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THE EFFECT OF UV-B ON FATTY ACID CONTENT
AND RADICAL SCAVENGING ACTIVITY OF METHANOLIC
EXTRACTS FROM Hypericum retusum Aucher
GROWN UNDER IN VITRO CONDITIONS
Çiğdem Işıkalan1,*, Pınar Karakuş2, İbrahim Selçuk Kuru2 and Kadir Serdar Çelik3
1
Department of Biology, Faculty of Science, The University of Dicle, Diyarbakır-Turkey
Department of Biology, Faculty of Science and Art, The University of Batman, Batman-Turkey
3
Department of Refinery and Petrochemical Program, The University of Batman, Batman-Turkey
2

ABSTRACT
The study was aimed to evaluate the effects of UV-B
radiation on fatty acid content and antioxidant activity of
a methanolic extract of Hypericum retusum Aucher plantlets grown under in vitro conditions. Therefore, the plantlets were exposed to UV-B radiation for different durations (T1: 15, T2: 30, T3: 45, T4: 60 min).
The UV-B application led to increase in linolenic
(42.84%), oleic (6.92%) and linoleic acid (28.48%) in H.
retusum. The methanol extracts of plantlets grown in vitro
conditions showed the strongest free radical scavenging
activities at concentrations of 50, 100, and 300 µg/mL−1.
It has been found that UV-B radiation and in vitro growth
conditions have a significant effect on the accumulation
of fatty acids. However, the free radical scavenging ability of H. retusum extract was decreased after UV-B application.

KEYWORDS: Hypericum retusum Aucher, in vitro, radical scavenging activity, fatty acid content, UV-B

1. INTRODUCTION
There is considerable interest in the stress physiology of plants, and the ways that they respond and survive
under short-term and long-term (chronic) sub-optimal
growth conditions [1]. The stratospheric ozone layer in the
atmosphere has become depleted, which has resulted in
more UV-B radiation reaching the Earth’s surface [2].
An examination of more than 200 plant species revealed
that approximately 20% are sensitive, 50% are mildly
sensitive or tolerant, and 30% are completely insensitive to
UV-B radiation [3]. UV-B effects include complex changes
* Corresponding author

in DNA repair capacity, photosynthetic activity, growth,
plant morphology, gene expression, pest- and pathogenresistance [4].
A high level of UV-B radiation increased leaf concentrations of flavonoids from 6.31 to 9.00/100 g in dry
matter (DM), and of tannins from 26.6 to 31.4/100 g in
DM, for St. John’s wort [2]. However, previous studies
showed that exposure to UV-B radiation alone reduced the
growth and biomass accumulations significantly in Populus
deltoides and Vigna unguiculata [5, 6]. In the contents of T.
kirilowii seedlings, UV-B radiation led to accumulation of
endogenous abscisic acid and zeatinriboside, and decreased
contents of endogenous indole-3-acetic acid and gibberellic
acid [7]. There is an increasing interest in antioxidants,
particularly those intended to prevent the presumed deleterious effects of free radicals in the human body, and to
prevent the deterioration of fats and other constituents of
foodstuffs. In both cases, there is a preference for antioxidants from natural rather than from synthetic sources [8].
Currently, many types of synthetic antioxidants, such as
BHA (butylated hydroxyanisole) and BHT (butylated hydroxytoluene), have been used as additives for the suppression
of oxidation in food, cosmetic and drug products. BHA and
BHT have been found to be both anticarcinogenic and carcinogenic in experimental animals. Originally, BHA appeared to have tumour-initiating as well as tumour-promoting action [9]. There is a considerable literature on the
chemical constituents of the Hypericum species, namely
naphthodianthrones, phloroglucinols, flavonoids, phenylpropanes, amino acids, xanthones, tannins, procyanidins, and essential oils [10-15]. However, only a few
studies [2, 16, 17] have been conducted to determine the
effect of UV-B and UV- C radiation on the Hypericum
species. There have been also a few studies [13, 18, 19] for
this plant, but none of them have addressed the impact of
UV-B on antioxidant activity and fatty acid content.
Therefore, the purpose of this study is to investigate fatty
acid content and DPPH radical scavenging activity of a
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methanolic extract of H. retusum, depending on exposure
to UV-B radiation and also growth under in vitro conditions.
2. MATERIALS AND METHODS
2.1 Collection of Plant Material

The seeds of H. retusum (Clusiaceae) were collected
from south-eastern Turkey, in Diyarbakır. Voucher specimen have been deposited at the Herbarium of the Department of Biology, Faculty of Science (voucher no. DUF2513-c). The taxonomic identification of plant material
was confirmed by Prof. Dr. A. Selçuk Ertekin.
2.2 Preparation of Plant Material

The seed germination and sterilisation procedures
were performed as described in our previous study [19].
Following germination, micro-shoots (0.5–1.0 cm length)
were separately transferred to Murashige & Skoog [20]
medium supplemented with 0.5 mg L−1 N-6-benzylaminopurine (BAP) for proliferation. All media were supplemented with 30 g L−1 sucrose and solidified with agar
(5.5 g L−1, Agar-Agar (Sigma)). The pH of media was
adjusted to 5.8 prior to autoclaving (120 ºC for 20 min).
2.3 UV-B Radiation

Sterile plantlets were divided into 5 groups. The first
group (T0) was used as a control which was not subjected
to UV-B irradiation. The other groups (T1, T2, T3 and T4)
were exposed to different doses of UV-B light including
6.1 kJ m-2 for 15 min (T1), 12.2 kJ m-2 for 30 min (T2),
18.3 kJ m-2 for 45 min (T3), and 24.4 kJ m-2 for 60 min
(T4). UV-B application experiments were continued for
5 days, and the experiments were carried out at room
temperature.
2.4 Determination of DPPH Radical Scavenging Activity

The antioxidant activity of the extracts, on the basis
of the scavenging activity of the stable DPPH-free radical, was determined by the method described by Blois
[21] with minor modifications. A 1- ml volume of each
sample, prepared at various concentrations (50, 100, 300,
500 and 1000 µg mL−1), was added to 3 ml of a 100 µM
methanolic solution of DPPH. The mixture was shaken
vigorously and allowed to stand for 30 min in the dark.
The absorbance was measured at 517 nm against a blank
(without extract) in a spectrophotometer. The radical scavenging activity was measured as a decrease in the absorbance of DPPH and calculated using the following equation:
Radical scavenging activity (%) = ([Ablank–Asample] Ablank) × 100

where, Ablank was the absorbance of the control reaction (containing all reagents, except the test compound),
and Asample was the absorbance in the presence of the

sample and positive controls. BHT, BHA and ascorbic
acid were used as positive controls.
2.5 Determination of Fatty Acid Content

Fatty acid contents of dried plantlets were determined using Soxhlet extraction and hexane as solvent
[22]. Oil samples were esterified with 2 N methanolKOH solution [22], and fatty acid contents were analyzed
using a Perkin Elmer Clarus 600 gas chromatograph
(GC) equipped with a flame ionisation detector (FID) and a
split injector. Samples were injected with an autosampler
(1 µl) and a split ratio of 1:50. For analysis, a BPX-70
(70% cyanopropyl polysilphenylene-siloxane capillary
column (60m x 0,25 mm, film thickness 250) µm) was
used. The injector temperature and detector temperature
were set at 300 and 280 °C, respectively. The column
temperature profile begins at 80 °C, is held for 1.5 min,
and is then ramped from 80 to 130 °C at a rate of 45 °C
min−1, held for 9.0 min, and then, the rate is adjusted to 1
°C min−1 to a final temperature of 180 °C, which is held
for 5 min (column bakeout). The carrier gas (H2) flow was
30 ml min−1. To form the flame, a hydrogen gas flow of 40
ml min−1 and an air gas flow of 400 ml min−1 were used.
3. RESULTS AND DISCUSSION
After UV applications, the results indicated that colour change of plantlets increased with prolonged UV-B
radiation periods. The morphological development of T0
plantlets were similar compared with T1 and T2 groups. In
contrast, T3 and T4 treatments led to a reduction in the leaf
size. Long-term UV exposure (45 and 60 min.) were
found to be negative effects on the morphological development of plantlets. Foliar symptoms, such as dryness of
seedlings, necrosis and reduction in leaf sizes were observed after UV applications. In the present study, similar
results with the earlier studies were obtained [23, 24].
This foliar damage might be due to reduction in photosynthetic pigments [3]. The environmental factors influence
the accumulation of secondary metabolites in St. John’s
wort, and thus, by regulating growth conditions, it is possible to influence the concentrations of substances and the
quality of St. John’s wort herb [2].
In this study, the UV-B applications have led to a
significant increase in linolenic (from 39 to 42%), oleic
(from 6.2 to 6.9%) and linoleic acid (from 26 to 28%). In
particular, this increase was seen with a 60 min-period (in
linolenic and oleic acid) whereas linolenic, linoleic and
oleic acid for H. retusum growing under natural conditions were previously measured to be 9.26; 7.27, and
2.34%, respectively [18].
The oleic (T4; 6,92%), linoleic (T1; 28,48%) and
erusic acid (T2; 1,26%) showed a significant increase in
depending on the durations of UV application, compared
with T0 extracts (Table 1). The results of the present investigation showed that fatty acid accumulation changed,
depending on different durations of UV-B radiation. The
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earlier study has reported that the contents of many types

of medicinal substances in many different plants are in-

TABLE 1 - Effect of UV-B radiation on fatty acid accumulation in the extracts of H. retusum grown under in vitro conditions.
Fatty acid

T0 application

Content /%
Caproic acid
0.22±0.03
Caprilic acid
0.33±0.04
Capric acid
0.13±0.01
Lauric acid
1.39±0.08
Myristic acid
0.77±0.05
Palmitic acid
13.23±0.15
Palmitoleic acid
4.83±0.08
Stearic acid
5.47±0.09
Oleic acid
6.26±0.09
Linoleic acid
26.26±0.22
Linolenic acid
39.99±0.31
Arachidic acid
0.22±0.04
Eicocenoic acid
0.12±0.01
Erusic acid
0.32±0.11
Lignoseric acid
0.46±0.04
Fatty acid content (%), Means ±standard deviation

T1 application

T2 application

T3 application

T4 application

Content /%
0.23±0.02
0.37±0.02
0.16±0.01
1.07±0.09
0.75±0.05
13.2±0.11
4.79±0.08
6.31±0.10
5.09±0.08
28.48±0.25
38.26±0.26
0.28±0.04
0.16±0.01
0.32±0.15
0.53±0.06

Content /%
0.22±0.02
0.53±0.04
0.15±0.01
1.35±0.09
0.92±0.08
13.27±0.21
4.98±0.14
3.89±0.09
6.56±0.09
26.65±0.21
39.14±0.24
0.28±0.05
0.17±0.01
1.26±0.11
0.63±0.04

Content /%
0.41±0.03
0.62±0.04
0.19±0.01
1.38±0.09
0.76±0.04
13.53±0.25
4.97±0.04
6.09±0.08
6.54±0.11
24.29±0.16
39.39±0.24
0.17±0.06
0.16±0.02
1.13±0.09
0.37±0.05

Content /%
0.28±0.04
0.34±0.06
0.25±0.03
0.88±0.09
0.72±0.06
13.65±0.11
4.46±0.09
5.36±0.11
6.92±0.09
22.28±0.18
42.84±0.14
0.24±0.05
0.12±0.02
1.18±0.09
0.48±0.02

creased by exposure to ultraviolet radiation, particularly
UV-B radiation [25]. Similar results were obtained from
our study, and there were statistically significant differences in the fatty acid content of plantlets grown under in
vitro conditions and exposed to UV-B, compared with H.
retusum grown in a natural environment.
In the present study, the DPPH method was employed
to determine radical scavenging antioxidant activity, and
the results were compared with ascorbic acid, BHT and
BHA as standard antioxidants (Fig. 1). BHT showed high
radical scavenging ability of 91% at 1000 µg/mL−1. The
scavenging effects for the methanolic extract of samples
(from T0 to T4) were 85% and 86% at the concentration of
1000 µg/mL−1, respectively. The weakest radical scavenging
activity was exhibited by T4 extracts, which showed activities
of 16% at 50 µg/ mL−1, 27% at 100 µg/mL−1, and 66% at
300 µg/mL−1. The results indicated that T0 extracts are more
active than BHT, at a concentration of 300 µg/mL−1.

As seen from Fig. 2, the antioxidant activity of ascorbic acid was found to be higher than that of the sample
extracts. The scavenging effects of methanolic extracts
were measured as 87% (T0, T1) and 86% (T2, T3 and T4 ),
at a concentration of 500 µg/mL−1.
BHA showed almost an equal radical scavenging ability (90%), at different concentrations, except for 50 µg/mL−1
(Fig. 3). The free radical scavenging effect of samples
showed dose-dependent increase, at concentrations of 50,
100 and 300 µg/mL−1. The results of this study showed that
the morphological characteristics, DPPH radical scavenging activity, and fatty acid content of plantlets have
changed depending on UV applications and growth conditions. This hypothesis is corroborated with the previous
study [4], in which UV-B effects included photosynthetic
activity, growth, plant morphology, gene expression, pestband pathogen-resistance, and secondary metabolism.
Similar results were also reported by some other research-
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FIGURE 1 - DPPH radical scavenging activities of methanolic extracts of H. retusum exposed to UV-B and standard, BHT.
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FIGURE 2 - DPPH radical scavenging activities of methanolic extracts of H. retusum exposed to UV-B and standard, ascorbic acid.
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FIGURE 3 - DPPH radical scavenging activities of methanolic extracts of H. retusum exposed to UV-B and standard, BHA.

ers [26, 27] who found that the inconsistency of the influence of UV-B radiation on photosynthesis was most likely
due to differences in species or cultivars of the same species, different growth environments, the UV-B dosages,
and the duration of UV-B doses.
In the current study, antioxidant activity for methanolic extracts obtained from H. retusum grown under in vitro
conditions was found to be 88% at the concentration of
300 µg/mL−1 but that of ethanol extracts of H. retusum
grown in nature was reported to be 82% at 250 µg/mL−1
concentration [13]. In the DPPH assay, methanolic extracts of T0 displayed a high antioxidant activity (35; 58;
88%) in low concentrations when compared to UV-B
applications.

it can be indicated that the in vitro culture of H. retusum
was more effective for stimulating antioxidant activity and
fatty acid content. However, more information is needed in
further qualitative and quantitative studies regarding the
bioavailability of individual phenolic and flavonoid constituents.
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ABSTRACT
Microcystis aeruginosa and Scenedesmus obliquus
were axenic-cultured in this study. Different amounts (0,
0.1, 1, 10, 100, 1000 mg·l-1 respectively) of linear alkylbenzene sulfonate (LAS) were added to these species
to reveal the effects of LAS on the extracellular polysaccharide (EPS) content and cells per particle of Microcystis
and Scenedesmus. The results showed that the EPS content
and cells per particle of S. obliquus increased remarkably
when treated with 100 and 1000 mg·l-1 of LAS whereas
no significant difference was observed in the treatments
with lower concentration. There were no differences between the values of cells per particle and EPS content per
cell of M. aeruginosa in all the LAS treated cultures as compared to the control cultures; except that with 10 mg·L-1. It
was also found that the increase in EPS content enhanced
colony formation for both M. aeruginosa and S. obliquus.
The results suggested that the colony formation of algae
would be a good strategy to reduce the damage from
adverse factors, and slight growth inhibition would be the
cost of colony formation. When the effects of these factors were strong, this strategy was out of work.

KEYWORDS: Alkylbenzene sulfonate; Extracellular polysaccharide; morphology; Microcystis; Scenedesmus.

1 INTRODUCTION
The wide use of detergent is considered as one of the
most important causes of eutrophication because of its
high phosphorus content. In addition, this practice also
results in the ubiquitous presence of surfactants, especially
the anionic type in the water environment. Linear alkylbenzene sulfonate (LAS) is one of the common anionic surfactants used in a variety of cleaning products [1].
* Corresponding author

Although many studies have been published on the effect of phosphorus on algae and its role in eutrophication
[2-4], little is known about the role of secondary products
of detergent such as LAS; except for the results of several
toxicity tests of surfactants on algae. LAS reportedly affects the growth of bloom-forming cyanobacteria Microcystis sp. and the most common freshwater green algae
Scenedesmus sp. Yamane et al. [5] reported that the effective concentration (EC50) of LAS for Microcystis aeruginosa was 10 mg·L-1 to 20 mg·L-1. Lewis and Hamm [6]
also studied the effects of nine surfactants on the short-term
photosynthetic activity of lake plankton and found that the
EC50 value of C12-LAS and C13-LAS for M. aeruginosa
was 0.9 and 5.0 mg·L-1, respectively. Liu et al. [7] also
studied the effect of LAS on the photosynthetic activity of
M. aeruginosa and showed that 5.0 mg·L-1 LAS can
slightly promote the growth of M. aeruginosa but 10 mg·L1
to 20 mg·L-1 LAS could inhibit it. Chawla et al. [8] reported that the biomass of Scenedesmus quadricauda cultured for 15 d is reduced by half with 0.01% (100 mg·L-1)
LAS treatment. Tang et al. [9] also stated that the EC50
value of C12-LAS for Scenedesmus obliquus was 129 mg·L-1.
Jørgensen and Christoffersen [10] studied the toxic effects of
LAS on several planktonic freshwater organisms in situ in
enclosures over 5 d and found that the toxicity of LAS is
generally higher in enclosures than laboratory-derived
results. All the above researchers reported that cyanobacteria are more sensitive than green algae to LAS. However,
the effects of LAS on other characteristics of algae, such
as colony formation and life history were still unknown.
Colony formation is a defensive strategy for algae to
avoid predators [11, 12] that largely influence their biomass
in lakes and reservoirs. Both Microcystis and Scenedesmus;
well known as common algae having high phenotypic plasticity that could show unicell-colony transformation and
have a large population in freshwater bodies. These algae
can be single cells or colonies depending on some abiotic
and biotic environmental factors. Yamamoto et al. [13]
studied the distribution of bloom-forming cyanobacteria
in eutrophic to hyper-eutrophic ponds in northern Taiwan
and found that when M. aeruginosa dominates exclusively
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the plankton community, the average cell count in a colony reaches high numbers (several hundred). They suggested that the formation of large colonies of some cyanobacterial species is important for bloom formation. Colonial
morph is reportedly advantageous in reducing high light
intensity damage [14] and improves persistence in
ﬂuctuating phosphorus conditions [15] for M. aeruginosa.
Thus, colony formation is an important strategy for algae
to survive in the water ecosystem.
Many studies have reported that temperature [16], nutrient conditions [17, 18], zooplankton grazing [11, 19,
20] and calcium concentration [21, 22] could affect the
colony formation of Microcystis and Scenedesmus. Recent
studies have shown that some surfactants (dodecyl disulfonated diphenyloxide, FFD-6) could induce colony formation of Scenedesmus [23, 24]. LAS, having the same
principal functional groups with FFD-6, is one of the conventional anionic surfactants used in a variety of cleaning
products [1]. The considerable concentrations of LAS in
freshwater bodies are between 0.001 to 10 mg·L-1 (summarized by Lürling and Beekman, 2002 [23]). These concentrations would increase because of the wide use of detergent
in some regions where there is no sound sewage treatment
system. Therefore, their effects on the algae colony formation need to be clear. Although colony formation is
influenced by numerous factors, the extracellular polysaccharide (EPS) content is considered as the most essential
factor [21, 25, 26]. It is assumed that factors mentioned
above directly affect the EPS content and the change of
EPS content subsequently influences the colony formation of Microcystis and Scenedesmus [21, 27].
In this research, the effects of LAS on algae colony
formation was studied in order to better understand the
roles of EPS and the mechanism of colony formation. M.
aeruginosa and S. obliquus were used as test organisms
because the former is one of common bloom-forming
cyanobacteria whiles the latter is one of the most widespread freshwater green algae [28]. The EPS content was
also analyzed and the relationship between colony formation and EPS content was discussed.
2 MATERIALS AND METHODS
2.1 Organisms and Chemical

M. aeruginosa (Kützing 1846) and S. obliquus (Turpin)
Kützing 1833 were used in this study. M. aeruginosa
FACHB 469, provided by the FACHB collection (Freshwater Algae Cultures Collection of the Institute of Hydrobiology, Chinese Academy of Sciences), is one of the common
bloom-forming cyanobacteria in China. S. obliquus (separated from samples collected from Lake Taihu, China) is
one of the widespread Chlorophyta in freshwater ecosystems. At the beginning of the experiment, both M. aeruginosa and S. obliquus were cultured in BG-11 medium
for 1 week. M. aeruginosa was continuously cultured in
this same medium for more than 2 years [29] and existed

as a unicellular cell; S. obliquus on the other hand, was
transferred and cultured on a long-term basis in CHU-10
medium [30] and also existed as a unicellular cell. The
surfactant, LAS was obtained from Sigma Chemical Company (USA) with a chemical formula of C18H29NaO3S.
2.2 Axenic cultures

Both species were axenically-cultured in triplicate in
250 mL Erlenmeyer flasks with 100 mL liquid in a BG-11
medium to elucidate the effects of LAS on EPS content
and the morphology of M. aeruginosa and S. obliquus.
The media were treated with different concentrations of
C12 LAS, which has been widely used in China. The concentrations of LAS were 0.1, 1, 10, 100, 1000 mg·L-1
respectively and cultures without LAS treatment were set
as control cultures. The initial cell density of M. aeruginosa and S. obliquus were 5×104 and 2×104 cells·mL-1
respectively and all the cultures were exposed to LAS for
9 days. These were grown at 25 °C under a 12:12 h lightdark cycle and a fluorescent light intensity of 40 µE·m-2·s-1.
The flasks were shaken by hand two to three times a day.
The cells were counted thrice in a blood cell counting
chamber using an optical microscope (Olympus CX31;
Olympus Corporation) at ×400 magnification. Cell density
was then calculated. If the differences of these three calculated results were less than 10%, then the average value
of these results was used as the final cell density. Otherwise, an extra counting was conducted.
On day 9, the number of cells per particle (both unicells and colonies could be defined as particles in this study)
was recorded seriatim in a blood cell counting chamber
using an optical microscope (Olympus CX31; Olympus
Corporation) at ×400 magnification. The average number
of cells per particle was calculated to indicate colony size;
and the proportion of cells in different particles (one cell,
two cells, three to seven cells and more than eight cells)
was also calculated by counting a minimum of 400 particles.
2.3 EPS content analysis

The EPS (EPS represented bound EPS in this study) was
analyzed according to the methods described by Yang et al.
[25]. Culture samples (20 mL) were placed in 50 mL centrifuge tubes and were centrifuged at 11000 rpm for 15 min in
order to discard the supernatants. The pellets were resuspended in 10 mL distilled water in centrifuge tubes, and the
pH was adjusted to 10.0. The samples were incubated in
water at 45 °C for 4 h and were subsequently centrifuged
at 11000 rpm for 15 min. The supernates were used to
analyze the polysaccharide content by the anthrone sulfuric
acid method [31] in triplicate and normalized to cell
counts.
2.4 Data analysis

The growth curve was presented as mean, whereas the
maximum and minimum were presented as error bars. The
other data were presented as mean ± SD and were ana-
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lyzed by one-way ANOVA using tukey post hoc test. All
statistical analyses were performed using SPSS 10.0.
3 RESULTS
3.1 Effects of LAS on growth and cells per particle of M.
aeruginosa and S. obliquus

However, treatment with 10 mg·L-1 (Fig. 2, P<0.01) significantly affected the cells per particle. Discernible colonies of S. obliquus were observed in high concentrations of
LAS treatment (P<0.01). The number of cells per particle
of S. obliquus in both 100 and 1000 mg·L-1 LAS treatments
were more than 4.0 whereas the number of cells per particle in control cultures and those treated with low concentrations of LAS were approximately 1.2.

The effects of LAS on growth of M. aeruginosa and
S. obliquus are shown in Fig. 1. The growth of M. aeruginosa was inhibited markedly by 100 mg·L-1 LAS and
no cells could be found in the treatment with 1000 mg·L1
from the 7th day. The growth of S. obliquus was inhibited slightly in both 100 and 1000 mg·L-1 LAS treatments.
No observable effects on growth of M. aeruginosa were
found in low concentrations of LAS treatment.

FIGURE 2 - Effects of LAS on the number of cells per particle of M.
aeruginosa and S. obliquus. Vertical lines represent one SD.

FIGURE 1 - Effects of LAS on growth of M. aeruginosa and S.
obliquus. Vertical lines represent the maximum and minimum value
respectively.

Cells per particle of M. aeruginosa and S. obliquus under different concentrations of LAS treatments are shown
in Figs. 2 and 3, respectively. The effects of LAS on cells
per particle of both species are shown in Fig. 2. All the
numbers of cells per particle of M. aeruginosa were below 1.4 under different concentrations of LAS treatments.

The proportions of cells in different particles of M.
aeruginosa and S. obliquus in control and treated cultures
are illustrated in Fig. 3. About 90% of all M. aeruginosa
cultures comprised of unicellular forms. Similar percentage was observed for S. obliquus control cultures and
cultures treated with low concentrations of LAS. However, unicellular forms decreased by approximately 80% in
the S. obliquus cultures treated with high concentrations
(100 and 1000 mg·L-1) of LAS. Moreover, the proportion
of 4-celled and more than 8-celled colonies of this species
increased to approximately 50% and 20%, respectively.
There was no data for M. aeruginosa at 1000 mg·L-1 because the samples in the culture died. The ANOVA
results showed that 10 mg·L-1 LAS inverted the proportion of 3- to 7-celled particles of M. aeruginosa
(P<0.01) and 100 mg·L-1 to 1000 mg·L-1 LAS changed
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the proportion of different particles of S. obliquus
(P<0.01).

liquus. However, effective concentrations of FFD-6 and SDS
were significantly lower (0.01 and 10 mg·L-1, respectively)

FIGURE 4 - Effects of LAS on EPS content of M. aeruginosa and S.
obliquus. Vertical lines represent one SD.
FIGURE 3 - Proportions of different particles of M. aeruginosa and
S. obliquus in control and treated cultures. All the date represent
average value in three parallel samples.
3.2 Effects of LAS on EPS content of M. aeruginosa and
S. obliquus

At the end of the experiment, the EPS content per cell
of M. aeruginosa and S. obliquus in the control cultures
were 0.22 and 0.74 pg·cell-1, respectively (Fig. 4). EPS
content per cell of M. aeruginosa in all LAS treated cultures
were not different from the value in the control cultures,
except the 10 mg·L-1 LAS treated cultures, which was
approximately 0.26 pg·cell-1 (P=0.012), approximately
20% higher than the control value (There was no data for
M. aeruginosa at 1000 mg·L-1 because the culture could
not survive). EPS content per cell of S. obliquus in
100 and 1000 mg·L-1 LAS treated cultures, in which obvious colonies were observed, were slightly higher than
other cultures (P<0.01).
4 DISCUSSIONS
The data shown in Figs. 2 to 4 confirmed that LAS
could affect the EPS content and cells per particle of cyanobacteria M. aeruginosa and green algae S. obliquus. Lürling
and Beekman [23] reported that FFD-6 and sodium dodecyl sulfate (SDS) could induce colony formation of S. ob-
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decrease in consumption of polysaccharides. However, the
inhibition of LAS on the growth of M. aeruginosa was
stronger than that of S. obliquus [5, 6].This made the decrease in the consumption of polysaccharides inoperative in
the formation of M. aeruginosa colonies.

FIGURE 5 - The relationship between cells per particle and EPS per
cell of M. aeruginosa and S. obliquus. All the data represent average
value in three parallel samples.

than that of LAS in this study. Furthermore, colonies of M.
aeruginosa usually consisted of several dozen to hundreds
of cells in nature. However, in this study, even the highest
cell number in a colony of the cyanobacteria was less than
ten. Hence, the influence of LAS on the colony formation
in Microcystis could be concluded to be negligible.
Some researchers [21, 25] have considered that the
EPS content play important roles in colony formation of
Microcystis. However, there was no direct quantitative
evidence proving this suggestion. In this study, bEPS
which means EPS bounded to the cell wall might have
prevented the separation of daughter cells after cell division. The relationship between cells per particle and bEPS
was shown in Figure 5. It was obvious that cells per particle increased with increasing EPS content for not only M.
aeruginosa but also S. obliquus. Yang et al. [32] also reported similar results for Chlorella pyrenoidosa. Thus, the
results from this research suggested that increasing EPS
content clearly was in favour of colony formation of Microcystis sp. and Scenedesmus sp.
In algae, the Golgi apparatus synthesizes vesicles filled
with accumulated polysaccharides that are transported to
the cell membrane. The synthesized vesicles then fuse with
the membrane and their contents are released outside the
cell as EPS via exocytosis [33]. Hence, the EPS content
depended upon the cellular polysaccharide content which
in turn relied on the relationship between carbon fixation
and polysaccharide utilization. Chawla et al. [8, 34] studied the effects of LAS on Scenedesmus and they found
that high concentration of LAS could result in i) alteration
of chloroplasts; ii) decrease in nutrient uptake as well as
protein and DNA syntheses; iii) inhibition of dark respiration and heterotrophic fixation. The decrease in protein
and DNA syntheses implied that the conversion of polysaccharides into proteins and nucleic acids decreased.
Low respiration rate would result in the inhibition of photosynthesis. The decrease in protein, DNA syntheses and the
subsequent inhibition of dark respiration decreased the
utilization of polysaccharide which made the EPS content
increase. Thus, the principal pathway of LAS improving
the EPS content of M. aeruginosa and S. obliquus was the

Previous studies have reported that infochemicals released by grazers [11], low temperature (10 °C) [16] and
some other surfactants [23] can similarly induce colony
formation of Scenedesmus. Grazing by flagellate [35], micro
bacteria [36], nitrogen limitation [18], high level of calcium [21] and copper [37] were reported as factors that
could induce the colony formation of M. aeruginosa. A
lot of researchers have tried to answer the question as to
what the benefits of colony formation were. Wu et al. [37]
identified that colonial Microcystis had a stronger tolerance to copper than unicellular Microcystis. Simultaneously, Shen and Song [15] studied physiological responses
to phosphorus in two phenotypes of Microcystis and showed
that colonial Microcystis grew better under low phosphorus
conditions than unicellular Microcystis. Afterwards, Wu
et al. [14] evaluated the photo-inhibition of the colonial
and unicellular cells of M. aeruginosa under natural conditions. They indicated that colony formation had a protective effect on Microcystis cells by reducing the occurrence of photo-inhibition under high light intensities. All
these results prove that colony formation exists predominantly in adverse circumstances and offers the benefit of
tolerance to toxic heavy metals and nutrient shortage. The
results from this study shows that colonies only formed
under such circumstances when the growth of M. aeruginosa and S. obliquus were slightly inhibited.
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ABSTRACT
Biodegradation of naphthalene have been studied by
numerous researchers. However, the kinetics and thermodynamics study of naphthalene degradation has paid less
attention in current literature. An aim of our work was to
provide some information about microbial degradation of
naphthalene. One naphthalene degradation bacteria strain
(named Na-B) was isolated from creosote-contaminated
soil and used for degrade naphthalene in series of batch
experiments. Based on 16S rDNA analysis, strain Na-B
was closely related to Ochrobactrum anthropi. Results
showed that the isolated strain were most favorable at
pH 7.2, 28 °C. Biodegradation kinetics was described by
Monod-no-growth model. The half saturation constant
Ksand the maximum specific substrate degradation rate
µmax were 9.05 mg/L and 0.020 h-1, respectively. Furthermore, when temperature was ranged from 10 °C to 28 °C,
the activation energy, activation enthalpy change and activation entropy change in biodegradation of naphthalene
were 50.6 kJ/mol, 48.2 kJ/mol and -172 J/ (mol·K), respectively. Thus, O. anthropi may be an alternative bacterium
in degradation of naphthalene.

ever, the introduction of isolated PAH-degrading bacteria
for bioremediation requires a specific set of abiotic factors,
such as availability of source energy, suitable pH, temperature and so on [11].
Naphthalene, being the simplest homolog in the polycyclic series, has received considerable attention. A lot
of researches focus on degradation capability of isolated
microorganism and use surfactants in PAHs degradation
processes, whereas the use of surfactants may be toxic to
microorganisms [12, 13]. Biodegradation kinetics and activation thermodynamics are meaningful for the predicting interaction between substrate and bacterial growth rate. However, only a few studies focus on aerobic degradation kinetics.
Furthermore, little is known about activation thermodynamics of biodegradation of naphthalene.
Accordingly, the objectives of this study were to isolate bacteria that are capable of degrading naphthalene, to
optimize the environmental conditions like pH, temperature
and substrate concentrations, and to investigate the biodegradation kinetics and activation thermodynamics of the
isolated bacterium. It is anticipated that this work will provide some guideline for biodegradation of naphthalene.
2 MATERIALS AND METHODS

KEYWORDS: Polycyclic aromatic hydrocarbons (PAHs); 16S
rDNA; Biodegradation;Monod model; Thermodynamics

2.1. Materials

1 INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are composed of two or more benzene rings and found on various
contaminated sites, such as former gas plant sites and other
petroleum-impacted areas [1-3]. The US Environmental
Protection Agency (EPA) has listed 16 PAHs as priority
pollutants, due to their potential carcinogenicity, teratogenicity and mutagenicity [4-6].
There are various methods to treat PAHs, such as adsorption, catalytic oxidation, and biodegradation. However,
only microbial degradation is an efficient and economic
technology that results in the removal of PAHs from the
environment [7]. At present, many PAH-degrading bacteria
have been isolated from soils, waters, and sediments, such
as Paenibacillus, Pseudomonas and Nocardia [8-10]. How* Corresponding author

All chemicals were reagent grade or better. Naphthalene was purchased the highest purity available from Sigma
Chemical Co. and methanol was obtained from Fisher
Chemical Co. All medium and glassware were sterilized by
autoclaving for 20 min at 121 °C and 0.11 MPa prior to
use.
2.2. Isolation and growth conditions

The bacterium used in this study was isolated by
enrichment technique from creosote-contaminated soil
material. A sample of 10 g of soil was suspended in
250 mL mineral salt medium (MSM) with naphthalene as a
sole source of carbon and energy and incubated flasks
under shaking condition at 150 rpm at 28 °C. MSM
consisted of the following nutrient per liter: 0.5 g
(NH 4)2SO 4, 1 g KH2PO4, 1g K2HPO4, 0.2 g MgSO4, 0.5 g
KNO3, 0.001 g CaCl2, 1 mL trace element solution. MSM
was adjusted to pH 7.2 with 1% HCl and 1% NaOH. The
trace element solution comprised of following nutrient per
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liter: 1.5 g FeCl2·4H 2O, 0.024 g NiCl2·6H 2O, 0.002 g
CuCl2·2H2O,
0.19
g
CoCl2·6H2O,
0.024
g
Na2MoO4·2H2O, 0.07 g ZnCl2 and 0.006 g H3BO3. After 5
days incubation, part of supernatant was transferred to
100 mL fresh MSM containing naphthalene for second
enrichment. Five re-placements were conducted, cultures were appropriate diluted and plated on the MSM
agar plates that containing a thin layer of naphthalene as
sole carbon source. Plates were incubated at 28 °C. Based
on the zone around the inoculated region and morphological characteristic, naphthalene degrader of strain Na-B
was isolated [14].The dilution-plate method and streak plate
method were used for isolation and purification of bacteria.
2.3. PCR and fractionation of 16S rRNA genes

Bacterial strain Na-B was analyzed using 16S rRNA
genes as the biomarker. The PCR was performed in a total
volume of 50µL consisting of 10 µL of 5 × buffer, 1 µL of
10 mM dNTP, 5 µL of 25 mM MgCl2, 1 µL of 30 ng/µL
diluted DNA, 2 U of Taq DNA polymerase and 20 µmol
of each of custom synthesized universal primer pair27f
(5’-AGA GTT TGA TCM TGG CTC AG-3’, M = C or
A) and 1492r (5’-TAC GGY TAC CTT GTT ACG ACT
T-3’, Y = C or T) complementing positions 8 to 27 and
1510 to 1492 of Escherichia coli 16S rDNA [15] and
determined by the Sangon Biotech (Shanghai) Co., Ltd.
Amplification program was carried out with initial denaturation step at 95 °C for10 min, followed by a denaturation step of at 94 °C for 30s, an annealing step at 52 °C for
30s, and an extension step at 72 °C for 2 min. The thermal
proﬁle then consisted of 35 cycles. The ﬁnal extension step
was carried out at 72 °C for 7 min in a Bio-RadC1000
Thermal Cycler (Biorad, USA). Analysis of PCR products
was performed by 1.2% agarose gel electrophoresis.
2.4. Phylogenetic analysis

The sequences obtained in this study were compared
with the 16S rDNA sequences deposited in public databases using the BLASTTM search program at NCBI serve
and download the nearest neighbor sequences from the
NCBI database. The 16S rRNA gene sequences of various
bacteria (including those closely related to the unknown
sequences, as indicated by the BLAST search) obtained
from the GenBank database were aligned with the new
sequences using ClustalXTM. Phylogenetic trees were constructed by the neighbor-joining method with the MEGA
version 4.0 [16].
2.5. Biodegradation experiments

The pure culture grown on liquid Luria-Bertani (LB) for
one day at 28 °C were centrifuged at 3000 rpm for 15 min,
washed three times with MSM, and suspended in the same
MSM to yield an initial optical density at 600 nm (OD600)
approximately 1.0 before being used as inoculums.
Batch experiments were performed in cotton-plugged
500 mL Erlenmeyer flasks which contained MSM of
250 mL and an appropriate amount of naphthalene. Each
flask contained a vial holding 1 ml of 1 M KOH to serve

as a CO2 trap. The solutions from the KOH vial were
analyzed at the beginning and the end to monitor carbon
dioxide production. Ten milliliters of cell suspension was
inoculated into these flasks. Control was done with 10 ml
MSM instead of bacterial cell to determine abiotic loss
of naphthalene. Uninoculated controls and flasks inoculated with cell suspension but not supplemented with
naphthalene were monitored for background CO2 evolution. These flasks were incubated in the dark in temperature-controlled water baths with rotary shaking. Impact of
pH, temperature and initial naphthalene concentration on
biodegradation of naphthalene were investigated. Samples
were withdrawn regularly by filtering through 0.45 µm
Teflon filtration membranes. Filtrate was used for high
performance liquid chromatography (HPLC, Waters, USA)
analysis.
2.6. Analytical methods

Naphthalene was quantified by HPLC using a C-18 reverse phase column (15 cm) and a UV absorbance detector
at 254 nm. The isocratic mobile phase was 90% methanol
and 10% water and a ﬂow rate of 1.0 mL/min.
Growth was determined at certain time intervals by
measuring the optical density at 600 nm (OD600) with a
UV-visible spectrophotometer.
Carbon dioxide was trapped in 1 M KOH, and the
carbonate formed was precipitated with a saturated BaCl2
solution. The precipitate was washed, dried, and weighed.
3 RESULTS AND DISCUSSION
3.1. Phylogeny

The phylogenetic tree based on a comparison of the
sequences was shown in Figure 1. The nearly complete
16S rRNA gene sequence of strain Na-B indicated that the
bacterium was belonged to the Ochrobactrum genus. It was
most similar to the knowing bacteria Ochrobactrum anthropi strain W-7 with 99% sequence similarity. Ochrobactrum as a genus of microorganism for bioremediation can
degrade many organic pollutants, such as phenol [17], vinyl
chloride [18] and PAHs. Arulazhagan et al. [19] reported
that strain Ochrobactrum sp. VA1 was able to grow under
saline conditions and degrade high molecular weight PAHs,
such as pyrene, benzo[k]ﬂuoranthene and benzo[e]pyrene
efficiently. Another study [20] performed with Ochrobactrum sp. BAP5 showed that strain BAP5 belongs to another versatile PAH-degrading bacterial strain, with a relatively high degradation ability of benzo[a]pyrene. However,
there are few reports describing the kinetic and thermodynamics of naphthalene degradation by O. anthropi.
3.2. Factors affecting the biodegradation of naphthalene
3.2.1. Effect of pH

In this study, naphthalene was studied at a concentration of 30 mg/L to simulate the contaminant aqueous concentration, which was equal to its solubility. The curve in
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FIGURE 1 - Phylogenetic analysis of bacteria based on 16S rDNA sequences

Figure 2 exhibits the behavior of naphthalene degradation
with respect to changes in initial pH. A decrease in naphthalene concentration occurred immediately after inoculum
with O. anthropi. In control experiments without inoculation,
only 9% loss of naphthalene was observed. The O. anthropi
degrades about 76%, 96%, 99%, 93% and 83% of naphthalene within 60 h at initial pH of 6.2, 6.7, 7.2, 7.8 and 8.3,
respectively. Degradation efficiency signiﬁcantly declines
when the pH was <6.7 or >7.8. When acidity of the environment was decreased to pH 6.2, naphthalene degradation efficiency decreased sharply. Hence, initial pH 7.2 was
identiﬁed as the optimum pH for biodegradation of naphthalene by O. anthropi. It was reported that such acidic or
alkaline conditions can affected the activity of microbial
enzyme, transport processes and the nutrient solubility [21].
Some studies have showed that the growth of microorganisms favored at pH ranging from 6.0 to 8.0 [22].

FIGURE 2 - Effect of pH (temperature: 301K; initial naphthalene
concentration: 30.0 mg/L) on naphthalene degradation

28 °C was due to the increase of activity of enzyme. Meanwhile, diffusion rates increase at higher temperatures generate a positive impact on bioavailability. Further increasing in temperature from 28 to 35 °C caused a reduction of
oxygen solubility, thereby causing a reduction of metabolic
activity of aerobic microorganisms [23]. Optimal degradation efficiency was achieved at 28 °C. Lu et al. [5] proved
that under denitrifying conditions, removal efficiency decreased greatly with the increase of temperature at 25 to
45 °C. Degradation of naphthalene by enriched marine
denitrifying bacteria was most favorable at 25 °C. At the
end of culture, carbon dioxide was detected, that suggested
naphthalene was mineralized to CO2. Furthermore, naphthalene conversion to CO2 was reduced when temperature
dropped. Miguel et al. [24] indicated that mineralization of
naphthalene requires few metabolic steps to produce salicylic acid through dihydroxylated intermediates and following this carbon dioxide production takes place.

FIGURE 3 - Effect of temperature (pH 7.2; initial naphthalene
concentration: 30.1 mg/l) on naphthalene degradation

3.2.2. Effect of temperature

Figure 3 shows the effect of temperature on biodegrading efficiency. As temperature rose from 10 to 35 °C, removal efficiency within 60 h were 61%, 79%, 96%, 99%
and 93%, respectively. An improvement of biodegrading
efficiency with the increase in temperature from 10 to

3.2.3. Effect of initial concentration of naphthalene

After these experiments described above, cultures were
performed in mineral salt medium at pH 7.0 and 28 °C,
where O. anthropi had the highest naphthalene degradation
efficiency. Different initial naphthalene concentrations, all
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below the aqueous phase saturation concentration, were
designed to investigate their effect on biodegrading. Figure 4
indicated that as the initial concentration of naphthalene
increased from 5.2 to 30.3 mg/L, the remaining concentration of naphthalene increased from 5% to 42% after 12 h.
Estimation of the residual amount of naphthalene in the
medium revealed that essentially all of the naphthalene
had disappeared after 60 h. Meanwhile, it should be noted
that removal amount of naphthalene within the same time
interval increased as initial concentration of naphthalene
rose, which can attribute to the higher initial concentration, provides an important driving force to overcome mass
transfer resistances of naphthalene between the aqueous
and solid phases [25]. The incorporation of naphthalene
into cell biomass (net growth) as measured by OD600 correlates well with the depletion of naphthalene. A control
which received no substrate showed no growth. The net
growth of biomass accompanied by naphthalene degradation started immediately. While the smaller initial substrate concentration results in lower biomass levels, which
in turn influences the rate of substrate depletion. The net
growth rate decreases, reaching a plateau level when naphthalene depletion. It was indicated that the growth has been
restricted because insufficient resources are available to
support a positive net growth rate. In the system in which
naphthalene serve as sole carbon source for growth, biomass growth is due to the utilization of the compound.
However, it must be notice that the use of cells from exponential growth as the inoculum may have biased the results
and use of “starved” cells as an inoculum would likely be
more representative of field conditions [26]. Annweiler et
al. [27] found that the incorporation of naphthalene-derived
carbon into the bulk biomass as well as into specified biomass fractions such as fatty acids and amino acids. Disappearance of naphthalene from the medium, growth of biomass and the detection of carbon dioxide, a known product
of naphthalene metabolism, all provided evidence that
naphthalene was biodegrade by O. anthropic.

FIGURE 4 - Effect of initial naphthalene concentration (temperature:
301 K; pH 7.2) on naphthalene degradation; and growth of biomass in
batch culture
3.3. Kinetics study

According to the rate constants and half-life in Table 1,
when initial concentration of naphthalene was increased
from 5.2 to 30.3 mg/L, the half-time increased steadily from
3.15 to 8.62 h. Biodegradation of naphthalene is highly influenced by initial pH and environmental temperature. In
the present study, substrate depletion curves were described
well by the first-order kinetic model with high correlation
coefficients, while other researchers obtained the same
conclusions [28, 29]. Park et al. [30] reported the degradation of 14 PAH compounds in two soils by using a firstorder rate model. Nevertheless, Guha et al. [31] suggested
that caution should be employed in universal application
of simple first order rate parameters for individual PAH
compounds, because substrate interactions are likely to be
greater in environmental contamination scenarios where
PAHs are often encountered in very complex mixtures.
TABLE 1 - Degradation kinetic equations obtained using first-order
kinetic model at different conditions
pH

The kinetic data of naphthalene degradation by O. anthropi was investigated in order to understand the mechanism of biodegradation. The first-order kinetic model was
shown below:

-dC / dt = kC

6.2
6.7
7.2
7.8
8.3
-

(1)

or

C = C0 ⋅ e − kt

(2)

where C0 (mg/L) is the initial concentration of naphthalene, C (mg/L) is the concentration of naphthalene at
time t, t (h) is time, and k (1/h) is the observed ﬁrst-order
reaction rate constant.
Experimental data are presented from Figure 2 to Figure 4, while curves represent fits of these data using firstorder kinetic by non-linear method. Table 1 shows the relevant kinetic parameters calculated from the kinetic curve.

T(

)

10
15
20
28
35
-

C0 (mg/L)

R2

k (1/h)

30.3
19.5
11.7
5.2

0.973
0.995
0.998
0.989
0.972
0.817
0.919
0.989
0.994
0.988
0.981
0.986
0.993
0.980

0.0296
0.0638
0.0864
0.0533
0.0378
0.0231
0.0391
0.0651
0.0829
0.0534
0.0804
0.0978
0.112
0.220

Halflifet1/2(h)
23.4
10.9
8.02
13.0
18.3
30.0
17.7
10.6
8.36
13.0
8.62
7.09
6.19
3.15

3.4. Monod model

In order to generate a meaningful prediction, rate data
must be conform to appropriate kinetic models. Substrate
saturation kinetics has been widely used to describe the
relationship between substrate disappearance and bacterial growth rate. The well-known Monod model was used
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to express the relationship between specific substrate
biodegradation rate and the rate-limiting substrate concentration, as shown below:

µ=

µmax S
Ks + S

(3)

of µmax and Ks were determined by plotting 1/µ against 1/S0,
as shown in Figure 5. From this linear curve, µmax and Ks
can be calculated from the intercept 1/µmax and the slope
Ks/µmax, respectively. So naphthalene degradation by O.
anthropi can be described by the following Monod kinetic
equation:

Where µ is the specific substrate bacterial growth rate
[(dB/dt) (1/B)] [B=bacteria concentration], µmax is the maximum specific growth rate (t-1). The half saturation constant
Ks (mg/L), is defined as the substrate concentration at which
µ =0.5 µmax [29]. According to mass balance on carbon,
there is a simply assumption that disappearance of substrate will link directly to the changes in cell density, so is
often made for biodegradation equation [32]:

S+

B
B
= S0 + 0
Y
Y

µ=

dS µmax S ( S0 + X 0 − S )
=
dt
Ks + S

(7)

(4)

Where S0 is the initial substrate concentration B0 is the
initial bacterial cell concentration, Y is the cell yield, and
bacterial decay is assumed to be zero. Although Y changes
markedly with nutrient concentration [33, 34], it is generally less variable when the limiting factor is carbon source.
By substituting B/Y for X and B0/Y0 for X0, Simkins and
Alexander [35] rewrote the Monod equation, which related
substrate disappearance rate to cell growth and substrate
concentration, and they termed the equation “Monodwith-growth”, equation (5) gives the differential equation:
−

0.020 ⋅ S
9.05 + S

(5)

When initial bacterial concentration is high and bacterial growth does not influence the biodegradation reaction rate, equation (5) can be simplified to the following:
dS µ X S
(6)
− = max 0
dt
Ks + S
Simkins and Alexander [35] called the equation (6)
the “Monod-no-growth” equation, which could also be
called Michaelis-Menten kinetics.
Simkins and Alexander [35] reported that Monodwith-growth model and Monod-no-growth model can be
determined solely by substrate concentration and bacterial
concentration. For example, the Monod-with-growth model
is applicable when the initial substrate concentration is between 1 and50 mg/L and initial bacterial concentration is less
than between 106and107cells/mL. The Monod-no-growth
model is applicable over the same initial substrate concentration range but greater initial number of bacteria.
The Monod equation presumes that biodegradation begins at the instant the experiment is started. According to
the relationship of initial substrate concentration and initial
bacterial concentration, Monod-no-growth model was used
to describe degradation process in the first 3 hours after inoculated. A hyperbolic curve was obtained for µ versus S0.
When initial naphthalene concentration was increased from
5.2 to 30.3 mg/L, the specific growth rate also increased.
However, the maximum specific growth rate constant was
not reached, due to solubility limitations. The parameters

FIGURE 5 - Lineweaver-Burk plots, 1/µversus 1/S0

For PAHs, a number of studies have shown that aerobic degradation of naphthalene was best fitted with Monod
kinetics model [36]. The maximum specific substrate utilization rate (µmax) varied greatly from 0.005 to 0.627 h-1,
while half-saturation constant (K s) varied from 0.08 to
2.21 mg/L [6, 26, 37]. Volkering et al. [38] using a model
to simulate bacterial growth on naphthalene, estimated the
Ks for a Pseudomonas sp. was 10 mg/L. Low water solubility and slow dissolution rates of PAHs limit their bioavailability [39]. Semenov [40] suggested that in low nutrient environments, efficient utilization of low levels of
carbon is usually linked to lowKs and low maintenance energies. Boronin et al. [41] indicated that various pathways of
naphthalene catabolism appear to allow these strains to grow
at various rates which should be taken into account when
constructing efficient degraders of polycyclic aromatic compounds.
3.5. Activation thermodynamics analysis

The thermodynamic analysis of biodegradation of naphthalene by pure culture is very limited in the literature. The
rate constants (k) of the first-order kinetics obtained from
temperature-dependent data were adapted to calculate
the thermodynamic activation parameters using Arrhenius
equation (8), Eyring equation (9), and the definition of
Gibbs free energy (10).
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ln ( k ) = ln ( A ) −

Ea
RT

≠
ΔH ≠
⎛ k ⎞ ΔS
⎛ k ⎞
ln ⎜ ⎟ = ln ⎜ b ⎟ +
−
RT
⎝ T ⎠
⎝ h ⎠ R

(8)
(9)
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(10)

ΔG ≠ = ΔH ≠ − T ΔS ≠

Where A is Arrhenius factor, R is the gas constant
(8.314 J/ (mol·K)), kb and h are Boltzmann's constant
(1.38×10-23 J/K) and Planck's constant (6.626×10-34 J·s),
respectively. Ea, ΔH≠, ΔS≠ and ΔG≠ are activation energy,
activation enthalpy change, activation entropy change, and
activation free energy change, respectively.

in Ks. The positive value of ΔH≠ revealed that interaction
between naphthalene and O. anthropi might be strong [44].
Moreover, the negative value of ΔS≠, -172 J/ (mol·K),
suggested that a decreased randomness in the cell/solution
interface [45, 46]. Values of Ea, ΔH≠ and ΔG≠ were small,
which demonstrated biodegradation of naphthalene by O.
anthropi was easy to occur. Furthermore, it implied the
feasibility of using O. anthropi for bioremediation of naphthalene pollution.
4 CONCLUSIONS

FIGURE 6 - Activation thermodynamics (a) Arrhenius plots for
naphthalene degradation; (b) Eyring plots for naphthalene degradation

According to equation (8), a linear plot of lnk versus
1/T for naphthalene biodegradation by O. anthropic was
constructed to generate Ea value from the slope. According
to equation (9), a plot of ln(k/T) as a function of 1/Tyields a
straight line, as shown in Figure 6, from whichΔH≠ and ΔS≠
were calculated from slope (ΔH≠/R) and intercept (ln(kb/h)
+ ΔS≠/R) of the line. ΔG≠ was calculated by equation (10).
These thermodynamic activation parameters were listed in
Table 2.
TABLE 2 - Thermodynamics activation parameters obtained using
Arrhenius equation, Eyring equation and the definition of Gibbs
free energy
T (K)
283
288
293
301

k (×10-6
s-1)
6.42
10.9
18.1
23.0

Ea
(kJ/mol)

ΔH≠
(kJ/mol)

ΔS≠
(J/(mol·K))

50.6

48.2

-172

ΔG≠
(kJ/mol)
97.0
97.9
98.8
100

Strain Na-B, isolated from creosote-contaminated soil,
was identified as O. anthropic and suitable for neutral conditions, moderate temperature, could use naphthalene as the
sole carbon and energy source. The degradation of naphthalene followed Monod-no-growth model. However, biodegradation efficiency would be sharply reduced under acidity
condition and lower temperature. Biodegradation naphthalene linked well to the first-order kinetics model. Thermodynamics parameters of Ea, ΔH≠ and ΔS≠ demonstrated that
biodegradation of naphthalene was easier to occur. Capability of strain O. anthropi to degrade naphthalene efficiently may make it an ideal candidate to treat PAH-contaminated environment. In addition to improve our understanding of biodegradation of naphthalene in aqueous
phase by soil microorganism, these findings also provide a
foundation for process analysis and design for bioremediation system.
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From Table 2, the positive value of Ea, ΔH≠ and ΔG≠
indicated that biodegradation reaction presented an energy
barrier. The value of activation energy of general chemical
reaction was ranged from the 42 to the 420 kJ/mol [42].
Compared to other results, the 50.6 kJ/mol Ea was relative
low which implied degradation of naphthalene by O. anthropi was easier to occur than chemical reaction. That may
attribute to high catalytic activity of enzyme. Wijffels et al.
[43] indicated that if biodegradation rates for temperature
modeling are not obtained at zero-order range (S>>Ks), the
Michaelis–Menten kinetics should be used; otherwise, the
calculated activation energies would be affected by changes
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ABSTRACT
The semiarid agro-pastoral zone in northern China represents a typical degraded ecosystem under intensified
human activities. This region has undergone profound land
use changes during the past century, and natural grasslands
have been progressively cultivated. However, the changes
of soil macro-faunal community along a cultivated
cropland chronosequence are largely unknown in this
region. An investigation on soil properties and macrofauna was carried out in 3, 10 and 20 years of tillage
croplands, with an adjacent exclosure grassland as reference sites in Horqin Sand Land, northern China. Environmental parameters (soil bulk density, moisture, temperature, pH, electrical conductivity, organic carbon and total
nitrogen) indicated a significant, negative effect of cultivation on soil conditions of exclosure grassland. Soil bulk
density, temperature, pH, and electrical conductivity increased significantly, while soil moisture, organic carbon
and total nitrogen de-creased significantly after cultivation of grassland. There was considerable improvement of
soil properties after 20 years of tillage, particularly in soil
moisture, temperature and soil organic carbon and total
nitrogen. Cultivation of grassland significantly decreased
the density and richness, and them of functional groups,
together with diversity index of soil macro-faunal community. But they increased progressively after 20 years of
cultivation, though still significantly lower than that in the
exlclosure grassland. Further, data for the different soil
macro-faunal groups characterized specific responses and
adaptation to varying soil conditions of croplands under
tillage management with age. Soil moisture, pH and soil
organic carbon and total nitrogen had the greatest influence on the faunal community structure. In conclusion,
cultivation of exclosure grassland degraded the soil properties and soil macro-faunal diversity. Long-term (20
years) of tillage management could facilitate the recovery
of soil properties, and also soil macro-faunal assemblies
to some extent.

* Corresponding author
KEYWORDS: community structure; Horqin Sand Land; sandy
agro-ecosystem; soil macro-fauna; tillage age

1 INTRODUCTION
With increasing concerns of soil quality and soil health,
there has been growing interest in the impacts of agricultural
practices on soil macro-fauna in recent years [1-4]. Various studies have shown that an increase in the intensity of
agricultural practices could cause important changes in the
community structure, abundance and biomass of soil macrofauna [2-4]. Soil fauna has an ecologically important role
in many aspects: as important components of food chain
and nutrient cycles, and in initiating and/or maintaining key
soil processes, e.g. soil structure formation and decomposition of fresh organic material [5-6]. In addition, the biotic
interactions in soil can regulate the structure and functioning of aboveground communities [7]. These interactions
between belowground and aboveground components (ecosystems) have a considerable influence on community- and
ecosystem-level processes during recovery of degraded arid
ecosystems [7]. Thus far, the study on community structure
of soil macro-fauna along a cultivated cropland chronosequence, is a desirable scientific work in agro-pastoral ecosystems.
Horqin Sand Land is a section of the typical agropastoral transitional zone in northern China. Where, more
than half of the original pasture area has been converted to
sandy croplands over the last century [8]. For example, in
Naiman County located in the heartland of the Horqin
Sandy Land, corn production is becoming a common agricultural activity nowadays in large farms, and 44% of the
natural grasslands have been converted into farmlands [9].
As direct and indirect consequences of land use changes,
conversion of natural grassland to cropland destroys grassland sod that protects the soil, and accelerates soil erosion
by wind, and, in turn, results in soil degradation [8, 9].
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Previous results have shown that cultivation in the
semi-arid region of northern China resulted in a reduction
in concentration of soil organic C, and total N and P in the
0-15 cm plow layer, and had a significant influence on N
and P availability and soil biological properties [10]. Meantime, farming practices caused great impacts not only on
soil physico-chemical properties but also on soil biota [24]. Soil cultivation was likely to affect all the species
inhabiting soil as shown by various authors in different
parts of the world [1-2, 4-5]. While intensive management
practices could enhance the soil productivity and control
desertification when some measures such as construction
of windbreak, stubble cultivation, increased organic fertilizer and irrigation were introduced [11-12]. However,
there was largely unknown about the changes of soil macro-faunal communities along a cultivated cropland chronosequence in this region. Effect of land use change and
duration of cultivation on soil degradation and restoration,
agricultural sustainability, and environmental protection
are major issues for researchers, policy makers, and farmers [9]. This work was designed to test how the change in
land use from grassland to cropping affects soil macro-faunal
community. Such information may be useful to interpret the
impact of cultivation on soil degradation, to assess the resiliency of soils to recover, and to determine the time required for substantial recovery to occur.
The aim of the present work was (1) to determine the
abundance and richness of soil macro-faunal communities
along a cultivation chronosequence including exclosure
grassland (control) and cultivation (corn fields) of different ages: 3, 10 and 20 years, (2) to address how soil macro-faunal community structure changed throughout the
chronosequence in this region, northern China.
2 MATERIALS AND METHODS
2.1. Sites description

This study was conducted in Naiman county (42°55′
N and 120°42′ E, 345 m elevation) in the heartland of the
Horqin Sandy Land, Province of Inner Mongolia, northern China. It has a temperate continental semiarid monsoon climate. The mean annual precipitation is 366 mm,
and the mean annual potential evaporation is 1 935 mm.
The mean annual temperature is 6.8 °C, with a maximum
mean monthly temperature of 21.9 °C in July and a minimum of -14.7 °C in January. The annual frost-free period
is about 130-150 days. The average annual wind speed is
3.4 m s-1, and the dominant winds are southwest to south in
summer and autumn and northwest in winter and spring.
Wind erosion often occurs from April to mid-June before
the rainy season arrives.
The distribution pattern of mainly natural vegetation
is characterized by a mosaic of lowland grassland, fixed
dune, semi-fixed and mobile dune. In 2008, the area is
about 19 907 ha covering the grassland, with each patch
of 30-80 ha in area. Most of the cropland is in the lowland

area, and is converted from the grasslands. Thickness of
the soil layer in the cropland is about 30-45 cm, and the
soil consists mainly of coarse sand (64.4%-96.1%) and
silt (2.7%-28.8%). Maize (Zea mays) monoculture dominates the cultivated land, accounting for 70% of the total
farm fields [10, 13]. The cultivated fields were managed
by the usual way similar to the local farmers. During the
experimental period, corn was sown by a row spacing of
40 cm on about 14th May, and was harvested on about
21th September each year in all three croplands [10]. Before tillage in spring, organic fertilizers (sheep dung) were
applied in the corn field with the amount of 8 500 kg hm-2.
Besides, the addition of three irrigations was carried on
during the growing season (at the jointing stage, heading
stage and silk stage), when the weeds were also cleared by
hand for each cropland. After harvest, the fields were left
uncovered without stand litter except for root residuals.
2.2. Experimental design

Four open and flat study areas, each about 10-20 ha
in size at the distance of 500 m-1500 m, were selected in
an Entisol with sand origin under corn production, including exclosure grasslands (control, EXG), and 3 (3CF), 10
(10CF) and 20 (20CF) years of tillage croplands. They all
lay within an area monitored long-term by the Naiman
Desertification Research Station (NDRS), part of the Chinese Ecosystem Research Network. In terms of the survey
on local residents and researchers, all these grasslands
converted to tillage croplands had been excluded for recovery for almost 15 years before being cultivated. In the
meantime, fifteen years have passed after the exclosure of
grasslands when the study was conducted in 2009.
Two replicate sites (50 m × 50 m) were established
to investigate soil properties and macro-fauna in each
study areas. Site locations were selected in consultation
with NDRS staff for their representativeness within each
10-20 ha study area. Then, each site was divided into five
plots (5 m × 5 m) randomly, and one quadrate was placed
in the center of each plot.
In each quadrate, we excavated a 30 cm × 30 cm ×
30 cm (length × width × depth) soil sample, and recovered
all macro-organisms by hand sorting to investigate soil
macro-faunal community structure. Meanwhile, we obtained
additional soil samples from 0 to 30 cm depth, using a cylindrical 200-cm3 stainless steel soil auger for the analysis
of soil physico-chemical properties. A soil core (200-cm3)
was taken from each plot for soil bulk density and water
content determination. Another soil composite sample (obtained by mixing five subsamples collected from five locations in each quadrate) was taken from each plot for soil
pH, electrical conductivity (EC), organic carbon (SOC)
and total nitrogen content (STN) determination. Additionally, a 1 m × 1 m quadrate was sampled for plant density
(Individuals m-2), species richness, height (cm) and cover
(%) determination in each plot (croplands only with Maize,
excluded for no weeds (no herbaceous plants)).
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Totally, there were 10 soil samples of soil arthropod
(1 quadrate × 5 plots × 2 replicate sites = 10), and 20 soil
samples of soil properties (2 samples × 1 quadrate × 5 plots
× 2 replicate sites = 20), in each kind of land cover types.
In addition, in each quadrat, soil temperature (ST, soil
depth of 30 cm, °C) was determined at the sampling occasion by portable thermometer with conductivity wires
(Sato Keiryoki MFG Co. Ltd., Japan).
2.3. Data collection and analysis

All macro-organisms were stored in 75% alcohol in
the field and brought back to the laboratory for identification. They were identified at the order and family level
according to the key of Yin [14], and were classified into
faunal groups on the basis of morphological features under
a binocular magnifying glass (40×). Further, the sampled
soil macro-organisms were grouped into functional groups
according to feeding habits [14, 15]. All these organisms
that we found in our soil samples were defined as soil
macro-fauna [5], even if they spend most of their life within the herbaceous layer.
Soil samples passed through a 2-mm sieve to remove
plant parts and other debris. Soil cores were oven-dried
for determining soil bulk density (BD, g cm -3) and water
content (SW, %). Soil composite samples were air-dried
for four days until steady weight. Soil pH and electrical
conductivity (EC, µs cm-1) were determined in 1:1 (v/v)
soil water solution and in 1:5 (v/v) soil water aqueous extract, respectively. Soil organic carbon (SOC, g kg-1) was
measured by the K2Cr2O 7-H 2SO 4 oxidation method of
Walkey and Black [16], and soil total nitrogen (STN, g kg-1)
by the Kjeldahl procedure (UDK 140 Automatic Steam
Distilling Unit, Automatic Titroline 96, Italy) [17].
We calculated several indices for the soil macro-faunal
community: First, we determined the abundance (Individuals m-2) and richness of each taxonomic group, and then
calculated the abundance and richness of functional groups.
We described the diversity using Shannon’s index (H) and
its associated evenness index (E).
H = –ΣPi lnPi, where Pi = xi/Σxi

(1)

E = H/lnS

(2)

Where xi = the number of individuals in the group
category i and S = number of group categories, and Pi =
the proportion of the total number of individuals belonging to the group category i.
Redundancy analysis (RDA) was used to examine the
main abiotic factors (BD, SW, ST, pH, EC, SOC and TN)

affecting the individual faunal groups [18]. Where such
factors as plant density and height together with plant
species richness and cover were not used due to the varying plant species composition, e.g., 24 species in exclosure grassland while only one species (Zea mays) in
croplands. Data were first analyzed by detrended correspondence analysis (DCA) using version 4.5 of the
CANOCO Software (Microcomputer Power, Ithaca, NY,
USA), which suggested RDA as an appropriate approach for further analysis (length of gradient from DCA
(2.79) < 4 for soil macro-faunal communities). We used
RDA to correlate each faunal group with the environmental variables by selecting the linear combinations of
environmental variables that gave the smallest residual
sum of squares [19, 20]. The inclusive forward selection
procedure was employed to sorting out the factors explaining the most variance in the species data. Finally,
Monte Carlo permutation procedures were carried out for
significance testing of the selected environmental factors.
Each variable of two subplots in each treatment was averaged to perform statistical analysis. All statistical analyses
were carried out using version 15.0 of SPSS for Windows
(SPSS Inc, Chicago, IL, USA), with multiple comparisons
and analysis of variance (ANOVA) used to determine the
differences among the treatments. Before applying parametric tests, we tested normality for homogeneity of variances. For all tests, statistically significant differences were
assigned to P<0.05.
3 RESULTS
3.1. Environmental parameters

Significant influences of cultivation were observed on
soil properties (P<0.05; Table 1) in the exclosure grassland.
Soil bulk density and temperature in addition to soil pH and
electrical conductivity significantly increased after cultivation (P<0.05), but decreased slowly along the chronosequence of tillage management. They were minimum in the
exclosure grassland and maximum in the 3 years of tillage
cropland, although they were still higher in the cropland
after 20 years of cultivation than in the exclosure grassland.
While soil water content and soil organic carbon and
total nitrogen significantly decreased after cultivation (P<

TABLE 1 - Environmental parameters at four sampling sites.
Site
EXG
3CF
10CF

BD (g cm-3)
1.37±0.16b
1.59±0.05a
1.51±0.32a

SW (%)

ST (°C)

pH

EC (µs cm-1)

SOC (g kg-1)

TN (g kg-1)

3.37±0.09a
2.33±0.14b
2.37±0.44b

23.01±0.40b
24.71±0.64a
21.82±0.34b

7.75±0.04b
8.55±0.12a
8.40±0.10a

34.89±1.79b
49.67±2.17a
44.91±3.87a

3.35±0.15a
1.75±0.42b
1.23±0.10b

0.25±0.02a
0.07±0.01b
0.12±0.04b
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1.43±0.27a
20CF
3.67±0.46a
23.54±0.34b
8.25±0.08a
41.83±3.87a
2.29±0.25ab
0.21±0.01ab
5.3*
F
4.6*
13.95**
19.44**
4.1*
7.9*
5.79*
Values with different letters in a column are significantly different (*P<0.05, **P<0.01; one-way ANOVA followed by post-hoc LSD test). BD soil
bulk density, SW soil water content, ST soil temperature, EC electrical conductivity, SOC soil organic carbon, TN total soil nitrogen. EXG exclosure
grassland, 3CF 3-year cultivated cropland, 10CF 10-year cultivated cropland, 20CF 20-year cultivated cropland.

0.05), they increased progressively from 3 to 10 years of
tillage croplands, with a marked increase after 10 years of
tillage. Lower soil water content and soil organic carbon
and total nitrogen were found in 3 and 10 years of tillage
croplands, while higher values were found in the exclosure grassland and 20 years of tillage cropland. No significant differences were found between the exclosure grassland and 20 years of tillage cropland.
The mean plant density was 44.20±6.53 ind m -2,
6.3±1.7 ind m-2, 7.6 ind m-2 and 8 ind m-2, and the mean
plant height was 23.75±0.53 cm, 159±17 cm, 178±23 cm,
194±14 cm, and the mean plant cover was 32±7%, 71±12%,
78±23%, and 83±17%, respectively in the exclosure grassland and 3, 10 and 20 years of tillage croplands. The mean
plant species richness was 24±6 in the exclosure grassland,
but monoculture (Zea mays) dominated the croplands.

that the differences reported above were not simply due to
the observed changes in the group richness we estimated the
evenness, i.e. the relative Shannon index. It showed exactly
the reverse pattern as the Shannon diversity index. The evenness index was remarkably high, even in the exclosure grassland where it represented 75% of its maximum possible
value (evenness, 0.75).

3.2. Soil macro-faunal community structure

The density and richness of predator and phytophage
animals both decreased significantly after cultivation, and
changed slowly according to the chronosequence stage
(Figure 2), irrespective of two functional groups considered. They were maximum in the exclosure grassland and
minimum in the 3-year-cultivation, also irrespective of the
two functional groups considered.

Significant influences of cultivation were also observed
on soil macro-faunal density (P<0.001) and richness (P<
0.05; Figure 1) in the exclosure grassland. Both decreased
significantly after cultivation (P<0.05), although increased
slowly along the chronosequence of tillage management.
The diversity as measured by the Shannon index progressively varied along the chronosequence (Figure 1), with
no significant differences between exclosure grassland and
cultivated croplands. It was maximum in the exclosure
grassland (2.37) and minimum in the 3-year-cultivation
(1.98), with still lower values in the 20 years of cultivation croplands than in the exclosure grassland. To ensure

3.3. Functional groups of soil macro-faunal communities

All the soil macro-fauna were classified into four functional groups: predator (Pr), phytophage (Ph), saprozoic (Sa)
and omnivore (Om) animals. There was only one soil macrofaunal group belonging to saprozoic and omnivore animals,
e.g., only mites belonging to saprozoic animals and only
ants belonging to omnivore animals. Thus, soil macrofaunal community structure was characterized by predator
(Pr) and phytophage (Ph) animals as main functional groups.

3.4. Redundancy Analysis

Redundancy analysis (RDA) was carried out in order
to determine the main factors affecting the faunal community structure along chronosequence cultivation (Table 2;
Figure 3). From Table 2, Axes 1 (P<0.009) and 2 were found

1208

© by PSP Volume 22 – No 4b. 2013

Fresenius Environmental Bulletin

FIGURE 1 - (A) Abundance, (B) Group richness, (C) Shannon index, and (D) Evenness index of soil macro-faunal communities in four sites.
The vertical bars indicate S.E. (standard error). The bars followed by different letters are significantly different at P<0.05. EXG exclosure
grassland, 3CF 3-year cultivated cropland, 10CF 10-year cultivated cropland, 20CF 20-year cultivated cropland.

FIGURE 2 - Abundance (A) and group richness (B) of functional groups in four sites. The vertical bars indicate S.E. (standard error). The
bars followed by different letters (low-case letters for Pr, while capital ones for Ph) are significantly different at P<0.05. Pr predator, Ph
phytophage.

to explain 41.5% and 21.8% of the overall variance within
the faunal group data respectively, accounting for a total
of 63.3% of the total variance. The cumulative speciesenvironment relation for Axes 1 and 2 was 88.1%, indicating that these axes accounted for the bulk of the variance
in the faunal group data that could be attributed to environmental factors (soil physico-chemical properties). Species-environment correlations for both axes were above
0.99, indicating that the faunal group data were strongly
correlated with environmental parameters. Monte-Carlo
significance tests revealed that both the first axis, and all axes
combined, explained a significant amount of the variation
within the data.
TABLE 2 - Results of redundancy analysis (RDA). Values are for
Axes 1 and 2 plotted in the RDA diagram in Figure 3. Statistically
significant (P<0.05) values are labeled with *.
Axis
Eigenvalues

1
0.415

2
0.218

Cumulative percentage variance:
of species data
of species-environment relation
Summary of Monte Carlo test:
F-ratio
P-value
Species-environment correlations
Correlations (r):
BD
ST
SW
pH
EC
SOC
TN
Coefficients (c):
BD
ST
SW
pH
EC
SOC
TN
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41.5
57.8
2.84
0.009
0.994

63.3
88.1
For all axes:
3.41
0.008
0.994

-0.601
-0.113
0.261
-0.856*
-0.751
0.801*
0.572

-0.762
-0.121
0.946**
-0.490
-0.609
0.503
0.805*

-0.605
-0.114
0.263
-0.862*
-0.756
0.807*
0.576

-0.766
-0.121
0.951**
-0.493
-0.613
0.506
0.809*
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*P<0.05, ** P<0.01.

The plot in Figure 3 could be interpreted qualitatively
using the length of the arrow to indicate how much variance was explained by that factor; the direction of the
arrows for individual environmental factors indicated an
increasing concentration of that factor. From Figure 3, canonical coefficients and intraset correlations for the environmental factors for axis 1 and axis 2 indicated that soil
pH and organic carbon, and soil moisture and total nitrogen had the greatest influence on the faunal community
structure. Suggesting that the variability in soil macrofauna abundance explained in the first and second axes
was due to soil pH and organic carbon, and soil moisture
and total nitrogen effects, respectively.

dicated that the soil macro-faunal group was positively
correlated with soil moisture and total nitrogen; while
Carabidae adult (18) pointing in the same direction to the
arrow for soil bulk density, but opposite for soil moisture
and total nitrogen, indicated that the soil macro-faunal group
was correlated positively with soil bulk density and negatively with soil moisture and total nitrogen. Oxyopidae (5),
Lygaeidae (14), Cydnidae (15), Miridae (16), Staphylinidae
(19) and Pyralidae larvae (41) responded positively to soil

FIGURE 3 - Redundancy analysis (RDA) ordination diagram of
faunal group data, with environmental variables represented as red
arrows and faunal groups as gray arrows. Environmental variables:
BD soil bulk density, SW soil water content, ST soil temperature,
EC electrical conductivity, SOC soil organic carbon, TN total soil
nitrogen. Macrofaunal taxa: 1 Araneidae, 2 Linyphiidae, 3 Lycosidae, 4 Thomisidae, 5 Oxyopidae 6 Gnapphosidae 7 Philodromidae,
8 Salticidae, 9 Gryllotalpidae, 10 Gryllidae, 11 Cicadellidae, 12
Rhopalidae, 13 Anthocoridae, 14 Lygaeidae, 15 Cydnidae, 16 Miridae, 17 Labiduridae, 18 Carabidae adult, 19 Staphylinidae, 20
Pselaphidae, 21 Anthicidae, 22 Chrysomelidae, 23 Elateridae adult,
24 Aphodiidae, 25 Rutelidae adult, 26 Teneberionidae adult, 27
Curculionidae adult, 28 Cicindelidae larvae, 29 Carabidae larvae,
30 Buprestidae larvae, 31 Coccinellidae larvae, 32 Elateridae larvae,
33 Melolonthidae larvae, 34 Rutelidae larvae, 35 Teneberionidae
larvae, 36 Curculionidae larvae, 37 Meloidae larvae, 38 Aslidae
larvae, 39 Noctuidae adult, 40 Noctuidae larvae, 41 Pyralidae, 42
Ants, 43 Tenthredinidae, 44 Mites.

Figure 3 also demonstrated that different populations
within a community responded differently to specific environmental variables. The faunal groups showed on the plot
as arrows pointing in approximately the same direction as
the environmental factor arrows indicated a high positive
correlation (the longer the faunal group arrow, the stronger
the relationship). For example, the position of Linyphiidae
(2, Code as in Figure 3 and Table 3, the same below), Gryllidae (10) and Cicadellidae (11) pointing in the same direction to the arrow for soil moisture and total nitrogen, in-
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organic carbon while negatively to soil pH. These observations were supported by results from Pearson correlation
analysis (Table 3), which revealed that soil moisture pH,
organic carbon and total nitrogen had a significant effect on
these soil macro-faunal abundances. Results from Pearson
correlation analysis also indicated which additional environmental factors significantly contributed to these soil
macro-faunal abundances.

4 DISCUSSION
Corn culture involved subsequent farming practices
that caused great impacts on the soil physico-chemical
properties [21], and resulted in a progressive soil deterioration in the 0-15 cm plough layer with time [10]. In this

TABLE 3 - Correlation coefficients between single macro-faunal groups and soil parameters. BD soil bulk density, SW soil water content, ST
soil temperature, EC electrical conductivity, SOC soil organic carbon, TN total soil nitrogen. Pr predator, Ph phytophage, Om omnivore, Sa
saprozoic.
Soil macro-fauna
Functional group
Araneidae
Pr
Linyphiidae
Pr
Lycosidae
Pr
Thomisidae
Pr
Oxyopidae
Pr
Gnapphosidae
Pr
Philodromidae
Pr
Salticidae
Pr
Gryllotalpidae
Ph
Gryllidae
Ph
Cicadellidae
Ph
Rhopalidae
Ph
Anthocoridae
Ph
Lygaeidae
Ph
Cydnidae
Ph
Miridae
Ph
Labiduridae
Pr
Carabidae adult
Pr
Staphilinidae
Pr
Pselaphidae
Ph
Anthicidae
Ph
Chrysomelidae
Ph
Elateridae adult
Ph
Aphodiidae
Ph
Rutelidae adult
Ph
Teneberionidae adult
Ph
Curculionidae adult
Ph
Cicindelidae larvae
Pr
Carabidae larvae
Pr
Buprestidae larvae
Ph
Coccinellidae larvae
Ph
Elateridae larvae
Ph
Melolonthidae larvae
Ph
Rutelidae larvae
Ph
Teneberionidae larvae
Ph
Curculionidae larvae
Ph
Meloidae larvae
Ph
Aslidae larvae
Pr
Noctuidae adult
Ph
Noctuidae larvae
Ph
Pyralidae larvae
Ph
Ants
Om
Tenthredinidae
Ph
Mites
Sa
* P<0.05, ** P<0.01, *** P<0.001.

BD
-0.2817
-0.5291
-0.2817
-0.4869
-0.6010
-0.2967
-0.4786
-0.4786
-0.4786
-0.5536
-0.3133
-0.4786
-0.4786
-0.6332
-0.6823
-0.7311*
0.4116
0.7928*
-0.6113
0.0128
0.1595
0.1595
-0.4744
0.4091
0.1595
0.0017
-0.1525
0.1595
-0.2817
-0.2051
-0.3179
-0.4744
-0.4683
0.5242
-0.4560
-0.4786
-0.4786
-0.3634
-0.4786
-0.4786
-0.7214*
-0.6810
-0.1525
-0.4786

SW
0.2236
0.8284*
0.2236
0.0728
0.3471
0.1201
0.2765
0.2765
0.2765
0.8395**
0.7136*
0.2765
0.2765
0.3657
0.3941
0.4223
-0.5302
-0.7479*
0.3858
0.2330
-0.3591
-0.3591
0.5817
-0.3210
-0.3591
-0.2658
-0.1475
-0.3591
0.2236
0.4671
0.5345
0.5817
0.2502
-0.3845
0.0610
0.2765
0.2765
0.1471
0.2765
0.2765
0.4167
0.4352
-0.1475
0.2765

study, soil bulk density and temperature in addition to soil
pH and electrical conductivity increased, and soil water
content and soil organic carbon and total nitrogen decreased
remarkably after cultivation of the exclosure grasslands
(Table 1). Cultivated rainfed croplands had a short growth
period and low vegetative and root biomass [22]. Thus, this
deterioration was mostly related to accelerated wind ero-

ST
-0.3690
0.1035
-0.3690
-0.8056*
-0.1188
0.2051
-0.0946
-0.0946
-0.0946
0.0975
0.1501
-0.0946
-0.0946
-0.1251
-0.1349
-0.1445
-0.3352
0.5542
-0.1078
-0.0818
-0.5276
-0.5276
0.0287
0.5166
-0.5276
-0.3769
-0.5236
-0.5276
-0.3690
0.0982
0.0768
0.0287
0.0118
0.5239
-0.3784
-0.0946
-0.0946
0.2512
-0.0946
-0.0946
-0.1426
-0.3498
-0.5236
-0.0946

pH
-0.1532
-0.2600
-0.1532
-0.4949
-0.7692*
-0.5543
-0.6126
-0.6126
-0.6126
-0.2937
0.0240
-0.6126
-0.6126
-0.8104*
-0.8733**
-0.9358***
0.4346
0.5420
-0.7564*
0.2931
0.2042
0.2042
-0.3616
0.2351
0.2042
-0.0813
-0.1952
0.2042
-0.1532
0.0157
-0.1269
-0.3616
-0.6684
0.3927
-0.6475
-0.6126
-0.6126
-0.6790
-0.6126
-0.6126
-0.9233**
-0.7292*
-0.1952
-0.6126

EC
-0.2321
-0.3638
-0.2321
-0.5451
-0.7018
-0.4281
-0.5590
-0.5590
-0.5590
-0.3938
-0.1071
-0.5590
-0.5590
-0.7394*
-0.7968*
-0.8538**
0.3984
0.6826
-0.6981
0.1678
0.1469
0.1469
-0.4044
0.3429
0.1469
-0.0725
-0.2130
0.1469
-0.2321
-0.0701
-0.2007
-0.4044
-0.5792
0.4822
-0.5895
-0.5590
-0.5590
-0.5243
-0.5590
-0.5590
-0.8425**
-0.7287*
-0.2130
-0.5590

SOC
0.0143
0.3637
0.0143
0.1508
0.7223*
0.6296
0.5753
0.5753
0.5753
0.3947
0.0993
0.5753
0.5753
0.7609*
0.8201*
0.8787**
-0.6026
-0.3572
0.7177*
-0.2967
-0.4453
-0.4453
0.4099
-0.0406
-0.4453
-0.0997
-0.0404
-0.4453
0.0143
0.0650
0.1994
0.4099
0.6708
-0.1950
0.4734
0.5753
0.5753
0.7711*
0.5753
0.5753
0.8670**
0.5957
-0.0404
0.5753

TN
0.2602
0.5931
0.2602
0.3991
0.5833
0.2991
0.4645
0.4645
0.4645
0.6164
0.3852
0.4645
0.4645
0.6145
0.6622
0.7096*
-0.4640
-0.7794*
0.5983
0.0122
-0.2256
-0.2256
0.5073
-0.3787
-0.2256
-0.0601
0.0856
-0.2256
0.2602
0.2522
0.3620
0.5073
0.4589
-0.4911
0.3979
0.4645
0.4645
0.3663
0.4645
0.4645
0.7001
0.6519
0.0856
0.4645

sion induced by cultivation [10]. While marked higher
soil water content and soil organic carbon and total nitrogen, and lower soil bulk density and temperature in addition to soil pH and electrical conductivity were found in
the 20 years of cultivated soil, particularly soil moisture
and soil organic carbon and total nitrogen. The results
indicated that soil properties had recovered in extent after
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20 years of tillage management as the reference habitat,
the exclosure grasslands [23].
Nevertheless, focusing on the structure of the macrofaunal community, there were significant, negative influences of cultivation on soil macro-faunal density, group
richness and them of functional groups (Figure 1). It implied that soil macro-fauna quickly moved away from the
exclosure grasslands once cultivated, and the number of
soil arthropod individuals decreased significantly throughout the cultivation [24]. Several studies had reported negative effects of tillage implements on the composition and
function of soil biota in agricultural ecosystems [21, 25].
For example, tillage implements could affect directly soil
macro-faunal populations through mechanical damage or
indirectly by modification of their environment such as
destruction of burrows, redistribution of litter in the soil
profile, changes in water content and soil temperature [4].
One consequence was loss of the soil biodiversity, as the
organic matter that supported nutrient recycling through
decomposition food webs was lost [26]. Lower soil water
content, organic carbon and total nitrogen and higher alkaline and soil bulk density, together with lower Shannon
index in the short-term cultivated soil, all confirmed this
result (Figure 1-3). Wherein, the density and richness and
them of functional groups in addition to diversity index of
soil macro-faunal communities increased progressively
after 20 years of cultivation (Figure 1). It was a reflective
of long-term tillage management facilitating the soil macrofaunal recovery to some extent, though with a slow process
of revitalisation with any soil tillage activities in sandy
agro-ecosystems [27-29].
From the results of redundancy analysis (RDA), it
can be seen that the differences in soil moisture, pH, and
soil organic carbon and total nitrogen due to tillage with
age might have the greatest influence on the faunal community structure (Figure 3). The modifications observed in
our study might result in qualitative and quantitative
changes in organic inputs, water availability, and different
soil microhabitats [30, 31]. From Figure 3, Linyphiidae,
Gryllidae and Cicadellidae were found in the 20-year tillage
croplands with great soil moisture and total nitrogen, and
Carabidae adult was found in 3-year tillage croplands with
great soil bulk density. While Oxyopidae, Lygaeidae, Cydnidae, Miridae, Staphylinidae and Pyralidae larvae were
found in the exclosure grassland and long-term tillage
croplands, with high soil organic carbon and low soil alkaline. On the one hand, individual faunal groups responding
to environmental variables characterized their strong adaptation to, and selection of, specific habitats [20]. On the
other hand, this approach could be used to identify faunal
groups with particular abiotic conditions [32]. For example,
if a specific fauna responded to a change in moisture conditions, e.g. Linyphiidae, Gryllidae and Cicadellidae these
fauna might be used as a marker for moisture changes [33],
irrespective of the cause of such changes. Our results confirmed other studies showing that soil macro-fauna was
deeply affected by tillage management and land-use
changes [34]. But a more extensive assessment was needed

across several soil environments before such faunal
markers could be used as indicators, due to comprehensive
effects of various soil environments on soil faunal abundances [35-37].

5 CONCLUSIONS
Cultivation in the exclosure grasslands had a significant, negative effect on soil properties, and soil macrofaunal density, richness, and diversity index in addition to
functional groups. The soil moisture, organic carbon and
total nitrogen decreased significantly, and soil bulk density, temperature, and pH, and electrical conductivity increased significantly after cultivation of grasslands. Likewise, soil macro-faunal density, richness, and them of functional groups in addition to diversity index decreased significantly after cultivation of grasslands. However, soil
moisture, organic carbon and total nitrogen increased, and
soil bulk density, temperature, and pH and electrical conductivity decreased progressively throughout the cultivation chronosequence. This resulted in slow increase in
soil macro-faunal density, richness, and diversity index
in addition to functional groups. Furthermore, differences
in soil moisture, pH, and soil organic carbon and total nitrogen due to tillage with age had the greatest influence on
the faunal community structure. Individual faunal groups
could respond to environmental variables due to their
strong adaptation to, and selection of, specific habitats. In
conclusion, cultivation of exclosure grassland could degrade the soil properties and soil macro-faunal diversity.
Whereas, long-term (20 years) of tillage management
could facilitate the recovery of soil properties and soil
macro-faunal assemblies to some extent.
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ABSTRACT
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phosphorus, apple

Evaluating of geostatistical approaches in monitoring
of spatial variability of some chemical contaminants such
as agricultural phosphorus (P) will provide valuable data
for large agricultural areas. In this study, performance of
varied GIS based geostatistical interpolation methods were
tested in assessing of site specific P variability on the apple
orchard. For this aim, soil samples were systematically collected from the agricultural apple area using the grid sampling system. The samples were taken at two depths (025 cm and 25-50 cm), the distance on the Y direction is
10 m and in the X direction is 20 m. The soil samples
were prepared for analysis, and some physical and chemical analyses were made in the samples by routine methods. The data concerning with soil P levels were analyzed
comparatively according to GIS based interpolation methods of Ordinary Kriging (OK), Simple Kriging (SK) and
Universal Kriging (UK). The interpolation methods were
also tested with varied semivariogram models of Spherical,
Exponential and Gaussian. As a result of cross validations, the best optimal method was found to be interpolation method of UK (Universal RMSE, +/- 0.472) with
semivariogram model of guassian for topsoil, whereas it
was found to be interpolation method of SK (Simple
RMSE, +/-0.323) with semivariogram model of exponential for topsoil. Predicted P values were significantly (p<
0.01) correlated with measured values for both topsoil (r =
0.993) and subsoil (r = 0.980), respectively. Soil P distribution maps were adequately performed by using selected
kriging interpolation methods and suitable semivariogram
models. The results indicated that monitoring of site specific P variability on the apple orchard using these GIS
based interpolation methods will help to create the effective schemes for agricultural chemical managements such
as P fertilization resulting in optimal yield and quality
with reduced environmental pollution.

* Corresponding author

1 INTRODUCTION
Crops grown on some soils are less responsive to fertilizer P application, meaning that a great part of the applied fertilizer P will remain in soils as residual part, there
will be considerable site specific P variability on the field
soils [1-3]. As a matter of fact that many results of studies
are available indicating environmental hazards of excess
P fertilization such as excessive algae growth in the surface waters and soil pollution associated with phosphate
sources having toxic metals, radiation hazards etc. together
with unnecessary expenses in the agricultural fields [4-6].
Hence, these mineral fertilizers affect the surface and
groundwater quality negatively [7]. On the other hand,
adequate soil P levels are important for maintaining uniform growth and yield of crops on the agricultural lands
having low available P. Hence, a realistic P budget estimation is required for optimal crop yield and quality with
reduced P fertilizer use together with reduced environmental pollution [8]. Site specific monitoring of field soils, that
is one of the main step of precision agriculture, provides
also more accurate information for balancing P fertilization
under the varied soil and plant conditions. Thus, it is generally accepted that a more detailed soil sampling will result
in more precise fertilizer recommendations [9]. It has
been reported that it was essential to know the spatial
variability of soil characteristics and determine the crop
nutrient requirements in order to plan a site-specific fertilization program for apples [10].
Recently, various geostatistical interpolation methods
have been used to understand the spatial variations and
heterogeneities of soil properties on small or large scale
parcels to minimize the errors of measured variables [1115]. Interpolation is a mathematical function that estimates
the values at locations where no measured values are available [16, 17]. Hence, these applications have proved to solve
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complex spatial databases in more precise way. Kriging is
an advanced surface creation technique that is most useful
when there is a spatially correlated distance or directional
bias in the data [18]. Hence, some kriging methods such as
ordinary kriging, simple kriging, universal kriging, indicator kriging have been used in order to improve the interpolation accuracy [18-20]. On the other hand, some variograms, which can be used to examine the spatial continuity of a regionalized variable as a function of distance and
direction, are also essential step on the way to determining
optimal weights for interpolation [21]. The pattern of spatial variability in the form of kriging map may improve the
decision for agricultural practices such as fertilizer recommendation rate, which is one of the most important keys for
development of site-specific managements.
In this study, performance of varied GIS based geostatistical interpolation methods were tested in assessing
of site specific P variability on the apple orchard. Evaluating of geostatistical approaches for determining of site specific effects of chemicals such as agricultural P will provide
valuable data especially for large agricultural areas. It will be
possible to select the best management practices by monitoring agricultural areas with computer based geostatistical
models. These approaches will also help to effective fertilization schemes for optimal yield and quality with reduced
environmental pollution. The kriging based spatial variation
analyses of soil available P will help to better understand
the distribution and transport of nonpoint-source P across
landscapes and agricultural managements for effective P
fertilization schemes resulting in optimal yield and quality
with reduced environmental pollution.

concerning with measured values were subjected to the
statistical analysis using StatMost package program [23].
TABLE 1 - The summary data concerning with some physical and
chemical analysis of soils
Soil properties
Saturation, %
CaCO3, %
pH, 1:5
EC, dS m-1
Organic matter, %

Topsoil
67.10
34.90
7.20
0.407
1.90

Subsoil
66.00
46.90
7.62
0.427
1.43

2.3 Descriptive statistics

Descriptive statistics were achieved to provide simple
summaries about the sample and about the observations
that have been made. For this aim, the coefficient of variance (C.V.), kurtosis and skewness values for site-specific
P values of topsoils and subsoils on the apple area were
calculated. The Coefficient of variation (CV) expresses
the variability of a sample in the units of its mean [24]. It
is the ratio of the sample standard deviation to the sample
mean;

CV =

s
× 100%
x

(1)

A further characterization of the data includes skewness and kurtosis. Skewness measures the degree of asymmetry exhibited by the data. If skewness equals zero, the
histogram is symmetric about the mean. Kurtosis characterizes the relative peakedness or flatness of a distribution
compared to the normal distribution, and negative kurtosis
indicates a relatively flat distribution.
2.4 Geostatistical methods

2 MATERIALS AND METHODS
2.1 Description of study area

This study was conducted on the agricultural apple
area located on a flat plain in Konya city (Turkey). The soil
texture was clay loam, while the texture of surface layers
ranged from clay loam to clay. Soils are generally moderately deep and range in depth from 20 to >100 cm, and it
is defined as calcareous soil series. The grid sampling
based on 20 m x 10 m was selected for this study because
grid sampling reduces a large degree of uncertainty.
2.2 Sampling methods

Fourty five soil samplings were taken at depths (0-25 cm
and 25-50 cm), the distance on the X direction was 20 m
and on the Y direction it was 10 m. A 9x5 grid spaced is
10 m apart East and 20 m apart North. The soil samples
were taken using a stainless steel soil auger, and three soil
cores from each depth were taken and mixed together to
obtain one sample at each point. The soil samples were air
dried and ground to pass through a 2-mm sieve for analysis in the laboratory. In the experimental soil, available P
was determined by the method of Olsen et al. [22]. Some
other physical and chemical analyses were made in the
samples by routine methods (Table 1). Experimental data

Geostatistical analyses of research data were studied by
Geostatistical analyst module of ArcMap 9.3.1. GIS software
by ESRI [25] were used for predicting the spatial structure
of soil P levels. To achieve cross-validation, distribution
percentages were formed by using kriging interpolation
methods. The data concerning with topsoil and subsoil P
were analyzed comparatively according to interpolation
methods of Ordinary Kriging (OK), Simple Kriging (SK)
and Universal Kriging (UK). The interpolation methods were also tested with varied semivariogram models
of Spherical, Exponential and Gaussian in order to comparing. The semivariogram was defined as: γ(si,sj) = ½ var
(Z(si) - Z(sj)), where var was the variance, Z(Si), the prediction value, Z(si), the actual value of the validating point.
Computation of a variogram involves plotting the relationship between the semivariance (γ(h)) and the lag distance
(h) [26]. In variogram, this arises as nugget variance “Co”.
The spatial variability variogram stops its increase after a
certain distance and the peak variance (sill) starts having
values around “Co+C”. The distance at which the variogram reaches the sill value is named as the effect area or
range “a”. The value that the semivariogram model attains
at the range (the value on the y-axis) is called the sill. The
partial sill is the sill minus the nugget. The nugget effect
can be attributed to measurement errors or spatial sources

1216

© by PSP Volume 22 – No 4b. 2013

Fresenius Environmental Bulletin

of variation at distances smaller than the sampling interval
or both [27]. The ratio between nugget semi-variance and
total semi-variance or sill was used to define different classes of spatial dependence. If the ratio was less than 25, the
variable was considered to be strongly spatially dependent,
or strongly distributed in patches; if the ratio was between
26 and 75, the variable was considered to be moderately
spatially dependent; and if the ratio was greater than 75, the
variable was considered weakly spatially dependent [28].
To compare interpolation results, the values of Mean
Error (ME) and Root Mean Squared Error (RMSE) were
used. The RMSE was a measure of prediction performance
of the varied interpolation methods. The ME and RMSE
was calculated using the following equation [21];

ME =

1 n
∑ [Z (Si ) − z (si )]
2 i =1

RMSE =

1
n

(2)

n

∑ [Z (S ) − z (s )]

2

i

i

(3)

i =1

Where : Z(Si): the prediction value, Z(si): the actual
value of the validating point I, n: the number validation
points, ME: Mean prediction error, RMSE: Root mean
square error i : a validating point and si: the position of
validating point i. Three dimensional distribution maps
obtained for the related elements as a result of the interpolation made by using the chosen kriging method and the
semivariogram model were presented for the experimental
points.
3 RESULTS AND DISCUSSION
The coefficient of variance (C.V.), kurtosis and skewness values for site-specific P values of topsoils and subsoils on the apple area were calculated. As it is seen
from Table 2, available P values were varied from 1.08 to
19.67 kg P da-1 for topsoil, whereas it was varied from
0.69 to 9.27 kg P da-1 for subsoil.
The coefficient of variance (C.V.), kurtosis and skewness values also indicated that a great spatial variability
occurred for selected site specific P values of the soils
(Table 2). Positive kurtosis values of 4.16 and 0.75 were
determined for topsoil and subsoil, which characterizes
the relative peakedness or flatness of a distribution compared to the normal distribution. The maximum C.V. value
of 56.39 % was measured for available P value in the subsoil. The C.V. value of 25.78 % was also determined for topsoil. It has been classified the C.V. values as 0-15 (low),

16-35 (medium) and 36 < (high) variable, respectively [29].
In a similar work, a quite high coefficient of variation (C.V.
31 %) for Olsen’s P values has also been found suggesting
that there was a high P variability within cotton field [9].
Many other studies have also revealed that a great spatial
variability of soil P was determined depending on varied
factors [30-32]. Field scale variability of soil P was also
observed for other plants [33, 34]. On the other hand, the
results further indicated that available P deposited existed
in the subsoil. In a similar study conducted on a sugarbeet
field, the highest C.V. value of 41 % was also found for
subsoil P, whereas it was 34 % for topsoil P, meaning that
subsoil P accumulation was higher than topsoil P [35].
Thus, deep plowing could be performed every four to five
years to mix P from this source with the topsoil and enhance P uptake by the crop.
TABLE 3 - Theorical models testing for soil P values and RMSE
errors
Model
ME*
RMSE**
ASE***
Topsoil
Universal Kriging
Spherical
0.1963
0.6469
0.9018
Exponantial
0.2053
0.6751
1.1430
Guassian
0.1415
0.4722
0.6644
Subsoil
Simple Kriging
Spherical
0.0191
0.3522
0.4381
Exponantial
0.0255
0.3238
0.4564
Guassian
0.0009
0.4839
0.5290
*Mean Prediction Error (ME) should be near zero, **Root Mean Square
(RMSE) is a measure of prediction performance of the varied interpolation methods. ***Average Standart Error (ASE) should be close to 1

Geostatistical parameters of site specific soil P levels
for topsoil and subsoil were presented Table 3 and 4. The
data for site specific soil P levels were analyzed through
kriging methods of UK and SK, which are the computer
based geostatistical interpolation methods. As a result of
cross validations, the best optimal interpolation and semivariogram model with the lowest RMSE have been obtained by UK method and Gaussian semivariogram model
with RMSE = +/- 0.472 for data group concerning with
topsoil P levels. Whereas, the best optimal interpolation
and semivariogram model with the lowest RMSE have
been obtained by SK method and exponential semivariogram model with RMSE = +/- 0.323 for subsoil (Table 2).
Average mean and standard deviations for measured and
predicted values were indicated that the standard deviations of predicted values were nearly similar to the standard deviations of measured values. Predicted P values
were significantly (p<0.01) correlated with measured values for topsoil and subsoil, (r = 0.993) and (r = 0.980) respectively. On the other hand, interpolation method of SK

TABLE 2 - Results of descriptive statistics for topsoil and subsoil P values on the apple orchard
Soil P

Max

Mean

SD*

CV %**

Skewnes

Kurtosis

Topsoil
1.08
19.67
Subsoil
0.69
9.27
*Standard deviation, ** Coefficient of variance,

Min

6.51
3.99

5.07
2.25

25.78
56.39

1.44
0.29

4.16
0.75
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gave also the nearest result to UK under the testing conditions. The results further indicated that the application of
geostatistical kriging methods was potential to allow for
the estimation of the variables and the production of maps
of soil P levels [35,36]. In geostatistical aspect, spatial
dependence was also defined as the percentage ratio of
nugget semivariance to the sill semivariance (Table 4).
TABLE 4 - Geostatistical parameters for topsoil and subsoil P
values based on spatial variability
Soil depth/
Nugget
Sill
(Nugget/Sill) Spatial Range
method
C0
C0 + C C0 /(C0 + C )
class
M
Topsoil
UK - Guassian 0.2573
10.417
2.50
S
18.57
Subsoil
SK 0.5509
2.7940
19.70
S
21.98
Exponantial
*Nugget/Sill ratio of < 25 means strongly spatial dependent (S), nugget
ratio of 25-75 moderately spatial dependent (M), nugget ratio of >75
weakly spatially dependent (W)

In this study, nugget effect of 0.2573 was determined for
topsoil, whereas it was 0.5509 for subsoil based on UKguassian and SK-exponential, respectively. Values of the
relative nugget effect near 1.0 indicate that a large degree
of the variability is associated with the within sample
measurements, and that relatedness between spatially separated measurements is limited. A relative nugget effect near
zero indicates that the relatedness of spatially separated
measurements within the range is strong. The range represents the “zone of influence of the sample” [37,38]. On
the other hand, based on nugget/sill ratio of < 25, strongly
dependences were observed for both topsoil and subsoil P
values. According to the selected kriging method and semivariogram models, soil P levels were spatially varied at
short distance within the study area. The maximum range
was 18.57 m for topsoil P levels, whereas it was 21.98 m
for subsoil P levels. It has also found that soil test P, K
and pH generally had smaller ranges while total N and

High: 18,65
Low: 1,26

FIGURE 1 - Spatial distribution faces of topsoil P levels performed using the interpolation method of UK

High: 8,75
Low: 0,85

FIGURE 2 - Spatial distribution faces of subsoil P levels performed using the interpolation method of SK
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organic C tended to be larger [38]. They have concluded
that at least some of the variables measured in that study
had displayed trends at distances separating measurements of about 10 m, whereas samples collected at 50 m
or larger intervals would miss short distance changes in
the values of soil variables. In other work, it have have
been reported that correlations that occur most strongly at
shorter distances and weaken with increasing distance
indicate that spatially continuous data, including most soil
properties, are strongly positively autocorrelated [39,40].
Spatial distribution faces of soil P levels performed using
the interpolation methods of UK and SK were presented
Fig. 1 and Fig. 2. The dipping variances on the distribution faces are to indicate a trend, which were detrended in
the data. 2D kriging surfaces, which is height of the variable and processed by geostatistical analyst module, have
also clearly indicated soil P variability borders on the apple
orchard. The borders for available soil P can be nearly
classified; < 3 kg P da-1 is insufficient, whereas 3 kg P da-1
< is sufficient or excess levels for apple growth based on
the fertilization guide [41].
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ABSTRACT
In this study, 12 sites including abandoned mining
sites, peripheral areas of mine and urban areas were chosen for soil sampling to reveal the distribution and assess
the contamination of arsenic species in soils in Daye (in the
southeast Hubei province of China), the soil around city are
enriched by iron and copper minerals. The concentration of
total arsenic in topsoil in this area varied from 12.99 mg/kg
to 63.66 mg/kg. The portion of As(III) varied from 12.24%
to 50.70%. In the surface soil near water, the ratio was higher
than at other sites. A new assessment was established in
this study, which was based on the LD50 of different valence states of arsenic and the calculated mode was transformed from the geo-accumulation index.

KEYWORDS: arsenic; soils; speciation; Hydride Generation
Atomic Fluorescence Spectrometry (HGAFS); environmental risk
assessment

1 INTRODUCTION
Arsenic is a widespread element in the geo-environment [1] and is found in most mammals. However, excessive
arsenic in animals may cause death and cancer [2]. In China,
chronic intoxication caused by arsenic is serious. In a survey
during 1987-1989, 440 of 4848 residents in a contaminated
zone were found to be suffering from chronic arsenic intoxication [3]. In addition, a survey in 1994 showed that
in residents who lived beside a mining area in Hunan
Province, 27.77% demonstrated morbidity due to chronic
arsenic intoxication [3].
The occurrence of arsenic in the environment is complex and diversified, it relies on the red-ox condition of
environment. As(III) is more stable under anaerobic or
reducing conditions while As(V) is more stable under oxidizing conditions [4]. Furthermore, the toxicity of arsenic is
significantly related to speciation. In general, the toxicity
of inorganic arsenic is higher than the organic form and the
* Corresponding author

toxicity of As(III) is higher than As(V) [5]. For instance,
the LD50 of arsenite (male mouse, tested by intramuscular
injection) is 8 mg As/kg while the LD50 of arsenate is
22 mg As/kg (male mouse, tested by intramuscular injection) [6], and no deaths were occurred with oral administration of 10 g/kg of AsB [7]. Therefore, assuming all the
arsenic present in soil is harmful to human health equivalently is inappropriate. Measuring the total concentration
of harmful elements would not determine the extent of the
poor quality of the environment directly, thus there is great
significance in studying the chemical form of arsenic in
order to understand the biogeochemical cycling and toxicity [1]. Arsenic speciation in soil is not only the basis
for determining the contamination level, but is also an
important parameter in assessing the efficiency of arseniccon-taminated soil remediation [8].
At present, most of the assessments of arsenic (or
heavy metals) are based on the total amount of the pollutants, for instance, assessment of the geo-accumulation
index [9], Nemerow index [10], and enrichment factor [11,
12]. These methods only focus on the total amount of
metals, thus can merely demonstrate the contamination
level, to a certain degree, and it would be difficult to assess the environmental risk to humans. Yokel [13] evaluated how chemical forms influence the toxicokinetics and
toxicodynamics, and therefore human risk assessment, and
concluded that the chemical form should be considered
when attempting to improve human health risk assessment.
Jain [14] considered that the chemical form of metal and
therefore quantification is significant than total metal
amount while assessing the risk. Several metal were investigated in that work. However, only fractionation has
been taken into consideration and the metals studied in that
work could not show the importance of different toxicity of
each speciation since the occurrence of those metals in
sediment are not diversified.
Therefore, it is essential to establish a risk assessment
method which includes speciation of the heavy metal, and
thus the contamination level as well as the health risk. In
our research, the distribution of arsenic speciation in Daye
was investigated and a new environment risk assessment was
established to evaluate the pollution situation in that area.
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2 MATERIALS AND METHODS

2.3 Pretreatment

2.1 Chemicals

Hydrochloric acid (analytical reagent), nitric acid
(guaranteed reagent), potassium borohydride (95%), potassium hydroxide (analytical reagent), phosphoric acid (guaranteed reagent), sulfourea (analytical reagent) and ascorbic acid (analytical reagent) were all purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Na2HAsO 4·7H 2O was purchased from Alfa Aesar (A
Johnson Matthey Company, Ward Hill, MA, USA). As2O3
was purchased from Jingchun Reagent Co., Ltd (Shanghai,
China). Ultrapure water was used through the experiment
for preparing solutions and washing bottles.
2.2 Sampling sites

Daye is a small city located in the southeast of Hubei
Province, on the south bank of the Yangtze River. Daye is
rich in mineral resources [15], and hundreds of mining sites
have been found. Natural environment and human health
can be seriously affected by the waste rocks and tailings
produced by mining activities [16].
In this study, 12 sites including abandoned mining
sites, peripheral areas of mine and urban areas were chosen
as soil sampling sites. The distribution of the sampling sites
is shown in Figure 1.
Topsoil (10-15 cm below surface, in order to avoid collecting the anthropogenic impurities) was sampled for investigation, and among those sampling sites four areas
(spot 5, 6, 8 and 10) were sampled at different soil depths
(10-15 cm, 45-60 cm, 90-105 cm below surface). The fresh
soil samples were preserved at low temperature and in darkness.

Pretreatment was carried out according to the national
standard process [17]. The pretreatment room was dry and
without sunlight. The soil samples were spread on enamel
trays and plants roots, pebbles and other unwanted objects
were removed. After air-drying (at room temperature), the
soil samples were ground and sieved using 20 mesh and
100 mesh in succession. The sieved samples were then transferred into sample bags and preserved at 4oC.
2.4 Arsenic speciation analysis

Arsenic speciation analysis was conducted by difference method with Hydride Generation Atomic Fluorescence spectrometry (HG-AFS) which was based on our
previous work [18]. As phosphorus has a similar atomic
structure to arsenic, 0.1 mol/L phosphoric acid was used
to extract arsenic assisted by microwave. Meanwhile, 0.1
mol/L ascorbic acid was used to prevent speciation varied
during the extraction. After the extraction, the solutions
were centrifuged at 9000 r/min for 13 min. The supernate
was used for detection. As(III) was determined by HGAFS with 1.5% HCl-1.5% KBH4, while As(V) was added
with 5 ml 5% sulfourea (m/V) + 5% ascorbic acid (m/V)
and determined by HG-AFS with 5% HCl-2% KBH4. The
experiments were conducted in triplicates and the results
were shown as mean values. The relative standard deviation (RSD) of As(III) and As(V) were 2.6% and 1.6%
respectively, thus the results were reliable.
2.5 Arsenic (total)

Aqua fortis was used as a decomposition to verify the
total amount of arsenic in the soil samples. A quantity of
soil and decomposition was added to the colorimetric
tubes and the tubes were placed in a water-bath at 100oC.

FIGURE 1 - Map of southwest Hubei province showing sampling sites.
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Decomposing time was 2 hours. A certain volume of supernate was added with 5 ml 5% sulfourea (m/V) + 5%
ascorbic acid (m/V) and determined by HG-AFS with 5%
HCl-2% KBH4. The experiments were also conducted in
triplicates and the results were shown as mean values, the
relative standard deviation (RSD) was 0.9% thus the results were reliable.
3 RESULTS AND DISCUSSION

CAs(mg/kg)

© by PSP Volume 22 – No 4b. 2013

3.1 Arsenic content

Arsenic content in surface soil varied according to
its surroundings. The highest total arsenic content was
63.66 mg/kg (spot 10) and the lowest was 12.99 mg/kg
(spot 8). The national standard [19] divides land into three
types because of their different usage. The different usage
of land and its controlled arsenic concentration are given
in Table 1. The areas in Daye that we investigated belonged to the second or third concentration level. As can
be seen from Table 2, comparing to the national standard
for toxic metals, contamination by arsenic was at the
middle level or below in most of this area. Some areas
were not contaminated by arsenic.
As shown in Figure 2, both As(III) and As(V) existed
in soils. The portion of As(III) and As(V) was different in
each area. Of these 12 spots, spot 12 had the highest portion which reached 50.70%. The lowest portion was found
at spot 2, where it was only 12.24%. According to sampling area and their surroundings, the portion of As(III) in
the surface soil which was adjacent to the lake, was higher than the others. The ratios at spot 6 (close to Daye
Lake), 9 (close to Ci Lake), and 12 (close to Baoan Lake)
were much higher than those in other areas. The content
of different arsenic speciation depend on the conditions
of the solution or other existing medium, As(III) are more
TABLE 1 - Environmental quality standard for soils [19]
Level
Land usage
CAs (mg/kg)

First level
natural preservation areas, water
source area and
other protected
area
15

Second level
general farmland, tea garden,
orchard, pasture
and other areas
for human to live
30

Third level
forest land,
peripheral
areas of mine
40

70
65
60
55
50
45
40
35
30
25
20
15
10
5
0

Residual
As(V)
As(III)

1

2

3

4

5

6

7

8

9

10 11 12

Spots

FIGURE 2 - Amount of arsenic in the topsoil samples

stable under anaerobic or mildly reducing conditions [4].
Therefore, it is considered that the high portion of As(III)
was a result of water reducing contact with air, or due to the
presence of reducing materials in the water which inhibited the oxidation process.
Among the sampling sites, sampling at different soil
depths was performed at four spots. As shown in Figure 3,
the amount of arsenic in topsoil was higher than that in
deep soil. The amount of arsenic decreased with soil depth.
Of them, at spot 6 and 10, arsenic amount decreased sharply
with the increase of soil depth. At spot 5 and 8, the amount
of arsenic decreased steady with the increase of soil depth.
The results in a survey about spatial distributions of arsenic
in contaminated paddy soils [20] showed that the arsenic
amount fell rapidly with depth when amount in surface
was higher than 30 mg/kg while it decreased gradually
when amount in surface lower than 30 mg/kg. Calculating
the decreasing rate (r= (CAs-10cm-CAs-45cm)/CAs-10cm) could
found that there is a relationship between the rate and
arsenic amount in surface soil: at spot 5, C As-10cm,spot5=
14.67, r5=8.67%; at spot 6, CAs-10cm,spot6=42.22, r6=27.79%;
at spot 8, CAs-10cm,spot8=12.99, r8=11.03%; at spot 10, CAs10cm,spot10=63.66, r10=25.49%, the results are similar to Liao’s
[20] conclusion. From this we can assume that in those areas,
arsenic source was above the ground, and arsenic and soil
was tight coupling with each other and arsenic did not sink
easily due to the effect of leaching.

TABLE 2 - The environment quality of 12 investigated spots
Spot
1
2
3
4
5
6
7
8
9
10
11
12

Standard
(mg/kg)
40
30
40
40
30
30
30
30
30
30
40
30

3.2 Environmental risk assessment (geo-accumulation index)
TAs (mg/kg)

Environment quality

22.95
42.04
60.30
38.27
14.67
42.22
16.72
12.99
50.42
63.66
17.69
19.53

Qualified
Contaminated
Contaminated
Qualified
Qualified
Contaminated
Qualified
Qualified
Contaminated
Contaminated
Qualified
Qualified

The geo-accumulation index introduced by Muller [9]
is used to define metal contamination in sediments. This
index not only considers man-induced factors and geochemical background values, but also takes the different
background values caused by different types of rock into
consideration. The calculation is based on the following
formula:
Igeo = log2[Cn / (k × Bn)] [10]
Cn is the concentration of heavy metal in samples and
Bn is the geochemical background amount for the element
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n, which is 12.3 mg/kg in Hubei Province [21]. k, the
background matrix correction, which has a value of 1.5, is
used to eliminate the different background values caused
by different types of rock. The classification is divided
into 7 levels, and ranges from no contamination to strong
contamination. These levels are shown in Table 3.
The calculated results are shown in Table 4. The results show that those areas had middle contamination or

2

CAs(mg/kg)
6
8
10

4

12

14

0

16

20

15

30

20

40
50
60
80

10

15

10

6

8

50

30

Residual
As(V)
As(III)

45

10

12

14

Depth

16

10

0

10

20

CAs(mg/kg)
30

40

50

60

70

20

15

30

20
25

Depth

Depth

45

3.3b spot 6

CAs(mg/kg)
4

40

25

3.3a spot 5

2

35

40

90

0

CAs(mg/kg)
20 25 30

35

Residual
As(V)
As(III)

70

5

10

Depth

Depth

10

0

below. A few areas showed little contamination (spot 5, 7,
8 and 11). Spot 3, 9 and 10 were more serious contaminated than the others. Spot 3 was close to Songshan mining
area, the excavation might induce the leaching of heavy
metal from rock which may have caused the contamination.
Similar to spit 3, spot 4 was close to Xionagjiafan mining
area, and showed a certain extent of contamination. Spot 2
and 9 were close to mine hauling tracks, and contamination
may have resulted from leakage during transportation. Spot 6

30

Residual
As(V)
As(III)

35
40

40
50
60

Residual
As(V)
As(III)

70
80

45

90

3.3c spot 8

3.3d spot 10

FIGURE 3 - Amount of arsenic in soil at different depths

TABLE 3 - Evaluation levels of the geo-accumulation index [9]
Item
Index
Level

None
0
0

None-mid
0-1
1

Middle
1-2
2

Level
Mid-high
2-3
3

High
3-4
4

TABLE 4 - Geo-accumulation index of the top soil samples analyzed
Spot
1
2
3
4
5
6
7
8
9
10
11
12

Index
0.31
1.19
1.71
1.05
-0.33
1.19
-0.14
-0.51
1.45
1.79
-0.06
0.08

Contamination level
1
2
2
2
0
2
0
0
2
2
0
1
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was close to the Daye Lake and under a bridge, the traffic
above the sampling site might be one of the anthropic
pollution source. Spot 10 was close to a mining area and a
building site, and these two pollution sources resulted in this
area having the most serious contamination among the
12 spots investigated. Spot 1 was at a high elevation in
Huangshi Mining Park, which was an abandoned mining
site and has been used for tourism, the low elevation zones
were still under mining. The later remediation in tourist
region might help to relieve the contaminated condition.
3.3 Environmental risk assessment based on arsenic speciation

Since the toxicity of arsenic is depended on its speciation, provided soils in two areas have same amount of total
arsenic, the toxicity would be different while the constitution is different from each other. The one which has higher
ration of As(III) would be more dangerous than the one
with higher ration of arsenic which is uneasily incorporated
into the eco-chain. Thus, while determining the environmental risk assessment, the different threat levels of
the different forms of arsenic should be considered. This
study established a new environmental risk assessment based
on the speciation of arsenic and geo-accumulation index.
Since the toxicity of As(V) is lower than As(III), and
the toxicity of organic arsenic is lower than inorganic arsenic, we divided arsenic into three forms: As(III), As(V) and
residual As. Based on the LD50 of the different forms of
arsenic, each form was given a threat value. The LD50 of
As(III), As(V) (male mouse, tested by intramuscular injection) were 8 mg As/kg and 22 mg As/kg, respectively [6].
Generally, the residual arsenic mainly contains MMA,
DMA, AsB and AsC. The LD50 were 1.8 g/kg [22], 1.2 g/kg
[22], 10 g/kg (no deaths were observed at this dose) [7] and
6.5 g/kg [23], respectively (male mouse, oral administration). Then LD50 was obtained by average these four LD50
values and the value was 4875 mg/kg. Assuming that the
threat values of these forms were A1, A2, A3, then the
following equation was obtained:
A1: A2: A3 = 1/8: 1/22: 1/4875
A1 + A2 + A3 = 1
From this equation the threat values were: A1 =
0.7325, A2 = 0.2663, and A3 = 0.0012, respectively.

The geochemical background value of arsenic was
12.3 mg/kg in Hubei Province [21]. Adding the concentration of different arsenic speciation and the total arsenic
amount of the 12 surface soil samples respectively, from
the results could conclude that the ratios of the three different forms of arsenic in soil were 23.59%, 51.61% and
24.81%. Combining these data it was concluded that the
background values of As(III), As(V) and residual As were
2.90 mg/kg, 6.35 mg/kg, and 3.05 mg/kg, respectively.
The index calculation formula was based on the geoaccumulation index:
I = log2 Σ Ai ×

Cni
k × Bni

In this formula, Ai represents the threat value of the
different forms of arsenic, Cni represents the amount of each
form of arsenic, and Bni represents the background amount.
k is the background matrix correction with a value of 1.5.
The modified coefficient is used to eliminate the different
background values caused by the different types of rock.
The results of this calculation are shown in Table 5.
The results show that the contamination level of spot 9
was in the mid-high level, the other areas were in the middle level or below. Compared to the results from the assessment of the amount of total arsenic, these results showed
some differences. More specifically, the contamination level
of spot 1, 2, 4 reduce one level, spot 3, 5, 6, 7, 8, 10, 11,
12 remain stable, spot 9 increase one level. When using
these two types of assessments, differences in the results
between spot 9 and 10 were observed. As the total amount
of arsenic at spot 10 was higher than at spot 9, it was concluded that the contamination at spot 10 was more serious
than at spot 9. However, when assessing arsenic speciation,
the results changed because the ratio of As(III) at spot 9
was higher than that at spot 10.
The cleanup standard of mercury was set at 180 ppm
initially because of the high toxicity of elemental mercury.
Then on a public meeting which was held in 1993, the
majority of the participant considered to reevaluate the risk
assessment including the mercury form bioavailability due
to the speciation studies. The information of speciation studies permitted DOE, EPA and Tennessee to raise the cleanup

TABLE 5 - Ecological risk index of top soil samples analyzed
Spot
1
2
3
4
5
6
7
8
9
10
11
12

Index
-0.14
0.69
1.33
0.72
-0.07
1.91
-0.08
-0.69
2.08
1.16
-0.84
0.85

Contamination level
0
1
2
1
0
2
0
0
3
2
0
1
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standard from 180 ppm to 400 ppm [24]. This change contributes to reduce the cost for remediation process. Therefore, taking the arsenic speciation into risk assessment rather
than total amount only would be more reasonable while
evaluating the risk to human health or making policies.
4 CONCLUSION
Using the assessment based on total amount of arsenic, it was concluded that in Daye arsenic contamination
was at the middle level or below. In the surface soil near
the water, the ratio of As(III) was higher than the other
forms. On horizon distribution, the concentration of arsenic decreased with its depth and the decrease rate was
related to the concentration in surface soil.
In this work, speciation was introduced to the into
geo-accumulation index to evaluate the arsenic hazard. As
the emphasis varied depending on the type of environmental risk assessment, the results also varied. The risk
assessment based on speciation would be more reasonable
than that based on the total amount since not all the arsenic in soil has the same toxicity to human beings. Taking
speciation into consideration could contributes to make
more appropriate cleanup standard at different industry in
order to adjust the cost for remediation process while
guarantee the security to human.
ACKNOWLEDGEMENTS
This work was supported by the Natural Science Foundation of China (No. 21077080), the Specialized Research
Fund for the Doctoral Program of Higher Education of China
(No. 20100141110046), the Natural Science Foundation of
Hubei Province (No. 2008CDB379), and Fund from Hubei
Biomass-Resource Chemistry and Environmental Biotechnology Key Laboratory (Wuhan University) (No.
HBRCEBL2011-2012003). Comments from the anonymous
reviewers are also appreciated.

Mandal, B. K. and Suzuki, K. T. (2002). Arsenic round the
world: a Review. Talanta 58 (1), 201-235.

[2]

Maher, B. (2005). Research Front – Arsenic Biogeochemistry. Environmental Chemistry 2(3), 139-140.

[3]

Xuan, Z. L., Liu, R. and Li, Y. J. (2004). Arsenic and its toxicity. Chin. J. Ctrl, Endem. Dis 19 (3), 162-163. (in Chinese)

[4]

Lorenzen, L., van Deventer, J. S. J. and Landi W. M. (1995).
Factors affecting the mechanism of the adsorption of arsenic
species on activated carbon. Minerals Engineering 8(4), 557569.

[5]

Bencko, V., Rossner, P. Havrankova, H., Puzanova, A. and
Tucek, M. (1978). Effects of the combined action of selenium and arsenic on mice versus suspension culture of mice fibroblasts. In: Fouts, J.R., Gut, I. (Eds.), Industrial and Environmental Xenobistics. In vitro Versus In Vivo Biotransformation and Toxicity. Excerpta Media, Oxford, 312-316.

[7]

Kaise, T., Watanabe, S. and Itoh, K. (1985). The acute toxicity of arsenobetaine. Chemosphere 14(9), 1327-1332.

[8]

Sun, X., Wei, C. Y. and Wang, W. Y. (2006). Progress in the
study of arsenic species and bioavailability in soils- A Review. Advances in Earth Science 21(6), 625-632. (in Chinese)

[9]

Muller, G. (1969). Index of geo-accumulation in sediments of
the Rhine River. Geo J 2(3), 108-118.

[10] Nemerow, N. L. (ed.) (1985). Stream, Lake, Estuary, and
Ocean Pollution. New York: Van Nostrand Reinhold.
[11] Loska, K., Wiechula, D. and Korus, I. (2004). Metal contamination of farming soils affected by industry. Environment International 30(2), 159-165.
[12] Rubio, B., Nombela, M. A. and Vilas, F. (2000). Geochemistry of major and trace elements in sediments of the Ria de
Vigo (NW Spain): an assessment of metal pollution. Marine
Pollution Bulletin 40(11), 968-980.
[13] Yokel, R. A., Lasley, S. M. and Dorman, D. C. (2006). The
speciation of metals in mammals influences their toxicokinetics and toxicodynamics and therefore human health risk assessment. Journal of Toxicology and Environmental Health,
Part B 9(1), 63-85.
[14] Jain, C. K. (2004). Metal fractionation study on bed sediments of River Yamuna, India. Water Research 38(3), 569578.
[15] Yang, Q. H., Li, Y. and Du, J. (2010). Quantitative assessment on mining geological environment in Huangshi city
with GIS and RS. Journal of Yangtze River Scientific Research Institue 27(8), 70-73. (in Chinese)
[16] Ali, M. F., Heng, L. Y., Ratnam, W., Nais, J. and Ripin, R.
(2006). The content and accumulation of arsenic and heavy
metals in medicinal plants near mamut river contaminated by
copper-mining in Sabah, Malaysia. Fresenius Environmental
Bulletin 15(10), 2006.
[17] HJ/T 166-2004, Technical specification for soil environment
monitoring (in Chinese)
[18] Ren, C., Peng, H., Huang, W. Y., Wang, Y. J. and Wu, F.
(2011), Speciation of inorganic As(V)/As(III) in water and
soil by hydride generation atomic fluorescence spectrometry.
Fresenius Environmental Bulletin 20(4a), 1069-1074.

REFERENCES
[1]

[6]

Hughes, M.F. (2002) Arsenic toxicity and potential mechanisms of action. Toxicology Letters 133(1), 1-16.

1227

[19] GB 15618-1995, Environmental quality standard for soils. (in
Chinese)
[20] Liao, X. Y., Chen, T. B., Xiao, X. Y., Huang, Z. C., An, Z.
Z., Mo, L. Y., Li, W. X., Chen, H. and Zheng, Y. M. (2003).
Spatial distributions of arsenic in contaminated paddy soils.
Geographical Reaseach 22(5), 635-643. (in Chinese)
[21] Bi, X.Y., Ma, Z. D. and Ren, L. M. (2003). Environmental
geochemistry of soil arsenic in ore duster areas of southeastern Hubei. Geophysical and Geochemical Exploration 27(6),
480-483. (in Chinese)
[22] Kaise, T., Yamauchi, H., Horiguchi, Y., Tani, T. Watanabe,
S., Hirayama, T. and Fukui, S. (1989). A comparative study
on acute toxicity of methylarsonic acid, dimethylarsinic acid
and trimethylarsine oxide in mice. Applied Organometallic
Chemistry 3(3), 273-277.

© by PSP Volume 22 – No 4b. 2013

Fresenius Environmental Bulletin

[23] Kaise, T., Horiguchi, Y., Fukui, S., Shiomi, K., Chino, M.
and Kikuchi, T. (1992). Acute toxicity and metabolism of arsenocholine in mice. Applied Organometallic Chemistry 6
(4), 369-373.
[24] Feldman, D. L., Hanahan, R. A., Joslin, D. (1998). How policy makers and the public use risk information in environmental decisions: lessons from three cases. JIEE report No. 9807. Joint Institute for Energy & Environment, Washington
D.C.

Received: July 26, 2012
Revised: October 04, 2012
Accepted: November 12, 2012

CORRESPONDING AUTHORS
Feng Wu
Wuhan University
Department of Environmental Science
Hubei Key Laboratory of Biomass Resource
Chemistry and Environmental Biotechnology
School of Resources and Environmental Science
Wuhan, 430079
P. R. CHINA
E-mail: fengwu@whu.edu.cn.
Biyu Song
Department of Environmental Engineering
School of Resources and Environmental Science
Wuhan University
Wuhan, 430079
P. R. CHINA
E-mail: songbiyu@gmail.com

1228

FEB/ Vol 22/ No 4b/ 2013 – pages 1218 - 1224

© by PSP Volume 22 – No 4b. 2013

Fresenius Environmental Bulletin

BIOSORPTION OF CADMIUM FROM
AQUEOUS SOLUTIONS BY Synechocystis sp.
Ayşe Elmacı*, Nihan Özengin and Taner Yonar
Uludağ University, Faculty of Engineering and Architecture, Department of Environmental Engineering, Görükle Campus, 16059, Bursa, Turkey

ABSTRACT
The aim of this research is to examine the removal of
cadmium from aqueous solutions via biosorption using
non-living microalgae (Synechocystis sp.) at different initial
concentrations and pH values. The study attempted to identify the Cd (II) adsorption capacity of Synechocystis sp. The
optimum pH value for biosorption of Cd (II) from aqueous
solutions was determined to be 6, which resulted in a
98.6% removal efficiency. Cd (II) was adsorbed at all concentrations on Synechocystis sp. The maximum adsorption
capacity of Synechocystis sp. was 9.17 for Cd (II). Significantly high correlation coefficients for the Langmuir adsorption isotherm models were found to describe the equilibrium
behavior of cadmium.

KEYWORDS:
Biosorption, cadmium, metal removal, Synechocystis sp.

1 INTRODUCTION
Due to rapid industrialization, alarming amounts of
toxic heavy metals have been released into the environment, endangering natural ecosystems and human public
health. Thousands of tons of heavy metals are discharged
from electric battery manufacturing, electroplating, refining
processes, internal combustion engines fueled by leaded
petroleum, mill tailings, landfill run-off, and mining activities [1]. Untreated effluents from these manufacturing processes have an adverse effect on the environment [2]. Heavy
metals, such as lead, copper, zinc, cadmium, and nickel, are
among the pollutants that are most toxic for the environment. In addition to their toxicity even at low concentrations, heavy metals can accumulate through the food chain,
which leads to serious ecological and health hazards as a
result of their solubility and mobility [3].
The conventional methods used to treat wastewater
containing heavy metals, including chemical precipitation,
coagulation, ion exchange, solvent extraction, membrane
processes, and reverse osmosis have several disadvantages.
* Corresponding author

These disadvantages include the high cost of treatment, the
need for continuous input of chemicals, and the production of toxic sludge [4]. Biosorption is an innovative technology that employs inactive and dead biomass for the
treatment of aqueous solutions containing heavy metals. Due
to its promising results it is now being considered for
application by the scientific community as an alternative to
traditional methods [5]. Many aquatic macrophytes have
been found to be potential scavengers of heavy metals from
the aquatic environment [6], and the use of non-living biomaterials or dead cells as metal-binding compounds has
been gaining acceptance [7].
Many types of biomass in living and non-living forms
have been studied for their heavy metal uptake capacities
and their suitability as bases for biosorbent development.
These sources of biomass include bacteria, fungi, yeast,
fresh water algae, marine algae and others [8]. Evidence of
the interest in using algae can be found in the increasing
number of research groups working on biosorption of metals with algae [4, 9-19]. These authors have investigated
different aspects of the process, such as the use of free or
immobilized biomass in batch or column experiments [20].
Microalgal biomass has been successfully used as a
sorbing agent. Microalgal species growing in a polluted
environment are usually more resistant to metals, and the
tolerant species have a higher capability of accumulating
heavy metals [21]. Microalgae use light as an energy source,
which facilitates the maintenance of their metabolisms in
the absence of organic carbon sources, and electron acceptors as required by bacteria or fungi. Thus, the use of metabolically active microalgal systems may be more readily
achieved. Additionally, microalgae cultures can be cultivated in open ponds or in large-scale laboratory cultures,
providing a reliable and consistent supply of biomass for
such studies and eventual scale-up efforts [22].
Cadmium is frequently found as a fresh water pollutant and is not known to have a biological function in
plants. Cadmium inhibits most of the basic physiological
processes in plant cells. The effects of cadmium has on
chlorophyll biosynthesis, photosynthetic carbon assimilation and growth are well documented [23].
The aim of this research is to investigate the biosorption of cadmium, which is widely used in industrial pro-
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cesses by unicellular cyanobacterium Synechocystis sp.
This species was chosen because of the relative lack of
information about its sorption abilities. Additionally, this
study investigated whether Synechocystis sp. can be developed as a low cost adsorbent for wastewater treatment.
Biosorption capacities were evaluated from equilibrium
adsorption isotherms.
2 MATERIALS AND METHODS
2.1 Preparation of Synechocystis sp. for biosorption

Synechocystis sp. was maintained in a BG11 medium
(composition given in Table 1) in 250 ml Erlenmeyer
flasks, which were incubated for 15 days under continuous
illumination at an average intensity of 120 mE m-2 s-1 at
room temperature on a rotary shaker.
Before use, all samples were washed with distilled
water several times and placed on coarse filter paper to
reduce the water content. Following the pre-washing step,
the biomass was dried at 60 °C for 24 h before grinding.
After these processes, the Synechocystis sp. was ground
and sieved to select particles between 0.3-0.7 mm in size
for use.
For the biosorption studies, specific amounts of inactivated dried Synechocystis sp. (10 g L-1) were suspended
in distilled water, homogenized at 8000 rpm for 30 min
using a Yellowline DI 25 homogenizer (Sheffield, United
Kingdom), and then stored in a refrigerator until use.
TABLE 1 - Composition of the growth medium.
Constituents
NaNO3
K2HPO4
MgSO4.7H2O
CaCl2
Ferric ammonium citrate
EDTA disodium magnesium salt
Na2CO3
H3BO3
MnCl2.4H2O
ZnSO4.7H2O
Na2MoO4.2H20
CuSO4.5H2O
(NO3)2.6H2O

Concentration (mg L-1)
1500.0
30.0
75.0
27.0
6.0
1.0
20.0
2.86
1.81
0.22
0.39
0.08
0.05

2.2 Biosorption studies

Sorption studies were conducted at room temperature
(22 ± 1 °C) in 150 ml flasks. For isotherm determination,
the homogenized samples of Synechocystis sp. (10 ml)
were individually thoroughly mixed with 90 ml of metal
solutions with varying concentrations (60-100 mg L-1) of
Cd (II). The suspensions were shaken at 200 rpm for 24 h
using an orbital shaker (Nuve SL 350 (Ankara, Turkey)),
and then were centrifuged (Nuve NF 815 (Ankara, Turkey)) at 3000 rpm for 10 min. The supernatant was filtrated
through 0.45 µ filterpaper and analyzed for residual metal
concentrations in solution. Metal concentrations measured
at the end of the 24-h exposure were used for the determi-

nation of adsorption isotherms. Adsorption isotherm tests
were run in triplicate, and the average values are reported.
Batch sorption experiments were performed at various pH values ranging from 2.0 to 7.0 using a Sartorius
PT-10 (Göttingen, Germany) pH meter. The pH values of
the solutions were monitored continuously and adjusted
using 0.1 M H2SO4 or 0.1 M NaOH (supplied from Merck)
if deviations were observed.
The residual concentrations of Cd (II) in the aqueous
solution were determined using an ATI Unicam 929 atomic
absorption spectrophotometer (Cambridge, UK).
All glassware for the analyses was carefully cleaned
with nitric acid and then by thoroughly rinsed with deionized water before use. All reagents used were of analytical
grade. Deionized water was used throughout the study,
and all analyses were performed in triplicate.
3 RESULTS AND DISCUSSION
3.1 Effect of pH on Cd (II) biosorption

The pH dependent adsorption of metal ions by biosorbents has been well established [24]. Slightly acidic pH
values were more suitable for metal adsorption. Metal uptake
by sorption is pH dependent, as pH affects the surface
climate and therefore the competition between protons and
metal cations. As a result of the different chemical interactions between the cell surfaces and metal ions, metal retention capacities may be different for various pH values.
The relationship between metal uptake and pH varies depending on the various functional groups on the bacterial
cell wall. The pH value is the most important parameter
affecting the adsorption of metal ions on the surface of microorganisms. Different rates of adsorption at different pH
values are obtained as a result of the chemical interactions
between metal ions and biomass. At low pH values, the
cell surface charge is positive, and H3O ions compete with
metal cations to interact with the cell, creating a speedreducing effect. At pH values above the isoelectric points
of cells, the cell surface has a net negative charge. The
ionic state of ligands such as carboxyl, phosphate, imidazole and amino groups accelerates the binding of the
metal cations to the biomass [24, 25].
The experiments aimed at investigating the effect of
pH on adsorption were conducted over a wide pH range
(2-7). The optimal pH value for adsorption of metal ions
varies with the type of biomass and metal ions. pH values
between 4.0 and 8.0 are widely accepted as being optimal
for metal sorption for almost all types of biomass [26].
Fig. 1 shows the effect of pH on Cd (II) biosorption. According to evaluation of the data for Synechocystis sp.,
adsorption of Cd (II) was most effective at pH 6.
Solution pH influenced both the cell surface and metal-binding sites, as well as the chemistry of the metal in
water. These results show that the biosorption characteristics of Synechocystis sp. strongly depend on pH for the
removal of heavy metals (Cd (II)) from solution. In this
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study, it was observed that Synechocystis sp. was most
effective in the removal of heavy metals under slightly
acidic experimental conditions.
100
Cd (II)

90

Langmuir is the most important model of monolayer
adsorption. It is, based on the assumptions that the number of adsorption sites is fixed, each site can hold only
one adsorbate molecule, all sites are equivalent, and there
is no interaction between adsorbed molecules [29]. The
Langmuir equation is expressed as follows:

80

% Metal Removal

rium behavior of metal adsorption are the well-known
Freundlich and Langmuir sorption isotherm models [27,
28], which were used to correlate the isotherm data in
this study. Fig. 3 shows the linearized adsorption isotherm
of the chosen heavy metal adsorbed by Synechocystis sp.,
obtained under the optimum pH as determined above.
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FIGURE 1 - Effect of pH on Cd (II) biosorption by Synechocystis sp.
3.2 Effect of initial metal concentration on Cd (II) biosorption

The initial metal concentration is an important driving force for overcoming the mass transfer resistance of
metal ions between the aqueous and solid phases. The
effect of initial metal concentration on adsorption was
studied for values of Cd (II) between 60-100 mg L-1.
Higher metal ion uptake was observed at lower concentrations of metal ions. The effect of initial metal concentration on Cd (II) biosorption by Synechocystis sp. is shown
in Fig. 2. Cd (II) was adsorbed at all concentrations. The
highest removal rate of Cd (II) obtained by Synechocystis
sp. was 98.86% at 60 mg L-1. Differences in metal removal efficiencies may be due to the properties of the metal
sorbates (e.g., ionic size, atomic weight, or reduction
potential of the metal), the use of multi-elemental solutions, variations in the amounts of metals, and the properties of the aquatic macrophytes (e.g., structure, functional
groups, surface area, genera and species).

1 + b.C eq

(1)

where Q° is the maximum amount of the metal ion
per unit weight of biomass to form a complete monolayer
on the surface bound at the final (equilibrium) concentration (Ceq) of solute in the solution, and b is a constant related to the affinity between the biosorbent and sorbate.
Q° represents the practical limiting adsorption capacity
when the surface is fully covered with metal ions, and is
useful in the comparison of adsorption performance, particularly in cases where the sorbent did not reach its full
saturation in experiments. Equation 1 may be written into
a linearized form as follows:

C eq
q eq

=

C eq
1
+ °
0
Q b Q

(2)

Q° and b can be determined from the linear plot of
Ce/qe vs. Ceq [22].
The Freundlich isotherm, used to explain metal adsorption data [21], is an empirical equation based on sorption onto a heterogeneous surface, and is given below:

qeq = K f .Ceq1 / n

(3)

where Kf and n are the Freundlich constants, which are
characteristics of the system. Kf and n are indicators of the
adsorption capacity and adsorption intensity of the sorbent,
respectively. Equation (3) can be linearized in the logarithmic form to determine the Freundlich constants [30].
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FIGURE 2 - Effect of initial metal concentration on Cd (II) biosorption by Synechocystis sp.
3.3 Adsorption isotherms

An adsorption isotherm is characterized by certain constants that express surface properties and affinity of sorbents.
The most widely used models for describing the equilib-

The Freundlich and Langmuir adsorption constants
were evaluated from the isotherms with the correlation
coefficients. The regression coefficient (R2) for each
biosorbent has been shown to be the most suitable model
for describing these sorption processes. Significantly high
regression correlation coefficients for the Langmuir isotherm model were found. The Langmuir model makes
several assumptions, such as monolayer coverage and constant ad-sorption energy, while the Freundlich equation
addresses physicochemical adsorption onto heterogeneous
surfaces. The correlation coefficient for the Langmuir
isotherm was 0.9947 for Cd (II). The same correlation
coefficient for the Freundlich isotherm was 0.8824 for Cd
(II). The magnitudes of Kf and n, the Freundlich constants,
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were 62.57 L g-1 and 7.178, respectively. The values of Q°
and b were 9.17 mg g-1 and 1.73, respectively. The results
show that the heavy metal adsorption isotherms fit the
Langmuir model. Fig. 3 shows linearized Langmuir adsorption isotherms for adsorption of Cd (II) by Synechocystis
sp.
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To demonstrate the validity of the proposed method,
the biosorption potential of dried Synechocystis sp. biomass must be compared with other biosorbents used for
this purpose. The Cd binding capacity has been reported
in the literature for different biomass materials.
Katırcıoglu et al. [27] found that the cadmium binding
capacity of immobilized Oscillatoria for inactive Cd
binding was approximately 27.5 mg g-1. The Cd binding
capacity of inactive Durvillaea sp. H1 was 2.2 mg g-1
[31]. The Cd binding capacity of algae Gelidium was 18.0
mg g-1 [14]. Yılmaz and Ensari [32] found the cadmium
binding capacity of Bacillus circulans to be 5.8–6.7 mg g-1.
The Cd binding capacities of Codium vermilara and Spirogyra insignis were found to be 21.8 and 22.9 mg g-1, respectively [5]. In this study, the Cd binding capacity was
9.17 mg g-1.
4 CONCLUSIONS
In this study, the evaluated data demonstrated that
dried Synechocystis sp. has considerable potential for the
removal of metal ions from aqueous solutions. Biosorption
studies tend to be dependent on pH. In this study, adsorption of Cd (II) was most effective at pH 6, with a 98.6%
removal rate. Cd (II) was adsorbed at all concentrations.
The highest removal rate of Cd (II) obtained by Synechocystis sp. was 98.86% at 60 mg L-1. The Langmuir adsorption isotherm model fit very well with the Cd (II) concentrations studied, and Cd (II) was adsorbed at all concentrations examined. The results of this study demonstrate that
dried Synechocystis sp. biomass could be used as an effective biosorbent for the treatment of wastewater containing
Cd (II) ions. The results obtained in this study could provide a useful database for developing pilot and full-scale
studies.
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ABSTRACT
Understanding soil properties is an essential prerequisite for sustainable land management. Assessment of
these properties has long been gained through conventional
laboratory analysis, which is considered costly and time
consuming. Therefore, there is a need to develop alternative cheaper and faster techniques for soil analysis. In recent years, special attention has been given to vis–NIR
reflectance spectroscopy and chemometrics. In this study
we evaluated the potential of vis–NIR spectroscopy and
Back Propagation Neural Networks (BPNN) for prediction
of organic carbon (OC) of soils representative of three
Mediterranean agro-ecosystems from the Campania region,
southern Italy. An Artificial Neural Network (ANN) model
was developed based on Multi-Layer Perceptron (MLP)
network and trained by a Back-Propagation algorithm on
reflectance data. The training and validation phases, confirmed by a ten fold cross validation methodology, led to
a very satisfactory calibration of the BPNN model.
KEYWORDS: Mediterranean pedo-environments; Southern Italy;
Soil properties; Organic carbon; vis-NIR reflectance spectroscopy; Back Propagation Neural Networks.

1 INTRODUCTION
Soil is one of our most important natural resources,
having properties derived from the combined effect of
climate and biotic activities, as modified by topography,
acting on a parent material over a period of time [1]. It varies
greatly over both space and time. The chemical and physical
properties of soils determine their potential and limitations
for agricultural and non-agricultural uses. Therefore, our
understanding of their properties, functions and of their
variability in space and time is essential for sustainable
land management [2, 3].

* Corresponding author

Historically our understanding of the soil system and
assessment of their properties has been gained through
conventional laboratory analysis [4]. The latter, although
usefully and practically irreplaceable for detailed investigations are costly and time consuming, thus not very suitable when large numbers of soil samples need to be analysed, as for example in large soil surveys, or for high resolution soil mapping and precision agriculture. Therefore,
there is a need to develop alternative techniques for soil
analyses.
In recent years, vis-NIR reflectance spectroscopy has
been shown to be a useful technique for the measurement
of various soil properties. Compared to conventional analytical methods, vis–NIR spectroscopy is faster, cheaper,
and non-destructive; it requires less sample preparation,
with less or no chemical reagents, is highly adaptable to
automated and in situ measurements, and has the potential
to analyse various soil properties simultaneously [4-6].
Reflectance spectroscopy refers to the measure of spectral reflectance [7] i.e., the ratio of the electromagnetic
radiation reflected by a soil surface to that which impinges
on it [8]. Since the characteristics of the radiation reflected
from a material are a function of the material’s properties,
observations of soil reflectance can provide information
on the properties and state of the soil [9]. The reflectance
spectra of soil in the vis–NIR are largely non-specific due
to the overlapping absorption of soil constituents. This
characteristic lack of specificity is compounded by scatter
effects, caused by soil structure or specific constituents,
such as quartz [10]. All of these factors result in complex
absorption patterns that need to be mathematically extracted
from the spectra and correlated with soil properties. Hence,
the analysis of soil reflectance spectra requires the use of
chemometrics and pedometrics [11].
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The most common calibration methods for soil applications are based on linear regressions, namely stepwise
multiple linear regression (SMLR), principal component regression (PCR), and partial least squares regression (PLSR)
[12, 13]. PCR and PLSR are related techniques and in
most situations their prediction errors are similar [10].
Actually there is a growing interest in processing vis-NIR
spectral characteristics by using Artificial Neural Networks
(ANNs) [14-16]. In particular, ANNs are powerful tools for
dealing with function approximation and it has been shown
that they are universal function approximators [17, 18].
They are particularly useful in situations where the physical
processes governing input–output responses are not entirely
understood [19, 20]. A recent paper [21] compared the performance of three calibration methods on soil samples collected from Belgium and Northern France, namely, PCR,
PLSR and Back Propagation Neural Network (BPNN) [2224] for the accuracy of measurement of selected soil properties. Both the leave-one-out cross validation and prediction for the three replicates showed that all BPNN models
outperformed PCR and PLSR models.
A lot of research has successfully demonstrated the use
of vis–NIR reflectance spectroscopy to characterise soils
from different pedo-climatic environments of the world.
However, few studies have been carried out with soils
from the Mediterranean regions [25-27]. Many of these
studies have looked at iron oxy-hydroxides, due to their
strong absorptions in the vis–NIR [28-31]. In this paper,
we aimed to evaluate the performance of vis–NIR reflectance spectroscopy and BPNN for predicting an important
soil property, the Organic Carbon (OC) content from three
agricultural areas of the Campania region in southern Italy.
2 MATERIALS AND METHODS
2.1 Study areas

Soil samples used in this paper come from the Tusciano-Asa-Picentini district (Tusciano), the province of
Benevento (Fortore beneventano (Fortore)), and the
coastal area of the low Volturno river basin (Volturno)
(Fig. 1). The climate, in all the three areas, shows characteristics typical of the Mediterranean region, with the wettest period between late autumn (October–November)
and early spring (March–April). Temperature and potential evapotranspiration are inversely related to rainfall,
with the highest values during summer (June–August).
The Tusciano district is located south of the town of Salerno. Its landscape is varied and includes coastal systems
dominated by depressed retrodunal areas, alluvial terraces
near the Sele river, conglomeratic and clayey coastal hills,
near Eboli and Cilento, and internal calcareous relieves with
falls of volcanic ash [32]. The dominant soil types are Calcaric Gleysols, Calcari-Gleyic Cambisols, Gleyic Luvisols,
Ferri-Profondic, Vertic and Calcic Luvisols, Calcaric and
Calcari-Mollic Cambisols, Molli-Eutrisilic and Molli-Vitric

Andosols [33]. The dominant land use is broad leavedforest, fruit trees, olive groves, and vegetable crops [34].
The Fortore is primarily an agricultural land located
in the northern-east part of Campania. The landscape is
dominated by clayey hills [32], covered by soils with
strong “vertic” properties, mainly Eutric, Pellic, and Calcic
Vertisols and Calcari-Vertic Cambisols [33]. The dominant
land use is crop, mainly wheat [34]. Telesina Valley is a
typical vineyard and olive growing area.

FIGURE 1 - Location of the study areas within the regional (Campania), national (Italy) and Mediterranean context.

The coastal belt of the low Volturno river basin is a
rich irrigated agricultural land, mainly devoted to vegetal
crops and fruit trees [34], located north and west of the
city of Naples and the town of Caserta, respectively. The
landscape is mainly characterised by areas with relatively
low depressions from alluvial and land reclamation deposits, with intercalation of volcanic deposits, alluvial terraces
composed by alluvial deposits mixed with volcanic tuff and
ignimbrite and retrodunal lagoons composed by reclamation deposits, intercalated with peat layers [32]. The dominant soil types are Gleyic, Gleyi-Vertic, Calcari-Gleyic and
Calcari-Fluvic Cambisols, and Calcaric Gleysols [33].
2.2 Soil sampling and laboratory analysis

Surface and sub-surface soil samples (0–30 cm, 3060 cm) were collected from the three study areas [28]; we
used 290 samples. Most of the sampling sites fall within
agricultural fields, only few samples belong to forest areas.
The samples were air-dried and ground to a size fraction of
2 mm. Each sample was divided into two sub-samples; one
was used for conventional chemical and physical laboratory
analysis, the other for the spectroscopic measurements.
The OC content was determined according to the Italian Official Methods for Soil Analysis [35]. Namely, OC
is determined using Walkey-Black method.
2.3 Statistical analysis of soil properties

The measured soil property was statistically described
in terms of minimum, maximum, mean and coefficient
of variation (CV). According to Ameyan [36], a variable
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shows small, moderate, or large variability when CV is below 20%, between 20 and 50%, or above 50%, respectively.

subset of x centered about its ith element. Si may be described by:

Si = (xi −rl , xi −rl +1 ,..., xi −1 , xi , xi +1 ,..., xi +rr−1 , xi +rr )

2.4 Spectroscopic measurements

The diffuse vis–NIR reflectance of soil samples was
measured in the laboratory, under artificial light, using a
FieldSpec Pro spectroradiometer [37]. This instrument combines three spectrometers to cover the portion of the spectrum between 350 and 2500 nm. The instrument has a spectral sampling distance of ≤ 1.5 nm for the 350–1000 nm
region and 2 nm for the 1000–2500 nm region.
2.5 Spectroscopic data pre-processing

In order to enhance the predictive power of multivariate calibration models, spectroscopic data are pre-processed
prior to data analysis. This is because variation in the X
(predictor variables) data that is unrelated to y (response
variable) may degrade the predictive ability of the models.
The aim of pre-processing is to remove undesired variation
in the data [38].
Common methods used to pre-process spectroscopic
data include multiplicative signal correction (MSC) [39]
and standard normal variance (SNV) correction [40, 41].
The MSC can be used to correct for light scattering variations while the SNV may be used to remove interferences
due to light scattering and path length variations. Barnes
et al. [40] also described the use of detrending using a
quadratic polynomial together with the SNV transform to
correct for any curvilinear trends and linear baseline shifts
in the spectra. An alternative technique for the correction
of these sources of error is based on the use of wavelet
detrending and SNV with wavelet detrending [42].
A rapid and often utilised method for reducing scatter
effects for continuous spectra consists of using derivatives
[43]. The first derivative spectrum is the slope at each
point of the original (or transformed) spectrum. It peaks
where the spectrum has maximum slope and it crosses
zero where spectrum has peaks. The second derivative is a
measure of the curvature at each point in the original (or
transformed) spectrum. The effect of the first derivative is
usually to remove additive baseline (“offset”), whereas the
effect of the second derivative also involves the removal
of a linear baseline.
The problem with the use of derivatives is that they
may reduce the signal and increase the noise of the spectra. To reduce the effects of random noise and improve
signal-to-noise ratio, different filtering procedures can be
used, prior to derivative transformation. The most commonly used filter in spectral reflectance analysis are median
and Savitzky-Golay filters. The median filter can be implemented using:

ximed = Median ( S i )
where

for i=0,1,…,n-1

ximed represents the filtered sequence, n the

number of elements in the input sequence x, and Si is a

where rl is the filter left rank, and rr the filter right rank.
The Savitzky-Golay algorithm [44] uses a moving
polynomial fit of any order and the size of the filter consists of (2n + 1) points, where n is the half-width of the
smoothing window. The points between the 2n's are interpolated by the polynomial fit.
Before multivariate modeling, spectra can be also pretreated by mean centring and/or variance scaling the data.
For the purpose of the present paper, all the preprocessing procedures were assessed, either alone or in
combination.
2.6 Principal Component Analysis

Principal component analysis [45] of the whole data set
is needed in order to reduce the (highly redundant) dimension of the spectroscopic data. Principal Component Analysis (PCA) is a common data analysis technique used to
reduce the dimensionality of large data sets displaying a
high degree of covariance. The original data set undergoes
a linear transformation whereby the axes of the new coordinate system are aligned such that the maximum variance is parallel to the first axis (principal component), the
second highest variance lies along the second principal
axis, etc. This is achieved by finding the principal eigenvalues of the covariance matrix, X, and then applying
criteria to the eigenvalues to optimise the dimensionality of the data space.
2.7 Neural Network

An Artificial Neural Network, also simply called neural network, is a computational model which originally
was intended for use in the simulation of the structure
and/or functional aspects of biological neural networks
[45]. It consists of an interconnected group of processing
elements (neurons).
Neural networks are usually used to model complex
relationships between inputs and outputs or to find patterns in data. Here we aim to express the relationship
between the feature vectors of spectroscopic data and the
corresponding OC values.
Three fundamental elements characterize any neural
network:
– The network structure or topology, i.e. the way the
neurons are linked;
– The activation function, which represents the answer of
a neuron to the input stimuli;
– The learning algorithm.
The neural network structure we adopt is a feedforward one, the well known “Multilayer Perceptron” [23].
Here the neurons are organized into clusters or layers,
called “input”, “output” and “hidden” (i.e. those units
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which are neither input nor output) layers. Each neuron of
a given layer is connected to all the neurons of the next
one, as depicted in Figure 2.
Our model is synchronous: at each time, each neuron
receives as an input the weighted sum of the input values
and/or of the other neuron outputs, as shown in the following equation:
Ok = f(Σn WknOn)
(1)
where Wkn is the weight associated to the link from
neuron n to neuron k, On is the output of neuron n or of
the n-th input. The neuron output is a continuous and
derivable function of its input. For our experiment we
chose the sigmoid function,
f(x) = 1/(1 + e-x)

(2)

is done by a method known as Gradient Descent, where
weight changes are made in the steepest downward direction of the error function [45].
The error back propagation algorithm has several parameters, and the most important ones are called, respectively, learning rate and momentum term. The first term is
a measure of the influence degree, in the formula for updating weights, of the error term, whereas the latter one determines the influence of the past history of weight changes
in the same formula. Moreover the weights Wkn are initially
randomly chosen in a fixed range. The range choice can
substantially improve or degrade the learning results. Performing optimal choices for all these parameters is a quite
dark side of the procedure and must be achieved on the
basis of personal experience and a trial and error approach.
2.8 Application environment

FIGURE 2 - Example of topological structure (architecture) of the
Multilayer Perceptron used in our experiments.

The training procedure is the so called “back propagation”. It makes use of a data set of feature vectors, each
one labelled with the correct output, as examples of the
correct input/output relationship. First a vector is presented
to the input neurons and then the network gives its output.
If it is not equal to the desired one, the difference (error)
between these two values is computed and the weights
Wkn are changed in order to minimize it. We repeat these
operations for each input vector. Given the p-th vector in
input, the error Ep is:
E = 1/2 Σj (tj − Oj )2

For our experiments we adopt an Excel-based system
which simulates a neural network developed by Angshuman Saha and which is freely available all over the web1.
By using this tool we can define feed-forward, backpropagation networks with 1 or 2 hidden layers, enter training data, set various learning parameters, start a learning
phase and see the results (error rate, etc.) presented in various ways, including graphically. Categorical values are
automatically converted into numerical ones.
As previously described, the data set is composed of
labelled feature vectors called examples. Each example
has the following structure
Op, tp = (x1,x2,...,xn), y
where the xi’s are the chosen features and y is the expected output.
The whole data set is partitioned into 10 non-overlapping subsets. From these 10 subsets, one can be chosen
to evaluate the neural network performance (validation set),
and the remaining 9 can be used to instruct it (training
sets), i.e., setting the weights. This procedure is repeated
10 times, corresponding to all the possible choices of the
validation set (ten-fold cross validation) [47], and the corresponding average performance was gauged in terms of an
average error. It is worth underlining that in each trial the
validation data is not used for training.

(3)

where tj is the p−th desired output value and Oj is the
output of the corresponding neuron.
After an entire cycle of input vector presentations
(epoch), we calculate the Mean Square Error (MSE)
[45] for all the input patterns p. Then the epoch is repeated again until we reach an acceptable error. Then
the network behaviour is validated by means of an independent set of data (validation set). In the end the Coefficient of Determination is measured [46].

3 RESULTS AND DISCUSSION
3.1 Soils properties

Table 1 shows the descriptive statistics of the organic
carbon content.
TABLE 1 - Descriptive statistics of the organic carbon content.
OC (g kg-1)

The weight updating phase in the above algorithm,
which is widely known in literature as the “generalized
delta rule”, aims at minimizing the error function E. This
1

Min
0.4

Max
215.6

	
  http://xoomer.virgilio.it/srampone/NNpred01.zip	
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3.2 Soil reflectance

Organic carbon content across the three study areas
taken together is on average moderate (17.9 g kg-1). However, it increases in the soils from Tusciano and Volturno
(on average 19.5 and 20.0 g kg-1, respectively) and decreases significantly in soils from Fortore (10.2 g. kg-1).

Figure 3 shows the mean reflectance spectra and mean
second-derivative of absorbance spectra of soils from the
three study areas.
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FIGURE 3 - Mean reflectance spectra and mean second-derivative of absorbance spectra of soils from the three study areas (Tusciano,
Fortore and Volturno). Derivative spectra have been plotted in the 400 to 800 and 1700 to 2500 regions, where the main absorption bands
occur, avoiding the region between 800 and 1700 nm.

The shape and overall reflectance of spectra are quite
similar for all three areas. The only differences are the
smaller reflectance of Tusciano soils in the visible, the
larger reflectance of Volturno soils in the NIR and the
lower reflectance of Fortore soils in this spectral range.
Derivative spectra of soils from all three areas show
two evident adsorption bands in the visible range, near
422 and 486 nm. Both these bands, but particularly the
one near 486 nm can be attributed to the presence of goe-

thite iron-hydroxide [29]. The band at 486 nm is evidently
deeper for soils from Tusciano and Fortore, than for soils
from Volturno. Soil derivative spectra also show several
important absorptions in the NIR, beyond 1700 nm. Specifically a strong water and hydroxyl band is present at
1903 nm. This band indicates vibrational stretching of HO-H and OH– ions in secondary clay minerals [48]. It is
specifically diagnostic of the presence of montmorillonite
[49]. The 1903 nm band is deeper in soils from Fortore and
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Tusciano, than in those from Volturno, indicating a larger
content of secondary clay minerals, particularly montmorillonite, in the soils from the first two areas, i.e. a more advanced stage of weathering in these areas. Several bands
are present in the NIR beyond 2000 nm, due to the combination of vibrational processes in the silicate clay and
carbonate minerals. A strong band apperas at 2202 nm,
associated with a smaller band (doublet) at around 2164
nm, due to the combination of the OH-bond fundamental
stretch with the Al-OH fundamental bending mode [50].
It must be observed that also montmorillonite has a band
at 2200 nm, due to the OH-bond stretching. The 2200 nm
band, resulting from the combined effect of kaolinite and
montmorillonite (but also other clay minerals, such as
vermiculite and illite), is deeper in the Fortore derivative
spectrum, thus confirming the higher content of secondary
clay minerals in soils from this area. Other “minor” bands
associated to the presence of silicate clays [49, 51] are found
beyond 2200 nm. A well-defined band apperas in all the
three spectra at around 2342 nm, due to C-O stretching mode
in CaCO3 molecules. According to the results of chemical
analysis (Table 1) this band is deeper in the average spectrum of Fortore.
Fig. 4 shows the values of correlation coefficients between OC contents and spectral reflectance.

OC
Pearson's correlation coefficient

0.2

0

It was found that 30 principal components accounted
for almost 100% of the variance for the whole data set. We
accordingly encoded all data samples using 30-dimensional
vectors of principal components.
3.4 Data Set

Finally we collected a data set of 290 examples, each
one of 30 characteristics. The whole data set is partitioned
into 10 non-overlapping subsets. From these 10 subsets,
one can be chosen to evaluate the neural network performance (validation set), and the remaining 9 can be used to
instruct it (training sets), i.e., setting the synaptic weights.
This procedure is repeated 10 times, corresponding to all
the possible choices of the validation set (Ten Fold Cross
Validation) [45].
3.5 BPNN application

Several experiments were conducted over the data,
varying the network structure and parameters. With reference to the network structure described in a previous Section, the number of hidden layers and the number of neurons in each hidden layer is arbitrary and should be neither
too small nor too high. Too few neurons may deteriorate
the network performance, whereas too many neurons may
lead to over-fitting the network on the training data without actually improving its performance on the validation
ones. Here, starting from a greater-than-needed BPNN, we
apply a “pruning” technique to trim network size [52]. In
this way the BPNN is defined as a single hidden layer of
13 neurons, while maintaining 30 input and one output
(30-13-1 schema).
By a trial and error approach, the learning rate has been
fixed to 0,8, and the momentum term is 0,27. The initial
weights range in ±0,2. The best performance was achieved
by iterating the learning for 500 cycles. (Table 2)

Fortore
-0.2

Results of BPNN applied to soil OC are provided in
Table 3. These results were achieved by pre-processing
the spectra prior to data analysis as follow: transformation of reflectance (R) to optical density (or absorbance, A = log 1/R), application of a median filter to
absorbance, prior to computing their first derivative,
and mean centring.

All (Tusc.+Fort.+Volt)
Tusciano
-0.4

Volturno
-0.6
500

3.3 PCA application

1000

1500

2000

2500

TABLE 3 - Results of BPNN applied to soil OC.

Wavelength (nm)
FIGURE 4 - Correlations between OC and spectral reflectance at
each wavelength for soils from all the three study areas taken together and from the individual study areas.

Organic carbon is, in general, negatively correlated
with reflectance throughout vis–NIR. However, the best
correlations occur in the visible, with the largest one near
600 nm. The correlations are larger for soils from Volturno
and Tusciano, which have larger OC contents (Table 1)
compared to soils from Fortore.

Epoch
200

Training Set
MSE
%
0,008 6,34%

Validation Set
MSE
%
0,006
4,83%

Table 4 reports the R2 behaviour on the ten trials of
the Ten Fold Cross Validation methodology we adopt.
Overall, the selected architecture shows a R2 value of 0,89
on the validation set.
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TABLE 2 - Neural Network Architecture and parameters.
Neural Network Architecture and parameters
Number of Inputs
30
Hidden Layer size
Number of Hidden Layers
1
Learning parameter
0,8
Initial Wkn Range ( 0 +/- w):
Momentum
0,27
Total #rows in data
290
No. of Training cycles

13
0,2
200

BPNN appears to provide a method that can be used
to accurately predict soil OC contents. It does so because
the BPNN algorithm considers the multidimensionality of
the spectra and takes into account the interrelations among
the spectral reflectance values of individual properties
across the vis-NIR spectral domain.

FIGURE 6 - Observed vs predicted soil OC, for soils from all the
three investigated areas.

4 CONCLUSIONS

FIGURE 5 - Behaviour of training (7 a) and validation (7 b) MSE
growing the number of epochs.
TABLE 4 - R2 behaviour on the ten trials of the Ten Fold Cross
Validation methodology we adopt.
Experiment
I
II
III
IV
V
VI
VII
VIII
IX
X

R2
0.91
0.906
0.891
0.908
0.866
0.862
0.866
0.904
0.894
0.865

Figure 6 shows the relationships between observed
and predicted soils data, using the whole data set.
The very good to excellent BPNN predictions of OC
are, in general, in good agreement with the moderate to
relatively large correlations of OC with visible reflectance.

The present work demonstrated the potential of soil
vis–NIR spectroscopy and BPNN for the analysis and
prediction of soil OC contents in three different agricultural
systems of Campania region, southern Italy. The investigated soil property correlates with spectral reflectance.
Namely, organic carbon correlates negatively with reflectance, particularly in the visible range. Preliminary results,
confirmed by a ten fold cross validation methodology, suggest that the approach is effective and robust.
The investigated soils from the Tusciano are characterised by moderate amounts of organic matter. Soils from
Fortore have a small to moderate amounts of organic matter. Soils from Volturno have a large amount of organic
matter2. By using vis-NIR spectroscopy and BPNN, Organic carbon is well predicted, using just few samples, in each
of the three investigated areas. In this sense the performance of the prediction model should be then considered
quite independent from the geographical origin of the
investigated area (then from the soil units that characterise
each of these areas).
More extensive work is obviously needed in order to
validate/sharpen these results; however it is reasonable to
assume that, through the use of a larger data set, the pre2

	
  Organic matter (= OC x 1.274).	
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diction model can be advantageously used in support to
soil survey in other areas of the Campania region [53].
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ABSTRACT
The removal ability of Fe(II) and Mn(II) by Eichhornia crassipes was investigated in this work. In an
artificial batch condition, the removal efficiency of Fe(II)
and Mn(II) reached 97% and 83%, respectively. The adsorption equilibrium of Mn(II) occurred before Fe(II) and
more Fe(II) was taken up in mixed metal solution. The
interrelationship between Fe(II) and Mn(II) revealed that
both of them were essential elements for plants. Based on
enrichment factor and translocation factor of E. crassipes,
it was not only found that the metal ions were mainly
adsorbed in the shoots but also further confirmed that E.
crassipes had a higher affinity towards Fe(II). It could be
concluded that E. Crassipes would be an ideal hydrophyte
for removing Fe(II) and Mn(II) from aqueous solution.

ergy. Phytoremediation was widely used for the treatment
of metal polluted water, which has been concerned because
of its high efficiency, low cost, without secondary pollution
and ornamental value [11, 12]. As a fast growing, freefloating and perennial aquatic plant, E. crassipes was well
known for its high tolerance and enrichment of heavy
metals [6, 13, 14]. It could be a biosorbent for removing
Fe(II) and Mn(II) from contaminated water [13] or synthetic water [15]. The kinetics of removal of Fe(II) and
Mn(II) and their distribution in different tissues of plants
were worth looking into.
In the present study, the objective was to evaluate the
potential of E. crassipes as a phytoremediation plant in the
treatment of aqueous solution containing Fe(II) and Mn(II).
The removal efficiency, accumulation capacity, interrelationship between Fe(II) and Mn(II) during adsorption process and enrichment factor and translocation factor of
E. crassipes were systematically investigated.

KEYWORDS: biological adsorption, Eichhornia crassipes, metal
decontamination, phytoremediation

2 MATERIALS AND METHODS
1 INTRODUCTION

2.1 Plant collection

As two of the most abundant transition metals in the
earth crust, iron(Fe) and manganese(Mn) are usually coexisting in the groundwater and wastewater as divalent ions.
Excessive supply of Fe(II) and Mn(II) in soil and water will
lead to their accumulation in plants and animals [1, 2], and
do harm to human through biologic chains. Some undesirable diseases such as heart disease [3], diabetes mellitus
[4], manganese psychosis [5], manganese pneumonia [6]
were occurred in contaminated areas of Fe(II) and Mn(II).
These two divalent ions were easy to be oxidated [7], which
would generate fulvous compounds and thus pollute the
water system. Therefore, the removal of Fe(II) and Mn(II)
would be an important step before the utilization of the
groundwater for drinking or landscaping.
Several ways for the removal of iron and manganese
from groundwater, such as precipitation[8], electrocoagulation [6], biofiltration [9], immobilization [10] were reported. Whereas, these commonly used methods might cause
secondary pollution, and need a high consumption of en* Corresponding author

E. crassipes was collected from Xiyuan River located
at Minhou County (Fuzhou, China), and then washed with
tap water to eliminate sediments, adsorbed metals and other
contaminants in roots. E. crassipes was cultivated 48 h in
plastic basin (Φ 58 cm×H 18 cm) so that they would acclimate the indoor surrounding. The pre-cultured plants were
chosen based on similar weight for batch experiments in
small plastic basin (Φ 38 cm×H 13.5 cm) with 4 L metal
solution containing Fe(II), Mn(II) and Fe(II)+Mn(II),
respectively.
2.2 Preparation of metal ions solution and batch experiments

The source of ferrous iron was ammonium ferrous
sulfate hexahydrate [(NH4)2Fe(SO4)2⋅ 6H2O] which was
obtained from No. 4 Shanghai Chemical Reagent Factory (Shanghai, China), manganesesulfate monohydrate
(Mn2SO 4⋅ H 2O) was obtained from Guangdong Xilong
Chemical Plant(Guangdong, China). All the chemicals used
were analytical reagent grade salts.
The concentration of Fe(II) and Mn(II) in removal efficiency experiment was adjusted to around 12 mg/L and
20 mg/L respectively to simulate the values of Fe(II) and
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Mn(II) in groundwater which are seriously excessive according to the international standard(See Table 1). Other
solutions were prepared on the basis of the results of removal efficiency experiment. 50 mg/L Fe(II) (twice) and
40 mg/L Mn(II) (triple) were added to each basin by stages
in accumulation capacity experiment till adsorption equilibrium. Simultaneously, the experiment of interrelationship between Fe(II) and Mn(II) during adsorption process
was carried out along with the accumulation capacity experiment. In these experiments, 20 mg/L Mn(II) was added to
Fe(II) groups by the 10th day and 24 mg/L Fe(II) was
added to Mn(II) groups when the concentration of Mn(II)
was approximately 9 mg/L. And, the initial concentration of
Fe(II) and Mn(II) was prepared as 90 mg/L and 50 mg/L,
respectively.
All the above experiments were operated in triplicate
including the control groups without plants. Batch experiments with various conditions are briefly described as
follows: temperature was 25 0C; pH was adjusted to 6.5
using 1 M HCl or 1 M NaOH; solution volume was 4 L
and six plants were added to each basin. For each plant,
its quantity was about 170.84±17.10 g(wet weight, the
same below), and the initial weight of six plants in each
basin was about 1 Kg.
TABLE 1 - Water quality standard of Fe(II) and Mn(II) and their
values in groundwater.(mg/L)
Items

Concentration of Fe(II) and Mn(II)
Fe(II)
Mn(II)
WHO#
≤1.5
≤1.0
Sample*
11.17
22.25
Note #: the guidelines for drinking-water quality(4ed) of World Health
Organization; *: the concentrations of Fe(II) and Mn(II) in groundwater
sample.

The percentage of metal removed by E. crassipes was
calculated as equation(1):
Removal efficiency=

Accumulation capacity=

m
M

Cp

(4)

where m(mg) is the content of metal in plants and M is
the biomass dry weight of plants(g); Cp is the metal content
in plants(mg/g) and Cw is the initial metal content in water
(mg/L); Co is the total metal content in stems and leaves
(mg/g) and Cu is the metal content in roots of plants (mg/g).
The values were expressed as the mean ± SD.
3 RESULTS AND DISCUSSION
3.1 Removal efficiency

To determine the removal efficiency of Fe(II) and
Mn(II), batch experiments with synthetic aqueous solution

TABLE 2 - Operating parameters of FAAS
Lamp current/mA
10.0
5.0

Wavelength/nm
248.3
279.6

(2)
(3)

Cw
C
Translocation factor= o
Cu

2.3 Sampling procedure and analytical methods

Element
Fe
Mn

(1)

where Ci is the initial metal concentration and Ct is
the metal concentration at any time. The values were
expressed as the mean ± SD.
To determine the accumulation trend of metal ions in
different tissues of plant, the plants were separated into
root, stem and leaf. Firstly, samples were killed out 10
min in an oven at 105
and then, dried till balance
weight at 70 . After that, all samples were ground and
sieved through 1.5 mm sieve. 100 milligrams of dried
weight power of each tissue was digested with 10 mL
HClO4 and HNO3(68%) mixture(1:3) [13] at about 75
for 30 min, and 2 mL H2O2 was added to facilitate dissolution totally. The resulting colourless solution was transferred to the volumetric ﬂask (100 mL) and diluted to the
mark before filtration. All the reagents used were of analytical grade and all the reaction containers were covered
with a diluting HCl(VolumeHCl:VolumeWater=1:10) for 24
h. The diluted samples were analysed for determining the
distribution of Fe(II) and Mn(II) using Flame Atomic
Absorption Spectroscopy(Varian AA240, Agilent Technologies Inc., USA). The operating parameters of FAAS
are given in Table 2. And, the accumulation capacity,
enrichment factor(EF) and translocation factor(TF) were
calculated as equations (2)~(4).

Enrichment factor=

Water sampling in removal efficiency experiment
was carried out every half an hour in the initial stage and
every 24 h in the later period. Similarly, the water samples in accumulation capacity experiment were collected
by the hour in the early stage and by the day in the later
period. The same as the later period of accumulation
capacity experiment, water sampling in the experiment of
interrelationship between Fe(II) and Mn(II) was operated
on a daily basis. In addition, plant sampling was operated
every two days.
Before being measured, the water samples in different
groups were centrifuged by 3500 g/min for 5 min, then,
the supernatant liquid was collected. The 1,10-ortho phenanthroline spectrophotometry (OPS) and formaldehyde
oxime spectrophotometry (FOS) were used to determine the
residual concentration of Fe(II) and Mn(II), respectively.

Ci - Ct
×100%
Ci

Slit/µm
0.2
0.4

1244

Fuel pressure/(kg/cm2)
0.30
0.30

Oxidant pressure/(kg/cm2)
9.5
9.5
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containing 11.17 mg/L Fe(II) and 22.25 mg/L Mn(II) were
conducted. As shown in Figure 1, the removal efficiency of
Fe(II) increased dramatically and reached nearly 100%
within 4.5 h. The Mn(II) removal efficiency was, however,
not as effective as that of Fe(II), but it reached 83.32% as
well. This is possibly due to the fact that the oxidation of
Fe(II) is much easier than that of Mn(II) [7, 16]. It may also
be explained through the higher affinity of E. crassipes
towards iron, compared with manganese. In the previous
studies, for example, it has been reported that the iron and
manganese contents were 3420±824 µg/g and 270±25 µg/g
in E. crassipes, respectively [17]. Another study observed a
higher accumulation capacity which reached 108.24 mg/kg
as Fe(II) and 85.49 mg/kg as Mn(II)[18]. Besides, the control group with Fe(II) occurred to plain sedimentation, which
might be owing to the oxidation of ferrous iron to ferric by
dissolved oxygen and the consequent formation of less
soluble iron hydroxide particles[19].

94.03±3.31% in single system within 4.5 h but just
88.84±3.15% in binary system. An ANOVA test demonstrated a statistically extremely signiﬁcant difference
between single system and binary system (P 0.01 and P
0.001) before 4.5 h. Nevertheless, there is no significant
difference between them after 4.5 h. Similarly, the maximum
D-value of removal efficiency between single system and
binary system of Mn(II) reached 33.36±2.35%, which was
different from the Fe(II) group. It was clear from the statistical results that there were extremely signiﬁcant differences (P 0.001) between single system and binary system
except the groups in 1 h. Therefore, the speculation may
be reasonable that it is a competitive adsorption relationship between Fe(II) and Mn(II) when they were adsorbed
by E. crassipes simultaneously. The probable reason is still
just as mentioned above, that is, though it’s effective for
adsorbing Fe(II) and Mn(II), Fe(II) is preferentially adsorbed by E. crassipes.
3.2 Accumulation capacity

The accumulation capacity of E. crassipes on Fe(II) and
Mn(II) was studied, the results were plotted in Figure 2.
Figure 2(a) illustrates that the concentration of Fe(II) decreased sharply even though it had a high initial concentration, it finally came to the equilibrium by the 16th day.
The same phenomenon also appeared in Mn(II) groups.
According to the existing literature, it is pointed out that
the reducing ferric is located in certain enzyme in the root
of plants[20], and the uptake and translocation of Fe(II)
under physiological conditions depend on some particular
processes such as chelation or reduction because ferric iron
has a very low solubility [16, 21]. Consequently, a conclusion can be drawn that Fe(II) is firstly adsorbed in roots,
when most of them are translocated to stems and leaves,
they are mainly restored in the plasmalemma of the cortex
or epidermis cells in stable form, which is the most important reason for rapid adsorption of Fe(II).
Nevertheless, the biochemistry of manganese in all oxidation states [mainly as Mn(II) and Mn(III)] is dominated
by transfer to selected compartments and by its association
with N/O donor systems[22]. Otherwise, conversion of
Mn(II) into MnO2 requires more oxidizing power than the
conversion of Fe(II) into Fe(OH)3[23] so that manganese
exists primarily as divalent ion in equilibrium with unstable organic acid complexes in xylem sap [24]. It can move
freely in the transpiration stream and, when supplied in
adequate amounts, accumulates in roots, stems, and leaves
in a pattern described as phloem immobile, but phloem
sap appears unable to supply roots with adequate manganese[21, 24], which is the probable reason for resulting in
the phenomenon shown in Figure 2(b).

FIGURE 1 - Removal efficiency of: (a) Fe(II) and (b) Mn(II)

However, the removal rates of both Fe(II) and Mn(II)
were lower than that of the independent groups when two
solutions were mixed together. As shown in Figure 1, either in the Fe(II) group(a) or the Mn(II) group(b), it is obvious that the removal efficiency of Fe(II) has reached

Another phenomenon we found was that the concentration of Fe(II) and Mn(II) increased slightly in the later
period. Compared with the control groups without metals
addition, plants in both groups containing Fe(II) and Mn(II)
were in a bad condition in the later period - the leaves
turned yellow, the roots became rotten. It is reported that
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only good Fe(II) and Mn(II) concentration promote growth
and physiological metabolisms of phytoplankton and aquatic
[25, 26]. Fe(II) and Mn(II) stress can inhibit photosystem II
(PS II) photochemistry, causing plants necrosis or death
and colonies disintegration as well as roots abscission [16,
26]. The results obtained in this study may be illustrated
by the same points. Whereas, studies on effects of Fe(II)
and Mn(II) limitation or their deficiency on aquatic plants
are not fully understood.
As the reasons stated above, a certain amount of Fe(II)
and Mn(II) will be released into water again when E. crassipes withered. According to Figure 2(b), it is apparent that
the accumulation capacity of Mn(II) is considerable but a
little lower than that of Fe(II) group(See in Table 3). The
results are different from the published literature, which
showed that iron and manganese were 290.13±14.46 µg/g
and 364.40±26.55 µg/g in root, 636.17±29.10 µg/g and
681.88±34.05 µg/g in shoot, respectively [13]. Undoubtedly,
E. crassipes is an ideal hydrophyte for removing Fe(II) and
Mn(II).
3.3 Interrelationship between Fe(II) and Mn(II) during adsorption process

When the results were presented in Figure 3, the interrelationship between Fe(II) and Mn(II) during adsorption process was plotted. As shown in Figure 3(a), the
removal trend of Fe(II) in control group was similar to the

saturation curve shown in Figure 2(a), but the concentration of Fe(II) in treated group decreased slowly owing to
the addition of Mn(II), compared with the former. It’s
very interesting that slight increase in treated groups also
appeared in later stage as other groups (Figure 2). And,
the concentration of Mn(II) in treated group just deceased
by 5.17 mg/L (from 20.07 mg/L to 14.90 mg/L). From
the comparison of the uptake capacity for control group
with treated group, it’s obvious that the total concentrations of Fe(II) and Mn(II) were very close that the D-value
was 18.75 mg/L(from 24.38 mg/L to 5.63 mg/L) in control
group and 18.73 mg/L(from 23.47 mg/L to 9.91 mg/L) in
treated group. It’s clear that interaction between Fe(II)
and Mn(II) was doubtless during the adsorption process,
which had been demonstrated in 1942 [27]. The conclusion was given as follow: the biological effectiveness of
one metal for plants was determined by the proportionate
presence of the others. In this test, the D-value ratio (2.62)
of Fe(II) to Mn(II) was similar to the theoretical value
(2.5) in plants [28].
Regarding the effect of Fe(II) addition on Mn(II) adsorption, Figure 3(b) shows the result. As a result of the
preference of E. crassipes on Fe(II) discussed above, it’s
more complex for Mn(II) adsorption affected by Fe(II).
Firstly, the concentration of Mn(II) in control group decreased slightly until the 4th day(12th day in the whole
process), then it began to increase until 12.05 mg/L; More-

FIGURE 2 - Accumulation capacity of: (a) Fe(II) and (b) Mn(II).

TABLE 3 - Total dry weight of E. crassipes and metal contents in plants.(n=3)
Groups
Fe(II)

Total dry weight(g, six plants)
69.39±3.53

Mn(II)

72.15±3.17

Removal content(mg)
371.92
363.44#
281.08

Adsorbance(mg/g)
5.37±0.27
5.25±0.26#
3.90±0.17

Note#: During the experiments, a control group without plants was operated to estimate the natural oxidizing amount of Fe(II) and Mn(II). The results
showed that Fe(II) settled out partly owing to the natural oxidation by 2.28%. But Mn(II) was stable without any settling out. The natural oxidation
rate means the ratio of the varied concentration to the initial one. So, the corrected value can be calculated from the total removal content by subtracting the content of the natural oxidation.
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FIGURE 3 - Interrelationship between Fe(II) and Mn(II) during adsorption process:(a) effect of Mn(II) addition on Fe(II) adsorption and (b)
effect of Fe(II) addition on Mn(II) adsorption.

over, the concentration of Mn(II) in treated group increased sharply as soon as Fe(II) was added; On the contrary, the concentration of additive Fe(II) decreased continuously to 2.20 mg/L by 9th day(17th in the whole process); Though the ratio (2.38) of Fe(II) to Mn(II) was also
in accord with the theoretical value, the D-value of Mn(II)
in control group was unequal to the total D-value of
Mn(II) and Fe(II) in treated group.
To understand the regulatory mechanisms discussed
above, some interpretations should be elaborated as follows:(i) Fe(II) and Mn(II) are essential for plants’ growth,
but it needs more Fe(II) than Mn(II)[27]; (ii) Fe(II) are
immediately available for adsorption by roots whereas it
is difficult to release from the adsorption medium because
of the strong reducing power [22, 23]; and (iii) In case of
deficiency of Fe(II), the plants will regulate the metal
proportion to an adequate ratio[21], for example, leading
to the release of Mn(II) when Fe(II) is added timely. All
the above interpretations are confirmed by the ratio of
Fe(II) to Mn(II) as mentioned above. Tiffin [29] had studied the translocation of many metals in tomato which
showed that Mn was less drastic in its effect on Fe uptake
than Co and Zn. The similar result was observed in this
paper, differently, we also found that Fe(II) had a strong
effect on Mn(II) uptake(Figure 3(a)&(b)).
3.4 Enrichment factor and translocation factor of E. crassipes

To ensure the absorbability of E. crassipes, it is necessary to project the test about the metal distribution in different tissues. Generally, enrichment factor(EF) and translocation factor (TF), two important indicators for absorbability, are often used to make it. Table 4 lists the contents
about Fe and Mn in different tissues of E. crassipes and
metal contents in water. It is observed that there is more
content of Fe in plants than Mn, and both of them mainly
exist in stems because of their spongy, bulky structure.

TABLE 4 - Metal contents in water and in different tissues.(n=3)
Metals
Fe
Mn

Water
(mg/L)
106.14±3.73
157.44±4.92

Plant tissues(mg/g)
Root
Stem
Leave
1.67±0.069 2.06±0.096 1.38±0.11
1.30±0.069 1.40±0.047 0.97±0.060

Figure 4 is the plot of the distribution percentage of Fe
and Mn in the root, stem and leaf. The translocation capacity of metals from root to stem and leaf is also given in the
figure. Similar results were obtained in experiment groups,
and the total contents in 15th day were 5.11±0.34 mg/g as
Fe and 3.67±0.22 mg/g as Mn, respectively, which approximated to the equilibrium values shown in Table 3
and accorded with the results illustrated in Figure 2. Figure 4 also demonstrates that the translocation of the metal
ions into the shoot is higher than that into the root which
implies that the plant has a higher capacity to adsorb the
metals in shoots than other tissues. These results are in
close proximity to the existing report[13].
High enrichment factor is another important feature
to assess the adsorption capacity of plants. It is always regarded as a good phytoremediator if the value of EF is
above 1.0 [30, 31]. However, EF depends on both of the
biomass of plant and the contents of metal ions in water
or soil. Thus, it must be connected with the ratio about the
adsorption content in plants to their relative biomass. In
addition, the results of phytoextraction of metal ions depend on some other factors such as climatic conditions,
metal availability for uptake into roots, the interaction
among the plants, temperature, etc. [13]. In this study, all
values of EF were above 1.0 and the lowest was 6 (Figure 5).
In both of Fe and Mn groups, the enrichment capacity of
different tissues was in the following order: stem root
leaf, which was equal to the results of translocation factor.
The high EF indicated the plant’s ability to intercept, adsorb and accumulate metals in both of its root and shoot, it
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can be concluded that E. crassipes has a good effect on
removing Fe(II) and Mn(II) from aqueous solution.

utilized for restoring the metal-contaminated water which
is rich in Fe(II) and Mn(II). In the future work, the authors will set about to treat the artificial landscape lake
that has been studied as contaminated with plenty Fe(II)
and Mn(II).
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FIGURE 4 - Percentage of metals in different tissues and translocation factors of them from the root to the stem and leave.

FIGURE 5 - Enrichment factors of metals from water to different
tissues of E. crassipes.

4 CONCLUSIONS
This study showed that E. crassipes had a good effect on removing Fe(II) and Mn(II), however, the removal
efficiency was extremely different among various groups.
According to accumulation capacity test, it was found that
the adsorbance of Fe(II) and Mn(II) by E. crassipes could
reach 5.25±0.26 mg/g and 3.90±0.17 mg/g, respectively.
The interrelationship between Fe(II) and Mn(II) during
adsorption process showed that there was a constant ratio
between them in plants and the requirement of Fe(II) was
more than Mn(II). The outcomes also showed that both of
Fe(II) and Mn(II) were mainly adsorbed in stems and
leaves, where Fe(II) and Mn(II) were close to 67% and
65% respectively. TF and EF came to a conclusion that E.
crassipes had a good enrichment capacity and translocation capacity as phytoremediator on removing iron and
manganese from aqueous solution. Thus, it could be widely
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NEW HYBRID NiS2/TiO2-GRAPHENE PHOTOCATALYST:
SYNTHESIS, CHARACTERIZATION, OPTICAL PROPERTIES
AND CATALYTIC APPLICATIONS
Ze-Da Meng, Lei Zhu, Trisha Ghosh, Kefayat Ullah, Shu Ye, Qian Sun and Won-Chun Oh*
Department of Advanced Materials Science & Engineering, Hanseo University, Chungnam 356-706, Korea

ABSTRACT
This paper introduces a two-step method for the synthesis of hybrid NiS2/TiO2-graphene nano-composites,
which exhibited superior properties like photoactivity over
single material. The as-prepared composites were characterized by XRD, UV-VIS absorbance spectra, SEM, TEM,
EDX, and BET analysis, revealing the uniform covering of
the graphene nanosheet with NiS2 and TiO2 nanocrystals.
Hence, in the photodegradation of methylene blue, a significant enhancement in the reaction rate was observed
with NiS2/TiO2-graphene composites, compared to the pure
TiO2 and NiS2-TiO2. The high activity can be attributed to
the synergetic effects of high charge mobility, and red
shift in absorption edge of NiS2/TiO2-graphene.

KEYWORDS: Nickel disulfide, titanium dioxide, visible light photocatalytic activity, charge transfer

1 INTRODUCTION
TiO2 is a widely used photocatalyst due to its good
photocatalytic activity, high chemical stability, inexpensiveness, high oxidation capability, and non-toxicity [1].
Modifying TiO2 photocatalysts to enhance light absorption and photocatalytic activity under visible light irradiation becomes the main research direction in recent years.
To improve the response of TiO2 to visible light, transition metal [2] or non-metal atom [3] doped TiO2, or metal
complex [4] sensitized TiO2 have been developed. An
alternative approach for achieving this objective is coupling of TiO2 by using a narrow band gap semiconductor
with a higher conduction band (CB) than that of TiO2. In
this sensitized TiO2, charge injection from the CB of the
narrowband gap semiconductor to that of TiO2 can lead to
efficient and longer charge separation by minimizing the
electron–hole recombination. Transition metal sulfides are
widely used in the preparation of doped photocatalysts.

Several methods have been reported on the photosensitization of TiO2 by MxSy nanoparticles for heterogeneous photocatalysis [5] including CdS [6, 7] Bi2S3 [7], and ZnS [8] In
this context, the 3D transition metal disulfides have drawn
considerable attention because of their technological importance as catalysts, lubricants, for battery fabrication, cathode materials for high-energy density batteries, etc [9, 10].
NiS2 has a band gap (0.37 eV) [11], smaller than TiO2 (3.2
eV), making it possible to be used as a photosensitizer for
TiO2, by injecting the conduction band electron from NiS2 to
TiO2.
Graphene, a flat monolayer of hexagonally arrayed sp2bonded carbon atoms tightly packed into a two-dimensional
(2D) honeycomb lattice, has been the major focus of recent
research due to its outstanding mechanical, electrical, thermal, and optical properties since its first discovery in 2004
[12, 13], leading to potential applications in many different
areas. Graphene-based composite materials have attracted
much attention as recent studies have shown their usefulness in electronics, photocatalysis and photovoltaic devices
[14-16]. Graphene is able to enhance charge transport in a
multitude of devices owing to its unique structure: an
abundance of delocalized electrons within its conjugated sp2bonded graphitic carbon network enables graphene to have
an excellent conductivity. To date, various metals-RGO and
metal oxide-RGO nanocomposites including palladium,
silver, gold, TiO2, and CdSe particles have been reported
[17-21]. However, there is no report on the synthesis and
utilization of NiS2/TiO2-graphene photocatalyst systems for
environmental purification under visible light irradiation.
Our work aims to synthesize a composite photocatalyst with higher visible light photocatalytic activity and a
wider spectrum responsive range than pure TiO2. In this
study, we combined sol-gel method with sonochemical route
as a two-step way to synthesis of NiS2/TiO2-graphene nanocomposite photocatalyst. The influence of NiS2 and graphene
on the structural behavior of the TiO2 samples was studied
by SEM, EDX, XRD, BET, TEM, and UV-VIS DRS. The
photocatalytic degradation of methylene blue (MB) under
visible light irradiation was investigated over as-synthesized
samples. The reasons for improving the photocatalytic
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activity of NiS 2 /TiO 2 -graphene composites were also
discussed.
2 MATERIALS AND METHODS
2.1 Materials and reagents

Ethanol was purchased from Daejung Chemical Co.
(Korea) and used as received. Titanium (IV) n-butoxide
(TNB, C16H 36O 4Ti) as a titanium source for the preparation of TiO2 and graphene/TiO2 composites was purchased
from Kanto Chemical Company (TOKYO, Japan). Nickel
chloride
(NiCl2)
and
sodium
sulfide·5-hydrate
(Na2S·5H2O) were used for the preparation of NiS2 and
supplied by Duksan Pure Chemical Co., Ltd, Korea and
Yakuri Pure Chemicals Co., Ltd, Japan, respectively.
Methylene blue (MB, C16H18N3S·Cl, 99.99%) was used as
model pollutant and purchased from Duksan Pure Chemical Co., Ltd, Korea. All chemicals were used without further purification, and all experiments were carried out using
distilled water.
2.2 Synthesis of NiS2/TiO2-graphene composite

The direct growth of the TiO2 precursors on graphene
nanosheet and absorption on them were achieved by a
two-step method [22]. Graphite oxide (GO) was prepared
from graphite according to the Hummers-Oﬀeman method
in our early reports [23, 24]. In a typical synthesis procedure, about 300 mg GO was dispersed in 350 ml distilled
water, and then exfoliated to generate graphene oxide
nanosheets (GONS) by ultrasonication for 1 h using a digital sonifier [25]. TiO2 precursors were prepared with the
molar ratios of ethanol/H2O/TNB = 35/15/4, and then, it
was added to the above solution and stirred for 6 h at 353 K.
The final products were filtered and washed repeatedly with
distilled water and ethanol, and then vacuum-dried at 373 K.
Then, the dried catalyst was ground in a ball mill and
calcined at 773 K for 3 h to get a graphene-TiO2 composite.
The NiS2/TiO2-graphene nanocomposite was prepared
via a precipitation process using NiCl2 and Na2S·5H2O as
precursors. NiCl2 and defined amount of as-prepared
graphene-TiO2 powder were dissolved in 100 ml distilled
water, then 0.003 mol Na2S·5H2O was drop-wise added
into above solution with constant stirring for 6 h at 343K.
For puriﬁcation, the mixture was rinsed and centrifugated
with ethanol and distilled water for several times. After
ﬁltration and drying under vacuum at 373 K, a NiS2/TiO2graphene composite was obtained. The preparation conditions and nomenclatures are listed in Table 1.
TABLE 1 - Nomenclature of the samples prepared with the photocatalysts.
Preparation method
Graphene oxide via Hummers-Oﬀeman method

Nomenclatures
GO

Ethanol: H2O: TNB + Ultrasonic treatment
GO + Ethanol: H2O: TNB + Ultrasonic + Heat
treatments
NiCl2+ Na2S·5H2O+GR-TiO2+ Ultrasonic
treatment

Nanoscale TiO2
GR-TiO2
NiS2/TiO2-GR

2.3 Characterization of photocatalysts

Crystallographic structure of the composite photocatalysts were obtained by XRD (Shimatz XD-D1, Japan) at
room temperature with Cu Kα radiation (λ = 0.154056 nm)
and a graphite monochromator, operated at 40 kv and
30 mA. UV-VIS absorbance spectra were measured between 300 and 800 nm (UV-VIS spectrophotometer Neosys-2000). The morphologies of the photocatalysts were
analyzed by SEM (JSM-5200 JOEL, Japan) at 3.0 keV,
equipped with an energy dispersive analysis system of Xray analysis (EDX). Transmission electron microscope
(TEM, JEOL, JEM-2010, Japan); an accelerating voltage of
200 kV was used to examine the size and distribution of the
photocatalysts. The BET surface areas of the photocatalysts
were determined through nitrogen adsorption at 77 K using
a BET analyzer (Monosorb, USA). All the samples were
degassed at 623 K before measurement. The UV-VIS spectra for MB solution degraded by as-prepared composite
photocatalysts under visible light irradiation were recorded
using a UV-VIS (Optizen Pop Mecasys Co., Ltd., Korea)
spectrometer.
2.4 Photocatalytic experiments

Photocatalytic activity of the as-prepared composite
photocatalysts was evaluated by the degradation of MB
solution under irradiation of visible light (8 W, λ = 420 nm).
In an ordinary photocatalytic test performed at room
temperature, 0.03 g of composite photocatalyst was added
to 50 ml of 3.0×10-5 mol/L MB solution, which was hereafter considered as initial concentration (c0). Before turning on the visible lamp, the solution was mixed with
composite by magnetic stirring for 30 min in the dark,
allowing the adsorption/desorption equilibrium to be
reached. Then, the solution was irradiated with a visible
lamp. The first sample was taken out at the end of the
dark adsorption period (just before the light was turned
on), in order to determine the MB concentration in solution after dark adsorption, which was then considered as
the initial concentration. Samples were then withdrawn
regularly from the reactor by an order of 30, 60, 90 and
120 min. The clean transparent solution was spectrophotometrically analyzed (Optizen POP) at 250-800 nm.
3 RESULTS AND DISCUSSION
3.1 Characterizations of photocatalysts

Figure 1 shows the X-ray diffraction patterns of the asprepared pure TiO2, NiS2/TiO2 and NiS2/TiO2-GR composite photocatalysts. For these three samples, (101), (004),
(200), (105), (211), and (204) crystal planes are originating
from the anatase TiO2 phase (JCPDS file, No. 21-1272),
while all the peaks can be indexed as a simple cubic lattice
with the cell constant a = 5.678 Å, which is consistent with
the reported data for NiS2 (JCPDS Card File No. 11-0099)
[26]. No reflection peaks of impurities were observed,
indicating the high purity of the products. However, no
signal for any other phases about GO (001) or graphene
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(002) can be detected in NiS2/TiO2-GR composite. According to Ref. [15], GO can be reduced to graphene during the
solvothermal reaction and the synthesized graphene sheets
can restack to form poorly ordered graphite along the
stacking direction. Earlier studies have shown that if the
regular stack of GO or graphite is broken, for example, by
exfoliation, their diffraction peaks may also become weak
or even disappear [27].
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activity of NiS2/TiO2-GR composites at high wavelength
could present excellent photocatalytic activities under
visible light irradiation.
The morphologies of prepared NiS2/TiO2 and NiS2/
TiO2-GR composites are shown in Fig. 3. From Fig. 3a, it is
clear that the prepared NiS2/TiO2 composite shows a favorable morphology but a little tendency to agglomerate. The
agglomeration may occur because when the crystal particle
size is very small, they can easily agglomerate due to weak
surface forces. Fig. 3b is a typical SEM image of the prepared NiS2/TiO2-GR composite, showing a favorable morphology. The as-prepared NiS2/TiO2-GR composites exhibit the well-known properties of surface nanostructures,
suggesting that the NiS2 and TiO2 particles were welldispersed on a single-layered graphene nanosheet. The deposition of NiS2 and TiO2 particles on graphene nanosheet
surface and particle size can also be well observed by
TEM analysis (Fig. 4). As shown in Fig. 4, the composite
exhibits uniform size distribution and the TiO2 particles
are cubic-shaped with the average size of 10-15 nm. The
black dots with cubic phase in NiS2/TiO2-GR matrix should
be attributed to the accumulation and the high electron
density of NiS2 nanoparticles with a range from 20 nm
to 50 nm.

FIGURE 1 - XRD analysis of pure TiO2, NiS2/TiO2 and NiS2/TiO2GR composite photocatalysts.
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FIGURE 2 - UV-VIS adsorption spectra of pure TiO2, NiS2/TiO2
and NiS2/TiO2-GR composite photocatalysts.

In order to check the visible photo-response of the
pure TiO2, NiS2/TiO2 and NiS2/TiO2-GR composites, UVVIS absorption spectra are presented in Fig. 2. As expected, the spectrum obtained from the pure TiO2 and
NiS2/TiO2 composites shows that TiO2 absorbs mainly the
ultraviolet light with absorption wavelength below 400 nm.
Compared with pure TiO2, a shift of the intense absorbance
edge of NiS2/TiO2 photocatalyst towards the visible light
region was observed, and the absorption edge was at
approximately 738 nm. The absorbance spectra of
NiS2/TiO2-GR composite as-formed show intense absorption, and had a red-shift absorption onset compared with
both TiO2 and NiS2/TiO2. Therefore, the photocatalytic
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(b)

FIGURE 3 - SEM images of as-prepared composites: (a) NiS2/TiO2,
(b) NiS2/TiO2-GR.

(a)

(b)

FIGURE 4 - TEM micrographs of as-prepared composites: (a) NiS2/TiO2, (b) NiS2/TiO2-GR.

(a)

(b)

(c)
FIGURE 5 - EDX analysis of as-prepared composites: (a) TiO2, (b) NiS2/TiO2, and (c) NiS2/TiO2-GR.
TABLE 2 - EDX elemental microanalysis, BET surface areas and visible light photo-degradation rate (kapp) constants of photocatalysts.
Sample name
TiO2
NiS2/TiO2

C (%)
_
_

O (%)
45.22
52.12

Ti (%)
54.78
33.57

Ni (%)
_
9.47
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S (%)
_
4.84

BET (m2/g)
18.95
28.62

kapp (min-1)
1.91×10-4
6.2×10-4

35.05
27.08

_
10.92

3.6. Visible-light photodegradation of methylene blue

Figure 6 shows the photocatalytic activity of pure
TiO2, NiS2/TiO2, GR-TiO2 and NiS2/TiO2-GR composite
photocatalysts evaluated by the decomposition of MB
solution under visible light irradiation for 120 min. As
shown in Fig. 6, the absorbance values decreased with an
increase of visible light irradiation time. The NiS2/TiO2
composite showed a remarkable and fast adsorption capacity of MB solution with regard to pristine TiO2. The adsorption effect of GR-TiO2 was better than that of any other
sample due to the relatively higher surface area. Moreover, it is shown that the absorbance of anatase TiO2 is lower
than that of NiS2/TiO2 composite. The photocatalytic degradation of MB solution with NiS2/TiO2-GR composite was
better than that of any other composite although it has
smaller BET surface area than GR-TiO2. As mentioned
above in surface characteristics, the favorable morphology
could play an important role in shuttling visible light photoinduced electrons generated from NiS2 into the conduction band of TiO2 efficiently[28].
The relative concentration of MB in the aqueous solution is shown in Fig. 7. It indicated that all calculated
values of -ln(C/C 0) are approximately linear with the
irradiation time all through. Therefore, the photocatalytic
degradation processes of MB on these five points obey the
first–order kinetics reaction. Moreover, it was observed
that the presence of NiS2/TiO2 is more effective than that
of pure TiO2 since a high degradation rate is achieved. The
results are displayed in Fig. 7 and also summarized in Table 2. The MB degradation rate constant for NiS2/TiO2GR composites reached 3.76×10-3 min-1 under visible light,

1.21×10-3
3.76×10-3

59.89
48.73

and was much higher than the corresponding values for
pure TiO 2, GR-TiO 2 and NiS2/TiO 2. The above results
suggest that the NiS2/TiO2-GR composites were much more
effective photocatalysts than any other composites. The
excellent photocatalytic activity could be attributed to the
synergetic effects of high charge mobility, and the red
shift in the absorption edge of the NiS2/TiO2 composites.
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spectra are shown in Fig. 5, for pure TiO2, NiS2/TiO2 and
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FIGURE 6 - Degradation of MB solution (3×10-5 mol/L, 50 ml) with
different photocatalysts (0.03 g) under exposure to visible light for
120 min.
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FIGURE 7 - Variations in –ln(C/C0) as a function of irradiation time
and linears of different photocatalysts on the degradation of MB
solution under irradiation of visible light.

In case of nanosized NiS2 and TiO2 nanocrystalline
coupled graphene based photcatalyst system, coupling of
two such semiconductors has a beneficial role in improving charge separation, and extends TiO2 in response to
visible light. Based on reports [29, 30] and our experimental results, we propose a mechanism for the degradation of pollutants on NiS2 coupled TiO2 catalyst under
visible light irradiation as shown in Fig. 8. Under irradiation by visible light, the generated electrons in NiS2 and
holes in TiO2 are then immigrated to the conduction band
(CB) of TiO2 and the valence band (VB) of NiS2, respec-
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tively. This transfer process is a thermodynamically favorable one due to both CB and VB of NiS2 lying above

that of TiO2. Meanwhile, the generated electrons probably
react with dissolved oxygen molecules and produce oxygen

FIGURE 8 - Scheme of the excitation and charge transfer process between NiS2/TiO2 and graphene nanosheest.

oxygen peroxide radical O2•−; the positive charged hole
(h+) may react with the OH- derived from H2O to form
hydroxyl radical OH•. The reactions can be expressed as
follows:
NiS2+ hv →NiS2 (e-) + NiS2 (h+)
(1)
+
TiO2 + hv → TiO2(e ) + TiO2(h )
(2)
Graphene + hv → Graphene(e )
(3)
TiO2(e-) + Graphene → Graphene(e-) + TiO2
(4)
•−
NiS2 (e ) + O2 →NiS2 + O2
(5)
TiO2(e-) + O2 → TiO2 + O2•−
(6)
•−
Graphene(e ) + O2 → Graphene + O2
(7)
+
•
+
NiS2 (h ) + H2O →NiS2 + OH + H
(8)
TiO2(h+) + H2O →TiO2 + OH• + H+
(9)
4 CONCLUSIONS
In this study, we presented the preparation and characterization of NiS2/TiO2-graphene composites via a simple two-steps method. Typical anatase TiO2 structure and
cubic NiS2 structure can be observed in XRD patterns.
From the SEM morphology, for sample NiS2/TiO2-graphene,
the graphene flakes can be easily found out, and they are
decorated with the uniform NiS2 and TiO2 particles. The
NiS2/TiO2-graphene composites show an intense absorption and have a red-shift absorption onset compared with
both TiO 2 and NiS2/TiO 2. According to the photodegradation results, the decrease in the MB concentration
can be ascribed to the two kinds of effects between photocatalytic degradation over the NiS2 modified TiO2, and
energy transfer effects of graphene naonsheet.
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RESPONSE OF CRUCIAN CARP CARASSIUS AURATUS NEWLYHATCHED LARVAE EXPOSED TO MIXTURES OF MICROCYSTIN
AND AMMONIA: GROWTH AND ANTIOXIDANT DEFENSES
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ABSTRACT
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oxidative stress

Cyanobacterial blooms have been increasingly frequent and detrimental, and much of their damage is caused
by derived consequences of these blooms, such as microcystins and ammonia. The released toxins could contact
with a wide range of aquatic organisms, and can be responsible for the toxic effects observed in many organisms. To
assess the responses of growth and oxidative stress to a
combination of ammonia and microcystin in larval fish,
newly-hatched larvae of crucian carp Carassius auratus
(1-day-old, mean body length 4.96 ± 0.036 mm) were
collected, and then exposed to solutions with different
concentrations of ammonia (NH3-N) and microcystin-LR
(MC-LR). Results showed that both ammonia and microcystin significantly reduced growth of crucian carp larvae,
but their inhibitions were independently, i.e. no interactive effect between ammonia and microcystin. No significant differences were detected in catalase (CAT) among
different MC-LR concentrations and among different NH3N concentrations; however, CAT fluctuated significantly
with time. Significant difference was detected in superoxide dismutase (SOD) among different MC-LR concentrations and among different NH3-N concentrations; furthermore, SOD also was time-dependent. Three-way ANOVA
indicated that there was a statistically significant interaction between NH3-N and MC-LR on SOD, and significant
interaction among time, NH3-N, and MC-LR on SOD was
also detected. No significant difference in glutathione (GSH)
was detected among different MC-LR concentrations and
among different NH 3-N concentrations; however, GSH
changed significantly with time, suggesting that GSH was
time-dependent; three-way ANOVA indicated that there
was a statistically significant interaction between NH3-N,
MC-LR, and time on GSH, and the interaction between
NH 3-N and time on GSH was also significant. Above
results indicated that crucian carp larvae may encounter
toxic effects from ammonia and microcystin during the
degradation of Microcystis spp. blooms.
* Corresponding author

1 INTRODUCTION
Toxin-producing Microcystis blooms occur worldwide under certain environmental conditions in eutrophic
lakes, and are a major public health and ecological concern
[1-6]. Surface blooms of Microcystis may accumulate near
the shore where many vertebrates, such as fish, spend
their early life stages [7, 8]. In these areas, the accumulated
heavy Microcystis blooms inevitably collapse, releasing
multiple toxins into the water, such as ammonia and microcystin [9, 10]; toxin concentrations regularly exceed levels
considered to be safe for humans and wildlife [11]. The
released toxins could then contact with aquatic organisms
and be responsible for the toxic effects observed in those
organisms [9, 12-14], especially in fish larvae which have
lower mobility to evade the contaminated areas [15]. Hence,
there is an increasing concern about the possibility that exposure to mixtures of toxins may induce immense unexpected effects. Yet, toxicity studies generally focus on
single ammonia or microcystin [16-22], and the effects of
complex mixtures of ammonia and microcystin as occurring in the field are scarcely studied [8, 9]. Therefore, we
focused on the combined effects of the two main toxins
released from degradation of Microcystis blooms: dissolved
ammonia and dissolved microcystin. We specially focused
on the combined effects on fish larvae, as early life stages
are more sensitive to these toxins than adult fish [23].
The present investigation is a part of a larger study of
effects of secondary pollutants during degradation of
Microcystis blooms on fish larvae and other aquatic organisms [8-10, 12, 24]. In this study, we used larvae of
crucian carp Carassius auratus, a dominant freshwater
species in many lakes and also a model organism [25, 26],
as a test organism to determine the responses of growth and
antioxidant systems to the toxicity of microcystin in combination with ammonia, with an attempt to assess the natural
circumstances during degradation of Microcystis blooms.
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We predict growth and oxidative stress of crucian carp
larvae will be significantly affected by ammonia and microcystin; specifically, we hypothesize that there may be
significant interactions between ammonia and microcystin
on growth and oxidative stress of crucian carp larvae.
2 MATERIALS AND METHODS
Artificially fertilized eggs of crucian carp were obtained
by induced ovulation of a cultured broodstock. Fertilized
eggs were incubated in an aerated tank with fresh water at
25 °C. Newly-hatched larvae (1-day-old, mean body length
4.96 ± 0.036 mm) were collected, and then used in the
experiments.
Ammonia test solutions were prepared by dissolving
ammonium chloride NH4Cl (Sinopharm, Shanghai, China)
in de-chlorinated tap water. NH3-N concentrations were calculated using the general equation reported by Emerson et
al. [27]. Based on the toxin levels in the field during degradation of Microcystis blooms, non-ionized ammonia nitrogen concentrations (NH3-N) and purified microcystin-LR
(MC-LR) concentrations (Express, Beijing, China) were 0,
0.06, 0.176 mg L-1 and 0, 10, and 100 µg L-1, respectively;
there were 9 treatment combinations. Newly-hatched larvae
were randomly selected from rearing tanks and directly
transferred to 150-ml beakers that contained water with
different concentrations of ammonia and microcystin as
described above. These treatments were performed in triplicate, and each beaker contained 100 fish. The experiment
was conducted under a 12-h L/12-h D photoperiod, at 25 °C
and 20 µmol photons m-2 s-1, and dissolved oxygen around

5 mg L-1. To maintain constant ammonia and microcystin
concentrations, test solutions were replaced every 24 h
[7]. The larvae were fed with egg yolk during the 9-day
experiment.
On days 3, 6, and 9, twenty larvae were sampled randomly from each beaker to determine the responses in antioxidant parameters. At the end of the experiment, 5 larvae
in each beaker were collected randomly and their body
lengths were measured. Antioxidant parameters were measured as whole-body homogenates. In the experiments,
CAT, SOD, and GSH were determined using the Diagnostic Reagent Kits purchased from Nanjing Jian Cheng
Bioengineering Institute (China). The methods used to
measure the above antioxidant parameters followed the
procedure outlined by Sun et al. [9].
All data are presented as means ± SE. The data on antioxidant parameters were evaluated by three-way (NH3-N
concentration, MC-LR concentration, and time) analysis
of variance (ANOVA), and the growth data were evaluated by two-way (NH3-N concentration, MC-LR concentration) ANOVA, followed by Holm-Sidak test (α = 0.05).
All statistical analyses were carried out with SigmaPlot
11.0.

3 RESULTS AND DISCUSSION
Based on the body length of the fish larvae at the end
of the experiment, both ammonia and microcystin significantly reduced growth (Table 1, Fig. 1), but their inhibition effects were independently, i.e. no interactive effect

TABLE 1 - Summary of two-way ANOVA on the interaction between ammonia and MC-LR on body length, and three-way ANOVA on the
interactions between time, ammonia, and MC-LR on antioxidant defense of crucian carp larvae.
Parameters
Body length

CAT

SOD

GSH

Source of variation
NH3-N
MC-LR
NH3-N x MC-LR
Time
NH3-N
MC-LR
Time x NH3-N
Time x MC-LR
NH3-N x MC-LR
Time x NH3-N x MC-LR
Time
NH3-N
MC-LR
Time x NH3-N
Time x MC-LR
NH3-N x MC-LR
Time x NH3-N x MC-LR
Time
NH3-N
MC-LR
Time x NH3-N
Time x MC-LR
NH3-N x MC-LR
Time x NH3-N x MC-LR

DF
2
2
4
2
2
2
4
4
4
8
2
2
2
4
4
4
8
2
2
2
4
4
4
8
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SS
1.381
1.317
0.533
1.903
0.373
0.577
0.697
0.497
0.907
2.714
6792.915
158.737
206.993
103.990
78.113
421.361
366.162
378.512
24.560
6.724
172.197
61.475
337.372
261.110

MS
0.691
0.659
0.133
0.952
0.187
0.289
0.174
0.124
0.227
0.339
3396.457
79.368
103.497
25.998
19.528
105.340
45.770
189.256
12.280
3.362
43.049
15.369
84.343
32.639

F
4.412
4.207
0.852
3.627
0.711
1.100
0.664
0.474
0.865
1.293
197.386
4.613
6.015
1.511
1.135
6.122
2.660
21.390
1.388
0.380
4.866
1.737
9.533
3.689

P
0.019
0.023
0.502
0.040
0.500
0.347
0.623
0.754
0.498
0.288
<0.001
0.019
0.007
0.227
0.361
0.001
0.027
<0.001
0.267
0.687
0.004
0.171
<0.001
0.005
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of ammonia and microcystin on growth of crucian carp
larvae (Table 1). Reduced growth due to non-ionized ammonia exposure has been reported in several species, e.g.
turbot Scophthalmus maximus [28], gilthead seabream
Sparus aurata [29], and silver perch Bidyanus bidyanus
[30]; our results were according to above publications.
Tolerance to non-ionized ammonia exposure varies widely
between species, with threshold values for long-term negative effects on fish ranging from 0.02 mg L-1 in rainbow
trout Onchorhynchus mykiss [31] to 0.30 mg L-1 in gilthead
seabream S. aurata [29]. In our experiment, when crucian
carp larvae were exposed to un-ionized ammonia concentration 0.06 mg L-1, the growth was reduced significantly,
indicating that crucian carp is a sensitive species, especially
in larval stage being more sensitive to un-ionized ammonia.
Some studies show that larvae treated with microcystins
exhibited growth inhibitions and organ impairments [16,
32, 33]. In the present experiment, the newly hatched larvae of crucian carp were reared in water with microcystin
for 9 days, and a marked growth inhibition occurred. Zhang
et al. [7] showed that high microcystin concentrations retarded egg development and larval growth, reduced hatching rate, and caused high malformation rate and hepatocytes damage. Above results indicated that microcystin
exposure can exert significant toxic effects on early life
stage of fish [8, 13].

3.5
3.0
2.5

1.5
1.0
.5

5.8

3.0

6.4
6.2

5.6
5.4
5.2
0
10
100
MC-LR concentration (mg L-1)

FIGURE 1 - Changes in body length of crucian carp larvae exposed
to different combinations of ammonia and microcystin. Vertical
lines represent ± SE.

After the fish larvae were exposed to the test solutions, no significant differences (p>0.05) were detected in
CAT among different MC-LR concentrations and among
different NH3-N concentrations (Table 1, Fig. 2); however,
CAT fluctuated significantly with time, suggesting that
CAT changed with larval development (Table 1, Fig. 2).
Significant differences (p <0.05) were also detected in
SOD among different MC-LR concentrations and among

CAT (U mg-1 protein)

6.6

0 mg L-1
0.06 mg L-1
0.176 mg L-1

CAT (U mg-1 protein)

6.0

6.8

0 mg L-1

Day 3
Day 6
Day 9

2.0

2.2
2.0
1.8
1.6
1.4
1.2
1.0
.8
.6
.4

7.0

Body length (cm)

different NH3-N concentrations (Table 1, Fig. 3); furthermore, SOD was also time-dependent. Three-way ANOVA
indicated that there were statistically significant interactions (p <0.05) between NH3-N and MC-LR on SOD, and
among time, NH3-N, and MC-LR on SOD (Table 1, Fig. 3).

CAT (U mg-1 protein)
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0

10

100
0.06 mg L-1

0

10

100
0.176 mg L-1

2.5
2.0
1.5
1.0
.5
0.0
0
10
100
MC-LR concentration (mg L-1)

FIGURE 2 - Changes in CAT of crucian carp larvae exposed to
purified microcystin in combination with ammonia. Vertical lines
represent ± SE.

1260

© by PSP Volume 22 – No 4b. 2013

Fresenius Environmental Bulletin

30

0 mg L-1
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FIGURE 3 - Changes in SOD of crucian carp larvae exposed to
purified microcystin in combination with ammonia. Vertical lines
represent ± SE.

FIGURE 4 - Changes in GSH of crucian carp larvae exposed to
purified microcystin in combination with ammonia. Vertical lines
represent ± SE.

No significant difference in GSH was detected among
different MC-LR and among different NH3-N concentrations; however, GSH changed significantly with time,
suggesting GSH was time-dependent (Table 1, Fig. 4); threeway ANOVA indicated that there was also statistically
significant interaction between NH3-N, MC-LR, and time
on GSH (Table 1, Fig. 4).

Antioxidant defenses, which are generally ubiquitous
in animal species and different tissue types, are widely
detected in aquatic organisms. Assaying antioxidant enzymes can offer an indication of the antioxidant status of the
organisms, and can serve as biomarkers of oxidative stress
[34]. Important antioxidant enzymes are SOD and CAT,
which play a key role in scavenging reactive oxygen spe-
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cies (ROS), and control oxidative damage to cellular components. Many studies have reported that antioxidant enzyme activities can be induced by low concentrations of
pollutants, and damaged under higher concentrations [35].
In our experiments, SOD was significantly induced during
NH3-N and MC-LR exposure. Such changes indicated the
presence of oxidative stress when crucian carp larvae were
exposed to water-containing pollutants, which were similar
to the results of other fish larvae in the laboratory [8, 9],
and suggested that SOD plays an important role in scavenging free radicals and active oxygen species in crucian
carp larvae. However, no significant differences (p>0.05)
were detected in CAT and GSH among different MC-LR
and among different NH3-N concentrations, probably indicating detoxification pathways of CAT and GSH in the early
life stages of crucian carp are not fully developed [15]. These
observations also demonstrate that the antioxidases cooperate with each other to protect the organism from oxidative
damage. In addition, all antioxidant parameters mentioned
above were time-dependent, which is similar to the results
in other studies [8, 9, 36, 37].
4 CONCLUSION
In conclusion, the results of this research indicate that
ammonia and microcystin can inhibit growth of crucian
carp larvae independently. Antioxidant data suggest that
these two toxins can induce significant changes in SOD,
and there was a statistically significant interaction between NH3-N and MC-LR on SOD, but not on CAT and
GSH. All antioxidant parameters measured in the experiments were time-dependent.
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SOIL ACIDIFICATION IN AN EXPERIMENTAL BEECH
PLOT IN A PERIOD OF RISING pH IN BULK DEPOSITION
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ABSTRACT
Measurements of chemical parameters of soil samples
collected in 2005, in an experimental mountainous beech
plot, showed that the soil was acidified with regard to soil
samples collected in 1995 despite the rising pH values in
bulk deposition during the last 10 years. Specifically, values of pH and base saturation in the new samples were
significantly lower than the corresponding values in the
old samples for the OH horizon soils, and the first 20 cm
of mineral soil. Also, in the new samples, concentrations
of exchangeable aluminum were significantly higher than
those in the old samples. The reasons for acidification can
be attributed either to the low amounts of base cations in
total deposition, and/or to the reduction of amounts of
base cations in litterfall during recent years.

KEYWORDS:
Forest soil, acidification, deposition, litterfall, base saturation

harvesting. Tree species can have an impact on soil acidification. Augusto et al. (1998) [9] tested seven forest tree
species for their rate of soil acidification and found that
Norway spruce enhanced the acidification of soils in comparison with the other tree species tested under the same
conditions.
Permanent experimental plots constitute a valuable tool
to assess soil acidification over time. The beech experimental plot described in this study has been monitored
since 1995 in the framework of the Pan European Programme “International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests” operating under the UNECE Convention on Longrange Transboundary Air Pollution (ICP Forests). Acid
deposition is often observed in this plot as the bulk deposition pH assumes low values (<5.65) during winter months
due to burning of fossil fuel for heating purposes [10].
The aim of this work was to compare soil chemical properties between samples collected within a 10 years interval
and explain the outcome of the comparison with the help of
other ecological parameters measured in the beech plot.

1 INTRODUCTION

2 MATERIALS AND METHODS

During the decades of 1980 and 1990, acid deposition
was held responsible for health deterioration of forest species in Europe and North America [1-3]. Later, there has
been a drastic reduction in anthropogenic sulphur emissions
[4]. Despite this fact, forest soils have responded very
slowly or not at all [5]. Alewell et al. (1997) [6] argued
that sulphate production due to decomposition of organic
matter and/or desorption of sulphate from mineral soil
horizons has caused a lag in forest ecosystems recovery.
Apart from sulphate desorption, Oulehle et al. (2006) [7]
stressed the importance of Ca2+ deposition in soil recovery
from acidification. Acidification can also be caused by forestry practices and tree growth. Belyazid et al. (2006) [8]
suggested that future acidification would be mainly due to
enhanced tree growth resulting from chronic high deposition of nitrogen and the removal of base cations through
* Corresponding author

2.1 Site description

The beech forest under consideration grows in a mountainous watershed, 260 ha in size, located in central eastern
Greece at an elevation range of 740-1,420 m (Fig. 1). The
exact altitude of the plot is 890 m.
The watershed is underlain by schist. The climate is
inland Mediterranean, with mean annual precipitation
1,626 mm and temperature 11.1 °C. These means were
derived from 26 years of observation (1978-2003). The
experimental plot has an area of 0.27 ha, an average slope
of 33%, and a northeastern aspect. The Fagus sylvatica L.
stand is even-aged (110-130 years old), with an average
tree height of 27 m and canopy closure of 0.8 to 1.0. The
ground vegetation is very sparse, occupying only 5% of the
ground area and consisting of the species Ilex aquifolium
L., Chamaecytisus hirsutus (L.) Link, Galium rotundifolium L., Doronicum orientale Hoffm., and Cyclamen
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FIGURE 1 - Location of the experimental plot

graecum Link. The soil at the experimental plot is a loamy
soil classified as Haplic Alisol [11]. Forest management
in the stand is limited and selective thinning has taken
place every 10 years, for the last 100 years. The plot is
fenced and all management is excluded.
2.2 Field work
2.2.1 Deposition sampling

Deposition sampling was done on a weekly basis. Bulk
deposition was collected in a nearby forest clearing using
two polyethylene funnels having a diameter of 18 cm,
connected to a 5-L polyethylene bottle through a 1.05-m
PVC pipe with an internal diameter of 2.5 cm. Throughfall was collected using 10 collectors, identical to those
for bulk precipitation, placed randomly in the beech stand.
For snow sampling during the winter months (November
to April), the collecting funnels and bottles were replaced
with appropriate plastic bags, having approximately 90 cm
length, fitted firmly inside the PVC pipes. Stem-flow was
collected from two trees (selected to have the average
diameter at breast height of the forest stand) by means of
a polyethylene tube split into half and wound firmly around
the stem of each tree. The volume of water samples was
measured and all samples were stored immediately in a
fridge at 4 °C for a maximum of 2 weeks. If longer storage
periods were needed, the samples were stored at –2 °C.
Prior to ion chromatographic analysis, all samples were
filtered through a 0.45-µm membrane filter.

2.2.2 Litterfall collection

For litterfall collection, 10 litter traps in the form of
cylindrical plastic bins, each having a collecting area of
0.242 m2, were placed systematically along a line in the
plot, approximately 0.50 m above ground, at a distance of
10 m from each other. The bottom of each trap was perforated so that rain or snowmelt water could drain out. A
plastic net was put at the bottom of the litter traps to avoid
loss of small material. Collection of litterfall was done
monthly or after longer periods, depending on constraints
with regard to the accessibility of the area due to snow. A
composite sample was formed and transported to the laboratory for analysis. No separation into leaves, branches, fruits
and other fractions of litterfall were made. The litterfall
(composite) samples were dried at 80 °C for 48 h, weighed
and pulverized in a ball mill.
2.2.3 Soil sampling

During the years 1995, soil samples were collected
systematically along two parallel lines distancing 20 m from
each other in the experimental plot. In each line, 12 points,
5 m from each other, were chosen to collect soil samples.
Samples were collected from the OH (humus layer) and
from the mineral layers of 0-20 cm and 20-40 cm. A composite sample from each layer, derived from the mixing of
24 sub-samples in equal volumes, was formed. In the same
way, from another pair of two parallel lines, soil samples
were collected in 2005 but without mixing, so that from
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each layer there were 24 sub-samples. As forest soils vary
in space, the sampling lines in 2005 were selected close to
the previous ones, i.e. they were parallel to the old lines,
at a distance of 5 m.
All samples were labeled, stored in plastic bags, and
transferred to the laboratory for chemical analysis. They
were air-dried and passed through a 2-mm sieve prior to
chemical analysis.
2.3 Chemical analysis

Concentrations of Ca2+ and Mg2+ in water samples
were determined by atomic absorption spectrometry,
whereas those of K+ and Na+ by emission spectrometry.
Alkalinity in waters was measured by titration to pH 5.0.
The concentrations of NH4+ and the anions Cl-, NO3and SO42-, essential for checking the ion balance in water
samples, were determined by ion chromatography. Also,
for the quality check, the conductivity of water samples
was measured with a conductivity meter.
The soil samples collected in 1995 (old samples), with
the exception of sulphates, had been analyzed in 1996,
whereas the samples collected in 2005 (new samples) were
analyzed in 2006. The same methods of analysis were
applied in both cases.
The pH of the OH horizon and mineral soils was
measured potentiometrically in a suspension of soil and
0.01 M CaCl2 solution (1:5 for the OH horizon, and 1:2.5
(w/v) for mineral soils).
Exchangeable cations Ca2+, Mg2+, K+ and Na+ (including Mn2+) in the OH horizon soils and mineral soils
were determined by leaching with a 1 M unbuffered solution of NH4Cl.
Cation Exchange Capacity (CEC) was determined with
the Na acetate method [12]. Base saturation was expressed
as percentage of the base cations Ca2+, Mg2+, K+ and Na+
over the CEC.
Exchangeable Al3+ was extracted from soils (mineral
layers) with 1 M KCl solution, and its concentration was
measured with the alumina method [13] in a U/V spectrophotometer.
Adsorbed sulphate in soils was extracted from mineral
layers with 0.01 M Ca(HPO3)2 solution, and its concentration was analyzed with the turbidimetric method [14].
Organic C in soils was determined with a C analyzer,
and total N with the Kjeldahl method.
For the determination of metal concentrations in litterfall, sub-samples of litterfall were pulverized in a stainless
mill and digested in a mixture of nitric-perchloric acid
(2:1). Concentrations of Ca, Mg and Mn were measured by
flame atomic absorption spectroscopy (FAAS), and those
of K and Na by atomic emission spectroscopy.
Elemental concentrations in soil and litterfall samples
were expressed on an oven dry basis (48 h at 80 ○C).

2.3.1 Quality assurance and quality control of chemical analysis

The guidelines of the EMEP (1996) [15] were used
throughout the process of water analysis. For quality assurance and quality control in water samples, four tests were
carried out. These tests were the charge balance between
anions and cations, the sodium to chloride ratio, the correlation between measured and calculated conductivity, and
the comparison of results with a reference water sample
artificially made in the laboratory.
For each soil and litterfall sample, four replicates were
analyzed. Matrix-matched standards were used throughout
the soil and litterfall analysis, and the accuracy of the AAS
was checked with standard reference soil and plant material. Soil reference samples were provided by the Forest
Soil Coordinating Centre (FSCC) [16], and the reference
plant material by the Forest Foliar Coordinating Centre
(FFCC) [17]. Both of these centers coordinate the soil and
plant analysis for the implementation of the Programme
“Effects of Air Pollutants on Forest Ecosystems”. Only
adsorbed sulphate concentrations were not included in the
values of the reference soil material. For this reason, more
replicates per sample had to be taken. Additionally, soil pH
values were checked with the values derived from the reference soil sample. Although the analytical methods (for
soils) in this work were different from those suggested
from the FSCC, the results were similar. In general, reproducibility was satisfactory as 95% of the results were
within the minus–plus interval of 2 x standard deviation
of the samples reference value.
2.4 Data handling and statistical analysis

The annual bulk deposition pH was calculated by taking the negative logarithm of the annual volume weighted
means of the molar concentrations of the hydrogen ions in
bulk deposition. The annual volume weighted mean of
alkalinity was calculated by taking into account the
measured value and the corresponding water volume.
The fluxes of base cations in precipitation (bulk deposition, through-fall and stem-flow) were calculated using
concentrations and precipitation amounts. These fluxes
were used to calculate the fluxes of cations in total deposition. Total deposition of cations is defined as the deposition
not due to exchange reactions on leaf surfaces. It includes
wet and dry deposition as well as fog precipitation [18].
Total deposition of base cations is the input gain to the
forest floor, and for this reason, it is considered as a buffer
mechanism against acidification. The calculation of total
deposition was based on the canopy exchange model, which
considers Na as an inert element on leaf surfaces [19].
The fluxes of base cations in litterfall were calculated
using concentrations and amounts of littterfall.
The significance of the rising trend of pH and alkalinity values in bulk deposition was examined with the serial
randomness of measurements test [20]. The values of soil
chemical parameters of the new samples (24 for every soil
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layer) were compared with that value for each layer from
the composite sample by means of the t-test, which compares a single value (the value referring to the composite
old sample) with a set of 24 values (those referring to the
last sampling). The least significance level accepted was
95% probability.
3 RESULTS AND DISCUSSION
3.1 Evidence for soil acidification

Tables 1 and 2 show that the soil in the beech plot was
acidified as pH and base saturation of the new soil samples
had significantly lower values than those in the old samples
for the OH horizon soil and the 0-20 cm layer. Also, the
concentrations of exchangeable Al3+ in the new samples
were significantly higher in the new soil samples for both
mineral layers. The increase of exchangeable Al3+ concentration during acidification processes has been documented [21]. It is interesting that the concentrations of
exchangeable K+ were significantly higher in the mineral
soils of the new samples, and did not follow the pattern of
exchangeable Ca2+ and Mg2+. Potassium can be trapped in
certain types of clays [22], and this can be a possible reason
for this accumulation effect. Ammonium as a displacing
cation (used in the form of NH4Cl for the determination of
exchangeable cations) perfectly fits in clay crystal lattices
and removes K+. In any case, the gain in K+ amounts
cannot make up for the losses of Ca 2+ and Mg2+. An
interesting comparison is that between the exchangeable
Mn2+ in new and old soil samples. The new samples had
significantly lower concentrations of exchangeable Mn2+.
It would be expected that soil acidification would increase
exchangeable Mn2+ concentration due to the dissolution of
Mn oxides, and the Mn2+ enrichment of soil solution. This
process has taken place in some forest ecosystems [23].
However, acidification enriches soil solution and exchange
sites with Al3+. It is possible that the replacement of soil
exchange sites by Al3+ ions could be faster than the rate of
exchangeable Mn replenishment by manganese oxides.
The organic C content was found to be significantly
lower in the new samples, probably because of the diminishing amounts of litterfall over time (Table 2). In the mineral layers, the opposite happened. A possible explanation
is that acidification and the presence of aluminum depressed
decomposition rates. The CEC and total N (Table 2) followed the same pattern as their magnitude depends on soil
organic matter. The C/N ratio did not differ significantly in
the OH horizons of the old and new samples (Table 2).
However, in the mineral layers, the C/N ratio was found
to be significantly higher in the new samples. Again, acidification is possible to have slowed down the decomposition
of organic matter resulting in higher C/N ratios.
In the following section, the authors, through deduction, will try to exclude or accept possible reasons for the
soil acidification in the beech plot. As the beech stand is a
mature one, growth will not be considered as a possible

cause of soil acidification. Also harvesting cannot be a
reason for acidity because, as mentioned in the site description section, the forest management is excluded in
TABLE 1 - Values of soil chemical parameters in new and old samples (Concentrations of exchangeable cations are expressed in cmolc
kg-1. Values and standard deviations in the new samples were derived from 24 samples, whereas values in the old samples were
derived from only 1 sample).
pH
OH
0-20 cm
20-40 cm
4.61a (0.39)
4.11a (0.23)
4.27a (0.18)
4.91b*
4.24b
4.31a
Exchangeable Ca2+
Soil layer
OH
0-20 cm
20-40 cm
New
29.3a (9.9)
0.684a (0.58)
0.359a (0.47)
Old
57.4b
1.32b
0.55b
Exchangeable Mg2+
Soil layer
OH
0-20 cm
20-40 cm
New
4.91a (1.42)
0.358a (0.16)
0.246a (0.16)
Old
8.28b
0.590b
0.390b
+
Exchangeable K
Soil layer
OH
0-20 cm
20-40 cm
New
1.58a (1.25)
0.874a (0.02)
0.736a (0.04)
Old
1.66a
0.260b
0.200b
Exchangeable Na+
Soil layer
OH
0-20 cm
20-40 cm
New
0.894 a (1.25)
0.059 a (0.02)
0.068 a (0.04)
Old
0.210 b
0.080 b
0.090 b
Exchangeable Al3+
Soil layer
OH
0-20 cm
20-40 cm
New
8.96 a (0.97)
9.18 a (1.32)
Old
6.51 b
4.77 b
2+
Exchangeable Mn
Soil layer
OH
0-20 cm
20-40 cm
New
1.93 a (0.82)
0.164 a (0.13)
0.157 a (0.17)
Old
5.80 b
0.506 b
0.217 a
*Values in the same column within a soil layer followed by different
letters differ significantly for at least 0.05 probability level.
Soil layer
New
Old

TABLE 2 - Values of soil chemical parameters in new and old samples (Concentrations of CEC is expressed in cmolc kg-1, base saturation in % of CEC, organic C and N in % of soil dry weight. Values
and standard deviations in the new samples were derived from 24
samples, whereas values in the old samples were derived from only 1
sample).
CEC
OH
0-20 cm
20-40 cm
55.0 a (14.2)
12.1 a (2.09)
6.29 a (1.74)
79.1 b*
7.39 b
4.12 b
Base saturation
Soil layer
OH
0-20 cm
20-40 cm
New
69.1 a (21.6)
15.8 a (9.19)
23.5 a (14.5)
Old
85.4 b
30.4 b
29.7 a
Organic C
Soil layer
OH
0-20 cm
20-40 cm
New
23.1 a (5.3)
3.82 a (0.89)
2.69 a (0.81)
Old
26.8 b
2.78 b
1.74 b
Total N
Soil layer
OH
0-20 cm
20-40 cm
New
1.17 a (0.22)
0.183 a (0.03)
0.145 a (0.04)
Old
1.37 b
0.157 b
0.114 b
C/N
Soil layer
OH
0-20 cm
20-40 cm
New
19.7 a (2.0)
21.0 a (3.9)
18.7 a (3.1)
Old
19.6 a
17.7 b
15.3 b
Values in the same column within a soil layer followed by different
letters differ significantly for at least 0.05 probability level.
Soil layer
New
Old
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the plot. Furthermore, it has been found that this stand is
N-deficient [24] and, therefore, nitrate leaching can also
be excluded from speculation.

mmol of charge/L

0.12

3.2 Possible reasons for soil acidification
3.2.1 Increase of acidic precipitation amounts

This cannot be the reason. From the year 1997 and
onwards, there has been a steady increase of annual pH
values in the bulk deposition, with the exception of 2002
and 2003 (Fig. 2). This rising trend was found to be significant for 0.05 probability level by using the test of
serial randomness of measurements. Also, a significant
rising trend was found for the annual alkalinity in bulk
deposition (Fig. 3). The increase in pH values and alkalinity is probably due to the reduction of sulfur emissions for
heating purposes. In the past, the nature of bulk deposition acidity in the area was attributed to the transfer of air
pollution either from a nearby big city (Thessaloniki) or
from countries north of Greece [25].

0.08
0.06
0.04
0.02
0
1997

1998

1999

2000

2001

2002

2003

2004

2005

Years

FIGURE 3 - Annual volume weighted means of alkalinity in bulk
deposition for period 1997-2005.

tions of sulphates in the new and the old samples are approx.
0.01 cmol kg-1 in the 0-20 cm layer, whereas the losses only
for the exchangeable Ca2+ in this layer are 0.64 cmolc kg-1
(Table 1). Also desorption of sulphates in the mineral soil
cannot explain the acidification of the OH horizons.
3.2.3 Reduced input of base cations through total deposition

6,00

The input of base cations through total deposition to
forest ecosystems is very important for southeastern Europe
to buffer soil acidification [26]. Also marine-derived cations
like Na+ can buffer soil acidification. Our beech plot is
close to the sea, and sea sprays affect the chemical composition of the bulk deposition. The average Na+ flux in bulk
deposition is 1.46 kmolc ha-1 yr-1 (Table 3), whereas, for a
far away fir forest from the sea in central Greece, it was
found to be 0.68 kmolc ha-1 yr-1 (unpublished data).
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FIGURE 2 - Average pH values of bulk deposition for the period
1997-2005.
3.2.2 Desorption of sulphates adsorbed in mineral soil

There was desorption of sulphates in the mineral soil
layer of 0-20 cm of the new samples (Fig. 4). However,
the magnitude of this desorption cannot make up for the
losses of base cations. The difference between concentra-

From the year 2002, there was a rapid decrease in total deposition of base cations following the decrease in
rainfall amounts (Table 3 and Fig. 5). This decrease was
particularly obvious for Mg2+. 2005 was that year with the
lowest flux values since 1997 for all cations. Also reduced
inputs of base cations to the beech forest can explain the
high amounts of exchangeable Al3+. The antagonism of
cations with a strong adsorption affinity for soil exchange

0,120
0,100

cmolc/kg

0,080

a

b

a

b

a

a

a

a

New

0,060

O ld
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  c m

20-‐40	
  c m
S oil	
  de pth

FIGURE 4 - Adsorbed sulphate in the mineral horizons in new and old samples in the beech plot. Adjacent bars with different letters differ
significantly for at least 0.05 probability level. Values in the new samples were calculated from 24 measurements.
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TABLE 3 - Total deposition of base cations (kmolc ha-1) in the beech
plot. The deposition of base cations was based on the canopy exchange model.
Year
1997
1998
1999
2000
2001
2002
2003
2004
2005

Deposition
(mm)
1398.6
1863.6
1669.9
1194.0
1221.5
2137.0
1713.0
1277.4
961.9

Ca+2

Mg2+

K+

Na+

Total

0.82
0.68
0.63
0.48
0.52
0.88
0.89
0.59
0.45

0.34
0.39
0.40
0.20
0.33
0.41
0.30
0.23
0.15

0.14
0.14
0.12
0.08
0.11
0.26
0.23
0.23
0.11

1.55
1.99
1.95
0.66
1.23
2.09
1.67
1.58
0.46

2.85
3.19
3.10
1.42
2.19
3.63
3.10
2.63
1.17

sites, such as Ca2+ and Mg2+, with exchangeable Al3+ is
well-established [27]. The importance of total deposition
of base cations to acidification reduction can be shown
from the fact that the values of the sum of total deposition
of base cations are similar to the average supply of base
cations through the process of soil weathering. In 2003,
the release of base cations through weathering at rooting
depth in the beech plot was found to be 1.41 kmolc ha-1 yr-1
[28], by applying the model of De Vries et al. (1994) [29].
It stands to reason to hypothesize that reduced amounts of
base cations in total deposition can have lowered soil pH.

Deposition amount (mm)

2500

2000

1500

1000
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0
1

1.5
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4

Sum of base cations (kmolc/ha)

FIGURE 5 - Relationships between deposition amounts and sum of base cations (total deposition).

TABLE 4 - Litter production (tn ha-1) and amounts (kmolc ha-1) of
base cations returned to the forest floor through litterfall.
Year

Litter

Ca

Mg

K

Na

2002
2003
2004
2005

3.708
7.171
3.110
4.390

5.52
4.27
2.27
2.90

0.56
0.97
0.37
0.53

0.40
1.35
0.45
0.36

0.03
0.055
0.051
0.037

Total
amounts
6.51
6.64
3.14
3.83

This reduction may have combined with reduction in total
deposition amounts of base cations (further lowering the
soil buffering capacity) in producing an acidifying effect.
4 CONCLUSIONS

3.2.4 Reduced input of base cations through litterfall

The annual return of base cations through litterfall
was diminished during the last two years (Table 4). In a
mature forest stand, the litterfall is relatively constant [30]
but variations from year to year have been observed [31].
The question is how important this reduction is on the
depletion of base cations from the exchange sites in the
soil. Zimmerman et al. (2002) [32] argued that the inputs
of macronutrients by litterfall in chestnut stands buffered
the soil acidity. Although the annual sums of base cations
in litterfall exceed those in total deposition (Tables 3 and 4),
the latter are readily available for uptake. So the importance
of litterfall lies in fast decomposition, which releases base
cations in ionic form. In this beech stand, decomposition
can be considered to be relatively fast as the type of humus
is close to that of mull. So the reduction in litterfall amounts
in the last two years may have contributed to soil acidity.

The comparison of chemical properties of new and
old soil samples showed that the soil in the beech plot was
acidified in the last 10 years, despite the fact that the values
of the bulk deposition pH and alkalinity have increased
since 1997. Possible reasons for this acidification can be
either reduced input of total deposition of base cations,
and/or reduced litterfall amounts of base cations.
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ABSTRACT
Estimating soil loss quantitatively and spatially is essential for identifying high erosion risk areas, and is
helping to adapt soil conservation measures to specific
sites. Because soil loss estimation is time-consuming and
costly, using physical models on a regional scale, the
Universal Soil Loss Equation (USLE), and integrating with
a geographic information system (GIS), was applied in this
study, making soil loss estimation and its spatial distribution
feasible with reasonable costs and greater accuracy. A case
study was conducted in the Jieliucun watershed as a
representative of hilly areas of purplish soils in China.
Rainfall data, a soil map, DEM, and a land use and land
cover (LULC) map were used as primary data, and then
USLE factors were generated by given methods. To investigate the relationship between predicted soil loss and
environmental factors, the values of soil loss were also
divided into a number of categories according to soil loss
classes, slope zones, LULC types and soil types. Average
of annual soil loss was 8.52 t ha-1 yr-1 for the whole watershed. More than 20% of the watershed fell into the soil loss
classes over very low where average annual soil loss was
more than the soil loss tolerance (T) value. The highest
values were found in dry croplands with a slope between
15° and 25° as well as the purplish soils. In con-clusion,
there is a strong need for adopting effective and affordable soil conservation measures to avoid an irrever-sible
state of soil degradation in these areas.

KEYWORDS:
Soil loss, water erosion, USLE, GIS, hilly areas of purplish soils.

the food and ecological security in China, especially for
the hilly areas of purplish soils in Sichuan Province, with
an amount of annual soil loss of 3.77×108 t and 48.8% of
land currently under great risk of erosion [1]. As far as
soil erosion is concerned, purplish soils were prone to be
eroded by water due to hilly topography, poor soil infiltration
rate, and low soil organic matter content, together with
inappropriate agricultural management practices on sloping
land [2, 3].
It is important to assess the status quo of soil loss for
identifying high erosion risk areas and selecting suitable
conservation measures to be applied. For this reason, estimating soil loss quantitatively and spatially is required for
sustainable land management. Although physical models
for predicting soil loss have been developed, the Universal
Soil Loss Equation (USLE) has been used broadly to assess
the average soil loss rate in agricultural lands because of its
simplicity and robustness [4]. Furthermore, soil loss estimation from the USLE has proven to be a fairly reliable tool
for erosion rates in hilly areas [5]. The USLE computes the
average soil loss by multiplying several factors together, to
upscale the use of the USLE; so a geographic information
system (GIS) is necessary for predicting soil loss to determine the factor values at a grid level [6].
One objective of this study was to assess soil loss by
water erosion, by integrating the USLE with a GIS in the
Jieliucun watershed in hilly areas of purplish soils, based
on rainfall data, a soil map, DEM and a land-use and landcover (LULC) map. Another one was to investigate the
relationship between predicted soil loss and environmental
factors, such as slope zones, LULC types and soil types.
2 MATERIALS AND METHODS

1 INTRODUCTION

2.1 Study area

In recent decades, soil loss by water erosion has become one of the major environmental issues to threaten
* Corresponding author

The study site for this research was the Jieliucun watershed, with an area of 34.8 ha (N31°16′, E105°28′) [7],
which is located in the middle of the Sichuan Basin in the
south-west of China, and is adjacent to the Yanting agroecological experimental station of purplish soils, one of the

1272

© by PSP Volume 22 – No 4b. 2013

Fresenius Environmental Bulletin

Chinese Ecological Research Network (CERN) stations
(Fig. 1). This site is representative of the hilly areas of
purplish soils for topography, vegetation, climate and soils
where soil loss by water erosion is a major environmental
problem. This area is also an important agricultural zone
in Sichuan Province, producing grains and crops, with the
dominant land-use being sloping cropland.
The topography is characterized by hills and low
mountains that are deeply dissected by streams. The
elevation ranges between 405 and 535 m above sea level.
The watershed is composed of six LULC types, which are
irrigated cropland (11.22%), dry cropland (41.10%), forest
land (35.45%), grassland (1.02%), built-up land (10.63%),
and water body (0.59%). The forest land comprises Alnus
cremastogyne Burk., Cupressus funebris Endl. and Vitex
negundo L., while the major agricultural crops are rice
(Oryza sativa L.), corn (Zea mays L.), wheat (Triticum
aestivum L.), sweet potato (Ipomoea batatas L.), rape
(Brassica napus L.), and peanuts (Arachis hypogaea L.).
This area has a typical subtropical monsoon climate with
an average annual temperature of 17.3 °C and average
annual precipitation of 890 mm. Precipitation occurs mostly
between June and September, which accounts for about
70% of the total annual precipitation. According to Chinese
Soil Taxonomy, the main soil types are purplish soils and
paddy soils (Entisols and Anthrosols in the USDA Soil
Taxonomy; Regosols and Cambisols in the FAO World
Reference Base for Soil Resources). It is noteworthy that
the purplish soils are prone to be eroded by water because
of their poor soil infiltration rate and low soil organic
matter content, together with sloping land cultivation.
2.2 Data sources and preprocessing

A GIS database within ArcGIS was created for the
watershed which contains spatial and attributive data to
run the USLE model, namely soil map, topographic map,
DEM and LULC map. All digitized layers from different
sources were organized with an identical projection system
and spatial resolution.
The precipitation data from 1959 to 2007 were obtained from the meteorological observation station which
lies in the watershed.
A digitized soil map of the watershed was obtained
from the Chinese Data Sharing Network of Earth System
Science (www.geodata.cn). Soil types were defined for
this map according to the Chinese Soil Taxonomy, and the
corresponding property data were from the Second Soil
Survey of Sichuan [8].
Generation of a digital elevation model (DEM) for
the watershed involved digitizing contour lines from a
1:5000 topographic map. A Triangulated Irregular Network
(TIN) was first constructed by 3D analyst tool in ArcGIS
from the vector contour lines, and then converted to raster
with a 2-m spatial resolution (Fig. 1). These maps were
projected using the reference system of Universal Transverse Mercator 48 North (UTM-48N), Clarke 1866.

The LULC types were obtained by interpreting an
aerial image and verified in the field survey, which was
carried out in 2010, with Global Positioning System
(GPS) and topographic map. In the meantime, soil erosion
control practices, tillage systems and cropping systems
were recorded.

FIGURE 1 - Location and Digital Elevation Model (DEM) of the
study area.
2.3 USLE model and factor calculation

The soil loss equation is as follows [9]:

A = R ⋅ K ⋅ L ⋅ S ⋅C ⋅ P

(1)

where, A is the predicted average annual soil loss (t
ha-1 yr-1), R is the rainfall and runoff erosivity factor (MJ
mm ha-1 h-1 yr-1), K is the erodibility factor (t ha h ha-1 MJ1
mm-1), L is the slope length factor, S is the slope steepness factor, C is the cover and management factor, and P
is the support practices factor. The factors L, S, C and P
are dimensionless.
2.4 Rainfall and runoff erosivity factor (R)

The R factor assesses the potential ability of rainfall
to cause erosion taking into account total precipitation,
rainstorm kinetic energy, and maximum rainfall intensity
[10]. Due to lack of rainfall intensity data in the study
area, monthly precipitation values were used to generate
the R factor annually with the following relationship proposed by Wischmeier and Smith [11]:
12

R = ∑1.735 ×10

(1.5log ( P P )−0.08188)
10

i

2

(2)

i =1

where, Pi is monthly precipitation (mm), and P is annual precipitation (mm).
2.5 Soil erodibility factor (K)

The K factor represents the susceptibility of soil to
the erosive power associated with rainfall and runoff, as
measured under standard plot conditions. The K factor
was calculated using the follow equation [12]:
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where, S1 is the percentage of sand grain, S2 is the
percentage of silt, S3 is the percentage of clay, C is the
percentage of soil organic matter, and n = 1-S1/100. The
result is divided by 7.59 to obtain the equivalent value in
SI units [13].

(3)

gated cropland, 1 for both forest land and grassland, and 0
for both built-up land and water-bodies, which were recommended in previous studies [20].
3 RESULTS AND DISCUSSION

2.6 Topographic factor (LS)

The topographic (LS) factor reflects the effect of topography on soil loss in the USLE, depending on both the
L factor and the S factor, which represent the influence of
slope length and slope gradient on the sediment transport
capacity by runoff [14].
The L factor was calculated based on the relationship
developed by McCool [15]. The equation is as follows:
m

L = ( λ 22.13)

(4)

where, λ is the field slope length (m), and m is a dimensionless exponent that depends on slope steepness,
being 0.5 for slopes exceeding 5%, 0.4 for slopes between
3% and 5%, and 0.3 for slopes less than 3%.
For slope length greater than 4 m, the S factor was
calculated based on the following equations [15]:
(5)
S = 10.8sin θ + 0.03, for slopes < 9%

S = 16.8sin θ − 0.05, for slopes ≥ 9%

(6)

where, θ is the slope gradient (°).
2.7 Cover and management factor (C)

The C factor reflects the effect of cropping and management practices on the soil loss rate in agricultural
lands, and the effects of vegetation canopy and ground
covers on reducing the soil loss in forest regions [16]. The
same C factor values were assigned to the LULC types in
this study, as suggested in previous ones [17, 18]. The C
factor values for the different LULC types are shown in
Table 1.
TABLE 1 - Values of the cover and management factor (C) for the
different land use and land cover (LULC) types.
LULC types
Built-up land
Dry cropland
Forest land
Grassland
Irrigated cropland
Water bodies

C factor values
0.2
0.31
0.006
0.014
0.18
0

2.8 Support practices factor (P)

The P factor is defined as the ratio of soil loss with a
specific support practice to the corresponding soil loss
with up and down slope tillage [19]. According to the survey in the study area, the major soil conservation practices
were contour tillage and level terrace. Therefore, the P factor
values were taken as 0.35 for dry cropland, 0.15 for irri-

3.1 USLE factors

Using Eq. (2) with the 49 years of rainfall data, the annual rainfall erosivity from 1959 to 2007 was calculated.
Within the watershed, values of the annual R factor and
annual rainfall ranged from 410 to 6525 MJ mm ha-1 h-1 yr-1,
and from 495 to 1515 mm, respectively, with average values of 1687 MJ mm ha-1 h-1 yr-1 and 873 mm. Figure 2
illustrates the temporal change of annual rainfall erosivity,
and rainfall over the period of 49 years. It is obvious that
both the highest annual precipitation and rainfall erosivity
occurred in 1998 and the lowest in 1997. Notwithstanding
the differences in the R factor value arising from the various methods, the value determined for the study area was
at the acceptable level for use in the USLE.
The K factor values were derived from a soil type map,
and the corresponding soil properties data using Eq. (3).
The results show that the value for lithogenic brown calcic purplish soil was the lowest, while the value for redbrown calcic purplish soil was the highest, from 0.025 to
0.043 t h MJ-1 mm-1 (Table 2). The average value was
0.035 t h MJ-1 mm-1, on the watershed scale indicating a
high susceptibility to erosion by water. This can be explained
as this watershed was dominated by purplish soils, which
account for 88.69% of the total area. In general, purplish
soils are very prone to be eroded by water because they
mostly comprise a sandy texture and low organic matter.
In Fig. 3, it should be noted for the K factor map that values
changed with LULC types. The lower values can be found
especially in the central part of the watershed where the
irrigated cropland was located. Meanwhile, the values
became gradually higher in the surrounding area where
the dry cropland and forest land were sited. Yellow-red
calcic purplish soil and brown calcic purplish soil covered
43.84 and 25.28% of the study area, having K values of
0.040 and 0.042 t h MJ-1 mm-1, respectively. In other
words, soils covering 69.12% of the study area had K
values of not less than 0.04 t h MJ-1 mm-1.
Based on DEM, the LS factor values in the watershed
were obtained by Eqs. (4–6). The values ranged from 0 to
37.41, with an average value of 3.84. As shown in Fig. 4,
the lower values existed along the valley and graded terraces due to the gentle slope, while the higher values occurred between the terraces with a steep slope. The areas
with values between 0 and 5 covered 69.71% of the watershed, demonstrating moderate vulnerability to erosion by
water. In contrast, only 0.65% of the watershed area ex-
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hibited to values more than 20, which has a high vulnerability to erosion. These results reveal that the topography

of the watershed mostly had a lower effect on soil loss
because just a few steep and long slopes in the watershed

FIGURE 2 - Changes in annual rainfall and rainfall erosivity for the Jieliucun watershed from 1959 to 2007.

TABLE 2 - Soil properties for use in calculating the USLE K factor and its values for different soil types in the Jieliucun watershed.
Sand
Silt
Clay
SOMb
K values
Area
(0.02–2 mm)
(0.002–0.02 mm)
(<0.002 mm)
%
%
%
%
t h MJ-1 mm-1
%
GBHPS
42.52
33.18
24.30
0.92
0.036
2.71
YRHPS
35.50
37.65
26.86
1.64
0.033
8.07
YPHPS
28.40
35.19
36.40
1.04
0.038
0.52
BCPS
33.24
40.26
26.50
0.67
0.042
25.28
SBCPS
53.96
23.77
22.95
0.58
0.032
2.22
SKBCPS
59.51
24.21
16.98
0.48
0.032
4.09
LBCPS
73.22
13.22
13.38
0.43
0.025
4.08
YBCPS
35.57
28.78
36.64
0.64
0.036
1.45
MHBCPS
34.71
32.75
32.54
1.86
0.030
2.69
RBCPS
29.98
42.54
27.12
0.74
0.043
5.04
YRCPS
34.88
36.51
29.19
0.67
0.040
43.84
a
GBHPS, Grey-brown hydromorphic paddy soil; YRHPS, Yellow-red hydromorphic paddy soil; YPHPS, Yellow-purple hydromorphic paddy soil;
BCPS, Brown calcic purplish soil; SBCPS, Sandy brown calcic purplish soil; SKBCPS, Skeletal brown calcic purplish soil; LBCPS, Lithogenic
brown calcic purplish soil; YBCPS, Yellow-brown calcic purplish soil; MHBCPS, Middle-horizon brown calcic purplish soil; RBCPS, Red-brown
calcic purplish soil; YRCPS, Yellow-red calcic purplish soil. b SOM, soil organic matter.
Soil typesa

FIGURE 3 - Distribution of K factor values in the Jieliucun watershed.

FIGURE 4 - Distribution of LS factor values in the Jieliucun watershed.
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enhanced the sediment transport capacity by runoff. Accordingly, the emphasis should be placed on determining
whether the same areas having a greater LS factor value
coincide with areas of higher soil erodibility and low landcover, in order to identify the greatest risk areas [21].
Figure 5 displays the map of C factor values generated by putting the value to each of the LULC types using
the values given in Table 1. As a result, the values in the
study area ranged from 0 to 0.31, with an average value of
0.17. Higher values occurred in the hillside in which the
large areas of dry cropland were located. Relatively speaking, since greater C factor values matched with greater K
factor values in the cropland, one might expect that the
potential soil loss in this area would be higher, and contrariwise, because smaller C factor values corresponded to
the smaller K factor values in the forest land, there could
be less soil loss in this area.

was estimated at 8.52 t ha-1 yr-1 for the Jieliucun watershed. This value was less than that of the previous research (12.44 t ha-1 yr-1) in the study area because of a
relatively lower R factor value [22]. However, the result
was acceptable in the context of this study, since it was
broadly consistent with the previous studies for some
neighbouring areas [23, 24]. Moreover, to investigate the
relationship between predicted soil loss and environmental
factors, the values were divided into a number of categories
according to soil loss classes, slope zones, LULC types and
soil types.

FIGURE 6 - Map of soil loss in the Jieliucun watershed.

FIGURE 5 - Distribution of C factor values in the Jieliucun watershed.

Similarly, the map of P factor values was produced
by assigning the value to each of the LULC types using
the P factor values determined in the above section. A
total of 87.76% of the watershed was dominated by dry
cropland, forest land and irrigated cropland which exhibited C factor values of 0.31, 0.006 and 0.18, respectively,
as well as P factor values of 0.35, 1 and 0.15.
3.2 Predicted soil loss in the Jieliucun watershed

Within the ArcGIS, by a simple raster calculation, as
shown in Fig. 6, the soil loss map was produced by the
USLE Eq. (1) as a result of combining the six factors,
namely R, K, L, S, C and P. The average annual soil loss

In order to determine the soil loss classes, critical
thresholds were obtained by referring to the standards for
classification and gradation of soil erosion in China, with
the exception of the very low class. Although the critical
value of 5 t ha-1 yr-1 of the very low class was suggested
for the hilly areas of purplish soils [25], the soil loss tolerance (T) value of 8 t ha-1 yr-1 for the purplish soils in the
study area was more reasonably regarded as the threshold
of this class because this value was based on the measured
soil formation rate [3]. Consequently, the values of predicted soil loss were divided into five classes according to
the average annual soil loss as shown in Table 3. More
than three-quarters of the watershed fell into the very low
soil loss class where the average annual soil loss is less
than the T value. Soil loss increased continually from the
stream valley to the steep hill slopes. Maximum soil loss
was found locally to be more than 80 t ha-1 yr-1 in the
sloping cropland of the study area. The result shows that
9% of the area was under moderate, high and severe soil
loss classes. This part of the watershed also had the high

TABLE 3 - Percentage of area and soil loss for the different soil loss classes.
Soil loss classes
t ha-1 yr-1
<8
Very low
8–25
Low
25–50
Moderate
50–80
High
> 80
Severe

Mean annual soil loss
t ha-1 yr-1
2.82
13.67
35.93
62.16
100.54
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Area
ha
24.27
3.68
1.67
0.79
0.33

%
78.95
11.98
5.44
2.57
1.07

Total annual soil loss
t yr-1
%
68.45
26.23
50.35
19.29
60.15
23.05
49.03
18.79
33.02
12.65
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TABLE 4 - Percentage of area and soil loss for the different slope zones.
Slope zones
°
<5
5–8
8–15
15–25
25–35
> 35

Mean annual soil loss
t ha-1 yr-1
2.89
8.23
13.50
15.93
12.07
9.03

Area
ha
12.46
2.12
3.20
4.68
4.92
3.36

Total annual soil loss
t yr-1
%
36.04
13.81
17.48
6.70
43.16
16.54
74.62
28.59
59.36
22.74
30.33
11.62

%
40.54
6.91
10.40
15.24
15.99
10.92

TABLE 5 - Percentage of area and soil loss for the different land use and land cover types.
Land use and land cover
types
Forest land
Grassland
Irrigated cropland
Dry cropland

Mean annual soil loss
t ha-1 yr-1
2.94
6.06
0.64
15.45

Area
ha
12.23
0.35
3.90
14.26

Total annual soil loss
t yr-1
%
36.01
13.80
2.14
0.82
2.49
0.95
220.37
84.43

%
39.77
1.15
12.69
46.40

TABLE 6 - Percentage of area and soil loss for the different soil types.
Mean annual soil loss
Area
t ha-1 yr-1
ha
%
GBHPS
0.22
0.93
3.03
YRHPS
0.88
2.65
8.61
YPHPS
0.12
0.18
0.58
BCPS
14.18
7.80
25.38
SBCPS
8.52
0.77
2.52
SKBCPS
7.63
1.41
4.58
LBCPS
4.40
1.15
3.75
YBCPS
29.31
0.27
0.87
MHBCPS
12.46
0.93
3.04
RBCPS
3.17
1.75
5.69
YRCPS
7.78
12.89
41.94
a
The abbreviations represent the same soil types as mentioned in Table 2.
Soil typesa

est amount of both average annual soil loss and total annual soil loss. Hence, in this area, priority must be given
to conservation farming of sloping dry cropland and protection of forest for the sake of reducing soil loss.
As viewed from the soil loss for the different slope
zones (Table 4), about 89% of the watershed and almost
88% of the total annual soil loss for the corresponding
area occurred in the zone with slope less than 35°. Specifically, the highest values were found in the zone of slope
between 15° and 25°, with a mean annual soil loss of
15.93 t ha-1 yr-1 and total amount of 74.62 t yr-1. It is also
noted that the values of average annual soil loss decreased
gradually in the zones with either increasing or decreasing slope. Therefore, in view of the substantial contribution of the zone with slope between 15° and 25° to the
soil loss in the watershed, suitable soil conservation
measures should be taken to control soil loss.
With respect to soil loss for the different LULC types
(Table 5), results show that areas of dry cropland had the
most serious soil loss, and even the average annual soil
loss reached 15.45 t ha-1 yr-1. When the total annual soil
loss was considered, the value in the areas of dry cropland
also accounted for a large proportion of that in the water-

Total annual soil loss
t yr-1
%
0.21
0.08
2.32
0.89
0.02
0.01
110.61
42.38
6.59
2.53
10.75
4.12
5.08
1.95
7.88
3.02
11.65
4.46
5.54
2.12
100.36
38.45

shed. This is attributed to the fact that the soil loss of dry
cropland occurred on the slopes with a high K factor value
of 0.042 t h MJ-1 mm-1 of brown calcic purplish soil. Moreover, up and down slope cultivation was usually adopted by
the local farmers, thereby aggravating the soil loss. This
indicates that these farmers did not have a clear perception
of serious soil loss. In the forest land, the soil loss was not
as critical as in the dry cropland. This is due to the fact
that although this area had a relatively higher slope gradient, the C factor of forest land was obviously lower than
the values of other LULC types on the assumption that the
high coverage of the mixed forest of alder and cypress
conserves soil in the watershed effectively.
In Table 6, most of the areas of soil loss of more than
T value occurred in the purplish soils, especially the brown
calcic purplish soil of which soil loss accounted for 40% of
most of the total annual soil loss in the watershed. One of
the main reasons for this is that this soil is sandy and had
a very low SOM content, along with covering a greater area
of steep slopes of more than 8° and intensive cultivation.
Furthermore, despite having greatest average annual soil
loss, the yellow-brown calcic purplish soil contributed
slightly to the total annual soil loss in the watershed for
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covering a too small area. Additionally, it is noteworthy
that the area and soil loss of the yellow-red calcic purplish
soil accounted for about 40% of the total area, and the
total annual soil loss in the watershed, respectively, while
its average annual soil loss came close to the T value.
4 CONCLUSIONS
In this study, the USLE model was integrated with GIS
to predict potential soil loss in the Jieliucun watershed
situated in the hilly areas of purplish soils in the southwest of China. Model factors, i.e. R, K, L, S, C and P,
were generated by a variety of methods based on rainfall
data, a soil map, DEM, and an LULC map.
In terms of results, the average annual soil loss was
8.52 t ha-1 yr-1 in the watershed indicating a low soil loss
class; nevertheless, this value was greater than the soil
loss tolerance (T) value for purplish soils. Similar results
were obtained near the study area in previous studies, thus
demonstrating the feasibility and correctness of the USLE
integrated with GIS used in this study, but even so, future
works are needed for direct field measurements of soil
loss to further confirm the results of soil loss estimation
with the USLE in the watershed.
This study reveals that while 26.23% of the total
amount of annual soil loss was from almost 80% of the
watershed area, which is in the very low soil loss class,
the remaining 72.77% was from only a little over 20% of
the area, which falls into “low soil loss class to severe
one”. It is obvious that best management practices in soil
conservation should be implemented for these areas beyond low soil loss class.
Environmental factors explained most of the variability in the predicted values of soil loss. Soils prone to erosion by water with a soil loss of more than the T value
were found primarily in the sloping dry cropland. Accordingly, in addition to influences of biophysical properties
on soil loss, inappropriate cropping system and tillage
aggravated the soil loss in this fragile agro-ecosystem. In
this area, therefore, there is a need for conservation farming in the dry cropland and protection of forest in the
forest land to avoid an irreversible state of soil degradation. The soil loss map is just able to indicate high erosion
risk areas to decision makers so they can select effective
and affordable conservation measures, such as level terrace and contour tillage, which can be adopted by local
farmers.
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ABSTRACT

was recommended as eutrophication indicator for marine
water [2].

Intense fish farming could affect the microbial quality
of marine water in aquacultures and surrounding areas. Our
aim in this study was to investigate the influence of several
sea bass farms along the Croatian Adriatic coast on the
abundance of heterotrophic bacteria (HPC) in marine water
as indicator of organic enrichment. For that purpose, substrate SimPlate® test was introduced for HPC enumeration
in marine water. Optimal conditions for HPC monitoring
were established based on comparison of the results obtained at two incubation temperatures (22 and 35 °C), as
well as comparison of the results obtained by substrate test
and by traditional spread plate method. Combination of
SimPlate® test and incubation temperature of 22 °C was
best suited for monitoring purposes, since it sustains growth
of both naturally present and potentially pathogenic marine
bacteria, and enables growth of marine bacteria which cannot
grow on solid media. Preliminary assessment of marine
water in selected aquacultures (June 2007-October 2008)
indicated that farming activities still did not reach critical
impact on HPC abundance (0.23×103-1.04×105 MPN ml-1).
However, observed increasing trend of HPCs over the studied period was an indication that marine water in the vicinity of aquacultures should be occasionally monitored
for organic pollution.
KEYWORDS:
Aquaculture, HPC, marine agar, MTSA, substrate test

1 INTRODUCTION
Heterotrophic bacteria play an important role in the
process of decomposition of organic matter in aquatic environment [1], and number of heterotrophic bacteria (HPC)
* Corresponding author

Commonly used procedures for HPC enumeration
include spread and pour plate method [3]. Among these
methods, spread plate method is physiologically less stressful
for bacterial growth, and almost always yields higher
bacterial counts than pour plate method [4]. Both of these
methods utilize various artificial media (e.g. marine agar
or trypticase soy agar) for HPC enumeration from marine
samples [5-9]. Marine agar contains the essential elements
required for the growth of marine bacteria [7, 10] whereas
trypticase soy agar 1.5% NaCl is added [6, 9], which makes
both of these media suitable for isolation and enumeration
of heterotrophic bacteria from marine samples. However,
only a small portion of heterotrophic bacteria (about 1%)
can be cultured on artificial media [11].
Recently, substrate tests (such as SimPlate®, IDEXX,
Westbrook, USA) are increasingly used for HPC determination. Substrate tests use multiple enzyme technology to
detect HPC directly in the water, without the use of artificial media. They provide the benefit of reduced time and
labor required for analyses, and also yield consistently
similar HPC in freshwater as traditional standard pour plate
method [12], but there is no information on effectiveness of
SimPlate for enumeration of HPC in marine waters.
®

The HPC in the marine water of the Adriatic Sea was
so far reported in several papers [2, 7, 13-15], but none of
them gave the information on the density of heterotrophic
bacteria in marine water of aquacultures. Therefore, the	
  
main	
   objective	
   of	
   this	
   study	
   was	
   to evaluate,	
   for	
   the	
  
first	
  time,	
  the	
  influence	
  of	
  the	
  fish	
   farming on the abundance of heterotrophs in marine water of aquacultures and
the surrounding areas in the Adriatic Sea.	
   Specific	
   aims	
  
were	
   to	
   introduce	
   substrate SimPlate test	
   as	
   a	
   tool	
   for	
  
enumeration	
   of	
   heterotrophic	
   bacteria	
   in	
   marine	
   water	
  
of	
   aquacultures,	
  and	
   to	
   establish the optimal conditions for
HPC monitoring. These aims were achieved by comparison of the results obtained at two incubation temperatures
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(22 and 35 °C), as well as by comparison of the densities
of heterotrophic bacteria obtained by newly applied
SimPlate test and by two traditionally used spread plate
count methods (with marine agar and trypticase soy agar
enriched with 1.5% NaCl). Finally, the	
   first	
   information	
  
on	
  HPC	
  in	
  the	
  marine	
  water	
  of	
  three	
  European	
  sea	
  bass
(Dicentrarchus labrax L., 1758) aquacultures along East
Adriatic coast in Croatia were presented and discussed.	
  
®

2 MATERIALS AND METHODS
2.1 Water sampling

The water samples for the present study were collected at three European sea bass farms in Croatia located
along the East Adriatic Coast (Fig. 1a): at Lim channel
(north Adriatic Sea; Fig. 1b), Ugljan (middle Adriatic Sea,
Fig. 1c), and Pelješac (south Adriatic Sea; Fig. 1d). Lim
channel aquaculture is located within a 11 km long and
600 m wide fiord. The shallower part of the Lim channel is
strongly influenced by underground waters rich in organic

matter. Due to its high productivity and specificity of its
biocenosis, Lim channel was protected as a special marine
reservation since 1979 [16]. Ugljan aquaculture is located
at south-west side of island Ugljan, in front of Lamjana
Bay, near island Veli Škoj. Pelješac aquaculture is located
within shallow and closed Bay of Mali Ston, 28 km long
and 6.1 km wide at the widest area, situated at the end of
Neretva channel, near island Tajan. At each location water
was additionally sampled at a control site, 500 m distant
from the farm (Figs. 1b-d). Four samplings were carried out
during the years 2007 and 2008, including two spring (June
2007 and June 2008) and two autumn periods (November
2007 and October 2008). Water samples were collected
using a 5-L Niskin sampler in sterilized plastic bottles (0.5 L)
at three depths: 0.5 m and 4 m below the surface, and 0.5 m
above the sea bottom.
2.2 Enumeration methods

The primary method for enumeration of marine heterotrophic bacteria used in this study was SimPlate substrate test. For the sake of comparison, HPC was also de®

FIGURE 1 - The map of the sampling sites: a) location of the sampling sites within the Republic of Croatia; b) enlarged sampling area in Lim
channel; c) enlarged Ugljan sampling area; d) enlarged Pelješac sampling area. The legend: 1A - Lim channel farm (N 45°07.925’ E
13°41.320’); 1B - Lim channel control site (N 45°07.865’ E 13°40.442’); 2A - Ugljan farm (N 44°01.676’ E 15°13.173’); 2B - Ugljan control site
(N 44°02.289’ E 15°13.241’); 3A - Pelješac farm (N 42°55.260’ E 17°30.334’); 3B – Pelješac control site (N 42°55.246’ E 17°30.315’).
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termined by use of two spread plate methods. All bacterial
analyses were performed in duplicate.
2.3 SimPlate - substrate test
®

Serially diluted marine water was inoculated using
SimPlate tests (IDEXX, Westbrook, USA). The plates
were incubated at 22 °C during 3-5 days and at 35 °C
during 24-48 h. The isolated colonies were then enumerated based on the positive fluorescence observed under
the UV light. The values of HPC for the analyzed samples
were computed from the statistical MPN (the most probable number) table of the manufacturer (95% confidence
interval) and expressed as MPN ml-1. The previous usage
of SimPlate® substrate test for HPC determination in
freshwater was described by Jackson et al. [12].
®

2.4 Spread plate method

Serially diluted marine water was spread-plated onto
Difco™ Marine Agar 2216 BD and Difco™ Tryptic Soy
Agar BD (Becton, Dickinson and Company, Franklin
Lakes, USA) enriched with 1.5% NaCl (Kemika, Zagreb,
Croatia) (MTSA). The duration and temperature of incubation were the same as used for the substrate tests. The
results were expressed as colony forming units (cfu) ml-1.
The previous usage of spread plate method for HPC determination in freshwater was described by Kapetanović
et al. [1].
2.5 Statistical analyses

Statistical analyses were performed using SigmaStat
statistical package, Version 1.0. The comparison of HPCs
obtained at two different temperatures, as well as comparison between farms and the control sites, was done with
Mann-Whitney Rank Sum Test. The comparison of HPCs
obtained with three different enumeration procedures, as
well as comparison between three farms, and four periods,
was done with Kruskal-Wallis One-Way Analysis of Variance on Ranks followed by post-hoc Dunn’s test.

rial	
  growth.	
  It	
  can	
  be	
  explained	
  by	
  the	
  fact	
  that	
  this	
  is	
  a	
  
temperature	
  that	
  next	
  to	
  the growth of potentially pathogenic bacteria	
  also	
  sustains	
  the	
  growth	
  of	
  naturally present bacterial assemblage in the aquatic environment,
which mainly could not subsist at 35 °C [18]. Bacteria
that grow at temperatures of 36-38 °C are considered
more likely to represent those that could grow in the human body and, therefore, could be indicative of faecal
contamination. The count obtained on temperatures above
35 °C affords more information on dangerous pollution,
such as of sewage or intestinal origin, and their number
may be used as an index of the degree of purity of the
water [19]. Consequently, much higher HPCs obtained at
22 °C than at 35 °C in our study have indicated that the
marine water of selected European sea bass aquacultures in
the East Adriatic Sea predominantly contained naturally
occurring heterotrophic bacteria, because such high ratios
are characteristic for bacteria of clean soil or of water saprophyte origin [19]. Therefore, the incubation at 22 °C
could be recommended for monitoring of aquaculture
impacts on marine water quality because it could provide
the information on organic enrichment of marine water,
and not just on possibly pathogenic microbial pollution. In
addition, this temperature is closer to natural conditions of
bacterial growth, because water temperature in our study
was 21.5±2.4 °C in spring samplings, and somewhat lower
during the autumn samplings (17.1±1.3 °C). Hereafter, the
presented method evaluation and preliminary assessment of
marine water quality in aquacultures are based only on the
HPC values obtained after incubation at 22 °C.
TABLE 1 - Comparison of the SimPlate® substrate test method
with the conventional spread plate method: HPC (median) determined after incubation at 22 °C and 35 °C by SimPlate® substrate
test (MPN ml-1) and by spread plate method employing two media
(CFU ml-1), Marine Agar and MTSA, in marine water sampled in
three aquaculture areas along East Adriatic Sea. All bacterial analyses were performed in duplicate.
n
SimPlate®
substrate test
Marine Agar

3 RESULTS AND DISCUSSION
3.1 Defining the optimal conditions for HPC monitoring in
marine water
3.1.1 Effect of incubation temperature on bacterial growth

The effect of incubation temperature on the	
   enumer-‐
ation	
   of	
   heterotrophic	
   bacteria	
   in	
   the	
   marine	
   water
was studied on a total number of 78 marine water samples
at two incubation temperatures, according to recommendations of World Health Organization [17]. Median HPC
obtained by SimPlate test was approximately 15 times
higher at 22 °C compared to 35 °C, and the difference was
statistically significant (Table 1). Statistically significantly
higher HPCs at 22 ⁰C than at 35 °C were also obtained by
two spread plate methods, 5 times on Marine Agar and 17
times on MTSA (Table 1). The incubation temperature of
22 °C was obviously preferable for more	
  intense	
  bacte-‐
®

35 °C

47.0×10

3

78

14.6×10

3

78

12.0×103

78

MTSA

22 °C

*p

3.27×10

3

<0.001

2.95×10

3

<0.001

0.70×103

<0.001

*

p – the level of statistical significance for established differences between HPCs determined at two incubation temperatures, based on
Mann-Whitney Rank Sum Test
3.2 Comparison of HPCs obtained by SimPlate substrate test
and by spread plate method
®

The values of HPC were simultaneously determined
by SimPlate test and by spread plate method, employing
two media. The aim was to examine the correspondence of
the results obtained by recently developed substrate tests
with the results obtained by standard procedure commonly
applied in the monitoring of microbial quality of aquatic
systems. Median HPC obtained using SimPlate test was
3-4 times higher compared to median HPCs obtained by
spread plate method on Marine and MTSA agar, which
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were mutually comparable (Table 1). The observed differences between the results obtained by SimPlate test
and by spread plate method were statistically significant
(p<0.05). Prominently higher HPCs obtained by SimPlate
test could be explained by the fact that, unlike spread plate
method, it does not use solid media for isolation of bacteria.
And it is commonly known that only a small portion of
bacteria from the sea is cultivable on the solid media [11].
More intense bacterial growth obtained by substrate test
compared to spread plate method provides higher sensitivity for HPC determination. Consequently, substrate test
could be applied even for quantitative assessment of
microbiological quality of water low in heterotrophic bacteria. In addition, substrate test is less expensive, with easier
and faster performance, which makes them preferable for
monitoring of heterotrophs in water. However, to avoid
possible false interpretation of the monitoring results,
whenever aquaculture impacts on marine water quality
are assessed using the results obtained with more than one
enumeration procedure, it is essential to clearly indicate
which method was applied, and to keep in mind that substrate test gives substantially higher HPC values compared to methods using solid media.
®

®

3.3 Preliminary assessment of HPC in marine water of aquacultures

The samplings were carried out in three distinct aquacultures located in the northern, middle and southern part
of the East Adriatic coastal area (Fig. 1). The assessment
was based on the mean HPCs for water column, calculated for each site in each period from the values obtained at
three depths by substrate SimPlate test at incubation
temperature of 22 °C.
For each aquaculture in each sampling period, a comparison was made between HPCs determined in marine
water sampled at the farm and at the 500 m distant control
location and the obtained values were always comparable
(Table 2). Since higher number of heterotrophs has not
been found at the European sea bass farms compared to
control sites, the farming activity either did not cause the
increase of HPC in the marine water, or the control sites
®

were too close to the farm and, therefore, were equally
affected by organic enrichment as aquacultures themselves,
as also observed for tuna aquacultures in the Adriatic Sea
[Kapetanović, unpublished results]. We have further compared HPC values in the marine water from three European
sea bass farms (Table 2). Generally, aquaculture located in
the Lim channel (northern Adriatic; median 55.5×103 MPN
ml-1) had higher HPCs compared to aquacultures located
near Ugljan (middle Adriatic; median 45.5×103 MPN ml-1)
and Pelješac (southern Adriatic; median 37.2×10 3 MPN
ml-1). However, the differences were not statistically significant (p>0.05). Only in the first sampling season, in
June 2007, pronouncedly higher HPC was recorded at Lim
channel farm compared to Pelješac (10 times) and Ugljan
(50 times) farms whereas, in three latter campaigns, HPC at
Pelješac and Ugljan reached the values initially recorded at
Lim channel. It can be hypothesized that initial difference
between the farms was probably the result of the specificity of geographical location of northern Adriatic aquaculture, which is situated within a 11 km long, narrow
fiord (width: 600 m). The shallower part of the Lim channel is strongly influenced by underground waters rich in
organic matter [16]. This could be an additional source of
the organic enrichment in the Lim channel, next to the
influence of farming activities.
To put our results in wider context, HPC values determined for European sea bass aquacultures in our study
were first compared with the results of regular monitoring
of HPC in marine water of Croatian Adriatic coastal area
[15]. Even though HPCs obtained by substrate test are
much higher in comparison to spread plate method, our
results, which ranged from 0.23×103 MPN ml-1 (Ugljan)
to 104.0×103 MPN ml-1 (Lim channel), were still within
previously reported values (50.0×103-3.92×106 CFU ml-1)
[15], which were obtained by spread plate method. The
comparison was also made with HPC for Italian Adriatic
coastal waters determined by flow cytometry (43.0×10367.0×103 CFU ml-1) [14], and our results were mostly
within the reported range. Since there were no published
reports for numbers of heterotrophic bacteria in marine
water of European sea bass aquacultures in the Croatian

TABLE 2 - Number of heterotrophic bacteria (HPC / MPN ml-1) determined by SimPlate test at incubation temperature of 22 °C in marine
water of three aquaculture areas (European sea bass farms and control sites) in the East Adriatic Sea. The results are presented as means ±
standard deviation, based on HPC values determined in marine water sampled at three depths.

*

*

Sampling
period

Lim channel

Ugljan

Pelješac

Farm

Control

Farm

Control

Farm

Control

1

69.3×103±25.2×103

58.2×103±13.5×103

2.9×103±3.1×103

0.5×103±0.4×103

26.4×103±32.5×103

6.0×103±0.8×103

2

44.7×103±6.9×103

42.6×103±12.4×103

36.0×103±10.8×103

28.3×103±9.6×103

39.3×103±12.5×103

30.6×103±9.1×103

3

43.2×103±14.3×103

50.0×103±26.2×103

55.6×103±11.0×103

57.1×103±14.9×103

31.1×103±3.9×103

35.6×103±6.8×103

4

71.9×103±4.7×103

68.1×103±6.3×103

61.9×103±9.9×103

59.7×103±9.6×103

63.6×103±12.3×103

50.1×103±8.7×103

The legend for sampling periods: 1 – June 2007; 2 – November 2007; 3 – June 2008; 4 – October 2008
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part of Adriatic Sea, we have compared our results with
the report for Mediterranean European sea bass farms
[20]. Even maximal HPC determined in the water of Lim
channel European sea bass farm (104.0×103 MPN ml-1)
was lower than minimal HPC value reported for Mediterranean farm (200.0×103 CFU ml-1), as a sign of rather low
organic enrichment of marine water, as a consequence of
fish farm impact or anthropogenic impact, in general, in
the studied area of the Adriatic Sea.
Temporal variation of HPCs in marine water of aquacultures was also studied. Several statistically significant
differences were obtained between sampling periods; however, without clear pattern which would indicate a dependence on sampling season. Such finding was expected,
since European sea bass farms maintain equable activity
during the whole year, and their impact on marine water
quality should, therefore, be independent of the season.
However, at two southern aquacultures (Ugljan and Pelješac), ascendant temporal trend was observed with the
highest HPCs determined in October 2008 (Table 2), indicating increase of organic enrichment of marine water
over time. The same temporal trend was observed at both
the farms and the control sites (Table 2), and additionally,
supported the assumption that control sites were equally
affected by organic enrichment as the farms, due to small
distance between them. The ascendant temporal trend was
not only observed at Lim channel (Table 2), since, as
already discussed, HPCs there were higher from the start,
probably due to somewhat increased organic pollution
caused by underground waters.
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ABSTRACT
In-situ capping is an important technology for the remediation of contaminated sediment. The benefits of insitu capping are the reduction of contaminant water-column
concentrations and, therefore, reduced bioavailability to
benthic and aquatic organisms, as well as the minimization
of downstream migration. Surfactants being discharged into
water by different ways have effects on the sorption of
organic pollutants in sediments when activated carbon (AC)
or biochar (BC) was considered as the in-situ capping
material of remediation. Adsorption experiments were
carried out to investigate the sorption behaviours of pentachlorophenol (PCP) on sediment, AC and BC, as influenced
by the presence of cationic surfactant cetyltrimethyl ammonium bromide (CTAB). Adsorption of PCP on sediment increased when CTAB was in low concentration
(108.71 mg/L) but decreased when CTAB was in high
concentration (2174.18 mg/L). The amount of PCP adsorption on AC and BC declined with the increasing of aqueous CTAB concentrations. Maybe, it was because of the
filling of pores by surfactant molecules, which made active
hydrophobic adsorption sites much less available to PCP.
The decrease of sorption might also be due to the solubilization of PCP when critical micelle concentration was
approached. The results indicate that when using AC or BC
as the in-situ capping materials for the remediation of PCPcontaminated sediment, the presence of cationic surfactant
CTAB may pose a negative effect.
KEYWORDS: Pentachlorophenol, cetyltrimethyl ammonium
bromide, sediment, activated carbon, biochar, sorption.

it reduces contaminant flux into the benthic community [2,
3]. Strong sorption to solids can reduce contaminant watercolumn concentrations and, therefore, reduce bioavailability
to benthic and aquatic organisms. It was discovered that
anthropogenic and naturally occurring particulate, black
carbonaceous matter, which includes coal and charcoal,
could accumulate and strongly bind PAHs and PCBs [4,
5]. Jonker and Koelmans [6] found that soot and sootlike
materials have very high affinities for PAHs and PCBs,
and that the presence of these materials can lower aqueous
concentrations of the contaminants. Previous studies
demonstrated substantial reductions in aqueous pollutant
concentrations, and uptake by organisms and surrogate
bio-mimetic devices by mixing AC into the biologically
active layer of sediment [7-10]. Thus, the results from these
studies show that strong sorption to solids can reduce the
chemical and biological availability of hydrophobic organic
compounds (HOCs).
Surfactants are surface-active agents that alter the
properties of fluid interfaces. They are widely found in
municipal wastewater and industrial wastewater. The fate
and transport of HOCs in environmental matrixes is, consequently, affected by the coexistent surfactants. It has
been shown that surfactants can increase the solubility of
HOCs by partitioning it into the hydrophobic cores of surfactant micelles [11] Besides, several studies have reported
that cationic surfactants can adsorb onto soil, sediment or
aquifer materials to a significant extent [12, 13], and they can
significantly enhance the sorption of HOCs onto soils [14].
In this study, cationic surfactant, cetyltrimethyl ammonium bromide (CTAB), was interfused into sediment,
activated carbon (AC) and biochar (BC), and the effects
of CTAB on pentachlorophenol (PCP) sorption by sediment, AC and BC were investigated.

1 INTRODUCTION
In-situ capping (ISC) is a potentially effective treatment strategy for PCB-contaminated sediments [1]. ISC
uses a physical barrier of clean sand or sediment to isolate
contaminated sediments from the benthic community, and
* Corresponding author

2 MATERIALS AND METHODS
2.1 Materials

PCP (purity >99.7%) was purchased from Tianjin
Damao Chemical Reagent Factory (China), and it was
directly used without further purification. Properties and
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environmental characters of PCP can be found in the
reference [15]. Primary PCP stock solutions were prepared by dissolving appropriate amounts of solute in methanol (HPLC-grade) and stored in the dark at 4 °C in amber
glass bottles with Teflon-lined caps. CTAB, a cationic surfactant, was purchased from Xilong Chemical Co., Ltd.
(China). CTAB stock solutions were prepared in deionized water with a background solution (0.01 mol/L CaCl2
and 200 mg/L NaN3). In this study, critical micelle concentration (CMC) of CTAB was determined as the concentration at sharp breaks in the plots of the surface tension
versus the logarithm of surfactant concentration at 25 °C,
and the result is 543.54 mg/L.
2.2 Sediment/AC/BC Preparation

An uncontaminated surface (0–20 cm) sediment sample was collected from Ganggou River of Beijing, China.
Sediment was screened in the field to remove gravel and
debris larger than 4 mm in diameter, and taken back to
laboratory. The sediment was air-dried and sieved to obtain
particles less than 100 mesh. The sediment contains 70.97%
sand, 27.31% silt and 1.72% clay, respectively. The total
organic carbon (TOC) of the sediment was 1.35%, and it
was determined by a high-temperature combustion-based
elemental analyzer (Elementar Vario EI, Germany). The
specific surface area of the sediment was 6.90 m2/g.
The AC derived from coal was obtained from Beijing
Pacific Activated Carbon Products Co., Ltd., and it was
boiled in deionized water for 15 min to remove any air
pockets in pores, then dried at 105 °C, and sieved to obtain
particles less than 65 mesh prior to use. The percent element carbon of the AC was 83.73%, specific surface area
was 966.23 m2/g, and pore volume was 0.6022 cm3/g.
The preparation of BC sample can be found from a
previous procedure provided [16]. Dry corn straw was
collected and washed with tap water to remove dust. After
air-drying for 2 days and oven-drying overnight at 70-80 °C,
the corn straw was ground and sieved to obtain particles
less than 100 mesh. The corn straw powder was placed in
a closed ceramic pot and pyrolyzed under the oxygenlimited conditions for 6 h at 500 °C. The charred residues
were demineralized with 1 mol/L HCl solution for 12 h.
After centrifugation of the suspensions, the residues were
rinsed with deionized distilled water until the aqueous phase
became neutral. The BC sample was then dried overnight at
70-80 °C. The prepared BC was referred to as CS500. The
specific surface area of the BC was 245.30 m2/g.
The surface chemical properties of the sediment, AC
and BC were provided by a Nexus 670 FTIR spectrophotometer (Thermo Nicolet Corporation, US), recording the
spectrum scope from 4000 to 400 cm-1 with a resolution
of 4 cm-1.
2.3 Batch Sorption Experiments

In this study, 40-ml glass vials with Teflon-lined screw
caps were used as batch reactors, and 250-ml jars with
Teflon-lined screw caps were used when AC was used as

adsorbent. All experiments were conducted in duplicate.
Varied concentrations of PCP solutions were added to the
glass vials and the jars, which contained sediment, AC or
BC, and a certain volume of a given concentration of
CTAB solution. The initial aqueous phase PCP concentrations ranged from 0.6 to 10 mg/L, and the initial surfactant concentration spanned over below and above the
surfactant CMC (from 0 mg/L to 2174.18 mg/L, corresponding to 0 CMC - 4 CMC). A mixture of 0.01 mol/L
CaCl2 and 200 mg/L NaN3 was used as background solution in all sorption experiments to maintain constant
ionic strength and inhibit microbial growth. All vials and
jars were shaken on a shaker at 120 rpm at 25±1 °C for 48 h.
According to our preliminary tests, 48 h was enough for the
sorption equilibrium to be reached. Then, the sediment,
AC and BC particles were removed by filtration (0.22-µm
Nylon filter) and the filtrate was used for PCP analysis. The
losses of PCP by sorption to the vials, the jars and the
Nylon filter were negligible based on the preliminary tests.
The amount of PCP adsorbed was computed from the difference of the initial and final PCP concentrations.
2.4 Analytical Methods

Many methods have been described for the determination of PCP in the environment [17-19]. In the study,
PCP in the solution was determined by HPLC directly.
The concentrations of PCP were determined using a
Waters e2695 Separations Module HPLC fitted with a
Waters 2489 UV/visible Detector and Inertsil ODS-3 C18
reverse-phase column (250 mm×4.6 mm, 5 µm). Isocratic
elution was performed using the mixture of methanol and
1% acetic acid (95:5, v/v) at a flow-rate of 1 ml/min. The
UV wavelength was set at 320 nm. According to the preliminary tests, the presence of CTAB at high concentrations did not show any interference to PCP analysis.

3 RESULTS AND DISCUSSION
3.1 FTIR Spectra of Sediment, AC and BC

FTIR spectra of the sediment, AC and BC (CS500),
and their spectroscopic assignments, are shown in Fig. 1.
The AC is considered to be fully carbonized adsorbent,
and there is no stretching vibration absorption band of
functional groups on its surface. For CS500, the band at
3616 cm-1 represents the stretching vibration of free hydroxyl groups, which is mainly caused by the free-OH of
alcohols and phenols [20]. The band at 3412 cm-1 is assigned to –OH stretching vibration by hydrogen bond, and
the band at 3044 cm-1 is assigned to C-H stretching vibration of aromatic carbon [16]. The band at 1701 cm-1
represents C=O stretching vibrations of carboxyl [16],
aldehyde, ketone, and lipids [21, 22]. The peak at 1589
cm-1 represents C=C stretching vibration of conjugated
ketones and quinines [23]. The peaks in the region of low
wave numbers (e.g. 1100 cm-1) are assigned to the aliphatic
C–O and alcohol-OH stretching of hemicelluloses [24].
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For the sediment, the bands from 3422 cm-1 to 3616 cm-1
are assigned to –OH stretching vibration. The peak at
1640 cm-1 represents C=C stretching of aromatic hydrocarbons [24]. The band at 1438 cm-1 is also caused by C=C
stretching [23]. The bands from 1028 cm-1 to 1030 cm-1
are assigned to C-O-C stretching of acid derivatives and
aliphatic-OH stretching of cellulose and hemicelluloses
[22], and methoxy stretching of lignin [25]. The peak
at 778 cm-1 is assigned to C-H deformation vibration [23].
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FIGURE 1 - FTIR spectra of the sediment, AC and BC.

0.0
3.2 Sorption of PCP onto Different Adsorbents

Sorption isotherms of PCP by the sediment in the
presence or absence of CTAB are shown in Fig. 2. For the
concentrations of CTAB 108.71 mg/L (0.2 CMC) and
217.42 mg/L (0.4 CMC), sorption isotherms of PCP are
shown in Fig. 2(a); while for the concentrations of CTAB
0 mg/L (0 CMC), 543.55 mg/L (1 CMC), 1087.09 mg/L
(2 CMC), and 2174.18 mg/L (4 CMC), sorption isotherms
of PCP are shown in Fig. 2(b). From Fig. 2, it could be
concluded that the adsorption of PCP by the sediment was
increased when the aqueous CTAB concentrations were
low, and the increase was most obvious when the concentration of CTAB was 108.71 mg/L (0.2 CMC). Then, the
adsorption of PCP decreased with increasing aqueous
CTAB concentrations above 108.71 mg/L (0.2 CMC). For
high CTAB concentration (2174.18 mg/L, 4 CMC), the
adsorption of PCP on the sediment was very weak.
Many studies have investigated the adsorption equilibrium of PCP [26, 27]. In this study, Freundlich model
was used. Sorption of PCP in sediment is described by the
Freundlich model in the presence or absence of surfactants:
Qe = Kf Ce

10
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CTAB=543.54mg/L
CTAB=1087.09mg/L
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where, Qe is the solid phase sorbate concentration
(mg/g) at equilibrium conditions; Kf ((mg/g)/(mg/L)n) is
the sorption affinity; Ce (mg/L) is the liquid phase equilibrium concentration; n (unitless) is the nonlinearity index.
The fitting parameters are listed in Table 1.
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FIGURE 2 - Sorption isotherms of PCP on the sediment with or
without CTAB.
TABLE 1 - Freundlich sorption parameters of PCP on sediment
with or without CTAB
Concentrations of
CTAB (mg/L)
0.00 (0 CMC)

Kf

n

R2

Kfoc

0.08

0.78

0.834

6.20

108.71(0.2 CMC)

3.02

0.97

0.974

223.22

217.42 (0.4 CMC)

0.29

1.40

0.984

21.75

543.55 (1.0 CMC)

0.16

1.00

0.963

12.06

1087.09 (2.0 CMC)

0.06

1.23

0.944

4.13

2174.18 (4.0 CMC)

0.08

0.52

0.986

5.71

Kfoc = Kf/foc, (mg/g OC)/(mg/L)n, where foc is the percentage of carbon content of adsorbent, and the value for
sediment is 1.35 %.
According to Table 1, it is demonstrated that the sorption of PCP in the sediment was increased because of the
presence of CTAB, and this increase is related to the
concentrations of surfactant. Kf increases rapidly from
0.08 to 3.02 ((mg/g)/(mg/L)n) when the concentrations of
CTAB varied from 0 mg/L to 108.71mg/L, then Kf declines with the increasing aqueous CTAB concentrations.
A similar effect has been also observed by Chen et al. [28].

1288

Fresenius Environmental Bulletin

The nonlinearity coefficient n values ranged from
0.52 to 1.40 when the concentrations of CTAB increased
from 0 mg/L to 2174.18 mg/L (Table 3). The nonlinearity
coefficient n is related to the sorption site energy distribution, and has been related to heterogeneous glass, hard or
condensed soil organic matter (SOM) domain and to the
maturation degree of SOM [29, 30]. The lower n value
indicates more heterogeneous glass, hard or condensed
sorption domain in the sorbents, and higher sorption site
energy distribution [29]. As shown in Table 1, when the
concentration of CTAB was 1.0 CMC, n closed to 1,
which indicated that the sorption of PCP on the sediment
was linear adsorption and, at this time, partition played a
dominant role.
Zhang et al. [31] reported that the adsorption of naphthalene and phenanthrene by soil increased with the increasing aqueous CTAB concentrations from 0 to 100
mg/L but decreased almost linearly with the increase of
CTAB concentration above 100 mg/L. This is consistent
with our findings. So, it can be concluded that CTAB
could increase the adsorption of PCP on sediment when
the concentrations of CTAB were at low level, and weaken the adsorption when the concentrations of CTAB were
at high level.
In a system with coexistence of HOCs, surfactant,
sediment and water, following interactions may occur
simultaneously: (1) equilibria of surfactant among monomers, micelles and hemimicelles, (2) partition of HOCs
among sediment hydrophobic adsorption sites, surfactant
micelles and organo minerals, (3) interaction between
HOCs and surfactant monomers, and (4) competition for
active hydrophobic adsorption sites on sediment surface
between HOCs and surfactant [32, 33]. Among these
interactions, the adsorption of HOCs depends on the extent and the competition of each interaction. The interaction between HOCs and surfactant monomers is usually
weak and negligible [34]. Usually, the surface of natural
sediment is negatively charged and CTAB is positively
charged, so when the concentration of CTAB is low,
CTAB were adsorbed mainly on the surface of sediment.
The adsorbed CTAB onto sediment surface can adsorb
more PCP, although active hydrophobic adsorption sites
on sediment surface were occupied by CTAB. The
amount of PCP adsorption increase by this mechanism is
more than decrease due to the CTAB occupation of active
hydrophobic adsorption sites. So, an increase of PCP
adsorption was observed. The adsorption of PCP decreased
with the increasing concentrations of CTAB. It is likely

CTAB micelles form at high concentrations of CTAB,
and the solubilization of PCP occurs due to its partitioning into CTAB micelles.
Sorption isotherms of PCP by the AC and the BC
are shown in Figs. 3 and 4, respectively. Fig. 3(a) and
Fig. 4(a) are the sorption isotherms of PCP by the AC and
the BC, in the absence of CTAB. Fig. 3(b) and Fig.
4(b) show the sorption isotherms of PCP, in the presence of CTAB. The concentrations of CTAB used were
108.71 mg/L (0.2 CMC), 217.42 mg/L (0.4 CMC),
543.55 mg/L (1 CMC), 1087.09 mg/L (2 CMC), and
2174.18 mg/L (4 CMC). Although the difference of the
amount of PCP adsorbed on the AC and the BC is great,
the effects of CTAB on PCP sorption by these two adsorbents are similar. From Figs. 3 and 4, it could be observed
that more PCP was adsorbed in the ab- sence of CTAB,
and the amount of PCP adsorption de-creased with increasing concentrations of CTAB. Sorption of PCP by the AC
and the BC, in the presence or absence of CTAB, can be
described by the Freundlich model and the fitting parameters are listed in Table 2 and 3.

500
(a)

CTAB=0mg/L

400
Qe(mg/g)

They studied the influence of myristylpyridinium bromide
(MPB) on sorption behavior of naphthalene into two bentonites in aqueous solution. According to their study, when
MPB equilibrium concentration was less than 1/10 CMC,
the apparent sorption coefficient, Kd* value, increased rapidly with increasing MPB primary concentration and reached
the maximums when MPB equilibrium concentration was
1/10 CMC. The maximum values of Kd* for two bentonites
were 1405.2 and 3435.2 ml/g, respectively.
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FIGURE 3 - Sorption isotherms of PCP on AC with or without
CTAB.
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For relatively low concentrations of HOCs, pore filling is
considered to be the main mechanism of adsorption [3638]. So, in the system with coexistence of PCP, surfactant, AC/BC, and water, active adsorption sites for PCP in
the AC or in the BC were reduced mainly due to blocking
of micropores by macromolecular surfactants, which
resulted in the reduction of amount of adsorption of PCP.
In addition, micelles formed with increasing levels of
CTAB, and the surfactant solubilization of PCP could
also reduce the amount of PCP adsorption. Further studies
will be needed on the mechanism of PCP adsorption on
the AC or the BC, in the presence of CTAB.

250
£®a£©

CTAB=0.0mg/L

Qe(mg/g)

200
150
100
50
0

0

1

2

Moreover, it could be observed that Kf, fitting parameters of PCP in the Freundlich model in the absence of
CTAB, are positively correlated with the specific surface
area and organic carbon content of the three adsorbents
(Table 4).

3
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（ b）

CTAB=108.71mg/L
CTAB=217.42mg/L
CTAB=543.55mg/L
CTAB=1087.09mg/L
CTAB=2174.18mg/L
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40

TABLE 4 - Relationships between Kf and TOC as well as surface
area of sorbents.
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245.298

10
0

4 CONCLUSION
0

2

4

6

8

10

12

Ce(mg/L)
FIGURE 4 - Sorption isotherms of PCP on the BC with or without
CTAB.
TABLE 2 - Freundlich sorption parameters of PCP to AC with or
without CTAB.
Concentrations
of CTAB (mg/L)
0.0(0 CMC)
108.71(0.2 CMC)
217.42(0.4 CMC)
543.55(1.0 CMC)
1087.09(2.0 CMC)
2174.18(4.0 CMC)

Kf

n

R2

Kfoc

178.13
25.43
18.86
4.16
2.03
1.14

0.39
0.55
0.59
0.91
1.03
1.07

0.965
0.911
0.940
0.957
0.985
0.938

2.127
0.30
0.225
0.050
0.024
0.014

TABLE 3 - Freundlich sorption parameters of PCP to BC with or
without CTAB.
Concentrations
of CTAB (mg/L)
0.0(0.0 CMC)
108.71(0.2 CMC)
217.42(0.4 CMC)
543.55(1.0 CMC)
1087.09(2.0 CMC)
2174.18(4.0 CMC)

Kf

n

R2

Kfoc

134.11
6.35
3.01
1.04
0.61
0.35

0.35
0.97
0.78
0.89
0.74
0.68

0.976
0.944
0.942
0.909
0.871
0.917

1.778
0.084
0.040
0.014
0.008
0.005

At present, there are a lot of explanations for the
mechanism of adsorption, such as surface coverage, adsorption in multi-molecular layers, condensation on holes
of capillary, and adsorption into the polymer matrix [35].

Sorption of PCP was investigated in aqueous sediment, AC and BC systems containing a cationic surfactant
CTAB. The results showed that the presence of CTAB
had different effects on the adsorption of PCP by the
sediment, AC and BC. The adsorption of PCP on the
sediment was dramatically enhanced when the aqueous
CTAB concentrations were low, and the enhancement
became smaller with the increase of the concentration of
CTAB, and, finally, the adsorption decreased with the
addition of CTAB above a certain concentration. When
the concentrations of CTAB were low, the enhanced sorption of PCP was attributed to the function of sorbed surfactant as an effective sorbent. When the concentrations
of CTAB were high, the sorption of PCP decreased because of the formation of micelles, and the surfactant
solubilization of PCP.
The sorption of PCP on the AC and BC was restrained by the CTAB, and this effect was enhanced with
increasing concentrations of CTAB. For the sorption of
low concentrations of HOCs on the AC and BC, pore
filling is considered to be the main mechanism. When
surfactant was added into the system of HOCs, AC/BC,
and water, surfactant molecules occupied the micropores
of the AC and BC, which resulted in the decrease of PCP
sorption.
In the environmental matrixes, the effects of surfactants on the sorption of HOCs on sediment, AC and BC
will be very complex. When in-situ capping is considered
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to be used to remediate contaminated sediment, the effects
of surfactants should be studied comprehensively.
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ABSTRACT
The heavy metal analysis of mosses in the Black Sea
region of Turkey was determined using atomic absorption
spectrometry method. The procedure was also validated by
analysis of standard reference material (IAEA-336 Lichen).
A qualitative analysis showed that the samples contained
chromium, manganese, cobalt, nickel, copper, zinc, and
lead. While the mean concentration values of Cr, Mn, Co,
Ni, Cu, Zn, and Pb in the moss samples collected from city
centers are 60.6, 820, 12.2, 18.8, 293, 181 and 39.8 mg.kg-1,
the mean concentration values in the moss samples collected from the city intervals are 43.8, 761, 11.0, 15.6,
242, 170 and 38.4 mg.kg-1, respectively. Since this study
was a heavy metal analysis along the highway, evaluation
of these elements with their potential hazards for ecology
and human was briefly discussed. A strong relationship
was observed between Pb concentration and the traffic
density.

KEYWORDS: Moss; heavy metal analysis; atomic absorption
spectrometry; Black Sea region

1 INTRODUCTION
Due to rapid urbanization and industrial development
in recent years, atmospheric pollution has caused serious
deterioration of the terrestrial environment in many countries. The general advantage of the biomonitoring approach
is related primarily to the permanent and common occurrence of the organisms in the field, the ease of sampling,
and the absence of any necessary expensive technical
equipment [1]. Analysis of plants has many advantages in
comparison with traditional analysis of biotic matrices, such
as water and soil. It has been proven to be a precious means
* Corresponding author

to evaluate environmental quality and its administration [2].
Unlike higher plants, mosses have no root system or cuticle layer; hence, mineral adsorption occurs over their entire
surface. Mineral uptakes from soil play a minor role, and
the adsorption of heavy metals is mainly derived from
atmospheric flux on the surfaces of the moss. Thus, mosses
can be used as bioindicators [3-5]. They accumulate large
amounts of the heavy metals in their tissues [6, 7].
Efficient and flexible transport systems are an important part of the world’s economy and life quality. Nevertheless, road traffic is an important negative factor with
regard to air quality, noise and land consumption. Additionally, it poses a threat to plants, animals and it has
direct and indirect consequences for human beings [8, 9].
For many years, lead (Pb) has been used to be the main
indicator for ambient air pollution caused by traffic. For
countries with smaller economies and, thus, less capacity
for environmental protection, monitoring Pb emissions
originating from traffic are still a matter of concern [10,
11]. In most countries, various regulatory instruments are
combined into a co-coordinated control program. In practice, analytical methods have to be evaluated, risks have
to be assessed, critical emissions have to be controlled,
and economical aspects have to be integrated [12, 13]. In
1990, lead-free gasoline was made compulsory in the USA
and Canada. In 1993, Austria was the first European country with a similar legislation, and other states followed this
example [14]. Due to an increasing awareness of environmental pollution, the rates of Pb emissions and ambient air
concentrations have been dramatically decreased in Western and Central Europe since the late 1970s [15]. It is observed that there has been a decreasing consumption rate
of lead gasoline in Turkey since 2001, compared to consumption rate of lead and lead-free gasoline, diesel and
Liquefied Petroleum Gases (LPG) in vehicles. When the
data published in 2005 is investigated (Table 1), gasoline,
diesel and LPG have consumption rates of 20% (70% leadfree, 30% lead), 70%, and 10% in Turkey, respectively. It
means that there are still lead oil dependent vehicles in the
country [16].
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TABLE 1 - Information about road motor vehicles by type of fuel
used in Turkey.

Gasoline

Vehicle rates
(%)
51

Diesel
LPG
*TURKSTAT (2005)

32
17

Consumption rates
(%)
20
30 lead
70 lead-free
70
10

This study aims to determine heavy metal concentrations due to road traffic in the Black Sea region of Turkey
by FAAS spectrometry.
2 MATERIALS AND METHODS

in bags shortly after they were brought back to the laboratory. After the macroscopic and microscopic investigations
of the samples with a stereo microscope, they were identified using The Moss Flora Britain and Ireland [18], Die
Moos- und Farnpflanzen Europas [19], Flora dei Muschi
D’Italia [20], The Bryophyte Flora of Israel and Adjacent Regions [21] reference publications. Then, the moss
species were determined by examining their macroscopic and microscopic characters with stereo and light microscopy. All samples were dried in a Heraeus furnace,
and then ground in a spex mill. To reduce particle size
effects, the powder obtained was sieved using a 400-mesh
sieve.
2.2. Instruments, reagents and solutions

2.1. Sampling

Moss samples were collected from 24 centers and 32
center intervals along Sarp-Samsun highway located in the
Eastern Black Sea region of Turkey (Fig. 1 and Table 2).
The sampling procedure of mosses is of immense importance to obtain acceptable results [17]. In order to determine any potential relationship between the traffic density
and heavy metal concentrations, moss samples were collected from the centers, center intervals, and from the
control regions where there is almost no traffic density.
Moss samples were collected on tree bodies using a
simple hand tool in the years between 2005 and 2006.
Then, the samples were put temporarily in polythene bags.
Some important notes, such as the features of the habitat
where the moss samples were collected, altitude, and sampling date, were recorded. The samples collected were put

A Unicam AA-929 flame atomic absorption spectrophotometer (FAAS) equipped with single element hollow
cathode lamps and an air/acetylene burner was used for
trace metal determinations. D2-lamp was also operated in
FAAS for background correction. Instrumental parameters
were those recommended by the manufacturer, and summarized in Table 3. A Milestone Ethos D microwave oven
with closed vessel and 1450 psi maximum pressure was
used for digestion of moss samples [22, 23].
All chemicals were obtained from Merck (Merck
KGaA Frankfurter Str. 250, 64293 Darmstadt, Germany)
and Fluka (Fluka Chemie GmbH, Industriestr. 25, Buchs,
CH-9471, Switzerland), and were of analytical reagentgrade. All solutions were prepared in distilled/deionized
water. IAEA-336 Lichen standard was obtained from IAEA
Laboratories at Seibersdorf and Vienna A-2444 Seibersdorf, Austria

FIGURE 1 - Study area.
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TABLE 2 - Site description of the stations along Sarp-Samsun Highway.
Location
Hopa
Hopa-Arhavi
Arhavi
Arhavi-Fındıklı
Fındıklı-Ardesen
Ardesen
Ardesen-Pazar
Pazar
Pazar-Çyeli
Çayeli-Rize
Rize
Rize-Derepazarı
Derepazarı-İyidere
İyidere-Of
Of
Of-Sürmene
Sürmene
Sürmene-Araklı
Araklı
Araklı-Arsin
Arsin
Arsin-Yomra
Yomra-Trabzon
Trabzon
Trabzon-Akçaabat
Akçaabat
Akçaabat-Çarşıbaşı
Çarşıbaşı
Vakfıkebir
Beşikdüzü
Beşikdüzü-Eynesil
Eynesil-Görele
Görele
Görele-Tirebolu
Tirebolu
Espiye-Keşap
Keşap-Giresun
Giresun
Giresun-Bulancak
Bulancak
Bulancak-Piraziz
Piraziz-Gülyalı
Gülyalı-Ordu
Ordu
Ordu-Perşembe
Perşembe-Fatsa
Fatsa
Fatsa-Ünye
Ünye
Terme
Terme-Çarşamba
Çarşamba
Çarşamba-Tekkeköy
Tekkeköy-Samsun
Samsun
Kavak-Samsun

Species of Moss
Calliergonella cuspidata
Plagiothecium succulentum
Pleurozium schreberi
Pleurozium schreberi
Scleropodium purum
Homalothecium sericeum
Eurhyncnium striatum
Leptodictyum riparium
Eurhyncnium hians
Eurhyncnium striatum
Hypnum cupressiforme
Hypnum resupinatum
Homalothecium sericeum
Amblystegium varium
Calliergonella cuspidata
Homalothecium sericeum
Eurhyncnium striatum
Homalothecium sericeum
Eurhyncnium striatum
Hypnum cupressiforme
Eurhyncnium striatum
Homalothecium sericeum
Brachythecium albicans
Calliergonella cuspidata
Hypnum cupressiforme
Rhynchostegium murale
Bryum capillare Hedw.
Amblystegium varium
Hypnum resupinatum
Brachythecium albicans
Eurhyncnium striatum
Hypnum cupressiforme
Rhytidiadelphus squarrosus
Hypnum cupressiforme
Hypnum cupressiforme
Thuidium tamariscinum
Amblystegium varium
Eurhyncnium striatum
Plagiothecium succulentum
Leucodon sciuroides
Scleropodium purum
Scleropodium purum
Homalothecium sericeum
Ctenidium molluscum
Hypnum cupressiforme
Ctenidium molluscum
Brachythecium mildeanum
Ctenidium molluscum
Ctenidium molluscum
Homalothecium sericeum
Leucodon sciuroides
Brachythecium albicans
Brachythecium mildeanum
Amblystegium varium
Hypnum cupressiforme
Tortella fragilis
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Average vehicle number (2006)
2737
4265
3545
4265
4779
4231
4689
5498
5756
9255
25261
7211
7211
7270
7270
9151
12342
11602
11387
11355
13175
13956
13956
30456
28985
28540
10567
10389
11245
11245
7856
7929
8476
8328
7301
7669
6350
19351
11463
11354
11463
8235
7984
23456
10430
8646
8875
9402
9847
9342
8424
13245
14977
35716
40004
9750

Population (2005)
15445
14079

45392
14682

78144

25478
17063
22506
13038

214949
39102
8532
33394
29766

27214
16112

83686
32182

112525

63721
61552
25052
49189

363180
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TABLE 3 - Instrumental parameters for the measurements of the working elements by FAAS and microwave digestion program applied for
the moss samples.
Instrumental parameters of FAAS
Element
Wavelength Slit width
(nm)
(nm)
Cr
357.9
0.5
Mn
279.5
0.2
Co
240.7
0.2
Ni
232.0
0.2

Lamp current
(mA)
9.0
9.0
11.5
11.5

Flow-rate of acetylene
(L.min–1)
4.2
1.0
1.0
0.9

Cu

324.8

0.5

3.5

1.1

Zn
Pb

213.9
217.0

0.5
0.5

7.5
6.0

1.2
1.1

2.3. Method

1.00 g aliquots of fine powdered and dried moss samples were weighed into Teflon vessels, and 7 ml of HNO3,
2 ml of H2O2 and 1 ml HF were added. Then, the content
of the vessels was digested by microwave irradiation.
Digestion conditions for microwave system are given in
Table 3. The residue was filtered with a blue band filter
paper, and filtrate was diluted to 25.0 ml with distilled/
deionized water. A blank digest was carried out in the same
way. The final solutions were analyzed with FAAS for
determination of metals.
In order to determine the quality control data for
chemical analysis, standard reference material was analyzed. The results revealed good agreement between the
observed and certified values (Table 4).
TABLE 4 - Analysis of certified reference material
IAEA–336 Lichena
Certified value
Found value
Error (%)
(µg.g–1)
(µg.g–1)
Zn
30.4 ± 3.3
28.6 ± 2.2
– 5.9
Cu
3.6± 0.5
3.4 ±0.3
– 5.5
Pb
(4.9)b
5.1 ± 0.4
+ 4.1
a
1.00 g of Moss CRM was taken, and after digestion in microwave
irradiation according to Table 3, the method was applied. Final volume
was 10 ml. bThe value in parenthesis is not certified.
Element

2.4. Statistical analysis

The statistical analyses were performed using SPSS
and Excel. A Pearson correlation (PC) was performed using
SPSS statistical software to obtain potential elemental correlations from the dataset. A linear regression analysis was
also used to analyze the Pb concentration and the traffic
density as well as Pb concentrations in the moss samples
collected from the city center and the center intervals using

Microwave digestion program
Step
Time
Power
(min)
(W)
1
6
250
2
6
450
3
6
650
4
6
250
Vent
3
(min)

Pressure
(bar)
45
45
45

Temperature
(oC)
180
200
220
220

-

-

the least-square method, in which regression lines were
plotted.
3 RESULTS
The average and range concentrations of seven elements (Cr, Mn, Co, Ni, Cu, Zn, and Pb polluting the environment), collected from centers and center intervals, in
moss samples are shown in Table 5. The average concentrations of elements collected from centers are relatively
higher than those from center intervals. This could be
attributed to the urbanization and, hence, the industrial
activities. Heavy metals are emitted to the environment
from different sources, such as transportation, industrial
activities, fossil fuels, agriculture, urbanization, and other
human activities.
While the mean concentration values of Cr, Mn,
Co, Ni, Cu, Zn, and Pb in the moss samples collected
from city centers were 60.6, 820, 12.2, 18.8, 293, 181
and 39.8 mg.kg-1; those in the moss samples from the
city center intervals were 43.8, 761, 11.0, 15.6, 242,
170 and 38.4 mg.kg-1, respectively. The highest levels of
Cr, Mn, Co, Ni, Cu, Zn, and Pb were observed in Çarşıbaşı,
Pazar, Çarşamba-Tekkeköy, Çarşamba, Ardeşen, RizeDerepazarı and Ardeşen; the lowest in Arhavi-Fındıklı,
Arhavi-Fındıklı, Bulancak, Hopa, Arsin, Pazar-Çayeli and
Arhavi, respectively.
The results of the PC for elemental concentrations of
mosses are presented in Table 6. In the analysis, Co and
Mn, Ni and Cr, Ni and Co, Zn and Mn as well as Zn and
Cu were found to be closely correlated.

TABLE 5 - The average concentrations (mg.kg-1) and ranges of elements collected from center and center intervals
Element

Cr

Mn

Co

Average
Range

60.6
10.5-131.3

820
114-1294

12.2
2.5-24.6

Average
Range

43.8
10.4-122.0

761
346-1139

11.0
4.3-35.0

Ni
Center
18.8
1.4-79.2
Center interval
15.6
4.9-40.7

1297

Cu

Zn

Pb

293
45-986

181
68-514

39.8
5.4-82.1

242
70-725

170
41-578

38.4
12.2-65.0
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TABLE 6 - Pearson correlation coefficient matrix of the elements detected in the moss samples.
Cr
Cr
1.000
Mn
0.921
Co
0.156
Ni
0.000**
Cu
0.554
Zn
0.374
Pb
0.351
**
P<0.01; *P<0.05

Mn

Co

Ni

Cu

Zn

Pb

1.000
0.000**
0.081
0.252
0.011*
0.529

1.000
0.000**
0.737
0.915
0.098

1.000
0.438
0.435
0.055

1.000
0.017*
0.178

1.000
0.131

1.000

No of
Samples
Min
Cr Max
Mean
Min
Mn Max
Mean
Min
Co Max
Mean
Min
Ni Max
Mean
Min
Cu Max
Mean
Min
Zn Max
Mean
Min
Pb Max
Mean

4
10.5 ± 0.2
114.6 ± 2.3
45.4 ± 0.9
580 ± 17
895 ± 27
681 ± 21
7.8 ± 0.3
10.5 ± 0.4
8.9 ± 0.4
1.4 ± 0.1
30.7 ± 0.9
11.9 ± 0.4
113 ± 3
684 ± 21
394 ± 12
88 ± 5
261 ± 16
160 ± 10
39.2 ± 2.7
65.0 ± 4.5
52.1 ± 4.0

3

4

28.6 ± 0.6
42.0 ± 0.8
36.2 ± 0.7
850 ± 26
933 ± 28
884 ± 27
9.2 ± 0.4
13.1 ± 0.5
10.7 ± 0.4
7.8 ± 0.2
19.7 ± 0.6
13.1 ± 0.4
147 ± 4
725 ± 22
524 ± 15
41 ± 3
235 ± 14
152 ± 9
12.2 ± 0.9
44.6 ± 3.1
26.8 ± 1.9

10.4 ± 0.2
129.4 ± 2.5
82.4 ± 1.6
346 ± 10
1064 ± 32
710 ± 26
4.3 ± 0.2
23.9 ± 1.0
16.6 ± 0.7
ND
56.4 ± 1.7
34.7 ± 1.0
141 ± 4
206 ± 6
165 ± 5
64 ± 4
76 ± 5
71 ± 4
5.4 ± 0.4
39.1 ± 3.2
19.9 ± 1.5

3

7

29.8 ± 0.6
39.7 ± 0.8
35.8 ± 0.6
616 ± 40
1139 ± 34
884 ± 34
7.6 ± 0.3
13.4 ± 0.5
10.9 ± 0.4
7.5 ± 0.2
16.5 ± 0.5
12.9 ± 0.4
99 ± 3
226 ± 7
165 ± 4
67 ± 4
578 ± 35
242 ± 14
10.5 ± 0.8
63.4 ± 4.4
32.4 ± 2.3

7

33.8 ± 0.7
85.8 ± 1.7
45.9 ± 0.9
457 ± 41
1141 ± 34
814 ± 30
7.9 ± 0.3
15.4 ± 0.6
10.6 ± 0.4
8.5 ± 0.3
40.5 ± 1.2
15.6 ± 0.5
89 ± 3
986 ± 30
299 ± 9
71 ± 4
514 ± 31
213 ± 13
29.9 ± 2.1
82.1 ± 5.7
46.5 ± 3.2

22.7 ± 0.5
99.7 ± 2.0
47.5 ± 1.0
458 ± 14
939 ± 28
695 ± 21
4.9 ± 0.2
12.6 ± 0.5
8.7 ± 0.4
7.5 ± 0.2
29.5 ± 0.8
13.9 ± 0.4
45 ± 1
407 ± 12
172 ± 5
84 ± 5
193 ± 12
143 ± 9
17.1 ± 1.2
47.3 ± 3.3
30.4 ± 2.1

8
22.2 ± 0.4
53.6 ± 1.1
37.9 ± 0.7
577 ± 17
938 ± 28
750 ± 28
3.6 ± 0.1
13.7 ± 0.5
7.9 ± 0.3
5.7 ± 0.2
21.4 ± 0.6
12.7 ± 0.4
97 ± 3
536 ± 16
261 ± 8
122 ± 7
365 ± 21
234 ± 14
32.3 ± 0.2
72.3 ± 0.2
44.1 ± 3.7

3
22.3 ± 0.4
53.2 ± 1.1
37.2 ± 0.7
692 ± 21
1278 ± 38
1034 ± 31
7.0 ± 0.3
16.2 ± 0.6
12.6 ± 0.5
4.9 ± 0.2
27.1 ± 0.8
15.6 ± 0.5
88 ± 3
643 ± 19
311 ± 9
189 ± 11
350 ± 21
252 ± 15
19.8 ± 1.4
60.0 ± 4.2
43.1 ± 3.0

Brachythecium mildeanum
(13)

Ctenidium molluscum
(12)

Leucodon sciuroides
(11)

Brachythecium albicans
(10)

Amblystegium varium
(9)

Hypnum resupinatum
(8)

Hypnum cupressiforme
(7)

Eurhyncnium striatum
(6)

Homalothecium sericeum
(5)

Scleropodium purum
(4)

Pleurozium schreberi
(3)

Plagiothecium succulentum
(2)

Species of
moss and
codes

Calliergonella cuspidata (1)

TABLE 7 - Description of the sample names and associated concentrations (mg.kg-1).

4

3

3

4

3

42.9 ± 0.8
131.3 ± 2.6
85.5 ± 1.7
471 ± 14
988 ± 30
741 ± 23
7.0 ± 0.3
14.0 ± 0.6
10.9 ± 0.5
12.5 ± 0.4
40.7 ± 1.2
25.3 ± 0.8
122 ± 4
289 ± 9
188 ± 6
120 ± 7
147 ± 9
132 ± 8
33.5 ± 2.3
48.8 ± 3.4
40.7 ± 2.7

23.1 ± 4.7
48.6 ± 0.9
34.3 ± 2.1
801 ± 24
1294 ± 39
1064 ± 32
8.1 ± 0.3
31.6 ± 1.3
17.4 ± 0.7
8.5 ± 0.3
79.2 ± 2.4
35.1 ± 1.1
340 ± 10
705 ± 21
519 ± 15
105 ± 6
257 ± 15
165 ± 10
19.2 ± 1.3
53.3 ± 3.7
35.1 ± 2.4

22.9 ± 0.5
35.3 ± 0.7
27.2 ± 0.6
580 ± 17
1607 ± 48
1011 ± 30
2.5 ± 0.1
24.6 ± 1.0
12.3 ± 0.5
6.4 ± 0.2
12.3 ± 0.4
9.6 ± 0.3
88 ± 3
214 ± 6
150 ± 5
76 ± 2
171 ± 10
114 ± 6
18.5 ± 1.3
52.4 ± 3.7
38.6 ± 2.7

24.5 ± 0.5
39.9 ± 0.8
32.6 ± 0.7
623 ± 19
1272 ± 38
794 ± 24
ND
8.0 ± 0.3
6.7 ± 0.3
7.6 ± 0.2
12.9 ± 0.4
11.4 ± 0.4
129 ± 4
635 ± 19
258 ± 8
70 ± 4
225 ± 14
165 ± 10
32.9 ± 2.3
69.8 ± 4.9
42.9 ± 3

25.1 ± 0.5
129.6 ± 2.6
65.4 ± 1.3
492 ± 15
962 ± 29
780 ± 24
11.7 ± 0.5
35.0 ± 1.4
19.7 ± 0.8
7.8 ± 0.2
15.0 ± 0.4
12.2 ± 0.3
70 ± 2
179 ± 5
127 ± 4
41 ± 3
169 ± 10
109 ± 7
25.7 ± 1.8
59.2 ± 4.1
41.5 ± 2.9

TABLE 8 - Correlation among moss species.
1
2
4
5
6
7
8
10
11
12
13

Cr
1
2
3
4
5
6
7
8
10
12
13

1
2
3
4
5
6
7
8
9
13

1
2
3
4
5
6
7
8
9
11
12

Co
1
2
3
4
5
6
7
8
9
10
11

Ni
2
3
4
5
8
9
10
11
13

1
2
4
5
6
7
8
9
1
12
3

Cu
1
2
3
4
5
6
7
8
9
10
13

The concentration distributions of the elements in the
moss species are given in Table 7. The biggest and the
lowest concentration of the elements in the moss species

1
3
4
5
6
7
8
9
11
12
13

Zn
1
2
3
4
5
6
8
9
10
12

2
3
4
5
6
7
9
10
11
12
13

Pb
1
2
4
5
6
7
8
9
10
11
12
13

2
3
4
5
6
7
8
9
10
11
12
13

1
2
4
5
6
7
8
9
10
11
12
13

are shown in Table as bold and italic, respectively. The
outcomes of the statistical analysis (one-way ANOVA) do
not find an interaction among the species for Cr, Mn, Co,
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Ni, Cu, Zn and Pb concentrations in the moss samples
(p>0.05). However, the obtained results according to the
Post Hoc (Duncan) test (Table 8) for moss samples statistically showed three different groups for Cr and Co concentrations. Also, concentrations of Ni, Cu, Zn and Pb for
species were forming two groups. On the other hand,
moss species showed no significant correlation for Mn.
Concentrations of elements in the moss samples collected from the control region are shown in Table 9. The
mean concentration values of Cr, Mn, Co, Ni, Cu, Zn and
Pb were 39.2, 291, 5.2, 19.6, 224, 114 and 20 mg.kg-1,
respectively. As expected, it has been observed that the
concentrations of the elements in moss samples collected
from the control region were much lower than those collected from the measurement sites.
In our measurements, maximum relative errors due to
the counting system for the elements detected were calculated to be as follows: Cr<2%, Mn<3%, Co<4%, Ni<3%,
Cu<3%, Zn<6%, and Pb<7%.
4 DISCUSSION
Although the mean concentration values of all elements in the samples collected from the city centers are

relatively higher than those from the center intervals, the
difference between mean values of Pb was observed to be
not so high. This might be explained that the city centers
and the center intervals are quite close together in the
studied area since the urbanization becomes dense near
the coast. Figs. 2 and 3 show the statistical correlation between the Pb concentration in the moss samples collected
from the city centers, the center intervals, and the associated number of vehicles. The results showed that there is a
strong correlation between Pb concentrations and the number
of vehicles (F = 12.55, P < 0.024, Fig. 2; F = 21.03, P <
0.001, Fig. 3). To visualize the most contaminated regions
by Pb, the interpolated map of Pb concentration distribution
created with ArcView GIS is shown in Fig. 4. The same
figure also shows the number of vehicles in a map of the
studied area. The interpolations were made by the ordinary
Kriging interpolation method. As can be seen from the
figure, moss samples collected from Samsun show higher
Pb levels, and also two other maps show the same trend.
The main sources of lead are the combustion of lead gasoline, waste incineration and industry. Lead pollution is correlated with urbanization and density of population. Lead is
known to induce reduced cognitive development and intellectual performance in children, and increased blood pressure and cardiovascular disease in adults [24].

TABLE 9 - Elemental concentration (mg.kg-1) in moss species collected from the control region.
Species of moss

Cr

Mn

Co

Ni

Cu

Zn

Pb

Hypnum cupressiforme

25.5±0.5

69±2

5.6±0.2

7.9±0.2

231±7

60±4

18.9±1.3

Homalothecium sericeum

35.3±0.7

351±11

2.7±0.1

15.2±0.5

969±29

291±18

18.1±1.3

Scleropodium purum

50.5±1.0

282±9

6.0±0.2

25.8±0.8

50±2

107±5

29.8±2.0

Hypnum cupressiforme

35.4±0.7

85±3

4.9±0.2

15.2±0.5

4±0.1

49±3

9.9±0.7

Homalothecium sericeum

41.9±0.8

662±20

9.2±0.4

28.0±0.8

28±1

87±5

18.9±1.3

Scleropodium purum

46.8±0.9

298±9

2.7±0.1

25.3±0.8

63±2

89±5

24.6±1.7

39.2±0.7

291±9

5.2±0.2

19.6±0.7

224±7

114±5

20.0±1.4

80

Pb	
  concentration=	
  22.85+0.0011*number	
  of	
  vehicles

70

-‐1

Pb	
   concentration	
   (mg.kg )

Locations
Giresun Kümbet
high plateau
Giresun Kümbet
high plateau
Giresun Kümbet
high plateau
Artvin Hatila
valley national park
Artvin Hatila
valley national park
Artvin Hatila
valley national park
Average

2

R =0.758	
  	
  P<0.024	
  F h=12.55

60
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40

30

20
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   of	
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FIGURE 2 - Pb concentration (mg.kg-1) and traffic density in city centers.
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100
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2
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R =0.513	
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  F h=21.03
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FIGURE 3 - Pb concentration (mg.kg-1) and traffic density in center intervals.

FIGURE 4 - Pb concentration (mg.kg-1) and the map of number of vehicles for the studied area.

Cu, Zn and Co is released from cars and trucks [25].
People living near hazardous waste sites containing these
heavy metals may be exposed to high levels of these
chemicals. Acute toxicity of cobalt may be observed as
effect on the lungs including asthma and pneumonia. The
International Agency for Research on Cancer (IARC) has
determined that cobalt and chromium is a possible carcinogen to humans [26]. When breathing very high levels of

chromium in air, it can damage the lungs, stomach and
intestines. The most common adverse health effect of
nickel in humans is an allergic reaction. Major sources of
exposure are auto exhaust, fertilizers, industrial waste,
and combustion of fuel oil [27].
The present results were compared with literature data in Table 10. As seen from the table, the present results
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TABLE 10 - Comparison of the elemental concentration results (mg.kg-1) with literature data.
Study Area
Finland
Poland
Germany
Czech Republic
Slovakia
Lithuania
Finland
Sweden
Norway
Hungary
Turkey

Cr
1.1
1.0
1.4
1.4
2.8
1.3
1.4
0.6
1.1
2.8
52.2

Ni
1.6
1.4
1.6
1.9
2.3
1.8
1.6
1.1
1.6
5.0
17.2

Cu
4
8
9
7
17
6
4
5
5
12
268

are quite higher than the measurements taken from different countries in Europe. It could be attributed that the
environmental pollution is a much more serious problem
in Turkey.

Zn
38
43
54
42
48
39
38
40
38
52
176
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ABSTRACT
The particulate sediment matter was evaluated in urban-industrial effluents from the Patos Lagoon Estuary
(Southern Brazil) through the study of metal speciation
and bioavailability. The domestic effluent, D1, had higher
total concentrations of Pb, Cu, Ni and Cr, a contamination
resulting from untreated sewage. More than 50% of the
amounts of Cd, Mn, Pb and Zn detected were associated
with the labile fraction, demonstrating that these metals
are more available to biota.
KEYWORDS:
metals; speciation; effluents; environment, sediment, estuary

INTRODUCTION
Sediments contaminated by heavy metals represent a
potential threat to human health, aquatic life and the environment. Metallic species released into the environment
by technological activities tend to persist indefinitely,
accumulating and inducing serious toxic effects throughout the food chain that can generate serious risks to human and animal health [1]. Depending on the level of
impact on the aquatic environment, changes in redox
conditions, pH, presence of organic chelates and even the
sediment’s resuspension regime can create different dispositions of the metallic species in the aquatic system.
These properties of accumulation and redistribution make
particulate matter and sediments important variables in
environmental impact studies [2, 3].
Estuaries are vulnerable environments to anthropogenic and contamination impacts [4]. Human activities
and urban expansion of the cities close to estuaries have
significantly increased contamination by heavy metals in
estuaries and bays [5-7].
The estuary of Patos Lagoon (32oS, 52oW) belongs to
the largest lagoon system in South America, with an area
greater than 14,000 km² [8], and its catchment basin includes most of the state of Rio Grande do Sul. The port of
Rio Grande is the second largest port for cargo operations
* Corresponding author

in Brazil. Fertilizer industries, fish processing, petroleum
refineries and untreated effluents discharging into the
estuarine environment are the primary factors responsible
for contamination [9].
The total percentage of metals in sediments and suspended materials provide a simple way to measure the
extent of pollution, however, research has shown that these
measures are not sufficient to predict the toxicity of these
pollutants [10]. Therefore, the determination of the concentration of total metals is necessary to determine metal
speciation in the environment. These studies are very important to estuaries where the speciation of metal is influenced by the constant evolution of the environmental conditions, including salinity, pH and redox potential of the
sediments [11].
There have been some studies on metal speciation in
the estuary of Patos Lagoon [12, 13], and one that focused
on arsenic specifically [14]. The only studies that describe
original effluent contamination were performed on mercury [15] and polyaromatic hydrocarbons [16]. However, no
research, so far, has looked at the influence of metal contamination from urban-industrial effluents or the speciation
of metals in effluents.
The majority of the studies performed in the Patos
Lagoon estuary have analyzed metals in the total fraction
of sediments. Previous studies have found levels close to
the legislation limits for elements like Cu, Pb and Zn in
the material in suspension [17].
The present study aimed to evaluate the distribution
and speciation of Cu, Pb, Zn, Ni, Cd, Cr, Mn and Fe in
the particulate sediment matter of urban-industrial effluents from the estuary of the Patos Lagoon, estimates the
contribution of different effluent types to metal speciation
and determines any possible impacts on estuarine biota.
2 MATERIALS AND METHODS
2.1 Area of study and sampling

The area of study included the urban zone of the city
of Rio Grande, located in the estuary of the Patos Lagoon
(Figure 1). The main effluent points from the city were
sampled. The effluents were separated into the following
groups: industrial (I), domestic (D) and the mix of both (M)
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(e.g., rain runoff and domestic). In total, 8 points were
sampled: 3 domestic, 3 domestic mixed with rain water and
2 industrial (Figure 1).
Samples from the decanted part of the effluents were
collected by hand from outfalls or estuary canals, supported
by a plastic shovel. They were stored in plastic bags, inside
of thermal boxes, during transport to the laboratory.

tion at 4000 rpm for 30 min. After each separation, the
supernatant was removed and stored in a refrigerator for
posterior chemical analysis. The residue was then washed
with 5 ml of ultra-pure deionized water and centrifuged.
This supernatant was then added to that from the first centrifugation, and the residue was extracted again. Residues
were extracted and separated into the following fractions:
exchangeable (8 m1 mol.l-1 MgCl2), carbonate (8 ml of pH
5, 1 mol.l-1 sodium acetate), reducible (20 ml of 0.04 mol.l-1
NH4OH.HCl in 25% (V/V) acetic acid at pH 3), organic (3
ml 0.02 mol.l-1 HNO3 and 5 ml of 30% H2O2 - pH adjusted
to 2 with HNO3, 5 ml of 3.2 mol.l-1 NH4OAc in 20% (v/v)
HNO3 and residual (digested with a HF-HClO). One additional residual fraction was extracted by digestion with HF
and aqua regia (3HCl:1HNO3). A control for the reagents
(blank) was processed with each analysis batch.
2.5 Determination of metals

An atomic absorption spectrophotometer (EAA; model
GBC 932AA) with an air-acetylene flame was used to
determine Cu, Pb, Zn, Ni, Cr, Fe and Mn, while Cd was
determined by a Perkin Elmer 800 atomic absorption spectrophotometer with a graphite furnace and Zeeman correction. Every sample was analyzed in triplicate, and the mean
value was calculated. The maximum relative standard deviation (RSD) levels of the individual samples were, on average, less than 4% for all analyzed elements. The accuracy
of all analyses was confirmed by sequential digestion and
the analysis of Certified Reference Materials for sediments
(PACS-2 and MESS-3) [22]. The results obtained from
these analyses were concordant (±5%) with certified levels.

FIGURE 1 - Sampling location map
2.2 Sample treatment

Many authors have suggested that the quantification
of from the finer, granulometric fractions of deposits is the
best measure of contamination [18, 19]. These fractions
have been observed to have a greater affinity for metals and
contain active effluent materials that later migrate to the
estuary. These characteristics provide good indicators of
the sediment pollution level. All samples were sifted by
hand with a 63-µm nylon mesh while they were still humid. The samples they were kept in plastic containers for
future treatment and analysis.
2.3 Analysis of total metals

One gram of the sample was chemically digested in
successive treatments of HNO3, H2O2 and HCl for the
analysis of total metals concentration according to the EPA
3050b method [20].
2.4 Sequential extraction of metals

One gram of each sample was extracted according to
the method of Tessier et al. 1979 [21]. The selective extractions were carried out in polyethylene spinner centrifuge tubes to minimize solid material losses. Between every
successive extraction, phases were separated by centrifuga-

3 RESULTS AND DISCUSSION
3.1 Total concentration of metals in effluent solid phase

Results obtained for the total percentage of metals at
the 8 sampling points (Figure 1) along the Rio Grande
city are presented in Table 1, being that the Eh in all sediment samples showed oxidizing conditions, the average
Eh of 8 samples was 54.45 mV, with maximum and minimum of 88 mV and 11 mV, with standard deviation
35.35. The greatest concentrations of metals were found
at point D1 (domestic) for Cu, Pb, Ni and Cr, where effluent is received without prior treatment. Niencheski and
Baumgartem (2000) [17] found levels similar levels,
reporting that there was contamination at this location,
and its primary source was the domestic sewer. In addition, other collection points at domestic effluents contained higher concentrations: Cd at point D3 and Mn at
point D2. The mixed effluent points had higher concentrations of Zn (point M3) and Fe (point M1). However, point
I2 (industrial) contained the lowest levels of Cu, Pb, Zn,
Cr and Fe (Table 1).
According to Mirlean et al. (2005) [23], the high level
of Pb present in sewage effluent can be related to its concentrations found in the paint of 19th-century houses. Many
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TABLE 1 - Distribution of the total concentrations of Cu, Pb, Zn, Ni, Cd, Cr and Mn in mg kg-1 and Fe % (dry weight) at different points
along the effluent discharge.
Effluent point
D1
D2
D3
M1
M2
M3
I1
I2

Cu
73.0
51.5
38.4
40.9
39.4
51.6
36.8
20.5

Pb
78.8
37.1
41.3
31.3
29.4
60.2
25.7
9.9

Zn
149.4
126.1
119.2
112.9
97.7
168.5
107.9
75.2

Ni
14.0
9.2
12.4
13.8
12.8
8.2
13.6
8.6

Cd
0.3
0.18
0.37
0.16
0.18
0.27
0.14
0.3

Cr
15.0
12.3
11.7
12.9
11.3
10.2
10.4
9.2

Mn
165.6
297.5
144.5
179.6
461.3
138.4
181.4
263.9

Fe
1.7
1.9
2.1
2.3
2.1
2.1
2.3
1.3

TABLE 2 - Correlation index between Cu, Pb, Zn, Ni, Cd, Cr, Mn and Fe (n= 8, p < 0.05) in evaluated effluents.

Cu
Pb
Zn
Ni
Cd
Cr
Mn
Fe

Cu
1.00

Pb
0.93
1.00

Zn
0.81
0.89
1.00

Ni
0.24
0.16
-0.08
1.00

Cd
0.06
0.33
0.18
-0.23
1.00

of these houses are abandoned, with peeling paint and no
signs of maintenance. In the coastal city of Rio Grande,
this process is being accelerated by the characteristic high
humidity and temperatures.
The high levels of Cu at points D1, D2 and M3 are
consistent with that of polluted areas that have high population agglomeration and untreated sewage [24, 25].
The concentration of Zn was higher at point M3
(168.5 mg kg-1), characterized as a mixed effluent. Fe and
Mn were found at higher levels at M1 and M2, respectively,
which were areas of mixed-effluent reception. Point I1
was the sewer outlet for a petroleum refinery, which explains
the elevated value detected for Ni at this location. Since
this point was close to D1, this was not the highest value
found for this metal.
The highest levels of Cd were at points D3, D1 and
I2. According to Niencheski et al. (2006) [26], elevated
concentrations of Cd had been detected at these locations,
which was associated with the activities of the fertilizer
factory. At I2, elevated concentrations of Cd were found
in the raw materials used at the fertilizer factory and in
emissions from these factories [27].
In other estuaries, an increase in Cd, Pb and Zn was
also reported in the original environments of many sources,
such as domestic and industrial sewer residuals [28]. The
value for Cu at D1 (73.0 mg kg-1) was above that found in
the El-Mex Bay, Mediterranean sea (11.5 – 52.2 mg kg-1)
[29] and the Seramang Estuary, Indonesia (33.0 – 72.0 mg
kg-1) [30].
To establish a relationship between the elements in
samples from different collection points, the coefficients of
correlation for each metal are presented in Table 2. There
was a significant positive correlation between Cu-Pb, Cu-

Cr
0.80
0.67
0.42
0.58
0.02
1.00

Mn
-0.25
-0.42
-0.52
-0.05
-0.38
-0.15
1.00

Fe
0.12
0.07
0.25
0.50
-0.54
0.15
-0.08
1.00

Zn, Cu-Cr, Pb-Zn, Pb-Cr and Ni-Cr, indicating a common
source for these metals. The primary sources of contamination in this region originated from dock activities or
lead used in tiling constructions. There was also a significant
negative correlation between Cd-Fe that can be explained by
anthropogenic Cd contamination, possibly from the raw
materials used in the fertilizer industries of this region.
3.2 Fractionation of metals in different types of effluents

According to Kersten and Förstner (1986) [31], the
fractionation of metals in different phases allows the identification of each of the labile fractions: exchangeable (F1),
carbonate (F2), reducible (F3) and organic (F4). The metals considered to be the most labile are associated with F1
and F2 because they can be easily remobilized as a result
of environmental changes like salinity and pH [32]. Metals associated with the F3 fraction can also be liberated
into the system by changing sediment Eh, and those connected to F4 are liberated under oxidizing conditions.
Therefore, the first four fractions are considered the most
labile [33, 34].
The mean concentrations of Cu, Pb, Zn, Ni, Cd, Cr,
Mn and Fe in the different fractions are presented in Table 3
for each type of effluent, illustrating the current mobilization capacity of the metals. The following metals were
associated with non-residual, or labile, fractions at a percentage greater than 50%: Pb at 59.1% in domestic effluent and 61.1% in mixed effluent and Zn at 62.3% in domestic effluent, 57.8% in mixed effluent and 50.0% in
industrial effluent. Mn was present at 61.4% in the domestic
effluent, 66.1% in the mix of effluents and 58.5% in the
industrial effluent, while Cd had the highest percentages
in labile fractions (89.1% in domestic effluent, 83.7% in
mixed effluent and 79.5% in industrial effluent), suggesting
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TABLE 3 - Mean concentrations of Cu, Pb, Zn, Ni, Cr, Cd, Mn and Fe (mg kg-1 dry weight) in fractions of different effluents.

Domestic
Mixed
Industrial
Domestic
Pb Mixed
Industrial
Domestic
Zn Mixed
Industrial
Domestic
Ni Mixed
Industrial
Domestic
Cr Mixed
Industrial
Domestic
Cd Mixed
Industrial
Domestic
Mn Mixed
Industrial
Domestic
Fe Mixed
Industrial
Cu

Exchangeable

Carbonate

Reducible

Organic

Residual I

Residual II

0.9
0.5
0.2
1.8
0.5
0.4
16.5
7.2
8.4
0.3
0.3
0.2
0.6
0.5
0.3
0.1
0.1
0.1
27.7
34.6
46.7
111.7
113.4
103.2

1.7
0.8
0.4
4.6
1.9
0.5
22.2
18.3
9.3
0.5
0.3
0.4
0.2
0.4
0.4
0.07
0.04
0.03
25.4
54.8
13.5
49.9
71.8
60.6

5.2
1.2
0.8
24.4
10.8
4.4
59.9
57.3
26.8
1.8
2.0
0.7
1.5
2.0
1.1
0.06
0.09
0.11
76.3
95.9
62.5
2800.2
2224.8
2105.8

17.2
13.7
10.8
18.1
9.8
8.12
22.7
19.3
18.7
1.8
2.1
1.7
4.4
4.6
4.2
0.09
0.07
0.09
21.8
43.6
22.7
3000.8
2903.7
3109.5

22.5
20.2
13.3
21.1
11.1
4.47
47.4
47.2
40.2
4.0
4.4
3.1
5.9
5.9
5.3
0.03
0.02
0.05
43.0
59.3
41.7
12391.7
17660.8
11852.2

8.5
9.0
6.7
12.7
3.5
11.7
25.9
27.3
22.9
6.6
6.2
10.2
6.4
7.3
6.5
0.02
0.04
0.05
52.0
57.9
61.3
7935.2
8745.6
7179.4

that these metals are primarily derived from an anthropogenic source.
These results indicate that these metals are potentially
more susceptible to change or liberation into the estuarine
environment. One of the possible sources of Cd to the
studied region is the fertilizer factories, through contaminated effluent and/or atmospheric transport. Fertilizer industries are known to release Cd to estuarine regions [12, 27].
Labile copper was detected at 44.7% in domestic effluent, 35.9% in mixed effluent and 37.9% in industrial
effluent in the labile fractions, and these levels can be considered dangerous to aquatic environments. Findings were
similar for chromium, with a labile fraction of 35.6% in the
domestic effluent, 36.6% in the mixed effluent and 34.1%
in the industrial effluent. Cr also had higher concentrations
in the organic phase: 22.7% in the domestic effluent, 21.9%
in the mixed effluent and 23.4% in the industrial effluent.
This increase in Cr could be attributed to metallic residues
from old boats and ships, metallic waste, residues from
scraping and maintenance of ships or leaching from dock
equipment present in the collection region. Ni was present
at the lowest levels in the labile fractions: 30.5% in the
domestic effluent, 31.5% in the mixed effluent and 19.6%
in the industrial effluent. Finally, Fe had the highest percentages in the residual phases, indicating that it cannot
be easily liberated into the aquatic environment once it is
no longer linked to the crystalline structure of the minerals present in the effluents. The percentage results for the
fractionation of Cu, Pb, Zn, Ni, Cr, Cd, Mn and Fe (mg
kg-1) in domestic, mixed and industrial effluents are presented in Figure 2.

Sum of
labile fractions
25.1
16.4
12.2
49.0
23.1
13.5
121.5
102.3
63.3
4.6
4.9
3.1
6.8
7.6
6.1
0.41
0.31
0.39
151.5
229.0
145.5
5962.7
5313.9
5379.3

Sum of
non-labile fractions
31.0
29.2
20.1
33.8
14.7
16.2
73.4
74.6
63.2
10.6
10.7
13.3
12.4
13.2
11.9
0.05
0.06
0.1
95.1
117.2
103.0
20326.9
26406.4
19031.6

3.2.1 Copper

The sum of Cu in the three types of effluents (domestic, mixed and industrial) represented more than 30% of
the organic phase, which is in agreement with levels previously found in the literature [35-38]. Cu is essentially
linked to this phase, indicating a strong affinity with organic matter [29] due to the high stability of the Cu-organic
complex. Considering only the labile fraction, Cu distributed as follows: organic phase >> reducible phase > carbonate phase > exchangeable phase. These results agree
with the findings of Tessier et al. (1979) [21] and Ramos
et al. (1999) [35]. According to the results presented for
Cu in different effluents (Figure 2), 44.7% of the Cu was
present in the labile fraction of the domestic effluent. This
result indicates recent Cu contamination, possibly from
domestic sewage that has higher Cu toxicity compared to
other effluent sources.
3.2.2 Lead

Pb predominated in the reducible phase with 37.0%
and 9.9% associated with the organic phase for the domestic effluent point, but also had a significant amount
(7.4%) in the carbonate phase (Figure 2). In the industrial
sewage point, Pb was present at a high level in the organic
phase, indicating a recent lead input (Table 3). The highest
affinity of Pb was with the reducible phase, where it was
significantly linked to organic matter. This has been previously observed by Dong et al. (2000) [38]. In addition, there
was 7.4% Pb in the carbonate phase, and Lopez-Sanches et
al. (1996) [39] found that lead can also be linked to carbonates. There was a higher concentration of Pb in the
labile fractions of domestic and mixed sewage, indicating
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recent Pb contamination. According to Mirlean et al.

(2005) [23],
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FIGURE 2 - Fractionation percentages of Cu, Pb, Zn, Ni, Cr, Cd, Mn and Fe (mg kg-1 dry weight) in different effluents.

possible sources of lead contamination to the city of Rio
Grande include lead-based paint, construction material
containing lead and lead fabrication processes.
3.2.3 Zinc

Our results show that Zn was present at higher concentrations in the reducible phase. This zinc affinity has
also been reported in other studies about regions affected
by this type of pollution, and more than 30% of the total
zinc was present in the reducible fraction of the sediments
[40, 41]. However, there was a significant difference between the Zn contents in the reducible phases of the different effluent types: 30.7% in the domestic effluent, 32.4%
in the mixed effluent and 21.1% in the industrial effluent.
The sampling points receive both domestic and industrial
effluents directly, and the significant amount of zinc in
the reducible phase is potentially an effect of the presence
of anthropogenic materials.
3.2.4 Nickel

Ni appeared more stable in the sediment portion of the
effluents, having a mean percentage of 68% in the residual
phase at all collection points. This suggests that it is associated with the mineral matrix of the effluents. In addition, the
total concentrations of Ni in the sediments were usually
lower than those of other metals. Its overall distribution in
all of the fractions was as follows: residual phase >>>
organic phase > reducible phase > carbonate phase > exchangeable phase. This behavior was observed in all three
types of effluents studied. It is important to highlight
that the domestic and mixed effluents contained the highest
organic-phase percentages of 12.3% and 13.5%, respectively, followed by the industrial effluent at 10.4%. In the reducible phase, nickel was present at 12.3% in the domestic
effluent, 13.3% in the mixed effluent and 4.6% in the
industrial effluent.
However, the impact of Ni was geographically reduced, with the highest levels at points D1 (14.0 mg kg-1)
and I1 (13.6 mg kg-1). D1, a domestic effluent source, and
I1, an industrial effluent source from a petroleum refinery,
are close to one another geographically. These results
coincide with that presented by Garcia et al. (2010) [42],
where he stated that the highest levels have only been
found close to petroleum refinery emission sources.

highest percentage of Cr after the residual fraction. Cr
was present accordingly in the organic phase of the three
types of effluents: 22.7% in the domestic effluent, 21.9%
in the mixed effluent and 23.4% in the industrial effluent.
According to Loureiro et al. (2009) [45], one of the input
sources of chromium to the sediment is urban runoff, but
other probable sources include domestic and industrial
sewers, garbage, dredging and that related dockyards
activities [46]. All of these activities can be found in the
estuary of the Patos Lagoon and the city of Rio Grande.
3.2.6 Cadmium

Cadmium’s behavior was similar in all effluents,
where more than 79.5% was found to be associated with
the exchangeable, carbonate, reducible and organic fractions, indicating that Cd is highly available to local biota,
Wiese et al. (1997) [47] also found similar behavior for
the Cd in samples sediments Thames estuary. Niencheski
et al. (1994) [48] also found an increase in the total Cd in
suspension in the Patos Lagoon estuary. This quantity of
Cd in the labile fraction is directly related to activities
developed in the region, an area of intense docking and
industrial activities, in addition to inputs from untreated
domestic effluents. Barcellos and Larceda (1994) [49]
observed inputs of Cd and Zn into the Baía de Sepetiba
(Rio de Janeiro) from docking and navigation activities.
The measured emission levels in the water of 0.05 ton/year
for Cd and 10 ton/year for Zn. However, the strongest
sources of Cd in the area of study are fertilizer industry
emissions and effluents [27].
3.2.7 Manganese

Similar to the results of Tessier et al. (1979) [21] and
Teixeira et al. (1997) [50], the percentage of manganese
in the labile fractions of the three types of effluents was
greater than 58%, meaning that is has a higher mobility
capacity. The reducible fraction stood out because it contained 30.9% in the domestic effluent, 27.7% in the mixed
effluent and 25.1% in the industrial effluent. Abd and ElMoselhy (2005) [51] also found elevated levels (41.3%)
of Mn associated with the reducible fraction, and they
attributed the adsorption and co-precipitation capacity of
this phase to Mn. Its percentage of fractionation distribution was as follows in all of the fractions: residual phase >
reducible phase > organic phase > carbonate phase >
exchangeable phase.

3.2.5 Chromium

Similar to Ni, Cr was at higher percentages in the residual phases of all of the collection points. Xuyin et al.
(2007) [43] also found that more than 60% of Cr was
associated with the residual fraction. However, when
comparing the fractionations in the labile phase, its behavior was different. The distribution percentage of Cr
was as follows: organic phase > reducible phase > exchangeable phase > carbonate phase. Brayner et al. (2001)
[44] also found that the organic fraction contained the

3.2.8 Iron

An insignificant percentage of Fe was extracted from
the exchangeable and carbonates fractions. In the domestic,
mixed and industrial effluents, the levels were less than 1%,
similar to the results of Tüzen (2003) [52] and Abdallah
(2007) [29]. Most of the iron found in the samples was in
the residual fraction (77%) of the three types of effluents,
also confirmed by Tüzen (2003) [52] and Abdallah (2007)
[29]. Its overall fractionation distribution was as follows:
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residual phase >>> organic phase > reducible phase >
exchangeable phase > carbonate phase.
4 CONCLUSIONS
The total concentration of metals in the different effluent samples confirmed that the domestic effluent, D1,
contained the highest total concentrations for Cu, Pb, Ni
and Cr, likely due to untreated sewage present in the area.
The elevated concentrations of lead (73, 41 and 60 mg kg-1
at D1, D3 and M3, respectively) show that the primary
source of contamination originated from lead-based paints,
construction materials that contain lead and lead fabrication processes. Cadmium had the highest concentrations
at points D1, I2 and D3, resulting from nearby fertilizer
industries as a possible contamination source.
Partial extractions applied to particulate material from
the effluents revealed 89.1% cadmium in the labile fraction and more bioavailable Cd contaminating the domestic effluent than the others. Similarly, there was a high
percentage of Pb in the labile fraction: greater than 59%
in the domestic effluent and 61% in the industrial effluent.
The metals, Cu (44%) and Zn (62%), were also associated
with the labile fraction in the domestic effluent at higher
levels, while Ni, Cr and Fe were associated the most with
the labile fractions in the three types of effluents.
Overall, the results indicate that there is significant
Cd, Zn, Pb and Cu contamination at the sample locations.
They contained the highest amounts of these metals associated with the labile fraction and domestic effluent, and
they are the most dangerous in terms of contamination
risk to the local biota.
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ABSTRACT

1 INTRODUCTION

Contamination of soil and groundwater by diesel is an
important and extensive environmental problem in Iran.
Biodegradation is a major mechanism which removes the
pollutants from the environment. Therefore, the present
study aimed to isolate and characterize n-hexadecane (HXD)
degrading bacteria capable of tolerating high salinity and
various pH values to be used in the bioremediation process. Three HXD degrading bacteria were isolated from
petroleum and diesel oil-contaminated soils through enrichments process on HXD. The phylogenetic diversity of
the isolates was evaluated by 16S rDNA gene sequence
analysis which together with morphology and biochemical tests identified the isolates as Pseudomonas aeruginosa and Acinetobacter radioresistens. HXD degradation
was also evaluated by the isolates. After 31 days, HXD
concentration showed 55.27% to 85.67% decrease. Our
findings indicated that Acinetobacter radioresistens and
Pseudomonas aeruginosa (strain 1) were halotolerant, but
Pseudomonas aeruginosa (strain 2) may be a halophile
microorganism. Previous results in biodegradation have
shown that mixed cultures were more efficient compared to
the pure ones. Our findings showed that the bacteria with
different HXD uptake modes also had different responses
to salinity and pH values. All these bacteria were halotolerant and could grow in various pHs. In this study, removal
of XHD from soil was also studied. Since ASIIDa showed
greater ability to remove XHD from water, it was used for
bioaugmentation of XHD-contaminated soil. The results
showed that XHD concentration had decreased from 5000
to 1263.01 mg kg-1 soil (74.74%) during 56 days by this
strain (Pseudomonas aeruginosa).

KEYWORDS: Bacteria, Hexadecane, Isolation, Polymerase
Chain Reaction, Soil

* Corresponding author

Diesel oil is the most common organic pollutant of
soils and ground waters. Iran is one of the largest oil producers in the world and about 60 percent of global oil is
shipped through the Persian Gulf [1] which is located in
southern Iran. Soil and water pollution by oil is very widespread. However, the country is developing rapidly and
government intends to expand oil and gas industries, including oil and gas extraction and refining. Thus, in future, environmental pollution caused by petroleum compounds, such as diesel oil, is expected to increase. Therefore, extensive research is necessary to be conducted on the
prevention of environmental pollution and cleaning of water
and soils contaminated with these compounds. Among the
various methods proposed for the removal of these compounds, those based on microbial activities are of greater
priority. The most important biological processes include
biodegradation and bioremediation. Biodegradation is a
major mechanism which removes the pollutants from the
environment [2]. Bioremediation often emphasizes the biological removal of the pollutants from the soil. In this way,
indigenous or exotic microorganisms are usually added to
soil or suitable conditions for growth, such as adequate
nutrients and oxygen, are provided in order to enhance
biodegradation and reduce the time required for pollutant removal.
Up to now, a large number of bacterial strains capable
of degrading petroleum hydrocarbons have been isolated
[3]. Hassanshahian et al. isolated 25 petroleum degrading
bacteria from petroleum contaminated sites in the Persian
Gulf and the Caspian Sea [1].
Most reports have shown that n-Alkane-degrading bacteria isolated from oil-contaminated sites are mesophilic
strains belonging to different bacterial species, such as
Marinobacter [1], Acinetobacter [1;4;5], Rhodococcus sp.
[6], Nocardia sp. CF8, Planococcus alkanoclasticus [7],
Ochrobactrum [8;9], Halomonas [1], and Pseudomonas
putida [10]. Overall, contamination of soil and groundwater
by diesel oil is an important and extensive environmental
problem in Iran. Diesel oil is composed of different com-
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binations, such as alkanes and aromatic hydrocarbons [11].
In this study, as in some other studies [12-15], n-hexadecane
(HXD) was chosen as the model pollutant. The main objective of this study is to isolate and characterize HXD
degrading bacteria capable of tolerating high salinity (up
to 6%) and various pH values (4-10.5) to be used in the
bioremediation process. Two regions (warm-dry and warmhumid) were selected for this purpose. In this study, we
reported three isolates capable of efficiently growing on
HXD and growth in extreme environments and investigated their ability to remove HXD from water. Then, one
of them with higher ability to remove XHD from water
was chosen to bioremediate XHD from soil. The ability of
the isolates to grow in different salt concentrations and
initial pH values were investigated, as well.
2 MATERIALS AND METHODS
2.1. Sampling site and growth conditions

The soil selected for this study was a chronically contaminated soil from 3 locations of Iran (Table 1). The soils
were sampled from 0–20 cm depth and stored in closed containers at 4 °C prior to use [16]. Mineral medium contained
the following materials (in g l-1): K2HPO4, 0.8; KH2PO4,
0.2; CaSO4·2H2O, 0.05; MgSO4, 0.5; FeSO4·7H2O, 0.09;
and (NH 4)2SO 4, 1 [17] and trace elements (in mg l-1):
MnCl2·4H2O, 40; MoO3, 80; CuSO4, 6; ZnSO4, 60; and
H3BO3, 0.03 [18;19]. The pH of the medium was adjusted
to 7 (± 0.4) with 2 normal NaOH [15]. Solid mineral medium was prepared by adding 15 g/l of agar and all the media
were autoclaved before use. All the chemicals used in this
study were of analytical grade obtained from Merck, Germany. For each designed experiment, an abiotic control
was used. Abiotic flasks were prepared by adding 1% (0.3 g)
of sodium azide [20]. All the experiments in this study were
performed in triplicate.
2.2. Isolation procedure

For bacterial isolation, 1 g of contaminated soil was
added to 9 ml of MSM (Mineral Salt Medium) supplemented with 0.5 ml of HXD as sole carbon and energy
source in a test tube. Then, the mixture was vigorously
shaken for 2 min and settled for 2 min during several
stages. For pure culture preparation, the upper suspension
was subcultured using a sterile loop on solid mineral medium impregnated with HXD. Several plates were prepared
in the same way and were then incubated for 7 days at
32°C. Single colonies with different colors and\or shapes
were also selected and subcultured on the fresh MSM
agar plates. The cultures were transferred to fresh medium
once a week until the colony morphology appeared homogeneous under a dissecting microscope [17]. Then,
three isolates with rapid growing rate on HXD were selected for identification.
2.3. Genetic identification of screened bacteria

Genetic identification of the isolated bacteria was done
using 16S rDNA. In addition, bacterial DNA was extracted

using Gen-Elute DNA isolation kit (Sigma, USA). Bacterial 16S rDNA was amplified with universal primers 16F27
(5′-CCAGAGTTTGATCMTGGCTCAG-3′) and 16R1488
(5'-AGAGTTTGATCMTGGCTCAG-3') which had been
used by other researchers for similar purposes [21, 22].
The PCR mixtures (25 µl) contained 20 µl sterile water, 25 pmol l-1 of each primer, 2.5 µl 10x Taq polymerase
buffer, 0.3 µl dNTPs (10 mmol l-1), and 1 U Taq DNA
polymerase. The PCR conditions were as follows: 4 min of
initial denaturation at 96°C, 30 cycles at 94°C for 30 s,
58°C for 20 s (annealing), and 72°C for 50 s (polymerization) followed by 72°C for 8 min of ﬁnal primer extension
with a Eppendorf personal thermal cycler (Eppendorf
GmbH, Hamburg, Germany). The PCR product was purified and bidirectional sequencing of the fragments amplified
by the PCR was performed using ABI 3730X capillary
sequencer (Genfanavaran; Macrogen, Seoul, Korea). Besides, nucleotide sequence similarities were determined
using BLAST.
2.4. Biodegradation studies and HXD analysis

In order to test the ability of the isolated strains and
the consortium to degrade HXD, 1 ml of overnight NB
(Nutrient Broth) culture of ASIDa, ASIIDa, and ASIa
(OD600=1) were inoculated into 30-ml of the MSM (pH=7)
supplemented with HXD (10000 mg l-1), as sole carbon
source, in 50-ml Erlenmeyer flasks. Mixed cultures were
designed by mixing two strains. UV/Visible spectrophotometers (UV-2100, UNICO, Shanghai, China) was used
in order to measure OD600. The flasks were sealed with
rubber stoppers and incubated at 32°C, 120 rpm. The
samples were centrifuged at 8000 rpm for 30 min. The
residual HXD was extracted using a liquid–liquid extraction technique with 5 ml hexane and 5 ml acetone mixture
[23] and was then analyzed by GC-FID (Varian CP-3800,
Palo Alto, CA, USA) after 12, 20 and 31 days according
to Velasco-Alvarez et al. (2011) [24]. Degradation efficiency was determined by the loss of HXD from MSM.
AHP-5MS (Agilent, USA) column (5% phenyl 95%
methylpolysiloxane; 30 m length × 0.025 mm id × 0.25 µm
film thickness) was used at a temperature program of 120°C
for 1 min, increased to 180°C at 20°C /min, and held at
180°C for 5 min. Moreover, Nitrogen was used as a carrier gas at a constant flow of 1.5 ml/min. Injector and detector temperatures were 250 and 270°C, respectively.
Besides, the injected volume was 2 µl and n-Dodecane
(C12H26) was used as the internal standard.
2.5. Bioremediation studies

Clean soil sample was collected from agriculture land
with no oil pollution history. The characteristics of the
soil used in the bioremediation study are shown in Table 1.
The type of the soil was found to be loam. The soil was
passed through a 2 mm sieve [25], washed with hexane,
and dried. Afterwards, HXD was resolved in hexane.
Then, the soil was spiked with HXD at a concentration of
5000 mg kg-1 dry soil, well mixed by hand stirring, and
stored at 50 °C for 24 h for hexane to evaporate. It should
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be noted that the soil was stirred several times during the
drying. For homogenous sorption of XHD over the soil
particles, the polluted soil was stored at lab temperature
for 7 days. Erlenmeyer flasks of 50 ml were used as bioreactors in this study. The total volume of 20 ml was
considered for water and the soil.

NB medium with different initial pH values (4, 5.5, 7, 8.5,
and 10) at 32°C, 120 rpm. The growth was monitored by
determinations of OD600 after 24 h.

TABLE 1 - Characteristics of the soil samples used in bioremediation experiments

3.1. Isolation and identification of HXD-degrading bacteria

Characteristics
pH
Moisture content (%)
Total Nitrogen (%)
Potassium (ppm)
Zinc

Quantity
Characteristics
7.97
EC (ms)
41.5
Organic carbon (%)
0.08
Phosphorus (ppm)
138.2
Iron(ppm)
2.06
Manganese (ppm)
Grain size distribution (%)
Sand
49
Silt
34
Clay
17

Quantity
0.75
0.78
9
6.8
11

For soil slurry preparation, the following materials (in
g l-1): Na2HPO 4.12H 2O, 1.156; (NH 4)2SO 4.7H 2O, 3.66;
CaSO 4·2H 2O, 0.05; MgSO 4, 0.5; and FeSO 4·7H 2O,
0.09 were added to 4 g XHD contaminated soil (20%
w/v) in Erlenmeyer flasks reaching the volume of 18 ml.
The pH of each slurry was adjusted to 7.4-7.8 [16;26].
Then, 2 ml of overnight NB culture of strain (OD600=1)
was added to the flask and the reactors were operated in a
batch culture mode for 56 days (32°C, 120 rpm). Bioreactors were sampled after 0, 15, 31, 44, and 56 days of batch
culture operation.
In order to avoid losses of XHD during the extraction,
the whole sample was extracted directly in the experimental flasks. Soil slurry was dried at 60 °C for 48 h and
the soil was extracted with 5 ml acetone and 5 ml hexane
in an ultrasonic batch for 2 min. Then, the whole mixture
was filtered through a 0.22 µm ﬁlter (PFTE) and XHD
concentrations were determined by GC-FID. The injected
volume was 2 µl and dodecane (C12H26) was used as the
internal standard.
2.6. Salinity tolerance test

The effect of different salinity concentrations on bacterial population growth was determined by incubation of
bacterial cells in 10 ml NB medium supplemented with 0,
2, 4, 6, and 8 (w/v) NaCl at 32°C, 120 rpm. The growth
was monitored by determinations of OD600 after 3, 6, 9,
12, and 24 h.
2.7. Initial pH test

The effect of different pH values on bacterial growth
was determined by incubation of bacterial cells in 10 ml

3 RESULTS

Three HXD-degrading bacterium, designated ASIa,
ASIDa, and ASIIDa, were isolated from three polluted soils.
Morphological and physiological characterization indicated
that all the strains were gram-negative bacteria capable of
utilizing HXD as the sole carbon and energy source (Table 2).
On MSM agar plate, ASIDa and ASIIDa produced
colorless, non-spreading, smooth, irregular, wet, and transparent colonies, while ASIa colonies were cream, circular,
non-spreading, wet, and convex. Sequence analysis based
on 16S rDNA fragment and phylogenetic investigation using
BLAST software (http;//www.ncbi.nlm.nih.gov) identified
ASIa as Acinetobacter radioresistens, while ASIDa and
ASIIDa were identified as Pseudomonas aeruginosa deposited in GenBank database under the accession numbers
JQ397280, JQ397281, and JQ397282, respectively. The
identity of the isolates was confirmed by conventional
bacteriological tests.
3.2. HXD degradation by isolates and consortium

All isolates were tested for their HXD degrading ability. Out of the three bacterial strains, ASIDa showed
higher degradation capacity in comparison to the others.
Fig. 1 shows the removal of 300 mg HXD by the isolated
strains and the consortium after 12, 20 and 31 days of
incubation in MSM medium at 32°C, 120 rpm. All the
samples were taken in duplicates and the line in the graphs
represents the average value. It was observed that in batch
cultures, all the strains were able to grow using HXD as the
sole carbon and energy source (Fig. 1). After 31 days, HXD
concentration decreased to 134.18 mg (55.27%) with ASIa,
52 mg (82.67%) with ASIIDa, 79.47 mg (73.51%) with
ASIDa, and 43 mg (85.67%) with the consortium.
3.3. Bioremediation study

Bioremediation of XHD from the contaminated soil
was studied by using Pseudomonas aeruginosa (ASIIDa).
As shown in Figure 2, n- XHD concentration decreased
from 5000 mg kg-1 to 1932.2 (61.36%), 1659.04 (66.82%),
and 1263.01 (74.74%) mg kg-1 after 20, 31, 44, and 56 days,
respectively.

TABLE 2 - Summary of isolation sites and characteristics of isolates.
Strain

Sampling site

Bacteria

ASIa
ASIDa
ASIIDa

Abadan/ Crude oil
Acinetobacter radioresistens
Darab/ Used oil
Pseudomonas aeruginosa
Darab/Diesel and white oil Pseudomonas aeruginosa

GenBank
accession numbers
JQ397280
JQ397281
JQ397282

1314

2
Yes
Yes
Yes

Growth in NaCl (%)
4
No
Yes
Yes

6-8
No
No
No
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FIGURE 1 - The removal of HXD by strains and consortium in MSM supplemented with 300 mg of HXD as the sole carbon source. Cells
were grown at 32° C on a rotary shaker (120 rpm), and residues were analyzed by GC-FID.

FIGURE 2 - The removal of XHD by Pseudomonas aeruginosa (ASIIDa) in the soil contaminated with 5000 mg Kg-1 of XHD as the sole
carbon source. The cells were grown at 32° C on a rotary shaker (120 rpm) and the residues were analyzed by GC-FID. The data are the
means of triplicate assays.
3.4. Salinity tolerance test

The growth of bacterial strains under different salinity
concentrations was evaluated (Fig. 3). Lag time of ASIDa
increased from 3 h for 0% salinity to 6 h for 2% salinity
and 12 h for 4% salinity. ASIDa had no growth at 6% and
above salinity. In addition, lag time of ASIIDa increased
from 3 h for 0% salinity to 6 h for 2% salinity and 10 h
for 4% salinity. ASIIDa had no growth at 6% and above
salinity. Finally, lag time of ASIa increased from 6 h for
0% salinity to 10 h for 2% salinity. ASIa had no growth at
4% and above salinity. Fig. 2 shows the average growth

of the strains (0, 2, and 4% NaCl) at 0-24 h incubation.
The ASIa, ASIDa, and ASIIDa exhibited maximum growth
at salinity values of 0%, 0%, and 2%, respectively. The
growth of bacterial strains was measured at absorbance of
600 nm.
3.5. The effects of pH on growth

Bioremediation efficiency of the soil using bacteria is
usually dependent on pH [27]. However, little information
exists on the effects of pH on HXD biodegradation.
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FIGURE 3 - The effect of salinity changes on the growth of the strains. A. 0%, B. 2%, C. 4% Salinity.
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FIGURE 4 - The effects of initial pH on the growth of the strains. A. acid and B. alkali condition

This study showed that lag time of ASIDa increased
from 3 h for pH of 5.5-10 to 6 h for pH of 4. In addition,
lag time of ASIIDa increased from 3 h for pH of 5.5-10 to
10 h for pH of 4. Besides, lag time of ASIa increased
from 3 h for pH of 5.5-7 to 6 h for pH of 8.5-10 and 12 h
for pH of 4. Moreover, the optimal pH for growth of the
three bacteria was the same. ASIDa showed the greatest
growth at all the pH values. The growth of bacterial strains
was measured at absorbance of 600 nm. Mean OD600
values for pH of 4 and 5.5 (Acid condition) are presented in
Fig. 4a and Mean OD600 values for pH of 8.5 and 10 (Alkali condition) are presented in Fig. 4b. These results indicated the strains’ strong ability to survive at the wide pH
range of 4-10.

4 DISCUSSION
Acinetobacter radioresistens could degrade methyl parathion as sole carbon source (28]. Pseudomonas aeruginosa
was used in the removal of many environmental contaminants, such as HXD [29;30], gasoline, kerosene, diesel
oil, lubricating oil [31], crude oil [32;33] and phenol [34;
35]. These works have shown the strong potential of
Pseudomonas aeruginosa for bioremediation of the contaminated sites.
After 31 days, HXD concentration (10g/l) showed
55.27%, 73.51%, 82.67%, and 85.67% decrease with ASIa,
ASIDa, ASIIDa, and the consortium, respectively.
Setti et al. [36] studied the aerobic degradation of nalkanes in heavy oil by a pure culture of a Pseudomonas
sp. with initial HXD concentration of 12 g/l. The maximum
amount of hexadecane removed by the bacteria within 15
and 31 days was 20% and 86.4%, respectively.
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Moreover, Tzintzun-Camacho et al. [23] isolated four
HXD-degrading bacteria (Acinetobacter bouvetii, Xanthomonas sp., Defluvibacter lusatiensis, and Shewanella
sp.) from petroleum contaminated soil in Mexico [23].
They studied the removal mechanism of hexadecane from
soil by a pure culture and consortium. In this study, it
was found that while the removal of HXD were 72 ± 4%,
46 ± 4%, and 40 ± 6% by Acinetobacter bouvetii, Xanthomonas sp., and Defluvibacter lusatiensis, respectively,
Shewanella sp. was not able to remove HXD.
This finding together with our recent data indicates
that the mixed cultures were more effective in degrading
HXD compared to the pure cultures. It was revealed that
the presence of each bacterium in the culture medium had
a cumulative enhancing effect on HXD degradation. It
was also reported by other investigators that degradation
of hydrocarbons by consortium is more effective than the
individual bacteria [3;37]. These findings propose the hypothesis that the studied strains may have a greater potential for in situ bioremediation of the soils contaminated by
diesel oil. Pseudomonas aeruginosa was able to remove
74.74% of the XHD from the soil within 56 days. During
31 days, this removal was 61.36%. Lower removal has
been observed from soil in comparison to XHD removal
from water during the same period. This illustrates the
better access of the bacteria to XHD and nutrients in water. Moreover, most removals were observed from the soil
during the 31 first days of the 56 days; therefore, the total
removal was 74.74%, 61.36% of which was done in the
first 31 days and 13.38% in the next 25 days. Because the
nutrients were added to the bioreactors every 15 days, it
seems that efficiency loss cannot be due to the nutrient
deficiency. It might be due to the decrease of soil XHD.
In the other world, XHD concentration in soil as well as
its availability to the bacteria was reduced and, consequently, the removal rate declined significantly.
Biodegradation of hydrocarbons occurs in the hydrocarbon-water contact layer. Therefore, the area to volume
ratio of the oil compounds can have a significant effect on
the biodegradation [38]. If the removal of HXD in liquid
and slurry are compared, it is clear that the removal rate in
the liquid medium is significantly higher than the slurry.
This can be attributed to the availability of HXD to microorganisms, which causes a greater contact between HXD
and microorganisms in the liquid environment.

P in Iran and indigenous microorganisms in these environments are expected to be salt-adapted. Not much more
growth was observed at extreme salinity values of 6% to 8%.
These findings indicate that ASIa and ASIDa were halotolerant, while ASIIDa may be a halophile microorganism.
Salinity tolerance capacity of the isolates is of great importance due to naturally salt-containing soils in Iran which
indicates that these microorganisms may greatly contribute
to the bioremediation of the petroleum polluted soils in
this country.
The pH was also identified to be an effective factor in
the biodegradation process. With the initial pH set for 4 to
8.5, the 24 h average growths of all the strains gradually
increased, while they decreased in upper values. It was
shown by other investigators that biodegradation processes
occur in pH values ranging from 7.4 to 7.8 [26]. These
findings indicate the alkalotolerant identity of the isolates.
In conclusion, this work provides relevant information about the efficiency of HXD biodegradation by
Pseudomonas aeruginosa as well as Acinetobacter radioresistens strains and the consortium. The results showed
that mixed cultures were more efficient in biodegradation
compared to the pure ones. While the XHD removal by
Pseudomonas aeruginosa in liquid medium was 82.67%,
the removal rate in the slurry was 61.36% during 31 days.
Our findings showed that the bacteria with different HXD
uptake modes also have different responses to salinity and
pH values. All these bacteria were halotolerant and could
grow in various pHs, which proposes that they may have
been evolved through adaptation and selective pressure of
natural ecosystems, which has resulted in selection of more
tolerant and potentiated organisms in biodegradation.
Overall, these results emphasize the potential of these
bacteria to be used in bioremediation of saline-alkali sites
contaminated with petroleum products.
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Salt is a common co-contaminant which can adversely
affect the biodegradation of the pollutants by microorganisms [39]. Salinity disrupts tertiary protein structures and
denatures cellular enzymes [40]. Halotolerant bacteria are
able to grow in the absence as well as in the presence of
salt, whereas halophiles require salt for growth [41]. In
this study, the effect of salinity was investigated and it
was revealed that the bacteria showed advanced growth in
salinity ranging from 0% to 2%. In higher salinity values,
ASIIDa growth was greater than the other strains, which
may reflect its isolation site circumstances (agricultural
soils). In addition, soils are fertilized with inorganic N and
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SURVEY ON THE ENVIRONMENTAL DISTRIBUTION OF
HERBICIDE PARAQUAT AND ITS REGULATORY RELEVANCE TO
AGRICULTURAL SUSTAINABILITY: A CASE STUDY IN TAIWAN
Wen-Tien Tsai*
Graduate Institute of Bioresources, National Pingtung University of Science and Technology, Pingtung 912, Taiwan

ABSTRACT
Paraquat (1,1’-dimethyl-4,4’-dipyridinium chloride)
is frequently used as a quaternary ammonium herbicide
because of its excellent action within plant cells in the
crop protection and horticultural use. From the ecotoxicological, human health and regulatory points of view, it is
urgent to restrict the release of the highly acute chemical
into the environment from agricultural applications. In
this study, emphasis was put on the up-to-date survey on
the sale amounts of main herbicides (including paraquat)
in Taiwan, and the residual status of paraquat in the
aquatic ecosystems. It showed that the sale amounts of
main herbicides in Taiwan significantly decreased from
12,289 metric tons in 2009 to 10,451 metric tons in 2010.
In parallel with the decline, the demand for paraquat abruptly decreased from 2,105 metric tons in 2009 to 1,245
metric tons in 2010. On the other hand, the regulatory
frameworks of protecting human health, food security and
water quality resulting from the use of paraquat have been
described to be a case study because it is one of the most
widely used herbicide in Taiwan. The significant progress
is that the residual paraquat has notably declined in the
past two decades, which was in accordance with the enhancement of pesticide regulation and decrease of paraquat usage rate. Finally, some recommendations for the
pollution prevention and toxicity reduction of pesticides
(including paraquat) were also addressed to make efforts
towards a sustainable society.
KEYWORDS: Herbicide; paraquat; Taiwan; environmental monitoring; regulatory framework.

1 INTRODUCTION
Since the 1980s, the risks posed by herbicides have
become of increasing concern in international communities, especially in EU countries [1]. From the viewpoint of
agricultural applications, these pesticides may be trans* Corresponding author

ported to the environment by means of leaching, runoff,
infiltration or deposition, causing deterioration of groundwater, surface water and soils. They may also contaminate
sources of food or crops. As a result, the regulatory frameworks for risk assessment and pesticide regulation have
been established to ensure the safety of human, foods and
the environment. More importantly, the threshold level
adopted by most developed countries and by the World
Health Organization (WHO) has been set for residues of
all pesticides in drinking water. Although soil organic matter or a low-cost biosorbent is the principal adsorbent for
most pesticides, the bipyridyl herbicide like paraquat
(1,1’-dimethyl-4,4’-bipyridilium dichloride, or called methyl
viologen) is readily adsorbed to clay in mineral soils on
the basis of its ability to form ion exchange complexes
[2]. However, there have been many authenticated cases
of the detection of its residues in water sources [3-6]. It
should be noted that numerous human injuries and deaths
have resulted from intentional ingestion of concentrated
paraquat product (e.g., 24%) in recent years [7, 8].
Paraquat, discussed as a case study herein, because it
has been classified as a moderately hazardous pesticide
(WHO Class II), has caused serious health problems under the intentional ingestion due to its extensive use and
ease procurement. In spite of its high toxicity and numerous intoxications, paraquat is registered and sold in around
100 developed and developing countries around the world,
including USA, Canada, Australia, Japan, Taiwan, and
New Zealand. In line with the public concern about the
human health risk on paraquat in recent years, the objectives of this paper were to quantify the possible emissions of
main herbicides (including paraquat) from the sale amounts
for agricultural applications in illustrations of the regulatory
infrastructure to prevent distribution of paraquat in the
aquatic environment of Taiwan.
2 MATERIALS AND METHODS
By first insight and the description discussed above, it
is impractical to measure every non-point source in the
application fields. The emissions are thus estimated from
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the sale (consumption) amounts. In this regard, the data on
the consumption (sale) activity of paraquat and its environmental monitoring may be extracted from the official
yearly statistical information of the ministry-level organization under the Taiwanese Cabinet. These data on consumption activity and the information about the occupational and non-occupational regulation measures are briefly
summarized below.
2.1 Activity (consumption) of herbicides

The data on sale amounts of main herbicides (including
paraquat) were compiled from the Annual Statistics (website: http://eweb.customs.gov.tw) of the Directorate General of Customs (Ministry of Finance, Taiwan) and the
Weed Science Society of the Republic of China (website:
http://wssroc.agron.ntu.edu.tw). Due to non-local manufactures for paraquat production since 2000, the annual consumption of paraquat in Taiwan can be roughly equal to its
sale amount.
2.2 Regulation measures of controlling the distribution and
use of paraquat

In order to analyze the consumption trend of paraquat
from the agricultural sector, and its residual status in the
aquatic environment, the regulation measures, associated
with the environmental monitoring, standards/limits and
restricted use of paraquat, were extracted from the official
yearly statistical information of the ministry-level organizations under the central competent authorities, including
the Council of Agriculture (COA), the Department of
Health (DOH), the Council of Labor Affairs (COLA), and
the Environmental Protection Administration (EPA).
3 RESULTS AND DISCUSSION
3.1 Consumption of main herbicides (including paraquat)

In Taiwan, most of the technical-grade pesticides are
imported from abroad, and then formulated into commercial products in the market. According to the official
statistics [9], the sale values of pesticides increased from
US$ 183 million in 2002, US$ 155 million in 2005, to
US$ 292 million in 2010. With the sustainable agriculture
implemented, the total consumption quantities of pesticides based on their active ingredients showed a decreas-

ing trend from 10,547 tons in 2001, 9,228 tons in 2005, to
7,851 tons in 2010.
Regarding the sale amounts of herbicides in Taiwan,
Table 1 summarizes the statistical data on main herbicides
(including glyphosate, butachlor, paraquat, butachlor + bensulfuron-methyl, glufosinate-ammonium, pendimethralin,
and fluazifop-butyl) since 2000. Although the demand for
herbicides appears with a slight fluctuation, it is on the
downward trend during the years of 2000-2010. More
noticeably, the sale amounts of herbicides significantly
decreased from 12,289 metric tons in 2009 to 10,451 metric tons in 2010. This could be attributed to the agricultural
policy for organic farming, the environmental regulation
for protecting water quality, and the increasing price of
herbicides during the period. On the other hand, it appears
that the demand for paraquat abruptly decreased from
2,105 metric tons in 2009 to 1,245 metric tons in 2010
due to its restricted use and environmental regulations enhanced by the central competent authorities in Taiwan.
Furthermore, its banned use will be promulgated in the
near future, suggesting that the usage and sale of paraquat
will be on the decreasing trend in the market of Taiwan
[10]. By contrast, the use of low-toxicity herbicides (e.g.,
glufosinate) and environment-friendly biological reagents
will be more widespread.
3.2 Residual distribution of paraquat in the aquatic environment

Most herbicides are introduced into the fields or the
environment in form of a diluted solution of the concentrate
as spray in agricultural and horticultural situations to control weeds. In the discussion of environmental distribution
or fate for paraquat, its distribution properties commonly
include vapor pressure, octanol-water partition coefficient,
and water solubility [11]. It should be noted that ionized
compounds (e.g., paraquat) are much less lipophilic (i.e.,
more polar) than their undissociated forms. Regarding the
environmental properties of paraquat in the aqueous systems, it shows that this highly basic quaternary N-containing herbicide ionizes completely in aqueous solutions
as cation based on its high water solubility at 20 °C. However, it is readily adsorbed onto mineral particles (especially in clay) in soil due to the expanding-lattice structure
of clay particles and the ionic character of paraquat. On the
other hand, the adsorption of cationic paraquat via cation

TABLE 1 - Statistics on the sale amounts of main herbicides in Taiwan during the years of 2000-2010.
Herbicide
(Effective composition, wt%)
Glyphosate (41%)
Butachlor (5%)
Paraquat (24%)
Butachlor + Bensulfuron-methyl
(2.583%)
Glufosinate-ammonium (13.5%)
Pendimethralin (34%)
Fluazifop-butyl (17.5%)
Sum
a
Unit: metric ton.

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

5,479
3,355
1,806
1,766

5,116
3,645
2,156
1,681

6,822
3,363
2,225
1,394

6,194
3,023
2,960
1,334

6,079
2,846
2,685
1,092

5,545
1,467
2,203
1,381

6,286
1,819
1,908
1,512

5,942
2,500
2,440
1,376

3,629
2,197
2,508
1,947

4,805
1,819
2,105
1,512

3,713
2,571
1,245
1,383

450
624
328
520
692
760
859
821
633
1,845
1,283
207
159
199
172
144
81
132
191
164
132
200
102
87
78
100
73
78
71
71
54
71
56
13,165 13,468 14,409 14,303 13,611 11,515 12,587 13,468 13,341 12,289 10,451
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exchange functions is often involved through carboxylic
and phenolic groups associated with the organic matters
in soils [3]. As a result, the soil-water adsorption coefficient value of paraquat in loamy soil containing 3% organic matter was reported to be larger than 100000 [11],
showing that it will not tend to leach. Therein, paraquat
may be degraded slowly by microorganisms, or other decomposition mechanisms (e.g., hydrolysis and photolysis), thus persisting in the clay-soil environment and being
undetectable in most water-bodies [12]. However, the herbicide could penetrate into surface water, in runoff from
land applications [3], and that from industrial wastewater
discharges [13].
In Taiwan, the central competent authority conducted
monitoring surveys on water bodies for common pesticides in the 1980s. It was found that the maximum concentration of paraquat remaining in the groundwater sources
was around 22 µg/L [14]. On the other hand, it was reported that the maximum concentration of paraquat in the untreated wastewater of a paraquat-manufacturing plant in
Taiwan was close to 40 mg/L (i.e., 155.5 µmol/L) [14].
However, based on the monitoring results surveyed by the
Taiwan Agricultural Chemicals and Toxic Substances Research Institute (TACTRI) in 2005, the environmental distribution by residual paraquat seemed to be negligible in
recent years [15]. The significant progress was in accordance with the enhanced herbicide regulation and decreased
herbicide usage rate during the period. In addition, there
have been many authenticated cases of the detection of its
residues in water sources because the mobility of paraquat
left in soil could enter groundwater via leaching [3, 6].
Therefore, the maximum contaminant level (MCL) of
paraquat has been set at 0.01 mg/L (i.e., 0.039 µmol/L)
according to the Drinking Water Standard in Taiwan
(described later).
3.3 Regulatory frameworks of regulating paraquat in Taiwan

Regarding regulatory frameworks of paraquat, it has
been developed to protect the health of humans and the
environment resulting from exposure to paraquat because

it is one of the most widely used herbicides in Taiwan.
Table 2 summarizes the environmental standards/limits of
paraquat under the authorizations of the allied regulations,
including the Water Pollution Control Act (WPCA), the Soil
and Groundwater Pollution Remediation Act (SGPRA), the
Drinking Water Management Act (DWMA), the Marine
Pollution Control Act (MPCA), the Water Supply Act
(WSA), and the Labor Safety and Health Law (LSHL).
The central competent authorities in Taiwan include the
Environmental Protection Administration (EPA), the Ministry of Economic Affairs (MOEA), and the Council of
Labor Affairs (COLA). In recent years, the regular surveys
on drinking water by EPA were conducted according to
the Standards for Drinking Water Quality, showing that
the monitoring data for paraquat and other pesticides were
less than the detectable limits [16].
As described above, paraquat has been listed as one
of moderately hazardous pesticides with WHO Hazard
Class II. Therefore, the central competent authorities, including the Council of Agriculture (COA) and the Council
of Labor Affairs (COLA), began revising and strengthening
existing laws and regulations, and even adding new management regulations for controlling the use of paraquat
because it has been designated as one of the use-restricted
pesticides under the authorization of the Pesticide Management Act (PMA). Table 3 summarizes the regulatory
measures of paraquat with relevant laws/acts in Taiwan.
On the other hand, most pesticides readily accumulate in
human tissues following the ingestion of contaminated
foods, and may induce the so-called food chain biomagnification, posing both acute and chronic (carcinogenic and
endocrine disrupting) effects. The Food Sanitation Management Act (FSMA) is enacted for the governing of food
sanitation, safety and quality to protect the health of citizens. One of the main aims for the Act is to ensure the
sanitation, safety and quality standards for foods, food
cleansers, food utensils, food containers, and food packaging being sold, which were prescribed by the central competent authority (i.e., DOH). Under the authorization of
the FSMA, the relevant regulations (e.g., “Residual Limits

TABLE 2 - Standards/limits of paraquat under the promulgation by the central competent authorities of Taiwan.
Central competent authority a
EPA

Act/Law a
WPCA

Regulation
Standards/limit
Comment
Effluent Standards
0.1 mg/L b
Surface Water Classification and Water Quality
0.1 mg/L b
For protecting
Standards
human health
SGPRA
Standards for Groundwater Pollution Control
0.03/ 0.3 mg/L c
DWMA
Standards for Drinking Water Quality
0.01 mg/L
Standards for Drinking Water Source Quality
0.01 mg/L
MPCA
Standards for Marine Environment Categories and
0.1 mg/L b
For protecting
Marine Environment Quality
human health
MOEA
WSA
Standards for Water Supply Quality
0.01 mg/L
COLA
LSHL
Permissible Concentration Standards of Hazardous
0.1 mg/m3
8-hour timeSubstances in Occupational Workplace Air
weighted average
a
Central competent authority: EPA: Environmental Protection Administration; MOEA: Ministry of Economic Affairs; COLA: Council of Labor
Afairs; Act DWMA: Drinking Water Management ACT; LSHL: Labor Safety and Health Law; MPCA: Marine Pollution Control Act; SGPRA: Soil
and Groundwater Pollution Remediation Act; WPCA: Water Pollution Control Act; WSA: Water Supply Act. b Herbicides (butachlor, paraquat and
2,4-D); c The former (i.e., 0.03 mg/L) is the control standard for the groundwater within the protection zone of drinking water sources. The latter (i.e.,
0.3 mg/L) is the control standard for the groundwater sources except for the protection zone of drinking water sources.
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TABLE 3 - Regulatory management for paraquat under the promulgation by the central competent authorities of Taiwan.
Central competent authority a
COA

Act/Law a
PMA

Regulation (Date issued)
-- (Jul. 20, 1983)

Management
Listed as one of highly hazardous pesticides
(restricted use)
-- (May 18, 1987)
Banned use at the protection zone of water sources
-- (Jan. 10, 1997)
Formulated products added by warming color,
treated by odors or vomits
COLA
LSHL
Enforcement Rules of the LSHL
Paraquat manufacturing has been designated as one
of operations particularly hazardous to human health.
Regulation of Labelling and Hazard Communica- Listed as one of Harmful Materials
tion of Dangerous and Harmful Materials
a
Central competent authority: COA: Council of Agriculture; COLA: Council of Labor Affairs; PMA: Pesticide Management Act.; LSHL: Labor
Safety and Health Law.

of Pesticides in Livestock and Poultry Products”) pertain to
the regulatory management of paraquat in the livestock &
poultry products (including meat, milk, and eggs) and crop
products, as listed in Tables 4 and 5, respectively.
TABLE 4 - Maximum residue limit of paraquat in livestock and
poultry products under the promulgation by the central competent
authority (i.e., DOH) of Taiwan a.
Residual location (Tissue)

Species

Maximum residue
limit (ppm)
Mussel
Cattle, pig,
0.05
Kidney
sheep
0.5
Edible offal (except kidney)
0.05
Milk
0.01
Egg
0.01
a
In accordance with the provisions of Article 10 of the Food Sanitation
Management Act.
TABLE 5 - Maximum residue limit of paraquat in crop foods under
the promulgation by the central competent authority (i.e., DOH) of
Taiwan a.
Crop category
Maximum residue limit (ppm)
Large berries
0.2
Sugarcane
0.2
Rice
0.2
Plum
0.01
Almond
0.05
Pea & beans
0.2
Nectarine
0.01
Citrus
0.2
Peach
0.01
Tea
0.2
Potatoes
0.05
Japanese apricot
0.01
Soy bean
0.5
Grape
0.01
Asparagus
0.5
Cherry
0.01
Other dry beans (except soy bean)
0.2
a
In accordance with the provisions of Article 10 of the Food Sanitation
Management Act.

for the purpose of pursuing a balance between economic
development and environmental sustainability since the late
1990s. For example, the Agricultural Development Act
(ADA) was promulgated in Sep. 1973, and recently amended
in Dec. 2010. One of the goals in this Act is set to ensure
the sustainable developments of agriculture. As a result,
the central competent authority (i.e., COA) shall promulgate standard specifications of pesticides as well as criteria for the establishment of the factories/plants and their
inspection implementation. Also, the competent authorities
shall take necessary measures to prevent both the pollution
of agricultural production to the environment and the pollution of non-agricultural sectors to agricultural production,
farm village environment, water resources, land and air.
Furthermore, the Pesticide Management Act, initially passed
in Jan. 1972 and recently amended in Jul. 2007, is enacted
to protect agricultural production and ecological environment, prevent and eliminate pests, prevent hazards from
pesticides, strengthen pesticide administration, promote the
development of pesticide industry, and enhance the safety
of agricultural products. Under the authorization of the
Act, there are some related provisions concerning the risk
management of pesticides.
According to the Annual Evaluation Reports on Sustainable Development Indicators in 2010 [17], the pesticide usage rate per hectare of farmland has significantly decreased in the past decade due to the governmental policy
and regulatory system for pesticide management towards a
more sustainable agriculture. As a result, the agricultural sustainability indicator has gradually decreased
from 1.26 kg/ha in 2004 to 0.96 kg/ha in 2010. On the
other hand, the area of organic cultivation for producing
chemical-free safe crops and food significantly increased
from 12.46 km 2 in 2004 to 40.34 km 2 in 2010, showing
that the organic farming in Taiwan has experienced a
positive way toward agricultural sustainability.

3.4 Governmental policy for pesticide management towards a
more sustainable agriculture

Concerning the environmental sustainability in Taiwan,
the guidelines of the agricultural policies thus aim to establish a healthy, efficient and sustainable agriculture. As
described above, the Taiwan government has set some acts/
laws pertaining to pesticide management, and measures

4 CONCLUSIONS
In order to improve the environmental quality and
protect human health, the ministry-level organizations
under the Taiwanese Cabinet have mandated regulations
and preventive measures for reducing the use of herbi-
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cides and their discharges into the environment. From the
survey data on the sale amounts of main herbicides (including paraquat), the release amounts abruptly decreased
in the past decade, from about 14,400 metric tons in 2002
to about 10,450 metric tons in 2010. In parallel with the
decline, the demand for paraquat abruptly decreased from
2,960 metric tons in 2003 to 1,245 metric tons in 2010.
The successful case through the regulatory measures and
the agricultural efforts has been demonstrated to cut down
the consumption of paraquat and its discharge into the
water-bodies, showing that the environmental distribution
by residual paraquat seemed to be negligible in recent
years, and posed a possible reduction in potential food contaminations.
To balance the agricultural practices, food safety and
environmental protection, and also encourage the farmers
to adopt an integrated pest management system as a measure for the reduction of paraquat and other pesticides, the
following measures are recommended and enhanced:
-

Raise the inspection rate for pesticide residues in agroproducts, and declare these survey results to the public.

-

Enhance the consumer’s willingness to pay more for
certified pesticide-free crop products, and arouse consumer from perceptions about food production.

-

Consider paraquat to be a “Toxic Chemical Substance”
as Class-3 because it endangers human health or the
lives of biological organisms immediately upon exposure

-

-

Train the farmers to use pesticides effectively, exchange information on pesticide registration, and adopt
environment-friendly pesticides.
Put pressure on retailer (or supermarkets) to concern
about pesticide residues by governmental agencies and
civil society organizations.
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AWARENESS ANALYSIS OF PRODUCERS
ON RECYCLING OF AGRICULTURAL PESTICIDE AND
FERTILIZER PACKAGES: CASE OF ISPARTA PROVINCE
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ABSTRACT
The purpose of this study was to determine the awareness level of producers on recycling of agricultural pesticide and fertilizer packages in Isparta province. This research was conducted in the Isparta province of Turkey
by using face-to-face survey data. Results indicated that
there was lack of awareness for recycling of pesticide and
fertilizer packages, for example 70.6% of the participants
answered that they did not definitely agree with the opinion that packages of pesticides and fertilizers pollute soil
resources. Recently, producers are supported for the recycling of empty packages of fertilizer/pesticide. Training
activities by governmental or non-governmental organizations for disposal of pesticide and fertilizer packages
should be implemented and encouraged.

KEYWORDS: Recycling of Agricultural Pesticides, Pollution,
Fertilizer Packages

1 INTRODUCTION
Agricultural policy aims for harvesting more products
with higher quality in a unit area. Within this policy framework, it is possible to attain the desired level of productivity by the use of agricultural inputs. One of the most important inputs used in agricultural production is agricultural pesticide. Despite the presence of efforts to replace
the use of agricultural pesticides, such as biological control,
conventional agriculture, alternative agriculture and ecological agriculture, the share of such methods in agriculture
does not exceed 5% even in the most developed countries
of the world. Production of agricultural pesticides in the
world is around 3 million tons and the amount of annual
sale is around $25-30 million. It is known that 15 active
substances are manufactured in Turkey and the total ca* Corresponding author

pacity of production is 71,786 tons/year [1]. The use of
pesticides for crop production varies among localities, and
it is relatively higher in areas where industrial plants and
fruits/ vegetables are cultivated [2]. The use of artificial
fertilizers, pesticides, soil improvers and hormones for the
purpose of increasing the quality and quantity of agricultural production as well as the discharge of solid and liquid
wastes, waste sludge applications, use of waste waters in
agricultural irrigation, atmospheric precipitations and radioactive fallout all pollute the soil [3].
Pollution of waters by agricultural pesticides has deadly
impacts on fish and birds, and it may have undesired consequences if polluted waters are consumed by humans and
animals [4]. Relation of pesticides, foods and humans affects the future of human beings [5]. Due to the uncontrolled use of fertilizers, it is seen in many regions of Turkey that nitrate pollution in ground waters and phosphor
accumulation in some particular places have exceeded the
buffering capacity of soil [6].
Production of pesticides in the world is around 3 million tons and the annual amount of sales is around $2530 billion. Share of herbicides has 47% among pesticides.
It is followed by insecticides (29%) and fungicides (19%)
respectively. Herbicides and insecticides cover more than
70% of the use of pesticides [7]; [1]. By the end of 2008,
numbers of licensed plant protection products in Turkey is
4,100, licensed active substances is 418 as well. However, within the scope of EU process studies, the manufacture and importation of 75 pesticides was banned on
01.01.2009 and of 49 pesticides on 31.08.2009 due to
their unfavorable qualities [8]). There are 101 active substances which were banned from EU market but which
are still available in Turkey.
While the amount of active substance per hectare was
400-500 g in 1990s, it rose to 705 g in 2006. Such figures
show that Turkey consumes quite less pesticide than the
EU countries. However, as is known, there is quite heterogeneous pesticides consumption in Turkey. In 1998, 42%
of the pesticides consumption took place in the Mediterranean and Aegean Regions, while 4.8% in the East Anatolia Region. It is known that pesticides are used mostly
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in the Mediterranean and Aegean Regions of Turkey, in
particularly in Adana, Mersin, Antalya, Isparta, Mugla and
Izmir provinces where greenhouse cultivation is widespread [7].
According to statistics on agricultural pesticide consumption in Isparta province between 2001 and 2010, due
to the agricultural production pattern of Isparta province,
pesticide consumption is over. While the consumption of
insecticides was 72 tons in 2001, it increased by 34 tons
and reached 109 tons in 2010. Consumption of fungicides
increased from 56 tons in 2001 to 127 tons in 2010 [9].
Although the total fertilizer production capacity of Turkey is able to meet approximately 90% of the total fertilizer
consumption, capacity utilization ratio is averagely 62% because of the fertilizer sector depend on foreign resources,
hardships experienced in procuring raw materials, which
in turn leads to high costs, as well as the competition in
the sector and the failure to make the price of natural gas
affordable for the sector [10].
The objectives of this study conducted regarding the
awareness of producers in Isparta province concerning the
recycling of agricultural pesticide and fertilizer packages
could be listed as follows:
- Analyzing the awareness of producers in Isparta province concerning the recycling of agricultural pesticide
and fertilizer packages,
- Determining the factors acting on the recycling process,
- And offering suggestions for solutions.
2 MATERIALS AND METHODS
Data used in this research consisted of the face-to-face
survey from producers in the sub-provinces and villages
determined in consequence of communications with the
provincial and Sub-Provincial Directorates of Agriculture
in Isparta province. Moreover, records and various scientific studies of the Turkish Statistical Institute, Ministry of
Food, Agriculture and Livestock and Provincial and SubProvincial Directorates of Agriculture were used in the
research.
Proportional sample size formula was used in determining the sample size of producers [11, 12]. The calculation were made using the following formula indicates a
sample size of 68 producers.
It was noted that the entire population was not engaged in plant production, and it was decided to conduct a
survey with 50 producers from Atabey, Gönen, Egirdir
districts and the central sub-province where plant production were implemented intensively.
n=

Np (1 − p )
( N − 1)σ p2ˆx + p (1 − p )

σ2

Where p x = Variance of proportion, n = Sample size,
N = Population, P = Proportion (p taken as 0.5 in order to
obtain maximum sample size)
Several questions were asked to producers about their
socioeconomic characteristics as well as their awareness
regarding the recycling of pesticide and fertilizer packages.
Data collected from survey were used for determining
the opinions of producers regarding the use of pesticides
and what they did with the packages of pesticides. Pretesting was performed so as to ensure the reliability of the
survey, and unclear questions were reorganized. Data obtained were analyzed by using SPSS statistical software. The
data obtained were interpreted through figures. Solutions
were offered for the problems.
3 RESULTS
The research findings and opinions of the producers
regarding the recycling of pesticide and fertilizer packages are presented in the following figures.
72% of the survey interviews were conducted in the
central sub-province of Isparta province, 4% in Gönen,
10% Atabey and 14% in Egirdir districts, respectively. It
was founded that 10% of the surveys were conducted with
women and 90% with men. 76% of the participants were
farmers, whereas 24% worked in non-agricultural sectors.
18.2% of such non-agricultural occupations were teachers
and drivers, and 9.1% were computer technician, logistics
worker, fireman, machine technician, landscaper and noncommissioned officer.
According to the survey results, 44% of participants
graduated from secondary school, while 28% went to primary school, 16% to high school, 6% were undergraduated and 2% postgraduated respectively, whereas 4% were
found as illiterate.
It was found that 28% of the producers were able to
use computers, whereas 72% could not. 30% of the producers using computer did it for the purpose of learning
agricultural knowledge, whereas the remaining 70% for
the purposes of chatting, following news, playing games
and watching movies. Furthermore, 50% of the participants read the papers regularly, whereas 50% did not. 92%
state that they watched TV regularly and 8% that they
could not watch TV because they do not have time.
In Figure 1, it was shown that 26% of the agricultural
producers had a very high level of information on the content of pesticides and fertilizers, 16% had a high level of
information, 34% had a medium level of information, 6%
had a low level of information and 18% had a very low
level of information. According to a research by Gül et al,
2010, education level of agrochemical firms and share of
agricultural engineers were found to become higher compared to recent years. It may be stated that by providing
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more awareness on agrochemical use, more appropriate
production system in terms of community health will certainly make contribution to the economic growth of a country [13].
According to the survey results, 82% of the participants had knowledge of the time that is required to elapse
between the applications of pesticides and harvesting,
12% know it partially and 6% do not know it. 76% of
them pay a very high level of attention to the waiting
period while applying pesticides, whereas 12% paid a
high level of attention and 12% paid a low level of attention.

It was determined that 24% of producers burned the
pesticide and fertilizer packages they have used, 17%
buried them into the soil, 10% threw them away, 2%
accumulated them, and 10% marked the “other” option
(Figure 2). Producers who marked the “other” option in the
question threw the empty packages of pesticides and fertilizers into dedicated garbage bins within the scope of
EUROGAP (Globalgap) standard that were applied in the
surveyed villages of Buyukgokceli, Yakaoren, Islamkoy
and Deregumu as well as in Çunur village of Isparta province.

FIGURE 1 - Knowledge Level of Producers on Contents of Pesticide and Fertilizer

FIGURE 2 - Ways of Valuation of Pesticides and Fertilizer by Producers
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FIGURE 3 - Pesticides and Fertilizer Packages Type of Producers

As shown in Figure 3, 8% of the producers engaged in
agricultural production prefer could packages, 31.2% paper
packages, 29.8% water soluble packages, 28.1% plastic
packages, 7.8% tin packages and 3.1% nylon packages for
their pesticide and fertilizer products. 28.1% of the participants chose plastic packages, because they provided
convenience for the fertilizers and pesticides not to spill
out or leak and were easy to store.
According to survey results, 70% of the producers definitely want that empty packages of pesticides and fertilizers
be taken back in return for a consideration, whereas 22%
wanted it, for 6% it did not matter and 2% do not wanted it.
It was determined that, 50% of the producers definitely demand that empty packages of pesticides and fertilizers
be collected by people collecting scrap metal, 26% demand it and 10% did not have such demand. However, 8%
were against such demand, taking into account that

collectors of empty packages of pesticides and fertilizers
would be exposed to poisoning and other damages due to
residues on their bodies, and 6% are definitely against such a
demand.
According to survey results which are shown in Figure 4, 96.1% of the producers supported the campaign of
the provincial/sub-provincial directorates of agriculture or
municipalities offering “Bring 10 Empty Packages Pesticides/ Fertilizer Package Get 1 Free” Campaign.
It was determined that 30% of the producers attended
training sessions organized by provincial directorates of
agriculture concerning the use of pesticides and fertilizers,
whereas 70% have not had any training on this subject
matter. 38% of the agricultural producers know that pesticides and fertilizers damage the environment, 42% know it
partially, and 20% were not aware of it.

FIGURE 4 - Opinions of Producers on the "Bring 10 Empty Packages Get 1 Free" Campaign
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According to the survey results, 4.1% of the producers made use of written resources while selecting pesticides, 25.6% received information from agricultural organizations and institutions, 9.5% from relatives and neighbors,
52.7% from pesticide vendors, 5.4% made use of conventional knowledge left from their fathers and 2.7% of other
resources. While selecting fertilizers, 2.6% made use of
written resources, 26.3% provided information from agricultural organizations and institutions, 10.5% from relatives and neighbors, 50% from fertilizer companies, 9.3%
made use of conventional knowledge and 1.3% made use
of other resources (Figure 5).

It was found that 50.7% of the producers thought that
the organizations that should provide training concerning
the disposal of pesticide and fertilizer packages are agricultural organizations and institutions, 21.5% universities,
18.5% pesticide/fertilizer vendors, 6.3% leader farmers,
whereas 1.5% thought that such trainings are unnecessary
and 1.5% chose the “other” option.
As shown in Figure 6, 50% of the producers who participated in the survey thought that agricultural organizations and institutions should have the authority to recollect empty packages of fertilizers and pesticides, 7.4%
universities, 11.1% fertilizer/pesticide companies, 24.1%
municipalities and 7.4% provincial directorates of health.

FIGURE 5 - Knowledge Resources of Producers in the Pesticide/Fertilizer Selection

FIGURE 6 - Opinions of Producers on Authority to Recollect Empty Packages of Pesticide/Fertilizer
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According to the 5 point Likert scale used in this
study regarding the use of pesticides and fertilizers by
farmers, 70.6% of the participants answered that they
definitely do not agree with the opinion that packages of
pesticides and fertilizers pollute soil resources. Those who
thought that packages of pesticides and fertilizers definitely do not pollute water resources were 68.6%.
4 CONCLUSION
According to the results of the survey conducted in
relation to the awareness of producers in Isparta province
regarding the recycling of pesticide and fertilizer packages
and based on other findings of the research, the conclusions
and recommendations can be summarized as follows:
- Isparta province is a rich province in terms of the
variety of agricultural products. It meets 25% of the
apple production and 62.4% of the rose production in
Turkey.
- The producers’ level of information relating to the
environmental damages caused by pesticides and fertilizers is insufficient.
- Throwing away of pesticide and fertilizer packages
lead to visual pollution in addition to environmental
pollution.
- Producers do not have sufficient knowledge regarding
the use of pesticides and fertilizers, and perform
wrong and unconscious application of pesticides.
- The rules imposed by the government concerning the
collection of pesticide and fertilizer packages are inadequate.
- Producers do not take environmental protection
measures when using pesticides and fertilizers. They
burn the packages or bury them into the soil so that
animals and children are unable to reach them.

provided. It is necessary that expert agricultural engineers who will observe the applications in person on
site and determine the requirements are appointed, and
that they direct farmers and teach them new applications for the resolution of problems. Thus, the targets
for using and making use of drinking water resources,
which is the most important basic requirement of our
era, should be kept at levels that will not disrupt the
ecological balance.
- Considering the agricultural practices in Turkey, it has
been seen that there are numerous factors threatening
the environment and human health regarding the application of fertilizers and pesticides. Within the process of harmonization with the EU, it is of vital importance that Turkey develops its own program in line
with the programs for encouraging producers carrying
out environment-friendly activities created by the European Council in 1992, and formulates its policies
based on sustainable agriculture.
- Chemical fertilization, which is one of the most important agricultural applications, contributes to production, but on the other hand, may lead to some unfavorable consequences. The amount and time of application
are considered to be the most significant factors in the
creation of such consequences. Taking into account the
fact that chemical fertilization of agricultural lands cannot be avoided; the necessity to rectify wrong practices and supplement the fertilization with organic manures gets even clearer.
- Consumption by humans and animals of the crops cultivated in areas exposed to intensive chemical fertilizers
may result in the harmful compounds in such areas entering into the bodies of organisms. Thus, such areas
should be reclaimed as well.

- The producers’ level of information relating to the time
required elapsing between the applications of pesticides
and harvesting is insufficient.
- It should be ensured that EUROGAP standards are complied with in the collection of fertilizer and pesticide
packages.
- Extension activities by the government should be enhanced with a view to provide awareness to relevant
producers regarding what to do with fertilizer and pesticide packages, and legal regulations should be performed.
- Methods to encourage producers regarding the recollection of pesticide and fertilizer packages should be
determined.
- Training of farmers with respect to the selection, use
and application of fertilizers and pesticides should be
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