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ACUTE TOXIC EFFECTS OF ZINC, CADMIUM, AND MERCURY
ON THE GROWTHS OF THREE UNICELLULAR GREEN
MICROALGAE WITH RELATIVELY HIGH INITIAL DENSITIES
Ming Li1, Chengyan Wan1, Xiaojie Pan1, Yi Zou1, Jianbo Chang1 and Ping Xie1, 2,*
1

Institute of Hydroecology, Ministry of Water Resources, Chinese Academy of Sciences, Wuhan 430079, P.R. China
2

Donghu Experimental Station of Lake Ecosystems, State Key Laboratory of Freshwater Ecology and
Biotechnology of China, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, 430072, P.R. China

ABSTRACT
There have been substantial heavy metal toxicity studies encompassing microalgal species, while many of these
studies were done with very low initial cell density and the
parameters are not applicable for recent biomonitoring practice (e.g. using bbe Algae Toximeter). This study evaluated the acute toxic effects of Zn, Cd and Hg on growth of
three green microalgal species, Chlorella pyrenoidosa,
Scenedesmus obliquus and Chlamydomonas reinhardtii,
with relatively high initial densities of 5.37×106, 1.87×106
and 1.31×106 cells/mL respectively by using SE media
without EDTA. The half maximal effective concentrations (EC50) for the three algae after 24-96h exposure to
different concentrations of heavy metal ions were determined. Mercury was much more toxic to the three algal
species than Zn and Cd, and the EC50 values ranged from
0.16 to 4.83 mg Hg/L. The higher EC50 values in the present study than in some previous ones might be due to
higher initial cell densities in our cultures. Scenedesmus
obliquus was the most sensitive species to heavy metals,
and thus has the potential to be used in biomonitoring practice, while Chlorella pyrenoidosa was the most tolerant.

KEYWORDS:
Microalgae, zinc (Zn), cadmium (Cd), mercury (Hg), EC50

1. INTRODUCTION
Algae are primary producers in the food chain and play
an important role in aquatic ecosystems. Their position in
the food chain makes them suitable models for predicting
the effects of chemicals on aquatic communities. With the
rapid development of industry and agriculture, a lot of wastewater containing heavy metal ions continuously goes into
* Corresponding author

the water body, threatening the survival of fish and other
aquatic animals [1]. These heavy metals may eventually
pose a threat to humans due to the enrichment of the food
chain [2]. Heavy metals go into the water from landfills,
mines and other human activity, affecting algae in the first
place. Therefore, from an environmental point of view, it
is also critical to clarify the toxic effects of heavy metals
on algae and to identify the intensity and potential of their
ecological damage [3]. Among the heavy metals, zinc
(Zn), cadmium (Cd) and mercury (Hg) are common in
some water body of China and have to be monitored continuously [4, 5].
As freshwater unicellular green microalgae have simple structure, wide distribution and fast growth, they are
ideal organisms for biological monitoring of heavy metal
ions, especially for fast screening of heavy metal contamination. Moreover, among the organisms used for in vitro
toxicity tests, freshwater unicellular green microalgae are
particularly sensitive in detecting the potential toxic effects of pollutants. Results of the toxicity tests are relatively reliable, repeatable, quick and inexpensive[6,7].
The bbe Algae Toximeter is an instrument for the continuous monitoring of water for toxic substance. It is widely
been used in Europe mainly for the monitoring of herbicides. However, since heavy metals pollution is very serious in some areas of China, we are considering the application of bbe Algae Toximeter for the biomonitoring of
heavy metals.
There have been substantial heavy metal toxicity
studies encompassing microalgal species [8-10], while
many of these studies were done with very low initial cell
density. However, in order to eliminate the disturbance of
algae in the environment, when the bbe Algae Toximeter
is used to analyze water for the presence of toxic substance
such as heavy metals, algal cell densities are usually set to
be much higher than those in the previous laboratory
experiments evaluating toxicity parameters. Thus, in the
present study, three unicellular green microalgae Chlorella pyrenoidosa, Scenedesmus obliquus and Chlamydomo-
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nas reinhardtii with higher initial cell densities were exposed to three heavy metal ions (zinc, cadmium, and mercury) in laboratory conditions to evaluate the toxic effects
of heavy metals on unicellular green microalgae. These
three algae species were employed as test material because
they are model unicellular algae and are widely used to
monitor toxic substances in aquatic environments [9, 11,
12]. The purpose of this study is also for the selection of
indicator algal species for monitoring heavy metals using
bbe Algae Toximeter.
2. MATERIALS AND METHODS

stances were delivered to the culture solution at the beginning of experiments (0 h). The initial Zn for all algae
were 2.17, 4.33, 8.67, 17.34 and 34.68 mg/L, the initial
Cd were 1.86, 3.72, 7.44, 14.88 and 29.76 mg/L, whereas
the initial Hg were 0.35, 0.67, 1.34, 2.38 and 5.36 mg/L.
The optical density (OD680nm) of culture solution was determined with Tecan Sunrise TM Microplate Reader in
680nm to show the growth of algae. The initial OD680nm of
culture solutions were all about 0.15 and the initial cellular
densities of Chlorella pyrenoidosa, Scenedesmus obliquus
and Chlamydomonas reinhardtii were 5.37×106, 1.87×106
and 1.31×106 cells/mL respectively. To determine the
acute toxicity of heavy metal ions, algal density was
measured at an interval of 24 h.

2.1. Species and culture conditions

The three unicellular green algae species (Chlorella
pyrenoidosa FACHB-9, Scenedesmus obliquus FACHB416 and Chlamydomonas reinhardtii FACHB-479) were
kindly provided by Institute of Hydrobiology, Chinese
Academy of Sciences, and then cultured with SE medium
(NaNO 3 , 250 mg/L; CaCl 2 , 25 mg/L; MgSO 4 ·7H 2 O,
75 mg/L; K 2HPO 4 75 mg/L; KH 2PO 4, 175 mg/L; NaCl,
25 mg/L; Soil extract, 40 mL/L; FeCl3·6H2O, 5 mg/L; A5,
1 mL/L)[13] without EDTA. The composition of the A5
solution is: H3BO 3 2.86 g/L, MnCl2·4H 2O 1.81 g/L,
ZnSO 4 ·7H 2 O 0.22 g/L, CuSO 4 ·5H 2 O 0.079 g/L,
(NH4)6Mo7O24·4H2O 0.039 g/L. The algal cultures were
maintained at 25℃, under continuous fluorescent light
of 4000lux. Only algal populations reaching the log-phase
growth were used for tests.
2.2. Toxicity assays

For the toxicological assays, analytical grade pure
chemicals were used as source of metal ions: zinc chloride
(ZnCl2), cadmium nitrate [Cd(NO3)2], and mercury chloride
(HgCl2). Stock solutions of heavy metals were obtained by
dissolving in ultrapure water. All glass test vessels used
for the culture were initially cleaned by soaking in 0.1 M
HCl for at least 24 h and then rinsed with ultrapure water.
All materials and culture media were previously autoclaved for 20 min at 121℃ and 1 atm.
Before the experiments, cell counts were made using a
haemocytometer slide and an Olympus CHB microscope
(Japan) every 24h during a week’s time. At the same time
the OD680nm values were also measured. Then regression
equations of cellular densities and OD680nm values were calculated. And during the following toxic experiments, cellular densities were calculated by these regression equations of algal species. The regression equations were Y=
36.72928X- 0.14022 (R2=0.995) (Chlorella pyrenoidosa),
Y=12.23425X+0.03253 (R2=0.995) (Scenedesmus obliquus),
and Y=8.152486X+0.08349 (R2=0.995) (Chlamydomonas
reinhardtii), where Y is the cellular density and X is the
OD680nm value, respectively.
For each algal species, a set of metal concentrations
in geometric progression was used by setting five treatment groups and a control group. The heavy metal sub-

2.3. Statistical analysis

The analyses were performed using the Microsoft
Excel 2007 Program and SPSS 17.0. The significance of
the differences of cellular density was tested by the multiple comparison test SNK (Student Newman Keuls). For
each metal, the half maximal effective concentration (EC50)
was determined using the Probit model. After a test of homogeneity of data variances, the significance of the differences of EC50 among species was tested by the multiple
comparison test LSD. All the conclusions are based on at
least 95% of significance (p<0.05).
3. RESULTS
Exposure of all the three microalgae to all initial concentrations of the heavy metals, in terms of growth over a
96 period, leads to clear differences (p<0.05) between controls and experiments in which microalgae were exposed to
heavy metals. When cultured in the presence of low concentrations of Zn2+ (<10 mg/L), algae exhibited a similar
growth rate as the control group (Fig. 1), and in the initial
two days, they even grew better than the control, indicating that low concentrations of Zn2+ promoted rather than
inhibited the growth of the algae. But high concentrations
of Zn2+ (34.68 mg / L) obviously inhibited growth of the
three algal species (p<0.05). Cd2+ exhibited an inhibitory
effect on the three green algae even at the lowest concentration (1.86 mg/L), which is different from Zinc (Fig. 2).
When the concentration of Cd2+ increased to 7.44mg/L or
higher, the algal cells began to die and the algal density
significantly decreased. Even at very low concentrations
(<1mg / L), Hg2+ produced a significant inhibitory effect
on the growth of the three green algae (Fig. 3). At concentrations greater than 1mg/L, the algal cells basically stopped
growing and many of them died. The toxicity of Hg2+ to the
three green algae was obviously higher than those of Zn2+
and Cd2+.
ANOVA showed there were significant effects of the
heavy metals tested upon growth of all microalgae. SNK
test suggested that sorting of Zn initial concentrations
by toxic effect was control < 2.17 = 4.33 = 8.67 ≤ 17.34
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FIGURE 1 - Effect of zinc on growth of three green algae
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FIGURE 2 - Effect of cadmium on growth of three green algae
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Chlorella pyrenoidosa

Control
0.35mg/L
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2.68mg/L
5.36mg/L

Scenedesmus obliquus

Chlamydomonas reinhardtii

24

48

72
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Incubation Time(h)
FIGURE 3 - Effect of mercury on growth of three green algae

TABLE 1 - The mean values of EC50 determined for the three algal species exposed to Zn, Cd and Hg
Time
(h)
Chlorella pyrenoidosa
24
48
72
96
Scenedesmus obliquus
24
48
72
96
Chlamydomonas reinhardtii
24
48
72
96
Note: In parentheses are confidence intervals (95%)
Species

EC50
Zn2+ (mg/L)
－
94.51 (61.30-170.51)
63.90 (47.64-105.74)
47.52 (35.64-81.30)
－
44.56 (30.57-73.08)
25.73 (16.45-40.87)
14.02 (5.67-22.80)
－
104.41 (55.71-1203.35)
52.93 (29.39-531.33)
41.30 (23.48-380.01)

< 34.68 mg/L for Chlorella pyrenoidosa, control < 2.17 =
8.67 < 4.33 = 17.34 < 34.68 mg/L for Scenedesmus
obliquus and control = 2.17 ≤ 8.67 = 17.34 ≤ 4.33 = 34.68
mg/L for Chlamydomonas reinhardtii. Likewise, the toxic
effects of the initial Cd concentrations on growth should
be sorted as: control = 1.86 ≤ 3.72 < 7.44 = 14.88 = 29.76
mg/L for Chlorella pyrenoidosa, control < 1.86 = 3.72 <
7.44 = 14.88 = 29.76 mg/L for Scenedesmus obliquus and
control < 1.86 < 3.72 < 7.44 < 14.88 = 29.76 mg/L for
Chlamydomonas reinhardtii. And for Hg it should be
sorted as: control < 0.35 < 0.67 < 1.34 = 2.68 = 5.36 mg/L
for Chlorella pyrenoidosa and Scenedesmus obliquus,

Cd2+ (mg/L)
74.62 (27.24-426.87)
48.26 (19.51-211.48)
9.44 (4.61-20.68)
5.17 (2.48-9.63)
55.65 (23.48-215.28)
29.52 (13.55-87.86)
5.33 (2.58-10.16)
2.66 (1.20-4.63)
34.38 (21.14-60.94)
10.87 (7.44-16.20)
3.62 (2.52-5.01)
3.02 (2.14-4.04)

Hg2+ (mg/L)
4.83 (2.22-13.03)
2.10 (1.10-4.35)
0.71 (0.38-1.18)
0.44 (0.22-0.72)
2.15 (0.93-5.49)
0.73 (0.32-1.46)
0.32 (0.12-0.60)
0.16 (0.05-0.31)
1.46 (0.57-3.78)
0.81 (0.33-1.70)
0.53 (0.21-1.04)
0.39 (0.15-0.72)

control < 0.35 < 0.67 = 1.34 = 2.68 = 5.36 mg/L for
Chlamydomonas reinhardtii.
The half maximal effective concentrations (EC50) for
the three unicellular green algae after 24-96h exposure to
different concentrations of heavy metal ions are shown in
Table 1, while the significance of the differences in the
relative sensitivity of the species to each metal is shown
in Table 2. The results of the LSD multiple comparison
test point out the following order of sensitivity among the
three unicellular green algal species to the tested heavy
metals:
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Zn: Scenedesmus obliquus > Chlamydomonas reinhardtii = Chlorella pyrenoidosa;
Cd: Scenedesmus obliquus = Chlamydomonas reinhardtii > Chlorella pyrenoidosa;
Hg: Scenedesmus obliquus = Chlamydomonas reinhardtii > Chlorella pyrenoidosa.
Scenedesmus obliquus was more sensitive to zinc
than the other two species while there was no significant
difference between Chlamydomonas reinhardtii and Chlorella pyrenoidosa. Although there were significant differences in 48-h EC50 values between Scenedesmus obliquus
and Chlamydomonas reinhardtii in the cadmium tests,
differences were not significant in the 24-h, 72-h and 96-h

EC50 values. Similarly, in the mercury test, 96-h EC50
values showed significant differences but the other three
time points did not.
Mercury was much more toxic to the three unicellular
green algal species than Zn and Cd, and the EC50 values
ranged from 0.16 to 4.83 mg Hg/L; and Scenedesmus
obliquus and Chlamydomonas reinhardtii showed a high
sensitivity to this metal. Similarly, cadmium was more toxic
to Scenedesmus obliquus and Chlamydomonas reinhardtii
(2.66 - 55.65 mg Cd/L EC50) than to Chlorella pyrenoidosa
(5.17 - 74.62 mg Cd/L EC50). Zinc was the least toxic, with
EC50 values ranging from 14.02 to 104.41 mg Zn/L.

TABLE 2 - LSD multiple comparison test of the mean EC50 values
Species
Chlorella pyrenoidosa

Time(h)

24
48
72
96
24
Scenedesmus obliquus
48
72
96
Chlorella pyrenoidosa
24
48
72
96
24
Scenedesmus obliquus
48
72
96
Chlorella pyrenoidosa
24
48
72
96
24
Scenedesmus obliquus
48
72
96
*p<0.05; **p<0.01; n.s. =not significant

Signiﬁcativity of the difference between mean EC50 values
Scenedesmus obliquus
Chlamydomonas reinhardtii
－
－
**
n.s.
**
n.s.
**
n.s.
－
－
－
**
－
**
－
**
n.s.
**
**
**
**
**
**
**
n.s.
－
**
－
n.s.
－
n.s.
－
**
**
**
**
*
n.s.
**
n.s.
－
n.s.
－
n.s.
－
n.s.
－
*

4. DISCUSSION
In general, Scenedesmus obliquus showed the highest
sensitivity among the tested algal species, while Chlorella
pyrenoidosa was the most tolerant. The variability in sensitivity of different algal species to the same heavy metals
can be explained by the morphology, cytology, physiology
and genetics of the organisms[14]. For example, the difference in sensitivity between Selenastrum capricornutum
and Chlorella vulgaris (more tolerant) to three herbicides
was attributed to some characteristics such as thick cell
wall and the presence of more active enzymes in Chlorella vulgaris[15]. Observed under microscope, the cells of

Metal
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Hg
Hg
Hg
Hg
Hg
Hg
Hg
Hg

Scenedesmus obliquus are much bigger than Chlorella
pyrenoidosa and align in a flat plate. This may explain the
different sensitivity between them exposed to heavy metals in the present study.
EC50 or IC50 (half maximal inhibitory concentration)
in the present study were within the range of some previous studies[1,16]) (Table 3). However, our EC50 values
were much higher than some studies reported for zinc test
using Closterium lunula[8], for cadmium test using Desmodesmus subspicatus [10] and for mercury using Phaeodactylum tricornutum[17]. Although such differences in
susceptibility might be explained by different strains or
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TABLE 3 - A comparison of EC50 or IC50 values determined for various algae exposed to Zn, Cd and Hg
Algae
Chlorella pyrenoidosa
Chlorella vulagris
Closterium lunula
Desmodesmus pleimorphus
Desmodesmus subspicatus
Monochrysis lutheri
Nitzschia palea
Phaeodactylum tricornutum
Phaeodactylum tricornutum
Platymonas sp．
Scenedesmus armatus
Scenedesmus obliquus

Metal (mg/L)
Zn
Cd
0.473
20.02
26.99
0.038
4.87
1.92
0.30
75
0.0276
22.39
41.85
5.369
32.89
15.72
47.39
49.06
18.0

Hg

0.03
0.04

1.194
1.113
0.986
1.898
1.772
1.500

Scenedesmus obliquus
Scenedesmus obliquus

16.99

0.058

growth conditions, higher initial cell densities in our
cultures might also be responsible for the lower sensitivity[18]. There is evidence indicating decreases in sensitivity
upon increases in cellular levels [19]. The surface of microalgal cells is negatively charged and provides a set of binding sites for metal cations (e.g. Zn2+ and Cd2+); hence,
higher initial cell densities entail more surface ligands
available and thus less ions per cell basis, which will
likely lead to a lower toxic effect by the metals onto the
microalgal cells [20]. Furthermore, the difference in algal
responses to heavy metals may also result from chemical
speciation of metals in the culture medium. For example,
the chemical form of Cd in water strongly depends on the
composition of medium, free Cd2+ ions are the most toxic
form of Cd to organisms and that concentration of free
metal ions vary in the presence of complexing agents
[21]. Therefore, the differences of EC50 values from previous studies may also result from different culture media.
Zinc is an essential trace element for algal growth and
metabolism. It is cofactor of many enzymes (e.g. in carbonic anhydrase, superoxide dismutase and RNA polymerase) in vivo algae and plays an important role in maintaining the integrity of the protein. However, it becomes
toxic when available in higher concentrations since it decreases cell division, mobility, total chlorophyll content,
ATPase activity and carotenoid/chlorophyll ratio in microalgae [22]. Zinc toxic effects are shown to be related to
metal binding to SH-groups of proteins, in the plasma
membrane in particular [23]. Chen et al. found that under
0.05 µg/mL concentration of Zn2+, the growth of Pavlova
viridis Tseng was promoted, and its concentrations of
chlorophyll a and raw fatty acids and the activity of nitrate reductase were increased [24]. This can be rationalized since zinc is a micronutrient required for microalgal
metabolism as it is a part of prosthetic moieties of some
of its relevant enzymes [20]. But at high concentrations,
Zn2+ showed toxic effect to Pavlova viridis Tseng. Zhou

Time
(h)
96
72
96
96
72
72
120
96
72
96
72
24
48
72
96
24
48
96
96

Initial algal density
(×106 cells/mL)
OD650=0.01
5.73
OD650=0.01
0.1-0.12
0.01
0.275
0.02
0.25
0.01
0.01
0.69
0.4
3.9

Source

Not mentioned

[39]

0.1-0.12

[20]

[9]
[1]
[8]
[20]
[10]
[35]
[36]
[37]
[17]
[1]
[38]
[16]

et al. also found that low concentrations of Zn2+ promoted
the growth of Selenastrum minutum, while at high concentrations the effect turned into inhibition. At the concentration of 50 mg/L Selenastrum minutum completely
stopped growing and died after 8-10 days [25]. These
results were in good accordance with ours.
Cadmium, the most frequently studied heavy metal, is
a non-essential, non-beneﬁcial element with a high toxic
potential. Taken up by algae even in very low concentrations, cadmium may be toxic to sensitive organisms. Assimilated by resistant algae it may be transferred to higher
trophic levels, thus directly affecting organisms at higher
levels of aquatic food chains [26]. The International Agency
for Research on Cancer (IARC) classified cadmium as a
group 1 human carcinogen [27]. It was found that cadmium,
probably due to the interaction with functional SH-groups of
proteins [28], caused inhibition or inactivation of many
enzymes, thereby disturbing the growth, respiration, or
photosynthesis in plant cells and algae [29,30]. The higher
toxicity of cadmium than zinc may derive from the former
being a nonessential element for living organisms, with
no known biological function [31]. Li et al. [1] compared
the toxic effects of Cu2+, Cd2+ and Zn2+ on Platymonas sp.
and Chlorela vulagris and found that the toxicity was in
the order of Cu2+>Cd2+>Zn2+, which is in agreement with
our results.
Mercury is one of the most common heavy metal pollutants in the environment. It has been profusely used in
mining, industry (precision instruments, lamps, and medical care), and agriculture (fungicides) [32]. Both inorganic
mercury and organic mercury can accumulate in organisms,
enhancing their toxic effects through the food chain and
bio-accumulation. Any form of mercury in the environment can be transformed into highly toxic methyl mercury
under certain conditions. It is a toxic but non-essential
metal with redox capacity that can enhance the pro-
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oxidant status by reducing the antioxidant glutathione
pool [33]. Elbaz et al. [34] report that the growth of
Chlamydomonas reinhardtii treated with 0.804 mg/L Hg
decreased to 56% of the control. In their experiment,
0.201 mg/L Hg stimulated the growth of the alga, but
similar phenomenon was not observed in our study.
In the present study, mercury was much more toxic to
the three unicellular green algal species than Zn and Cd.
Similarly, Horvatić and Peršić conducted toxic tests using
the marine diatom Phaeodactylum tricornutum, and found
a toxicity order of Hg>Cd>Zn at 72h exposure (in the
exponential phase of growth), and Hg>Zn>Cd at 336 h
exposure (in the stationary phase of growth) [17].
In conclusion, when cultured in relatively high initial
cell densities, Scenedesmus obliquus was the most sensitive species to heavy metals, and thus has the potential to
be used in biomonitoring practice (e.g., using the bbe
Algae Toximeter), while Chlorella pyrenoidosa was the
most tolerant. The EC50 values in the present study were
higher than in some previous ones. This might be due to
higher initial cell densities in our cultures.

La Rocca, N., Andreoli, C., Giacometti, G.M., Rascio, N.,
and Moro, I. (2009) Responses of the Antarctic microalga
Koliella antarctica (Trebouxiophyceae, Chlorophyta) to
cadmium concentration. Photosynthetica 47, 471–479.

[8]

Yan, H., Pan, G., and Huo, R.L. (2001) Toxic effects of copper, zinc and manganese on the inhibition of the growth of
Closterium lunula. Acta Sci Circumst 21(3), 328–332.

[9]

Yan, H., Wang, X.J., Lin, Y.X., and Wen, G. (2001) Toxic
effects of Cu, Zn and Mn on the inhibition of Chlorella pyrenoidosa. Chin J Envir Sci 22(1), 23–26.

[10] Baścik-Remisiewicz, A., Aksmann, A., Żak, A., Kowalska,
M., and Tukaj, Z. (2011) Toxicity of cadmium, anthracene,
and their mixture to Desmodesmus subspicatus estimated by
algal growth-inhibition ISO standard test. Arch Environ Contam Toxicol 60(4), 610-617.
[11] Atici, T., Katiciroglu, H. and Akin, B. (2008) Sensitivity of
freshwater microalgal strains (Chlorella vulgaris Beijerinck
and Scenedesmus obliquus (Turpin) Kützing to heavy metals.
Fresen Environ Bull 17(3), 268–274.
[12] Mosulen, S., Dominquez, M.J., Vigara, J., Vilchez, C.,
Guiraum, A. and Vega, J.M. (2003) Metal toxicity in Chlamydomonas reinhardtii. Effect on sulfate and nitrate assimilation. Biomol Eng 20, 199–203.
[13] Yuan, B.L. and Qu, J.H. (2001) Accumulation and separation
of algae peptide toxins by solid phase extraction and high
performance liquid chromatography. Chin J Anal Chem
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WITH CULTURE-DEPENDENT AND INDEPENDENT PCR-DGGE
METHODS IN WESTERN WEST LAKE OF HANGZHOU, CHINA
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ABSTRACT
Culture-dependent and independent PCR-DGGE
methods were used to investigate the genetic diversity of
microbial community in the western West Lake, Hangzhou.
Water samples (n=7) were collected from the western West
Lake in August, 2010. Crude DNA was directly extracted
from water samples and mix-culture samples, and then
used as the templates for the amplification of 16S rDNA
V3 region. The fingerprinting map of PCR-DGGE, sequencing and phylogenetic analysis all indicated that microbial
communities were highly variable in the western West
Lake and most microbes existed in very low abundance.
The sublake Wuguitan had the highest microbial diversity
(represented by 27 DGGE bands). The microbial communities of the physically isolated sub-lakes were similar in
the western West Lake while the microbial communities
dramatically changed at different sampling sites in the
same sublake. The two dominant microorganisms detected
by culture-independent PCR-DGGE are closely related to the
uncultured bacterium HQ671854.1 and anaerobic bacterium ANA No.40 AB064556.1 while the most abundant
microbes were found to be Acinetobacter sp. and Pseudomonas sp. by using culture dependent PCR-DGGE method.

KEYWORDS: Microbial community structure; culture dependent
and independent PCR-DGGE; western West Lake

1. INTRODUCTION
Microbial communities have the ability to degrade a
broad range of chemical pollutants under different environmental conditions and play a pivotal role in the decomposition of the organic matter in aquatic ecosystems.
Equally, microbes play an essential role as carbon source
or sink in the energy flow, and in the recycling of nutrients
to higher trophic levels both in oceans and freshwaters [1,
2]. Since the microbial components of food webs have
* Corresponding author

important implications in biogeochemical ﬂuxes [3], it is
necessary to investigate their composition, structure.
Owing to the short life cycle and high sensitivity to environmental changes, microorganisms can be used to evaluate environmental quality. More and more researchers
characterize microbial community structure by using the
denaturing gradient gel electrophoresis (DGGE) [4-6]. In
addition, the banding pattern of DGGE could reveal the
major components of the analyzed community and this
approach allows for separation of DNA molecules that
diﬀer by a single base [7,8].
The West Lake, which is famous for its picturesque
scenery, is an iconic small shallow lake in the western
part of Hangzhou City, located in the Southeast coastal
area of China. West Lake belongs to the semi-enclosed
lake and its self-purification is weak. Due to the increasing human population and the rapid development of industry and tourism, the West Lake has been suffering
from accelerated eutrophication. So far, a series of control
measures such as sediment dredging and water exchanging were conducted with little success in solving the problem of eutrophication of West Lake [9]. In the last few
years, the Westward Expanding Project of the West Lake
has been completed and this project basically restored part
of the water body of the West Lake (called the western
West Lake hereafter) according to history records. In this
paper, the microbial community structure of the western
West Lake of Hangzhou reclaimed in the Westward Expanding project was studied by using the mix culturedependent and independent 16S rDNA PCR-DGGE fingerprinting techniques. The primary goal of the present
study was to detect the changes of the microbial community in the western West Lake. This would provide some
implications for the protection and management of West
Lake Ecosystem and the cleaning up of water pollution.
2. MATERIALS AND METHODS
2.1 Sample sites and surroundings

The West Lake is surrounded by hills on three sides.
The surface areas is about 5.66 km 2 , and mean water
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depth is 1.8 m. Water samples were collected from three
sub-lakes of the West Lake, including Maojiabu (M),
Wuguitan (W) and Yuhuwan (Y). Five sampling sites (M1,
M2, M3, M4 and M5) were located at Maojiabu, one at

Wuguitan (W) and another one at Yuhuwan (Y) as shown
in Figure 1. And the location of those sampling sites was
shown in Table 1.

FIGURE 1 - Map showing the sampling stations in the West Lake, Hangzhou, China.
TABLE 1 - Sampling sites
Sampling sites
M1(Maojiabu1)
M2(Maojiabu2)
M3(Maojiabu3)
M4(Maojiabu4)
M5(Maojiabu5)
W(Wuguitan)
Y(Yuhuwan)

latitude
30°14′33.96′′N
30°14′32.23′′N
30°14′29.08′′N
30°14′22.31′′N
30°14′34.45′′N
30°14′2.81′′N
30°13′43.57′′N

longitude
120°7′34.57′′E
120°7′25.93′′E
120°7′20.59′′E
120°7′17.79′′E
120°7′13.99′′E
120°7′44.96′′E
120°7′51.04′′E
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No.
(cultured by medium LB)
My1
My2
My3
My4
My5
Wy
Yy

No.
(cultured by medium M2)
Mn1
Mn2
Mn3
Mn4
Mn5
Wn
Yn
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2.2 Sample collection for DGGE analysis

Water samples were collected from the western West
Lake in August 2010. Uncultured microbes in water samples (250 mL) were transferred to filter paper directly by
Millipore membrane filtration technique using qualitative
filter paper (8 µm, 47 mm, Millipore) and polycarbonate
membrane (0.22 µm, 47 mm, Millipore) within 12 h after
samples collection. Subsequently the polycarbonate membranes with microbes were cut into pieces and transferred
to 2.0 mL microcentrifuge tubes and stored at -80 ℃ for
DNA extraction. To obtain mix-cultured microbes, 1 mL
water sample of each sample was added to 250 mL Erlenmeyer flasks containing 100 mL Luria–Bertani (LB)
medium (10 g of peptone, 5 g of beef extract, 5 g of NaCl,
10 agar powder, 1000 mL deionized water, pH 7.4) and
M2 medium [10], respectively, and bacterial cultures
were incubated at 37 ℃ for 48 h.
2.3 DNA extraction and PCR amplification

DNA was simultaneously extracted according to the
protocol of[11] and was checked by electrophoresis on a
1% (wt/vol) agarose gel. A nested PCR was conducted on
the DNA samples. In the ﬁrst PCR reaction, a 1400 base
pair fragment of the variable (V3) region of 16S rDNA
was ampliﬁed using the forward primer 27F and reverse
primer 1492R[12]. Each PCR reaction contained 1× PCR
reaction buffer, 1× Q solution (Qiagen), 200 mm of each
dNTP, 10 pM of each primer, 1 unit of Taq DNA polymerase (Qiagen), and 10 ng of 16S rDNA template. Ampliﬁcation was performed in a Mastercycler 1 ep gradient (Eppendorf) cycler, with initial denaturation of 5min at 95℃,
followed by 35 cycles of 1 min, 94℃, 1min, 55℃, and
1min, 72℃, and a ﬁnal extension of 10min at 72℃. PCR
products were analyzed on a 1% agarose gel, stained with
ethidium bromide, and visualized under UV light. In the
second PCR, the same PCR mix and the touchdown ampliﬁcation protocol were used, with initial denaturation of
5min at 95℃, followed by 20 cycles of 1 min, 94℃,
1min, 65℃-55℃ (-0.5℃/one cycle), and 1min, 72℃, 15
cycles of 1 min, 94℃, 1min, 55℃, and 1min, 72℃, and a
ﬁnal extension of 10min at 72℃, then cooling to 4℃ forever. The PCR primers used in touchdown ampliﬁcation
protocol were GC-338F and 518R [13], and 0.5µL of the
products from the ﬁrst PCR as template. Products were
checked at 1% agarose gel, and stored at -20℃ until analyzed on DGGE.
2.4 DGGE analysis

DGGE was performed on a Dcode system (BioRad,
CA, USA), with 1mm thick acrylamide–bisacrylamide
(37.5:1) gels run in 0.5× TAE (40mM Tris base, 20mM
sodium acetate, 1mMEDTA) at 60℃ and 85 V. Gel solutions were made according to the manufacturer’s instructions. The products were separated on an 8% (w/v)
acrylamide–bisacrylamide gel with a 35–60% denaturing

gradient, for 16 h. The gels were stained for 30min in 1×
SybrGold (Invitrogen, USA) and visualized by UV transilluminator and recorded by typhoon scan and the DGGE
proﬁles were analyzed by ‘‘Quantity One 4.1.0” (BIORAD Laboratories).
2.5 Sequencing and phylogenetic analysis

For further sequencing and phylogenetic analyses,
bands of interest were excised from the gel using a sterile
scalpel blade. For accurate correlation of band homology
between different DGGE gels, a selection of bands were
excised and sequenced from multiple gels. And the DNA
from each band was eluted in 30 µl of sterile water over
night at 4℃. 2 µl of the eluted DNA from each DGGE
band was re-ampliﬁed with the same primer sets 338f and
518r (without GC-clamp) and the same conditions described above. The PCR products were gel-puriﬁed using
AxyprepTM DNA Gel Extraction Kit (Axygen Scientific,
Inc. USA) according to the manufacturer’s protocol. The
purified product was cloned into Escherichia coli JM 109
(Invitrogen, Carlsbad, CA, USA) using the pGM18-T vector system (TaKaRa, China), according to the manufacturer’s instructions. The transformed cells were plated onto
LB medium containing ampicillin (100 mg/mL), X-Gal (5bromo-4-chloro-3-indolyl-b-D-galactoside: 80 mg/mL) and
IPTG (Isopropylb-D-1-thiogalactopyranoside: 0.5 mM) to
identify white-colored recombinant colonies [14]. All these
reagents were purchased from Sigma-Aldrich, St. Louis,
MO, USA. PCR fragments were purified and sent to BGI
Company (Wuhan, China) for sequencing. The sequences
were blasted against the GenBank databases and were
aligned to 16S rDNA gene fragments available in the National Center for Biotechnology Information databases
(NCBI) [15]. Sequences with 96% or higher identity
were considered to represent the same species.
2.6 Nucleotide sequence accession numbers

The GenBank accession numbers for the nucleotide
sequences obtained from the 25 DGGE gel bands are
shown in Tables 2, 3 and 4.

3. RESULTS
Total genomic DNA isolated either from environmental samples or from mix-cultured samples was of high
molecular weight and of sufﬁcient purity for subsequent
PCR ampliﬁcation. Nested PCR successfully amplified
bacterial 16S rDNA fragments of the expected size (about
200 bp), whose ﬁngerprints were achieved by the DGGE
electrophoresis. This PCR-DGGE approach produced a
fairly high number of distinct, sharp, and intense bands for
bacteria (Fig. 2a, 3a and 4a). In order to provide further
insight into the microbial community of the western West
Lake, the discriminable unique bands were extracted from
DGGE gels for sequencing. The sequences were com-
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pared with the published species in NCBI (seen in Tables 2, 3 and 4).
3.1 Analysis of uncultivated microbial communities

The DGGE patterns, clustering analysis and phylogenetic analysis of uncultivated microbial community in
western West Lake were shown in Fig. 2. All the DGGE
electrophoresis for seven sampling sites yielded multiple
bands (Fig. 2a). Two dominant bands (band 1 and 2) and
four faint bands (include band 3, 4, 6, and 7) were obtained for all the seven sampling sites. In addition, there
were many faint bands existed on the DGGE gel which
was visible but was too faint to excise or re-amplify.
Though most microbes existed in few quantities, microbial community structure of western West Lake was also very
complex. The sample of Wuguitan yield the most abundant
bands (27 bands) among all the sampling sites, but only
three dominant bands were obtained. The DGGE proﬁle of
Wuguitan had a unique band (band 5) in the lower regions,
in contrast to that of Maojiabu and Yuhuwan.
The UPGMA clustering method was used to analysis
the community similarity among different sampling sites
(Fig. 2b). It was shown that microbial communities of
different parts of West Lake had high similarity. The
Wuguitan and Yuhuwan communities showed the highest
similarity to each other and the coefficient of similarity
(Cs) was 0.77, and their clade was clustered with that of
the sites M3, M4, and M5 of Maojiabu with a Cs of 0.46.
But the clade of sites M1 and M2 was clustered with
others sites of Maojiabu and the Cs was 0.32, lower than
the Cs of the Wuguitan and Yuhuwan clade and the M3,
M4 and M5 clade of Maojiabu.

The dominant microorganisms in the uncultured samples of West Lake may be represented by the two dominant bands of DGGE (Fig. 2a). The clone from dominant
band 1 and 2 showed 100% and 98% sequence similarity
to Uncultured bacterium HQ671854.1 and Anaerobic
bacterium ANA No.40 AB064556.1, which was observed
in northeast subarctic Pacific Ocean and fish intestinal
bacteria, respectively. The clones from the band 4, 5, 6,
and 7 shared a high sequence similarity to the uncultured
species which were observed in the reservoirs and lake
ecosystems all over the world, and only the clone from
band 3 presented 98% sequence similarity to Comamonas
sp. GQ246661.1, which could be found in the procedure
of aerobic fermentation.
2.2 Analysis of cultivated microbial communities

LB medium was a comprehensively used medium to
cultivate bacteria. In order to gain a full insight into the
cultivable microbial community structure of the samples,
LB medium was used in the mix culture of water samples.
The DNA was extracted from bacterial cultures, PCRamplified, and separated by DGGE, which were further
cloned and sequenced. The DGGE profiles and clustering
analysis were shown in Fig. 3. As compared to those of
Fig. 2, the dominant bands increased, while the less dominant or faint bands decreased after cultivation and the
total band numbers decreased as well. The number of
dominant bands of the LB cultivation was 3, 5, 6, 5, 2, 2,
and 3 for different sampling sites. The band number of

FIGURE 2 - DGGE patterns and clustering analysis of the DNAs directly extracted in lake water samples. Bands indicated by numbers 1 to 7
were excised and subjected to re-amplification and sequencing.

TABLE 2 - The most closely related described bacteria to the sequences retrieved by NCBI Blast.
Band
1
2
3
4

Genebank accession
number
HQ848335
HQ848354
HQ848347
HQ848327

Closest relatives(accession number)

Sequence sililarity%

resources

Uncultured bacterium (HQ671854.1)
Anaerobic bacterium ANA No.40 (AB064556.1)
Comamonas sp. (GQ246661.1)
Uncultured bacterium (HQ661318.1)

100%
98%
98%
100%

Northeast subarctic Pacific Ocean
Fish Intestinal Bacteria
aerobic fermentation
Tingxi freshwater reservoir
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7

HQ848340
HQ848333
HQ848348
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Uncultured alpha proteobacterium (HQ532193.1)
Uncultured actinobacterium (HQ532577.1)
Uncultured bacterium (HQ653821.1)
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99%
100%
100%

Brandy Lake
Crystal Lake, USA
Taihu Lake, China
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My1 was 9 while the band number of M1 and M5y was
21 and 19, lower than that of M5 (27 bands). The similarity between different sampling sites decreased (Fig. 3b).
The Cs normally ranged from 0.37 to 0.55 and the highest
Cs (0.77) was found between Wuguitan and the M1site of
Maojiabu.
For LB cultivation samples, nine bands were excised
and sequenced, and four of them were assigned to Acinetobacter sp., three to Comamonas sp., the clone from
band 11 and band 16 to Parabacteroides sp. HQ020488.1
and Aeromonas sp. HQ008858.1 with a 100% sequence
similarity. HQ008858.1could be found in upflow anaerobic filter and was named as Aeromonas sp. LH2.

2.3 Analysis of the M2 medium cultivated microbial communities

M2 medium is an enrichment medium used to detect
the specific functional microbes. In the present study, M2
medium was used as a parallel medium to detect the cultivable bacteria community structure and compare to those
detected by LB medium. The DGGE patterns and clustering analysis were shown in Fig. 4. Dominant bands were
also increased after the M2 medium cultivation. The
number of dominant bands of M2 cultures was 4, 5, 5, 2,
6, 5 and 5, more than those of uncultured samples and the
LB cultures. Though the total bands and the less dominant
or faint bands both decreased, they were higher than those
of the LB cultures.

FIGURE 3 - DGGE patterns and clustering analysis of the bacterial DNAs extracted from the LB cultures. Bands indicated by numbers 8 to
16 were excised and subjected to re-amplification and sequencing.
TABLE 3 - The most closely related described bacteria to the sequences retrieved in this study, analyzed by NCBI Blast.
Band
8
9
10
11
12
13
14
15
16

Genebank accession number
HQ848349
HQ848350
HQ872455
HQ848351
HQ848352
HQ848355
HQ848353
HQ848328
HQ872456

Closest relatives(accession number)
Comamonas testosteroni (HQ200412.1)
Acinetobacter lwoffii (GU188946.1)
Acinetobacter beijerinckii (HQ425649.2)
Parabacteroides sp. (HQ020488.1)
Acinetobacter sp. (HQ684847.1)
Acinetobacter sp. (AM989138.1)
Comamonas sp. (DQ854969.1)
Comamonas sp. (GU226428.1)
Aeromonas sp. (HQ008858.1)

Sequence sililarity%
100%
100%
97%
100%
99%
100%
100%
100%
100%

resources
Soil, India
leaf, Macico
sea water, South China Sea
upflow anaerobic filter
leguminous plant soil
lake water, Finland
warm spring, India
fresh photosynthetic bacteria
Aeromonas sp. LH2

FIGURE 4 - DGGE patterns and clustering analysis of the M2 cultures. Bands indicated by numbers 17 to 25 were excised and subjected to
re-amplification and sequencing.
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TABLE 4 - The most closely related described bacteria to the sequences retrieved in this study, analyzed by NCBI Blast.
Band
17
18
19
20
21
22
23
24
25

Genebank accession number
HQ848332
HQ848339
HQ848341
HQ872457
HQ848337
HQ848334
HQ848329
HQ872458
HQ848331

Closest relatives(accession number)
Pseudomonas aeruginosa (HQ393861.1)
Pseudomonas putida (HQ454988.1)
Acinetobacter sp. (EU589439.1)
Morganella morganii (GU361686.1)
Pseudomonas mosselii (HQ455004.1)
Comamonas aquatica (HQ292695.1)
Acinetobacter baumannii (HQ180180.1)
Acinetobacter sp. (GU377055.1)
Pseudomonas plecoglossicida (GQ398824.1)

Comamonas sp. GQ246661.1
Seq8

71

Comamonas aquatica HQ292695.1
Seq14

100

99 Comamonas sp. DQ854969.1

Seq22

100

98 Seq17

Pseudomonas aeruginosa HQ393861.1
100

Seq21

98 Pseudomonas mosselii HQ455004.1
40

2.4 Phylogenetic analysis of cultivable and uncultivable
microbial in western West Lake

Seq7
99 Seq19

Acinetobacter sp. EU589439.1

81

Phylogenetic analysis revealed that the seven uncultured strains obtained from the Western West Lake dispersed in several clusters (Fig.5). Sequence 7 did not cluster with any other clade, indicating that probably this strain
is a new species, which did not belong to the genus Acinetobacter or Pseudomonas. And the other uncultured
strains frequently fell in different single clade. It was also
seen from the phylogenetic analysis that all the strains
including reference sequences from GenBank formed six
clusters.

Seq24
95

Acinetobacter sp. GU377055.1

100 Seq12
100

Acinetobacter sp. HQ684847.1

41

100 Seq9
40

Acinetobacter lwoffii GU188946.1
Seq13

75

99 Acinetobacter sp. AM989138.1

52

100 Seq1

Uncultured bacterium HQ671854.1
Seq6

28

100 Uncultured actinobacterium HQ532577.1

Seq2
Uncultured bacterium HQ653821.1

84

Anaerobic bacterium AB064556.1
Comamonas testosteroni HQ200412.1

56

resources
cotton rhizosphere, India
finger millet rhizosphere soil, India
spores of Gigaspora margarita
Glossina fuscipes fuscipes, Kenya
finger millet rhizosphere soil, India
activated sludge
Acinetobacter baumannii
oil contaminated soil
sewage sludge sample

assigned to Pseudomonas sp., and three clones were Acinetobacter sp. The clone from band 20 and band 22 shared
99% and 95% sequence similarity to Morganella morganii GU361686.1 and Comamonas aquatica HQ292695.1,
found in the Glossina fuscipes fuscipes, Kenya and the
activated sludge, respectively

92 Seq3
95

Sequence sililarity%
100%
100%
100%
99%
100%
95%
99%
100%
98%

Pseudomonas plecoglossicida GQ398824.1
100 Seq4

Uncultured bacterium HQ661318.1

61

4. DISCUSSION

100 Seq11

Parabacteroides sp. HQ020488.1

79
100

Seq5
Uncultured alpha proteobacterium HQ532193.1

99

Acinetobacter beijerinckii HQ425649.2

100

99

In the present study, both culture-dependent and independent PCR-DGGE protocol were used to detect the
microbial community structure of the western West Lake
Our results indicated that combining these two approaches could obtain more comprehensive information on microbial communities, including the uncultivable and cultivable microbes.

Seq10

96

Seq23
99

Acinetobacter baumannii HQ180180.1

100 Seq15

88

Comamonas sp. GU226428.1
100 Seq16
57

Aeromonas sp. HQ008858.1
100 Seq20

68

Morganella morganii GU361686.1
Seq25

50
100

Seq18

100 Pseudomonas putida HQ454988.1

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

FIGURE 5 - The 16S rDNA gene sequence based phylogenetic tree
by using the UPGMA method. The sequences obtained in this study
and the reference sequences from GenBank were Included.

The UPGMA clustering analysis showed that the similarity of different sampling sites increased after M2 medium cultivation (Fig. 4b). Wuguitan and the site M1 of
Maojiabu still showed the highest similarity and the Cs
was 0.75. And the other sites of Maojiabu can also cluster
with these two sites with high Cs values, and the lowest
Cs was 0.5. But the, similarity of Yuhuwan to other sites
was very low, and the Cs was only 0.07.
Nine clones of the medium M2 cultivation samples
were sequenced and the results were not consistent with
those of the LB cultivation samples. Four clones were

All seven sampling sites yielded multiple bands in the
PCR-DGGE profiles (the number of total bands was 166),
indicating that microbial community of Western West
Lake was very complex. The total number of DGGE bands
decreased after cultivation (the number of total bands was
102 for LB medium and 131 for M2 medium) which was
consistent with the previous results [16]. Dominant bands
increased in all the samples after cultivation, especially
with M2 medium, while the less dominant or faint bands
decreased. It is known that culture-independent methods
revealed greater microbial diversity than culture-dependent
ones [17]. In the investigation to assess the bacterial diversity of the biofilms formed on humic substances under
different flow conditions and carbon substances, the culture-independent approach [18] revealed a higher microbial diversity (measured as number of bands) than the
observed in the previous culture-dependent work [19].
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Though cloning of PCR products may yield a more detailed and diverse community, it still has disadvantages
[20-22]. In the present study, microbial community structure of western West Lake was complex, but many bands
were too faint to sequence. Furthermore, the most dominant bands of cultivation samples were not even present
in the corresponding position in the lanes of uncultured
microbes. Five dominant bands were yielded in the lane
M2y, and four of them were not present in the lane M2.
However, our results indicated that the non-dominant
species of technological interest could be enriched by
specific medium, and then identified.
A more comprehensive microbial community of the
western West Lake was detected by using both culturedependent and culture-independent PCR-DGGE. Identification of cultivable bacteria may accelerate the exploitation of microbial resources of West Lake. Dominant bands
of uncultured samples mainly represented uncultured species and most of them did not belong to the Acinetobacter
or Pseudomona genus. Unfortunately, further studies on
these uncultivable microbes are not easy. Three dominant
species, belonging to genus Acinetobacter, Pseudomonas
and Comamonas, were detected after cultivation by LB
and M2 media. In the LB cultivation samples, nine bands
were excised and sequenced. Four of them were assigned
to Acinetobacter, and three to Comamonas. For the M2
cultivation samples, nine clones were sequenced as well.
But four clones were assigned to Pseudomonas and three
clones were assigned to Acinetobacter. It can be concluded
that genus Acinetobacter was the dominant cultivated
microbes present in western West Lake. The isolated
Acinetobacter strains exhibited the plant growth-promoting
traits and it was revealed that some of these bacteria possessed the properties such as nitrogen ﬁxation, mineral
solubilization, siderophore and ammonia production [23].
In the present study we discovered two species, A. Baumannii and A. lwofﬁi which were also found in the previous study of Dhara et al. [23]. The nitrogen ﬁxing rhizobacteria provide an alternative source to inorganic nitrogen fertilizers. A. Baumannii LRFN53 was found to be a
nitrogen ﬁxing strain as conﬁrmed by acetylene reduction
assay [24]. And the nitrogen ﬁxing rhizobacteria may be
very useful in the project of plant rehabilitation aiming at
improving the environment condition of West Lake.
The physical isolation did not decrease the similarity
of microbial community diversity between different sublakes of western West Lake (Fig. 2b). But from, Wuguitan
and the site M1 of Maojiabu always share the highest
similarity among all the sampling sites (Fig. 3b and Fig.
4b), indicating that the conditions of these two sites may
similar to each other. Base on the difference in the cultivable and uncultivable microbial communities, the sites
for the plant rehabilitation project could be selected.

important for this protocol. Many studies indicated that
only specific bacteria (i.e.Bacteroidetes and Betaproteobacteria) were responsible for the cleanup of pollution
(i.e. membrane bioﬁlm fouling)[25]. And these speciﬁc
bacterial groups, rather than the total bacterial community, should be paid more attention to perform the function
more effectively in practice [26].
5. CONCLUSION
In this study, the 16S rDNA fragments based PCRDGGE method was used for a rapid and accurate characterization of microbial diversity in the environmental
samples of western West Lake. The nested PCR–DGGE
strategy produced the distinct banding patterns that provided non-subjective discrimination among the mixcultured and environmental samples. Microbial community structure of West Lake was complex and most of microbes existed in low quantities. The sublake Wuguitan
has the most complex microbial communities (27 DGGE
bands) of all the three sub-lakes investigated. Physical
isolation between different sub-lakes of West Lake did
not decrease the similarity of their microbial communities, but interestingly the similarity of microbial community was lower at different sampling sites in the same
sublake Miajiabu. The microbial communities, and perhaps
physico-chemical and biological propertiesof Wuguitan
and the site M1 of Maojiabu were similar to each other
and the same pollution control measures can be taken.
Our PCR-DGGE results showed that two microorganisms,
closely related to Uncultured bacterium HQ671854.1 and
Anaerobic bacterium ANA No.40 AB064556.1, dominated
West Lake. However, the culture-dependent approaches
demonstrated that Acinetobacter and Pseudomonas were
the most abundant microbes.
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It is clear that the mix-culture-dependent protocol
was an important complement to the method of PCRDGGE, if microbial species of special interest needed to
be detected. Furthermore, the choice of medium was also
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ANALYSIS AND TRENDS OF ATMOSPHERIC
VISIBILITY INFLUENCED BY ENVIRONMENTAL
PARAMETERS OVER TAIWAN’S CITIES
Chih-Chung Wen*, Wei-Lung Chou and Shang-Wei Yan
Department of Safety, Health and Environmental Engineering, Hungkuang University, Sha-Lu, Taichung 433, Taiwan.

ABSTRACT
This study aims to clarify the trends of atmospheric
visibility influenced by meteorological and environmental
parameters over Taiwan’s cities. Data concerning atmospheric pollutants and climatic factors were gathered to
establish the daily atmospheric visibility by applying various
statistical analysis methods. Three different sites, Keelung
in northern Taiwan, Taichung in central Taiwan and
Kaohsiung in southern Taiwan, were chosen to conduct the
study. Principal component analysis and empirical regression models were applied in the analysis of the collected data during the sampling period of January 2004 to
December 2005. The principal component analysis results
for atmospheric visibility suggest that PM10, NO2, SO2,
CO and O3 were the atmospheric pollutants that had the
greatest impacts on visibility. During the observation periods, major atmospheric pollutant concentration and meteorological effects were identified to establish an empirical
visibility model. According to the results from the statistical analysis, wind speed was the most influential meteorological parameter affecting atmospheric visibility. When
the wind speed was > 3 m s-1, the values of minimum
visibility were affected by the wind speed. When wind
speed was low, climatic factors such as humidity and
temperature had the greatest effects on critical visibility.
Based on these analytical results, daily atmospheric visibility can be predicted with known atmospheric pollutants
and meteorological factors using a general equation.

KEYWORDS: Visibility, Air pollutants, Meteorological factors,
Regression model

1. INTRODUCTION
Visibility is among the factors used in meteorology to
define turbidity in the atmosphere. The degree of visibility can be regarded as the most direct way to visually de-

* Corresponding author

termine the level of air pollution. The scale of visibility
observations can be divided into the remote sensing, environmental and traffic and safety scales. The method of
observation varies in accordance with the scale. The environmental scale, for example, is mostly still conducted by
the naked eye to determine visibility. Aside from the
specific point in the visibility value of the environmental
scale, the observed value is actually difficult to obtain. In
terms of climatic characteristics, several studies [1-4]
demonstrated that visibility was reduced as a result of
the scattering and absorption of solar and infrared ray
radiation by aerosol particles. Lower wind speed caused
particulates to gather and subsequently rendered them
unable to spread, which in turn indirectly affected the air
quality [5-7]. In terms of pollutants, the result demonstrated that PM10 had the greatest impact on visibility in
Tainan, Taiwan [8]. It also demonstrated that a rapid
increase in urbanization and human activity contributed to
the decreased visibility in the Pearl River Delta (PRD)
region [9]. During the period 1972-1980, visibility entered
a transitional period, and from 1980 to 2006, low visibility
was recorded on 150 days of each year in the PRD region.
A high concentration of aerosol particles is the primary
cause of low visibility. The aerosol concentration threshold for low visibility is above 120 µg m-3.
The degree of visibility in relation to the environmental scale has been regarded as a significant visual index
parameter. However, the observation of visibility is not
an easy task; therefore, researchers describing the visibility of a region have adopted an experience-based
approach. An empirical model has been established that
includes the parameters of meteorological conditions and
atmospheric pollutants by using the linear regression
method [8]. Tsai and Cheng [10] utilized multiple regression analysis and by combining atmospheric pollutants
with climatic factors, simulated the average hour of visibility at the Taichung metropolitan basin in terms of month,
season and year in 1996. Tsai [11] employed a multivari-
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ate analysis to simulate the average hour of visibility in
areas that were urbanized (Taipei), industrialized
(Kaohsiung and Tainan), or agriculturalized (Hualien and
Taidong) between 1994 and 2002. Synthesizing the experience-based approach in the studies of visibility in different areas by these researchers, the values from the linear
regression by [9] were 0.723, 0.672 and 0.681, whereas
those of [11] were 0.476, 0.593, 0.397, 0.221 and 0.566.
The concentration values of a series of air pollutants were
related to seasonality which has characteristics representative of the urban and suburban environment [12]. Turk
and Kavraz [13] investigated the relationship between
meteorological factors, such as wind speed, temperature
and humidity, and air pollutants parameters of PM 10 and
SO 2. As the experienced-based approach to visibility by
past researchers was primarily based on seasons and years,
the differences in time and area can produce values that
vary greatly in different seasons. The research was based
in Taiwan, and the abovementioned research proposed an
empirical equation in each area. The value of atmospheric
visibility was not easy to obtain in the different sites by
using a general equation.
However, atmospheric visibility has become a complex issue because of meteorological parameters and atmospheric pollutants caused by human activities. These
factors must be taken into consideration when assessing
the quality of life of a region. This study aims to establish
an empirical model to predict atmospheric visibility values on a daily basis by taking into account meteorological
parameters and atmospheric pollutants. The meteorological conditions and atmospheric pollutant data from Keelung, Taichung, and Kaohsiung between 2004 and 2005
were utilized to establish the general equation. Furthermore, various statistical methods were applied to analyze
the collected data, which are useful for determining the
potential effects of meteorological parameters and atmospheric pollutants on atmospheric visibility. Based on the
primary and secondary components in the meteorological
factors and atmospheric pollutants, the interaction between
the latter two was assessed to establish the proposed model
for predicting atmospheric visibility. Finally, this study
developed a daily critical visibility model and a visibility
model that takes into account both metrological factors
and the concentration of pollutants to obtain an effective
daily average visibility value. The value of atmospheric
visibility can be a significant index parameter in environmental assessment.
2. MATERIALS AND METHODS
2.1. Meteorological parameters and sampling data
2.1.1. Description of observation sites

Data of daily average atmospheric airborne pollutants
and climatic factors were gathered to establish the daily
critical atmospheric visibility relationships by using numerous statistical analysis methods. Three different ob-

servation sites (Figure 1) were chosen: Keelung, Taichung
and Kaohsiung. The period studied spanned from January
2004 to December 2005.
Keelung is located in northern Taiwan and is bordered to the west by the Pacific Ocean. Keelung currently
has 57 quays. The latitude of Keelung is 25.08°N, and its
longitude is 121.44°E. The data sources were air-quality
monitoring stations in Keelung, which are part of the
Taiwan Air Quality Monitoring Network (TAQMN). The
Renai air-quality monitoring station is located roughly 2 km
from the coast and 350 m from the Weather Service Office (WSO). Taichung Harbor is located on the western
coast of central Taiwan near the Taiwan Strait. The total
area of Taichung Harbor is 3760 hy. The harbor’s latitude
is 24.17°N, and its longitude is 120.29°E. The sampling
site is an air-quality monitoring station in WuChi, Taichung County, which is part of the TAQMN. The Shalu
air-quality monitoring station is located approximately
2 km from the WuChi air-quality monitoring stations.
Kaohsiung is located in Southern Taiwan near the Taiwan
Strait and the Strait of Bus Cross. Kaohsiung has 111
ports. Its latitude is 22.16°N, and its longitude is
120.16°E. The data collection sites were air-quality monitoring stations in Kaohsiung City that are part of the
TAQMN. The Siaogang air-quality monitoring station is
located approximately 10 km from the coast and 2 km
from the WSO.
2.1.2. Meteorological conditions

Keelung is situated in the northern part of Taiwan,
and its climate is influenced by the northeastern monsoon.
Because of the hills behind Keelung and the sea in front,
considerable rain is generated over the city. The average
relative humidity (RH) and temperature (T) during the
studied period was 71.29 % and 298.72 K, respectively.
The average sunshine duration (SD) and visibility (VIS)
was 7.76 h and 10.93 km, respectively. The mean recorded
wind speed (WS) was 2.47 m s-1, and the wind came predominantly from the NE. Taichung is located in central
Taiwan. The winter monsoons hit Taichung in SeptemberApril. The winds in the monsoon season are the strongest
in October-March and come mostly from the NNE. These
winds occur approximately 80 % of the time. The strongest recorded WS was a grade 10 on the Beaufort wind
scale. The mean annual WS was 4.47 m s-1. The mean air
T was 297.19 K, the RH was approximately 74.93 %, and
the WS exceeded 4.47 m s-1; the wind came primarily
from the NNE. The average SD and VIS was 8.32 h and
11.93 km, respectively. Kaohsiung is located in southwest
Taiwan, which is located south of Tropic of Cancer and is
subject to tropical monsoons. Influenced by the southwest
monsoon in summer, this period witnessed a significant
rainy season that lasted one year. In winter, the climate
in Kaohsiung is cool and dry, and temperatures generally remain high. The average RH and T was 73.11 %
and 298.97 K, respectively. The average SD and VIS was
8.35 h and 5.14 km, respectively. The mean annual WS
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was 2.25 m s-1 and was mostly from the NW. A comparison of Keelung, Taichung and Kaohsiung shows that
Kaohsiung had higher mean monthly T and monthly SD
values than the other observed sties; additionally,
Kaohsiung had the lowest mean monthly WS and VIS.
Taichung had the highest monthly mean WS, RH and
VIS.
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FIGURE 1 - Position of weather observation and air quality monitoring stations in Keelung Harbor, Taichung Harbor and Kaohsiung Harbor.

2.1.3. Atmospheric airborne pollutants

Air-quality data were recorded between 2004 and 2005
for three areas in the TAQMN. In the air-quality monitoring network, the pollutants measured were SO2 (ppb),
NO 2 (ppb), O 3 (ppb), CO (ppm) and PM 10 (µg m -3). In
Keelung, the annual average airborne pollutant concentrations for SO2 PM10, NO2, CO and O3 were 50.09 µg m-3,
6.55 ppb, 21.14 ppb, 0.53 ppm and 26.83 ppb, respectively.
In Taichung, the annual average airborne pollutant concentrations for SO2 PM10, NO2, CO and O3 were 65.28 µg m-3,
4.81 ppb, 18.32 ppb, 0.50 ppm and 31.42 ppb, respectively. In Kaohsiung, the annual average airborne pollutant
concentrations for PM 10 SO 2, NO 2, CO and O 3 were
86.99 µg m -3 , 13.74 ppb, 30.40 ppb, 0.66 ppm and
26.30 ppb, respectively. These measurement results indicate that the order of PM10 concentration from highest to
lowest was Kaohsiung> Taichung > Keelung. The measurement results also demonstrated that the concentration
order from highest to lowest for SO2, NO2, and CO was
Kaohsiung > Keelung > Taichung.
2.2. Statistical analysis

Tables 3a-3c present the non-parametric correlation
coefficient matrix of atmospheric airborne pollutants and
climatic factors during the observation period at Keelung,
Taichung and Kaohsiung, respectively. At Keelung, highly positive correlation coefficients were observed among
SO 2 and NO 2, NO 2 and CO, PM 10 and CO, and SR and
SD, while highly negative correlation coefficients were
found among VIS and PM10 during the observation period.
At Taichung Harbor, highly positive correlation coefficients

existed between NO2 and CO, PM10 and CO, and SR and
T, respectively. The airborne pollutant PM10 concentration
was strongly negatively correlated with VIS during the
study period. At Kaohsiung, highly positive correlation
coefficients were observed for NO 2 and CO, PM 10 and
NO 2, PM 10 and CO, while highly negative correlation
coefficients were calculated for NO2 and SR, SR and CO,
NO2 and T, NO2 and CO, and VIS and PM10 during the
observation period. Compared with the strong correlation
between VIS and the PM10 concentrations at the three observation sites, the correlation coefficient was close at
Keelung, Taichung and Kaohsiung. Moreover, the other
meteorological factors were not strongly correlated with
VIS at the three study sites.
The principal component analysis (PCA) method was
applied to explain the primary component of data variance. Table 1 shows the PCA results for airborne pollutants and meteorological factors during the observed period at Keelung, Taichung and Kaohsiung. The PCA results
reveal that 2 or 3 factors explained the primary component
of data variance. At Keelung Harbor, the first PC, PC1,
explained 39.47% of the total variance and had high loadings for NO2 (0.88), CO (0.91) and PM10 (0.74), indicating that VIS is primarily affected by the airborne pollutants NO2, CO and PM10. The second PC, PC2, accounted
for 18.96% of the total variance and had high loadings for
ozone. Table 1 reveals that ozone was evenly distributed
and that the Keelung observation site was influenced by
the photochemical effect. The third PC, PC3, explained
15.36% of the total variance and had a high loading for
SR (0.69) and SD (0.76), indicating that VIS was also
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TABLE 1 - Factor analysis of atmospheric airborne pollutants and meteorological factors data at Keelung, Taichung and Kaohsiung observation sites.
Component – Keelung
SO 2
NO 2
O3
CO
PM 10
Solar Relatively
Temperature
Relative Humidity
Wind Speed
Sunshine Duration
Visibility
Eigenvalue
Variance(%)
Cumulate variance(%)
Component – Taichung
SO 2
NO 2
O3
CO
PM 10
Solar Relatively
Temperature
Relative Humidity
Wind Speed
Sunshine Duration
Visibility
Eigenvalue
Variance(%)
Cumulate variance(%)
Component – Kaohsiung
SO 2
NO 2
O3
CO
PM 10
Solar Relatively
Temperature
Relative Humidity
Wind Speed
Sunshine Duration
Visibility
Eigenvalue
Variance(%)
Cumulate variance(%)

PC1
0.637
0.877
0.001
0.905
0.742
-0.611
-0.583
0.380
-0.274
-0.516
-0.775
4.342
39.468
39.468
PC1
0.570
0.862
0.181
0.907
0.858
-0.639
-0.566
0.031
-0.154
-0.428
-0.758
4.170
37.911
37.911
PC1
0.638
0.939
0.369
0.908
0.911
-0.836
-0.789
-0.433
-0.231
-0.392
-0.728
5.325
48.405
48.405

affected by SR and SD at Keelung. At Keelung Harbor,
PC1 explained 39.47% of the total variance of the data
and had high loadings for NO2 (0.88), CO (0.91) and
PM10 (0.74), indicating that VIS is primarily affected by
the airborne pollutants NO2, CO and PM10. PC2, accounted for 18.96% of the total variance and had high loadings
for ozone. This result reveals that ozone was evenly distributed and that the Keelung observation site is influenced by the photochemical effect. Moreover, PC3 explained 15.36% of the total variance and had a high loading for SR (0.69) and SD (0.76), indicating that VIS was
also affected by SR and SD at Keelung.
At the Taichung Harbor site, PC1 explained 37.91%
of the total variance and had high loadings for NO2 (0.86),
CO (0.91) and PM10 (0.86), showing that VIS was primary affected by the airborne pollutants NO2, CO and PM10.

PC2
0.297
0.163
-0.742
0.055
-0.405
0.269
0.503
0.695
-0.640
0.183
-0.041
2.085
18.956
58.424
PC2
0.261
0.288
-0.134
0.192
-0.005
0.557
0.671
0.556
-0.880
0.338
-0.244
2.225
20.229
58.140
PC2
-0.331
0.011
0.749
-0.122
0.190
0.299
0.132
-0.484
-0.293
0.542
-0.206
1.486
13.507
61.912

PC3
0.287
0.292
0.308
0.174
0.414
0.693
0.129
-0.344
-0.158
0.761
-0.103
1.689
15.355
73.779
PC3
0.357
0.010
0.671
0.016
0.296
0.403
0.026
-0.705
0.049
0.593
0.061
1.683
15.299
73.440
PC3
0.352
0.098
-0.312
0.129
0.055
0.260
-0.290
-0.524
0.527
0.542
0.376
1.389
12.623
74.535

PC2 accounted for 20.23% of the total variance of the
data, and PC2 was relative to visibility with high loadings
for WS (-0.88). This phenomenon indicates that the production of the diluted effect also affected VIS caused by
WS. However, the major component of WS is the winter
monsoon during the observed period. The winter monsoon usually starts in September and ends in April of the
following year and is most prominent from October to
March. Winds during the monsoon season are predominately NNE, and they occur approximately 80% of the
time. At Kaohsiung Harbor, PC1 explained 48.41% of
total variance and had high loadings for NO2 (0.94), CO
(0.91), PM10 (0.91), SR (-0.84), and T (-0.79). PC2 had
high loadings for O3 (0.75), RH (-0.48) and SD (0.54),
and it explained 13.51% of the total variance. PC3 explains the remainder of the total variance, and the major
component was wind speed.
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A comparison of Keelung, Taichung and Kaohsiung
indicates that the major components of the PC (PC1) airborne pollutants were PM10, NO2 and CO. Variation in these
pollutants is in agreement at the three monitoring stations,
indicating that they originate from the same sources. Notably, CO and NO2 likely come from transportation emissions. Moreover, the CO concentration at the Keelung,
Taichung and Kaohsiung sites were strongly correlated
with the VIS observations at nearby sites due to its light
absorption property. These analytical results reveal that
the major component in PC (PC1) may be inferred from
the visibility at Keelung, Taichung and Kaohsiung. In
addition, ozone was the major component of PC2 at the
Keelung and Kaohsiung sites and of PC3 at the Taichung
site, indicating that ozone was evenly distributed at the
three sites. However, WS was the major component of
PC2 at Taichung and of PC3 at Kaohsiung. This experimental result reveals that a dilutive reaction was created
and that the three sites were influenced by WS. The major
components of PC3 at Keelung were SR and SD, suggesting that the Kaohsiung site was equally affected by photochemical reactions.
3. RESULTS AND DISCUSSION
3.1. Critical Visibility Prediction Model

A summary of the composite results reveals that VIS
is influenced by the airborne pollutants PM10, SO2, NO2
and CO and the meteorological factors WS, RH, and T. In
this work, a general equation is proposed to predict daily
critical (minimum) VIS values under daily airborne pollutants and meteorological factors. The daily variations of
wind speed for daily critical (minimum) VIS values in Keelung, Taichung and Kaohsiung are presented in Figure 2,
which shows a good relationship between the daily critical (minimum) VIS values and wind speed. The equation
can be expressed as
VIScritical

RH i n1 Ti − 273 n 2 , (1)
1
= α + β × WSi × (1 +
)×(
) ×(
)
cosh WSi
RH1
T1 − 273

where α, β, n1 and n2 are regression coefficients; RHi
is the relative humidity at observation site i; Ti is the
temperature at observation site i; and WSi is the wind
speed at observation site i. Based on the analysis results,
the regression coefficients n1 and n2 can be obtained in the
three regression equations using multiple regression.
Because the different sites have different meteorological
parameters and air pollutants, the general multiple regression equation form is proposed in this paper. The variances of the base VIS (ΔVIS) and the slope (ΔS) are considered in the model, and the equation can be expressed as
VIScritical = 1.5 + ΔVIS1i + (0.9 + ΔS1i ) × WSi × (1 +

RH i −0.5 T − 273 0.5
1
)×(
) ×(
)
cosh WSi
80
19.72

(2),

where ΔVIS and ΔS are used to react to the meteorological parameters and the air pollutant values between
two different sites. Taichung City is chosen as the base site

40

Keelung
Taichung
Kaohsiung
Keelung : Critical values (VIS=1+1.5*WS)
Taichung : Critical values (VIS=1.5+0.9*WS)
Kaohsiung : Critical values (VIS=0.9+0.5*WS)
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FIGURE 2 - Daily variations of wind speed for the visibility in Keelung Harbor,Taichung Harbor and Kaohsiung Harbor.

expressed by subscript 1, where ΔVISli is the variances in
VIScritical between observation site i and the base site; and
ΔSli is the variances of the ratio of VIS to WS between
observation site i and the base site. Because the meteorological parameters were considered in Eq. (1), the air
pollutants are not considered in the prediction model.
These pollutants may lead to the variances of ΔVIS and
ΔS, whose characteristics can be expressed as
(3)
F = f (PM10 , NO 2 , SO 2 , CO, O 3 ) .
The variances of VIS and ΔS are associated with air
pollutants in this study. Three sets of data were applied to
estimate these variances. The relationships of variance
can be expressed as

ΔVISpq = αΔ[pt 1 ]pq + βΔ[pt 2 ]pq + γΔ[pt 3 ]pq ,

(4)

ΔSpq = δΔ[pt 1 ]pq + ηΔ[pt 2 ]pq + ζΔ[pt 3 ]pq ,

(5)

where ( α , β , γ ) and ( δ , η , ζ ) are undetermined
coefficients; subscripts p and q represent different sites,
where p, q =1..3, p ≠ q ; and pt1, pt 2 and pt 3 are the
first, second and third airborne pollutants, respectively. In
accordance with Eqs. (4) and (5), three types of atmospheric air pollutants were chosen to calculate the undetermined coefficients, where i is 1-3; and p and q satisfy
the conditions (p, q ) ≤ 3 and p ≠ q . The matrix is
written in the following expression:

⎡Δ[pt 1 ]12
⎢Δ[pt ]
1 13
⎢
⎢⎣ Δ[p1 ]23

⎡ Δ[pt 1 ]12
⎢ Δ[pt ]
1 13
⎢
⎢⎣Δ[pt 1 ]23

Δ[pt 2 ]12
Δ[pt 2 ]13
Δ[pt 2 ]23

Δ[pt 3 ]12 ⎤ ⎡α ⎤ ⎡ ΔVIS12 ⎤
Δ[pt 3 ]13 ⎥⎥ ⎢⎢ β ⎥⎥ = ⎢⎢ ΔVIS13 ⎥⎥ (6)
Δ[pt 3 ]23 ⎥⎦ ⎢⎣ γ ⎥⎦ ⎢⎣ΔVIS23 ⎥⎦

Δ[pt 2 ]12

Δ[pt 3 ]12 ⎤ ⎡ δ ⎤ ⎡ ΔS12 ⎤
Δ[pt 2 ]13 Δ[pt 3 ]13 ⎥⎥ ⎢⎢η⎥⎥ = ⎢⎢ ΔS13 ⎥⎥ . (7)
Δ[pt 2 ]23 Δ[pt 3 ]23 ⎥⎦ ⎢⎣ζ ⎥⎦ ⎢⎣ΔS23 ⎥⎦
To obtain the undetermined coefficients, ( α , β , γ ) and
( δ , η , ζ ), the variances of VIS and ΔS were utilized to
solve Eqs. (4) and (5). The Gauss elimination method was
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TABLE 2 - Estimated coefficients for the proposed model of

ΔVIS for different atmospheric airborne pollutants.

ΔVIS = αPM 10 + βNO 2 + γSO 2
ΔVIS = αPM10 + βNO 2 + γO 3
ΔVIS = αPM 10 + βNO 2 + γCO
ΔVIS = αPM 10 + βSO 2 + γO 3
ΔVIS = αPM10 + βSO 2 + γCO

TABLE 3 - Estimated coefficients for the proposed model of

ΔS1i = −0.002 × [PM10 − 120 .20(µg m −3 )] − 0.009 × [ NO 2 − 27.01(ppb )] .

(9)

With known airborne pollutant concentrations of
PM10 and NO2, the meteorological parameter of WS at the
reference site; the variances of VIS, ΔVISli; and variances
of slope, ΔSli, can be calculated by Eqs. (2), (8) and (9),
respectively.

-0.008

0

0.0016

-0.008

0

0.006

0

-0.043

0.003

0

-3.876

δ

η

ζ

-0.002

-0.009

0

-0.002

-0.009

0

-0.002

-0.009

0

-0.003

-0.011

0

-0.003

-0.011
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FIGURE 3 - Comparison of the atmospheric visibility between the
predicted critical values and observation values in Taiwan cities
(Yilan, Keelung, Taipei, Taichung, Chiayi, Kaohsiung, Hualien and
Taitung).
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To verify the efficacy of the proposed empirical model,
some cities of Taiwan (Yilan, Keelung, Taipei, Taichung,
Chiayi, Kaohsiung, Hualien and Taitung, as shown in
Figure 1) were chosen to predict the daily critical VIS
values. The proposed model can predict VIScritical using
the airborne pollutants PM10, NO2, SO2, CO and O3 and
the meteorological factors WS, RH and T. Figures 4a-4e
show the predicted VIScritical data along with the ob served
data collected in the Taiwan cities. The predicted VIScritical
values were close to the observed minimum visibility
values, and WS, RH and T were considered in the model.

0.0016

20

VIS (Km)

(8)

γ
0

25

used to solve Eqs. (6) and (7); thus, the undetermined
coefficients can be obtained.

ΔVIS1i = 0.003 × [PM10 − 120 .20(µg m −3 )] − 3.876 × [CO − 0.79(ppm )]

β
-0.008

ΔS for different atmospheric airborne pollutants.

ΔS = δPM10 + ηNO 2 + ζSO 2
ΔS = δPM 10 + ηNO 2 + ζO 3
ΔS = δPM10 + ηNO 2 + ζCO
ΔS = δPM 10 + ηSO 2 + ζO 3
ΔS = δPM10 + ηSO 2 + ζCO

Table 3 presents the calculation results of the airborne
pollutants PM10, NO2, CO and O3, which are the important parameters for the variance of VIS used to determine the differences of the intercept ΔVIS. Additionally,
the airborne pollutants PM10, NO2 and SO2 are the important parameters for the differences in slope ΔS. The
relative influence of the ΔVIS of airborne pollutants,
from largest to smallest, is PM10> NO2> CO > SO2. With
known observed concentrations of airborne pollutants, the
advantage of the proposed model is that it can be easily
applied to predict variances caused by the different concentrations of airborne pollutants at different sampling
sites. For example, when airborne pollutants PM10 and
NO2 are input into the proposed model’s general equation,
the variances of VIS and slope can be expressed as

α
0.0016

Day

FIGURE 4a - Daily variation of the atmospheric visibility values
with different predicted models and observation values in Yilan.
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FIGURE 4e - Daily variation of the atmospheric visibility values
with different predicted models and observation values in Taitung.
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FIGURE 4b - Daily variation of the atmospheric visibility values
with different predicted models and observation values in Taipei.
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When WS exceeded 3 m s-1, the proposed model predicted the VIScritical values well. However, prediction results
for VIScritical showed lower values than the observed values
when WS was < 3 m s-1. When WS is low, it is not the
only factor influencing atmospheric VIS, and the prediction was complex in this region. The low VIS may have
been caused by other meteorological conditions, such as
RH, T and SD. According to the PCA results, RH and T
were the two most important factors influencing atmospheric VIS. However, under a fast WS, the modified equation can be simplified as
(10)
VIScritical = 1.5 + ΔVISi1 + (0.9 + ΔSi1 ) ∗ WSi .
3.2. VIS prediction model
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FIGURE 4c - Daily variation of the atmospheric visibility values
with different predicted models and observation values in Chiayi.
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The analyzed results also show that the VIScritical values were proportional to the VIS observed values and can
be stated mathematically as
(11)
VISobserved = µ(VIScritical ) ,
where µ is the proportional constant in each city
(Table 4). The proportional constant µ can be described
by each parameter:
µ = 1 − 0.01* PM10 (µg m −3 ) − 0.079 * NO2 (ppb) + 4.063 * CO(ppm) (12)
− 0.473 * WS(m s −1 ) + 0.055 * RH(%) − 0.091* T(K)

The R-square correlation coefficients for the µ values
and the regression values were as high as 0.884.
To examine the accuracy of the proposed model, an
agreement index was utilized to estimate the degree of
similarity between the predicted and observed values. The
agreement index, Sf , is defined as [14]
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FIGURE 4d - Daily variation of the atmospheric visibility values
with different predicted models and observation values in Hualien.
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where Pi is the predicted value, Oi is the observed
value,
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TABLE 4 - Mean average of meteorological factors at (Yilan, Keelung, Taipei, Taichung, Chiayi, Kaohsiung, Hualien and Taitung)
Site

µ

PM 10
( µg m −3 )

NO 2
(ppb)

CO
(ppm)

WS
( m s −1 )

RH
(%)

T
(K)

Sf

Keelung
Taipei
Taichung
Kaohsiung
Chiayi
Yilan
Hualien
Taitung

1.6
1.7
1.1
1.1
1.5
1.6
1.7
2.6

30.84
45.89
80.50
107.05
53.85
34.90
29.67
27.31

16.18
22.28
20.09
36.51
11.12
9.32
8.22
5.81

0.43
0.65
0.53
0.79
0.34
0.32
0.35
0.31

2.62
2.13
4.81
2.35
1.78
2.29
2.85
1.58

75.77
73.13
77.78
72.38
72.13
76.49
72.23
76.10

29.00
28.97
18.90
24.23
27.99
27.88
28.26
28.83

0.74
0.81
0.77
0.82
0.68
0.58
0.69
0.59

during February 2007 to March 2007 at Taichung and
Kaohsiung. The predicted values of VIS have the same
trend as the observed values, and the predicted VIS values
are close to the observed values; however, the predicted
VIS values are generally lower than the observed (Figure 6).
A comparison of the input parameters of PM10, NO2, CO,
WS, RH and T with PM10, NO2, CO, and WS indicates
that the influence of RH and T were not significant at some
20

16

Observed - VIS (km)

the total measuring day at the controlled site. Table 4
presents the averaged values of Sf during the observation
periods and the predicted values in the Taiwan cities (Yilan, Keelung, Taipei, Taichung, Chiayi, Kaohsiung, Hualien and Taitung).
Figures 4a to 4e present a comparison between the
observed and predicted VIS values and the observed and
critical VIS values by considering PM10, NO2, CO, WS,
RH and T in the Taiwan cities (Yilan, Taipei, Chiayi,
Hualien and Taitung). The predicted values of VIS have
the same trend as the observed values, and predicted VIS
values are close to observed; however, the predicted VIS
values are generally lower than the observed. The range
of the agreement index Sf with six prediction values was
0.82 to 0.58. Keelung, Taipei, Taichung, Chiayi, Hualien
and Kaohsiung had a higher agreement index, Sf, than
Yilan and Taitung. A comparison with the input parameters of PM10, NO2, CO, WS, RH and T and PM10, NO2,
CO, and WS indicates that the influence of the atmospheric pollutant concentration values and the meteorological
parameter WS were significant for predicting the VIS
values. Under low airborne pollutant concentrations,
VIScritical predicted well; however, the predicted VIS values were lower than the observed. Analysis of the distribution of the WS and pollutant concentration values indicates that wind and high pollutant concentration values
have strong effects in the proposed model.
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FIGURE 5 - Comparison of the atmospheric visibility between the
predicted critical values and observation values during February
2007 to March 2007 in Taichung and Kaohsiung.

3.3. Dust storm prediction
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To verify the efficacy of the proposed empirical model, the daily average VIS from February 2007 to March
2007 at Taichung and Kaohsiung was analyzed. The proposed model can predict VIS using the airborne pollutants
PM10, NO2, SO2, CO and O3 and the meteorological factors WS, RH and T. Figure 5 shows the predicted VIS
data along with the observed data collected between February 2007 and March 2007 at Taichung and Kaohsiung.
The predicted values were close to the observed values,
and WS, RH and T were considered in the model (Figure
5). If the meteorological factors RH and T were not considered in the model, the prediction values were lower
than the observed.
Figures 6 and 7 present a comparison between the observed and predicted VIS values by considering PM10,
NO2, CO, WS, RH and T and PM10, NO2, CO, and WS
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Day

FIGURE 6 - Daily variation of the atmospheric visibility values with
different predicted models and observation values during February
2007 to March 2007 in Taichung.
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FIGURE 7 - Daily variation of the atmospheric visibility values with
different predicted models and observation values during February
2007 to March 2007 in Kaohsiung.

observed VIS values, which may be due to the high WS at
the observation site. Figure 7 indicates that the predicted
values of VIS have the same tendency as the observed
values, and the predicted values are typically lower than
the observed at Kaohsiung. However, the influence of RH
and T was significant at Kaohsiung. Analysis of the distribution of WS indicates that wind speed was during this
experimental period; thus, RH and T have strong effects
in the proposed model.

lutants were PM10, NO2, SO2 and CO, and the meteorological factors were WS and RH. The relative influence of
the airborne pollutants from largest to smallest was PM10
> CO > NO2 > SO2. Additionally, the order of meteorological factors indicates that WS had a greater effect on
VIS than the other parameters under a high WS. These
analytical results demonstrate that the value of VIS was
proportional to the meteorological factor WS when the
wind speed was high. The variances of VIS (ΔVIS) and
ΔS between the two different observed sites were a function of the airborne pollutants and the meteorological
factors. Via PCA for VIS, the negative impact of PM10
and NO2 on VIS was significant, and only the impact of
sulfate from SO2 emissions was less. Based on the simulation results using the proposed model, the major influence
of airborne pollutants on atmospheric VIS was the PM10
concentration. Furthermore, WS was the meteorological
factor with the greatest effect on atmospheric VIS. The
daily atmospheric VIS values were predicted using the
known atmospheric airborne pollutants PM10, NO2, SO2 ,
O3and CO and the meteorological factors WS and RH.
The proposed model predicted atmospheric VIS values
well when WS was high. Under a high WS, the meteorological parameters RH and T were needed to increase the
model’s accuracy.

During the observation period, dust storms occurred
on February 13-15, 2007, in Taiwan. According to Lee et
al. [15], the origin of dust and its transport paths, duration, inland meteorology, and local source patterns are the
important factors that influence the effects of dust storms.
During a dust storm, local airborne pollutant sources affect
the concentration of coarse particulates, and fine particulates can be carried great distances. Dust storms can reduce
VIS. During this study period, the PM10, CO and NO2 concentrations were 138 µg m-3 - 180 µg m-3, 0.63 ppm – 1.15
ppm and 20.50 ppb – 43.80 ppb, respectively, and the WS
was 1.9 m s-1 – 3.7 m s-1 at Taichung. The observed VIS
values were 6.0 km – 6.1 km, and the predicted values
were 2.16 km – 5.32 km. At Kaohsiung, the PM10, CO
and NO2 concentrations were 123 µg m-3 - 142 µg m-3,
0.92 ppm – 1.07 ppm, and 45.40 ppb – 51.60 ppb, respectively, and the WS was 1.8 m s-1 - 2.0 m s-1. The observed
VIS values were 3.5 km – 4.3 km, and the predicted values were 2.73 km – 3.68 km. Thus, atmospheric VIS was
effectively predicted during the dust storm.
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ABSTRACT
To understand phytoremediation capability, ultrastructural alteration, and the role of antioxidative enzymes in
Populus 2025 (Populus euramericana) stressed by Cd,
a hydroponic culture was performed. P. 2025 was treated
with 50-500 µM Cd. The results indicated that 500 µM
Cd significantly inhibited the cultivar (P < 0.05). P. 2025
has considerable ability to accumulate Cd; therefore, 50 µM
Cd does not exhibit significant cellular damage to root
cells. Visible symptoms of Cd toxicity were that small
vesicles containing electron-dense granules in cytoplasm
and vacuolization. But, 100 µM Cd could induce a series
of cell structure injuries, such as increased vacuolization,
reduction of mitochondrial membranes, condensation of
cytoplasm and chromatin, and led to severe plasmolysis
and, finally, to membrane damage and cell death. Under
Cd stress, superoxide dismutase (SOD) activity in leaves
and roots was found to be high significantly (P < 0.05).
Peroxidase (POD) activity in leaves was noted to be low,
but catalase (CAT) activity increased. In roots, POD and
CAT activities showed increasing trends. The high contents
of malondialdehyde (MDA) in the investigation suggested
that Cd exposure might lead to more ROS in P. 2025,
which could be efficient as phytoextraction plant with
considerable ability to accumulate Cd.

KEYWORDS: Altrastructure; Cadmium (Cd); Oxidative stress;
Phytoremediation; Populus.

1. INTRODUCTION
Cadmium (Cd) is a non-essential element, and pollution of the environment has occurred through the mining
and refining of metal ores, and through the application of
Cd-containing phosphate fertilizers, sewage sludge, and
* Corresponding author

municipal composts to agricultural soils. It is thought to
be a particularly dangerous pollutant due to its high toxicity and good solubility in water [1]. It can be absorbed
readily by crops and accumulated in the human body
through the food-chain [2].
Considerable attention has been attached to problems
associated with Cd pollution, with the development of
modern industry and agriculture. Most conventional remediation approaches, such as excavation and chemical leaching of metals, are expensive and do not provide acceptable
solutions to toxic metal pollution. Phytoextraction has
relied on the use of plants known as hyperaccumulators,
defined as plants which accumulate metals about ten times
more than non-accumulator plants growing in the same
environment [3, 4]. Plant potential for Cd extraction
generally depends on shoot Cd concentration and shoot
biomass yield. However, hyperaccumulators are species
which often have a low biomass and a slow growth rate,
leading to a slow time frame for metal uptake and soil
decontamination. The ideal plant for metal phytoextraction should be highly productive in biomass, and assimilate and translocate to shoots a significant part of the metals. Additional favorable characteristics are fast growth,
easy propagation, and a deep rooting system. Compared to
high-biomass agricultural crops, some tree species, mainly
willows (Salix) and poplars or cottonwood (Populus), exhibit these traits and are currently used in phytoremediation programs [5-7]. Populus are thought to be ideal plants
with favorable characteristics, such as fast growth, easy
propagation and a deep rooting system, which are currently used in phytoremediation programs [7].
In plants, there are protective enzymatic and nonenzymatic mechanisms to scavenge reactive oxygen species (ROS). Oxidative stress can be induced at high level
of Cd by favoring the production of ROS and lipid peroxidation [8]. To resist oxidative stress, plants can induce a
series of detoxification reactions catalyzed by antioxidative enzymes, including CAT, SOD and POD [9, 10].
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Cadmium also induces oxidative stress of lipid peroxidation. Lipid peroxidation occurs in plants as a consequence of high ROS levels when excessive ROS cannot
be scavenged immediately and effectively, and, finally,
resulting in the disruption of plant growth and development. MDA is one of the ultimate products as a result of
lipid peroxidation damage and its concentration is related
to the degree of membrane lipid peroxidation. Antioxidant enzyme activities and MDA content often serve as
important physiological indicators to research the resistant abilities of plants under stress conditions.
Cadmium localization and structural changes in cells
are essential to understand Cd tolerance in plants. Some
ultrastructural studies were reported, such as in maize [11],
Allium cepa [12], Arabidopsis thaliana [13], Sedum alfredii
[14], and tomato [15]. However, few investigations on
toxic effects of Cd on ultrastructural alterations in root tip
cells of poplar trees exposed to Cd have been reported.
The aim of the project was to investigate phytoextraction capability, ultrastructure, and the role of antioxidative enzymes in Populus 2025 stressed by Cd.
2. MATERIALS AND METHODS

with a cutting mill (IKA-Werke GMBH & CO.KG, Germany). Cd content was determined by inductively coupled plasma atomic emission spectrometry (ICP-AES)
(Leeman Labs Inc., New Hampshire, U.S.A.) after wetashing [16].
2.3. Transmission electron microscopy

According to the results from ICP-AES investigation,
seedlings of the cultivar exposed to 50 and 100 µM Cd for
40 days were selected. The terminal portions (about 2 mm)
of each lateral root of control and the treated groups were
cut and fixed in a mixture of 2% formaldehyde and 2.5%
glutaraldehyde in 0.2 M phosphate buffer (pH 7.2) for 2 h,
and then thoroughly washed with the same buffer three
times. This was followed by post-fixation with 2% osmium tetroxide in the same buffer for 2 h. They were dehydrated in an acetone series, and embedded in Spurr’s ERL
resin. For ultrastructural observations, ultrathin sections of
75-nm thickness were cut on an ultramicrotome (Leica
EM UC6, Germany) with a diamond knife, and mounted
in copper grids with 300 square mesh. The sections were
stained with 2% uranyl acetate for 50 min and lead citrate for 15 min. Observation and photography were accomplished by transmission electron microscopy (JEM1230, Joel Ltd, Tokyo, Japan).

2.1. Plant material and growth conditions

The Populus 2025 (Populus×euramericana) was investigated for its responses to Cd toxicity. Woody cuttings (20 cm long) from 1-year old shoots were rooted in
vermiculite for a month. Then, they were selected for uniformity of roots and new shoots, and transferred to fullstrength Hoagland nutrient solution spiked with different
concentrations of Cd (0, 50, 100 and 500 µM), and
grown for 40 days. Cadmium was provided as CdCl2.
The nutrient solution consisted of 0.75 mM K2SO 4,
0.65 mM MgSO 4 , 0.01 mM KCl, 0.25 mM KH 2 PO 4 ,
2 mM Ca(NO3)2, 100 µM FeEDTA, 10 µM H3BO3, 1 µM
MnSO4, 0.1 µM CuSO4, 0.05 µM (NH4)6Mo7O4 and 1 µM
ZnSO4, adjusted to pH 5.5. The experiments were conducted in a greenhouse under a 14-h photoperiod at
26/20 °C (day/night) and 65–75% humidity. The solutions were constantly aerated and replaced every 10 days.
There are no Cd concentrations in control plants. Root and
shoot lengths were measured before the solutions were
replaced. Any visible symptoms of Cd toxicity in the
leaves and roots were noted. All treatments were done in
5 replicates.
2.2. Sampling procedure and Cd determination

At the end of the experiment, roots and shoots from
each treatment were harvested from the cuttings. After
removal of necrotic and putrid tissue, the roots were rinsed
in tap and deionized water to remove traces of nutrients
and Cd ions from the root surfaces. The plants were divided into roots, new shoots (stems, young leaves, mature
leaves) and cutting stems (bark and wood). Then, they
were dried in a forced-air oven for 4 days at 45 °C, followed by 2 days at 80 °C and 12 h at 105 °C, and ground

2.4. Examination of antioxidant enzyme activities

The fresh roots or leaves from each treatment were
homogenized in a pestle and mortar with 0.05 M sodium
phosphate buffer (pH 7.8) at the end of each time interval
(10 days) of Cd treatment. The homogenate was centrifuged at 10,000g for 20 min, and the supernatant was
used for analyzing SOD, POD and CAT. The above steps
were carried out at 4 °C. The SOD, POD and CAT activities were estimated according to the modified method
of Zhang et al. [10].
2.5. Examination of MDA content

Level of lipid peroxidation was expressed as the content of malondialdehyde (MDA) according to Zhang et al.
[10]. The fresh samples from each treatment were homogenized in 5 ml of 10% trichloroacetic acid (TCA)
with a pestle and mortar at the end of each time interval
(10 days). Homogenates were centrifuged at 4000g for
20 min. To each 2-ml aliquot of the supernatant, 2 ml of
0.6% 2-thiobarbituric acid (TBA) in 10% TCA was added.
The mixtures were heated in boiled water for 15 min, and
then quickly cooled in an ice bath. After centrifugation at
4000g for 10 min, the absorbance of the supernatant was
recorded at 532 and 450 nm. Lipid peroxidation was
expressed as the MDA content in nmol per g of fresh
weight.
2.6. Statistical analysis

Analysis of variance (ANOVA) using Sigma statistical software (Jandel Scientific Corporation) was performed. Tests of equality of means used the t-test. Statistical significance was assumed at P < 0.05.
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3. RESULTS
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3.2. Cd accumulation
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Table 1 shows Cd accumulation in different organs
of P. 2025. The Cd content of the roots, stems, young
and mature leaves, and cutting stem, bark and wood in P.
2025 significantly increased (P < 0.05) when compared
with control. This investigation assessed Cd contents in
cutting stems and new shoots of P. 2025. Cd levels were
significantly higher (24-fold, on average) in bark than in
wood. In the cultivars, Cd contents were significantly
higher (P <0.05) in young than in mature leaves. Levels
of Cd accumulation were in the following order: barks >
stems > woods. About 60% of the Cd was accumulated
in roots, and the rest was transferred to shoots (Table 2).
The Cd content was rare in woods.
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Root lengh [cm]

The effects of Cd on shoot growth varied with the
concentration and treatment time (Fig. 1a). As compared
with control, 50 µM Cd did not inhibit the shoot growth
of P. 2025 during 30-days treatment period but 100 µM
Cd significantly did (P <0.05) during 30-40 days whereas 500 µM Cd showed a slow shoot growth during 2030 day treatment, and after that the shoots died.
The effects of Cd on root growth also varied with concentration and treatment time (Fig. 1b). Growth of roots
exposed to 500 µM Cd was significantly inhibited (P <
0.05) after 20-d treatment when compared with control.
100 µM Cd and 50 µM Cd showed no significant inhibitory effects (P <0.05) on root growth after 30 and 20 days
of treatment, except for 100 µM Cd and 40 days.
The effects of Cd on the morphology of the roots and
leaves also varied with concentrations. Morphology of
roots and leaves exposed to 50 and 100 µM Cd was more
or less the same as control during the first 20 days, whereas
for treatment with 500 µM Cd, leaf color became yellow,
some leaves fell, new branches turned dry, and lateral
roots became short and thick. With prolonging duration
of treatment, most of the roots of the cuttings exposed to
500 µM Cd were rotted. Patches of dark color (visible
necrosis) in areas close to the main vein of leaves were
observed in P. 2025 exposed to 500 µM Cd for 20 days
Cd (Fig. 2).

Control
50 µM
100 µM
500 µΜ

10

20

30

40

Time [d]

FIGURE 1 - Effects of different concentrations of Cd on shoot and
root growth of Populus 2025. (a). Shoot. (b). Root. Values with different letters differ significantly from each other (n = 5, P < 0.05).

3.3. Effect of Cd on subcellular structures of root-tip meristems

In a stained section of non-Cd treated cells, a typical
ultrastructure cell was exhibited (Fig. 3a). Plasma membrane was unfolded with a uniform shape in all parts.
The numerous organelles were found in cytoplasm. Rich
endoplasmic reticulum (ER), dictyosomes, mitochondria
and ribosomes were immerged in dense cytoplasm. The
nucleus with well-stained nucleoplasm and distinct nucleolus was located in the center of cells, whereas a large
vacuole or several vacuoles are distributed in root meristem cells.

FIGURE 2 - Patches of dark colour (visible necrosis) close to the
main vein of leaves in Populus 2025 exposed to 500 µM Cd for 20
days. Arrows indicate visible necrosis.
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TABLE 1 - Concentrations of Cd in different organs of Populus 2025 exposed to different Cd concentrations after 40 days of treatment.
Organs (µg/g DW)
Treatment
Young leaves
Mature leaves
Stems
Woods
Barks
Control
16.07±0.20a
19.90±0.52a
17.87±0.21a
0.83±0.01a
8.08±0.05a
50 µM
737.32±7.77b
507.11±8.06b
410.72±6.20b
34.54±0.07c
660.17±1.67b
100 µM
882.23±19.71c
706.72±4.10c
885.09±6.94c
31.73±0.11b
950.31±16.67c
Values followed by different letters differ significantly from each other (P <0.05, t-test). Means ± SE, n = 3.

Roots
22.98±0.65a
4010.79±5.85b
4966.78±30.37c

TABLE 2 - Proportionals of Cd in organs of Populus 2025 after 40 days of treatment.

Treatment
Control
50 µM
100 µM

Total amount
(µg/g DW)
85.73
6360.65
8422.86

Organs (%)
Young
Leaves
18.74
11.59
10.47

Mature
Leaves
23.21
7.97
8.39

Stems

Woods

Barks

Roots

20.84
6.46
10.51

0.97
0.54
0.38

9.42
10.38
11.28

26.81
63.06
58.96

FIGURE 3 - TEM micrographs showing toxic effects of Cd on ultrastructure of the root meristematic cells of Populus 2025 after 40-days
treatment. a: Control cells showing well-developed root tip cells. b. In poplar 2025 exposed to 50 µM Cd, some small vesicles containing
electron dense granules were noted in cytoplasm. c. Several vesicles containing electron dense granules gradually fused together producing
a big cytoplasmic vacuole. d. Showing large circular or amorphic electron dense granules precipitating in the vacuoles with increasing Cd
in cytoplasm (100 µM Cd). CM = cytoplasm membrane, CW = cell wall, D = dictyosome, EDG = electron-dense granules, ER = endoplasmic reticulum, M = mitochondria, N= nucleus, NM = nuclear membrane, NU= nucleoli, S= starch, V = vacuole, Ve = vesicle.

Visible symptoms of Cd toxicity were noted in root
tip cells of P. 2025 after Cd stress for 40 days when
compared with control cells. Small vesicles containing
some small electron-dense granules in cytoplasm obviously increased when root tip meristem cells were exposed to 50 µM Cd (Fig. 3b). Generally, several vesicles
gradually fused together to produce a large cytoplasmic
vacuole, in which electron dense granules could be seen

(Fig. 3c). The electron dense granules were firstly found
in cell walls and cytoplasm, but then, they were gradually accumulated in vacuoles with increasing Cd in cytoplasm (Fig. 3 d).
In root tip meristem cells treated with 50 µM Cd, parallel arrays of endoplasmic reticulum and dictyosomes were
sensitive to Cd stress, and the secreted vesicles from
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them increased obviously and were mainly distributed
nearby the plasma membrane. Ribosomes could clearly be
seen as dark, bead-like structures attached to the endoplasmic reticulum, and also free in the cytoplasm. However, under 100 µM Cd stress, ER and dictyosomes decreased in numbers (Fig. 4a). In some cells, dilated ER
cisternae were observed nearby cytoplasm membrane (Fig.
4b). Normally, mitochondria have an oval shape and
densely packed well-developed cristae. Structural changes
of mitochondria in root meristem cells treated with Cd
solutions were found. Mitochondria with swollen cristae at
50 µM Cd were observed (Fig. 4c), and then, some of
them were progressively disintegrated with increasing
Cd concentration (Fig. 4d).
100 µM Cd could induce severe morphological alterations of the root tip meristem cells when compared
with controls. Evidence of damage to the cell membrane
system was indicated by the withdrawal of plasma membrane from cell walls and, in some cases, plasma membrane was broken (Figs. 3d, 4d). The other toxic effects
of Cd in the treated cells were increased cytoplasmic
electron density, revealing pool-like structure (Fig. 4c),
disintegration of cell organelles, and more dilated nuclear
envelope (Fig. 4b). The nuclear membrane structure was
unclear (Fig. 4d).

3.4. Antioxidative responses

The SOD activities in leaves exposed to 50-500 µM
Cd during the 30-d treatment were observed to be highly
significant (P <0.05) when compared with control. However, at 50 and 100 µM Cd treatments, SOD activities
sharply declined (Fig. 5a). In roots exposed to 50-500 µM
Cd, SOD activities were also highly significant (P <0.05).
The activities of SOD increased progressively with increasing Cd levels and with prolonging duration of treatment, except for 20-d treatment with 500 µM Cd (Fig. 5b).
The POD activities in leaves exposed to 50-500 µM
Cd were observed to be significantly low with regard to
control (Fig. 5c). However, in roots, the activities were significantly high, and increased with increasing Cd levels
and treatment times, except for 30 days with 500 µM Cd
(Fig. 5d).
Information on CAT activity is given in Figs. 5e
and f. The CAT activity in leaves exposed to 500 µM Cd
was found to be significantly increased (P <0.05) during
the 20-d treatment when compared with control. At 50 µM
to 100 µM Cd for 30 to 40 days, the activities were
noted to be significantly high. In roots, 100 and 500 µM
Cd could induce a remarkable increase in CAT activity.
At 50 µM Cd, the CAT activity was also noted to be significantly high after 40-d treatment.

FIGURE 4 - TEM micrographs showing toxic effects of Cd on ultrastructure of the root meristematic cells of Populus 2025 after 40-days
treatment. a. Obvious decrease of ER and dictyosomes in numbers under 100 µM Cd stress. b. Showing dilated ER cisternae and nuclear
envelope (100 µM Cd). c. Showing expansion of mitochondrial cristae and cytoplasmic electron density increased, revealing pool-like structure (50 µM Cd). d. Some mitochondria were progressively disintegrated and plasma membrane was damaged (arrows) with increasing Cd
concentration (100 µM Cd , poplar 2025). CM = cytoplasm membrane, CW = cell wall, D = dictyosome, ER = endoplasmic reticulum, M =
mitochondria, N = nucleus, NM = nuclear membrane, NU= nucleoli, S= starch, V = vacuole, Ve = vesicle.
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FIGURE 5 - Effects of different concentrations of Cd on the activities of three antioxidant enzymes in Populus 2025 exposed to Cd stress
over 40 days. a SOD in leaves, b SOD in roots, c POD in leaves, d POD in roots, e CAT in leaves, f CAT in roots. Vertical bars denote SE.
Values with different letters differ significantly from each other (P < 0.05, t-test).

3.5. Effects of Cd on MDA contents

The effects of Cd on MDA concentration are presented in Fig. 6. The contents of MDA in leaves exposed
to all Cd concentrations were significantly high with re-

spect to control, except for the group treated with 50 µM
Cd for 10 days (Fig. 6a). In roots, 100 and 500 µM Cd
induced high contents of MDA when compared to 50 µM
Cd-treated group and control. At 50 µM Cd, the content

1383

© by PSP Volume 21 – No 6. 2012

Fresenius Environmental Bulletin

was found to be high only after 40 days of treatment
(Fig. 6b).

defining hyperaccumulation being 0.01% (w/w) for Cd
[23], these findings in the present investigation implied
that the examined poplar trees could be efficient phytoextraction plants with considerable ability to accumulate
Cd. Our data were in accordance with those previously
reported by Wu et al. [19] and Zacchini et al. [24]. The
fast-growing plants as the examined poplar ones exhibited
higher phytoextraction efficiency with higher biomass
production, and they can play an important role in treating
Cd-contaminated soils. The availability of selected plant
material is a key factor if phytoremediation is to be efficiently applied to different types of contaminated soils,
waters, sludges etc [24].

4. DISCUSSION
Herein, rooted cuttings were exposed to 50-500 µM
Cd for 40 days in a hydroponic culture, and morphophysiological parameters and Cd content distributions in
various parts of the plant were evaluated. On the basis of
our results, 500 µM Cd significantly inhibited the cultivar (P <0.05) and led to its death. The cultivars exposed
to 50 and 100 µM Cd could accumulate large amounts of
Cd. Transport of Cd from roots to shoots and leaves is a
critical step for Cd phytoextraction. P. 2025 has the ability
to accumulate Cd primarily in roots, with lower concentrations in shoots. Although the Cd accumulation was
more in roots than in shoots, the Cd contents in shoots
reached 39%. Poor translocation of Cd to the shoots could
be due to sequestration of most of the Cd in the vacuoles
of the root cells to render it non-toxic, which may be a
natural toxicity response of the plant [28]. Cadmium treatments up to 100 µM did not cause visible phytotoxicity
to the growth of Populus 2025 during the first 20 days;
however, some visual Cd toxicity symptoms with necrosis and browned root tips were observed at 500 µM Cd
and identical treatment period.

Adaptive responses in morphology and biomass production are the primary tolerance indicators by which the
poplar can cope with Cd-contaminated environment. Stunting, chlorosis, necrosis and desiccation are typical toxic
symptoms of Cd stress in foliage [25]. In the present investigation, the occurrence of toxic symptoms was positively correlated with the Cd concentration in leaves. Cd
levels were significantly higher in young than in old leaves,
and all the symptoms were observed in young leaves,
which was in agreement with the findings of Gu et al.
[26] and Pietrini et al. [27] in willow and poplar.
The effect of heavy metals on cellular organization is
an important factor in understanding the physiological
alterations induced by heavy metals due to complimentarity of structure and function [14]. The ultrastuctural
investigation in root meristem cells of P. 2025, after the
treatment with Cd, indicated that the structural alternation of root cells and metal accumulation in the cells are
dependent on the concentration of the metal. 50 µM Cd
does not exhibit significant cellular damage to root cells.
Visible symptoms of Cd toxicity were small vesicles containing electron-dense granules in cytoplasm and vacuolization. The occurrence of electron dense deposits in vacuoles and appearance of small vesicles in cytoplasm seemed

Heavy metal accumulation in plants was described
for the first time in 1865 in Thlaspi caerulescens growing on Zn-contaminated soils [17]. Phytoremediation, the
use of plants to extract, sequester and/or detoxify hazardous heavy metal from medium (soil, water and air), is
regarded as a tangible alternative with great potential for
affordable remediation of polluted sites [18, 19]. There are
several definitions [20, 21]. Most recognized standard criteria based on metal concentrations in aboveground tissues
of plant material sampled from its natural habitat [22].
According to the currently accepted shoot concentration
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to be common features of metal-stressed plants [28, 29].
These results supported the findings observed by X-ray
microanalysis and by analytical EM [30-32]. Evidence from
electron energy loss spectroscopy (EELS) in our previous
investigation confirmed that Cd ions were located in electron-dense granules of cells. The high content of Cd was
detected in vacuoles of root meristem cells in differentiating and mature root cells [33]. The increased amount of
electron-dense granules in metal-exposed cells suggested
that the formation of granules could be a detoxification
pathway to prevent cell damage [34]. At high Cd concentration (100 µM Cd), a series of cell structure injuries
occurred. Cadmium can induce various ultrastructural
changes, such as increased vacuolization, reduction of
mitochondrial membranes, condensation of cytoplasm and
chromatin, thus leading to severe plasmolysis and, finally,
to membrane damage and cell death, which supports the
findings by Liu and Kottke [12, 33, 35]. Cell wall played a
role in metal tolerance when the cell wall volume was high
compared to cytosol and vacuoles [36]. However, the results from different authors are quite conflicting. Earlier
studies reported that Cd mainly accumulates in cell walls
when its content is high [38], or it mainly accumulates in
vacuoles and nuclei [30]. The results of our previous
EELS studies showed that Cd was localized mainly in the
vacuoles and nucleoli of cortical cells of differentiating
and mature root tissues in Allium sativum treated with
10 mM Cd for 9 days [33], and in Allium cepa exposed
to 1 mM and 10 mM Cd for 2 and 3 days [12], while no
Cd was detected in cell walls. The results from the present
investigation showed that small Cd amount was noted in
the cell wall. The difference may result from selection of
experimental material.
It is widely accepted that Cd toxicity represents an
oxidative stress in plants by inducing formation of ROS.
Cadmium that disrupted the cellular homeostasis might
cause oxidative damage to proteins and DNA and lipid peroxidation, leading to severe damage of cell membranes [38].
Once formed, ROS must be detoxified as efficiently as
possible to minimize such damages. Plant ROS-scavenging
mechanisms include the action of some key enzymes, such
as SOD, POD and CAT. SOD is called the cell’s first line
of defense against ROS, because superoxide radical is a
precursor to several other highly reactive species, so that
control over the steady state of superoxide concentration
by SOD constitutes an important protective mechanism
[39]. The results in the present investigation indicated that
the SOD activities in leaves and roots exposed to all Cd
concentrations were found to be highly significant (P
<0.05). This may be attributed to the increased production
of superoxide, resulting in the activation of existing enzyme pools, or increased expression of genes encoding
SOD [38, 40]. POD is also an important enzyme, able to
scavenge H2O2, which is a major substance degraded by
SOD. The role of POD as a stress enzyme in plants has
been widely accepted. Our results indicated that the POD
activity response differed between roots and leaves. We
observed that the POD activities in leaves exposed to 50-

500 µM Cd were observed to be significantly low, which
could scavenge superoxide radicals and alleviate their deleterious effects. However, in roots exposed to 50-100 µM
Cd after 20-days treatment, the activities were significantly
high, and increased with increasing Cd levels and prolonged duration of treatment, suggesting that P. 2025 had
the capacity to adapt to moderate Cd concentrations by
developing an antioxidative defense system. By extending
the treatment time of Cd, a portion of POD could be inactivated by the high level of accumulated Cd. CAT is the
most universal oxidoreductase, which scavenges H2O2 to
O2 and H2O. The results in the present investigation
showed that at 50-100 µM Cd concentrations for 30-40
days, the activities in leaves were noted to be significantly
high, suggesting that CAT might play a main role instead
of POD in later treatment period.
MDA is an oxidized product of membrane lipids and
accumulates when plants are exposed to oxidative stresses.
Therefore, MDA concentration is commonly considered as
a general indicator of lipid peroxidation as well as stress
level [41]. The high contents of MDA in the investigation
suggested that Cd exposure might lead to more ROS in
Populus 2025. The elimination of ROS mainly depended
on the antioxidative defense enzymes. The results further
suggested that Cd exposure might depress the activities of
antioxidative enzymes.
5. CONCLUSIONS
According to the results from ICP-AES investigation,
oxidative stress and ultrastructural changes in the present
investigation, Populus 2025 could be regarded as an efficient phytoextraction plant with considerable ability to
accumulate Cd.
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INHIBITORY EFFECTS OF PYRAZOLES ON SOIL
NITRIFICATION: EFFECTS OF CHEMICAL STRUCTURE
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ABSTRACT
Pyrazoles are nitrification inhibitors with good inhibitory effects. In this study, chemical structure of pyrazoles
and its relationship with nitrification inhibitory effects
were studied through aerobic incubation, and the optimal
concentrations of three nitrification inhibitors with better
nitrification inhibitory effects were explored, including 3,4dimethylpyrazole phosphate (DMPP), 1-carboxamide-3methylpyrazole (CMP), and 4-chloro-3-methylpyrazole
(ClMP). The results showed that all the pyrazoles could
effectively inhibit NH4+ oxidation in soils. Specifically, inhibitory effects of 3-methylpyrazole, 3,4-dimethylpyrazole,
4-chloro-3-methylpyrazole and their derivatives were the
best. When the 4-position was substituted by chlorine atoms, nitrification inhibitory effects of pyrazoles could be
significantly improved, which were not affected by the
substitution at 1-position (hydroxymethylation and amidation) and neutralization. Nitrification inhibitory rate and
in-hibitory duration were increased with increasing consumptions of nitrification inhibitor pyrazoles. The optimal
con-centrations of three nitrification inhibitors with better
nitrification inhibitory effects, including DMPP, CMP
and ClMP, should be controlled in the range of 0.251.0% of N application, and the nitrification duration was
about 56 days.

KEYWORDS: Pyrazoles; Nitrification inhibitor; Chemical structure;
3,4-Dimethylpyrazole phosphate; 1-Carboxamide-3-methylpyrazole

1. INTRODUCTION
Nitrification inhibitors (NIs) are compounds that delay
the bacterial oxidation of ammonia (NH3) to nitrite (NO2)
in soil (first step of nitrification), for a certain period of time
by depressing the activity of Nitrosomonas bacteria [1].
Since nitrate (NO3-) is considered to be the major source
of N loss processes (leaching and denitrification) in soil,
* Corresponding author

NIs can help to reduce environmental problems which stem
from N application [2-4], while increasing the fertilizerN use efficiency. Unsubstituted N-heterocyclic compounds
containing two or three adjacent ring N atoms significantly
inhibit nitrification in soil. Particularly, 1,2,3-triazole and
pyrazole are potential inhibitors [5]. In addition, several
substituted pyrazoles are also potential nitrification inhibitors
in soil, such as 3,4-dimethylpyrazole phosphate (DMPP) [6],
4-methylpyrazole [7], 3,5-dimethylpyrazole [8] and 1-carboxamide-3-methylpyrazole (CMP) [9], which are evaluated in laboratory studies with satisfactory results. In this
study, a laboratory experiment was conducted to assess
the inhibitory effects on the oxidation of NH3 of pyrzoles
with different chemical structures obtained with different
substituents at different positions of pyrazoles, and the
optimal concentrations of the pyrazoles were further examined for achieving better inhibitory effects.
2. MATERIALS AND METHODS
2.1. Inhibitory effects of pyrazoles on soil nitrification

The test soils were meadow brown soil (Eutric Cambisol, FAO) obtained from the Shenyang Ecological Experimental Station of Chinese Academy of Sciences
(40°31’N, 123°24’E), brown soil (Cambisol, FAO) obtained from the Experimental Station of Shenyang Agricultural University (41°50’N, 135°28’E), and cinnamon
soil (Haplic Greyxems, FAO) obtained from Chaoyang
City (41°40’N, 120°33’E) of Liaoning Province in Northeast China. Physical and chemical properties of the soils
are listed in Table 1.
Twenty g of air-dried surface (0-20 cm) soil samples
(<2 mm) were placed into a 250-ml glass bottle and thoroughly mixed with 3 mg of (NH4)2SO4-N (150 mg N kg-1
soil) and 0.02 mmol kg-1 soil of the test pyrazoles (Table 2).
Soil moisture content was adjusted to 60 % of the water
holding capacity. The bottles were sealed with rubber
stoppers and incubated at 25 °C for 14 days. During the
incubation, the bottles were aerated and water loss was
compensated gravimetrically at 2-d intervals. After 14-d
incubation, triplicate bottles were removed from the incubator, and 5 g subtaken for NH4+-N and NO3--N analysis.
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TABLE 1 - Physical and chemical properties of the test soils (0-20 cm).
Soil
Meadow brown soil
Brown soil
Cinnamon soil

pH
6.8
6.1
7.3

Organic C
g kg-1
16.4
9.6
11.5

Total N
1.4
1.0
1.1

NH4+-N
mg kg-1
2.9
4.0
3.0

NO3--N

Sand

Silt
%

6.4
13.3
15.3

2
29
45

53
51
36

Clay
Potential nitrification
mg NO2--N kg-1 soil (5 h)-1
19
0.349
20
0.905
19
1.777

TABLE 2 - Name, state and source of the test pyrazoles.
No.
Name
Sourcea
State at 25 °C
1
Pyrazole
Solid
T
2
4-Methylpyrazole
Liquid
AA
3
3-Methylpyrazole
Liquid
AO
4
3,4-Dimethylpyrazole
Solid
J
5
3,5-Dimethylpyrazole
Solid
AO
6
4-Chloropyrazole
Solid
T
7
4-Chloro-3-methylpyrazole
Solid
AO
8
4-Chloro-3,5-dimethylpyrazole
Solid
AO
9
1-Hydroxymethyl-3-methylpyrazole
Solid
AO
10
1-Hydroxymethyl-3,4-dimethylpyrazole
Solid
J
11
1-Hydroxymethyl-3,5-dimethylpyrazole
Solid
AO
12
1-Hydroxymethyl-4-chloro-3-methylpyrazole
Solid
AO
13
1-Hydroxymethyl-4-chloro-3,5-dimethylpyrazole
Solid
AO
14
1-Carboxamide-3-methylpyrazole
Solid
AA
15
1-Carboxamide-3,4-dimethylpyrazole
Solid
J
16
1-Carboxamide-3,5-dimethylpyrazole
Solid
AO
17
1-Carboxamide-4-chloro-3-methylpyrazole
Solid
AO
18
1-Carboxamide-4-chloro-3,5-dimethylpyrazole
Solid
AO
19
3-Methylpyrazole phosphate
Solid
AO
20
3,4-Dimethylpyrazole phosphate
Solid
J
21
3,5-Dimethylpyrazole phosphate
Solid
AO
22
4-Chloro-3-methylpyrazole phosphate
Solid
AO
23
4-Chloro-3,5-dimethylpyrazole phosphate
Solid
AO
a
T, Tongfeng Chemical Reagent Co., Ltd., China; AA, Alfa Aesar, USA; AO, Acros Organics, USA; J, J&K Chemical Ltd. China

Soil NH4+-N and NO3--N were both analyzed colorimetrically using a continuous flow autoanalyzer (Auto
Analyzer III, BRAN + LUEBBE, Germany), and the nitrification inhibitory rate in soil was calculated by using the
formula: (C-T)/C ×100, where T was the NO3--N concentration in soil samples treated with test pyrazoles, and C
was the NO3--N concentration in control samples. All data
were analyzed statistically by the least significant difference (LSD) method using SPSS 12.0 statistical package.
2.2. Optimal concentration of pyrazoles

The experimental design, analytical items, and date
processing were identical to those in the previous experiment, except that the only test soil was meadow brown
soil; the test NIs were 3,4-dimethylpyrazole phosphate
(DMPP), 1-carboxamide-3-methylpyrazole (CMP) and 4chloro-3-methylpyrazole (ClMP), the added amounts of
test NIs were 0, 0.25, 0.5, 1.0, and 2.0% of nitrogen application, and the incubation periods were 14, 28, 42, and
56 days, respectively.
3. RESULTS AND DISCUSSION
3.1. Inhibitory effects of pyrazoles on soil nitrification

Previous studies had demonstrated that several pyrazoles were effective inhibitors for alcohol dehydrogenase,

for instance, 4-methylpyrazole was used to solve methanol poisoning problems [10]. Theorell et al. [11] had
found that, as an alcohol dehydrogenase inhibitor, inhibitory ability of pyrazoles had certain relationship with the
chemical structure. McCarty and Bremner [5] had also
revealed that chemical structure of pyrazoles could affect
nitrification inhibitory effects. The results showed that there
were differences among inhibitory effects of 8 1-positionunsubstituted (containing N—H bonds) pyrazoles on NH4+
oxidation (Table 3). Among 5 compounds which had
not been substituted by chlorine atoms at 4-position, 3methylpyrazole and 3,4-dimethylpyrazole had shown the
best nitrification inhibitory effects with no significant difference, followed by 4-methylpyrazole and 3,5-dimethylpyrazole, while the nitrification inhibitory effects of pyrazole were the worst. Influences of methyl position in pyrazole ring on nitrification inhibitory effects of pyrazoles
might be due to the influences of electron donor effects on
the pKa of N at 1-position. Since there were annular πbond and tautomerism in pyrazole ring, the H atom at 1position of pyrazoles was moving between the two N atoms. The π-bond and tautomerism could cause the symmetry structure of pyrazole, 4-methylpyrazole and 3,5-dimethylpyrazole molecules (Fig. 1), and the electron donor
effects of methyl (or hydrogen atoms) had balanced, and
had little influences on the H in the ring N. However, no
such symmetry structure was established in 3-methyl-
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pyrazole and 3,4-dimethylpyrazole, and the influences of
electron donor effects of methyl were unbalanced and
huge on the H in the ring N, which might cause the different inhibitory effects on NH4+ oxidation of pyrazoles which
had not been substituted by chlorine atoms at 4-position.
TABLE 3 – Effects of the test pyrazoles containing N—H bonds on
soil nitrification.
Pyrazoles
No. Name

Inhibition rate of nitrification (%)
Meadow Brown Cinnamon
brown soil
soil
soil
1
Pyrazole
43.2
35.9
16.7
2
4-Methylpyrazole
46.3
39.2
45.1
3
3-Methylpyrazole
85.0
82.2
77.0
4
3,4-Dimethylpyrazole
82.8
78.5
72.2
5
3,5-Dimethylpyrazole
44.5
37.2
26.2
6
4-Chloropyrazole
63.7
54.0
48.6
7
4-Chloro-3-methylpyrazole
88.9
86.4
80.6
8
4-Chloro-3,5-dimethylpyrazole
62.3
57.1
36.6
Least significant difference at P = 0.05 was 4.2%.

CH3

N

N

H

N

H3C

N

H

CH3

N

N

H

FIGURE 1 - Symmetry structures of pyrazole, 4-methylpyrazole
and 3,5-dimethylpyrazole.

By comparing the influences between 4-chloro-pyrazole
and pyrazole, 4-chloro-3-methylpyrazole and 3-methylpyrazole, 4-chloro-3,5-dimethylpyrazole and 3,5- dimethylpyrazole on NH4+ oxidation, it could be concluded
that substitution by chlorine atoms at 4-position could
significantly enhance the nitrification inhibitory effects of
pyra-

zoles. McCarty and Bremner [5] had studied the influences of 45 N-heterocyclic compounds on soil nitrification and found that introducing chlorine atoms or trichloromethyl into N-heterocyclic compounds (e,g., nitrapyrin, 2-chloropyridine, 2,6-dichloropyridine, 6-chloro-2picoline and 3,4-dichloro-1,3,4-thiadiazole) could significantly improve the nitrification inhibitory effects. Zhang et
al. [12] had also reached a similar conclusion when researching nitrification inhibitory effects of aromatic compounds. Accordingly, it was speculated that, when the H
in C atoms of N-heterocyclic compounds was substituted
by strong electron-withdrawing groups (chlorine atom or
trichloromethyl), characteristics and nitrification inhibitory
effects of N-heterocyclic compounds might be affected
through two ways: 1) leading to nucleophilic substitution;
2) reducing the pKa of N—H in pyrazole ring.
Nitrification inhibitory effects of 3-methylpyrazole,
3,4-dimethylpyrazole, 3,5-dimethylpyrazole, 4-chloro-3methylpyrazole, 4-chloro-3,5-dimethylpyrazole, two 1position-substitution products (1-hydroxymethylpyrazoles
and 1-carboxamidepyrazoles) and phosphate of the above
compounds on NH4+ oxidation are shown in Table 4. The
results revealed that the influences of substitution at 1position (hydroxymethylation and amidation) and neutralization on nitrification inhibitory effects of pyrazoles were
not significant, possibly because these compounds were able
to hydrolyze to corresponding pyrazoles (e,g., 1-hydroxymethyl-3-methylpyrazole, 1-carboxamide-3-methyl-pyrazole
and 3-methylpyrazole phosphate could hydrolyze to 3methylpyrazole) after being added into soils.
Walter et al. [13] had found that 1-carboxamide-3methylpyrazole was the most potential nitrification inhibitor through simulation study on almost 25,000 kinds of
compounds on NH4+ oxidation. In this study, the results indicated that nitrification inhibitory effects of 3,4-dimethyl

TABLE 4 - Effects of pyrazoles and their derivation on soil nitrification.
Pyrazoles
No.
3
9
14
19
4
10
15
20
5
11
16
21
7
12
17
22
8
13
18

Inhibition rate of nitrification (%)
Meadow brown soil
Brown soil
85.0
82.2
83.9
83.1
86.3
86.6
85.7
89.1
82.8
78.5
83.2
77.2
86.0
80.3
86.6
82.9
44.5
37.2
40.3
36.5
45.2
33.4
43.9
33.7
88.9
86.4
85.1
90.5
85.6
78.4
83.2
83.0
62.3
57.1
62.4
55.5
60.0
52.4

Name
3-methylpyrazole
1-Hydroxymethyl-3-methylpyrazole
1-Carboxamide-3-methylpyrazole
3-Methylpyrazole phosphate
3,4-Dimethylpyrazole
1-Hydroxymethyl-3,4-dimethylpyrazole
1-Carboxamide-3,4-dimethylpyrazole
3,4-Dimethylpyrazole phosphate
3,5-Dimethylpyrazole
1-Hydroxymethyl-3,5-dimethylpyrazole
1-Carboxamide-3,5-dimethylpyrazole
3,5-Dimethylpyrazole phosphate
4-Chloro-3-methylpyrazole
1-Hydroxymethyl-4-chloro-3-methylpyrazole
1-Carboxamide-4-chloro-3-methylpyrazole
4-Chloro-3-methylpyrazole phosphate
4-Chloro-3,5-dimethylpyrazole
1-Hydroxymethyl-4-chloro-3,5-dimethylpyrazole
1-Carboxamide-4-chloro-3,5-dimethylpyrazole
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Cinnamon soil
77.0
78.4
78.8
80.4
72.2
77.0
78.4
79.6
26.2
26.9
29.1
34.3
80.6
79.0
80.6
70.7
36.6
36.3
38.4
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23
4-Chloro-3,5-dimethylpyrazole phosphate
Least significant difference at P = 0.05 was 5.6%.

62.4

57.8

34.7

TABLE 5 - Effects of added amount of DMPP, CMP and ClMP on soil nitrification.
Compound
Name
DMPP

Inhibition rate of nitrification (%)
Added amount
(% applied N)

0.25
0.5
1.0
2.0
CMP
0.25
0.5
1.0
2.0
ClMP
0.25
0.5
1.0
2.0
Least significant difference at P=0.05 was 3.6%.

14d

28d

42d

56d

60.2
72.8
79.9
79.8
63.1
73.8
79.9
80.7
59.4
77.4
80.6
83.1

49.7
66.4
66.5
67.2
32.9
43.9
59.9
67.5
45.3
64.6
69.2
73.7

14.1
32.2
50.1
54.6
22.8
21.5
29.0
34.5
26.8
38.8
44.2
45.2

7.6
9.3
14.4
16.3
11.9
11.8
13.9
13.8
7.1
9.8
14.2
19.0

pyrazole, 4-chloro-3-methylpyrazole and their derivatives
were not weaker than that of 1-carboxamide-3-methylpyrazole. Theorell et al. [11] had suggested that, as alcohol dehydrogenase inhibitors, the inhibitory ability of pyrazoles was sharply reduced with the substitution of 1-position
of pyrazole ring. However, the results had proven that the
inhibitory ability of nitrification inhibitor pyrazoles had
shown no significant correlation with the substitution of
1-position.
3.2. Influence of soil type on nitrification inhibitory effects

Typically, the same nitrification inhibitor in various
soils always showed different nitrification inhibitory effects, and the soil pH, soil texture, organic matter content,
moisture content and other factors all could affect the nitrification inhibitory effects in different ways [14-16]. The
results suggested that the nitrification inhibitory rate of
pyrazoles in meadow brown soil was significantly higher
than that of the other soils, and the nitrification inhibitory
rate of cinnamon soil was lower than that of brown soil,
which showed the same variation rules with the potential
nitrification of the three soils. Soil potential nitrification
was an indicator reflecting the size and activity of Nitrosomonas communities in soils [17]. Variation of other soil
conditions (e.g., temperature, soil pH, soil texture, organic
matter content and moisture content) could affect the nitrification of NH4+ in soil by causing the changes of soil
potential nitrification, hence the potential nitrification could
be considered as the comprehensive expression of specific
soils to NH4+ oxidation. Barth et al. [18] had studied the
relationship between potential nitrification of 22 kinds of
soils and nitrification inhibitory effects of DMPP, and found
that there were significant correlations (R2 = 0.70). Therefore, it could be concluded that, adding the same amount
of pyrazoles, had shown relatively better effects, greatly
affecting the catalytic ability on NH4+ oxidation in meadow
brown soil with low potential nitrification, resulting from
the low activity or small quantity of Nitrosomonas; in

cinnamon soil with higher potential nitrification, on the
other hand, opposite results were obtained.
3.3. Optimal concentrations of pyrazoles

Zerulla et al. [6] had indicated that 0.39 mg kg-1 soil
of DMPP could significantly inhibit nitrification when it
was evenly distributed in soil. Despite the test soils were
different, three nitrification inhibitor pyrazoles used in
this research had shown significant nitrification inhibitory
effects as well, when the consumptions were 0.25% of
nitrogen application (0.38 mg kg-1 soil) (Table 5). The increase of nitrification inhibitory effects was no longer obvious when consumptions of three nitrification inhibitors
were increased from 1.0 to 2.0% of N application (1.5 mg
kg-1 soil) (Table 5). Therefore, the optimal concentrations
of three nitrification inhibitors with better nitrification inhibitory effects, including DMPP, CMP and ClMP, should
be controlled in the range of 0.25-1.0% of N application.
Relatively strong nitrification inhibitory effects of pyrazoles were observed after being incubated for 4-8 weeks
[18]. Previous studies had suggested that nitrification inhibition of DMPP could last 90 days [19], but the inhibitory effects had been very weak during late incubation, in
practice. The results revealed that (Table 5) nitrification
inhibitory rates of the three nitrification inhibitors with
better nitrification inhibitory effects, including DMPP,
CMP and ClMP, were relatively high (>32.9%) in all the
treatments with added amounts during the previous 28-d
incubation; however, the nitrification inhibitory rates were
lower than 20% in all the treatments with added amounts
when the incubation period was extended to 56 days.
4. CONCLUSIONS
All pyrazoles were able to inhibit the oxidation of
NH4+ in soils effectively. To be specific, inhibitory effects
of 3-methylpyrazole, 3,4-dimethylpyrazole, 4-chloro-3methylpyrazole and their derivatives were the best. When
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the 4-position was substituted by chlorine atoms, nitrification inhibitory effects of pyrazoles could be significantly
improved, not being affected by the substitution at 1position (hydroxymethylation and amidation) and neutralization. Nitrification inhibitory rate and inhibitory time
were increased with the increasing consumptions of nitrification inhibitor pyrazoles. The optimal concentrations of
nitrification inhibitors with better nitrification inhibitory
effects (including DMPP, CMP and ClMP) should be
controlled in the range of 0.25-1.0% of nitrogen consumption, and the nitrification duration was about 56 days.
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SOURCE IDENTIFICATION OF SOIL Cu, Zn, Pb,
AND Cd FROM ANTHROPOGENIC ACTIVITIES BY
DECISION TREE ANALYSIS IN FUYANG COUNTY, CHINA
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ABSTRACT
An investigation on the arable layer of agricultural
land in Fuyang County, China was conducted for the total
content of Cu, Zn, Pb, and Cd and analyzed in order to
identify the main origin of these metals using the CART
decision tree analysis method. By analysis of 102 surface
soil samples, high concentrations accompanied with long
range of variation suggested anthropogenic sources for Cu,
Zn, Pb, and Cd. Further results of CART decision tree
analysis showed that: (i) anthropogenic activities including industrial emission, vehicle-related activities, domestic
emission and agricultural activities were the main sources for
soil Cu, Zn, Pb, and Cd accumulation in the study area; and
(ii) Soil organic matter and pH levels influenced the spatial distribution of soil heavy metals. By quantitatively
comparing the importance of the independent parameters,
we found that industrial emission was the most important
source for soil Cu, Zn, Pb, and Cd content. Further correlation analysis confirmed the results by CART and proved
CART an efficient method to identify heavy metal sources.

KEYWORDS: Heavy metals; Source identification; Decision tree
analysis; Industrial emission

1. INTRODUCTION
Soil heavy metal pollution has become an important
environmental issue due to the rapid industrialization and
urbanization processes. The industry development and
intensive human activities in urban or quasi-urban environments have aggravated heavy metal accumulation in
soils, and have caused serious health-related problems
around the world in recent years [1, 2]. To monitor and
assess soil heavy metal contamination, sources identification for heavy metal would be critical.
* Corresponding author

There are two primary sources of heavy metals in the
soil: natural background (e.g. parent material) and anthropogenic inputs (e.g. traffic emission, industrial emission,
domestic emission, atmospheric deposited, agricultural
activities, etc.) [3-7]. To identify pollution sources, numerous investigations have been conducted in many regions
and many analysis methods have been developed and
widely applied in soil systems, such as multivariate analysis [8, 9], geostatistical methods [10, 11], artificial neural
networks(ANN) [12], conditional simulation [13], and genetic algorithms [13], etc. Heavy metal distribution always
has a positively skewed distribution due to great influence
by human activities [14]. Several anthropogenic sources
mixed and lead to high local variability in soil heavy metal
contents. Kriging method realization smoothed out spatial
variability and extreme measured values between the range
of observed minimum and maximum values for all of
contaminants [13]. Thus, the geostatistical methods often
could not provide spatial distribution of heavy metals
with satisfied accuracy. Relationships between heavy
metals and environmental factors are often nonparametric and involve complex interactions. Because of
this complexity, common statistical methods are difficult
to provide good model fits [15]. ANN methods do not
present an easily understandable model allowing researches to get the full explanation of the underlying
nature of the data being analyzed [16].
Compared to the other methods, decision tree analysis
is an easy and powerful method to automatically handle
interactions between both continuous and categorical variables and identify the most decisive variables. The results
can be converted to statements that are easily understood
[16]. It has been widely applied to ecological modeling,
remote sensing, policy decision, diagnosis, marketing
along with other scientific applications [17]. In the field
of soil science, this method has been used to create maps
of soil types [18], to model soil properties [19], to compare the accuracy of estimation with Kriging method [20]
and to integrate decision tree model to GIS software [15].
In this context, our study proposes decision tree models to
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classify the pollution levels of soil Cu, Zn, Pb, and Cd,
respectively. It comprises a set of rules to classify pollution levels for each element based on independent parameters which are derived from natural and anthropogenic
activities. By these rules, the objectives of this study are 1)
to get parameters which were most related to soil Cu, Zn,
Pb, and Cd content; 2) to identify the different sources
which contribute to soil Cu, Zn, Pb, and Cd accumulation;
and 3) to compare their importance for soil pollution in
rapid development region (e.g., the Fuyang County of
China).
2. STUDY AREA AND MATERIALS
2.1 Study area

The study area with a total area of 187.7km2 is located in Fuyang County, northwest of Zhejiang Province
which is one of the most economically developed provinces in China (Fig.1). The landscape is characterized by
mountainous and valley like topography with the relative
elevation varying from 2.3 to 1063.4 m. The dominant soils
in the study area are anthrosols and ferrosols with loamy
type clay texture. The subtropical climate (average temperature 16.1°C) and high precipitation (1441.9 mm annually) make the study area a typical rice paddy production region. During the past three decades since economic
reform in 1978, urbanization and industrialization have
been at an unprecedented pace in Fuyang County. In this
study, we selected the region with fastest development of
industry as our study area. In the study area, paper mills,
smelting factories, hardware machinery, and handicraft
workshops have been well developed [21]. The total num-

ber of vehicles operated has rapidly increased and heavy
traffic exists throughout the study area. It is susceptible to
heavy metal pollutions from various human activities.
2.2 Data collection

Plots (102) were located by a stratified random sampling design using land use and soil types in 2004 (Fig.2).
Each sample was collected at a depth of 0-20 cm from
five sampling points within 5m around a specific sampling location and then mixed. As previously mentioned,
soil heavy metals content were significantly influenced by
anthropogenic activities. Therefore, the plots were slightly
adjusted based on the rule: relatively denser sampling in
urban or quasi-urban area. Global positioning system (GPS)
was used to precisely locate every sampling location. All
samples were air-dried at room temperature. Stones and
plant residuals in soil samples were manually removed, and
then the soil samples were ground to pass a 2-mm sieve.
These samples were analyzed for pH, organic matter (OM)
and heavy metals including copper (Cu), zinc (Zn), lead
(Pb), and cadmium (Cd). Total Cu, Zn, Pb, and Cd was
determined by digesting the soil sample with a mixture of
nitric acid (HNO3) and perchloric acid (HClO4) followed
with measurements which were determined by inductively
coupled plasma mass spectrometry (ICP-MS). Soil pH
was determined in a1:2.5 soil: water ratio and OM was
determined by wet oxidation using a mixture of potassium
dichromate and sulfuric acid at 180℃ [22].
Land use map for the year 2004, with the information
on industry types and traffic distribution, was obtained
from the Bureau of Land and Resources of Fuyang
County.

FIGURE 1 - Location of the study area.
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FIGURE 2 - Spatial distributions of soil sampling, industry and urbanization sites.

3. METHODOLOGY

Where

The framework of current proposed approach was divided in several steps. Descriptive statistics (mean, median,
minimum, maximum, coefficient of variation) for heavy
metal data were obtained to get a preliminary understanding of the datasets. The point location layer was intersected
with land use maps to obtain the environmental independent parameters, whereas the pollution classes of Cu, Zn,
Pb, and Cd were dependent variables. Classifications with
the regression tree (CART) model was then explored to
find the most corresponding factors attributing to the soil
pollution for Cu, Zn, Pb, and Cd. The total 102 soil samples were randomly divided into two groups, 72 for training and the other 30 for testing. Finally, pearson correlation analysis was used to evaluate the results by CART.
3.1 Pollution index (PI)

In the present study, the pollution index (PI) reported
by Lu et al.[23] has been used to assess the heavy metal
pollution levels in the study area. The pollution index PI
was defined by the following relation:

PI =

Cn
Bn

Cn

and

Bn

are the measure and background

concentrations of element n respectively in the soil. PI
was classified to four classes to indicate the level of heavy
metal pollution (Table 1)
TABLE 1 - Criteria to classify soil heavy metal content to pollution
classes C1-C4
Pollution class
C1
C2
C3
C4

Pollution index (PI)
PI≤1.0
1<PI≤1.5
1.5<PI≤3.0
PI>3.0

Signification
no pollution
low level of pollution
middle level of pollution
high level of pollution

3.2 Collection of independent parameters

The 12 independent parameters represent anthropogenic activities, soil and topographic properties were given
in Table 2.
3.2.1 Soil properties

In this study, soil samples were collected from soils
of different parent materials, and this is a key factor in
determining their natural content of heavy metals [24, 25].
There are four soil types in the study area: anthrosols (AN),
ferrosols (FE), primesols (PR) and cambosols (CA). Soil pH
values (PH) ranged from 4.4 to 8.3, with the mean value
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of 6.3, and soil organic matter contents (OM) ranged from
5.7 g/kg to 100.8 g/kg, with the mean value of 32.5 g/kg.
Both PH and OM were determined by visual observations
with five classes.
TABLE 2 - The independent parameters likely to impact on heavy
metal concentration and their corresponding classes.
Parameters
(a) PH
Extremely to moderately acid
Slightly acid
Neutral
Slightly alkaline
Moderately to extremely alkaline
(b) OM
1
2
3
4
5
(c) SOIL
AN
FE
PR
CA
(d) Flowlength
1
2
3
4
5
(e) Aspect
N
S
E
W
(f) Landuse
1
2
3
4
(g) Industry
I500
I1000
I1500
(h) Factories
1
2
3
4
5
(i) Villages
1
2
3
4
5
(j) Roads
1
2
3
4
5

Signification
Soil pH value
<5.8
5.8-6.5
6.5-7.2
7.2-7.9
>7.9
Soil organic matter content
<1.5%
1.5-2.5%
2.5-3.5%
3.5-4.5%
>4.5%
Soil types
Anthrosols
Ferrosols
Primesols
Cambosols

3.2.2 Topography

Topography likely reﬂects transport processes for
pollution of heavy metals across the landscape[26]. Slope
direction (Aspect) and distance along a flow path (Flowlength) were calculated from a digital terrain model (DEM)
with a spatial resolution of 25 m using ArcGIS software.
Four aspects were classified: north, south, east, and west.
Five classes of flowlength were distinguished: <50 m, 50100 m, 100-200 m, 200-500 m and >500 m based on the
frequency distribution of Flowlength.
3.2.3 Land use

Agricultural activities add heavy metals to soils through
application of manure, inorganic fertilizers, pesticides or
herbicides [27, 28], thus land use practices were selected
to be involved in the soil analysis. There are four main
land use categories in the study area: bare lands, agricultural lands, woodland, and human practices.
3.2.4 Industry

<50 m
50-100 m
100-200 m
200-500 m
>500 m
North
South
East
West
Bare land
Agricultural land
Woodland
Human practices
Dominant industry type within
the 500 m buffer zone of sampling point
Dominant industry type within
the 1000 m buffer zone of sampling point
Dominant industry type within
the 1500 m buffer zone of sampling point
Distance to factories
<100 m
100-200 m
200-500 m
500-1000 m
>1000 m
Distance to villages
<200 m
200-300 m
300-400 m
400-500 m
>500 m
Distance to roads
<50 m
50-100 m
100-200 m
200-500 m
>500 m

Industrial plants have significant impacts on soil heavy
metal accumulation [29]. Different plants directly relate to
soil heavy metal content in surrounding environments, such
as local garment factories have little influence on heavy
metal accumulation while metal smelting factories significantly increase Cu, Zn, Pb, and Cd content in soils. All
industries in the study area were divided into six types:
disused metal smelting factories (SM), hardware machining factories (HM), paper mills (PM), building materials
producing factories (BM), chemical plants (CM) and
other industry plants without relationship to heavy metals
(OT). The disturbance spatial scale of each plant on heavy
metal accumulation can reach several meters to several
kilometers from the point source depending on the industry type involved. This makes metal accumulation levels
by factories difficult to determine [30]. Here, 500 m, 1000
m and 1500m were selected as the buffer distance around
each sampling point, and the three parameters were noted
as I500, I1000 and I1500, respectively. The plants located
in the buffer zones would be found and the values of the
three parameters were labeled as the type of the dominant
industry plant. Distance from each sampling point to the
nearest factory was also calculated as an independent
parameter.
3.2.5 Distance to villages

The distribution of villages is closely related to heavy
metal accumulation [31]. Distance from soil sampling points
to the nearest village was obtained by taking the village
density in the study area into consideration. The parameter
was determined to five classes.
3.2.6 Distance to roads

Vehicle-related activities usually induced heavy metal pollution in the soil[32]. For this reason, distance from
soil sampling points to roads was selected in this study,
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ranging from 50 m to 2500m. Thus, five categories that
classified the distance to road intervals were determined.
3.3 CART decision tree

Decision tree algorithms identify pieces of information and extract information in bodies of data. They are
hierarchical, sequential classification structures that recursively partition the learning sets [33, 34]. In a decision tree
approach, environmental parameters including PH, OM,
SOIL, Aspect, Flowlength, Landuse, I500, I1000, I1500,
Villages, Factories, and Roads were the independent variables, where as PI of Cu, Zn, Pb, and Cd were the target
variables, respectively. The CART model described by
Breiman et al. [34] was used to distinguish the pollution
classes of Cu, Zn, Pb, and Cd in this study. A major advantage of this technique is its ability to model nonadditive and non-linear relationships among input variables, consisting of one dependent variable and a defined
number of independent variables. It’s very easy to display
a hierarchical system of decision rules that allows for
classifying objects according to the features of the predictor parameters compared to classical regression methods
[35]. The 72 training samples were used for CART analysis conducted with the software SPSS Clementine 11.1
[33].
4. RESULTS AND DISCUSSION
4.1. Total heavy metal content

Measured Cu, Zn, Pb, and Cd contents varied widely
in the study area. The distribution of all metals was positively skewed with the mass of the distribution concentrated to the right, i.e. high elemental concentration values
(Table 3). Contamination of four metals has occurred for
most of the plots sampled in this study, higher than their
according background values in soil at Zhejiang Province
[36]. High concentrations accompanied with a long range
of variation suggest anthropogenic sources for the four
elements.
Distributions of measured heavy metal concentrations
showed pollution levels of Cu, Zn, Pb, and Cd (Fig.3).
Both Zn and Pb had the greatest number of samples in
excess of the baseline values by 98.0%, while 91.2% and

82.4% of samples exceeded the baseline values for Cu
and Cd, respectively. Compared to the guideline value for
agricultural soil quality in China (GB 15618-1995), more
than half of the samples for Cu, Zn, and Cd have exceeded their guidelines, suggesting soils in some local areas
were threatened by these elements. Although there were
no samples for Pb that exceeded the guideline, some essential measures should be taken to prevent further pollution.
4.2 Rules for classifying soil Cu, Zn, Pb, and Cd pollution
classes

The 72 training samples were randomly selected
across the range of Cu, Zn, Pb, and Cd pollution classes.
The accuracy of the CART training process attributing
rightly to Cu, Zn, Pb, and Cd pollution classes were
78.1%, 94.4%, 86.1% and 87.2%, respectively. It suggested that the rules (Table 4) for classifying Cu, Zn, Pb,
and Cd pollution classes were acceptable. The rules included nine independent parameters, which respectively
were, IN1000, IN1500, IN500, OM, LANDUSE, SOIL,
Roads, Villages, and PH. These parameters represent soil
properties and anthropogenic activities such as traffic emission, industrial emission, and domestic emission. They
confirm the accumulation for soil Cu, Zn, Pb, and Cd in the
study area. The reason for the absence of other parameters
might not be that these parameters do not influence soil
heavy metal content. They do not significantly affect heavy
metal accumulation compared with the parameters mentioned above, and their effect was totally masked. It indicated sources for soil heavy metals accumulation was
very complicated and comprehensive.
The rulers for classifying Cu, Zn, Pb, and Cd pollution classes seemed similar. The spatial variability of Cu,
Zn, Pb, and Cd elements in topsoil is affected by both
extrinsic (anthropogenic activities) and intrinsic aspects
(natural background). Industry type is the most important
factor differentiating the classes of Cu, Zn, Pb, and Cd
pollution. If the disused metal smelting factory was located in the 1000 meters buffer zone of a sampling point,
the Cu, Zn, Pb, and Cd pollution classes would be C3 or
C4. Roads and villages have demonstrated a certain impact on soil heavy metal accumulation. It has the greater
likelihood of contamination with a shortened distance from

TABLE 3 - Summary statistics of heavy metal concentrations in topsoil
Element
Mean (mg/kg)
CV(%)a
Skewness
Kurtosis
Minimum (mg/kg)
Maximum (mg/kg)
Background value (mg/kg)b
Exceeding background value (%)
Guide value (mg/kg)c
Exceeding guide value (%)

Cu
77.0
88.9
1.8
3.3
4.1
326.7
17.8
91.2
50.0
52.9

Zn
281.7
69.7
1.3
1.4
42.2
923.0
69.0
98.0
200.0
57.8
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Pb
63.5
54.6
1.5
2.1
16.8
181.1
25.6
98.0
250.0
0

Cd
0.6
83.3
1.1
0.2
0.0
2.0
0.2
82.4
0.3
64.7
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Coefficient of variation; b Baseline value in Zhejiang Province; c Guide line value at ph<6.5 in China

FIGURE 3 - Distributions of heavy metal concentrations (mg/kg) with background value at Zhejiang Province and guideline value in China.
TABLE 4 - Rulers for classifying soil heavy metal pollution classes
Elements
Cu

Pollution
classes
C1
C2
C3
C4

Zn

C1
C2
C3

C4

Pb

C1
C2

C3

C4
Cd

C1
C2
C3

Rules
IN1000 = (BM or HM or NO or OT) & SOIL = (FE or CA) & LANDUSE = (bare or woods)
IN1000 = (BM or HM or NO or OT) & SOIL = AN & OM > 1.5% & Villages = 200~500 m & IN1500 =OT
IN1000 = (BM or HM or NO or OT) & SOIL = AN & OM > 2.5%
IN1000 = (BM or HM or NO or OT) & SOIL = AN & OM > 1.5% & Villages > 200 & IN1500 = (BM or HM or SM)
IN1000 = SM & OM < 1.5%
IN1000 = (BM or HM or NO or OT) & SOIL = (FE or CA) & LANDUSE = (cultivated or human )
IN1000 = SM & OM > 1.5%
Not enough samples
IN1000 = (BM or HM or NO or OT) & Roads <500 m & IN1500 = ( BM or HM or OT )
IN1000 = (BM or HM or NO or OT) & OM = 2.5%~4.5% & IN500 = ( BM or NO)
IN1000 = (BM or HM or NO or OT) & Villages >200 m & IN1500 = ( BM or HM or OT )
IN1000 = (PM or SM) & Villages = >200 m & PH <7.9
IN1000 = (BM or HM or NO or OT) & OM = 2.5%~4.5% & IN500 = ( BM or NO ) & Villages = 200~300 m &
Roads <500 m
IN1000 = (BM or HM or NO or OT) & OM = 2.5%~4.5% & IN500 = (HM or OT )
IN1000 = (PM or SM) & Villages <500 m
Not enough samples
IN1000 = (BM or HM or NO or OT) & Roads <200 m & IN500 = (HM or OT) & OM = 1.5%~2.5%
IN1000 = (BM or HM or NO or OT) & Roads >50 m & Villages <400 m
IN1000 = (BM or HM or NO or OT) & Roads >50 m & Villages >200 m & IN1500 = (NO or OT) & OM =
1.5%~4.5%
IN1000 = (BM or HM or NO or OT) & Roads <200 m & IN500 = (BM or NO)
IN1000 = (BM or HM or NO or OT) & Roads >50 m & Villages >200 m & IN1500 = (BM or HM or SM)
IN1000 = SM & Villages = 200~400 m
IN1000 = SM & LANDUSE = (cultivated or human ) & OM = 2.5%~3.5%
IN1000 = SM & LANDUSE = (cultivated or human ) & OM = 1.5%~4.5% & IN500 = SM
OM <2.5% & IN500 = (HM or NO or OT) & Villages >300m & LANDUSE = (cultivated or woods) & IN1500 =
(HM or OT or SM)
OM <2.5% & IN500 = (HM or NO or OT) & Villages <500 m & IN1500 = (HM or OT)
OM <2.5% & IN500 = SM & LANDUSE = (bare or cultivated or human ) & Villages >200 m
OM >2.5% & IN1000 = (CM or NO or PM) & Villages >400 m
IN1000 = (BM or HM or OT or SM) & IN500 = ( BM or HM ) & Villages <400 m
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OM >2.5% & IN1000 = (BM or SM) & IN500 = (NO or OT or SM)

roads or villages. There is also a good correspondence between soil heavy metal and land use. Agricultural activities and other human practice played a more important
role in soil heavy metal accumulation than natural woodland or bare lands. At the same time, on the intrinsic aspects’ behalf, SOIL and PH show the strong affection on
soil heavy metals content. In addition, OM has significant
positive effects on the heavy metals concentration, especially with the Cd element.
4.3 Evaluation the influence of the parameters on soil heavy
metal content

To quantitatively evaluate the importance of a single
independent parameter on Cu, Zn, Pb, and Cd accumulation in soils, the relative importance of each independent
variable provided by CART was compared (Table 5). For
Cu and Zn elements, IN1000 and IN1500 obviously are the
master parameters in the whole pollution process, followed
by OM. For Pb content, IN1000, IN1500, and IN500 are
the most important parameters, followed by OM, Villages,
and Roads. Meanwhile, OM and IN1000 are most important for classifying soil Cd pollution classes. Parameters related to industry including IN500, IN1000, and
IN1500 are the most closely related to Cu (54.2% of the
total accumulation), Zn (51.1% of the total accumulation),
Pb (60.9% of the total accumulation), and Cd (52.6% of the
total accumulation) accumulation in soil. Thus, it could be
concluded that industrial emission is the biggest source for
soil heavy metals pollution at the appropriate distance in
the study area, Traffic activities and domestic emission
are secondary sources. At the same time, intrinsic factors
such as soil organic matter and pH significantly influence
the distribution of soil heavy metals. We have compared

the results with the findings of other published papers. We
get the same results as Zhang et al. (2008) that high Cu
concentration has a good relationship with industrial and
agricultural land uses [20], and the results are also consistent with Kheir et al. (2010) that spatial variability of
Zn in topsoil was affected by roads, cities and pH [16].
Additionally, Wei et al. (2009) reported that airborne
volatile particles, aerosols and wastewater from smelting
area contributed the most to Cd, Pb, Zn and Cu contamination [11], which have been well confirmed in our study.
4.4 Anthropogenic sources for soil heavy metals accumulation

Relationships of metal-metal and metal-environmental
properties were analyzed by using the Pearson correlation.
The results are shown in Table 6. In general, correlations
between metals agreed with the results obtained by CART
and it was useful to confirm the conclusion stated in previous analysis. Cu, Zn, Pb, and Cd were highly correlated,
this showing that the content of these elements in the soil
came from the same sources. The correlations between
metals and environmental properties show that metals have
a significant relationship with anthropogenic sources (factories, villages and roads). Specifically, soil organic matter
seems to play an important role in the mobility of metals,
while soil pH is related to the metals solubility. But the correlation analysis failed to show the relationships between
heavy metals and nominal environmental factors, such as
soil type, land use type, industry type, etc.
In summary, anthropogenic activities obviously should
be responsible for soil Cu, Zn, Pb, and Cd accumulation in
the study area. Industrial emission was a major source for
soil metals pollution. Disused metal recycling was one of the

TABLE 5 - Relative importance of independent parameters for classifying metals content
Parameters

Relative importance
classifying Cu
100.00%
99.70%
53.90%
33.70%
43.50%
37.60%
-

IN1000
IN1500
IN500
OM
LANDUSE
SOIL
Roads
Villages
PH

for

Relative importance
classifying Zn
100.00%
90.50%
74.80%
75.60%
66.20%
58.30%
53.50%

for

Relative importance
classifying Pb
100.00%
91.40%
82.00%
53.70%
25.70%
46.80%
49.60%
-

for

Relative importance
classifying Cd
95.40%
65.40%
76.80%
100.00%
43.80%
55.80%
14.90%

TABLE 6 - Pearson correlation between selected independent parameters and heavy metals
Roads
Cu
Zn
Pb
Cd
OM
PH
Factories
Villages

Villages

1.000

Factories

1.000
0.600 b

PH

1.000
-0.302 b
-0.188

OM

1.000
0.418 b
-0.230 a
-0.218 a

1400

Cd

Pb

Zn

1.000
0.432 b
0.479 b
-0.264 b
-0.178

1.000
0.501 b
0.147
0.347 b
-0.279 b
-0.165

1.000
0.831 b
0.629 b
0.165
0.389 b
-0.353 b
-0.213 a

Cu
1.000
0.797 b
0.786 b
0.665 b
0.243 a
0.361 b
-0.288 b
-0.238 a

for
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Roads
1.000
0.776 b
0.635 b
-0.151
-0.169
b
Signiﬁcant at the 0.05 probability level; Signiﬁcant at the 0.01 probability level.

1401

-0.148

-0.196 a

-0.224 a

-0.215 a
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most important industries in Fuyang County. There were
more than 50 disused metal smelter factories located in
the study area. During smelting activities, large quantities
of exhaust gases and dust containing heavy metals were
released into the atmosphere. In addition, significant quantities of smelting wastes were produced and piled into the
environment. This caused the high concentration of metals in the soil around the factories [37, 38]. Vehicle-related
activities were another metals source, especially involving
Pb and Zn. Vehicle emissions are considered one of the
main sources of heavy metal contamination in urban or
quasi-urban environments. Roadside soils are contaminated
with various trace elements primarily from automobile
exhaust emissions [32]. Another source village could be
considered as the symbol of rural human practices. All
heavy metals accumulate rapidly from domestic wastes and
agricultural activities.

Zhejiang University and Opening Foundation of Institute
of Remote Sensing and Earth Sciences in Hangzhou
Normal University (PDKF2011YG09; PDKF2010YG10).
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THE EFFECT ON PARAOXONASE AND
ARYLESTERASE ACTIVITIES OF PROPOLIS
AGAINST CHROMIUM IN CYPRINUS CARPIO
M. Enis Yonar*, Serpil Mişe Yonar, M. Zülfü Çoban and Mücahit Eroğlu
Fırat University, Fisheries Faculty, 23119, Elazig, Turkey

ABSTRACT
The aim of the present study was to investigate the
protective effect of propolis against the toxic effects of
chromium (VI) by examining paraoxonase (PON) and
arylesterase (ARE) enzyme activities in Cyprinus carpio.
The fish (100 ± 5 g) were exposed to sublethal concentrations of chromium (15, 30, and 60 µg/L). Propolis (5 mg
and 10 mg propolis per kg fish weight) was simultaneously administered to chromium-exposed fish. Treatment was
continued for 28 days, and at the end of this period, blood
samples were collected. PON and ARE enzyme activities
were determined in serum. Reductions in PON and ARE
enzyme activities were observed in chromium exposed fish.
Simultaneous treatment with propolis significantly increased serum PON and ARE enzyme activities.

enzyme with three activities which are PON, ARE, and
dyazoxonase. PON1 hydrolyses organophosphates, such
as paraoxon, aromatic esters, for instance, phenyl acetate,
and also lipid peroxidation products, and reduces the accumulation of them. PON and ARE which are located on high
density lipoprotein (HDL) are antioxidant, anti-inflammatory
properties and calcium dependent esterase enzymes [3].
PON1, which has antioxidant properties especially against
low-density lipoprotein (LDL) oxidation, is a strong antioxidant enzyme. Recent articles indicated that PON1 and
ARE reduce oxidative stress in serum and tissues [4]. In
light of these data, this study was designed to investigate the
protectiveness of propolis on serum PON and ARE enzymes in carp exposed to chromium.
2. MATERIALS AND METHODS

KEYWORDS: Fish, Cyprinus
paraoxonase, arylesterase.

carpio,

chromium,

propolis,

1. INTRODUCTION
Propolis is a resinous product that honeybees collect
from living plants and use in construction and adaptation
of their hives. The antibacterial and antifungal activities
are the most popular and most extensively investigated
biological activities of propolis. The pharmacological activities, such as anticancer, anti-inflammatory, antibiotic,
antioxidative, antiviral, antifungal, anaesthetic, immunostimulant and cytostatic effects, have been ascribed to
ethanolic extracts of propolis [1,2].
PON is an ester hydrolase that catalyzes the hydrolysis of some xenobiotics, such as organophosphates, unsaturated aliphatic esters, aromatic carboxylic esters, and
possibly, carbamates. The PON gene family contains at
least three members, PON1, PON2 and PON3. PON1 is
* Corresponding author

The chemicals used in this study were obtained from
Sigma–Aldrich (St. Louis, MO, USA). Chromium oxide
(CrO3) (Merck-Darmstadt, Germany; Cas No: 1333-82-0)
was used as the source of chromium (VI) [5]. The propolis used in the present study was poplar propolis collected
from the vicinity of the Kayseri province of Central Anatolia (Turkey). Purification and chemical analysis of the
poplar type Turkish propolis that was used in the study
was done in accordance with the method suggested by
Silici and Kutluca [6]. The chemical content of propolis
used in this study had previously been identified by gas
chromatography/mass spectrophotometry (GC/MS) [2].
The study was conducted in Fırat University, Faculty
of Aquaculture, Fish Diseases Laboratory. The fish (100 ±
5 g) were obtained from State Hydraulic Works IX. Regional Directorate Keban Aquaculture Branch Directorate.
The fish were brought alive to Fırat University, Faculty of
Aquaculture inside tanks full of water and then were located in 12 aquarium of 30x100x40 cm, at 22 ± 2 0C with
pH 8.3 ± 0.2 so that each tank included exactly 8 fish. Prior
to the experimental study, the fish were adapted to this
preset environment for 15 days. In the course of adaptation, the fish were fed twice a day with commercial trout
feed as much as they could receive.
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A commercial basal diet (Ecobio, Elazig/Turkey; including 45% crude protein, 20% crude fat, 11% ash, 3%
crude fibre, 8.5% moisture, 12.5% nitrogen free extract,
and 5124 kcal/kg gross energy) was crushed and divided
into two parts. The first part was mixed with 5 mg propolis per kg fish weight and the second part was mixed with
10 mg propolis per kg fish weight. The diets were into
pellets, spread to dry and stored at +4 0C for the feeding
experiment. Re-made pellets were given to the fish manually at a rate of approximately 2% fish body weight per day.
After 2 weeks of acclimation, the fish were divided
randomly into 12 groups that each contained 8 fish. The
first group (control) was regarded as the control group.
Fish in group 2 (P5) received 5 mg propolis orally for 28
days. Fish in group 3 (P10) received 10 mg propolis orally for 28 days. Fish in group 4 (Cr15) were exposed to 15
µg/L chromium in their environment for 28 days. Fish in
group 5 (Cr30) were exposed to 30 µg/L chromium in
their environment for 28 days. Fish in group 6 (Cr60)
were exposed to 60 µg/L chromium in their environment
for 28 days. Fish in group 7 (Cr15 + P5) were exposed to
15 µg/L chromium, while 5 mg propolis was simultaneously administered for 28 days. Fish in group 8 (Cr30 +
P5) were exposed to 30 µg/L chromium, while 5 mg
propolis was simultaneously administered for 28 days.
Fish in group 9 (Cr60 + P5) were exposed to 60 µg/L
chromium, while 5 mg propolis was simultaneously administered for 28 days. Fish in group 10 (Cr15 + P10)
were exposed to 15 µg/L chromium, while 10 mg propolis
was simultaneously administered for 28 days. Fish in
group 11 (Cr30 + P10) were exposed to 30 µg/L chromium, while 10 mg propolis was simultaneously administered for 28 days. Fish in group 12 (Cr60 + P10) were
exposed to 60 µg/L chromium, while 10 mg propolis was
simultaneously administered for 28 days.
Sublethal concentrations were selected based on 96-h
LC50 value for C. carpio. According to Al-Akel and
Shamsi [7], the 96-h LC50 of chromium (VI) for C. carpio
was 93.6 mg/L. Chromium was delivered to aquaria from
concentrated stock solutions of CrO3. Control and experimental units were prepared with three replicates (each
replicate was contained 8 fish, totally 288 fish). Aquariums were aerated and test media were replaced every day.
By the end of the 28th day, fish were anaesthetized
with benzocaine; blood samples were taken inside glass
tubes and centrifuged at 3500 rpm for 10 minutes to separate the serum. PON and ARE activities were determined
by the procedure described by Dubravka et al. [8].
Statistical analysis of the experiment results was conducted using SPSS 10 statistics software. The changes in
the biochemical parameters of the fish in control and test
groups were analyzed with unidirectional variance analysis (ONEWAY – ANOVA).

3. RESULTS AND DISCUSSION
No death was observed among the fish that were under survey for two weeks prior to the initiation of the
study. No problem was arisen in feed intake. No death
was observed in control and test group fish during the
experiment.
Propolis alone had no significant effect on serum PON
activity compared to the control (Table 1, p>0.05). Exposure to chromium alone resulted in a statistically significant
decrease in serum PON activity compared to the control
group. The chromium-exposed groups treated with propolis
had a higher PON activity than the groups exposed to
chromium alone and control (p<0.05, Table 1).
Serum ARE activity was significantly decreased by
exposure to chromium compared to the control. Co-treatment with propolis provided a marked normalization of
serum ARE activity when compared to the chromium groups
(p<0.05, Table 1). In the group that was administered propolis alone, no statistically significant difference was found
in serum ARE activity compared to the control group
(Table 1, p>0.05).
TABLE 1 - The changes in serum ARE and PON activities of control and experimental groups (± standart error).
Groups
ARE (U/mL)
PON (U/L)
Control
259.03 ± 24.51a
292.08 ± 31.28b
P5
247.60 ± 21.09a
293.16 ± 28.53b
P10
243.15 ± 19.87a
288.98 ± 25.76b
Cr15
147.28 ± 15.46c
242.03 ± 26.19c
Cr30
142.73 ± 19.03c
237.28 ± 21.58c
Cr60
139.23 ± 20.66c
232.11 ± 19.82c
b
Cr15 + P5
210.34 ± 25.43
299.26 ± 32.63b
Cr30 + P5
207.19 ± 21.75b
285.73 ± 24.17b
Cr60 + P5
218.56 ± 30.11ab
301.59 ± 20.94ab
ab
Cr15 + P10
229.06 ± 24.24
348.51 ± 33.20a
Cr30 + P10
244.20 ± 36.58a
312.66 ± 26.48ab
Cr60 + P10
254.15 ± 29.18a
360.71 ± 27.31a
a, b, c
: The groups in the same column with different letters are statistically significant (p<0.05)

Propolis is naturally extracted and it has strong antimicrobial and antioxidant characteristics with no side
effects. Its chemical structure changes with its botanical
origin. Typology and standardization studies of the propolis produced in our country have gained pace within recent years [1,6]. In these studies, the researchers determined existence of flavonoids, aliphatic and aromatic acids
and esters, terpenes, aldehydes and ketones at different
rates in the structure of the samples. As a result of the GCMS analyses conducted on the poplar type Turkish propolis
used in this study, flavonoids and phenolic, aliphatic, aromatic compounds, fatty acids, esters, terpenes, aldehydes
and ketones were determined in its structure.
There are different theories on PON and ARE enzyme activity in fish. Some researchers claim that these
enzyme activities do not exist in fish [9-11] whereas some
researchers reported that these enzyme activities were
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observed in fish [12-15]. It is suggested that there is a
reciprocal relationship between PON activity and oxidative stress in studies conducted on humans and rats in the
recent years; however, this mechanism has not been completely enlightened [16]. On the other hand, the studies on
fish have been solely directed towards purification of
these enzymes and determination of their levels [12-14].
In addition to this, it was revealed in a study on the impact
of various metals on the level of PON enzyme in fish [15]
that cadmium, copper, mercury and cobalt heavy metals
differently inhibited PON enzyme in carp. It is observed
also in this study conducted using chromium that PON and
ARE activities decreased. The decrease in PON and ARE
enzyme activity determined in this research can be related
to the oxidative stress caused by chromium.
Protectiveness of materials with different antioxidant
characteristics against toxicity of heavy metals has been
studied. However, to the authors’ knowledge, there are no
studies on the antioxidant effect of propolis against chromium. It is determined in studies on different organisms
[17,18] that propolis has strong antioxidant characteristic
and this is originated from the flavonoids in its structure.
The flavonoids present in propolis are compounds that
block peroxidation and they depict their effects in two
ways. Firstly, they bond with free radicals and nullify the
effect of these radicals; secondly, they inhibit the activity
of xanthine oxidase, which plays a direct role in the generation of superoxide radical that lead to development of
lipid peroxidation [19]. According to the results obtained
from the biochemical parameters analyzed in this study, it
can be concluded that propolis scavenges superoxide
radicals owing to the flavonoids in its structure as is the
case in other living things and it protects the fish from
reactive oxygen types, hence, stress.
According to the results of this study, it is determined
that chromium decreases PON and ARE activities; however these activities increase with propolis treatment.

[3]

Kose, A., Gunay, A., Kose, B., Ocak, A.R., Erel, O. and
Demiryürek, A.T. (2010). Effects of atropine and pralidoxime pretreatment on serum and cardiac oxidative stress parameters in acute dichlorvos toxicity in rats. Pesticide Biochemistry and Physiology 97, 249-255.

[4]
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Journal 26(2), 75-80.
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INVESTIGATION OF THE EFFECTS OF COBALT CHLORIDE
AND POTASSIUM DICHROMATE ON THE GENOTOXIC ACTIVITY AND THE LONGEVITY OF DROSOPHILA MELANOGASTER
Eşref Demir *
Akdeniz University, Faculty of Sciences, Department of Biology, Antalya-Turkey

ABSTRACT
Metals are important environmental pollutants. Cobalt
chloride (CoCl2) and potassium dichromate (K2Cr2O7) are
widely distributed in both terrestrial and aquatic environments. Via water and soil may enter the food chain. Therefore, human are exposed, include consumer products and
industrial wastes. Many organ systems are affected by
metals which target specific biochemical processes and
membranes of organelles and cells. For this purpose, as
two metals namely, CoCl2 and K2Cr2O7 were evaluated for
longevity on the wild-type strain Oregon-R+ of Drosophila
and genotoxic effects in the somatic mutation and recombination tests (SMART) of Drosophila melanogaster following standard procedures. The wild-type strain Oregon-R+ of
D. melanogaster was used as a test strain for the effect of
longevity. The SMART assay in D. melanogaster has been
designed to detect the genotoxic damages in a rapid an
inexpensive way in one generation. Importance of SMART
assay is to be in in vivo system and the metabolic machinery of Drosophila cells similar to mammalian cells. Both
CoCl2 and K2Cr2O7 clearly significant a dose-dependent
decrease the incidence of longevity while showed significant a dose-dependent increase to genotoxic activity in
Drosophila. These in vivo results contribute to increase the
genotoxicity and longevity database on the CoCl2 and
K2Cr2O7.

KEYWORDS: Longevity, Cobalt chloride, Potassium dichromate,
Genotoxicity, SMART, Drosophila melanogaster

various cellular constituents, such as DNA, proteins and
lipids, leading to carcinogenesis, aging and many other
diseases. Particularly, DNA damage mediated by oxidative
stress plays critical roles in carcinogenesis and aging [1,2].
Chromium (Cr) is widely used in industries with uses
in steel, alloy cast irons, chrome plating, paints, metal
finishes, leather tanning, and photography [3]. Cr compounds are toxic, carcinogenic and mutagenic in humans
and animals [4]. On the other hand, cobalt salts are extensively used in industrial applications, including the producing of alloys and hard metal, diamond polishing, as
catalysts in electroplating, drying agents in paints, additives in animal food, and in pigments [5]. The carcinogenic
potential of cobalt and cobalt compounds was first evaluated by IARC in 1990 [6]. The working group concluded
that cobalt and its compounds were possibly carcinogenic
to humans (Group 2B).
In this study, the effect of cobalt chloride (CoCl2) and
potassium dichromate (K2Cr2O7) on the longevity in the
wild-type strain Oregon-R+ of Drosophila melanogaster
was investigated. The genotoxicity of CoCl2 and K2Cr2O7
was evaluated with Drosophila wing somatic mutation
and recombination test (SMART) as described by Graf et
al. [7,8]. We have chosen the Drosophila SMART assay
because of the many advantages that this eukaryotic organism has shown in in vivo genotoxicity testing studies
[9]. Thus, the wing variant of the SMART assay has proven
to be a good tool to detect a broad range of genetic alterations in a fast and inexpensive way [7,10].
2. MATERIALS AND METHODS
2.1. Drosophila Strains

1. INTRODUCTION
Almost all metals are able to generate reactive oxygen species (ROS), this property explains a great part of
both their carcinogenicity and their aptitude to treat cancer. Oxidative stress is also capable of causing damage to
* Corresponding author

The wild-type strain Oregon-R+ of D. melanogaster
was used as a test strain for the effect of cobalt chloride
(CoCl2) and potassium dichromate (K2Cr2O7) on longevity. For the wing somatic mutation and recombination test
(SMART) two D. melanogaster strains were used: the
multiple wing hairs strain with genetic constitution of
mwh/mwh and flare-3 strain with the genetic constitution
of flr3/In (3LR) TM3, Bds. Detailed information on all the
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genetic markers is given by Lindsley and Zimm [11]. Both
strains were kindly provided by Professor R. Marcos (Universitat Autònoma de Barcelona, Barcelona-Spain).
2.2. Chemicals

Potassium dichromate (K2Cr2O7, CAS No. 7778-50-9),
cobalt (II) chloride hexahydrate (CoCl2; CAS No. 7791-131), ethyl methanesulfonate (EMS; CAS No. 62-50-0) were
purchased from Sigma. Prior to use, the compounds were
dissolved in distilled water. Different concentrations
for genotoxicity (0.1, 0.5 and 1 mM), for longevity of
K2Cr2O7 (10, 25 and 50 mM) and for genotoxicity (0.1,
1 and 10 mM), for longevity of CoCl2 (10, 25 and 50 mM)
were chosen based on preliminary studies. Distilled water
was used as negative controls, while 1 mM EMS was used
as a positive control.
2.3. Experimental Procedure and Metal-Exposure

The effect of K2Cr2O7 and CoCl2 on the longevity of
D. melanogaster was investigated on one hundred male
flies. Applications and nutrient exchange were made weekly
on Monday, Wednesday and Friday. The experimental populations could be considered as simultaneously. Drosophila males were hungry for two hours before exposure
to tested concentrations of metals. Then, transferred into
plastic vials 3.5x10 cm containing filter paper rehydrated
with 0.625 ml of the freshly prepared test solutions. After
treatment for two hours flies were transferred into fresh
Drosophila culture media. All experiments were performed
at 25 ± 1 oC and at a relative humidity of ~ 65%. Number
of male flies at the beginning and at the end of the application on each application checked and flies died were counted.
All applications were continued until the last fly dies.
The genotoxic effect of K2Cr2O7 and CoCl2 was evaluated by SMART assay. Virgin females of the flr3/In
(3LR) TM3, Bds strain were mated to mwh males, as previously described [12]. Eggs from this cross were collected during 8-h periods in culture bottles containing standard medium (maize flour, agar, sugar and yeast). The
resulting 3-day-old larvae were then transferred to plastic
vials with 4.5 g of Drosophila instant medium (Carolina
Biological Supply Co., Burlington, NC, USA) prepared
with the different concentrations of K2Cr2O7 (0.1, 0.5 and
1 mM) and CoCl2 (0.1, 1 and 10 mM). The larvae were
fed on this medium until pupation.
2.4. Preparation and Microscopic Analysis of the Wings

After metamorphosis, the surviving adults were collected from the treatment vials and were stored in 70%
ethanol solution at +4 oC. Afterwards, their wings were
carefully removed and mounted in Faure’s solution (30 g
of Gum arabic, 30 ml Glycerol, 50 g Chloral hydrate, and
50 ml Distilled water) on microscope slides. The wings
were scored at 400x magnification for the presence of
spots. Single spots, mwh or flr3, result from point mutation, recombination or small deletion of the wild type
allele in the case of mwh or point mutation, or small deletion of the wild type allele in the case of flr3. Twin spots,

consisting of both mwh and flr3 sub clones, are originated
exclusively from mitotic recombination between flr3 and
the centromere [7]. In each series we examined 80 or 90
wings (40 or 45 individuals). The scoring of flies and data
evaluation was conducted following the standard procedures for the wing spot assay, as used in recent investigations [12-14].
2.5. Statistical Analysis

The statistical analyses of the results were carried out
using one way analysis of variance (ANOVA) and Duncan’s multiple range tests [15]. Results were considered
statistically significant when p-value < 0.05. For SMART
assay the conditional binomial test of Kastenbaum and
Bowman [16] was applied to assess differences between
the frequencies of each type of spot in treated and concurrent negative control, with significant levels α = β = 0.05.
The multiple decision procedure described by Frei and
Würgler [17] was used to judge the overall response of an
agent as positive, weakly positive, negative, or inconclusive. As recommended, we consider the treatment as
positive if the frequency of mutant clones in the treated
series is at least m (multiplication factor) times greater
than in the control series. Since small single spots and
total spots have a comparatively high spontaneous frequency, m is fixed at a value of 2 (testing for a doubling
of the spontaneous frequency). For the large single spots
and the twin spots, which have a low spontaneous frequency, m = 5 is used. The frequency of clone formation
was calculated, without size correction, by dividing the
number of mwh clones per wing by 24,400, which is the
approximate number of cells inspected in one wing [18].
3. RESULTS AND DISCUSSION
The results obtained in the somatic mutation and recombination test (SMART) and longevity of Drosophila
is shown in Tables 1-4 and Figures 1-2. For the tested two
metals the results obtained from trans-heterozygous wings
(mwh/flr3) demonstrated clearly positive results for the
two highest concentration both CoCl2 (0.1, 1 and 10 mM)
and K2Cr2O7 (0.1, 0.5 and 1 mM) exposure concentrations
(Tables 1-2). In other words, these concentrations of metals showed genotoxic effects with a direct dose-dependent
relationship. The obtained results of two high concentrations of both metals generally agree with those of other
authors using Drosophila SMART assay [14,19,20].
Genotoxic effects of some metals such as cobalt,
chromium, arsenic and nickel are weak or restricted to high
concentrations [21]. Uysal and Bahçeci [22] reported that
cadmium chloride and mercury chloride caused a significant increase in the frequency of aberration in the polytene
chromosomes of Drosophila melanogaster. Furthermore,
no genotoxic effects were demonstrated for FeCl2 and CrCl3,
shown to have mutagenic effects for NiCl2, MoCl3, ZnCl2
and MnCl2 in D. melanogaster [23]. On the other hand,
Codina el al. [24] determined that the genotoxic effect of
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chromium, nickel, mercury, zinc and copper by different
microbiological methods. Yeşilada [25] demonstrated some
metal nitrate compounds caused an increase in the frequency of total spots on the Drosophila somatic mutation
and recombination test (SMART).

demonstrating the genotoxicity of chromium (VI) compounds and their mutagenic effects in different test systems
[26]. Chromium (VI) compounds seem to exert their genotoxic action by generating reactive oxygen species that cause
DNA damage [27,28]. In our experiments, K2Cr2O7 was
directly dose-dependent genotoxic (Table 2). In fact, our
results with potassium dichromate are in good agreement
with those previously obtained in Drosophila [19, 26, 29,
30].

Previous works on the genotoxicity of these metals
show quite different results depending on the genetic system or assay used. Numerous reports have been published

TABLE 1 - Wing-spot test data obtained after treatment with cobalt chloride (CoCl2). Results obtained with mwh/flr3 wings.
Compound, Number
Concentration of wings
(mM)
(N)
Control water
1 mM EMS

80
80

0.1
1
10

90
90
90

Small single
spots
(1-2 cells) (m=2)
No
Fr D
13
(0.16)
60
(0.75) +
16
23
93

(0.18) i
(0.26) i
(1.16) +

Large single spots
(> 2 cells) (m=5)
No
2
25

Fr
(0.03)
(0.31)

D

1
5
7

(0.01)
(0.06)
(0.08)

Twin spots
(m=5)

Total mwh spots
(m=2)

Fr
(0.01)
(0.14)

D

+

No
1
11

i
i
i

0
0
4

(0.00)
(0.00)
(0.04)

Total spots
(m=2)

Frequency of clone
formation per 105
cells

Fr
D
(0.20)
(1.15) +

No
16
96

Fr
(0.20)
(1.20)

D

+

No
16
92

+

0.82
4.71

i
i
i

17
28
104

(0.19) (0.31) +
(1.16) +

17
28
104

(0.19)
(0.31)
(1.16)

+
+

0.77
1.28
4.74

No: number, Fr: frequency, D: statistical diagnosis according to Frei and Würgler (1988), +: positive, -: negative, i: inconclusive,
m: multiplication factor, probability levels α = β = 0.05.

TABLE 2 - Wing-spot test data obtained after treatment with potassium dichromate (K2Cr2O7). Results obtained with mwh/flr3 wings.
Compound, Number
Concentration of wings
(mM)
(N)

Small single spots
(1-2 cells) (m=2)

Large single spots
(> 2 cells) (m=5)

80
80

No
16
57

Fr D
(0.20)
(0.52) +

No
1
36

Fr
(0.01)
(0.45)

D

Control water
1 mM EMS
0.1
0.5
1

90
90
90

13
34
101

(0.14)
(0.38)
(1.12)

4
20
63

(0.04)
(0.22)
(0.70)

+
+

Twin spots
(m=5)

Total mwh spots
(m=2)
D

+

No
Fr
0 (0.00)
16 (0.20)

i
+
+

4
3
52

(0.04)
(0.03)
(0.58)

Total spots
(m=2)

Frequency of clone
formation per 105
cells

Fr
D
(0.21)
(1.30) +

No
17
109

Fr
(0.21)
(1.36)

D

+

No
17
104

+

0.87
5.33

i
i
+

21
54
210

(0.23) (0.60) +
(2.33) +

21
57
216

(0.23)
(0.63)
(2.40)

+
+

0.96
2.46
9.56

No: number, Fr: frequency, D: statistical diagnosis according to Frei and Würgler (1988), +: positive, -: negative, i: inconclusive,
m: multiplication factor, probability levels α = β = 0.05.

TABLE 3 - Effect of potassium dichromate (K2Cr2O7) on mean longevity of D. melanogaster.
Concentration
*
(mM)
Number of flies
Mean longevity
Control water
100
56.85 a
10
100
46.85 b
25
100
43.01 bc
50
100
41.85 c
*
a, b, c; statistically different groups as a result of Duncan’s one way range test (significance level at
not statistically different from each other. S. D.: Standard Deviation, S. E.: Standard Error

S. D.
S. E.
14.88
1.49
15.33
1.53
14.87
1.49
15.18
1.52
0.05). Concentrations with the same letter are

TABLE 4 - Effect of cobalt chloride (CoCl2) on mean longevity of D. melanogaster.
Concentration
*
(mM)
Number of flies
Mean longevity
Control water
100
56.85 a
10
100
45.67 b
25
100
42.98 bc
50
100
40.30 c
*
a, b, c; statistically different groups as a result of Duncan’s one way range test (significance level at
not statistically different from each other. S. D.: Standard deviation, S. E.: Standard error
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S. D.
S. E.
14.88
1.49
14.91
1.49
14.81
1.48
15.41
1.54
0.05). Concentrations with the same letter are
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FIGURE 1 - The survival curves for the males of control and potassium dichromate (K2Cr2O7) treated groups of D. melanogaster.

FIGURE 2 - The survival curves for the males of control and cobalt chloride (CoCl2) treated groups of D. melanogaster.

It occurs predominantly in two valencies (Cr6+ and
Cr ). Cr (VI) compounds are the most toxic and carcinogenic than Cr (III) because Cr (VI), in contrast to Cr (III),
can be easily absorbed and transported across membranes
3+

via non-specific anion carriers [6,31]. Over the last decade many studies have demonstrated that a reduction of
Cr6+ in vivo increases the generation of free radicals [32,
33]. The toxic effects of Cr are attributed to its ability to
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induce oxidative stress leading to enhanced production of
reactive oxygen species (ROS). These results in decreased
cell viability enhanced intracellular oxidized states, membrane damage and apoptotic and necrotic cell death [34].
In general, the genotoxicity of the different Cr (VI)
compounds can be attributed to a single active form, the
chromate ion, which is the predominant form at physiological pH, capable to permeate cell membranes [35],
although some uncertainties exist about the exact mechanism of its uptake. As mentioned above, the actual explanation of the mechanism of genotoxic action of Cr (VI)
implies a reduction inside the cells to more reactive products, including Cr (V) and Cr (IV) and the most stable
form Cr (III); this reduction process leads to the generation of active oxygen species [36] that attack DNA. These
reactive products of Cr (VI) would cause different lesions
in the imaginal disk cells of D. melanogaster, which give
rise to mutational events.
In addition, under our experimental conditions, CoCl2
was clearly dose-dependent genotoxic, as shown in Table 1.
These results agree with previously reported data in the
wing spot test by Demir et al. [14,20] and in other mutation assays [5]. Studies have indicated that cobalt compounds react with H2O2 to produce 1O2 and .OH probably
via the cobalt-oxygen complex [37,38].
On the other hand, the results obtained from longevity of Drosophila exposure to 10, 25 and 50 mM concentrations of the K2Cr2O7 and CoCl2 demonstrated clearly a
dose-dependent decrease the incidence of longevity (Tables 3, 4, Figures 1, 2). The mean longevity of the Drosophila exposed to different doses of K2Cr2O7 as compared with distilled water (solvent control) is presented in
Table 3. It is evident from Table 3 that 10, 25 and 50 mM
concentrations of the K2Cr2O7 demonstrated a significant
decrease in the longevity 46.85, 43.01 and 41.85, respectively. As well as, for CoCl2 the result obtained from longevity demonstrated a significant decrease exposure to
same con-centrations for the longevity 45.67, 42.98 and
40.30, respectively (Table 4). The data demonstrated the
strong decrease in the longevity activity of CoCl2 higher
than K2Cr2O7 (Table 4, Figure 2). Similar results associated with other metals have been seen by other workers too.
Massie et al. [39] reported that the life span of D. melanogaster was reduced when fed with copper compounds.
The same researchers [40] showed that in the form of
aluminium salts such as aluminium chloride, aluminium
nitrate and aluminium sulfate decreased the life span by
as much as 20%. Moreover, Yeşilada [41] reported that
caused a negative effect on longevity at higher concentrations of vinasse on the Drosophila.

and CoCl2 cause formation of free radicals. Free radicals
play an important role in genotoxicity, aging and ageassociated diseases [45,46]. This theory was supported by
different studies. Ross [47] found that age-related increases in free radical levels were lower in long-lived lines of
fruit flies (D. melanogaster) than in short-lived lines. On
the other hand, some studies have been found a negative
correlation between free radical production and longevity
on mammal species, fruit flies and fungi [48-50]. In contrary to, in the present study we showed that caused a
direct dose-response relationship decrease in the longevity
related to genotoxic effects of K2Cr2O7 and CoCl2 in Drosophila.
4. CONCLUSIONS
Our studies using the Drosophila as an in vivo model
system show that when the results were compared with
the results obtained from negative control, it was observed that both metals have increased a dose-dependent
genotoxicity.
Both metal clearly significant dose-dependent decrease the incidence of longevity both CoCl2 and K2Cr2O7
in Drosophila.
Decreasing rate in longevity was higher in the CoCl2
than in the K2Cr2O7.
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Numerous genetic and environmental factors have
been implicated in modulating aging processes [42,43].
Among many hypotheses of aging, the free radical hypothesis proposed more than 50 years ago states that cumulative oxidative damage to macromolecules in the cell
is a causal factor of aging [44]. In this study used K2Cr2O7
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ABSTRACT
Decolorization of Acid Blue 7 which is used widely
in leather industry was investigated as a model for a decolorization system using soluble starch yeast extract medium
under agitated and static conditions with Trametes trogii
TEM H2. The effects of different physico-chemical parameters were tested and optimal decolorization rates occurred at pH 5.0 and at 27 °C. Decolorization of Acid Blue
7 under agitated and static conditions was determined to be
99.9% and 63.5%, respectively. Decolorization was associated with laccase activity which reached 1110.3 U/L in
agitated cultures in the presence of Acid Blue 7 on the 6th
day of cultivation. T. trogii TEM H2 was further evaluated for the decolorization of 8 other leather dyes, such as
Acid Black 210, Acid Green 20, Acid Yellow 36, Acid
Black 24, Acid Black 234, Acid Violet 17, Acid Blue 134,
Acid Brown 349, and a mixture of Acid Blue 7 with these
8 leather dyes and leather industry effluents. The decolorization rates after 24 h for the dye mixture and the effluent (10%) were 88% and 48%, respectively. The strain
was considered as a good candidate for biodegradation
and bioremediation of leather dye-polluted effluents due
to its laccase production and decolorizing ability.

KEYWORDS: Decolorization, Trametes trogii, Acid Blue 7, Laccase, Leather dyes

from wastewater effectively, since even small amounts of
dyes are clearly apparent [3]. At present, a number of studies have tended to microorganisms, which are able to decolorize and biodegrade these dyes [4]. Several studies with
Ganoderma sp. [5], Pleurotus ostreatus [6], Trametes sp.
[7], Trametes trogii [4, 8] and Trametes versicolor [9] indicated that the decolorization of dye solutions could be
provided by them easily. The biodegradation of dyes is
carried out with extracellular enzymes produced by white
rot fungi [10]. Laccases are a group of multi-copper containing enzymes that catalyze one-electron oxidation of
phenolic compounds with the concomitant reduction of
oxygen to water. Laccase has been chosen to remove environmental pollutants, such as alkenes, chlorophenols,
dyes, herbicides, polycylic aromatic hydrocarbons and
benzopyrenes [11]. For more efficient bioremediation
applications by biological methods, more information
about isolation of new strains from various habitats and
their decolorization capacities of dyes is needed.
The objective of this work was to study decolorization of a leather dye (Acid Blue 7) by T. trogii TEM H2,
and to evaluate its performance under agitated conditions
according to optimization studies. Acid Blue 7 (AB7) was
chosen as a target dye, which is used in large quantities in
leather industry in Turkey. T. trogii TEM H2 was tested
for its ability to decolorize 8 leather dyes, in addition to
AB7. It was also assessed for decolorization of leather
industrial effluents. To our knowledge, this is the first
report on decolorization of dye AB7 by fungi.

1. INTRODUCTION

2. MATERIALS AND METHODS

Synthetic dyes are being increasingly used in textile,
paper, leather dyeing, cosmetics, pharmaceutical and food
industries [1]. More than 100,000 available dyes being used
commercially are known, and nearly one million tons of
these dyes are produced every year worldwide [2]. These
compounds were chemically classified as azo, anthraquinone, heterocyclic, triphenylmethane, or phthalocyanine
dyes. There is a serious problem about removal of color
* Corresponding author

2.1. Dyes and Chemicals

2,2-Azinobis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) was obtained from Sigma Chemical Company
(St. Louis, MO, USA). Commercially important 9 leather
dyes [AB7 (λmax = 637 nm), Acid Black 210 (AB210)
(λmax = 604 nm), Acid Green 20 (AG20) (λmax = 611 nm),
Acid Yellow 36 (AY36) (λmax = 434 nm), Acid Black 24
(AB 24) (λmax = 573 nm), Acid Black 234 (AB234) (λmax
= 466 nm), Acid Violet 17 (AV17) (λmax = 545 nm), Acid
Blue 134 (AB134) (λmax = 606 nm), and Acid Brown 349
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(AB349) (λmax = 425 nm)] were obtained from local markets. These dyes were chosen on the basis of their frequent use in local leather industries. They were arranged
as stock solutions (1,000 mg/100 ml) in double-distilled
water. The stock solutions were sterilized by membrane
filtration. The solutions of the desired concentrations were
obtained by successive dilutions [12].
2.2. Fungal strain and culture conditions

Subcultures of Trametes trogii TEM H2 were prepared every 10 days on potato dextrose agar, and kept in a
refrigerator until use.
The physical adsorption of the dye on the mycelia,
monitored over the whole cultivation process (biotic controls), was insignificant in all cases. The mycelia have not
been affected by dye color during cultivation period (Fig. 1).
The mycelia remained their original color. Dead fungal biomass of Trametes trogii TEM H2 was found to be ineffective in removing Acid Blue 7 (data not shown). Laccase
production has been increased from day to day during
cultivation period. These findings and observations were
assessed as boiotic controls of Trametes trogii TEM H2.

ferent nitrogen sources on dye decolorization were studied
by substituting yeast extract with peptone, L-asparagine,
ammonium sulphate and ammonium chloride [5, 13].
Cultivation on solid media was carried out at 27 °C in
Petri dishes (85 mm diameter) containing SSYE medium
with dyes at a final concentration of 100 ppm. Plates were
inoculated with mycelial plug (5 mm in diameter) cut
from actively growing mycelia [14].
2.3. Decolorization assays

Decolorization of the liquid medium was measured
with a spectrophotometer (Varian UV- Vis Cary 300) in
samples collected at regular intervals. At each sampling
time, the samples (2 ml) were centrifuged at 10,000 rpm
for 10 min in a refrigerated tabletop centrifuge (Hettich
Rotina R 35), and the absorbance values of supernatants
were determined. The clear supernatants were used for
determination of decolorization rate by reading the absorbance at the maximum absorption wavelength of respective dyes [9]. Control experiments for each test were
carried out using uninoculated medium with dye addition.
Decolorization activity was tested also on solid media,
where the radial growth and the zone of color change on
the agar plates were measured [14]. AB7 was used to determine the efficiency degree of decolorization in liquid
cultures and optimization studies.
2.4. Study of physico-chemical parameters

Decolorization was studied by using different initial
dye concentrations (50-800 ppm), pH values (3.0-8.0) and
temperatures (20, 27, 37, 40 °C).
2.5. Decolorization of leather industrial effluent
FIGURE 1 - Decolorization of Acid Blue 7 by Trametes trogii TEM
H2 in liquid medium.

The microorganism used in this study was obtained
from the culture collection of Industrial and Molecular
Microbiology Research Laboratory, Basic and Industrial
Microbiology Section, Biology Department, Ege University, Turkey. T. trogii TEM H2 was maintained on potato
dextrose agar (PDA) plates through sub-culturing. Shake
flask cultures were grown at 27 °C with continuous agitation at 150 rpm in 250-ml Erlenmeyer flasks containing
50 ml soluble starch yeast extract (SSYE) medium. The
SSYE medium contained (g/L of distilled water): starch 20,
yeast extract 2.5, KH2PO4 1, Na2HPO4 0.05, MgSO4·7H2O
0.5, CaCl2 0.01, FeSO4·7H2O 0.01, MnSO4·4H2O 0.001,
ZnSO4·7H2O 0.001, and CuSO4·5H2O 0.002 [5]. The pH of
the medium was adjusted to 5.0. Four agar plugs (5 mm in
diameter) taken from the active borders of PDA cultures
(10 days old) were transferred to each flask. Dye was
added (100 ppm) to each flask after 6 days of growth. One
set of inoculated flasks was incubated stationary. In order
to optimize carbon source of dye decolorization medium,
starch was replaced with 4 different carbon sources, such
as glycerol, glucose, sucrose and fructose. Effects of dif-

Leather industrial effluent was collected from the industrial area situated in Torbalı, Izmir, Turkey. Different
proportions of effluents were added to the medium after
6 days of growth, and its decolorization was studied. The
absorbance between 400 and 700 nm was recorded [5].
2.6. Laccase enzyme assay

Laccase activity was assayed spectrophotometrically
by measuring the oxidation of ABTS at 420 nm (ε420 = 3.6
x 104 cm-1 M-1) as described by Revankar and Lele [5] and
Bora [15], with some modifications. The reaction mixture
contained 0.2 ml of 5 mM ABTS, 0.6 ml of 0.1 M glycine-HCl buffer (pH 3.0), and 0.4-ml aliquots of appropriately diluted culture fluid. One laccase activity unit
was defined as amount of enzyme that oxidized 1 µmol
ABTS per min. The activities were expressed in U/L. All
the values are the means of duplicate experiments.
3. RESULTS AND DISCUSSION
3.1. Decolorization capacity of Trametes trogii TEM H2 during
cultivation on solid medium

A simple agar-plate test with 9 different leather dyes
was used for determining the decolorization capability of
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T. trogii TEM H2 (Table 1). T. trogii TEM H2 was able
to grow on solid media in the presence of the dyes. The
strain showed identical results after 14 days of cultivation
for all dyes. Three dyes (AB7, AB134 and AB349) in the
Petri dishes were decolorized completely after 14 days. In
addition to these results, T. trogii TEM H2 could achieve
significant decolorization of the other dyes after 14 days.
On solid media, Basidiomycete strain PV 002 completely
decolorized AB210 after 17 days [13].
TABLE 1 - Decolorization of leather dyes by Trametes trogii TEM
H2 after 14 days of cultivation on Petri dishes (85 mm diameter).
Dyes

cultivation. In stationary cultures, mat formation at the
surface leads to restriction of oxygen transfer to the cells
under the surface, which results in oxygen limitations in the
medium. This formation inhibits the oxidative enzymes and
prevents decolorization [19]. The ability of T. trogii or its
laccase to decolorize different dyes was demonstrated in
several studies. Yesilada et al. [18] demonstrated that fungal pellets could effectively remove more than 75% of the
color of textile dyes in 24 h. The best decolorization results were obtained under agitated conditions. Therefore,
other experiments were performed according to these conditions.

Growth (mm)a

Decolorization
(mm)b
Acid Blue 7
85
85
Acid Black 210
83±1
63±2
Acid Green 20
85
75±2
Acid Yellow 36
85
80±1
Acid Black 24
83±1
83±1
Acid Black 234
85
72±2
Acid Violet 17
85
83±1
Acid Blue 134
85
85
Acid Brown 349
85
85
a
Radial growth rate measured as a diameter of mycelial colony on the
14th day of cultivation on SSYE medium containing 0.1 g/L of the
respective dye. b Decolorization measured as a diameter of decolorized
zone on the 14th day of cultivation on SSYE medium containing 0.1 g/L
of the respective dye.
FIGURE 2 - Effect of agitation on Acid Blue 7 decolorization.

In a similar study, 30 different basidiomycete strains
were tested for decolorization and radial growth rate on
agar plates containing 0.2 g/L of Orange G or Remazol
Brillant Blue R (RBBR). All strains were able to grow on
solid media in the presence of the dyes, but only 15 strains
decolorized both dyes tested [16]. Funalia trogii ATCC
200800 was able to completely decolorize 6 dyes (Reactive Blue 19, Reactive Blue 49, Acid Violet 43, Reactive
Black 5, Reactive Orange 16 and Acid Black 52) within
10 days on solid media, as previously reported [17].
3.2. Effect of agitation on dye decolorization and enzyme
production by Trametes trogii TEM H2

High decolorization rate of AB7 was achieved within
8 h after addition of the dye in agitated culture, as compared to decolorization rate (46%) in stationary culture.
Decolorization rate of AB7 by T. trogii TEM H2 increased to 99.9% under agitated conditions within 24 h.
On the other hand, under static conditions, 63.5% color
removal efficiency was obtained in 24 h (Fig. 2).
Several studies under agitated and static conditions
with Ganoderma sp. [5], Pleurotus sp. [14] and Funalia
trogii [18] were carried out. The best decolorization results were seen under agitated conditions. The decolorization ability of T. trogii TEM H2 is assumed to be linked
with its ligninolytic properties; therefore, we tested laccase production in agitated and stationary cultures. In the
absence of dye, T. trogii TEM H2 showed production of
laccase (65.2 U/L, stationary culture) and (1080.8 U/L,
agitated culture) on 6th day of cultivation. In the presence
of AB7, laccase activities reached 76.7 U/L in stationary
culture and 1110.3 U/L in agitated culture on 6th day of

3.3. Effects of initial pH and temperature on dye decolorization

The effect of initial pH was studied at values between
3.0 and 8.0. Decolorization of AB7 occurred at pHs 3.0,
4.0, 5.0 and 6.0, but was optimal at pH 5.0. Media with
initial pH values ranging from 3.0–6.0 showed efficient
decolorization (Fig. 3). However, lower decolorization
rates were acquired at pHs 7.0 and 8.0. The pH of the
culture medium influenced the growth of Trametes trogii
TEM H2 representing lower growth rates at pH 7.0 and
8.0. Optimal decolorization rates occurred at pH 4.0-6.0
being optimal at pH 5.0 by the culture filtrate of Trametes
trogii, as previously reported [4]. In another study, maximum decolorization of tested dyes by Trametes trogii occurred at pH 4.0 or 5.0 [8].

FIGURE 3 - Effect of initial medium pH on decolorization of Acid
Blue 7.
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The effect of temperature was studied by incubating
at temperatures between 20 and 40°C. The optimum temperature was 27 °C for decolorization (Fig. 4). However,
above this temperature, there was a decline in the removal
of color. Temperature variation significantly affected dye
decolorization rate. No decolorization was detected after
growth at 40 °C (data not shown). These findings are in
correspondence with literature data [13]. Liu et al. [20]
reported that dye decolorization increased with temperature up to a certain degree, above which the dye decolorization decreased caused by enzyme inactivation at high
temperature.

Nitrogen source in media is another essential factor
for efficient decolorization by fungi. Inorganic nitrogen
sources were not effective in AB7 decolorization (Fig. 6).
Only 38 and 18% dye decolorization was achieved with
ammonium sulphate and ammonium chloride, respectively. Among the different nitrogen sources, yeast extract
was the best with 99% AB7 decolorization in 24 h, while
only 50 and 82% decolorization was achieved in 24 h
with L-asparagine and peptone, respectively. Hence, yeast
extract was selected as the best N source. Maximum decolorization of 6 different dyes was obtained by Trametes
trogii when glucose and L-asparagine were used as carbon
and nitrogen sources [23]. Revankar and Lele [5] have
shown that maximum decolorization of amaranth was observed when starch and yeast extract were used as carbon
and nitrogen sources.

FIGURE 4 - Effect of temperature on decolorization of Acid Blue 7.
3.4. Effect of medium composition on dye decolorization

The effects of different carbon sources on AB7 decolorization are shown in Fig. 5. The lowest dye decolorization rate (26%) was observed after 24-h incubation with
sucrose. Similarly, the minimum dye degradation was
noted with sucrose as additional carbon source for decolorization of Cibacron Turquoise P-GR by Ganoderma
lucidum [21]. Among the different carbon sources, starch
was the best with 99% AB7 decolorization in 24 h, while
only 70 and 68% decolorization was achieved in 24 h
with glucose and glycerol, respectively. Starch (2%) was
reported as carbon source which gave the maximum laccase activity [22]. Hence, starch was selected as the best
carbon source for dye decolorization.

FIGURE 5 - Effects of different carbon sources on decolorization of
Acid Blue 7.

FIGURE 6 - Effects of different nitrogen sources on decolorization
of Acid Blue 7.
3.5. Effects of different initial dye concentrations on dye
decolorization

Decolorization percentages of the AB7 by T. trogii
TEM H2 at different initial dye concentrations are shown
in Fig. 7. The highest values of the decolorization were
achieved with 50, 100 and 200 ppm initial dye concentrations under agitated conditions at the end of 24-h incubation. An increase in dye concentration resulted in slight
reduction of decolorization percentages between 50 and
400 ppm AB7. Lower decolorization percentage at high
dye stuff concentration was reported [4], and predicted to
be due to the inhibitory effects of high dyestuff concentration. Decolorization of AB7 was inhibited at concentrations above 400 ppm (Fig. 7).

FIGURE 7 - Effects of initial dye concentrations on decolorization of
Acid Blue 7.
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FIGURE 8 - Absorbance spectra for different dyes at time 0 and after 24 h. Abs. absorbance

3.6. Decolorization of different leather dyes

After optimization assays for dye decolorization, the
next step was to assess the efficiency of T. trogii TEM H2
in decolorizing different dyes. Decolorization of 8 leather
dyes was performed by T. trogii TEM H2. Figure 8 shows

the absorbance spectra for each dye after 24-h incubation.
Decolorization percentages of AV17, AB134 and AG20
after 24 h were 98.5, 97.7, and 97.0% under agitated conditions, respectively. The results indicated that T. trogii
TEM H2 could achieve significant decolorization of leather
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dyes after 24-h incubation (Fig. 8). Uninoculated control
showed no change in color. 70% of AB210 was reduced
in color under static conditions by Basidiomycete strain
PV 002 [13].
There are many physico-chemical studies on dye decolorization. Decolorization efficiency of 90% for AB7
wastewater treatment was obtained by Ti/TiO2 photoelectrocatalysis using response surface methodology [24]. In
another study, Zielinska et al. [3] investigated the photocatalytic removal (decomposition and adsorption) of AB7
in water using Tytanpol A11 and Degussa P25 as photocatalysts. A number of physico-chemical methods had
many disadvantages and limitations. Therefore, we have
focused on T. trogii TEM H2 for decolorization of leather
dyes in the present work, and 99.9% could be achieved
within 24 h.
The results showed that T. trogii TEM H2 is able to
decolorize efficiently not only leather dyes, but also their
mixture (Fig. 9). The mixture containing 9 leather dyes was
tested for decolorization. Dye mixture was put (100 ppm)
into the flask after 6 days of growth, and maximum absorbance was seen at 570 nm. The decolorization percentage of dye mixture was 88% after 24-h incubation. In a
similar study, Ischnoderma resinosum efficiently decolorized dye mixtures to a high extent, but the decolorization
period was 14 days [25].

FIGURE 9 - Absorbance spectra for dye mixture at time 0 and after
24 h.

TABLE 2 - Decolorization performance of Trametes trogii TEM H2
at various concentrations of effluent after 24 h.
Media:effluent (ml)
45:5
40:10
35:15

Decolorization (%)
48±1.4
25±0.9
19±0.4

In a similar study, Diwaniyan et al. [26] reported that
textile effluents were decolorized most efficiently by fungal
isolates RCK-1 and RCK-3 (42% and 54%, respectively).
Industrial effluents are more complex owing to the presence of other contaminating substances along with colored
compounds [27]. Therefore, the degradation of effluent by
T. trogii TEM H2 was lower than that of synthetic dyes, in
this study. The results indicate that the time required for
complete decolorization of industrial effluents could be
much more than for a single dye but after sequential adaptation of biomass to higher concentrations, the decolorization performance could be increased and T. trogii TEM
H2 could be used in bioprocess to remove color from
leather industrial effluents.
4. CONCLUSION
T. trogii TEM H2 is an effective fungal strain in decolorization of leather dyes at optimal conditions. For more
efficient decolorization, various factors have been considered. One of these factors was found to be agitation. Starch
and yeast extracts were the best carbon and nitrogen
sources, respectively, for AB7 decolorization. The decolorization of different leather dyes and their mixture was
successfully fulfilled by T. trogii TEM H2 which produces high amounts of laccase. Further investigations
should be focused on application of purified laccase in dye
decolorization studies, and determination of metabolites
formed during the decolorization as well as dye kinetics.

3.7. Decolorization of leather industrial effluent by Trametes
trogii TEM H2

T. trogii TEM H2 was tested for its efficiency to decolorize leather industrial effluents. The industrial effluent was suitably diluted and its absorption spectrum was
recorded. The spectrum of effluent exhibited a maximum
absorption at 467 nm. T. trogii TEM H2 could decolorize
10% (v/v) effluent (48%) after 24 h of incubation (Fig. 10).
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ABSTRACT

1. INTRODUCTION

The micronucleus assay (MNT) is a mutagenicity test
system for determining pollution and chemicals causing
changes in DNA fragments, such as micronuclei (MN) in
the cytoplasm of interphase cells. Damage caused in the
DNA by genotoxic pollutants is the first consequence occurring in the aquatic organisms. The MNT in fish erythrocytes has increasingly been used to detect the genotoxic
effects of environmental mutagens, and its frequency is
considered to reflect the genotoxic damage to cells, mainly
the chromosomes.
In this study, the genotoxic effects of methyl parathion (MP), one of the most commonly used pesticides in
Lake Van Basin, on Chalcalburnus tarichi (Pallas, 1811),
which is an economically important endemic species in
the basin, were investigated. The experiment was carried
out over a period of 30 days using an in vivo method on
samples of peripheral erythrocytes of C. tarichi taken at
sampling times. The fish were exposed to increasing concentrations of MP (1.47, 2.1, 3.0, 4.28 and 6.11 mg L-1)
under semi-static conditions in the laboratory. The increase in micronucleus frequency was significant as well
as altered cells’ frequencies. Thus, it was attempted to
determine whether MP affected the erythrocytes of C.
tarichi at the level of DNA by means of the MN test.
According to the results of the present study, the highest
level of frequency of MN was found at 6.11 mg L-1. In
conclusion, this study indicates that the MN test gives
sensitive results in determining the genotoxicity of pesticides, and thus, it might be used as a standard method for
regularly monitoring the genotoxic effects of pesticides.

KEYWORDS: Micronucleus test, Chalcalburnus tarichi, Methyl
parathion, Genotoxicity
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Aquatic organisms are exposed to many xenobiotics
during their lifespan both from the water and through the
aquatic food-chain. Studies reveal the fact that a number
of chemical contaminants to the environment have carcinogenic or mutagenic effects. The major sources for mutagenic
and carcinogenic substances are industrial and agricultural
activities (i.e. pesticides). Indiscriminately used chemicals
in agricultural fields may end up in the river due to rain,
surface runoff, as well as industrial and urban discharges.
For almost 5 decades, MP was applied in the form of
organophosphate insecticides and widely used against
insects in agriculture [1, 2]. It is relatively insoluble in
water, poorly soluble in petroleum ether, and readily
soluble in most organic solvents. MP is highly toxic for
aquatic invertebrates with most LC50 values ranging from
1 to 40 µg L-1. Measured LC50 values for molluscs are
reported to be between l2-25 mg L-1. Most fish species in
both fresh and sea water have an LC50 value between 6
and 25 mg L-1, with a few species substantially more or
less sensitive to MP [1-3]. Researchers have measured the
MP concentrations in water, soil, macrophytes, and fish,
and they reported detection limits of, 6.6, 120, 47 and
4074.6 µg kg-1, respectively [4].
Studying DNA damage at the chromosome level constitutes a necessary part of genetic toxicology [5] because
chromosomal mutation plays the most important role in
cancer formation. Erythrocyte micronuclei test in fish is a
method used in monitoring aquatic pollutants of mutagenic
character by using a number of different species [6-9]. Fish
are the most preferred organisms in MNTs because they are
the main bio-monitor affected creatures by the changing
environment where pollutants are discharged, and they respond to xenobiotics in a similar way to mammalians [10].
Due to the potential genetic hazards of pesticides, the
aim of the present study was to determine the level of the
mutagenic effect by means of MNT using C. tarichi. Fish
being the main source of protein in many humans, also
need special attention. The present study was, therefore,
undertaken to examine the ability of MP to induce MN in
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peripheral blood of C. tarichi. Determinations of genotoxic
damage under aquatic conditions are important for biological monitoring of environmental genotoxicants.
2. MATERIALS AND METHODS
Pear mullet (Chalcalburnus tarichi) is an endemic
species (family Cyprinidae) living in the Van Lake Basin
[11], and has economic importance only for this region [12,
13]. This fish is an omnivorous species, mainly feeding on
zooplankton and benthic fauna. C. tarichi migrates to rivers
pouring into Lake Van for spawning in the reproductive
season, and then, it returns to the lake. Fertilization, incubation period, opening of eggs and feeding of larvae occur
in the rivers for a certain period [13]. This species has an
important place in fishing accounting for about 12,000
tons/year [14]. Pesticides that have been used in previously mentioned activities increase between May and October
in the rivers. Rivers, which form a reproductive habitat for
fish, are often placed where agricultural activities are performed at the same time [14]. On the other hand, flow-rates
of rivers also decrease because of high levels of agricultural
irrigation. Fish used in this study were captured in the natural environment (Van Lake Spills Karasu Brook) [15-17].
Collected fish were kept in 260x80x70 cm size fiberglass
tanks containing dechlorinated tap water. Before the experiment, all fish were taken from a stock tank. They were
acclimatized in the laboratory in tanks of dechlorinated tap
water aerated continuously at 17.5 ± 1 °C. Fish in this environment were given trout chow pellets and allowed approx. 1.5 months to get used to this new environment. In
the experiments, 60x30x40 cm glass aquariums were
used, and all treatments were tested as three replicates.
Analytical grade MP [(C8H10NO5PS) Cas No: 80-05-7]
was purchased from Aldrich, Germany. Stock MP solutions were prepared by dissolving the test chemical in
dimethylsulphoxide (DMSO) (Sigma, Cat. No: 67-68-5)
as 6 mg MP L-1. DMSO is known as an environmentally
friendly solvent, and according to the European directive
67/548/EEC, DMSO is not classified as dangerous [18].
Test concentrations were prepared by adding the
chemicals from stock solution directly to the test medium.
Concentrations were applied to the chronic toxicity experiment according to the results determined in acute toxicity
test (LC50 for 96-h: 11.44 mg MP L-1) [17]. Semi-static
test conditions were prepared for chronic toxicity experiments. MP levels used in the experiments were calculated
as 1.47, 2.10, 3.00, 4.28 and 6.11 mg MP L-1 according to
the result of the acute test 96-h LC50 value (11.44 mg MP
L-1). The experiment was continued for 30 days. MP
concentrations were renewed every 2 days. During the
study, a total of 10 fish were examined, of which the mean
total length was 8.4±1.65 cm. Then, 0.07 ml of peripheric
blood sample was taken from the caudal vein of the fish

into 75-µl microhematocrit tubes by dissecting their caudal fins.
The preparations were made by smearing one drop of
blood on each slide, keeping this May-Grunwald fixative
for 15 min, drying out for 1 h, and then rinsing with distilled water. As mentioned before, 3 preparations were
made for each individual, and 500 cells were examined
for each preparation. The preparations rinsed by keeping
for 20 min in Giemsa stain diluted to 1/10 with distilled
water were examined with a light microscope, after they
were dried, and formations of micronuclei and binuclei
were examined in the blood cells.
3. RESULTS
In this study, genotoxic effects of MP, one of the most
commonly used pesticides in Lake Van Basin, on Chalcalburnus tarichi, an economically important species endemic
to the basin, were studied. The fish were exposed to increasing MP levels (1.47, 2.1, 3.0, 4.28, 6.11 mg/L) under
semi-static laboratory conditions. The present study attempted to determine the genotoxic potential of MP using
MNT of indicator organisms. Frequency of MN was determined. During the examinations, other nuclear abnormalities were observed, such as nuclear bats but they were
not included in the calculations since their numbers were
statistically not significant.
Micronuclei and their frequency found as a consequence of microscopic examinations in erythrocyte cells
of 10 individuals of C. tarichi from each concentration are
shown in Table 1. MN inductions were observed at concentrations ranging from 1.47 to 6.11 mg/L. Table 1 gives
the averages and standard errors of nuclear abnormalities
in blood cells of fish from 6 exposure concentrations (p<
0.005).
TABLE 1 - Nuclear abnormalities observed in blood cells of Chalcalburnus tarichi (means ± standard error).
Concentrations (mg-MP/L)
Control
Solvent Control (DMSO)

‰ Micronucleus
1.1 ± 0.24
0.5 ± 0.15

P<0.05
-

1.47
2.10
3.0

6.35 ± 0.45
6.975 ± 0.3
7.025 ± 0.48

P<0.0005
P<0.0005
P<0.0005

4.28
6.11

7.8 ± 0.64
17.225 ± 2.02

P<0.0005
P<0.0005

Mean micronuclei frequencies ranged between 6.3517.23 ‰, and binuclei were not observed in any of the
test concentrations (p<0.005). The lowest concentrations
of MP (1.47 mg/L) affected the blood cells of C. tarichi
(Fig. 1).
The dose-response curve showed an increased percentage of cells with micronuclei at these concentrations
when compared with control group (p<0.0001). As shown
in Fig. 1, MP treatment significantly increased the MN
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frequency in blood cells (p<0.005). This increase was
significantly different at all test concentrations compared
with control. Examples of micro-nucleated erythrocytes
are shown Fig. 1.
25

y = 0,6507x3 - 6,4488x2 + 20,372x - 13,575
2

R = 0,9935
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FIGURE 1 - Nuclear abnormalities observed in blood cells of Chalcalburnus tarichi (means ± standard error).

Micronucleus frequency was approx. 1.1 ‰ in the
control group, while in the solvent substance DMSO,
which has no toxic effects, it was 0.5 ‰. The frequency
value, depending on the toxicant, began to increase from
the first concentrations onwards starting with 6.35 ‰
micronucleus. At the highest concentrations, the numbers
of micro nucleated cells increased to 17.23 ‰.
4. DISCUSSION
The genotoxic effects of MP were examined in MN
tests carried out with erythrocytes of C. tarichi. These
tests were used as a biomarker because the MN test gave
reliable results, also due to its easy applicability. In recent
years, this test has been improved using many aquatic
organisms.
The MN test was originally developed in mammalian
cells [19], and then applied to many different organisms
including fish in order to detect cytogenetic damage [6,
7]. The fact that many organisms living in the water (i.e.
bivalves, crustaceans, polychaeta, fish) depend directly or
indirectly on food-chain, and that these organisms are exposed to carcinogenic or mutagenic agents, has led to such
experiments in marine organisms. In particular, it allows
detection of genotoxic properties of compounds present in
the aquatic environment. Both laboratory research (to
evaluate the genotoxicity of xenobiotics) and in situ studies (to assess the water quality) have involved several
invertebrate species [20, 21] and teleosts, such as Cypriniformes [22], Gadiformes and Pleuronectiformes [23],
Salmoniformes [23, 24], and Siluriformes [25].
As fish seem to respond to xenobiotics in the same
way as mammals, they can be used to test the possible
genotoxic properties of chemical and physical agents. In
fact, the piscine micronucleus test has been successfully

used to evaluate the genotoxic potential of aflatoxin B1,
PCBs, benzopyrene [26], cadmium, cyclophosphamide
[24], chromium, mercury, selenium [22], mitomycin C, and
X-rays [25]. In order to perform this assay, cells can be
sampled from several tissues, such as gill epithelium [7],
liver [23], kidney [20, 24] and peripheral blood [22-26].
Based on the results of MN counting on erythrocytes
from the fish, it was determined that the mutagenic potential of 6.11 mg MP/L was greater than that of other concentrations, although the difference between all of the
concentrations compared with the control group was statistically significant (p<0.005). Erythrocytes are widely
used in MN experiments [27]. Some intra-species factors
that may influence the results in MN test include age,
gender, feeding status, health, reproductive status, and
genetic ancestors. Extent of cytogenetic damage may vary
depending on hormonal status [28].
Al-Sabti et al. [26] observed that the frequency of
MN formation was the same both for in situ groups and
those subjected to chromium in the laboratory when they
examined the fish collected from Ljubljanica River, and
for those subjected to 50 ng/ml of chromium in the laboratory [29]. Buschini et al. [30] determined micronuclei
frequency by subjecting Cyprinus carpio species to lake
water in order to determine the genotoxic potential of
surface water of Castiglione del Lago Lake, Italy. The
investigators kept young individuals of Cyprinus carpio
in the lake water for 20 days, and then determined MN
frequency and other nuclear abnormalities in the erythrocytes of blood taken from the fish. As a result, they reported that MN frequency increased in the fish population
as exposure time increased; there were no differences in
MN frequency among the species, and substantially higher MN frequency was observed in fish exposed to sodium
hypochloride compared to those from clean areas.
In order to determine the genotoxic potential of Cai
River in Brazil which was petro-chemically polluted,
Lemos et al. [31] determined micronuclei frequency in the
blood samples of Pimaphales promelas fish species in
that region. MN frequency was found to be 1.6 ± 1.8 ‰ in
samples from the control group of the study. In this study,
our investigations demonstrated that MP was found to be
much more genotoxic by MN frequencies in fish blood
(ranging between 6.35-17.23 ‰).
In a study by Nepomuceno et al. [32] to determine
genetic damage in Cyprinus carpio exposed to metallic
mercury at concentrations of 2.0, 20.0 and 200.0 mg/L, it
was reported that genetic damage existed by examining MN
in blood cells (10 individuals from each test medium). MN
frequency was reported to range between 0.82 ‰ (2.0 mg
Hg/L) and 21.07 ‰ (200.0 mg Hg/L) at 31-days exposure
time. When compared with our study, it was shown that
MP is more genotoxic than metallic mercury.
In the study of Farah et al. [33], freshwater airbreathing fish, Channa punctatus, were exposed to pentachlorophenol (PCP) and 2,4-dichlorophenoxyacetic acid
(2,4-D) for determination of micronucleus induction. As a

1424

© by PSP Volume 21 – No 6. 2012

Fresenius Environmental Bulletin

result of the study, it was reported that the MN frequency
showed a steady rise from 2.89 to 8.08 at the highest PCP
level, and at the highest concentration (75 ppm) of 2,4-D,
MN frequency was 1.96 after a 48-h exposure, which was
followed by 2.15 and 4.62 after 72 and 96 h, respectively.
These results are compatible with our results.
Degraeve et al. [34] reported that MP did not cause
chromosome damage at 0.15 mg/L, although the present
study shows mutagenic effects of MP at a level of 1.476.11 mg/L. Monteiro et al. [35] applied MP to fresh water
trout Brycon cephalus. After 96-h application, the effects
of a 2 mg/L single dosage of MP (commercial formula)
on catalase (CAT), glutathion peroxidase (GPx), superoxide dismutase (SOD), glutathion S-transferase (GST),
reduced glutathion (GSH), and lipid peroxidation (LPO)
of white muscle and intestines was evaluated.
In conclusion, this study has shown MP to be genotoxic
to fish species C. tarichi. In addition, there was a correlation between the sub-lethal concentration of MP and micronuclei formation. Results conclusively indicated that
MP is genotoxic for C. tarichi.
5. CONCLUSION
As the result of our study increased micronuclei frequencies in blood cells of C. tarichi exposed to MP have
more mutagenic and genotoxic properties than other pesticides according to literature data. Thus, as the current
study indicates that the MN test in fish yields sensitive
results in monitoring genotoxic and mutagenic effects of
chemicals, especially pesticides, MN test might be used as
a standard method in the regular determination of genotoxic effects of pesticides.
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INVESTIGATION OF THIONINE
PHOTODECOLORIZATION KINETICS IN THE PRESENCE
OF NANO-TITANIUM DIOXIDE AT VARIOUS BUFFER MEDIA
Morteza Montazerozohori*, Masoud Nasr-Esfahani, Sajjad Mojahedi Jahromi and Ameneh Malekhoseini
Department of Chemistry, Yasouj University, Yasouj, Iran

ABSTRACT
Photocatalytic decolorization of thionine using nanotitanium dioxide (99.9% anatase) suspensions in various
buffer pHs of 2,7 and 9under 400 W high pressure mercury lamp irradiation under aerobic condition has been performed. Some physico-chemical parameters such as, nanophotocatalyst dosage, irradiation time, buffer pH effect
and initial concentration of dye in photo-reactor cell have
been investigated to obtain the optimum conditions at each
buffer pH. Kinetic study of decolorization suggests pseudo-first-order behavior for photodecolorization of dye at
all considered pHs. Ultimately observed rate constant
(kobs), photodecolorization rate (kr) and adsorption constant
KA are reported for all considered pHs. Finally spectrophotometric following showed that the maximum decolorization
is related to pH of 9 with 96.6 % efficiency when the
reaction time passes from 60 minute.

KEYWORDS: Thionine, nano-titanium dioxide, photocatalyst,
irradiation.

attracted the greatest attention due to its properties such as
chemical stability, non-toxic nature and suitable band gap
[11-16]. It is well known that under irradiation with sufficient energy to span TiO2's band gap, one electron (e) can
be promoted from valence band (VB) into the conduction band (CB) leaving a hole (h+). Then, electrons in CB
and holes in VB can initiate redox reactions on TiO2 surface leading to oxidative degradation of a target molecule.
To the best of our knowledge, there is no report on photocatalytic decolorization of thionine in various buffer
media using nano-titanium dioxide under high pressure
irradiation but several works on oxidative degradation of
it and methylthionine have been reported [17-19]. In continuation of our previous works on photodegradative
elimination [20-24], in this research we wish to report
assisted thionine decolorization in various buffer solutions using nano-titanium dioxide in a photocatalytic
reactor under 400W high pressure mercury lamp and in
final the influence of various parameters such as buffer
pH, irradiation time and catalyst dosage at each buffer
under air bubbling through the solutions is presented.
2. MATERIALS AND METHODS

1. INTRODUCTION

2.1. Chemicals and Instruments

Chemical wastewaters containing some organic dyes
are very harmful for environment and biological system.
These dyes have been applied in textile, cosmetic, food
colorants, printing, and pharmaceutical industries [1-3].
Therefore they have a key role in the viewpoint of synthetic
chemistry. In recent years, environmentally friendly scientists have introduced different methods for removal or
control the chemical pollutants including physical adsorption [4], advance oxidation processes [5, 6], and biological elimination [7]. Heterogeneous photocatalysis by
semiconductor oxides under UV irradiation has been found
to be as another powerful system for complete mineralization of many chemical dyes [8-10]. Among semiconductor
oxides, titanium dioxide is a favorite photocatalyst and has
* Corresponding author

Solvents and other chemicals such as NaOH, HCl,
KCl, K2HPO4, KH2PO4, Na2B4O10.10H2O and thionine
were purchased from Merck, Fluka and/or Aldrich. Nanotitanium dioxide (anatase), with an average size of 70 nm
and purity 99.9% (from Sigma-Aldrich) was used as photocatalyst (Figure 1). A photochemical set containing 400W
high pressure mercury lamp was applied for photodecolorization experiments. A JASCO V-570 UV-Visible spectrophotometer was used for spectrophotometer monitoring of
thionine. Separation of photocatalyst from suspension was
carried out with centrifuge. pH measurements were made
using F60 pH-meter.
2.2. General photo experiment method

Photocatalytic decolorization was performed through
using 20 mL of thionine at fixed concentration and by
adding TiO2 nano-particles into photoreactor cell under
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400W high pressure mercury lamp at room temperature.
The reactor cell was placed on the stirrer in the dark for 10
minutes to reach equilibrium. The air was bubbled continuously during the reaction. Effect of various dosage of
TiO2 (0, 10, 15, 20, 25 mg) on photocatalytic decolorization
of thionine was investigated. To study the pH effect, acidic
(pH=2), neutral (pH=7) and alkaline (pH=9) pHs buffer
solutions of dye were subjected to photoprocess. Initial
concentrations of 15ppm of dye were used for photoexperiment at pHs of 2, 7 and 9 respectively.

catalyst at all above pHs. It is observed that the absorbance is decreased with charging of photocatalyst and reached
minimum or plateau at 20, 20 and 10 mg as optimum dosage
of photocatalyst at pHs of 2, 7 and 9 respectively. The reason for this observation can be discussed based on the
availability of active sites on the surface of TiO2 for target
dye and penetrating of light into the suspension. It is obvious that the accessibility of dye molecules to active sites
is increased by loading the catalyst, but light penetrating
to solution is decreased due to higher scattering by larger
amount of photocatalyst particles leading to lower decolorization of dye [25-26].

FIGURE 2 – The effect of photocatalyst dosage on the residual
absorbance of thionine after 1 hour irradiation (the used dye concentration: 20, 15, 15 ppm at pHs of 2, 7 and 9 respectively)
3.2. Absorbance-irradiation time discussion

FIGURE 1 - TEM and SEM of nano-titanium dioxide that was used
as photocatalyst.

Figure 3 illustrates the plots of absorbance changes of
UV treated dye solution with respect to time. As the irradiation time increased, the residual absorbance of solution
is decreased to reach nearly total decolorization at pH= 2, 7
and 9 after 480, 240 and 90 min, respectively. The decolorization curves can be fitted reasonably well by an exponential decay suggesting first-order-kinetic.

2.3. Thionine measurement

The decolorization of the thionine was monitored using UV-Visible spectrophotometer. The concentrations of
Thionine at each time were calculated by aid of relative
calibration curves that are easily obtained from drawing
of absorbance-concentration plots for a series of standard
buffer solutions of dye with pHs of 2, 7 and 9 at wave
lengths of, 595, 596 and 598 nm respectively.
3. RESULTS AND DISCUSSION
3.1. The effect of catalyst dosage

The photocatalytic decolorization of thionine solution
in pHs of 2, 7 and 9 with different dosages of nanotitanium dioxide was run for about an hour under high
pressure 400W mercury lamp irradiation at room temperature. Figure 2 shows absorbance as a function of irradiation time in the presence of different dosages of photo-

FIGURE 3 - Effect of irradiation time on photocataytic decolorization of thionine (initial concentration: 15 ppm).
3.3. Effect of pH

Medium pH has an important role in photocatalytic
process because it affects the surface charge of photocatalyst. The surface charge of photocatalyst is variable in
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different pHs. So that in acidic and basic solutions of
TiO2, the surface was positive and negative respectively
while it has zero point charge as reported in the range of
pH= 6.25–6.90 [27-29]. On the other hand, pH can influence the acid-base equilibrium constant of dye that leads
to changes of formal charge of dye molecules so this
factor may directly influence on the dye adsorption on
catalyst surface and finally on the phocatalytic decolorization.
Figure 4 depicts the percentage of decolorization of
thionine after 1 hour in the presence of optimum amount
of catalyst at pHs of 2, 7 and 9. As seen in this figure, the
highest decolorization percentage was related to pH=9. It
can be explained based on the higher concentration of
hydroxyl radicals in this basic pH with respect to neutral
and acidic pHs [30]. Another explanation can be that, at
pH 9, TiO2 has negative charge and hence cationic thionine dye is more adsorbed on TiO2 surface in compared to
it at pH 2 or pH 7 that lead to more photocatalytic decolorization of thionine.

H) kinetic model modified to accommodate the reaction
occurring at a solid-liquid interface. The related surface
catalytic reaction rate [33-34] can be expressed by:
1/R= 1/krKA[C0]+ 1/kr
where, kr and KA are apparent rate constant at catalyst
surface and equilibrium adsorption-desorption constant
respectively. If the diagram of 1/R versus 1/C0 at various
buffer pHs (R=reaction rate and C0 is initial concentration)
(Figure 6) be drawn and found to be linear, the LangmuirHinshelwood (L-H) kinetic model can be modeled and
therefore the slope and intercept of diagrams are attributed
to KA and kr respectively.
6
5

Ln (co/ct)
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FIGURE 5 – The plots of ln(C0/Ct) of Thionine versus irradiation
times for photodecolor-ization of thionine at various buffer pHs.
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FIGURE 4 - The effect of buffer pH on % photocatalytic decolorization of thionine.

pH=7

0.15

pH=9

0.1

3.4. Kinetic investigation

Figure 5 shows the plots of ln(C0/Ct) of thionine versus irradiation time(in which, C0 and Ct are dye concentration at time= 0 and t respectively) in acidic (pH=2), neutral
(pH=7) and basic (pH=9) media that is found to be linear.
Therefore decolorization of thionine in buffer solutions can
be approximately modeled as pseudo-first-order-kinetics
[31, 32].
The slopes of plots in Figure 5 are considered as observed rate constants (kobs) of photocatalytic process. These
evaluated rate constants have been summarized at Table 1.
Among the acidic, neutral and basic media, the maximum
value of kobs is related to basic medium and the ones for
neutral and acidic media are placed at next positions respectively. This is in agreement with pH effect on decolorization percentage in previous section. It is obvious that
the higher producing of hydroxyl radical at basic pH is
responsible for this trend of kobs. More kinetic investigation was performed based on Langmuir-Hinshelwood (L-

0.05
0
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0.05

0.1

0.15

0.2

0.25

1/co

FIGURE 6 - The plots of 1/R vs. 1/C0 at various pHs (LangmuirHinshelwood kinetics model).

The obtained parameters from the diagrams of Figure
6 have been collected in Table 1. The maximum of KA
and kr are related to acidic and neutral pHs, respectively.
TABLE 1 - Kinetic and thermodynamic parameters in photodecolorization of thionine in various buffer pHs.
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Parameter

pH=2

-1

KA(L. mg )
-1

2.00×10
-1

pH=7
-1

9.00×10

pH=9
-3

1.45×10-3

kr (mg. min .L )

8.00

142.80

47.60

kobs(min-1)

4.02×10-2

8.2×10-1

3.52
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4. CONCLUSION
In this study, photocatalytic assisted decolorization of
thionine in the presence of nano-titanium dioxide in some
buffer solutions under irradiation by 400W high pressure
mercury lamp has been reported. The effects of catalyst
amount, buffer pHs and irradiation time on photocatalytic
process were investigated. Furthermore the kinetic study
of dye in various buffer pHs of 2, 7 and 9 were carried
out. Pseudo-first-order rate constants at various buffer
pHs were extracted. At the end, Langumuir-Hinshelwood
parameters including KA (adsorption-desorption constant)
and kr (decolorization rate constant) were evaluated at
various buffer pHs.
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ABSTRACT
The ozone-initiated oxidation of m-xylene in solventfree conditions was slow and showed an increase in the
conversion of substrate from about 1 % after 3 h to about
14 % after 24 h. Activated charcoal added facilitated the
oxidation. The presence of acetic acid or ethyl acetate
improved the percent conversion of m-xylene relative to
solvent-free conditions. Based on the experimental findings, the overall mechanism for the reaction of m-xylene
with ozone is described. Main ozonation products were
formic acid, acetic acid, 3-methyl-benzylalcohol, 3-methylbenzaldehyde, and 3-methylbenzoic acid.

KEYWORDS:
m-xylene, ozone, ethyl acetate, acetic acid, 3-methylbenzylalcohol, 3-methylbenzaldehyde, 3-methylbenzoic acid.

1. INTRODUCTION
Industrial landfills are heavily contaminated with volatile and non-volatile organic compounds, and are characterized by the presence of substantial quantities of difficultto-treat refractory compounds [1]. Many concerns are being
raised because of their persistence, bioaccumulation, and
potential for toxicity, both in animals and humans [2].
Literature reports have confirmed the presence of hazardous organic contaminants, such as phthalates, phenolics,
pesticides, volatile compounds (benzene, toluene, ethylene
and xylene (BTEX)), polyaromatic hydrocarbons (PAHs)
and polychlorinated biphenyls (PCBs) in municipal landfill leachate [3]. There might also be the by-products and
end-products of various biochemical processes occurring
naturally within the dump or resulting from incineration
of waste material [4]. The present work focuses on the
oxidative degradation of hazardous aromatic m-xylene,
normally found in landfill leachates, by ozone aeration
under different experimental conditions. The technical
* Corresponding author

product “mixed xylenes” contains approximately 40 % mxylene, and 20 % each of ethylbenzene, o-xylene and pxylene. Approximately 92 % of the mixed xylenes produced are blended into gasoline. Mixed xylenes are also
used in the manufacture of perfumes, pesticide formulations, pharmaceuticals and adhesives, and in the painting,
printing, rubber, plastics and leather industries [5]. The
bulk of xylene released into the environment enters the
atmosphere directly. Young and Parker [6] measured high
levels of total xylene in air samples, from within landfill
sites in the United Kingdom. Levels of 36-77 mg m-3 were
reported in domestic landfills, with higher levels being
found in some industrial waste landfills. Higher levels have
been measured in urban and industrialized areas, with mean
concentrations ranging up to 500 µg m-3 [7]. Barker et al. [8]
measured o- and p-xylene in the leachate from a landfill in
Hamilton, Ontario, Canada. Xylene concentrations ranged
from 30.8 to 123 µg L-1 for the ortho-isomer, and from
12.5 to 191 µg L-1 for the para-isomer. Sabel et al. [9]
showed that leachate from a landfill in Minnesota, USA,
contained m-xylene concentrations ranging from 21 to
150 µg L-1 and o/p-xylene concentrations ranging from 12
to 170 µg L-1.
The most widely used oxidants for water treatment are
chlorine, potassium permanganate and oxygen [10].
Despite their advantages, these oxidants have a number of
limitations, such as low selectivity, generation of toxic
products, discoloration, costly installation of chemical
plants, and poor stability. Chemical oxidation by ozone
has become a widely used method to treat drinking water
and wastewater. Ozone is a quicker and more efficient
disinfectant than chlorine, and when properly used, it can
reduce suspended solids, biochemical oxygen demand,
chemical oxygen demand, and other pollutants found in
water. An added benefit from using ozone for wastewater
disinfection is that it leaves behind a residual of dissolved
oxygen, unlike chlorine which leaves behind free chlorine
and chlorinated compounds like trihalomethanes and
chloramines [11]. Literature review show that the ozonation of alkanes was studied in the presence of acetone,
tetrahydrofuran, benzene, etc. Solvents were used mainly
to improve the solubility of ozone and to provide suitable
reaction conditions. White et al. [12] reported that the
adsorption of ozone in acetic acid reaction mixtures was
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about 80-90 % throughout the reaction. Acetic acid and
ethyl acetate are frequently used as solvents in ozonation,
and are quite resistant to ozone destruction [13]. However, it has been reported by Paillard et al. [14] that, on
prolonged treatment with ozone, traces of peracetic acid
are produced. Attempts, made by Galutkina et al. [15] to
destroy acetone present in wastewaters, were unsuccessful; however, ozonation in the presence of acetic acid converted it to acetic and oxalic acids. Since acetic acid and
ethyl acetate are quite resistant to ozone attack, and have
found to improve the ozonation process as reported by
many researchers, experiments were conducted to study
the influence of these solvents on the ozone-initiated oxidation of m-xylene. Acetic acid was chosen for two reasons: a
high capacity for ozone dissolution (225 mg L-1 in 99 %
acetic acid, instead of 9.5 mg L-1 in water at 20 oC) [16],
and a higher trichloroethylene oxidation rate compared to
that in distilled water, even at the same ozone concentration [17].
2. MATERIALS AND METHODS
2.1. Ozonation experiments

In this study, ozone was prepared from medical-grade
oxygen (99.9 % purity) passed through the Ozonox LAB
7000 – 240 V Corona Discharge Generator. The ozone
gas produced was then bubbled into the substrate solution
through a sintered porous gas diffuser with porosity of 2.
The concentrations of ozone in the influent and effluent
gas streams were measured by the iodometric method [18,
19]. After calibration of the unit, ozonation experiments
were conducted with a constant oxygen flow-rate of 200
ml min-1 and 100 µg ml-1 of ozone.
2.1.1. Ozonation of m-xylene

To study the ozone-initiated oxidation of m-xylene,
25-ml aliquots of the solvent were pipetted into 6 reaction
vessels, and a constant flow of 100 µg ml-1 ozone was
bubbled into each solvent for 3, 6, 9, 12, 16 and 24 h,
respectively, at a reaction temperature of 25 oC.
2.1.2. Ozonation of m-xylene in the presence of acetic acid
and ethyl acetate

A 250-ml (5 % v/v) mixture of acetic acid and ethyl
acetate in m-xylene was separately prepared by mixing
12.5 ml of each solvent in 237.5 ml of m-xylene. Four 25ml aliquots of each solvent mixture were placed in the
reactor and a continuous flow of 100 µg ml-1 ozone was
bubbled for 3, 6, 9 and 12 h, respectively. The effect of
increasing the concentration of acetic acid and ethyl acetate on the ozonolysis of m-xylene was investigated by
further preparing separate mixtures of 50 ml acetic acid
and ethyl acetate in 200 ml of m-xylene (20 % v/v). Four
25-ml aliquots of each mixture were placed in separate
reaction vessels and a continuous flow of 100 µg ml-1
ozone was bubbled for 3, 6, 9 and 12 h, respectively, into
each mixture.

2.1.3. Ozonation of m-xylene in the presence of activated
carbon

A fixed mass (1 g) of activated carbon was added into
4 separate reaction flasks each containing 25 ml of mxylene. A constant flow of 100 µg ml-1 ozone gas was
continuously bubbled for 3, 6, 9 and 12 h, respectively,
into each mixture.
2.2. Product characterization

Percent conversion of m-xylene was determined by
injecting 0.5 µl of each ozonated mixture into a Shimadzu
gas chromatograph fitted with a flame ionization detector
and passing helium carrier gas at 30 ml min-1 through an
Elite 5 MS, 30 m x 0.25 mm id, 0.25 µm capillary column.
An initial oven temperature of 45 oC was held for 5 min,
thereafter, increasing at a rate of 20 oC/min to 250 oC and,
finally, holding at this temperature for 2 min, was applied.
Identification and characterization of products was achieved
by using a ThermoFinnigan Trace Gas Chromatograph
fitted with AS 3000 autosampler coupled to a ThermoFinnigan Polaris Q Electron Impact Mass Spectrometer, and
by NMR spectroscopy. FTIR studies were performed in the
transmittance mode in ambient air using a Perkin-Elmer
FTIR 2000 spectrometer equipped with an ATR crystal.
Spectra of the reaction mixture were recorded before and
after 12-h ozonation with a resolution of 4 cm-1 and averaging of 128 scans.
3. RESULTS AND DISCUSSION
3.1. GC/MS analysis of product mixture

Chromatograms of m-xylene before ozonation (Fig. 1a)
and m-xylene after 12 h of ozonation (Fig. 1b), provide
sufficient evidence that the substrate was oxidized to a
mixture of major and minor products. The peak around
10 min refers to the elution of unreacted m-xylene and
peaks at 14.95, 15.74, 17.47, 19.31 and 26.42 min refer to
the elution of the positively identified products acetic
acid, formic acid, 3-methylbenzaldehyde (3-MBAlde), 3methylbenzyl alcohol (3-MBAlc), and 3-methylbenzoic
acid (3-MBAcid), respectively.
The interpretation of electron impact mass spectra obtained for m-xylene ozonation reactions is based on comparison of mass spectra of standard compounds. These
compounds provided information on characteristic fragmentation pathways and expected ion fragments. The mass
spectrum obtained for isolated product 3-methylbenzaldehyde is shown in Fig. 2. A very weak molecular ion
peak, characteristic of an aromatic aldehyde, appears at
m/z = 120. The loss of one hydrogen atom via α-cleavage
occurs to give the M – 1 peak at m/z = 119. This peak is
found to be more intense than the molecular peak, typical
for an aromatic aldehyde. Further fragmentation leads to
the loss of the formyl radical and formation of the
tropylium ion (m/z = 91).
The mass spectrum obtained for the isolated product
3-methylbenzoic acid is shown in Fig. 3. A fairly intense
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(a)

(b)

FIGURE 1 - Chromatogram of pure m-xylene before ozonation (a) and (b) after 12-h ozonation.

FIGURE 2 - Mass spectrum of 3-methylbenzaldehyde.

FIGURE 3 - Mass spectrum of 3-methylbenzoic acid.
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SCHEME 1 - Formation and fragmentation of the tropylium ion [20].

FIGURE 4 - Infra-red spectrum of m-xylene after 12-h ozonation.

molecular ion peak of the aromatic acid appears at m/z =
136. The loss of the •OH forms the CH3C6H5C≡O+ ion
appearing at m/z = 119. Further loss of CO from this ion
gives rise to a strong peak at m/z = 91, characteristically
for the tropylium ion. The tropylium ion which has its
own characteristic fragmentation pattern is illustrated
in Scheme 1 [20].
3.2. FTIR analysis of product mixture

The IR spectrum of ozonated m-xylene (Fig. 4) shows
the peaks and bands at their usual positions for pure mxylene, but a prominent strong absorption peak is observed
between 1630 and 1780 cm-1 which is characteristic of the
carbonyl functional group. This stretching indicates the
presence of aldehydes and/or carboxylic acid compounds.

1

3.3. Analysis of isolated products by H NMR

The 1H NMR spectrum of the isolated product 3methylbenzyl alcohol showed a signal between 6.5–7.0 ppm
which is characteristic of aromatic ring hydrogens (benzene ring hydrogens), and the signal between 2.0 – 2.5 ppm
is characteristic of benzylic hydrogens (attached to an adjacent carbon atom) [20]. The chemical shift of the –OH
hydrogen appeared as a broad peak around 2.0 ppm. The
position of this peak and its broadening effect may be dependent on concentration, solvent, temperature, and presence of water, or of acidic or basic impurities. The hydrogens on the adjacent carbons (-CH2 – OH) appearing in the
range 4.5–5.0 ppm are deshielded by the attached oxygen.
From the 1H NMR spectrum of isolated product 3-methylbenzoic acid, we were easily able to identify the hydrogens
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attached to the aromatic ring. The hydrogens on an aromatic ring are more highly deshielded than those attached
to double bonds due to the large anisotropic field that is
generated by the circulation of the π electrons in the ring
(ring current) [20]. They were found in the region between 7.0–8.5 ppm. The chemical shift of the methyl
protons appearing between 2.0–3.0 ppm shows a smaller
deshielding effect. The chemical shift of the –OH hydrogen produces a peak around 10.5 ppm.
Table 1 illustrates the effects of ozone treatment time
on conversion of m-xylene at different reaction conditions. An observation of the data shows that in all cases
the percent conversion of m-xylene increases as a function of ozonation time. This pattern of m-xylene conversion in-dicates that the reaction is mass transfer-controlled
as reported by Bollyky [21], who showed that for prolonged ozone reactions, the rate of mass transfer of ozone
increases, thereby improving substrate destruction. The
simultaneous use of ozone and activated carbon resulted
in the conversion of 24 % m-xylene after 12 h, to the
same oxygenated products. It is evident that ozonation of
the substrate molecule combined with activated charcoal
is more effective compared to ozonation treatment alone.
Con-version was improved by the catalytic action of activated carbon when compared to ozone treatment alone.
Since activated carbon was reported [22] to work as an
absorbent and also as a catalytic agent, in the ozone
treatment of dyes together with ozone, similar reactions
might have taken place in the case of m-xylene.
The improved oxidation of m-xylene is probably due
to catalytic effects provided by the carbon surface. Higher
conversions are achieved, since the carbon surface could
have orientated the m-xylene molecules to allow the active
radicals to successfully oxidize them. There is also a higher
probability of collisions between m-xylene molecules as
they are now present at few Angstrom layers on the carbon surface resulting in higher concentrations instead of
being diluted in a much larger volume.
The % conversion of m-xylene is marginally higher
when ozonated in the presence of 5 % acetic acid. It improved considerably when ozonated in the presence of 20
% acetic acid. This behavior is consistent with former
studies conducted by Nakano et al. [16, 17] who showed
that when acetic acid was used as a flushing solvent, the
rate of trichloroethylene removal in the flushing process
with ozone was 2.5 times higher. The presence of acetic
acid resulted both in an increase of ozone dissolution and
the initiation of the ozone decomposition reaction. The

increase in acetic acid concentration modified the chemical properties of humic acid, producing both soluble and
solid fractions, during the ozonation of trichloroethylene
[23]. The distribution of soluble and solid humic acid fractions affected the chemical reactions between humic acid
and ozone, resulting in a higher trichloroethylene decomposition rate [24]. The data also reveals that the conversion of m-xylene is significantly improved in the presence
of ethyl acetate. In comparing the conversion profiles at
different reaction conditions, it is clearly evident that mxylene in the presence of 20 % ethyl acetate gave the
highest percentage conversion of substrate. The presence
of ethyl acetate due to its nature resulted both in an increase of ozone dissolution and the initiation of the ozone
decomposition reaction.
Figure 6 shows selectivity data for products formed
using different reaction conditions. The results for the
ozonation of pure m-xylene show a steady decrease in
selectivity for 3-MBAlde from 45 % after 3-h to 24 %
after 12-h ozonation, and an increase in selectivity for 3MBAcid from 0 to 16 % during the same time interval.
This pattern of product formation is due to the oxidation
of 3-MBAlde to 3-MBAcid, implying the presence of
consecutive reactions for these products at longer ozonation times. A similar behavior was found by Van der Weile
et al. [25], reporting on the oxidation of toluene over bismuth molybdate catalysts. Selectivity for 3-MBAlc increased gradually from 24 to 35 %, and the smaller oxygenated products, such as formic, acetic and carbon oxides, showed a decrease in selectivity for the first 6 h but
thereafter remained constant up to 12 h of ozonation.
Ozonation of m-xylene in the presence of activated
charcoal shows a steady decrease in selectivity towards 3MBAlde, and an increase in selectivity towards 3MBAcid, as ozonation time increases. This is due to the
oxidation of 3-MBAlde to 3-MBAcid. Ozone treatment
combined with activated carbon converted m-xylene more
rapidly than that with ozone alone. The conversion of mxylene, as well as of some of the oxidation by-products,
through ozonation in the presence of activated carbon, is a
result of a complex combination of homogeneous and
heterogeneous reactions. Both direct and indirect ozone
reactions occur in the liquid phase. Additionally, reactions
between adsorbed species and oxygen radicals formed on
the surface of the activated carbon are thought to occur.
Several authors [26] have reported that activated carbon
accelerates the decomposition of ozone. Two possible
pathways can explain the decomposition of ozone in the

TABLE 1 - Percent m-xylene conversion as a function of ozone treatment time measured at different reaction conditions (AA = acetic acid &
AE = ethyl acetate).
ozonation
time (h)
3
6
9
12

pure m-xylene
4
9
11
19

m-xylene in
charcoal
11
18
21
24

m-xylene in
5 % AA
5
11
13
21
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m-xylene in
20 % AA
8
19
21
26

m-xylene in
5 % EA
9
20
30
38

m-xylene in
20 % EA
13
25
31
43
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FIGURE 6 - Selectivity profiles for 3-MBAlc, 3-MBAlde and 3-MBAcid as a function of ozone treatment time monitored at various reaction
conditions (3-MBAlc = 3-methylbenzylalcohol; 3-MBAlde = 3-methylbenzaldehyde; 3-MBAcid = 3-methylbenzoic acid).

presence of activated charcoal. The first pathway suggested that activated carbon acts as an initiator of the
decomposition of ozone, eventually through the formation
of H2O2, yielding free radical species, such as •OH in
solution. A second possibility is the adsorption and reaction of ozone molecules on the surface of the activated
carbon, yielding surface free radicals [27]. The selectivity
profiles for the ozonation of m-xylene in the presence of
5 % acetic acid showed similar trends when compared to
the ozonation of m-xylene in the absence of acid. Selectivity for 3-MBAlc gradually increased from 29 % after
3 h ozonation to 36 % after 12 h. Selectivity for 3MBAlde sharply decreased from 44 % after 3-h ozonation
to 26 % after 9 h, thereafter remaining constant for the
next 3 h, while selectivity for 3-MBAcid increased from
0 % after 3 h to 21 % at 12 h. The selectivity profiles for
the ozonation of m-xylene in the presence of 20 % acetic
acid showed slightly different trends when compared to
the ozonation of pure m-xylene, and ozonation of m-xylene
in the presence of 5 % acetic acid. Selectivity towards 3MBAlde decreased from 40 % at 3 h to 21 % at 12 h while
selectivity towards 3-MBAcid increased from 0 % at 3 h
to 19 % at 12 h. This pattern of product formation suggests that the presence of 20 % acetic acid not only has an
effect on the oxidation of m-xylene, but also is effective in
converting primary products into secondary ones, which
was not achieved when m-xylene was ozonated alone.
It is clearly evident from the data presented in Table 1
that the presence of 5 % ethyl acetate has improved the
conversion of m-xylene to the same oxygenated products
formed during ozonation without solvent. Conversion of

substrate increased from 9 % after 3 h of ozonation to 38
% after 12 h of continuous ozone treatment. The selectivity towards the aromatic alcohol, 3-MBAlc, increased
from 19 % after 3 h to 36 % after 12 h ozonation. Selectivity for the aromatic aldehyde showed a steady decrease
of 41 % after 3 h ozonation to 16 % after 12 h ozonation.
The aromatic acid, 3-MBAcid appeared to be nonselective during the first 3 h of ozone treatment, and
thereafter, its selectivity increases steadily to 22 % after
12 h. This pattern of selectivity indicates the presence of
consecutive reactions between the products formed. An
increased concentration of ethyl acetate to 20 % resulted
in faster ozonation reactions. The selectivity for the aromatic alcohol increased from 32 % after 3 h to 41 % after
6 h ozonation, and thereafter, decreased gradually to 30 %
after 12 h of ozone treatment. Selectivity for the aromatic
aldehyde showed a steady decrease of 28 % after 3-h
ozonation to 13 % after 12-h ozonation. The aromatic acid
3-MBAcid showed good selectivity, achieving a value of
15 % after 3 h of ozone treatment, thereafter increasing
steadily to 21 % after 6 h, and finally remaining constant
for the next 6 h of ozonation. This pattern of selectivity
indicates the presence of consecutive reactions between
the products formed. The aromatic alcohol is rapidly
converted to its corresponding aldehyde and, thereafter, to
its corresponding aromatic acid.
The trends in the % yields of major products, namely,
3-MBAlc, 3-MBAlde and 3-MBAcid, formed during the
ozone-initiated oxidation of m-xylene at different reaction
conditions are shown in Fig. 7. It is evident that the yield
of all major products increases as a function of ozone
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treatment time. The results suggest ozone is effective in
converting pure m-xylene to its primary product 3-MBAlc;
however, further oxidation of this product is slow. The
oxidation of 3-MBAlde to 3-MBAcid was slow. This
slow oxidation process indicates low ozone solubility in
the substrate. The yield of all identified products was
higher when ozonation was carried out in the presence of
activated charcoal. The yield of 3-MBAlc increased with
ozonation time. The yield of 3-MBAlde remained almost
constant with 5.0 % after 3 h, and 5.5 % after 12 h of
ozone treatment. Formation of 3-MBAcid only occurred
after 3 h of ozonation, with 2.4 % being formed after 6 h
increasing to 4.4 % after 12 h of ozonation. The results
indicate that ozonation in the presence of activated charcoal not only improves the conversion of m-xylene, but
also enhances further oxidation of primary products. The
% yield of products formed during the ozonation of mxylene in the presence of 5 and 20 % acetic acid was
marginal, while the change was significant in presence of
ethyl acetate.
3.4. Reaction sequence for m-xylene ozonation

A general pathway for the oxidation of m-xylene by
ozone is proposed in Scheme 2. This reaction sequence in-

volves all intermediates detected and leading to 3-methylbenzoic acid, formic and acetic acids as ultimate generated carboxylic acids.
The process is initiated by the direct attack of the
methyl group by O3 giving 3-methylbenzyl alcohol as a
primary oxidation product. This reaction is faster in the
O3/solvent and O3/activated carbon system, where more
amount of ozone can react with the initial reactant. Stary
et al. [28] reported the reaction of ozone with organic
substrates as possible sources of singlet oxygen. They
provided evidence that singlet oxygen is produced in the
ozonation reaction. Ozonation of 3-methylbenzaldehyde
is thought to proceed in this way by first forming the 3methyl-benzaldehyde hydrotrioxide molecule and, thereafter producing 3-methylbenzoic acid and singlet oxygen.
The proposed mechanism for this reaction is shown in
Scheme 3.
The process is initiated by the direct attack of the methyl group by O3 giving 3-methylbenzyl alcohol as a primary oxidation product. This reaction is faster in the
O3/solvent and O3/activated carbon system, where more
amount of ozone can react with the initial reactant. Bailey
et al [29] proposed that aromatic compounds can react

FIGURE 7 - Percentage yield of 3-MBAlc, 3-MBAlde and 3-MBAcid as a function of ozone treatment time monitored at various reaction
conditions.

SCHEME 2 - General pathway for the reaction of m-xylene with ozone.
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SCHEME 3 - Proposed mechanism for 3-methylbenzaldehyde ozonation.

SCHEME 4 - 1,3-Dipolar cyclo-addition of m-xylene.

with ozone via three distinct mechanisms: (i) 1,3-dipolar
cyclo-addition or ozonolysis at the bond or bonds with
greatest double bond character, (ii) electrophilic attack on
the most polar bonds or atoms with the lowest localization
energy, and (iii) through a conjugated addition when there is
a highly reactive diene. They studied the oxidation of aromatic compounds and concluded that, when the stoichiometry is one, the main mechanism is 1,3-dipolar cycloaddition at the double bond of highest electron density.
Beltrán et al. [30] corroborated these results after analyzing the ozonation of PAHs. They found that the oxidation of phenanthrene, which only occurred by 1,3-dipolar
cyclo-addition, had a stoichiometric factor of one mole
ozone consumed per one mole hydrocarbon consumed.
Pryor et al. [31] observed that the ozonation of alkenes with
electron-withdrawing substituents takes place mainly via
1,3-dipolar cyclo-addition. Moreover, olefins, in which
the double bond is connected to electron-donating groups,
react many times faster than those in which it is connected
to electron-withdrawing groups.
In the light of the above observations and the experimental results obtained, it can be proposed that the ozone
attack on the aromatic ring of m-xylene proceeds mostly
by 1,3-dipolar cyclo-addition to the C=C bond of the highest electron density (Scheme 4). According to Criegee [13]
and Bailey [29], the first step is a 1,3-dipolar addition of
ozone to the substrate to give the “initial” or “primary”
ozonide. This ozonide may then undergo various reactions
to give the corresponding carbonyl products, which could
then be degraded by further oxidation.

4. CONCLUSIONS
The ozone-initiated oxidation of pure m-xylene was
found to be slow, and percent substrate converted increased
gradually as a function of ozonation time. Yields of the
identified products 3-methylbenzylalcohol, 3-methylbenzaldehyde, 3-methylbenzoic acid and smaller straight-chain
carboxylic acids were found to increase as a function of
time. The straight-chain carboxylic acids and 3-methylbenzoic acid were resistant to further oxidation under the
experimental conditions used.
The presence of 5 and 20 % acetic acid was found to
enhance ozone solubility in the reaction mixture, thus increasing m-xylene conversion in comparison to solventfree ozonation. The presence of 5 and 20 % ethyl acetate
also facilitated rapid oxidation of the substrate. The pattern
of product formation, in presence and absence of acetic
acid or ethyl acetate, was similar; however, ozonation in
solvents caused the selectivity for 3-methylbenzaldehyde to
sharply decrease, while the selectivity for 3-methylbenzoic
acid to increase as a function of ozone treatment time.
The method of using solvents during ozone treatment can
be further advantageous, if the toxic compounds are insoluble in water.
It was also evident from the study that the use of activated charcoal-ozone combined treatment clearly improves
the conversion of m-xylene to similar oxygenated products.
Therefore, conversion of the substrate is mainly due to the
catalytic activity or promoting action of activated charcoal on the ozone decomposition and reaction of the intermediate products.
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ABSTRACT
This paper presents a study of the levels of PM2.5
and PM10 in 6 locations affected by different local emissions in the province of Castelló (Spain). Province of Castelló is situated in the Western Mediterranean Basin. The
aim of this study was to assess the influence of natural
and anthropogenic emission sources on PM2.5 and PM10
levels at these sampling sites. The PM2.5 levels obtained
ranged between 9 and 19 µg/m3, while PM10 values ranged
between 15 and 37 µg/m3. The recorded concentrations
were generally lower than those detected in other areas of
the Mediterranean Basin. In addition, the annual and weekly
variations in concentration levels were also evaluated. The
annual concentration profiles of PM2.5 and PM10 varied
according to location. The weekly variation in the levels of
both pollutants showed a decrease on non-working days
that was associated with anthropogenic sources. PM2.5/
PM10 ratios were calculated to assess the contribution of
fine and coarse particles at each location. The values obtained for this ratio ranged between 0.34 and 0.71. This
variation is due to the different emission sources at each
sampling point. Finally, a statistical analysis (the KruskalWallis test) was applied to PM data and showed significant
differences among populations for both PM10 and PM2.5.

KEYWORDS: PM2.5, PM10, PM2.5/PM10 ratio, Western Mediterranean Basin, statistical analysis

1. INTRODUCTION
In the past decade, both authorities and the general
public have become increasingly concerned about the problems related to air pollution. As a result, the demand for
studies on the relationship between air pollution and health
has increased. Numerous studies show that air pollution
can damage human health [1-4], especially in patients with
* Corresponding author

upper or lower respiratory illness [5]. In addition, the airborne Particulate Matter (PM) is an important environmental issue due to its association with acute respiratory
distress in humans [1].
The intensity of the effects on human health depends
mainly on the size and composition of the suspended particles [6]. Airborne particles are generally divided into two
fractions called PM10 [atmospheric PM with an aerodynamic diameter Da ≤10 µm)] and PM2.5 (Da≤2.5 µm). Both
fractions may be inhaled and can, thus, penetrate the respiratory system. The PM2.5 fraction (fine fraction) penetrates deeper into the respiratory tract and may be deposited in the bronchi, making it more harmful to human
health than PM10 [7, 8], especially in the case of secondary anthropogenic fine particles [9]. In addition to being
more aggressive, they generally remain in the atmosphere
for longer periods (days or even weeks) and travel very
long distances (tens of thousands of km). In contrast, the
PM10 fraction stays in the atmosphere for a number of min
or h, and is often deposited very close to the source area
[10].
The main anthropogenic sources in the study area are
traffic and industry. Of these, automobile traffic is increasingly the dominant contributor to air pollution, and is
associated with higher emissions of fine and ultra-fine
particles in particular [11]. This is a reflection not only of
an increase in the quantity of circulating vehicles, but also
an increase in distances traveled [12]. Automobile traffic
produces not only exhaust particle emissions but also
gaseous pollutants, and may cause a resuspension of the
dust deposited on roadways. This diffuse source of pollution may be even more significant in dry regions, such as
the Western Mediterranean Coast [13].
The two most important sources of PM10 in the Castelló region from the ceramic industry are known as channelled sources (stacks) and fugitive sources. In areas with
a Mediterranean climate (low rainfall and high solar radiation) where activities of storage and homogenization of
clays are carried out outdoors, fugitive emissions and
channelled emissions are equally significant [14].
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In addition to the local and regional anthropogenic
particulate emissions, both the levels and composition of
ambient air PM depend on the climatology (temperature,
humidity, radiation, rain scavenging potential, re-circulation
of air masses vs. dispersive conditions) and on the geography (topography, soil cover, proximity to arid zones or to
the coast) of a given region [15, 16]. In terms of atmospheric pollution, a large number of air quality problems in
southern Europe can be attributed to the existence of recirculatory flows and/or stagnation episodes, with time
and space scales of one to several days and tens of km,
which are conditioned by local meteorological and topographical settings [17].
In most eastern Mediterranean cities, high background levels of PM may be attributed to several factors,
such as high population density, low recirculation probability of pollutants due to geographical setting of the
region, frequent dust outbreaks, proximity to the Mediterranean Sea (PM rich in sea salt), low precipitation rates
and, in some cases, poor vegetation coverage [18].
Moreover to the above factors, the particular weather
conditions in the WMB also influence high PM levels.
The particularity of this meteorological situation lies in
the fact that although air mass advection does not occur,
the topography of the Western Mediterranean Coast in
conjunction with typically clear skies and relatively temperate conditions may activate local wind circulations that
draw pollution from urban and industrial areas towards
elevated regional background environments [19].
With these factors in mind, the European Union
adopted a new directive on ambient air quality and a
cleaner air in 2008 [20], in which an annual exposure limit
value for PM2.5 (25 g/m3) was included for the first time
in European legislation, in addition to the annual particulate limit values for PM10 (40 g/m3).
In order to comply with these limits, a series of corrective measures to reduce the levels of particulate matter
have been adopted in the study area. These measures
consist in a) primary or preventive measures, specifically,
a reduction in the use of some As-bearing raw materials,
such as some “colemanites”, which may contain arsenic
as an impurity in significant amounts, and b) secondary or
end-of-pipe measures, e.g. the implementation of high
efficiency PM emission abatement technologies (BAT:
Best Available Techniques), mainly consisting of bag filters [21].
The aim of this study is to assess the influence of natural and anthropogenic emission sources on PM2.5 and
PM10 levels at different localities in the province of Castelló. For this purpose, the levels of these two fractions in
ambient air and the corresponding annual and weekly trend
were calculated. In addition, an assessment of PM2.5/PM10
ratios and a statistical analysis were carried out in order to
identify differences among the locations selected. This
paper also provides a methodology for the study of contaminated areas similar to those evaluated in this work,

namely, those that consist of overlapping natural and anthropogenic emission sources.
2. MATERIALS AND METHODS
2.1. Site description

The sampling area of this study is located in the Eastern Iberian Peninsula, in the Western Mediterranean Basin (WMB). The WMB presents a peculiar and complex
atmospheric dynamics influencing air quality in this region. These peculiar atmospheric dynamics are conditioned
by a number of factors: 1) the considerable influence of
the Azores high-pressure system in the meteorology of the
Iberian Peninsula, 2) the coastal ranges surrounding the
Mediterranean coast, 3) the influence of the Iberian and
Saharan thermal lows, which cause low-pressure gradients in the Mediterranean, 4) the intense breeze action
along the Mediterranean Coast favored by the prevailing
low adyective conditions, and 5) the scarce summer precipitation [13, 22].
PM sampling was carried out at 6 stations (Fig. 1) located in the province of Castelló (Eastern Spain). The province of Castelló is a strategic area in the framework of EU
pollution control. Approximately 80% of European ceramic
tile and ceramic frit manufacturers are concentrated in two
areas, forming the so-called “ceramic clusters”: one in
Modena (Italy) and the other in Castelló. Recent studies
[23] and the Internet data from regional authorities derived from air quality networks in these areas suggest that
PM and metals are the two most important parameters
with regard to EU legal requirements for air quality
standards [24].
2.1.1. l’Alcora

One of the atmospheric control areas of this study is
located next to an industrial estate near the town of
l’Alcora (11,150 inhabitants, 260 m above sea level).
l’Alcora is situated on the side of a mountain and completely surrounded by a raised strip of land running SW to
NW from the location.
The industrial core is found in a depression located
east of town. Industrial activity here is dense and focused
mainly on chemical industry and the processing industry
of mineral raw materials. This sampling site is classified
as an industrial station.
2.1.2. Almassora

Almassora is a residential town situated in the eastern
side of the province of Castelló. It is located 20 m above
sea level and has a population of approximately 21,772 inhabitants. This town can be divided into three zones: the
urban area, the north- western part adjacent to National
Highway 340, and the coastal area next to el Grao de
Castelló and near a petrochemical complex (the Serrallo industrial estate). The sampling station is located in the
eastern part of the city in a residential area and is considered to be a suburban station.

1443

© by PSP Volume 21 – No 6. 2012

Fresenius Environmental Bulletin

FIGURE 1 - Sampling sites

2.1.3. Castelló

The city of Castelló is located in the eastern part of
the province of the same name, 30 m above sea level. The
resident population is of 180,005. This municipality is
divided into three zones: the main city and two industrial
areas, one located in the south-southwestern area bordering with Almassora and Vila-real, and the other in the
eastern coastal area of el Grao de Castelló. The southsouthwestern area has a higher concentration of industries, particularly ceramic industry. The eastern area includes a petrochemical complex and a commercial seaport. The atmospheric control area is located in the western area of the city. This sampling point is considered to
be an urban station.
2.1.4. Sant Jordi

Sant Jordi is located in the northern part of the province of Castelló. Its economy is based primarily on agriculture (olives, carob, almonds, citrus fruits), but tourism
is also a significant industry. The municipality is located
175 m above sea level and has a population of 1,042 inhabitants. The sampling station is located next to a golf
course (Panorámica Golf & Country Club). This sampling site is classified as a residential station.
2.1.5. Vila-real

The municipality of Vila-real is located in the eastern
part of the province of Castelló. Its population is 51,564
inhabitants, and it is situated 46 m above sea level. There
are three industrial estates to the north, west and south of
the municipality. There are also two important industrial
estates close by: the Castelló southern industrial estate
and the Serrallo industrial estate in el Grao de Castelló,

where a petrochemical complex is to be found. The area is
also heavily affected by automobile traffic due to the
proximity of various busy roadways. The atmospheric
control area is located on the outskirts of the city in an
industrial estate, and is considered to be an industrial
station.
2.1.6. Zorita

Zorita is a small village of 146 inhabitants located in
a mountainous region in Northwest Castelló, 619 m above
sea level. The economy of this rural location is based
mainly on farming and ranching. The sampling station is
located approximately 1 km from the village. This sampling point is classified as a rural background station.
All sampling sites have been categorized using criteria proposed by the European Environment Agency [25,
26] (Table 1).
2.2. Sampling and gravimetric analysis of PM

Sampling took place from January to December 2009.
During this period, 347 samples for the fraction of PM10
and 317 samples for PM2.5 fraction were collected. The
samples from Almassora, Castelló and Vila-real were collected using the Derenda LVS 3.1 low-volume sampler.
This device is considered as tool of reference in the European standards UNE-EN 14907 and UNE-EN 12341 for
the sampling of PM2.5 and PM10, respectively. The sampling was achieved by blowing air through an inlet appropriate for PM10 or PM2.5 using a vacuum pump. The air
flow was programmed to flow constantly at 2.3 m3/h during
24-h periods. Quartz fibre filters (diameter = 47 mm)
were used to collect airborne particles.
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TABLE 1 - Classification of sampling sites.
Site

Category

l’Alcora

Industrial

Almassora

Suburban

Castelló

Urban

Sant Jordi

Residential

Vila-real

Industrial

Zorita

Rural

Coordinates
0º12’19’’W
40º03’07’’N
0º03’24’’W
39º56’41’’N
0º04’00’’W
39º59’31’’N
0º22’22’’E
40º33’17’’N
0º06’21’’W
39º56’30’’N
0º10’10’’W
40º44’06’’N

Description
Located within industrial areas.
260 masl
Located inside the city with less than 2500 vehicles/day within a radius of 50 m.
20 masl
Located inside the city with high density of traffic.
30 masl
Located from large pollution sources 3-10km
175 masl
Located within industrial areas and traffic lanes.
42 masl
Located from large pollution sources 10-50 km
619 masl

masl = m above sea level

The samples underwent gravimetric analysis to determine the mass of PM2.5 and PM10 in accordance with
European standards [27, 28]. Filters were weighed before
and after collection on an analytical scale with a precision
of 10 µg. The PM concentrations were calculated in µg of
pollutant per m3 of aspirate air.
The PM2.5 and PM10 data from the remaining sampling stations (l’Alcora, Sant Jordi and Zorita) were supplied by the Conselleria de Medi Ambient, Aigua, Urbanisme i Habitatge [29].
Information regarding African dust episodes were obtained from the Directorate General of Quality and Environmental Assessment (DGCEA) of the Ministry of Environment and Rural and Marine Affairs (MARM), supplied
in accordance with the "Administration Assignment Agreement between the MARM and the State Agency Council
for Scientific Research for carrying out work related to
the study and evaluation of air pollution by particulate
matter and metals in Spain".
2.3. Data analysis

Some of the results were obtained by means of statistical tests using the software SPSS 17.0 (Windows version). First, the normal distribution of data and homogeneity of variances were studied to ascertain what statistical
test could be applied (ANOVA or Kruskal-Wallis). Next, in
the case in which significant differences were observed, a
post-hoc contrast was applied (Bonferroni or T3 Dunnett)
to identify the groups in which significant differences could
be detected.
3. RESULTS AND DISCUSSION
3.1. Mean annual PM2.5 and PM10 levels

Table 2 contains the mean annual PM2.5 and PM10
levels obtained during the study period (January to December 2009) at the 6 stations selected
Although a discussion on the air quality at the 6 locations is outside the scope of this work, the mean PM2.5
and PM10 concentrations obtained were compared to the
annual PM2.5 and PM10 limit levels of the European

directive 2008/50/EC (25µg/m3 and 40µg/m3, respectively). The average values from all sampling points were
below those set by the directive. Regarding the daily limit
value (50 µg/m3, not to be exceeded more than 35 times a
calendar year), the highest number of exceedances (53 days)
is produced in the town of l'Alcora. while in rest of the locations, the number of exceedances varied between 6 and
1 days.
The highest PM10 levels were found in l’Alcora.
These results are associated with an enrichment of coarse
particles (2.5-10 µm) caused by industrial processes and
natural phenomena. The latter consists mainly of the resuspension and intrusion of North African material, phenomena that affect all locations practically equally. Therefore, the high PM10 levels obtained in l’Alcora can be
attributed principally to local anthropogenic sources, namely,
the treatment processes of mineral raw materials (the area's
main industry). In Castelló, Vila-real and Almassora, very
similar levels of this pollutant were observed. The lowest
level of PM10 was found in Zorita.
The highest PM2.5 concentrations were obtained in
Vila-real. This was due to the overlapping of two very important sources of anthropogenic emissions of fine particles (<2.5µm): automobile traffic and industrial processes.
In contrast, Zorita again showed the lowest values for
PM2.5. The values at Sant Jordi (residential), although
low, are similar to those obtained in l’Alcora (industrial)
and Castelló (urban). This demonstrated the strong effect
of fine particulate emissions on this station. In general,
the PM2.5 fraction remains in the atmosphere for longer
periods than PM10 (days or even weeks) and travels very
long distances (ten to thousands of km) [10].
A comparison of the concentrations of PM2.5 and
PM10 mass obtained in this study with the results of studies in other Western countries and cities of the Eastern
Mediterranean is shown in Table 2. Mean annual PM10
mass levels across the Mediterranean revealed a clear
increasing trend from west to east [30], demonstrating
that mean PM10 levels are higher in the regions of Eastern Mediterranean Basin (EMB). In the WMB (Spain,
France and Italy), the levels of PM10 oscillate from 15 to
39 µg/m3; whereas in the EMB (Greece, Lebanon, Egypt,
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Israel and Turkey), the levels of PM10 range from 35 to
71 µg/m3, with the exception of the city of Cairo, where
levels are much higher (184 µg/m3).
The levels of PM2.5 calculated in this study are lower
than those obtained in other cities listed in Table 2, while
the levels of PM10 in the study area are in the same range
as those of WMB cities but lower than the levels seen in
the EMB. The exception to this is l’Alcora, where PM10
values are similar to cities like Akroti (Crete) [31], and
higher at locations, such as Ashdod (Israel) [33].
It has been shown that PM levels and composition
measured in different urban sites can differ considerably
according to the proximity of the sampling site to emission sources and/or the degree of impact of these sources,
even if the same sampling and analysis procedures are
utilized [34]. This was seen in l’Alcora, where PM2.5
levels obtained in this study are lower than those reported
by Querol et al. [30]. In their paper, the sampling station
was located in an area with a greater degree impact from
automobile traffic. This produced an increase in the fine
fraction concentration of particulates due to the emissions
from the combustion processes of vehicles [36, 37].
When comparing the mean PM10 levels in different
regions in Europe, it may be observed that those of the
study area are generally higher than those of Northern
Europe, similar to those of Western Europe, and slightly
higher than those of Central Europe.
3.2. Seasonal and weekly trend

Figure 2 shows a comparative annual evolution of
PM2.5 and PM10 concentrations from the 6 sampling
points. The data for Zorita (rural background station)
appears in all graphics in order to contrast it with the

other types of stations. A bimodal trend was observed in
rural stations, and a trimodal trend was seen in the other
stations (urban, industrial) for both particulate types. The
bimodal trend (rural station) presents peaks from January
to March and from May to July. This fact is in accordance
with other study findings [35] in which it was observed
that at rural background sites, PM level concentration
peaks were shown to coincide with the intrusion of African dust (May to July), regional atmospheric stagnation
(January to March), and local contamination episodes. On
the other hand, the tri-modal trend presents another peak
from October to November associated with industrial and
urban areas. The annual trend for PM levels shows higher
levels during the cooler months due to prevalent atmospheric stagnation [35] produced by thermal lows that
develop in the surrounding continental areas [38].
Particle levels in ambient air increased in March and
from May to July due to overlapping anthropogenic emissions (traffic and industry) and natural emissions (African
dust and resuspension) in the study area. During warmer
months, higher PM levels are caused by resuspension,
lower precipitation and a higher frequency of African dust
episodes [39]. Less precipitation results in a reduction in
atmospheric cleansing effects [40] and greater contaminant concentrations. Furthermore, the higher temperatures
during these months increase soil dryness and favor the
resuspension of clay–marl substrate in the area [41]. Finally, the intrusion of Saharan dust is more frequent from
February to March and during the summer in the Iberian
Peninsula, and increases particles concentration in the
ambient air [35]. Dust transport towards the WMB is associated with characteristic synoptic conditions. Some meteorological scenarios responsible for the transport of dusty
African air masses towards the WMB include: a) low pres-

TABLE 2 - PM2.5 and PM10 mass concentration (µg/m3) in some Western and Eastern Mediterranean cities.
Country
Spain

France
Italy

Site

Year

l’Alcora
Almassora
Castelló
Sant Jordi
Vila-real
Zorita

2009
2009
2009
2009
2009
2009

Greece

Genas
Fontechiari
Ispra
Akroti (Crete)

Lebanon
Egypt
Israel
Turkey

Bliss
Cairo
Ashdod
Kocaeli
Northern Europe
Western Europe
Central Europe

mean
PM2.5
PM10
3
(µg/m )
(µg/m3)
12.00
37.00
15.00
26.00
13.00
24.00
13.00
18.00
19.00
27.00
9.00
15.00

2001-2006
2001-2006
2005
2004-2006
2003-2004
2003
1999,2002
1999
2006-2007

--32.20
25.40
-40.95
86.24
23.90
23.50

23.00
25.00
39.70
-35.00
71.34
184.15
31.00
59.90

2004
2004
2004

----

10-13
23-32
19-24

maximum
PM2.5
PM10
(µg/m3)
(µg/m3)
32.00
89.00
46.00
66.00
37.00
97.00
43.00
56.00
88.00
69.00
35.00
53.00

minimum
PM2.5
PM10
(µg/m3)
(µg/m3)
2.00
5.00
4.00
4.00
2.00
3.00
5.00
2.00
6.00
5.00
1.00
1.00

Reference

This study

[30]
[26]
[31]
[19]
[32]
[33]
[34]
[20]
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FIGURE 2 - Annual evolution of PM2.5 and PM10 levels (µg/m3): (A) PM2.5 levels in rural station and industrial ones. (B) PM2.5 levels in
rural, residential, suburban and urban station. (C) PM10 levels in rural station and industrial ones. (D) PM10 levels in rural, residential,
suburban and urban station.

sure over North Africa forcing the dusty air masses toward the whole Mediterranean basin (March), and b) a
high pressure system over Tunisia favoring the transport
of African air masses towards the WMB, constituting the
typical summer scenario [30]. At the same time, the mixing layer, the lowest portion in the troposphere within
which contaminants have freedom of displacement because of the turbulence generated in the lower atmospheric
layers [42, 43], increases its thickness and facilitates the
mixing of air masses originating from North Africa in the
low layers of the atmosphere [44].
During cooler months, thermal inversions occur [45].
This phenomenon makes transport via layers too slow
(less air mixing in the lower boundary layer during winter) and produces an increase in contaminant concentration [46, 47]. For example, when contaminants are emitted under conditions of thermal inversion, they accumulate in the tropospheric layers close to the Earth [43], and
high levels of these particles can be detected in October
and on winter days. The low levels of PM usually recorded
in the months when advections of Atlantic air masses are
more frequent (April and December), frequently associated with high rainfall rates [48].
Figure 3 compares the monthly values of PM2.5 and
PM10 for each of the 6 sampling locations. The levels of
both particulate fractions have similar annual concentration profiles in Castelló, l’Alcora, Sant Jordi and Zorita,
with high concentrations of the coarse fraction in May
(l’Alcora, Castelló, and Sant Jordi) and July (Zorita). In

general, this trend may be associated with natural sources
(such as dryness of the soil and a lack of precipitation that
favors wind erosion and the contribution of dust from Africa) because the contribution of these natural sources to the
levels of PM is more important in the warmer months. In
addition, according to other studies carried out in the same
area [43, 49], the transport of particles by wind [24] and
resuspension [35] become more significant in the
warmer months. Initially, this peak in May was associated mainly with natural dust contribution. However, it
was observed in all stations, with the exception of the rural
background station (Zorita), which is the best site for detecting these types of episodes. This suggests that local
anthropogenic sources are the cause of increased PM10
levels in l’Alcora, Castelló and Sant Jordi in May. In
l’Alcora and Castelló, the most important source of atmospheric particulate is very dense industrial activity, mainly
the manufacture of ceramic tile and the activities related to
it (extraction, transportation, and treatment of raw mineral
materials), as well as the combustion of fossil fuels from
automobile traffic [50]. In Sant Jordi, the anthropogenic
emission sources arise from agricultural activity.
Figure 3 also illustrates the levels of coarse fraction at
l’Alcora, which show a concentration peak in July. This
peak is associated with an extra contribution of particulate
matter from periods of intrusion and a forest fire that took
place in the same month (July). Vegetation fires represent
an important source of atmospheric trace gases and aerosol particles [51]. So, the air pollution is increased due to
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FIGURE 3 - Comparison of monthly values of PM2.5 and PM10 for each of the six sampling locations (µg/m3).

the direct emissions from fires or by trace species that are
generated in the atmosphere from these direct emissions
through chemical reaction or microphysical modification
[52]. Finally, neither Vila-real nor Almassora show annual
particulate profiles similar for PM2.5 and PM10 concentrations because the sources of each fraction are not the
same.
Table 3 shows the average concentrations of PM2.5
and PM10 on working days (Monday to Friday) and nonworking days (Saturday, Sunday and holidays). In addition, the percentage reduction that occurs on non-working
days was calculated. Generally, a reduction in both PM2.5
and PM10 concentrations was observed on non-working
days. The two main reasons for this are a reduction of traffic and a reduction in manufacturing output on these days
[53], demonstrating that these particles come, in part, from
anthropogenic sources. However, the reduction registered
in PM10 is usually greater than in PM2.5. This may be
explained by the fact that the fine fraction may remain in
the atmosphere for longer periods of time [10], i.e. days

or even weeks, the result being that concentrations do not
correspond to the days when emissions were released.
TABLE 3 - Weekly trend of PM2.5 and PM10 concentrations (µg/m3).
Site

PM2.5 PM2.5 Reduction PM10 PM10 Reduction
WD1 NWD2
(%)
WD
NWD
(%)
11
15
43
29
33
l’Alcora
13
15
-28
22
21
Almassora
15
12
8
25
20
20
Castelló
13
12
14
19
18
5
Sant Jordi
14
17
19
28
24
14
Vila-real
21
8
11
16
14
13
Zorita
9
1
Working Days (Monday to Friday); 2 Non-Working Days (Saturday,
Sunday and holidays).

The ceramic industry has been affected by the economic crisis in recent years. The main consequence of this
has been the shutdown of factories and subsequent reduction in emissions to the atmosphere when compared to
previous years.
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3.3. PM2.5/PM10 ratios

The relationship between PM2.5 and PM10 can vary
widely depending on the type of sites. According to earlier studies [35], PM2.5 concentrations generally represent
50-75% of the PM10 concentrations at any given site.
Table 4 shows that the PM2.5/PM10 ratio in the study
area is generally in the range of 0.6 to 0.7. Higher ratios
were found in locations with more pollution, such as Vilareal. In this town, the sampling station is located in an
area with a high industrial impact and heavy traffic, factors which produce an increase in the fine fraction from
combustion processes, and thus lead to high ratios. In contrast, the lowest ratio was observed in l’Alcora, where high
levels of PM10 were found. Although it is considered to be
an industrial area, the main industrial activity is the processing of mineral materials. This activity produces high
levels of mineral dust (coarse fraction enrichment) that
increase PM10 levels, resulting in lower ratio values.
TABLE 4 - PM2.5/PM10 ratio.
Ratio
PM2.5/PM10
l’Alcora
0.34
Almassora
0.57
Castelló
0.56
Sant Jordi
0.65
Vila-real
0.71
Zorita
0.61
*
With African dust intrusion
Site

Ratio
PM2.5/PM10*
0.29
0.50
0.54
0.61
0.62
0.50

At the same time, the study area showed an increase in
the mineral load of PM10. This caused the ratios recorded
in the peninsula to be lower than those observed at various
European locations (0.7 to 0.9) [26]. This may be associated primarily with the overlapping of two factors: a) the
characteristic climate of the area (dry climate with low
rainfall) producing greater resuspension of particulate matter, and b) the proximity to the desert regions of Africa
causing the sampling area to be influenced by the intrusion
of material transported from these desert areas [35].
The PM2.5/PM10 ratios obtained at the stations in Almassora and Castelló are relatively lower (Table 4) than
those expected at stations directly affected by combustion
sources (PM2.5/PM10>0.6) [15]. While this may be explained by the two factors described above (climate and
intrusions), it is also due to the fact that the sampling
stations are found near the coast, and thus are influenced
by marine aerosol. In addition, a potential influence originating in the ceramic industry in Vila-real, given its proximity to both stations (Almassora and Castelló), should
also be considered. The emission sources from ceramic
manufacturing also contribute to the high levels of PM10,
which may explain partly why particles are coarser and
ratios lower.
The Mediterranean Sea, being an almost-closed area
surrounded by mountain ranges, has experienced elevated
aerosol loading [54]. The Mediterranean Basin is of special importance because it is a crossroad where natural
aerosols (Saharan dust and sea-salt) are blending [55]. In

addition, marine aerosol has a very clear mode between 2.5
and 5 µm, and a minor mode between 5 and 10 µm [23].
This caused the PM2.5/PM10 ratios to be lower in Almassora and Castelló. Although the average sodium levels are
relatively low, approximately 1-2 µg/m3 in the study area
[56], this emission source could be quantitatively important bearing in mind the proximity of the coast and the
importance of breeze circulation [23]. As expected, the
highest concentrations were generally found near the coast,
with levels rapidly decreasing as distance from the coast
increased [57]. Thus, the effect of sodium levels on the
particulate ratios was more pronounced in Almassora and
Castelló because of their proximity to the sea.
In Table 4, ratios were analyzed with the days coinciding with African dust episodes included and excluded
(Directorate General of Quality and Environmental Assessment). As shown in Table 4, the greatest decrease in
the PM2.5/PM10 ratio during dust intrusion episodes was
observed at Zorita. This is due to the fact that maximum
concentration levels of PM in rural and regional background sites coincide with the intrusion of air masses from
Africa, regional atmospheric stagnation and local contamination episodes [35].
Table 5 shows how the PM2.5/PM10 ratio generally
decreases in summer, practically at all sampling stations.
This was attributed to a marked increase in coarse fraction
levels in summer caused by resuspension, low precipitation
and more frequent African dust episodes [39, 58]. This
decrease is more pronounced in the background station at
Zorita where the summer mean value decreased by 23%
with respect to the mean value in winter. This pattern was
observed by Pérez et al. [22], who in 2008 described how
PM2.5/PM10 decreases to mean values due to higher
levels of background dust and coarse nitrate, with values
reaching 0.3 during intense summer dust outbreaks.
TABLE 5 - Seasonal trend of PM2.5/PM10 ratio.
Site
l’Alcora
Almassora
Castelló
Sant Jordi
Vila-real
Zorita

Winter
0,38
0,57
0,54
0,51
0,76
0,79

Spring
0,43
0,74
0,58
0,71
0,63
0,66

Season
Summer
0,26
0,56
0,53
0,70
0,70
0,48

Autumn
0,32
--0,53
0,80
0,69
0,55

This trend is not seen at the Sant Jordi station, where
the PM2.5/PM10 ratio is higher in summer. This is primarily associated with an enrichment of fine particles.
The levels of PM2.5 were strongly influenced by the
anthropogenic activities carried out at the sampling point.
This is logical because the main source of fine particles is
human activity. In addition, PM2.5 has a natural component that is less important than fraction PM10 [59]. In this
zone, the main anthropogenic source of PM2.5 is automobile traffic. With increased tourism in summer, an increase in traffic occurs at the sampling point (residential
zone). This, in turn, causes an increase in fine particulate
emissions and an increase in the PM2.5/PM10 ratio. Many
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studies have confirmed that vehicle exhaust mainly contains particles < 2.5 µm in size [60, 61 36].
3.3. Influence of the sampling site on PM2.5 and PM10 concentrations

A statistical analysis (Levene and Kruskal-Wallis
tests) of the levels of PM2.5 and PM10 at the 6 sampling
locations was performed in order to evaluate the influence
of the sampling point on the concentrations of these pollutants. First, the normal distribution of data and homogeneity of variance were studied. When the number of data is
high (>300), a normal distribution could be assumed.
However, the Levene test dismissed the homogeneity of
variance in both cases (PM2.5 and PM10), and the nonparametric Kruskal-Wallis test was then applied. Table 6
shows the results of this test for PM2.5 and PM10 levels.
The results obtained (Asymp. Sig) in the Kruskal-Wallis
test were lower than level of significance chosen as acceptable (0.05) in all cases. This value indicates that significant differences exist between the different sampling
points. A post-hoc contrast was applied to identify the
groups in which the differences existed. T3 Dunnet was
chosen because variances were not homogeneous.
TABLE 6 - Kruskal-Wallis test results.
PM2.5
Chi-Square
235.290
Df
5
Asymp. Sig.
0.000
Grouping variable: Sampling site

PM10
455.104
5
0.000

TABLE 7 - T3 Dunnett test.
Site

Site

PM2.5
Sig.
l’Alcora
Almazora
0.002*
Castellón
0.397
San Jordi
0.201
Vila-real
0.000*
Zorita
0.000*
Almassora
Alcora
0.002*
Castellón
0.224
San Jordi
0.133
Vila-real
0.006*
Zorita
0.000*
Castelló
Alcora
0.397
Almazora
0.224
San Jordi
1.000
Vila-real
0.000*
Zorita
0.000*
Sant Jordi
Alcora
0.201
Almazora
0.133
Castellón
1.000
Vila-real
0.000*
Zorita
0.000*
Vila-real
Alcora
0.000*
Almazora
0.006*
Castellón
0.000*
San Jordi
0.000*
Zorita
0.000*
Zorita
Alcora
0.000*
Almazora
0.000*
Castellón
0.000*
San Jordi
0.000*
Vila-real
0.000*
*
The mean difference is significant at 0.05 level

PM10
Sig.
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.831
0.000*
1.000
0.000*
0.000*
0.831
0.000*
0.247
0.000*
0.000*
0.000*
0.000*
0.000*
0.001*
0.000*
1.000
0.247
0.000*
0.000*
0.000*
0.000*
0.000*
0.001*
0.000*

In Table 5, the locations among which significant differences existed (sig. <0.05) were marked with an asterisk. The trends in the concentrations of PM2.5 and PM10
were not the same.
In the case of PM10 levels, the sampling locations
were divided into 4 groups according to the significant
differences observed. l’Alcora, which had the highest concentrations of this pollutant, was the first group. The second group was formed by Vila-real, Castelló and Almassora. Sant Jordi was in the third group, and Zorita was in
the fourth group having presented the lowest PM10 concentrations.
Apart from anthropogenic sources, PM10 is considerably influenced by coarse particles of marine or mineral
origin [62]. As discussed above (subsection 3.3), the main
industry in l’Alcora emits mostly coarse particles [63].
This, together with the characteristics of the site (geographical location, topography, etc.), cause PM10 levels
to rise in l’Alcora. Vila-real, Castelló and Almassora are
geographically located very close to each other and have
different characteristics, but PM10 values were not significantly different. The origin of coarse particles in Sant
Jordi is mainly natural and influenced by marine aerosols
and mineral matter. In contrast, the main source of coarse
particles at the rural site in Zorita is mineral matter.
Regarding PM2.5 concentrations, the sampling locations were organized into 3 groups with significant differences. Vila-real, with the highest concentrations, made up
the first group. Almassora, l’Alcora, Sant Jordi and Castelló, having intermediate concentrations, formed the second
group, while the third group consisted of Zorita, where the
lowest PM2.5 concentrations were obtained.
The town of Vila-real had the highest levels of fine
particles due to the overlapping of two human activities
that significantly influence PM2.5 levels: industrial activity and automobile traffic [64]. Almassora, l’Alcora, Sant
Jordi and Castelló are not close geographically and do not
have similar characteristics; however, significant differences among the levels of PM2.5 collected at the 4 sampling points were not found. Finally, Zorita was different
from all other sampling points because it is a location that
is less affected by anthropogenic fine particle emissions.
4. CONCLUSIONS
An assessment of particulate matter (PM2.5 and
PM10) was carried out at different locations in the province of Castelló. In general, the levels of particulate matter described in this study are lower than those found in
other Mediterranean cities. The highest values of PM10
were obtained in l’Alcora, and were associated with an
enrichment of coarse particles. The main sources of these
particles in this town are the treatment processes of raw
mineral materials and natural phenomena. In the case of
PM2.5, higher values were obtained in Vila-real due to
the overlapping of two very important sources of anthro-
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pogenic emissions of fine particles (smaller than 2.5 µm):
automobile traffic and industrial activity. The lowest levels
of PM10 and PM2.5 were found at the rural station (Zorita).

gional Government) for supplying the data from the monitoring stations at l’Alcora, Sant Jordi and Zorita.

In the study area, the annual trend for PM is determined by the climate conditions typical of a Mediterranean Basin region. The system of predominant winds in the
area (land and sea breezes) and the particular topography
greatly influence the dispersion of contaminants. In summer, the recirculation of air masses prevents air renewal.
In addition, the dry summers increase the soil dryness and
favor the resuspension of the substrate; finally, the African
dust intrusions are more frequent in summer too. These
factors cause increased levels of PM in summer. At the
same time, a reduction in the concentration of the PM
levels was observed on non-working days, demonstrating
that these particles originate partly from local anthropogenic sources. Thus, the high levels of PM registered in the
study area are associated with two overlapping contributing
factors: natural factors (African dust intrusions, recirculation of air, resuspension of soil, etc.) and anthropogenic
sources (automobile traffic, industrial activity (ceramics
industry), power generation, domestic heating, etc.).
In the assessment of PM2.5/PM10 ratios, higher ratios were found in locations with a high industrial and
automobile traffic impact, where an increase in the levels
of the fine fraction is produced by combustion processes.
This is observed in Sant Jordi; the PM2.5/PM10 ratio at
this site is higher in summer and is associated with enrichment in fine particles due to increased tourism that causes
increasing number of car journeys. In contrast, the lowest
values were found in areas with high levels of PM10, and
were associated with the overlapping of natural phenomena (marine aerosol, resuspension, African dust intrusion)
and anthropogenic sources.
In the statistical study of PM2.5 and PM10 levels,
significant differences were observed among the different
sampling points for both pollutants. However, the patterns
for the concentrations of PM2.5 and PM10 were not the
same. The sampling site location strongly influenced PM10
levels. This is due to the mainly natural origin of the particles between 2.5 and 10 µm (coarse fraction), and therefore dependent on the environment of the sampling point.
Meanwhile, the anthropogenic activities carried out at the
sampling point have a greater effect on the concentration
of PM2.5 because the main source of fine particulate
matter is human activity.
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ABSTRACT
An alcohol/ether mixture: Methanol (MeOH) and
methyl tert-butyl ether (MTBE) mixture were separated
by an environmentally friendly membrane process: Pervaporation. Pervaporation experiments were carried out
with a polymer blend membranes of poly (vinyl alcohol)
(PVA) and poly (acrylic acid) (PAA) at different temperatures. PVA/PAA cross-linked membranes were prepared
with different blend ratios. The influence of PVA/PAA
ratio and of liquid mixture composition were investigated.
With increasing PAA content in the membranes fluxes
decreased and selectivities increased. The flux increased
with increasing operation temperature, as selectivity decreased. The studies showed that MeOH/MTBE mixtures
can be separated by pervaporation which is an energy
efficient technology.

KEYWORDS: pervaporation, methanol/
PVA/PAA crosslinked membrane

MTBE

separation,

1. INTRODUCTION
Environmental pollution problems on fuel exhaust
gases led to progressive changes in gasoline compositions.
Because of the poisonous effects on exhaust catalytic mufflers, lead additive in gasoline, which is lowering the octane number indicates the reduction trend. Petroleum refiners use other components having high octane numbers,
such as benzene/toluene/xylene mixtures. However aromatic compounds are toxic. Oxgenated compounds such
as alcohols or ethers have also high octane numbers. The
addition of oxygenated compounds into gasoline reduces
the emissions of carbon monoxide and unburned hydrocarbons. Methyl tert-buthyl ether (MTBE) is one of oxgenated fuel additives which is a more suitable octane
enhancer [1].
MTBE is produced by the reaction of methanol with
isobuthylene by using strongly acidic ion-exchange resin
* Corresponding author

catalyst. The reaction is rapid and selective, but it is limited by equilibrium conditions. To improve the conversion
an excess of methanol (MeOH) is used. This causes separation problem, because methanol forms azeotrope with
MTBE at a composition of 14.3% methanol at atmospheric
pressure. The reactor effluent is separated by a debutanizer
column into bottom product and overhead product. Bottom
product is MTBE while overhead product is methanol/
MTBE azeotrope. Then methanol is washed out by water,
methanol/water mixture is distilled and methanol is recycled. This conventional process has high capital and is
energy intensive. A hybrid distillation/pervaporation process may be very attractive. Pervaporation is alternative
separation technique. It is used for breaking the azeotrope.
Hybrid distillation/pervaporation process is demonstrated
by the Total Recovery Improvement (TRIM) process that
was developed by Air Products & Chemicals [2,3].
In order to use pervaporation process in the industrial
scale, research projects are aimed to develope pervaporation membranes that have better performance. In this study,
a polymer blend membranes of poly (vinyl alcohol) and
poly (acrylic acid) are prepared and evaluated to separate
MeOH/MTBE mixtures by pervaporation.
2. MATERIALS AND METHODS
2.1. Material

Methyl tert-butyl ether, methanol, poly (vinyl alcohol), poly(acrylic acid) were analytical grade. PVA (hydrolyzed 99%) with a molecular weight of 89,000–98,000
and PAA with a molecular weight of 2000 from Aldrich
were used for producing the membranes.
2.2. Membrane preparation

The procedure was reported in the previous work [4].
The membranes were prepared in our laboratory [5-12].
The esterification reaction between the carboxylic acid
group in PAA and the hydroxyl group in PVA occurs. The
PVA/PAA ratio was changed from 95/5 to 80/20. Because
of brittleness, the membrane with a PVA/PAA ratio of
75/25 could not be tested.
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2.3. Pervaporation experiments

Pervaporation has been increased interest in the recent years because of its high separation efficiency and
flux rates coupled with potential savings in energy costs,
and it is environmentally friendly membrane process [3].
Pervaporation experiments were carried out at different PVA/PAA ratios, different liquid feed mixture compositions, and different temperatures. The influence of
blend composition, crosslinking, and feed composition at
25°C was published in the previous study [4]. The influence of temperature on the pervaporation fluxes and pervaporation selectivities were also investigated at 35°C and
45°C in this study.
The pervaporation cell and the pervaporation apparatus used in the experiments were such as given in the
other article [4].
Pervaporation properties are characterized by the flux
J and the selectivity α12. Pervaporation flux was determined by weighing the permeate.
The pervaporation selectivity α12 is defined by where
x and y represent the weight fractions in the feed and
permeate, respectively. Indices 1 and 2 refer to the more
permeable component, and the less permeable one, respectively.

α12 = (y1/y2)/(x1/x2)
(1)
The reproducibilities of fluxes and selectivities were
within ± 2%.
3. RESULTS AND DISCUSSION
3.1. Influence of concentration

Pervaporation data for the MeOH/ MTBE binary system at 35°C and 45°C temperatures for the four membranes
are given in Fig. 1, Fig. 2 for PAA wt.%: 5, 10, 15, 20 and
Methyl alcohol concentrations wt. : % 5, 10, 15, 20.
In Fig.1 the flux and pervaporation selectivity values
were presented as a function of the MeOH concentration
in the feed. Fluxes were normalized by dividing with
membrane thicknesses. As the MeOH concentration increases, the flux increases but the selectivity decreases.
According to the swelling tests which were given in the
previous study [4], with increasing MeOH concentration
in the feed mixture, because of the plasticization effect,
free volume increases, the membranes become more
swollen and as a result polymer chains become more
flexible and transport becomes easier.

(a)

(b)

FIGURE 1 - The effect of the feed composition on the pervaporation flux (a) and selectivity (b) of MeOH/MTBE mixtures for various
PVA/PAA membranes at 35°C.

(a)

(b)

FIGURE 2 - The effect of the crosslinking agent on the pervaporation flux (a) and selectivity (b) of MeOH/MTBE mixtures for various feed
concentrations at 45°C.
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The interaction between the components and the membrane becomes stronger at lower concentration, therefore
polymer segments form hydrogen bonding with methanol
molecule and selectivity increases with decreasing concentration.
In Fig.2 the PAA wt. % ratio was from 5 to 20. As the
PAA content in the membrane increases, the flux decreases
but the pervaporation selectivity increases. The swelling
tests which were made in the previous study [4] showed
that, the decreasing flux with increasing PAA content can
be caused by a lower swelling of the membranes. This
showed that the cross-linking portions in the membranes
increase with an increase in the PAA cross-linking agent.
This can be proof that the cross-linking reactions progressed
properly. Since PAA can preferentially interact with MeOH,
it has more polarity. The pervaporation selectivities increase with the increasing PAA cross-linking agent. In
other words, because the membrane network forms more
compact by more cross-linking effect, free volume becomes
shrink, diffusivity governed by the free volume decreases, as
the amount of PAA increases the flux decreases.
When the amount of PAA is more added because of
the less chain mobility, there could exist the unreacted
carboxylic acid groups in PAA. This free carboxylic
acid group forms the hydrogen bonding with methanol

molecule in the feed mixture and this interaction causes
selectivity increasing.
3.2. Influence of temperature

The temperature dependence of the pervaporation data were given in Fig.3 and Fig.4. The total flux is plotted
in logarithmic scale as a function of reciprocal temperature in the figures. Fig.3 shows that there is an Arrhenius
type relationship between the fluxes and operation temperature.
An Arhenius type relationship is given in the Equation 2 [13]:
J = J0 exp( -Ep/RT)
(2)
Where J0 is the pre-exponential factor, Ep is the overall
activation energy for permeation, RT is usual energy term.
The apparent activation energy could be calculated
from the slope of Fig.3.
The slopes were estimated from the data of flux at
25°C in the previous study [4] and 35°C, 45°C in this
study. The flux and selectivity values at 25°C are given in
Table 1 [4].
In Table 2 calculated apparent activation energy values are given for Methyl alcohol concentrations wt.% : 520 at PVA/PAA: 95/5-80/20.

(a)

(b)

(c)

(d)

FIGURE 3 - The effect of the temperature on flux of various PVA/PAA membranes at 25°C [4], 35°C, 45°C for MeOH wt.%5 (a), for MeOH
wt.%10 (b), for MeOH wt.%15 (c), for MeOH wt.%20 (d).
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(a)

(b)

(c)

(d)

FIGURE 4 - The effect of the temperature on selectivity of various PVA/PAA membranes at 25°C [4], 35°C, 45°C for MeOH wt.%5 (a), for
MeOH wt.%10 (b), for MeOH wt.%15 (c), for MeOH wt.%20 (d).

TABLE 1 - The flux and selectivity values at 25°C [4].
T: 25°C
MeOH Wt.%
5
10
15
20
T: 25°C

PVA/PAA: 95/5
29.500
32.055
34.389
50.778

MeOH Wt.%
5
10
15
20

PVA/PAA: 95/5
3.356
3.096
2.638
2.617

Flux (J)
(kg/m2h)*10-3
PVA/PAA: 90/10
PVA/PAA: 85/15
29.400
7.636
31.600
8.523
32.543
9.227
48.000
11.909
Selectivity (α MeOH/MTBE)
PVA/PAA: 90/10
4.920
4.684
3.966
3.910

PVA/PAA: 85/15
18.048
17.939
15.013
14.099

PVA/PAA: 80/20
5.579
6.421
7.053
7.553

PVA/PAA: 80/20
30.114
28.859
25.107
24.510

TABLE 2 - Calculated apparent activation energy values for MeOH wt.%: 5-20 at PVA/PAA: 95/5-80/20.

PAA %
5
10
15
20

MeOH wt.%: 5
Ep (kJ/kmol)
71.6
62.6
94.0
97.93

MeOH wt.%: 10
Ep (kJ/kmol)
73.2
61.1
91.9
93.9
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MeOH wt.%: 15
Ep (kJ/kmol)
71.2
61.3
92.0
91.1

MeOH wt.%: 20
Ep (kJ/kmol)
58.3
49.4
82.9
93.4
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They were found at around 73.2 kJ/kmol – 93.9 kJ/
kmol from PVA/PAA: 5 to PVA/PAA: 20 for MeOH
wt.%: 10. These results explain flux decreasing while PAA
increasing. With increasing PAA content, activation energy
for transport increases, diffusion becomes more difficult
and permeation decreases also.
The apparent activation energy were calculated as
71.6 kJ/kmol - 58.3 kJ/kmol from MeOH wt.%: 5 to
MeOH wt.%: 20 for PVA/PAA: 5. These results explain
flux increasing while MeOH concentration in the feed
increasing. With increasing MeOH concentration, activation energy for transport decreases, diffusion becomes
easier and permeation increases also.
In Fig.3 the flux (J) increases gradually with the feed
temperature. In pervaporation the dependence of diffusivity on temperature is generally described by an Arrhenius type exponential law with the apparent activation
energy for diffusion. When activation energy is a positive,
diffusivity increase with temperature. The flux may increase many times for each 10°C temperature increment.
In addition to the enhanced diffusivity, the driving
force for the mass transfer increases with temperature also.
The driving force is given by the difference in partial vapor
pressure of the permeates between the feed side and the
permeate side. The vapor pressure at the feed side increases as the feed temperature increases, while the vapor
pressure at the permeate side is not affected by the feed
temperature. Therefore, the driving force increases with
the operation temperature.
In Fig.4 the selectivity decreases with the temperature. It is hardly affected by the temperature, in most cases
a small decrease of selectivity is found with increasing
temperature. The interaction between the components and
the membrane becomes stronger at lower temperature,
therefore polymer segments form hydrogen bonding
with methanol molecule and selectivity increases with
decreasing temperature.
3.3 Comparison of Pervaporation performance data with the
literature

The selectivities of PVA membranes for the separation of MeOH/MTBE azeotropic mixtures reported in the
literature and tested in this work. Park et al. [2] investigated PAA membranes blended with PVA. The separation

factor of the Park’s study is 40. The highest selectivity
was obtained by Rhim et al. [1]. The separation factor of
the Rhim’s study is very high. In that study, fully hydrolized PVA with a molecular weight of 50,000 was
cross-linked with PAA with a molecular weight of 2000
(25 wt% in water). In this study, the molecular weight of
PVA and some operating conditions are different from
Rhim’s values and the PAA is solid, but the selectivity was
acceptable level [1-3, 14].
Table 3 compares the performance of the various
membranes used in the pervaporation of MeOH/MTBE
azeotropic mixtures [4, 13, 15-18].
4. CONCLUSIONS
Membranes of a polymer blend of poly(vinyl alcohol)
and poly(acrylic acid) that was crosslinked were evaluated for the separation of MeOH/MTBEmixtures.
The flux value is 5.579 kg/m2h*10-3 at 25°C [4], the
fluxes are 36.421 kg/m2h*10-3 and 66.105 kg/m2h*10-3 at
35°C and 45°C respectively for the PVA/PAA: 80/20
ratio and MeOH wt.%: 5 feed concentration.
At 25°C the selectivity is 30.114 [4], the selectivities
at 35°C and 45°C are 25.099 and 19.811 respectively for
the PVA/PAA: 80/20 ratio and MeOH wt.%: 5 feed concentration.
Tested membranes are MeOH selective. Pervaporation
experiments show that pervaporation characteristics can be
controlled with adjusting PVA/PAA ratio in the membranes. In addition, a strong effect of the feed mixture concentration on the pervaporation performance was observed. The feed mixture temperature also showed a favorable influence on the pervaporation performance.
Pervaporation competitive technology with conventional separation techniques such as distillation which is
more energy-intensive process. Sometimes, it provides an
unique way of solving very difficult separation problems
like azeotropic separation. Pervaporation process is feasible technically in the separation of methanol/ MTBE
azeotropic mixtures. Development of proper membranes
could improve also the feasibility of pervaporation process commercially [18].

TABLE 3 - Comparison of Pervaporation performance of MeOH/MTBE azeotropic mixtures.
Feed composition
(wt.%Metanol)

Membrane

Operating temperature
(°C)

*
Flux (g/m2h)

30
35
30
30
40
25
35

6.2
750
35
550
4800 *(µm)
5500
36421

30
PVA/PAA blend
30
PVA
30
PEEKWC poly(ether ether ketone)
50
PVA
21
PPO (poly propylene oxide)
5
PVA/PAA : 80/20 crosslinked
5
PVA/PAA : 80/20 crosslinked
* : values were read from plots approximately.
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*
Selectivity
(αMeOH/MTBE)
48
48
6
2
7.8
30
25

Reference
[15]
[16]
[13]
[17]
[18]
[4]
This study
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[11] Yeom C.K. and Lee K.H. (1996) A study on permeation behavior of a liquid mixture through PVA membranes having a
crosslinking gradient structure in pervaporation. J Appl.
Polym. Sci. 59, 1271–1279.

Ep : Activation energy
J : Flux (kg/m2h)
J0 : pre-exponential factor
R : Ideal gas constant (8.3145 kJ/kmol K)
T : absolute temperature (K)
x : Weight fractions of the component
with more sorption capacity in the
feed
x : Weight fractions of the component
with less sorption capacity in the
feed
y : Weight fractions of the component
with more sorption capacity in the
pervaporate
y : Weight fractions of the component
with less sorption capacity
α : Pervaporation selectivity
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ABSTRACT

1. INTRODUCTION

The leaf extract of Viscum album was evaluated for
its cytotoxic and anti/prooxidant activities. The CO2 extract,
which appeared as the most active in both assays, was
subjected to GC/MS analysis to identify the sesquiterpenes
trans-α-bergamotene (1), trans-β-farnesene (2) and vomifoliol (3) as major extract constituents. The cytotoxic activity of the extract was assayed against EAC breast carcinoma cells and AS30D hepatoma cells in vivo. Dose response was tested with 3 dosages in experiments (1, 2 and
3 mg/kg b.w.). In addition, evaluation of the antioxidant
activity was performed in vivo, by measuring the status of
reduced glutathione – glutathione reductase – glutathione
peroxidase system (GSH/GR/GSHPx). All tested extract
doses and compounds proved to be active, while compound
(3) showed the best antioxidant effect. Also, compound (3)
exhibited remarkable cytotoxic activity (75.2% on nonviable EAC cells, and 28.3% on non-viable AS30D cells),
which was superior to that of N-acetyl-L-cysteine as control antioxidant (10.1% and 6.3% of non-viable EAC and
AS30D cells, respectively). Differences in possible antioxidant activity between N-acetyl-L-cysteine and examined
extract were noticed. N-acetyl-L-cysteine proved to be a
strong antioxidant in vivo. On the other hand, crude extract and selected compounds exhibited mild antioxidant
activity, and did not significantly affect the serum status
of GSH/GR/GSHPx system and LPx. Nevertheless, the
application of the crude extract and compound (3) significantly affected the mentioned systems in tumor cells by
inducing oxidative stress, and significantly increasing
cytotoxicity against EAC cells, but less against AS30D
cells.
KEYWORDS: Viscum album; terpenes; cytotoxicity; antioxidant
activity; glutathione

* Corresponding author

Leaf extracts of Viscum album have been used widely
for centuries as their therapeutic application has been documented throughout history. A number of pharmacological
activities have been ascribed to mistletoe, including nervine,
hypotensive, cardiac depressant, vasodilator, slowing and
steadying excessive heart rate, relaxant, diuretic, and stimulant [1]. Today, mistletoe extracts are widely used in therapy of hypertension, but also one of the most serious diseases of modern men, carcinoma. In the past few years,
great attention was payed to in vitro investigations of antitumor properties of Viscum album extracts, or ceratin constituents isolated from these extracts. Lectins and viscotoxins have been identified as the main bioactive constituents
of Viscum album [2,3].
The pharmacological effects of the water-soluble constituents of Viscum album have been the most extensively
studied [4]. Naringenin and its methylethers [5], halcon and
its 4-glucoside [6] as well as quercetin and kaempferol [7]
and their derivatives (mainly different methylethers) have
been identified. Gentisic acid and caffeic acid were the
main representatives of phenolic compounds. Recent studies confirmed the presence of several terpenoids, such as
β-amirin, oleanolic acid, lupeol and betulin [7], as well as
one monoterpene diglucoside [8]. Furthermore, phytochemical investigations showed the presence of 4 main types of
mistletoe lectins [9], and several types of viscotoxins [10]
that are also believed to possess great pharmacological
importance. Ethnological investigations report the medicinal application of non-polar fraction from Viscum album as
well. However, there are no or very few literature data on
non-polar constituents of V. album. It is found that the
portion of aliphatic compounds is much lower, consisting
mainly of alkanes and primary alcohols (C22-C30) [7].
Urech et al. [11] reported on the presence of several pentacyclic triterpenes and fatty acids in viscin from Viscum
album. It has been shown that viscin, betulinic acid,
oleanolic acid and ursolic acid are able to inhibit growth

1460

© by PSP Volume 21 – No 6. 2012

Fresenius Environmental Bulletin

and induce apoptotic cell death in Molt4, K562 and U937
leukaemia cells [11].
Recently, many in vitro studies have examined the
cytotoxic properties of Viscum album extracts, or certain
constituents isolated from these extracts [12, 13]. Nevertheless, to date, there are very few reports describing the
non-polar constituents of Viscum album [7] and their biological activity [11], and no reports describing the volatile
constituents of Viscum album and their biological activity.
The objective of this study was to selectively extract
by supercritical CO2 extraction several classes of volatile
compounds present in the leaves of Viscum album, and to
identify them by coupling the extraction with gas chromatography/mass spectrometry (GC/MS) analysis. We also
aimed to evaluate the cytotoxic activity of the extract and
some identified constituents (obtained commercially, from
other sources), and finally to determine whether there was a
correlation between the cytotoxicity of the extract and its
constituents and the status of glutathione/glutathione reductase/glutathione peroxidase (GSH/GR/GSHPx) system and
lipid peroxidation (LPx) in tumor cells.
2. MATERIALS AND METHODS
2.1. Chemicals

Ethylendiamine tetraacetic acid (EDTA), thiobarbituric
acid (TBA), reduced glutathione (GSH), 5,5'-dithiobis-2nitrobezoic acid (DTNB), oxidised glutahione (GSSG),
reduced nicotinamide adenine dinucleotide phosphate
(NADPH), bovine serum albumine (BSA), and N-acetylL-cysteine (NALC) were obtained from Sigma Chemical
Co. (St. Louis, MO, USA) but trans(β)-farnesene, trans(α)bergamotene and vomifoliol from an internal source. The
rest of the chemicals (FeSO4, ascorbic acid, phosphate
buffer, ethanol, TRIS, TCA, CuSO4x5H2O, K,Na-tartrate,
KI, NaOH) used in experiments were obtained from local
firms (Serbia) and were of the highest purity grade.
2.2. Preparation of the CO2 extract of Viscum album leaves

Mistletoe leaves, from Viscum album L. ssp. album
grown on Juniperus communis, were collected from
Cemerno, (Srpska Republic, BIH). The plant material was
identified by Ing. V. Ćebović, and a voucher specimen
(VA356-3) was deposited in the Herbarium of the Forest
Institute in Foča (Srpska Republic, BIH). Viscum album
leaves that were subjected to extraction using CO2 in a
supercritical state, were ground to the required degree in a
universal laboratory mixer.
2.3. Fractination and structural analysis of Viscum album
leaves extract using GC/MS

The ground drug (Viscum album L. leaves (60 g)) was
placed in the extractor, and subjected to gaseous CO2 for
5 min. The extraction was continued under predefined pressure (350 bar), temperature (34-35 °C) and CO 2 flux

for 2.5 h. GC analyses of Viscum album extracts were performed on a Hewlett-Packard GC coupled with a mass
detector (GC/MS). The GC analysis conditions are outlined
below. Five µl of extract were injected onto a HP-5MS column (length 30 m; diameter 0.25 mm). The temperature
protocol was as follows: injector, 250 °C; detector, 280 °C;
initial temperature, 50 °C; max. oven temperature, 325 °C;
temperature increase: 20 °C/min to 130 °C (1 min), temperature increase: 9 °C/min to 280 °C (10.3 min). The
total time of analysis was 32 min. The carrier gas was helium at a flux of 0.8 ml/min. The mass range of the detector
was 45-425 D (m/z), and the database used was the pmw
toxr.1, WILEY275.L, PESTICID.L. The integration of
each chromatogram was performed by the Chemstation
integrator application in order to compare mass pecents of
the identified components in extract.
2.4. Animals and experimental design

Animal care and all experimental procedures were conducted in accordance with the Guide for the Care and Use
of Laboratory Animal Resources edited by the Commission of Life Sciences, National Research Council. Male
and female Hannover National Medical Institute (Hann:
NMRI) mice were obtained from the Biochemical Laboratory, Clinical Centre Vojvodina (Novi Sad, Serbia). Animals were fed standard mice chow (LM 2, Veterinarski
zavod, Subotica, Serbia) with free access to tap water, in
a temperature (25 ºC) and humidity-controlled (30-50%)
animal house under 12-h light/day cycles. NMRI mice of
both sexes (6-8 weeks old) weighing 25±2.5 g were used
in experiments. Animals were divided into 6 groups of
6 mice under the following conditions and treatments: I,
control group, CTRL (mice receiving only placebo), 2 mg/kg
body weight (b.w.) distilled water per day, i.p., (n=6);
EAC (AS30D) CTRL group (mice with implanted EAC
(AS30D) cells), (n=6); II, mice receiving the Viscum album
extract, 2 mg/kg b.w. per day, i.p., (n=6); III, mice receiving trans-α-bergamotene (1), 2 mg/kg b.w. per day, i.p.,
(n=6); IV, mice receiving trans-β-farnesene (2), 2 mg/kg
b.w. per day, i.p., (n=6); and V, mice receiving vomifoliol
(4), 2 mg/kg b.w. per day, i.p., (n=6). In cytotoxic assay,
animals divided into the same 5 groups were pre-treated
with the extract or the compound solution, 2 mg/kg b.w.
per day, i.p., starting 7 days before the EAC (AS30D) implantation (n=6). Fourteen days after EAC (AS30D) implantation, all mice were sacrified, and the ascites of the
carcinoma were collected for further experiments. In addition, blood samples were collected in order to examine the
effect of the extract on other ʺ″healthyʺ″ tissues. The experiments were repeated in the same way using the antioxidant
N-acetyl-L-cysteine (NALC) instead of the Viscum album, or different dosages of the mentioned substances (1,
2 and 3 mg/kg b.w.).
2.5. Cytotoxicity assay

Ascites from the abdomen were transferred to KrebsRinger phosphate buffer solution (0 ºC, pH 7.4), then
subjected to subsequential centrifuging at 4500 rpm (MSE
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HIGH SPEED centrifuge at 4 ºC) and 12,000 rpm (Eppendorf 3200 centrifuge, 2.5 min) to obtain a dense cell
suspension (1:1). Cell viability was determined by the
Trypan blue exclusion method: Trypan blue (0.4% solution in Krebs-Ringer phosphate buffer) stained only the
damaged cells. These data were expressed as percentage
of damaged cells.
2.6. Estimation of reduced glutathione, and determination of
glutathione reductase and glutathione peroxidase activity

The quantity of reduced glutathione (GSH) was estimated as an acid-soluble non-protein sulfhydryl group (SH), by the method of Beuthler et al. [14]. Reduced GSH
was used as a standard to calculate µmol of –SH content/g
tissue. Glutathione reductase (GR) was determined by the
procedure described by Goldberg and Spooner [15]. Glutathione peroxidase (GSHPx) activity was measured by
the coupled assay method as described by Beuthler [16].
2.7. Estimation of lipid peroxidation

Lipid peroxidation (LPx) in tumour cells and blood
samples was estimated using the thiobarbituric acid – reactive substances (TBARS) method as described by Varshney
and Kate [17], and expressed in terms of malondialdehyde
(MDA) formed per ml of tumour cells (serum).
2.8. Statistical analysis

Data were expressed as means±S.D. Student's t-test
was carried out to identify statistical differences. Additionally, data were analysed by using the ANOVA twotailed statistical analysis. For that purpose, Tukey and
Bonferroni tests were also carried out to identify statistical differences depending on the two factors: applied dose
and sort of extract. P-values of 0.05 or less (p<0.05) were
considered to be statistically significant, and values of
0.001 or less as very significant.
3. RESULTS
3.1. Chemical composition of the Viscum album L. leaf extract

After subjecting the extract to column chromatography, all fractions were analysed by MS and compared to
pmw toxr.1, WILEY275.L, and PESTICID.L databases.

Major constituents were trans-α-bergamotene (1) 5.8 mg,
trans-β-farnesene (2) 10.2 mg, sesquiterpene lactone loliolide
7.3 mg, and vomifoliol (3) 40.7 mg. Also, 2(4H)-benzofuranone-5,6,7,7'-tetrahydro-4,4,7'-trimethyl-(R) actinidiolid
7.2 mg, isocoumarin derivative 19.5 mg, and 2-pentadecanone-6,10,14-trimethyl-(CAS)-hexahydro-farnesyl
acetone 20.5 mg were identified. The chemical composition of the CO2 extract of Viscum album L. leaves is presented in Table 1.
3.2. Cytotoxicity of the Viscum album extract and selected
terpene derivatives

EAC breast carcinoma cells and AS30D hepatoma cells
were implanted into mice that were pre-treated with the
Viscum album extract, or the selected commercial terpene
compounds. In our earlier reports [18, 19], we found that
the induction of apoptosis and/or necrosis only occurred
after treatment with the higher dosages of the extract. Thus,
a dosage of 2 mg/kg b.w. was initially selected to analyse
the other cell parameters. In order to test the dose response,
we used three different dosages in our experiments: 1, 2
and 3 mg/kg b.w. Previously, we found that the dosage of 2
mg/kg b.w. is not toxic to healthy tissues [20, 21].
A significant decrease in the EAC ascites volume was
observed in mice pretreated with Viscum album extract
(Table 2); AS30D ascites volume was decreased after pretreatment with the extract, but observed decrease was not
statistically significant. The ability of selected compounds
(2 mg/kg b.w.) to inhibit EAC ascites growth increased as
follows: trans-β-farnesene (2) 5.3 ml, trans-α-beragamotene
(1) 4.9 ml, and vomifoliol (3) 2.1 ml, where significant
decrease was observed for compound (3). NALC did not
affect this parameter in a statistically significant manner.
ANOVA two-tailed statistical analysis confirmed the presence of certain dosage dependence: higher dose means increased tumour growth inhibition, especially when a low
dose (1 mg/kg b.w.) was compared to the higher doses
(among which the dependence was less significant). The
inhibitory effects on AS30D tumor growth of the compounds (1), (2) and (3) increased in the order: comp. (3),
comp. (1) and comp. (2), which were 15.6 ml, 18.5 ml
and 20.1 ml of ascites at the dose of 2 mg/kg b.w., respectively, but neither value showed statistical significance
(p>0.05).

TABLE 1 - Compounds identified in the Viscum album L. leaves extract.
No
1.
2
3
4
5.
6.
7.

Compound
RT, min
IP, %
9.019
90
trans-α-bergamotene
9.216
97
trans-β-farnesene
2(4H)-benzofuranone-5,6,7,7a-tetrahydro-4,4,7a-trimethyl-(R)actinidiolid
10.426
97
1H-2-benzopyrane-1-on,3,4-dihydro-8-hydroxy-3-methyl-(CAS) isocoumarin
10.649
95
(-)-loliolide
13.430
89
vomifoliol
13.620
72
2-pentadecanone-6,10,14-trimethyl-(CAS)hexahydrofarnesyl acetone
13.992
91
Identified %
IP – identification probability, %; MW – molecular weight; MF – molecular formula; RT – retention time, min

1462

MW
204.19
204.19
180.12
178.06
196,11
224.14
268.28

MF
C15H24
C15H24
C11H16O2
C10H10O3
C11H16O3
C13H20O3
C18H36O

Yield, mg
5.8
10.2
7.2
19.5
7.3
40.7
20.5
99.65
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TABLE 2 - Effects of the Viscum album L. extract and the selected compounds on the EAC and AS30D tumor growth – ascites volume (ml).
CTRL

Extract
Comp (1)
Comp (2)
Comp (3)
NALC
1 mg/kg
4.7±0.6
5.1±0.5
5.5±1.1
4.7±1.2
5.8±1.1
EAC
2 mg/kg
6.2±0.7
3.1±0.5*
4.9±0.8
5.3±0.8
2.1±1.1*
6.0±1.7
3 mg/kg
1.7±0.9*
3.1±1.1*
10.7±3.4
0.9±0.4*
7.9±2.1
1 mg/kg
19.8±3.9
19.3±7.7
22.7±6.2
20.5±4.9
18.1±3.8
AS30D
2 mg/kg
20.5±6.3
16.7±5.1
18.5±7.9
20.1±5.8
15.6±5.7
18.3±4.4
3 mg/kg
16.2±5.4
14.2±4.8
16.4±5.3
9.2±3.7*
34.9±6.8*
Values are expressed as means±S.D. of six animals at p<0.05; * - Significantly different from the CTRL group; CTRL – control group; Comp (1) –
trans-α-bergamotene; Comp (2) – trans-β-farnesene; Comp (3) – vomifoliol; NALC – N-acetyl-L-cysteine.

TABLE 3 - Effects of the Viscum album L. extract and the selected compounds on EAC and AS30D cell viability (% of non-viable cells).
CTRL

Extract
Comp (1)
Comp (2)
Comp (3)
NALC
1 mg/kg
43.2±11.1
4.9±0.7
6.3±1.1
17.9±8.3
7.9±2.9
EAC
2 mg/kg
6.1±0.2
86.9±17.8*
10.3±2.5
9.8±3.1
75.2±21.4*
10.1±2.7
3 mg/kg
89.4±21.9*
16.9±3.6
15.9±2.8
81.8±17.5*
11.6±2.2
1 mg/kg
11.3±4.9
5.1±1.3
4.6±2.1
7.2±3.1
5.9±1.6
AS30D
2 mg/kg
5.3±1.9
36.2±18.9*
6.2±2.9
5.9±2.7
28.3±11.7*
6.3±1.4
3 mg/kg
38.7±21.5*
7.8±1.4
7.1±3.2
32.7±8.9*
6.4±1.1
Values are expressed as means±S.D. of six animals at p<0.05; * - Significantly different from the CTRL group; CTRL – control group; Comp (1) –
trans-α-bergamotene; Comp (2) – trans-β-farnesene; Comp (4) – vomifoliol; NALC – N-acetyl-L-cysteine.

TABLE 4 - Modulatory influence of Viscum album extract (2 mg/kg b.w.) and selected compounds (2 mg/kg b.w.) on blood antioxidant related parameters and lipid peroxidation.
Group
Treatment
-SH content
GSHPx
GR
LPx
I
CTRL
2.89±0.11
0.559±0.013
1.12±0.15
0.031±0.002
II
Crude extract
2.68±0.11
0.555±0.011
1.18±0.13
0.033±0.002
III
Comp (1)
2.93±0.15
0.506±0.031
1.02±0.19
0.020±0.001*
IV
Comp (2)
2.76±0.12
0.523±0.017
1.12±0.16
0.026±0.004
V
Comp (3)
3.01±0.10
0.302±0.021*
0.863±0.04*
0.012±0.003*
VI
NALC
3.65±0.11*
0.237±0.018*
0.621±0.05*
0.015±0.004*
*
Values are expressed as means±S.D. of 6 animals at p<0.05; - Significantly different from the CTRL group; CTRL – control group; Comp (1) –
trans-α-bergamotene; Comp (2) – trans-β-farnesene; Comp (3) – vomifoliol; NALC – N-acetyl-L-cysteine; Amount of reduced GSH (-SH) is expressed in nmolGSH/mL erythrocytes; Activities of GSHPx and GR are expressed in µmol/ml erythrocytes; Intensity of LPx is expressed in
nmolMDA/ml erythrocytes.

Cytotoxic activity of the Viscum album extract was
evaluated by following the viability of the tumour cells,
and the results are presented in Table 3. Crude Viscum
album extract was more active against both tumour types
in comparison to single extract components, and the percentage of non-viable cells was significantly increased in
comparison to the EAC and AS30D control groups. Viscum album extract appeared to exhibit more pronounced
cytotoxic activity against EAC tumor than AS30D tumor
(p<0.001). Among the tested compounds, vomifoliol
exhibited the highest activity against both tumor types
(81.8 % non-viable EAC cells for the dose of 3 mg/kg and
32.7 % non-viable AS30D cells for the same dose), while
comp. (1) and (2) were not significantly active at the investigated concentrations. Dose dependence occurred in the
same manner as discussed previously. Again, treatment
with the standard antioxidant substance, NALC, did not
affect this parameter, confirming the absence of any cytotoxic activity.

3.3. Reduced glutathione, glutathione peroxidase and glutathione reductase

The animals treated with Viscum album extract and
the selected compounds (1)–(3), did not show significant
changes in the level of GSH (Table 4), while NALC significantly increased the level of non-protein -SH groups.
The results presented in Table 4 correspond to the average
extract/compound dose of 2 mg/kg b.w. We found that in
animals that were treated with vomifoliol, the activities of
GSHPx and GR in blood were significantly decreased (p<
0.05), while the GSHPx and GR activities did not change
after treatment with compounds (1) and (2) (Table 4). A
significant 14.9-fold decrease in GSH content was observed
in Viscum album pretreated mice compared to the untreated
EAC control mice (p<0.001; Table 5). Furthermore, the
low activities of the associated enzymes GSHPx and GR,
in the EAC cells were significantly increased after treatment with the extract, 6.7-fold (p<0.001) and 5.3-fold (p<
0.001). Compound (3) showed similar, but slightly weaker
properties: GSH decrease approx. 3.9-fold (p<0.05); GSHPx
and GR activities elevation 5.0-fold (p<0.05) and 6.0-fold
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(p<0.001), respectively. Compounds (1) and (2) appeared
to be not effective in changing GSH/GSHPx/GR antioxidant system of EAC tumor cells. Both the applied concentration of Viscum album extract and the selected compounds did not influence the antioxidant system of AS30D
cells in the degree that was observed for EAC cells (Table 6).
Still, the extract and vomifoliol appeared to be significantly effective, inducing the antioxidative disbalance in
AS30D cells, but in a much lower degree, approx. 1.5fold decrease in GSH content, approx. 2.7-fold increase in
GSHPx activity, and 3.1-fold increase in GR activity.
Once more, the application of NALC did not affect the
antioxidant status of AS30D cells.
3.4. Lipid peroxidation as a parameter of oxidative damage of
cell membranes

In the present study, lipid peroxidation was estimated
from MDA production. LPx in blood samples was unaffected by the treatment with the Viscum album extract
compared to untreated control mice (Table 4). Trans-βfarnesene showed the same activity as the extract, but other
selected compounds significantly decreased the LPx intensity, where the highest antioxidant activity was ascribed to vomifoliol. In both untreated EAC and AS30D
cells, LPx was almost absent. Viscum album extract-treated
animals presented a 36.5-fold elevated LPx intensity
(p<0.001) in EAC cells and 1.8-fold (p<0.05) in AS30D
cells. Compound (3) also increased the LPx (p<0.05), while
compounds (1) and (2) did not affect the antioxidant balance of both EAC and AS30D cell membranes (p>0.05).

4. DISCUSSION
Previous in vitro and in vivo studies have shown that
Viscum album L. extracts and several isolated water-soluble
compounds from the extract exhibit certain antitumour
properties [4, 12, 13]. On the other side, there are no or
very few references describing the presence and the pharmacological activities of the non-polar extracts [11], or
terpene derivatives of Viscum album [8]. In the present
study, we have identified several terpene derivatives from
the CO2 extract of Viscum album, and investigated the in
vivo cytotoxic and antioxidant properties of the crude CO2
extract, and three selected compounds: trans-α-bergamotene,
trans-β-farnesene and vomifoliol. The findings of the present investigation are based on an examination of the inducibility of enzymes involved in carcinogen/drug (xenobiotic) metabolism and maintaining the antioxidant status
of the cell. There were no adverse effects on normal animal health at the given dose levels of Viscum album extract [18]. Thus, even the highest given dose of 3 mg/kg
b.w. had a safely margin well clear of the toxic range. This
information is crucial, since chronic treatment with any
agent for achieving chemopreventive prophylaxis should
be free from any undiserable side-effect [22].
As already mentioned, Viscum album L. was ascribed
to exhibit certain antitumor properties; however, the mechanisms that lead to these antitumor effects are largely unknown and sometimes controversial. One of the main characteristics associated with the metabolism of malignant

TABLE 5 - Modulatory influence of Viscum album extract (2 mg/kg b.w.) and selected compounds (2 mg/kg b.w.) on antioxidant related
parameters and lipid peroxidation in EAC cells.
Group
Treatment
-SH content
GSHPx
GR
LPx
I
EAC CTRL
1.50±0.12
0.772±0.019
1.38±0.11
0.029±0.001
II
Crude extract
0.101±0.011*
5.09±0.25*
7.36±0.56
1.06±0.23*
III
Comp (1)
1.26±0.21
0.921±0.022
1.43±0.23
0.044±0.011
IV
Comp (2)
1.31±0.17
0.835±0.021
1.26±0.26
0.031±0.014
V
Comp (3)
0.326±0.015*
4.56±0.45*
8.36±1.33*
1.12±0.16*
VI
NALC
1.65±0.11
0.811±0.023
1.22±0.34
0.019±0.005
Values are expressed as means±S.D. of six animals at p<0.05; * - Significantly different from the EAC CTRL group; EAC CTRL – control group –
animals with implanted tumour cells only; Comp (1) – trans-α-bergamotene; Comp (2) – trans-β-farnesene; Comp (3) – vomifoliol; NALC – Nacetyl-L-cysteine; Amount of reduced GSH (-SH) is expressed in nmolGSH/ml EAC cells; Activities of GSHPx and GR are expressed in µmol/ml
EAC cells; Intensity of LPx is expressed in nmolMDA/ml EAC cells

TABLE 6 - Modulatory influence of Viscum album extract (2 mg/kg b.w.) and selected extract components (2 mg/kg b.w.) on antioxidant
related parameters and lipid peroxidation in AS30D cells.
Group
Treatment
-SH content
GSHPx
GR
LPx
I
AS30D CTRL
2.53±0.17
1.23±0.09
2.01±0.19
0.037±0.005
II
Crude extract
1.67±0.15*
3.62±0.52*
6.21±1.12*
0.068±0.009*
III
Comp (1)
2.43±0.19
1.38±0.11
2.23±0.37
0.048±0.011
IV
Comp (2)
2.37±0.11
1.26±0.18
2.09±0.93
0.041±0.012
V
Comp (3)
1.82±0.19*
3.01±0,55*
5.91±1.16*
0.059±0.012*
VI
NALC
2.56±0.18
1.25±0.27
1.97±0.74
0.033±0.011
Values are expressed as means±S.D. of six animals at p<0.05; * - Significantly different from the AS30D CTRL group; AS30D CTRL – control group
– animals with implanted tumour cells only; Comp (1) – trans-α-bergamotene; Comp (2) – trans-β-farnesene; Comp (4) – vomifoliol; NALC – Nacetyl-L-cysteine; Amount of reduced GSH (-SH) is expressed in nmolGSH/ml AS30D cells; Activities of GSHPx and GR are expressed in µmol/ml
AS30D cells; Intensity of LPx is expressed in nmolMDA/ml AS30D cells.
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cells are episodes of hypoxia or ishemia, followed by reoxygenation [23]. Permanent anoxia/ishemia leads to cell
death and tumor tissue necrosis. However, during tumor
development, cells that are constantly exposed to oxidative
stress become very resistant and develop strong mechanisms of antioxidative protection [23]. Processes that cause
cell membrane damage during anoxia, and especially after
reoxygenation, are probably absent, or inhibited in malignant cells. Furthermore, it has been shown that the intensity of LPx and its degradative product concentrations (e.g.
MDA) are very low in proliferative tumour cells [24]. Viscum album extract and selected compounds` treatment significantly reduced lipid peroxidation, as measured by MDA
production, and eliminate the possibility of oxidative stress
due to the administration of the extract to mice. Herein, we
observed significantly lower activities of LPx in EAC
cells. After treatment of EAC implanted mice with the
extract or vomifoliol, we observed high LPx intensity in
the EAC cells, followed by a reduced incidence of implanted EAC. These observations suggest that malignant
cells might be exposed to strong oxidative stress during
administration of the Viscum album extract or vomifoliol.
GSH is a universal cellular protectant against oxidative
stress, and is essential in the detoxification of redox active
drugs [24]. GSH is also involved in biochemical mechanisms that can cause tumors to become resistant to anticancer drugs [22]. The importance of GSH and associated
enzymes (GR and GSHPx) in the antioxidative defence of
malignant cells lies in the fact that the proliferation rate
and sensitivity to cytostatics and mechanisms which may
trigger programmed cell death are directly dependent on
intracellular levels of GSH [26]. In our study, we observed
a marked decrease in GSH levels in tumour cells as well as
an increase in GR and GSHPx upon treatment with the
Viscum album extract. Increased activities of GR and
GSHPx in extract-treated malignant cells suggest that
the therapeutic effects of the Viscum album extract may
be due to the increased oxidative stress of malignant cells.
Furthermore, the absence of expected oxidative damage
(Table 4), which we have also previously described in
normal cells and tissues [21], may indicate some specificities in the phenotype of malignant cells.

stress in the malignant cells, without simultaneously affecting the antioxidant status of other tissues.
5. CONCLUSIONS
This study has shown that non-polar CO2 extract of
Viscum album leaves and selected constituents of the
extract have cytotoxic activities against EAC and AS30D
cells in vivo, although the extract appears to be more
active. The extract and its selected constituents also exhibited certain antioxidant activity, and it was suggested
that the possible mechanism of their action may be due to
altering the antioxidant status in tumour cells. In summary,
obtained results demonstrated that the analysed extract of
Viscum album L. collected from Juniperus communis might
possess a specific antioxidant potential, suggesting that it
might be used not only as a cytotoxic and antitumor agent,
but also as an active agent in treatment of other disorders
caused by oxidative stress. Results presented in this study
are a good starting point for further research that can lead
to isolation, purification and characterization of new active compounds with significant biological effects and
possible application for therapeutic purposes.
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By analysing the biochemical and cell viability data
together, we found that the untreated malignant cells that
were resistant to oxidative stress (hypoxia/reoxygenation)
and had powerful antioxidative protection, had a high cell
viability (low degree of cell damage) and increasing cell
number from the implantation day. However, after treatment with the Viscum album extract, the oxidative stress
in the tumour cells was increased, and followed by a reduction in cell number and viability. In some cases, we even
observed a total absence of implanted malignant cells.
These findings are in accordance with a lower degree of
oxidative stress in malignant cells. In general, these observations suggest that the cytotoxic mechanism of action
of the Viscum album extract or vomifoliol on tumour
development may be due to the induction of oxidative
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A STATISTICAL EXPERIMENT DESIGN
APPROACH FOR DECOLORIZATION OF
TEXTILE DYESTUFF BY COAGULATION WITH CHITOSAN
Ezgi Oktav Akdemir*
Dokuz Eylul University, Engineering Faculty, Department of Environmental Engineering, Tinaztepe Campus, 35160 Buca – Izmir / Turkey

ABSTRACT

serious environmental pollution by imparting intensive
color and toxicity to aquatic environment.

Decolorization of an azo-dye, Reactive Yellow 15
(RY15), by coagulation process was investigated using
Box–Behnken statistical experiment design and response
surface analysis. Dyestuff concentration (RY 15), chitosan concentration and settling time were selected as
independent variables in Box–Behnken design while color
and total organic carbon (TOC) removals were considered
as the response functions. Color removal increased
with increasing chitosan concentration and settling time
up to a certain level. High concentrations of chitosan
adversely affected the color removal rates. TOC removal
required more chitosan concentration but lower settling
time as compared to color removal. The optimal chitosan
concentration and settling time varied depending on the
initial dyestuff level. For the highest dyestuff concentration tested, the optimal dyestuff concentration/chitosan
concentration/ settling time ratio resulting in maximum
color removal (66%) was predicted to be 250 mg/L/100
mg/L/80 min, while this ratio was 250 mg/L/150 mg/L/30
min for maximum TOC removal (75%).

KEYWORDS: Box-Behnken design; chitosan; decolorization; dye;
optimization

1. INTRODUCTION
Nowadays, textile processing industries are widespread sectors in developing countries. Among the various processes in textile industry, dyeing uses large volumes of water for dyeing, fixing and washing processes.
Thus, the wastewater generated from the textile processing industries contains suspended solids, high amount
of dissolved solids, un-reacted dyestuffs (color), and other
auxiliary chemicals that are used in the various stages of
dyeing and other processing [1]. Direct discharge of textile industry wastewater into the receiving media causes
* Corresponding author

Various physical, chemical and biological methods
are available for the treatment of dye house effluents.
However, the color is hard to remove, either by conventional or advanced treatment processes. Coagulation and
flocculation have their place among the conventional
processes that are frequently cited for treating dyecontaining effluents [2, 3]. The main advantage of coagulation and flocculation is the decolorisation of the waste
stream by the removal of dye molecules from the dye bath
effluents, and not by a partial decomposition of the dye,
which can lead to even more harmful and toxic aromatic
compounds [4].
Chitosan is a linear copolymer of D-glucosamine and
N-acetyl-D-glucosamine produced by the deacetylation of
chitin, a natural polymer of major importance [5]. Chitosan is widely applied in water and wastewater treatment
because it can be conditioned and used for pollutant complexation in different forms, from water-soluble forms to
solid forms (gels, beads membranes, fibers, etc.) [6].
Chitosan has been used in the solid state for the chelation
of metal ions in near-neutral solution, the complexation of
metal anions in acidic solution, and the dye complexation
using coagulation/flocculation or adsorption processes [710]. Chitosan is recommended for the treatment of azodyes because of its excellent properties as an environmentally friendly coagulant that can be obtained from renewable resources.
In the light of literature studies, the major objective of
this study is to investigate the effects of initial dyestuff
concentration, chitosan concentration and settling time on
color and TOC removal by coagulation-flocculation process using chitosan. A typical azo-dye, RY15 was used as
the dyestuff in aqueous solution and both color and TOC
removals were investigated at different dyestuff and chitosan concentrations, and settling times. Box–Behnken
statistical experiment design and surface response methodology were used in the experimental study. Optimal reagent
concentrations and settling times maximizing TOC and
color removal were determined.
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2. MATERIALS AND METHODS

3. RESULTS AND DISCUSSION

2.1. Dye

3.1. Experimental Design and Statistical Analysis

The dyestuff (Reactive Yellow 15) used in the experimental studies was obtained from the EKOTEN Textile
Industry in Torbali, Izmir, Turkey. Characteristics of
RY15 are presented in Table 1.

Box-Behnken statistical experiment design and the response surface methodology were used to investigate the
effects of the three independent variables on the response
function, and to determine the optimal conditions maximizing percent removal of color and TOC. The optimization procedure involves studying the response of the statistically designed combinations, estimating the coefficients
by fitting the experimental data to the response functions,
predicting the response of the fitted model and checking
the adequacy of the model [11].

TABLE 1 - Characteristics of Reactive Yellow 15 (RY15) dye.
Reactive Yellow 15
Commercial name

Rifacian yellow GR 150

Classification
Molecular formula

Mono azo, vinylsulphone

λmax (nm)

412

Molecular weight (g/mol)

633.6

2.2. Chitosan

Chitosan was taken from Sigma-Aldrich (product
number 419419) with high molecular weight, and the chemical structure of chitosan is depicted in Fig. 1.

For decolorization of textile dye stuff, three parameters, such as dye stuff concentration, chitosan concentration and settling time, were chosen as independent variables and designated as X1, X2, and X3, respectively. Dye
stuff concentration (X1) was changed between 50 and 250
mg/L, chitosan concentration (X2) varied between 50 and
150 mg/L, and settling time (X3) was ranged from 30 to
120 min. As presented in Table 2, the experimental design
involved three parameters (X1, X2 and X3), each at three
levels, coded −1, 0, and +1 for low, middle and high concentrations, respectively.
TABLE 2 - Levels of each factor for Box-Behnken experimental
design.
Independent
factors
Dye stuff
concentration
Chitosan
concentration
Settling time

FIGURE 1 - The chemical structure of chitosan.
2.3. Coagulation- Flocculation Experiments

Experiments on dye coagulation and flocculation were
performed using Jar-test equipment (The Arm field Flocculation Test Unit). Desired concentrations of dye stuff (50250 mg/L) and chitosan (50-150 mg/L) were added to a
beaker each containing 1-L volume. The mixture was
stirred at high velocity (200 rpm) for 3 min, then the velocity was decreased to 40 rpm, and this slow stirring was
maintained for 15 min. Subsequently, the stirring was
stopped, and different settling times (30-120 min) were applied. Following the settling time, samples were collected
from clear supernatant using a syringe. The collected samples were analyzed spectrophotometrically (Novaspec II,
Pharmacia Biotech.) at 412 nm (maximum absorbance of
RY 15). A DOHRMAN DC 190 TOC Analyzer (USA) was
used to determine the total organic carbon (TOC) content of
the samples. All experiments were performed at room temperature.

Units

Symbol
X1

Coded levels
-1
0
50
150

mg/L

+1
250

mg/L

X2

50

100

150

min

X3

30

75

120

The dependent variables (or objective functions) were
color removal efficiency (Y1) and TOC removal efficiency
(Y2). The dependent and independent variable values and
the observed results are presented in Table 3. The center
point (0, 0, 0) was repeated three times, and the same
results were obtained indicating the reproducibility of the
data. Observed and predicted color and TOC removals are
compared in Table 4.
The application of response surface methodology offers an empirical relationship between the response function and the independent variables. The mathematical relationship between the response function (Y) and the independent variables (X) can be approximated by a quadratic
polynomial equation as follows;
Y=b0+b1X1+b2X2+b3X3+b12X1X2+b13X1X3+b23X2X3+b11X
2
2
2
(1)
1 +b22X2 +b33X3
where, Y is the predicted response surface function
(percent color or TOC removal), b0 is the model constant,
b1–b3 linear coefficients, b12, b13 and b23 the cross product
coefficients, and b11, b22 and b33 are the quadratic coefficients.
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TABLE 3 - Results of the Box-Behnken experiments at the pre-determined experimental points.
Run
no.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Actual and coded levels of variables
X1
X2
Dye stuff concentra- Chitosan concentration (mg/L)
tion (mg/L)
50 (-1)
50 (-1)
250 (+1)
50 (-1)
50(-1)
150 (+1)
250 (+1)
150 (+1)
50 (-1)
100 (0)
250 (+1)
100 (0)
50 (-1)
100 (0)
250 (+1)
100 (0)
150 (0)
50 (-1)
150 (0)
150 (+1)
150 (0)
50 (-1)
150 (0)
150 (+1)
150 (0)
100 (0)
150 (0)
100 (0)
150 (0)
10 0 (0)

Experimental results
X3
Time (min
75 (0)
75 (0)
75 (0)
75 (0)
30 (-1)
30 (-1)
120 (+1)
120 (+1)
30 (-1)
30 (-1)
120 (+1)
120 (+1)
75 (0)
75 (0)
75 (0)

Y1
Color removal (%)
90.8
45.6
95.6
56.4
89.0
42.2
91.3
45.6
64.1
67.6
65.0
74.4
72.8
72.7
72.8

Y2
TOC removal (%)
91.0
85.0
95.0
90.0
93.0
88.0
94.0
89.0
88.0
92.0
89.0
93.0
90.0
89.0
90.0

TABLE 4 - Observed and predicted values for the response functions.
Run number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Predicted percent removals
Y1, Color
Y2, TOC
90.8
91.0
45.6
85.0
95.6
95.0
56.4
90.0
89.0
93.0
42.2
88.0
91.3
94.0
45.6
89.0
64.1
88.0
67.6
92.0
65.0
89.0
74.4
93.0
72.8
90.0
72.7
89.0
72.8
90.0

Observed percent removals
Y1, Color
Y2, TOC
92.2
91.0
44.9
85.3
96.3
94.8
55.1
90.0
87.7
93.1
43.0
87.9
90.5
94.1
46.9
88.9
64.0
87.9
68.2
92.1
64.4
88.9
74.5
93.1
72.8
89.7
72.8
89.7
72.8
89.7

TABLE 5 - ANOVA test for the response function Y1 (% color removal).
Source
Model
X1 (dye conc.)
X2 (chitosan conc.)
X3 (time)
X1 X2
X1 X3
X2 X3
X1 2
X2 2
X3 2
Residual
Lack of fit
Pure error
Total (corr.)

Sum of squares
4148.37
3911.70
101.53
22.45
9.00
0.30
8.70
1.85
0.01
93.54
9.62
9.61
0.01
4157.99

d.f.
9
1
1
1
1
1
1
1
1
1
5
3
2
14

Mean square
460.93
3911.70
101.53
22.45
9.00
0.30
8.70
1.85
0.01
93.54
1.92
3.20
0.00

The coefficients of the response functions for different dependent variables were determined correlating the
experimental data with the response functions by using a
Stat-Ease regression program. Different response functions with the determined coefficients are presented by
Eqs. (2) and (3).

F ratio
239.59
2033.28
52.78
11.67
4.68
0.16
4.52
0.96
0.00
48.62

P value
< 0.0001
< 0.0001
0.0008
0.0189
0.0829
0.7081
0.0867
0.3715
0.9562
0.0009

961.25

0.0010

The goodness of the fit was tested by using the
ANOVA (analysis of variance) test for every response
function. The ANOVA test for percent color and TOC
removals are presented in Table 5 and Table 6. This test is
used to determine the suitability of the response function
and the significance of the effects of independent variable

1469

© by PSP Volume 21 – No 6. 2012

Fresenius Environmental Bulletin

on the response function. The F-value of 239.59 implies
that the model is significant. The P value of <0.05 for any
factor in the ANOVA test indicates a significant effect of
the corresponding variable on the response. In this case,
X1 (dye concentration) was the significant term affecting
percent color removal.
The response function for percent color removal (Y1)
has the following form:
Y1 = 90.714–0.234 X1–0.026 X2+0.335 X3+3x10-3 X1X2+
6.111x10-5 X1X3+6.556x10-4 X2X3-7.083x10-5 X12+1.667
x10-5 X22–2.480x10-3X32; (R2 = 0.994)
(2)
The response function coefficients indicate that the
dye stuff and chitosan concentrations have negative, but
settling time has a positive effect on percent color removal.
In other words, percent color removal decreases with increasing dye stuff and chitosan concentration, but increases with settling time.

The response function for percent TOC removal (Y2)
has the following form:
Y2 = 92.855 + 0.048 X1 + 0.032 X2 – 0.048 X3 + 5.000 x
10-5 X1X2 + 1.000 x 10-6 X1X3 + 1.021 x 10-6 X2X3 +
5.417 x 10-5 X12 + 1.667 x 10-5 X22 + 3.909 x 10-4 X32;
(R2 = 0.974)
(3)
The coefficients indicated that dye stuff and chitosan
concentration have positive, but settling time has a negative effect on percent TOC removal. That is, percent TOC
removal increases with the dye stuff and chitosan concentrations but decreases with settling time. High correlation
coefficients for both Y1 and Y2 indicated the good fit
between the experimental data and the model predictions.
3.2. Color Removal

Figure 2 shows the effect of initial dyestuff concentration on percent color removal at different chitosan con-

TABLE 6 - ANOVA test for the response function Y2 (% TOC removal).
Source
Model
X1 (dye conc.)
X2 (chitosan conc.)
X3 (time)
X1 X2
X1 X3
X2 X3
X1 2
X2 2
X3 2
Residual
Lack of fit
Pure error
Total (corr.)

Sum of squares
96.68
55.13
36.13
2.00
0.25
0.00
0.00
1.08
0.01
2.31
0.92
0.25
0.67
97.60

d.f.
9
1
1
1
1
1
1
1
1
1
5
3
2
14

Mean square
10.74
55.13
36.13
2.00
0.25
0.00
0.00
1.08
0.01
2.31
0.18
0.08
0.33

F ratio
258.60
300.68
197.05
10.91
1.36
0.00
0.00
5.91
0.03
12.62

P value
< 0.0001
< 0.0001
< 0.0001
0.0214
0.2956
1.0000
1.0000
0.0593
0.8590
0.0163

0.25

0.8576

FIGURE 2 - Variation of percent color removal rates with chitosan concentration at different initial dyestuff concentrations (settling time: 80
min), (♦) = 50 mg/L, (■) = 100 mg/L, (−) = 150 mg/L, (▲) =200 mg/L, (x) = 250 mg/L.
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FIGURE 3 - Variation of percent color removal rates with time at different initial dyestuff concentrations (chitosan concentration: 100
mg/L), (♦) = 50 mg/L, (■) = 100 mg/L, (−) = 150 mg/L, (▲) =200 mg/L, (x) = 250 mg/L.

centrations after 80-min settling time. The color removal
efficiency systematically reached a maximum before decreasing again, while the chitosan concentration increased.
This is the typical curve of a coagulation–flocculation
system controlled by charge neutralization mechanism. The
anionic dye, bearing sulfonic groups, is electrostatically
attracted by protonated amine groups of chitosan. This
reaction neutralizes the anionic charges of dyes that can
bind together and settle. When the amount of protonated
amine groups reached the complete neutralization of anionic charges, the removal of the dye reached a maximum.
When the amount of chitosan added to the solution was
increased, the excess protonated amine groups restabilized
the suspension, and decreased the efficiency of the process.
The slopes of the two segments of the curves were significantly different: the segment corresponding to the restabilization of the suspension was systematically steeper
than that of the charge neutralization segment. The bridging mechanism is enhanced by the flocculating effect of
chitosan (due to its high molecular weight) and the interactions of the different anionic groups (sulfonic) on the dye
with different protonated amine groups (inter- and intrachain associations). Chitosan is involved in a dual mechanism including coagulation by charge neutralization and
flocculation by bridging mechanism [10, 12]. The optimal
chitosan concentration was nearly 100 mg/L for all dyestuff concentrations.
Effects of settling time and dyestuff concentrations
on percent color removal are depicted in Fig. 3 at chitosan
concentration of 100 mg/L. Percent color removal increased with increasing settling time at all dye concentrations up to 80 min. Further increases in settling time resulted in slight decreases of percent color removal efficiency. So, optimal settling time was nearly 80 min for all
dyestuff concentrations. On the other hand, percent color

removal decreased with increasing dyestuff concentration.
Maximum removal efficiencies were achieved at minimum
dyestuff concentrations. So, 50 mg/L dyestuff concentration was found as optimal concentration for percent color
removal.
3.3. TOC Removal

Figure 4 depicts variation of percent TOC removal
with chitosan concentrations at different dyestuff concentrations (50–250 mg/L) at a constant settling time of 30 min.
At all dyestuff concentrations, TOC removal efficiencies
increased with increasing chitosan concentrations. For
250 mg/L dyestuff concentrations, 69 and 74% TOC
removal efficiencies were achived for 50 and 150 mg/L
chitosan concentrations, respectively.
Figure 5 depicts variations of percent TOC removal
with settling time at different dyestuff concentrations and
constant chitosan concentration of 150 mg/L. Maximum
TOC removal efficiencies were achieved at dye stuff concentration of 250 mg/L. Increasing filtration time slightly
changed TOC removal efficiencies. Approximately 60 %
removal efficiency was achieved during whole filtration
period at a dye stuff concentration of 50 mg/L. When the
dye stuff concentration was increased to 250 mg/L, TOC
removal efficiency was around 75%.
Optimal chitosan concentration and settling time resulting in the highest TOC and color removals by coagulation-flocculation process varied depending on the initial
dyestuff concentration. The optimal reagent concentrations
were determined by using an optimization program, and the
results are presented in Table 7 for the highest initial
dyestuff concentration of 250 mg/L. TOC removal required
more chitosan but lower settling time as compared to color
removal.
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FIGURE 4 - Variation of percent TOC removal rates with chitosan concentration at different initial dyestuff concentrations (settling
time: 30 min), (♦) = 50 mg/L, (■) = 100 mg/L, (−) = 150 mg/L, (▲) =200 mg/L, (x) = 250 mg/L.

FIGURE 5 - Variation of percent TOC removal rates with time at different initial dyestuff concentrations (chitosan concentration:
150 mg/L), (♦) = 50 mg/L, (■) = 100 mg/L, (−) = 150 mg/L, (▲) =200 mg/L, (x) = 250 mg/L.

4. CONCLUSIONS

TABLE 7- Optimum dyestuff, chitosan concentrations and settling
times for the highest dyestuff concentration.
Response

Dyestuff,
X1 (mg/L)

Chitosan,
X2 (mg/L)

Percent
removal

100

Time,
X3
(min)
80

Color removal

250

TOC removal

250

150

30

75

66

The response surface methodology and the Box–
Behnken statistical experiment design were used to generate statistically reliable results for coagulation of dyestuffs
by chitosan, and also for determination of optimum conditions maximizing the color and TOC removal rates. Predictions obtained from the response functions were in good
agreement with the experimental results indicating the
reliability of the method used. The response surface meth-

1472

© by PSP Volume 21 – No 6. 2012

Fresenius Environmental Bulletin

odology also provided better understanding of the roles of
chitosan concentration and settling time on coagulation of
dye stuff for a large range of concentrations. Color removal
increased with increasing chitosan concentration and settling time up to a certain level. High concentrations of
chitosan adversely affected the color removals. TOC
removal required more chitosan concentration but lower
settling time as compared to the color removal.
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PHOTOCATALYTIC DEGRADATION AND KINETIC
STUDY OF TEXTILE AZO DYES DIRECT BLUE 71
AND BLACK 19 IN ZNO-SUSPENDED SOLUTION
Masoumeh Tabatabaee*, Ali Ghotbifar and Abbas A. Mozafari
Department of Chemistry, Yazd Branch, Islamic Azad University, Yazd, Iran.

ABSTRACT

1. INTRODUCTION

The degradation of two direct azo dyes (direct blue
71, DB71 and direct black, DB19), commonly used as
textile dyes, can be photocatalysed by ZnO. Photodegradation efficiency was small when the photolysis was carried out in the absence of ZnO. Dyes solution underwent a
decolorization, and the reactions were monitored spectrophotometrically by measuring the absorbance of dyes at
special wavelengths. The experimental variables included
amount of photocatalyst, concentration of H2O2, kind of
oxidant (H2O2, S2O82- and BrO3-), and initial concentration
of dyes. Approximately 90-95% of both dyes has been
eliminated after 30 min, in the presences of catalyst, H2O2
and under optimized conditions.
KEYWORDS:
Photocatalyst; Azo Dye; Degradation; ZnO

Textile industries produce large volumes of colored
dye effluents which are toxic and non-biodegradable. Azo
dyes are, commercially, a very important class of textile
dyes containing some aromatic hydrocarbons, whose losses
through processing are particularly significant and difficult to treat. It is estimated that about 20–50% of the dyes
is lost during dyeing [1, 2]. For the treatment of dyecontaining wastewater, various biological, physical and
chemical methods have been used [3–8]. Among chemical methods, advanced oxidation processes (AOPs), with
heterogeneous catalysts, are alternative methods for the
degradation of many organic pollutants [9–12]. When a
photocatalyst absorbs radiation whose energy hν>Eg (Eg
is the semiconductor band gap energy), an ē from its filled
valence band (VB) is promoted to its conduction band (CB),
and valence band holes h+ are formed (Fig. 1). Electrons
would reduce any available species, including O2, water
and hydroxide ions, to form hydroxyl radicals. The OH.radicals are very strong oxidizing agents and can easily

FIGURE 1 - The photocatalyst interface under UV- illumination.

* Corresponding author
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attack the organic molecules, thus leading finally to their
complete mineralization. ZnO is one of the photocatalysts
with high catalytic activity that has attracted much research attention [13, 14]. In this communication, we report on photocatalytic degradation and kinetic study of
two direct azo dyes (DB71 and DB19).
2. MATERIALS AND METHODS
2.1. Reagents

Azo dyes (DB 71 and DB19) were commercial products and used without further purification. Chemical structures and other characteristics of both dyes are listed in
Table 1. ZnO (Merck) was used for photocatalytic experiments. H2O2 from Fluka, as well as K2S2O8 and KBrO3
from Merck, were used as oxidants.
2.2. Apparatus

A model UV-Vis spectrophotometer (Agilent-8453)
with 10-mm cells was used to make absorbance measurements. To adjust the pH, a Horiba pH-meter was used.

out. Results of these experiments show that degradation
of dyes in the presence of the photocatalyst, oxidant and
hν could lead to approximately 95% disappearance of DB
71 (50 mg L-1) (Fig. 2) and 99% of DB 19 (100 mg L-1)
(Fig. 3) after 80 min. Experiment in the presence of ZnO
and illumination but absence of H2O2 showed approximately 50% of initial concentration of the azo dye was
removed after 120 min (due to dissolved O2 molecules). A
blank experiment in the absence of illumination demonstrated no noticeable changes in the solution absorbance
during stirring of dyes and photocatalyst in dark. Figure 4
shows the photolysis of various initial concentrations of
DB71 and DB19 in the presence of appropriate ZnO and
H2O2. Little adsorption was observed during stirring of dye
after 30 min in the dark.
The influence of pH on the photooxidation of dye
was studied; faster degradation of dye was achieved under
acidic condition (Table 2). These dyes are negatively
charged due to the sulfonate groups (Table 1). Lowering
pH increases the positive ZnO, thus promoting the adsorption of dye to ZnO, which accelerates decoloration.

2.3. Procedures

Experiments were performed in a Pyrex cell of 100 ml
capacity. In all cases, during the experiments, 75 ml of dye
(DB71, 50 mg L-1) and (DB19, 100 mg L-1) solutions containing the appropriate quantity of photocatalyst and H2O2
were magnetically stirred. In order to achieve the maximum
adsorption of the dye onto the heterogonous photocatalyst,
the cell was left for 30 min in the dark. The irradiation was
carried out using a high-pressure mercury lamp, and temperature was kept at 25+2 ºC. At specific time, the colloid
solutions of ZnO particles were separated by centrifugation and filtered. Decrease in dye concentration was monitored with a Shimadzu Model 160-A UV–Vis spectrophotometer with a 1-cm quartz cell at λ = 585 nm for DB71
and 635 nm for DB19. All catalytic experiments were
carried out at pH 6, and for pH testing, the pH of dye
solution was adjusted by 1M sodium hydroxide or 0.1 M
perchloric acid. The degree of photodegradation (X) as
a function of time is given as follows:

X=

FIGURE 2 - a: 50 ml dye (DB71) (50 mg/L), 0.15 g/L ZnO, 150 mg/L
H2O2 and UV irradiation; b: 50 ml dye (DB71) (40 mg/L), 150 mg/L
H2O2 and UV irradiation; c: 50 ml dye (DB71) (50 mg/L), 0.15 g/L
ZnO, 150 mg/L H2O2 (without UV irradiation).

C0 - C
C0

where, C0 is the initial concentration of RB49, and C
is that of RB49 at time t.
3. RESULTS AND DISCUSSION
At first, experiments concerning the decomposition of
dyes (50 and 100 mg L-1) were performed, in the presence
of ZnO semiconductor, illumination and H2O2. A blank
experiment in the absence of semiconductor, and another
blank experiment in the absence of hν, was also carried

FIGURE 3 - a: 50 ml dye (DB19) (100 mg/L), 0.17 g/L ZnO, 150
mg/L H2O2 and UV irradiation; b: 50 ml dye (DB 19) (100 mg/L),
150 mg/L H2O2 and UV irradiation; c: 50 ml dye (DB 19) (100
mg/L), 0.17 g/L ZnO, 150 mg/L H2O2 (without UV irradiation).
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FIGURE 4 - Photodegradation of dye vs irradiation time, at various initial concentrations of DB71 (a) and DB19 (b), (ZnO 0.15 g/L).

TABLE 1. Chemical structure and characteristics of azo dyes.
Dye

Abbreviation

Structure

Blue 71 DB71
Direct blue C. I. 34140

λmax/nm*
585
HO

NaO3S
N=N

N=N

NaO3S

SO3Na

Black 19 DB19
Direct Black C. I. 35255

635

NH2

H2N

NH2
N=N

H2N

OH

N=N

N =N

SO3Na

SO3Na

2
4
Dye pH
8
10

DB71
Decoloriz a tion (%)
95.8
89.7
94.3
98.8
95.3

NH2

SO3Na
3-Amino -1,5 - naphthalenedisulfonic acid

N2H

N=N

TABLE 2 - Effect of pH on decolorization of 50 mg/L DB 71 and 100
mg/L DB 19 (0.15 and 0.17 g/L ZnO, and irradiation time 60 min).
pH

N=N

DB19
Decoloriz a tion (%)
92.4
81.7
98
97
86

The effect of other powerful oxidizing agents, such as
S2O82- and BrO3- to ZnO suspensions of DB71 and DB 19
dyes was also studied. When S2O82- was used as oxidant,
it was observed that, without a catalyst, photolysis of dye
solution is fast. Thus, with S2O82-, photolysis is more
efficient than photocatalytic reactions.
The changes in the absorption spectra of dyes during
UV irradiation are shown in Fig. 5. The decrease of the
absorption bands of DB71 or DB19 at λmax = 585 or 635
in Fig. 5 indicates a rapid degradation of azo dyes. The
decrease is also meaningful with respect to the nitrogen
double bond (-N=N-) of the azo dyes, as the most active
site for oxidative attack. It is interesting to note that the
intensity of the visible absorption bands at 585 and 635
nm decreased with time, and a new band started for DB71

at 220 and 290 nm and for DB19 at 230 nm. This trend
suggests that the polyaromatic rings in DB71 and DB19
start to degrade, creating mono-substituted aromatics, thus
bands for DB71 at around 220 and 290 nm as well as
DB19 at 230 nm increased in intensity [8]. After 80 min,
the bands at 220, 290 and 585 nm (DB71) and at 230 and
635 nm (DB19) disappeared. The TOC (total organic
carbon) changes during photocatalytic degradation of
DB71 and DB19 were in agreement with those trends.
Approximate 51 and 76% of TOC were removed after 80
min of irradiation, for DB71 and DB19, respectively.
3.1. Study of Kinetic modeling

According to many researchers, the kinetic of the
photocatalytic degradation rate of most organic compounds is described by a pseudo-first kinetic order, which
is rationalized in terms of the Langmuir-Hinshelwood
model, modified to accommodate reactions occurring at a
solid-liquid interface [13, 14]:

r0 = −

dC k r KC eq
=
dt 1 + KC eq

where, r0 is the initial rate of disappearance of the organic substrate and Ceq is the equilibrium bulk-solute con-
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centration. K represents the equilibrium constant for adsorption of the organic substrate onto ZnO, and kr reflects
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a

b

IGURE 5 - UV-Vis spectral changes of DB71 (a) and DB19 (b), recorded during the dyes degradation at different irradiation times (DB71:
[ZnO] = 0.17 g/L, [DB71]0 = 50 mg/L1, pH 7 and DB19: [ZnO] = 0.15 g/L, [DB19]0 = 100 mg/L, pH 7.

TOC

Comparition unit (mg/l)

4

Blue

3.5

Black

3
2.5
2
1.5
1
0.5
0

0

80
time (min)

FIGURE 6 - TOC changes vs. irradiation time for photocatalytic degradation of DB71: [ZnO] = 0.17 g-1, [DB71]0 = 50 mg/L, pH 6 and DB19:
[ZnO] = 0.15 g/L, [DB19]0 = 100 mg/L pH 6.
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y = 0.4x + 13.413

2.5

2

R = 0.9721
initial rate, r0 (mg/lmin)

Ceq/r0 (min)

50
40
30
20
10

2
1.5
1
0.5
0

0
0

20

40

60

Ceq (mg/l)

80

100

0

120

25

50
75
Ceq (mg/l)

FIGURE 7 - Plot vs. Ceq for DB71 at different initial concentrations (Linear transform of

70

125

r0−1 vs. C eq−1 data from Fig. 4a).
;

y = 0.3353x + 17.243
2

R = 0.962

60

2

50
Ceq/r0 (min)

initial rate, r0 (mg/lmin)

2.5

100

1.5
1
0.5

40
30
20
10

0

0
0

25

50
75
Ceq (mg/l)

100

125

0

35

FIGURE 8 - Plot vs. Ceq for DB19 at different initial concentrations (Linear transform of

rate pf reaction at maximum coverage for the experimental conditions. A standard means of using this equation is to demonstrate linearity of the data when plotted,
as the inverse initial rates the inverse initial concentration:
(Figs. 7 and 8).

70
Ceq (mg/l)

105

140

r0−1 vs C eq−1 data from Fig. 4b).
.
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REMOVAL OF HEAVY METAL IONS FROM AQUEOUS
SOLUTION BY MICROEMULSION-MODIFIED DIATOMITE
Er Li* and Xiangying Zeng
Wuhan Municipal Engineering Design and Research Institute, Changqing Road 40, Jianghan District, Wuhan 430015, PR China

ABSTRACT
Diatomite modified by microemulsion (DMM) was
used for the removal of heavy metal ions, such as lead
(Pb), copper (Cu) and chromium (Cr), from aqueous solution. Character and performance of DMM on heavy metal
ion adsorption were compared to raw diatomite (RD). The
results indicate that Pb(II), Cu(II) and Cr(III) ions sorption capacities of diatomite were considerably improved
after microemulsion modification. The surface area of
modified diatomite was increased due to the present hydrolyzed aromatic acid in DMM. Because of the stronger
surface-ionized function, the performance of the sorption
rates of Pb(II), Cu(II) and Cr(III) in DMM were better
than that in RD. Adsorption of heavy metals onto DMM
and RD decreased in the order: Pb(II) > Cu(II) > Cr(III).
Within the experimental range of pH (2.2–6.3), the heavy
metal removal of DMM was higher than that of RD owing to the different electrostatic forces between heavy
metal ions and the surface of the modified diatomite. The
heavy metal removal rates by RD and DMM were improved with the increase of synthetic solution concentration (when the solution volume varies from 0 to 100 ml).

KEYWORDS: Microemulsion-modified diatomite (DMM), raw
diatomite (RD), heavy metal removal, aqueous solution

1. INTRODUCTION
Due to fast development of local industries, such as
plating, ceramics, mining, battery manufacturing, metal
finishing and chromate preparation, heavy metal ions,
especially increase of Pb, Cu and Cr ion concentrations in
water-bodies, is becoming a major concern for China.
Normally, most of heavy metals, such as Pb, Cu and Cr,
are very difficult to be biodegraded, and prone to accumulate in living organisms, and this ill-effect will probably
lead to diseases and disorders [1].
As the conventional methods for the treatment and disposal of heavy metal-containing wastes, such as chemical
* Corresponding author

precipitation, membrane filtration, ion exchange, alum
coagulation and adsorption, tend to be mentioned, but their
safe and economical efficiency, especially their effects for
Pb(II), Cu(II) and Cr(III) ions, are always in dispute [1,
2]. Therefore, an alternative method which is appropriate
for these heavy metals needs to be studied [2, 3]. Diatomite, which consists of a wide variety of shaped and sized
diatoms, in a structure containing up to 80–90% voids, is
a pale-coloured, soft, lightweight sedimentary rock composed principally of silica microfossils of aquatic unicellular algae [4]. Because of its highly porous structure, low
density and high surface area, diatomite has been widely
used in a number of industrial applications, e.g. as a filtration medium for various beverages, inorganic and organic
chemicals, and as an adsorbent for the treatment of oil
spills [1]. Normally, to enhance its capability to adsorb
heavy metals from aqueous solution, the surface of diatomaite should be modified [5, 6]. Microemulsion is a thermodynamically stable, isotropic and macroscopically homogeneous dispersion of two immiscible fluids, generally
oil and water, stabilized with surfactant molecules, and
often also a co-surfactant, such as a short-chain alcohol
[7]. Microemulsion has been demonstrated to be quite
efficient in recovery processes of metallic ions at laboratory-scale by Dantas et al. [8] and Al-Degs et al. [5], and
it can be used as a modifier for diatomite to adsorb heavy
metal ions.
In this work, microemulsion has been used to modify
diatomite. The aim of this study is to examine the effectiveness of local diatomite modified by microemulsion for
the removal of Pb(II), Cu(II) and Cr(III) ions from aqueous solution. Furthermore, a comparative study on the
characteristics and influencing factors of heavy metal ion
adsorption by modified and raw diatomite has been conducted.
2. MATERIALS AND METHODS
2.1. Adsorbent

Diatomite was obtained from the National Territorial
Resource Authority (NTRA) Suizhou, China. The samples
were washed with distilled water to remove fine particles
and other adhered impurities, dried at 100 °C, desiccated
and stored in tightly stoppered glass bottles. Obtained by
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X-ray fluorescence (XRF), the detailed chemical composition of diatomite in mass percentages is: Al2O3 13.26,
SiO2 71.35, Fe2O3 5.5, CaO 1.94, Na2O 6.7, TiO2 0.08,
MgO 0.15, K2O 0.11, MnO<0.05, and CuO<0.07. The
diatomite was sieved into different Tyler sizes, and the
fractions passed through a sieve of 0.84 mm (+20 Tyler),
and retaining fractions at 0.297 mm (-20+48 Tyler) were
used in the experiments.
2.2. Chemicals

The chemicals used during the experimental phase were
of analytical grade, except alkylphenol ethoxylates and
kerosene (chemical composition: paraffinic hydrocarbons
≥66%, aromatic hydrocarbons ≤24%, and olefinic hydrocarbons ≤5%; its density was <1g/ml; viscosity 2.7 St at
20 ºC; distillation range 150–300 ºC at 760 mm Hg), and
the chemicals were used without pre-purification.
2.3. Adsorbate

Standard Pb(II), Cu(II) and Cr(III) (1000 mg L-1) solutions were prepared by dissolving Pb(NO3), CuCl2·2H2O
and Cr(NO3)3·9H2O powder, respectively, in distilled water. Dilutions were prepared from the stock solutions (1000
mg L-1). The concentrations of heavy metals in aqueous
solutions were analyzed by flame atomic absorption spectroscopy (F-AAS) using a Varian SpectrAA–10 Plus
equipment, with air–acetylene and nitrous oxide–
acetylene flames.
2.4. Surface modification

The microemulsion was composed of 15 wt% surfactant (alkylphenol ethoxylates); 20 wt% aqueous phase
(deionised water); 35 wt% co-surfactant (isoamyl alcohol,
99% PA) and 30 wt% oil phase (kerosene). Each sample
of DMM was prepared using 10 g of diatomite and 20 ml
of microemulsion. The mixture was shaken, then dried at
65 ºC and stored in tightly stoppered glass bottles.
2.5. Surface area

The surface area for raw diatomite (RD) and diatomite modified by microemulsion (DMM) were estimated
according to the Zn2+ adsorption method. In the zinc ion
adsorption method [5], a 2-g sample was mixed with 25 ml
of Zn2+ solution (2M NH4Cl, 0.1073 M ZnCl2) in a 100-ml
flask, stirred with a mechanical shaker for 24 h, and then
allowed to stand overnight. The supernatant solution was
AAS-analyzed for Zn(II) content. The amount of Zn(II)
adsorbed on the surface was correlated to the surface area
by the factor 0.7×10-2 mmol Zn2+ m-2 MnO2 [9].
2.6. Adsorption isotherms

Adsorption isotherms were obtained by adding a variable mass of sorbent into a fixed volume of Pb(II), Cu(II),
and Cr(III) synthetic solution containing constant metal-ion
concentrations (1.5 g L-1, pH 3.5) into 200-ml Erlenmeyer
flasks. Experiments showed that equilibrium was reached
after a contact time of 2 h. The mixtures were mixed by a
thermostatic shaker at room temperature, and samples were

withdrawn and filtered through a Whatman membrane
filter (pore size 2.7 mm). The filtrate was analyzed by
atomic adsorption spectroscopy. As one of the most common adsorption isotherm models, the Langmuir isotherm
has been widely applied to many adsorption systems including organic and inorganic adsorbates. The model is
applicable in cases where only one molecular layer of
adsorbate is formed at the adsorbent surface. Monolayer
adsorption is distinguished by the fact that the amount
adsorbed reaches a maximum value at a moderate concentration. This corresponds to complete coverage of the adsorbent surface by a monomolecular layer of adsorbate,
which remains constant, even at higher adsorbate concentrations [5, 6]. The quantity of adsorbed heavy metal ions
on DMM and RD were calculated as the difference between initial and final concentration at equilibrium using
Eq. (1). The analysis of the relationship between DMM and
RD adsorption capacity and heavy metal ion concentrations
was performed using Eq. (2) (Langmuir equation) [10]:
(Ci − Ce )V
W
Ce
1 Ce
=
+
qe qs b qs

qe =

(1)
(2)

where, qe is the quantity of heavy metal ions adsorbed
per unit of DMM mass (mg.g-1), qs is the Langmuir monolayer adsorption capacity of DMM (mg.g-1), b is the
Langmuir isotherm constant, (ml mg-1), Ce is the heavy
metal ion concentration at equilibrium (mg ml-1), Ci is the
initial concentration of heavy metal ions (mg ml-1), V is
the volume of solution (ml), and W is the mass of the
adsorbent, (g).
The essential characteristics of the Langmuir equation
can also be expressed in terms of a dimensionless factor, R1:

R1 =

1
1 + q s bC 0

(3)

where, C0 is the highest initial heavy metal ion concentration (mg ml−1). The magnitude of the factor R1 is
indicating the nature of interaction, and the isotherm type:
unfavourable (R1>1), linear (R1=1), favourable (0<
R1<1), and irreversible (R1= 0) [10].
2.7. Solution pH and surface charge density

The pH value of diatomite was determined in 60-ml
glass bottles adding 2.5 g of modified diatomite and 25 ml
of deionized water. The mixture was then agitated for 24 h.
The pH of the mixture was recorded using a pH-meter.
Furthermore, the surface charge of diatomite was estimated
by following an alkali metric titration method [2, 11].
3. RESULTS AND DISCUSSION
3.1. Characterizations of RD and DMM

Based on the Zn2+ adsorption method, the surface area of RD and DMM in this study, which depends on the
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(a) DMM

(b) RD

FIGURE 1 - FT-IR spectra of raw diatomite (RD) and DMM (experimental conditions:
sample of adsorbent = 0.05g , temperature = 23 ºC, particle size = 300–500 µm and pH = 4.3).

solution acidity and the duration of the treatment were
estimated to be approximately 70 m2 g−1 and 85 m2 g−1 at
the same solution acidity (pH 4.3). To show the effect of
the modified method, FT-IR analysis was used. Fig. 1
shows the FT-IR spectra of RD and DMM.
Figure 1 indicates that the adsorption bands of diatomite (593, 705, 1021 and 3403 cm-1 in RD for Pb; 523,
700, 1056 and 3385 cm-1 in RD for Cu; 491, 707, 1047
and 3505 cm-1 in RD for Cr) vanish in DMM, and this can
be attributed to the enlarged function of surfactant on the
dissociation energy bond power of silanol groups [6, 7].
The O-H reformation, caused by the aromatic hydroxylation of the surfactant, results in the broad band at 3753
cm-1 for Pb, 3694 cm-1 for Cu，and 3690 cm-1 for Cr of
DMM. The most important peaks (bands at 705 cm-1 in
Pb, 700 cm-1 in Cu and 707 cm-1 in Cr of RD) transfer to
the bands (bands at 855 cm-1 in Pb, 873 cm-1 in Cu, and
736 cm-1 in Cr of DMM) relating to the disturbance of the
aromatic hydrocarbons of surfactant [5-7].
3.2 The surface charges of RD and DMM

The surface charges of diatomite may arise from
chemical reactions at the surface due to the presence of
ionisable functional groups, such as –OH, –COOH, –SH
and –NH3. The ionisation of such groups results in electric charges [11]. For example, in the case of oxides and
hydroxides, the surface charge is formed by the ionisation
of [MOH2+] and [MO-]:
[MOH2+]=[MOH]+[H+]

(4)

[MOH]=[MO-]+[H+]

(5)

The surface charge caused by these surface chemical
reactions is known as the surface charge density, σ. According to the above equations, σ is dependent on the
degree of ionisation and on the pH of the system. It is
assumed that the H+ and OH- ions are potential determining ions. Accordingly, the total negative charge can be
determined from the amount of acid reacted, while the

total positive charge can be determined from the total base
consumed. Thus, the surface charge, σ , can be calculated
by applying Eq. (6):
CA-CB+[OH-]+[H+]=[MOH2+]-[MO-]

(6)

CA，CB represent the concentration of the base and
acid added, while [OH-] and [H+] are the equilibrium concentrations of the base and acid, respectively.
The concentrations of [OH-], [H+] are measured potentiometrically with a glass electrode, and the final values are estimated by applying the following equation:
pH=-log[H+]; Kw=[OH-]; [H+]=10-14

(7)

The mean surface charge, Q (mol/g), can then be calculated as a function of pH from the difference between the
total added base or acid, and the equilibrium OH- and H+
ion concentrations for a given quantity of the adsorbent:

CA − CB + [OH − ] − [ H + ]
(8)
=Q
a
If the surface area S (m2/g) of the adsorbent is known,
the surface charges (C/m2) can be calculated,
σ=

QF
S

(9)

where, F is the Faraday’s constant (96,500 C/mol).
The surface charge density of RD and DMM as a
function of pH are shown in Fig. 2. The intersection of the
curve with the x-axis at surface charge density equals
zero, defines the zero point of charge (the intersection of
the curve with x-axis at σ equals zero, gives the zero point
of charge (pHZPC)). The total charge from the cations and
anions at the adsorbent surface are equal to zero, and this
zero point of charge occurs at pH value of 4.3 for DMM
and 4.6 for RD, under the same conditions. As shown in
Fig. 2, the surface charge density of both DMM and RD
decreased as the value of pH increased. The hydroxyl
groups present on the surface of the diatomite can gain or
lose a proton, resulting in a surface charge that varies with
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changing pH. At low pH, surface sites are protonated and
the surface becomes positively charged:
H++MOH → MOH2+

(10)

At high pH, the surface hydroxides lose their protons,
and the surface becomes anionic.
MOH → H++MO-

(11)
MOH2+

When the concentration of cationic
sites equals
the concentration of anionic MO- sites, the average surface
charge is neutral, at the zero point of charge (ZPC).
0.4

Surface charge(C/m2 )

0.3

RD
DMM

0.2
0.1

pH

0
0

2

4

6

8

10

12

-0.1

favourable (Rl<1), tending to be a weakly irreversible
adsorption (Rl = 0) [12]. On account of lower Rl value,
adsorption onto DMM is more favourable than RD. As
shown, the quantity of metal adsorbed increases with
increasing metal concentration until a maximum adsorption (Q) is established. The maximum adsorption capacity
(Q) reported in Table 1, demonstrates the lower capacity
of RD for the removal of heavy metal ions than that of
DMM. The adsorption capacities for diatomite are 27.43,
22.68 and 18.18 mg.g-1 adsorbent for Pb(II), Cu(II) and
Cr(III), respectively, while the values of 71.4, 60 and
49.85 mg.g-1 are obtained for DMM.
Figure 3 and Table 1 demonstrate that the behaviours
of DMM for heavy metal ions removal are distinctly superior to that of RD. This can be ascriibed to the increment in the surface area of the diatomite by this modification way. And this increment of DMM can be attributed
to the present aromatic acid caused by hydrolyzing [3, 4,
13], which also leads to the surface charge increasing at a
low pH. Because of the higher bond energy of aromatic
compounds, the surface ionized function on DMM is
much stronger than that on RD [4, 5, 14].
100

-0.2

Cr(III)-RD
Cu(II)-RD
Pb(II)-RD

90

-0.3

Cr(III)-DMM
Cu(II)-DMM
Pb(II)-DMM

80

3.3. Comparison of adsorption capacity for heavy metals:
adsorption isotherms

Normally, heavy metals tend to precipitate under alkaline solution conditions. In addition, in the case of the
effect of pH on the character of diatomite powder, based
on a past research, high pH will cause diatomite powder
to be slightly unstable but strongly acidic pH (pH≤4) can
improve its capability of filtration. Therefore, the batch isotherm studies are commonly conducted under acidic conditions (pH≤4). The equilibrium measurements focus on the
determination of the adsorption isotherms. The relationship between the quantities of heavy metals adsorbed by
per unit mass of RD and DMM, and the equilibrium concentrations at the same temperature (23 ºC) are shown in
Fig. 3. Because of the values of correlation coefficients
(R2) for the Langmuir (R2>0.99) isotherm, the behaviour
of Pb(II), Cu(II) and Cr(III) adsorption in RD and DMM
can be described as an isotherm of Langmuir type over
the entire range of temperature, which supports the theory
that the number of sites on the diatomite surface is limited, and the heavy metals form a monomolecular layer on
the surface at maximum capacity for RD and DMM. The
Langmuir values of qs were calculated by the slope of
each isotherm, and b was calculated through the ordinate
at the origin of each isotherm line, and results are shown
in Table 1. According to the Rl values (Table 1), the adsorption behaviours in RD and DMM are both extremely

70

qe(mgg-1)

FIGURE 2 - Surface charge of RD and DMM with different pHs.
Experimental variables: particle size = 300–500 µm, sample of
adsorbent = 0.05 g, volume of solution = 25 cm3, equilibrium time =
24 h and shaking speed = 125 rpm.
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FIGURE 3 - Adsorption isotherms of Pb(II), Cu(II) and Cr(III) on
RD and DMM. Experimental conditions: sample of adsorbent = 0.05
g, volume of solution = 50 cm3, T = 23 ºC, equilibrium time = 24 h,
pH = 4 and shaking speed = 125 rpm).
TABLE 1 - Langmuir isotherm constants for adsorption of the
heavy metals onto raw diatomite (RD) and DMM.
Heavy metal
RD
Pb(II)
Cu(II)
Cr(III)
DMM
Pb(II)
Cu(II)
Cr(III)

Q (mgg-1)

b (dm3mg-1)

R1 ( × 10-3)

R2

27.43
22.68
18.18

0.95
0.37
0.25

0.17
2.3
4.7

0.995
0.936
0.972

71.4
60
49.85

0.48
0.17
0.12

0.046
0.62
2.3

0.996
0.982
0.990

According to Table 1 and Fig. 3, adsorption of heavy
metals onto DMM decreases in the order: Pb(II) > Cu(II)
> Cr(III). The preferential adsorption of Pb(II) ions onto
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RD and DMM can be attributed to the electronegativity of
the corresponding heavier ions [8]. Metals of higher electronegativity are expected to have higher affinities, and
Pb(II) ions have a higher electronegativity when compared with Cu(II) and Cr(III) ions [12, 14-16].

100
chromium cation removal(%)

3.4 Effect of pH on the heavy metal removal rate

Figure 4 illustrates pH effect on percentage of heavy
metal ion removal from aqueous solution, by RD and
DMM. Within the experimental range of pH (2.2-6.3), the
removal rates of Pb(II) ,Cu(II) and Cr(III) of DMM were
73-93%, 67-87% and 54-83%, and that of RD were 3570%, 33-66% and 23-58%, respectively. It shows that
maximum removal percentages of both RD and DMM
take place at nearly pH 4 (pH of Pb(II) ,Cu(II) and Cr(III)
in DMM are 3.8, 3.95 and 3.7; those of Pb(II) ,Cu(II) and
Cr(III) in RD are 3.6, 3.8 and 3.85, respectively), and the
removal rates decline when pH >4.
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40
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Cr(III)-RD
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FIGURE 4 - Dependency of pH values of adsorption isotherms of
DMM and RD (experimental variables: heavy metal solution concentration =150 mg/dm, particle size = 300–500 µm, sample of
adsorbent = 0.05 g, volume of solution = 25 cm3, equilibrium time =
24 h, and shaking speed = 125 rpm).
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FIGURE 5 - Influence of the synthetic solution on Pb(III), Cu(II) and Cr(III) removal at different equilibrium times for RD and DMM
(pH=3.8).
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Figure 4 also shows that the removal of heavy metals
by DMM is higher than that by RD, for the same heavy
metal and pH (pH range = 2.2–6.3). In addition, at the
same pH within the range of pH (pH <3), the difference
of the removal for the same heavy metal between DMM
and RD is obviously less than that when 3<pH<6.3. The
cause may be the different electrostatic force between the
heavy meal ions and the surfaces of RD and DMM [3].
When the surface charge density decreases with an increment in pH of the solution, the electrostatic gravitation
between heavy metal ions and the surface of RD (negative
charge) is lowered, which results in a decrement of the
adsorption rate, and the electrostatic repulsion between
the heavy meal ions and the surfaces of DMM (positive
charge) is also lowered, which will lead to the increase of
the removal [8].
3.5. Comparison of heavy metal solution concentrations

The heavy metals removal by RD and DMM at different equilibrium times (pH 3.8) is shown in Fig. 5. The
removal by both RD and DMM increased with the synthetic solution concentration. In addition, 36 h for RD and
24 h for DMM are optimal equilibrium times for maximum removal rates, respectively.
4. CONCLUSION
(1) Compared with raw diatomite (RD), the sorption
capabilities of microemulsion-modified diatomite (DMM)
for Pb, Cu and Cr ions are improved which can be attributed to the increment of the surface areas.
(2) The capacities for the sorption of Pb(II), Cu(II)
and Cr(III) of DMM are higher than that of RD, on account of the stronger surface ionized function.
(3) Owing to the different electrostatic forces between
heavy metal ions and the surfaces of the adsorbent, the
removal of heavy metal ions by DMM is higher than those
by RD within the experimental range of pH (2.2-6.3).
(4) The increased heavy metal synthetic solution concentrations lead to the improvement of the removal of
Pb(II) ,Cu(II) and Cr(III), by RD and DMM.
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ABSTRACT

1. INTRODUCTION

Chromium is a toxic heavy metal used in various industries and leads to environmental pollution due to improper handling. Cr exhibits oxidative stress mediated genotoxic damage although the mechanism of cellular damage
caused by Cr has not been fully elucidated. On the other
hand, Thymbra spicata L., a member of the Lamiaceae family, was recently investigated popularly of biological roles;
mainly antioxidant and antimicrobial activities. However,
there is very scarce data on the cytogenetic effects of Thyme
species. Therefore, in this study, we aimed to determine
whether T. spicata extracts conferred a protection against
Chromium (III) chloride (CrCl3)-induced genotoxic and
oxidative damage in vitro. For this aim, we determined
sister chromatid exchange (SCE) rates and main antioxidant
enzyme activities including catalase (CAT) superoxide
dismutase (SOD), and glutathione peroxidase (GSH-Px) in
CrCl3 (25 µM) and T. spicata extracts (TSE) (25, 50,
100 µM) treated human whole blood cultures (n=3) for
72h. T. spicata extracts at tested concentrations did not
exhibit any negative effects on above studied parameters
in culture tubes. Besides, the results of the present study
indicated that the increases of SCE frequencies and the
decreases of antioxidant enzyme activities by CrCl3 were
minimized by the application of the T. spicata extracts. Our
results firstly suggest that T. spicata augments the antioxidants defense against CrCl3 induced toxicity. Based on
the results of this study, it may be concluded that dose
controlled T. spicata diet may play a protective role in the
process of Cr mutagenesis and/or carcinogenesis.

KEYWORDS: Thymbra spicata, Chromium (III) chloride, human
erythrocytes, human lymphocytes, in vitro, oxidative stress
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Chromium (Cr) is a naturally occurring element existing in various valence states in nature [1]. Moreover, the
increase of environmental Cr concentrations is largely because of air and wastewater released mainly from metallurgical, refractory, and chemical industries. It released
into the environment from anthropogenic activity occurs
mainly in the hexavalent form Cr (VI) [2]. Also, occupational Cr (VI) exposure has been a major concern as workers in industries that use Cr (VI) compounds are at a higher
risk of developing Cr-induced diseases [3]. But, the general human population and some wildlife may be at risk
[4-6]. Moreover, studies with animal models also found
many harmful effects of Cr (VI) on mammals. Subcutaneous administration of Cr (VI) to rats caused severe progressive proteinuria, urea nitrogen and creatinine, as well as
elevation in serum alanine aminotransferase activity and
hepatic lipid peroxide formation [7]. Besides, Cr (VI) is a
procarcinogen activated via reduction to Cr (III) by cellular ascorbate (Asc) and small thiols [8], which results in
the formation of weakly mutagenic Cr-DNA adducts and
strongly mutagenic reducer-Cr-DNA cross-links [8, 9]. Human autopsy studies of chromium workers have shown that
chromium accumulates and persists at bronchialbifurcation sites where particles typically settle by impaction and
these sites are those where most Cr(VI)-induced tumors
commonly form [10, 11]. Other researchers, for example
Kochhar and Howard [12] investigated four Cr salts with
different oxidation states for their influence in causing
chromosome aberrations and sister-chromatid exchange in
Chinese hamster ovary cells in vitro.
Thymbra spicata L. from Lamiaceae family is a perennial plant known as “Kekik, Zahter or Sater” in Turkey.
The plant is naturally grown in Southeast Anatolia (especially in the Gaziantep, Kahramanmaraş and Şanlıurfa
Cities) [13]. Dried herbs of Thymbra are used as herbal
tea, condiment and folk medicine for treating asthma, colic,
bronchitis, coughs. In addition to, it is also used in food
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industry for flavoring, preservation agents and aroma in
Turkey. Several previous studies reported that the essential oils of T. spicata, and their main phenolic constituents
such as carvacrol and thymol that show remarkable antimicrobial, antibacterial and antifungal activities [14, 15].
The essential oil and extract of some aromatic plants (for
example mint family, Lamiaceae) with a higher percentage of cavracrol and thymol have a higher efficacy against
microbial [16]. Leaf essential oils of T. spicata, Satureja
thymbra, and Origanum minitiflorum, growing wild in
Turkey, were strongly inhibitory to the growth of the soilborne plant disease-causing fungi F. moniliforme, R. solani,
S. sclerotiorum, and Phytophthora capsici [17]. The antioxidant activity of T. spicata extracts is a fairly new subject
with limited studies in the literature [18]. The purpose of
this study was to investigate the genetic and biochemical
safety of extracts from T. spicata and the effects of T.
spicata on chromium (as CrCl3) induced genotoxic and
oxidative damage. In light of the foregoing, current study
was designed to describe for the first time dose depended
oxidative and genetic effects of the aqueous T. spicata
extracts in human blood. Therefore, we determined SCE
rates and main antioxidant enzyme activities including
superoxide dismutase (SOD), catalase (CAT) and GSHPx in CrCl3 (25 µM) and T. spicata extracts (25, 50 and
100 µM) treated blood cultures.
2. MATERIALS AND METHODS
2.1. Experimental design

T. spicata was purchased in ready package. 20 g T.
spicata sample was mixed with 400 ml distilled and boiling water using magnetic stirrer for 15 min for water extraction of T. spicata in triplicate. And then, we were filtered the extract over Whatman No. 1 paper. Also, we used
different concentrations (25, 50 and 100 µM). We used
whole heparinized blood from three healthy male nonsmoking donors between 24 and 30 with no history of
exposure to any toxic agent in our experiments. CrCl3
(Sigma Chemical Co., St Louis, MO. USA; in concentration
of 25 µM) was dissolved in distilled water. Experiments
were conformed to the guidelines of the World Medical
Assembly (Declaration of Helsinki). After supplementation of extracts and CrCl3, the blood was incubated for 1 h
at 37 ºC to adjust body conditions, except for testing SCE
(see below). Each individual whole blood culture without
extract or CrCl3 was studied as a control group (by E. Dirican).
2.2. Biochemical studies

SOD activity was determined by the method of Misra
and Fridovich [19]. This method is based on the superoxide dismutase to inhibit the process of epinephrine selfoxidation in alkaline medium. When in the reaction of
colored adrenochrome formation, the superoxide radical
anion is formed as an intermediate product. Moreover,
SOD activity was measured by the increase in the absorb-

ance at 480 nm. CAT was determined by the method of
Aebi [20]. To 3ml H2O2 (54 Mm H2O2 in 50Mm phosphate
buffer, pH 7.0), 5 µM of catalase solution were added.
Also, the decrease in H2O2 was measured spectrophotometrically (Beckman DU 500, USA) at 25oC. Besides, in the
erythrocyte preparations, haemolysates were centrifuged
(900 X g). And estimation of activity was made with 1%
haemolysates. And then, one unit of catalase activity was
defined as the activity required degrading 1 µmol of H2O2
in 60s. GSH-Px activity of erythrocytes was measured
using hydrogen peroxide as substrate [21]. Potassium azide
was added to inhibit catalase. Potassium ferricyanide was
added to inhibit the pseudo-peroxidase activity of hemoglobin. Conversion of NADPH was monitored continuously in a spectrophotometer at 340 nm for 3 min at 25 C.
2.3. Genotoxicity studies

With the providing a better visualizing of SCEs, 5bromo-2’-deoxyuridene (Sigma, final concentration 20 µM)
was added after culture initiation. And the cultures were
incubated in complete darkness for 72 h at 370 C. After 70 h
and 30 min we added colcemid to the cultures to achieve a
final concentration of 0.5µg/L. Later, hypotonic treatment
(0.075M KCl) followed by three repetitive methanol/ acetic
acid solution (3:1, v/v), centrifugation and resuspension.
The cell suspension was dropped onto chilled and Greasefree microscopic slides; air dried, aged, and then differentially stained for inspection of the SCE rate according to
the fluorescence plus Giemsa (FPG) procedure [22]. For
each treatment condition, 25 well-spread second division
metaphases were scored. The values obtained were calculated as SCEs per cell (by E. Dirican).
2.4. Statistical analysis

We used S.P.S.S software (version 12.0) for the statistical analyses. SCE test was performed by Student’s ttest. Statically decision was made with a significance level
of 0.05.
3. RESULTS
All the T. spicata extracts at tested concentrations did
not induce significant (p>0.05) number of SCEs (Fig. 1).
Besides, the T. spicata extracts caused significant increases
of the antioxidant enzyme activities (SOD, CAT and GSHPx) in erythrocytes at the concentrations of 25, 50 and
100 µM. Since the results obtained by any repeat of prepared extract not differed from each other statistically, we
did not present them separately. It was noteworthy that
the cultures treated with extracts against CrCl3 restored
these enzyme levels to nearly that of control values indicating the protective role of T. spicata. Likewise, the coapplication of CrCl3 and extracts (at 25, 50 and 100 µM)
caused the significant decreases in SCEs/cell values compared to CrCl3 treated alone.
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FIGURE 1 - The effects of Thymbra spicata water extracts on chromium induced SCE formations in human peripheral lymphocytes.
Effect of T. spicata water extracts on mercury induced SCE formations in human peripheral lymphocytes. Values are expressed as mean for
five cultures in each group; means in the figure followed by the different letters present significant differences at the p<0.05 level; CrCl3: 25
mg/L of CrCl3; TSE(L): 25 mg/L T. spicata extract; TSE(M): 50 mg/L T. spicata extract; TSE(H): 100 mg/L T. spicata extract

FIGURE 2 - The activity of CAT in Thymbra spicata treated cultures treated cultures. Abbreviations are as in Figure 1.

FIGURE 3 - The activity of GSH-Px in Thymbra spicata treated cultures. Abbreviations are as in Figure 1.
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FIGURE 4 - The activity of SOD in Thymbra spicata treated cultures. Abbreviations are as in Figure 1.

4. DISCUSSION AND CONCLUSIONS
Oxidative stress develops when the levels of antioxidants are lowered. In present study, the toxic effects of
CrCl3 involved decreased antioxidant capacity. Also, it
increased genetic damage. Decline in the levels of antioxidant capacity after CrCl3 treatment might be due to the
inactivation of antioxidant enzymes such as SOD, CAT
and GSH-Px form the first line of defense against reactive
oxygen species (ROS). According to Klaunig and Kamendulis [23], the process of carcinogenesis can be triggered by the dysregulation of gene expression, cellular
redox state, and DNA damage as a result of oxidative
stress. Oxidative stress, or the favoring of cellular oxidant
production over that of antioxidants, leads to the formation
of ROS, and damage to cellular RNA, DNA, proteins, and
lipids. ROS are derived from endogenous sources such as
the mitochondrial oxidative phosphorylation, cytochrome
P450 metabolism, peroxisomes, and inflammatory cells;
as well as, exogenous sources such as radiation, redox
cycling components, and metals. Enzymatic and nonenzymatic antioxidants are intracellularly produced to counteract the effects of oxidant production, they include, superoxide dismutase, glutathione, catalase, thioredoxin, and vitamin C and E. Another a study reported that the reduction of
Cr (VI) has been shown to yield reactive species such as
free radicals, superoxide anions and hydroxyl radicals,
possibly through Fenton-like reactions of Cr (V) and Cr
(IV) with hydrogen peroxide [24, 25].
Several electron spin resonance (ESR) spin trapping
studies have shown the generation of hydroxyl radicals in
conjunction with long lived Cr (V) species, following the
reduction of Cr (VI) by NADPH and glutathione [24, 26].
While the direct relationship between DNA-reactive oxygen species and chromium-induced DNA damage is heav-

ily debated and unclear, there have been several studies
supporting the role of ROS in Cr (VI)-induced genotoxicity, cytotoxicity, and oxidative stress [26, 27]. An example
of this debate is evident in the controversy between the
identities of the specific Cr (V) species responsible for the
generation of hydroxyl radicals. Kawanishi et al. [28]
presented a “tetraperoxochromate (V) theory of carcinogenesis from chromate,” with data suggesting that the
reduction of Cr (VI) by hydrogen peroxide forms tetraperoxochromate (V), and that this intermediate species
leads to hydroxyl radical and singlet oxygen formation
causing DNA damage [28]. Our results obtained by us
indicate a significant increase in the ratios of the SCEs in
lymphocytes. DNA damage and defective DNA repairs
cause SCEs [29].
The results of the current study revealed that treatment with T. spicata extracts provide anti-genotoxic effects by CrCl3 at different degree. The T. spicata presents
positive effects with increasing concentrations without
leading to any genetic damage on human blood cells. T.
spicata extracts alone were non genotoxic. At this study,
T. spicata extracts could support the antioxidant defense
mechanism against CrCl3. We evidence that T. spicata
extracts has significant antioxidant activity. Antioxidant
enzymes play a main important role in difference of mammalian blood. Also, these enzymes can be induced or inhibited in the blood cells exposed to different toxicants [30,
31]. In this study, there is considerable evidence that T.
spicata influence the antioxidant enzyme activities as
related to the dose not leading to any genetic damage in
human blood.
It was pointed out that T. spicata extracts can change
the oxidative metabolism in animal systems. The current
study clearly proved that low doses of various T. spicata
extracts increased antioxidant capacity (at 25, 50, 100 µM).
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The activities of antioxidant enzymes (SOD, CAT and
GSH-Px) have importance in the cell defense [32]. In our
study, the antioxidant enzyme activities decreased after the
application with CrCl3 alone. And, the extracts ameliorated
the decreases of SOD, CAT and GSH-Px activities by
CrCl3. The activities of these enzymes protect proteins and
lipids in erythrocyte membranes against peroxide radicals
[33].
The results of this study may be, at least in part, attributed to antioxidant activity of the T. spicata extracts,
as CrCl3 is known to induce mutagenic damage through
oxidative stress. The findings this investigation clearly
indicated that T. spicata modulated CrCl3 toxicity. So, the
tested T. spicata extracts reduced genetic damage in human blood cultures due to its antioxidant and detoxifying
nature. Therefore, this T. spicata can be a new resource of
therapeutics as recognized in this study against genetic
and oxidative damages.
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ABSTRACT

1. INTRODUCTION

The effects of the artificial Pb contaminated soils in
which planted or unplanted Iris lactea var. chinensis on
the changes of Pb fractionations and the activities of three
enzymes in the soils, and the growth and Pb contents in
the seedlings of I. lactea var. chinensis were studied. The
results show that Pb concentrations of all fractionations in
the Pb treated soils increased as the Pb level enhanced and
these fractionations in the soils planted with I. lactea var.
chinensis were lower than those in the unplanted soils
except the concentrations of carbonate bound Pb and oxide
bound Pb under 800 mg kg-1 treatment. The dry weights
(DWs) of leaves of I. lactea var. chinensis under all treatments after 28 d exposure were not significant different
with those of control. However, the DWs of roots decreased gradually and the root DW under 800 mg kg-1
stress decreased to 78% of the control. The Pb concentrations in the leaves and roots of I. lactea var. chinensis at
800 mg kg-1 treatment were 389.8 and 1901.7 mg kg-1,
respectively. The activities of peroxidase and urease were
induced to show a dose-dependent decrease in the unplanted soils or the soils planted with I. lactea var. chinensis and the activities of urease in the soils planted with I.
lactea var. chinensis were higher than those in the unplanted soils in all Pb treatments. The results indicated that the
plantation of I. lactea var. chinensis could reduce the Pb
concentrations of water soluble fraction and exchangeable
fraction effectively and remit the influence of Pb stress on
the activities of urease.
KEYWORDS: Iris lactea var. chinensis, lead (Pb) fractionations,
activities of enzymes, artificial Pb contaminated soils.

* Corresponding author

Heavy metals have become an urgent problem throughout the world over the past several decades [1-3]. The bioavailability of heavy metals in mine waste and soils, especially of lead (Pb) and arsenic, has been examined by several authors [4, 5] using in vitro methods. Many studies
have found that the toxicity and mobility of heavy metals
depended not only on their total amounts but also on their
chemical fractionations [6-8]. Techniques to estimate the
bioavailability of metals are generally based on the hypothesis that the free metal ion and isotopically exchangeable metal fractions represent the pool of metal available
for plant uptake [9-11]. Tessier’s five-step sequential extraction procedure [12] has been widely used, in which
heavy metals in soils were categorized in five chemical
fractionations including exchangeable fractionation, carbonate-bound fractionation, Fe-Mn oxide bound fractionation, organic matter-bound fractionation and residual fractionation. However, the free ion concentration is usually
considered to be the major determinant species of bioavailability [13, 14]. Moreover, using different plant species
may influence the results of these bioavailability measures
[15, 16].
Heavy metals are toxic to living organisms primarily
due to their protein-binding capacity and hence inhibition
of enzymes. Soil microbes are important reflection for soil
quality and enzyme activity involved in the biogeochemical
cycling of carbon, nitrogen, phosphorus, sulphur and other
nutrients [17]. There is strong evidence that soil microbes
and enzyme activities are sensitive to heavy metal contamination [18, 19]. Therefore, soil enzyme activities are widely
used as biological indicators for soil health and estimating
the adverse effects of various pollutants on soil quality [20].
Among the different enzymes in soils, dehydrogenase, peroxidase, invertase, urease and phosphatases are important
in the transformation of different plant nutrients [21]. The
reactions of these enzymes in soils are inhibited by heavy
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metals by complexation of the substrate and combining
with the protein-active groups of the enzyme, or reacting
with the enzyme–substrate complex [22]. These enzymes
may react to changes in soil management more quickly
than other variables and therefore they may be useful as
early indicators of biological changes and potential indicators of soil quality for sustainable management [23, 24].
Plant roots can change the major physical, chemical
and biologic characteristics of the rhizosphere, which may
in turn change the characteristics of heavy metals present.
The excretion products of plant root and biomolecules in
metabolites from rhizosphere microorganisms include a
variety of organic matters [25]. The excretion products of
plant root could improve the soil condition and promote
the form of metal–organic complex-bound Pb species to
enhance the bioavailability of Pb. The objectives of the
present studies were to investigate the impacts of the
artificial Pb contaminated soils in which planted or unplanted Iris lactea var. chinensis on the changes of (1)
different Pb fractionation in the soils, (2) the growth and
Pb contents in the seedlings of I. lactea var chinensis, and
(3) the activity of three enzymes in the soils.
2. MATERIALS AND METHODS
2.1. Soil used in the experiment

The soil samples collected from 0-20 cm depth in
Nanjing Sun Yat-san Botanical Garden of Jiangsu province, China. The soil samples were homogenized, passed
though a 2-mm sieve prior to use. A portion of the fresh
soil was used for greenhouse pot experiment. Another
portion of the soil was air-dried for physical and chemical
analyses. Total Pb and some basic soil characteristics were
determined following standard methods recommended by
the Chinese Society of Soil Science [26]. The properties
of soils showed in Table 1.
TABLE 1 - The characteristics of the tested garden soil
Parameters
Organic carbon (g kg−1)
pH
Ntotal (g·kg-1)
Ptotal (mg kg−1)
Available K (mg kg−1)

Value
16.62
7.21
0.86
0.29
148.93

Parameters
Available N(mg·kg-1)
Available P (mg·kg-1)
Pbtotal (mg·kg-1)

2.2. Experiment design and sampling

The experiment was conducted in the greenhouse of
Nanjing Sun Yat-san Botanical Garden, Nanjing, China.
Seedlings of I. lactea var. chinensis were cultivated as
described in detail by Han et al. [2]. When the seedlings
were about 20 cm with 4-5 leaves, then healthy plants were
gently washed with deionised water for experiment. The
treatments consisted of 30 pots (9 cm in diameter and 11
cm in height). These 30 pots were divided into unplanted
group (15 pots) without the seedlings of I. lactea var.
chinensis and planted group (15 pots) cultivated with the
seedlings of I. lactea var. chinensis. Each pot contained

450 g soil and 4 uniform seedlings of I. lactea var. chinensis.
After two weeks of initial adaptation, the pots of both groups
were added Pb at 0, 30, 300, 500, 800 mg kg-1by watering a
solution of Pb(NO3)2 respectively. The Pb concentration
was referred to the national environmental quality standard
for agricultural soils (GB15618-1995) issued by State Environmental Protection Administration of China. All pots
were arranged in completely randomized blocks and replicated three times. The soil was maintained moisture
uniformly until the plants were harvested. Plants were kept
in a greenhouse with daily temperature of 30/20℃ and 14h photoperiod. When experiment was ended, plants and soils
were harvested for the analysis of biomass, Pb content in the
plants, Pb fractionations and activities of enzymes in soil.
2.3. Measurements
2.3.1. Plant analysis

The seedlings of I. lactea var. chinensis were harvested from each pot at 28 days after Pb treatment (DAT)
began, and carefully washed to remove soil particles or
dust adhering on the roots or plants surface. The seedlings
were divided into roots and leaves. All leaves and roots
were dried in an oven at 70 °C until a constant weight.
The dry biomass of each part was recorded and the dried
plant samples were ground separately in a stainless steel
mill to fine powder (＜1 mm) prior to chemical analysis.
The samples (0.2 g) of the dry plants were digested in
HNO3 : HClO4 (V : V = 87 : 13) and the digested sample
was analyzed for total concentration of Pb in the different
parts of I. lactea var. chinensis using ICP-AES (Perkin
Elmer 3300).
2.3.2. Fractionations of Pb in soil analysis

Fractionations of Pb in the soils were measured following the method proposed of Tisser et al. [12] and this
method has been widely used for metal studies in the soils
[27, 28]. Therefore, a parallel comparison of the results
with those of other studies is possible. Soil samples (1 g in
dry weight) were sequentially extracted with deionized
water (30 min shaking, 4000 rpm) for water soluble fraction,
withValue
1M MgCl2 (30 min shaking, 4000 rpm) for exchangea33.54
ble 7.03
fraction, with 1M NaOAc (4 h shaking, 4000 rpm) for
carbonate
31.35 fraction, with 0.08M NH2OH.HCl (4 h shaking,
4000 rpm) for Fe/Mn fraction, with 0.02MHNO3 and
H2O2 at 85℃ (1 h shaking, 4000 rpm) for organic matter
bound fraction, and finally with concentrated HNO3 at
105℃for residual fraction. Pb concentrations in the extracts
were measured using ICP-AES (Perkin Elmer 3300).
2.3.3. Soil enzyme activities analysis

Air dry soil samples were sieved (＜2.0 mm) for analyzing enzyme activities. Urease activity (EC 3.5.1.5, urea
amidohydrolase) was determined by the buffered method
described by McGarity and Myers [29]. Peroxidase activity (EC 1.11.1.7) and invertase activities (EC 3.2.1.26)
were assayed according to Guan [30]. All enzyme activities were determined in triplicate.
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2.4 Statistical analysis
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FIGURE 1 - Distribution of Pb fractionation concentrations in the
soil with different Pb treatments. (A) water soluble Pb; (B) Exchangeable Pb; (C) Carbonate bound Pb; (D) Fe/Mn Oxide bound Pb; (E)
Organic bound Pb; (F) Residual Pb
WS

EX
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Fe/Mn
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(A)
100%

Distribution of different Pb forms

The concentrations of all Pb fractionations in the soil
increased with increasing Pb level enhanced at 28 DAT
(Fig. 1). The Pb concentrations of all fractionations in the
soil planted with I. lactea var. chinensis were lower than
those in the unplanted soil except the concentrations of carbonate bound Pb and oxide bound Pb under 800 mg kg-1
treatment (Fig. 1 C, D). The residual fraction of Pb increased gradually in unplanted soils with the increase in Pb
concentrations (Fig. 2 A). However, water soluble fractions
of Pb decreased sharply for 300–800 mg kg-1 treatment
and the water soluble fractions of Pb in 800 mg kg-1 was
3% of total Pb concentration (Fig. 2 A). The residual fraction of Pb increased gradually first then dramatically
de-creased at 800 mg kg-1treatment in the planted soils as
Pb concentrations enhanced (Fig. 2 B). Water soluble
fractions of Pb increased at 30 mg kg-1treatment and
gradually decreased at 300–800 mg kg-1. The level of exchangeable, carbonate bound and oxide bound fraction of
Pb showed the opposite manner with water soluble
fractions of Pb, they decreased first and then increased.
The decrease of residual fraction of Pb in the planted soil at
800 mg kg-1 treatment was due to the increase of exchangeable, carbonate bound and oxide bound fraction of
Pb, especially the increase of carbonate bound fraction of
Pb (Fig. 2 B).

Pb concentration/(mg kg-1)

3.1 Effect of I. lactea var. chinensis on Pb fractionations in
the soils

(A)
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planted soil
ab
ab
ab a

0

Pb concentration/(mg kg-1)

3. RESULTS

Pb concentration/(mg kg-1)

40

All data were analyzed statistically using the SPSS
software package (Version # 11.5), analysis of variance
(ANOVA) was performed on the data sets, and the mean and
SD (standard deviation) of each treatment as well as
LSD（P＜0.05）for each set of corresponding data were
calculated. A Pearson-correlation analysis was carried out
to check the significances of the linear relations between
obtained variables.

80%
60%
40%
20%
0%

3.2 Effects of Pb treatments on the growth and Pb concentrations of I. lactea var chinensis
Distribution of different Pb foerms

Although DWs of leaves of I. lactea var. chinensis increased first then dropped gradually as Pb levels enhanced
and were not significant different with those of control
under all Pb treatments after 28 d exposure (Table 2).
However, the DWs of roots decreased gradually and was
78% of control for 800 mg kg-1 Pb treatment. The results
indicated that the roots of I. lactea var. chinensis were
more sensitive to excess Pb. Pb concentrations in the leaves
and roots of I. lactea var. chinensis increased gradually as
the Pb level enhanced (Table 2). The Pb concentrations in
the leaves and roots of I. lactea var. chinensis at 800 mg kg-1
treatment for 28 d treatments were 389.8 and 1901.7 mg
kg-1 and were 6 and 13 times of those of control, respectively.

(B)
100%
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0
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-1
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FIGURE 2 - The fractionation distribution coefficient (FDC) of Pb
in soil with different Pb treatments. A：the unplanted soils；B：the
soil planted with I. lactea var. chinensis; WS-water soluble Pb; EXexchangeable Pb; SP-carbonate bound fraction of Pb; Fe/Mn-oxide
bound fraction of Pb; OR-organic matter and sulfides bound fraction of
Pb; RE-the residual fraction of Pb
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TABLE 2 - Change of dry weight of roots, leaves and Pb contents in I. lactea var. chinensis with different treatments (mean ± standard deviation).
Pb Concentration

Dry weight (g/plant)
Pb content (mg kg-1 DW)
Leaf
Root
Leaf
Root
0
0.179±0.008a
0.156±0.018a
63.68±10.8a
144.69±39.85a
30
0.209±0.038a
0.151±0.004ab
92.02±6.98a
489.90±66.46b
300
0.180±0.020a
0.140±0.005ab
104.39±18.1a
653.56±25.53b
500
0.167±0.031a
0.130±0.026ab
195.15±21.47b
1172.17±111.96c
800
0.168±0.044a
0.122±0.010b
389.80±26.25c
1901.69±51.32d
Values were the means of three replicate measurements. Different letters in the same row indicate significant difference at the different period
(P﹤0.05)
mg kg-1

decreased to 90% and 91% of those of the controls, respectively (Fig. 3 (C)). The activities of urease in the soils
planted with I. lactea var. chinensis were higher than urease activities in the unplanted soils of all Pb treatments.
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FIGURE 3 - Changes in the activity of three enzymes in two soils
planted and unplanted I. lactea var. chinensis soils
3.3 Effects of I. lactea var. chinensis on the activities of soil
enzymes

The activities of peroxidase exhibited a dose-dependent
decrease in both unplanted or planted soils (Fig. 3 (A)).
The activities of peroxidase and in planted soil and unplanted soil treated with 800 mg kg-1 were 50% and 66%
of those of the controls, respectively. The results also suggested that the activities of peroxidase in the planted soil
were higher than the unplanted soils regardless of Pb treatments. However, the changes of the activities of invertases were without obvious regularity (Fig. 3(B)). The
decreases of the activities of urease were appeared a similar manner with the activities of peroxidase and the activities of urease in the soils unplanted or planted with I.
lactea var. chinensis after 28 d of 800 mg kg-1 Pb exposure

The total metal concentration of a soil includes all
fractions of a metal, from the readily available to highly
unavailable, and these fractions are all in dynamic equilibrium with each other [31]. Root-induced changes of Pb
availability in the rhizosphere might also be related to the
various levels of Pb treatment. The results in Fig. 1
showed that the concentrations of all Pb fractionations
increased with increase of Pb levels of the soil at 28 d.
Due to the Pb accumulation in the plants, most Pb fractionations in the soils planted with I. lactea var. chinensis
were lower than Pb fractionations of unplanted soils. Jin
et al. [31] evaluated the Pb bioavailability in tea garden
soils and they recommended an extraction solution using
CaCl2 to be metal bioavailability. Lin et al.[32] found that
the high relationship between the concentration of Pb in
roots or shoots and NH4OAc extractable Pb in soil, so it is
reasonable to use NH4OAc as an extractant to study the
behavior of Pb and to provide qualitative evidence of its
bioavailability. The concentration of carbonate bound Pb
in 800 mg kg-1 Pb treated soils planted with I. lactea var.
chinensis was much higher than those in same Pb treatment soils without plants (Fig. 1). The results showed that
the excretion products of I. lactea var. chinensis were able
to form complexes and chelates with metal ions and enhance Pb bioavailability [33].
The parameter of fractionation distribution coefficient
(FDC) was usually defined as the one metal fractionation
content accounting for the percentage by total amount of
the same metal [34]. In general, metal bioavailability is
affected by soil cation exchange capacity, texture, clay
mineralogy, redox potential, organic content and pH as
well as the levels of other elements present therein. Jin et
al. [31] recommended that the extraction solution using
CaCl2 to be metal bioavailability because it does not interfere with the natural pH of the soil, is nondestructive on
most soil minerals, and provides cations for exchange
with the metal. The decrease of residual fraction of Pb
and the increase of exchangeable, carbonate bound and
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TABLE 3 - Pearson-correlation analysis results between studied parameters in unplanted soil
Parameter
WS
EX
SP
Fe/Mn
OR
RE
WS
1
0.824**
0.794**
0.696**
0.835**
0.807**
EX
1
0.938**
0.914**
0.930**
0.981**
SP
1
0.902**
0.969**
0.965**
Fe/Mn
1
0.846**
0.948**
OR
1
0.957**
RE
1
Peroxidase
-0.556*
-0.565*
-0.522*
-0.456*
-0.563*
-0.535*
Invertase
0.144
0.098
0.009
0.088
0.003
0.097
Urease
0.480
-0.534*
-0.476*
-0.495*
-0.497
-0.516*
*,** Correlation is significant at 5% and 1% levels, respectively.
WS-water soluble Pb, EX-exchangeable Pb; SP-carbonate bound fraction of Pb; Fe/Mn-oxide bound fraction of Pb; OR-organic matter and sulfides
bound fraction of Pb; RE-the residual fraction of Pb.

TABLE 4 - Pearson-correlation analysis results between studied parameters in planted soil
Parameter
WS
EX
SP
Fe/Mn
OR
RE
WS
1
0.712**
0.700**
0.610*
0.840**
0.829**
EX
1
0.967**
0.907**
0.855**
0.950**
SP
1
0.970**
0.848**
0.925**
Fe/Mn
1
0.766**
0.853**
OR
1
0.938**
RE
1
Peroxidase
-0.219
-0.493
-0.397
-0.364
-0.52*
-0.432
Invertase
0.112
-0.209
-0.119
-0.079
0.033
-0.062
Urease
-0.508
-0.496
-0.384
-0.347
-0.495
-0.473
LD
-0.006
-0.418
-0.349
-0.29
-0.414
-0.366
RD
-0.616*
-0.738**
-0.64*
-0.596*
-0.614*
-0.727**
Leaf Pb
0.697**
0.936**
0.971**
0.953**
0.801**
0.918**
Root Pb
0.81**
0.953**
0.958**
0.903**
0.889**
0.963**
*, ** Correlation is significant at 5% and 1% levels, respectively.
WS-water soluble Pb, EX-exchangeable Pb; SP-carbonate bound fraction of Pb; Fe/Mn-oxide bound fraction of Pb; OR-organic matter and sulfides
bound fraction of Pb; RE-the residual fraction of Pb; LD-leaf dry biomass; RD-root dry biomass

oxide bound fraction of Pb in the soils planted with I.
lactea var. chinensis at 800 mg kg-1 treatment (Fig. 2 B)
showed that the root exudates of I. lactea var. chinensis
could increase bioavailability of Pb in the soils. The significant positive relationships among different Pb fractionations no matter in unplanted soils or planted soils
were observed (Table 3, Table 4). The least relationships
in both group of soils were found between water soluble
Pb with oxide bound fraction of Pb in unplanted soil
(r=0.696, P <0.01) (Table 3) and in planted soil (r=0.610,
P <0.01) (Table 4).
As a consequence of significant alterations in metabolic processes and photosynthetic activities, plant exposed to heavy metals has always resulted in a strong
reduction of plant growth [35, 36]. Although DWs of
leaves of I. lactea var. chinensis increased first then
dropped gradually as the Pb levels enhanced, The DWs of
leaves under all treatments after 28 d were not significant
different with that of control (Table 2). However, the
DWs of roots decreased gradually and the root DW under
800 mg kg-1 stress was 78% of control. The significant
negative relationships between different Pb fractionations
with root dry biomass observed (Table 4). The results
indicated that the roots of I. lactea var. chinensis were
more sensitive to excess Pb. Similar results was found by
Chan et al. [37] in the research of remediation of Pb/Zn

and Cu mine tailings. They found that Sesbania sesban
and S. rostrata showed superior growth performance,
compared to the other two species of Sesbania and higher
biomass obtained in plants growing in tailings with a
higher portion of garden soil.
Phytoremediation is the process of application of
green plants to remove or render environmental contaminants harmless and provide a cost-effective, long-lasting
and esthetic solution for remediation of contaminated
sites [38-41]. Therefore, the high biomass plants which
concentrate considerable amounts of heavy metals in the
aboveground parts could be of more practical for the
application of phytoremediation. Pb concentrations in the
leaves and roots of I. lactea var. chinensis increased gradually as the Pb level enhanced (Table 2) and the Pb concentrations in the leaves of I. lactea var. chinensis at 800
mg kg-1 treatment for 28 d were 389.8 mg kg-1. The results indicated that I. lactea var. chinensis has the ability
to remediate the contaminated soils.
It is known that incorporation of plant root exudates
modifies the biochemical activity of soil and can change
the effects of heavy metal to selected soil biochemical
parameters. Fernández-Calviño et al., [19] found that
dehydrogenase, β-glucosidase and phosphatase activities
tended to decrease with increasing the total Cu content,

1497

© by PSP Volume 21 – No 6. 2012

Fresenius Environmental Bulletin

whereas an inconsistent effect of Cu pollution was observed for the urease activity. The studies in investigating
the effects of different Ni concentrations on the activities
of urease, BBA-protease and phosphatase found that the
enzyme activities decreased with the increase of Ni concentrations [1]. Our experiment obtained similar results
(Fig. 3) and the significant negative relationships between
different Pb fractionations and the activities of peroxidase
and urease in the unplanted soils were appeared (Table 3),
while, the activities of peroxidase and urease in the planted soils were not significant negative correlated with
different Pb fractionations (Table 4). The results indicated
that the activities of peroxidase and urease in the soils
were inhibited by Pb treatments and the plantation of I.
lactea var. chinensis has some remission effect on Pb
stress.

4. CONCLUSIONS
I. lactea var. chinensis is a herbaceous perennial species with high adaptability, hardy and pollution resistance.
I. lactea var. chinensis could increase the bioavailability
of Pb in the soils and clean up Pb from the soils. Meanwhile, I. lactea var. chinensis could improve the enzyme
activity in the soil and effectively improve the condition
of the soil.
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ABSTRACT
In this study, expanded graphite (EG) was used as a
matrix to generate a novel expanded graphite-based composite adsorbent (EGCA) for the high-efficiency removal
of cationic dye. ZnCl2 was used as chemical activating
agents. Liquid-phase adsorption test was made using the
produced adsorbent to retain Methylene Blue (MB). Preparation conditions of the novel adsorbent were optimized
using response surface methodology (RSM). Two quadratic models were developed for yield of the novel adsorbent and adsorption of MB using Design-Expert software.
The models were used to calculate the optimum operating
conditions of preparation of adsorbent providing a compromise between yield and adsorption of the process.
After optimization studies, the best production methodology involved a 22.63% of impregnation concentration, a
282.62% of chemical ratio and a heating rate of 10℃·min1
to 639.53℃ of activation temperature, which resulted in
99.40% of MB removal and 36.11% of novel adsorbent
yield. EGCA prepared under optimum conditions was
characterized by infrared (IR) spectroscopy.

KEYWORDS: Novel expanded graphite-based composite adsorbent (EGCA), chemical activation, optimization, adsorption, response surface methodology (RSM).

1. INTRODUCTION
Synthetic dyes are widely used in various industries,
such as textile industries, dye manufacturing industries,
paper and pulp mills, tanneries, electroplating factories,
food companies, etc. They are known to produce high
* Corresponding author

volume colored wastewater, cause immediate visible pollution in effluent water and reduce light penetration and photosynthesis [1-3]. Several wastewater treatment methods
[4-10], such as adsorption, chemical oxidation, electrocoagulation, and advance oxidation processes have been
used to comply with more and more stringent legislation
regarding maximum allowable dye concentration in discharged wastewater during the past years. Among the mentioned methods, adsorption using activated carbon has been
proven to be a successful physicochemical technique for
the treatment of dye-laden wastewater mainly for its simplicity, high-efficiency, low-cost and ease of implementation [11-16]. The well known cationic dye, methylene blue
(MB), is widely used for coloring, such as dyeing cotton,
wool, silk, etc. Due to its size (1.43×0.61×0.40 nm3) and its
known strong adsorption onto solids, it has been commonly
used to probe the mesoporous volume of activated carbons
by adsorption experiments [17], and often serves as a model
compound for removing organic contaminants and colored bodies from aqueous solutions [18]. Most of all, MB
can cause eye burns in humans and animals, convulsions,
tachycardia, dyspnea, methemoglobinemia, cyanosis, irritation to the skin, and if ingested, irritation to the gastrointestinal tract, nausea, vomiting, and diarrhea [19], and must
be removed or degraded prior to environmental discharge.
Therefore, it was chosen in this study to investigate the
novel adsorbent.
Graphite is the most stable allotrope of carbon under
standard conditions, and there are large amounts of natural graphite mines around the world. Because of the special sandwich structure and long distance between the
layers of graphite, atoms or molecules do easily insert
between the layers, the product is called graphite intercalation compounds (GICs) as well as expandable graphite.
Heating the GICs or expandable graphite induces the
vaporization of the intercalated species and hence, a
signiﬁcant expansion of the material along the crystallographic c-axis occurs, and porous expanded graphite (EG) is
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obtained. However, EG as a kind of modified graphite
keeps a layered structure similar to natural graphite flakes
but with abundant multi-pores ranging from 20 to 50 nm
and larger interlayer spacing increasing from 0.335 nm to
approximately to 0.8 nm [20, 21]. EG has been applied
widely as a kind of functional carbon material used in adsorption, catalyst support, sealing, gasketing, electromagnetic interference shielding, vibration damping, electrochemical applications, stress sensing, etc. [22-24] due to its
characteristics of highly porous, low density, non-toxicity,
non-pollution and easy disposal. As far as known to the
authors, no study has been done on the treatment of dyestuff wastewater using the EG-based carbon/carbon composite adsorbents activated with ZnCl2.
Though RSM is a popular tool in process optimization, its application in expanded graphite-based composite
adsorbent production is very rare. In the present work, the
RSM was firstly used to optimize the production of novel
expanded graphite-based composite adsorbent (EGCA)
made from sucrose solution impregnation into expanded
graphite (EG) and chemical activation with zinc chloride
(ZnCl2). Different preparation conditions on the characteristics of novel adsorbent were studied to ﬁnd the optimum conditions for making EGCA with well-developed
porosity and higher yield.
2. MATERIALS AND METHODS
2.1. Reagents

All of the chemicals used in the study were of analytical grade and were obtained from Sinopharm Chemical
Reagent Co., Ltd. (China)
2.2. Preparation of the Samples
2.2.1. Preparation of EG

Expandable graphite used in this research was bought
from Qingdao Nanshu Hongda Graphite Co., Ltd. (China).
Expandable graphite as the raw material was used without
any further purification. EG was pre-pared in our laboratory by microwave irradiation treatment of the expandable
graphite in an EM-3011EB1 microwave oven (Sanyo,
China) according to the method re-ported by O.Y. Kwon
and B. Tryba et al. [25, 26]. Briefly, the expandable
graphite powder was placed at the bottom of quartz tray,
ensuring that all the particles were in mutual contact.
Then the powder was heated and exfoliated under microwave irradiation at 1000 W for 60 s. The bulk density of
EG powders was obtained and stored in desiccators for
further use.
2.2.2. Preparation of Novel Expanded Graphite-Based Composite Adsorbent (EGCA)

A specified mass of the as-prepared EG was immersed into 100 mL sucrose solution with the different
concentration for 12 h at room temperature. Then the
filtered EG uniformly-coated with sucrose solution was
obtained and then solidified at 60℃ for 24 h under vacu-

um conditions. Subsequently, chemical activation of the
solidified sucrose/EG composite (precursor) was done
with zinc chloride (ZnCl2). The dried precursor produced
was mixed with ZnCl2 pellets with different chemical
ratio, as calculated using following equation:

Chemical Ratio(%) =
where
and

WZnCl2
WPrecursor

×100

(1)

WZnCl2 is the dry weight of ZnCl2 (g) pellets

WPrecursor

is the dry weight of precursor (g). A speci-

fied volume of distilled water was then added to dissolve
all the ZnCl2 pellets.
The mixture was filtered and then dehydrated in the
vacuum oven at 60℃ for 2h to remove moisture. Then the
dried chemical-loaded samples were placed into a quartz
tube reactor (with a length of 120 mm and an inner diameter of 50 mm) and heated (5℃·min-1) to the ﬁnal
carbonization/activation temperature under a nitrogen
ﬂow rate of 40 mL·min-1 STP. Samples were kept at the
ﬁnal temperature (carbonization temperature) for fixed
carbonization times of 120 min before cooling down
under nitrogen. The activated product was then cooled to
room temperature under nitrogen flow. In all experiments,
heating rate and nitrogen ﬂow was kept constant. Then
washed sequentially with 0.5 M HCl, hot water and ﬁnally
cold distilled water to remove residual organic and mineral
matters, and then dried at 60℃ overnight in the vacuum
oven. For convenience, the catalyst compositions are designated as EGCA.
2.3. Batch Adsorption Studies

MB (C.I. 52015, C16H18ClN3S·3H2O, 373.90 g·mol-1)
was obtained from Sigma-Aldrich, with analytical grade
that was used without further purification. The chemical
structure of MB is shown in Fig. 1. The stock solution was
prepared by dissolving accurately weighted dye in distilled
water to the concentration of 1000 mg·L-1. The working
solutions were obtained by diluting the dye stock solution
to the required concentrations. Adsorption experiments of
MB on developed EGCA was carried out at ﬁxed weighted
(1.0 g·L-1) amounts of each sample with 50 mL solution of
100 mg·L-1 of initial MB concentration. The experiments
were performed in a thermal shaker at controlled temperature (25℃) for a period of 24 h at 200 rpm using series of
100-mL Erlenmeyer ﬂasks. Samples were taken out till
the equilibrium time was reached and the residual concentration was analyzed using a single beam UV-7504 spectrophotometer (Xinmao Instrument Co., Ltd., China) at
665 nm after ﬁltering the adsorbent with Whatman ﬁlter
paper to make it composite free. The batch process was
used so that there is no need for volume correction. Two
replicates per sample were done and the average results
are presented. The adsorbed amount of MB per unit weight
of MEG at equilibrium, qe (mg·g−1), was calculated by the
following equation:
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(C0 − Ce )
⋅V
W

(2)

where C0 and Ce are the initial and equilibrium concentrations (mg·L-1) of MB solution, respectively; V is the
volume (L); and W is the weight (g) of the adsorbent.

N
H3C

N

S

CH3

3H2O

CH3
N+ ClCH3

FIGURE 1 - Structural formula of dye Methylene Blue (MB).

By knowing MB concentration at initial concentrations
and equilibrium concentrations, the efficiency of adsorption
of MB by the novel adsorbent from aqueous solutions can
be calculated by using the following equation:

Adsorption ( % ) =

C0 − Ce
×100
C0

(3)

2.4. EGCA Yield

The EGCA yield was calculated based on the following equation:

Yield ( % ) =

WC
×100
W0

(4)

where Wc and W0 are the dry weight (g) of final product (EGCA) produced after chemical activation and acid
wash completed and dry weight (g) of precursor (solidified sucrose/EG composite) as a feed for activation, respectively.
2.5. Multivariate Experimental Design

A standard RSM design called central composite design (CCD) was applied in this work to study the variables for production of EGCA made from sucrose solution
impregnation into expanded graphite and chemical activation with ZnCl2. Generally, the CCD consists of a 2n factorial runs with 2n axial runs and nc center runs (six replicates), where n is the number of factors. The number of
tests required for the CCD includes the standard 2n factorial with its origin at the center, 2n points ﬁxed axially at
a distance, say α from the center to generate the quadratic
terms, and replicate tests at the center; where n is the
number of variables. Hence, the total number of tests (N)
required for the three independent variables is:

N = 2n + 2n + nc = 23 + 2 × 3 + 6 = 20

(5)

In this study, the dependent variables selected for this
study were impregnation concentration (X1), chemical
ratio (X2) and activation temperature (X3). These three
variables together with their respective ranges were chosen based on the literature and preliminary studies [27-29]
as given in Table 1.
Once the desired ranges of values of the variables are
deﬁned, they are coded to lie at ±1 for the factorial points,
0 for the center points, and ±α for the axial points.
The center points were used to evaluate the experimental error and the reproducibility of the data. The axial
points are chosen such that they allow rotatability [30].
Replicates of the test at the center are very important as
they provide an independent estimate of the experimental
error. In this case, main effects and interactions may be
estimated by fractional factorial designs running only a
minimum number of experiments. Individual second-order
effects cannot be estimated separately by 2n factorial designs. The responses and the corresponding parameters are
modeled and optimized using ANOVA to estimate the statistical parameters by means of response surface methods.
Basically this optimization process involves three major steps, which are, performing the statistically designed
experiments, estimating the coefﬁcients in a mathematical
model and predicting the response and checking the adequacy of the model.

Y = f ( X1 , X 2 , X 3 , X 4 ,......, X n )

(6)

where Y is the response of the system, and Xi is the
variables of action called factors. The goal is to optimize
the response variable (Y). It is assumed that the independent variables are continuous and controllable by experiments with negligible errors. It is required to ﬁnd a suitable
approximation for the true functional relationship between
independent variables and the response surface [31].
The response was used to develop an empirical model
that correlated the responses to the adsorption of MB and
production of EGCA process variables using a seconddegree polynomial equation as given by the following
equation:
n

n

i =1

i =1

n

n

Y = b0' + ∑ bi xi + ∑ bii xi2 + ∑∑ bij xi x j
where

(7)

i =1 j >1

Y is the predicted response, b0' the constant

coefﬁcient, bi the linear coefﬁcients, bij the interaction
coefﬁcients, bii the quadratic coefﬁcients and xi, xj are the
coded values of the production of EGCA and adsorption
of MB variables.

TABLE 1 - Independent variables and their coded levels for the central composite design.
Variable

Code

Impregnation concentration (%)
Chemical ratio (%)
Activation temperature (℃)

X1
X2
X3

1502

Range and levels (coded)
-α
-1
4.77
15
31.82
100
500
8.5

0
30
200
650

+1
45
300
800

+α
55.23
368.18
28.5
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2.6. Model Fitting and Statistical Analysis

The results of the experimental design were studied
and interpreted by statistical software package DesignExpert 7.0.0 Trial (Stat-Ease, Inc., Minneapolis, USA) to
estimate the response of the dependent variable.
2.6.1. Infrared Spectroscopy

IR spectrum study was carried out to explain adsorption mechanism for identifying the presence of functionalities of the developed novel adsorbent. Infrared (IR) spectroscopy was applied to analyze the surface functional
groups of the samples by a Tensor 27 spectrometer
(Bruker, Germany) with KBr method within the scanning
range of 4000 to 400 cm-1.
3. RESULTS AND DISCUSSION
3.1. Development of Regression Model Equation

CCD was used to develop correlation between the
novel adsorbent preparation variables to the efficiency of
adsorption of MB and EGCA yield. Table 2 shows the
complete design matrixes together with both the response
values obtained from the experimental work. Runs 15–20
at the center point were used to determine the experimental error and the reproducibility of the data. MB removal and EGCA yield were found to range from 33.73
to 99.98% and 8.5 to 71.5%, respectively. According to
the sequential model sum of squares, the models were se-

lected based on the highest order polynomials where the
additional terms were signiﬁcant and the models were not
aliased. For response of MB adsorption the quadratic
model was selected as suggested by the software. On the
other hand, for EGCA yield, the two-factor interaction
(2FI) model was the best model to correlate the data to the
response. The ﬁnal empirical formula models for the MB
adsorption (Y1) and EGCA yield (Y2) in terms of coded
factors after excluding the insigniﬁcant terms are represented by Eq. (8) and (9), respectively.
The coefﬁcient with one factor represent the effect of
the particular factor, while the coefﬁcients with two factors and those with second-order terms represent the interaction between two factors and quadratic effect, respectively. The positive sign in front of the terms indicates
synergistic effect, whereas negative sign indicates antagonistic effect. The quality of the models developed was
evaluated based on the correlation coefﬁcients, R2 value.
In fact, the models developed seems to be the best at low
standard deviation and high R2 statistics which is closer to
unity as it will give predicted value closer to the actual
value for the responses [32].
The quality of the model developed was evaluated
based on the correlation coefﬁcient value. In this research,
the R2 values for Eq. (8) and (9) were 0.9271 and 0.8716,
respectively. This indicated that 92.71 and 87.16% of the
total variation in the MB adsorption and EGCA yield,
respectively, were attributed to the experimental variables
studied. Both the R2 values obtained were relatively high

TABLE 2 - Experimental design matrix and results.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Coded level
X1
X2
-1
+1
-1
+1
-1
+1
-1
+1
-α
+α
0
0
0
0
0
0
0
0
0
0

X3
-1
-1
+1
+1
-1
-1
+1
+1
0
0
-α
+α
0
0
0
0
0
0
0
0

-1
-1
-1
-1
+1
+1
+1
+1
0
0
0
0
-α
+α
0
0
0
0
0
0

Actual level of variables
X1 (%)
X2(%)
15
100
45
100
15
300
45
300
15
100
45
100
15
300
45
300
4.77
200
55.23
200
30
31.82
30
368.18
30
200
30
200
30
200
30
200
30
200
30
200
30
200
30
200

X3(℃)
500
500
500
500
800
800
800
800
650
650
650
650
397.7
902.3
650
650
650
650
650
650

Absorbent yield, Y1 (%)

MB adsorption, Y2 (%)

41
16
45.5
18.5
40.5
19
43
14.5
71.5
8.5
24
28.5
56
25
26
31
28
30
28
35

50.57
75.81
92.90
99.96
53.63
84.23
88.82
99.86
45.21
99.69
33.73
99.90
68.93
99.24
99.95
96.45
99.96
99.66
99.98
99.08

Y1 = 98.93 + 12.12 X 1 + 16.74 X 2 + 4.27 X 3 − 4.72 X 1 X 2 + 1.17 X 1 X 3 − 1.96 X 2 X 3 − 7.81X 12 − 9.80 X 22 − 3.70 X 32

(8)

Y2 = 29.87 − 15.23 X 1 + 0.92 X 2 − 4.11X 3 − 1.12 X 1 X 2 + 0.25 X 1 X 3 − 1.12 X 2 X 3 + 2.35 X 12 − 2.51X 22 + 2.52 X 32

(9)
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(close to unity), indicating that there was a good agreement between the experimental and the predicted values
from the models. The R2 value of 0.9271 for Eq. (8) was
considered relatively high, indicating that the predicted
values for MB adsorption of the EGCA would be more
accurate and closer to its actual value. The R2 of 0.8716
for Eq. (9) was considered as moderate to validate the ﬁt,
which might lead to larger variation in the EGCA yield
predicted from the model. The standard deviations for the
two models were 7.40 and for 8.15 Eq. (8) and (9), respectively. However, the standard deviation for this model is
lower than the model for MB adsorption which indicates
that the predicted values for this model is still considered as
suitable to correlate the experimental data. This indicated
that the predicted value for Y1 would be more accurate and
closer to its actual value, compared to Y2.
3.2. Statistical Analysis

The ANOVA for the quadratic model for MB adsorption capacity is listed in Table 3. Eq. (7) has been used to
visualize the effects of experimental factors on the efficiency of MB adsorption response in Fig. 2. From the
ANOVA for response surface quadratic model for MB
adsorption capacity, the model F-value of 14.12 implied
that the model was signiﬁcant. Values of Prob > F less
than 0.05 indicated that the model terms were signiﬁcant.
In this case, activation temperature (X1) and chemical
ratio (X2) were signiﬁcant model terms whereas activation
time (X3) and the interaction terms (X1X2, X1X3, and X2X3)

were not signiﬁcant to the response. The ANOVA for the
linear model for EGCA yield is listed in Table 4. From
the ANOVA for response surface linear model for yield,
the model F-value of 7.54 implied that the model was
signiﬁcant as well. In this case, impregnation concentration (X1) was signiﬁcant model terms whereas chemical
ratio (X2) and activation temperature (X3) term are insigniﬁcant to the response. From the statistical results obtained, it was shown that the above models can be used to
predict the adsorption capacity and the yield within the
range of variables studied.
3.3. Interactive Effects of Two Variables on MB Adsorption
Capacity of EGCA

In order to evaluate the effect of independent variables: impregnation concentration, chemical ratio and activation temperature, on the removal of dye MB, the RSM
was used, and three-dimensional plots were drawn. On
the basis of the obtained ANOVA results, impregnation
concentration and chemical ratio were found to have
signiﬁcant effects on the removal of MB, with chemical
ratio imposing the greatest effect on adsorption of MB.
Activation temperature on the other hand imposed the least
effect on the response. However, the quadratic effects of
activation temperature as well as the interaction effects
between X1X2, X2X3 and X1X3 were all less signiﬁcant,
which were considered moderate. Main effects plot of each
parameter for MB dye removal using EGCA were shown in
Fig. 2.

TABLE 3 - Analysis of variance (ANOVA) for response surface quadratic model for MB adsorption.
Variable
Model
X1
X2
X3
X1 X2
X1 X3
X2 X3
X 12

Sum of squares
8431.44
2007.378
3825.801
248.5539
178.1823
10.8804
30.6733
878.9792

Degree of freedom
9
1
1
1
1
1
1
1

Mean square
936.8267
2007.378
3825.801
248.5539
178.1823
10.8804
30.6733
878.9792

F -value
14.1200
30.2556
57.6632
3.7463
2.6856
0.1640
0.4623
13.2481

Prob.>F
0.0001
0.0003
< 0.0001
0.0817
0.1323
0.6940
0.5120
0.0045

X 22

1384.64

1

1384.64

20.8696

0.0010

196.9383
663.4736
653.907
9.5666
9094.914

1
10
5
5
19

196.9383
66.3474
130.7814
1.9133

2.9683

0.1156

68.3531

0.0001

X

2
3

Residual
Lack of fit
Pure error
Correlation total

Remarks
significant

significant

TABLE 4 - Analysis of variance (ANOVA) for response surface linear model for production of EGCA.
Variable
Model
X1
X2
X3
Residual
Lack of fit
Pure error
Correlation total

Sum of squares
3713.377
3166.5
11.5661
230.7415
546.8607
497.5274
49.3333
4260.238

Degree of freedom
9
1
1
1
10
5
5
19

Mean square
412.5974
3166.5
11.5661
230.7415
54.6861
99.5055
9.8667

1504

F -value
7.54484
57.9032
0.2115
4.2194

Prob.>F
0.0020
< 0.0001
0.6554
0.0670

Remarks
significant

10.0850

0.0120

significant
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Fig. 2(a) shows the effect of impregnation concentration and chemical ratio on MB adsorption capacity of
EGCA holding activation temperature at the central value
(650℃). The adsorption capacity of EGCA increased with
the increase in chemical ratio at the initial low impregnation concentration. A maximum adsorption of MB
99.98% was determined at constant activation temperature (650℃).

(a)

.5
A: Impregnation Conc.
B: Chemical Ratio

109

MB adsorption (%)

al Factor
ctivation T emp. = 650.00

90
71
52

Fig. 2(b) illustrates three-dimensional response plots
which were the interactive effect of impregnation concentration and activation temperature on the adsorption of
MB with chemical ratio fixed at zero level (chemical ratio
= 200%). The adsorption capacity was slightly increased
with the increasing in impregnation concentration at the
initial low activation temperature. A maximum adsorption
of MB 99.98% was determined at constant chemical ratio
(200%).
Fig. 2(c) illustrates the three-dimensional response
surfaces which were constructed to show the two variables (chemical ratio and activation temperature) on the
adsorption of MB at constant impregnation concentration
(30%). The MB adsorption capacity of EGCA was increased with the increase in activation temperature at the
initial low chemical ratio. A maximum adsorption of MB
99.98% was determined at constant impregnation concentration (30%).
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3.4. EGCA Yield

For EGCA yield (Y2) in the other hand, impregnation
concentration was found to have the greatest effect on it,
with the highest F-value (Table 4) of 57.90, while chemical ratio and activation temperature showed almost similar effects on the response, which were less signiﬁcant
compared to impregnation concentration. The effects of
impregnation concentration, chemical ratio and activation
temperature on yield were studied as they were found to
have signiﬁcant effects on the response. Fig. 3 represents
the effects of impregnation concentration, chemical ratio
and activation temperature on yield; these were found to
have signiﬁcant effects on the production. The EGCA
yield was found to decrease with increasing impregnation
concentration and activation temperature but increases
with chemical ratio. The highest yield was obtained when
all the three variables were at the minimum point within
the range studied.

800.00
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45.00

650.00

37.50
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30.00

575.00
22.50

esign-Expert?Software

500.00

MB adsorption
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33
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3.4.1. Effect of Impregnation Concentration

725.00
650.00

300.00

Activation Temp. ( )

250.00

575.00

200.00
150.00

500.00

100.00

Chemical Ratio (%)

FIGURE 2 - The combined effect of impregnation concentration
and chemical ratio on adsorption of MB at constant activation
temperature (650℃) (a), the combined effect of impregnation concentration and activation temperature on adsorption of MB at
constant chemical ratio (200%) (b), and the combined effect of
chemical ratio and activation temperature on adsorption of MB at
constant impregnation concentration (30%) (c).

Fig. 3(a) shows the effect of impregnation concentration on yield of EGCA. It can be seen that impregnation
concentration does have much effect on the yield of EGCA. The experimental data also showed that the yield of
EGCA decreased with impregnation concentration for a
ﬁxed chemical ratio and carbonization temperature. This
weight loss was essentially due to the hydroxylation of
sucrose while the solidified precursor was immersed into
aqueous chemical agents. Thus the production of EGCA
decreased with impregnation concentration.
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3.4.2. Effect of Chemical Ratio

(a)

Design Points

Fig. 3(b) shows the effect of chemical ratio on yield
of EGCA. It can be seen that adding chemical agents to the
precursor increases the yield of EGCA. This is most likely
due to the effect of the chemical agent in which it promotes
the condensation (polymerization) reactions. These reactions, which occur among the aromatic hydrocarbons and
tar-forming compounds, result in the formation of large
molecules (polycyclic aromatics) in the structure of activated products and increase the yield.

72
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ctual Factors
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EGCA yield (%)

56
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3.4.3. Effect of Activation Temperature

Fig. 3(c) shows the effect of activation temperature
on yield of EGCA. Activation temperature also does not
have much effect on the yield of EGCA. The production of
EGCA slightly decreased with increasing temperature. The
weight loss was essentially due to the devolatilization of
the precursor upon heating and as expected, the quantity of
volatiles evolved increased with increasing temperature
from 300 to 900℃.
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3.5. Process Optimization

EGCA yield (%)

56

High yield and high adsorption capacity of developed
graphite-based composite adsorbent meet the requirements of several legislations for the production of commercial activated carbons. Therefore, one of the main
aims of this research was to develop the optimum process
conditions relatively high product yields are expected to
satisfy economical feasibility and the most important property of novel adsorbent is its adsorption capacity. To optimize both these responses under the same condition is
difficult because the interest region of factors is different,
thus, when Y1 increases, Y2 will decrease and vice versa;
therefore, in order to find a compromise between these two
responses, the “function of desirability” using Design-Expert
software 7.0.0 Trial (STAT-EASE Inc., Minneapolis, USA)
have been resorted.

40

2
24

8

100.00

Design-Expert?Software

EGCA yield

150.00

200.00

250.00

300.00

Chemical Ratio (%)

(c)

Design Points

72

X1 = C: Activation Temp.
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EGCA yield (%)
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FIGURE 3 - Effect of impregnation concentration on yield of EGCA
at chemical ratio = 200%, carbonization temperature = 650℃ (a),
effect of chemical ratio on yield of EGCA at impregnation concentration = 30%, carbonization temperature = 650℃ (b) and effect of
carbonization temperature on yield of EGCA at impregnation
concentration = 30%, chemical ratio = 200% (c).

In the optimization analysis, maximum values for the
two responses of MB removal (Y1) and EGCA yield (Y2)
was set as the target criteria, while the values of the three
variables were set in the ranges being studied. The experimental conditions with the highest desirability were selected to be veriﬁed. Table 5 lists the predicted and experimental results of MB removal and EGCA yield obtained at
optimum conditions. The optimum EGCA was obtained
by using impregnation concentration, chemical ratio and
activation temperature of 22.63%, 282.62% and 639.53℃,
respectively. The optimum EGCA showed MB removal of
99.40% and EGCA yield of 36.11%. With respect of the
experimental uncertainties, it was observed that the reliable
experimental values obtained were in good agreement
with the values predicted from the models. It should be
pointed out that relatively small errors between the predicted and the actual values, which was only 0.58% and
3.89%, for MB removal and EGCA yield, respectively,
were identified.
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TABLE 5 - Model validation.
Impregnation concentration, X1
(%)
22.63

Chemical ratio, X2
(%)
282.62

Activation temperature, X3
(℃)
639.53

EGCA yield, Y1 (%)
Predicted Experimental
40
36.11

Adsorption, Y2 (%)
Predicted Experimental
99.98
99.40

1460.0

2958.7

(a)

2854.5
2924.0

1384.8

Transmittance (%)

1093.6
1458.1
1635.5
1276.8
2856.5

956.6 736.7

(b)

1730.1

796.5

2970.3 2925.9

879.5

1631.7

3444.7

1118.6

1051.1
1087.8

1384.8
3444.7

4000

3500

3000

2500

2000

1500

1000

500

0

-1

Wavenumber (cm )
FIGURE 4 - IR spectra of EG (a), and EGCA samples prepared under optimum conditions (b).

3.5.1. IR measurement of EGCA Prepared under Optimum
Conditions

Infrared spectroscopy is used to determine the functional groups present on the surface of the EGCA sample
prepared under optimum conditions. IR spectra of EGCA
made from sucrose impregnation and ZnCl2 activation are
hardly found in literature. Fig. 4 shows the spectra of EG
and developed EGCA.
The IR spectrum obtained for EG (Fig. 4(a)), the
band at 3444.7 cm-1 was attributed to (O-H) vibrations in
hydroxyl groups [33]. The bands located around 2958.7,
2924.0 and 2854.5 cm-1 corresponded to C–H asymmetric,
symmetric vibrations in methyl and methylene groups,
respectively [34]. The band located around 1635.5 cm-1
corresponded to oleﬁnic C=C absorptions while the skeletal C=C vibrations in aromatic rings caused another two
bands at about 1460.0 cm-1. A small shoulder at 1110 cm-1
and a relatively intense band at about 1093.6 cm-1 could
be assigned to alcohol R–OH groups.
The IR spectra obtained for developed EGCA (Fig.
4(b)), the bands located about 3444.7, 1631.7 and 1384.8
were still presence. The vibrating bands appeared around
2970.3, 2925.9 and 2856.5 cm-1 corresponded to C-H asymmetric, symmetric vibrations mode in methyl and meth-

ylene groups, respectively. The band appearing at 1730.1 cm1
is attributed to carbonyl C=O groups. New peaks, such as
1458.1, 1118.6, 1051.1, 956.6, 879.5, 796.5 and 736.7 cm-1,
increased in the IR spectrum of EGCA. This functional
group is formed, possibly due to the extraction of H element and OH groups from the aromatic rings during the
impregnation and heat treatment stages as a result of the
dehydration effect of ZnCl2 [35].
4. CONCLUSIONS
In this study, RSM was successfully applied to investigate the effects of impregnation concentration, chemical
ratio and activation temperature, on the adsorption capacity of MB and yield of the developed EGCA made from
sucrose solution impregnation into EG and chemical activation with ZnCl2. The optimum EGCA preparation conditions were obtained using 22.63% impregnation concentration, 282.62% chemical ratio and 639.53℃ activation temperature resulting in 99.40% of MB removal and
36.11% of EGCA yield. Through analysis of the response
surface, impregnation concentration and chemical ratio
were found to have signiﬁcant effects on MB removal.
Impregnation concentration and activation temperature

1507

© by PSP Volume 21 – No 6. 2012

Fresenius Environmental Bulletin

were found to have signiﬁcant effects on novel adsorbent
yield. IR analysis and MB adsorption of EGCA indicated
that the prepared novel adsorbent proves to be economical
and cost effective adsorbents to remove dye methylene
blue (MB) from aqueous solutions.
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