ. Sci. Technol 36
976–981.
[33] Zhou, M.H., Yu J.G., Chen B. (2006) Effects of Fe-doping
on the photocatalytic activity of mesoporous TiO2 powders
prepared by an ultrasonic method. J. Hazard. Mater. 137
1838–1847.
[34] Zhang, G.S., Qu, J.H., Liu, H.J., Liu, R.P., Wu, R.C. (2007)
Preparation and evaluation of a novel Fe–Mn binary oxide
adsorbent for effective arsenite removal. Water Res 41 1921–
1928.
[35] Hu, J., Chen, G.H., Lo, I.M.C. (2005) Removal and recovery
of Cr(VI) from wastewater by maghemite nanoparticles. Water Res 39 4528–4536.
[36] Nesbitt, H.W., Canning, G.W., Bancroft, G.M. (1998) XPS
study of reductive dissolution of 7Å-birnessite by H3AsO3,
with constraints on reaction mechanism. Geochimica et
Cosmochimica Acta 62 1671–1687.
[37] Gu, Z.M., Fang, J., Deng, B.L. (2005) Preparation and Evaluation of GAC-Based Iron-Containing Adsorbents for Arsenic Removal. Environ. Sci. Technol 39 3833–3843.

Received: April 25, 2013
Revised: August 16, 2013
Accepted: October 01, 2013

CORRESPONDING AUTHOR
Xianjia Peng
State Key Laboratory of Environmental Aquatic
Chemistry
Research Center for Eco-Environmental Sciences

516

Chinese Academy of Sciences
P.O. Box 2871
Beijing 100085
P.R. CHINA
E-mail: xjpeng@rcees.ac.cn
FEB/ Vol 23/ No 2a/ 2014 – pages 508 - 515

© by PSP Volume 23 – No 2a. 2014

Fresenius Environmental Bulletin

ACCUMULATION OF METALS IN ROADSIDE SOIL,
DUST AND PINE NEEDLES IN DIFFERENT
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ABSTRACT
Heavy metal levels and sources of contamination were
investigated in different roadside locations from Ankara
and Bursa metropolitan cities in Turkey. A state of the art
energy dispersive X-ray fluorescence (EDXRF) spectrometry was utilized in the experiments. Contamination factor
and contamination degree were calculated using the obtained results. Contamination degrees were calculated to
be 10.9 in highway soil, 20.9 in tunnel dust, 11.1 in parking lot dust, 9.9 in bus stations, 39.0 in the city center,
13.8 in industrial soil, and 7.8 in pine needles. General
observation for two cities reveals that the contamination
degree of Bursa and Ankara by seven heavy metals was
found to be 20.6 and 18.7, respectively. According to the
results, Ankara has a considerable degree of contamination
(10≤Cd<20) and Bursa has a high degree of contamination. Contamination was significantly related to Cu, Zn
and Pb. Contamination levels of heavy metals from vehicle emission could be related to traffic volume, frequency
of vehicle brake stop, vehicle speeds, road type, neighboring environment and meteorological conditions. According to outcome of evaluation, the pollution sources should
be minimized in the rates of contamination.

KEY WORDS: traffic, heavy metal, contamination degree, contamination factor, Ankara, Bursa

1. INTRODUCTION
Traffic emission, power plants, coal combustion, metallurgical industry and domestic emission cause anthropogenic heavy metal pollution. One of the most important
heavy metal sources is vehicle emission [1-3]. Effective
and flexible transport systems are an important part of the
world’s economy and life quality. Nevertheless, road traffic
is an important negative factor regarding air quality, noise
* Corresponding author

and land consumption. Contamination levels of heavy
metals from vehicle emission are related to traffic volume,
atmospheric dispersion from traffic rotaries, industrial emission, frequency of braking, vehicles coming to a complete
stop, vehicle speeds, vehicle types, road types, neighboring
environment, and meteorological conditions [1, 4].
Roadside dust makes a significant contribution to the
pollution in the urban environment and consists of vehicle
exhaust, sinking particles in air, soil dust, house dust, and
particles carried by water. Many studies on roadside dust
have focused on heavy metal contribution to pollution [5].
The search for suitable new traffic indicators is not simple, and such indicators have been tested with different
methods. Further, a waste range of investigations have been
looking into processes that are directly connected with the
traffic volume but cannot be assigned to the burning process. The release of metals from the car body, the loss of
engine, and lubricating oils can be subsumed [6].
The USA EPA (Environmental Pollution Association)
highlights 21 substances which have been qualified as toxic
emitted by road vehicles. Additionally, it poses a threat to
plants and animals, and has direct consequences for human beings [7]. Since roadside dust and soil include a
range of toxic elements, they are evaluated from the point
of both environmental quality and human health.
The persistence of heavy metals in the environment is
a long process [8]. There are many reasons for elemental
contamination, such as traffic-derived heavy metal accumulation. Monitoring Pb emission arising from traffic is
still a matter of concern for countries which have smaller
economies because of less capacity for environmental protection. Most vehicles burn leaded gasoline which is a wellestablished source of Pb contamination to urban environments.
Several heavy metals are emitted through the abrasion of tires (Zn, Cu), brake pads (Cu), corrosion (Zn, Cu,
V, Ni), lubricating oils (V, Cu, Zn,), or fuel additives (V,
Zn, Pb) [9]. Ba is present as an additive in catalytic converters and also stated as an important brake component
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[2]. Compilation of traffic-derived elements and their
sources are shown in Table 1.
TABLE 1 - Compilation of references for traffic-derived elements
and their sources.
Element

Sources

References

V

Traffic-related
Diesel
Lubricating oil
Diesel
Brake wear
Diesel
Brake wear
Lubricating oil
Diesel
Tires
Carriage
Brake wear
Lubricating oil
Brake wear
Lubricating oil
Diesel
Brake wear
Carriage

[13]
[14]
[15]
[16]
[9]
[9]
[15]
[9]
[16]
[15]
[17]
[17]
[15, 17]
[9]
[15]
[8]
[17]
[14]

Ni
Cr
Cu

Zn

Ba
Pb

Since the accumulation of metals on or in vegetation
may originate from dust raised by motor vehicles and wind,
and from their uptake from the soil, pine needles were
also collected and analyzed in parallel with soil and dust
samples.
The aim of this study is to determine heavy metal
levels on roadside soil, dust and pine needle samples in
Bursa and Ankara metropolitan cities. The obtained results were evaluated in terms of heavy metal sources and
sampling points, and the assessments of soil contamination with elements were carried out using contamination
factor and degree.
2. MATERIALS AND METHODS
2.1. Sampling

A major highway, city center, cross road, tunnel, parking lot, and bus station were selected as sampling points in
Ankara and Bursa. Traffic densities and speeds of different characteristic traffic sites in the cities are shown in
Table 2. At the same time, soil samples from industrial
regions, exhaust particles and background samples col-

lected away from the industrial and traffic zones in Bursa
were chosen as control points.
The collection of environmental samples was carried
out in August, 2010 during dry and warm weather, approximately two weeks after the last rain. A 4-cm-diameter
polyethylene tube was used to take the soil samples. The
road dust samples were mainly collected by sweeping
from specified areas for each location using a clean plastic dustpan and brushes for each sampling site.
Road soil samples of surface layer (0-3 cm) were collected from the city centers, cross roads and highways at a
distance of 4 m from the sidewalk with traffic lights. The
roadside dust was hand-brushed along the kerb stone from
the area of 4×0.5 m. The tunnel wall dust was also handbrushed from the walls of the city tunnel from an area of
0.5×0.9 m over the ground, up to 1 m. Soil samples of bus
stations were collected at a distance of 4 m from the bus
platforms, and parking lot dust samples were collected
around the edge of the parking lot at a distance of 2 m
from the area of 4×0.5 m. The samples were transferred to
the laboratory in plastic bags. The soil and dust samples
were dried at room temperature for 7 days and sieved
through a 2-mm stainless steel sieve to remove the particles with a diameter above 2 mm. A portion of the sieved
samples was ground in a porcelain mortar. Then, the samples were homogenized and sieved at a particle size of
<63 µm. After that, samples were stored in polypropylene
(PP) bottles at room temperature.
Pine needles (Pinus sylvestris) were sampled from trees
growing near a road with high traffic density in the city
center, and from trees growing in the bus station (Bursa).
Samples of pine needles were taken at approximately 2-3 m
height. At each sampling location, three samples of pine
needles were collected in about 10 m distances from the
edge of the road along the way. After separation of the
brunches, the needles were dried for 96 h at 60 °C to a
constant weight. Pine needles were also ground, homogenized, sieved at particle size of <63 µm, and packed into
PP bottles.
2.2. Sample preparation

In order to have the elemental composition, all samples were analyzed by energy dispersive X-ray fluorescence spectrometry. For this analysis, thin pellets of 40 mm
diameter were prepared. To receive the required substrate

TABLE 2 - Vehicle speeds, densities, and sampling locations.
Sampling Location
Parking Lot
Highway
Bus Station
Tunnel
City Center
Cross Road
Background Site

Speed (km/h)
>120
<90
<50-60
<80
<90

Bursa (vehicles/day)
1500
28000
850
13000
45000
35000
80

Location (Bursa)
Uluyol
Istanbul-Ankara rood, 4th km
Bursa bus terminal
İzmir rood 2nd km
Heykel street
Sırameseler street
Demirtas
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Ankara (vehicles/day)
3000
45000
1250
30000
58000
-

Location (Ankara)
Mesrutiyet street
Konya rood 2nd km
Ankara bus terminal
M.Kemal street
Akay street
-
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TABLE 3 - Measurement parameters of the samples.
Element
V, Cr
Ni, Cu, Zn
Pb
Ba

Condition
Mn
Ge
Sr_Y_Pb_U
B4 C

Secondary Target
Co
Ge
Mo
B4 C

Studied Line
Kα
Kα
Kα, Lα(Pb)
Kα

material, 0.46 g of wax (high purity cellulose binder with
20-µm particle diameters) was pressed (compression of 5
kN), and then, the mixture (0.48 g of specimen and 0.09 g
of wax) was pressed together with substrate material
(compression of 10 kN). Samples for EDXRF analysis are
usually prepared as powder pellets with the use of a binder. The use of powder pellets pressed without a binder
eliminates sample dilution and, therefore, increases the
sensitivity and lower limits of detection (LLDs) for trace
elements. The other advantages of pressed-powder methods are its simplicity and no need of specialized skills for
sample preparation. The disadvantages are particle size
effect and matrix effects. However, pressed-powder pellets with a suitable binder may be satisfactorily used if the
particle size can be kept below 63 µm.

Measurement time (sec.)
500
500
1000
1000

Excited Condition
50kV-12mA
75kV-8mA
100kV-6mA
100kV-6mA

checked by the measurement of IAEA SL_7 certified reference material. The results for a certified reference material and certified values are given in Table 4.
TABLE 4 - IAEA -7 Top Soil analysis using EDXRF and comparison with certificated values.
Element
V
Cr
Ni
Cu
Zn
Ba
Pb

Certified reference values
66 (59-73)
60 (49-74)
9.7 (7.9-11.6)
11 (9-13)
104 (101-113)
51 (47-56)

Values measured
68
66
10.2
11
98
55

3. DATA EVALUATION

2. 3. Analytical method

The measurement parameters were set up using the
EDXRF system’s (Epsilon5, PANalytical, The Netherlands) inbuilt software. The system has an X-Y sample
changer with a sample spinner. Samples were irradiated by
X-rays from Gd tube under a vacuum equipped with a
liquid nitrogen cooled PAN-32 Ge X-ray detector having
a Be window thickness of 8 µm. The power, current and
high voltage of the instrument were 600 W, 6 mA and
100 kV, respectively. The system’s software automatically
analyzed the sample spectrum and determined the net intensities of element peaks as soon as the measurement was
completed. When elements overlap one another, the accuracy is essential for the trace element analysis. A set of
secondary standards, available from PANalytical, was used
for the calibration of this application. Measurement parameters for the elements are presented in Table 3.
Lower limits of detection (LLDs) were calculated using the following equation [10]:

Np
Nb

≥3

where, Np is the number of counts measured on the
peak, and Nb is the number of counts measured on the
background with low backgrounds. Lower limits of detection and the accuracy of the applied method and obtained
calibration curves were checked by the measurement of
standards reference materials from IAEA SL-7, SARM 18,
SARM 19, SARM 20, IEAE SL-1, SRM 1648, SRM 2711,
SRM 1646a, and BCR CRM 277. Lower limits of detection (LLDs) for studied elements (V, Cr, Ni, Cu, Zn, Pb)
were determined to be 2.9, 2.0, 1.2, 1.0, 0.7, and 0.9 in the
range of mg/kg. The accuracy of the applied method was

3. 1. Contamination factor and contamination degree

The assessment of soil enrichment with elements can be
carried out in many ways. The most common ones are the
contamination factor and degree, and enrichment factors.
Despite certain shortcomings [11], the enrichment factor,
due to its universal formula, is a relatively simple and
easy tool for assessing enrichment degree and comparing
the contamination of different environmental media. The
contamination factor and degree seem to be more objective tools for assessing contamination, while a discussion
about enrichment factors should start with an analysis of
the selection of proper reference elements.
Contamination factor and degree of contamination
were calculated in accordance to the method reported by
i

Hakanson (1980) [12]. The contamination factor ( c f )
defined by Hakanson is as follows:

i
where, c 0−
is the mean content of metal and c ni is
1
the concentration of each individual metal in a relatively

clean background site. Four classes of

c if to evaluate the
i

metal contamination levels are as follows: ( c f <1) low,
i

(1≤ c f <3)

moderate,

i

(3≤ c f <6)

considerable,

and

i
f

(6≤ c ) very high contamination.
The degree of contamination (Cd) is the sum of contamination factors for all of the elements. The degree of
contamination by the seven heavy metals in the road dust,
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4. RESULTS AND DISCUSSION

soil and pine needles from the study areas was determined
as follows [12]:
Cd =

n

∑c

i
f

i =1

Four categories of Cd were used to evaluate metal
contamination levels as follows: (Cd<5) low, (5≤Cd<10)
moderate, (10≤Cd<20) considerable, (20≤Cd) very high
degree of contamination [1].
3. 2. Statistics

Data were analyzed by SPSS software, version 11.5.
In order to establish inter-element relationships, Pearson
correlation coefficients were calculated. For the elemental
differences, one-sample Kolmogrow-Smirnov test was applied, and decided for parametric independent t-test because
of normal distributed values. Levene statistic was used to
test homogeneity of variances.

Table 5 shows elemental concentration of samples collected from different characteristic traffic sites in Bursa
and Ankara. Although there was no big difference between
roadside soil and dust sample concentrations, some disagreement was observed related to sampling point characteristics. Dust and soil samples which were collected from
the city center of Bursa indicated significant differences
in Zn concentration due to the fact that the dust samples
represent only the recent accumulation of pollutants. Also,
Zn contamination was higher than that of other sampling
points in the city centers where vehicles have to come to a
full stop, and then, accelerate very quickly. For pine needles, all results were found to be slightly higher than the
background. In comparison with the soil and dust samples, heavy metal concentrations are very low in the pine
needles because of rainfall and wind. On the other hand,

TABLE 5 - Average elemental concentrations of samples (mg/kg).
Sampling
V
Points
Ankara
Central soil 70±1
Highway
74±1
soil
Bus station
73±1
soil
Tunnel dust 69±3
Parking lot
70±2
dust
Central dust
Cross road
soil
Industrial
region soil
Central pine
needle
Bus station
pine needle

Cr
Ni
Bursa Ankara Bursa Ankara Bursa
73±1 164±59 189±40 98±19 98±12
73±2 121±32 746±24 25±19 169±5
75±1

146±34 206±28 90±23

95±19

69±1
73±1

188±42 330±67 47±18
205±37 255±58 53±14

86±12
129±9

Cu
Ankara Bursa
613±25 84±7
17±4 33±3

Ankara
601±113
83±22

Bursa
987±211
104±12

Ba
Pb
Ankara Bursa Ankara Bursa
401±35 442±26 76±1
58±1
567±39 405±23 21±2
7±1

59±5

79±17

148±11

530±37 336±19

8±1

15±2

151±12 89±7
58±5 54±5

479±68
195±32

437±19
134±3

504±59 372±19
506±62 367±10

43±1
1±1

38±1
BDL

26±5

Zn

69±1
72±2

-

259±31
173±23

-

113±9
73±14

-

58±4
67±7

-

250±19
273±23

-

474±1
382±15

-

17±2
389±26

73±1

-

255±49

-

169±10

-

26±3

-

77±6

-

399±27

-

104±13

66±4

-

37±12

-

20±10

-

51±5

-

130±9

-

12±4

-

5±1

66±5

-

35±9

-

17±5

-

57±6

-

184±17

-

11±1

-

BDL

Backgrounds and exhaust particle concentrations as a control
Soil
55±1
212±2
97±14
245±11
54±2
Pine needle
66±7
29±2
20±7
42±3
109±5
Exhaust
66±2
46±1
4874±97
ND
379±6
particle
BDL: Below Detection Limit, ND: Not Detected

390±14
16±1
ND

17±2
BDL
249±4

i

TABLE 6 - Contamination factors ( c f ) for most traffic-related elements according to sampling location and studied cities.
Sampling Site
Highway Soil
Tunnel Dust
Parking lot Dust
Bus Station Soil
Central Soil
Industrial Soil
Pine Needle
Bursa
Ankara

V
1.4
1.3
1.4
1.4
1.8
1.4
1.3
1.4
1.4

Cr
2.1
0.8
1.2
0.8
0.8
1.2
0.2
1.5
0.8

Ni
1.0
0.7
0.9
1.0
1.0
1.7
0.2
1.1
0.7
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Cu
1.0
4.9
2.3
1.7
14.2
1.1
2.0
2.6
7.1

Zn
1.7
8.5
3.1
2.1
15.1
1.4
2.7
6.3
5.3

Ba
2.5
2.3
2.2
2.2
2.2
1.0
1.4
1.0
1.3

Pb
1.2
2.4
0.7
3.9
6.0
6.7
2.1
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FIGURE 1 - Contamination degrees in the sampling locations (H.S. = highway soil, T.D. = tunnel dust, P.D. = parking lot dust, B.S. = bus
station soil, C.S. = city center soil, I.S. = industrial soil, P.N. = pine needle).

analyzes of the exhaust particles gave important sources
of contamination after the burning process. The results
indicated that exhaust particles include a higher level of
Ni, a considerable level of Pb, a moderate level of V and
Zn, and a low level of Cr. Cu and Ba were not observed in
the exhaust samples.
The heavy metal contamination of the roadside dust,
soil and pine needles are shown in Table 6. The values of
the contamination degrees due to heavy metals for different characteristic sampling points are shown in Fig. 1.
The contamination factors indicated moderate levels
i

(1≤ c f <3) of V, Cr, Ni, Cu, Zn, Pb, and Ba in the highway soil. The dust from the tunnel wall was categorized
with moderate contamination levels of V, Ba, and Pb.
i

While Cr and Ni were categorized as a low level ( c f <1),
Zn was categorized as a very high contamination level
i

(6≤ c f ). For the parking lot dust samples, the contamination factors indicated moderate levels of V, Cr, Cu and
Ba, low levels of Ni, and considerable contamination by
Zn. V, Cu, Zn, and Ba were categorized as moderate levels,
and Cr, Pb, and Ni were categorized as low levels of contamination for the bus station soil samples. The roadside
soil from the central station had very high contamination
levels of Cu and Zn, considerable levels of Pb, moderate
levels of V, Ni and Ba, and a low level of Cr. The contamination factors indicated moderate levels of V, Cu, Ba
and Zn, but low levels of Cr and Ni for the pine needles.
For the soil collected from the industrial region, V, Cr, Ni,
Cu, Zn and Ba elements were categorized as moderate
contamination, and Pb was categorized as very high contamination.
The results indicated that the tunnel dust is most significantly contaminated by Cu (considerable level) and Zn
(very high level), while the parking lot dust was contaminated only by Zn (considerable level). Traffic jams, using

brakes over and over again, and corrosion of tires caused
a high level of Cu and Zn contamination in closed areas
like tunnels. City center soil was contaminated with a very
high level of Cu and Zn, and with a high level of Pb. Likewise; these results can be attributed to the traffic density
and slow traffic flow. Highway soil, bus station soil and
pine needles were contaminated by moderate and low levels of all elements. Contrary to the sampling points mentioned above, low traffic density, fast traffic flow, and
weather conditions cause a lower level of contamination
for these areas.
The degrees of contamination by seven heavy metals
were calculated to be 10.9, 9.9, 39.0, 13.8, 11.1 and 20.9
for soil samples from the highway, bus station, city center, industrial region, parking lot, and tunnel, respectively,
and 7.8 for the pine needles. These results indicate that
the dust samples from the parking lot and industrial region soil sample have a considerable degree of contamination (10≤Cd<20). The roadside soil from the city center
and dust from the tunnel wall were contributed to increased heavy metal concentrations with a very high contamination degree (20≤Cd). After all, the roadside soil samples from the highway and the bus station were classified
as having a moderate degree of contamination (5 ≤Cd<10).
Since the accumulation of metals on or in vegetation may
originate from dust raised by motor vehicles and wind, and
from their uptake from the soil, pine needles were also
classified as having a moderate degree of contamination
(5≤Cd<10).
According to comparison of the two cities, the contamination factors indicated moderate levels of V and Ba
for Bursa and Ankara. Cr and Ni were categorized as a
low level of contamination for Ankara, while they were
categorized as a moderate level of contamination for Bursa.
Cu indicated a moderate and a very high level for Bursa
and Ankara, respectively. The contamination factors indicated very high levels of Zn for Bursa and considerable
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TABLE 7 - Comparison of measured heavy metal concentrations (mg/kg) in roadside soil and dust with literature data.
Literature
SÒo Paulo, Brazil [2]
Istanbul Turkey [18]
Kompala, Uganda [5]
Several cities, Korea [1]
Several cities, China [3]
Asthma, New Zealand [19]
Mersin, Turkey [20]
Kemalpaşa, Turkey [21]
Riyad, Saudi Arabia [22]
Bursa, Turkey [23]
Present study Ankara
Present study Bursa
Asthma New Zealand [19]
Present study (Pine needle)
BDL: Below Detection Limit

V
10-100
69-74
69-73
66

Cr
10-50
109
56-80
121-205
173-746
2-4
36

Ni
10-50
13-169
57
60-105
62-149
29-144
44
67
25-98
73-169
3-4
18

Cu
14
5-20
63-312
90-182
150
22-200
29-79
95
17-613
33-89
13-30
54

Zn
104
10-50
100-539
129-325
656
130-480
12-29
26-108
443
57
79-601
134-987
157

Ba
159
401-567
336-474
11

Pb
19
1-20
245-2540
82-153
239
780-2200
20-328
115-375
1-76
7-389
140-350
BDL

contamination for Ankara. Pb was categorized as a high
level for Bursa, and a moderate level for Ankara. Bursa
showed higher contamination factors than Ankara due to
the heavy industry as well as wind speed and directions.

Cu-Zn (r=0.545, p<0.05) and Ni-Ba (r=-0,647, p<0.05). No
correlations were observed among others. This result
showed that the linked elements came from the same
origin, such as diesel, lubricating oil, brake wear etc.

The contamination degrees of Bursa and Ankara by
seven heavy metals were found to be 20.6 and 18.7, respectively. According to the results, Ankara has a considerable degree of contamination (10≤Cd<20) and Bursa has
a high degree of contamination. Although the traffic density of Ankara is higher than Bursa, both cities have approximately the same contamination degree. This can be
attributed to heavy industry and weather conditions which
are responsible for carrying the pollutions with high speed
wind in Bursa. The elemental concentrations for soil and
dust samples were compared with literature data as shown
in Table 7. Cr, Cu, Zn and Ba levels were found to be
higher than exemplary references in the roadside soil and
dust samples. The concentration of Cr was found to be in
a range of 121-205 in Ankara and 173-746 in Bursa. Cr
values for other cities in various countries are as follows:
a range of 10-50 mg/kg in İstanbul [18], mean values of
109 mg/kg in China [3], and a range of 56-80 mg/kg in
Asthma [19]. Pb values were observed to be in a range of
very higher levels in Asthma [19] and Kompala [5]. Zn
concentrations in Ankara and Bursa were higher than
compared literature. V and Ba were not compared to literature data, but comparison was done with Istanbul for V. Ni
concentrations were in a same range with other studies.
According to comparison, Cu values were at the higher
levels in Ankara. Most of researchers used the vegetations
as sensitive indicator of heavy metal contamination. According to comparison between vegetation samples from
traffic-derived areas in New Zealand and pine needles
from this study, pine needles showed higher levels of Cr,
Ni and Cu; contrary, concentration of Pb indicated a lower level than the excepted values.

According to the independent t-test using equal variances, there is no difference between the cities in terms of
heavy metals (p>0.05), except Ba (t = -3.586, p<0.05). No
significant differences were observed between the soildust and pine needle samples for Cu, Zn, Pb (p>0.05),
while the following elements showed significant differences: V (t = 4.885, p<0.01), Ni (t = 4.477, p<0.01), Cr (t
= 2.390, p<0.05) and Ba (t = 14.646, p<0.01). The differences may be attributed to the sources of pollution and
accumulation on dust, soil and pine needles.

Pearson correlation coefficients showed significant
inter-element correlations between Cr-Ni (r=0.591, p<0.05),

5. CONCLUSION
According to the results, traffic-related points were
significantly contaminated by Zn (30.6% in Bursa and
28.3% in Ankara), Pb (32.5% in Bursa and 11.0% in
Ankara) and Cu (12.6% in Bursa and 38.0% in Ankara).
They are mostly coming from diesel, brake wear, lubricating oil, tires and carriage. One of the most important results
indicated that the contamination degrees were observed to
be 39.0 in the roadside soil samples from the city center but
20.9 in the dust samples from the tunnel wall. They contributed to increased heavy metal concentrations with a
very high contamination degree (20≤Cd) due to the high
density of traffic, traffic capacity, traffic flow and characteristics of traffic areas, such as closed space.
The amount of metals detected in the samples is only
slightly higher to become a health concern, because the
elements emitted by road vehicles pose a threat to plants,
foods and animals, and have direct consequences for
human beings. When viewed from this aspect, the study
clearly highlights the necessity of immediate control
measures for the exceptionally severe heavy metal pollu-
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tion in the traffic-derived areas. The pollution sources
should be minimized in the rates of contamination, by
taking into account traffic area characteristics, traffic flow,
type of carriage, type of road, regional climatic characteristics, etc.

[11] Reimann, C. and De Caritat, P. (2000) Intrinsic flaws of element
enrichment factors (EFs) in environmental geochemistry. Environmental Science Technology. 34, 5084-5091.

On the other hand, EDXRF suffers from matrix and
interelement interference issues. With EDXRF, the certified reference material and the sample must be matrixmatched, with respect to both the matrix and the particle
size. These results are also important because the Epsilon
5 EDXRF spectrometer is one of the instruments having
techniques that can precisely measure heavy metals in soil
without requiring aqueous soil extractions.

[13] Valiulis, D., Ceburnis, D., Sakalys, J. and Kvietus, K. (2002) Estimation of atmospheric trace metal emissions in Vilnius City,
Lithuania, using vertical concentration gradient and road tunnel
measurement data. Atmospheric Environment. 36, 6001-6014.

[12] Hakanson, L. (1980) An ecological risk index for aquatic pollution control, a sedimentalogical approach. Water Research. 14,
975-1001.

[14] Weckwerth, G. (2001) Verification of traffic-emitted aerosol
components in the ambient air of Cologne (Germany). Atmospheric Environment, 35, 5525-5536.
[15] De Miguel, E., Llamas, E.J., Chacon, E., Berg, T., Larssen, S.,
Royset, O. and Vadset, M. (1997) Origin and patterns of distribution of trace elements in street dust: unleaded petrol and urban
lead. Atmospheric Environment. 31, 2733-2740.
[16] Wang, Y.F., Huang, K.L., Li, CT., Mi, H.H., Luo, J.H. and Tsai,
P.J. (2003) Emissions of fuel metals content from diesel vehicle
engine. Atmospheric Environment. 37, 4637-4643.

ACKNOWLEDGEMENT
The authors would like to thank Prof. Dr. Rene Van
Grieken for his contributions from the Chemistry Department (MITAC) in Antwerp University.

[17] Laschober, C., Limbeck, A., Rendl, J. and Puxbaum, H. (2004)
Particulate emissions from on-road vehicles in the KaisermuhlenTunnel (Vienna, Austria). Atmospheric Environment. 38, 21872195.

The authors have declared no conflict of interest.

[18] Sezgin, N., Ozcan, H.K., Demir, G., Nemlioglu, S,, Bayat, C.
(2005). Determination of heavy metal concentrations in street
dust in İstanbul E-5 highway. Environ Int. 29, 979 985.

REFERENCES

[19] Pearce, N., Grainger, J., Atkinson, M., Crane, J., Burgess, C.,
Culling, C., Windom, H., Beasley, R. (1990). Case-control study
of prescribed fenoterol and death from asthma in New Zealand.
Thorax 45, 170–175.

[1]

[2]

[3]

Doung, T.T. and Lee, B.K. (2011) Determining contamination
level of heavy metals in road dust from busy traffic areas with
different characteristics. Journal of Environmental Management,
92, 554-562.
Morcelli, C.P.R., Figueiredo, A.M.G., Sarkis, J.E.S., Enzweiler,
J., Kakazu, M. and Sigolo, J.B. (2005) PGEs and other trafficrelated elements in roadside soils from Sao Paulo, Brazil. Science
of the Total Environment, 345, 81-91.
Wei, B. and Yang, L. (2010) A review of heavy metal contaminations in urban soils, urban road dusts and agricultural soils
from China. Microchemical Journal, 94, 99-107.

[4] Thorpe, A. and Harrison, R.M. (2008) Sources and properties of
non-exhaust particulate matter from road traffic. Science of the
Total Environment, 400, 279-282.
[5]

Nabulo, G., Oryem-Origa, H. and Diamand, M. (2006) Assessment of lead, cadmium and zinc contamination of roadside soils,
surface films and vegetables in Kampala City, Uganda. Environmental Research, 101, 42-52.

[6]

Zechmeister, H.G., Hohenwallner, D., Riss, A. and Honus-Illnar,
A. (2005) Estimation of element deposition derived from road
traffic sources by using mosses. Environmental Pollution, 138,
238-249

[7]

Button, K.J. and Hensher, D.A. (2003) Handbook of Transport
and the Environment. Elsevier Amsterdam.

[8]

Kelly, J., Thornton, I., Simpson, P.R. (1996) Urban Geochemistry: a study of influence of anthropogenic activity on heavy metal
content of soils in traditionally industrial and non-industrial areas
of Britain. Applied. Geochemistry, 11, 363-370.

[9]

Garg, B.D., Cadle, S.H., Mulawa, P.A., Groblicki, P.J., Laroo, C.
and Parr, G.A. (2001) Brake wears particulate matter emissions.
Environmental Science Technology. 34, 4463-4469.

[10] Currie, L.A. (1995) Nomenclature in evaluation of analytical
methods including detection and quantification capabilities. Pure
Applied Chemistry. 67, 1699-1723.

523

[20] Arslan, H. and Gizir, A.M. (2006). Heavy-metal content of roadsıde
soıl ın mersın, turkey Fresenius Environ. Bull, 15, 15-20.
[21] Arslan, H. (2001). Investigation of heavy metal pollution of traffic in Kemalpasa-Turkey. Fresenius Environ. Bull. 10,405-408.
[22] Al-Rajhi, M.A., Seaward M.R.D. and Al-Aamer, A.S. (1996).
Metal levels in indoor and outdoor dust in Riyadh, Saudi Arabia.
Environ. Int. 22, 315-324.
[23] Arslan, H. (2001). Heavy metals in street dust in Bursa, Turkey.
Journal of Trace and Microprobe Techniques 19(3), 439-445.

Received: April 24, 2013
Revised: July 22, 2013
Accepted: September 12, 2013

CORRESPONDING AUTHOR
Songül Akbulut
Recep Tayyip Erdogan University
Department of Physics
53100 Rize
TURKEY
Phone: +90 507 491 53 70
Fax: +90 464 223 40 19

© by PSP Volume 23 – No 2a. 2014

Fresenius Environmental Bulletin

E-mail: songul.akbult@erdogan.edu.tr
FEB/ Vol 23/ No 2a/ 2014 – pages 516 - 522

524

© by PSP Volume 23 – No 2a. 2014

Fresenius Environmental Bulletin

PHOTOCATALYTIC DEGRADATION OF
BISPHENOL A IN WATER USING A VISIBLE
LIGHT-ACTIVATED BIOMIMETIC CATALYST
Zhaohui Yang, Shaoxuan Yan, Zuoyou Zhang and Naixuan Li*
School of Chemistry & Chemical Engineering, Tianjin University of Technology, Tianjin 300384, P. R. China

ABSTRACT
An investigation is conducted on a visible lightactivated biomimetic photocatalyst produced by waterinsoluble iron porphyrin immobilized on carriers (heteroFeP). Herein, metalloporphyrin is synthetized from natural chlorophyll as raw material. The photocatalytic activity of hetero-FeP is demonstrated successfully by the degradation of bisphenol A (BPA) in water. The effects of operational parameters during the photocatalytic reaction have
also been investigated. The degradation rate is 94.35% after
300 min under optimized conditions. Moreover, the heteroFeP could be readily reclaimed by magnetic separation
with an external magnetic field. The catalyst is reused for
4 rounds under optimized conditions, and the degradation
rate of BPA in the last run is 90.12%. The mechanism on
BPA degradation is also investigated on the basis of a
series of control experiments, and the main intermediate
of BPA degradation is monitored by GC/MS analysis.

KEYWORDS: visible light; photocatalyst; degradation; natural
chlorophyll; bisphenol A

1. INTRODUCTION
Bisphenol A [2,2-bis (4-hydroxyphenyl) propane, BPA]
has been widely used as a raw material for epoxy and polycarbonate resins products, such as baby bottles, packaging,
and dental sealants [1]. Due to the wide usage in household and commercial products, a large amount of BPA
has been released into the environment, and is now widely
present in aquatic environment with a concentration level
of ng L-1 – µg L-1 [2]. BPA has an acute toxicity in the
range of 1-10 mg L-1 for a number of hydrobionts [3].
Therefore, the development of methods for the removal of
BPA is needed urgently, and several of them, such as a
biological method, chemical oxidation and a photocatalytic method, have already been carried out. Carbonaceous
* Corresponding author

absorbents can quickly adsorb BPA from water [4], but
BPA molecules remain intact and present a potential threat
to the environment. Biodegradation method usually takes
a long time, and it depends on many environmental factors, such as bacterial counts, salinity, temperature, and so
on [5]. The chemical removal of BPA has evidenced that
not only BPA cannot be completely eliminated but this treatment may also produce a by-product with higher endocrine
disrupting ability [6, 7]. Among these methods, photocatalytic degradation is more promising due to its high degradation and mineralization efficiency [8]. Most photocatalysts are heterogeneous oxide semiconductors, among which
pure and modified TiO2 is the most popular one. BPA could
be completely mineralized to CO2 by nano-TiO2 under UV
irradiation [9]. However, the main shortcoming of TiO2 is
that it only absorbs ultraviolet light photons with a wavelength no longer than 387.5 nm, which only accounts for
about 4% of the sunlight. Therefore, study of the visible
light-driven photocatalyst has been a major focus in the
research field of photocatalysis.
Porphyrins can readily coordinate metal ions in their
central cavity, which makes the photoresponse of porphyrin not only stronger but also shows a broader range in the
visible light region [10]. The search for available metalloporphyrin as visible light-activated photocatalysts for
photocatalytic oxidation of organic pollutants has been
reported [11-13]. Metalloporphyrin are effective for the
photocatalytic degradation of various organic contaminants
in water. However, its practical use in aqueous media is
limited because of the problem of self-reactions between
porphyrin molecules and the difficulty of recovery. Natural chlorophyll is magnesium porphyrin which presents
high photoabsorption capacity at wavelengths present in
sunlight. Fortunately, it is widely existing in natural
plants and can be easily extracted. Nevertheless, chlorophyll is unstable, and thus, the central alkali metal needs
to be modified or changed to enhance its stability. With
the self-reactions between porphyrin molecules and the
demand of catalyst recovery in mind, modified chlorophyll was immobilized on magnetic mesoporous silica
microspheres to develop a heterogeneous photocatalyst.
In our study, we found that the main advantages of the

525

© by PSP Volume 23 – No 2a. 2014

Fresenius Environmental Bulletin

biomimetic photocatalyst are: 1) the photocatalyst can
absorb visible light to degradate organic pollutants; 2) a
high photocatalystic activity could be achieved by preventing unwanted self-reactions; 3) the costs in the process of water treatment could be lowered by reuse of the
catalyst. Additionally, it is worthwhile to note that there
was no report on the synthesis nor the photoactivity in the
hetero-FeP system.
2. MATERIALS AND METHODS
2.1 Materials and reagents

Ferrous sulfate (FeSO 4 ·7H 2 O), ferric chloride
(FeCl 3 ·6H 2 O), cetyl trimethyl ammonium bromide
(CTAB), silver nitrate, cyanuric chloride, bisphenol A
(BPA), terephthalic quinone (BQ), ethyl silicate (TEOS),
N,N-dimethyl formamide (DMF), and tert-butanol (TBA)
were of analytical grade. The water used in the experiments was double-distilled (deionized water).

°C to conduct the reaction under magnetic stirring for 3 h,
with nitrogen protection during the first 30 min of the
reaction. After the reaction, the product was collected and
washed with distilled water for several times to remove
remaining ions, and finally dried in vacuum at 80 °C for 4 h.
Thus, the chlorophyll iron acid was obtained (3). The structures of (1) - (3) are presented in Fig. 1.
Synthesis of biomimetic photocatalyst [18]: Cyanuric
chloride was dissolved in tetrahydrofuran to obtain a solution with a concentration of 40.0 g L -1; then, magnetic
mesoporous microspheres (0.30 g) were added into the
above solution (15 ml). The reaction was then carried out
in an ice water-bath under constant magnetic stirring for 2 h.
The as-prepared modified chlorophyll (0.15 g) was added
to the above system and reacted at 25 °C for 2 h. At last,
the products were separated magnetically and washed thoroughly with absolute ethanol and distilled water several
times to remove the impurities, and then dried in vacuum
at 70 °C for 4 h.
2.3 Characterization

2.2 Preparation of catalyst

Synthesis of magnetic mesoporous silica microspheres:
According to previous literature [14], the method of ultrasonic-assisted reverse co-precipitation was introduced to
prepare Fe3O4 microspheres, which were then coated by
silica and CTAB/silica successively. Finally, template CTAB
was removed by calcinating [15]. Thus, magnetic mesoporous silica microspheres were produced.
Extraction of natural chlorophyll and modification
[16, 17]: Smashed fresh spinach (30 g) was soaked with a
mixture of ethanol (95%) and acetone (50/100, v/v) as
solvent to extract chlorophyll (1). The pheophytin acid (2)
was obtained after the process of saponification, separation, purification, and acidification. Then, the pheophytin
acid (0.5 g) was dissolved in absolute ethanol (30 ml). After
that, a solution of FeSO4 (2.5 g, 5.81 mmol) dissolved in
HCl (15 ml, 6M) was added to the ethanol solution by a
dropping funnel under magnetic stirring. Then, the resultant mixed solution vessel was placed in a water-bath at 60

The crystal structure of the product was determined
by X-ray diffraction (XRD) (X’pert, PANAlytical, Netherlands). Nitrogen sorption isotherms were measured with a
V-Sorb X800 analyzer (BET) (V-Sorb X800, Jin ai Pu technology, China). The Brunauer-Emmett-Teller (BET) method
was utilized to calculate the specific surface areas (SBET)
using desorption data. By using the Barrett-Joyner-Halenda
(BJH) model, the pore size distributions were derived from
the desorption branches of the isotherms. The surface morphology of the sample was observed by using transmission
electron microscopy (TEM) (Philips Tacnai G2 F20,
PHILIPS, Netherlands). Thermal gravimetric analysis
measurements were performed on a thermoanalyzer (TGA)
(TGA Q50, WATERS, USA), with a heating rate of 10
°C·min-1 under a flowing oxygen atmosphere. The hysteresis loop of the sample at 300K was measured by a magnetometer (VSM) (MPMS-XL-7, Quantum Design,
USA).
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FIGURE 1 - Molecular structures of (1) - (3).
2.4 Degradation experiments

The photocatalytic degradation experiments were performed on the equipment shown in Fig. 2. A 400W halogen light was used as the light source to simulate sunlight.
The light was positioned horizontally above the cylindrical quartz annular tube, and 40 ml BPA solution with different concentrations, appropriate amount of catalyst and a
certain concentration of H2O2 were added to the annular
tube. The pH of the reaction solution was adjusted with
diluted NaOH solution. Prior to irradiation, the suspension was magnetically stirred in the dark for 30 min to
ensure adsorption/desorption equilibrium of BPA on/from
the catalysts. A 4-ml solution was sampled at certain time
intervals and filtered through a 0.22-µm filter. The concentration of BPA in the filtered aqueous solution was
determined by measuring the absorbance at 224 nm on a
UV-VIS spectrophtometer. Prior to the measurement, a
calibration curve was obtained by using the standard BPA
solutions. The degradation rate (Ф) was calculated by using
the following formula:
Ф = [(C0-Ct) / C0] × 100%
where, C0 is the initial concentration of BPA and Ct is
the concentration of BPA at a reaction time of t.

FIGURE 2 - Photocatalytic reaction equipment.

The absorbance of BPA solutions during the photocatalytic process was determined by UV-VIS analysis (U3900H, HITACHI, JAPAN). Total organic carbon was
measured with a total organic carbon analyzer (TOC) (TOCV CPH, Shimadzu, Japan). The analysis of the intermediate
products during BPA degradation was performed by GCMS analysis (7890A GC system, 5975C inert XL MSD,
Agilent Technologies, USA).
3. RESULTS AND DISCUSSION
3.1 Catalyst characterization

Figure 3 (a) shows the wide-angle XRD patterns of
Fe3O4 particles and magnetic mesoporous silica microspheres. It can be seen that the calcined magnetic mesoporous material clearly shows the diffraction peaks of silica at
2θ = 33.1° and 49.5°, in comparison with the diffraction
peaks of pure Fe3O4. This indicates that the introduction
of silica does not change the crystalline form of Fe3O4.
Figure 3(b) shows the pore size distribution and the N2
adsorption/desorption isotherm (inset) of the magnetic
mesoporous carrier. The isotherm is identified as representative type-IV curves, which are characteristic of mesoporous materials. The pore size distribution measurements reveal a narrow distribution of the pore sizes with
their diameters concentrating mostly at 2.2 and 4.1 nm,
respectively. The BET specific surface area (SBET) of the
sample is as high as 313.01m2·g-1.
Thermo-gravimetric analysis of the catalyst is shown
in Fig. 4(a), demonstrating that the product contained
5.406 wt% of the loading organic species, which seems to
lose from 200.22 to 575.45 °C. The weight loss between
20~200.22 °C (about 4.884 wt%) could be attributed to
evaporation of adsorbed water or gases on the catalyst [19].
It is clear that the content of magnetic mesoporous carrier
and organic compound are 89.71 wt% and 5.406 wt%,
respectively. Figure 4(b) shows the magnetic hysteresis
loop of the sample at 300K. The sample is paramagnetic
with a saturation magnetization (Bs) of 21.95 emu·g-1. Such
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FIGURE 3 - XRD patterns (a) and pore size distribution (b) of the magnetic mesoporous silica microspheres, respectively.

FIGURE 4 - Thermo-gravimetric analysis (a), VSM analysis (b), and TEM image (c) of the catalyst, respectively.

excellent magnetic properties of the catalysts enable them to
be separated easily. The TEM image of the as-prepared
catalyst, as shown in Fig. 4(c), confirms that the sample is
composed of spherical nanostructures with a particle size
of ca. 10 nm. The core with heavy color is magnetic
mesoporous microspheres, while the shell outside in a light
color is modified chlorophyll.
3.2 Photocatalysis
3.2.1 Enhanced degradation of BPA by photocatalyst-H 2 O 2
system

To elucidate the photocatalytic activity of the asprepared catalyst, a series of experiments were performed
under simulated sunlight illumination where BPA was
used as a modal organic pollutant. The controlled experiments showed that no obvious degradation of BPA was
observed in the catalyst suspensions in the darkness. In
the absence of catalyst, the photolysis of BPA was invalid
under light irradiation, either BPA could be degraded by
photocatalyst, leading to a BPA removal of 70.32% under
irradiation within 300 min. When H2O2 was introduced into
the reaction system, the degradation of BPA was significantly promoted, resulting in a BPA removal of 90.89%
within 300 min. H2O2 itself was not so strong to degrade
BPA, with a degradation rate of only 73.38%. Since both
the photocatalyst and H2O2 are responsible for BPA deg-

radation under irradiation, further experiments are performed by using photocatalyst-H2O2 systems.
3.2.2 Effects of reaction conditions on BPA degradation

The degradation of BPA depends on the initial concentration of BPA ([BPA]0), the amount of catalyst ([catalyst]),
solution pH, and the amount of added H2O2 ([H2O2]0). We
discussed the effects of these factors on BPA degradation
individually, and the results obtained are presented in Fig. 5.
In order to study the effect of BPA initial concentration on the degradation, a series of experiments were
conducted with various initial concentration of BPA from
4.38×10-6 mol·L-1 to 6.57×10-5 mol·L-1. As the initial
concentration of BPA was increased from 4.38×10-6
mol·L-1 to 4.38×10-5 mol·L-1, the BPA removal was significantly increased from 78.19 to 90.89 % within 300 min.
Yet, if the BPA concentration continued to increase, the
degradation ratio began to decrease. Increasing concentration of BPA implies that more BPA molecules will be
available to be removed by the same amount of active
species generated, which leads to lower photocatalytic
activity [20]. The reason why low initial concentration
retards BPA removal is that the catalyst does not have
sufficient contact with BPA in the solution, thus making it
unable to play an active role for BPA degradation. Hence,
the remaining experiments were performed with a BPA
initial concentration of 4.38×10-5 mol·L-1.
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The removal of BPA increased as the amount of catalyst increased from 0.1 g·L-1 to 0.15 g·L-1, yet decreased

when the amount continued to increase. Given the amount

FIGURE 5 - Effects of different reaction parameters on BPA degradation: (a) effect of initial concentration of BPA, (b) effect of the catalyst
amount, (c) effect of pH, and (d) effect of H2O2 concentration.

of BPA in the reaction solution unchanged, more catalyst
would provide more active species, resulting in an enhancement of photocatalytic activity. However, when the
amount of catalyst increased exceedingly, the generation
of active species might be affected due to the increase of
light scattering and decrease of light penetration [21].
In heterogeneous photocatalytic aqueous system, pH
is one of the most important operating parameters that
affects the generation of active species. The effect of initial
solution pH on BPA degradation was studied within the
range of 6.0-9.0. Obviously, the BPA degradation rate
decreased significantly from 92.98 to 55.42% while pH
increased from 6.0 to 9.0. This is because the concentration of OH- increases with the increase of solution pH,
and excessive OH- ions greatly suppress the •OH formation, and thus, inhibit the BPA degradation. So, further
experiments were carried out at pH 6.0.
The degradation ratio significantly increases with increasing H2O2 concentration within the range of 0.0080.016 mol·L-1, but then, it was reduced when the H2O2
concentration increased beyond that upper limit. This suggests that excessive H2O2 is detrimental for the BPA deg-

radation, as H2O2 also reacts with •OH without producing
other oxidants. The equations are as follows:
H2O2+·OH→H2O+HO2·
HO2·+·OH→H2O+O2
Since •OH reacts with H2O2 to eliminate •OH [22],
H2O2 should be added at the optimal concentration to
achieve the highest degradation rate. Therefore, the optimal initial H2O2 concentration was set as 0.016 mol·L-1.
3.3 Mechanism of BPA degradation

According to a previous report about the mechanism
of photocatalytic degradation of organic pollutants [23],
different kinds of trapping agents, including BQ (·O2scavenger), DMF (valence band hole scavenger), AgNO3
(conduction band electron scavenger), and TBA (·OH scavenger), were introduced into the reaction system, respectively, to clarify the mechanism of BPA degradation. The
results of BPA degradation with and without the trapping
agents are shown in Fig. 6. Compared with the degradation
without trapping agent, BQ had almost no obvious influence on the removal of BPA, whereas the additions of
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TBA, DMF, and AgNO3 had a rapid depressing effect.
These phenomena indicate that both •OH radicals and
electron hole pair are the primary active species responsible for the degradation of BPA. The following equations
(1)-(7) demonstrate the mechanism of the BPA degrada-

modified chlorophyll in the aqueous suspension was irradiated by light photons, and then, •OH might further be
generated. Fe(II)P can also be oxidized and changed into
Fe(III)P, PFe(IV)=O, or even higher valence through electron transition. Higher valence iron has stronger oxidizability. It can oxidize BPA, and turn it into non-toxic or
less-harmful micromolecules, even mineralize it to CO2
and H2O. Meanwhile, higher valence iron itself is reduced
to lower valence state. H2O2 generates •OH with strong
oxidability by receiving an electron. Then •OH attacks
BPA to degrade it. It is known that BPA is degraded gradually into simple organics, CO2 and H 2O under H 2O 2cooperated photocatalysis.
The intermediate products formed in the photocatalytic degradation process were monitored using GC-MS
analysis under the operation conditions reported previously [26], and the results are shown in Table 1.

FIGURE 6 - Effects of BPA photodegradation with different trapping agents.

tion [24, 25], where p presents modified chlorophyll component:
Fe(II)P + hv → e- + h+
(1)
+
+
Fe(II)P(e + h )+ H2O → Fe(II)P(e ) + ·OH + H
(2)
Fe(II)P + h+ → Fe(III)P + PFe(IV)=O
(3)
BPA + PFe(IV)=O → Fe(II)P + … + CO2 + H2O (4)
H2O2 + e- → ·OH + OH(5)
OH- + h+ → ·OH
(6)
BPA + ·OH → … + CO2 + H2O
(7)

The catalyst received simulated sunlight and generated active species, which could oxidize BPA directly to
form the immediates. Then, they were degraded to simple
organics and further mineralized to CO2 and H2O. 81.1%
TOC was removed from the reaction system after 300-min
reaction with hetero-FeP under simulated solar irradiation.
However, a time as long as 20 h was necessary when TiO2
was used to photodegrade BPA to CO2 under UV irradiation [9]. Photocatalytic degradation of BPA by hetero-FeP
displayed an outstanding advantage in mineralizing BPA
to CO2 and H2O.
3.4 Recycling property of the catalyst

As one kind of practical recyclable catalyst, highly
catalytic activity in each cycle of usage is necessary. So,

Considering the above experiment data and the referred literature, we proposed that conduction band electrons (e-) and valence band holes (h+) were generated when

TABLE 1 - Intermediate products of BPA photocatalytic degradation.
Entry

molecular formula

molecular weight(m/z)

molecular structure
OH

1

C6 H6 O

94

OH

2

C9H10O

134
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C9H10O

134
O
O

4

C4 H2 O3

O

O

98

the renewable photocatalytic activity is also studied. The
used catalyst was collected and reused for another degradation experiment. Note that the reclaimed photocatalyst
was washed with ethanol and distilled water for several
times. The result is shown in Fig. 7, from which we can
see that the photocatalytic activity of the catalyst decreases
slightly after each cycle. However, 90.12% of BPA is removed in the last cycle. Modified chlorophyll immobilized on silica is less likely to undergo self-reaction, which
makes the catalyst keep a high photocatalytic activity after
reused for 4 rounds. Thus, as-prepared nanocomposites
can be used as a convenient recyclable photocatalyst in
practical applications.

ment of porphyrin-based photocatalysts provides an alternative approach in utilizing solar visible light. Therefore,
it is a promising photocatalyst for practical applications in
the treatment process of refractory organic pollutants.

FIGURE 7 - Recycling experiment in the photocatalytic degradation
of BPA in the presence of photocatalyst under visible light.
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ABSTRACT
The dynamics of soil organic carbon (SOC) stock in
croplands may have significant effects on the global carbon budget. The regional and/or national SOC stock dynamics of China’s cropland soils, which have been under
agricultural management practices during the last three
decades, have been actively debated. In this study, we
estimated the magnitude of topsoil SOC stock in typical
croplands of the Songnen Plain of Northeast China, using
samples from 1460 sites during 2008–2011. We also
examined the change of topsoil SOC stock by comparing
our current measures with those of 344 profiles derived
from China’s National Soil Inventory during the 1980s.
The total amount of SOC stock in the upper 20 cm
croplands of study area was estimated to be 48.72 Tg (1
Tg = 1012 g), with an average density (carbon stock per
area) of 3.76 kg C m-2. Site-level comparisons indicate
that the topsoil SOC stock has increased significantly over
the past three decades, with an average increase of 0.56
kg C m-2, ranging from 0.24 to 0.88 kg C m-2. In the case
of croplands in Northeast China, we speculate that the
increased soil C input due to increased crop productivity
and the return of corn stubble into the soil might be the
most crucial factors. Our results suggest that cropland
management plays an important role for carbon sequestration to mitigate climate change in this important agricultural region.
KEYWORDS: soil organic carbon density; carbon sequestration;
return of corn stubble into soil; Croplands, Songnen Plain of
Northeast China

1. INTRODUCTION
Soils hold more than two times the amount of carbon
compared to the atmosphere or vegetation [1], and changes in the carbon content of soils may have a significant
effect on the global carbon budget [2]. An important factor affecting the soil carbon stock is climate warming,
* Corresponding author

which accelerates the decomposition of soil organic carbon (SOC) and leads to increased carbon release from
soils, thus providing positive feedback to the climate warming phenomenon [3]. In addition to the effects of environmental factors, human impacts, especially agricultural
activities involving soil carbon sequestration, have significantly affected SOC stock dynamics [4, 5].
SOC stock dynamics have received considerable interests in cropland ecosystems, (e.g. [6-8]). Soil survey
resampling studies have revealed interesting trends in
SOC stock changes in different regions of the world, for
example in England and Wales [2], Northern Belgium [9],
and China [10]. In the case of China, although Lal [11]
and Tang et al. [12] argued that a general trend of SOC
stock decline has occurred in China’s soils in recent decades, accumulating evidences indicate that the SOC stock
in China’s cropland has increased [13-15]. Consequently,
the uncertainty associated with the estimates of SOC stock
and its changes is still unresolved. Therefore, it is urgent
to investigate how cropland SOC stock has fluctuated during
recent decades.
Northeast China is one of the main agricultural regions in China, and it plays an important role in the global
carbon budget. The cultivated land and total yields of corn
and soybeans currently in Northeast China currently account for 19% of the nation’s total cultivated land and
30% of the nation’s total corn and soybeans yields, respectively. During the last three decades, climatic change,
particularly rising temperature, has occurred in Northeast
China [16]. During the same period, a steady increase in
the inputs of chemical fertilizer and crop productivity was
reported [17]. In addition, since the early 1990s, corn stubble return has been widely adopted in this region [18]. As a
consequence, the balance between carbon inputs from plant
production and outputs by microbial decomposition may
be altered by these environmental changes [3], thus offering a unique opportunity to quantify SOC stock dynamics
in cropland ecosystems. Previous studies have estimated
SOC stock for croplands in Northeast China, using China’s
National Soil Inventory dataset [19], but large uncertainties
still exist for regional estimates owing to the small number
of soil profile samples derived from the national database
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[13]. Moreover, these estimates cannot evaluate the current
status of the SOC stock because soil profiles used in previous analyses were surveyed during the 1980s. Furthermore,
little is known about SOC dynamics in Northeast China’s
croplands [14]. Currently, a comprehensive assessment of
SOC dynamics is still absent for croplands in Northeast
China. Addressing these issues is vital for understanding
the role of soils in this important agricultural region.
In this study, we conducted four consecutive soil surveys during 2008–2011 and sampled 1,460 sites across an
important and famous agricultural region, four counties in
the Songnen Plain of Northeast China. Instead of the whole
soil layer, we sampled only topsoil within a depth of 20 cm.
Topsoil, which is usually pedologically recognized as the
Ah horizon, is the soil component that shows the most
rapid response to global change and human activities. For
China’s soils, a topsoil layer at 0-20 cm was consistently
sampled in the national soil survey or soil fertility monitoring program [20]. In this study, we determined the topsoil carbon stock at 0-20 cm with actual measurements. We
further explored the changes in SOC stock by comparing
our measurements with the 334 soil profiles extracted
from soil databases at the national, provincial, and county
levels from China’s Second National Soil Inventory during the 1980s. Specifically, the purposes of this study
were to: (1) evaluate the current status and variability of the
topsoil SOC stock with special reference to the uncertainty
of SOC stock estimation, in the typical croplands of Northeast China, and (2) examine the dynamics of topsoil stock
in typical croplands SOC in Songnen Plain of Northeast
China, under the circumstances of climate warming and the
widely implemented cropland return of stubble, during the
past three decades. By quantifying SOC dynamics in the
croplands of China’s most important agricultural region,
we hope to provide a scientific basis for potential climate
mitigation measures in China’s agriculture.

2. MATERIAL AND METHODS

These four counties are all listed among the top ten
cereal-producing counties of China. This area is also
known as “the Golden Corn Belt” because of its favorable
climate and soils for corn production and very high corn
yields. As an important agricultural region, approximately
80% (12,961 km2) of the study area is cultivated, with
97.3% of used for dry croplands and 2.7% used for rice
paddies. In this area, single crops are replanted annually
with continuous spring corn, Zea mays L., as the prevailing
cropping system (more than 90% of the dry croplands).
Other cropping systems include continuously cropped rice,
Oryza sativa L., soybean, Glycine max, and vegetables.
The current yields of corn, rice, soybean, and vegetables
in this region are approximately 9,000, 8,600, 2,400, and
36,000 kg ha-1 respectively.

FIGURE 1 - Location of sampling sites in the study area, during
1980 and 2010 (background map shows land use information in
2005; the inset in the bottom right corner shows the geographic
distribution of 234 nearly matched sites selected from all sampling
sites over the two sampling periods).

2.1. Study area

2.2. Data sources and processing
2.2.1. Soil data for 1980

The typical croplands in Songnen Plain of
Northeast China, lying between 124°11'¡«126°30'E
and 43°11'¡«44°55'N, in the central part of Jilin Province, Northeast China, was chosen as the study area. This
region includes four counties, Jiutai County, Dehui County, Nongan County, and Gongzhuling County, and covers
a geographical area of 16,423 km2, with altitudes between
130 and 590 m. The study area is characterized as having
a temperate, semi-humid, continental monsoon climate,
with an annual precipitation of 480–600 mm and a mean
annual temperature of 4.6–5.6 °C. The average annual
sunshine is 2,571–2,785 h, and the average wind speed is
about 3.0–3.3 m s-1. The frost-free period ranges between
130 and 157 days, and the main soil types include Luvic
Phaeozem, Haplic Chernozem, Eutric Vertisol, and Stagnic Cambisols.

A comprehensive soil survey was undertaken in Jilin
Province from 1979 to 1982, with a mean year of 1980. The
soil survey was finalized in 1982 and compiled in several
volumes, with soil investigation reports for each county and
soil maps of Jilin Province and of each county. In this study,
334 samples were taken from typical sites recorded in Soil
Species Records of Jilin Province, Soils of Jilin Province,
Soils in Dehui County of Jilin Province, Soils in Jiutai
County of Jilin Province, Soils in Nongan County of Jilin
Province, and Soils in Gongzhuling County of Jilin Province. Of these 334 sites, 321 are located in dry croplands
and 13 are located in rice paddies. Each sample was
weighted about 0.5 kg, and was collected as a composite of
three sub-samples taken randomly within a plot. The inventory described the soil physical and chemical properties by
horizon. Specifically, it recorded the geographic location,
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land use information, layer thickness, bulk density, rock
fragments, and soil organic matter for each soil profile. Soil
organic matter was determined using the Walkley-Black
method [21]. In this analysis, we converted soil organic
matter to SOC using a constant of 0.58 [22].

fertilizer use, were collected at the county level from the
Statistical Yearbooks of Jilin Province, China [23, 24], to
analyze possible factors associated with SOC dynamics in
the typical croplands of Northeast China. In this study,
regional values for statistical data were obtained by averaging county values.

2.2.2. Soil data for 2010

The soil data for 2010 contains SOC measurements of
the topsoil samples collected in a provincial cropland soil
fertility investigation during the autumns of 2008–2011
(September and October, after crop harvest), with a mean
year of 2010, under a project financed by the Ministry of
Agriculture of China. Topsoil samples at depths of 0–20 cm
were taken using a grid sampling procedure. During the
soil survey, topsoil samples were randomly collected at
approximately one sample per 10 km2. Land use types and
geographic locations were recorded while sampling in the
cropland fields. These soil samples were collected using a
standard container with a volume of 100 cm3. Five replicate sub-samples were homogenized. In total, 1,460 samples were obtained for the whole study area, of which,
1,308 were collected in dry croplands and 152 were collected in rice paddies. The soil samples were air-dried,
and then oven -dried at 105 °C to determine the bulk density. Prior to the SOC measurements, the same soil sample
treatment procedures were employed for both periods. Visible plant detritus and any fragments were removed after airdrying at room temperature. The samples were then ground
to pass through a 2 mm sieve; a portion was subsequently
ground in a porcelain mortar to pass through a 0.15 mm
sieve for the SOC measurements. The SOC concentration
was measured with the same method used in the National
Soil Inventory (i.e., the Walkley-Black method).
2.3. Geographical datasets of the study area

The study area has not experienced significant land use
change during the past three decades [16]. Therefore, only a
one-period land use map was employed for the analysis.
Two cloud-free Landsat TM scenes (118/29 and 118/30,
Sept. 8, 2005) were acquired to derive land use information
for the study area through visual interpretation. These Landsat images were enhanced using linear contrast stretching
and histogram equalization techniques to help identify
ground control points for rectifying to the Albers coordinate
system based on the 1:100 000 topographic maps. For each
TM scene, at least 20 evenly distributed sites were utilized
as Ground Control Points (GCPs) for geometric correction. Reference data were collected from a field survey
and existing land use maps. The soil map of the study area
(1: 200, 000) was scanned and digitized. With the help of
ArcGIS, a commercial GIS program, the values of the soil
properties were linked to topographic variables (elevation
and slope gradient), soil types, and land use types [17].
Topographic maps of the study area (1: 100, 000 scale,
created in 1987) were scanned and digitized, and a raster
digital elevation model (DEM) was built. Elevation and
slope gradient were extracted from the DEM data. Longterm statistical data, including corn yield, rice yield and

2.4. Data analysis

SOC data were derived using the following steps.
First, we calculated soil organic carbon density (SOCD) in
the top 20 cm of each profile during 1980 and 2010 using
equation (1):

SOCD = T × BD × SOC × (1 − R / 100) / 100 (1)
where T, BD, SOC, and R are soil thickness (20 cm,
in this paper), bulk density (g cm-3), and SOC (g kg-1), and
volume percentage of the fraction larger than 2 mm, respectively. Since cropland soils in the study area were
mostly derived from deposits in flat areas, the sand fraction (> 2 mm) of the total mass of topsoil is usually negligible and regarded as zero [24]. Considering the lack of
bulk density for some profiles surveyed during the 1980s,
we used the mean values of the same soil subgroups.
Second, with an approach similar to Bellamy et al. [2],
we selected 234 nearly matched sites with similar geographic locations, soil types, and land use types from all
sampling sites during the two sampling periods, to conduct
site-level comparisons between 1980 and 2010 (Fig. 1).
The selected sites were evenly distributed and were representative of major cropland types in the study area. To
further reduce the effects of soil heterogeneity, we fully
matched the selected sites of these two periods by applying
the Kriging interpolation technique. Specifically, we interpolated the actual measurements at all sampling sites to
produce the spatial distributions of SOCD for 1980 and
2010. We then compared actual measurements during one
period with those extracted from the spatial interpolation
during the other period. For those sites selected from 1980
(of 234 selected sites, 120 were from 1980), we compared
their actual measurements with corresponding values extracted from the spatial interpolation of 2010. Likewise, for
those sites selected from 2010 (140 of the 234 sites), we
compared their actual measurements with corresponding
values extracted from the spatial interpolation of 1980. As a
result, we obtained 234 paired sites to detect changes in
SOCD from 1980 to 2010, and thus could compare SOCD
at the same location between the two sampling periods for
each selected site. A paired t-test was conducted to determine whether the SOCD differed significantly between the
two sampling periods.
3. RESULTS
3.1. Variation of SOC stock with soil groups and regions

The calculated SOCD and SOC stock for soil groups
and administrative counties for both 1980 and 2010, are
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listed in Tables 1 and 2, respectively. When compared to
1980, a significant increase of SOCD values was observed in 2010 for all soil types. Smaller variations of
SOCD values between soil groups were also found in
2010. The highest SOCD values (3.71 and 4.50 kg C m-2
in 1980 and 2010, respectively) were found in Umbric
Gleysols of marsh origin [25]. Luvic Phaeozems, Haplic
Chernozems, and Eutric Vertisols, which are widely distributed in the study region, also had higher average SOCD
levels in both 1980 and 2010. The Arenosols had the lowest SOCD levels for both years.
SOCD levels in the topsoil exhibited regional variations, which ranged from 3.06 kg C m -2 in Nongan
County to 3.59 kg C m-2 in Dehui County in 1980, and
from 3.35 kg C m-2 in Gongzhuling County to 3.91 kg C m-2
in Dehui County in 2010 (Table 2). Likewise, the SOC
stock in the upper 20 cm varied markedly across different
administrative counties. Nongan County had the maxi-

mum SOC stock (12.99 Tg C in 1980 and 16.62 Tg C in
2010), whereas Jiutai County had the minimum SOC
stock (7.53 Tg C in 1980 and 9.03 Tg C in 2010).
In this study, the croplands were divided into two major types: dry croplands and rice paddies. In 1980, SOCD
levels were higher in rice paddies (5.16 kg C m-2) than in
dry croplands (3.15 kg C m-2). However, in 2010, we found
no obvious differences between SOCD levels in rice paddies (3.95 kg C m-2) and in dry croplands (3.75 kg C m-2).
For Dehui County and Jiutai County, the SOCD levels in
dry croplands were even higher than those in rice paddies
in 2010.
3.2. Changes in topsoil SOC stock between 1980 and 2010

The distribution of relative SOCD changes over the
study area for three decades is shown in Fig. 2. We found
that the SOCD and SOC stock in all four counties increased from 1980 to 2010. A greater SOCD increase was

TABLE 1 - Topsoil organic carbon density (kg C m-2) and stock (Tg C) of soil groups in typical croplands of the Songnen Plain of Northeast
China, estimated from the data of 1980 and 2010
Soil group (FAO &
UNESCO, 1988)

Soil area
(kha)

N

20.5
299.9
90.4
360.0
374.9
19.3
103.7
17.5
9.9
1296.1

8
99
19
82
89
13
18
3
3
334

Haplic Luvisols
Eutric Vertisols
Arenosols
Haplic Chernozems
Luvic Phaeozems
Hydrgric Anthrosols
Stagnic Cambisols
Solonchaks
Umbric Gleysols
Total / mean

1980
SOC density
(kg C m-2)
3.11 ± 0.63
3.36 ± 0.17
2.59 ± 0.10
3.15 ± 0.10
3.21 ± 0.11
3.68 ± 0.54
3.34 ± 0.21
3.21 ± 0.41
3.70 ± 0.83
3.20 ± 0.15

SOC stock
(Tg C)
0.64 ± 0.13
10.06 ± 0.51
2.34 ± 0.09
11.34 ± 0.37
12.03 ± 0.39
0.71 ± 0.10
3.46 ± 0.22
0.56 ± 0.07
0.36 ± 0.08
41.52 ± 1.97

N
29
348
101
389
410
29
125
21
8
1460

2010
SOC density
(kg C m-2)
3.60 ± 0.20
3.93 ± 0.12
3.29 ± 0.16
3.71 ± 0.33
3.77 ± 0.07
4.00 ± 0.23
3.62 ± 0.10
4.21 ± 0.29
4.50 ± 0.65
3.76 ± 0.17

SOC stock
(Tg C)
0.74 ± 0.04
11.78 ± 0.35
2.97 ± 0.14
13.37 ± 1.19
14.15 ± 0.27
0.77 ± 0.04
3.76 ± 0.11
0.74 ± 0.05
0.44 ± 0.06
48.72 ± 2.26

TABLE 2 - Regional distribution of topsoil soil organic carbon storage (kg C m-2) and stock (Tg C) of typical croplands in the Songnen Plain
of Northeast China, in 1980 and 2010
Administrative
county

Land use
type

Soil area
(kha)

1980 (Mean ± SE)
N

Dehui County

Gongzhuling
County

Jiutai County

Nongan County

Study area

DC
RP
Total
DC

271.2
12.6
283.8
350.9

84
5
89
47

SOC density
(kg C m-2)
3.53¡ À0.18
4.83¡ À0.11
3.59¡ À0.17
3.05¡ À0.17

RP
Total
DC
RP
Total
DC
RP
Total
DC
RP
Overall

2.6
353.5
222.8
10.9
233.7
416.5
8.6
425.1
1261.4
34.7
1296.1

1
48
64
5
69
126
2
128
321
13
334

8.49
3.09¡ À0.17
3.17¡ À0.21
4.34¡ À0.22
3.22¡ À0.21
3.00¡ À0.12
5.72
3.06¡ À0.12
3.15¡ À0.05
5.16¡ À0.41
3.20 ± 0.15
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SOC stock
(Tg C)
9.53¡ À0.48
0.61¡ À0.01
10.14¡ À0.49
10.64¡ À0.61
0.22
10.86¡ À0.61
7.06¡ À0.47
0.47¡ À0.02
7.53¡ À0.49
12.50¡ À0.50
0.49
12.99¡ À0.50
39.73¡ À0.63
1.79¡ À0.14
41.52 ± 1.97

2010 (Mean ± SE)
N
320
21
341
345

SOC density
(kg C m-2)
3.96¡ À0.11
3.75¡ À0.20
3.96¡ À0.11
3.34¡ À0.13

SOC stock
(Tg C)
10.65¡ À0.28
0.60¡ À0.02
11.25¡ À0.30
11.73¡ À0.46

4
349
289
17
306
456
8
464
1410
50
1460

3.46
3.35¡ À0.13
3.90¡ À0.13
3.19¡ À0.40
3.88¡ À0.12
3.91¡ À0.09
3.92¡ À0.13
3.91¡ À0.09
3.75¡ À0.03
3.95¡ À0.11
3.76 ± 0.17

0.09
11.82¡ À0.46
8.68¡ À0.26
0.35¡ À0.04
9.03¡ À0.30
16.29¡ À0.39
0.33¡ À0.01
16.62¡ À0.40
47.35¡ À0.38
1.37¡ À0.04
48.72 ± 2.26
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found in Nongan County and Jiutai County (Fig. 2 and
Table 2). The calculated regional average topsoil SOC
storage was 3.20±0.15 kg C m-2 in 1980 and 3.76±0.17
kg C m-2 in 2010. With the SOC storage data from different categories (see Tables 1 and 2), the regional topsoil
SOC stock could then be estimated as 41.52±1.97 Tg C in
1980 and 48.72±2.26 Tg C in 2010. A stock increase of
7.20 Tg C had occurred over the previous 30 years (Tables 1 and 2). Accordingly, the regional mean SOC sequestration rate is estimated at 0.019 kg C m-2 yr-1.
Mean SOCD values from 234 sites were estimated to
be 3.24 and 3.71 kg C m-2 for 1980 and 2010, respectively
(see Table 3). The relative difference between the average
value of SOCD in 2010 and that in 1980 was 0.47 kg C m2
(14.51%). While the SOCD of rice paddies was higher
in 1980 than in 2010 (n = 8, t = 2.427, P = 0.041) at the
site level, the SOCD of dry croplands was lower in 1980
than in 2010 (n = 226, t = -6.121, P = 0.000).

FIGURE 2 - Estimated relative change (%, to 1980) of SOCD over
the study region.
TABLE 3 - Site-level comparison of mean values of soil organic
carbon density (SOCD) and results of paired t-test for different
periods.
Item
Mean value of SOCD
1980 (kg C m-2)
Mean value of SOCD
2010 (kg C m-2)
Change (kg C m-2)

DC
3.15

RP
5.33

Overall
3.24

3.71

3.65

3.71

0.56

-1.68

n
t
1980 DC—2010 DC
225
-6.121
1980 RP—2010 RP
9
2.427
1980 Total—2010 Total
234
-4.943
Land use type: DC, dry cropland; RP, rice paddy.

0.47
P£¨ 2-tailed£©
0.000
0.041
0.000

4. DISCUSSION
4.1. Regional SOC estimation

The large number of soil samples in this study greatly
improved the accuracy of regional SOC estimates. Our
study first evaluated the current status of topsoil SOC stock
in typical croplands of Songnen Plain of Northeast China
using 1,460 samples obtained from a provincial soil survey.
The mean SOCD across the study region was calculated
to be 3.76 kg C m-2 in the 0–20 cm soil layer (Table 1).
This value is lower than the reported value (6.80 kg C m-2) in
the eastern tropical and subtropical regions of China [26],
but higher than the value (2.64 kg C m-2) obtained in the
Loess Plateau of Northwest China [27]. The highest SOCD
values (4.50 kg C m-2), in Umbric Gleysols, were attributed
to the marsh origin of the SOC stock [25]. Solonchaks,
which have salinity and low organic C in the parent material, currently have the highest SOCD after Umbric
Gleysols. These results demonstrate the important role of
cropland management for maintaining and increasing
SOC levels in Northeast China’s croplands. In the present
study, Hydragric Anthrosols (predominantly paddy soils
rich in amorphous oxyhydrates) had higher SOCD values.
This result may be generally explained by high rice biomass production [28] and low organic C mineralization
under wet conditions [29]. The higher SOCD values for
Hydragric Anthrosols are also shown by Pan et al. [13]
using statistics of SOC variation for all of China’s paddy
soils. Luvic Phaeozems (3.77 kg C m-2), Haplic Chernozems (3.71 kg C m-2), and Eutric Vertisols (3.93 kg C m2
), which account for 80% of the total croplands of the
study area, have obviously lower SOCD values than the
corresponding China’s mean values (5.7 kg C m-2, 4.8 kg C
m-2, and 5.1 kg C m-2, for these three soil groups, respectively) in China’s croplands estimated by Yang et al. [10]
using China’s second national soil survey data. The current
SOCD status of these soils is due to their long tillage history
[17]. The lowest SOCD was found in Arenosols owing to its
aeolian parent material being relatively deficient in SOC.
A large number of previous studies revealed that climate, vegetation, soil texture, and human activities have
great impacts on the spatial variance of SOCD [10, 30,
31]. In this study, SOCD exhibited regional variations and
varied markedly across different administrative counties
(Table 2) may be mainly due to the different proportions
of soil types and land covers, which have different SOCD
[32]. The Dehui county had the largest SOCD in 1980 and
2010 than other three counties likely resulted from the
larger proportion of rice paddy (4.4%) and more clay content in soil [30, 31]. In contrast, Nongan and Gongzhuling
had the smallest SOCD in 1980 and 2010, respectively,
which probably related to the more areas of Arenosols and
(Table 1) lesser areas of rice paddy (Table 2).
Higher SOCD values were found in the central part of
the study area, where dry croplands predominated. The
study region was then divided into 213 grids, each 10 km
× 10 km, to explore the effects of the percentage of dry
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croplands on the SOCD in each grid. Statistical regression
analysis indicated that the variation of the average SOCD
level with grids was tightly correlated with the proportion
of dry croplands within the cropland area (r = 0.33, P <
0.05) (Fig. 3). In a region where cropland is the main land
use type, the proportion of dry croplands to the total area
of croplands thus appears to control the regional average
level of topsoil SOCD. Our results also demonstrate the
important role of dry cropland management for maintaining and increasing regional SOC storage in the croplands
of Northeast China. This finding is contrary to those findings in Eastern China, where the SOCD level with municipalities correlates with the percentage of rice paddies [15].

FIGURE 3 - Average SOCD in relation to occupation of dry
croplands per 10 km × 10 km grid.

4.2. SOC stock dynamics during the past three decades

Our results indicate that the total topsoil SOC stock
of typical croplands in the Songnen Plain of Northeast
China was enhanced from 1980 to 2010. The increase in
SOC stock in the study area is presumably driven by the
larger increases of C inputs than outputs. During the past
three decades, corn and rice biomass production in the
study area has significantly increased (Fig. 4) because of
the rising temperature and enhanced mineral fertilizer
application [24]. Chemical fertilizers can increase the
shoot and root production of crops, which subsequently
increases residue input into soil and leads to increased
SOC levels [18]. Significant correlations between soil
organic matter and cereal productivity in China were also
reported by Pan et al. [33]. However, climate warming
may also stimulate microbial decomposition and lead to
more carbon release from soils [34].
Since the early 1990s, increasing attention has been
paid to the importance of protecting soil fertility in the
Songnen Plain of Northeast China. Pulverization and the
post-harvest turnover of corn stubble were widely adopted
for about 15 years until now [17], and about 1400 kg/ha
of corn stubble was returned back into soils per year according to field investigations. In the dry croplands of
Northeast China, Jin et al. [35] reported that with straw
returning, the annual increase of SOCD could be 0.039 kg
C m-2, based on cropland fertility monitoring studies. If
this annual increase rate of SOC is used for analysis, the
net SOCD increase in the topsoil of corn fields in the
study area is 0.585 kg C m-2 from 1990 to 2010. This
annual increase rate may partially explain the SOCD
increase of 0.60 kg C m-2 (from 3.15±0.05 kg C m-2 in
1980 to 3.75±0.03 kg C m-2 in 2010) and the SOC stock
increase of 7.62 Tg C (from 39.73±0.63 Tg C to
47.35±0.38 Tg C), in the dry croplands of the study area.

FIGURE 4 - Increase in average corn and rice yields per hectare during 1980–2005
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FIGURE 5 - Estimated relative change (%, to 1980) of SOCD over the study region.

In the 1980s, paddy fields had a higher SOCD than
dry cropland owing to greater dry matter production. The
lower soil organic carbon under corn reflects the lower
organic matter input. This lower organic matter input is
due to the wide spacing of maize plants, their sparse root
system, and the removal of substantial amounts of dry
matter at harvest [17].However, for rice paddies in the
study area during the past 30 years, farmers removed
substantial amounts of dry matter at harvest and rarely
applied organic manure into the paddy fields [18]. For this
reason, SOCD in rice paddies decreased from 5.16±0.41
kg C m-2 in 1980 to 3.95±0.03 kg C m-2 in 2010, which
led to a net decrease of SOC stock of 0.42 Tg C (from
1.79±0.14 Tg C to 1.37±0.04 Tg C).
Soil C sequestration through well-managed agriculture is considered a potential approach for mitigating the
rise of atmospheric CO2 [12]. In particular, SOC storage as
affected by tillage was evaluated by West and Marland [36];
rangeland management, by Schuman et al. [37]; residue
applications, by Jacinthe et al. [38]; drainage, by Jacinthe et
al. [39]; and fertilizer application, by Hao et al. [40]. Future
changes in climate, atmospheric CO2 levels, and land use
may affect C pools in soils and thereby influence the atmospheric CO2 reservoir and the climate of the earth [41].
For croplands in Northeast China, soil erosion is considered one of the important factors affecting the decline
in SOC [42]. In this study, the areas with decreased
SOCD generally have steeper slopes (Fig. 2 and Fig. 5). It
can be assumed that relatively steeper slopes should result
in more soil erosion, leading to SOC decline. To reveal
the effects of slope on the SOCD decline, all 153 10 × 10 km
grids were extracted for analysis. Statistical regression analysis showed that the absolute value of SOCD decline dur-

ing 1980–2010 were tightly correlated with the average
slope degree of the grid (r = 0.58, P < 0.01; Fig. 6). This
finding agrees with a report that in Northeast China, a decrease in SOC may be attributed to soil and water loss [43].

FIGURE 6 - Decrease in SOCD during 1980–2010 as a function of
average slope degree per 10 × 10 km grid.

5. CONCLUSIONS
SOC changes in croplands in the Songnen Plain of
Northeast China could be an indicator of the interactions
between cropland ecosystems and climate systems and
may help us to better understand how ecosystem processes respond to climatic warming and human activities. Our
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results show an overall increase in SOC stock in typical
croplands in Songnen Plain of Northeast China. The increased rate of SOC deposition was estimated at 0.019 kg
C m-2 yr-1 since 1980. During 1980–2010, the SOC stock
in dry croplands increased, while that in the rice paddies
decreased, resulting in a total SOC stock increase of 7.2
Tg C over the past 30 years. These findings demonstrate
the potentially important role in the mitigation of climate
change by agricultural soils in Northeast China. In the dry
croplands in the Northeast China, our results show that the
higher C sequestration rate was mainly due to the return of
corn stubble since the early 1990s.
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ABSTRACT
The removal of copper and lead by pine cone powder
were investigated with different parameters. High equilibrium biosorption values were observed at pH 5.0. The
equilibrium values for lead or copper at different temperatures did not change significantly. The heavy metal removal
percentages for both metals were increased by increasing
biomass dosages. The experimental data were fitted to
Langmuir isotherm model for Pb2+ and Cu2+ biosorption.
Kinetic studies showed that Cu 2+ and Pb2+ adsorption
process followed pseudo-second order kinetics models and
the adsorption was controlled by chemisorptions process.
The structural changes of pine cone were visualised by
a Scanning Electron Microscope (SEM). X-ray fluorescence
(XRF) analysis, Fourier Transform Infrared (FTIR) spectra,
and desorption studies gave an indication of the fraction of
lead(II) and copper(II) ions bound by ion exchange.

KEYWORDS:
Pine cone, heavy metals, copper, lead, biosorption.

1. INTRODUCTION
Heavy metal pollution is one of the most important
environmental problems today. Various industries produce
and discharge wastes containing different heavy metals into
the environment [1]. Intake of excess Cu2+ by humans may
lead to intense mucosal irritation and corrosion, widespread
capillary detriment, hepatic and renal harms, and central
nervous system irritations adhered by depression. Probable necrotic changes in the liver and kidney and vehement
gastrointestinal irritation can also occur [2]. Lead is neurologically and physiologically toxic to humans. Severe
Pb2+ poisoning may result in an inactivation of the kidney,
reproductive system, liver and brain resulting in disease
and death. Lead causes disease, even at extremely low
concentrations [3]. Adsorption is a very effective sepa-

* Corresponding author

ration technique, and now it is considered to be superior to
other techniques for water treatment because of low initial
cost, simplicity of design, ease of operation, and insensitivity to toxic substances [4]. Biosorption involves one or
more of several processes, including metal ion coordination complex, ion exchange, and covalent linkage to biomass components. However, biomass of different origins
has different sorption capacities because of different affinities for different metals; and since, there is no way to
predict metal sorption capacity of a certain biomass, the
search for an ideal techno-economically feasible biosorbent should be done [5]. Biosorbents are prepared from
natural materials and/or waste biomass of algae, moss,
fungi, or bacteria which are inactivated, and usually, pre
handled by washing with acids and/or bases before final
drying and grinding [6]. Large quantities of pine cones are
produced annually as agricultural by-products throughout
the world. The scales of the mature cone are composed of
epidermal and sclerenchyma cells which contain cellulose,
hemicelluloses, lignin, rosin and tannins [7]. One major
advantage of the use of pine cone powder as biosorbent is
that the minimum contact period required to remove large
amounts of metal ions from solution is very short. Literature search revealed that equilibrium of heavy metal uptake
onto pine cone powder was reached in the first 20 min for
Cu(II) [7], 30 min for Cr(VI) [8], and 3 min for Ni(II) [9].
Pine cone was used for the adsorption of dyes [4, 10]. The
aim of this research work is to clarify the mechanism of
adsorption onto the pine cone, and make a regional and
abundant material useful for pollution removal. In addition to this, effects of various physicochemical factors on
the rate of adsorption and also on the capacity of adsorbents were investigated. The effect of solution pH, adsorbent dose, and temperature on copper and lead adsorption
has been investigated.
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2. MATERIALS AND METHODS

qt =

2.1 Materials
2.1.1. Biosorbent

Pine cones were obtained from Cyprus International
University Campus in North Cyprus. Pine cones were
collected in 2012 and washed to remove impurities. The
washed cones were then dried at 40 °C for 68 h in an oven.
The scales on the cones were then blended in a Spex sample prep 8000 M/Mixer/Mill. The resultant powder was
sieved, and particles below150 µm were collected and
used for biosorption experiments.
2.1.2 Chemicals

All chemicals used were of analytical grade. The
stock solutions of Pb2+ and Cu2+ were prepared by dissolving 1000 mg Pb(NO3)2 and CuCl2 (MERCK chemicals), in 1 L of H2O, respectively. The metal solutions of
different concentrations were prepared by adequate dilution
of the stock solution with water. For all biosorption experiments, 10–300 mg/L Cu2+ and Pb2+ solutions were prepared and used. The pH of each solution was adjusted to
desired values with NaOH or H2SO4.
2.1.3 Instruments

An atomic absorption spectrophotometer (ShimadzuAAS 7000) was used to determine the concentrations of
Pb2+ and Cu2+ in solutions during the experiments.
The IR analyses were performed with a Fourier Transform Infrared Spectrometer (IRPRESTIGE - 21) working
in the range of 650–4000 cm-1, and with a universal ATR
sampling accessory to determine functional groups of the
pine cone.
A scanning electron microscope (JEOL JEM -6610 LV)
at KV 20 was used for the information of the surface morphological structure of pine cone before and after biosorption.
X-ray fluorescence (RIGAKU ZSX PRIMUS II) technique was used to analyse the elements in the structure of
the pine cone. The elements from Boron (B) to Uranium
(U), as organized in chemical elements table, can be measured by using XRF in the Central Laboratory in Cyprus
International University.
2.2 Methods
2.2.1. Biosorption experiments

Pine cones (1 g) was added into 100 ml of 50 mg L−1
Pb(NO3)2 and CuCl2 solutions. The solutions were incubated in a shaking water-bath agitated at 120 rpm for 560 min and 30 °C unless otherwise stated. Samples were
withdrawn at 0, 5, 10, 15, 30 and 60 min. Then, the samples were centrifuged, and Cu(II) and Pb(II) concentrations
before and after adsorption were AAS-analyzed.
The adsorbed amount of metal ions per unit weight of
a pine cone at time t, qt (mg g−1), was calculated by using
the following mass balance relationship:

(C 0 − C t )V
W

(1)

where, C0 and Ct (mg L−1) are the initial ion concentration and that at equilibrium time t, respectively, V is
the volume of the ion solution, and W is the weight of pine
cone.
2.2.1.1. Effect of pH

The effect of pH on metal ions adsorption was investigated with the initial pH range 2.0–6.0. The pHs of the
solutions were adjusted by using H2SO4 and NaOH.
2.2.1.2. Effect of temperature

The effect of temperature on the equilibrium uptake
of copper(II) and lead(II) from aqueous solution by pine
cone powder was investigated at 25, 30, 40, 50 and 60 °C.
Experiments were carried out at different initial copper(II)
and lead(II) concentrations (10, 25, 50, 100, 150, 200, 250
and 300 mg/L). The pH values of the media were adjusted
to 5.
2.2.1.3. Effect of biosorbent dosage

The effect of biosorbent dosage on copper and lead biosorption was investigated by using different biomass concentrations i.e., 1, 5, 10 and 20 g/L were added to 100 ml of
Cu(II) and Pb(II) solutions. Adsorption capacity of biosorbent was calculated by using Equation 1, and the removal percentages of Pb (II) and Cu (II) were obtained by
using the following equation:

Removal% = (

C0 − C t
) × 100
C0

(2)

where, C0 and Ct (mg/L) are the initial and the equilibrium ion concentration at time t, respectively.
2.2.1.4. Desorption studies

For desorption studies, 1 g of pine cone powder was
used for adsorption of 50 mg/L of lead and copper at 30 °C;
the solutions were shaken for 60 min, after that filtered
and washed with 100 ml of distilled water with a view to
remove desorbed metal ions attached to pine cone powder, and the metals were measured in distilled water. The
washed residual biosorbents were then dried in an oven at
60 °C for 24 h, and then reused. Desorption experiments
were performed with 0.1M NaOH and then carried out by
shaking at 30 °C for 60 min.
The percentage of desorption was calculated using
the following equation:
Desorption efficiency (%) =

C des
C ad

(3)

where Cad is the adsorbed metal concentration, and
Cdes is the desorbed metal concentration.
2.7. Kinetic studies

A kinetic study of adsorption is necessary as it provides the information about the adsorption mechanism,
which is crucial for the practicality of the process. In our
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case, three different kinetic models were applied in order
to establish which of them shows the best fit with experimentally obtained data.
2.7.1. Pseudo-first order kinetic model

The pseudo-first order kinetic model was applied to
many systems, from organic compounds. It is based on
the pseudo-first order rate expression of lagergren, and on
the function of the adsorbed mass over time in the following manner:

dq t /dt = k 1 (q e1 q t )

(4)

where, k1 is the pseudo-first order sorption rate constant, qe1 is the metal uptake at equilibrium, and qt is the
amount of metal ions adsorbed at any time t. When Eq. (3)
is integrated to a linear form, the following expression is
obtained:

ln (q e1 - q t ) = ln q e1 k 1 t

(5)

The overall rate constant k1 was calculated from the
slope by plotting ln(qe1 −qt) vs. t.

would yield a straight line passing through the origin if
the sorption process obeyed the intraparticle diffusion
model. When the plots do not pass through the origin, this
is indicative of some degree of boundary layer control.
This further shows that the intraparticle diffusion is not
the only rate limiting step, but also other kinetic models
may control the rate of adsorption.
2.8. Adsorption isotherms

Isotherm studies provide information on the capacity
of adsorbents which is a most important parameter for an
adsorption system. Adsorption isotherms are characterized
by certain constants and describe the mathematical relationship between the quantity of adsorbate and concentration of adsorbate remaining in the solution at equilibrium.
2.8.1. Langmuir isotherm

Langmuir adsorption isotherm is the most widely
used model for the adsorption process and is valid for
monolayer coverage of adsorbate on the surface of adsorbents. The non-linear form of Langmuir isotherm model
can be represented by:

qe =

2.7.2. Pseudo-second order kinetic model

Several systems respond to a second order kinetic
model for sorption reactions, and are represented by the
following equation:

dq t
= k 2 (q e − q t ) 2
dt

t
1
1
=
+ t
2
q t k 2q e q e

(7)

The linear plot of t/qt versus t was made in order to
calculate the second order rate constant (k2), and the equilibrium adsorption capacity (qe), from the slope and intercept, respectively.
2.7.3. Intra-particle diffusion model

The most commonly used technique for identifying
the mechanism involved in the adsorption process is by
using intra-particle diffusion model. According to Weber
and Morris (1963) [11], for most adsorption processes, the
uptake varies almost proportionately with t1/2 rather than
with the contact time, and can be represented as follows:

q t = k id t 0.5 + I

(9)

The linearized form of Langmuir can be written as
follows:

Ce
C
1
=
+ e
q e K a q max q max

(6)

where, k2 is the rate of pseudo-second order adsorption, and qe and qt are the amounts of metal ions adsorbed
at equilibrium and at any time, respectively. The sorption
rate can be calculated as the initial sorption rate when t
approaches zero. The pseudo-second-order equation can
be written as follows:

q max K a C e
1 + K a Ce

where, Ce (mg/L) is the equilibrium concentration of
the adsorbate, qe (mg/g) the amount adsorbed per unit mass
of adsorbent at equilibrium, qmax (mg/g) and Ka (L/mg) are
the Langmuir constants related to maximum adsorption
capacity and the affinity of binding sites or bonding energy for adsorption processes, respectively.
2.8.2. Freundlich isotherm

The empirical Freundlich isotherm is used to describe
multi-side adsorption isotherm for heterogeneous surfaces
and is expressed by the following equation:

q e = K f C1/n
e

(11)

where, Kf and n are the Freundlich constants related
to the adsorption capacity and intensity, respectively. This
equation is generally used in the linear form:

logq e = logK f +

1
logC e
n

(12)

The Freundlich equilibrium constants were evaluated
from the intercept and the slope, respectively, of the linear
plot of logqe versus log Ce, based on experimental data.

(8)

where, kid is the intra-particle diffusion rate constant
and I is a constant (mg g−1) giving information about the
thickness of boundary layer. The plot of qt versus t0.5

(10)

3. RESULT AND DISCUSSION
3.1. The effect of pH
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The effect of pH on biosorption is the most important
parameter. The biosorption of Cu2+ and Pb2+ was performed in a pH range from 2.0 to 6.0 at 30 °C with 10 g/L
pine cone powder which is presented in Fig. 1.

The Pb2+ biosorption capacity is higher than the Cu2+
biosorption capacity of pine cone (Fig. 1). The adsorption
capacity of pine cone for both metal ions was low at pH 2

FIGURE 1 - The effect of pH on Cu2+ and Pb2+biosorption (T: 30 °C, C0: 50 ppm, shaking rate: 120 rpm, W: 10g/L).

FIGURE 2 - The effect of different temperatures on Cu2+ and Pb2+biosorption (C0: 200 ppm, pH 5, shaking rate: 120 rpm, W: 10g/L).

and increased with increasing pH values between 3.0 and
5.0. At low pH values, Cu2+ and Pb2+ compete with H+ for
active sites of pine cone powder. Decrease in H+ concentration and increase in OH- concentration causes an increase in solution pH values, which causes an increase in
the biosorption of Cu2+ and Pb2+ ions. But at pH 6.0, the
biosorption capacity of biosorbent decreases for both
metal ions. This can be explained either by the damage of
the biosorbent structure at high pH values and desorption

of metal ions or by the formation of the metal hydroxides
which precipitates in the solution. As a result, at pH 5.0,
the highest biosorption capacity of biosorbent for Cu and
Pb ions was obtained.
3.2. The effect of temperature

The effect of temperatures on lead(II) and copper(II)
biosorption was investigated by studying different temperatures between 25 and 60 oC at pH 5, and by using
different Pb2+ and Cu2+ concentrations, and 10 g/L of pine
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cones. The equilibrium values of lead and copper biosorption at different temperatures were calculated by using
Eq. (1), plotted in Fig. 2.
The temperature does not affect the biosorption capacity of pine cones for Pb2+ and Cu2+ biosorption (Fig. 2).
However, 30 °C was taken as optimum temperature, because it is similar to the room temperature in our country;
thus, there is no need for cooling or heating which lowers
the price of the process. Ucun et al. (2009) [12] reported
the ineffectiveness of temperature on copper and zinc
biosorption onto cone biomass of Pinus sylvestris.

(93.11%), 4.73 mg/g (96.20% ) and 2.73 mg/g (97.30%)
for 1, 5, 10 and 20 g/L, respectively, and those of copper(II) were 10.08 mg/g (23.49%), 5.01 mg/g (59.11%),
3.45 mg/g (83.65%) and 2.16 mg/g (92.22%) for 1, 5, 10
and 20 g/L biosorbent, respectively. It appears that the
removal percentages for both metals increase with increasing biomass dosages because of the availability of
more active sites of pine cone powder. On the other hand,
the capacity of the biosorbent for Pb(II) andCu (II) decreased with increasing biosorbent amounts due to the fact
that pine cone dosages can adsorb only a fixed amount of
metals.

3.3. The effect of biosorbent dosage

The effect of different amounts of pine cone powder on
lead(II) and copper(II) biosorption were investigated by contacting the varying pine cone doses (1, 5, 10 and 20 g/L)
with 50 mg/L Pb2+ and Cu2+ solutions. The equilibria of lead
and copper were calculated by using Eq. 1, and the removal
percentages of Pb(II) and Cu(II) were calculated by using
Eq. 2. The removal efficiency obtained for Cu2+ and Pb2+
with different adsorbent doses and the sorption capacity of
biomass are shown in Figs. 3a and 3b, respectively.
The maximum removal percentages and biosorption capacities of lead(II) were 18.26 mg/g (37.11 %), 9.16 mg/g

3.4. Desorption

Desorption studies are important for reuse of adsorbents. Desorption is a conclusive step to make the process
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FIGURE 3 - The effect of pine cone doses on biosorption capacity and removal percentage ((A) lead(II), (B) copper(II)).

more economical, and can further explain the adsorption
mechanism. The extraction of the absorbed metal ions
from absorbent can be done by using different solvents. If
the adsorbed metal ions can be desorbed by water, it is
believed that the connection of the metal ions into the
adsorbent is by weak bonds (physical bonds). If a strong
acid or base solution like HCl or NaOH can desorb the
metal ions, it is believed that the adsorption of metals is
by ion-exchange. If a solution of acetic acid can desorb
the metal, it is believed that the attachment of the metal is
by chemisorption.
The desorption experiment was performed by using pine
cone powder after lead and copper biosorption experiments (after filtering, washing and drying for 24 h). Desorption process was carried out with 0.1M NaOH. Desorption percentages of lead and copper were calculated
by using Eq. 2. The desorption percentages of lead and
copper were 62.5% and 37%, respectively. Desorption of
lead was higher than that of copper. The percentages of
lead(II) and copper(II) ions desorbed give an indication of
the fraction of lead(II) and copper(II) ions bound by ion
exchange on the pine cone powder surface. Desorption with
strong acid solution (HCl and HNO3), followed by acetic
acid, accounted for the highest percentage of copper(II) and
lead(II) desorption from KOH-treated pine cone powder [13].
3.5. The adorption kinetics

The pseudo-first-order model, the pseudo-second-order
model, and intra-particle diffusion models are used to describe the mechanism of lead and copper biosorption onto
pine cone powder. The adsorption kinetics of Pb2+ and Cu2+
biosorption at different concentrations were investigated by

using linear equations of pseudo-first-order, pseudo-secondorder and intra-particle diffusion models. The correlation
coefficients, rate constants, and calculated and experimental adsorption capacities of the biosorbent for lead
and copper are listed in Tables 1 and 2, respectively.
The r2 values of pseudo-second-order model for lead(II)
and copper(II) were higher than those of the pseudo-firstorder model. In addition to this, calculated uptake experimental equilibrium adsorption capacity of the pine cones
for both metal ions were closer to the equilibrium adsorption capacities calculated by using pseudo-second order
kinetic model. Pseudo-first order kinetic model predicted
a significantly lower value of the equilibrium adsorption
capacity than the experimental value, indicating the inapplicability of this model. As presented in Tables 1 and 2,
linearity is not applied for all adsorbate concentrations
with intraparticle diffusion model. Even though linearity
fits to some cases (Tables 1 and 2), it cannot be stated that
intra-particle diffusion process is the unique rate-limiting
step in the sorption of Cu and Pb ions onto the pine cones.
The deviation of the linear plots from the origin indicates
that there are other sorption steps, for instance, external
diffusion, even though obtained intercept values with a
unique intersection point suggest that intra-pore diffusion
plays a significant role over the sorption of Pb and Cu ions
with adsorbate concentrations of 300 mg/L. Hence, the
pseudo-second-order model is a good compliance for experimental data of Pb2+ and Cu2+ biosorption; the pseudosecond-order model determines chemisorption phenomenon which includes valiancy forces or covalent forces
through the ion exchange between adsorbent and adsorbate [14]. So, it can be concluded that the biosorption of Pb2+
and Cu2+ onto pine cone powder is by chemical reaction.

TABLE 1 - Pseudo-first order adsorption kinetic and pseudo-second order adsorption kinetic at different concentrations for lead biosorption
on pine cones.
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50

qeexp
(mg/g)
3.925

Pseudo-first-order model
qe , Cal
r2
(mg/g)
0.132
2.898
0.976

Pseudo-second-order model
qe, Cal
r2
(mg/g)
1.0808
3.683
0.997

Intra-particle diffusion
I (mg/g)
r2
intercept
1.0267
0.1673
0.9709

150
200
250

12.872
14.621
17.883

0.013
0.314
0.109

1.318
15.669
11.396

0.885
0.958
0.840

1.394
0.053
0.0522

12.224
15.290
17.889

0.9996
0.989
0.991

3.4381
4.6673
5.246

0.1255
1.2993
0.2025

0.9921
0.9277
0.9912

300

17.245

0.068

2.417

0.901

0.1495

17.889

0.9979

5.0653

0.192

0.9915

C0 mg/L

k1

k2

kid

TABLE 2 - Pseudo-first order adsorption kinetic and pseudo-second order adsorption kinetic at different concentrations for copper biosorption on pine cones.
Pseudo-first-order model	
 
C0
(mg/L)
25
50
200

qe exp
(mg/g)
1.927
3.581
8.865

250
300

8.212
9.684

Pseudo-second-order model	
 

r2

k2

0.0379
0.0422
0.0711

qe cal
(mg/g)
0.566
0.480
7.525

0.9700
0.9510
0.8142

0.135
0.1039

5.322
8.070

0.9435
0.9154

k1

Intra-particle diffusion

r2

kid

0.904
1.083
0.020

qe cal
(mg/g)
1.806
3.759
9.634

0.9979
0.9998
0.9747

0.098
0.016

8.525
11.001

0.9984
0.9546

3.6. Adsorption isotherms

r2

0.3281
0.7224
1.1099

I (mg /g)
intercept
0.1377
0.1783
0.8662

0.9107
0.9341
0.9515

1.4263
1.3086

0.9145
0.1296

0.8949
0.9986

concentrations at various temperatures. The equilibrium
data for lead and copper biosorption were analyzed by using
the linearized form of the Langmuir adsorption isotherm
(Eq. 10), and the linearized form of the Freundlich adsorption isotherm (Eq. 12). Tables 3 and 4 show the comparison
between the correlation coefficients of Langmuir and
Freundlich isotherm models, and the calculated equilibrium adsorption capacities by using both models, and experimental equilibrium adsorption capacity of biosorbent
for lead and for copper, respectively. For Cu2+ and Pb2+,
the qmax values, which were obtained by using the Langmuir isotherm model, were closer to the experimental
adsorption capacity values. However, the Kf values were
not identical with the experimental adsorption ca-

The two most widely used models for describing the
equilibrium are Langmuir and Freundlich isotherms. The
Langmuir theory assumed that the connection between
adsorbent and adsorbate is mainly by chemically reactive
adsorption; all active sites are adsorbing only one molecule of adsorbate, adsorption happens at a specific homogenous site in the adsorbent, all sites are equivalent, and
there is no reaction between adsorbate molecules. The
Freundlich isotherm model assumes that the adsorption of
adsorbate molecules occurs on a heterogeneous surface of
adsorbent, and it can be described by multi-side adsorption. The equilibrium studies were carried out at pH 5,
with 10 g/L pine cones and different Cu2+ and Pb2+ initial

TABLE 3 - Isotherm parameters at different temperatures for Pb2+biosorption onto pine cones.
Langmuir

Freundlich

T (°C)
25
30

qeexp(mg/g)
16.06
16.55

Ka
0.106
0.13

qmax
21.93
20.45

R2
0.9999
0.9979

Kf
1.075
2.95

n
1.426
2.345

R2
0.9481
0.9898

40
50
60

15.90
15.84
14.50

0.144
0.428
0.139

16.78
15.48
16.69

0.9937
0.9983
0.9993

1.10
3.19
3.96

1.741
3.011
3.800

0.9925
0.9952
0.9945

TABLE 4 - Isotherm parameters at different temperatures for Cu2+ biosorption onto pine cones.
Langmuir

Freundlich

T (°C)
25

qeexp (mg/g)
8.69

Ka
0.054

qmax
10.87

R2
0.9977

Kf
1.019

n
2.228

R2
0.9905

30
40
50

8.95
8.95
8.68

0.063
0.048
0.049

10.94
11.43
11.06

0.9982
0.9975
0.9964

1.107
1.079
1.103

2.274
2.086
2.073

0.9911
0.9904
0.9914

60

8.97

0.044

11.72

0.9967

1.114

2.024

0.9920
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FIGURE 4 - FTIR spectra of pine cones before biosorption, and after lead and copper adsorption.
3.7. FTIR analysis

pacity values of the biosorbent, and the Regression coefficient values for Langmuir isotherm model were higher
than those for Freundlich isotherm model. Consequently,
the copper and lead ions were adsorbed onto pine cone surface in monolayer coverage. Maximum adsorption capacity
of pine cones for Cu2+ and Pb2+ obtained by Langmuir
isotherm model were 21.93 mg/g and 11.72 mg/g, respectively. This capacity could be increased by using pretreated pine cones [10].

Infrared (IR) spectroscopy is a technique of revealing
the oscillation characteristics of chemical functional groups
in the sample. The FTIR spectra of pine cone before and
after biosorption of lead and copper are shown in Fig. 4.
Several peaks of different functional groups were observed
which are responsible for binding of lead and copper ions.
The spectra peak appearing at 3320 cm-1 can be attributed
to alcohol O-H bonds, and 2920 cm-1 represents aliphatic

(A)
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(B)

(C)
FIGURE 5 - SEM images of pine cones: (A) original, (B) after copper biosorption, and (C) after lead biosorption.
TABLE 5 - XRF results for original pine cone and after lead and copper biosorption.
Amount of elements (%)
Original
Copper *
Na
1.6600
0.2720

Lead**
0

Changing percentage (%)
Copper*
Lead**
- 83.614
0

Mg
K
Ca

5.3500
7.8200
33.800

2.0400
0.7220
7.4000

1.1000
1.0900
17.000

- 61,.869
- 90.767
-78.106

- 79.439
- 86.061
- 49.704

Fe
Al

16.500
4.3300

4.9400
3.3900

6.3500
1.4800

- 70.060
- 21.709

- 61.515
- 65.820

Si
P
S

13.300
2.2900
5.5200

10.400
1.2000
3.2600

4.8300
0.5350
1.6400

- 21.804
- 47.598
- 40.942

- 63.684
- 76.637
- 70.290

Cl
Cr
Mn

1.1400
0.1690
0.3250

0.2430
0.0702
0.0594

0.1290
0.0932
0.0971

- 78.684
- 58.461
- 81.723

- 88.684
- 44.852
- 70.123

Ni
Cu

0.1900
0.2080

0.0990
59.900

0.0723
0

- 47.895
+ 28698

- 61.947
0

Zn
Br
Sr

0.3120
0.0690
0.4000

0.0750
0.0425
0.2000

0.2130
0
0.3000

- 75.961
- 37.956
- 43.192

- 31.731
0
- 30.047

Pb
0
0
56.700
0
+ 56600
(+): a percentage increase; (-): a percentage decrease; * : after Cu2+ adsorption; **: after Pb2+ adsorption
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C-H groups. The peaks at 1700 and 160 cm-1 can correspond to the carboxylic C=O double bond, and 1520 cm-1
can be assigned to C=C bonds. The peak at 1440 cm-1 indicates O-H carboxylic acids, and peaks at 1360 cm-1 may
be assigned to C-N stretch aryl amines. The peaks appearing at 1260 and 1030 cm-1 can be caused by C-O groups
of carboxylic acids. Finally, the peak at 880 cm-1 indicates
C-H aromatic bonds.
Pine cones are composed of chemical compounds, such
as holocellulose, α-cellulose and lignin [15]. Cellulosic and
lignin materials have a strong tendency to attract and remove heavy metal ions from aqueous solution [16]. These
components are usually composed of groups, such as alcohols, aldehydes, ketones, carboxylic, phenolic and ether
groups, which are known to bind heavy metals by the donation of an electron pair from these functional groups to
form complexes, or exchange of hydrogen ions for heavy
metal ions in solution [17].
FTIR spectra showed that the characteristics of pine
cone before and after lead and copper biosorption are similar. The peak shapes of FTIR spectra in pine cone before
and after adsorption are the same with small changes in
intensity, which shows that the mechanism of the biosorption of Cu2+ and Pb2+ is ion exchange.

ions. Thus, the biosorption of Pb2+ and Cu2+ onto pine cone
powder is by ion exchange.
4. CONCLUSION
The results from this study showed that the effective
removal of Cu(II) and Pb(II) can be achieved by using
pine cone powder, an agricultural by-product waste. It
was observed that the adsorption was pH-dependent, and
maximum adsorption was found at pH 5.0. The adsorption capacity of the biosorbent did not change with temperature. An increase in the removal percentages for both
metals was observed with increasing biomass amounts. The
experimental data fit well to Langmuir isotherm model
which shows the monolayer coverage of the biosorbent.
The maximum Cu2+ and Pb2+ adsorption capacities of the
pine cones from Langmuir model were 21.93 and 11.72,
respectively. The kinetic studies showed that the Cu2+ and
Pb2+ adsorption process followed a pseudo-second order
kinetic model. The biosorption process is mainly dominated by ion-exchange mechanism, accompanied by regeneration studies, FT-IR spectra, and XRF analysis.
The authors have declared no conflict of interest.

3.8. SEM analysis

The SEM images of pine cone powder before and after biosorption of Cu2+ and Pb2+ are shown in Fig. 5. The
surface morphology of the sample will be changed after
adsorption of copper and lead ions, which can be detected
by using SEM. The form and quantity of united fine particles and cracks onto the pine cone powder surface are
different before and after copper and lead biosorption. The
availability of pores and internal surface is clearly displayed
in the SEM picture of the pine cone biomass before adsorption, and the coverage of the surface by the adsorbed
metals is shown in Figs. 5b and 5c.
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3.9. X-ray fluorescence (XRF) analysis

XRF analysis is used to determine the major and trace
elements in samples. The samples of pine cone powder
were analyzed by using XRF in order to determine the
changes in the quantities of elements on pine cones before
and after the biosorption of lead(II) and copper(II). Table 5
shows the amounts of elements in pine cone samples that
were obtained by XRF.
The elements which were found in original pine cone
samples are Na, Mg, Ca, K and Fe, with a small percentage
of Cu but no Pb. After copper(II) biosorption, the percentage of Cu ions on biosorbent increased and those of Na,
Mg, Ca, K and Fe ions decreased. After lead(II) biosorption, high quantities of lead element on biosorbent were
detected, and the percentages of Na, Mg, Ca, K and Fe
ions were less than their percentages in the original pine
cone sample. This shows us the replacement of the positively charged ions on pine cone with Pb(II) and Cu(II)
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ABSTRACT
Polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) are a group of persistent organic pollutants
present in raw sewage sludge. Pyrolysis and combustion
at different temperatures were separately conducted in two
tubular furnaces to represent two manners of industrial
thermal treatment. The evolution of 17 toxic PCDD/Fs
during both processes was analyzed. Less than 5% of the
17 toxic PCDD/Fs from the untreated sewage sludge was
detected at the outlet of the reactor after pyrolysis but 2
to 13 times during combustion. I-TEQ of the 17 toxic
PCDD/Fs evolution during combustion was 41 to 219 times
of that of the untreated sewage sludge indicating production of congeners of high I-TEQ. Analysis of the fingerprints of the total PCDD/F homologues indicated formation of T4CDF and P5CDF, the main reason of I-TEQ
variation. With regards to concentration of PCDD/Fs evolution, temperature has little influence on pyrolysis but led
to tremendous change during combustion. The prominent
maximum of PCDD/F concentration evolved at 750 °C
(combustion) indicating that operation temperatures of
higher than 800 °C in combustion processes should be
recommended; 900 °C operation temperature can get the
lowest I-TEQ. The impressive low emission in pyrolysis
contrasted with combustion and showed a great advantage
in PCDD/Fs control.

KEY WORDS: Polychlorinated dibenzo-p-dioxins and dibenzofurans; sewage sludge, pyrolysis, combustion

1. INTRODUCTION
Sewage sludge from municipal and industrial
wastewater plants is raising more and more concerns,
because of its tremendous amounts and potential risks for
human health and the environment [1, 2]. More than 10 M
tons in the EU [3] and 9.18 M in China [4] of sewage
sludge (dry solids) are annually produced. Many organic
contaminants have lipophilic properties and, hence, when
transferred to

* Corresponding author

sewage sludge, they may be present in residual concentrations ranging from < ng/kg to % values in dry solids [5].
Combustion of sewage sludge has advantages, such
as reduction of its volume, complete destruction of pathogenic and organic pollutants, and energy recovery [4].
Pyrolysis is another thermo-chemical technology to recycle the energy contained in tyres [6], biomass [7], and
waste [8], in form of char, oil or gas, depending on specific goals or interests [9].
PCDD/Fs evolution has been well established in municipal waste combustion [10-16]. Waste pyrolysis has also
been investigated and various levels of PCDD/Fs may be
observed owing to differences in operating conditions and
compositions [17]. PCDD/Fs may concentrate in sewage
sludge during wastewater treatment for their low solubility in water and lipophilic nature [18]. Combustion of sewage sludge easily meets a 0.1 ng TEQ/Nm3 (normal cubic
meter) limit and gets a sink of dioxins and furans [1].
PCDD/Fs emission of sewage sludge combustion can also
be controlled to standard, even when treated in cocombustion with liquid chlorinated wastes [19], and longterm monitoring of dioxins and furans near a municipal
solid waste incinerator also showed absence of additional
health risks [20]. According to a research conducted in
batch-scale, however, combustion of sewage sludge at
850 °C generated a considerable amount of dioxins and
furans while pyrolysis of sewage sludge at 850 °C also
produced un-neglectable PCDD/Fs [21, 22]. Thermal
formation of refuse-derived PCDD/F in fly ashes of incineration plants, preferably in the low temperature region
of the boiler at 300 °C, has been fully confirmed [23].
But detailed discussion in the congeners profile and
PCDD/Fs formation is limited while only little comparison between production of PCDD/Fs during pyrolysis and
combustion process at different temperatures based on the
content in raw sewage sludge is found in literature.
PCDD/F evolutions of sewage sludge during combustion at 700, 750, 800, 850, 900 and 950 °C as well as
pyrolysis at 400, 500 and 600 °C have been detected. The
comparison between both treatments provides suggestions
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on temperature and disposal manner of sewage sludge. This
work aims to have a clear comparison between PCDD/F
evolution of combustion and pyrolysis from sewage sludge
based on its original content, an issue raising more and
more public concern in China.
2. MATERIALS AND METHODS

the quartz reactor tube (diameter 60 mm, length 600 mm)
which was horizontally positioned in the tubular furnace.
After purging the reactor for 5min with nitrogen at a flowrate of 3 L/min (to avoid potential impacts of oxygen), the
flow-rate of nitrogen carrier gas was adjusted to 0.2 L/min.
Then, the crucible was pushed to the centre of the reactor,
the sample was heated to targeted temperature, and pyrolysis started.

2.1. Materials

Sewage sludge samples were collected at the
wastewater treatment plant of Shanghai Zhuyuan, China.
The municipal sewage sludge underwent aerobic digestion and mechanical dehydration (their proximate and
ultimate analysis are presented on an air-dry basis in Table 1). Mad, Aad, Vad and FCad were determined according
to GB/T212-2008 of China. The contents of Cad and Had
were determined by the Liebig method (ISO 625-1996).
The content of Nad was determined by the semimicroKjeldahl method (ISO 333-1996). The content of Sad was
determined by IR spectrometry (ISO 19579-2006), Clad
by the combustion-hydrolysis/ion chromatography (IC)
method, and Oad by difference. The total moisture of wet
sewage sludge before being air-dried was 86.47 (wt.%).
2.2. Methods

Combustion of sewage sludge was carried out in an
electrically heated tubular furnace (Fig. 1a) comprising 3
sections（0.5 m each section, total 1.5 m); temperature of
each section could be controlled using independent heaters and temperature controllers (Ta, Tb, Tc). The furnace
was preheated to the target temperature. Ta and Tb were
set as combustion temperature (Tcom), and Tc was set to
300 °C to represent the temperature of flue gas. The sample was loaded in a quartz crucible (width 20 mm, length
50 mm) and introduced into the left side of the quartz
reactor tube (diameter 40 mm, length 1500 mm) which
was horizontally positioned in the tubular furnace. The left
outlet was sealed with a plug after the crucible was pushed
to the centre of the first section (Ta); the sample was heated
to targeted temperature and combustion started.
Pyrolysis of sewage sludge was carried out in an electrically heated tubular furnace (Fig. 1b) comprising only
one section（0.3 m); the temperature of the section was
controlled using electric heaters and temperature controllers (Tpyr). The furnace was preheated to the target temperature. The sample was loaded in a quartz crucible (width
50 mm, length 150 mm) and introduced into the left side of

FIGURE 1 - Sketch system of the experiment: a Sketch system of
sludge combustion experiments (1 mixed gas of air, 2 mass flowmeter, 3 quartz boat, 4 quartz cotton layers, 5 temperature controller), b sketch system of sludge pyrolysis experiments (1 pusher, 2
carrier gas inlet, 3 electric furnace, 4 quartz tube, 5 quartz crucible,
6 heating jacket, 7 gas outlet, and c sketch system of sampling apparatus (1 condenser, 2 flask, 3 XAD-2 resin, 4 toluene, 5 ice bath).

TABLE 1 - Properties of the sewage sludge.
Proximate and ultimate analysis on air dry basis (wt.%)
M
A
V
Fc
C
6.5
40.95
46.76
5.79
28.44
Heavy metal content on dry mass (mg/kg)
Cr
Mn
Ni
Cu
Zn

H
4.17

N
4.89

S
1.25

O
13.8

Cl
0.13

Qb (J/g)
12691

As

Se

Cd

Ba

Hg

Pb
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84.9
273.7
182
1329
1608.8
18.7
1.16
6.1
328.5
<0.5
129.9
27885
M= moisture content, A= ash content, V= volatile matter content, Fc = fixed carbon content, C, H, N, S, O, Cl = the elements composing the combustible fraction, Qb = bomb calorific value; heavy metal contents determined by inductively coupled plasma mass spectrometry (ICP-MS; Thermo
Fisher Scientific X Series 2 system).
TABLE 2 - Conditions of combustion (1-6) and pyrolysis (7-9).
Index
1
2
3
4
5
6
7
8
9

Temperature/°C
700
750
800
850
900
950
400
500
600

Sludge/g
4.9772
4.9806
4.9952
5.0016
4.9996
5.0222
60.09
60.08
60.12

Residue/g
0.2570
0.2708
0.2695
0.2658
0.2575
0.2560
4.18
3.9
3.75

Liquid/g
------50.41
51.65
52.11

In Table 2, conditions of combustion (1-6) and pyrolysis (7-9) of wet sewage sludge, the weights of product
and gas obtained by reduction are listed.
Sampling of gas evolution was carried out with condenser and absorption (Fig. 1c). The collection of gas samples on XAD-2 and in toluene, their extraction and concentration analysis were described in [24]. The clean-up
procedure of the PCDD/F samples was conducted according to US EPA method 1613 [25]. In the case of untreated
wet sewage sludge, the sample was dried in an oven at
105 °C for 24 h, and ground to pass through an 80-mesh
sieve before the clean-up procedure. PCDD/F analyses
wee performed by HRGC/HRMS with a 6890 Series GC
(Agilent, USA) coupled to a JMS-800D mass spectrometer (JEOL, Japan). A DB-5ms capillary column (60 m x
0.25 mm x 0.25 µm) was used to separate the PCDD/F
congeners. The GC temperature program and the mass
spectrometer were operated as described before [16]. Quantitative determination of PCDD/Fs was performed according to US EPA method 1613, and only the 17 toxic tetrato octa-chlorinated PCDD/Fs were analyzed.

Gas/g
------5.5
4.53
4.26

Air (N2)/L/min
2
2
2
2
2
2
0.2
0.2
0.2

Reaction time/h
0.5
0.5
0.5
0.5
0.5
0.5
1
1
1

3. RESULTS AND DISCUSSION
It was noted that, under combustion conditions, sludge
was burned intensely as soon as it was pushed into the tube,
and completely combusted within a few min. In pyrolysis
conditions (400—600 °C), increase of temperature led to
a decrease of the solid fraction but an increase in the production of liquids and gas (Table 2).
3.1. Concentration of 2,3,7,8-PCDD/F emission
3.1.1. Untreated sewage sludge

The amounts of 2,3,7,8-PCDD/F-congeners in untreated wet sewage sludge are shown in Table 3. The total
corresponding amount of PCDD/Fs was 1286.85 ng/kg d.w.
corresponding to 13.84 ng I-TEQ/kg d.w. This I-TEQ value
of PCDD/Fs is below the Chinese legislation limit value
for agricultural use (GB 18918-2002). OCDD and OCDF
dominated (82.44%) the total PCDD/F amount of untreated
sewage sludge. The enrichment of highly chlorinated
PCDD/F groups in this sludge of semi-rural origin is probably due to transport phenomena in the atmosphere [26].

TABLE 3 - 2,3,7,8-PCDD/Fs emission during different conditions (ng/kg).
Congeners
2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8-HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HPCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8-PeCDF
1,2,3,4,7,8-HxCDF
1,2,3,6,7,8-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
1,2,3,4,6,7,8-HPCDF
1,2,3,4,7,8,9-HPCDF
OCDF
PCDDs
PCDFs
PCDFs/PCDDs ratio

untreated
ND
ND
ND
ND
ND
12.01
119.92
3.25
2.48
2.11
ND
ND
ND
ND
10.73
ND
23.62
131.94
42.17
0.32

Combustion/°C
700
750
6.87
31.63
13.48
52.34
8.15
13.86
7.16
25.49
17.35
33.29
22.03
78.61
24.46
55.98
59.75
562.85
41.77
240.25
386.89
459.29
69.58
98.22
51.97
154.00
89.04
145.79
19.11
41.66
95.59
198.60
14.31
14.80
14.91
33.42
99.51
291.21
842.92
1948.89
8.47
6.69

800
2.39
6.07
4.43
4.90
11.49
18.11
15.16
24.38
15.95
157.53
34.55
28.68
54.57
12.90
69.95
10.34
11.61
62.55
420.46
6.72

555

850
2.22
6.38
4.83
5.04
10.43
19.17
16.23
24.17
18.66
150.76
30.92
29.08
53.85
13.86
71.78
10.61
14.62
64.31
418.31
6.50

900
1.95
4.37
3.34
3.70
8.76
13.72
12.10
15.68
13.10
117.02
24.78
20.16
36.75
8.87
50.35
8.30
8.77
47.92
303.78
6.34

950
2.40
5.71
3.11
3.35
6.86
11.11
12.13
18.11
15.99
117.64
20.88
19.30
33.96
8.72
39.03
6.65
8.47
44.68
288.74
6.46

Pyrolysis/°C
400
500
0.11 0.09
0.06 0.14
0.08 0.13
0.03 0.24
0.14 0.47
0.21 0.54
0.46 1.12
0.80 1.45
0.20 0.69
0.36 0.30
0.20 0.35
0.14 0.35
0.24 0.31
0.10 0.13
0.49 0.84
0.34 1.16
0.04 0.09
1.09 2.71
2.91 5.67
2.68 2.09

600
0.05
0.06
0.07
0.04
0.10
0.23
0.49
1.93
0.37
0.61
0.38
0.25
0.27
0.03
0.80
0.29
0.07
1.05
4.99
4.77
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942.43
242.72
0.26

2240.10
409.99
0.18

483.01
103.59
0.21

With regard to the seventeen 2,3,7,8-substituted congeners, our sewage sludge sample showed similar congener profiles as samples from 18 cities in China, where
HxCDD/Fs and OCDD/Fs are dominant [27], and total
amount of PCDD/Fs ranged from 104 to 1661 ng/kg d.w.
(2.51-75.21 ng I-TEQ/kg d.w.). The relatively high content when compared with soil around a hospital waste
incinerator of 437.8 pg/g (3.36 pg I-TEQ/g) [28] indicates
that sewage sludge should be seriously treated.
3.1.2. Combustion conditions

PCDD/F emissions during combustion conditions are
presented in Table 3. Evolution of PCDD/Fs in flue gases
is discussed with respect to 1 ng PCDD/Fs level per kg
wet sewage sludge to compare with untreated wet sewage
sludge. Evolution of total amount of PCDD/Fs during combustion increased from 700 to 750 °C, but decreased from
800 to 950 °C. I-TEQ values had the same concentration
trends, except a little increase of I-TEQ from 900 to 950 °C.
When combustion at 700 °C was compared with untreated sewage sludge, OCDD decreased greatly from
119.92 to 24.46 ng/kg. T4CDD, P5CDD and H6CDD
were not detected in untreated sewage sludge, but under
all combustion conditions. Although relatively low in concentration, they showed similar variation along with temperature to the total amount. Thus, they were proven to be
produced under combustion conditions. Other congeners
also showed great increase in different scales, especially
prominent in 2,3,4,7,8-PeCDF, which coincided well with
fluidized bed furnace (FBF) and rotary kiln furnace (RKF)
[19]. These reactions all led to an enormous increase in total
amount of PCDD/Fs (from 174.11 to 942.43 ng/kg).
When temperature increased from 700 to 750 °C, all
congeners increased, especially prominent in low-chlorinated
PCDFs, such as 2,3,7,8-TCDF and 1,2,3,7,8-PeCDF. These
all led to an almost 2.4-fold increase in total amount of
PCDD/Fs (from 942.43 to 2240.10 ng/kg).
When temperature increased from 750 to 800 °C, all
congeners decreased, especially prominent in 2,3,7,8-TCDF
and 1,2,3,7,8-PeCDF leading to a decrease in total amount
of PCDD/Fs from 2240.10 to 483.01 ng/kg. Generally, all
organic compounds including PCDD/Fs are destroyed at
temperatures exceeding 800 °C under optimal combustion
conditions (sufficient oxygen, mixing, and air flow) [29].
When temperature increased from 800 to 950 °C, most
congeners kept decreasing while some of them increased in
some temperature regions. As a whole, the total amount
decreased gently before 950 °C to 333.42 ng/kg, which was
still higher than untreated sludge. Therefore, it seemed to be
difficult to get lower PCDD/Fs than in untreated sludge.

482.62
99.98
0.21

351.70
76.24
0.22

333.42
76.90
0.23

3.99
0.52
0.13

8.38
0.71
0.08

6.04
0.73
0.12

PCDD/Fs evolution during combustion of sewage
sludge ranged from 333.42 to 2240.10 ng/kg, which is much
lower than PVC combustion of 2 850 000 ng/kg [30].
3.1.3. Pyrolysis conditions

The total amounts of PCDD/Fs evolved during pyrolysis were 3.99, 8.38, and 6.04 ng/kg corresponding to ITEQ values of 0.52, 0.71, and 0.73 ng I-TEQ/kg at 400,
500, and 600 °C, respectively.
When temperature increased from 400 to 500°C,
2,3,7,8-TCDD and 2,3,4,7,8-PeCDF increased, resulting
in more than 2-fold increase of total evolution. From a
previous research of thermal treatment of fly ash in MSW
(municipal solid waste), Shiomitsu et al. [31] found in
atmosphere of air small amounts of dioxin in the gas
phase at 200 °C, but most of the dioxin moved to the gas
phase at 400 °C [31]. Lundin et al. [32] observed in atmosphere of air that, when temperature increased from
300 to 500 °C, concentrations of PCDD/Fs in gas phase increased or decreased depending on the composition of the
ash. Wu et al. [24] found in thermal treatment experiments
of medical waste combustion fly ash in nitrogen atmosphere that when temperature increased from 300 to 350 °C,
concentrations and I-TEQs of PCDD/Fs in gas phase increased; when temperature increased from 350 to 400 °C,
concentration of PCDD/Fs in gas phase slightly decreased
while I-TEQ value was doubled or more. In conclusion,
PCDD/Fs might increase when temperature was higher
because higher vapor pressure of the lower chlorinated
PCDD/Fs, such as tetra- and penta-chlorinated PCDD/Fs
at higher temperature might ease the desorption progress.
In a previous survey of PCDD/F formation on fly ash
under atmosphere of air, a peak of increase was also observed around 470 °C [33].
At 500-600 °C, most congeners decreased, leading to
a 28% decrease of concentration. However, 2,3,4,7,8PeCDF increased by 102%, which led to an increase of the
whole I-TEQ. This implied that more toxic compounds
were produced in the temperature range of 500-600 °C. A
linear increase of I-TEQ along with temperature range of
500-600 °C was also observed in Hu’s pyrolysis of sediment [34], but whether it will increase at higher temperatures needs a further research.
Weber and Sakurai [17] investigated PCDF distribution between oil fraction (gas phase) and char (solid
phase) fraction for the pyrolysis of industrial light shredder, and found that distribution of PCDD/Fs between oil
fraction and char at 450 °C can be explained by a distillation effect and the I-TEQ value originated to more than
90% from the 2,3,7,8-substituted T4CDF-H6CDFs. In our
study, 2,3,7,8-substituted T4CDF-H6CDFs contributed
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80.19% to the I-TEQ of untreated sewage sludge, while it
was 62.51-83.40% under conditions of pyrolysis.
When compared with untreated sewage sludge, the
overall production of PCDD/Fs during pyrolysis corresponds well to distillation effects, where low-chlorinated
PCDD/Fs get a higher proportion (Table 3).
3.2. Fingerprint feature

Fingerprint features of the total concentration and ITEQ are separately discussed to obtain the major contributor to PCDD/Fs emission.
3.2.1. Concentration contribution

Concentration contribution of PCDD/Fs emission
during different conditions is shown in Fig. 2. Profiles of
combustion conditions (C700 - C950) have similar patterns between each other. But they are obviously different
with untreated sewage sludge (untreated). Generally,
T4CDF, P5CDF, and H6CDF dominate the profile. This
type of distribution is similar to the typical thermal congener profile (combustion process) [33]. It demonstrates
that PCDFs can be synthesized more easily than PCDDs
in atmosphere of oxygen [35].
Profiles of pyrolysis conditions (P400--P600) also
have little similarity with untreated sludge (untreated) but
different temperatures have similar patterns. The dominating congeners changed from OCDD in untreated sewage
sludge to T4CDF in pyrolysis evolution. T4CDD, P5CDD,

FIGURE 2 - Concentration contribution of PCDD/Fs emission during pyrolysis (P) and combustion conditions (C).
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FIGURE 3 - I-TEQ contribution of PCDD/Fs emission during pyrolysis (P) and combustion conditions (C).
TABLE 4 -Transmission characteristics during different conditions.

PCDFs/PCDDs ratio
Total PCDD/Fs (ng/kg)
Cld of PCDDs
Cld of PCDFs
Cld of total PCDD/Fs
Average I-TEQ

untreated
1.26
316.97
7.85
5.15
6.35
0.006

Combustion/°C
700
750
9.23
7.18
6331.74
25531.06
5.03
4.88
4.66
4.36
4.69
4.42
0.038
0.016

800
7.72
2381.96
5.38
4.82
4.88
0.043

H6CDD and H6CDF were not detected in untreated sewage
sludge, but they contributed 25-14% of total PCDD/Fs in
pyrolysis evolution being due to dechlorination of higher
chlorinated congeners [33].
3.2.2. I-TEQ contribution

I-TEQ contribution of PCDD/Fs emission during combustion conditions is displayed in Fig. 3. In the sample
and in all the combustion runs, 2,3,4,7,8-PeCDF is the
congener that mostly contributes to the total I-TEQ; this is
consistent with combustion of cotton, PVC and sludge at
850 °C [22]. It is caused by the relatively high I-TEQ
factor of 2,3,4,7,8-PeCDF. In conditions of combustion at
750 °C, 2,3,7,8-TCDF also contributes greatly; this is caused
by its great increase in quantity (Table 3).
3.3. Transmission characteristics
3.3.1. PCDFs/PCDDs ratio

In combustion processes, medium ratios of PCDFs/
PCDDs were 6.64 for FBF and 9.48 for RKF [19]. This
ratio was 6.02 under PVC combustion conditions when a
bench reactor was applied [36], and it seems to relate little
to the reactor type. From our results, it also seems to relate little to temperature (Table 4).

850
7.40
2223.62
5.41
4.75
4.83
0.045

900
8.01
1971.94
5.31
4.72
4.78
0.039

950
7.95
1978.63
5.18
4.59
4.66
0.039

Pyrolysis/°C
400
500
3.75
2.95
35.23
65.87
4.99
5.03
4.48
4.52
4.59
4.65
0.015
0.011

600
8.12
66.24
4.97
4.29
4.37
0.011

3.3.2. Chlorination level

In order to get knowledge of the degradation pathway
during the processes, chlorination level was used to evaluate the dechlorination effect. Chlorination level was
calculated based on Eq. (1):

(1)
where, Cld is the chlorination level, Cj is the congener
concentration, nj is the number of chlorinated atoms of
congeners, and C is the total PCDD/Fs concentration.
Average I-TEQ was also calculated (Table 4).
As a result of much more PCDF than PCDD, Cld values of PCDDs are always higher than PCDFs. The relatively high Cld of 6.35 of untreated sewage sludge is owing to OCDD domination (I-TEQ of 0.001) and leading to
the low 0.006 average of I-TEQ. In pyrolysis conditions,
Cld is lowered to around 4.5 but it shows little relationship
with temperature. Lower Cld corresponds to higher average I-TEQ (0.015 and 0.011 in pyrolysis conditions). Under combustion conditions, however, though Cld have little
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difference with pyrolysis conditions, which is also disordered, the average I-TEQ values are generally 6 times that
of untreated sewage sludge, which is largely due to formation of T4CDF and P5CDF, as discussed above. As an
exception, at 750 °C, the minimum average I-TEQ of 0.016
was due to its great increase in amount. The relatively low
total PCDD/Fs and average I-TEQ recommended 900 °C,
where 2,3,7,8-T4CDD, P5CDD, T4CDF and P5CDF got
a minimum. Taking the relatively low I-TEQ into account
(Table 3), 900 °C maybe then recommended in sewage
sludge combustion to reduce harm to the environment.
3.3.3. Ratios of PCDD/Fs evolving during combustion/ pyrolysis to those in untreated sewage sludge

The ratios of 2,3,7,8-PCDD/Fs evolving during pyrolysis to those originally present in untreated sewage
sludge were 0.02, 0.05, and 0.03 (mass values), while
their corresponding proportions were 0.28, 0.38, and 0.39
in I-TEQ values at temperatures of 400, 500, and 600 °C,
respectively. The ratios of the total PCDD/Fs evolving
during pyrolysis to those originally present in untreated
sewage sludge were 0.11, 0.21, and 0.21 (mass values) at
temperatures of 400, 500, and 600 °C, respectively.
Under combustion conditions, the ratio of 2,3,7,8PCDD/Fs concentration and I-TEQ reached maximum
values of 13 and 219 separately at 750 °C, which decreased
to 2.77 and 55.30 at 800 °C, and in the temperature region
of 800 to 950 °C, they gently decreased to 2 and 41.06
separately. The ratio of total PCDD/Fs concentration
reached a maximum of 80.55 at 750 °C and decreased to
7.51 at 800 °C, with a minimum of 6.22 at 900 °C. Thus,
combustion of sewage sludge always produced toxic
PCDD/Fs. Evolution of concentration can be controlled to
a level of untreated sewage sludge but I-TEQ still dozens
times of the untreated sewage sludge.

is more prominent. Comparison of pyrolysis and combustion shows advantage of pyrolysis in PCDD/F monitoring
of sewage sludge where PCDD/Fs are largely reduced,
and our attention can be focused mainly on product yield
optimization. In case of combustion, numerous formations of PCDD/Fs were observed at 750 °C, and produce of PCDD/Fs seems to be inevitable in the temperature region of 700 to 950 °C. Combustion operation temperatures of higher than 800 °C are recommended, while
900 °C gets the lowest I-TEQ. The relatively high dioxin
emission in combustion may be attributed to the high
content of water in sludge, which may lead to a lower
temperature than targeted. Study on dry sewage sludge
and pilot-scale operation need further to be conducted.
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T4CDF and P5CDF have hundred times of increase at
750 °C, and they contribute most to the change of I-TEQ
evolution. Thus, reduction of I-TEQ during sewage sludge
combustion should be focused on these two congeners. The
huge increase of PCDFs, especially P5CDF and T4CDF,
is caused by oxygen deficiency according to Mininni [19].
In our conditions at 750 °C, it should be due to the low
temperature. Both observations should be due to incomplete combustion, described by Walker as less optimal
conditions [29].
4. CONCLUSIONS
Less than 5 wt. % of the 17 toxic PCDD/Fs originally
present in untreated sewage sludge, and some 21 wt. % of
the total PCDD/Fs, survived pyrolytic treatment of wet
sewage sludge. The content can mostly be explained by
distillation and dechlorination effects. As a contrast, great
amount of dioxins, especially PCDFs with high I-TEQ,
were produced during combustion of wet sewage sludge,
which is 2 to 13 times that of the 17 toxic PCDD/Fs in
untreated sewage sludge, and 6 to 81 times of the total
toxic concentration. When I-TEQ is concerned, the increase
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ABSTRACT
Canine parvovirus (CPV) is a small, non-enveloped,
single-stranded DNA virus of the autonomous Parvoviridae family that causes enteritis and myocarditis in canidae. Within the parvovirus group, CPV, mink enteritis
virus (MEV) and feline panleukopenia virus (FPV) represent a set of host-range variants which infect dogs, mink
family, cats or raccoons, and show over 98% amino acid
homo-logy. Tryptophan was also added to the N-terminus
of peptide sequences for fluorescence spectrophotometry
analysis.
The aim of this article is the synthesis and characterization of W-7L-20 antigenic peptide sequence (WQPDGGQPAVRNERA) of VP2 capsid protein of CPV with
microwave-assisted solid phase peptide synthesis (SPPS)
method. Crude synthetic peptide was purified by preparative RP-HPLC (Reversed Phase-High Performance Liquid
Chromatography). Crude and purified peptides were analyzed comparatively by using a fluorescence spectrophotometer, and the purified peptide characterized by liquid
chromatography-electro spray interface-mass spectrometry (LC-ESI-MS) with electro spray ionization.
In this study, de novo peptide structure prediction
server PEP-FOLD was used for construction of the 3D
model of W-7L-20 peptide. The reason for selection of
this peptide sequence is due to its immunogenic properties
and its potential as synthetic peptide vaccine against canine parvovirus.
KEYWORDS: Canine parvovirus (CPV), solid phase peptide
synthesis (SPPS), microwave-assisted synthesis, synthetic peptide vaccine, PEP-FOLD

1. INTRODUCTION
Canine parvovirus (CPV) is one of the autonomously
replicating members of the Parvoviridae family; it is a small
* Corresponding author

(25nm diameter), non-enveloped single-stranded DNA virus
that causes enteritis and myocarditis in canidae [1-3]. In
experimentally affected dogs, mortality without treatment
has been reported to be as high as 91% [4]. Within the
parvovirus group, CPV, mink enteritis virus (MEV) and
feline panleukopenia virus (FPV) represent a set of hostrange variants which infect dogs, minks, cats or raccoons,
and show over 98% amino acid homology [5].
The viral capsid of CPV contains three structural proteins in the mature virion (VP1, VP2, VP3) [1], and is
composed of 60 protein subunits, of which about 10% are
VP1, and the remainder comprising VP2 and VP3 in
variable proportions [1, 3, 6]. VP1 and VP2 are different
splicing products from the same gene, and VP3 results
from proteolytic removal of the amino terminus from VP2
[7]. VP2 domain is important because immunogenicity in
several animal species and virus neutralization have been
observed in vitro with a monoclonal antibody directed
against this site. Therefore, N terminal VP2 is used for the
synthetic peptide vaccine [8], and the peptide sequence
synthesized herein is located in this domain.
Synthetic peptides are widely used to generate sitespecific antibodies, a fact which has stimulated considerable interest in evaluating their use as vaccine candidates.
Peptide vaccines constitute one major strategy for the development of a new generation of vaccines against infectious diseases, autoimmune diseases, and cancers [9-13].
The advantages of this approach include safety, as there is
no requirement for infectious material and the ability to
define the product chemically. Due to these benefits, synthetic peptide vaccines became an attractive alternative to
present vaccine preparations [3-5]. The theoretical attractions of synthetic peptides as vaccines include targeting to
specific sequences, commercial advantages, and major
improvements in product quality [14].
The chemical route is often a better technological option than biotechnological methods for the synthesis of
medium-size peptides when comprised with most of the
pharmaceutically relevant molecules [15].
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The classical approach to peptide synthesis has yielded impressive successes in the preparation of several
biologically active peptides. The synthesis of most small
peptides has been placed within easy reach, with the development of new reagents and techniques [16], such as
discovering of solid phase peptide synthesis (SPPS) by
Merrifield [17]. SPPS was originally introduced in the
peptide field, and there are some reports on the use of
microwave irradiation for the preparation of peptides and
related species on solid phase [18-20]. The efficiency of
“microwave flash heating” is evident from the reduction
in reaction times and increase in product yield and purity
[13, 20-22]. t-Boc (tert butyloxycarbonyl group) [23, 24]
and F-moc (9-fluorenylmethyl-oxycarbonyl group) [25] are
used as an amino protection group in solid phase peptide
synthesis method. While t-Boc is removed by TFA and HF,
F-moc is removed by piperidin. Thus removing the protection step in F-moc method is easier than t-Boc [26].

As peptide synthesis involves numerous steps which
is illustrated in Figure 1:
• selection of solid support and protecting groups for
amino acids,
• loading of the resin,
• selective deprotection of N α-protection group (T), coupling of the next activated amino acid (repetitive cycles),
• cleavage of the peptide from resin and deprotection of
all amino acid side chain protection groups (P).
The aim of this work is to synthesize W-7L-20 synthetic peptide (W-QPDGGQPAVRNERA) of VP2 capsid
protein of CPV with microwave-assisted SPPS method.
Crude synthetic peptide was purified by preparative RPHPLC (reversed phase), purified peptide analyzed by fluorescence spectrophotometry, and molecular weight was
calculated by using LC-ESI-MS system.

FIGURE 1 - Schematic illustration of Solid Phase Peptide Synthesis [27]
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2. MATERIALS AND METHODS
2.1 General

All chemicals used in this study were obtained from
commercial sources; solvents and reagents were used
without further purification. Preloaded Wang resins [22],
amino acids and coupling reagents were purchased from
NovaBiochem. DMF, DCM, TFA, HOBt, HCTU, DIEA,
NMP and F-moc protected amino acids were obtained
from Sigma Aldrich. Microwave-assisted synthesis was
performed in a single mode CEM Discover microwave
reactor equipped with an external infrared (IR) sensor,
using standard 30-ml Teflon vials as reaction vessels.

were taken using a QM-4/2003 Quanta Master Steady State
Spectrofluorimeter (Photon Technology International, Canada) operating in quanta counting mode. The fluorescence
was measured at an excitation wavelength of 280 nm and
an emission wavelength from 290 to 450 nm.
2.6 Pep-Fold Modelling

PEP-FOLD is very fast and can be used with high
confidence for any natural peptide sequence of 9–25 amino
acids in aqueous solution as well as, with more caution, in
non-aqueous solutions [28, 29]. The 3D model of W-7L-20
antigenic peptide was constructed using the de novo
peptide structure prediction server PEP-FOLD [28-30].

2.2 Peptide Synthesis

In this study, canine parvovirus (CPV) VP2 7L-20 peptide was synthesized by microwave-assisted SPPS method in
dimethylformamide (DMF), by using 2-(6-chloro-1H-benzotriazole-1-yl)–1,1,3,3–tetramethyluronium hexafluorophosphate/1-hydroxybenzotriazole (HCTU/HOBt) as an activator,
and N,N–diisopropylethylamine/N-methyl–2-pyrrolidinone
(DIEA/NMP) as activator bases, and piperidine as a deprotector (DEP). Preloaded Wang resin (25 meq/g 0.1 mmol
scale) was used swelled before synthesis.
2.3 Cleavage of Peptide from the Resin

The peptide was cleaved from the solid support using cleavage cocktail of TFA/thioanisole/EDT/water
[(85/5/5/5 ml, (v/v)] by incubation under vigorous shaking
at ambient temperature for 2 h. Cold ether (-20 °C) was
used for precipitation of cleaved peptide. After centrifugation, supernatant was decanted and precipitation procedure repeated. The final precipitated peptide was washed
with a small amount of cleavage cocktail
2.4 Peptide Characterization and Purification

LC-MS system (Shimadzu LC MS 2010 EV) with
Electro Spray Ionization (ESI) probe and Teknokroma
Tracer Exel 120 ODS-A, C-18 column (20 cm length and
0.21 cm inlet diameter) was used for analyzing crude
peptide. Elution was started with 87% eluent A (water,
0.1 % TFA), 13% eluent B (acetonitrile, 0.085 TFA), and
gradient linearly to 80% eluent A, 20% eluent B. Separation was performed at 0.2 ml/min and peptide was detected at 210 nm. Crude peptide was purified by using preparative RP-HPLC system (Shimadzu) with a Shim-pack
PRC-ODS C-18 column (30 cm length and 2.1 cm inlet
diameter), and the same elution conditions with LC-MS.
The purity of peptide was confirmed again by using LCMS system.
2.5 Fluorescence Analysis

The Fluorescence emission spectra of the Trp residues in the W-7L-20 synthetic peptides (crude, Peak 1
and Peak 2) were monitored in the 0,01 M pH=7.2 PBS
buffer and the final concentration of each peptide was adjusted to 0.75 mg/ml. The Trp fluorescence measurements

3. RESULTS AND DISCUSSION
The main aim of the present study is the synthesis and
chromatographic characterization of W-7L-20 antigenic
peptide sequence (W-QPDGGQPAVRNERA) of Canine
Parvovirus and determination of absolute and apparent
molecular weight. The synthesized peptide was ionized in
MS ionization unit with ESI (+) method, and molecular
weights of peptides were calculated from peaks in total
ion chromatogram.
3.1 Synthesis of W-7L-20 Antigenic Peptide Sequence

Tryptophan, tyrosine and phenylalanine are primarily
responsible amino acid residues for the inherent fluorescence of proteins. These residues have distinct absorption
and emission wavelengths, and differ in the quantum
yields [13, 31]. Because of much more fluorescent properties of tryptophan than other we planned to add this amino
acid, N-terminus of W-7L-20 peptide sequence in this
study. W-Q-P-D-G-G-Q-P-A-V-R-N-E-R-A amino acids,
was synthesized by microwave assisted solid phase peptide synthesis (SPPS) method.
In the purification process, a critical step is to obtain
detailed analytical data on the crude peptide [32]. The
mass spectrum gives vital information regarding the nature of crude peptide; whether the crude sample has the
correct molecular weight, or the impurities in the crude
peptide mixture [32].
The UV chromatogram of crude peptide obtained
from RP-HPLC is shown in Fig. 1. It was clearly seen
from the chromatogram in Fig. 1 that crude peptide has
two main peaks and three impurity peaks (deletions of
some amino acids or some modifications may be generated). Impurities 2 and 3 are more hydrophobic than both
main peaks (Peak 1 and Peak 2), retained longer than (28
and 32 min, respectively) Peak 1 and Peak 2. Impurity 1
is more hydrophilic than all other peaks. In order to obtain
the peptide purely and calculate correct molecular
weights, firstly, crude peptide was purified by preparative
HPLC and two different fractions (Peak 1 and Peak 2)
were collected separately.
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FIGURE 2 - RP-HPLC UV chromatogram of crude canine parvovirus W-7L-20 peptide sequence

FIGURE 3 - Comparative fluorescence spectrum of Peak 1 (1), Peak 2 (2) and crude peptide (3)

Crude peptide, Peak 1 and Peak 2 (obtained by fractionation of crude peptide) were analyzed comparatively
by fluorescence spectrophotometry (Fig. 3) displaying
fluorescence emission maxima (lmax) at 355, 347 and 347
nm, respectively. The maximum of emission wavelength
of the crude peptide tryptophan is indicating that the average environment of these residues is fairly hydrophobic.
As a result of hydrophobic impurity removal, fluorescence maxima of fractionated Peak 1 and Peak 2 shifted
to longer wavelengths, and this suggested to the Trp side

chain preferentially into more flexible, hydrophilic environments. This result is consistent with RP-HPLC analysis in Fig. 2.
Peaks 1 and 2 obtained by fractionation of crude peptide (Fig. 4, between 19.154-21.700 min) were analyzed
separately. UV chromatogram of Peak 1 was obtained by
RP-HPLC, total ion chromatogram by LC-ESI-MS system, and mass spectrum by total ion chromatogram (retention times between 7.692-8.308 min) as shown in Figs.
4a, 4b and 4c, respectively.
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FIGURE 4 - RP-HPLC UV chromatogram (a), LC-MS total ion chromatogram (b) and mass spectrum (retention times between 7.692 è
8.308 minutes) (c) of purified Peak 1 canine parvovirus W-7L-20 peptide sequence

In ESI method, a series of multiply charged ions of
the molecule are formed. The molecular weight of molecule is calculated using m/z values of these ions [13, 17].
Molecular ions of Peak 1 that had retention times between
7.692-8.308 min were 555.55; 832.20; 832.40 and 1663.9
m/z values (Fig. 4c) representing the molecular ions of
[M+3H+]3+, [M+2H+]2+, [M+2H+]2+, and [M+H+]+ respectively.

The mass of W-7L-20 peptide sequence was calculated
to be 1662.94 Da from these m/z values. The theoretical
molecular weight of W-7L-20 peptide was 1680.80 Da
(Table 1). The difference between theoretical and experimental molecular weight value was 18 Da which corresponds to 1 mole of water (H2O) and dehydration of water
from sequence.
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TABLE 1 - Molecular ions and calculated molecular weight of Peak 1
+ 3+

[M+3H ] =555.55 è M =
1663.65 Da
[M+2H+]2+=832.40 è M =
1662.80 Da
Mcalculated = 1662.94 Da

+ 2+

[M+2H ] =832.20 è M =
1662.40 Da
[M+H+]+=1663.90 è M =
1662.90 Da
Mtheoretical=1680.8 Da

The UV chromatogram of Peak 2 obtained by RPHPLC, total ion chromatogram by LC-ESI-MS system
and mass spectrum by total ion chromatogram (retention
times between 7.767-8.438 min) are shown in Figs. 5a, 5b
and 5c, respectively.

FIGURE 5 - RP-HPLC UV chromatogram (a), LC-MS total ion chromatogram (b) and mass spectrum (retention times between 7.767 è
8.438 minutes) (c) of purified Peak 2 canine parvovirus W-7L-20 peptide sequence
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FIGURE 6 - PEP-FOLD server-generated 3D structure models of Canine Parvovirus W-7L-20 peptide

Molecular ions of the peak 2 that had retention time
between 7.767-8.438 minutes were 555.80; 832.20; 832.75
and 1664.55 m/z values (Figure 5c) corresponding to the
molecular ions of [M+3H+]3+, [M+2H+]2+, [M+2H+]2+ and
[M+H+]+, respectively.
The mass of W-7L-20 peptide sequence was calculated 1663.30 Da from these m/z values. The theoretical
molecular weight of W-7L-20 peptide was 1680.80 Da
(Table 2). The difference between theoretical and experimental molecular weight value was 18 Da which corresponds to dehydration of 1 mole water molecule form sequence.
TABLE 2 - Molecular ions and calculated molecular weight of Peak 2

[M+3H+]3+=555.80 è M =
1664.40 Da
[M+2H+]2+=832.75 è M =
1663.50 Da
Mcalculated = 1663.30 Da

[M+2H+]2+=832.20 è M =
1662.40 Da
[M+H+]+=1663.90 è M =
1662.90 Da
Mtheoretical=1680.8 Da

To modelling 3D structure of W-7L-20 synthetic peptide, we employed de novo peptide structure prediction
server PEP-FOLD (Maupetit et al., 2009 [28]). The five
different cluster of predicted structure assemblies are
shown in Figure 6.

As seen from UV chromatograms of Peak 1 and Peak 2,
the W-7L-20 antigenic peptide sequence of CPV was obtained. The molecular weights of Peak 1 and Peak 2 were
calculated to be 1662.94 and 1663.30 respectively, indicating to stereoisomerism of two peaks in UV chromatogram
of crude peptide (Figure2).
Because Trp’s emission is very sensitive to the properties of its environment, Trp can be used to obtained information about the nature of microenvironment in peptides
and proteins [33, 34]. The red shift in fluorescence of both
Peak 1 and Peak 2 from 355 nm to 347 nm indicates to
abundance of polar groups and occurrence of a more flexible and hydrophilic microenvironment with purification.
Furthermore the theoretical molecular weight of peptide was 1680.80 Da and experimental molecular weight
was averaged to be 1663.12 Da. There was an 18 Da
molecular weight difference between calculated and theoretical molecular weight peptide values. This case is defined in the literature as dehydration of amides to nitriles
which is known to occur with Nα-protected asparagine and
glutamine, both in solution and in solid-phase peptide
synthesis, during coupling with DCC, mixed anhydride,
pyrophosphate and other activation methods by increasing of
temperature [35].

4. CONCLUSION
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EFFECT OF ENVIRONMENTAL FACTORS ON
THE FLORISTIC VARIABILITY OF FLOODED FORESTS AND
DIFFERENTIAL ADAPTABILITY OF SPECIES ON VARIATION
OF ENVIRONMENTAL GRADIENTS (RAVNI SREM, SERBIA)
Branislav Jurišić1,*, Branko Vidicki1 and Nikola Puvača1
University of Novi Sad, Faculty of Agriculture, Trg Dositeja Obradovića 8, 21000 Novi Sad, Serbia

ABSTRACT
The multiple regression CCA model shows how the
pronounced gradients of three hydrological factors (length,
frequency and level of flooding above the surface of forest
soil), in synergetic activity with five other environmental
factors (ECe, pH, distance from river bed, altitude and
canopy of stand) influence the pattern of species variability and differentiation of flood forests. According to the
inter-set correlation, the environmental factors representing the gradients of distance from river bed, altitude and
alternation of length of flooding and surface waterlogging
of forest soils were shown to be the most important for
structure of floristic variability. The environmental variables used in this ordination explain 72.18% of total variability of species appearance. The cumulative percentage
of variance for species explained by influence of first four
canonical axes is 45.5%. The percentage of variance of
species-environmental factors relationship, as a fraction
of total explainable dispersion (inertia) of species score is
one third for the first two axes, while for the first four
axes 63.1% of variation may be explained with these eight
environmental factors.
According to SIMPER procedure, first 50% of cumulative contribution to floristic differentiation among the
three hydrologically different forest types is composed of
19 (out of the total of 111) taxa, listed according to the
importance of their individual contribution: Carpinus betulus, invazivna vrsta Amorpha fruticosa, Fraxinus angustifolia, Salix cinerea, Quercus robur, Myosotis palustris,
Polygonum hydropiper, Populus alba, Mentha arvensis,
Carex vulpina, Galium palustre, Rumex sanguineus, Lycopus europaeus, Frangula alnus, Oenanthe fistulosa,
Salix fragilis, Euphorbia helioscopia, Hordeum murinum
and Veronica chamaedrys. The Gaussian response model
to species abundance (Gradient species packing), applied to
dominant and certain adventive ligneous species, suggests a
* Corresponding author

strong adaptability pattern of species toward the environmental gradients. Regarding the length of flooding, the
reached ecological optimums are clearly defined. The lowest values of optimums at the given gradient among the
species included in the model were shown by field maple
and common hornbeam, while the greatest values for this
hydrological variable were shown by grey willow and black
alder, as expected. The most tolerant species were pedunculate oak, field ash and the invasive shrub species false indigo bush as the most euryvalent species from the aspect of
length of flooding, while the Euro-American poplar and
black alder were the most stenovalent. Very similar relationships among the species were also present regarding
the gradient of reached levels of surface water, clearly
indicating a certain co-linearity between these two factors,
as supported by the multiple regression CCA model.
KEYWORDS: environmental factors, species variability, ecological adaptability, CCA analysis, flood forests

1. INTRODUCTION
Flood 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 [1] 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 [2]. Therefore, these forests have very
specific ecological conditions in the temperate zone [3]
and are usually uniquely characterized by a combination
of high species diversity, density and productivity [4].
Floodplain forests have a multiple role in the landscape, since they are important from ecological, biological,
environmental and economic points of view [5]. These
forests tend to be a mosaic of species-rich vegetation
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communities due to environmental heterogeneity caused
by their position in the landscape, the intensity and frequency of flooding. Otherwise, changes in the timing and
magnitude of flooding and in the predictability of flow
seasonality are likely to strongly impact riparian vegetation and floodplain biodiversity in general [6]. Variable hydrological regime therefore maintain a heterogenous mosaic of forest communities which are dynamic both spatially
but and temporally. Flooding frequency and duration create
complex hydrological gradients across the floodplain [7].
In floodplain forests, frequently flooded near river sites
are often dominated by annual species and species which
are flood-tolerant [8,9].Less frequently inundation zones
are usually dominated by perennial species and are
thought to be structured more by biotic processes such as
competition [9,10]. Flood tolerance varies greatly with plant
species and genotype, rootstock, age of plants, time and
duration of flooding, and condition of the floodwater [1113]. Otherwise, composition of a riparian forest stand is
indicator of the complex environmental gradients [14].
The coverage of floodplain forests in Europe has decreased [15] and for that reason they are ranked as endangered biotopes [16]. Historically, natural floodplain forests have been fragmented and heavily impacted by watercourse regulations, timber harvesting and other human
activities [17-19].Therefore, the remaining stands are a part
of European natural heritage and belong to the habitats of
great importance for nature protection on the European
scale.

2. MATERIAL 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 study area – (Figure 1) shown in the UTM map of
Serbia, includes nine forest types positioned within the
Forest Area “Klenak”. 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 the water level of the
river Sava exceeds 500 cm [20]. The seasonal fluctuation
of this river is causing floods which become the main
ecological factor [21] in charge of appearance and development of individual phytocenoses. In the forest complexes at greater distances from River Sava, where the
impact of river water is minor or absent, the relief of the
terrain is characterized by larger leveled or slightly undulating surfaces with scarce, wide shallow depressions. The
greatest area covered with these forests is situated close to
the river Sava, where the soils are alluvial in origin and of
varying ages, from very young to old alluviums upon
which various types of soil are based. [22].

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 were: 1. to quantify the level of species variability
and study the complex multiple relationship between the
floristic composition and the present pattern of studied
environmental gradients in flooded and waterlogging
forest habitats; 2. to use multiple regression model to
precisely determine the relationship between hydrological
and other environmental factors; 3. to determine the part
of species pool where present taxa both individually and
cumulatively make greatest contribution to differentiation
of total floristic composition among the three hydrologically different forest types, positioned at maximal, intermediary and minimal values of gradients for length of
inundation and for water table of stagnant water at the
surface of forest soil; and 4. to present the differential
adaptability of dominant trees and certain adventive species by using a model to show precise positions of their
ecological optimums and tolerance within the environmental gradients of afore-mentioned hydrological factors.
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 associations under a special conservation
regime, hence this research provides a basis for nature
protection and for the sustainable management of forests
in the floodplain area of Ravni Srem.

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

Sampling design and data collection. A list of recorded species of vascular flora was made for 18 plots
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(stands), including the values of abundance and cover according to the method of Braun-Blanquet [23]. Each plot
was square in shape, with 20 x 20 m (400 m2). Nomenclature and taxonomy are in agreement with the Flora Europaea (Flora Europaea Database) [24] and the Flora SR
Srbije [25].
The 18 experimental plots were distributed along the
humidity gradient leading from the most humid toward
the most arid types of forest habitats. The study included
nine forest types: type of narrow-leaved ash and grey willow forest on alpha-beta to beta gley (code 11310), type of
white willow forest in humid recent alluvial sediment (code
14110), type of poplar forest in disturbed marsh black earth
(code 14200), type of monodominant pedunculate oak
forest in depressions on pseudogley-gley (code 15150),
type of pedunculate oak and ash forest with hygrophilous
accessorial species in moderately humid marsh black
earths (code 15210), type of pedunculate oak, hornbeam
and ash forest on meadow black earths in flooded area
(code 15310), type of pedunculate oak and hornbeam forest
on carbonate-free meadow black earth (code 16120), type
of pedunculate oak, hornbeam and Turkey oak forest on
cambisol or loess-enriched cambisol (code 16220), type of
pedunculate oak, hornbeam and Turkey oak with lindens
forest on cambisol or loess-enriched cambisol (code 16320).
These types of forests were determined according to the
National Typology of Forests [26].
After the hydrological monitoring performed in the
period from January 2009 to December 2012, three factors were determined for each of the 18 study plots: average length of flooding and waterlogging, average height
of stagnating water at the surface and average value of
frequency of flooding and waterlogging. However, during
the four-year period when hydrological variability among
various forest types was studied, it was determined that in
12 out of 18 study plots there was either direct flooding
from the river bed or increase of humidity of soil caused
by raising of water table of underground water towards
the surface in the deepest microdepressions, where it was
combined with atmospheric water. It was determined that
this water type is stagnating on surface in the first six
among the nine forest types. In order to study the relationship between length and frequency of flooding and height of
water table on species variability and distribution of flood
zone forest vegetation, the first attempted model (CCA)
observed only the experimental plots and forest types
where flooding took place.
Height of water level of stagnating water at the surface
of forest soil was measured with staff gauge. Water level
was measured at the deepest part of each experimental
plot, as this is the microrelief area within depressions where
surface flood water remains for the longest period of time,
being the key factor for distribution of species and their
variability within the hydrologically different types of
forest vegetation.
Level of surface water was monitored in continuity
for 7 days, randomly chosen during each of humid (flood)

phases. The 7-day average of water level at the soil surface was determined for each humid phase separately and
expressed as averages for each year as well as for the
whole 4-year period. This hydrological variable (just as
the other two - length and frequency of flooding) was
monitored at the same squares with 400 m2 surface area
where floristic composition was determined.
Each study site was georeferenced with a GPS instrument “Garmin Etrex Vista HCx”, precisely determining both the coordinates and the altitude. The spatial data
on study sites were georeferenced in software OziExplorer
3.95 4s [27] included and analyzed in DIVA-GIS 5.2 software [28], resulting in a precise value of each site’s distance from Sava River.
The samples for soil analysis were taken from each
experimental plot. Soil samples for the pH and electrical
conductivity (ECe) tests were taken from the depth of 0 15 cm.
Electric pH-meter (model Lutron pH-206) – digital
analyzer with glass electrode was used in order to determine the reaction of aerially dry soil (< 2 mm) with deionized water suspension in ratio 1:5 of soil extract.
The total concentration of water-soluble salts in the
soil was determined through electro-conductivity (ECe)
which is positively correlated with concentration of salt.
ECe-metar marke Milvaukee EC MW 302 Conductiviti
Tester, calibrated with Milwaukee 1413 µs/cm calibration
solution was used to measure electro-conductivity in soilwater 1:5 solution.
Association cover in each experimental plot was determined according to the scale ranking the shade on the
ground caused by tree canopies, as follows; 0.1-0.2 there
is no forest association but only individual trees; 0.3-0.4
sparse (interrupted); 0.5-0.6 incomplete; 0.7 complete;
0.8-0.9 dense stand; 1.0 very dense stand.
Numerical analysis. − The Braun-Banquet’s combined abundance-cover scale [23] 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 and
van der Maarel [29]
In order to detect the basic ecological ordination of
analyzed species and stands (forest habitats) we applied
the ordinary Canonical Correspondence Analysis (CCA)
used to explore variability and distribution of species and
site score along environmental gradients. The interpretation follows the eigenanalysis algorithm. The ordination
methods and visualization of CCA results were carried
out using the CANOCO and CanoDraw programs [30].
In addition, we used the SIMPER (Similarity percentages) procedure [31] for assessing which taxa are primarily responsible for an observed difference between three
groups of samples, including six experimental plots where
maximal, minimal and approximate intermediary values
of hydrological gradients were determined. The results
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include the average dissimilarity, contribution % (average
dissimilarity / SD (average dissimilarity)) for each individual taxon and cumulative contribution of all included
taxa, according to the Chord distance. The analysis included
all present taxa in all three forest strata.
The second analysis included all 18 experimental plots
and all above-mentioned forest types, including the last
three which were out of influence of inundation processes.
This analysis fits Gaussian response models to species abundances. The probabilistic parameters of species distribution along two hydrological gradients were determined in
relationship with average length of inundation processes
and height of stagnant water table at the surface of the
soil, determined for the studied 4-year period.
This approach assumes an unimodal bell-shaped response curve, and allows the derivation of species optimum
values ((average) the value of the environmental variable
at which the probability of occurrence is highest), tolerance ((standard deviation) - a measure of ecological amplitude, related to the breadth of the bell), and the maximum probability of occurrence. The algorithm is based on
weighted averaging according to ter Braak and van Dam
[32].
SIMPER analysis and distribution curves were generated from (Gradinet species packing) was realized with
multivariate analysis software PAST version 2.10. [33].
3. RESULTS AND DISCUSSION
Multiple-regression CCA model show how the studied gradients of three hydrological factors, together with a
few other environmental factors, influence the pattern of
species variability and differentiation of flooded forests,
as observed in a humidity gradient from the most humid
toward the most arid types of habitats. In order to primarily study the relationship between the length and frequency
of flooding and height of water level stagnating at the
surface besides the other factors as well as their synerget-

ic impact, the first of the following two models considered
only those experimental plots and forest types where flooding took place. The average values of hydrological factors
and determined values of other factors are presented in
Table 1.
Variables of environmental factors greatly affecting the
ordination score of both samples representing the analyzed
forest types and species were selected by prior testing of
their individual effects, representing the amount of variability in species data that could be explained by method of
causal ordination using the variability of a single factor as
the only explainable variable.
The Monte Carlo test indicated that each of the 12 factors was statistically significant for explaining species
variability of studied forests. Results of this analysis are
presented in Table 2.
TABLE 2 - Marginal effect of studied environmental variables
Environmental factors
Geological substrate
Speed of humification
Average height of water who
stagnating at the surface
Average length of flooding/
waterlogging
Type of microrelief
Altitude
Soil type
Distance from river Sava
Canopy of stand
pH
Electroconductivity -ECe
Average frequency of flooding/
waterlogging

Lambda 1

p

F

0.55
0.54

0.002
0.002

1.894
1.854

0.53

0.002

1.779

0.53
0.52
0.5
0.49
0.48
0.43
0.42
0.41

0.002
0.002
0.002
0.002
0.002
0.004
0.016
0.016

1.791
1.758
1.707
1.648
1.632
1.430
1.396
1.353

0.39

0.02

1.287

However, as expected, some of the environmental
variables for the whole set of 12 factors were intrinsically
strongly multi-co-linear, so the subset of environmental
factors selected for this model had multi-co-linearity brought
to an acceptable level (Table 3).

TABLE 1 - Matrix of values of environmental factors used in the CCA analysis
Type of
PDPZ
PFPZ
PVV
ECe
Dist
NV
pH
SS
forest (code)
(m)
(mS/cm)
(km)
(m)
44.833340
19.734530
11310
176.75
1.75
1.18
5.76
0.35
1.743
72
5
44.836830
19.734110
11310
191.75
2
0.74
6.11
0.79
1.507
73
5
44.840150
19.735360
11310
139.75
1.75
0.93
5.93
0.83
1.389
73
5
44.964564
19.628424
14110
109.5
2.25
0.72
6.89
0.29
0.411
72
3
44.801990
19.712850
14200
87.75
2.25
0.53
7.33
0.48
0.599
73
7
44.802030
19.708500
14200
98.25
2.75
0.42
7.02
0.32
0.277
77
5
44.810040
19.736120
15150
104.75
3.25
0.62
6.63
1.12
2.840
78
5
44.800110
19.748310
15150
117.5
3.5
0.54
5.81
0.84
3.715
78
7
44.847140
19.724670
15210
118.25
4.25
0.47
7.18
0.22
0.308
77
7
44.845650
19.722030
15210
113.75
3.5
0.76
7.38
0.39
0.222
78
7
44.817440
19.723880
15310
56.25
2.75
0.41
7.63
0.76
1.786
76
9
44.756318
19.829645
15310
49.75
3
0.61
7.51
0.64
1.865
74
7
Legend: coordinates of experimental plots GŠ – (N) latitude and GD – (E) longitude, PDPZ – average length of flooding/ waterlogging (the number
od days); PFPZ - average frequency of flooding/waterlogging (the number od times); PVV – average height of water who stagnating at the surface (in
meters), pH value, ECe- electroconductivity; Dist- distance from river Sava, NV – altitude, SS – canopy of stand
G.Š.

G.D.
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TABLE 3 - Varaiance inflation factor of selected environmental
variables for CCA analysis
Environmental variables
Average length of flooding/ waterlogging
Average frequency of flooding/waterlogging
Average height of water who stagnating at the surface
pH
Electroconductivity -ECe
Distance from river Sava
Altitude
Canopy of stand

VIF
5.9898
6.1286
2.6799
9.8480
4.0337
8.1712
4.9079
1.8402

3.1 Hydrological regime in certain types of flood forests

In addition to the high significance of continuous oscillation of level of underground water, for the complete
understanding of overall hydrological regime of flood
forests of Ravni Srem it is particularly important to note
three additional factors, expressed through values of: water
retention at the surface of soil (length of inundation), frequency of flooding and waterlogging of terrain, and level
of flood (stagnant) water at the surface. In this study flood-

ing/ waterlogging process was monitored in relation to different frequencies, length of inundation period and reached
levels of surface water.
This regression CCA model (Figure 2) shows that
frequency of flooding/ waterlogging in the flood forests
of Ravni Srem was closely linked with height of water
level and length of period of flooding/waterlogging. Less
common longer periods of flood/waterlogging led to
much greater height of water level above the surface than
in more common shorter periods of flooding/waterlogging
with certainly lower values of water table reached by stagnating surface water. Therefore it is impossible to consider
the effects of any of these three hydrological factors in
isolation from others, and this is especially true for frequency of flooding.
The studied hydrological factors and their relationships are easier to understand if some of the records are
directly compared. For example, the average length of inundation/ waterlogging in the 4-year study period was the
greatest in three experimental plots within the forest of

FIGURE 2 - CCA triplot – ordination of six types of flood forest and associated species composition in regard to eight environmental variables. Legend: full titles of environmental variable according to table1; names with codes of analyzed types of flood forests are identical to those
presented in chapter on methodology.
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narrow-leaved ash and grey willow at marsh gley soil
(code 11310) within the coenoecological group of swamp
forest of black alder, with average length of 191.75 days
of water retention at the surface. At the same time, the
greatest value of level reached by surface stagnant water
was also recorded in this type of forest, with 1.18 m, although the frequency of appearance of surface water in
this forest type was the lowest.
The opposite phenomenon was recorded in the forest type with Pedunculate oak, hornbeam and ash on
meadow black earth (code 15310) in the temporarily
flooded area, with lowest recorded average length of flood
period (49.75 days). This type of forest was also characterized by lowest average water level at the surface (0.41 m),
although the frequency of individual flood periods by
years was much greater than in the previous type of forest.
According to the overview presented in the above table, it is obvious that other forest types are in intermediary position between the two descried forest types with
more or less similar hydrological conditions, particularly
regarding the length of flooding/waterlogging period and
height of water level above the surface of soil. The greatest frequency of alternation between the humid and the
arid phases (appearance of periods when the terrain was
under water) was still recorded in the type of Pedunculate
oak and ash forests on humogley – the humid marsh black
earths (code 15210), with average recorded water level of
0.76 m. This is most similar to the lower value of this
hydrological variable, recorded in forest type with narrow-leaved ash and grey willow on eugley soils, while the
average period when surface water was present in this
type of forest (on two experimental plots) was 113.75 and
118.25 days.
Average value of length of flooding/waterlogging period within the 4-year study is directly positively correlated (0.675) with the recorded values of water level. The
longer periods when water is present at the surface are
primarily a consequence of greater height reached by same
water mass during the flood or rising of underground water,
and inundation of soil which is caused by both these factors and precipitation water.
In contrast to the above, the average values of frequency of flooding/waterlogging in the same period were

negatively correlated with reached values of water level
and length of flooding/waterlogging episode (-0.615 and 0.407, respectively). Altogether this is a reflection of greater
frequency of shorter, shallower surface waters in contrast to
lower frequency of longer periods with high surface waters.
The correlation relationships are again showing that in certain cases it may be difficult to precisely determine and
isolate the impact of any of these three hydrological factors.
3.2 Correlation of hydrological and other environmental
factors

Longer periods of presence of floodwater and increase in level of stagnating surface water were expected
to have a strong effect of increase in soil acidity. It was
shown that both hydrological variables are strongly negatively correlated with increase of pH value. The most
acidophilic soils are swamp gley soils inhabited by forests
of narrow-leaved ash with grey willow, with measured pH
of 5.76, while the most basophilic type was meadow black
earth with Pedunculate oak, hornbeam and ash forests in
periodically flooded areas, with measured pH value of 7.63.
The determined range of pH values indicates that soil reaction ranges from weakly acidic to neutral to weakly alkaline, in those types of forests and soils where a smaller or
greater amount of water fluctuates every year. However,
pH value was moderately increasing with increase of frequency of flooding/waterlogging. This may be explained by
appearance of very shallow temporary surface water bodies, which infiltrate the soil easily and enable frequent
alternation of humid and arid phases of soil, partially causing a decrease in their acidophilic value. The interrelationship of all environmental factors analyzed in this model is
presented in the correlation matrix (Table 4).
All three hydrological factors are only slightly negatively correlated with electro-conductivity that reflects the
presence of dissolved salts, and the measurements result
in indirect information on presence of salts – the salinity
conditions in certain soils. The lowest value of electroconductivity was measured within the Pedunculate oak
and ash forests on humid swamp black earth with the
greatest recorded alternation of humid and arid phases and
ECe of 0.22 mS/cm.
The moderate level of salinity was recorded in
pseudogley-gley soils inhabited by the monodominant
pedun-

TABLE 4 - Matrix of correlations for environmental variables used in the CCA analysis
Factor
Average length of flooding/
waterlogging
Average frequency of flooding/
waterlogging
Average height of water who stagnating
at the surface
pH
Electroconductivity -ECe
Distance from river Sava
Altitude

PDPZ

PFPZ

PVV

pH

ECe

Dist

NV

1
-0.3445
-0.5208
0.2523

1
0.7904
0.2057

1
0.2122

1

1
-0.407

1

0.6748

-0.6153

1

-0.7749
-0.0234
0.0324
-0.3182

0.4404
-0.0655
0.0568
0.8351

-0.6102
-0.0085
0.0559
-0.5741
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-0.4596

0.5089

-0.4302

culate oak forest, with the greatest recorded value of electro-conductivity of 1.22 mS/cm. The salinity of studied soils
was visibly increasing with increase of their acidophilic
values, as measured electro-conductivity was moderately
negatively correlated (-0.3445) with the increase of pH
values.
Regarding the interrelationships of some other environmental factors, there is a relatively greater degree of
negative correlation between distance from river bed and
increase in pH values, indicating that acidification of soil
takes place even at the significant distances from Sava, in
correlation with appearance of longer periods with somewhat higher water levels at soil surface and in more humid soil types. To the contrary, appearance of certain increase in soil salinity was positively correlated with distance from the river bed.
As results of CCA analysis indicate, three forest types
stand out: score of forest of narrow-leaved ash with grey
willow in swamp gley soil, negatively correlated with both
canonical axes; and scores of monodominant Pedunculate
oak forest on pseudogley-gley and forest of Pedunculate
oak, hornbeam and ash on meadow black earth in periodically flooded area, with negative and positive correlation
with second canonical axis, respectively, while both forest
types are positively correlated with the gradient of first
canonical axis. Under the synergetic influence of analyzed
environmental factors, these three forest types were shown
to be most distinctive and relatively homogeneous in comparison to each other and the remaining three forest types.
Under the influence of studied environmental factors, the
scores of forest of Pedunculate oak and ash on humid
swamp black earth and forest of black poplar on disturbed
swamp black earth show greater levels of ordinate heterogeneity, particularly regarding the gradient represented by
the second canonical axis, being both positively and negatively correlated with it.
Of all environmental factors analyzed in this model,
the factors producing the longest vectors are representing
gradients of spatial distance of studied experimental forest
plots from river bed, altitude and alternation of length of
flooding/waterlogging of forest habitats. They were shown
to be the most important factors for determining the species
variability. These environmental variables offer best ex-

0.433

0.0868

0.1529

0.4529

planations and greatest impact on the existing pattern of
variation of species appearance.
This was also supported by results of inter-set correlation presented in Table 5. The greatest positive correlation with the first canonical axis was shown by distance
from the river bed and by altitude, while the second canonical axis has the greatest value for negative correlation, with average value of length of flooding/ waterlogging period. Therefore the first two canonical axes offer
the best representation of variability in gradients of these
three factors.
The greatest correlation with the third and fourth axis
is present between the average value of water table on
surface of each experimental plot and the association structure, respectively. The summarized values of CCA analysis are presented in Table 6. The eigenvalues for the first
canonical axis (0.522) indicate that the first ordination
axis is not only the strongest gradient when compared with
other axes, but that it also strongly produces the distinction
between the species used for analysis of this model. The
eigenvalues of other axes are also quite high, particularly
of the second and third axes, meaning that the gradients
represented by these axes are also having a strong impact.
The total dispersion of species score represented by sum of
all eigenvalues is 4.076, while the total amount of species
variation (which may be explained by alternation of gradients of each factor analyzed in this model) is 2.942. The
environmental variables used in this ordination explain
72.18% of total variability of species appearance.
The species-environment relationship, indicating the
variation of species composition according to correlation
of eight environmental factors, is very strong and for first
four ordination axes is above 0.99. The cumulative percentage of variance for species (for first axis: 12.8% = (100 *
(0.522/4.076)) explained by influence of first four axes is
45.5%.
The cumulative percentage of variance of speciesenvironmental factors relationship, as an amount of inertia
explained by canonical axes and a fraction of total explainable dispersion of species score is one third for the
first two axes (for the first axis 17.70% = (100* (0.522 /
2.942), while for the first four axes 63.1% of variation
may be explained with these eight environmental factors.

TABLE 5 - CCA results- correlation of environmental variables with axes - (the values which are denoted indicate the highest correlation
between environmental variables and sample locations)
Environmental variables
Average length of flooding/ waterlogging
Average frequency of flooding/waterlogging
Average height of water who stagnating at the surface
pH
Electroconductivity -ECe
Distance from river Sava
Altitude

AXIS 1
-0.4629
0.5832
-0.4752
0.1199
0.5876
0.6977
0.6303
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AXIS 2
-0.6526
-0.0233
-0.247
0.561
-0.2345
-0.1878
-0.4109

AXIS 3
-0.2301
-0.0394
-0.4405
0.0725
-0.2965
-0.2288
0.0835

AXIS 4
0.2352
-0.3131
0.3661
-0.036
0.0323
-0.1327
-0.374
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0.2615
0.2112
TABLE 6 - Summary of CCA results – (Eigenanalysis)

Axes
Eigenvalues
Species-environment correlations
Cummulative percentage variance of species data
Cummulative percentage variance of
species-environment relations
Sum of all eigenvalues ( total inertia)
Sum of all canonical eigenvalues

-0.4239

-0.7446

1
0.522
0.996
12.8

2
0.47
0.991
24.3

3
0.462
0.995
35.7

4
0.403
0.996
45.5

17.7

33.7

49.4

63.1

4.076
2.942

There is a greater possibility that plant associations
are reacting to history in water level than to the water
level in the exact moment of study [34, 35]. However, the
CCA model (Figure 2) clearly indicates that the prolonged
flood period and associated values of water table in depressions microtopographically determined as long-term
ponds eliminate certain species and favor others, while the
frequency of appearance of surface water in experimental
plots in inundated zone may have a sufficiently significant
impact on species composition.
In accord with this model, SIMPER procedure based
on chord distance was additionally used to analyze the
floristic composition, represented by individual and cumulative contribution of present taxa to the existing pattern
of floristic differentiation. The analysis has included only
six experimental plots with forest types that reached maximal, minimal and approximately intermediary values of
hydrological variables (length of period and height of
water table) for the 4-year study period. The types included in the analysis were: type of narrow-leaved ash and
grey willow forest on alpha-beta to beta gley (code

11310), type of monodominant pedunculate oak forest on
pseudogley-gley (code 15150) and type of pedunculate
oak, hornbeam and ash forest on meadow black earths in
flooded area (code 15310)
Of the total of 111 present taxa, 19 taxa were participating in the first 50% of cumulative contribution to total
differentiation. In Table 7, they are listed from the taxon
with the individually greatest to the taxon with the individually lowest impact on the existing pattern of floristic
differentiation between the three types of forest habitats
with different hydrological regime.
The greatest individual contribution to differentiation
of floristic compositions among these three hydrologically
different forest types is that of Carpinus betulus, the only
one among the 19 species within the first 50% of cumulative contribution, recorded in the zone with the shortest
period and lowest water table. The tree species present in
all three forest types with very pronounced fluctuations in
period and height of inundation were Fraxinus angustifolia
and Quercus robur, while in the undergrowth stratum there
are Galium palustre and Rumex sanguineus. Appearance of

TABLE 7 - SIMPER analysis based on Chord distance.
Taxa
A
B
C
D
E
F
Carpinus betulus
0.1043
7.121
7.121
0
0
7.5
Amorpha fruticosa (b)
0.06952
4.747
11.87
6
6
0
Fraxinus angustifolia
0.06513
4.448
16.32
8
2.5
8.5
Salix cinerea
0.06437
4.395
20.71
6
0
0
Quercus robur
0.05674
3.875
24.59
1.5
7.5
6
Myosotis palustris (c)
0.04682
3.197
27.78
5
0
0
Polygonum hydropiper (c)
0.02975
2.031
29.81
0
4
0
Populus alba
0.02872
1.961
31.78
4
0
0
Mentha arvensis (c)
0.02741
1.872
33.65
2.5
0
0
Carex vulpina (c)
0.02741
1.872
35.52
2.5
0
0
Galium palustre (c)
0.02647
1.808
37.33
1.5
4
2.5
Rumex sanguineus (c)
0.02603
1.778
39.1
1.5
4
0
Lycopus europaeus (c)
0.02587
1.767
40.87
0
3.5
0
Frangula alnus (b)
0.02523
1.723
42.59
4
1
0
Oenanthe fistulosa (c)
0.02352
1.606
44.2
0
2.5
1.5
Salix fragilis (b)
0.02324
1.587
45.79
3.5
0
0
Euphorbia helioscopia (c)
0.02277
1.555
47.34
0
2.5
0
Hordeum murinum (c)
0.02277
1.555
48.9
0
2.5
0
Veronica chamaedrys (c)
0.02277
1.555
50.45
0
2.5
0
Legend: Marks (b) and (c) next to the taxon names indicate that taxon belongs to second or third forest stratum, respectively. A = Average dissimilarity, B = [ Individual Contribution of txa (%) = Av. Dissim. / SD (Av.Dissim.)] , C = Cumulative contribution of taxa (%), D = average abun-
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dance/covering of taxa for type forest (code11310), E = average abundance/covering of taxa for type forest (code 15150), F = average abundance/covering of taxa for type forest (code 15310)

Pedunculate oak even in the zone of longest flooding does
not define the ecological optimum of this species regarding
that hydrological variable, but these four species definitively belong to species with broad ecological valence.
According to this model, Oenanthe fistulosa is the
only species from stratum of herbaceous vegetation to
appear in first 50% of cumulative contribution to total
floristic differentiation of three types of forest habitats. It
appears in zone of short to medium-long periods of flooding and low to medium-high levels of stagnant water on
forest floor.
The ligneous species distributed even in the most anoxic conditions (periods of longest to medium-long flooding on annual level) and highest to medium-high water
levels on forest eugley and pseudogley-gley soils include:
Salix cinerea, Salix fragilis, Populus alba, Amorpha fruticosa and Frangula alnus, while among the herbaceous
flora the greatest individual contribution to total differentiation is that of: Polygonum hydropiper, Miosotis palustris, Mentha arvensis, Carex vulpina, Lycopus europaeus,
Euphorbia helioscopia, Hordeum murinum and Veronica
chamaedrys.
The second 50% of cumulative contribution includes
the remaining 92 taxa, which according to the determined
values of combined abundance and cover are contributing
to the total floristic differentiation among these three types
of forest habitats in a much smaller extent.
For example, some of the additional species appearing in the zone with longest inundation, the forest type of
narrow-leaved ash with grey willow on eugley soil, include:
Caltha palustris, Cardamine pratensis, Rumex obtusifolius,
Glyceria maxima, Alisma plantago aquatica, Carex maxima,
Typha angustifolia, Populus tremula, Rosa canina, Populus nigra, Iris pseudacorus, Sambucus ebulus, Fraxinus
pennsylvanica var.subintegerrima etc.
Some of the species connected with the medium length
of inundation and present in the type of monodominant
Pedunculate oak forests on pseudogley-gley include: Tussilago farfara, Lotus corniculatus, Juncus effusus, Poa trivialis, Genista tinctoria var.elata, Cornus mas, Asclepias
syriaca, Alliaria officinalis, Galium aparine, Bellis perennis, Ranunculus polyanthemos, Bromus sterilis, Galium
cruciata, Festuca gigantea, Ulmus carpinifolia, Scutellaria hastifolia, Sambucus nigra, Achillea millefolium, Teucrium scordium, Chaerophyllum temulum, Trifolium
campestre, Rumex conglomerates, Carex divulsa etc.
In the zone of shortest inundation, associated with the
type of Pedunculate oak, hornbeam and ash forest on
meadow black earths, in the sporadically flooded areas,
some of additional species include: Glechoma hederacea,
Brachypodium sylvaticum, Vitis sylvestris, Ranunculus
sardous, Lysimachia nummularia, Galeopsis speciosa, Geum
urbanum, Clematis vitalba, Sorbus domestica, Cynanchum vincetoxicum, Viola sylvestris, Hypericum hirsutum,

Lapsana communis, Viola hirta, Primula acaulis, Bidens
tripartita, Evonymus europaeus, Solanum dulcamara, Symphytum officinale, Rhamnus cathartica, Acer campestre
etc.
The next analysis includes all 18 experimental plots
and all nine mentioned forest types, inhabiting both the
flooded/inundated areas and areas completely outside of the
inundation processes. This approach also considers distribution of certain species that appear and/or have greater
abundance and cover values outside of the flooded area,
providing more realistic understanding of their ecological
demands within the whole humidity gradient.
3.3 Differential adaptability of species in regard to variability
of the duration of inundation

The first part of analysis pertains to ecological demands of 11 ligneous species, most of them dominant,
including certain adventive species present in studied forests. These species are: Quercus robur, Carpinus betulus,
Fraxinus angustifolia, Ulmus carpinifolia, Acer campestre,
Acer negundo, Alnus glutinosa, Salix cinerea, Populus
euramericana cl.I -214, Amorpha fruticosa and Fraxinus
pennsylvanica.
Figure 3 shows differential adaptability of analyzed
species regarding the length of inundation, while Table 8
shows ecological demands of these species, expressed in
parameters of ecological optimums and tolerance to different time periods of flooding.
For example, in our sample field maple, common
hornbeam and field elm were species with similar ecological optimums, so they may be combined in one ecological group, distributed in that part of gradient that showed
shortest inundation periods. However the field elm had a
much wider ecological valence for this hydrological variable and it was therefore much more tolerant to complete
anaerobic conditions when compared with hornbeam, and
even more when compared with field maple.
The common hornbeam was less competitive on very
moist to wet sites [36,37]. Drier sites were covered by
Carpinus betulus-dominated forests [38] obtained similar
results in floodplain forests, finding that flood-tolerant
and flood-intolerant species were grouped separately in
floodplain forests.
The next species in graph is Pedunculate oak, inhabiting hydrologically very variable habitats, particularly regarding the length of presence of stagnant surface water.
The distribution and growth of pedunculate oak was dominantly determined by its need for a significant amount of
physiologically active moisture in the soil during the vegetation period. Therefore the pedunculate oak may be considered a species with climatogeneous distribution only in
cases when additional sources of water (underground water
and floods) do not contribute to providing the sufficient
amount of physiologically active moisture necessary for
growth and development [39].
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This model indicates that pedunculate oak reached its
ecological optimum regarding the length of flood period

after app. 51 days, and it is differentiated separately from
the above-mentioned species. In regard to flood period,

FIGURE 3 - Differential adaptability of species in regard to variability length of inundation period, studied in nine forest types at Ravni Srem

TABLE 8 - Ecological demands of species regarding the gradient in inundation period

1
2
3
4
5
6
7
8
9
10
11

Taxa
Acer campestre
Carpinus betelus
Ulmus carpinifolia
Quercus robur
Populus euramericana cl. I-214
Amorpha fruticosa
Fraxinus angustifolia
Alnus glutinosa
Acer negundo
Fraxinus pennsylvanica
Salix cinerea

Optimum (days)
9.95
14.662
24.625
50.724
93,3088
115.707
118.082
122.417
124.875
136.089
167.969

pedunculate oak is the most euryvalent species in most
forest types in study area.
One distinct species is Euro-American poplar, occupying an intermediary position at the studied gradient of
length of flood period within the recorded set of species,
with the determined ecological optimum of 93 days. This
model shows that Euro-American poplar is extremely stenovalent with a very narrow tolerance zone, and its survival
is connected with the hydrologically uniform, homogenous habitat type.
Species such as false indigo bush, narrow-leaved ash,
black alder, box elder and green ash belong to the group

Tolerance
19.9
23,7035
45,4549
57,6284
5,24091
46,6198
48,3579
12,2565
38,7014
37,8337
28,2406

Maximum
3
8
7
9
9
8
9
2
2
3
7

with similar ecological optimums, ranging from app. 116
to 136 days of flood period. This primarily indicates that
this species are best connected with micro-depression
relief, from drained rows of micro-depressions to greater
presence in type of medium- and long-term ponds, 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. All these species show a significant degree of euryvalent character for this hydrological
variable, except for black alder which shows the greatest
degree of stenovalent character and together with EuroAmerican poplar it is ecologically the least tolerant to
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conditions of arid phases. The Gauss curve for these two
species and for field maple indicates a significant narrowing of their ecological niches in this part of gradient, leading to large-scale avoidance of interspecies competition.
Pensilvanski jasen is a highly flood-tolerant species
relative the most other bottomland hardwood forest tree
species [40]. According to the report by the EEA (European Environmental Agency), Amorpha fruticosa is one
of the invasive forest species at the global scale, and it has
spread freely in many countries of Europe, where today it
is a serious threat for autochthonous vegetation [41]. This
species grows on moist soil along riverbanks, streams,
ponds, in ditches, in open and semi-open wetland forests,
displacing the autochthonous species. Pančić et al. [42]
have recorded it in heavy swamp gley soils, where water
remains in the substrate during the greatest part of the
year. False indigo bush generally produces very high
amounts of fruits, which are easily transported by flood
water, anemochorously and by anthropogenic means. Therefore this plant became a serious threat to forest areas in
lowlands, where it spreads rapidly [43]. It enters the newly
formed forest stands, growing much faster and more vigorously than most species in forest stands, overgrowing
and choking other plants and leading to their demise [44].
According to the analyzed model, pedunculate oak,
false indigo bush and field elm showed the greatest ecological amplitudes, enabling them to survive in hydrologically most heterogeneous habitats, while green ash and
box elder are not far behind.
As expected, grey willow was situated at the most
humid part of the gradient, with the best tolerance for
soils hydathodic almost throughout their profile and longterm stagnant water at the surface, with the determined

ecological optimum of 168 days. The ecological tolerance
in this willow is much narrower than in pedunculate oak,
false indigo bush, both ashes, field elm and box elder,
indicating a higher degree of stenovalency. Therefore the
distribution of this species is mostly connected with the
most inundated part of forest area of Ravni Srem, at all
three forms of eugley soil (hypogley, epigley and amphigley) in the commonly flooded zone immediately next to
the bed of river Sava, as well as in the deepest microdepressions, where humid phase is present during the
greatest part of the year.
In the presented model (Figure 3), it is obvious that
the greatest differentiation of ecological optimums existed
between field maple and hornbeam on one hand and grey
willow and green ash on the other hand of gradient, while
the ecological optimum of Euro-American poplar was
approximately at the equal distance from both these hydrological positions. The positions of ecological valences
(diapasons of variation in length of inundation suitable for
the analyzed species) were almost completely different
between grey willow, black alder and Euro-American
poplar one hand and field maple and hornbeam on the
other hand.
3.4 Differential adaptability of species in regard to fluctuations in level of stagnant water on soil surface

Regarding the level of surface water, the presented
model (Figure 4, Table 9) suggests that the acquired ecological optimums of e7leven ligneous species were almost
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FIGURE 4 - Differential adaptability of species in regard to variability water level at the surface of forest soil
TABLE 9 - Ecological demands of species regarding the gradient of flood level at the surface of forest soil

1
2
3
4
5
6
7
8
9
10
11

Taxa
Acer campestre
Carpinus betulus
Ulmus carpinifolia
Quercus robur
Populus euramericana cl. I-214
Acer negundo
Amorpha fruticosa
Fraxinus pennsylvanica
Fraxinus angustifolia
Alnus glutinosa
Salix cinerea

Optimum (m)
0.122
0.143519
0.153636
0.289792
0.471765
0.60
0.623906
0.696429
0.708281
0.816667
0.9375

completely matching their distribution along the gradient
of length of flood period, additionally supporting the somewhat greater degree of co-linearity between these two hydrological variables and suggesting the results of previous
regression CCA model.
The first group of related ecological optimums was
again composed of values for field maple, common hornbeam and field elm, with the interval of app. 12-15 cm of
water level at the surface of soil.
However, both the field maple and the common hornbeam show a far greater degree of ecological tolerance for
water level, in contrast to their much more stenovalent
relationship toward the length of flooding period, while
field elm is showing a significantly high degree of euryvalency for this hydrological variable as well.

Tolerance
0.244
0.237316
0.285172
0.311669
0.0549048
0.114891
0.276488
0.238495
0.237826
0.0801388
0.237973

Maximum
3
8
7
9
9
2
8
3
9
2
7

Grey willow and black alder are on the completely
opposite part of this gradient. According to this model,
black alder shows an ecological optimum at app. 84 cm of
water level on the forest floor, while general distribution
and development of this (hydrologically extremely stenovalent) species are strongly determined by presence of
most humid habitats, characterized by long flood periods,
high water table in completely anoxic soils (leading to
lower frequency of flooding in these conditions) and very
poor sustainability of time period of dry phases between
two (mostly quite long) periods of pronounced highly
humid phases within a single calendar year.
Of all species presented in this model, grey willow
reached the highest position of ecological optimum in the
given gradient, at approximately 94 cm of water level
above the surface of soil. This species showed a far greater
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ecological tolerance regarding the existing variability of
water level at the surface, which is not the case for the
length of flood period as it shows a lesser degree of euryvalency in comparison to other species. All this leads to almost identical hydrological conditions of forest habitats as
those in previously described black alder.
4. CONCLUSION
Ecological interpretation of floristic variability is complicated due to high number of environmental factors and
complex character of their impact. [45].Other authors have
also found it difficult to interpret pronounced but complex
gradients [46,47]. In general, distribution of species regarding the 4-year averages of studied hydrological variables shows that species tend to adapt either on much
shorter periods of flooding between longer dry periods or to
a long-term process of flooding or inundation of soil while
tolerating shorter dry periods.
The dry phases within the hydrological fluctuations are
also very important as they contribute to survival of those
species that cannot adapt to conditions of long-term anoxia.
For example, prolonged dry phase (shorter stagnation of
water at the surface) in the type of pedunculate oak, hornbeam and ash forest on meadow black earth allows for
influx of species optimally developing in much drier habitats. Therefore it may be considered that besides the
length of flooding, height of water level and frequency of
water presence on the surface of soil (three highly significant hydrological factors for determining the degree of
species variability, i.e. level of differentiation in studied
forest habitats of Ravni Srem) it is also equally or even
most important to determine the length of time for each
individual stagnation of water at the surface. This alternation is a key factor determining if certain species will
have enough time to react by appropriate adaptations to
conditions of humid or dry phases.
The variations of pronounced hydrological variables
in Ravni Srem have shown to be very pronounced from
one year to another (with an assumption that they are even
more drastic in long-term scope of several decades) as
well as among most types of forest habitats. Therefore it
is almost certain that the floristic composition is continuously adapting to temporary and periodic conditions, so in
the studied forests of flooded and sporadically flooded
area it is primarily a reflection of more or less short-term
existence of individual plant specimens, while the competitive interactions probably become more important and
better pronounced in places where the development phases
of certain associations were shown to be far more stable
in habitats outside of the flood area.
The authors have declared no conflict of interest
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ABSTRACT
The study was carried out in the Polish Lowlands in
the summer periods of 2005-2008. The results from almost
half of the sites were very similar and showed that rivers
were of moderate quality. Chlorophyta, Cryptophyta and
Euglenophyta were common at sites with higher concentrations of phosphorus and nitrates, the presence of modifications, silty river bottom and higher pH. Nuphar lutea
or Cladophora agg. were dominant species in the group of
macrophytes and macroscopic algae. Diatoms occurred in
significantly higher densities at sites with lower concentrations of nutrients, no or minor modifications, sandy river
bottom and higher water conductivity, where Elodea canadensis, Glyceria maxima and Sparganium emersum were
dominant macrophyte species.

KEYWORDS: phytoseston, diatoms, water chemistry, macrophytes, river modifications

1. INTRODUCTION
The algae communities in rivers are very diverse and
less stable than in lake ecosystems. The number of bioseston cells in aquatic ecosystems, such as rivers, play an
important role in the food chain and depends on several
factors, including: season of the year, vegetation structure,
channel substrate, water chemistry, turbidity and, especially, current velocity [1-4]. For instance, the water turbidity
and channel shading may create poor light conditions and
significantly reduce the development of algae biomass.
Several water quality parameters were measured during the
research, such as pH reaction, conductivity, nitrates, soluble reactive phosphates, total phosphorus and hardness.
Physico-chemical parameters of the river waters differ
according to season of the year (temperature, current veloc
* Corresponding author

ity) and thus they influence the biological activity of aquatic
organisms e.g. phytoplankton [5]. Additionally, the river
habitat characteristics (river channel modifications, bottom material) together with the flow type affect the structure and abundance of microscopic organisms and macrophyte structure. In the case of lowland rivers, differences
in physico-chemical conditions during low-flows in summer are significant, thus considerable shifts in species composition are common even in watercourses located in the
same region [3, 5, 6]. Small lowland watercourses are very
diverse in terms of the width and depth, current velocity
and they are often eutrophic, especially when the watershed
area is large, or industrial and agricultural activities are
present.
There are few biological studies of phytoseston in lowland rivers of Poland, especially concerning the water discharge differences [7, 8], and still little is known about the
impact of small river habitat modifications on planktonic
algae and macrophytes. The main objective of the surveys
was to identify the differences between phytoseston assemblages occurring at lowland river sites with different
physico-chemical characteristics and river modifications.
Diatoms were the core of the experiment, while macrophytes, chemical parameters and identification of river
habitat modifications were used for description of the river
sites and further comparisons. Seven small rivers (Meszna,
Noteć, Bachorza, Rgilewka, Samica Stęszewska, Główna,
Struga Kwilecka) within the Wielkopolska and Kujawy
regions (west and central Poland) were investigated.
The examined rivers represent lowland watercourses of
Wielkopolska Lakeland and are characterized by moderate to
high nutrient enrichment caused by the agricultural landscape, the lake trophic status and wastewater impact. Algae
are valuable indicators of the ecological status of freshwaters, particularly rivers, therefore algae assemblages were
studied and the obtained results were supplemented with
the results of the macrophyte survey.
2. MATERIALS AND METHODS
The research was carried out in 2005-2008 at 20 selected river sites situated in central and western Poland,
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thus the results are to some extent conclusive for lowland
watercourses of Ecoregion 14. The surveyed rivers were
of similar size and depth, but different in terms of water
quality, vegetation cover and the range of river modifications [7-15]. Water samples and biological data were collected in a warm season: the Meszna River was surveyed in
June-September 2005 and June-September 2006, the Noteć
River in June-September 2005, June-September 2006,
June-September 2007, the Bachorza channel in July-August
2005, the Rgilewka River in July-August 2005, JuneSeptember 2008, the Samica Stęszewska River in JulySeptember 2005, the Główna River in June-September 2008
and the Struga Kwilecka River in June-September 2007.
The Noteć River is the largest tributary of the Warta
River with the watershed of about 17,300 km2 dominated
by agricultural and rural areas, and several towns. Municipal wastewaters are the main threat to river quality. Both
water quality and hydromorphological conditions varied
between sites. The Meszna River with the watershed of
705 km2 is also a tributary of the Warta River and has
generally poor water quality. The Bachorza channel (292
km2) is an old water way located in the agricultural landscape. The Rgilewka River (594 km2 watershed) is a
typical lowland river with the dominance of agricultural
areas and meadows. The Samica Stęszewska River (about
183 km2) is situated in the Wielkopolska province and its
low water quality is mostly due to a high level of nutrients
and poor oxygen conditions. The Główna River (73 km2)
is a tributary of the Warta River and the last kilometers
run through the city of Poznań. The Struga Kwilecka with
moderately eutrophic waters is an outflow from Lake
Kwileckie.
Phytoseston samples were collected at 20 sites of
seven rivers: the Meszna River (site A – profile Kąty), the
Noteć River (B, N – Łysek, D, E – Mchówek, F –
Katarzyna, O, P – Kalina, R – Dzióbin, S, T – Lucynowo),
the Bachorza channel (C – Ujma Mała), the Rgilewka
River (G, H, I, J – Grzegorzew), the Samica Stęszewska
River (K – Krąplewo), the Główna River (L, M – Wierzenica) and the Struga Kwilecka River (U – Kwilcz) (Fig. 1).
The identification of species from particular groups of
algae was carried out based on current taxonomical books
of phycology [16-24 and others]. Species richness was
described as a number of algal taxa in each sample. For
quantitative analysis of phytoseston, the Kolkwitz sedimentation chambers were used and algae cells were the
main counting units. The algae biovolume (biomass) was
calculated from the number of cells and the volume of
species [25, 26].
The macrophyte survey was conducted along 100 m
stretches using the Macrophyte Method for River Assessment. This method is currently the official monitoring
approach for rivers in Poland The survey includes a list of
species and estimated vegetation cover. The presence of
each species was recorded with their percentage cover
using the following nine-point scale: < 0.1%, 0.1 − 1%, 1 −
2.5%, 2.5 − 5%, 5 − 10%, 10 − 25%, 25 − 50%, 50 − 75%
and > 75% [27].

FIGURE 1 - Sketch map of surveyed sites.

Assessment of water quality was made using two algae indices: PSI Specific Pollution Sensitivity Index [28]
and GDI Generic Diatom Index [29]. The ranges of PSI
and GDI scores are presented in Table 1. The evenness
index J (the range from 0 to 1) was expressed with the
Shannon-Weaver diversity index. Furthermore, selected
water quality parameters were examined using standard
methods: pH and conductivity – electrometrically, soluble
reactive phosphates − the Ascorbic Acid Method, total
phosphorus − the Acid Persulfate Digestion Method, nitrates − the Cadmium Reaction Method, water hardness –
visual rapid tests. River and river valley modifications were
described using terms from River Habitat Survey methodology [30, 31].
TABLE 1 - Evaluation of water quality using PSI and GDI.
Water quality
high
good
moderate
poor
bad

PSI
>17
15-17
12-15
8-12
<8

GDI
>17
14-17
11-14
8-11
<8

Canonical ordination analysis for relating the biological data (taxonomic composition of algae and macrophytes)
to the environmental variables were carried out using
CANOCO for Windows version 4.5 [32]. The appropriate
type of analysis (CCA − Canonical Correspondence Analysis) was chosen to analyze the biological data by DCA
(Detrended Correspondence Analysis) and the length of the
gradient. Preliminary DCA on the biological data revealed
that the gradient length was more than 4 SD (the standard
deviation) indicating that the biological data exhibited
unimodal responses to underlying environmental variables,
which justified the use of unimodal multivariate methods.
Only algae species with high frequency in the examined
material were included in the statistical analysis, while
species with low frequency (below 30%) were excluded
to avoid the effect of uncertainty in the calculations. The
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statistical significance of the relationship between the biological data and the physical and chemical parameters of
water was evaluated using the Monte Carlo permutation
test (499 permutations) [32]. The abbreviations used for
algae and macrophyte species names corresponded to the
first three letters of the Latin generic name and the first
three letters of the species name.
3. RESULTS
There were 215 identified algae species (86 diatoms,
72 green algae, 30 cyanobacteria and 27 taxa of algae from
other taxonomical groups) and only 29 species were common for all seven investigated rivers. Species richness during
the study period was low and ranged from 21 to 84 species.
The lowest number of identified taxa, equal to 21 (13 diatoms, 4 green algae, 3 cyanobacteria and 1 cryptophyte),
was observed in the Noteć River (site Łysek, N). The highest number of identified taxa was found in the Główna
River (site L) where as many as 84 species (48 diatoms,
19 green algae, 9 blue-green algae and 8 species from
other groups) were recorded. The taxonomical dominance
of diatoms was found at each site. The mean values of the
evenness biodiversity index were rather high and oscillated
between 0.35 and 0.82. The highest value of the evenness
index was observed in the Noteć (site T) and Główna
River (L). The lowest value of the evenness index and the
lowest species diversity (only 21 taxa) of algae were observed in the Noteć River (site N).

A total of 86 species of diatoms were identified in the
investigated rivers (Table 2). From all of the phytoseston
species found in the studied rivers, only Cocconeis
placentula Ehr., Puncticulata radiosa (Lemm.) Håkan.
and Ulnaria ulna (Nitzsch) Compère occurred at every
site. Characteristic diatom species were not found in the
Meszna, Bachorza and Rgilewka rivers, while Caloneis
fontinalis (Grun.) Lange – Bertalot & Reich., Encyonema
elginense (Hust.) D.G. Mann, Eunotia arcubus Nörpel &
Lange-Bertalot, Meridion circulare Ag. − in the Notec
River, Craticula cuspidata (Kütz.) Mann in the Samica
Steszewska River and Asterionella formosa Hass, Diatoma
vulgaris Bory occurred only in Struga Kwilecka. Moreover, Caloneis silicula (Ehr.) Cleve, Encyonema affine
Metz. & Kram., C. turgidula Grun., Epithemia adnata
(Kütz.) Bréb., E. zebra var. saxonica (Kütz.) Grunow,
Gyrosigma acuminatum (Kütz.) Rabenhorst, G. attenuatum (Kütz.) Rabenhorst and Nitzschia frustulum (Kütz.)
Grun. were found only in the Główna River.
Most of the analyzed water chemical parameters had
their maximum values at sites with the dominance of Amphora ovalis and Gomphonema olivaceum (Table 2). Moreover, high conductivity supported the abundant occurrence
of Encyonema minutum, Staurosira construens, Hippodonta capitata and Nitzschia recta. These species, like
Ulnaria delicatissima var. angustissima, were also tolerant
of high concentration of phosphates and nitrates. Compared
to the list of other diatoms in Table 2, Achnanthidium
minutissimum was a characteristic species of a low trophic
status with less nutrient-rich conditions.

TABLE 2 - Mean±SD (and weighted average of value) of physico-chemical parameters of water, characterized the most common diatom
species. N – number of river sites
No.

Diatom species

N

1.

Achnanthidium minutissimum

16

2.

Amphora ovalis

15

3.

Aulacoseira granulata

11

4.

Cocconeis placentula

20

5.

Cyclotella ocellata

15

6.

Cyclotella distinguenda

13

7.

Encyonema minutum

11

8.

Gomphonema olivaceum

10

9.

Hippodonta capitata

11

10.

Nitzschia recta

11

11.

Puncticulata radiosa

20

12.

Staurosira construens

14

13.

Staurosirella pinnata

16

14.

Ulnaria delicatissima var. angustissima

15

15.

Ulnaria ulna

20

pH reaction
7.30±0.32
(7.18)
7.32±0.37
(7.40)
7.34±0.36
(7.67)
7.33±0.36
(7.37)
7.43±0.37
(7.47)
7.33±0.37
(7.29)
7.30±0.31
(7.29)
7.24±0.33
(7.28)
7.38±0.36
(7.24)
7.28±0.30
(7.12)
7.33±0.36
(7.42)
7.38±0.39
(7.44)
7.31±0.38
(7.33)
7.24±0.30
(7.16)
7.33±0.36
(7.31)

Conductivity
[mS·∙cm-1]
1.165±1.059
(0.769)
1.391±1.209
(1.274)
1.408±1.206
(0.951)
1.183±1.102
(0.887)
1.203±1.085
(0.665)
1.055±1.015
(0.813)
1.618±1.341
(1.048)
1.766±1.329
(1.140)
1.319±1.254
(1.417)
1.351±1.284
(1.878)
1.183±1.102
(1.489)
1.421±1.249
(1.651)
1.265±1.219
(0.911)
1.338±1.234
(0.966)
1.183±1.102
(0.949)

Total
Phosphates
phosphorus
-3
[mg P·∙dm ] [mg PO43-·∙dm-3]
0.64±0.45
1.10±1.01
(0.58)
(1.02)
0.71±0.49
1.07±1.05
(0.85)
(1.54)
0.69±0.46
1.14±1.16
(0.48)
(1.11)
0.63±0.46
0.99±0.95
(0.73)
(1.00)
0.55±0.45
1.12±1.04
(0.40)
(0.96)
0.58±0.44
1.03±1.09
(0.76)
(1.66)
0.64±0.39
1.05±0.53
(0.71)
(1.01)
0.74±0.42
1.06±0.58
(0.90)
(1.27)
0.54±0.45
0.75±0.60
(0.73)
(0.94)
0.65±0.44
0.90±0.64
(0.51)
(0.94)
0.63±0.46
0.99±0.95
(0.58)
(1.00)
0.67±0.49
1.02±1.06
(0.62)
(1.10)
0.58±0.42
0.75±0.56
(0.53)
(0.61)
0.60±0.42
0.88±0.58
(0.84)
(0.97)
0.63±0.46
0.99±0.95
(0.76)
(0.99)
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Total
Carbonate
hardness
hardness
[mg N-NO3 ·∙dm-3] [mg CaCO3 ·∙dm-3] [mg CaCO3 ·∙dm-3]
Nitrates

0.35±0.45 (0.24)

305±65 (262)

179±51 (143)

0.41±0.45 (0.64)

314±64 (304)

192±46 (179)

0.38±0.44 (0.46)

304±46 (328)

182±47 (175)

0.35±0.41 (0.40)

305±61 (300)

186±49 (176)

0.36±0.39 (0.30)

319±60 (335)

193±51 (220)

0.31±0.41 (0.42)

287±48 (262)

176±48 (155)

0.34±0.40 (0.61)

308±47 (297)

177±50 (154)

0.35±0.41 (0.32)

330±70 (390)

189±48 (207)

0.43±0.38 (0.57)

310±39 (303)

195±48 (174)

0.38±0.38 (0.15)

294±49 (287)

180±48 (185)

0.35±0.41 (0.34)

305±61 (327)

186±49 (203)

0.45±0.45 (0.44)

307±44 (317)

195±42 (211)

0.30±0.33 (0.29)

292±49 (289)

182±46 (178)

0.17±0.19 (0.13)

307±68 (309)

183±49 (176)

0.35±0.41 (0.49)

305±61 (293)

186±49 (188)
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TABLE 3 - Relative biomass (%) of dominant algae taxa in phytoseston, total biomass of algae (mg·dm-3) and total coverage of the macrophytes (%) in surveyed river sites
Dominant phytoseston taxa
Aulacoseira ambigua
Aulacoseira granulata
Ceratium hirundinella
Cocconeis placentula
Cryptomonas erosa
Cryptomonas ovata
Cyanodictyon sp.
Cyclotella meneghiniana
Cyclotella ocellata
Euglena limnophila
Jaaginema geminatum
Nitzschia recta
Pediastrum boryanum
Pinnularia viridis
Planktolyngbya limnetica
Puncticulata radiosa
Staurosira construens
Staurosirella pinnata
Ulnaria ulna
Ulothrix zonata

Algae
group
Dia
Dia
Din
Dia
Cry
Cry
Cya
Dia
Dia
Dia
Eug
Dia
Dia
Dia
Cya
Dia
Chl
Dia
Cya
Chl

A

B

8

C

D

E

14

43

24

F

G

H

I

Site code
J
K
18
19
41

L

M

12

12
12

N

O

P

R

S

T

12

16
9
22

26
62

U

23

16
18
31

27

27

17
15

21

9

25

25
12

11
10
14

16

34

28

19

14
13
7.5

4.4

0.8

6.0

4.6

40.9

11.3 105.8 99.3 30.6 30.6 79.3

11
14
Total biomass of algae in phytoseston [mg·dm-3]
6.8 8.8 5.8 4.5 8.6 19.2 18.2 2.0
7.7 8.2 3.1 1.6 0.7
Total coverage of the macrophytes [%]
6.7 16.1 19.1 19.1 89.8 6.8 6.8 105.1 15.4 43.3 71.5 75.0 71.5

1.8
6.4

(Algae groups: Chl – green algae, Cry – cryptophytes, Cya – cyanobacteria, Dia – diatoms, Din – dinoflagellates, Eug – euglenoids)

The dominant community was composed of 20 species (11 diatoms, 3 cyanobacteria, 2 green algae, 2 cryptophytes, 1 euglenoid, 1 dinoflagellate). Only Cocconeis
placentula Ehr. dominated at most sites (Table 3). The highest concentration of phytoseston biomass was above 40
mg·dm-3 and was observed in the Noteć River (F). At the
same time, the lowest phytoseston biomass was recorded
mainly in the Bachorza River (C) and the Noteć River (T).
Large biomass diversity was found within single rivers, e.g.
the biomass in the Noteć River at the F site was 40.86
mg·dm-3, while at the T site − only 0.66 mg·dm-3 (Table
3). The structure of phytoseston communities was dominated by diatoms and green algae (mainly small Chlorococcales) at all study sites. The total cover of macrophytes at
the surveyed river sites varied between 6.4% (Struga
Kwilecka, site U) and 105.8% (Noteć, site B). At two surveyed sites (B and N), the cover of macrophytes was higher
than 100% (Table 3). This was caused by a very strong
development of several layers of vegetation (emergent
macrophytes, submerged and free floating). Lemna
minor was the most common species, identified at 11
sites (C-F, H-M, R). Its cover ranged from 1.75% to
62.5%. Another very common species was Glyceria
maxima, which was found at 8 sites (F-J, N, R-S), and its
cover was within the range of 1.75-37.5%. At four sites,
both species occur in large numbers − in the Noteć River
(F and R) − 37.5% and 17.5%; in the Rgilewka River (I,
J) − 7.5%.
Based on the PSI and GDI indices, the ecological status of the studied sites was very diverse (Table 4). It varied from high to poor (PSI: 16 in the Meszna River; 11-17
in the Noteć River, 11-15 in the Noteć River, 15 in the
Bachorza and Samica Stęszewska rivers, 15-16 in the

Rgilewka River, 13 in the Główna River, 14 in Struga
Kwilecka, GDI: 16 in the Meszna, Bachorza and Samica
Stęszewska rivers, 13-17 in the Noteć, 10-12 in the Noteć,
15-16 in the Rgilewka and Główna, 13 in Struga Kwilecka).
TABLE 4 - Biological indices using diatoms to assess the ecological
status of rivers (PSI - Specific Pollution Sensitivity Index; GDI Generic Diatom Index.
Site
code
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
R
S
T
U

PSI
16
16
15
17
17
15
15
16
16
15
15
13
13
12
11
13
11
15
15
14

Ecological status
PSI
Good
Good
Good
High
High
Good
Good
Good
Good
Good
Good
Moderate
Moderate
Moderate
Poor
Moderate
Poor
Good
Good
Moderate

GDI
16
17
16
15
16
16
16
15
15
15
16
15
16
11
10
12
11
14
14
13

Ecological status
GDI
Good
High
Good
Good
Good
Good
Good
Good
Good
Good
Good
Good
Good
Moderate
Poor
Moderate
Moderate
Good
Good
Moderate

Results of the Monte Carlo test for the studied rivers
showed that the observed differences in the algae species
structure is not accidental but is significantly related to
environmental factors (F = 8.33; p = 0.002; number of
permutations = 499). The first two axes explain 47.3% of
the total variability of relations between species and envi-
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ronmental factors (λ1 = 0.425, λ2 = 0.273) (Fig. 2). Microscopic algae from Chlorophyta, Cryptophyta and Euglenophyta were common at modified sites (resection, reinforcement) with higher concentrations of nutrients (nitrates,
phosphates), silty river bottom and higher pH (Fig. 2). In
the case of macrophytes, Nuphar lutea was the dominant
species or Cladophora agg. as a representative of macroscopic algae. At river sites characterized by: lower concentrations of biogens, no or minor modifications, sandy river
bottom and higher water conductivity − Bacillariophyceae
were the most common group of algae (Fig. 2). Elodea
canadensis, Glyceria maxima and Sparganium emersum
were the dominant species among macrophytes.

4. DISCUSSION
The total number of algae taxa identified in all samples
was 215. The phytoplankton species richness was low (21–
55; the average of 44) in the rivers with under-developed
aquatic flora as compared to the average number of 55–84
algae taxa per sample in rivers with a large number of macrophytes. The Główna River was the exception − from 68
to 84 species of algae were found in the phytoseston. Typically, the blue-green and green algae were found in the
slow-flowing waters, while diatoms dominated in rivers
with a rapid current. Although pennate forms were most

FIGURE 2 - Diagram of CCA ordination for algae and dominant macrophytes in relation to selected environmental factors
Abbreviations in CCA diagram:
Arrows - Cond. – conductivity, Mud – muddy bed material, pH – pH reaction, Resec. – resection, SRP – soluble reactive phosphates, Reinfor. –
reinforcement, Sand – sandy bed material;
Grey squares - Cyanoprokaryota: Aphflo - Aphanizomenon flos-aquae, Aphinc – Aphanocapsa incerta, Plalim - Planktolyngbya limnetica;
Grey triangles - Bacillariophyceae: Achexi - Achnanthes exigua, Achmin - Achnanthidium minutissimum, Ampova - Amphora ovalis, Aulamb Aulacoseira ambigua, Aulgra - Aulacoseira granulata, Cocpla - Cocconeis placentula, Cycmen - Cyclotella meneghiniana, Cycoce - Cyclotella
ocellata, Cycope - Cyclotella distinguenda, Encmin - Encyonema minutum, Eunbil - Eunotia bilunaris var. bilunaris, Fracap - Fragilaria capucina,
Fracro - Fragilaria crotonensis, Gomacu - Gomphonema acuminatum, Gomoli - Gomphonema olivaceum, Hipcap - Hippodonta capitata, Navcin Navicula cincta, Navcry - Navicula cryptocephala, Navrad - Navicula radiosa, Navtri - Navicula tripunctata, Nitpal - Nitzschia palea, Nitrec Nitzschia recta, Nitsig - Nitzschia sigmoidea, Pinvir - Pinnularia viridis, Plaele - Placoneis eleginensis, Punrad - Puncticulata radiosa, Stacon Staurosira construens, Stapin - Staurosirella pinnata, Ulndel - Ulnaria delicatissima var. angustissima, Ulnuln - Ulnaria ulna;
Rhombuses - Chlorophyta: Cosreg - Cosmarium regnellii, Descom - Desmodesmus communis, Dessub - Desmodesmus subspicatus, Moncon - Monoraphidium contortum, Mongri - Monoraphidium griffithii, Pedbor - Pediastrum boryanum, Sceacu - Scenedesmus acuminatus, Tetcau - Tetradron
caudatum, Tetmin - Tetraedron minimum;
Reversed triangles - Cryptophyta: Cryero - Cryptomonas erosa, Cryros - Cryptomonas rostrata, Rhomin - Rhodomonas minuta;
Circles - Euglenophyta: Eugpis - Euglena pisciformis, Trahis - Trachelomonas hispida, Travol - Trachelomonas volocina;
Rectangles - algae from other groups: Erksub - Erkenia subaequiciliata, Percin - Peridinium cinctum;
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Black stars – dominant macrophytes and structural algae: CLAAGG - Cladophora agg., ELOCAN - Elodea canadensis, GLYMAX - Glyceria
maxima, LEMMIN - Lemna minor, NUPLUT - Nuphar lutea, SPAEME - Sparganium emersum, SPAERE - Sparganium erectum.

frequent, centric forms were often more conspicuous ecologically, e.g. Aulacoseira and Cyclotella. Taxa with the
highest frequency included: Achnanthidium minutissimum,
Amphora ovalis, Cocconeis placentula, Puncticulata radiosa, Ulnaria ulna, Monoraphidium contortum,
Planktolyngbya limnetica and Tetraëdron minimum. It
appears that differences in the phytoplankton variables
between the investigated rivers are mainly related to
changes in the water chemistry and physical features of a
given river.
The results also indicate that the data on algae and
macrophytes can be used to predict some habitat features.
In addition, the quality of water at a given point of the
river is also affected by the catchment area situation and
habitat factors found in the upper section of the river. At
one side of the gradient, populations of algae in the phytoseston community can intensively develop on account
of habitat conditions, while at the other end, algae tend to
move with the water current. This often contributes to
smaller diversification of algae communities than observed
in lakes [5, 6]. Simultaneously, algal communities are characterized by high dynamics of seasonal changes [33] and
rapid response to changes in the environment [34], which
sometimes makes it difficult to interpret the results.
The composition of phytoplankton assemblages was
determined, as well as the contribution of particular algae
groups to the total quantity and biomass. Based on the total
biomass of the summer phytoseston community, some similarities were found between certain rivers. The analysis
indicated that the following species occurred with significant biomass in all the rivers: Cocconeis placentula,
Puncticulata radiosa, Staurosira construens, Staurosirella
pinnata, Planctolyngbya limnetica, Desmodesmus communis, D. subspicatus, Scenedesmus acuminatus, Pediastrum boryanum, Monoraphidium contortum and
Tetraëdron minimum. All algae species whose populations built the phytoseston biomass belong to cosmopolitan taxa and are characteristic of eutrophic waters [5, 35].
The related research on the relationship between planktonic
diatom communities and environmental variables in 10
lakes of the Salt Lake Basin in Turkey were conducted by
Akbulut and Dügel [36]. The main water chemistry variables influencing the species composition of planktonic
diatoms were found to be total nitrogen, sulfate and Secchi depth [35]. Five common and most abundant diatom
species characteristic of eutrophic ecosystems were found
when comparing the results: Amphora ovalis, Aulacoseria
granulata, Cyclotella ocellata, Ulnaria ulna and Gomphonema olivaceum. The optimum level of total nitrogen in
lakes ranged within 2.64-3.58 mg N·dm-3, while nitrate
levels in the rivers were in the range of 0.35-0.45 mg NNO3-·dm-3.
Diatoms preferred permanently mixed habitats and
therefore, the optimum of their development occurs mainly
in the autumn-spring season. Diatoms (40% or more), green
algae and cyanobacteria were the dominant components of

the phytoseston community in the euphotic zone of both
investigated rivers. Reynolds [5] reported that centric diatoms dominate mostly in the phytoseston community in
rivers. In this study, the river phytoseston was also dominated by Cocconeis placentula – an epiphytic and eutrophic taxon which was more abundant in the Samica
Stęszewska river and the Noteć River. Centric diatoms
Puncticulata radiosa (Notec site F, Rgilewka site G) and
Cyclotella meneghiniana (Rgilewka site H) also occurred
in large numbers. It has been previously reported that the
peak of diatom concentrations in the late summer was
observed in the rivers with a raised water level [5, 6, 37].
Values of the water quality assessment indices of diatom communities determined for all the rivers confirm
good or moderate quality of their water and, in most cases,
indicate the moderate eutrophic status. The observed values
of PSI (from 11 to 17) and GDI (from 10 to 17) indices for
20 examined river sites indicated that the river water quality is good or moderate. A similar range of variation in the
PSI index was observed in the Greek rivers [38]. Algae
(mainly diatom) assemblages were distributed continuously
along gradients of water pH and nutrients. The SPI index
was one of the indices recommended by Kwadrans et al.
[39] for monitoring the rivers in Poland. Other studies [6,
37, 40] have confirmed that this index best matches the
water quality in European countries.
Multivariate analyzes are frequently and successfully
applied in the analysis of relationships between different
groups of algae and environmental factors [36, 41, 42].
Multivariate analysis between certain physico-chemical
river characteristics and algae groups in the studied rivers
revealed the relationship between the abundance of Chlorophyta, Cryptophyta and Euglenophyta and higher concentrations of nitrates and phosphates, the presence of modifications (resection, reinforcement), silty river bottom and
higher pH. Such a correlation confirms the indicative role
of mixotrophic forms of algae (cryptophytes and euglenoids), which are characteristic of eutrophic water bodies,
rich in nutrients and organic matter [43-44]. At the same
time, Nuphar lutea was the dominant macrophyte species
at the study sites, or sometimes the macroscopic alga
Cladophora agg. The abundance of Nuphar lutea was often
correlated with the significant presence of other taxa such
as Glyceria maxima, Elodea canadensi, Sparganium erectum and Hydrocharis morsus-ranae, especially in the Noteć
River. Taxa like N. lutea, S. erectum and G. maxima are
typical for waters rich in nutrients. At some sites of the
Noteć River, e.g. S and T, the Nupharo-Nymphaeetum
community was identified.
The obtained results demonstrated a higher contribution and stronger attachment of Bacillariophyceae to the
river sites characterized by lower concentrations of nutrients, no or minor modifications, sandy river bottom and
higher water conductivity. The relationships between diatoms and the sandy river bottom was stronger due to the
complicated texture of this substratum, which takes up
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more space for benthos colonization, therefore supports more
organisms which can supply the euphotic zone as a result
of the water turbulence. Moreover, Elodea canadensis,
Glyceria maxima and Sparganium emersum were observed as dominant macrophytes. At such river sites, the
nutrient tolerant species, like Lemna minor and Phragmites australis, were also found. At the sites situated on
the Noteć and Rgilówka rivers, the Glycerietum maximae
community (nutrient tolerant) was identified, and in the
Samica Stęszewska and Noteć rivers –the Elodeetum canadensis communities.
In conclusion, the results of this study indicate that
diatoms’ communities were dominant in the rivers with a
rapid water current, while cyanobacteria and green algae
− in slow-flowing rivers. The results of classifications,
based on the physical and chemical measurements, and the
trophic and saprobic diatom spectrum, as well as hydromorphological features and the aquatic vegetation structure data, indicated that the waters of the Noteć River sites
are characterized by poorer quality compared to the other
studied rivers.
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ABSTRACT
Simulated cultivation experiments were carried out to
investigate the influence of sediments in a typical estuary
region of Taihu Lake on P-content and algal growth in the
water body. It was found that the average content of TP
and PO43- in water without sediments was in the order of
river water > estuarine water > distilled water, while the
content variation was moderate when sediments were available. While TP and PO43- in overlying water could be not
only strongly adsorbed by sediments in estuary region, but
also transferred from sediments to overlying water, however, the migration process of TP was very slow, and PO43in large quantity in a short while but adsorbed by sediments
soon afterwards. The algae biomass at the initial experimental stage followed the order of river water > estuarine
water > distilled water. Biomass and variety of algae in
original river water and estuarine water substantially
reduced ascribed to sediments in estuary region. Cryptomonas and Chrysophyta were less competitive than diatom and green algae when P concentration was low. High
correlation coefficient was observed between TP and algae
biomass which changed with the phosphorus adsorbed by
or released from sediments.

KEYWORDS:
Taihu Lake; estuary region; external phosphorus; phytoplankton

1. INTRODUCTION
Phosphorus (P), the principal limiting factor causing
eutrophication in lake ecosystems, controls the primary
productivity of lakes. Phosphorus transformation at the
estuary region is mainly caused by convection as a consequence of flow turbulence and diffusion in sediment inter
* Corresponding author

stitial water. Convection might lead to the transformation
of particulate phosphorus as well as the release of dissolved
phosphorus from interstitial water of sediment-water interface, driven by concentration difference and water dynamic. Owing to partial flow turbulence, phosphorus is
released from fine particulates, increasing the P-content in
suspended particulates and meanwhile dissolved phosphorus with high biological activity is possibly turned into
particulate and organic phosphorus with comparatively low
biological usability, falling into sediments or is adsorbed by
living organism [1, 2]. Particulate phosphorus could be
involved in processes such as diffusion, flocculation, sedimentation etc. with the silt flowing into lakes [3].
For most freshwater lakes, Inflow Rivers bring the
most external P into the lake, exerting significant influence on annual dynamic change, space distribution and
community succession of algae growth status. Due to the
input of external phosphorus, the amount of dissolved
phosphorus which could be directly utilized by living
organism increased and the content of suspended phosphorus in lake water and phosphorus in sediments enhanced, providing algae with stable P sources [4]. Besides, the aquatic phosphorus utilization ability of different algal communities was restricted by the content discrepancy of different forms of external phosphorus and
the space-time transformation, affecting the competitive
strength of algal communities to nutrients as well as the
community succession [5, 6].
There are numerous river channels in Taihu Lake Basin, and the number of rivers (harbor) connected to it
reach 224. Influenced by human activity, the pollutant
concentrations in most river channels are quite high, significantly affecting the quality of lake water [7, 8]. At present,
topics concerning combined form, interface transfer and
transformation as well as biological effectiveness of
phosphorus in Taihu Lake water have already been deeply
discussed; however, few studies were conducted concentrating on transformation laws of external phosphorus in
the estuary region. Consequently, the results of this study
are conductive to deepen the understanding of transformation laws of external phosphorus in freshwater lakes
and its impact on the growth of algae.
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2. MATERIALS AND METHODS
2.1 Experimental device

The slot was 60 cm high, 50 cm wide and 100 cm
long, equipped with an inlet pipe and an outlet pipe on the
opposite side. The inlet pipe was made of Teflon to protect the water sample from pollution. The inlet opening
was 20 cm above the bottom. The outlet opening was 20 cm
higher than the inlet opening. The slot was made of glass.
The original river water entered into the slot from the
inlet, and the surface water sample was collected with a
500 mL miniature water sampler at the outlet.

rine water and distilled water were 0.234 mg/L, 0.078 mg/L
and 0.028 mg/L, respectively; the initial PO43- concentration was 257.3 µg/L, 29.48 µg/L and 6.71 µg/L, respectively.
TABLE 1 - Experiment design scheme
No.
1# slot
2# slot
3# slot
4# slot
5# slot
6# slot

Combination
river water + sediments
estuarine water + sediments
distilled water + sediments
river water
estuarine water
distilled water

2.3 Sample collection and analysis

FIGURE 1 - Experimental device
2.2 Experimental design

For the purpose of revealing the impact of river inputted phosphorus on estuary overlying water and algae
growth, six cultivation plans were designed in this study,
as shown in Table 1. The 1# cultivation plan was the
original river water with sediments, 2# estuarine water
with sediments, 3# distilled water with sediments from
estuary surface, 4# original river water without sediments,
5# original estuarine water without sediments and 6#
distilled water without sediments. The thickness of sediments and the height of overlying water were both 20 cm
in 1#-3# slots; the depth of water was 40cm in 4#-6# slots
since there were no sediments. River water used in this
experiment was taken from the overlying water in Frog
Harbor river channel, estuarine water from the overlying
water of the estuary region in Frog Harbor and sediments
from the surface sediments of the estuary region in Frog
Harbor. The initial TP concentrations in river water, estua-

The simulated cultivation experiment started on
March 1st, 2011. The surface water sample was collected
with a 500 mL miniature water sampler once every 24 h
for 30 d continuously at the outlet. Then H2SO4 was immediately added for fixation and pH≤1. The contents of
TP and PO43- in water were tested by conventional analysis method [9]. Water samples of phytoplankton were collected on the 7th day and at the end of the experiment,
and the type and biomass of phytoplankton were tested.
Phytoplankton samples in the slots were collected
with a 500 mL miniature water sampler and Lugol’s solution was immediately added for fixation. Then the samples were left standing and precipitating for 24-36 h on a
stable experiment table. The supernatant liquor was siphoned with a tiny siphon tube (inside diameter: 3 mm)
and then diluted to 30 mL. 0.1 mL concentrated sample
was taken to determine the type of phytoplankton and
count under microscope, enlarging 400x [10]. The counting method was eyepiece field method: count 30-50 fields
in random to make the number of cells above 300. Due to
the fact that the specific gravity of phytoplankton was
close to 1, the biomass (wet weight) of phytoplankton
could be converted through volume, that is, biomass was
equaled to the product of the number of phytoplankton
multiplied by respective mean volume, unit being mg/L.
The biomass of single cell was mainly measured according to the individual shape of phytoplankton. The data of
this study were processed by Origin 7.5.
3. RESULTS AND DISCUSSION
3.1 Variation law of TP in overlying water
3.1.1 Variation law of TP in slots with and without sediments

Figure 2 presents the variation characteristics of TP
content of water in slots with sediments. Referring to the
figure, the average TP contents in 1#, 2# and 3# slots
were 0.058 mg/L, 0.052 mg/L and 0.055 mg/L, respectively. There was a discrepancy being quite subtle, which
suggested that the TP content of water in slots with sediments might largely hinge on sediments but was weakly
pertinent to TP of initial water sample. The TP content in
each slot increased significantly after 11 days but started
to decline from the 16th day. This might be largely due to
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the fact that phosphorus in sediments, influenced by external factors, was released into the water again, but the
release process was quite slow. Phosphorus in overlying
water kept dynamic balance on the whole. On the 15th day,
TP in each slot reached its maximum, 3#>2#>1#, which
indicated that when TP in overlying water was at a low
level, the release flux of phosphorus in sediments would
increase to reach new dynamic balance. The research revealed that phosphorus would transfer from overlying water
to sediments when sediments were in static station; furthermore, the amount of phosphorus released from sediments
was larger to distilled water than to river water [11].

1# slot
2# slot
3# slot

0.16
0.14

TP(mg/L)

0.12
0.10
0.08
0.06
0.04

5# and 6# slots were comparatively stable, largely related
to the fact that TP, highly-concentrated in initial river water, was adsorbed by suspended particulates in water and
subsided to the bottom, but TP would be released from
suspended particulates again under the circumstance of
flow turbulence or external disturbance, leading to the
variation of TP content.
3.1.3 Comparison of TP in slot with or without sediments

Figure 4 depicts the variation trend of TP content in
river water with or without sediments. As shown in the
figure, although TP contents in initial water samples were
quite high, TP in 1# slot reduced to 0.038 mg/L on the
first day, which revealed that phosphorus in water was
clearly adsorbed by sediments at the initial cultivation
stage. TP in 1# slot reached its peak (0.11 mg/L) on the
14th day, while for 4# slot, wave crests occurred on the
6th (0.28 mg/L) and 14th (0.27 mg/L) days. Compared
with water without sediments, water with sediments exhibited more regular P variation which was significantly
affected by sediments, playing the role of buffer. TP content in estuarine water with or without sediments exhibited the similar law, as shown in Figure 5.
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6# slot
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FIGURE 2 - Variation of TP in 1#, 2# and 3# slots
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FIGURE 4 - Comparison of TP between 1# and 4# slots
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3.1.2 Variation law of TP in slots without sediments

Figure 3 illustrates the variation characteristics of TP
content of water in slots without sediments. The average
TP contents in 4#, 5# and 6# slots were 0.141 mg/L,
0.050 mg/L and 0.038 mg/L, respectively, which showed
that the average TP content in water without sediments was
in the sequence of river water, estuarine water and distilled water from high to low in order. TP in 4# slot fluctuated dramatically and showed a downward trend at the
late stage of the experiment, while the variations of TP in
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Figure 6 presents the variation trends of TP content in
distilled water with and without sediments. As shown in
the figure, although TP content in the initial water was low,
the average TP content in 3# slot reached 0.055 mg/L. The
discrepancy between the two slots was not significant at
the initial experimental stage, whereas TP content in 3# slot
got significantly higher than that in 6# at the middle stage
of experiment, which suggested that the release of TP from
sediments to water was a slow and dynamic process.

3# slot
6# slot

3.2.3 Comparison of PO4
ments

3-

in slots with and without sedi-

The variation features of PO43- content in slots with
and without sediments, river water beings overlying water,
were presented in Figure 9. It was clear that the degradation
of PO43- required a long period without sediments, while
80

0.10

1# slot
2# slot
3# slot

70
60
0.05

PO43-(ug/L)

TP(mg/L)

0.15

contents in 4#, 5# and 6# slots were 7.56 µg/L, 0 µg/L and
0 µg/L, respectively, at the end of the experiment. This was
due to the fact that, with no sediments releasing phosphorus, PO43- was adsorbed and utilized by microorganisms
in water, causing a constant reduction of PO43-.
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FIGURE 6 - Comparison of TP between 3# and 6# slots
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3.2 Variation law of orthophosphate in overlying water

FIGURE 7 - Variation of PO43- in 1#, 2# and 3# slots

Figure 7 shows the variation trend of PO43- of water
in slots with sediments. The average PO43- contents in 1#,
2# and 3# slots were 6.96 µg/L, 6.89 µg/L and 6.92 µg/L,
respectively, no clear discrepancy observed. The results
manifested that the impact of different types of overlying
water on dynamic variation of PO43- was not great at the
initial cultivation stage when sediments were available.
The release-adsorb process of sediments determined the
variation trend of PO43- content in overlying water. PO43content changed dramatically on the 5th and 21st days of
experiment, increasing substantially and reaching the maximum 70 µg/L. Besides, the order regarding the amount of
PO43- released was: 3#>2#>1#, which demonstrated that,
under disturbance, sediments could release PO43- substantially, leading to the sharp increase of PO43- in water, carrying the risk of inducing water bloom. The lower the PO43content in overlying water, the more PO43- was released.

300
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3.2.1 Variation law of PO4 in slots with sediments
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FIGURE 8 - Variation of PO43- in 4#, 5# and 6# slots
300

1# slot
4# slot

250

3.2.2 Variation law of PO4 in slots without sediments

The variation characteristics of PO43- of water in slots
without sediments were illustrated in Figure 8. The average PO43- contents in 4#, 5# and 6# slots were 79.55 µg/L,
9.72 µg/L and 2.64 µg/L, respectively, differing clearly.
The order of PO43- content was: river water > estuarine
water > distilled water. It indicated that, without sediments, the variation of PO43- content in water was mostly
influenced by P content in overlying water at the initial
cultivation stage. By and large, all the three slots were in
downward trends; PO43- in 4# slot dropped off rapidly on
the second day, from 257.3 µg/L to 107.88 µg/L PO43-
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PO43- reduced to 4.46µg/L on the first day when sediments were available and kept stable variation trend although it would rise suddenly. As shown in Figure 10 and
Figure 11, without sediments, PO43- content was stable, no
matter if the overlying water being estuarine water or distilled water. Nevertheless, PO43- content varied dramatically
when sediments were available, rising rapidly and then declining sharply, which demonstrated that sediments could
release PO43- into overlying water fast at the initial cultivation stage but the PO43- could be adsorbed or subside
quickly, resulting in the great change of PO43- content in
overlying water.
70

2# slot
5# slot

60

40
30

12

20

10

Biomass(mg/L)

PO43-(ug/L)

50

experimental stage, biomass was reduced from 10.73 mg/L
to 1.12 mg/L in 1# slot, reduction rate was around 90%,
declined from 5.85 mg/L to 3.42 mg/L in 2# slot, was
reduced about 41%, increased slightly in 3# slot, was
reduced from 12.23 mg/L to 3.61 mg/L in 4# slot, reduction rate around 70%, and enhanced to some extent in
slots 5# and 6#. Comparing slots 1#, 4# and 2#, 5#, it was
easy to find out that there was a clear decrease regarding
algae biomass when sediments were available, owing to
the fact that nutrients in overlying water were adsorbed by
sediments, resulting in the reduction of nutrients available
for algae, and leading to the diminution of algae biomass.
Algae biomass in 3# slot increased slightly because the
nutrients released from sediments could be utilized by algae.
Therefore, algae biomass in original overlying water would
decline substantially ascribed to sediments in estuary region.
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FIGURE 10 - Comparison of PO4 between 2# and 5# slots
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FIGURE 11 - Comparison of PO43- between 3# and 6# slots
3.3 Variation concerning the amount and composition of
algae

Figure 12 depicts the variation features of algae biomass in water under different cultivation conditions. Referring to the figure, the sequence concerning algae biomass with sediments at the initial experiment period was
river water, estuarine water and distilled water from high
to low in order; the sequence in slots without sediments
was consistent with that with sediments. This was possibly related to the fact that the ecological environment in
the river was comparatively stable, conductive to the growth
of microorganisms, whereas the estuary region was characterized by unstable flow and dramatic biological environment variation, so algae biomass was lower. At the late

The variation characteristics of algae amount in water
under different cultivation conditions are illustrated in
Figure 13. At the initial cultivation period, the amounts of
Cyanobacteria, Cryptomonas, Chrysophyta, Euglena and
Blue-green algae in slots of river water without sediments
were in large quantity, whereas for estuarine water, Diatom and Dinoflagellate were more; the amounts of Cyanobacteria, Chrysophyta and Blue-green algae were few
when sediments were available while the amounts of
Cryptomonas and Diatom were significantly larger than
others. At the late cultivation stage, Cyanobacteria, Diatom and Blue-green algae grew well in slots without sediments; however, in slots with sediments, Diatom grew
well but the amounts of Chrysophyta and Cryptomonas
dropped off substantially. It was due to the fact that Pcontent was high in the initial cultivation period and the
growth of Cyanobacteria, Cryptomonas, Chrysophyta,
Euglena and Blue-green algae required higher P-content
than Diatom and Dinoflagellate. Besides, there might be
hypopus of Cryptomonas in sediments, which, if released
from sediments and reproducing, would inhibit the
growth of other algae. Consequently, the initial algae
amount in slots was acutely affected by P-content in original
overlying water at the initial cultivation stage, while the

598

© by PSP Volume 23 – No 2a. 2014

Fresenius Environmental Bulletin

Amount(10 thousand/L)

350
300
250
200
150
100
50
0

Amount(10 thousand/L)

amount of algae at late stage was principally influenced by

500
450
400
350
300
250
200
150
100
50
0

sediments.
1#
2#
3#
4#
5#
6#

cyanobacteriacryptomonas chrysophyta dinoflagellate

euglena

xanthophyta

diatom

green algae

April

cyanobacteria cryptomonas

chrysophyta

dinoflagellate

euglena

diatom

green algae

March
Match
FIGURE 13 - Variation of algae amount in slot
.
TABLE 2 - Variation of algae composition in slot
Slot
1
2
3
4
5
6

Algae at initial experimental stage
Cryptomonas+Chrysophyta+Diatom
Cryptomonas+Diatom
Cryptomonas+Diatom
Cyanobacteria+Chrysophyta+Blue-green algae
Chrysophyta+ Blue-green algae
Diatom+ Blue-green algae

Table 2 presents the variation features concerning the
composition of water algae under different cultivation conditions. At the initial experimental stage, a great variety of
algae existed in slots without sediments, mainly Chrysophyta and Blue-green algae in estuarine water, Cyanobacteria, Chrysophyta and Blue-green algae in river water; Cryptomonas and Diatom were dominating in slots with sediments. At the late experimental stage, the composition of
algae in slots changed substantially and the variety reduced
obviously. Cyanobacteria, Diatom and Blue-green algae
were in large quantity in slots without sediments; moreover, the amounts of Cyanobacteria and Blue-green algae
were reduced to some extent in 4# and 5# slots, owing to
the strong adaptability of Diatom, whose mass reproduction inhibited the growth of Cyanobacteria and Blue-green
algae. Diatom was the dominant algae in slots with sediments while Cryptomonas, Chrysophyta and other algae
seldom grew, which indicated that Cryptomonas and
Chrysophyta were less competitive than Diatom and Bluegreen algae when P concentration was low. Therefore, the
actual river water might mainly grow Cyanobacteria,
Chrysophyta and Blue-green algae, whereas the estuarine
water grew Chrysophyta and Blue-green algae predomi-

Algae at late experimental stage
Diatom
Diatom +Blue-green algae
Diatom
C yanobacteria+Diatom
Diatom+ Blue-green algae
Cyanobacteria+ Blue-green algae

nantly. Chrysophyta and green algae were predominant
when P-content was high; however, the advantage was
shifted to Cryptomonas and Cyanobacteria when the Pcontent declined owing to sediment adsorption. When P
concentration further dropped off and remained at a lower
level, the amount of Diatom grew but that of Cryptomonas and Cyanobacteria diminished gradually. The dynamic
variation of P-content in water significantly affected the
amount and composition of algae. Researches have manifested that when TP concentration was higher than 0.25
mg/L, Blue-green algae and Cryptomonas were predominant
in plankton community, and then the Diatom and Flagellate, Cyanobacteria and Chrysophyta occupying a minor
proportion, but Cyanobacteria gradually became dominant
with the decline of P concentration [12].
3.4 Correlation analysis between TP and algae biomass

Figure 14 depicts the correlation between algae biomass and TP with and without sediments. It is clear from
the figure that, without sediments, the correlation between
TP and algae biomass was significant (R2=0.704) and the
fitting degree with linear regression equation was high,
which suggested that TP was the limiting factor to the
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growth of algae. Besides, good correlation was also observed between TP and algae biomass in slots with sediments (R2=0.670). Consequently, the adsorption or release
effect of sediments in estuary region to phosphorus would
change the algae biomass in water obviously. Phosphorus
was always considered as the limiting factor to the growth
and reproduction rate of algae. The study by Li et al. [13]
revealed that the growth and reproduction rate of algae
rocketed with the increase of phosphorus concentration
when P concentration was lower than 0.05 mg/L; however, although the growth and reproduction rate still increased with the further raise of P concentration, the increasing range became increasingly small; the rate no
longer increased when P concentration reached 0.2 mg/L.
The growth rate of different types of algae would also
vary with P concentration. The research by Xu et al. [14]
showed that the growth rate of Microcystic aeruginosa
was higher than that of Scenedesmus obliqnuus when the
phosphorus concentration was 0.02 mg/L; however, when
the concentration reached 0.20 mg/L, the reverse happened.
12

Biomass(mg/L)

10

The average content of TP and PO43- in overlying
water without sediments was in the order of river water > estuarine water > distilled water, while little variation was observed when sediments were provided.
2) Algae biomass followed the sequence of river water
> estuarine water > distilled water. The amount of algae largely hinged on P-content difference in original
overlying water at the initial cultivation stage, while at
the late stage, it was significantly influenced by sediments.
3) At the initial experimental stage: Cyanobacteria,
Chrysophyta and Blue-green algae were the primary
algae in river water without sediments and Chrysophyta and Blue-green algae were dominating in estuarine water. However, Diatom and Cryptomonas became
dominant when sediments were available. At the late
experimental stage: Cyanobacteria, Diatom and Bluegreen algae existed predominantly without sediments;
when sediments were available, Diatom became dominant.
4) The correlation coefficient between TP and algae
biomass was high. TP had an important influence on
algae biomass in water.
1)

y = 239.6x - 5.020
R2 = 0.670
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ABSTRACT
The present work involves an investigation of various
Aspergillus niger wild type strains for removal of some
heavy metals from experimental aqueous solutions. Heavy
metals, such as copper, manganese, zinc, cadmium and
chromium, were added to the nutrient medium as single
metals, and also as a mixture of the elements, in order to
study accumulation properties of the strains isolated from
different environments (from weak alkaline pH 7.7 to ultra
acidic pH 3.0). Metal concentrations in live biomass were
determined by flame atomic absorption spectrometry. The
results showed that bioaccumulation of the metals under
the study from single metal experimental solutions was in
the order Zn (32–92 %) > Cd (24–65 %) > Cu (13–58 %)
> Cr (VI) (9–21 %), and Mn (9–18 %). Bioaccumulation
from the multiple metal experimental solution was decreasing in the following order: Zn (30–82 %) > Mn (17–
70 %) > Cd (22–58 %) > Cu (34–43 %) > Cr (VI) (9–39 %).
The results indicated removal of substantial amounts of
heavy metals by the studied strains. Changes of pH in the
process of heavy metal bioaccumulation were also evaluated.

KEYWORDS: Aspergillus niger strains, bioaccumulation, Cd,
Cr(VI), Cu, Mn, Zn, experimental solutions

1. INTRODUCTION
At present, heavy metal pollution is one of the most
important environmental problems. Various industries produce and discharge waters containing different heavy metals into the environment. These elements are non-degradable
and have tendency to accumulate in living organisms. Their
increasing amounts could lead to disastrous effects on
* Corresponding author

animals and humans. The world monitoring is mainly concentrated on elements, such as As, Cd, Hg and Pb, which
are considered as the most harmful ones. Many metallic
elements play an essential role in the function of living
organisms. However, overabundance of the essential trace
elements (Cr, Co, Sn, Sb, Cu, Ni, Ag, Au, Zn, Mo, W, Mn
and Fe) can cause toxicity symptoms. Heavy metals, such
as Cu, Pb, Zn, Cd and Ni, are present in sea waters, soils
and industrial wastewaters [1].
Methods for removing metal ions from aqueous solutions mainly consist of physical, chemical and biological
technologies [2]. Current conventional methods include
precipitation, coagulation, ion exchange, liquid extraction,
electrochemical treatment, membrane processes, reverse
osmosis, adsorption on activated carbon, and evaporation
[3]. However, precipitation and electrochemical treatment
are ineffective, especially when metal ion concentration in
aqueous solution is 1–100 mg L-1. Ion exchange, membrane
processes, and activated carbon adsorption are extremely
expensive when treating large amounts of water and
wastewater containing heavy metals in low concentrations,
and they cannot be used at large scale [4].
Attractive alternative techniques to physico-chemical
methods utilize certain natural materials of biological
origin, including bacteria, fungi, yeast, algae, etc. which
are able to bind heavy metals in aqueous solutions [2, 57]. Both living and dead biomass can be used for metal
removal. The use of dead biomass is more advantageous
than the use of live biomass because there are no toxicity
concerns, no requirements of growth media or nutrients
and there are easy techniques to desorb metal ions from
the biomass and reuse them. It has been well-documented
that various types of microscopic fungi were used to decrease concentrations of heavy metal ions in waters [814]. The aim of this work was to evaluate bioaccumulation of heavy metals, such as Cu, Mn, Zn, Cd and Cr(VI),
by Aspergillus niger wild type strains from experimental
aqueous solutions. The ability for bioaccumulation of the
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selected heavy metals using four wild strains of this species originating from different environments were investigated and compared.
2. MATERIALS AND METHODS
2.1. Microscopic fungi

The Aspergillus niger TIEGH species is one of filamentous fungi that are commonly found in various components of the environment. In all experiments, four wild
strains of this species originating from different environments were used. The An-G strain was isolated from Eutric
Fluvisol in an uncontaminated area near Gabčíkovo, the
An-P strain was isolated from the stream sediment of the
Blatina river running from former antimony mines near
Pezinok, the An-N strain was isolated from the coal dust in
the Nováky mining region, and the An-Š strain was isolated
from the contaminated and eroded Dystric Cambisol at the
Šobov locality. The strains under study are deponed in CCF,
ISB AS in České Budějovice, and at the Department of
Soil Science, Faculty of Natural Sciences, Comenius
University in Bratislava [15] (Table 1).

1 mg L-1 Zn and 7 mg L-1 Cr(VI). Mycelia of all strains
were cultivated in the solutions from 18 to 42 days under
laboratory conditions. In some cases, the added heavy
metal (Zn) caused a significantly longer cultivation period
(An-N strain - 42 days, An-P strain - 37 days). Then, the
sporulating fungal mycelia were taken out, rinsed with
deionised water, and dried in the drying box at a temperature of 40 °C.
2. 3. Mycelia decomposition

Mycelia after metal accumulation were decomposed using a microwave oven MARS Xpress (CEM). About 5 ml of
deionised water (Water Pro LS, Labconco, USA), 5 ml of the
concentrated HNO3 (Merck) and 1.5 ml of H2O2 (Slavus)
were added to dried mycelium (about 0.5 g). Decomposition temperature was 140 °C, ramp time was 13 min, and
hold time was 10 min. Subsequently, Teflon vessels were
cooled down and digested mycelia were quantitatively
transferred into 25-ml glass volumetric flasks which were
filled with deionised water. Blank samples were prepared
under the same conditions as samples, using deionised
water (Water Pro LS, Labconco, USA) without any heavy
metal addition for preparing of the nutrient solution.

2. 2. Biomass preparation

2. 4. Analysis of metal solution

All strains were inoculated in 5 ml conidia added to
45 ml of nutrient Sabouraud agar medium. The nutrient
stock solution was prepared by dissolving 40 g of glucose
and 10 g of peptone in 1000 ml of deionised water. The
single metals and a mixture of the elements were added
into the prepared cultivation media. Various volumes of
stock solutions of Cu (2 ml), Cd (0.5 ml), Mn (1 ml), Zn
(0.5 ml) and Cr (VI) (3.5 ml) were added into the nutrient
solutions (total volume = 500 ml). The stock solutions were
commercial atomic absorption standard solutions containing 1000 mg L-1 of the element (Merck). Final metal concentrations were 4 mg L-1 Cu, 1 mg L-1 Cd, 2 mg L-1 Mn,

A Perkin-Elmer flame atomic absorption spectrometer 1100 B with air-acetylene flame (acetylene flow-rate
of 2.5 L min-1 and air flow-rate of 8.0 L min-1, for Cr 5.0 L
min-1) was used for heavy metal determinations under the
conditions in Table 2. Metal concentrations in solutions
before and after accumulation, and metal concentrations in
mycelia after accumulation, were evaluated using a calibration curve method. All pH measurements were carried out
with a Laboratory Digital pH-meter OP-211/1 (Radelkis,
Hungary). The experiments were performed in 3 repetitions, and the mean values ± standard deviations were
used in the data analysis.

TABLE 1 - Characteristics of the studied localities and A. niger wild type strains.
Strain

Locality/source

pH
H2O/KCl
7.7/7.4

Number
in CCF
1670

An-G

Gabčíkovo - uncontaminated Eutric Fluvisol

An-P
An-N

Pezinok - stream sediment
Nováky - coal dust

5.3/4.8
3.3/2.9

1671
1669

An-Š

Šobov - contaminated and eroded Dystric Cambisol

3.0/2.7

1674

TABLE 2 - Working conditions for the heavy metal determination by flame atomic absorption spectrometry (Perkin-Elmer 1100B).
Element

Source of light

Cu
HCL*
Cd
HCL
Mn
HCL
Zn
HCL
Cr
HCL
*HCL - Hollow cathode lamp

Lamp current
(mA)
15
4
20
20
25

Analytical line
(nm)
324.7
228.7
279.4
213.8
357.8
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Slit width
(nm)
0.7
0.7
0.2
0.7
0.7

Calibration solution range
(mg.L-1)
1.0–4.0
0.2–2.0
0.2–3.0
0.2–1.0
1.0–4.0
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3. RESULTS AND DISCUSSION

centrations, and 18 and 70 % of the original Mn concentrations from the single and multiple metal experimental
solutions, respectively. Removal of Cr(VI) was very low,
only 9 %. Recoveries ranged between 95 and 103 % (Table 3).
The An-P strain was able to remove 79 and 45 % of
the original Zn concentrations, 65 and 38 % of the original Cd concentrations, 18 and 39 % of the original Cr(VI)
concentrations, 13 and 38 % of the original Cu concentrations, and only 11 and 19 % of the original Mn concentrations from the single and multiple metal experimental
solutions, respectively. Recoveries ranged between 98 and
103 % (Table 4).

3.2. Bioaccumulation

Accumulation of different heavy metals by Aspergillus niger wild type strains has been observed to varying
extent [12, 14, 16-18]. Various Aspergillus niger wild type
strains were used in this work for removal of heavy metals, such as Cu, Mn, Zn, Cd and Cr(VI) from single and
multiple metal experimental solutions. The results are given
in Tables 3–6.
The An-G strain originating from the uncontaminated
area near Gabčíkovo was able to remove 92 and 82 % of
the original Zn concentrations, 58 and 43 % of the original
Cu concentrations, 46 and 58 % of the original Cd con-

TABLE 3 - Bioaccumulation of the metals from the experimental solutions by the A. niger wild type An-G strain.

Heavy metal
Cu
Cu-mixture
Mn
Mn-mixture
Zn
Zn-mixture
Cd
Cd-mixture
Cr (VI)
Cr-mixture

Original
concentration
(mg .L-1)
3.75±0.13
3.72±0.02
2.07±0.06
2.06±0.02
0.95±0.03
0.98±0.05
0.97±0.01
1.07±0.02
6.64±0.05
6.82±0.11

Concentration
in mycelium(cM)
(mg.L-1)
2.17±0.11
1.60±0.15
0.37±0.06
1.44±0.07
0.88±0.08
0.80±0.06
0.44±0.03
0.62±0.03
0.60±0.14
0.58±0.08

(%)
58
43
18
70
92
82
46
58
9
9

Concentration
in solution (cS)
(mg.L-1)
1.49±0.17
1.95±0.17
1.75±0.03
0.60±0.03
0.06±0.01
0.16±0.04
0.54±0.03
0.46±0.07
6.13±0.22
6.38±0.19

CM + CS
(%)
40
52
84
29
7
17
56
43
92
94

-1

(mg.L )
3.66±0.07
3.55±0.03
2.11±0.08
2.02±0.07
0.93±0.06
0.96±0.02
0.99±0.05
1.08±0.08
6.73±0.36
6.96±0.19

Recovery
(%)
98
95
102
99
99
99
102
101
101
103

TABLE 4 - Bioaccumulation of the metals from the experimental solutions by theA. niger wild type An-P strain.

Heavy metal
Cu
Cu-mixture
Mn
Mn-mixture
Zn
Zn-mixture
Cd
Cd-mixture
Cr (VI)
Cr-mixture

Original
concentration
(mg.L-1)
3.75±0.13
3.72±0.02
2.07±0.06
2.06±0.02
0.95±0.03
0.98±0.05
0.97±0.01
1.07±0.02
6.64±0.05
6.82±0.11

Concentration
in mycelium(cM)
(mg.L-1)
0.47±0.08
1.41±0.07
0.23±0.03
0.40±0.04
0.75±0.05
0.45±0.04
0.63±0.04
0.40±0.04
1.17±0.12
2.72±0.13

(%)
13
38
11
19
79
45
65
38
18
39

Concentration
in solution (cS)
(mg.L-1)
3.27±0.09
2.25±0.08
1.90±0.05
1.65±0.04
0.22±0.06
0.52±0.07
0.33±0.11
0.68±0.09
5.56±0.25
4.07±0.52

CM + CS
(%)
87
60
92
80
23
53
34
63
84
60

-1

(mg.L )
3.69±0.04
3.66±0.07
2.12±0.03
2.05±0.03
0.97±0.09
0.97±0.04
0.95±0.07
1.08±0.05
6.74±0.37
6.74±0.46

Recovery
(%)
100
98
103
99
102
98
99
101
102
99

TABLE 5 - Bioaccumulation of the metals from the experimental solutions by the A. niger wild type An-N strain.

Heavy metal
Cu
Cu-mixture
Mn
Mn-mixture
Zn
Zn-mixture
Cd
Cd-mixture
Cr (VI)
Cr-mixture

Original
concentration
(mg.L-1)
3.75±0.13
3.72±0.02
2.07±0.06
2.06±0.02
0.95±0.03
0.98±0.05
0.97±0.01
1.07±0.02
6.64±0.05
6.82±0.11

Concentration
in mycelium(cM)
(mg.L-1)
1.15±0.07
1.25±0.10
0.25±0.04
0.34±0.05
0.30±0.07
0.29±0.07
0.23±0.07
0.34±0.05
1.41±0.12
1.93±0.20

(%)
31
34
12
17
32
30
24
32
21
28
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Concentration
in solution (cS)
(mg.L-1)
2.60±0.10
2.38±0.12
1.83±0.07
1.75±0.05
0.67±0.09
0.68±0.09
0.68±0.07
0.74±0.09
5.24±0.38
4.98±0.24

(%)
69
64
88
85
70
69
71
70
79
73

CM + CS

Recovery

(mg.L-1)
3.71±0.04
3.65±0.04
2.04±0.04
2.09±0.07
0.98±0.03
0.97±0.05
0.91±0.05
1.08±0.06
6.68±0.50
6.92±0.30

(%)
100
98
100
102
102
99
95
102
100
101
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TABLE 6 - Bioaccumulation of the metals from the experimental solutions by the A. niger wild type An-Š strain.

Heavy metal
Cu

Original
concentration

Concentration
in mycelium(cM)

(mg.L-1)

(mg.L-1)

3.75±0.13

0.79±0.11

Cu-mixture

3.72±0.02

1.43±0.08

Mn

2.07±0.06

0.19±0.03

Mn-mixture

2.06±0.02

0.51±0.04

Zn

0.95±0.03

0.61±0.08

Zn-mixture

0.98±0.05

0.63±0.04

Cd

0.97±0.01

0.41±0.08

Cd-mixture

1.07±0.02

0.23±0.07

Cr (VI)

6.64±0.05

1.23±0.22

Cr-mixture

6.82±0.11

2.41±0.14

Concentration
in solution (cS)
(

%)
2
1
3
8
9
2
5
6
4
6
4
4
2
2
2
1
8
3
5

The An-N strain was able to remove 31 and 34 % of
the original Cu, 32 and 30 % of the original Zn, 24 and 32
% of the original Cd, 21 and 28 % of the original Cr(VI)
but only 12 and 17 % of the original Mn concentrations
from the single and multiple metal experimental solutions,
respectively. Recoveries ranged between 95 and 102 %
(Table 5).
The An-Š strain was able to remove 64 and 64 % of
the original Zn, 42 and 22 % of the original Cd, 21 and 38
% of the original Cu, 18 and 35 % of the original Cr(VI),
and only 9 and 25 % of the original Mn concentrations
from the single and multiple metal experimental solutions,
respectively. Recoveries ranged between 95 and 104 %
(Table 6).
In the single metal experimental solutions, comparing
the strains, maximum Cu removal was found to be 58 %
(An-G), maximum Mn removal was found to be only 18 %
(An-G), maximum Zn removal was 92 % (An-G), maximum Cd removal was 65 % (An-P), and that of Cr(VI)
was only 21 % (An-N).

(mg.L-1)
2.94±0.12
2.24±0.10
1.95±0.06
1.50±0.08
0.32±0.05
0.32±0.07
0.51±0.11
0.81±0.05
5.45±0.34
4.70±0.52

(
%)
7
8
6
0
9
4
7
3
3
3
3
3
5
3
7
5
8
2
6
9

CM + CS

Recovery

(mg.L-1)

(%=

3.73±0.08

99

3.67±0.02

98

2.14±0.04

103

2.01±0.09

98

0.97±0.09

97

0.97±0.04

97

0.91±0.10

95

1.04±0.07

97

6.68±0.52

100

7.11±0.39

104

In the multiple metal experimental solutions, comparing the strains, maximum Cu removal was found to be
around 43 % (An-G), maximum Mn removal was found
to be 70 % (An-G), maximum Zn removal 82 % (An-G),
maximum Cd removal 58 % (An-G), and maximum Cr(VI)
removal 39 % (An-P).
The metal bioaccumulation studies from the single
and multiple experimental solutions are illustrated graphically in Figs. 1 and 2, which show that bioaccumulation
is different with the difference of metal and strain. Figure
1 shows that, from single experimental solutions, Cu
bioaccumulation ranged between 13-58% of its original
concentration, Mn bioaccumulation ranged only between
9-18% of original concentration, Zn bioaccumulation
between 32-92%, Cd bioaccumulation between 24-65%,
and Cr(VI) bioaccumulation only between 9-21 %. In some
cases (Zn, Cu, Cd), big differences between the minimum
and maximum bioaccumulation of the studied metals have
been observed. This is probably connected with pH changes
in the process of metal bioaccumulation (Table 7).
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100
80
60
40
20
0
An-G

An-P

An-N

An-Š

Aspergillus niger strains
FIGURE 1 - The strain comparison of heavy metal bioaccumulation from the single experimental solution (
Cd and (

) Cu, (

) Mn, (

) Zn, (

)

) Cr.

Metal bioaccumulation in %
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An-P

An-N

An-Š

Aspergillus niger strains
FIGURE 2 - The strain comparison of heavy metal bioaccumulation from the multiple experimental solution (
(

) Cd and (

) Cu, (

) Mn, (

) Zn,

) Cr.

TABLE 7 - Changes of pH in the process of bioaccumulation of Cu, Mn, Zn, Cd and Cr(VI) by the strains of Aspergillus niger in blank samples (deionised water) and experimental solutions.

pH
blank
mixture
Cu
Mn
Zn
Cd
Cr(VI)

An-G
initial
5.1
4.5
4.8
5.1
5.1
4.7
5.3

final
7.2±0.1
4.2±0.2
3.0±0.2
6.0±0.2
4.7±0.2
8.4±0.1
3.7±0.2

An-P
initial
5.1
4.5
5.0
5.1
5.3
4.7
5.5

final
2.8±0.2
3.4±0.3
2.0±0.1
3.1±0.1
2.2±0.2
3.5±0.3
1.9±0.2

Figure 2 shows that, from the multiple solutions, Cu
bioaccumulation ranged between 34-43% of its original
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An-N
initial
5.1
4.5
5.0
5.1
5.3
4.7
5.5

final
1.9±0.2
2.7±0.1
1.8±0.1
2.9±0.1
1.9±0.1
2.5±0.2
3.2±0.2

An-Š
initial
5.1
4.5
4.8
5.1
5.1
4.7
5.3

final
3.1±0.1
1.8±0.1
2.0±0.1
3.0±0.2
1.9±0.1
2.9±0.2
2.6±0.3
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concentration, and those of Mn between 17-70%, Zn between 30-82 %, Cd between 22-58%, and Cr(VI) between
9-39 %.
Comparison of the Aspergillus niger wild type strains
has shown that, from the point of bioaccumulation of Cu,
Mn, Zn and Cd from the single and multiple metal experimental solutions, the best strain is the An-G strain isolated
from Eutric Fluvisol originating from an uncontaminated
area near Gabčíkovo, which served as a reference (Figs. 1
and 2). From the point of Cr(VI) bioaccumulation, the AnP strain is the best (Figs. 1 and 2)
The cosmopolitan widespread fungus Aspergillus niger belongs to the acidophilic and acid-tolerant fungi
which are able to grow in pH 2.3–6.7 [19, 20]. The initial
and final solution pH values were also measured. The
Aspergillus niger species produce many organic acids, such
as citric, oxalic, fumaric and the others, as secondary metabolites which influence pH of the solutions. The pH values changed in the process of heavy metal bioaccumulation can be seen from Table 7.
In the case of control, An-G strain originating from the
weak alkaline environment (Table 1), the final solution pH
values are shifted to more acidic values, with exceptions of
the blank samples, Mn and Cd solutions.

Slovak Research and Development Agency (No. APVV0583-11) are gratefully acknowledged.

The final solution pH values for the An-P, An-N
and An-Š strains are mostly shifted to ultra-acidic values.
The biggest pH changes have been observed in the blank
samples (mycelia were growing only in the nutrient medium without any heavy metal addition), Cu and Zn solutions (An-P, An-N and An-Š), Cd solution (An-G), and Cr
(VI) solution (An-P).

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

Sheng, P. X. and Ting, Y. P. (2004). Sorption of lead, copper,
cadmium, zinc and nickel by marine algal biomass: characterisation of biosorptive capacity and investigation of mechanisms.
Journal of Colloid and Interface Science, 275, 131–141.

[2]

Wang, J. and Chen, C. (2009). Biosorbents for heavy metals
removal and their future. Biotechnology Advances, 27, 195–
226.

[3]

Abu Al-Rub, F. A., El-Naas, M. H., Benyahia, F. and Ashour, I. (2004). Biosorption of nickel on blank alginate beads,
free and immobilized algal cells. Process Biochemistry, 39,
1767–1773.

[4]

Volesky, B. (2001). Detoxification of metal-bearing effluents: biosorption for the next century. Hydrometallurgy, 59,
203–216.

[5]

Bae, W., Mehra, R. K. and Mulchandari, A. (2001). Genetic
engineering of Escherichia coli for enhanced uptake and bioaccumulation of mercury. Applied and Environmental Microbiology, 67, 5335–5338.

[6]

Dercová, K., Makovníková, J., Barančíková, G. and Žuffa, J.
(2005). Bioremediation of soil and wastewater contaminated
with toxic metal. Chemické Listy, 99, 682–693.

[7]

Volesky, B. (2003). Sorption and biosorption. BV Sorbex,
Inc, Montreal-St. Lambert, Quebec, Canada, ISBN 09732983-0-8.

[8]

Das, B. K., Roy, A., Koschorreck, M., Mandal, S. M.,
Wendt-Potthoff, K. and Bhattacharya, J. (2009). Occurrence
and role of algae and fungi in acid mine drainage environment with special reference to metals and sulfate immobilize,ation. Water Research, 43, 883–894.

[9]

Kapoor, A. and Viraraghavan, T. (1995). Fungal biosorption
- an alternative treatment option for heavy metal bearing
wastewaters: a review. Bioresource Technology, 53, 195–206

4. CONCLUSIONS
Microscopic fungi that are found in different components of the environment are able to accumulate heavy
metals from experimental solutions as well as natural waters. The bioaccumulation of the metals from the mixed
experimental solution was in the order Zn (30–82 %) > Mn
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Mn (9–18 %).The experiments in this study have confirmed that using the strains of the fungus Aspergillus
niger for the removal of Cu, Mn, Zn, Cd and Cr(VI) from
aqueous solutions and waters could be a strategy for remediation of the environment.
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ABSTRACT
The removal of ciprofloxacin (CIP) from the aqueous
environment has become a mandatory issue. In this report,
we have realized the visible light-driven degradation of CIP
on the microwave-assisted synthesized quantum dots (QDs)modified BiVO4 octahedron photocatalysts. The synthesized photocatalysts were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), high
resolution transmission electron microscopy (HRTEM), and
UV–VIS absorption spectrum. Reaction time and sodium
dodecyl benzenesulfonate (SDBS) play key roles in the
formation of octahedral morphology and the microwave
heating may result in the formation of surface QDs. The
activities of the QDs-modified BiVO4 octahedron photocatalysts for the degradation of CIP under visible light were
evaluated. Results show that the QDs-modified BiVO4 octahedrons possess a higher CIP degradation ratio of 73% than
that of micro-sized BiVO4 octahedrons (52.9%) and the bulk
BiVO4 powder (22.5%) under visible light. The activity
enhancement of QDs-modified BiVO 4 octahedrons can
possibly be ascribed to the fast separation of chargecarriers caused by the smaller size and the interface charge
transfer from the homojunction between BiVO4 QDs and
octahedrons.

KEYWORDS: Microwave-assisted synthesis, QDs-modified,
homojunction, BiVO4, photocatalysis, ciprofloxacin

1. INTRODUCTION
Ciprofloxacin (CIP) is a famous broad-spectrum antibacterial agent used for preventing and treating bacterial
infection. It is extensively found in aquatic environments
and poses serious threats to the ecosystem and human
health by inducing proliferation of bacterial drug resistance.
* Corresponding author

The removal of CIP from the aqueous environment has
become a mandatory issue. Unfortunately, the traditional
procedures of treatment are often constrained by low efficiency and high costs. Recently, the photocatalytic oxidation (PCO) has been established to be one of the most
promising technologies for environmental remediation [1],
which provides a good tool for the transformation and
degradation of CIP [2, 3].
The process of PCO is initiated by the light irradiation with energies larger than or equal to the band gap
energy of a semiconductor to excite electrons to the conduction band (CB) and leave positive holes on the valence
band (VB) [1]. Further processes of photo-degradation
can be classified by two routes: the direct hole oxidation
and the •HO radicals oxidation [4]. The direct hole oxidation of aromatics containing compounds, such as CIP,
would deactivate the photocatalyst by inducing the accumulation of stable reaction intermediates on the surface [5,
6]. For now, the photocatalytic degradation of CIP is reported mostly on UV-driven photocatalysts, such as TiO2
[2] and ZnO [3], because UV-driven photocatalysts with
large band gap energy usually have lower VB to produce
.
HO radicals (2.38 V vs NHE). However, the ultraviolet
region accounts for merely about 4% of the incoming solar
energy, which makes the practical application of PCO in
CIP treatment impossible. Thus, to find a single-phase visible light-driven photocatalyst with high activity for CIP
degradation is of utmost importance.
Although many visible light-driven photocatalysts are
found to be active in degradation of many organic pollutants, only few show activities on the degradation of CIP
because their VB are too high to produce .HO radicals
(2.38 V vs NHE) [7]. Recently, our team has found several ternary oxide semiconductors, such as InVO4 microspheres and BiVO4 strawberry-like nanocrystals, to show
high efficiency in the degradation of CIP under visible
light [8, 9]. As an important semiconductor with narrow
band gap (Eg = 2.4eV), BiVO4 has been well-acknowledged
as an effective visible light-driven photocatalytic material
for organic pollutant degradation [10, 11]. Through band
position calculation, the VB of BiVO4 is located at around
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2.7 V, which is lower than the redox potential of E o
(.OH/OH-) at 2.38 V [12], indicating that BiVO4 may has
the ability to produce .OH under visible light and avoid
the surface deactivation. Thus, the visible light-driven
photocatalytic degradation of CIP, which contains a central
benzene ring, on BiVO4 photocatalysts can be expected.
To enhance the photocatalytic performance of BiVO4
catalysts, constructing heterogeneous structures with other
visible light-driven or UV-driven semiconductors, such as
Bi2O3 [13], CuO [14], Co3O4 [15], TiO2 [16], and Bi2WO6
[17], is one of the most adoptable strategies. These introduced semiconductors have matched CB positions and/or
VB positions to realize the interface transfer of chargecarriers and, thus, prolong their lifetime. Besides these
heterojunctions of different semiconductors, similar charge
transfer behaviors also do exist in the homojunctions of
single-phased semiconductors, such as TiO2 (B) nanofibers/TiO2 (anatase) nanocrystals core-shell homojunction [18], silicon QDs/nanoplates homojunction [19], ZnO
nano/ micro homojunction [20], and Bi2WO6
QDs/nanostructure homojunction [21]. Compared with the
heterojunction of different crystalline phases, the similar
crystal orientation of homojunction indicates a more intimate contact, which may result in a faster charge transfer
rate to inhibit the recombination of charge-carriers. However, to the best of our knowledge, the homojunction of
BiVO4 photocatalyst has not been reported yet.
Herein, for the first time, we report on the photocatalytic degradation of CIP on QDs-modified BiVO4 octahedron photocatalysts under visible light. The QDs-modified
BiVO 4 octahedron photocatalysts are prepared by a fast
microwave-assisted method in the presence of SDBS.
They are about 300 nm-sized and of high crystallinity. Under
visible light irradiation (>420 nm), the as-prepared QDsmodified BiVO4 octahedron photocatalysts show very high
activity of photocatalytic degradation of CIP with obvious
enhancement, compared to micro-sized BiVO4 octahedrons
and the bulk BiVO4 powder. An in-depth study of the
tentative photocatalytic mechanism of the CIP degradation on QDs-modified BiVO4 octahedrons indicates that
the superior photocatalytic performance of QDs-modified
BiVO4 octahedron photocatalysts may root in the fast
separation of charge-carriers from small size and interface
charge transfer.
2. MATERIALS AND METHODS
2.1. Synthesis

Bi(NO3)3•5H2O, NH4VO3 and SDBS were purchased
from Aladdin (China). The rest of reagents were all purchased from Sinopharm (China). All reagents were of analytical grade without further purification, and deionized
water was used in all experiments.
The QDs-modified BiVO4 octahedron photocatalysts
were prepared by a fast microwave-assisted method in
the presence of SDBS. In a typical synthesis procedure,

Bi(NO 3)3·5H 2O (5 mmol) and NH 4VO 3 (5 mmol) were
dissolved into 50 ml 2M nitric acid solution to form an
orange solution, and 0.1 g SDBS was dissolved into 30 ml
deionized water to form a transparent solution. Then, these
two solutions were mixed together under vigorous stirring.
After stirring for another 10 min, the obtained mixture
was transferred into a quartz-glass container with capacity
of 250 ml. The microwave reaction was carried out in a
microwave reactor (MCR-3, BeiLun Chemical Equipment).
During the microwave reaction, the obtained mixture was
heated with the operating power of 800 W and working
temperature of 100 °C for 3 h. During the heating, vigorous stirring (2000 rpm speed) was carried out constantly.
After the container cooled to room temperature, the final
products were collected by centrifugation, washed with
the deionized water and ethanol for several times, and
dried in air at 60 °C for 12 h.
The bulk BiVO4 powder was prepared by the same
procedure with BiVO4 octahedral nanocrystals, only without the addition of SDBS.
Micro-sized BiVO4 octahedrons were prepared by a
hydrothermal synthesis as described in Han’s work [22].
In a typical synthesis procedure, 1 mmol Bi(NO3)3.5H2O,
NH4VO3 and 0.1 g SDBS were separately dissolved in a 2
M nitric acid solution. These three solutions were then
mixed together, followed by vigorous stirring to obtain a
clear orange solution. An appropriate amount of de-ionized
(DI) water was also added into the prepared solution to adjust the acid concentration to 1 M. The final 35-ml solution was transferred into a 50-ml Teflon-lined autoclave
and maintained at 150 °C for 24 h, followed by natural
cooling to room temperature. The yellow product was
collected, washed with deionized water and ethanol several times to remove ions and possible remnants, and
finally oven-dried at 70 oC in air.
2.2. Characterization

Powder X-ray diffraction (XRD) patterns were obtained on a D/MAX-2500 diffractometer (Rigaku, Japan)
using Cu Kα radiation source (λ = 1.54056 Å) at a scan
rate of 7o min-1 to determine the crystal phase of the obtained samples. The accelerating voltage and the applied
current were 50 kV and 300 mA, respectively. Scanning
electron microscopy (SEM) images were collected on an
S-4800 field emission SEM (FESEM, Hitachi, Japan).
Transmission electron microscopy (TEM), high resolution
transmission electron microscopy (HRTEM) and energy
dispersive X-ray spectra (EDX) images were collected on
an F20 S-TWIN electron microscope (Tecnai G2, FEI
Co.), using a 200 kV accelerating voltage. UV-VIS diffused reflectance spectra of the samples were obtained
from a UV-VIS spectrophotometer (UV2550, Shimadzu,
Japan). BaSO 4 was used as a reflectance standard. The
photoluminescence (PL) spectra were obtained on a F4500
(Hitachi, Japan) photoluminescence detector. TOC analyses were conducted on a multiN/C2100 (Analytik Jena
AG, Germany) TOC analyzer.
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2.3. Photocatalytic degradation of ciprofloxacin (CIP)

The photodegradation of CIP was carried out at 308 K
in a photochemical reactor under visible light. The photochemical reactor contains 0.1 g BiVO4 catalyst and 10 mg/L
of 100 ml CIP solution. Before illumination, the suspensions were kept into darkness for 30 min to ensure the
adsorption equilibrium between the photocatalyst and CIP.
The photochemical reactor was irradiated with a 150-W
Xenon lamp which was located at one side of the containing solution with a 420-nm cut-off filter. The sampling
analysis was conducted in 10-min intervals. The photocatalytic degradation ratio (DR) was calculated by the following formula:

A − A i ⎞
DR = ⎛⎜ 0
× 100%
A o ⎟⎠
⎝
A0 is the initial absorbency of CIP that reached absorption equilibrium, while Ai is the absorbency after the
sampling analysis. The CIP concentration was measured
by a UV-VIS spectrophotometer with the maximum absorption wavelength at 278 nm. The first-ordered apparent
rate constants of different samples can be calculated by
the first-ordered kinetics formula:

ln(C / C0 ) = −K app t
Kapp is the apparent rate constant, C is the CIP concentration with different reaction time, C0 is the CIP concentration of reaction time t = 0, and t is the reaction time.
3. RESULTS AND DISCUSSION
3.1. Morphology and structure

The crystallographic phase purity and elementary
composition of the as-obtained QDs-modified BiVO4 octahedron photocatalysts were characterized by X-ray diffraction (XRD) and energy dispersive X-ray (EDX) analyses.
As shown in Fig. 1a, all characteristic peaks of the obtained sample can be readily indexed to the monoclinic
phase of BiVO 4 , which is in good agreement with the

standard card (JCPDS No.14-0688). No impurity peaks
were detected in the XRD pattern, indicating that the
crystalline structure of the obtained sample is pure. The
diffraction peaks are sharp and strong, indicating the assynthesized BiVO4 is well-crystallized. Figure 1b depicts the
EDX image of the as-prepared octahedral BiVO4 nanocrystal
photocatalysts. Bi, V and O signals can be distinctly observed. The calculated atom ratio of Bi, V and O is well
distributed (1:1:4) which perfectly coincides with the
stoichiometric ratio of BiVO4. The impurity signals of Cu
and C were ascribed to the supporting copper grid which
is necessary in the TEM-EDX analysis.
The morphology and crystalline structure of the asprepared QDs-modified BiVO4 octahedron photocatalysts
are visualized by SEM and TEM images. In the lower
magnified SEM image (Fig. 2a), many octahedral-structured
particles with clear edge can be easily observed. In the highmagnified SEM image (Fig. 2b), the octahedral structure
as two pyramids sharing the same face can be further confirmed. The side length is about 200 nm, and the full length
of an individual BiVO4 octahedral is about 300 nm. The
detailed surface structure of obtained sample is gained by
TEM analyses. In the TEM image (Fig. 2c) of an individual as-obtained BiVO4 octahedron, a very interesting
surface structure can be clearly observed that 5 nm-sized
QDs are uniformly scattered on the surface of 300 nm-sized
octahedrons. Such a unique surface structure is further
confirmed in the HRTEM image (Fig. 2d), from which the
interplanar spacing on an individual BiVO4 quantum dot, d
= 0.314 nm, corresponds to the (130) plane of monoclinic
BiVO4. Similar surface structure is also discovered by our
team early in the study of BiVO4 nanoparticles prepared
by the microwave-assisted method [9]. However, in the
hydrothermally synthesized m- BiVO4 octahedrons with
the presence of SDBS by Han et al. [22], this unique
surface structure cannot be observed. Therefore, we may
conclude that the formation of this unique surface QDs is
due to the microwave power rather than the addition of
SDBS. The similar homojunction between QDs and nanostructures has been reported on another bismuth-based
oxide semiconductor, Bi2WO6 [21].

FIGURE 1 - The XRD pattern (a) and EDX spectrum (b) of the as-obtained QDs-modified BiVO4 octahedrons.
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FIGURE 2 - The SEM images in low (a) and high (b) magnifications with TEM (c) and HRTEM (d) images of the as-obtained QDs-modified
BiVO4 octahedrons.

3.2. Crystallization process
3.2.1. The effect of reaction time

The crystallization process of as-obtained QDsmodified BiVO4 octahedrons must be figured out and is
essential in building the theoretical model for the versatile
microwave-assisted synthesis for BiVO4 nano-materials.
A series of time-dependent experiments were carried out.
In these experiments, only the time was changed, keeping
all other reaction conditions constant. Figure 3 shows XRD
patterns of as-prepared samples at different microwave
reaction times (0, 5, 45 and 90 min). It can be seen that no
obvious diffraction peaks can be observed in the XRD
pattern of the precursor product. As the reaction time increased to 5 min, the predominant strong peaks of monoclinic BiVO4 (JCPDS No.14-0688) and very small impurity peaks can be observed. The impurity peaks marked
with asterisks are possibly from other Bi-V-O compounds;
however, the monoclinic BiVO4 is predominant in the
composition. After 45-min reaction, the diffraction peaks
were all indexed into the pure monoclinic phase of BiVO4
without any impurity peak. After 90-min reaction, the
characteristic peak intensity of monoclinic BiVO4 is further increased, indicating that BiVO4 samples with good
crystallinity were formed.
To further confirm the formation process of QDsmodified BiVO4 octahedrons, time-dependent (5, 45, 90
and 180 min) SEM analyses were also conducted. After
the microwave reaction for 5 min (Fig. 4a), the sample is

FIGURE 3 - The XRD patterns of obtained samples with different
reaction times.

composed of many 100 nm-sized colloidal nanoparticles.
Combined with the XRD patterns, we can confirm that
these nanoparticles are monoclinic BiVO4 with very little
impurities. When further prolonging the microwave reaction time to 45 min (Fig. 4b), the nanoparticles were replaced by the mutilated octahedral-like structures; however, from the ragged surface and edge of these mutilated
octahedrons, one can easily assume that the mutilated
octahedral-like structure is formed by the combination of
many nanoparticles. From XRD study, the mutilated octahedral-like structures can be indexed to the pure mono-
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FIGURE 4 - The SEM images of obtained samples with reaction time of (a) 5 min, (b) 45 min, (c) 90 min, and (d) 180 min.

FIGURE 5 - SEM images of obtained samples prepared with different addition amounts of SDBS: (a) 0 mg, (b) 10 mg, (c) 50 mg, (d) 100 mg.

clinic BiVO4. When the reaction time increases to 90 min
(Fig. 4c), the octahedral BiVO4 structures are more complete, but there still are many mutilated particles in the
products. After 180 min reaction (Fig. 4d), the complete
QDs-modified BiVO4 octahedrons are finally formed, with
average sizes of 200-300 nm and high crystallinity. The

formation process of QDs-modified BiVO4 octahedron
follows the classical “Ostwald ripening” pattern.
3.2.2. The effect of SDBS amount

It is widely reported that organic-additives play important roles in controlling the morphology and size of
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BiVO4 particles [23-25]. In our study, we found that the
addition amount of SDBS is essential for the formation of
QDs-modified BiVO4 octahedrons. Figure 5 shows BiVO4
products with different addition amounts of SDBS. The
sample without SDBS (Fig. 5a) is composed of 8-9 µmsized microspheres. With the addition of 10 mg SDBS
(Fig. 5b), 1-2 µm-sized irregular particles are formed,
indicating that SDBS has huge effect in changing the size
and morphology of BiVO4. With the addition of 50 mg
SDBS (Fig. 5c), the particle size is further reduced into
nanoscale, but the octahedral character is not revealed.
When the amount of SDBS increased to 100 mg (Fig. 5d),
the complete BiVO4 octahedral nanocrystals with average
size of 200-300nm are formed. In this case, further increase
of SDBS amounts over 100 mg makes no difference in
the size and morphology of the final products. It means,
the addition amount of SDBS is at least 100 mg to form
the BiVO4 octahedral nanocrystals.
3.3. Photocatalytic degradation of CIP

To demonstrate the potential application of QDsmodified BiVO4 octahedron photocatalysts in photocatalytic degradation of CIP and investigate influences of size

and morphology on the photocatalytic activity, we evaluated the photocatalytic degradation of CIP of QDs-modified
BiVO4 octahedrons in relation to micro-sized BiVO4 octahedrons (Fig. 6) and the bulk BiVO4 powder (Fig. 5a) under
visible light (>420 nm). To demonstrate the credibility of
our photodegradation ratio results (elimination of the influence of physical adsorption), a control experiment of physical adsorption on the three different samples in 60 min was
further conducted. As shown in Fig. 7b, all samples reached
adsorption equilibrium in 20 min, indicating that our experiments of photodegradation well removed the effects
of physical adsorption and correctly evaluated the photocatalytic activity of the as-prepared photocatalysts.
As shown in Fig. 7a, in spite of the broader light response, the bulk BiVO4 powder and micro-sized BiVO4
octahedrons only possess relatively low CIP degradation
ratios (DRs) of 22.5% and 52.9%. However, the DR of
QDs-modified BiVO4 octahedron is 73%, which is vastly
enhanced compared with the large-sized counterparts.
This result means that the size, morphology and structure
play key roles in determining the activity of photocatalytic degradation of CIP on BiVO4 photocatalysts.

FIGURE 6 - SEM images of (a) micro-sized BiVO4 octahedrons and (b) QDs-modified BiVO4 octahedrons at the same magnification of 50.0k.

FIGURE 7 - The degradation ratios (a) under visible light and adsorption equilibrium curves (b) within 60 min of different samples: (i) QDsmodified BiVO4 octahedrons, (ii) micro-sized BiVO4 octahedrons, and (iii) bulk BiVO4 powder.
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To further evaluate the photocatalytic activity of different samples, the first-order kinetics equation: ln(C/C0) =
- kapp t, is used to test our experimental results, in which
Kapp is the apparent rate constant, C is the CIP concentration with different reaction time, C0 is the CIP concentration of reaction time t = 0, and t is the reaction time. As
shown in Fig. 8, the QDs-modified BiVO4 octahedron
photocatalyst has the highest apparent rate constant (Kapp)
of k3 = 0.02168 min-1. The bulk BiVO4 powder and micro-sized BiVO 4 octahedrons have lower K app of k1 =
0.00615 min-1 and k2 = 0.01296 min-1. This result indicates that our QDs-modified BiVO4 octahedron photocatalyst has the highest photocatalytic activity among different samples, and a relatively high reaction rate. Under our experimental conditions, the first-order linear
regression coefficients (R2) are all above 0.99, indicating
that CIP degradation on BiVO4 photocatalysts follows the
first-order reaction kinetics model.

the •HO radicals oxidation [4]. To explore the mechanism
of CIP degradation on QDs-modified BiVO4 octahedrons,
TOC analyses and controlled experiment of CIP degradation in the presence of a well-acknowledged •HO radical
scavenger, iso-propanol, were further conducted. As shown
in Fig. 9a, the TOC of 10 mg/L CIP solution with 0.1 g catalyst is 4.060 mg/L. When visible light irradiation time increases, the TOC value decreases fast, and after 60-min
irradiation, the TOC of the mixture is only 0.896 mg/L
indicating 78 % TOC decrease after 60 min. This result
means the degradation of CIP on QDs-modified BiVO4
octahedron photocatalysts is the complete mineralization
rather than the incomplete partial oxidation. To demonstrate
the existence of •HO radicals, CIP degradation experiments
in the presence of iso-propanol were conducted. From
Fig. 9b, the addition of 10 ml iso-propanol leads to a
considerable decrease (24%) of CIP DR on QDs-modified
BiVO4 octahedron photocatalysts, indicating that •HO radicals do exist in the process of PCO of CIP.
To investigate the real reasons for the activity enhancement of our QDs-modified BiVO4 octahedrons, UVVIS absorption spectra and photoluminescence (PL) spectra of different samples were conducted.
3.4. UV-VIS absorption spectra

FIGURE 8 - The fitted first-ordered curves of different samples: k1,
k2 and k3 are the apparent rate constants of the bulk BiVO4 powder,
micro-sized BiVO4 octahedrons and QDs-modified BiVO4 octahedrons.

As is mentioned above, the further process of PCO
can be classified by two routes: the direct hole oxidation and

As is well-known, the light absorption extent plays a
key role in determining the photocatalytic activity of a
photocatalyst. The process of photocatalysis for a semiconductor is the direct absorption of photons by the band
gap to excite electrons from valence band to conduction
band in particles, and the separated electrons and holes
subsequently move to the particle surface and react [1].
This process is initiated by the light absorption with energy equal to or larger than the band gap energy (Eg) of
semiconductors. In general, when the size of a semiconductor is reduced into quantum-scale, it would be possible
for this semiconductor to exhibit the so-called “quantumsize effect” [26], by which the corresponding band gaps
would be enlarged.

FIGURE 9 - The 60-min removal of TOC under visible light irradiation of 10 mg/L CIP solution with 0.1 g QDs-modified BiVO4 octahedron
catalysts (a), and the CIP degradation curves with and without the addition of iso-propanol (b)
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FIGURE 10 - UV-VIS absorption spectra and calculated Eg (inset)
of different samples: (i) QDs-modified BiVO4 octahedrons, (ii)
micro-sized BiVO4 octahedrons, and (iii) bulk BiVO4 powder.

From the UV-VIS absorption spectra (Fig. 10), it can
be seen that all samples possess absorption edges into visible light region, and the light absorption of QDs-modified
BiVO4 octahedrons is obviously blue-shifted compared
with the bulk BiVO4 powder and micro-sized BiVO4 octahedrons. The band gap energy (Eg) of samples can be
achieved from the plots of (αhν)2 versus photon energy (hν)
as shown in the inset of Fig. 10. The Eg of QDs-modified
BiVO4 octahedrons (2.44 eV) is much larger than that of
micro-sized BiVO4 octahedrons (2.30 eV) or bulk BiVO4
powder (2.26 eV), which can be ascribed to the small size
of the octahedral particles and the so-called “quantum size
effect” of the surface QDs on octahedrons [26]. This result
means that the activity enhancement of QDs-modified
BiVO4 octahedrons is not due to the enhancement of visible
light-response.

FIGURE 11 - PL spectra of different samples: (i) QDs-modified
BiVO4 octahedrons and (ii) micro-sized BiVO4 octahedrons.
3.6. Tentative mechanism of CIP degradation on QDsmodified octahedrons

Based on the experimental results and our understanding, we propose a possible mechanism of CIP degradation
on QDs-modified BiVO4 octahedrons. Firstly, as shown in
Fig. 6, the size of as-obtained QDs-modified BiVO4 octahedron is much smaller than that of the hydrothermally
synthesized BiVO4 octahedron. The small size of QDsmodified BiVO4 octahedron indicates a much bigger surface area over the micro-sized octahedrons, which would
facilitate the contact with water or target pollutants, CIP, to
enhance the photocatalytic activities of our sample.

3.5. Photoluminescence spectra

As shown in the PL spectra of different samples (Fig.
11), the PL emission intensity of QDs-modified BiVO4 octahedrons is lower than that of the micro-sized BiVO4 octahedrons. It is well acknowledged that the PL emission
intensity of a semiconductor is proportional to the opportunity of the recombination of photo-induced electronhole pairs. In other words, the PL emission intensity of
QDs-modified BiVO4 octahedrons being lower than micro-sized BiVO4 octahedrons suggests that the homojunction between QDs and BiVO4 octahedrons inhibits the recombination of electron-hole pairs and facilitates the migration of charge-carriers more effectively than the micro-sized
BiVO4 octahedrons do. This result indicates the enhancement of photocatalytic activity of QDs-modified BiVO4
octahedrons is from the fast separation of photo-induced
charge-carriers rather than the enhanced light absorption
ability. The small size of our obtained photocatalysts may
play an important role but, by our understanding, the most
important factor is the interface charge transfer on the
homojunction between QDs and BiVO4 octahedrons.

FIGURE 12 - The diagram of the possible mechanism of PCO
process on the QDs-modified BiVO4 octahedrons.

On the other hand, we think that the surface QDs play
important roles in enhancing the photocatalytic activity of
our sample (Fig. 12). Due to the so-called “quantum size
effect”, the band gap energy (Eg) of BiVO4 QDs is very
possible to be enlarged. The enlarged Eg may cause higher
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CB positions and lower VB positions of BiVO4 QDs,
which could facilitate the migration of charge-carriers from
CB and VB of BiVO4 QDs to the corresponding bands of
BiVO4 octahedrons. The interface-charge transfer on the
QDs/octahedrons homojunction may greatly inhibit the
recombination of photo-induced electron-hole pairs, and
thus enhance the photocatalytic activities for CIP degradation of our sample. Similar interface charge transfer models
were also proposed in studies of silicon QDs/nanoplates
homojunction [19], and Bi2WO6 QDs/nanostructure homojunction [21]. Particularly, in the further PCO process, .OH
play important roles in the complete degradation of CIP,
which has been proven by the TOC analyses and controlled degradation experiments with the addition of isopropanol.
4. CONCLUSION
A highly effective visible light-driven QDs-modified
BiVO4 octahedron photocatalyst was successfully synthesized by a facile microwave-assisted method in the presence of sodium dodecyl benzene sulfonate (SDBS). The
octahedral morphology of the samples can be controlled
by changing the addition amount of SDBS and microwave reaction time. An interesting surface structure can be
observed on the particle surface that 5 nm-sized QDs uniformly scattered on the surface of BiVO4 octahedrons,
which is possibly ascribed to the microwave power. Compared with the micro-sized BiVO4 octahedral particles and
bulk BiVO4 powder, the QDs-modified BiVO4 octahedron
photocatalysts possess higher photocatalytic activity of CIP
degradation under visible light irradiation. Moreover, we
also observed complete mineralization of CIP on BiVO4
photocatalysts. The PCO process of CIP on QDs-modified
BiVO4 octahedron photocatalysts can be classified as •HO
radical oxidation. The activity enhancement of octahedral
BiVO4 is possibly due to the small size and interface
charge transfer of QDs/octahedrons homojunction and
smaller size rather than the enhancement of light absorption. This work highlights the facile microwave-assisted
synthesis of nano-scale semiconductor photocatalysts with
homogenous structure.
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ABSTRACT
One of the most toxic compounds, cyanide, threatens
human health and can enter environment in different forms.
Owing to its high ability to remove various contaminants
from aqueous environments, electrocoagulation process
(ECP) is now considered to be an effective process. The aim
of this study was to determine magnesium oxide nanoparticles (MgO) as a coagulant aid in ECP on removal of cyanide from aqueous environments using aluminum electrodes. In this study, a reaction chamber was used with 4 Al
electrodes (with dimensions 2x20x250 mm and volume 1 L)
equipped with an electricity generating device to remove
cyanide. The effects of pH, current density, initial cyanide
concentration in the reactor inlet, and different doses of
MgO nanoparticles as a coagulant aid were studied in this
process. Results showed that process efficiency under
pH=5, current density=15 mA/cm2, initial concentration=
100 mg/L and time=40 min was equal to 80%. Moreover,
as coagulant aid increased, process efficiency increased
too. In optimum levels of MgO coagulant aid (0.1 mg/L in
ECP) and reaction time=45 min, cyanide removal efficiency was equal to 90%. Results obtained from kinetic
studies showed that cyanide removal is most consistent
with second-order model (higher R2). According to results
of this study, ECP is a suitable process for removing cyanide-toxic contaminants. Moreover, MgO nanoparticles
act as suitable coagulant aid in ECP along with Al electrode, increase process efficiency and, subsequently, increase cyanide removal from aqueous environments.
KEYWORDS: Cyanide, electrocoagulation process, magnesium
oxide, coagulant aid

1. INTRODUCTION
Cyanide is a carbon-nitrogen radical which is one of
the most toxic substances threatening quality of drinking
* Corresponding author

water used by humans. It is usually found in different forms
(e.g. salt, ion, metal complex and molecular cyanide) in
aqueous environments [1, 2]. Presence of cyanide and its
compounds in environment, especially water resources, has
become a major concern because it has adverse effects on
aqueous ecosystem and is toxic for humans, even in very
low concentrations, and results in some complications like
nausea, vomiting, increased heart rate, pulmonary edema,
lack of consciousness and death [3]. Cyanide compounds
are widely used in different industries whose effluents are
considered to be big sources of cyanide. Despite its highly
toxic properties, cyanide is one of the necessary substances
widely used in metal mining and recycling industries, metal
plating, manufacturing insecticides etc. In addition, industrial wastewater usually contains high levels of heavy
metals, such as copper, nickel, zinc, silver and aluminum;
due to their high reactivity, cyanide reacts with them and
produces metallic compounds with different toxicity and
stability. Cyanide used in industries enters the environment, especially surface waters, through industrial
wastewater discharge. It has been reported that over 14
million kg of cyanide is discharged annually from industries worldwide [4-6]. According to laws passed in the
European Union, maximum annual allowable concentration of cyanide in aqueous resources is less than 40 µg/L.
WHO has determined that maximum permissible concentration of cyanide must be 0.07 mg/L in drinking water [4, 7,
8]. Similarly, Iranian Institute of Standard and Industrial
Research has considered this level as a national standard [9].
Nowadays, various physical, chemical and biological
processes have been used to remove cyanide from aqueous
environments. Each method has its own advantages and
disadvantages [5, 10]. For example, although biological
processes are considered as environmentally friendly processes, high concentration of cyanide in aqueous environments may be toxic for microorganisms, may reduce biodegradation level and may reduce process efficiency. In
addition, these technologies have not been widely used yet
and need integration of metallurgy, biology and process
engineering, each of which requires special evaluation and
examination [10]. Other methods include chemical oxidation and adsorption. Chemical oxidation processes have

619

© by PSP Volume 23 – No 2a. 2014

Fresenius Environmental Bulletin

some disadvantages, such as adding extra cations and
anions to water and creating high levels of hypochlorite.
Some drawbacks of adsorption process are low removal
capacity of contaminants by adsorbent, costly production
and regeneration, loss of 10-15% of this substance during
regeneration process and, finally, separation of adsorbent
from liquid phase which causes impracticality of this
substance [2, 11]. Owing to high toxicity of cyanide,
using advanced and cheap technologies is necessary to
reduce its concentration in aqueous environments. In
recent years, ECP has been taken into huge consideration
as an effective and ongoing process in water purification
due to its high efficiency in removing contaminants from
aqueous environments. In comparison with conventional
chemical coagulation process, ECP has some advantages,
such as non-application of coagulants, higher efficiency in
removing pollutants, prevention of secondary pollution,
and reduction of the amount of sludge produced during
the process [12, 13]. Another benefit of ECP includes
prevention of extra concentrations of salts available in
coagulants. In ECP, metal precipitates (including polyhydroxides, hydroxides and oxyhydroxides), which play an
important role in removing pollutants, are produced. In
addition, the hydrogen gas produced at the cathode mixes
suspension in the reactor and, therefore, increases system
efficiency [14, 15]. Nanostructures are one of the most
important products of nanotechnology; of them, nanoparticles and metal oxides are highly capable of having
chemical and electrochemical reactions. Chemical activities are very high at nanoparticle surface and, thus, play a
very significant role in controlling environmental pollution and catalytic reactions. MgO, as a metal oxide, is one
of the compounds widely used in various processes of
purifying impurities from aqueous environments [16, 17].
Owing to its several advantages over other oxidizing
compounds, MgO has now been taken more and more
into consideration. MgO advantages include high surface
to volume ratio, easy and cheap preparation and production [17, 18]. Previous studies have indicated that ECP is
an effective process in removing pollutants like cyanide,
arsenic and turbidity, etc. from aqueous environments [2,
19, 20]. However, few studies have been carried out on
simultaneous use of nanoparticles and ECP. Therefore,
concerning effects of MgO on ECP efficiency and absence of comprehensive information in this field, especially on removing high levels of stable toxic substances
like cyanide, this study aimed to determine the effect of
MgO nanoparticles as a coagulant aid in ECP on removal of cyanide from aqueous environments using Al
electrodes.
2. MATERIALS AND METHODS
2.1 Materials

First, cyanide (1000 mg/L) was prepared as stock solution, by dissolving NaCN (Merck) in distilled water.
Cyanide solutions were prepared at different concentrations

by dissolving stock solution in certain amounts of distilled water. All chemicals used in this study were products of German Merck Company and of analytical grade.
Aluminum electrodes were prepared from local aluminum
sheets with dimensions 2x20x250 mm with total effective
electrode area of 80 cm2.
2.2 Electrochemical reactor

A schema of the reactor used in this study is shown in
Fig. 1. It is a Plexiglas cylindrical reactor with a useful
volume of 1 L, equipped with an electricity generating
device. 4 Al electrodes (at a distance of 2 cm from each
other) were placed in the reactor. To produce variable
amounts of current density, a power supply instrument
(SANJESH TEK, 8051) was used. A magnetic stirrer was
used to mix the contents of the reactor. Electrodes were
made of Al and placed in the reactor in the form of monopolar connection. According to submergence depth and
electrode dimensions, ratio of surface area of electrodes to
reactor volume was equal to 3.2 m2/m3.

FIGURE 1- Electrocoagulation reactor schematics: 1. power supply;
2. wires; 3. electrodes; 4. magnet; 5. stirrer.
2.3 Batch experiments

Batch experiments were performed in the cylindrical
reactor with a useful volume of 1 L. The effect of parameters, such as pH, current density, initial cyanide concentration, different contact time and MgO concentrations as
coagulant aid, was tested and evaluated. One of the effective factors in electrical coagulation processes is pH
which was adjusted with HCl (1M) and NaOH (1N) using
a pH-meter, Sension1 model. All steps of the experiments
were performed at room temperature (25 ± 0.5 ºC); every
step was replicated three times, and then the average
result was reported. After reaction time, sampling was
done from middle part of the reactor using a completely
clean pipette with volume of 50 ml. In the next step, after
optimum pH was identified at cyanide constant concentration of 100 mg/L, changes of current density were studied
in the range of 4-15 mA/cm2. After determining the amount
of current and optimum pH, various concentrations of cyanide (from 50 to 500 mg/L) were added to the water;
samples were taken separately from water after given
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times, and then cyanide residues were determined using the
above-mentioned process. Eventually, in order to determine optimum concentration of MgO as coagulant aid in
the process, different concentrations of MgO (0.1, 0.25,
0.5 and 1 g/L) were tested under optimum conditions. To
determine the simultaneous effect of pH and consumed
levels of coagulant aid, MgO as coagulant aid entered
reaction reactor at different pHs, and the effect of MgO
nanoparticles was assessed.

ing the process (e.g. Al(OH)3) are insoluble in aqueous
environments at pH of 5-8.5 [20, 21]. Thus, the highest
pollutant removal efficiency is expected to occur in electrochemical coagulation process in this range of pH; the
present study shows similar results. According to a study
by Mousavi et al. [18], as pH increased in the range of 3-8,
dye removal efficiency increased, while as optimum level
of pH increased or decreased, process efficiency decreased.
90

2.4 Analysis

After centrifugation (model Sigma301, Sigma Company), cyanide concentration was evaluated in purified
samples through silver nitrate titration method according
to standard method described in Standard Methods for the
Examination of Water and Wastewater, Section 4500-CL
[19]. Percentage of cyanide removal was calculated according to the following equation:
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where, C0 is initial concentration of the cyanide
(mg/L), Ct is instant concentration of the cyanide (mg/L),
and R% is percentage of cyanide removal.

FIGURE 2- Effect of pH on ECP (experimental conditions: cyanide
= 100 mg/L, current density = 10 mA/cm2, MgO = 0.0 mg/L)
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In the present study, ECP, along with MgO nanoparticle coagulant aid, was examined as a purification technology in cyanide removal from aqueous environments.
The effects of various parameters, such as initial pH,
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coagulant aid used in ECP were studied, and they will be
explained in detail.
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FIGURE 3 - Effect of pH on ECP (experimental conditions: cyanide
= 100 mg/L, current density = 10 mA/cm2, MgO = 0.25 mg/L).

3.1 Effect of pH on ECP

Environment pH has an important effect on process
implementation trend in various processes, especially
chemical and electrochemical ones; significant effect of
environment pH on ECP has been mentioned in numerous
studies [20, 21]. In this study, the effect of pH (in the
range of 3-9) was examined on ECP with Al electrode, in
presence and absence of coagulant aid. Results are shown
in Figs. 2 and 3. At this stage, initial cyanide concentration was 100 mg/L and current density was 10 mA/cm2.
Results of this step indicate that maximum removal efficiency of cyanide at environment pH was equal to 5; that
is, after 45 min of reaction time, cyanide removal efficiency reached 80%. Consequently, pH of 5 was considered as optimum pH and, thus, other experiments were
implemented with this pH. As shown in Fig. 1, as environment pH exceeds the optimum limit (pH=5) or is less
than that, cyanide removal percentage decreases (for
example, it decreased by 63 and 68 % at pH 3 and 9,
respectively). In ECP, all metal hydroxyls produced dur-

In the next step, ECP was performed in the presence
of magnesium oxide coagulant aid under the same conditions. Thus, cyanide removal efficiency was examined at
a constant current density, MgO dose = 0.25 mg/L and
various pHs. As shown in Fig. 3, maximum cyanide removal efficiency was observed at pH 5. As optimum pH
increased or decreased, cyanide removal percentage decreased so that within 45 min after reaction time, its removal level reached 86%. This increase reflects the fact
that MgO is very effective in ECP with aluminum electrode and increases cyanide removal efficiency. This issue
can be interpreted in relation to MgO structural features:
very high surface area, particle size in nano-scale, catalytic properties as well as adsorption of a part of cyanide on
the surface of MgO increase the efficiency of ECP.
3.2 Effect of current density on ECP
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Changes in current density are another effective parameter in ECP [12, 13]. This factor affects rate of electrochemical coagulation reactions through affecting electrode surface reactions and level of ions removed from the
electrode surface [13]. Thus, determining optimum current
density is essential in electrical coagulation processes. Thus,
in this study, after optimum pH was determined, ECP efficiency was examined in current densities of 4-15 mA/cm2.
Results of this step of experiments are shown in Fig. 4.
As shown in this graph (constant input concentration of
100 mg/L of cyanide, MgO level 0.25 mg/L, pH 5 and
reaction time 15-45 min), as current density increased,
cyanide removal efficiency increased dramatically so that
the highest efficiency (87%) was achieved in current density of 15 mA/cm2. On the other hand, the lowest efficiency
was obtained when current density was 4 mA/cm2. Therefore, as current density applied in ECP increased, cyanide
removal efficiency increased too. This increase can be
interpreted under the influence of reactions that take place
at cathode and anode during the process. Thus, in reclamation of water, hydroxide ions produced at the cathode
produce aluminum hydroxyl suspension (based on reaction Al

3+

+ 3H 2 O ↔ Al (OH ) 3 + 3H + ) in reaction

with aluminum ions produced at the anode. Cyanide can
then be removed through surface adsorption mechanisms
or by sweep coagulation mechanism. Adsorbing soluble
and colloidal compounds, surface of aluminum hydroxyl
flocs traps and removes these compounds from aqueous
environments through deposition [23, 24]. Results of the
present research reflect that, as current density increases,
reaction rate and, subsequently, cyanide removal level increases. They confirm the results of studies carried out by
Ranta Kumar et al. [25] on arsenic removal as well as
results of other similar studies conducted on removing
humic acid, cyanide, etc. [2, 26].

and pH = 5. Results obtained from this step are shown in
Fig. 5; as initial concentration of cyanide increases, its
removal efficiency decreases so that the highest removal
efficiency (93%) was observed at initial concentration of
50 mg/L but the lowest one (56%) at 500 mg/L. Oxidation of
aluminum electrodes releases trivalent aluminum ions (Al3+)
and produces hydroxyls of Al(H2O)63+, Al(OH)(H2O)52+,
Al(OH)2+, AL(OH)3, Al(OH)4-, Al(OH)52-, and even hydroxyl polymers, such as (Al13(OH)327+), as a result of
hydrolysis of aluminum ions. All of the produced hydroxyl
polymers and hydroxyls have high ability to remove ionic
contaminants [27]. In low concentrations of cyanide, hydroxyls are easily able to change a high percentage of pollutant available in reaction chamber to floc which is then
removed from aqueous environments after deposition. As
concentration of pollutants in the environment increase,
cyanide removal capacity decreases since other parameters, such as current density which is the main producer of
metal hydroxyls in electrochemical coagulation process,
are constant. Also, results show that presence of coagulant
aid in every concentration of pollutant increases the removal efficiency in comparison with conditions in which
coagulant aid is not used. In a study by Imran [28] on
arsenic removal using ECP with iron and aluminum electrodes, it was observed that, as initial arsenic concentration increased, pollutant removal efficiency decreased
which is consistent with the results herein.
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FIGURE 4 - Effect of current density on ECP (experimental conditions: cyanide 100 mg/L, current density= 4, 10, 15 mA/cm2, pH = 5,
MgO = 0.25 mg/L).
3.3 Effect of initial cyanide concentration on ECP

Another effective parameter in ECP is initial pollutant concentration entering the reactor. In this study, therefore, electrochemical coagulant experiments were performed
on kinetic samples with different initial concentrations of
cyanide in current density of 10 mA/cm2, MgO = 0.25 mg/L

Concentration of coagulant aid in chemical coagulation and electrocoagulation processes is another parameter
affecting the process efficiency in removing the contaminants from aqueous environments. In this study, to examine the effect of MgO nanoparticles on performance of
ECP to remove cyanide from aqueous environments, different concentrations of coagulant aid were investigated in
the process. Results of this step are shown in Fig. 6; at
initial cyanide concentration of 100 mg/L, pH 5, reaction
time 15-45 min and current density of 10 mA/cm2, 90, 74,
74 and 87% of cyanide was removed in concentrations of
0.1, 0.25, 0.5 and 1 mg/L of MgO nanoparticles, respectively. According to this figure, however, at 1 mg/L of MgO
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nanoparticles and reaction time of 15-45 min, removal efficiency increased significantly from 72 to 90%. Moreover,
at other concentrations of MgO nanoparticles, as reaction
time increased, process efficiency increased too. Increased
process efficiency can be interpreted as follows: very high
specific surface, particle size in nano-scale, catalytic properties, and adsorption of a part of cyanide on MgO surface
increase the efficiency of ECP. On the other hand, as
reaction time increases, enough time is provided to absorb
contaminants on the surface of MgO nanoparticles and,
thus, cyanide removal from aqueous environments increases [22].
100

15 min

30 min

Results of kinetic studies on 3 current densities of 4, 10
and 15 are shown in Table 2. The results indicate less
compliance of zero-order and first-order models with
cyanide removal using ECP. Second-order model is most
consistent with cyanide removal using ECP (higher R2).
Another result obtained from Table 2 is that, as current
density increases, R2 or consistency with various kinetic
models decreases. Figure 7 shows curves obtained from
zero-, first- and second-order kinetic studies.
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TABLE 2 - Kinetic information of cyanide removal.
Current
Density
(mA/cm2)
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FIGURE 6 - Effect of initial cyanide concentration on ECP (experimental conditions: current density = 10 mA/cm2, pH = 5, MgO =
0.25 mg/L).
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3.6 Kinetic study
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TABLE 1 - Equations and linear forms of kinetics model.

Zero-order	
  

First-order	
  

Second-order

Equation

dC
= k 0 	
  
dt
dC
rc =
= k1C 	
  
dt
rc =

rc =

dC
= k2C 2
dt
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t

2.5
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15 mA/cm2

2

1.5

1

(b)
0.5

0
0

Kinetic model

10

-20

-Ln(Ct/C0)

Understanding the dynamics of cyanide removal reactions using ECP is possible only through studying kinetic
information. Examining kinetics of cyanide removal using
ECP is essential to select the optimum conditions of applying batch processes in full scale. Therefore, kinetic
study is useful to predict cyanide removal rate which is
important for designing and modeling the process [11,
29]. In this study, to achieve this goal, zero-order, firstorder and second-order kinetics were studied. Table 1
shows linear forms and equations related to every one of
the above kinetics.

Linear form

10

20

30
t

C − C 0 = −k 0 t 	
  
C
= −k 1 t 	
  
C0
1 1
−
= k2t
C C0

ln

where, rc is the rate of conversion, C0 is initial concentration (mg/L), Ce is equilibrium concentration in
solution (mg/L), t is time, k0 is zero-order rate constant,
k1 is pseudo first-order rate constant, k2 is pseudo secondorder rate constant, and R2 is correlation coefficient.
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FIGURE 7 The results of kinetic study: (a) zero- order, (b) firstorder, and (c) second- order.

4. CONCLUSIONS
In the present study, MgO nanoparticles, an effective
and cheap coagulant aid, were evaluated to remove cyanide from aqueous solutions in ECP with Al electrode.
The process was pH-dependent; pH 5, current density of
15 mA/cm2 and initial cyanide concentration of 50 mg/L
were considered to be optimum conditions of the experiment. Moreover, cyanide removal efficiency was 90% at
MgO concentration of 0.1 mg/L and reaction time of 45 min.
Results of kinetic studies using zero-order, first-order and
second-order models showed that cyanide removal was
most consistent with second-order model (R2=0.90). Moreover, as current density increased, this correlation decreased. In ECP, MgO nanoparticles (along with Al electrode) act as suitable coagulant aid and increase process
efficiency, thus increasing cyanide removal from aqueous
environments. However, it is obvious that further studies
are required for greater scales and for optimizing process
variables.

[10] Gupta, N., Balomajumder, C., and Agarwal, V.K. (2012) Adsorption of cyanide ion on pressmud surface: A modeling approach. Chemical Engineering Journal 191, 548–556.
[11] Malakootian, M., Toolabi, A., Moussavi, G.h., and Ahmadian, M. (2011) Equilibrium and kinetic modeling of heavy
metals biosorption from three different real industrial
wastewaters onto Ulothrix Zonata algae. Australian Journal
of Basic and Applied Sciences 5 (12), 1030-1037.
[12] Ahmadian, M., Yousefi, N., and Van Ginkel, S.W. (2012)
Kinetic study of slaughterhouse wastewater treatment by
electrocoagulation using Fe electrodes. Water Science and
Technology 66, 754-760.
[13] Aouni, A., Fersi, C., BenSikAli, M., and Dhahbi, M. (2009)
Treatment of textile wastewater by a Hybriddel ectrocoagulation / nano filtration process, Journal of Hazardous Materials 168, 868–874.
[14] Linares-Hernandez, I., Barrera-Diaz, C., Roa-Morales, G.,
Bilyeu, B., and Urena-Nunez, F. (2009) Influence on the anodic material on electrocoagulation performance Chemical
Engineering Journal 148, 97–105.
[15] Hossaini, H., Fatehizadeh, A., Yousefi, N., Reshadat, S., Rajabi Gilan, N., Ghasemi, S.R., and Ahmadian, M. (2013) Application of enhanced softening process in slaughterhouse
wastewater treatment. Indian Journal of Chemical Technology 20 (3) 217-221.

The authors have declared no conflict of interest.

[16] Yi, A., Keqiang, Z., Feng, W., Lingling, L., and Haigang, G.
(2011) Removal of organic matter sand bacteria by nano MgO / GAC system. Desalination 281, 30–34.

REFERENCES

[17] Rakmak, N., Wiyaratn, W., Bunyakan, C., and Chungsiriporn, J. (2010) Synthesis of Fe/MgO nano-crystal catalysts
by sol–gel method for hydrogen sulfide removal, Chemical
Engineering Journal 162, 84–90.

[1]

[2]

[3]

[4]

[5]

EPA, Department of Interior U.S, Cyanide Fact Sheet, (2001)
Bureauof Reclamation, Technical Service Center, Water
Treatment Engineering and Research Group, 1–4.
Moussavi, Gh., Majidi F., and Farzadkia, M. (2011) The influence of operational parameter son elimination of cyanide
from wastewater Using the electrocoagulation process, Desalination 1-3, 127–133.
Behnamfard, A., and.Salarirad, M.M. (2009) Equilibrium and
kinetic studies on free cyanide adsorption from aqueous solution by activated carbon. Journal of Hazardous Materials 170,
127-133.
Moussavi, G. h., and Khosravi, R. (2010) Removal of cyanide from wastewater by adsorption onto pistachio hull
wastes: Parametric experiments, kinetics and equilibrium
analysis. Journal of Hazardous Materials 183, 724-730.
Dash, R. R., and Gaur, A. (2009) Balomajumder. Cyanide in
industrial wastewaters and its removal: A review on biotreatment. Journal of Hazardous Materials 163, 1–11.

624

[18] Moussavi, G. H., and Mahmoudi, M. (2009) Removal of azo
and anthraquinone reactive dyes from industrial wastewater
using MgO nanoparticles, Journal of Hazardous Materials
168, 806-812.
[19] APHA, AWWA, WEF. (2005) Standard methods for the examination of water and wastewater. 31th. Ed., Washington.
DC.
[20] Zongo, I., Maigia, A. H., Wethe, J., Valentin, G., Leclerc,
J.P., Paternottr, G., and et al. (2009) Electrocoagulation for
the treatment of textile wastewaters with Al or Fe electrodes:
Compared variations of COD levels, turbidity and absorbance. Journal of Hazardous Materials 169, 70-76.
[21] Mohora, E., Roncevic, S., Dalmacija, B., Agbaba, J., Watson,
M., Karlovic, E., and Dalmacija, M. (2012) Removal of natural organic matter and arsenic from water by electrocoagulation/flotation continuous flow reactor, Journal of Hazardous
Materials 235(236), 257– 264.

© by PSP Volume 23 – No 2a. 2014

Fresenius Environmental Bulletin

[22] Merzouk, B., Gourich, B., and Sekki, A. (2009) Removal
turbidity and separation of heavy metals using electrocogulation- electroflotation technique. Journal of Hazardous Materials 164, 215-222.
[23] Daneshvar, N., Oladegaragoze, A., and Djafarzade, N. (2006)
Decolorization of basic dye solutions electrocoagulation:An
investigation of the effect of operational parameters. Journal
of Hazardous Materials 129(1–3), 116–122.
[24] Lee, P.C., Gau, S.H., and Song, C.C. (2007) Particle Removal of High-Turbidity Reservoir Water by Electroaggregation. J. Environmental Engineering and Management.
J. Environ. Eng. Manage. 17(5), 371-375.
[25] Ratna Kumar, P., Chaudhari, S., Khilar, K.C., and Mahajan,
S.P. (2004) Removal of arsenic from water by Electrocoagulation. Chemosphere 55; 1245–1252.
[26] Savas, A., Yalcin, K., Yildiz, S., Keskinler, B., and
Demircioglu, N. (2008) Effect of initial pH on the removal of
humic substances from wastewater by electrocoagulation.
Seperation and Purification Technology 59:175.
[27] Ali, I., Gupta, V.K., Khan, T. A., and Asim, M. (2012) Removal of Arsenate from Aqueous Solution by Electro Coagulation Method Using Al-Fe Electrodes. Int. International
Journal of Electrochemical Science. 7, 1898-1907.
[28] Song, S., He, Z., Qiu, J., and Chen, X. Ozone assisted ectrocoagulation for decolorization of C.I. Reactive Black 5 in
aqueous solution: An investigation of the effect of operational parameters. Separation and Purification Technology 2007,
55, 238-45.
[29] Ahmadian, M., Reshadat, S., Yousefi, N., Mirhossieni, S.H.,
Zare, M.R., Ghasemi, S.R., et al. (2013) Municipal leachate
treatment by Fenton process: Effect of some variable and kinetics. Journal of Environmental and Public Health,
http://dx.doi.org/10.1155/2013/169682

Received: July 29, 2013
Accepted: September 06, 2013

625

CORRESPONDING AUTHOR
Ali Poormohammadi
Social Development & Health Promotion Research
Center
Kermanshah University of Medical Sciences
Kermanshah
IRAN
Phone: +98 831 4216143
Fax: +98 831 4223210
E-mail: apoormohammadi000@yahoo.com
FEB/ Vol 23/ No 2a/ 2014 – pages 613 - 619

© by PSP Volume 23 – No 2a. 2014

Fresenius Environmental Bulletin

CHARACTERISTICS, BEHAVIOR AND POTENTIAL RISKS
OF PHENOLIC ENDOCRINE-DISRUPTING CHEMICALS IN
SURFACE WATER AND SUSPENDED PARTICLE MATTER
OF THE XIAOHE RIVER, NORTH CHINA PLAIN, CHINA
Yu Dun1, Changyuan Tang1,* and Yizhang Zhang2
1

Graduate School of Horticulture, Chiba University, Matsudo 648, Chiba 271-8510, Japan
State Key Laboratory of Environmental Criteria and Risk Assessment, and Laboratory of Riverine
Ecological Conservation and Technology, Chinese Research Academy of Environmental Science, Beijing 100012, China
2

ABSTRACT

attention in environmental research because of their estrogenic activities and ubiquity in the aquatic environment [1].

To understand the distribution and behavior of phenolic endocrine-disrupting chemicals (EDCs) in surface water
and suspended particulate matter (SPM), the Xiaohe River
in the North China Plain (NCP) was investigated. The
river concentrations (means; ng/L) of EDCs varied from
21.1–83.4 (54.1) for octylphenol (OP), from 38.7–1819.3
(569.7) for nonylphenol (NP), and from 49.2–774.5 (391.0)
for bisphenol A (BPA). Particulate concentrations (means;
ng/L) for OP, NP and BPA were in the range of 11.9–19.7
(23.4), 14.4–1196.5 (785.1), and 18.2–31.9 (22.5), respectively. SPM accounted for 22.6–54.2%, on average, of the
total phenolic EDC pollution in surface water. The averaged particulate OP, NP and BPA proportions were 24.0,
60.5 and 11.2%, respectively, of their total concentration
in water columns. A mass balance equation based on
chloride was used to evaluate the mixing effect on the
behavior of EDCs along the river. The good model fitting
results showed that mixing process was the predominant
factor to determine EDC concentrations in the Xiaohe
River. Based on the combined effect models, potential
environmental risks were assessed showing that most surface waters contaminated by EDCs have a medium effect on
aquatic organisms in the Xiaohe River basin.
KEYWORDS: Nonylphenol; octylphenol; bisphenol A; surface
water; suspended particulate matter; North China Plain

1. INTRODUCTION
In the past decades, the environment has been continuously exposed to endocrine-disrupting chemicals (EDCs)
released by urban communities and industries. The environmental behavior and fate of EDCs, such as alkylphenols (APs) and bisphenol A (BPA), have aroused serious
* Corresponding author

Alkylphenol ethoxylates (APEs) are AP metabolites
and the major constituents of APs found in surface water.
APEs are widely used as non-ionic surfactants in industrial,
domestic and commercial applications, such as lubricating
oil additives, detergents and antistatic agents [2]. The annual
worldwide APE production is estimated at approximately
650,000 tons, and 60% of APEs are released into the aquatic
environment [3, 4]. APEs are mainly composed of
nonylphenol ethoxylates (NPEs) and octylphenol ethoxylates (OPEs). NPEs account for approximately 80% of
the total APE use; OPEs account for most of the remaining
20% of APEs [5]. NP and OP are considered to be more
toxic than their precursor APE compounds. In China,
annual APE production is approximately 50,000 tons,
which accounts for 10% of the total global production [6].
BPA is an important intermediate that is used primarily to produce polycarbonate plastics, epoxy resins
and other plastic materials [7, 8]. In China, BPA production and consumption were approximately 32,000 tons
and 105,000 tons, respectively, in 2001 [9].
Most EDCs enter the aquatic environment from sewage treatment plant (STP) effluents, which led to a net
accumulation in the aquatic ecosystem of urban rivers [5,
10, 11]. After entering the aquatic environment, the physicochemical properties of NP, OP and BPA play predominant
roles in determining their fates in different environmental
compartments. Many studies have reported on the occurrence and fate of these chemicals in a variety of environmental media including surface water, groundwater [12,
13], sediments [6, 14] and aquatic organisms [15, 16].
Recently, some studies have reported that dilution might
play an important role in controlling the variation of these
chemicals in urban riverine systems [17]. In the semi-arid
area of the North China Plain (NCP), water resources have
become increasingly important, and thus some regions,
especially the urban centers, utilize reclaimed water to
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replenish ponds and rivers that serve as recreational landscape. Compared with drinking water, reclaimed water always contains high salt concentrations, nutrients and micropollutants [17]. Research on the disposition of EDCs posed
by reclaimed water in the urban environment has become
important to assess its environmental risks because of high
exposure to humans. However, few studies have been conducted on their behavior and ecotoxicity in urban rivers to
better evaluate the issue of reclaimed water use.
Therefore, the Xiaohe River in Hebei Province of North
China was chosen, because its primary water source has
been reclaimed water for nearly 50 years [18]. The objectives of this paper are as follows: (1) to assess the occurrence and distribution of EDCs (NP, OP and BPA) in surface waters, groundwater and suspended particulate matters
(SPM), (2) to use hydrochemistry evolution of surface water
to determine the dilution effect on the variation in EDC concentrations, and (3) to evaluate the combined effect toxicity
of EDCs in the aquatic river environment. This study can
improve our understanding of the potential influences of
reclaimed water on local shallow groundwater.
2. MATERIALS AND METHODS
2.1 Chemicals

All solvents used for sampling and analysis including
acetone and methanol were of HPLC-grade; 4-tert-octylphenol (CAS No. 140-66-9), bisphenol A (CAS No. 80-

05-7), 4-norm-nonylphenol (CAS No. 104-4-5), and phenanthrene-d10 (CAS No. 1517-22-2) were purchased from
Wako Pure Chemical Industries (Japan); 4-nonylphenol
(CAS No. 84852-15-3) that corresponded to a mixture of
different isomers was obtained from Tokyo Chemical Industry (Japan). All glassware were heat-treated for 4-5 h at
450 °C prior to use to remove organic contaminations.
2.2 Site description and sample collection

The study area is located on alluvial fans of the Taihang Mountains near the city of Shijiazhuang in the NCP
(Fig. 1). This area has a continental semi-arid climate with
a mean annual temperature of 14 °C and an annual mean
relative humidity of 65%. Precipitation is dominated by the
Asian summer monsoon. The rainy season, which is characterized by large temporal and spatial variations, occurs from
July to September and accounts for 70% of the annual
precipitation received [19]. Annual precipitation ranges
from 335 to 1,168 mm, with a mean of 573 mm (1951–
2003). Potential evaporation is highest from May to June
and totals 1,928 mm/year [20].
The Xiaohe River is 110 km long, and it is one of a few
rivers that still flow in the NCP. It originates in the Taihang
Mountains, flows through Shijiazhuang, Lunancheng,
Zhaoxian and Ningjin, and enters the Fuyang River in the
study area. Shijiazhuang, the capital of Hebei province,
has developed from a small village to one of the biggest
cities in the NCP over the past 70 years. The population
of the city is approximately 2.31 million, and its urban
area
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FIGURE 1 - Map of the study region and sampling sites.

has expanded to 155 km2. The Xiaohe River has changed
not only in its quantity and quality, but also its functions
because of rapid urbanization and industrialization without suitable wastewater treatment in the last decades. In
the study area, the river systems also functioned as a
wastewater channel, or a treatment processor, rather than
water supply. The Huangbizhuang Reservoir, one of biggest
reservoirs in the Taihang Mountains, was built in the upstream portion of the Xiaohe River in 1958 to manage the
water resources for agriculture and the water supply for
Shijiazhuang. For the purposes of this study, the Xiaohe
River has been divided into two parts: the urban upstream
area before urban sewage was released into the river (S1–
S4), and the urban downstream area after urban sewage
was released into the river (S5–S10).

The methods to collect and treat the water and SPM
samples were based on previous reports from our laboratory [21-23]. Samples were collected along the river in the
study area in March 2010 (Fig. 1). At each site, 2 L of
water was collected in pre-rinsed brown glass bottles and
filtered through a 0.45-µm glass fiber filter (GF/F, Millipore, USA) in situ. Samples were then acidified by 3 M HCl
to pH<2 and refrigerated until analysis.
In addition, a fraction of each surface water sample
was used to determine the total organic carbon (TOC) by
the total organic carbon analyzer 5000A (Shimadzu, Japan). Additionally, 200-ml surface water samples were
collected at each site to analyze the concentrations of
Ca2+, K+, Mg2+, Na+, Cl- and SO42- by ion chromatography
(LC-10A, Shimadzu). HCO3- was measured by titration
using 0.01 M H2SO4, and total dissolved solid (TDS) was
calculated by the summation of all major ions. The chemical analysis results were adopted only when the chargebalance error was within ±5%. The pH, dissolved oxygen
(DO), electrical conductivity (EC), and temperature of
surface water were measured at each site with portable
equipment (D-23, D-25, Horiba, Japan). A global positioning system (GPS) was used to locate the sampling points.
2.3 Pretreatment of samples

The method to pre-treat the water and SPM samples
was based on previous reports from our laboratory. Each
aliquot of filtrate was spiked with 4-n-nonylphenol as a
surrogate standard (100 ng/L) and extracted by a solidphase extraction cartridge (DSC-18 Resin, Supelco, USA).
The cartridge had been previously washed with 5 ml each
of dichloromethane, methanol and ultrapure water. Each
filtrate was passed through one cartridge at a flow-rate of
20 ml/min. All of the cartridges were washed with 5 ml of a
mixed solution of methanol and ultrapure water (1:19, v/v).
The analytes were eluted from the cartridges with 20 ml
dichloromethane for 40 min, and then, the solution was
concentrated to 0.2 ml under a gentle stream of highpurity nitrogen. An appropriate volume of the internal

standard (phenanthrene-d10) was added to the samples
prior to GC-MS analysis.
The filter, which was used to trap the SPM, was ultrasonically extracted in triplicate with 30 ml methanol. The
eluent was filtrated, and the residue on the filter was
washed with methanol. Subsequently, the mixture of the
filtrate and the washed methanol was concentrated to approximately 5 ml. The residual solution was concentrated
to 0.5 ml under a gentle stream of high-purity nitrogen.
An appropriate volume of the internal standard (phenanthrene-d10) was added to each sample, and then, diluted to
a 1-ml volume prior to GC-MS analysis. In this study,
considering the volume of the water samples filtered, the
volume basis concentrations (i.e., ng/L) of the EDCs were
calculated for particulate EDCs as described by Tao et
al. [23].
2.4 GC-MS analytical procedures

The concentrations of NP, OP and BPA were analyzed
by GC-MS (Shimadzu GC-2010, Shimadzu MS-Parvum2).
An Rtx-5MS silica capillary column (30 m, 0.25 mm,
0.25 µm film thickness) was used for separation with helium as the carrier gas at a constant flow-rate of 1 ml/min.
GC-MS operating conditions were as follows: ionization potential of 70 eV and electron multiplier voltage
of 1100 eV. The GC column oven temperature was programmed as follows: 70 °C held for 2 min, then increased
at 30 °C/min to 180 °C, 2 °C/min to 200 °C, 30 °C/min to
310 °C, and maintained for 30 min. The injection was set
on a split-less mode at 250 °C. The MS interface temperature was maintained at 310 °C and operated in the full-scan
mode from m/z 50-500 for qualitative analysis. These ions
(i.e., m/z = 107, 121, 135, 149, 163, 177, 220) were used as
characteristic ions to identify NP in the SIM mode. Moreover, in the SIM mode, the characteristic ions for identifying OP were m/z = 135, 107, 57, and for BPA, were m/z =
213, 119, 228.
2.5 Quality assurance and quality control (QA/QC)

Linearity of the analytical method was determined
with five different concentration working standards, and
good linearity was observed (r2 ≥ 0.99). Recoveries of
EDCs were also verified by triplicate analyses of distilled
water and particulate materials spiked with known levels
of all target compounds (100 ng/L, or 200 ng/g). The
average recoveries of water and particulate materials were
82.3–96.5% and 78.2–113%, respectively. The method
detection limits (MDLs) of the target compounds were
obtained using seven replicates of water spiked with the
target chemicals at a concentration that was five-fold the
estimated MDL. These replicates were prepared and processed as prescribed in the analytical method. Moreover,
the MDLs were 12.1 ng/L for NP, 2.3 ng/L for OP, and
6.5 ng/L for BPA. In addition, for every batch of 10 samples, a solvent blank, a procedural blank and a standard
mixture were run to assess for contamination. Furthermore,
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a field quality assurance protocol was performed with the
field blanks, which were made from organic-free distilled
water and subjected to the same sample processing as the
water samples, to determine the potential for contamination. According to these results, there was no blank correction to be performed because of undetected amounts of
background EDCs.
3. RESULTS AND DISCUSSION
3.1 Concentrations and spatial distribution of phenolic EDCs
in water

Phenolic EDCs were detected in all surface water samples (10 surface water, 9 groundwater, and 1 STP effluent
samples) at concentrations above their respective LOQ,
which suggested that they are ubiquitous in the aquatic environment of the Xiaohe River basin. The concentrations
varied between 21.6-88.8 ng/L for OP, 38.7-1819.3 ng/L
for NP, and 49.2-74.5 ng/L for BPA, with average values
of 33.0, 239.5 and 151.6 ng/L, respectively. There was a
significant positive correlation between NP and OP concentrations (R=0.906, p<0.01). This implies that NP and
OP were released together into the aquatic environment,
and most likely underwent similar processes along the
river [24].
Spatial distributions of the dissolved EDCs are illustrated in Fig. 2, and show that the EDC concentrations of
the upstream river water (S1–S4) were less than those of
the other areas of the Xiaohe River. NP was the predominant component of the three EDCs in the surface water,
with a maximum concentration of 1819.3 ng/L occurring
at S5. Site S5 was located downstream of the Shijiazhuang urban zone (Fig. 1) and affected by a large
amount of untreated wastewater from shoreline residential

areas. Between sites S5 and S6, reclaimed wastewater
from STPs was released into the river. The EDC concentrations of STP effluents were 33.0, 239.5 and 151.6 ng/L
for OP, NP and BPA, respectively. Those concentrations
were significantly less than those of untreated wastewater.
After S6, the concentrations of dissolved EDCs gradually
declined. The concentrations of dissolved EDCs at downstream sites (S5–S10) were significantly higher than those
at the upstream sites (S1–S4) indicating the possible input
of NP from the Shijiazhuang urban zone. An urban zone
was generally considered to result in a higher impact on
increases in EDCs. Statistically higher (p=0.01) concentrations of APs were found downstream compared with
those upstream of urban U.S. centers [25]. Therefore, Shijiazhuang city could be considered as the major discharge
source of NP to rivers in the NCP. EDCs were also detected
in groundwater in the study area. The average concentrations
in groundwater were 20.86, 40.66 and 56.28 ng/L for OP,
NP and BPA, respectively. These concentrations in groundwater were much less than those in surface water.
DO concentrations ranged from 0.10-5.05 mg/L with
an average concentration of 2.06 mg/L in the river. The
greater DO concentration was found at the upstream sites
(S1–S4) where water quality was good, with the lowest
TDS value. Along the river, the DO concentration decreased
dramatically to 0.5 mg/L at S5, and then, decreased gradually
until 0.1 mg/L at S10. DO had a significant negative correlation with total EDCs (NP+OP+BPA) (R = -0.779,
p<0.01). This was similar to the relationship of NP and
DO reported in the Edogawa River [24]. Some studies have
reported that the APE metabolites were completely degraded to APs only under anaerobic conditions [5]. Therefore, it can be concluded that complete degradation occurred transforming APEs into APs owing to the continued
lower DO concentration along the Xiaohe River.
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FIGURE 2 - Variations of EDCs and DO in water from the Xiaohe River basin (S: surface water; GW: groundwater; STP: sewage treatment
plant).
3.2 Dilution of phenolic EDCs in surface water along the
considering only the dilution effect. Cln and Cln+1 are chloXiaohe River
ride concentrations at sampling S and S
, respectively.
n

After EDCs enter into the aquatic environment, changes
in phenolic EDC concentrations are associated with processes, such as dilution, photolysis, biodegradation, and sorption
to suspended particulate matter (SPM). Zhang et al. [21]
reported that dilution was the predominant process that
affected NP and OP concentrations in surface water along
the Jialu River, China, which was as high as 38.8% for
NP and 57.8% for OP. Therefore, to determine the fate
and behavior of phenolic EDCs in the Xiaohe River, it
was necessary to estimate the mixing processes of surface
water along the river. Cl- is a conservative ion that is not
subject to physical, chemical, and microbiological processes, and can be used as an indicator for determining
surface water movement under most circumstances [26].
Generally, the origin of Cl- is mainly from natural sources,
and discharges from industrial, agricultural and domestic
wastewaters [27]. Because potential natural sources of
chloride cannot be found in the Xiaohe River basin, Clcan be considered to be the result of anthropogenic influences under similar hydrogeological conditions in the Xiaohe
River basin. The significant linearity (R=0.73; p<0.05) between total dissolved EDCs in surface water and Cl- concentration indicates an anthropogenic source of EDCs in
the Xiaohe River (Fig. 3).

(n+1)

In fact, several factors control phenolic EDC concentrations in the river, such as new sources, dilution, mixing, adsorption, biodegradation, photolysis, and air–water
exchange. Therefore, (1) if the variation of calculated phenolic EDCs was similar to measured phenolic EDCs, this
indicated that the dilution and mixing effects were the predominant controlling factors on changes in phenolic EDC
concentrations along the rivers; (2) if the calculated phenolic EDCs were less than the measured phenolic EDCs,
this indicated an excess of phenolic EDCs entering the river
compared with Cl-; (3) if the calculated phenolic EDCs were
greater than the measured phenolic EDCs, this indicated
that, except for dilution and mixing, the combined effects
of adsorption, biodegradation, photolysis and air–water
exchange played an important role in decreasing the concentrations of phenolic EDCs.

FIGURE 3 - Correlations of total EDCs and Cl- in surface water.

Therefore, to estimate the effects of dilution and mixing from different waters on the environmental behavior
of phenolic EDCs along the Xiaohe River, Cl- was used as
a reference substance in this study. Percentage of water
dilution at each sampling site was calculated based on the
mass balance of chloride to estimate the theoretic phenolic
EDC concentrations along the river by only considering
dilution effect as follows:
(1)
where, Anal.-EDCsn represents the actual concentrations
of phenolic EDCs obtained by analysis at site n; Calc.-EDCs
(n+1) is the calculated concentration of EDCs at S(n+1) upon

FIGURE 4 - Comparison of calculated and analyzed EDC concentrations in river water along the Xiaohe River.

The behaviors of phenolic EDCs at each sampling
site along the river are shown in Fig. 4. The agreement
between the measured and calculated phenolic EDCs upstream between S1 - S4 suggested that dilution and mixing
effects were the predominant processes controlling the
concentration change in dissolved phenolic EDC concen-
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trations upstream that was less affected by human activities. Because a large amount of low concentration EDCcontaining wastewater was released into the watercourse
between S5 and S6, the calculated EDC concentrations were
significantly greater than those of the measured EDC
concentrations. This also suggested that the dramatic decrease in EDCs from the dissolved phase would occur within
the first few days. After S6, the measured and calculated
phenolic EDCs were modeled, suggesting that dilution
and mixing effect had again become the predominant processes.
3.3 Distribution of phenolic EDCs between dissolved and
particulate phases

Understanding the degree of SPM-water partitioning
of the organic pollutants is of importance in performing
risk assessment of the river ecosystem, and modeling the
environmental behavior and fate of contaminants. For the
particulate phase, the concentrations were in ranges of 11.9–

19.7 ng/L for OP, 14.4–1196.5 ng/L for NP and 18.2–
31.9 ng/L for BPA, with average concentrations of 23.4,
785.1 and 22.5 ng/L, respectively (Fig. 5).
Most APs entering the aquatic environment are highly
water-soluble, of which 40–80% are detected in the dissolved phase, and 20–60% in SPM [28-30]. In this study,
particulate EDCs accounted for 24.0, 60.5 and 11.2% of
the total EDC content in water bodies for OP, NP and BPA,
respectively. Evidently, NP more readily adsorbs onto SPM
than OP or BPA, which is related to their octanol-water
partition coefficients. Hence, it is reasonable to assume that,
as an important environmental behavior, an SPM-water
partition would have a strong effect on the fates of phenolic EDCs in Xiaohe River basin surface water. This
means that EDCs more easily.

FIGURE 5 - Variations of EDCs in SPM in the Xiaohe River basin.
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FIGURE 6 - Correlations of OP (left), NP (middle) and BPA (right) between water and suspended solid.

FIGURE 7 - Correlations of dissolved OP (left), NP (middle) and BPA (right) and organic carbon.

partition to the particulate phase than would be expected
from their hydrophobicity. This also implies that particulate EDCs could play an important role in their transport
in aquatic environments.
Similar to the spatial distribution of dissolved EDCs,
the downstream particulate concentration of EDCs was
greater than that found upstream. The correlations of
selected EDCs between water and suspended particulate
matter are shown in Fig. 6. Both NP and OP in suspended
solids dissolve easily in water, indicating that the equilibrium of NP or OP in water and suspended solids is rapidly
reached in rivers. However, the correlation for BPA was
so poor between water and suspended BPA that equilibrium was not reached at some sites in the study area.
Some studies have reported that the adsorption of organic contaminants to SPM is correlated with SPM’s
organic carbon content [31]. However, there are few reports about the relationship between organic carbon (OC)
contents in the dissolved phase and concentrations of

dissolved organic pollutants. OC in all surface water samples from the Xiaohe River varied from 16.50 to 150.91
mg/L, with a mean value of 68.89 mg/L. A positive correlation between OC and concentrations of dissolved phenolic EDCs was found. Correlation coefficients were R =
0.78 (P>0.05) for OP, R = 0.85 (P>0.05) for NP, and R =
0.78 (P>0.05) for BPA (Fig. 7). These results indicate that
surface water with high OC amounts was likely to adsorb
more EDCs, and OC plays an important role in controlling the SPM-water partition of the riverine ecosystem.
Ecotoxicity of phenolic EDCs in the Xiaohe River basin.

Sharma et al. [37] summarized the concentrations of
OP, NP and BPA in river water from different regions of
the world, and reported a level of <1-1440, 6-32800 and
0.5-4000 ng/L for OP, NP and BPA, respectively. Concentrations of phenolic EDCs in surface water near Tianjin city in North China were detected with concentrations
of 18.0-31.9 ng/L for OP and 106-553 ng/L for NP. Other
studies have reported on concentrations of EDCs in river
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water from various locations in the world. Compared with
these results, the levels of NP, OP and BPA in the Xiaohe
River were found to be similar to those of the other rivers
(Table 1). It is generally accepted that 1.0 µg/L is the threshold for NP for vitellogenin induction in fish, and the lowest level of effect of NP was 1.0 µg/L in freshwater with a
safety factor of 0.1 in Europe [38-40]. The Japanese Ministry of the Environment reported that concentrations (predicted no effect concentration, PNEC) on fish for NP and
OP were 0.608 and 0.992 µg/L, respectively [24, 41]. For
BPA, the freshwater PNEC of 64,000 ng/L was derived [42],
and the PNEC on fish for BPA was 47 µg/L for a partial life
cycle, or 24.7 µg/L for a full life cycle [43]. Based on these
environmental standards, the NP concentrations observed
from S5 to S10 in this study exceeded or were close to the
limit, and might be potentially hazardous to fish which,
therefore, may result in potential dietary exposure to humans.
TABLE 1 - Concentrations of EDCs (ng/L) in rivers from various
sites in the world.
Different water bodies
Detroit River, U.S.
Aire River, U.K.
Elbe River, Germany
Edogawa River, Japan
Pearl River, China
Jialu River, China
Haihe River, China
Xiao River, China

NP
269–1190
<1600-53000
13-53
120-380
20-628
75.2-1520
106-296
38.7-2382.4

OP
5–81
<1000
<0.05-3.3
10-180
2-680
20.9-63.2
18-20
21.2-123.4

References
[32]
[33]
3.8-30
[34]
[24]
[35]
410-2990 [22]
20-8300
[36]
48.2-774.5 This study

The ECx values of NP, OP and BPA were defined as
the corresponding x% of effect concentrations. Effect concentrations of NP, OP and BPA were 7, 45 and 150 mg/L,
respectively [46]. In the present study, the x% was set to
10, 50 and 95% effect level.
According to the model, the predicted mixture effect
for OP, NP and BPA to cause vitellogenin induction on
fish in the study area was calculated. Mixture effect levels
of EDCs in the upstream sites (S2–S4) were calculated to
have a low effect, and downstream sites (S5–S10) were
calculated to have a medium effect. Source reservoir (S1)
and groundwater in the Xiaohe River basin were calculated to have no effect, and STP effluent was calculated to
have a low effect. In the present study, we did not consider all of the estrogenic chemicals, possibly present in the
aquatic environment, which might lower the actual effect
of all estrogenic chemicals compared with that of the
anticipated effect.

BPA

To assess the toxicity of EDCs on organisms, a concentration addition (CA) model (equation 2) by Sumpter et
al. [44] was used in this study. This method assessed for
the response of freshwater fish to a mixture of estrogenic
chemicals based on concentration addition. The data about
effect levels of EDCs (k) on freshwater fish were obtained
from a toxicity database and literature [40, 44, 45]. Equation 2 is as follows:
(2)
where, ci is the concentration of the individual substances (measured values) present in a mixture; ECxi is the
concentration of the single substance in a mixture i at
effect x%; and k is the influencing factor. If k≥1, the expected mixture effect is greater than or equal to the mixture effect x%, and if k<1, the expected mixture effect is
less than the x% level. To classify the expected mixture
effects, the EC10, EC50 and EC95 values for each substance
were obtained from a toxicity database and literature.
The effect is classified into five classes as follows:
k1≤0.1 (“no effect”); 0.1<k1≤1 (“low effect”); k2≤1<k1
(“medium effect”); k3≤1<k2 (“high effect”); and k3>1
(“severe effect”) where

4. CONCLUSIONS
High concentrations of phenolic EDCs were found
downstream of Shijiazhuang urban centers along the Xiaohe
River. Discharge of untreated wastewater was responsible for the increase of phenolic EDCs. Therefore, Shijiazhuang city can be regarded as the main discharging
source of phenolic EDCs to the downstream. The mass
balance equation for chloride was used to determine the
behavior of phenolic EDCs along the river. It was found
that the mixing process plays an important role in controlling the concentrations of dissolved EDCs.
Based on environmental risk assessment of EDCs in the
study area, it was found that the predicted mixture effect was
low in upstream but medium in downstream urban zones.
Additionally, the concentrations of EDCs in groundwater
and the reservoir were found to have no effect on fish.
These results indicate that continuous monitoring of EDC
levels in urban rivers receiving reclaimed water is necessary because of the toxicity of EDCs on aquatic organisms and humans.
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ABSTRACT
The coralline alga, Titanoderma trochanter, was recorded for the first time in Turkey. In 2009, thalli were
observed in the wave-exposed lower eulittoral rock settings at depths of 0.1-0.5 m on the coasts of Fethiye Bay
(south-eastern Aegean Sea) and Kaş (Antalya, Levantine
Sea). It often covered approximately 30-40% of rocky substrata where it was found in Fethiye Bay. The vegetative
structure as well as habitat and the distribution of this species are described.

KEYWORDS: Titanoderma trochanter, Corallinales, Corallinaceae, coralline algae, Turkey

1. INTRODUCTION
The genus Titanoderma (Nägeli in Nägeli and Cramer,
1858) is a calcified, non-geniculate crustose red alga of the
order Corallinales [1, 2]. Corallines are hermatypic (reefbuilding, reef-forming) organisms that play especially important geological and ecological roles in marine ecosystems [3, 4], and are a good indicator of pollution, temperature and salinity [5, 6]. The species of Titanoderma
have a bewildering variety of different growth forms, depending on the species and environmental conditions. They
* Corresponding author

are typically found as epiphytes on seagrasses and other
algae, but they also generally grow epizoically, epilithically [1] and unattached.
Titanoderma trochanter is the main structure of the
midlittoral ‘trottoirs’ of the Mediterranean Sea. The species has long been known under a misapplied epithet
‘tortuosa’ of Esper, either as Lithophyllum tortuosum
(Esper) Foslie (essentially the correct name for Tenarea
undulosa Bory) or as Tenarea tortuosa (Esper) M.
Lemoine. Afterwards, the ‘trottoir’ alga was referred to
under the name Lithophyllum lichenoides Philippi. According to Woelkerling (1998), the correct name for this
alga is Lithophyllum byssoides (Lamarck) Foslie. This
binomial is confusing since it has long been applied to
another species, common in Corsica and in the Eastern
Mediterranean Sea. It is also known as Goniolithon
byssoides (Lamarck) Foslie, Titanoderma byssoides (Lamarck) Chamberlain & Woelkerling, but finally, the taxon
was reassessed by Benhissoune et al. (2002) [7] who
corrected the name to T. trochanter.
To date, three Titanoderma species [Titanoderma
corallinae (P.L. Crouan and H.M. Crouan) Woelkerling,
Y.M. Chamberlain and P.C. Silva, 1985, T. cystoseirae
(Hauck) Woelkerling, Y.M. Chamberlain and P.C. Silva,
1985, and T. pustulatum (J.V. Lamouroux) Nägeli in
Nägeli and Cramer, 1858] have been reported from Turkish seas [8]. Recent investigations along the Aegean and
the Levantine coasts of Turkey revealed the occurrence of
a fourth Titanoderma species at Turkish coasts. The present paper reports on the first occurrence of Titanoderma
trochanter in Turkey. A detailed diagnosis of this species,
along with distribution data, is presented herein.
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2. MATERIALS AND METHODS

3. RESULTS AND DISCUSSION

Specimens of Titanoderma trochanter were observed
along the coast of Fethiye Bay (between 36°40’45”N,
28°48’69”E and 36°32’27”N, 29°07’29”E) and the coast of
Kaş (between 36°11’10”N, 29°35’13”E and 36°07’13”N,
29°44’20”E) (Fig. 1). One specimen was collected by free
diving for the determination of the species. Other specimens were recorded by observing them on wave-exposed
lower eulittoral rocks at depths ranging from 0.1 to 0.5 m.
Thalli of the collected specimens were air-dried, or preserved in buffered 5% formaldehyde in seawater for further observations. Species identification was performed
under a stereo microscope. A single specimen is deposited
in the Herbarium of the Faculty of Aquatic Sciences and
Fisheries at Akdeniz University (Turkey).

3.1 Systematic Account

Titanoderma trochanter (Bory de Saint-Vincent)
Benhissoune, Boudouresque, Perret-Boudouresque and
Verlaque, 2002 (Fig. 2).
Nulliporae trochanter - Bory de Saint Vincent,
1832: 206
Lithophyllum trochanter - (Bory) H. Huvé ex Woelkerling, 1998: 259
Titanoderma byssoides - (Lamarck) and Chamberlain
Woelkerling var. trochanter (Bory) Babbini and Bressan,
1997: 152

FIGURE 1 - Maps of the study areas: (A) Fethiye Bay; (B) Kaş (Antalya). Black dots indicate the observation locations of the specimens of
Titanoderma trochanter.
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FIGURE 2 - Titanoderma trochanter (Bory de Saint-Vincent) Benhissoune, Boudouresque, Perret-Boudouresque and Verlaque: A) external
morphology; B) types of the branches; C) surface views of the apex of a branch showing striation; D-F) axial longitudinal section in the
median region of a branch and idem in a basal part showing an important cortex (c), epithallus (e), and medulla (m); G) conceptacles, external aspect; H) idem, detail of a pore (scale bars: A = 1 cm; B, G = 2 mm; C = 200 µm; D = 1 mm; E, F, H = 100 µm).
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3.2 Diagnosis

Titanoderma trochanter is a non-geniculate coralline
alga. The thalli are formed by excrescences. They are crust,
calcified, hemispherical cushion-shaped, always convex,
bushy, compact, robust and fragile reaching a size of up to
15-20 cm in diameter and 5-10 cm in thickness. It has a
mauve-pink, violet or white coloration. It comprises annular and sometimes dichotomous ramifications. The branches
arise from a reduced basal crust, and the basal attachment is
weak; they are cylindrical, thin, erect, fragile, arising in
all directions, sometimes intermingled (intertwined), with
welds between neighboring branches, and non-conserved,
1-3 mm in diameter (Figs. 2A, B).
Apex of the branches appears smooth to the naked
eye but, at examination under the stereo light microscope,
shows a succession of regular striations arranged perpendicular to the axis, apart from 100-150 µm (Fig. 2C).
In radial longitudinal section of a branch, in a middle
region, the anatomy is composed of a set of cell lines
(medulla) straight and parallel in the central region, but
curved towards the periphery. The medullary cells are arranged in rows forming very characteristic arcs, on longitudinal sections successive, relatively flattened at the top and
radius of curvature very constant. The outermost are arranged in a layer perpendicular to the surface and the direction of power lines, forming a cortex. The cortical cells are
quadrangular in shape. They are arranged regularly and
connected by many secondary connections. The cortex is
covered by a layer of flattened epithelial cells (Figs. 2 D-F).
This alga possesses both sporophytes and gametophytes;
the tetrasporophytes and gametophytes are also morphologically similar. The reproductive structures are formed in all
conceptacles. They are all very characteristically conical-shaped, of domed structure, quite similar in size, and
sparsely arranged on the surface branches to their basal
part. They can also be grouped. The conceptacle of T.
trochanter has a single apical pore (unidirectional pore),
an open pore surrounded by a rosette of border cells (Figs.
2G, H).

color of the living specimens is violet with lighter finishing. The species usually co-exists in specific association
with Lithophyllum byssoides, and it often covers approximately 30-40 % of the rocky substrata where it is found in
Fethiye Bay. The densest colonies are generally found
between 0-20 cm below sea surface, but some colonies
have been found down to a depth of 50 cm. Fethiye Bay
has bigger facies, and the species covers larger areas compared to Kaş.
Titanoderma trochanter is a part of the typical Mediterranean habitat [12]. The species, which is highly sensitive to changes in its habitat, is observed to form dense
mats where water is clear and there is high visibility. In
turbid waters, the colony coloration, shape and density
show deteriorations. Thus, it may be used as a bio-indicator
of high quality water. Furthermore, the development rate of
this species is very slow (1 mm/year), and even if the
suitable conditions are provided after any damage, it takes
a long time to be recovered again [12].
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3.3 Remarks

Titanoderma trochanter has been successively recorded in the Mediterrenanean Sea [9] and Atlantic Ocean [7]
but under different names. It has been reported as Nulliporae trochanter from Greece [10], Lithophyllum byssoides
from Tripolitania, Libya [5], Lithophyllum trochanter from
Greece as well as Sardinian and Adriatic coasts of Italy [5,
11], Lithothamnion byssoides from Mauritania [10], Titanoderma byssoides var. trochanter from Greece and Adriatic
coast of Italy [11], and Titanoderma trochanter from the
Atlantic coasts of Morocco [7]. In the present study, this
species was observed at 35 sites in Fethiye Bay (SW Turkey) (Fig. 1A) and 7 sites on the coasts of Kaş (Antalya,
SW Turkey) (Fig. 1B), in 2009 constituting the first record
of the species from Turkey.
In the study area, distribution of facies is from mediolittoral zone to 0.5-m depth on rocky hard bottoms. The
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ABSTRACT
The present paper presents the current legislative aspects on the sewage sludge management in European Union. Following the trends in environmental legislation the
last 30 years sewage sludge management is regulated,
directly and indirectly by different legislative tools and
acts. Although the positive steps, there is the need for continuous improvement and more intense enforcement. The
major gaps identified are the need for limits setting for
organic substances and regulations on recycling and final
disposal.

KEYWORDS:
sewage sludge, waste management, EU legislation.

1. INTRODUCTION
The total quantities of sludge in the EU27 are currently
estimated at 10 million tons (dry weight – d.w., 2009 data)
[1-3]. Sludge originates from the process of treatment of
wastewater and typically contains elevated levels of heavy
metals, a large number of low-concentration poorly biodegradable organic compounds as well as potentially pathogenic organisms [1-3]. However, at the same time sewage
sludge is rich in nutrients such as nitrogen, phosphorous and
other macronutrients, such as potassium and sulphur, other
micronutrients and organic matter. Especially the recycling
of phosphorus in the food chain contributes to the conservation of mineral phosphorus reserves and reduces emissions of cadmium present in phosphate rocks.
* Corresponding author

Several Directives have an influence on sludge management but the most significant are the Water Framework Directive 2000/60/EC on water protection, Directive
91/271/EEC on urban waste water treatment, Directive
96/61/EC concerning integrated pollution prevention
and control, Directive 99/31/EC on the Landfill of Waste
and Directive 86/278/EEC on the use of sludge in agriculture [4-8]. In particular, the Water Framework Directive
(2000/60/EC) targets the long-term progressive reduction
of contaminant discharges to the aquatic environment in
urban wastewater while the Council Directive 91/271/EEC
adopted in 1991, concerns urban waste water treatment and
aims to the protection of the water environment from the
adverse effects of discharges of urban waste water and
from certain industrial discharges [6]. The Directive
91/271/EEC seeks to encourage the use of sewage sludge
in agriculture and to regulate its use in such a way as to
prevent harmful effects on soil, vegetation, animals and
man [3,6]. Urban Waste Water Treatment Directive encourages the use of sewage sludge whenever appropriate.
In particular, the Article 14 the Directive states that
"Sludge arising from waste water treatment shall be reused whenever appropriate. Disposal routes shall minimise the adverse effects on the environment." Furthermore, the EC Directive 99/31/EC on the Landfill of Waste
also impacts on the disposal of sewage sludge particularly
with the stringent new standards relating to landfill of
biodegradable waste [7]. Biodegradable waste is defined
in Article 2(m) of the Landfill Directive as “waste that is
capable of undergoing anaerobic or aerobic decomposition, such as food and garden waste, and paper and paperboard”. The Directive is setting mandatory targets for
the reduction of biodegradable waste to landfill and thus
there are certain conditions that limit the disposal of sludge
to landfills, in particular a gradual reduction to 35% by
2016.
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2. EUROPEAN UNION LEGISLATION
ON SEWAGE SLUDGE
The requirement for wastewater treatment before discharge and the crucial requirement for termination of sludge
discharge into surface waters after 31 December 1998 had
serious and direct effects on sewage sludge management.
The progressive implementation of the said Directive in
all Member States increased the quantities of sewage
sludge requiring disposal and the effective implementation
of Sewage Sludge Directive 86/278/EEC was a necessity.
The Directive 86/278/EEC on the use of sludge in agriculture defines in Article 2(a) that sewage sludge [8]: “(i)
residual sludge from sewage plants treating domestic or
urban waste waters and from other sewage plants treating waste waters of a composition similar to domestic and
urban waste waters; (ii) residual sludge from septic tanks
and other similar installations for the treatment of sewage; (iii) residual sludge from sewage plants other than
those referred to in (i) and (ii)”.
The application of the relevant EU legislation as described above has driven the management practices the
last 25 years. For example, in England and Wales the
disposal by dumping at sea, which previously accounted
for about one quarter of production, was banned in 1998.

Recycling to farmlands and land restoration/reclamation
became the main disposal route followed by incineration
while disposal to landfills has significantly decreased. In
the beginning of the 1980, some countries established limit
values for some selected heavy metals in sewage sludge
to be used for agricultural applications [9].
In accordance with EU Directive 86/278/EEC national
legislation, which has been established in the Member
States prohibits the use of sludge in agriculture if the heavy
metals concentrations exceed specific limit values but sets
no limits for organic contaminants (Table 1). While it calls
for the use of treated sludge, the Directive does not specify treatment processes [10].
The limit values for heavy metals in sludge defined in
national regulations are presented in Table 1. In most cases,
these limit values have been set significantly below the
requirements of Directive 86/278/EEC. From the same table
it is evident that the legislative limits as well as the typical
concentration of heavy metals vary considerably from
country to country (Tables 2 and 3). It should be noted that
the concentrations of all pollutants determined in sewage
sludge are affected mainly by the quality of the incoming
wastewater, type of treatment and in some cases by meteorological conditions and thus they vary among WWTPs
located in several parts of the world.

TABLE 1 - Maximum permissible limits for land application, EU, US and National Legislation (mg/kg d.w.) [11]
Metal

86/278/EEC
(range)
2500-4000
1000-1750
300-400
20-40
750-1200
16-25
-

Zn
Cu
Ni
Cd
Pb
Cr
Hg
Mn

Sweden

Netherlands

France

USA (Part 503)

800
600
50
2
100
100
2.5
-

300
75
30
1.25
100
75
0.75
-

3000
1000
200
20
800
1000
10
-

7500
4300
420
85
840
3000
57
-

TABLE 2 - Differences between the EU MS on the maximum permissible limits for land application [12]
Much more stringent
More stringent
Similar

Denmark, Finland, Sweden, Netherlands
Austria, Belgium, France, Germany
Greece, Ireland, Italy, Luxembourg, Portugal, Spain, United Kingdom, Estonia, Latvia

TABLE 3 - Average metal content in sludge from EU and US
(mg/kg d.w.) [14]
Metal
Zn
Cu
Ni
Cd
Pb
Cr
Hg
Mn

EU
1222
337
37
2.8
124
141
2.2
-

US
1740
850
82
16
500
890
5
260

In the majority of Member States, the specific regulations, which have been introduced covering the disposal
and recycling of sludge, mainly concern the use of sludge
in agriculture, while the disposal of sludge is addressed by
general legislation on landfill and incineration of waste.
As is well known, sewage sludge contains many pollutants that could be emitted during incineration. The Directive 2000/76/EC on the Incineration of Waste, regulates waste, including sewage sludge, incineration technology. In particular, the Directive lays down emission
limit values for selected heavy metals and chemical compounds (e.g. NOx, SOx, HCl, particulates, heavy metals
and dioxins) [14]. The limit values are set in order to
prevent and limit as far as practicable negative effects on
the environment and the resulting risks to human health. It
should be noted however that incineration of sludge has
many disadvantages and the alternative technologies e.g.
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pyrolysis, wet oxidation, gasification and combined pro-

cesses

TABLE 4 - Annexes IA, IB and IC of Directive 86/278/EEC

Metal
Cd
Cu
Hg
Ni
Pb
Zn

Limit values of heavy metals which may be added
Limit values for concentrations of heavy Limit values for heavy metal concentrations
annually to agricultural land, based on a 10 year
metals in soil (mg/kg d.w.), for 6<pH<7 in sludge for use in agriculture (mg/kg d.w.)
average (kg/ha/y)
1-3
20-40
0.15
50-140
1000-1750
12
1-1.5
16-25
0.1
30-75
300-400
3
50-300
750-1200
15
150-300
2500-4000
30

have definite advantages over combustion in terms of the
cost of flue gas and ash treatment [15].
Sewage Sludge Directive prohibits the use of untreated sludge on agricultural land unless it is injected or incorporated into the soil [8]. Treated sludge is defined as
having undergone "biological, chemical or heat treatment, long-term storage or any other appropriate process
so as significantly to reduce its fermentability and the
health hazards resulting from its use". However, in order
to provide protection against potential health risks from
residual pathogens:
• Sludge must not be applied to soil in which fruit and
vegetable crops are growing or grow
• Grazing animals must not be allowed access to grassland or forage land less than three weeks after the application of sludge
Limit values for concentrations of heavy metals in
sewage sludge intended for agricultural use and in sludgetreated soils are set in Directive Annexes (Table 4) [8].

maintaining or restoring the quality of soils, because of
the fertilising or improving properties of the organic matter contained in these materials. Different Community policies contribute to soil protection, particularly environment
(e.g. air and water) and agricultural (agri-environment and
cross-compliance) policy. However, even if exploited to
the full, existing policies are far from covering all soils
and all soil threats identified. For these reasons, the Commission adopted a Soil Thematic Strategy (COM (2006)
231) and a proposal for a Soil Framework Directive (COM
(2006) 232) on 22 September 2006 with the objective to
protect soils across the EU. According to the Soil Thematic
Strategy (COM(2006) 231) adopted by the Commission
and the proposal for a Soil Framework Directive (COM
(2006) 232) on 22 September 2006 may influence the use
of sludge as contains organic matters which reduce soil
degradation but can also contain pollutants that affect the
quality of the soil [10].
The experience gained so far in the EU has shown
three main weaknesses of this Directive, which are [2, 3]:
• Covers only urban sludge but not other non-hazardous
sludges;

3. AMENDMENT NEEDS
AND FUTURE TRENDS
Directive 86/278/EEC was adopted over 25 years ago
and the European Commission is currently assessing
whether the current Directive should be reviewed [1]. A
crucial development of the last years is that the measures
on bio-waste under the Waste Framework Directive
2008/98/EC and the probable future EC legislation on biowaste will increase the treatment of bio-waste into compost that can be spread on agricultural fields [16]. This
means that compost from bio-waste might conflict with
sewage sludge since compost from bio-waste has considerable fewer probabilities to contain hazardous substances
compared to sewage sludge [10]. In the same time it should
be noted that abroad range of EU legislation is expected to
influence the spreading of sludge on land in the coming
decade [10]. In particular, REACH (EC 1907/2006), sets
restrictions on chemicals and may reduce contaminants in
sludge and increase public confidence and the new Directive on Renewable Energy (2009/28/EC), which could
en-courage the use of sludge for biogas and other forms of
energy recover. Recycling treated sewage sludge and other
biodegradable waste in agriculture is considered a way of

• Regulates the spreading of sewage sludge to agricultural land only but does not provide for any measure as regards other types of land use as for example nonagricultural land which may have potential adverse impacts on human health and on wildlife and biodiversity;
• It is not conservative enough in taking into account the
effects of long term accumulation of heavy metals to
the topsoil
The changes proposed included the following:
• Revision of current limit values for heavy metals;
• Introduction of limit values for organic pollutants;
• Introduction of pathogen concentration limits; and
• Introduction of a quality assurance system
Some of the proposals are presented in Table 5 [10].
The EU working document contains limit values for
concentrations of seven groups of compounds: 11 PAHs;
LAS; DEHP; NPE; AOX; and 7 PCBs as well as PCDD/F
i.e. chlorinated dioxins and furans. Finally, in the Water
Framework Directive a list of 33 priority substances of
importance for the water phase that are primarily based on
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monitoring data in European surface waters are established

[9]. Some European countries have been implementing

TABLE 5 - Proposed limit values on potentially toxic elements (PTE) in sewage sludge and in soil (mg/kg d.w.)
Metal

Soil

Sludge

5<pH<6
6<pH<7
pH>7
Cd
10
0.5
1
1.5
Cr
1000
50
75
100
Cu
1000
30
50
100
Hg
10
0.1
0.5
1
Ni
300
30
50
70
Pb
750
70
70
100
Zn
2500
100
150
200
Concerning organics, the following are considered of primary importance for EU as limits are to be set in the revision of Sewage Sludge Directive [17]:
AOX (sum of halogenated organic compounds)
Linear alkylbenzene sulphonates (LAS)
Di(2-ethylhexyl)phthalate (DEHP)
NPE (nonylphenole and nonylphenole ethoxylates with 1 or 2 ethoxy groups)
Polynuclear aromatic hydrocarbons (PAHs)
Polychlorinated biphenyls (PCBs)
Polychlorinated dibenzo-p-dioxins and -furans (PCDD/Fs).

TABLE 6 - Limit values for concentrations (mg/kg d.w.) of organic compounds in sludge of
different countries and as suggested in the 3rd draft of the “Working paper on sludge” for EU [10].
EU

Denmark

AOX
500
DEHP
100
50
LAS
2600
1300
NP/NPE
50
10
PAH
61
31
PCB
0.82
PCDD/F
100
(ng TEq6/kg d.w.)
1
Sum of acenapthene, phenanthrene, fluorine, fluoranthene, pyrene,
c,d)pyrene
2
Sum of 6 congeners PCB 28, 52, 101, 138, 153, 180
3
Sum of 6 compounds
4
Sum of 7 congeners 28, 52, 101, 118, 138, 153, 180
5
Each of the six congeners PCB 28, 52, 101, 138, 153, 180.
6
TEq: Toxicity equivalents

Sweden

Lower Austria

Germany

50
33
0.44

500
0.25

500
0.25

-

100

100

benzo(b+j+k) fluoranthne, benzo(a)pyrene, benzo(ghi)perylene, indeno(1,2,3-

TABLE 7 - Standards for maximum concentrations of pathogens in sewage sludge [10].
Country
Poland
France

Salmonella
Mo occurrence
8 MPN/10g DM

Finland
Italy
Luxembourg
Hungary

Not detected in 25 g
1000 MPN/g DM
-

Poland

Sludge cannot be used in agriculture if it contains Salmonella

their own limit values for several XOCs (xenobiotic organic compounds) in sludge [9]. For example, the Danish
Statutory Order 1650 regulates the presence and levels of
four groups of XOCs: 11 PAHs; LAS; DEHP; and NPE.

Other pathogens
Faecal streptococci: < 100/g
Enterovirus: 3 MPCN/10g of DM
Helminths eggs: 3/10g of DM
Escherichia coli < 1000 cfu
Enterobacteria: 100/g no eggs of worm likely to be contagious
Faecal coli and faecal streptococci decrease below 10% of
original number
-

The French sludge regulation includes limit values in
sludge for 3 PAHs and a summary of 7 PCB congeners.
Finally, concerning pathogens, a moderate proposed
change to the current Directive is to introduce standards
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for pathogens in line with the conventional treatment as
given in the Commission Communication in 2003 [10].
Conventional treatment means any sludge treatment capable of achieving a reduction in Escherichia coli to less
than 5x105 colony forming units per gram (wet weight) of
treated sludge. Currently, only a few MS are known to
have limits on pathogens, shown in Table 7.
3. CONCLUSIONS
The present paper presents the current legislative
aspects on the sewage sludge management in European
Union. Several Directives have an influence on sludge
management but the most significant are the Directives
2000/60/EC on water protection (Water Framework Directive), 91/271/EEC on urban waste water treatment,
99/31/EC on the Landfill of Waste and 86/278/EEC on
the use of sludge in agriculture. Although the positive steps,
there is the need for continuous improvement and more
intense enforcement. Some major issues is the regulation
of other non-hazardous sludge’s, the spreading of sewage
sludge other non-agricultural lands and the effects of long
term accumulation of heavy metals to the topsoil. Different Community policies contribute to soil protection,
particularly environment and agricultural but even if exploited to the full, existing policies are far from covering
all soils and all soil threats identified. For these reasons,
the Commission adopted a Soil Thematic Strategy and a
proposal for a Soil Framework Directive in 2006 with the
objective to protect soils across the EU. As practice of
sewage sludge as soil improver is promoted EC proposed
changes on the current limit values for heavy metals and
the introduction of limit values for organic pollutants and
pathogen concentration limits. In particular, a limit value
for total Cr is proposed, while the soil limit concentrations for heavy metals are set in accordance to the soil pH,
taking thus into account the soil characteristics. Furthermore, limit values for concentrations of seven groups of
compounds is proposed, i.e. for PAHs, LAS, DEHP, NPE,
AOX, PCBs and PCDD/F. Finally, certain limits for pathogens are proposed in line with the conventional treatment
applied.

[3]

European
Commission
website,
Environment/Water
webpage:
http://ec.europa.eu/environment/water/water-urbanwaste/
legislation/directive_en.htm (accessed February 20, 2011)

[4]

Council Directive 96/61/EC concerning integrated pollution
prevention and control

[5]

Directive 2000/60/EC of 23 October 2000 establishing a
framework for Community action in the field of water policy

[6]

Council Directive 91/271/EEC concerning urban wastewater
treatment

[7]

Council Directive 1999/31/EC on the landfill of waste.

[8]

Council Directive 86/278/EEC of 12 June 1986 on the protection of the environment, and in particular of the soil, when
sewage sludge is used in agriculture.

[9]
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ABSTRACT
The results obtained by bioprocessing of various organic wastes via vermicomposting and soil neutralization
methods are presented in this paper. The theoretical and
experimental studies focused on management of livestock
wastes and various domestic wastes revealed the high
efficiency of utilizing the Californian red worm products.
The analysis of the efficiency included solving the organic waste management problem and yielding environmental-friendly organic fertilizers (biohumus) as well as the
high-grade protein earthworm mass for cultivating highquality agricultural products.
KEYWORDS: Vermiculture, Californian red worms, vermicompost, biohumus, agricultural wastes, heavy metals, coprolites.

1. INTRODUCTION
As the world population grows and, hence, the intensity of livestock production increases, great volumes of
organic wastes produced globally pose a serious problem,
and are the major source of environmental pollution. These
wastes require large storage areas, emit ammonia and foul
odor, contaminate groundwater, and pose a significant problem for human health. Certain methods for managing these
wastes can be used to convert them into an efficient and
safe soil fertilizer [1-6]. As the intensity of arable farming
is growing, one of the key tasks today is to enhance the
fertility of arable lands by increasing their humus contents.
The question regarding the potential sources to enrich soil
with fresh organic matter is rather topical. The industry and
agriculture are responsible for supplying an enormous
amount of organic wastes to the environment; hence, one
of the key problems of modern science is to develop the
methods for managing and processing of these wastes.
There are a number of technologies for managing of organic wastes; however, most of these methods produce new
* Corresponding author

wastes. A tiny portion of them can be directly introduced
to soil, while the other ones can significantly damage soil
fertility, or can be structurally incompatible with it. Furthermore, the introduction of these wastes possibly stops the
nitrogen cycle. A good alternative to these technologies is
vermiculture bioconversion which is wasteless, and yields
environmental-friendly fertilizers: biohumus (vermicompost) and the vermiculture biomass [7–11].
When optimizing the function of agrocenoses, one
needs to compensate for the biocenotic links that have been
lost. One of the ways to solve this problem is to artificially
restore the individual links of the agro-ecosystem without
complete restoration of the species diversity of soil biota.
This can be performed by vermicultivation, when the missing link (humified organic matter) is produced under artificial conditions [12]. Biohumus enhances the crop capacity
by 20–30% and improves the quality of agricultural products. Composting, which is often used as an independent
process, is the intermediate stage in conversion of manure
to biohumus. Composting is a regulated process that utilizes microbial activity for converting the organic matter
in such a manner that the final product exists in the semisolid state, and its amount is greater than the initial volume
of wastes. Moreover, the product does not have poignant
foul odor. The microflora of the ready-to-use compost is
richer than that of fertile soils, and manifold higher than
that of contaminated soils. Thus, composting takes considerably a shorter time than natural neutralization of toxic
materials does [13].
The use of vermicultivation in agriculture enables the
continuous use of soil without reducing its fertility. According to the existing data, when vermicompost is used
triennially at the amount of up to 6 tons/ha, soil fertility is
preserved. Vermicompost being used at the amount of 6–
10 tons/ha abruptly increases soil fertility. It has been found
that when the worms disintegrate wastes to the paste-like
state, they form excellent conditions for the development of
various microorganisms inhibiting the reproduction of
pathogenic bacteria (in particular, of Salmonella). The researchers have drawn attention to the fact that the microorganisms contained in vermicompost facilitate the conversion of the toxic forms of heavy metals to immobile com-
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pounds. It is extremely important, since the introduction
of vermicompost to the soils around big cities, industrial
plants, and places, where a lot of mineral fertilizers and
pesticides were used, will promote the sanitation of these
soils and the environment in general.
The organic wastes are processed using the artificially
reconstituted natural complex of heterotrophic organisms,
which includes Californian red worms (Eisenia fоetida)
and the accompanying representatives of soil microbiota
and microorganism communities [14–16]. The Californian red worm differs from the other species by its ability to
process all types of organic matter, high breeding performance (by over 100 times) and life span (by 4 times) as
compared to the common earthworms. Within two months,
the population of the Californian red worms (30– 50 thousand worms; biomass being approximately 4 kg/m2) can
process 300–400 kg of stable manure per m2 of the special
plantation, converting it into high-efficiency humic fertilizer. In addition, the biomass of living worms is the valuable natural food for farm birds and animals, as well as
for pond fish. Furthermore, worms are used to produce
valuable protein flour and preserved food for domestic
and fur-bearing animals.

30 cm height) to be used as food for the Californian red
worms and with a small amount of regular garden soil (5–
7 cm). The mixture was then slightly compacted, intermixed, and moistened to 70–80%, ensuring good air permeability. First, a cupped hand of Californian red worms
was placed on the surface of the substrate. After the
worms buried themselves in the mixture, another cupped
hand of worms was added (Fig. 2). The boxes containing
the worm mass and wastes were kept under dark conditions at 15–18 °С.

After a patent has been obtained, the Californian red
worms started to be cultured in large American specialized farms. Thus, the German government has started to
subsidize their agricultural manufacturers according to a
specialized program encouraging them not to use pesticides and chemical fertilizers but to use the biological
methods of producing crops using Californian red worms.

FIGURE 1 - Californian red worms Eisenia fоetida.

The organic wastes lose the foul odor and are converted into high-grade organic fertilizer rather quickly as
worms breed there. Vermicultivation increases the humification coefficient of the organic matter 1.5–2-fold as compared to the conventional composting [17–20].
Vermicultivation allows one to solve the problem of restoration and maintenance of the fertility of soils contaminated with heavy metals and other hazardous compounds.
The present work was aimed at studying the potential
of adaptation of the Californian red worms and using
them to manage wastes from agricultural farms (differing
by their properties and composition) with some domestic
wastes added (kitchen wastes, paper, sawdust, garden wastes,
etc.).
2. MATERIALS AND METHODS
Californian red worms (Fig. 1) and various disintegratable organic wastes, such as pig, horse, camel, sheep,
and goat manure obtained from the cattle farms, kitchen
wastes, sawdust, crop wastes from the vegetable garden,
and sierozem soil, were used in the experiments.
Five wooden boxes with holes in the bottom were
filled with organic (livestock and domestic) wastes (25–
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3. RESULTS AND DISCUSSION
Biohumus fertilizer (vermisoil) was produced using
various types of wastes (livestock and domestic wastes), soil,
and increased biomass of Californian red worms. This
mixture was obtained by fragmentation of organic wastes
by the Californian red worms, which possess an excellent
macrostructure and contain nutrients in the forms available for plants. Table 1 lists the main nutrients present in
different types of manure.
The studies demonstrated that the vermicomposts differed significantly by nutrient contents and properties of
their microbial communities. After the worms have ingested
fragments of organic matter, they transform it in their digestive tract, and then release it as coprolites (fossilized feces). Due to their properties, coprolites improve the soil
structure by enveloping soil walls with mucus, which
prevents it from being washed out by water. Furthermore,
coprolites change the biochemical composition of the soil.
The content of biological nitrogen, phosphorus, and potassium is 5, 7, and 11 times, respectively, higher than that
in the surface layer of fertile garden soil. A great amount of
calcium is concentrated in coprolites, ensuring the good
water-stable structure and high water retentivity. In addition, calcium reduces the acidity of the environment and
establishes conditions that impede the development of plant
diseases (such as fusarium disease, mildew, bacteriosis, etc.).
Furthermore, beneficial microflora is intensively developed
near coprolites. All these factors eventually improve biohumus and soil composition. Protease, a component of the
worm biomass, exhibits a biostimulating effect, enhances

food assimilability in worms, accelerates their growth, and
activates physiological and biochemical processes occurring in their organism. Like many other living organisms,
the Californian red worms enrich soil in macro- and micro-elements, growth substances, and antibiotic agents.
When the worms process a mixture consisting of different wastes and manure, they give rise to a dry fertilizer
with organic matter content of 25–40% and higher (on dry
basis). This fertilizer contains 1% of nitrogen, phosphorus, and potassium, as well as numerous microelements that
are needed for plant growth. The Californian red worms
process the organic matter at an outstanding rate to convert
it to humus-containing particles with physiologically
active substances (the waste products of the worms). They
process manure two times quicker than when it is processed by bacteria alone.
As compared to the conventional strategy of manure
composting, processing of the organic matter by worms
allows one to increase the humification coefficient of the
organic matter by 1.5–2 times [20]. The results can be
seen by comparing the properties of manure and biohumus,
an environmental-friendly fertilizer, listed in Table 2.
The resulting biohumus contains biologically active substances that accelerate seed germination and striking roots
in seedlings, as well as enhance the plant disease resistance.
The introduction of biohumus to the soil prevents its oversaturation with individual types of nutrients (as it frequently
occurs when large amounts of manure and regular compost
are introduced), crop lodging, and other negative effects
[21]. Finally, biohumus “rejuvenates” soil. The crops culti-

TABLE 1 - Content of nutrients (%) in different types of manure.
No
1
2
3
4

Manure obtained from
Cattle
Horses
Sheep, goats
Pigs

Water
77.3
71.3
64.6
72.4

Organic matter
20.3
25.4
31.8
25.0

Nitrogen
0.50
0.77
0.83
0.65

Phosphorus
0.23
0.28
0.23
0.19

Potassium
0.59
0.63
0.67
0.60

Calcium
0.40
0.21
0.33
0.18

Safety for the soil

Soil component

Can be used for domestic flower growing

Can be used for lawn cultivation

600-900 kg
50-90 kg

Odor

Amount to be introduced for 100 m2 to
produce a good crop

+

Environmental purity of products cultivated
using this fertilizer

Environmental purity

+
-

Ability to bind the heavy metals and radionuclides from soil

Seeds of undesirable plants

Manure
Biohumus

Provides strong plant immunity

Type of fertilizer

1
2

No

No

TABLE 2 - Comparative indices of manure and biohumus.

+

+

+

+
-

+

+

+

+
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than that at ambient temperatures of +6 to +12 °С, and by
8 worms/dm3 than that for ambient temperatures of +20 to
+22°С. The vital activity of the Californian red worms is
suppressed at temperatures below +6° and above +22°С.

TABLE 3 - Chemical composition of biohumus.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Composition
Moisture
Ash
Organic matter
Humic substances
Total nitrogen
Total phosphorus (Р2О5)
Total potassium (К2О)
Calcium
Magnesium
Iron
Manganese
Weight fraction of heavy metals
(mg/kg)
Pathogenic microflora
Helminth eggs

Content
40-45%
35-45%
55-65%
25-32%
1.0-2.0%
1.5-3.0%
1.2-2.0%
4.0-6.0%
0.6-2.3%
0.6-2.5%
60-80 mg/kg
below MAC for soils
–
–

vated in soil fertilized with biohumus contain almost no
nitrates and heavy metals. Biohumus contains all the compounds required for plant nutrition in the well-balanced and
easily digested form. The chemical composition of biohumus is listed in Table 3.
The best biohumus samples contain up to several billion microorganism cells per g, which is considerably higher than that in manure (~ 150–300 million cells). Biohumus
is notable for its high enzymatic activity. It should be
mentioned that the organic matter contained in biohumus
is predominantly represented by humic (31.7–41.2%) and
fulvic acids (22.3–34.8%).
The data of the studies focused on the effect of a season on adaptation of the Californian red worms to substrate samples have demonstrated that the maximum reproductive activity of the worms was observed during the
spring and summer seasons, while minimum activity was
observed during fall and winter season. Thus, the density
of worm population during vermicultivation of horse and
pig manure with substrates containing kitchen wastes,
sawdust, garden wastes, and sierozem soil during the spring
and summer season was by 65 worms/dm3 higher than that
during summer and fall seasons, and by 83 worms/dm3
higher than that during the fall and winter periods. The
biomass weight was higher by 3 and 4 g/dm3, respectively.
Thus, it has been found that the adaptation of the Californian red worms to manure-containing substrates is
more successful when other organic wastes are added. The
content of the filling material (sawdust, straw, tree waste,
and kitchen wastes) in the substrate is to make at least 45–
50% of the total volume.
The studies focused on the effect of the moisture and
temperature regime of the environment on the adaptation
capacity of the Californian red worms to substrates based
on various types of manure have demonstrated that the
temperature range of +15 to + 18°С is optimal for vital
activity of the worms. When conducting the experiments
in this temperature regime, a 1.5-fold increase in population number and the greatest number of cocoons were
observed. By the end of exposure, the population density
of the Californian red worm was higher by 5 worms/dm3

Our data obtained in the experiments focused on the
effect of moisture content in the environment on adaptation of the Californian red worms to substrates based on
cattle manure have demonstrated that the moisture content
of the substrate has to be within the range of 75–80%. By
the end of exposure, the population density of the Californian red worms in the above experimental variants at
optimal temperature was 16 worms/ dm3, and a maximum
number of cocoons could be observed. Thus, in the substrate variant with 78-82% moisture, the population density
was 9 worms/dm3 higher than that in the variant with 40–
55%, 4 worms/dm3 higher than for substrates with 60–65%,
and 2 worms higher than for substrates with 65–70%.
The results of our studies have demonstrated that the
products obtained by processing cattle and other organic
substrates by worms are characterized by a high content
of nutrients and finely dispersed, homogeneous, and of stable
macrostructure. The total nitrogen content in vermicompost samples produced by processing organic substrates
with the worms fluctuated from 1.2 to 1.5%; contents of
Р2O5 and К2O fluctuated from 4.2 to 5.1% and from 0.5 to
1.1%, respectively (on a dry basis). The tendency towards
better aggregation of vermicompost is observed with increasing fraction of the filling agent in the substrates being processed. Thus, the structural coefficient of the vermicomposts varied from 80.2 to 89.2%, while that in the
household compost was 55.7%.
4. CONCLUSIONS
The resulting biohumus is a highly efficient and environmental-friendly organic fertilizer, whose use improves
the agrochemical properties, increases the quality and crop
capacity. Moreover, biohumus exhibits exceptional physicochemical properties: water resistance of its structure
(95–97%) and total moisture capacity (200–250%). This
provides grounds to regard it as an excellent ameliorant and
soil conditioner. Vermicompost has a significantly high
potential for enhancing plant growth when being added as
a soil conditioner, or a component of a garden container.
Optimal composition of vermicompost, prepared using the
wastes herein, and characterized by a relatively short vermicultivation period, was observed for the use of pig and
horse manure with various organic wastes added. The ability of the Californian red worms to change the behavior of
toxic agents in the soil–plants system, or to reduce the
recruitment of compounds at concentrations being hazardous for living organisms in the biological cycle, allows
one to use biohumus to obtain environmental-friendly crops.
Thus, even if biohumus samples contain heavy metals, they
are present in the form of chelate complexes, making them
not easily accessible to plants. It is also possible that the
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worms and biohumus can bind radionuclides present in
the soil and organic fertilizers, as well as abruptly reduce
the arrival of heavy metals to plants.
The authors have declared no conflict of interest.
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