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INFLUENCE OF SEASON ON ANTIOXIDANT DEFENSE
SYSTEMS OF Silurus glanis Linnaeus (Siluridae) AND
Barbus capito capito Güldenstädt (Cyprinidae)
Abdulkadir Bayir1,*, A. Necdet Sirkecioglu1, Mehtap Bayir1,
H. Ibrahim Haliloglu1, Ercüment Aksakal2, Muharrem Günes3 and N. Mevlüt Aras1
1

Department of Fisheries and Aquaculture Engineering, Faculty of Agriculture, Atatürk University, 25240, Erzurum, Turkey
2
Department of Agricultural Biotechnology, Faculty of Agriculture, Atatürk University, 25240, Erzurum, Turkey
3
Department of Fisheries and Aquaculture Engineering, Üzümlü Vacational School, Erzincan University, 24150, Erzincan, Turkey

ABSTRACT

tive stress. The main damage induced by oxidative stress
is in alterations of cellular macromolecules such as membrane lipids (lipid peroxidation), DNA and proteins [1].
The key reactive species are superoxide anion radical (O2 .–),
hydrogen peroxide (H2O2) and highly reactive hydroxyl
radical (OH.) [2]. Under a normal physiological state, harmful effects of ROS are effectively neutralized by antioxidant
defense system (ADS) of organisms, which in general comprises both enzymes such as superoxide dismutase (SOD,
EC 1.15.1.1), catalase (CAT, EC 1.11.1.16), glutathione
peroxidase (GPx, EC 1.11.1.9), glutathione reductase (GR,
EC 1.6.4.2), and low molecular weight antioxidants, such
as vitamins E and C [3].

Seasonal fluctuations in antioxidant (superoxide dismutase, SOD; catalase, CAT; glutathione peroxidase, GPx;
glutathione reductase, GR; glucose-6-phosphate dehydrogenase, G6PD) and biotransformation enzyme activities
(glutathione S-transferase, GST) and lipid peroxidation
(LPO) levels of livers and gills in European catfish (Silurus
glanis) and Bulatmai barbel (Barbus capito capito) were
determined. Superoxide dismutase, CAT, GPx, GR, G6PD
and GST activities were higher in the liver compared to
gills for both species. The exception was being in B.
capito capito where GR was higher in the gills compared to
the than liver during autumn and winter. However, LPO
levels were higher in the gills compared to the liver. At
the end of present study, it was concluded that antioxidant
defense system for both species were affected by many
endogenous and exogenous factors. However, it is difficult
to determine what is the most critical factor affecting
ADS in these species because of complex effects of these
factors on the antioxidant defense system.

Lipid peroxidation (LPO) has been extensively used as
a marker of oxidative stress. Tissue lipid and polyunsaturated fatty acid (PUFA) contents and compositions are
critical factors in the LPO [4]. Fish tissues contain large
quantities of PUFAs essential for membrane function [5]
and PUFAs imply an elevated risk of oxidative stress, as
PUFAs are major targets for ROS [6].
Antioxidant defense system of fish can be influenced
by many factors such as systematic position, age, feeding
behavior, food consumption, diet type, stress, toxins presents in the water, seasonal and daily changes in dissolved
oxygen and temperature [5, 7-11]. Most of the researches
on ADS in fish have focused on toxicological aspects [1213] and there are limited investigations showing relationship between season and oxidative cycle [11, 14-16]. Although little is known about ADS of Silurus glanis Linneaus, 1775 (Siluridae) [17], nothing is known on ADS of
Barbus capito capito Güldenstädt, 1773 (Cyprinidae).

KEYWORDS: Bulatmai barbel, european catfish, oxidative stress,
reactive oxygen species, seasonal changes

1. INTRODUCTION
Oxidative metabolism of cells is a continuous source of
reactive oxygen species (ROS). Reactive oxygen species,
including free radicals that have an unpaired electron in
their outer orbital, are highly reactive molecules. At low
concentrations, they may be beneficial or even indispensable in processes such as defenses against microorganisms,
contributing to phagocytic bactericidal activity. In contrast,
their high doses and/or inadequate removal result in oxida-

European catfish (S. glanis) is the largest freshwater
fish species of Europe and naturally distributed in the
large rivers and lakes from central and eastern Europe to
southern part of central Asia [18] and also occurs in Turkey’s lakes (i.e. Manyas, İznik, Çıldır, Big Menderes) and
rivers (Sakarya, Fırat, Ceyhan, Seyhan, Kura and Aras).
While main distribution areas of Bulatmai barbel (B. capito
capito), commonly called “caner” in Turkey, are Caspian

* Corresponding author
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Sea and Aral Lake Basins, it also lives in Çoruh and
Aras Basins in East Anatolian Region of Turkey [19].
They are economically valuable fish species because of
their tasty fleshes and high growing up ratios [19-20].
However, both species are endangered by illegal catching
methods, human pressures, degradation of spawning habitats and pollution. Consequently, there is need for good
management practices for the conservation of stocks in
Turkey. To fulfill this task, it is necessary to achieve a
sound knowledge of the biology of these species. Therefore, the purpose of the present study was to investigate
the seasonal changes in the antioxidant and biotransformation enzyme activities and lipid peroxidation levels of
the liver and gills in the European catfish and Bulatmai
barbel and to provide reference values throughout one year.

nine dinucleotide phosphate (NADPH) oxidation at 340 nm
by the coupled reaction with glutathione reductase (GR)
[22-23]. The assay system contained 1 M Tris-HCl, 5 mM
EDTA buffer (pH 8.0), 0.1 M GSH, 10 U mL-1 GR, 2 mM
NADPH, 7 mM t-buthylhydroperoxide, distillated water and
tissue homogenate (10 µL).
Catalase (CAT, EC 1.11.1.16) activity was measured
according to the method of Beutler [23] after the decomposition of H2O2 at 230 nm (ε= 0.071 mM-1 cm-1). The
assay mixture consisted of 0.05 M phosphate buffer (pH
7.0), 0.019 M H2O2 and tissue homogenate (10 µL).
Glutathione reductase (GR, EC 1.6.4.2) activity was
determined as described by Beutler [23] by measuring the
oxidation of NADPH at 340 nm using the extinction coefficient 6.22 mM -1 cm -1. The reaction mixture of 1 mL
contained 1 M Tris-HCl, 5 mM EDTA buffer (pH 8.0),
0.033 M GSSG, 2 mM NADPH, distillated water and
tissue homogenate (10 µL).

2. MATERIALS AND METHODS
2.1. Fish sampling

Glucose-6-phosphate dehydrogenase (G6PD, EC
1.1.1.49) activity was measured as described by the method
of Beutler [23]. The activity assay was done by monitoring the increase in absorption at 340 nm (ε= 6.22 mM-1
cm-1) due to the reduction of 2 mM NADP+. The assay
system contained 1 M Tris-HCl, 5 mM EDTA buffer (pH
8.0), 0.1 M MgCl2, 2 mM NADP+, 6 mM G6P, distillated
water and tissue homogenate (50 µL).

Immature European catfish (769.90±85.95 g) and Bulatmai barbel (345.20±63.44 g) were caught quarterly between autumn 2006 and summer 2007 from Aras River,
Karakurt, Kars, Turkey (040o 09’ 36’’N, 042o 35’ 32.4’’E).
The fish were caught using monofilament gill nets. Five fish
per season were killed with a sharp blow on the head; liver
and gills were excised and frozen immediately in liquid
nitrogen. Samples were transferred to laboratory and stored
at -84 oC until analyses. Water temperature and dissolved
oxygen values were measured with a digital analyzer (WTW
360i, Germany).

Glutathione S-transferase (GST, EC 1.5.1.18) activity
was evaluated with 1-chloro-2,4-dinitrobenzene (CDNB)
as substrate in a final reaction mixture containing 0.11 M
phosphate buffer (pH 6.5), 30 mM CDNB, 0.1 M GSH,
distillated water and tissue homogenate (50 µL) [24]. The
activity rate was measured as change in optical density at
340 nm (ε= 9.6 mM-1 cm-1).

2.2. Determination of enzyme activities and lipid peroxidation levels

Liver and gills were washed in 0.9 % NaCl, dried with
a filter paper and about 1 g samples were weighted. Samples
were homogenized in 10 vol (w/v) 1.15 % KCl for 5 min.
The homogenates were centrifuged at 10000 rpm for 30 min
at +4 oC and the resulting supernatants were used for analysis.

The level of lipid peroxidation (LPO) was determined by assessment of MDA as total thiobarbituric acid
(TBARS)-reactive products by method of Uchiyama and
Mihara [25]. The breakdown product of 1,1,3,3-tetraethoxypropane was used as a standard. Tissue homogenates
were mixed with phosphoric acid (1 % v/v) and TBA (%
0.6 w/v). Then, the mixture was mixed strongly and incubated in a boiling water bath for 45 min. After cooling the
tubes, n-Butanol was added and mixed and the precipitates
were removed by centrifugation at 4000 rpm for 10 min.
Finally, the MDA concentration in the supernatant fraction
was determined spectrophotometrically at 532 nm.

The following enzyme activities were measured by using a double beam spectrophotometer (Thermo, Evolation
100, England).
Superoxide dismutase (SOD, EC 1.15.1.1) activity was
assayed by inhibition of xantine/xantine oxidase generated
O2- reduction of nitroblue tetrazolium (NBT) [21]. NBT
was reduced to blue formazon by O2-which has a strong
absorbance at 560 nm. One unit was defined as the amount
of protein producing 50% inhibition of reaction. The reaction mixture of 1mL contained 1 M Tris-HCl, 5 mM EDTA
buffer (pH 8.0), 150 µM NBT, 400 mM Na2CO3, 1 g L-1
bovine serum albumine, 3 mM L-1 Xantine, 0.833 U mL-1
Xantine oxidase, 0.8 mM CuCl2 and tissue homogenate
(30 µL).

All processes were carried out in the ice or at +4 oC.
Specific enzyme activities were defined as enzyme unit (EU)
per mg protein and MDA concentrations were expressed as
µmol per mg protein. All chemicals used in the present
investigation were obtained from Sigma-Aldrich (USA).
2.3. Protein content of samples

The protein content of samples was determined by
Bradford method [26] using bovine serum albumin as a
standard.

Glutathione peroxidase (GPx, EC 1.11.1.9) activity
was determined by following the rate of nicotinamide ade-
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2.4. Data analyses

showed seasonal variations (P<0.05), with the highest
activities found in the summer, 3.65±0.18, 152.81±13.69,
952.26±47.00, 22.36±0.68, 48.44±2.64 EU mg protein-1
and 110±1 µmol mg protein-1, respectively and the maximum GR activity was measured in the spring as 4.53±0.44
EU mg protein-1. The lowest activities were assayed in the
autumn for SOD (2.28±0.12 EU mg protein -1), GPx
(716.94±28.47 EU mg protein-1) and CAT (62.52±3.77
EU mg protein-1) and in the winter for GR, G6PD, GST
and LPO levels (0.66±0.07, 13.24±0.90, 30.45±1.36 EU
mg protein-1 and 6.7±0.9 µmol mg protein-1, respectively)
(Figure 1a - g).

The statistical analysis was performed with SPSS
version 10.0 for Windows [27]. Data were presented as
mean ± standard deviation (SD) of the mean. Data were
analyzed by one-way analysis of variance (ANOVA). The
significant means were compared by Duncan’s multiple
range tests (P<0.05; n=5).
3. RESULTS
3.1. Environmental parameters

Seasonal variations in water temperature and dissolved
oxygen amounts were given in Table 1. The maximum
temperature was determined in summer (20 oC), while the
lowest temperature was assayed in winter (4.1 oC). The
maximum and minimum dissolved oxygen amounts were
found in the winter, 8.56 mg L-1 and summer, 6.03 mg L-1,
respectively.

3.5. Branchial biomarkers in Silurus glanis

Catalase, GPx, G6PD and GST activities and LPO
levels of gills showed similar changes during the investigation, with significantly higher level in the summer (44.34±
6.05, 203.05±12.07, 15.01±1.15 and 13.73±1.75 EU mg
protein-1 and 141±15 µmol mg protein-1, respectively) and
decreases in the cold seasons (P<0.05). However, there
were no seasonal differences in the SOD and GR activities
(Figure 2a - g)

TABLE 1 - Water temperature and dissolved oxygen values of Aras
River.

Autumn
Winter
Spring
Summer

Temperature
(oC)
6.2
4.1
16.1
20.0

Dissolved Oxygen
(mg L-1)
7.29
8.56
7.52
6.03

3.6. Branchial biomarkers in Barbus capito capito

The highest SOD (2.56±0.13 EU mg protein-1), CAT
(59.75±4.32 EU mg protein-1), GPx (641.53±18.31 EU mg
protein -1 ), GR (1.73±0.10 EU mg protein -1 ), G6PD
(14.51±1.53 EU mg protein-1) and GST (18.15±0.78 EU
mg protein-1) activities and LPO (310±20.1 µmol mg protein-1) levels were recorded in the summer (Figure 2a – g).
Although the lowest values were determined in the autumn
for SOD (2.23±0.21 EU mg protein-1), CAT (48.03±1.77
EU mg protein-1), G6PD (6.68±0.77 EU mg protein-1) and
GST (10.75±0.85 EU mg protein-1), it was assayed in the
winter for GPx (230.11±14.37 EU mg protein-1), GR
(1.09±0.17 EU mg protein-1) and LPO (14.2±2.2 µmol mg
protein-1). The seasonal changes in ADS of gills were also
statistically important (P<0.05).

3.2. Antioxidant defenses in Silurus glanis and Barbus capito
capito

Superoxide dismutase, CAT, GPx, GR, G6PD and GST
activities were higher in the liver compared to the gills for
both species. The exception were being in B. capito capito
where GR was higher in the gills compared to the than liver
during cold seasons (autumn and winter). In contrast the
LPO levels of gills were higher than those of liver (Figures 1-2).
3.3. Hepatic biomarkers in Silurus glanis

The highest SOD, (2.74±0.33 EU mg protein-1), CAT
(205.72±27.97 EU mg protein-1), GPx (352.71±34.21 EU
mg protein-1), GR (1.15±0.18 EU mg protein-1), G6PD
(23.77±1.84 EU mg protein-1) and GST (33.00±1.96 EU
mg protein-1) activities and LPO level (9.1±1.5 µmol mg
protein-1) in the liver were recorded during the summer
(Fig. 1a - g). While the lowest liver SOD and G6PD activities and LPO levels were measured in the autumn,
2.17±0.19 and 15.02±1.30 EU mg protein-1 and 5.4±1.6
µmol mg protein-1, respectively, it was determined in the
winter for CAT (119.17±11.37 EU mg protein-1), GPx
(147.85±8.79 EU mg protein-1), GR (0.65±0.07 EU mg
protein-1) and GST (27.33±0.88 EU mg protein-1) (Figure
1a - g). The seasonal differences of enzyme activities and
LPO level of liver were statistically important (P<0.05).

4. DISCUSSION
Reactive oxygen species generation, oxidative rates
and antioxidant status of a thermoconformer animal are
directly related to ambient temperature or metabolic activity. Because, they are not able to display a body temperature, which is distinct from ambient temperature. Higher
temperatures generally coincide with high reproductive
and/or foraging activities thus favoring greater O 2 and
ROS production rates, and consequently, a concomitant
higher antioxidant enzyme induction is expected [28]. At
the present study, the highest activities of all enzymes and
LPO levels in livers of both species were determined in
the summer except GR activity of B. capito capito; it reached
the highest level in the spring (Figure 1a - g). Furthermore;
CAT, GPx, G6PD, GST activities and LPO levels of gills
in S. glanis and all enzymes and LPO levels of gills in B.
capito capito were determined in the summer. Gorbi et

3.4. Hepatic biomarkers in Barbus capito capito

Superoxide dismutase, CAT, GPx, G6PD, GST activities and LPO level of liver in B. capito capito also

5
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FIGURE 1 - Seasonal changes in antioxidant defense systems of livers of Silurus glanis and Barbus capito capito. (a): SOD activities; (b): CAT
activities; (c): GPx activities; (d): GR activities. Values were presented as mean ± SD (n=5). Data were analyzed by one-way analysis of variance
(ANOVA). The significant means were compared by Duncan’s multiple range tests. Means with different letters are significantly different (P<0.05).

6

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

FIGURE 1 (continued) - Seasonal changes in antioxidant defense systems of livers of Silurus glanis and Barbus capito capito. (e): G6PD activities; (f): GST activities and (g): LPO levels. Values were presented as mean ± SD (n=5). Data were analyzed by one-way analysis of variance (ANOVA). The significant means were compared by Duncan’s multiple range tests. Means with different letters are significantly different (P<0.05).

al. [29] described the lowest GST activities in January
and March and the highest activities in August for Anguilla anguilla and Mugil cephalus. On the other hand,
Rudneva [30] suggested that increasing temperature usually stimulates peroxide oxidation of lipids in the liver of
fish. This suggestion is in accordance with results from
our study. GST prevents LPO and DNA damage by reducing DNA base hydroperoxides and lipid hydroperox-

ides [31], therefore the increase in GST activity during the
summer suggests that detoxification of toxic products of
LPO, such as MDA [32]. Most of earlier studies about
seasonal fluctuations of ADS in fish have given similar
results with ours; thereof, the increase in the antioxidant
status occurring during warm seasons (especially in summer) has been explained as an enhanced susceptibility of
fish to oxidative stress.

7
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FIGURE 2 - Seasonal changes in antioxidant defense systems of gills of Silurus glanis and Barbus capito capito. (a): SOD activities; (b): CAT
activities; (c): GPx activities; (d): GR activities. Values were presented as mean ± SD (n=5). Data were analyzed by one-way analysis of variance
(ANOVA). The significant means were compared by Duncan’s multiple range tests. Means with different letters are significantly different (P<0.05).
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FIGURE 2 (continued) - Seasonal changes in antioxidant defense systems of gills of Silurus glanis and Barbus capito capito. (e): G6PD activities; (f): GST activities and (g): LPO levels. Values were presented as mean ± SD (n=5). Data were analyzed by one-way analysis of variance (ANOVA). The significant means were compared by Duncan’s multiple range tests. Means with different letters are significantly different (P<0.05).

Superoxide dismutase and GR activities in the gills of
S. glanis were not statistically affected by season, although maximum activities were measured in the summer.
These results partly agreed with Ronisz et al. [33] and
Solé et al. [14] who reported no correlation between GST,
CAT and GPx activities and water temperature in
Pomatoschistus minutus and Zoarces viviparus. However,
it is difficult to explain the reason of these seasonal stability and harmony between SOD and GR in S. glanis’s
gills. Moreover, gill GR activities in B. capito capito were
higher in the cold seasons than warm seasons. Ritola et al.
[2] and Aras et al. [16] reported higher gill GR activities

than those of livers in Oncorhynchus mykiss and Salmo
trutta labrax. They suggested that gills are more sensitive
than liver against ROS and high GPx and GR activities in
the gills may indicate an important role for the glutathione
system in the gill epithelial cells as a front-line of antioxidant defense.
The activities of antioxidant and biotransformation enzymes were higher in the liver than gills, whereas the reverse was found for LPO. In thermoconformers vertebrates
gut, gills, white muscles and pyloric caeca are less active
tissues than red muscles, liver, blood, heart, kidney, roe and
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lens, are the main sites of primary O 2· - production and
consequently have relatively lower antioxidant enzyme
activities [28]. Trenzado et al. [34] demonstrated higher
SOD and CAT activities in the liver than other tissues
such as gills, heart and digestive tract in rainbow trout and
sturgeon. Besides, Martínez-Álvarez et al. [5] reported
that liver and erythrocytes usually show higher antioxidant enzyme activities, which could be due to high rates
of free-radical generation in these tissues.

[13] Li, X., Liu, Y., Song, L. and Liu, J. (2003) Responses of antioxidant systems in the hepatocytes of common carp (Cyprinus carpio L.) to the toxicity of microcystin-LR. Toxicon, 42,
85-89.
[14] Solé, M., Kopecka, J. and Garcia de la Parra, M. (2006) Seasonal variations of selected biomarkers in sand gobies
Pomatoschistus minitus from the Guadalquivir Estuary,
Southwest Spain. Arch. Environ. Con. Tox., 50, 249-255.
[15] Aleshko, S.A. and Lukyanova, O.N. (2008) Seasonal variations of biotransformation and antioxidant parameters in liver
of the smooth flounder Liopsetta pinnifasciata from Amursky
Bay (Sea of Japan). Russ. J. Mar. Biol., 34(2), 135-138.
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NEW APPROACHES TO INDIRECT
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AQUATIC OVIPAROUS AND OVOVIVIPAROUS ORGANISMS
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ABSTRACT

1. INTRODUCTION

The purpose of this study was to revisit the indirect
alkali-labile phosphate (ALP) assay for vitellogenin-like
proteins (Vtg) in aquatic organisms. Since Vtg is a highmolecular-weight lipoprotein rich in phosphates, sugars
and cationic ions, tissues over-expressing this protein
complex can be determined indirectly, e.g., using the principle of ALP. This holds true when the protein is highly
phosphorylated compared to the phosphate background of
proteins. In organisms expressing low levels of phosphorylation such as with gastropods, the egg yolk proteins could
be measured by a variation of the ALP method, based on
the protein-bound lipid (PBL) levels. When the Vtg content
reaches a significant proportion of the expressed proteins
in tissues (e.g., in fully ripe oocytes), normalization of
Vtg content by protein biomass creates over-correction
problems which could under-estimate the levels of Vtg.
This study proposes a method of Vtg expression that is
more robust thus avoiding over-correction problems. The
results show that in biological samples spiked with increasing amount of Vtg, over- correction occurs when the proportion of Vtg reaches 0.2% of the total protein contents,
thus limiting the value of normalization with total protein
content. By using the stepwise addition method, Vtg contents could be accurately measured at proportions that are
over 1% of the total protein mass. In ripe gonad tissues in
female Mya arenaria clams, the levels of ALP were
strongly correlated with the gonado-somatic index when
the ALPs were expressed using the serial addition method
(r=0.75; p<0.001), as compared with ALP normalized
against protein content (r=0.35; p= 0.05). These new
methods will provide more robust tools to determine the
relative levels of Vtg-like proteins in aquatic organisms.

The egg-yolk protein precursor vitellogenin (Vtg) represents the main energy source for the embryos and its synthesis occurs during the early stages of gonad growth
(gametogenesis) in oviparous organisms. Vtg is a highmole-cular-weight and phosphorylated lipoprotein rich in
sugars, calcium, magnesium and zinc [1-3]. Recent evidence shows that its synthesis is controlled by estradiol17β, in part at least. Indeed, synthesis of Vtg in scallops is
supposedly under the control of estradiol-17β and a
Vtg-promoting factor located in the pedal and visceral
ganglia [4]. Vtg has been proposed as a biomarker of
exposure to estrogens, but recent evidence indicates that
Vtg is also induced when the immune system is challenged
by micro-organisms, where it assists phagocytosis by
contributing to hemaglutinating and biocidal activities [5,
6]. In some cases, the induction of Vtg-like proteins in
caged mussels downstream municipal effluents was also
closely associated with the activation of the immune system [7]. In sexually dimorphic bivalves, recent evidence
revealed that Vtg expression is under the control of the
estrogen receptor path-way. Indeed, specific estrogen binding reaching saturation was observed in freshwater mussels [8] and estradiol-17β readily increases Vtg-like proteins. This was determined by gene expression (Vtg
mRNA) and indirect assays using the principle of alkalilabile phosphates or ALP [9]. The high phosphate and
calcium levels in Vtg served as a basis for the indirect
measurement of Vtg in fish plasma [10]. In general, Vtg
with phosphate content above the basal phosphate levels of
proteins could be measured by the levels of ALP. Lipids in
Vtg could also serve as basis for Vtg content estimations
when the phosphate content is not significant such as with
snails [11]. The increase in protein-bound lipids (PBL)
was also increased in Mya arenaria clams exposed to
municipal effluents [3]. The PBL methodology was successfully used in the snail P. antipodarum exposed to
octylphenol and bisphenol A [12]. This is especially the
case when the protein fractionation step is not very selective, such as in trichloroacetic acid precipitation, which
precipitates most (phosphorylated) proteins. Protein frac-

KEYWORDS: vitellogenin, alkali-labile phosphates, protein-bound
lipids, biomarker normalization, bivalves.

* Corresponding author

12

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

tionation based on organic solvents, such as t-butylmethyl ether, or selective acetone precipitation offers
better selectivity [13, 14].

ties of Vtg from eggs. The developed methodologies were
also tested in fully ripe female Mya arenaria clams collected at reference and polluted sites.

As with other biomarkers, the levels of ALP or PBL
are usually normalized against total protein or tissue weights.
Normalization against total protein is most of the times
satisfactory since the ratio (slope) between the biomarker
and the protein content is assumedly constant when the
analyte represents a very small proportion of the biomass.
However, the proportion of Vtg could represent most of
the total biomass in oocytes, especially in fully ripe organisms. For example, Vtg rapidly increases during ovarian growth and accounts for more than 80% of the water
soluble protein content in the sexually mature scallop [4].
In this case, over-normalization problems arise when correcting for biomass content. The biomarker level would
gradually derived to lower values from the assumed initial
ratio, reaching a non-significant ratio as the proportion of
Vtg becomes a major component of the biomass. This
requires considering the different sexual maturation stages
of organisms hence the proportion of Vtg in tissues. Other
means to normalize biomarkers against total protein are
available when the biomarkers make up a significant proportion of the biomass in the sample, for example: 1) normalization against total biomass weight of the tissue, if not
the whole organism; 2) the residual extraction method; and
3) the stepwise addition method. While normalizing against
the whole soft tissue is the simplest way to correct against
over-normalization, it is the least precise method since it
can introduce more variations (e.g., changes in water content, unexpected variations of each organ weight). The
residual extraction method consists in determining the real
relationship between protein biomass and Vtg content by
linear regression. The linear ratio between the biomarker
and the biomass measurement is calculated, and it is expected that the ratio will be different from the assumed
direct normalization approach but the slope remain significant throughout the samples. The residual (i.e., the difference between the measured value and the value obtained
from the linear regression equation) is the “corrected” value
against the effects of biomass and reflects the changes in
Vtg that is independent from the biomass. This approach is
useful when no assumptions can be made about the ratio
between the biomarker and the biomass for different individuals (e.g., in organisms at different stages of gametogenesis). The stepwise addition method consists in measuring the rate of increase of the biomarker in respect to the
added sample volume. The rate of increase of the analyte
is compared with a sample containing high amounts of the
analyte (pure Vtg or fully riped oocytes). With this approach, there is no need to normalize against the biomass
tissue content. The purpose of this study was to propose an
alternate assay for Vtg determination based on the PBL
approach and demonstrate that the serial addition method is
a robust tool to quantify Vtg in tissues. These methodologies were tested first with Vtg-spiked tissue samples from
rainbow trout because of the ease of isolating high quanti-

2. MATERIALS AND METHODS
2.1. Preparation of rainbow trout vitellogenin

Eggs from female rainbow trout and fully ripe clam
gonads were rinsed in 100 mM Tris-acetate pH 8.0 containing 1mM EDTA and 0.1 ug/mL apoprotinin. The eggs
were homogenized in Tris buffer using a Teflon pestle
tissue grinder at 4oC. The rough homogenate was passed
through a cotton cheese cloth mesh and the filtrate was homogenized again if necessary. The homogenate was centrifuged at 15 000 x g for 30 min at 4oC. The supernatant
was carefully collected from the pellet and upper lipid layer.
The supernatant was partly purified and concentrated
through a 100 kDa ultrafiltration membrane device (centrifuged at 10 000 x g for 30 min at 2oC). The material adsorbed to the membrane was resuspended in 100 mM Trisacetate, pH 8 containing 1 mM EDTA. The concentrated
protein fraction was then precipitated in 30 % acetone and
the pellet collected after centrigugation (10 000 x g 5 min,
4oC). The pellet was resuspended in Tris buffer and aliquots stored at -85oC. The presence of phosvitin and
lipovitellin from rainbow trout and the vitellogenin bands
from clams were confirmed by gel electrophoresis (high
resolution gradient 4–12% polyacrylamide gels; Nupage, Invitrongen, USA) after Coomassie blue staining.
2.2. Preparation of fish liver and gonad extracts for vitellogenin determinations

Female rainbow trout (100 g) were collected from
a local hatchery and allowed to stand in purified aquarium water (300 L) for one month at 15oC under constant
aeration. They were fed 5 times a week with commercial
trout chow at 0.1% fish biomass. Mya arenaria clams
were collected before the spawning season (June 2006) at
one polluted site and one reference or clean site in the
Saguenay fjord and the St. Lawrence estuary sites respectively. Clams were transported back to the laboratory where
the gender and gonado-somatic index (g gonad /g soft
tissues) were determined as previously described [14].
The gonad tissues were homogenized in ice-cold 150 mM
NaCl containing 50 mM Tris-acetate, pH 8, 1 mM EDTA
and 1 mM dithiothreitol. The tissues were homogenized
using a Teflon pestle tissue grinder (Sigma Chemical
Company) apparatus (5 passes at 4oC) and centrifuged at
15 000 x g for 20 min at 2–4oC. The protein concentration
of the supernatant was adjusted to 0.1 mg/mL with the homogenization (Tris) buffer for the stepwise addition method.
Total protein concentration was determined using the
Coommassie brilliant blue dye method using serum bovine albumin for calibration. Since the liver is the organ
where vitellogenesis takes places (in contrast in bivalves
where the process takes place in the gonad tissues), the
fish liver extracts were spiked with known amounts of
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trout Vtg: 0.2, 1 and 2 µg/mL representing, respectively,
0.2, 1 and 2% of the total protein content. The sample were
mixed for 15 min at 4oC and analyzed for ALP and PBL as
described below.

with Vtg at concentrations above 0.2% of the total protein content, the values of ALP levels (normalized against
total protein) readily dropped below the standard deviation of the assay. This indicates that protein normalization
overcompensates when the target protein reaches more
than 0.2% of the total protein content. We observed the
sample pattern with the PBL assay, which once again, highlighted the problem of over-normalization when the proportion of Vtg exceeds 0.2% of the total protein biomass
(Figure 1B).

2.3. Alkali-labile lipid and phosphate assays

Young-of the-year rainbow trout were collected from
a local farm hatchery to have fish liver samples not expressing Vtg. The liver was perfused in ice-cold 10 mM
Hepes-NaOH, pH 7.4, containing 140 mM NaCl, 1 mM
EDTA and 1 mM dithiothreitol. The liver was homogenized in the perfusion buffer, as described above but containing 0.1 µg/mL apoprotinin, using a Teflon pestle tissue
grinder apparatus. The homogenate was centrifuged at
15 000 xg for 30 min at 2oC. The supernatant was spiked
with an increasing amount of prepared Vtg as described
above and analyzed using the ALP principle [14]. The
supernatant sample was mixed with acetone to give a
final concentration of 30% and allowed to stand on ice for
5 min. The mixture was then centrifuged at 10 000 x g for
5 min to recuperate the pellet. The pellet was washed in
50% acetone and centrifuged again as described above.
Then, 200 µL of NaOH 1M was added to the pellet and
heated at 50oC for 60 min. For the stepwise addition
method, the released phosphates were determined with increasing sample volume (0, 5, 10, 15, 20, 30 and 40 uL)
of the NaOH extract. The levels of phosphates were determined by the phosphomolybdenum method [15, 16]. Absorbance was read at 840 nm and standards of inorganic
phosphate (i.e., KH2PO4) were used for calibration. At the
same time, the levels of protein-bound lipids were also
determined using the sulfophosphovanilic acid method
[17]. Standard solutions of the detergent Tween-20 were
used for calibration. The absorbance was read at 540 nm.
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2.4. Data analysis

The data were checked for normality and homogeneity of variances using the Levene’s test. The data were
considered normal and the variance homogeneous. Linear
correlation was performed following the Pearson-moment
procedure and one-way analysis of variance was performed
with site location as the main factor. Significance was set at
p<0.05.
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FIGURE 1 - Protein-normalized levels of alkali-labile phosphates
(ALP) and protein-bound lipids (PBL) in gonad extracts. Trout liver
extracts were analyzed for ALP and PBL contents with increasing Vtg
concentrations. Reported phosphate or lipid values were normalized
against total protein levels. The filled line represents the mean and
dotted lines the standard deviation of the assay.

3. RESULTS AND DISCUSSION
The levels of ALP and protein-bound lipids (PBL)
were determined in undeveloped gonad extracts (15 000 x
g supernatant) spiked with increasing concentrations of
trout Vtg (Figures 1A and B). The data show that ALP
levels normalized against total protein for the unspiked
gonad remained mostly within 1 standard deviation from the
mean. The same was also observed for PBL. Increasing
volume of the S15 fraction sample highlights the robustness of the method when the added protein fraction does
not exceed 12 µg/mL in the micro-plate assay for phosphates (225 uL per well). When the samples were spiked

The problem of normalization when the analyte represents a significant proportion of the protein biomass (>0.2%),
could be corrected by the stepwise addition method (Figures 2A and 2 B). This method is based on the principle
of the proportional increase in ALP or PBL is a function of
the amount of Vtg in the biological sample. Instead of the
usual analyte/protein ratio, the slope between the increased levels of phosphates or PBL and the fold addition
of added sample volume represents the measurement

14

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

endpoint. The increase of phosphates / fold addition volume will gradually increase to reach the maximum limit of
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FIGURE 2 - Change in alkali-labile phosphates (ALP) and protein-bound lipids (PBL) in fish liver extract enriched with Vtg.
Trout liver extracts were analyzed for ALP and PBL contents with increasing Vtg concentrations using the stepwise addition method.
The inserted figures represent the standard calibration curve between the slope (Phosphates or lipids /unit volume) and the added Vtg
(fold addition).
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FIGURE 3 - Spatial variation of gonado-somatic index (GSI) and vitellogenin-like proteins in Mya arenaria clams.
Clams were collected during the pre-spawning season and females were analyzed for GSI, ALP and PBL. The * symbol
indicates significant induction with respect to the corresponding reference site (ASE and BAU for the Saguenay Fjord and
St. Lawrence estuary respectively.

the ratio (rate of change / fold addition) equivalent to pure
Vtg. For example, the estimated (maximum) ratio for pure
vitellogenin is circa 10 for ALP and 35 for PBL. In Figures 2A and 2B, the ratios in the levels of ALP or PBL
per unit of added volume gradually increases as the proportion of Vtg increases, even above Vtg concentrations
of 0.2% where protein normalization exhibited overcorrections. A robust and linear calibration curve could
be produced with the ratio (µg of phosphates or lipids /
unit volume) against the concentrations of added Vtg (see
inserts in the figures).

0,16
0,14

r=0.76
p<0.001

ALP slope

0,12
0,10
0,08
0,06
0,04
0,02

To test this method with real samples, Mya arenaria
clams were collected during the pre-spawning season in
the Saguenay Fjord (June 2006) and examined for the
gonado-somatic index (GSI), ALP and PBL (Figure 3).
The data show that clams from the polluted sites (Baie
Sainte Catherine or BSC and Anse Saint-Jean or, ASJ)
had lower GSI and ALP values with respect to the respective control sites. The levels of PBL were significantly
lower at site BSC only. The PBL content in partiallypurified gonad protein extracts from clams at ASJ sites
(exposed to municipal urban effluents) were significantly
higher than the corresponding reference site. The increase
in lipid contents of Vtg extracts in female gonads from
clams exposed to municipal effluents was also reported in
a previous study [3]. Interestingly, the increase in PBL
was not related to total gonad lipid contents and seemed
to be associated to urban effluents exposure, but not those
from commercial harbors. Trend analysis revealed that
female clams were generally fully ripe with GSI values
representing from 3% to 20% of the soft tissue weight
(Figure 4). The results revealed that that GSI was more
strongly correlated with the ALP levels (r=0.76; p<0.001)
determined by the stepwise addition method than with the
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FIGURE 4 - Trend analysis between alkali-labile phosphates (ALP)
levels and gonado-somatic index (GSI) in feral Mya arenaria. The
levels of ALP and PBL were determined following the stepwise addition
(A) and the protein normalization (B) methods. The stepwise addition
method offered a stronger correlation with the clam’s GSI.
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ALP levels normalized against total proteins (r=0.35;
p=0.05). In conclusion, this study proposes a variation of
the ALP assay for the measurement of Vtg-like proteins
in aquatic organisms that evaluates the phosphate and
lipid associated with fractionated proteins. The PBL assay
could be used in species with low Vtg phosphate content
in which it is difficult to discriminate between the average
phosphate levels of proteins such as gastropods [11, 12].
Moreover, by evaluating the relative levels of Vtg by the
stepwise addition method, change in the levels of Vtg in
biological samples containing relatively large amounts of
Vtg can be quantified.

freshwater mussel Elliptio complanata. Comp. Biochem.
Physiol. C Toxicol. Pharmacol. 128, 213-225.
[9]

[10] Campbell, C. M. and Idler, S. (1980) Characterization of an
estradiol-induced protein from rainbow trout serum as vitellogenin by the composition and radioimmunological cross reactivity to ovarian yolk fraction. Biol. Reprod. 22, 605-617.
[11] Byrne, B. M., Gruber, M. and Ab, G. (1989) The evolution of
egg yolk proteins. Progress Biophys. & Molec. Biol. 53, 3369.
[12] Gagnaire, B., Gagné, F., André, C., Blaise, C., Abbaci, K.,
Budzinski, H., Dévier, M.H. and Garric, J. (2009) Development of biomarkers of stress related to endocrine disruption in
gastropods: alkali-labile phosphates, protein-bound lipids and
vitellogenin-like proteins. Aquat. Toxicol. 92, 155-167.
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ABSTRACT
* Corresponding author

Cyanobacterial blooms are amongst the most harmful
blooms, and can lead to the deterioration of aquatic ecosystems, simultaneously affecting humans, flora and fauna
due to the production of cyanobacterial toxins. A Chinese
herb (S. baicalensis Georgi) was chosen to control cyanobacterial blooms in waters. The results showed that the M.
aeruginosa growth expressed by chlorophyll-α concentration was totally inhibited by the decoctions of S. baicalensis Georgi at doses of ≥10 µg when the initial concentration of M. aeruginosa was 670 µg L-1. The field experiment showed that the cyanobacterial blooms in the
ponds treated with the decoctions of S. baicalensis Georgi
were significantly controlled in cyanobacterial blooms
period from April to June, 2008. The active ingredients in
the herb such as flavonoids, could significantly decrease
the effective quantum yields and interrupt the electronic
transports in photosystem two (PS II) reaction centers in M.
aeruginosa cells, which led to the failure of photosynthesis of M. aeruginosa. Simpson’s diversity index of macrophytes, zooplankton and bacteria with flaA gene indicated
that the application of S. baicalensis Georgi increased the
macrophyte, zooplankton and bacterial diversity and improved the growth conditions of their habitats. This study
provides a promising emergency measure to control
harmful algal blooms in practical waters, and benefits to
the aquatic ecosystem.

ple, cyanocystins produced by cyanobacteria can negatively
affect animal and human health [2]. The shading of cyanobacterial blooms can limit the growth of macrophytes and
lead to the disappearance of macrophyte communities, thereby resulting in that the aquatic ecosystem transforms from
clear water state to turbid state [3-5]. Thus, it has practical
significance in controlling cyanobacterial blooms to reduce cyanobacterial toxic risks. For ecological restoration,
the priority step is to control cyanobacterial blooms before
the reinhabitation of macrophytes.
To date, many technologies have been proposed to
control cyanobacterial blooms including physical (e.g.,
ozonation, ultrasonics) [6, 7], chemical (e.g., hydrogen
peroxide, bluestone, potassium permanganate) [8, 9] and
biological (e.g., introduction of algal pathogens, grazers,
biopond-wetland) measures [10, 11], while actual field
applications in large-scale projects have not been explored
thus far [12]. These technologies are expensive, or potentially contribute to secondary pollution because these material inputs to waters are not from nature. Despite the use of
extracts from natural materials (e.g., barley straw) in
small ponds, the apparent side effects noted were environmentally inhospitable including oxygen-depletion and
color leaching due to the rotting straw [1]. Therefore,
when the “urgent reagents” produced by natural materials
are developed to control cyanobacterial blooms, it is important that the benefits to aquatic ecosystem should be
considered simultaneously.

KEYWORDS: Cyanobacterial blooms; Chinese herb; S. baicalensis Georgi; Electronic transport.

It is well-known that Chinese herbs, such as Scutellaria, have several specific uses [13], especially the active
ingredients, such as flavonoids, which are a group of polyphenolic compounds [14]. Additionally, Chinese herbs, such
as S. baicalensis Georgi, act as antibacterial and antiinflammatory agents that can boost a patient’s immunity
[14]. Thus, it is hypothesized that the compounds extracted
from these herbs might be capable of killing some microorganisms, such as M. aeruginosa, in natural water.

1. INTRODUCTION
Cyanobacterial blooms are amongst the most harmful
algal blooms that produce toxins, detrimental to plants
and animals and even humans, as well as being adverse to
aquatic ecosystems globally [1]. There are many adverse
impacts brought by the cyanobacterial blooms. For exam-
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The aim of this study was to (1) test the effects of the
aqueous decoctions of S. baicalensis Georgi roots for controlling cyanobacterial blooms, and verify these effects in
fieldwork in two ponds with frequent cyanobacterial blooms
in Western China, (2) examine the benefits to aquatic ecosystem, and (3) explore the possible mechanism/s of action of the decoctions of S. baicalensis Georgi for inhibiting the growth of cyanobacteria. In this study, we
attempt to provide a promising emergency measure to
control cyanobacterial blooms that are a threat to water-bodies worldwide.

To test whether the herbal decoctions affected the
photosynthesis of cyanobacterial cells, a series of unfiltered
decoctions of different concentrations were added to flasks
containing BG-11 medium. Cyanobacteria at log phase were
inoculated into the media in triplicate, each in a 150-ml
container with 100 ml of medium at 28 ± 1 °C at light
intensity of 2,500 lux under a 12/12-hour light/dark cycle.
The initial cell density of cyanobacteria was approximately
670 µg L-1. Samples (0.5 ml) of media were taken for
measurements of the effective quantum yields and electronic transport rates at regular time intervals.
2.3. Pond applications of Chinese herbal decoctions

2. MATERIALS AND METHODS

To test the control effects of the herbal decoctions on
harmful algal blooms in the field, the herbal decoctions
were applied to two ponds in Kunming, Western China,
measuring from 800 m2 to 1200 m2, with an average
depth of 1.2 m. These two ponds were connected to each
other by ditches before experiment. This leads to similar
conditions including hydrology, water quality and biological compositions. These ponds were eutrophic before the
experimental period with frequent cyanobacterial blooms
(from April to June, 2008), and exhibited high nutrient
levels (n = 6, average of total nitrogen 6.50 mg L-1 and
phosphorus = 0.66 mg L-1).
Each pond was stocked with 1000 fishes (Crucian
carp, Grass carp, and Silver carp, in proportions of 2:1:1),
two months prior to the commencement of the experiment.
The feeding of the fish in each pond was the same over
the whole experimental period. At the beginning of the experiment, the treated pond received an application of the
S. baicalensis Georgi decoctions (each with Chinese herb:
water = 1:70 by weight), after that, no decoctions were
added. The doses were equivalent to 1.2 g/m3 of water for
S. baicalensis Georgi. For control pond, no further decoctions were added during the experimental period.
Three water samples were collected from each pond
at a depth of 25 cm, approximately 2 m from the shore,
and analyzed for chlorophyll-a at regular intervals. Fish
death was determined by counting the number of dead
fish floating on the water surface. The fish survival number was the total fish numbers minus the death numbers.
The fish survival rate was the ratio of fish survival numbers to the total fish number. The fish yield was the fresh
weight (weight in triplicate) of fish caught at the end of
the experiment.

2.1. Preparation of Chinese herbal decoctions

Decoctions of the Chinese traditional medicinal herb
S. baicalensis Georgi were individually prepared by placing 3.0 g dry root (chopped into 0.5-cm lengths) in 210 ml
reverse-osmosis (RO)-purified water in a new gallipot with
a lid at 70 ± 5 oC for 2 h and cooling to room temperature
(25-30 oC). Thereafter, the prepared decoctions of S. baicalensis Georgi were stored at refrigerator (2-4 oC) for the
following pilot and field trials.
2.2. Laboratory bioassays

The laboratory bioassays were in triplicates. The sterilized water used for cyanobacterial cultivation in the
present study was prepared according to the method of Jin
and Dong [15] with pH and salinity adjusted to 7.5 and
30%, respectively. Microcystis aeruginosa, representing
the most widely distributed blue-green alga causing harmful algal blooms in freshwater worldwide [16], was selected
for the bioassays. The organism was grown in BG11 medium [17] at 25±1 ºC under illumination at 3,000 lux with a
12-h light:dark cycle in illuminating incubators. All flasks
containing the cyanobacteria were placed on a shaker
(150 rpm). The M. aeruginosa was grown to the log growth
phase for use. During the experiment, 1.0 ml M. aeruginosa
was placed into 250-ml sterilized flasks containing fresh BG11 medium, and the total experimental volume was brought
to 200 ml. These M. aeruginosa cultures, so-called “monocultures”, served as the controls throughout the experiment.
Bioassays were performed in sterilized 250-ml flasks
containing 200 ml of fresh BG-11 medium inoculated with
M. aeruginosa culture. The unfiltered decoctions and the
sterile decoctions (filtered through pore size 0.22 µm in clean
bench) of S. baicalensis Georgi were added separately to
flasks, such that the initial M. aeruginosa concentrations
gave approximately 670 µg L-1 of chlorophyll-a, and then
incubated at the same conditions as the monoculture. To
test whether illumination and thermalization affected the
compounds responsible for inhibiting M. aeruginosa growth,
250-ml glass bottles with unfiltered decoctions of S. baicalensis Georgi were placed in an incubator with strong
illumination (8000±200 lux) and high temperature (35±1
o
C) for 7 days, and then the bioassay was performed as
above.

2.4. Analyses and statistics

Total nitrogen (TN), total phosphorus (TP), dissolved
total phosphorus (TDP), nitrate (NO3-N) and ammonium
(NH 4-N) were determined using the standard methods
described by APHA [18]. The water samples were filtered
(pore size 0.45 µm) and stabilized with MgCO3 for chlorophyll-a analysis. All filters were immediately placed on
ice and quickly transferred to a freezer held at -20 oC until
analysis (<1 month). Chlorophyll a concentration was
measured by the acetone extraction method and the ab-
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sorbance was measured at 663 and 750 nm in 1-cm path
length glass cuvettes after overnight extraction in acetone
(90%, v/v) [19]. The effective quantum yields and electronic transport rates of PS II in cyanobacterial cells were
determined with a Phyto-PAM fluorometer (Waltz, Germany) by using the saturating pulse method [20]. Cell
structures of M. aeruginosa were observed under optical
microscope (XSP-2C, Shanghai).

3. RESULTS
3.1. Cyanobacterial blooms controlled

A microcosm experiment was conducted to test the
effects of decoctions of S. baicalensis Georgi. The results
showed that the chlorophyll-a concentrations markedly
decreased from 670 µg L-1 to 90 µg L-1 between the 1st to
6th day when the dose of decoctions of S. baicalensis
Georgi was 10 µg, while the chlorophyll-a concentration
in the controls rapidly increased from 670 to 1360 µg L-1.
In the microcosms treated with decoctions of S. baicalensis Georgi, the higher the doses of decoctions, the
greater the decrease of chlorophyll-a concentrations (Fig.
1a). This indicates that the application of the decoctions of S. baicalensis Georgi reduce the growth of M.
aeruginosa in a dose-dependent manner.

The macrophytic vegetation was sampled using transects. Details of the method were previously described in
del Pozo et al. [21]. Zooplankton samples were collected in
1-L bottles from the surface water, 0.5 m below the surface. Ten liters of water per sample were filtered through
a plankton net (20-µm mesh). Each sample net-residue was
immediately preserved in 4% formalin buffered with borate.
Simpson's diversity index [22] was used to quantify the
biodiversity of macrophytes and zooplankton.
Characterization of bacteria with flaA gene from natural
biofilms in the ponds was conducted using the ERIC-PCR
technique because these bacteria are common in fresh
waters [23, 24]. 1.0 g of freeze-dried natural biofilm was
placed into a centrifuge tube and centrifuged for 10 min.
DNA was extracted from periphyton by the method of Di
Giovanni et al. [25]. PCR amplification of the flaA gene
was performed using forward oligonucleotide primer
(5’AGCTCTTAGCTCCATGAGTT3’) and reverse primer
(5’ACATTGTAGCTAAGGCGACT 3’) [26, 27]. For
ERIC-PCR, the forward (5’-ATGTAAGCTCCTGGGGATTCAC-3’) and reverse (5’-AAGTAAGTGACTGGGGTGAGCG) primers were used [28]. Reactions were performed with a 50-µl volume in a Perkin Elmer thermocycler (Gene Amp PCR System 2,400). Reaction mixtures
contained 1 µM of each primer, 50 to 100 ng of genomic
DNA, 1.5 mM MgCl2, each deoxynucleoside triphosphate
(dATP, dTTP, dCTP, dGTP; Promega, USA) at a concentration of 0.2 mM, and 1 U of Taq DNA polymerase
(Promega, USA). For flaA amplification, cycle conditions
of 1 cycle at 94 °C for 2 min; 35 cycles of 94 °C for 1 min,
65 °C for 30 s, and 72 °C for 30 s; and 1 cycle at 72 °C for
10 min were used. For ERIC-PCR, the amplification was
accomplished by running 30 cycles of denaturing at 90 °C
for 30 s, annealing at 50 °C for 30 s and extending at 50 °C
for 30 s, and the initial denaturing at 95 ºC for 5 min,
initial extending at 72 °C for 8 min. All amplification
products were electrophoresized in agarose gels, stained
with ethidium bromide, detected under a short-wavelength
UV light source, and photographed with a Polaroid 667
camera. The 100 bp DNA Ladder (Promega) was used as
a molecular size marker. Shannon-Weaver diversity index
[29] of bacteria carrying the flaA gene in periphyton was
calculated, based on the relative area of the ERIC-PCR
fingerprint peak.
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FIGURE 1 - (a) The cyanobacterial (M. aeruginosa) growths as expressed by chlorophyll-a concentrations during treatment with S.
baicalensis Georgi decoctions; (b) The results of using the decoctions
of S. baicalensis Georgi to control cyanobacterial blooms in ponds
from April to June, 2008. No decoction was added into the control
pond.

All samples were collected in triplicate. Statistical
analysis (one-way ANOVA) was performed using the SPSS
software package (version 12.0). The level of statistical
significance was accepted when p < 0.05.

To test the effect of the decoctions in the field, an experiment was performed in three ponds with frequent
cyanobacterial blooms in Western China. The results
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showed that the cyanobacterial growths in ponds treated
with the decoctions of S. baicalensis Georgi were significantly inhibited, as expressed by the low chlorophyll-a
concentrations ranging from 84 to 270 µg L-1, from April
to June, 2008. Over the same period, the chlorophyll-a
concentration in the control pond remained at high level
from 510 to 680 µg L-1(Fig. 1b).
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TABLE 1 - The nutrient concentrations in control pond and that treated with S. baicalensis Georgi decoctions during the experiment (n=12).

Control pond
Pond treated with
S. baicalensis Georgi

Average
Max.
Min.
Average
Max.
Min.

TP
0.66±0.54
1.68
0.43
0.64±0.44
1.56
0.43

TDP
0.28±0.21
0.87
0.10
0.21±0.19
0.71
0.12

During the experiment, the nutrient concentrations and
dominating species of phytoplankton were investigated.
The results showed that phytoplankton, in control and treated
pond with S. baicalensis Georgi decoctions, was dominated
by cyanobacteria (M. aeruginosa). The average TN (6.41 mg
L-1), TP (0.64 mg L-1), TDP (0.21 mg L-1), NO3-N (1.87 mg
L-1) and NH4-N (2.61 mg L-1) concentrations in the pond
treated with S. baicalensis Georgi decoctions were not
significantly different from these in the control pond (p
>0.05). The nutrient concentrations in the treated pond
were kept from 0.12 to 0.71 mg L-1, from 0.84 to 3.32 mg L-1
and from 0.71 to 3.50 mg L-1 for TDP, NO3-N and NH4N, respectively (Table 1), implying that the nutrient was
enough to support the growth of cyanobacteria.

NO3-N
2.05±0.37
3.53
0.82
1.87±0.32
3.32
0.84

NH4-N
2.96±0.43
3.81
0.67
2.61±0.23
3.50
0.71

plankton and bacteria with flaA gene after the applications of S. baicalensis Georgi decoctions.
100.0

Survival rate (%)

S. Baicalensis Georgi
Control

99.9

99.8

99.7

99.6
0

Although the chlorophyll-a concentrations in the treated
ponds were beginning to increase with time from around
the 33rd day (Fig. 1b), the chlorophyll-a concentrations in
treated ponds were significantly lower than in control
pond (p <0.05). This indicates that the cyanobacterial blooms
were controlled in the treated ponds and constrained during the whole period of harmful algal blooms, and implied
that no additional dosages of decoctions were required to
eliminate cyanobacterial blooms within 61 days.
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3.2. Bio-safety assessment

600
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To assess the bio-safety of the application of S. baicalensis Georgi decoctions, bio-parameters were monitored
in the experimental ponds. The survival rates of finish in
the pond treated with S. baicalensis Georgi decoctions were
from 99.7 to 100% between April to June, 2008. The
average total finish yield in the S. baicalensis Georgi decoction-treated pond was 862 kg while the average total
finish yield in control pond was 864 kg, at the end of the
experiment. Data compiled on the fish survival rate and
total yield show that the fish population growth was not
significantly affected (p >0.05) by the application of S.
baicalensis Georgi decoctions (Fig. 2). This implied that
the application of the S. baicalensis Georgi decoctions have
no negative effect on fish farming.
The treated ponds had much higher Simpson diversity
indices of macrophyte and zooplankton (2.2 to 3.6 times
more than those in the control ponds). Furthermore, the
Shannon-Weaver diversity indices based on flaA gene
analyses in natural biofilms taken from the treated ponds
after 61 days were 2.2 times that in the control ponds
(Table 2), implying that the ecosystems were recovering
towards benefit conditions (habitats) for macrophytes, zoo-

TN
6.98±1.39
13.24
3.68
6.41±1.21
12.58
3.50

0
S. Baicalensis
Georgi

Control

FIGURE 2 - Comparison results of the survival rates and fish rates
between the treatments with S. baicalensis Georgi decoctions and
control. Statistical analyses (one-way ANOVA) shows that the
survival rates and fish rates of the treatments with decoctions are
not significantly different from those in control (P > 0.05).
TABLE 2 - The Simpson diversity index of macrophytes and zooplankton, and the Shannon-Weaver diversity indices based on flaA
gene, the samples from three sampling sites in equidistance in each
pond at the end of the experiment (average index ± standard error).

Control pond
Pond treated with S.
baicalensis Georgi

Simpson diversity
Shannon-weaver
Macrophytes Zooplankton
diversity
0.41±0.036
0.23±0.035
0.54±0.036
0.76±0.045

0.76±0.050

1.13±0.100

3.3. Mechanistic considerations

The sterile decoctions (through 0.22-µm pore size) of
S. baicalensis Georgi were added to the BG11 medium with
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pure M. aeruginosa under ultrasterile conditions to test
whether or not other microorganisms could have caused
the observed growth inhibition of M. aeruginosa. The results
showed that when the initial concentration of M. aeruginosa
(per chlorophyll-a) was approximately 670 µg L -1, the
chlorophyll-a concentration was significantly decreased in
presence of the decoctions of S. baicalensis Georgi at doses
of 50 µg (Fig. 3a). This indicates that the growth of M.
aeruginosa was not due to microorganisms in these herbal
decoctions.

Effective quantum
yields

0.4

When these decoctions were subjected to strong illumination (8000±200 lux) at high temperature (35±1 oC)
for 7 days, and subsequently used for bioassay, the results
showed that the M. aeruginosa growth was not significantly different from that in the control (Fig. 3b). This
indicates that the chemical property of the S. baicalensis
Georgi decoctions had changed under strong illumination
and high temperature. Accordingly, this implies that the
inhibition of growth of M. aeruginosa should be attributed to some photo- and thermal-degradable compounds (called active ingredients in traditional Chinese
medicine) contained in the S. baicalensis Georgi roots.

5
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To investigate the stress mechanisms on M. aeruginosa
cells by the decoctions of S. baicalensis Georgi, effective
quantum yields and electronic transport rate in PS II reaction
centres were determined. Results showed that when the
initial chlorophyll-a concentration of M. aeruginosa was
approximately 670 µg L-1, the effective quantum yields and
the electronic transport rates were markedly decreased in
presence of the decoctions of S. baicalensis Georgi at the
doses of ≥10 µg (Fig. 4). This indicates that the effective
quantum yields in PS II reaction centers were positively
limited and the electronic transports from PS II to photosystem one (PS I) reaction centers were interrupted in
presence of the decoctions of S. baicalensis Georgi. The
cell structures of M. aeruginosa were observed using an
optical microscope in order to test if microcystins were released from M. aeruginosa which died during the experiment. The results showed that the cell structures of M.
aeruginosa were intact throughout the experimental period.

0

3.5
Time (day)

2

FIGURE 4 - Changes of effective quantum yields (a) and electronic
transport rates (b) in photosystem II (PS II) reaction centers of
cyanobacterial (M. aeruginosa) cells when exposed to decoctions of
S. baicalensis Georgi.

300

2

0.1

1

600

0.5

0.2

0

(a)

3.5

(a)

75µL

140

900

2

50µL

1

S. baicalensis Georgi
Control

0.5

10µL

25µL

0

1500
1200

0.3

Control

6.5

4. DISCUSSION

FIGURE 3 - (a) The cyanobacterial (M. aeruginosa) growths as
expressed by chlorophyll-a concentrations with the incubation time
when the cyanobacterial cells were treated with sterile decoctions of
S. baicalensis Georgi; (b) The cyanobacterial (M. aeruginosa) growth
treated with non-sterile decoctions of S. baicalensis Georgi that had
been pretreated with received strong illumination (8,000±200 lux)
for 7 days. The decoction doses of the Chinese herbs were all at 50 µg.

Amongst the common medicinally active ingredients
of S. baicalensis Georgi, flavonoids are quite readily photodegraded [30]. In plants, they are relatively resistant to
heat, oxygen, dryness, and moderate degrees of acidity but
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can be modified by light [31]. Photostability of the flavonoid molecule depends on the nature of the hydroxyl group
attached to C-3 of ring C. The presence of this hydroxyl
group results in low photostability of the molecule [32].
Furthermore, flavonoids exhibit a wide range of biological effects, including antibacterial and antiviral activities
[33]. Indeed, the cyanobacterium M. aeruginosa is a kind
of phytoplankton-bacteria. Many articles in the literature,
including the following, have reported that compounds,
such as vanillin, catechins [34], naringenin [35] and flavonolglycosides [36], inhibit the growth of cyanobacteria
(M. aeruginosa).

caused by the dysfunction of photosynthesis, rather than
the disruption of cells, thus avoiding the release of microcystins that can result in secondary toxicity/pollution [41].
The Chinese herb is a common and inexpensive material easily accessible, and the application of its decoctions
requires minimal technology and litter effort. Considering
these benefits, the use of Chinese herb S. baicalensis
Georgi to control cyanobacterial blooms has vast potential
in practical waters. A further advantage for their application in practical water is that in waterbody are more
waves that facilitate the mixing of algae and decoctions
enhancing algal control efficiency. The benefits from the
use of traditional Chinese medicine has been obvious in
the past; therefore, the use of these Chinese herb to control cyanobacterial blooms should be favorably accepted
by the general public in comparison to other alternatives,
such as chemicals.

In medicinal terms, an herbal prescription can be considered as a ‘whole system’, and its component chemicals
as the ‘parts’. The functions of the ‘whole system’ and the
‘parts’ cannot be substituted by each other [37]. This shows
that the function of the herbal prescription exerted cannot
be attributed to any single cause. In addition, at least, three
types of drug interaction, additive, synergistic and antagonistic ones, can be considered when a herbal prescription
exerts its effect [38]. Thus, it is likely that at least flavonoids are responsible for the inhibition of growth of cyanobacteria.

A further implication is that although the uses of certain materials containing active ingredients in an ecosystem may lead to importation of secondary pollutants that
induce further dysfunction in the ecosystem [42]. It is,
however, noted, that the uses of S. baicalensis Georgi inhibited the cyanobacterial growth and increased biodiversity enhancement, thus contributing to beneficial habitat
conditions for zooplankton, macrophytes and bacteria
with flaA gene.

In cyanobacteria, as in other photosynthetic organisms, photosynthesis occurs in two stages. In the first stage,
a light-dependent reaction captures the energy of light (λ <
680 nm) by chlorophyll-a in the photosystem II reaction
center, and uses it for the extraction of electrons from water
(oxidation) which are then transferred via cytochrome bf
(which also drives the synthesis of ATP) to photosystem I
which, in turn, generates NADPH. This conversion of
energy determines the efficiency of photosynthesis [39].
Thus, the effective quantum yield and electronic transport
rate are often used as a probe for the photosynthetic competence of plants and algae [40]. When the dosage of these
herbal decoctions was over 10 µg and the initial cell density
of the cyanobacteria was 670 µg L-1, the effective quantum
yield and the electronic transport rates of cyanobacteria free
of treatment increased markedly, while the effective quantum yields and electronic transport rates of energy conversion at photosystem II reaction centers of herb-treated
cyanobacteria swiftly declined to zero (Fig. 4). This indicates that the electron transport in the photosystem II
reaction centers of cyanobacteria was interrupted and that
the photosynthetic mechanism was damaged.

Chinese herbs such as S. baicalensis Georgi have wellestablished anti-bacterial abilities. Generally, these bacteria
are often referred to as heterotrophic bacteria pertinent to
clinical medicine [43]. It is not surprising, therefore, that
this study also shows that some Chinese herbs such as S.
baicalensis Georgi have robust abilities that inhibit the
growth of bacterioplankton, a type of autotrophic bacteria,
such as M. aeruginosa.
5. CONCLUSION
The decoctions of Chinese herb such as S. baicalensis
Georgi showed robust effects on controlling frequent cyanobacterial blooms through interrupting the photosynthesis,
which can be applied as an emergency measure to control
cyanobacterial blooms; thereafter, providing beneficial
habitat conditions for following ecological restoration, such
as fish, macrophytes, zooplankton and bacteria reinhabitation. Just as Chinese medicine experts cure patients using
anodynic remedies based on naturally degradable Chinese
herbs containing multi-bioactive compounds, it is, therefore, highly recommended that future environmental management adopt our successful techniques to control harmful
algal bloom worldwide.

The application of the herb does not only control the
cyanobacterial bloom, but it also improves the surface
water ecosystem health level, which is contributed by the
habitats enhancement, revealed by the increased biodiversity. This implies that the disappearance of cyanobacterial
bloom does not only ascribe to the responsible compounds
from the herb but it also might ascribe to the self-purifying
capacity of the aquatic ecosystem through biodiversity improvement.
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ABSTRACT

biogeochemical processes is necessary to understand and
adequately predict the toxicity and bioaccumulation of
heavy metals by soil organisms [2].

The changes in heavy metal speciation and physicochemical parameters of soils after one pass of the soil
through earthworm (Lumbricus terrestris) gut have been
studied. Pot experiments were conducted with three different types of soils that showed a wide range of compositions and physicochemical parameters. Analysis of total
metals, BCR sequential extraction and single extractions
with water and CaCl2 were carried out in the original soils
and earthworm casts. In spite of the soils were highly
contaminated no earthworm mortality was observed in the
experiments although a slight weight loss was produced.
Soil properties were modified by the casting process tending to buffer the pH to neutral values and increasing the
content of organic carbon. The pass of the soil through
earthworm digestive system increased the soluble and exchangeable metal concentrations in casts compared to original soils. Non essential metals (Cd and Pb) strongly accumulate in earthworm tissues in contrast to essential metals
(Cu and Zn). Biota to soil accumulation factor (BSAF)
were less than 1 for Cu and Pb and higher than 1 for Cd
and Zn.

Earthworms are among the major components of soil
biomass and play an important role in improving soil properties, e.g. fertility, porosity, compaction, water fluxes,
macrostructure. Estimated annual rates of earthworm cast
production range from 5 to more than 250 tons ha-1. Since
they often mix soil materials with plant litter and animal
waste to form nutrient–rich soils that are characterised by
stable aggregates, they could increase crop productivity
through their casting and burrowing activities. Moreover,
they have been reported to modify speciation and availability of metals in soils by varying several soil characteristics, e.g. pH [3-9].
These organisms also have the ability to accumulate
both toxic and ubiquitous metals [6, 10]. Bioaccumulation
of metals in earthworm tissues results from the balance
between the metal uptake and excretion processes [1, 10].
Earthworms have been studied as bioindicators of soil pollution or metal bioavailability and toxicology [7, 11, 12].
Bioaccumulation of metals may provide an integrated
picture of their bioavailability. Metal bioavailability to earthworms can be evaluated through bioaccumulation determinations, such as Biota to Soil Accumulation Factor (BSAF),
i.e. the relation between metals in earthworm tissues and
metal concentration in soils [6, 13]. Evaluation of earthworm metal accumulation may be difficult because metals
are uptake by earthworms either through direct dermal
contact with dissolved chemicals in soil solution or in soil
atmosphere, or by ingestion of soil [1, 13, 14]. These exposure routes depend on the distribution of metals over the
soil solution, the fractions adsorbed onto the solid phase,
and those present as a chemical precipitate.

KEYWORDS: metal speciation, earthworm, bioavailability, soil
contamination, Lumbricus terrestris

1. INTRODUCTION
Heavy metals occur naturally in the environment, but
they can result toxic when present in high concentrations
derived from human activities as mining or dumping of
industrial wastes. These elements in soils interact with
specific soil constituents in a dynamic manner over time; as
a consequence, metals are distributed between the different
geochemical soil phases [1]. The knowledge of those soil

The effects of earthworms on soil processes and accumulation of metals vary between ecological categories
and species. Among earthworms, anecic species, such as
Lumbricus terrestris, are among the most important groups
of soil animals involved in fragmenting litter, incorporat-

* Corresponding author

28

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

ing plant residues into the soil and forming soil aggregates. Lumbricus terrestris dominates earthworm biomass
in various temperate ecosystems. It is a large deep-burrowing
specie which builds permanent vertical burrows, and feeds
mainly on organic materials on the soil surface. This
species participates in the transformation of organic matter and contributes to increase microbial activity and nutrient availability in the soil [15-17].

ter-holding capacity. Three pots were used per soil. Ten
mature earthworms (Lumbricus terrestris) of similar weight
(3.80±0.15 g fresh weight) were introduced in each pot and
kept in the dark at a constant temperature (11ºC, approximately) for 24 h. Then, earthworms were extracted from
pots, cleaned with deionized water and isolated in plastic
Petri dishes for 48 h (although casts were collected daily
to prevent coprophagy) in order to recollect their casts. This
process was repeated until earthworms produced enough
casts to perform the analysis (1 month approximately). The
casts were air dried and sieved to <63 µm. Adult earthworms were obtained from a local commercial supplier
(Armeria20, Toledo, Spain), who imported them from a
commercial vermiculture supplier (Vivastic, Elsenheim,
France).

Then, to assess metal accumulation by earthworms it
is necessary to quantify the soil fractions to which metals
are bound. For this purpose, a large number of single extraction procedures have been used to assess the mobility
and availability of metals in soils [18-22]. It has been proposed that aqueous calcium chloride solutions mimic metal
uptake by plants or by earthworms [23]. In addition, sequential extraction procedures (SEP) have been widely
used in order to assess the chemical partitioning of metals
in sediments, soils and waste materials [24-26].

2.3. Chemical analysis

Main physicochemical properties of initial soil samples and earthworms casts were characterized by the following methods: soil pH and electrical conductivity (EC)
were measured in a 1:5 soil/water mixture; total organic
(TOC) and inorganic (IC) carbon content was measured
using a Shimadzu TOC Analyzer (TOC-VCSH) with a solid
sample module SSM-5000A; particle-size distribution (clay,
silt and sand content) was analyzed using laser diffractometry (Beckman Coulter LS, Fullerton, USA); cation exchange
capacity (CEC) was measured by the ammonium acetate
saturation method [28]. All the analyses were carried out
using Millipore milli-Q water and Panreac Hiperpur quality
reagents.

In the present study we investigated (i) the effect of
Lumbricus terrestris on the fractionation (using BCR sequential extractions and single extractions by 0.01M CaCl2
and water) of Cd, Cu, Pb and Zn before and after pass
across earthworm gut, as well as (ii) some chemical properties (pH, organic and inorganic carbon) of initial soils
and casts; and, finally, (iii) the accumulation of Cd, Cu,
Pb and Zn in L. terrestris tissues, the biota-soil accumulation factor (BSAF) and the correlation between metals extracted in both single and sequential extractions with metal
accumulation in earthworm tissues.

In order to analyze the total concentration of Cd, Cu,
Pb and Zn (<63 µm fraction) in both soils and casts, 0.5 g
of sample were digested with a mixture of acids (9 mL of
concentrated HNO3 + 3 mL of concentrated HCl) in a
microwave unit (CEM MARS 5, Matthews, USA), according to EPA 3051A method. Earthworms were weighed,
stored at -80ºC and freeze-dried. Dried earthworms were
digested with 10 mL of HNO3 according to EPA 3051A.
Metal analysis was conducted on individual specimens.

2. MATERIALS AND METHODS
2.1. Studied area and sampling

Soil samples were taken in the surroundings of “San
Quintín” Pb-Zn mine, located approximately 250 km south
of Madrid, Spain. This mine was an important Pb–Zn producer during the late 19th and early 20th century being
galena (PbS) and sphalerite (ZnS) the main extracted ore
minerals. In a previous paper, we have reported a detailed
geochemical characterization of the pollution by metals in
the soils around the mine [27]. Soil was sampled from the
0-25 cm depth, air-dried at ambient temperature for 72 h,
disaggregated and, finally, sieved to <2 mm and <63 µm.
The < 2 mm fraction was used for the pot experiments
and for the measurement of the soil’s physicochemical
properties. The 63-µm fraction was used to analyze the
total metal content, as well as for carrying out the single
and sequential extraction methods. We used three soil samples taken and characterized only for this study: two from
mine tailings (soil 1 and soil 2), and one from pasture
lands (soil 3).

Concentrations of Cd, Cu, Pb and Zn in soil, cast and
earthworm extracts were measured by ICP-OES using a
Thermo ICAP 6500 spectrometer with radial view (Thermo
Electron, Cambridge, UK). Before to analysis, all the samples were filtered with Whatman Grade GF/A glass microfiber filters (Whatman International, UK). The detection limits for Cd, Cu, Pb and Zn were 2, 2, 15 and 3 µg/l,
respectively.
2.4. Verification of experimental methods

The quality of the analytical data for the soil acid digestion as well as BCR sequential extraction procedure,
were assessed by carrying out analyses of 2711 Standard
Reference Material (Montana Soil, from LGC Promochem)
and BCR-701 certified reference materials, respectively
(Tables 1 and 2). Agreement between certified values and
those obtained by us was acceptable for all the studied
metals and experimental procedures.

2.2. Pot experiments with earthworms

Plastic pots were filled with 1 kg of air-dried soil
sieved to <2 mm. The soils were acclimated for 48 h and
watered with deionized water to approximately 60% wa-
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TABLE 1 - Accuracy of acid soil digestion method: Comparison between certified and measured metal concentration values (mg kg-1 ±
standard deviation) from Montana Soil 2711 standard reference material
Montana Soil 2711
Cu
Pb
114.00±20.00
1.162.00±31.00
120.09
1.129
105.34
97.16

Cd
41.70±0.25
33.15
79.50

Certified value
Measured values
% Rec

Zn
350.40±4.80
250.9
71.60

TABLE 2 - Accuracy of acid plant digestion method: Comparison between certified and measured
metal concentration values (mg kg-1 ± standard deviation) from BCR-701 standard reference material
Certified value
F-1
F-2
F-3
Measured values
F-1
F-2
F-3
% Rec
F-1
F-2
F-3

Cd

Cu

Pb

Zn

7.34±0.35
3.77±0.28
0.27±0.06

49.3±1.70
124±30
55.2±40

3.18±0.21
126±30
9.3±20

205±60
114±50
45.7±40

6.70
4.06
0.39

50.71±0.54
110.82±0.86
59.62±0.86

2.80±0.03
123.47±24.92
8.66±1.06

185.05±3.91
110.53±7.04
43.80±1.06

91.28
107.69
144.44

102.87±1.10
89.37±0.69
108.01±1.55

87.93±0.83
99.64±27.68
93.14±11.41

90.27±1.91
96.74±8.72
95.85±6.77

2.5. Soil extraction procedures

After extractions, heavy metal concentration was measured by ICP-OES using the above-mentioned Thermo iCAP
6500 spectrometer (Thermo Electron, Cambrigde, UK).

All the extractions of soil samples were carried out in
triplicate and reagent blanks were included in every batch.

The CaCl2-extractable and water soluble metals were
determined according to the method reported by Novozamsky et al. [30] using an aqueous solution of 0.01M
CaCl2 and deionized water, respectively. 2 g of soil were
mixed with 20 ml of 0.01M CaCl2 or water and agitated
2 hours at ambient temperature. Water and exchangeable
Cd, Cu, Pb and Zn concentrations were measured by ICPMS XSeries II (Thermo Electron, Cambridge, UK).

The BCR sequential extraction scheme was applied to
assess chemical fractionation of Cd, Cu, Pb and Zn by three
steps [29]: (i) step 1, extraction with acetic acid 0.11 M
(F1); (ii) step 2, extraction with hydroxylamine hydrochloride 0.5 M at pH 1.5 (F2); and (iii) step 3, reaction
with H2O2 8.8 M followed by an extraction with ammonium acetate 1.0 M at pH 2 (F3); (iv) step 4, dissolution of
the Step 3 residue through the digestion procedure according to the above-mentioned EPA 3051A method (F4). The
final fractional recovery (%Rec) of heavy metals was calculated by dividing the sum of the concentrations of metals in the four extractions steps by the total concentration:

3. RESULTS AND DISCUSSION
3.1. Characterization of studied soils

General soil characteristics of collected soils are shown
in Table 3. Results of BCR sequential extraction and single
extractions with water and CaCl2 of the initial soils are
shown in Table 4.
TABLE 3 - General soil properties and total metal content of soils used in the pot experiments
Soils
Soil 2
Mine tailings
7.51
12.11
21.44
66.45
1.46±0.27
8.31
38.69
821.36
674.18

Variable
Soil 1
Land use
Mine tailings
pH
8.22
Clay (%)
20.08
Silt (%)
59.28
Sand (%)
20.64
a
TOC (%)
0.31±0.13
b
IC (%)
0.90±0.11
Cd (mg kg-1)
5.09
Cu (mg kg-1)
50.41
Pb (mg kg-1)
814.89
Zn (mg kg-1)
493.62
a
total organic carbon; b inorganic carbon
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Soil 3
Pasture
6.30
16.19
51.11
32.70
0.94±0.21
3.77
34.87
132.73
299.28
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TABLE 4 - Fractionation of heavy metals (concentration in mg kg-1 and, in brackets, percentage of the
total metal) by sequential and single extraction procedures in the initial soils (mean±standar desviation, n=3)
Single extractions
BCR sequential extraction
Soil
WSa
EXb
F1c
F2d
F3e
F4f
Cd
1
n.d.*
n.d.
1.32±0.01 (30.2) 1.97±0.01 (24.5)
n.d.
1.98±0.34 (45.3)
2
n.d.
n.d.
0.88±0.02 (12.6) 1.57±0.01 (22.5)
n.d.
4.54±0.61 (64.9)
3
n.d.
n.d.
n.d.
n.d.
n.d.
3.43±0.14 (100)
Cu
1
0.09±0.00 (0.19) 0.09±0.00 (0.18) 16.8±0.1 (33.7)
17.9±0.2 (36.0)
0.27±0.06 (0.53)
14.76±3.41 (29.8)
2
0.17±0.02 (0.44) 0.15±0.05 (0.37)
n.d.
4.99±0.26 (13.5)
12.81±0.29 (34.69) 19.13±3.27 (51.8)
3
0.16±0.02 (0.46) 0.15±0.05 (0.42)
n.d.
2.44±0.05 (6.8)
2.90±0.03 (8.11)
30.46±2.39 (85.1)
Pb
1
0.16±0.10 (0.02) 0.15±0.06 (0.02) 299.5±1.9 (39.0) 295.3±159.7 (38.4) 16.48±1.30 (2.14) 157.3±40.2 (20.5)
2
1.06±0.18 (0.13) 0.32±0.14 (0.04) 9.64±0.32 (1.2)
595.8±1.6 (76.5)
52.63±0.32 (6.75) 121.2±15.8 (15.6)
3
0.59±0.30 (0.45) 0.20±0.00 (0.15) 0.98±0.07 (0.7)
88.7±1.9 (62.7)
11.38±0.41 (8.05)
40.3±1.9(28.5)
Zn
1
0.15±0.02 (0.03) 0.26±0.11 (0.05) 292.7±2.4 (55.4) 146.3±1.2 (27.7)
9.18±0.23 (1.74)
80.2±17.0 (15.2)
2
1.09±0.08 (0.16) 2.02±0.15 (0.30) 209.2±1.6 (43.5) 185.0±1.1 (27.8)
71.97±2.47 (10.83) 118.1±20.3 (17.8)
3
0.59±0.06 (0.20) 1.01±0.07 (0.34)
11.8±0.1 (3.4)
20.2±0.5 (5.9)
27.31±1.22 (7.95)
284.2±5.3 (82.7)
* n.d.: not detectable; a WS: Water soluble metal content; b EX: Exchangeable metal content; c F1: acid soluble fraction ;
d
F2: reducible fraction ; e F3: oxidizable fraction ; f F4: Residual fraction ; g %Rec: (ΣF1-F4/Total metal content)*100

Soil 1 was the most alkaline (8.22), with the lowest
TOC value (0.31%), water soluble Cu, Pb and Zn (0.19,
0.02 and 0.03%, respectively) and exchangeable Cu, Pb
and Zn (0.18, 0.02 and 0.05%, respectively). It had the
highest Cu content (50.41 mg kg-1). The high percentage
of inorganic carbon of the soil 1 (Table 3) and its alkaline
pH could be attributed to the presence of carbonates [27].
The highest percentages of Cd, Cu, Pb and Zn in the F1
fraction of BCR extraction (30.21, 33.73, 38.97 and 55.39%,
respectively, Table 4) were found for the soil 1. It is consistent with the presence of carbonates because F1 fraction of BCR sequential extraction accounts for both exchangeable and bound to carbonates metals. The low metal
availability (water and exchangeable fractions) may be
attributed to the high soil pH measured in this soil [31].
The lowest content of TOC found in this soil correlates
with the lowest content of Cu, Pb and Zn in the F3 fraction (0.53, 2.14 and 1.74%, respectively), since this fraction is associated with metals bound to organic matter and
sulphides. The lowest values of Cd, Cu and Zn (45.31,
29.79 and 15.17%, respectively) associated to the residual
fraction (F4) were found in this soil.

% Recg
85.7
84.1
91.0
98.5
95.4
102.7
94.3
94.9
106.5
107.0
98.5
114.8

Nevertheless, soil 3 showed the lowest values of Cd, Pb
and Zn in the F1 fraction of BCR sequential extraction
(n.d., 0.69 and 3.44%, respectively, Table 4) This soil
showed the highest Cd, Cu, Pb and Zn contents in the F4
fraction of BCR (100, 85.07, 28.51 and 82.73%, respectively, Table 4).
3.3. Effect of soil type on earthworms

No mortality was observed in all soils at the end of
the experiment. A slight weight loss in earthworms after
the experiment was found (Figure 1), although it was only
statistically significant for soil 1 (Anova analysis, p<0.05).
It suggests that the soil metal content was not a key factor
controlling weight loss. The lack of toxicity could be
attributed to both the short time of exposure and the soil
physicochemical parameters that can diminish metal toxicity, e.g. high pH and clay content. Since earthworms
diet is mainly made up of different types of organic matter
in several grades of decomposition [32, 33], the observed
weight loss may be related to the TOC concentration of
each soil [5, 17]. Moreover, cast production was positively
correlated with organic carbon content of the soils (R2 =
0.988, Figure 2).
Fresh weight
earthworm
casts (g)
Freshof
weight
(g)

Soil 2 showed a pH next to neutrality (7.51) and the
highest TOC value (1.46%). This soil had the highest
values of total Cd, Pb and Zn (8.31, 821.36 and 674.18
mg kg-1, respectively, Table 3). Water soluble Cu, Pb and
Zn (0.44, 0.13 and 0.16%, respectively) and exchangeable
Cu, Zn and Pb (0.37, 0.04 and 0.30%, respectively) contents were between soil 1 and 3 (Table 4). In general, the
amount of metals in the most labile fractions (water soluble and exchangeable) was very low. Concentrations of
water soluble and exchangeable Cd associated to the F3
fraction were no detectable in the studied soils. In general,
metal concentrations found in soils 1 and 2 were higher
than those of soil 3.

Initial weight
Final weight

5.00
4.50

*

4.00
3.50

3.00
2.50
2.00
1.50
1.00
0.50
0.00

Soil 1

Soil 2

Soil 3

Soil organic matter content (%)

Soil 3 showed the lowest pH (6.30, Table 3) and the
highest contents of water soluble Cu, Pb and Zn (0.46,
0.45 and 0.20%, respectively, Table 4) and exchangeable
Cu, Pb and Zn (0.42, 0.15 and 0.34%, respectively, Table 4).

FIGURE 1 - Comparison between the weight of earthworms incubated in the different soils before and after the experiment (* indicates a statistically significant difference between initial and final
weight, Anova analysis, p < 0.05)
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The pass of the soil through earthworm gut increased
organic carbon content for the three soils studied (Table 5).
This increase may be due to the high organic carbon content
of the earthworm intestinal mucus that favours microbial
activity. In the last phase of the digestive process, most of
the water and mucus is reabsorbed, but the casts always
have more water and soluble organic carbon than the initial
soil [3, 38, 39]. For soil 1, we found a decrease in inorganic
carbon of earthworm casts compared with initial soil
(Table 5). Zhang and Schrader [40] found that in several
earthworm species, e.g. Lumbricus terrestris, Aporrectodea
longa and Aporrectodea caliginosa, CaCO3 was consumed
as part of the ingested soil; they supposed that CaCO3 was
involved in the formation of organic bonding agents such
as Ca-humates. The latter would explain the decrease of the
inorganic carbon content and the subsequent decrease in
soil pH.

FIGURE 2 - Correlation between weight of earthworms casts and
organic carbon content of the soils (error bars represent standard
deviation).

Lastly, we did not find significant differences between
the total metal concentration of the soils and those of the
casts (Table 5).

3.4. Effect of Lumbricus terrestris on soil properties.

The casting process involves the ingestion of both soil
mineral and organic fragments, which are mixed with watery mucus with thorough kneading in the gut of earthworms. The soil material is subjected to biochemical and
physical modifications during the digestion process [3, 16].
Earthworms are one of the most important soil organisms
in terms of their influence on chemical and physical soil
properties. So, they are able to modify soil pH and organic
matter content; these two parameters can strongly determine the chemical availability of metals in soils [5, 9, 34].

3.5. Effect of Lumbricus terrestris on soil metal fractionation.

Initial soils and earthworm casts were analyzed by
means of sequential and single extractions in order to compare the patterns of metal fractionation (Tables 4 and 6,
respectively).
Water soluble and exchangeable metal concentrations
in the three soils accounted less than 1% of the total metal
loading. In spite of these small concentrations, several
changes were seen in both fractions between initial soils
and casts. Water soluble Cu, Zn and Pb were increased in
the three soils (Tables 4 and 6). Metals associated to the
exchangeable fraction were increased after the casting
process only for soil 1.

Table 5 shows pH, inorganic carbon and TOC values
of initial soils and the casts produced from them by earthworms. As it can be seen, in our experiment earthworms
tended to buffer the pH to neutral values for alkaline and
acidic soils 1 and 3, respectively, while pH remained approximately constant near neutral for soil 2. Several authors
have reported that earthworms could increase soil pH due
to excretion of calcium carbonate by calciferous glands or
their alkaline urine [8-10, 32, 35]. However, the decrease
of soil pH as an effect of earthworm activities has also
been reported, although the exact mechanism has not been
cleared [5, 36, 37]. The decrease of soil pH observed for
soil 1 could be related to a decrease of soil carbonates as a
result of the earthworm digestion processes (see below).
Whatever the mechanism of pH regulation, our results
seem to point out the active role of earthworms in regulation of soil pH to neutral values.

In general terms, the results obtained in BCR sequential extraction showed that metal fractionation in earthworm casts was similar to that of the initial soils (Tables 4
and 6). Nevertheless, some changes in metal concentration can be pointed out. Zn concentration in the F1 fraction of casts was moderately increased with respect to the
three initial soils. Pb in the F2 fraction was also increased
for soils 1 and 3. On the other hand, Zn in the F3 fraction
decreased in soil 3 and Pb in the F1 fraction was also decreased for soil 1 and soil 2. There were not remarkable
changes for metals associated with the F4 fraction.

TABLE 5 - pH, organic, inorganic carbon content (%) and total metal
content (mg kg-1) in both initial soils and L. terrestris casts in studied soils
Soil 1
Soil
Cast
pH
8.22
7.69
IC (%)
0.90±0.11
0.69±0.12
TOC (%)
0.31±0.13
1.72±0.12
Cd
5.09
5.09
Cu
50.41
52.12
Pb
814.89
786.41
Zn
493.62
496.41
IC: Inorganic carbon; TOC: Total organic carbon; * not detectable

Soil 2
Soil
7.51
n.d.*
1.46±0.27
8.31
38.69
821.36
674.18
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Soil 3
Cast
7.83
n.d.
1.90±0.01
7.28
33.88
690.43
551.95

Soil
6.30
n.d.
0.94±0.21
3.77
34.87
132.73
299.28

Cast
7.35
n.d.
1.18±0.22
3.77
36.26
143.86
311.89
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TABLE 6 - Fractionation of heavy metals (concentration in mg kg-1 and, in brackets, percentage of the total metal)
by sequential and single extraction procedures in the L. terrestris cast phasess (mean±standar desviation, n=3)
Single extractions
BCR sequential extraction
Soil
WSa
EXb
F1c
F2d
F3e
F4f
*
Cd
1
n.d.
n.d.
1.41±0.12 (31.2) 1.03±0.04 (22.8)
n.d.
2.09±0.22 (46.0)
2
n.d.
n.d.
0.87±0.01 (12.0) 1.66±0.28 (23.1)
n.d.
4.68±0.48 (64.9)
3
n.d.
n.d.
n.d.
n.d.
n.d.
3.34±0.19 (100)
Cu
1
0.38 (0.72)
0.28 (0.54)
13.1±3.8 (24.0)
21.7±0.8 (40.0)
1.02±0.50 (1.9)
18.6±1.3 (34.1)
2
0.38±0.02 (1.13) 0.14±0.00 (0.41)
n.d.
4.72±0.38 (12.6) 13.3±0.1 (35.6)
19.3±2.6 (51.8)
3
0.32±0.03 (0.89) 0.20±0.01 (0.56)
n.d.
2.81±0.08 (7.6)
2.89±0.15 (7.9)
31.0±2.1 (84.5)
Pb
1
0.38 (0.05)
0.43 (0.805)
196.4±60.5 (23.4) 455.5±21.7 (54.2) 15.6±1.5 (1.9) 172.5±24.7 (20.5)
2
1.81±0.89 (0.26) 0.18±0.01 (0.03)
8.40±0.26 (1.1) 599.6±30.9 (75.9) 60.1±2.2 (7.6) 122.3±13.7 (15.5)
3
1.19±0.28 (0.83) 0.16±0.05 (0.11)
1.22±0.18 (0.8)
94.0±1.5 (64.4)
13.0±0.9 (8.9)
37.9±2.7 (25.9)
Zn
1
0.66 (0.13)
0.43 (0.09)
319.7±8.6 (58.1) 135.4±15.6 (24.6) 10.1±0.8 (1.8)
85.5±12.4 (15.5)
2
1.98±0.85 (0.36) 2.43±0.47 (0.44) 277.7±7.1 (42.3) 198.3±9.3 (30.2) 70.6±3.7 (10.7) 109.5±17.1 (17.0)
3
1.20±0.23 (0.39) 0.32±0.07 (0.10)
15.8±0.4 (4.6)
20.1±0.2 (5.9)
23.7±0.5 (6.9) 281.9±17.0 (82.6)
* n.d.: not detectable; a WS: Water soluble metal content; b EX: Exchangeable metal content; c F1: acid soluble fraction;
d
F2: reducible fraction ; e F3: oxidizable fraction ; f F4: Residual fraction ; g %Rec: (ΣF1-F4/Total metal content)*100

From those results, it seems that the pass of the soil
through earthworm digestive system increased the bioavailability of metals in soils to some extent. It has to be taken
into account that the soil has passed just once through
earthworm digestive system; therefore only minor changes
should be expected. It is probable that the iteration of that
process would cause higher differences between initial soils
and subsequent casts. So, small changes that do not produce important differences in our experiment could lead
to significant changes of metal speciation along time. According to several authors, mechanisms by which earthworm modifies metal speciation in the casts are related
with physical, chemical and microbiological changes produced in earthworm digestive system, i.e. organic matter
biodecomposition and humus formation [35, 41, 42]; grinding of inorganic material favouring partial dissolution of
clay minerals [33], formation of microaggregates with clay
minerals, organic material and mucus [3, 8] and changes
in pH that modify metal mobility [42, 43]. Increasing metal
availability after gut-related processes in earthworms has
been reported by several authors. Wen et al. [44] reported
an increase of some metals (Cr, Co, Ni, Zn, Cu, Cd and
Pb) in the water soluble, exchangeable and carbonate fractions after the soils were treated with the earthworm Eisenia fetida. Wen et al. [35] also showed that soils treated
with Eisenia fetida increased the water soluble and F1

% Recg
88.9
99.0
88.6
104.4
110.2
101.3
106.8
114.4
101.5
110.9
118.9
109.5

fractions of rare earth elements (Y, La, Ce, Pr and Nd).
Conversely, Cheng and Wong [5] reported that the addition of earthworms (Pheretima sp.) in soils decreased the
concentration of exchangeable and bound to carbonates
Zn, although the significance of the results varied according to soil type.
3.6. Heavy metal accumulation in Lumbricus terrestris.

As earthworms have the ability to accumulate essential and non-essential metals in their tissues, they are used
as soil contamination, bioavailability and heavy metal
toxicity indicators. Table 7 shows the concentration of
Cd, Cu, Pb and Zn in Lumbricus terrestris and the BSAF
factor for each metal.
Metals showed two different patterns. On one hand,
mean concentrations of Cd and Pb were highly increased
when earthworms were exposed to polluted soils with respect to those of control earthworms. It can be explained
taking into account that Cd and Pb are non-essential metals for earthworms. They have not any biological function
so the excretion of those metals is very slowly and they
accumulate into the earthworm tissues [6]. On the other
hand, Cu and Zn, that are essential metals for earthworms,
also increased their concentration in Lumbricus terrestris
with respect to control earthworms but to a lower extent

TABLE 7 - Concentratión (mg kg-1± S.D.) of Cd, Cu, Pb and Zn in L. terrestris tissues at the end of the experiment and the BSAFa factors
Cd
Control earthworms (CE)
*n.d.
Soil 1
Earthworm conc.
5.24±1.14
BSAF
1.03±0.22
Soil 2
Earthworm conc.
5.71±2.12
BSAF
0.69±0.26
Soil 3
Earthworm conc.
n.d.
BSAF
CE: Concentration in earthworm tissues before the experiment
a
BSAF: biota-to-soil accumulation factor
* n.d. not detectable

Cu
9.56±1.20

Pb
7.17±0.90

Zn
307.2±3.3

25.97±4.51
0.51±0.09

269.4±79.5
0.33±0.10

621.6±164.9
1.26±0.33

12.28±2.02
0.32±0.05

108.5±43.5
0.13±0.05

527.6±224.8
0.78±0.33

14.10±4.02
0.40±0.12

38.41±16.13
0.27±0.12

518.2±264.4
1.73±0.88
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than Cd and Pb. Organisms that are able to tolerate high
concentrations of toxic metals have the ability to accumulate them in non-toxic forms or excrete them [16, 45]. In
the case of essential metals, uptake and excretion may be
subjected to regulatory mechanisms that tend to keep the
internal concentrations within a more or less narrow range.
If the elimination rate of metals remains constant, it leads
to lower metal concentrations in earthworm tissues [13,
46]. However, we found slight or moderate changes for
Cu and Zn accumulation when earthworms were exposed
to the polluted soils (note the high standard deviation of
the Zn concentrations, Table 7). So, our results suggest
regulation of the internal concentration of essential metals, e.g. Zn and Cu, at a more or less constant level, independent of soil concentrations, a phenomenon also reported
by other authors [47-49].

geochemical fraction are the main source for metal absorption by L. terrestris. Morgan and Morgan [41] found
similar results using a single extraction with acetic acid. It
is surprising the lack of correlation between the values for
earthworm metal concentration and metals extracted by
water (soluble fraction) and CaCl2 (exchangeable fraction) as these fractions are considered as bioavailable for
earthworms [2, 4, 14, 51, 52]. There were also significant
correlations between BSAF and Pb concentration in all
BCR fractions and between BSAF and Cu associated to F2
fraction. Becquer et al. [14] studied the relationship between
metal partitioning evaluated by sequential extraction procedures and metal accumulation in earthworms. They concluded that the most labile forms of metals (water soluble
and exchangeable) were poorly related with metal accumulation by the earthworms; nevertheless, the moderately
available forms (acid soluble, reducible and oxidizable fractions) better reflected metal accumulation by earthworms.
Van Straalen et al. [46] found low chemical availability of
the pollution (estimated with 0.01M CaCl2 extraction); however, the highest metal concentrations in invertebrates
were measured in their study area, indicating that chemical availability is not always indicative of bioavailability.
Vijver et al. [52] found no conclusive environmental characteristic that can confirm the relation between pore water
metals and metal accumulation by earthworms, and explained it by antagonistic masking effects of a variety of environmental factors, or the internal storage enabling earthworms to mask the effect of soluble metals. Therefore,
from those contradictory results reported by different authors, it can be concluded that the specific source of metals
for earthworm uptake is difficult to establish by means of
chemical tests.

The BSAF factors for Cu and Pb were less than 1 for
the three soils (Table 7). However, BSAF factor was higher
than 1 for soil 1 for Cd and Zn and close to 2 for Zn in soil 3.
Our results strongly agree with Hsu et al. [50]. They reported
that Cd and Zn earthworm concentrations could be ten-fold
higher than in soils while Pb and Cu accumulate in concentrations close to or lower than in soils.
Table 8 shows the correlations (Spearman correlation
matrix, obtained by means of Statistica 6.0 software) between total metal concentration, metal concentration extracted by single and sequential extractions and the BSAF
factor for Cu, Pb and Zn (Cd did not show significant correlations). There was a positive and statistically significant correlation between metal concentration in F1 fraction and BSAF for Cu, Pb and Zn (r=0.52, 0.76 and 0.50,
respectively). This suggests that metals associated to this

TABLE 8 - Correlation matrix between total metal concentration, metal concentration
extracted by single and sequential extractions and the BSAF factor for Cu, Pb and Zn
Soluble
Exchangeable
Soluble Cu
1.00
Exchangeable Cu
0.59
1.00
F1Cu
-0.18
-0.06
F2Cu
0.17
0.06
F3Cu
0.40
-0.02
F4Cu
0.01
0.42
TotalCu
-0.48
-0.48
a
BSAF Cu
-0.15
-0.25
Soluble Pb
1.00
Exchangeable Pb
-0.23
1.00
F1Pb
-0.53
0.04
F2Pb
0.29
0.11
F3Pb
0.33
-0.12
F4Pb
-0.47
0.15
TotalPb
-0.48
0.16
BSAF Pb
-0.30
0.27
Soluble Zn
1.00
Exchangeable Zn
0.54
1.00
F1Zn
-0.33
-0.17
F2Zn
0.38
0.63
F3Zn
0.64
0.85
F4Zn
0.40
0.18
TotalZn
-0.48
-0.48
BSAF Zn
-0.45
-0.02
a
BSAF: biota-to-soil accumulation factor; Signification index p<0.05

F1

F2

F3

F4

Total

BSAF

1.00
0.79
-0.83
-0.57
0.80
0.52

1.00
-0.44
-0.70
0.47
0.64

1.00
0.23
-0.90
-0.21

1.00
-0.57
-0.75

1.00
0.11

1.00

1.00
0.45
0.46
0.80
0.47
0.76

1.00
0.89
0.50
-0.47
0.61

1.00
0.41
-0.79
0.61

1.00
0.63
0.65

1.00
0.15

1.00

1.00
0.41
-0.40
-0.83
0.90
0.50

1.00
0.43
-0.42
-0.79
0.39

1.00
0.45
-0.53
-0.20

1.00
0.53
-0.60

1.00
0.05

1.00
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4. CONCLUSIONS
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Synthetic Aperture Radar (SAR) imagery is widely
used for oil spill detection over the sea surface. In the
framework of marine pollution preparedness, the need for
reliable information to be used in follow-up procedures
(law enforcement and contingency planning) implies the
increase of detection consistency over the numerous false
alarms that typically appear using automatic detection tools.
For this reason, at operational level, the satellite based image analysis is currently carried out mostly by visual inspection. This paper describes the potential detection reliability improvements of automatic oil spill detection brought
by the combination of SAR information with ancillary data.
In particular, Artificial Neural Networks are used to perform data fusion between SAR preliminary detection,
metocean and contextual information.

shown in Muellenhoff et al. [2], where probability maps
were produced indicating the trends on a monthly basis of
oil spill detection capabilities based on SAR products. In
this work, the metocean data are related to the specific time
of acquisition (i.e. wind speed and direction, Sea Surface
Temperature) and do not represent a time average trend
over the area of interest. This allows the direct link between
a number of metocean events and SAR imagery. Furthermore, differently from probability maps production for visual comparison ([2] and [3]) the data are here fused automatically with SAR information (i.e. detection score, local
backscatter statistics) and other contextual descriptors.
The data fusion approach is implemented using artificial
neural networks in the attempt to mimic human cognition,
taking as input the whole set of available data and delivering
a degree of confidence related to the detected dark patch.

KEYWORDS: Oil spill, SAR, metocean data, weighted analysis,
probability map, GIS.

In this work, data fusion is performed at low level,
including the SAR image data in the process, and not only
the detected potential spills. The proposed approach is
based first on the principle of lowering the traditional “hard
threshold” of SAR oil spill detection. As a consequence,
the missing detections are reduced, whereas the false alarm
rate is increased. Secondly, in the following fusion stage
of the SAR derived detections with the ancillary data, it is
expected to significantly reduce the probability of false
alarm while keeping the augmented probability of detection. In other words, the automatic oil spill detection is not
only based on the SAR image analysis, but is also influenced by the whole set of ancillary data. This is opposed to
visual combination of traditional SAR based approaches
with probability maps. This is motivated by the nature of
SAR derived oil spill detection, based on the effect of
reduced radar backscatter of oil film on the sea surface, due
to the dampening of short gravity-capillary waves generated by the wind [4]. This effect is produced by numerous
phenomena other than oil spills, often referred to as “lookalikes”, thus directly linked to the false alarms. Look-alikes

1. INTRODUCTION
SAR technology is widely recognised and used as an
instrument to remotely detect sea based oil pollution. This
is mainly due to the radar properties of being practically
unaffected by day/night and weather conditions. Spacebased SAR is nowadays operationally exploited to achieve
timely and global monitoring of oil spills in Europe by the
CleanSeaNet Service run by the European Maritime Safety
Agency (EMSA) [1]. Nevertheless, the performance of
automatic SAR detection tools has not been found reliable
enough to avoid a final visual check by human operators
before delivering the detected response to the end user.
Many of the false positive sources are currently resolved
by human operators through the use of ancillary information, i.e. environmental data or knowledge of the specific characteristics of the investigated area. This has
been
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2. MATERIALS AND METHODS

can be recognised and distinguished from actual oil spills on
the basis of SAR processed features that have been widely
explored in literature like shape, texture and contrast. An
overview of the most used features in the oil spill classification literature can be found in Brekke and Solberg [5],
and Topouzelis [6]. However, none of the features nor
any of their combination have been proven to be universally reliable since the same oil spill can present a wide
set of variable features depending on its age, chemical composition, and specific location characteristics (wind, currents, bottom topography, proximity to land, or traffic lanes
etc). As a consequence, in order to describe in more detail
the detected dark patch over the SAR image, is useful to
introduce further independent scene parameters obtained
from different sensors. In particular, the context and
metocean conditions of the area are often expected to
resolve the uncertainty or misclassification between oil
spill and look-alikes.

Similarly to oil spills, a set of events may cause high
backscatter contrast areas within SAR images, yielding
potential false alarms in the detection process. As mentioned before, SAR extracted features can help the classification stage, but it is also true that often, in certain conditions, look-alikes and oil spills are not fully separable in
the feature space, resulting in missed detections or false
alarms. In order to increase the oil-spill classification performance, environmental data have been used as additional
help to the human operator [2]. The following list summarises the main sources of look-alikes, and, when available,
the information needed in order to reduce the false alarm
rate:
• Man-related look-alikes:
- Ship wakes, differently from oil spills, present often a
large backscatter component and are attached to ships.
Furthermore, their contrast gradually fades away from
the originating source. As can be observed, this information can be potentially extracted from the SAR image, and no need for ancillary data is envisaged.
- Floating production facilities drain emissions. This
source of look-alikes can be resolved by using the relevant information of offshore platforms e.g. position
and activity.
- Wreckage location together with the assessment on
potential oil leakage risk information may help to discriminate oil spill occurrences that are not due to illicit
operational discharges. Repositories such as the database for potentially polluting wrecks within the Mediterranean Cetacean Sanctuary (DEEPP), Lloyd’s wreckage
list or WWII from Sea Australia may be used for this
purpose.
- Oil terminal leakages are also a source of ambiguity
for illicit discharges spotting purposes. Relevant information on port activities and terminals may help to
avoid undesired detections.
- Oil pipelines marine runs could also be considered as
a look-alike factor for oil spill illicit discharges monitoring.

The proposed oil spill detection scheme is formed by
the following steps:
i) Preliminary SAR based dark object detection (derivation of the element X1 of the information vector X related to a area of interest).
ii) Ancillary data mapping into probability values directly
linked to the likelihood of an area presenting either
look-alikes or oil spill occurrence (X2,…, X5).
iii) Fusion stage of the information vector X, based on
Feed-forward Artificial Neural Networks (FANNs).
In particular, X1 represents the likelihood of the dark
object being an oil spill on the basis of SAR image derived features as output of the SAR based dark object
detection. The backscattering homogeneity in the surrounding of the detection is then mapped into the element X2.
Image homogeneity is obtained from the pre-processed
image by calculating the local standard deviation over the
low pass filtered image in order to make the computed
element X2 more independent of sharp contrast transitions
due to potential oil spills. The backscatter homogeneity
can be thought of as an indication of the reliability of
SAR information and, therefore, of potential detections
[5]. In fact, reduced backscatter homogeneity would increase the likelihood of observing look-alikes. Nevertheless, high data homogeneity, in conjunction with low wind
conditions (information mapped into X3), still decreases the
detection capabilities. This shows the non-linear relationship between the elements of the vector X in the evaluation of the final output, motivating the selection of Neural
Networks as associative mapping methodology for the data
fusion algorithm. The remaining information vector elements X4, and X5 are related to metocean data (e.g. wind
direction, sea surface temperature, and Chlorophyll-A concentration) and contextual information (e.g. traffic routes,
oil ports).

• Atmospheric look-alikes:
- Low wind speed areas are very common sources of oil
spill classification. Their shape on the SAR image can
sometimes be compatible to typical oil spills, leading
to the need for further wind speed data over the scene
to resolve such false alarms. Wind speed data can be
extracted by satellite based scatterometers (e.g.
QuikScat and Ascat).
- Wind sheltering look alikes are low wind areas in proximity of land. Although presenting peculiar shapes that
gets narrow away form land, ancillary information related to wind field and land distribution can be useful
in detecting such image structures.
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- Rain cells usually present a large backscatter area next
to the dark patch. Furthermore, the shape of both bright
and dark patches is almost circular and with size ranging from a few to 50 km. Such information can therefore be derived by the analysis of the SAR image only,
but this can further be corroborated by the wind field
information over the area. Scatterometer derived rain
rate information can also be used to improve the classification performance.
- Atmospheric instability areas and wind streaks can be
also be described by shape features, but similarly to the
previous atmospheric look-alikes the ancillary wind
field information (parallel to roll vortices) can help in
their correct classification.
-

-

-

-

-

known areas of activity and can be a priori included
into contextual information.
- Fish oil also is a source of oil spill misclassification,
often resulting in dark patches over SAR images in cold
water conditions. The knowledge of the context shall
improve the classification of this phenomenon as lookalike.
- Algal bloom events often reduce the sea surface
roughness and thus the backscatter, and are frequently
associated with high Chlorophyll-A concentration. Such
information can be retrieved using ocean colour products and fused into the detection system.
- Pollen from plants and trees, coral spawn and other
natural phenomena dampening short-capillary waves
are also very context dependent and the risk of misclassifying them as oil spills should be taken into account during the detection process.

• Oceanographic look-alikes:
Coastal upwelling and river mouths are associated
with cold water fronts, characterised by increased stability and viscosity, leading to reduced wind stress and
therefore Bragg scattering. Temperature gradients can
be detected using Sea Surface Temperature (SST) data,
effectively aiding the detection of such phenomena on
the imaged area.
Eddies can range from a few to hundreds of kilometres, and appear as complex structures, often as dark
spirals if associated to biogenic oil. Some eddies present a peculiar SST signature associated and it is possible to recognise them as look-alikes. Geostrophical
Currents information extrapolated from Radar altimetry data together with Wind data are also useful to the
classification process. This is because dark areas associated to most types of look-alikes often disappear at
moderate to high wind speeds.
Internal waves may generate look-alike patterns over
SAR imagery when tidal pulses interact with bathymetric changes. This is mainly due to the piling up of
short waves on the orbital particle motion convergence
side of the inner wave, and the spreading over the divergence one. Often, the accumulation of surfactants
over the divergence zone also favours the dark pattern
appearance.
Current shears and bathymetry/currents interaction can
lead to dark patches over the image, often alternated
by bright components. These look-alikes are linked to
regional properties and therefore periodically recurring
phenomena. Although characterised by peculiar features in shape, size and backscatter, the knowledge of
the context is fundamental to distinguish them from oil
spills.
Grease ice, leading to similar dark patches on SAR
images can be detected using ancillary information
since context and season dependent.

It is clear that the use of ancillary data such as
metocean and contextual information can significantly
improve the characterisation of look-alikes and therefore
the false alarm rejection in automatic SAR oil spill detection.
2.1. SAR Based Dark Object Detection

The potential dark patches are preliminary extracted
from the SAR image through image preparation and segmentation described here below.
2.1.2. Pre-processing

The image pre-processing is designed to de-trend (radiometrically normalise) the sea backscatter progressive
reduction that depends on the increase of incidence angle
over the image. This effect, particularly significant for wide
swath radar modes of operation, creates the need for time
consuming multi resolution processing based on the image
subdivision into a set of statistically homogenous levels.
egamI lanigirO

dnuorg k cab de k saM
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FIGURE 1 - Image Pre-Processing (land-masking, radiometric normalization, histogram stretching and despeckling) – RadarSAT-1
SCN, 18-06-07 - © CSA/MDA/EMSA 2007.

The implemented image pre-processing subsequently
performs land-masking in order to further reduce the computational burden of the subsequent image processing phase,
which consists of dark areas segmentation and eventual
data fusion for oil-spill/look-alike discrimination. Radar

• Natural/Biological look-alikes:
- Natural seepage is characterised by peculiar shapes that
usually follow the combination of sea currents and
wind stress. Their location is usually confined to
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speckle reduction is also performed by implementing 2-D
edge preserving filters with variable kernel size depending
on the image resolution. In Figure 1 the image preprocessing phase is shown on a RadarSAT ScanSAR mode
scene, showing a rather homogeneous sea backscattering
at near range, low wind condition off the SE coast of
Cyprus and, below, an area characterised by unstable conditions (i.e. sea warmer than the surface air). This image,
although presenting three large oil spill segments visible at
the centre of the image, also shows a number of potential
look-alikes that may lead to false positives.

detected feature. The dark area membership functions are
empirically extracted from the available dataset of oil
spills and look-alikes, and the fuzzy operator AND is applied as an implication method to establish output level of
confidence X1. In Figure 2, the results of the methodology
are shown, highlighting a false alarm within the area of
unstable near surface conditions (right side).
2.2. Ancillary Data

The integrated ancillary data is grouped into two conceptual datasets a) Risk of Pollution and b) Detection Capability. This classification comes from the different nature
of their derived inputs with respect to oil spill detection. In
this sense, risk dataset derived products contain information
about main areas at risk of pollution. The level of risk is
extrapolated from the distance to potential pollution sources.
The detection capability products hold information about
isolated areas where look-alike phenomena, such as the
aforementioned, are present. Specifically, the following
data were utilised within the course of this study:

2.1.2. Image Segmentation, Object Union & Feature Extraction

Image segmentation is performed using the Definiens®
“Contrast split segmentation” algorithm, with the result of
isolating dark pixels, which are then merged and organised
into objects. This allows the subsequent feature extraction
procedure. Many oil spill features have been proposed and
analysed in literature (e.g. [5]). Oil spill features can be
grouped into geometric, physical and texture characteristics. Such features are influenced by the sea clutter properties in the region of interest, directly dependent on the
metocean conditions. In this work, the features selected
for the description of segmented dark objects are the following: (i) contrast to neighbours, (ii) elliptic fit, (iii) length/
width, (iv) number of dark objects in the neighbourhood,
(v) shape index, and (vi) backscattering standard deviation.
The image pre-processing has the effect of highlighting
large areas presenting significant backscattering contrast.
The size of such areas is comparable with the size of the
filter used to extract the image background, and can be
linked to wind fronts and other instability areas.

2.2.1. Risk of Pollution Data

Risk of pollution data refer to human related activities/facilities that are subjected to the possibility of causing an oil spill event on its area of influence. For instance,
since operational oil discharges appear to be the main source
of oil pollution in the Marine environment [7], the ship
traffic distribution over the SAR scene is estimated. Besides
the vessel traffic routes obtained through Automated Information System (AIS), this study takes into account also
the World Port Index database [8] providing the location,
physical characteristics, facilities, and services offered by
major ports and terminals world-wide. From these data,
the traffic density is approximated and normalised according to the number of recorded ship tracks over the area of
interest. In this way, dense traffic routes are mapped into
areas with high probability of observing oil spills. Similarly, for port influence areas, over the provided data, a
buffer area of influence is defined and also a classification
is performed based on the port hosting of oil terminals.
Finally, both derived outcomes are merged into an oil
spill risk layer (mapped as X4) and then injected in the
data fusion system as explained in the following section.

FIGURE 2 - Oil spill samples (black) from Figure 1 (X1 > 0.6)
against look-alikes (dark grey), and bright (white) areas – RadarSAT-1 SCN, 18-06-07 - © CSA/MDA/EMSA 2007.

2.2.2. Detection Capability Data

Detection capability information refers to data susceptible of directly or indirectly identifying ocean-atmospheric
phenomena affecting SAR imagery. Aiming at identifying
areas where these events occur so that the probability of
having a look-alike is high, the data sources used by the
authors, together with their potential look-alike related effects are described and characterised below:

As a discriminating feature, such bright objects are also
detected, and if potential oil spill candidates present high
density of bright objects in the neighbourhood they can be
discarded as wind instability areas. These features can be
considered independent of the processed wind speed data
discussed in the following section, since extracted from a
different source and detected with finer resolution. The
classification output is a confidence label between 0 and 1
to the segmented dark object. The features mapping into
oil spill confidence level is performed using a fuzzy logic
approach, where the set of fuzzy rules correspond to each

- Wind data: given that the wind is the main driving
force generating Bragg waves, several studies postulate wind speed threshold values for Bragg waves being formed (e.g [9]). Below certain wind speed values
the sea surface reflects the signal specularly, yielding
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the appearance of dark patches. Moreover, with high
wind speed, oil spills are not detectable any longer due
to the mixing of the oil film with surface water/air
bubbles on the interface layer increasing though the
radar backscattered signal. Wind speed fields have been
analysed for the injection into the detection system. Data are retrieved from SeaWinds on QuikSCAT daily
products [10], containing information about wind speed
and direction 10 m above the sea surface. The data are
processed and parameterised on the basis of their suitability for oil spill detection. Due to its direct relationship with the detection capability, the wind layer product will be injected in the data fusion engine (mapped
as X2). Large extent of wind change of direction is also
mapped as potential look-alike since potentially leading to variable Bragg scattering and therefore contrast.
This information is included in X5.

- Geostrophic Currents: the interaction of marine currents may also modify the behaviour of short wave patterns. Therefore, this effect is frequently observed over
gyres, current shears, eddies, etc. This is mainly due to
the accumulation of surfactants over certain areas where
convergence/divergence of water happens. The approach intends to produce a layer identifying sea currents fronts where the accumulation of surfactants
may yield the generation of dark/bright patches decreasing the detection capability. Geostrophic velocity
anomalies are derived from AVISO altimeter information, specifically through Absolute Dynamic Topography products (MADT). The sea current fronts information is also mapped into X5.

- SST data: sharp SST gradients on the sea surface may
affect the stability of the atmosphere layer above. This
may alter the wind stress and indirectly modify the wave
modulation [11]. The same reducing effect of Bragg
waves has been observed under this circumstance due to
the increase of viscosity at lower temperatures [12].
False alarms are likely to happen over areas where these
sharp SST discontinuities are present. Thus, SST records have been processed to isolate water fronts. Data
for the mapping of water fronts were retrieved from
AVHRR PathFinder V5 product [13], providing daily
SST information corresponding to the exact day of the
SAR image under analysis. The SST fronts product will
be merged with other look-alike identifiers information
and mapped into X5.

TABLE 1 - Metocean Dataset characterization with relevant spatial
resolution (SR) and input index to the data fusion engine (Xi).

A summary of the selected Metocean data products
used within the study is reported in Table 1.

- Chlorophyll-A: a substantial increase in biogenic activity may yield natural oil films spreading over the sea
surface and causing the same effect as oil spills on SAR
imagery. Chlorophyll-A concentration records are considered as indicators of primary production which, under certain favourable circumstances of quantity of
light energy and inorganic nutrients, may end up with
the release of biogenic oil films, i.e. look-alikes. Data
are retrieved from the daily ocean-colour products of
MODIS-AQUA (NASA SeaWiFS project [14]) corresponding to the same date of the acquired SAR image
under analysis. The detection capability degree on this
data is derived by establishing a Chlorophyll-A concentration threshold and combining it with values retrieved
from literature [15]. The threshold is set on the basis of
the extensive analysis of Envisat ASAR imagery over
the Mediterranean Basins (oligothrophic environment)
with synchronous Chlorophyll-A measurements from
MERIS sensor. However, further analysis should be
done to tune this threshold to specific conditions of the
specific region in terms of radiance and nutrient availability. The biogenic oily film probability is combined
into the information element X5.

FACTOR

DATA

PRODUCT

SR

Xi

Wind
detection
range

Wind speed

SeaWinds on
QuikSCAT HR
product

12.5 km

X2

Current
interaction
with Bragg
waves

Geostrophic
currents

AVISO MADT

1/8°

X5

Cold water
fronts

SST

Advanced Very
High Resolution
Radiometer
(AVHRR) (daily
product)

4 km

X5

Biogenic
oily films

ChlorophyllA

MODIS-AQUA
Chlorophyll-A
(daily product)

4 km

X5

2.2.3. Ancillary Data Information Mapping

The retrieved data are processed according to relevant
mapping functions leading to the definition of homogenous groups, i.e. wind-backscattering information (X3) oil
spill high probability areas (X4) and potential look-alike
areas (X5). In Figure 3, it is reported the wind speed information mapping function applied to QuikSCAT data
onto the information input vector X3.
1

Output X3

0.8
0.6
0.4
0.2
0

0

2

4

6
8
10
Input Wind Speed [m/s]

12

14

16

FIGURE 3 - Wind speed mapping function onto the information
input element X3 .

A preliminary threshold at 2 m/s is set since it is the
minimum wind speed to generate gravity-capillary waves,
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whereas 15 m/s can be thought of as the wind speed upper
bound for oil spill is visibility [16]. At moderate to high
wind speed conditions, the probability of observing lookalike decreases [17], translating into the function illustrated in Figure 3. Similarly, X4, and X5 are generated respectively from contextual (distance from traffic lanes and
world ports distribution, see Figure 4) and from the fusion
of different levels of metocean information (SST gradient,
wind turbulences, Chlorophyll-A, see Figure 5. Low values of X5 represent a high probability of the detection
being a look-alike, whereas high X4 values identify areas
with high likelihood of oil spill presence.

3. RESULTS AND DISCUSSION

Ship Lanes - X4 Component
1
0.8
0.6

X4

0.4

1

0.2

0.8

0

Ports - X4 Component

0.6

OR

1

0.4

0.8

0.2

0.6

0

0.4
0.2
0

FIGURE 4 - X4 information input element computation. The “OR”
operator guarantees the increase of X4 when either one of the events
“ports” or “ship lane” event is verified.

Chlorophyll-a - X5 Component

Wind Turbulence - X5 Component
1

1
0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

0

SST Gradient X 5 Component

0
AND

1
0.8
0.6

X5
1
0.8
0.6

0.4

0.4

0.2

0.2

0

0

FIGURE 5 - X5 information input element computation. The “AND”
operator implies that X5 is lowered when at least one of its components is verified.
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The data fusion is automatically performed on the
heterogeneous information vector X that forms the input
for the data fusion engine as shown in Figure 6. In this
work the FANNs approach is not used for the SAR classification stage (as widely used in other methodologies).
Neural Networks represent the core data fusion engine to
evaluate the likelihood of a dark patch being an oil spill
given both SAR and ancillary data related to the specific
area of interest. The neural network is a useful instrument
to perform data mining on the basis of the training set of
examples, and delivers a significantly robust non-linear
mapping of the input data. The SAR detected candidates
are identified by a level of confidence X1 and processed
together with the set of available ancillary data. Such data
are also mapped into confidence levels X2,…, X5 according to empirical functions as described in the previous
sections.
The probability P(H|X) estimation of the events H1
“oil-spill” or H2 “look-alike” given the input vector X is
performed using supervised FANNs approach, whose
output element can be interpreted as the posterior probability P(Event|input). The FANN is trained using a set of
positive association examples obtained from validated oil
spill cases. As seen in Figure 7, the oil spills are correctly
detected (black), and the false alarms highlighted (light
grey). It is worth noting that the implemented methodology increases the system separation capabilities in the
feature space between oil spill and look-alike classes.
This is represented by the increase of the discrimination
reliability P(H1|X) > X1 for oil spills, while decreasing the
false positive classification output level [1- P(H2|X)] =
P(H1|X) < X1 for look-alikes. This is shown in Table 2,
where the average information input vector X and reliability P(H1|X) are reported for the look-alikes and oil spills
related to Figure 7. In particular, the information vector X
directly shows a consistent image backscattering and wind
speed homogeneity over the areas where dark patches are
detected. On the other hand, the most discriminative ancillary information is represented by the metocean data X5
when combined to the SAR derived information X1. Different results are expected when analysing images related
to different areas showing specific contextual and
metocean information.
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FIGURE 6 - Data fusion scheme - RadarSAT-1 SCN, 18-06-07 © CSA/MDA/EMSA 2007.

[2] and [3]) on account of (i) the different output i.e. the
proposed composite degree of confidence against maps
for visual comparison, and (ii) the different data sources
and information content used (e.g. wind averages or predictions against wind fields close to the time of acquisition, AIS traffic data etc. as introduced by this research
work). Nonetheless, further investigation has to be carried
out in order to characterise different geographical areas,
often dominated by peculiar look-alike sources. It is therefore expected that the weights of the FANNs vary according to the location under investigation. Furthermore, the
rapidly varying nature of some of the processed data, such
as the wind speed and direction, poses the need of alignment of the respective times of acquisition with the SAR
information. This would improve the reliability of the information vector X and the eventual reliability output of
the system.

a

a

b

b
c

c

FIGURE 7 - Oil spill detections (black, centre) having P(H1|X) >
0.85, and false alarms (light grey, a, b, c) discriminated as output of
the FANNs - RadarSAT-1 SCN, 18-06-07 © CSA/MDA/EMSA 2007.
TABLE 2 - Average information input vector X and FANN data
fusion P(H1|X) over the oil spill segments and look-alikes.
X1

X2

X3

X4

X5

Look-alikes

0.7

0.91

0.86

0.81

0.48

P(H1|
X)
0.62

Oil Spills

0.94

0.96

0.87

0.88

0.82

0.96
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4. CONCLUSIONS
In this paper, the methodology to combine the SAR
derived oil spill detection with the ancillary data derived
detection capabilities and risk of pollution data has been
described. The approach is based on the use of Feedforward Artificial Neural Networks, trained with a set of
validated cases over the European Seas. Differently than
any other visual integration of information approach, the
SAR detection phase has been part of the centralised
fusion process. This means that the output of SAR image
analysis is not a list of pure detections, but a set of potential candidates identified by a detection score tuned on the
basis of the training examples represented by a set of
validated cases. The results here presented show the improvement of detection capabilities and the reduction of
the false alarm rates over the performance of classic SAR
based detectors only. It is not possible to estimate the improvements achieved over different methodologies (e.g.
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ABSTRACT

1. INTRODUCTION

Fruska gora is a mountain situated in the northern part
of the Republic of Serbia in the province of Vojvodina. The
purpose of this study was to determine the degree to which
soil and plants are burdened with certain heavy metals
(Pb, Ni, Zn, Fe, Mn, and others usually present in polluted
atmosphere), then the accumulation of heavy metals in the
National Park “Fruska gora” was detected and the interdependence of pollution among all three media of the
environment determined .

The importance of analysis of heavy metal concentrations and their accumulation in certain regions may be
more clearly understood if we bear in mind that harmful
effects of heavy metals on an annual basis exceed the total
harmfulness of radioactive and organic wastes [1, 2]. As
for heavy metals, it is especially interesting to study the
transport, sedimentation of pollutants [3, 4] as well as the
level of pollution of forest ecosystems [6-9].
The role of road traffic in environmental pollution is
huge and the intensity of pollution is directly related to
the intensity or rather frequency of traffic, time of travel
i.e. stoppage of vehicles and exploitation velocity of vehicles [6-8].

This paper analyzes the heavy metal contents within a
2-years period in air, soil and plants at the beginning of
the vegetation period. The presence of Pb, Ni, Zn, Fe and
Mn in the samples was analyzed using flame atomic absorption spectrophotometry. Measurements of heavy
metal contents were performed at 7 locations in soil and
vegetative parts of 17 plant types (woody plants, herbs
and lianas), and analysis of the air was performed at 2
locations (through placement of sedimentators) within a
3-months period during winter.

Bearing in mind that traffic lines, to a greater or lesser extent, represent a burden to the protected areas of
nature and violate basic values of national parks (NP),
aesthetic features of the landscape as well as the stability
of the forest ecosystem, the section of the motorway M-21
heading through the national park “Fruska gora” has been
chosen for the present study.

One of the major findings is that the dominant emission of pollutants at the analyzed locations is anthropogenic and originates from traffic.

Although all human activities affect the environment,
more or less, one of the most prominent heavy metal source
in soil and plants appears to be passenger traffic [5, 10-14],
and national parks appear to be the regions where the
relationship of the society towards forests is most clearly
depicted [15, 16].

KEYWORDS:
Serbia, accumulation, heavy metals, Pb, Ni, Fe, Zn, Mn, plants

The topic of the increase of heavy metal contents, especially lead content in plants along the roads, and the
dispersion of this pollutant depending on the traffic intensity, as well as the fact that the basic source of this element is passenger traffic, was also elaborated by Cannon
and Bowles [17], Chow and Johnstone [18], Chow and
Earl [19], Okunola et al. [20] and Atasoy [21], and most

* Corresponding author
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of the authors agree that the approximate zone of vulnerability of plants is 50-80 m away from the road both left
and right.

the level of heavy metals present in the analyzed area. The
contents of Pb, Ni, Mn, Zn, and Fe in plant material (plant
leaves) and their sedimentation in the soil at the beginning
of vegetation period were measured, and naturally the
deposition of those pollutants in the air, since this type of
research would not have been complete without it.

The position of the mountain Fruska gora considering
geography and transportation may be deemed to be very
favorable for the analysis of concentrations and accumulation of heavy metals in all media of environment, since
there are all types of transportation capacities of different
hierarchical importance which provide an excellent availability of NP to all potential users.

The research area is the NP "Fruska gora" or rather
the section of the motorway: Irig (1) – Iriski Venac (3) –
Paragovo (6) in the length of 12 km. The selection of the
7 locations for plant sampling was performed along the
motorway (Fig. 1) being essential that, at each of the chosen locations, the same plant species were found. The road
where traffic had been prohibited for several years (7) was
chosen as control. On each location, the samples were
taken 200-300 m along as well as on the edge of the road.

It is interesting that in this area, opposed to urban environment, we can see a large number of freight vehicles,
even the so-called single and double axle road trains, and
also per vehicle type, there are vehicles with diesel and
petrol engines. The research has been performed on the
precisely selected locations in the NP "Fruska gora" (7
locations along the motorway M-21).

The data for the analyzed motorway M-21 (obtained
from the Republic Road Directorate) show that the total
number of vehicles during the day amounts to 7001, out
of which there are 5647 passenger vehicles (PV) consuming mostly leaded gasoline and 1354 vehicles consuming
gas oil. Table 1 shows the tendency of increasing numbers
of motor vehicles in the next 5 years, especially notable
that of PV using leaded gasoline (by 1,119 (6,766 PV) in
2008 compared to 5,647 PV in 2004).

2. MATERIALS AND METHODS
2.1. Selection of locations and plant types

The 2-year period of multidisciplinary research in the
area of the NP involved measurements and the study of

FIGURE 1 - Sampling section of the Motorway M-21 (Irig-Iriski Venac-Paragovo).
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TABLE 1 - Average daily and expected traffic in the period 2004-2008 (sampling section of the road M-21 Irig-Iriški Venac-Paragovo).
Year
Total

PV

BUS

LFV

FV

Vehicles per day
HFV
HFV1
HFV2

RT
RT
RT1
RT2
trail.
2004
7001
5647
180
258
189
153
17
557
155
89
313
2005
7337
5929
186
266
197
159
18
582
162
81
339
2006
7656
6196
192
274
203
166
18
607
169
73
365
2007
7989
6475
197
282
211
172
19
633
176
65
392
2008
8337
6766
203
290
218
178
20
660
184
57
420
PV – passenger vehicles; BUS – bus; LFV – light freight vehicles up to 3t; FV – freight vehicles up to 7t; HFV – heavy freight vehicles; HFV 1 –
single axle heavy freight vehicles; HFV 2 – double axle heavy freight vehicles; RT – road trains; RT trail. – road trains with a trailer; RT2 – double axle
road trains; RT3 – triple axle road trains

In the process of selection of plant species for analysis, a very detailed inventory was prepared, and out of the
total of 129 plant species on all locations, there was made
a selection of 17 plant species which formed a representative sample (presence of selected categories herbs, woody
plants and lianas).
Lianas:
Clematis vitalba L.
Hedera helix L.
Herbs:
Geum urbanum L.
Stellaria holostea L.
Urtica dioica L.
Taraxacum officinale Web.
Stellaria media L.Vill.
Ambrosia artemisifolia L.
Woody plants:
Robinia pseudoaccacia L.
Prunus avium L.
Crataegus monogyna Jacq.
Carpinus betulus L.
Quercus petraea (MAT) Liebl.
Acer campestre L.
Tilia cordata Mill.
Tilia tomentosa Moench
Sambucus nigra L.

Total

The analysis of heavy metal concentrations in the air
was performed in accordance with the Guidebook on the
methods and criteria for uniform sampling, assessment,
monitoring and analysis of air pollution impact on forests
[24]. There was performed a collection of average monthly
samples of the total deposition (dry and wet) where heavy
metal concentrations were determined by AAS.
From 7 locations (along the section of the motorway:
Irig – Iriski Venac – Paragovo going through the NP
„Fruska gora“ in the length of 12 km), there was gathered
a huge amount of data about 17 different plant species and
soil samples. The samples of air were taken from 2 of those
locations. All the analyses were performed with 3 replications in laboratories at the Natural Science Faculty, Novi
Sad.
Variance analysis, Spearman's rank correlation coefficient, Fisher's Exact Test, exploratory descriptive statistics and discriminant analysis [25] were used for statistical data processing in order to determine the interdependence of air, soil and plants as well as that of life forms of
plants and plant species.
3. RESULTS AND DISCUSSION
The correlation among the analyzed media (air, soil
and plants) has shown that there is a statistically important relation among them, with greater or lesser deviations, or rather levels of correlation (rs) as follows:

2.2. Preparation of samples and processing of data

The heavy metals contents were determined from dried
plant material using AAS (Varian), in the laboratories of
the Natural Science Faculty of Novi Sad. The plant samples were taken without decontamination by washing. All
analyses were made in 3 replicates.
All collected samples of soil were prepared as per
standard procedure which means drying, crushing and sifting for laboratory analysis. The samples were then prepared
in the standard manner for AAS analysis.
The basic physical and chemical characteristics of
soil as well as the preparation of soil samples for analysis
were performed in the laboratory of the Faculty of Forestry – University of Belgrade, and the "pseudo" total contents
were prepared in accordance with UNEP-UN/ECE [22-23].

Pb contents in plants show high levels of correlation
with Fe (rs = -0.400, p=0.000), Zn (rs = 0,317, p=0.001),
Mn (rs = -0.342, p=0.000) and Ni (rs = -0.503, p=0.000),
i.e., with all analyzed elements from soil. Moreover, Pb in
plants shows high correlation with all elements in air: Zn
(rs = 0.730, p=0.000), Fe (rs = 0.526, p=0.000) and Ni (rs
= -0.481, p=0.007), except with Mn.
Pb in soil correlates with all analyzed elements in air:
Zn, Fe, Mn and Ni (rs = 0.895, p=0.000 for all elements).
Nickel in plants is beside lead in negative correlation with
Zn in soil (rs = -0.546), and it is also noted that these
correlations are significant only for the deeper layers of
soil (20-40 cm). Similarly to the relation of Ni in soil towards the elements in air, lead is correlated with all ele-
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ments in the air showing the same correlation coefficient
for all elements (rs = 0.895, p=0.000).

By further processing of the data, i.e. by variance analysis, we obtained the indices where there is and whether there
is a difference among the groups of the analyzed plants.
The values of significance amounting to p <0.05 appear to
be significant.

Mn in plants is correlated with Fe in soil (rs = 0.257,
p=0.008) and Fe (rs = - 0.895, p=0.000) in air. Fe is in
positive correlation only in the surface soil layers (0-10 cm)
whereas Mn shows positive correlation in all depths (0-40
cm). It is an interesting phenomenon that Mn in plants does
not correlate with any of the elements in air. Fe in plants is
positively correlated with Zn in air (rs = 0.527, p=0.003).

Furthermore, it can be noted that variance analysis for
all variables in May (i.e. at the beginning of the vegetation period) showed that all 3 plant life forms differ by
3 elements with regard to accumulation: Pb, Zn and Fe
(Figs. 2-4). There is a difference in Pb content among all
analyzed plant life forms: herbs and woody plants, herbs
and lianas, as well as lianas and woody plants.

Observing the deposition of a number of heavy metals
from air onto plants, [26] noted the dependence of pollution
from traffic, weather conditions and period of vegetation.
Researching heavy metal concentrations in Hong Kong
soil, Chen et al. [27] concluded that urban environment is
mostly polluted by Pb while agricultural land and orchards
are polluted by Cd, Cu and Zn. Forest ecosystems are the
least polluted ones.

From Fig. 2, it can be observed that herbs show higher
levels (50-100%; 13.3 µg/g) of Pb accumulation, in comparison to woody plants (5.7 µg/g) and lianas (9.6 µg/g).
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FIGURE 2 – Difference in absorption of Pb among plant life forms.
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FIGURE 3 – Difference in absorption of Zn among plant life forms.
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Zn levels among herbs, woody plants and woody
plants are quite different, however, there is no difference
between lianas and herbs. The values referring to Zn concentrations show the same tendency as with the previous
element (Pb) i.e. the greatest accumulators are herbs (69.5
µg/g), then lianas (60.6 µg/g), and the weakest accumulators appear to be woody plants (35.5 µg/g).

Variance analysis of Fe contents shows that there is a
difference between woody plants and herbs as well as in
the relation of lianas and herbs. However, there is no
difference between woody plants and lianas. When observing Fe accumulation, we conclude that the situation is
the same as with Pb and Zn (herbs show hyperaccumulation (989.25 µg/g), least values with woody plants
(302.25 µg/g)).
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900.0

989.2 µg/g

µg/g Fe

800.0
700.0
600.0
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500.0
400.0

302.2 µg/g

300.0
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3.00
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FIGURE 4 – Difference in absorption of Fe among plant life forms.

Therefore, herbs are hyper-accumulators of heavy metals in comparison to the other two analyzed species (woody
plants and lianas) which is in line with the data obtained
by Krstic and Stankovic [7-9]. Moreover, we can conclude
that herbs collected at the beginning of vegetation period,
in comparison to lianas and woody plants, are hyperaccumulators of heavy metals (Fe, Zn and Pb).
As shown in Table 2 of exploratory analysis, Pb content in woody plants reaches 5.73 µg/g. But in herbs, the
average value of Pb concentration is significantly higher
and amounts to 13.26 µg/g.

The values of Zn are the lowest in woody plants (up
to 35.45 µg/g) while in herbs this value is twice as high
amounting to 69.46 µg/g. The content of Fe shows even
greater differences (from 302.12 µg/g in woody plants up
to 989.15 µg/g in herbs).
Discriminant analysis (Table 3) showed that there is
division of plants considering accumulation of the analyzed heavy metals, which is as follows:
TABLE 3 - Structure of discriminant function matrix.
Discriminant function
Heavy metals
µg/g
1
2
Pb
0.765(*)
0.042
Zn
0.747(*)
-0.589
Fe
0.705(*)
0.535
Mn
-0.171
0.357(*)
Ni
0.160
0.349(*)
(*) high values of analyzed elements

TABLE 2 - Exploratory analysis
Group

Elements
Average values
(µg/g)
1*
Pb
5.73
Ni
4.42
Zn
35.45
Fe
302.12
Mn
117.92
2*
Pb
9.64
Ni
4.40
Zn
60.64
Fe
535.83
Mn
76.27
3*
Pb
13.26
Ni
7.51
Zn
69.46
Fe
989.15
Mn
79.91
1* woody plants; 2* lianas; 3* herbs

Standard deviation
3.26
2.58
14.31
169.67
136.72
3.48
1.54
25.88
214.70
40.31
6.05
13.96
26.54
699.53
44.57

The elements grouped in such a manner, in combination of these 3 heavy metals, with high values of analyzed
elements (Fe, Zn and Pb) very clearly show that dominant
emission of pollutants originates from traffic at the analyzed locations.
Figure 5 shows the layout of the elements in accordance with the value of discriminant function. The chart
clearly shows the homogeneity in woody plants (01) while
herbs behave heterogenously and lianas took the homogenous space between woody plants and herbs (02).
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FIGURE 5 - Discriminant function for the beginning of vegetation period.

All the above-mentioned was one of the reasons for
launching this research which also brought to attention a
highly harmful effect that heavy metals have as cummulative toxin. The knowledge about accumulation and toxic
effects of heavy metals in air, soil and plants is extremely
important since it is exactly the way those elements enter
the food chain, which is in line with the research performed
by Okunola et al. [20].

year period of research, resulted in the following conclusions:
• Motorway M-21, i.e. the section Irig - Iriski Venac –
Paragovo, is heavily loaded by passenger traffic consuming gasoline as well as freight vehicles and buses
consuming gas-oil (tendency of increase in the coming
years).
• On the analyzed locations, the predominant emission
of pollutants is anthropogenic and originates from
traffic.

For the purpose of providing the best environmental
protection including the surrounding area, there appears
the concept of building a tunnel in this section of the road.
The ecological benefits of building a tunnel depend on
many factors. In any case, the most important aim of ecology would be achieved: decrease in the amount of exhaust
gases and their effects on the environment, noise reduction,
reduction of consummation of salt and other components
also polluting the environment.

• Variance analysis of different plant life forms (woody
plants, herbs and lianas) as well as pollution of soil
and air showed that there is no difference among plant
life forms and pollution of soil and air.
• Variance analysis of absorption of pollutants among
plants of different life forms (woody plants, herbs, lianas) shows that woody plants and herbs form 2 separate groups while lianas are between these 2 groups.

In accordance with the strategic goal of the development of traffic in the analyzed complex, and in line with
the Spatial Plan of Fruska gora until 2008 on this section
of the motorway, there would be realized the following
projects: refurbishing of the existing traffic line from Paragovo to Irig, building of a bypass around the settlement of
Irig, building of a linking road of M-21 with the ring road
around Sremska Kamenica, and also construction of the
third lane for slow vehicles gradient lane Irig – Iriski
Venac.

• Heavy metals are least accumulated by woody plants
in comparison to both other plant life forms.
• Herbs appear to be hyper-accumulators of heavy metals in the area of the national park “Fruska gora”.
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ABSTRACT

were even higher. Reactive dyes are estimated to have the
highest worldwide market share (20–30%) [3], for different
classes of dyes because of their wide variety of color shades,
high wet fastness profiles, ease of application, brilliant colors
and minimal energy consumption [4]. A large fraction, usually around 30% of the applied reactive dyes, is wasted
because of dye hydrolysis in the alkaline dye-bath [5]. In
dye-house effluents, these unexhausted reactive dyes typically remain at a level of 0.06 g/L, but possibly even as high
as 0.6–0.8 g/L [6]; such colored wastewaters can cause
severe organic and color pollution in the water environment.
Therefore, environmental legislation has imposed stringent
limits on the concentrations of dyes, and there is an urgent
need to develop effective methods to remove reactive
dyes from wastewater.

This study aimed at determining the feasibility of using
protonated spent mushroom substrate (PSMS), an abundant
agricultural waste in China, as a low cost biosorbent for the
removal of Reactive Red 15 (RR15) from aqueous solutions. Batch biosorption studies were conducted to evaluate
the effects of pH value, biosorbent dosage, initial dye concentration and contact time on the removal of RR15. The
results show that initial pH would be the most important
parameter affecting RR15 biosorption, and the optimal pH
was 1.2. Freundlich isotherm fitted well with the equilibrium data. Kinetic studies show that biosorption of RR15
followed the pseudo-second-order kinetic model, both
intraparticle diffusion and boundary layer diffusion might
affect the biosorption rate. The thermodynamic analysis
indicates that the biosorption process is spontaneous and
exothermic. The FTIR analysis reveals that chemical functional groups (e.g., amine, phosphonate and others) on
PSMS would be the active binding sites for biosorption of
RR15. These results show that PSMS could be employed
as a low-cost and alternative biosorbent for the removal of
RR15 from wastewater.

Various techniques have been employed in dye
wastewaters treatment. Extensively used coagulation/flocculation techniques require significant quantities
of chemicals and produce large amounts of sludge, which
require safe disposal [7]. Membrane filtration techniques
lead to secondary waste streams which need further
treatment [8]. Advanced oxidation processes (AOPs,
such as Fenton, UV/H 2O 2, Ozonation) can be quite
effective for dye re-moval, but high cost and intensive
energy requirements limit AOPs’ application [9]. The
biological treatment of dye effluents may result in the
generation of colorless dead-end aromatic amines, which
are generally more toxic than the parent compounds [9].
Adsorption has shown to be one of the most promising
methods for dye removal, and the main adsorbent used is
activated carbon. However, the usage of activated carbon
is sometimes restricted in view of higher cost [2]. Recent
research has focused on the development of low-cost,
renewable, locally available and efficient alternative adsorbents. As a typical kind of low-cost adsorption, biosorption can be defined as the passive uptake of organic
and inorganic species including metals, dyes and odor
causing substances by inactive biological materials, or by
materials derived from biological sources. Biosorption
has many advantages including low cost, high efficiency,

KEYWORDS: Biosorption; Protonated spent mushroom substrate
(PSMS); Reactive Red 15; Isotherm; Kinetic

1. INTRODUCTION
China’s synthetic dyes production reached a total of
6.78 × 105 tons in 2008, and contributed 60% of the total
dyes produced annually in the world, and China has become the largest synthetic dyes production country [1].
Among the dyes used, about 20% are discharged as industrial effluents during textile dyeing and finishing processes
without previous treatments [2]; in China, the percentages
* Corresponding author
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minimization of chemical or biological sludge, biosorbent
regeneration and dye recovery potentiality [10]. A wide
range of biological materials have been investigated as
biosorbents, including bacteria (Geobacillus toebii and
Geobacillus thermoleovorans [11], Escherichia coli [12]),
fungi (Phanerochaeta chrysosporium [13]), algae (brown
seaweeds [14]), industrial wastes (aerobic granules [15]),
agricultural wastes (wheat straw [16]), and other polysaccharide materials (chitosan [17]).

The native spent mushroom substrate of Lentinus edodes
was kindly provided by a local edible fungus Co., Ltd in
Beijing, in 2009, without post-crop heat treatment. The

70% of the world’s production of mushrooms,
1682×105 tons in 2007, is generated in China, being the
largest mushroom producer [18]. About 5 kg of spent mushroom substrate is produced for each kg of mushrooms [19].
To avoid environmental problems, such as water and soil
contamination, finding good end uses for spent mushroom
substrate is a worldwide industry concern where mushrooms are produced [20]. Any attempt to reutilize the spent
mushroom substrate will be useful. Possible uses for spent
mushroom substrate include soil conditioner, soil-less
growth medium, mulch, organic fertilizer, plant disease
control, bedding for livestock housing, feedstock for heat
and power production, land restoration and soil bioremediation [20]. However, there are no reports on the application of spent mushroom substrate as low-cost biosorbent
for dye removal. Thus, utilizing spent mushroom substrate
as a low-cost and alterative biosorbent will increase its economic value, reduce the cost of waste disposal, and besides
this, dye pollution reduction can be achieved.

FIGURE 1 - Chemical structure of RR15.

substrate was composted and formulated with saw dust
(78%), rice bran (20%), sucrose (1%) and gypsum (1%),
supporting three fruiting cycles. The substrate was washed
with tap water to eliminate impurities, dried in sunlight,
ground in a homogenizer, and sieved to the desired mesh
size (0.5–1 mm). Then, the substrate was converted to
PSMS by following the procedure given by Schiewer and
Volesky [21]. The native spent mushroom substrate was
protonated in 0.1 M HC1 (10 g/L) for 24 h, washed 10 times
in the same volume of distilled deionized water to remove
the excess of acid, and dried in an oven at 60 oC for 24 h to
yield PSMS. The resulting dried PSMS was stored in a desiccator and used in biosorption experiments.
The dried PSMS was sputter-coated with gold (SCD005,
Bal-Tec AG, Balzers, Liechtenstein), and the surface morphology of PSMS was qualitatively analyzed by scanning
electronic microscopy (SEM) (Hitachi S-4300, Japan). The
textural properties of PSMS were measured by N2 adsorption at 77 K in an ASAP 2020 apparatus (Micromeritics,
USA).
The pH at the point of zero charge (pH PZC) of the
biosorbent in aqueous phase was determined using the
solid addition method described in literature [22]. 30 ml of
0.10 mol/L NaCl solution at various initial pH values was
shaken with 0.3 g of biosorbent for 24 h at 25 oC. The
initial pH value (pH0) of the solutions was adjusted by
adding 0.10 mol/L HCl or NaOH solutions, using a pHmeter (WTW 340i, Germany) for measurement. After the
final pH (pHfinal) had been measured, the point at which
the difference between pH0 and pHfinal equivalent to zero
was recorded as pHPZC of the biosorbent.

Therefore, the purpose of this study was to investigate the feasibility of using protonated spent mushroom
substrate (PSMS) as a novel biosorbent for the removal of
reactive dyes from aqueous solutions, and Reactive Red 15
(RR15) was used as a model compound. Effects of different
parameters including pH value, biosorbent dosage, initial
dye concentration and contact time were studied to optimize the biosorption process. The isotherms, kinetics and
thermodynamics were explored to describe the experimental data. Furthermore, the Fourier transform infrared
(FTIR) analysis was carried out to elucidate the possible
mechanism of RR15 biosorption process.
2. MATERIALS AND METHODS
2.1. Dye

2.3. Batch biosorption experiments

RR15 (C.I. Reactive Red 15, molecular formula =
C25H14ClN7Na4O13S4, λ max = 512 nm), was purchased from
Tianjin Shengda Chemical Factory (China), and used as
model biosorbate without further purification. Its molecular structure is shown in Fig. 1. The working solutions used
were obtained by diluting the 500 mg/L stock RR15 solution which was prepared by dissolving accurately weighted
dye in distilled water.

Batch biosorption experiments were carried out in 50-ml
glass-stoppered Erlenmeyer flasks which were agitated in
a water-bath shaker (GFL 1086, Germany) with a shaking rate of 150 rpm at a constant temperature of 20±1 oC
(except for isotherms and thermodynamics experiments)
for 24 h until reaching equilibrium. Biosorption of RR15
on the walls of the flasks was found negligible by running
control experiments.
For the comparison of biosorption process of raw spent
mushroom substrate and PSMS, the experiment was carried

2.2. Preparation and characterization of biosorbent
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out at an initial pH of 1.2, biosorbent dosage of 20 g/L,
initial dye concentration of 100 mg/L, at 20 oC.

then the dye was slowly adsorbed to the equilibrium, and
the equilibrium capacity was 4.95 mg/g. Compared with
raw spent mushroom substrate, the PSMS exhibited a rapid
biosorption speed and high capacity, therefore, PSMS was
used as biosorbent.

In order to study the effect of initial pH on RR15 removal, the experiments were carried out at contact time
(24 h) over a pH range of 1.2 to 12.3 at 20 °C, and PSMS
concentration was fixed at 20 g/L, RR15 concentration
was 45 mg/L. The required pH value of the solutions was
adjusted with 0.10 mol/L HCl or NaOH solutions, using a
pH-meter for the measurements.
To study the effect of biosorbent dosage, the amount
of PSMS was varying from 2 to 50 g/L, RR15 concentration was fixed at 45 mg/L, initial pH was 1.2, and temperature was 20 oC.
The influence of initial RR15 concentration was investigated, ranging from 40 to 160 mg/L (40, 80, 120 and
160 mg/L), with biosorbent dosage of 4 g/L, initial pH 1.2,
at 20 oC. The data were also used to evaluate the biosorption kinetics of RR15.
The biosorption isotherm experiments were performed
at 20, 35 and 50 oC, initial dye concentrations were 40, 80,
120 and 160 mg/L, biosorbent dosage was 4 g/L, and initial
pH was 1.2. The data were also used to evaluate the biosorption thermodynamics.

FIGURE 2 - The comparison of biosorption process of raw spent mushroom substrate and PSMS (initial pH 1.2, biosorbent dosage 20 g/L,
initial dye concentration 100 mg/L, temperature controlled at 20 oC).
3.2. Characterizaton of the biosorbent

Fig. 3 shows the SEM images of PSMS. PSMS exhibits inhomogeneity (Fig. 3(a)), parts of PSMS were intact
(Fig. 3(b)), but also many large pores were clearly found
(Fig. 3(c)). The large pores enabled a deeper penetration
of dye molecules to the internal pore structure of PSMS.
Fig. 4 shows adsorption/desorption curves of N2 at 77 K on
the PSMS. The sample showed low microporosity and
large amount of N2 adsorbed at high values of P/P0 indicating meso- and macro-pores. The BET surface area, total
pore volume and average pore diameter of PSMS were
found to be 3.443 m2/g, 0.00435 cm3/g and 5.05 nm, respectively. Fig. 5 depicts the determination of the pHPZC
for PSMS which was found to be 5.19. This means that at
pH 5.19 the net surface charge was zero. When the pH was
higher than pHPZC, there was a net negative charge, which
may result from the deprotonation of some functional groups
on PSMS, such as carboxylate and phosphate groups. When
the pH was less than pHPZC, protonation of functional groups
such as amino ones, resulted in a net positive charge.

2.4. Analysis

Samples were taken at different time intervals, and the
concentration of residual RR15 was analyzed by using a
UV-VIS spectrophotometer (UV-2100, Unico, Shanghai,
China). The amount of RR15 adsorbed by PSMS at equilibrium, qe (mg/g), was calculated as follows:

qe =

(C0 − Ce )V
W

(1)

where C0 and Ce (mg/L) is the concentration of RR15
dye at initial and equilibrium, respectively. V (L) is the
volume of the solution and W (g) is the weight of biosorbent used.
Before and after RR15 biosorption, the PSMS was
characterized by FTIR using a Bruker Vertex 70 FTIR
spectrometer. The PSMS samples were first freeze-dried
by using a Labconco FreeZone 1L equipment (Labconco,
America), then mixed with KBr in the ratio of 1:100 and
compacted to pellet form under high pressure. The pellet
was immediately analyzed in the range of 400–4000 cm−1
with a resolution of 4 cm−1.

Fig. 6 shows the changes in FTIR spectra of PSMS before and after biosorption. The FTIR spectrum before biosorption displays a number of absorption peaks, reflecting
the complex properties of PSMS. The band at 3433 cm-1
could be assigned to the overlapping of stretching vibration
of O–H and N–H of hydroxyl and amine groups on the
surface of PSMS, and the band at 2918 cm-1 represented
an asymmetric vibration of CH2. The band at 1638 cm-1
would be a combination of carbonyl group stretching [23]
and stretching vibration of C–O and C–N (amide I) peptide bond of protein [24]. The band at 1431 cm-1 might
represent C=C stretching of aromatic rings of lignin [23].
The band at 1374 cm-1 was due to CH3–group symmetric
bending vibrations. The band at 1161 cm-1 could be attributed to a combination of stretching vibration C–O–C of
cellulose and stretching vibration of P=O [25]. The band at

3. RESULTS AND DISCUSSION
3.1 The reason for protonation on spent mushroom substrate

The comparison of biosorption process of raw spent
mushroom substrate and PSMS is given in Fig. 2. As seen
from Fig. 2, for raw spent mushroom substrate, about
25% of the dye was removed in the equilibrium time of
40 min, and the equilibrium capacity was 1.56 mg/g. For
PSMS, 85% of the dye was adsorbed in the initial 40 min,
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1063 cm-1 could be assigned to stretching vibration of P–
O–C of phosphonate groups [26], and the stretching vibration of OH of polysaccharides. The bands shown in the

“fingerprint” zone could be assigned to phosphate or sulphur groups.

(a)

(b)

(c)

FIGURE 3 - SEM images of PSMS.

FIGURE 4 - Adsorption/desorption curves of N2 on PSMS at 77 K.

FIGURE 5 - Determination of pHPZC for PSMS.

FIGURE 6 - FTIR spectra of PSMS before and after RR15 biosorption.

3433 cm–1 shifted to 3435 cm–1 and band intensity decreased; one reason may be the hydrogen bonds of O–H
and N–H of hydroxyl and amine groups broken, another
reason may be due to the N–H angular deformation [27].

The FTIR spectrum after biosorption is also shown in
Fig. 6. There were significant similarities in the spectra
before and after biosorption, suggesting that the components and structure of PSMS remained intact. The band at
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Similar results were found in Congo Red and copper(II)
biosorption onto chitosan [28], but also AOII adsorption
onto sulfuric acid-treated palm shell [29]. The hydroxyl
groups of PSMS are virtually incapable of forming hydrogen bonds with dyes; nevertheless, by van der Waals interactions and also ion exchange with other groups, the
hydroxyl groups can adsorb. For the electrostatic interaction between SO3– of the dye and amine (R–NH3+) of the
PSMS may not lead to breaking hydrogen bonds of O–H
and N–H, the interaction between the dyes and biosorbent
may not be electrostatic attraction, but other chemical interactions may be involved. The band at 2918 cm–1 shifted
to 2921 cm–1 and band intensity decreased; the reason may
be that some of the dye molecules were adsorbed by forming a hydrophobic interaction between the CH2 of PSMS
and the hydrophobic part of the dye. The band at 1431 cm–1
might represent C=C stretching of aromatic rings of lignin, and C–N stretching vibration of amide [30]. After biosorption, the band intensity decreased and the band shifted
to a higher frequency of 1457 cm–1 which represents the
secondary and aliphatic amines [31]. The electrostatic attraction between SO3– of the dye and amine (R–NH3+) of the
biosorbent may be one reason for the band shift. Also,
1457 cm–1 may represent the C=C stretching of aromatic
rings of the dye, indicating that RR15 has been adsorbed
onto PSMS. Other chemical interactions between PSMS
and dye may also contribute to the band shift. The band at
1375 ± 10 cm–1 was due to the symmetric bending vibrations of CH3– group, but after biosorption, the band shifted
from 1374 cm–1 to 1379 cm–1 and band intensity decreased,
suggesting hydrophobic interaction between CH3– group
of PSMS and dye may be the reason. Compared with other
bands, the band at 1638 cm-1 did not shift and the band intensity decreased a little, indicating that amide I may not
play an important role in biosorption. The bands at 1063 and
617 cm–1 shifted a little, and the band at 1161 and 561 cm–1
shifted to a lower frequency of 1159 and 558 cm–1, respectively, and all the four bands’ intensity decreased greatly,
suggesting that phosphonate as well as sulphur groups
might take part in the biosorption.
As seen from the FTIR analysis, the complexity of
the PSMS made the biosorption process much more complicated, and there can be three types of interactions: (1)
chemical interaction between dye molecules and PSMS
components; (2) electrostatic interaction between the dye
molecules and the electron-rich sites on the PSMS, especially in acidic environment, the interaction between SO3–
of the dye and amine (R–NH3+) of the biosorbent, and (3)
physical forces, such as hydrogen bonding, van der Waals
interactions and hydrophobic attractions. These interactions can happen simultaneously. FTIR analysis indicates
the functional groups (e.g., amine, phosphonate, hydroxyl)
on spent mushroom substrate would be the active binding
sites for biosorption of RR15. Although the spectrum
changes indicating the possible involvement of those functional groups on PSMS, the FTIR technique is not quantitative, and more investigation has to be done to elucidate
the biosorption mechanism.

3.3 The factors affecting RR15 biosorption
3.3.1. Effect of initial pH

Effect of initial pH on the biosorption of RR15 on
PSMS is shown in Fig. 7(a). As pH increased from 1.2 to
2.9, the biosorption equilibrium capacity obviously decreased from 2.03 to 0.44 mg/g. Then, the biosorption
equilibrium capacity gradually decreased to 0.16 mg/g
with pH increasing to 7.2. When the pH value was larger
than 9.0, the biosorption was restricted, and its capacity
was less than 0.01 mg/g. The optimal pH value was 1.2,
and used for the subsequent experiments. Similar results
were reported on the pH effect for adsorption of Reactive
Black 5 on acid-treated brown seaweed Laminaria sp. [14].
Solution pH has significant effect on not only the site
dissociation of the biosorbent but also ionization degree
of dye molecules [17]. Previous researches revealed that
lower pH values favored the biosorption of reactive dye
[14, 32]. The natural pH of PSMS solution was 6.32. The
pHPZC of PSMS was found to be 5.19. The influence of
pH on RR15 biosorption by PSMS can be explained on the
basis of the pHPZC of PSMS. PSMS contain mainly amine,
phosphonate and hydroxyl groups, as shown by FTIR spectra (Fig. 6). At solution pH value lower than pHPZC (acidic
conditions, in this study), it was expected that the amine
(R–NH2) functional groups on the surface of PSMS were
protonated, and thus, PSMS had a net positive charge.
Conversely, RR15 produced negatively charged ions (SO3–)
in aqueous solutions, thereby supporting more dye uptake
due to electrostatic attraction between SO3– of the dye and
amine (R–NH3+) of the biosorbent. The electrostatic interactions of the colored dye ions (D–SO3Na) with the amine
groups (R–NH2) on PSMS might be one of the possible
mechanisms of RR15 biosorption. When the pH of the solution increased to values higher than pHPZC, the biosorbent
surface was negatively charged and electrostatic repulsion
force decreased the biosorption capacity. Similar mechanism
was recognized by reactive dye adsorption on chitosan [17].
3.3.2. Effect of biosorbent dosage

Fig. 7(b) displays qe and RR15 removal efficiency
(%) versus different PSMS concentration in the range of
2–50 g/L. As seen from Fig. 7(b), the qe increased from
0.89 to 10.01 mg/g with the PSMS dosage decreasing from
50 to 2 g/L. However, the RR15 removal efficiency decreased from 95.04 to 42.74%. The reason for qe decreasing with increasing PSMS dosage may be due to the overlapping or aggregation of adsorption sites resulting in a
decrease in total adsorbent surface area available to the dye,
and an increase in diffusion path length [17]. The RR15
removal efficiency increased and remained almost constant
after PSMS dosage increasing up to a certain limit (10 g/L).
The increased adsorbent surface and availability of more
adsorption sites may be possible reasons [17]. Considering
both the RR15 removal efficiency and biosorption capacity, the optimum PSMS dosage was found to be 4.0 g/L,
used for the successive experiments. Similar observation
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was also reported for the biosorption of Reactive Red 198
by an agricultural waste biomass, P. vulgaris L. [33].
3.3.3. Effect of initial dye concentration and contact time

Fig. 7(c) shows the biosorption profile of RR15 versus contact time at different initial RR15 concentrations
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FIGURE 7 - Effects of (a) pH (C0 = 50 mg/L, biosorbent dosage = 20 g/L, temperature = 20±1 oC); (b) biosorbent dosage (C0 = 50 mg/L, initial
pH = 1.2, temperature = 20±1 oC); (c) initial dye concentration and contact time (biosorbent dosage = 4 g/L, initial pH = 1.2, temperature =
20±1 oC) on the biosorption of RR15 by PSMS.

in the range of 40–160 mg/L. An important part of RR15
was removed in the first 30 min for all of the studied
initial dye concentrations, and then, the removed RR15
amount gradually decreased with lapse of time until equilibrium. The equilibrium sorption capacity of PSMS increased linearly from 7.66 to 15.39 mg/g with increasing
initial RR15 concentration from 40 to 160 mg/L, as a
result of the increase in the driving force. The initial concentration supplies an important driving force to overcome
all mass transfer resistances of dyes between the aqueous
and solid phase, so a higher initial dye concentration will
increase the rate at which adsorbate molecules pass from
the bulk solution to the adsorbent surface [34].

Ce
C
1
= 0 + e0
qe Q b Q

The values of Q0 and b can be determined from the
slope, and the intercept of the linear plot of Ce/qe versus Ce.
The linearized Langmuir adsorption isotherms of RR15
obtained at 20±1, 35±1 and 50±1 oC are shown in Fig. 8(a).
The values of Q0 and b calculated from the plots along with
the correlation coefficients R2 are presented in Table 1. The
values of R2 were 0.9967, 0.9986 and 0.9979 for 20±1,
35±1 and 50±1oC, respectively. The value of b increased
with increasing temperature up to 35 oC, but then decreased, indicating that RR15 molecules exhibited higher
affinity for PSMS at lower temperature than at higher one.
However, Q0 decreased with increasing temperature up to
35 oC, and then increased, which did not agree with the
variation of b. So, Langmuir isotherm was not appropriate
for describing the RR15 biosorption equilibrium on
PSMS over the whole temperature range studied.

3.4. Equilibrium isotherms
3.4.1. The Langmuir isotherm

The Langmuir isotherm is valid for monolayer adsorption taking place at specific homogeneous sites within
the adsorbent, and once a dye molecule occupies a site, no
further adsorption can take place at that site [35]. The
Langmuir isotherm is given as Eq. (2):

qe =

Q 0bCe
1 + bCe

(3)

Reported Q0 values of other low-cost adsorbents for
the biosorption of reactive dye are listed in Table 2. Q0 in
this study was 17.12 mg/g at 20 oC, comparable to those
of some other adsorbents, clearly indicating that PSMS is
an efficient and low-cost biosorbent for the removal of
reactive dye from wastewater.

(2)

where Q0 is the monolayer saturation capacity of the
adsorbent (mg/g), and b is equilibrium constant related to
the affinity of the binding sites (L/mg). The linearized
Langmuir isotherm is described by Eq. (3):
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FIGURE 8 - Biosorption isotherms for RR15 biosorption by PSMS at different temperatures: (a) Langmuir isotherm; (b) Freundlich isotherm; (c) D–R isotherm (C0 = 40, 80, 120 and 160 mg/L, biosorbent dosage = 4 g/L, initial pH = 1.2, temperature = 20±1, 35±1 and 50±1 oC).

TABLE 1 - Isotherm constants for the biosorption of RR15 on PSMS at various temperatures
(C0 = 40, 80, 120 and 160 mg/L, biosorbent dosage = 4 g/L, initial pH = 1.2, temperature = 20±1, 35±1 and 50±1 oC).
Temperature (oC)
Langmuir
Q0 (mg/g)
b (L/mg)
R2
Freundlich
KF (mg/g)(L/mg)1/n
n
R2
D–R isotherm
QDR(mol/g)
KDR(mol2/kJ)
E(kJ/mol)
R2

20

35

50

17.12
0.0947
0.9967

16.89
0.0988
0.9986

17.33
0.0850
0.9979

4.440
3.518
0.9888

4.649
3.676
0.9881

4.122
3.321
0.9795

1.62×10-5
6.0282
0.2879
0.9042

1.63×10-5
7.0076
0.2671
0.9434

1.64×10-5
8.6402
0.2406
0.9196

TABLE 2 - Adsorption capacity for the removal of reactive dyes from aqueous solutions by some low cost adsorbents.
Reactive dyes
Reactive Black 5
Reactive Black 5
Reactive Blue 19
Reactive Orange 16
Reactive Orange 113
Reactive Red 15
Reactive Red 141
Reactive Red 239
Reactive Yellow 176
Reactive Yellow 176

Adsorbents
decarboxylated form of Corynebacterium glutamicum
cetyltrimethylammonium bromide (CTAB)-modified zeolite
loofa sponge-immobilized fungal biomass of Phanerochaete chrysosporium
protonated waste biomass of Corynebacterium glutamicum
autoclavation-treated Phanerochaeta chrysosporium
protonated spent mushroom substrate
modified chitin
cetyltrimethylammonium bromide (CTAB)-modified zeolite
hexadecyltrimethylammonium bromide (HDTMA)-modified zeolite
cetyltrimethylammonium bromide (CTAB)-modified zeolite
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Q0 (mg/g)
257.3
9.941
98.80
186.6
26.3
17.12
124
9.098
13.148
5.539

Reference
[36]
[37]
[38]
[39]
[13]
This study
[40]
[37]
[41]
[41]
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3.4.2. The Freundlich isotherm

increased with increasing temperature, being not in accordance with the variation of E. So, D–R isotherm did
not fit well with the experimental data. Compared with
Langmuir and D–R isotherm, Freundlich isotherm gave the
best description of experimental data.

The empirical Freundlich isotherm [42] applies to adsorption on heterogeneous surfaces assuming the adsorption capacity is related to the concentration of RR15 dye
at equilibrium. It is generally expressed as follows:

qe = K FCe1 / n

(4)

3.5. Biosorption kinetics

Lagergren’s pseudo-ﬁrst-order kinetic model [46], Ho
and McKay’s pseudo-second-order kinetic model [47],
and Weber and Morris’ intraparticle diffusion model [48]
were used to investigate the reaction pathways and potential
rate-controlling steps of biosorption of RR15 onto PSMS.

where KF and n are Freundlich constants representing
the adsorption capacity and intensity, respectively. The
linearized Freundlich isotherm is given below by Eq. (5):

ln qe = ln K F + 1/ n(ln Ce )

(5)

KF and n can be calculated from the intercept and the
slope of the linear plot of lnqe versus lnCe based on experimental data.

3.5.1. Pseudo-first-order and pseudo-second-order kinetic
model

The pseudo-first-order kinetic model is generally expressed as follows:

Fig. 8(b) shows the linearized Freundlich isotherms
of RR15 on PSMS obtained at 20±1, 35±1 and 50±1 oC.
The calculated constants of Freundlich isotherms along with
the R2 are listed in Table 1. The values of n were greater
than unity, indicating that RR15 was adsorbed favorably
by PSMS at all the temperatures studied. Both KF and n
increased with increasing temperature up to 35 oC, and
then decreased, indicating exothermic adsorption. Further
seen from Table 1, the values of R2 for Freundlich isotherm
range between 0.9795 and 0.9888, indicating that Freundlich
isotherm fitted well to the experimental data at all temperatures studied.

log(qe − qt ) = log qe −

The pseudo-second-order kinetic model can be represented in the following form:

t
1
1
=
+ t
2
qt k2 qe qe

1 2
)]
Ce

By plotting of log(qe−qt) against t and t/qt versus t for
different initial RR15 concentrations, linear lines were
obtained as shown in Figs. 9(a,b). The constants calculated from slope and intercept of plots for the two models
are given in Table 3.

(6)

For pseudo-first-order kinetic model, the values of R2
were found to be 0.9200 - 0.9939, but the theoretical values
of qe,cal were much lower than the experimental values qe,exp
at different initial concentrations. These results indicate
that the model was not appropriate for describing the experimental data of RR15 biosorption onto PSMS. In most
cases, it has been reported that the sorption data were well
represented by the Lagergren first-order kinetic model, but
only in the first 30−50 min of the sorption process [47].

(7)

where Q 0DR is the maximum biosorption capacity
(mg/g), KDR is the constant related to the mean free energy of
sorption (mol2/kJ2), R is the gas constant (8.314 J/mol/K),
and T is the temperature (K). The mean free energy of biosorption, E (kJ/mol), can be calculated using the follow
equation [44]:

E = 1/ 2 K DR

(10)

where k2 is the pseudo-second-order rate constant
(g/(mg· min)).

The D–R isotherm [43] and its linear form are generally expressed below:

0
ln qe = ln QDR
− K DR [ RT ln(1 +

(9)

where qt and qe are the dye amounts adsorbed at time
t and at equilibrium (mg/g), and k1 is the pseudo-firstorder rate constant for the adsorption process (1/min).

3.4.3 The D–R isotherm

⎛
1 ⎞
0
qe = QDR
exp ⎜ − K DR [ RT ln(1 + )]2 ⎟
Ce ⎠
⎝

k1t
2.303

For pseudo-second-order kinetic model, the values of
R2 at different initial RR15 concentrations were all close
to unity, and even the lowest one (0.9994) in this case was
higher than the ones of the pseudo-first-order kinetic
model. Also the theoretical values of qe,cal agreed well
with the experimental qe,exp. Further, from Table 3, the
pseudo-second-order rate constant k2 decreased with
increasing initial RR15 concentration. Therefore, the biosorption of RR15 onto PSMS could be well described by
the pseudo-second-order model at the entire biosorption
time.

(8)

The linear forms of D–R isotherm plots are presented
in Fig. 8(c). The constants of D–R isotherm are also listed
in Table 1. The values of E were in the range of 0.241–
0.288 kJ/mol, which was less than 8 kJ/mol, suggesting
that the biosorption process of RR15 onto PSMS might be
physical in nature [45]. Further seen from Table 1, the
value of E decreased with increasing temperature which is
an indication for exothermic adsorption. The values of R2
were in the range of 0.9042 to 0.9434. However, QDR

61

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

FIGURE 9 - Kinetic models for biosorption of RR15 by PSMS at different initial dye concentrations (C0 = 40, 80, 120 and 160 mg/L, temperature = 20±1 oC, biosorbent dosage = 4 g/L, initial pH = 1.2): (a) pseudo-first-order model; (b) pseudo-second-order model; (c) intraparticle
diffusion model.

TABLE 3 - Rate constants of pseudo-first-order kinetic model, pseudo-second-order kinetic model and intraparticle diffusion model for the
biosorption of RR15 by PSMS at different initial dye concentrations (C0 = 40, 80, 120 and 160 mg/L, pH = 1.2, temperature = 20±1 oC, biosorbent dosage = 4 g/L).
C0 (mg/L)
qe,exp (mg/g)
Pseudo-first-order kinetic model
k1 (1/min)
qe,cal (mg/g)
R2
Pseudo-second-order kinetic model
k2 (g/(mg min))
qe,cal (mg/g)
R2
Intraparticle diffusion model
kint (mg/(g min1/2))
I (mg/g)
R2

40
7.66

80
11.88

120
14.71

160
15.39

0.0044
1.80
0.9861

0.0046
2.38
0.9939

0.0507
2.65
0.9479

0.0041
2.63
0.9200

0.0025
7.92
0.9999

0.0013
12.39
0.9996

0.0011
15.31
0.9994

0.0009
16.03
0.9995

0.2399
2.6074
0.9681

0.4007
3.3678
0.9732

0.4586
4.7893
0.9813

0.5676
9.6833
0.9938

3.5.2. Intraparticle diffusion model

Four sequential steps are involved in the dye removal
by biosorption on a biosorbent: bulk diffusion, boundary
layer diffusion, intraparticle diffusion and biosorption reaction [17]. In this study, the shaking rate was 150 rpm,
so bulk diffusion can be ignored. The possible rate-limiting
steps may be boundary layer diffusion, intraparticle diffusion, or adsorption reaction. For Eq. (11), if the value of I
is zero, then the rate of biosorption is controlled by intraparticle diffusion for the entire biosorption period. However, as seen from Fig. 9(c), all the plots of qt against t0.5

The Weber and Morris’ intraparticle diffusion model
can be written by the following equation:

qt = kintt 0.5 + I

(11)

where kint (mg/(g min1/2)) is the intraparticle diffusion
rate constant and I is the intercept. The plots according to
Eq. (11) for different initial RR15 concentrations are shown
in Fig. 9(c).
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presented multi-linearity, and there were three different
portions, i.e. an initial sharper curve portion, followed by
a linear portion, and then a plateau, indicating that three
steps occurred in the biosorption process of RR15 by PSMS.
When the slope of the first portion is not zero, the boundary layer diffusion controls the biosorption rate at the
beginning. The second gradual linear portion was due to
the intraparticle diffusion and the third plateau portion to
the equilibrium. The values of kint, I and R2 obtained from
the second linear portion are listed in Table 3 for each
concentration. The values of R 2 ranged from 0.9681 to
0.9938, suggesting that the Weber and Morris model is
appropriate for describing the experimental data. Besides
intraparticle diffusion, both boundary layer diffusion and
kinetic resistances may affect the biosorption rate. The
value of I increased with an increase of initial RR15 concentration, suggesting increase in the thickness and the
effect of boundary layer. The kint also increased with increasing initial RR15 concentrations, indicating the growing effect of concentration gradient driving force.

FIGURE 10 - van’t Hoff plot for the biosorption of RR15 onto PSMS.

4. CONCLUSION
Biosorption by PSMS has been demonstrated to be a
practical alternative to the currently used treatment techniques for the removal of RR15 from wastewaters. Spent
mushroom substrate was abundant in many parts of the
world, and can serve as a cheap and easily available source
for the production of biosorbents. To our knowledge,
PSMS has been firstly employed in this study for reactive
dye biosorption. The biosorption process was highly dependent on the acidic pH, and pH value of 1.2 was favorable. Freundlich isotherm was applicable for describing the
biosorption equilibrium data. Kinetic studies show that the
biosorption process followed the pseudo-second-order
model. Intraparticle diffusion model studies indicate that
both boundary layer and intraparticle diffusion might affect
the biosorption rate. Thermodynamic studies indicate that
the biosorption process was spontaneous and exothermic
for the negative values of ΔGo and ΔHo. FTIR analysis
indicates the functional groups (e.g. amine, phosphonate,
hydroxyl ones) on spent mushroom substrate would be the
active binding sites for the biosorption of RR15.

3.6. Thermodynamic analysis

The thermodynamic parameters for the biosorption of
RR15 on PSMS, such as enthalpy change (ΔHo), entropy
change (ΔSo) and Gibbs free energy change (ΔGo), were
calculated from Eq.(12) and van’t Hoff Eq.(13)).

ΔGo = − RT ln Kp
ln K p =

(12)

ΔS o ΔH o
−
R
RT

(13)

where R is the gas constant, T is temperature in K,
and Kp is the equilibrium constant (Kp is the ratio of the
equilibrium concentration of RR15 on the biosorbent to
that in the solution, e.g. K p = (C0 − Ce ) / Ce ). The values
of ΔGo at different temperatures are listed in Table 4. The
values of ΔHo and ΔSo obtained from the slope and intercept of the plot of lnKp versus 1/T (Fig. 10, R2 = 0.9723)
are also summarized in Table 4. As seen from Table 4, the
values of ΔGo were found to be –0.53, –0.48 and –0.39
kJ/mol at 293, 308 and 323 K, respectively. The negative
ΔGo value indicates the spontaneous nature of the biosorption process. The values of ΔHo were negative, indicating that the biosorption process was exothermic, consistent with the experimental observations. The negative
value of ΔSo shows a decreased disorder at the interface
between solid and liquid phase during biosorption.
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TABLE 4 - Thermodynamic parameters of RR15 biosorption by
PSMS.
T (K)
293
308
323

ΔGo (kJ/mol)
–0.53
–0.48
–0.39

ΔHo (kJ/mol)

ΔSo (J/(mol·K))

–1.48

–3.23
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ABSTRACT

combustible fractions, thus increasing the volume of waste
gas to purify. Air pollution control remains a major concern in the implementation of incinerators.

Pollution of municipal solid waste (MSW) has become one of the most significant environmental problems,
particularly in big cities and densely populated areas. The
most part of MSW are organic matters which may be a
potential resource. A bench-scale carbonization apparatus
was used to evaluate the feasibility of reusing municipal
organic waste as activated carbon. The common wastes,
including wood, fresh wood, watermelon skin and printed
circuit boards, were carbonized and activated, and then
applied in wastewater treatment for phenol adsorption.
The adsorption capacity values calculated by Langmuir
equation were 161.4, 145.8 and 111.4 mg/g for carbonized wood, fresh wood and printed circuit boards, respectively. The results imply that this carbonized production
could be used in the post-treatment of wastewater.

Carbonization is an effective resolution for the organic
waste reuse. In comparison to incineration, carbonization
creates only 2 instead of 10 molecules CO2 from 1 average
molecule of waste. The municipal waste carbonization inside a high temperature combustion chamber using direct
heating by exhaust gas flow in oxygen-free atmosphere is
an alternative to waste incineration. The process has a lot
of similarities with biomass pyrolysis [5]. The physical
composition of MSW in Hong Kong showed that only
6.1% MSW, such as glass and metals, cannot be carbonised. The chemical properties showed that the major elements were carbon (43.9%), oxygen (32.1%) and ash
(17.1%) accounting for around 93% of MSW in Hong
Kong. The data implies that MSW is the potential resource
for reuse [2].

KEYWORDS: municipal solid waste; activated carbon; adsorption; carbonization; phenol

It is known that thermal treatment of organic matter
at temperatures above 200 °C results in decomposition of
the non-crystalline carbohydrates, while lignin and cellulose degradation occurs only above 280 °C [6, 7]. By heating to 650 °C, hydrogen is formed, and at high temperatures (~950 °C), the carbon char/active carbon is formed
instead of ash. Activated carbon is a commodity material
which is characterized as a good adsorbent [8]. The major
property of activated carbon is the large internal surface
area associated with a complex porous structure, which
together make it an extremely versatile material with usage
in diverse fields, such as catalysis, water purification, gas
separation, food manufacture and medicine [9-12]. In spite
of several advantages, the carbonization of waste is rarely
used because of environmentally hardly acceptable gas
exhaust.

1. INTRODUCTION
The amount of solid wastes produced is increasing
along with economic development. Pollution of municipal
solid waste (MSW) has become one of the most significant
environmental problems, particularly in big cities and
densely populated areas [1, 2]. The amount of garbage
disposal in 2004 was 148.56 million tons in China [3]. The
amount of municipal waste produced increased by 20%
with regard to that in 2003 [4]. But only about 10% of
waste is recycled, most of it went to landfills (64%), or is
incinerated (18%). Moreover, the disposal capacities of landfill continue to decrease, however, the volumes of waste
produced continue to increase.

The work presented in this paper demonstrates a waste
treatment, besides an activated carbon manufacturing technology, which has the potential as a process treatment for
municipal organic materials with little nuisance waste gas.
Some common materials, such as wood, fresh wood, watermelon skin and printed circuit boards, were tested, and the
produced activated carbon was tested in wastewater treatment.

In incineration, the oxidation reaction takes place at
high temperature, with the supplement of fuel. The main
products are CO2, H2O, some SO2 and non-combustible
residue (ash). In practice, excess air ranging from 50 to
200% is needed to oxidize the contained carbon and other
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2. MATERIAL AND METHODS

The waste samples were washed, air-dried at room
temperature and pressured to constant weight. All of the
samples were cut to a smaller size than the testing tube
diameter (30 mm), and changes of weight before and after
testing were measured.

after temperature raised to a certain degree as set before
testing. The cooling time means the time used for cooling
process from heating down to room temperature. The activation process was including water steam oxidation and
heating. When the carbonization process was completed,
the valves 1, 4 and 5 were closed, and valves 2 and 3 were
open. Water steam (130 °C) is then blown in via valve 2,
at a temperature of approx. 1000 °C.

2.2. Carbonization equipment and operation

2.3. Characterization of produced actived carbon

The flow sheet of the carbonizing apparatus is shown
in Fig. 1. A carbonizing apparatus comprises a carbonizing vessel with a heated jacket. Material inside the vessel
gives off organic gas, which is burned in a furnace to give
exhaust gas, which, in turn, is used to heat the jacket of
the carbonizing vessel. Means may be provided to distribute the material inside the vessel, and bring it into contact
with a heat transmission surface-heated by the jacket.

The BET surface area of actived carbon was measured from the N2 adsorption isotherm at 77 K with a surface area and pore size analyzer (NOVA, 2000E, Quantochrome, USA). The pore size and pore size distribution were
calculated by the BJH model using the desorption isotherm branch. Micropore volumes (VDR) were calculated by
the Dubinin–Radushkevich equation whereas mesopore
volumes were determined as the difference between adsorbed volume at a relative pressure of 0.95 and VDR [13].

2.1. Raw material

Vacuum
Gauge

The powdered carbons were analysed for their CHN
content using a Perkin Elmer model 2400 CHN analyser,
which was calibrated using acetanilide (CH3CONHC6H5).

Gas Manifold

Heater

Steam out
Valve 4

Furnace

Valve 3

Valve 2
Jacket

Vacuum
Pump

Steam in

Valve 1

Vacuum
Trap

FIGURE 1 - Flow sheet of carbonizing apparatus.

The apparatus may also include a vessel for drying
the material before it is introduced into the carbonizing
vessel. The drying vessel can also be heated by the exhaust gas from the furnace, and any organic given off by
the material in the drying vessel can also be burned in the
furnace.
The process of converting MSW to activated carbon
was carried out in two stages: (1) carbonization and (2)
activation. The carbonizing process was carried out under
vacuum conditions. Before carbonization, the vacuum pump
pumped the air out of the quartz tube (open valve 1, close
valves 2, 3 and 4). The purpose of vacuum trap is to solidify and prevent the solid substance to flow into the vacuum pump. To get the vacuum pressure in the quartz tube,
the vacuum gauge was used. If the vacuum pressure is
very low, valve 1 can be closed, and then, after switching
on the heater, the carbonization process can be operated.
Samples from wood, fresh wood, watermelon skin and
printed circuit board were prepared by heating at 900-925 °C.
Besides, printed circuit board material was also heated at
975 °C. The heating and cooling times were both 30 min
for all samples. The heating time means the keeping time

Phenol was used to evaluate the aqueous adsorption capability of the produced carbons. A stock solution (10 g/L)
of phenol was prepared. 20 mg of the carbon powder was
loaded in a 50-ml Erlenmeyer flask, and appropriate aliquots of aqueous stock solutions were diluted by distilled
water to 20 ml. The flask was capped and placed on an
orbital shaker at room temperature (25±1 °C) and 180 rpm
for 24 h to ensure apparent equilibrium. A previous kinetics
study showed that it needs 20 h to reach equilibrium.
When the equilibrium was attained, the sorbent was separated from the samples by centrifugation (3000 rpm, 15 min),
and then the supernatant was analyzed for residual concentration of phenol. Phenol concentrations in water were
analyzed by a UV spectrophotometer at 270 nm, the detection limits being 0.05 mg/L. The losses of phenol by both
photochemical decomposition and sorption to the Erlenmeyer flask were found to be negligible. The volatilization loss of phenol was analyzed by contrasting to the
blank with no shaking and centrifugation. The results
showed insignificant volatilization losses of phenol by shaking and centrifuging.
3. RESULTS AND DISCUSSION
3.1. Character of produced carbon

Result in Weight Deduction. The results of carbonization for 7 kinds of materials are shown in Table 1. The
weight loss is calculated by the following formula:
Weight loss (%) =

Weight (before) - Weight (after)
×100
Weight (before)

It could be found that the fresh wood and watermelon
skin lost most of their weight. The remainder carbon is
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TABLE 1 - Results of weight loss.
Material
Wood
Fresh Wood
Watermelon Skin
Printed Circuit Board (coated, 925 oC)
Printed Circuit Board (uncoated, 925 oC)
Printed Circuit Board (coated, 975 oC)
Printed Circuit Board (uncoated, 975 oC)

Weight before (g)
2.3969
25.9900
23.5000
1.9166
0.9513
1.0854
1.0219

Weight after (g)
0.6968
4.0200
1.0010
1.2659
0.5809
0.7494
0.6458

Weight loss (%)
70.93%
84.53%
95.74%
33.95%
38.94%
30.95%
36.80%

TABLE 2 - CHN values for produced active carbons.
Sample identity
Wood
Processed Wood
Fresh Wood
Watermelon Skin
Printed Circuit Board（coated, 925 oC）
Printed Circuit Board（Uncoated, 925 oC）
Printed Circuit Board （Coated, 975 oC）
Printed Circuit Board（Uncoated, 975 oC）

C (%)
62.5
62.2
62.3
62.2
43.8
43.2
42.3
42.9

only 15.47% and 4.26%, respectively, due to high water
contents.

H (%)
2.2
2.2
2.3
2.2
3.4
3.25
3.2
3.3

N (%)
0.0
0.0
0.0
0.0
0.8
0.28
0.4
0.3

any harmful organic gas generated in the carbonizing vessel is discharged into the atmospheric air without being
subject to a defusing process, it can be a cause of pollution.
The carbonizing apparatus with a combustion furnace for
defusing the organic gas was employed. The exhaust gas
flowed into the carbonizing vessel jacket as heating gas
after burning, and was discharged into the ambient air.

CHN results. It can be seen from Table 2 that the carbonization temperature and raw material affected the CHN
ratio for each sample. The carbonized wood had carbon
content similar to Printed Circuit Board. During the carbonization, the carbon may partly conversed to CO or CO2.
It is considered likely that the released oxygen would react
with any carbon in the locality, forming CO rather than
CO2 due to the limited oxygen availability. As expected,
reductions in the H and N content of all the samples were
also observed, as elimination of H and hetero-atoms, such
as N, are a feature of carbonization and activation [14]. If

Porosity. Nitrogen adsorption–desorption isotherms
of carbonized wood and printed circuit board at 77 K are
shown in Fig. 2, and porosity parameters, such as BET
specific area, as well as micro-pore and meso-pore volumes, were obtained from equilibrium data (Table 3).
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FIGURE 2 - (a) Typical nitrogen adsorption/desorption isotherm of the carbonized wood, fresh wood and printed circuit board; (b) differential pore size distribution derived from the desorption branch of the isotherm in (a).
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TABLE 3 - Surface and porosity parameters.
BET area
(m2/g)
790
702
510

Samples
Wood
Fresh Wood
Printed Circuit Board

Mesopore volume
(ml/g)
0.35
0.29
0.03

Micropore volume VDR (ml/g)
0.40
0.36
0.28

As can be seen in the isotherms, the carbonized wood
has substantial micro-porosity, as there is a large amount
of nitrogen adsorbed at relatively low pressures. The presence of hysteresis and an increase of the adsorbed nitrogen
volume values for higher relative pressures reveal mesoand macro-porosity. Micro-pore as well as meso-pore volumes of carbonized printed circuit board decreased. That is
shown by a lower increase of the volume values for low
and high relative pressures. The curve is almost flat, and
there is little hysteresis, so microporosity is lower and mesoporosity practically disappears.

Experimental data and Langmuir fits for phenol adsorption equilibrium isotherms are shown in Fig. 3. The
adsorption parameters were determined and shown in
Table 4. The adsorption isotherm plots present an L-shape,
according to the Giles classification [15]; therefore, competition between phenol and water molecules for active sites
on carbons is weak. The relative affinities, bQm, of the
phenol toward the surface of the adsorbents were also
calculated (Table 4) [16]; they are higher for the powders
than for the granules, in accordance with their higher adsorption rate and porous structure.
Equilibrium results fit the Langmuir model better
than the Freundlich model. KF, the Freundlich constant,
which is taken as an indicator of adsorption capacity, is
again higher for powders than for granules and reveals the
higher adsorption capacity of PAC. 1/n is an empirical
constant related to the magnitude of the adsorption driving force [17]; the values of 1/n obtained for all the samples are similar. The higher value corresponds to COM
GAC-80, which shows a higher tendency for phenol adsorption (Fig. 3). No correlation was found between Qm
and chemical composition (carbon or oxygen content), but
a slight correlation between and BET areas. Qm values of
carbonized wood, fresh wood and printed circuit board
were found to be 161.4, 145.8 and 111.4 mg/g, respectively.

3.2. Aqueous adsorption results

Adsorption isotherm data were fitted to the linearized
Langmuir (eq. 1) and Freundlich (eq. 2) equations:

Ce
C
1
= e +
Qe Qmax bQmax

(1)

1
ln Qe = ln K F + ( ) ln Ce
n

(2)

where, b: Langmuir constant (L/mg); Ce: equilibrium
concentration (mg/L); Qm: maximum quantity of phenol
adsorbed (mg/g); KF: Freundlich constant (L/mg); n: empirical coefficient.
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FIGURE 3 - Adsorption isotherms of phenol at 298 K.
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TABLE 4 - Parameters for Langmuir and Freundlich fits at 298 K.

Wood
Fresh Wood
Printed Circuit Board

Langmuir
Qm
161.4
145.8
111.4

b×103
6.4
6.9
9.8

These results also confirm the superior effectiveness
of wood and other organic matter wastes as activation
agents which has also been reported for other wastederived activated carbons, including shells from the oil
palm nut, rice hulls, sarkanda grass, and almond shells
[18-21].

4. CONCLUSIONS
The preceding research has utilized a batch of municipal organic waste to evaluate the feasibility of carbonization to recycle the resource. The well-developed porosity
was further confirmed by the high phenol adsorption
capacity of wood, fresh wood and printed circuit board as
waste. The adsorption isotherms for the uptake of phenol
were amenable to interpretation by the Langmuir adsorption model. The adsorption capacities calculated from the
Langmuir equation were 161.4, 145.8 and 111.4 mg/g for
carbonized wood, fresh wood and printed circuit board,
respectively. The probable lower price of organic wasteactived carbon used for post-treatment adsorption makes
the proposed technology very attractive. In addition to the
effective post-treatment of wastewater, the proposed approach could also help to solve the problem of MSW.

R2
0.978
0.974
0.963

Freundlich
KF
9.683
9.661
10.024

1/n
2.50
2.59
2.85

R2
0.897
0.876
0.844

[7]

Ni, Y., Kokot, S., Selby, M., and Hodgkinson, M. (1995)
Simultaneous polarographic analysis of pyrazine and its methyl derivatives by iterative target transformation factor analysis. 316(2): 233-238.

[8]

Hassler, J.W., (1963)Activated Carbon. London: Leonard
Hill. 201.

[9]

Aci, F., Nebioglu, M., Arslan, M., Imamoglu, M., Zengin,
M., and Küçükislamoglu, M. (2008) Preparation of activated
carbon from sugar beet molasses and adsorption of methylene blue. Fresen Environ Bull. 17(8 A): 997-1001.

[10] Mahramanlioglu, M., Al, M., Zahoor, M., Cinarli, A., and
Kizilcikli, I. (2010) Removal of phenol red by activated carbon and magnetic activated carbons. Fresen Environ Bull.
19(5 A): 911-918.
[11] Mittal, A., Jain, R., Mittal, J., and Shrivastava, M. (2010)
Adsorptive removal of hazardous dye quinoline yellow from
wastewater using coconut-husk as potential adsorbent. Fresen
Environ Bull. 19(6): 1171-1179.
[12] Teker, M., Imamoglu, M., and Bocek, N. (2009) Adsorption
of some textile dyes on activated carbon prepared from rice
hulls. Fresen Environ Bull. 18(5 A): 709-714.
[13] Rouquerol, F., Rouquerol, J., and Sing, K., (1999)Adsorption
by powders and porous solids: principles, methodology and
applications. San Diego: Academic Press. 123.
[14] Fitzer, E., Mueller, K., and Schaefer, W., (1971)The chemistry of the pyrolytic conversion of organic compounds to carbon, in Chemistry and Physics of Carbon, ed. J. Walker. New
York: Marcel Dekker. 46.

REFERENCES
[1]

Choy, K.K.H., Barford, J.P., and McKay, G. (2005) Production of activated carbon from bamboo scaffolding waste Process design, evaluation and sensitivity analysis. 109(1):
147-165.

[2]

Choy, K.K.H., Porter, J.F., and McKay, G. (2004) Intraparticle diffusion in single and multicomponent acid dye adsorption from wastewater onto carbon. 103(1-3): 133-145.

[3]

State Statistical Bureau, (2004)China Statistical Yearbook
2004. P.R. China: China Statistical.

[4]

Chinese EPA, (2005)Chinese environment condition bulletin.
Beijing: National Environment Protection Agency, P.R. China. 89.

[17] Jung, M.W., Ahn, K.H., Lee, Y., Kim, K.P., Rhee, J.S., Park,
J.T., and Paeng, K.J. (2001) Adsorption characteristics of
phenol and chlorophenols on granular activated carbons
(GAC). 70(2): 123-131.

[5]

Bridgwater, A.V. and Peacocke, G.V.C. (2000) Fast pyrolysis processes for biomass. Renewable and Sustainable Energy
Reviews. 4(1): 1-73.

[18] Chughtai, F.A., Fakhar-un-Nisa, Illahi, A., Ejaz-ul-Haque,
and Parveen, N. (1987) Activated carbon from a tropical carbonaceous material. J Pure Appl Sci. 6(1): 57-60.

[6]

Fuwape, J.A. (1996) Effects of carbonisation temperature on
charcoal from some tropical trees. 57(1): 91-94.

[19] Tanin, S. and Gürgey, I. (1987) Investigation of the possibilities of the production of activated carbon from rice hulls.
Chim Acta Turc, (15): 461-476.

[15] Giles, C.H., MacEwan, T.H., Nakhwa, S.N., and D.J. Smith.
(1960) Studies in adsorption XI. A system of classification of
solution adsorption isotherms, and its use in diagnosis of adsorption mechanisms and in measurement of specific surface
areas of solids J. chem. Soc: 3973-3993.
[16] Bautista-Toledo, I., Rivera-Utrilla, J., Ferro-Garcia, M.A.,
and Moreno-Castilla, C. (1994) Influence of the oxygen surface complexes of activated carbons on the adsorption of
chromium ions from aqueous solutions: effect of sodium
chloride and humic acid. 32(1): 93-100.

70

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

[20] Ruis, B.F., Prats, R.D., and Marcilla, G.A.F. (1984) Activated carbon from almond shells, chemical activation I. Activating reagent selection and variables influence. Ind Eng Chem
Res, (23): 266-269.
[21] Chan, K.C., Goh, S.H., Toh, H.T., Tan, W.I., and Tang, T.S.
(1980) Activated carbon from oil palm (Elaeis guineensis)
nut shells. Malays J Sci. 6(B): 131-137.

Received: June 08, 2010
Revised: September 20, 2010
Accepted: September 28, 2010

CORRESPONDING AUTHOR
Jianfeng Ma
School of Environmental and Safety Engineering
Changzhou University
1 Gehu Road, Wujin District
213164 Changzhou, Jiangsu
P.R. CHINA
Phone: +86-519-86330086
Fax: +86-519-86330083
E-mail: jma@zju.edu.cn
FEB/ Vol 20/ No 1/ 2011 – pages 63 – 68

71

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

METHOD DEVELOPMENT FOR SIMULTANEOUS
DETERMINATION OF PHTHALATE AND ELEVEN PRIORITY
PHENOLS AS TERT-BUTYLDIMETHYLSILYL DERIVATIVES IN
GRAB SAMPLES FROM WASTEWATER TREATMENT PLANTS
USING GC-MS IN CAPE TOWN, SOUTH AFRICA
Olanrewaju O. Olujimi*, Olalekan S. Fatoki and James P. Odendaal
Department of Environmental and Occupational Studies, Faculty of Applied Sciences, Cape Peninsula University of Technology, South Africa

ABSTRACT

1. INTRODUCTION

Method was developed for the simultaneous determination of 17 classified and suspected endocrine-disrupting
compounds (EDCs). Phenol, 2-nitrophenol, 4-nitrophenol,
2,4-dinitrophenol, 4-chlorophenol, 2,4-dimethylphenol, 2methyl 4,6-dinitro-phenol, 2-chlorophenol, 2,4-dichlorophenol, 4-chloro-3-methylphenol, pentachlorophenol, dimethyl phthalate, diethyl phthalate, benzylbutyl phthalate,
dioctyl phthalate, diethylhexylphthalate and dibutyl
phthalate. Qualitative and quantitative analyses were performed by gas chromatography–mass spectrometry (GC–
MS) using DB-5MS column. These compounds were
evaluated using solid-phase extraction for raw and treated
wastewater from a municipal treatment plant. Phenols were
derivatized with N-(t-butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA) to form their respective
t-butyldimethylsilyl derivatives. The extraction recovery
range from 73.21 to 101.32% for 2,4,6-TCP and DEHP
respectively. The occurrence pattern of phenol is in the
order of PCP > 2CP > POH > 2NP > 2M- 4,6 DNP (old
plant) and PCP > 2M- 4,6 DNP > POH ≥ 2CP ≥ 2NP for
old and new plants respectively. Phthalates ranked as
DEP > DBP > DEHP with corresponding values of 2473
± 991; 2000 ± 236; and 192 ± 127 µgL-1 in the new plant.
The average percent removal of analytes range from
54.77 to 89.34% in the two plants investigated.

KEYWORDS: Derivatization,
wastewater, Cape Town

priority

phenols,

Endocrine disrupting chemicals (EDCs) are commonly
found in environmental matrices like waters, sediments and
soils due to their wide industrial consumption. These compounds are generated from several sources such as production of plastic, dyes, drugs, pesticides, antioxidants, paper,
and biodegradation of many chlorinated phenoxyacids,
phenoxyalkanoic acid, herbicides and organophosphorus
herbicides [1-3]. They cause toxicity, persistence, and bioaccumulation effects in animal and vegetation organisms
and may be dangerous for human health [4].
EDCs encompass a wide range of chemicals, of which
phthalate and some phenolic compounds have been grouped.
They are introduced into the environment mostly through
anthropogenic activities. Phenols and phthalates have been
included in the US Environmental Protection Agency (EPA)
list of priority pollutants due to their toxicity and classified as
endocrine disrupting chemicals [5-7]. Their occurrence has
led to a growing awareness that both animals and humans
may be adversely affected [8]. These impacts may even be
cumulative, possibly will only appear in subsequent generations and irreversible, endangering the sustainable development of humans and the ecosystem [4,6].
Pentachlorophenol (PCP) one of the classified priority phenols is used as a wood preservative [2,9-10]. Furthermore, common pesticides, such as lindano and hexachlorobenzene, can be metabolized to PCP by plants,
animals, and microorganisms. Phenol is generated from
lignin degradation in paper production and chlorophenols
can be generated from chlorination procedures in water
and wastewater treatment plants. Nitrophenols are formed
photochemically in the atmosphere from vehicle exhaust
and from degradation of ammunition wastes [11-13]. As a
result of years of use, these compounds have contaminated soils, surface waters, and ground waters.

phthalate,

* Corresponding author
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2. MATERIALS AND METHODS

Phthalates on the other hand are mostly used as plasticizers, pesticides, fragrances, lubricants, perfumes, lotions
and cosmetics [14-17]. Phthalates which are not chemically
bound to the polymer matrices may easily be dispersed into
the environment at different stages of production, use or
after disposal. Phthalates are rather ubiquitous and their
occurrence has been reported in different compartments of
the environment: atmosphere, surface water, sediment and
sewage sludge. Research had showed that phthalates are
environmental hormones which are veneous and harmful
to human resulting in instability of internal secretion and
procreation ability [14], anovulation and decreased fetal
growth and hepatic and renal effects [18].

2.1. Chemicals and reagents

Analytical grade phenol (PH) 99.9%, 2-nitrophenol (2NP) 99%, 4-nitrophenol (4-NP) 99%, 2,4-dinitrophenol (2,4DNP) 99.7%, 4,6-dinitro-2-methylphenol (DNMP) 98%,
2,4-dimethylphenol (2,4-DMP) 98%, 2-chlorophenol (2CP) 99.8%, 4-chlorophenol (4-CP) 99%, 2,4-dichlorophenol
(2,4-DCP) 100%, 4-chloro-3-methylphenol (4-C-3MP) 99%,
pentachlorophenol (PCP) 99.6%, dimethyl phthalate (DMP),
diethyl phthalate (DEP), benzybutyl phthalate (BBP),
dioctyl phthalate (DOP), diethylhexylphthalate (DEHP),
dibutyl phthalate (DBP) were purchased from Supelco
(Bellefonte, PA USA). The solvents (methanol, n-hexane,
acetone and acetonitrile) were of analytical grade from
Sigma Aldrich and were further purified by distillation.
Separate stock solutions (1000 mg/L) of individual analytes
were prepared in methanol A working mixture containing
each compound at 10 mg/L was also prepared and stored
at 4°C in the dark. Milli-Q water used was from apparatus
Millipore (Bedford, MA, USA).

Determination of phenols and phthalates in environmental compartments is required to evaluate the extent of
pollution and to apply the best remediation practices. The
extraction step has so far been performed by following the
official methods issued by national and international environmental protection agencies, such as the EPA 8061A
(phthalates), EPA 604 (phenols) [19]. These require the use
of relatively large volumes of organic solvents; there is
therefore great concern regarding their negative environmental effects and their disposal.

2.2. Instrumentation

An Agilent 6890N gas chromatograph/5975 mass selective detector system operating at 70 eV with ion source
temperature set at 230oC was used for this study. The gas
chromatograph was equipped with a DB-5MS fused silica
column (phenyl methyl siloxane) (30 m x 0.25 mm i.d.;
0.25 um film thickness. The injector temperature and GC–
MS interface temperature were maintained at 260 and
280oC, respectively. The sample was introduced into the
gas chromatograph in splitless mode and the helium carrier
gas flow rate was set at 1.0 ml/min. The oven temperature
of the GC was set at 80oC for 1 min, increased to 150oC at
5oC/min and finally increased 280oC at 12oC/min and held
for 7 min. The post run temperature was set at 300oC for 2
min to clean up the column before the next injection.

Recent concerns about the hazardous nature and environmental dangers of organic solvents applied in environmental sample preparations have led to the development of
several extraction techniques that are free of organic solvents or only use low volumes of these solvents, such as
solid phase extraction [20-22], solid-phase microextraction (SPME) [23-25], supercritical fluid extraction (SFE),
subcritical water extraction (SBWE), and microwaveassisted extraction (MAE) [26].
Phthalates can readily be determined on HPLC and GC
without any further processing as compared to phenol.
Though phenol can be determined on GC but at low concentration they form peak tailing [11]. To overcome this
problem, different derivatising reagents have been employed
to include acetic anhydride [27-29], pentafluorochloride,
Silylation [5,9,11,30].

2.3. Cleaning of glassware

All glassware were cleaned by soaking in 10 % nitric
acid followed by soaking in acetone for at least 30 min,
then rinsed with hexane, and dried at 200oC for at least 4
hours consecutive rinsing using pesticide-grade acetone
just before use to remove phthalate contamination. The caps
or lids of all sample bottles, jars and vials were lined with
PTFE.

The occurrence of phenols and phthalates has attracted
increasing interest in recent years. So far, occurrence of
these compounds in sewage treatment plants has been well
reported through several research works as they were not
often totally removed from waste effluent [28]. However,
little or nothing is known about the presence of these
compounds in wastewater treatment plants in South Africa.
Also, there is lack of information on the efficiency of
these plants at removing these compounds from
wastewater prior to the effluent discharge. Thus, the aim
of this study was the development of a simultaneous method for the determination of eleven priority phenol and
phthalate esters in the same environmental and to determine the efficiency of the selected treatment plants at
removing them from waste effluent.

2.4. Sample Collection

This study investigated one wastewater treatment plant
(Old and New) at Northern Suburb of Cape Town for their
efficiency at phenols and phthalates removal in the final
effluent. The purpose of using this plant for preliminary
study was to evaluate the solid phase extraction method
prior to comprehensive study of all the stages involved in
treatment process known for receiving high industrial waste
plants in Cape Town. For this study, intra and inter day
grab samples were collected from the two plants at peak
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hours (09:00; 12:00 and 15:00). Samples were collected
in 500 mL pre-cleaned amber glass bottles with methanol
to prevent analytes from adhering onto glass wall [31].
Sample bottles were kept cold on ice while transporting to
back to the laboratory. Once received in the laboratory,
samples were extracted within 12 hours of collection.

performance and as a consequence derivatization was carried. The phenol-silylate tends to be more volatile and affords a better detection limits when using GC. The detection
limits observed after derivatization on GC-MS was better
than when phenols were determined using HPLC in our
laboratory [21]. The dried eluent was reconstituted with
50µgL-l acetonitrile. 50µgL-l of the derivatising reagent
MTBSTFA was added and the mixture was vortex mix for
90s. This was derivatized at 90oC for 20 min in GC oven.
The sample was cool down to room temperature and 1µL-l
was injected into GC-MS for analysis.

2.5. SPE extraction procedure

C18-E cartridges (strata) containing 500 mg/ 6 ml
from separations were used for the extraction of phenols
and phthalates from aqueous samples based on recoveries
for phenols as reported by Olujimi et al [21]. Prior to
sample processing, the cartridges were fitted onto a vacuum manifold (Supelco) connected to pump and the cartridges were conditioned with 5mL of n-hexane:acetone
(50:50, v/v), followed sequentially by 5mL of methanol
and 10mL of Milli-Q purified water (purified by Milli-Q
System, Millipore, Bedfore, MA, USA). Prior to extraction of each 500 mL, water samples were filtered on vacuum using a 0.22µm to remove suspended particulate
matter that might block the SPE cartridges. Hydrochloric
acid (37%) was used to adjust the pH of the water sample
to pH ≤ 3 before passing it through the conditioned cartridge. Then, 5mL of Milli-Q was passed through and left
on the vacuum manifold for 30 min to dry (-70Kpa). The
retained analytes of interest were eluted with 3.5mL of
methanol followed by 3.5mL of n-hexane:acetone (50:50,
v/v) into 10 mL glass vial . This was blown to dryness on
hot plate at 70oC under gentle flow of nitrogen followed
by derivatization.

2.7. Quality assurance and quality control (QA/QC)

Procedural blanks spiked, solvent blanks and control
samples were included in each batch of analyses. Blanks
and controls were treated similarly as the samples and
analyzed after every sample injection. A calibration
standard solution of 50µgL-l was injected in duplicate to
monitor the instrumental sensitivity and reproducibility
every time before sample analyses.
3. RESULT AND DISCUSSION
3.1. Calibration and validation of analytical method

Five point calibration curves were constructed using
triplicate injections of the derivatized standard. The retention time, target ion monitored, and the recovery of the
recovery of the selected phenols and phthalates are presented in Table 1. Analysis of the result demonstrated the
concordance of the response with a linear model as shown
in Table 2 where the correlation coefficient ranges from
0.976 to 1.000 for 2-M, 4,6 DNP and 2,4-DNP respectively. The method precision and accuracy were satisfactory.
The concentration range was from 2.5 to 1000 µgL-1. Due
to non-availability of reference materials, the trueness of
the analytical method for extraction and elution was assessed through recovery of additions of standard

2.6. Derivatization procedure

Some EDCs such as phenols with hydroxyl group
within the molecule have to be derivatized with NMethyl-N-(Tert-Butyldimethylsilyl)trifluoroacetamide
(MTBSTFA), which results in the formation of tert-butyltrimethylsilyl (TBMS) derivatives. The high polarity of the
phenolic compounds gives rise to poor chromatographic

TABLE 1 - Retention times, target ions in GC-MS detection of the selected phenols and phthalates recoveries (n = 7)
Compound

Retention
Time (min)
Phenol
11.12
2-Chlorophenol
15.21
Dimethyl phthalate (DMP)*
15.27
2,4-Dimethylphenol
15.74
4-chloro, 3-methylphenol
17.71
Diethyl phthalate (DEP)*
18.38
2,4-Dichlorophenol
18.81
2-Nitrophenol
19.15
4-Nitrophenol
20.74
2,4,6-Trichlorophenol
20.76
Dibutyl phthalate (DBP)*
22.89
2,4-Dinitrophenol
23.39
2-methyl, 4,6-dinitrophenol
24.29
Pentachlorophenol
24.58
Benzybutyl phthalate (BBP)*
26.09
Diethylhexylphthalate (DEHP)*
27.35
Dioctyl phthalate (DOP)*
29.01
*Compound not affected by MTBSTFA derivatization

Target
ion (m/z)
151
185
163
179
199
149
219
196
196
255
149
241
255
323
149
149
149
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Reference
ion (m/z)
208
149, 93
77
163, 149, 105
93
177, 104, 77
183, 125,93
180, 151, 136, 91
150, 135
217, 159, 93
207
225, 195, 137
239, 209 179, 149
93
206, 91
279, 167
279, 57

SPE Recovery
(%)
93.43 ± 0.05
98.21 ± 4.38
83.72 ± 6.03
98.69 ± 8.43
76.21 ± 5.28
98.46 ± 11.31
94.1 ± 7.16
95.39 ± 11.68
88.19 ± 10.29
73.21 ± 0.05
98.99 ± 8.27
96.34 ± 2.93
90.33 ± 6.18
92.64 ± 11.39
97.43 ± 18.31
101.32 ± 0.21
90.77 ± 5.39
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TABLE 2 - Limits of detection, quantification and correlation coefficient
Compound
Phenol
2-Chlorophenol
Dimethyl phthalate (DMP)*
2,4-Dimethylphenol
4-chloro, 3-methylphenol
Diethyl phthalate (DEP)*
2,4-Dichlorophenol
2-Nitrophenol
4-Nitrophenol
2,4,6-Trichlorophenol
Dibutyl phthalate (DBP)*
2,4-Dinitrophenol
2-methyl, 4,6-dinitrophenol
Pentachlorophenol
Benzybutyl phthalate (BBP)*
Diethylhexylphthalate (DEHP)*

LOD
(ugL-1)
2.2
1.9
2.2
1.4
2.96
1.58
1.11
1.36
3.16
2.81
0.9
1.63
1.48
2.23
0.9
0.6

LOQ
(ugL-1)
7.18
6.34
7.43
4.78
9.77
5.22
3.66
4.47
10.44
9.63
2.9
5.36
4.87
7.37
2.9
1.9

mixtures of the target analytes in Milli-Q. For the efficient
extraction of analytes, the elution volume of the eluent
was optimized using dichloromethane, acetone, acetonitrile and mixture of hexane and acetone. Quantification of
the target compounds was performed within the linear
portion of the calibration curve.

Correlation coefficient
(R2)
1.000
0.988
0.993
0.987
0.989
0.993
1.000
1.000
0.999
0.999
0.987
0.986
0.976
0.998
0.987
0.989

derivatized. The LOD of each compound for the 17 analytes was determined as three times the standard deviation
of seven independent replicate analyses. Limits of quantification (LOQs) were determined as 3.3 times of LODs.
For the water samples, the obtained LODs ranged from
0.6 ugL-1 (DEHP) to 3.16 ugL-1 (4-NP) and the LOQs
varied from 1.9 ugL-1 (DEHP) to 10.44 ugL-1 (4-NP) as
presented in Table 2. Obtained values for LODs and LOQs
are adequate for environmental monitoring of the target
compounds and low enough compared to previous work
on the analytes of interest [20, 24-26, 32-33] taking into
account the complexity of the samples and the low sample
amounts used. For wastewater and river samples, the LODs
achieved in the present work were at similar levels or lower
than those obtained in previous studies with GC–MS [2425, 32].

3.2. Percent recovery for SPE cartridges

To determine the effective of the SPE cartridge at removing the target analytes, 1 ml of 50µgL-l of the standard
mixture was passed through conditioned cartridge and
subsequently eluted. The eluent was blown to dryness and
derivatized. The results of SPE recovery were in the range of
73.43±0.05 (2,4,6-TCP) to 101.32±0.021% (DEHP).
3.3. Ruggedness of derivatization

The derivatization was initially carried at varying temperature (60, 70, 80, and 90oC) using block heater by varying the time (30, 40, 50, 60). The obtained results were not
acceptable. Derivatization was then successfully carried out
at 90oC (20 mins) as described in method development
(section 2.5). Stability of the derivatized products was investigated by keeping the products in the dark at 4oC for
7, 14 and 21 days. The products were stable after 21 days
as no significant difference in the intensity of the products
was observed. The chromatogram of the silylated phenol,
chlorophenols and nitrophenols is shown in Figure 1. The
target analytes were well separated with exception of 4-NP
and 2,4,6-TCP with close retention and often eluted at 20.75
min. This is similar to the work of Heberer and Stan [11].

3.5. Occurrence of EDCs in Influent and Effluent
3.5.1 Phthalates contamination levels in the treatment plants

The average concentration of phthalate in both the influent and effluent of the two treatment plants is presented
in Table 3 and Figures 2a to 3b. In the old treatment plant,
DEP was the most abundant phthalate (1740 ugL-1) followed by DEHP (400 ugL-1) while the trend observed in
the new plant is DEP > DBP > DEHP (2473 ± 991; 2000
± 236; 192 ± 127 ugL-1). Other phthalate investigated were
around 10 ugL -1 or lower. DOP was minor compound
(< BQL to 8 ugL-1). The occurrence pattern of phthalates in
raw and final effluent differs from previous work where
DEHP was reported to be higher than other phthalates [3436]. However, the result is in tandem with the study of
Oliver et al. [37] where DEP was reported higher than other
phthalates in primary tank.

Phenols and phthalates were usually determined separately using standard protocols. However, the derivatization of priority phenols in this study shows that the intensity and the stability of the phthalates are not affected.

3.5.2. Removal of phthalates in the treatment plants

Removal of phthalates from the two treatment plant
ranges from 6.67 % (DBP) to 100% for most of the
phthalates (Old Plant). Intra and inter day study of the

3.4. Limits of detection and quantification

For the determination of the LOD, 500 ml of Milli-Q
water were spiked to obtain the least detectable concentration of each of the analytes and were extracted and then
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samples collected at 09:00; 12:00 and 15:00 (peak time)
showed
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FIGURE 1 - Chromatogram of derivatized phenols and phthalate esters 20.75 (2,4,6-Trichlorophenol + 4-Nitrophenol).
TABLE 3 - Concentration of phenol and phthalates in WWTP (Mean ± STD) (µg/L)
Compound
Phenol
2-Chlorophenol
Dimethyl phthalate (DMP)*
2,4-Dimethylphenol
4-chloro, 3-methylphenol
Diethyl phthalate (DEP)*
2,4-Dichlorophenol
2-Nitrophenol
4-Nitrophenol
2,4,6-Trichlorophenol
Dibutyl phthalate (DBP)*
2,4-Dinitrophenol
2-methyl, 4,6-dinitrophenol
Pentachlorophenol
Benzybutyl phthalate (BBP)*
Diethylhexylphthalate (DEHP)*
Dioctyl phthalate (DOP)*

Old plant
Influent
390 ± 78
763 ± 85
40 ± 1
nd
76.7 ± 15
1740 ± 403
107 ±6
353 ± 30
10 ± 1
12 ±1
217 ±25
20 ± 10
0.35 ± 0.295
2207 ± 265
50 ± 27
400 ± 81
10 ± 1

Effluent
43 ± 38
120 ±10.4
nd
240 ± 180
nd
687 ± 72
nd
273 ± 23
nd
nd
147 ± 21
nd
nd
53 ±23
47 ± 46
272 ± 21
9 ±1

% Removal
88.89
84.28
100
- 100
100
60.53
100
22.64
100
100
32.31
100
100
97.58
6.67
53.33
75.83

*Compound not affected by MTBSTFA derivatization; nd = not detected; blq = below quantification limit
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New Plant
Influent
433 ± 55
423 ± 91
10 ± 1.7
nd
47 ± 6
2473 ± 991
230 ± 40
413 ± 42
9.7 ±1
10 ± 1
2000 ± 236
30 ± 10
927 ± 836
1510 ±60
47 ± 6
197 ± 127
130 ± 10

Effluent
73 ± 15
70 ± 36
nd
197 ± 117
20
847 ± 61
9 ±1
297 ± 63
nd
nd
100 ± 044
nd
8±1
53 ± 1
13 ± 1
37 ± 25
bql

% Removal
83.077
83.465
100
-100
57.143
65.768
58.57
28.226
100
100
95
100
96.64
96.46
71.429
81.356
100
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Daily variation in analyte level
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FIGURE 2a - Daily variation in analyte concentrations level at Bellville Old Treatment Plant raw
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FIGURE 2b - Daily variation in analyte concentrations level at Bellville Old Treatment Plant effluent
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Daily variation in analyte level
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FIGURE 3a - Daily variation in analyte concentrations level at Bellville New Treatment Plant raw
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FIGURE 3b - Daily variation in analyte concentrations at Bellville New Treatment Plant effluent
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similar removal efficiency for the two treatment plants.
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BBP (6.67%), DBP (32.31%) and DEP (60.53%). However,
the new treatment plant removal efficiency ranged from
65.77% (DEP) to 100% (DMP and DOP). The average removal efficiency of the old treatment plant was 54.77% in
contrast to 85.59% of the new plant for the phthalates investigated. The removal efficiency could be attributed to the
sedimentation of solids and in the activated sludge which
was not investigated. The level of phthalates detectable in
the raw wastewater and effluent are higher than in other
studies [34-39].
3.6. Occurrence and removal of phenols in the treatment
plants

PCP is the most abundant of the phenols investigated
with an average concentration of 2207 and 1510µgL-1 in the
old and new plant respectively (Figure 1a to 2b and Table 3).
The occurrence pattern is in the order of PCP > 2CP >
POH > 2NP > 2M- 4,6 DNP (old plant) and PCP > 2M4,6 DNP > POH ≥ 2CP ≥ 2NP (new plant). All the phenols were detected at generally higher concentration than
phthalates in raw wastewater and effluent. The occurrence
pattern of the 11 priority phenol has not been investigated
in these wastewater treatment plants before now. The concentrations of the phenols detected in effluent are higher
than the USEPA standards of 0.1 ugL-1 for individual and
0.5µgL-1 for total phenols. Previous study in Iran has
reported an average range of 0 to 15µgL-1 [40]. The values reported in this study for some of the phenols were
higher compared to concentration used to inhibit enzymatic
action of β-D-galactosidase and β-D-glucuronidase [41].
The average plant removal efficiency in this study is
89.34 and 80.35% for old and new plants respectively.
This shows that the two plants are effective at removing
the target compounds as compared to phthalates from the
waste stream. However, the occurrence of 2,4-dimethylphenol in the effluent of the two plants which was not initially detected in the raw influent was noteworthy. The observed concentrations in both plants are higher than the
set local and international standards.

[1]

Vidal, J.L., Vega, A.B., Frenich, A.G. Gonzalez, F.J.E. and Liebana, F.J.A. (2004) Determination of fifteen priority phenolic
compounds in environmental samples from Andalusia (Spain) by
liquid chromatography–mass spectrometry. Anal Bioanal Chem
379, 125-130

[2]

Santana, C.M., Ferrera, Z.S. and Rodriguez, J.J.S. (2005) An environmentally friendly method for the extraction and determination of priority phenols in soils using micro-assisted micellar extraction. Anal Bioanal Chem 382, 125-133

[3]

Xue, X., Wu, F., Zhang, X. and Deng, N. (2008) Occurrence of
endocrine disrupting compounds in rivers and lakes of Wuhan
City, China. Fresenius Environmental Bulletin 17(2), 203-210

[4]

Peng, X., Wang, Z., Yang, C., Chena, F. and Maia, B. (2006) Simultaneous determination of endocrine-disrupting phenols and steroid estrogens in sediment by gas chromatography–mass spectrometry. Journal of Chromatography A, 1116, 51–56

[5]

Kovecs, A., Kende, A., Morti., Volk, G., Rikker and Torkos, K.
(2008) Determination pf phenols and chlorophenols as trimethylsilyl derivatives using gas chromatography-mass spectrometry. Journal of Chromatography A, 1194, 139-142

[6]

Polo, M., Llompart, M., Garcia-Jares, C. and Cela, R. (2005)
Multivariate optimization of a solid-phase microextraction method for the analysis of phthalate esters in environmental waters.
Journal of Chromatography A, 1072, 63-72

[7]

Kladi, M., Dassenakis, M., Scoullos, M. and Psaroudakis, N.
(2006) Determination of phenols in natural waters by solid phase
extraction implemented by gas and liquid chromatography.
Fresenius Environmental Bulletin 17 (9a), 1003-1008

[8]

Lopez de Alda M.J., Barcelo, D. (2001) Review of analytical methods for the determination of estrogens and propestogens in
wastewater. Fresenius Journal of Analytical Chemistry 371, 437447

[9]

Schummer, C., Delhomme, O., Appenzeller, B.M.R., Wennig, R.,
and Millet, M. (2009) Comparison of MTBSFA and BSTFA in
derivation reaction of polar compounds prior to GC/MS analysis.
Talanta 77, 1473-1482

[10] Grynkiewicz, E., Polkowska, Z., Kot-Wasik, A. and Namiesnik,
J. (2002) Determination of phenols in runoff. Polish Journal of
Environmental Studies, 11(1), 85-89

[11] Heberer, T. and Stan, H-J. (1997) Detection of more than 50 substituted phenols as their t-butyldimethylsilyl derivatives using gas
chromatography-mass spectrometry. Analytica Chimica Acta,
341, 21-34

4. CONCLUSION

[12] Minero, C., Maurino, V., Pelizzetti, E. and Vione, D. (2007) As-

This study showed that the combine use of solid phase
extraction and gas chromatography-mass spectrometry enable detection and quantification of phenol and phthalates
in wastewater. The result proved to be highly sensitive,
precise, reproducible and reliable compared to previous
method developed in our laboratory using HPLC for the
detection and determination of some of the endocrine disrupting chemicals. The wastewater plants under study
proved to be effective at removing some analyte of interest
based on LOD of the instrument used. However, there is
need to monitor the occurrence and removal of these compounds in other wastewater treatment plants in Cape Town
and possibly levels on freshwater systems.

sessing the steady-state [NO2] in environmental samples. implication for aromatic photonitration processes induced by nitrate and
nitrite. Env Sci Pollut Res 14 (4), 241-243

[13] Sirvent, G., Sanchez, J.M. and Salvado, V. (2004) Preconcentration and determination of priority pollutant phenols in waters at
trace levels using a polymeric solid-phase extraction cartridge.
Journal of Separation Science, 27, 1524-1530

[14] Sha, Y., Xia , X. Yang, Z. and Huang, G.H. (2007) Distribution
of PAEs in the middle and lower reaches of the Yellow River,
China. Environ Monit Assess, 124, 277–287.

[15] Adeniyi, A., Dayomi, M., Siebe, P., Okedeyi, O. (2008) An assessment of the levels of phthalate esters and metals in the

80

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

Muledane open dump, Thohoyandon, Limpopo province, South
Africa. Chemistry Central Journal doi:10.1186/1752. 153X-2-9.

[30] Stasinakis, A.S., Gatidoua, G., Mamaisc, D., Thomaidisb, N.S.
and Lekkas, T.D. (2008) Occurrence and fate of endocrine disrupters in Greek sewage treatment plants. Water Research, 42,
1796-1804

[16] Parketon, T.F. and konkel, W.J. (2000) Application of quantitative structure-activity relationships for assessing the aquatic toxicity of phthalate esters. Ecotoxicology and Environmental Safety
45, 61-78

[31] Trenholm, R.A., Vanderford, B.J., Holady, J.C., Rexing, D.J. and
Snyder, S.A. (2006.) Broad range analysis of endocrine disruptors and pharmaceuticals using gas chromatography and liquid
chromatography tandem mass spectrometry. Chemosphere, 65,
1990-1998

[17] Swan, S.H. (2008) Environmental phthalate exposure in relation
to reproductive outcomes and other health endpoints in humans.
Environmental research, 108,177-184

[32] Ling, W., Gui-bin, J., Ya-qi, C., Bin, H., Ya-wei, W. and Dazhong, S. (2007) Cloud point extraction coupled with HPLC-UV
for the determination of phthalate esters in environmental water
samples. Journal of Environmental Sciences 19, 874–878

[18] Hauser and Calafat, (2005) Phthalates and human health. Occupational Environmental Medical, 62, 806-818

[19] US Environmental Protection Agency (EPA), (1996) Method

[33] Yuan, S.Y., Liu, C., Liao, C.S. and Chang, B.V. (2002). Occur-

8061A: phthalate esters by gas chromatography with electron
capture detection (GC/ECD) revision 1, online test for evaluating
solid waste physical/chemical methods (SW-846), Office of solid
waste, Washington, DC.

rence and microbial degradation of phthalate esters in Taiwan
river sediments. Chemosphere, 49, 1295-1299.

[34] Marttinen, S., Kettunen, R., Rintala, J. (2003) Occurrence and
removal of organic pollutants in sewages and landfill leachates.
Science of the Total Environment 301, 1-12

[20] Fatoki, O.S. and Noma, A. (2002) Solid phase extraction method
for selective determination of phthalate esters in the aquatic environment. Water, Air and Soil Pollution, 140, 85-98.

[35] Roslev, P., Vorkamp, K., Aarap, J., Frederiksen, K. and Nielsen,

[21] Olujimi, O.O., Odendaal, J.P., Okonwko, O.J. and Fatoki, O.S

P.H. (2007) Degradation of phthalate esters in an activated sludge
wastewater treatment plant. Water Research, 41, 969-976

(2011) Solid-phase extraction method for the analysis of eleven
phenolic pollutants in water samples. Asian Journal of Chemistry
23 (2), 657-662.

[36] Vogelsang, C., Grung, M., Jantsch, T.G., Tollefsen, K.E. and
Liltved, H. (2006) Occurrence and removal of selected organic
micropollutants at mechanical, chemical and advanced
wastewater treatment plants in Norway. Water Research, 40,
3559-3570

[22] Cespedes, R., Petrovic, M., Raldua, D., Saura, U., Pina, B.,
Lacorte, S., Viana, P. and Barcelo, D. (2004) Integrated procedure for determination of endocrine-disrupting activity in surface
waters and sediments by use of the biological technique recombinant yeast assay and chemical analysis by LC–ESI-MS. Anal Bioanal Chem, 378, 697–708.

[37] Oliver, R., May, E. and Williams, J. (2005) The occurrence and
removal of phthalates in a trickle filter STW. Water Research 39,
4436-4444

[38] Ballesteros, O., Zafra, A., Naralon, A. and Vilchez, J.L. (2006)

[23] Luks-Betlej, K., Popp, P., Janoszka, B and Paschke, H. (2001)

Sensitive gas chromatographic –mass spectrometric method for
the determination of phthalates esters, alklyphenols, bisphenol A
and their chlorinated derivatives in wastewater samples. Journal
of chromatography A, 1121, 154 -162

Solid-phase microextraction of phthalates from water. Journal of
chromatography A, 938, 93-101

[24] Cortazar, E., Bartolome, L., Delgado, A., Etxebarria, N.,
Fern´andez, L.A., Usobiaga, A. and Zuloaga, O. (2005) Optimisation of microwave-assisted extraction for the determination of
nonylphenols and phthalate esters in sediment samples and comparison with pressurised solvent extraction. Analytica Chimica
Acta, 534, 247–254.

[39] Dargnat, C., Teil, M., Chevrevil, M. and Blanchard, M. (2009)

[25] Kayali, N., Tamayo, F.G. and Polo-Diez, L.M. (2006) Determina-

pollutant phenols in wastewater using dispersive liquid-liquid microextraction followed by high-performance liquid chromatography-diode-array detection. Anal Bioanal Chem 396, 2685-2693

Phthalate removal throughout wastewater treatment plant case
study of Marne Aval station (France). Science of the Total Environment, 407, 1235-1244

[40] Saraji, M. and Marzban, M. (2010) Determination of 11 priority

tion of dimethylhexyl phthalate in water by solid phase microextraction coupled to high performance liquid chromatography. Talanta 69, 1095-1099.

[41] Abboo, S. and Pletschke, B.I. (2010). Effect of phenolic compounds on the rapid direct enzymatic detection of β-Dgalactosidase and β-D-glucuronidase. Water SA, 36 (1), 133-138

[26] Zhou, F., Li, X. and Zeng, Z. (2005) Determination of phenolic
compounds in wastewater samples using a novel fiber by solidphase microextraction coupled to gas chromatography. Analytica
Chimica Acta, 538, 63-70.

[27] Renberg, L., Marell, E., Sundstrom, G. and Adolfsson-Erici, M.
Received: June 22, 2010
Accepted: September 07, 2010

(1983) Levels of chlorophenol in natural waters and fish after an
accidental discharge of a wood-impregnating solution. Environmental Research and Management 12 (2), 121-123

[28] Rodrıguez I., Quintana, J.B., Carpinteiro, J., Carro, A.M., Lo-

CORRESPONDING AUTHOR

renzo, R.A. and Cela. R. (1997) Determination of acidic drugs in
sewage water by gas chromatography–mass spectrometry as tert.butyldimethylsilyl derivatives. Journal of Chromatography A,
985, 265-274

O. O. Olujimi
Department of Environmental and Occupational Studies
Faculty of Applied Sciences
Cape Peninsula University of Technology
Cape Town Campus, 8000
Cape Town

[29] Juvancz, Z., Barna, S., Gyarmathy, D. and Konorot, F. (2008)
Study of endocrine disrupting chemicals in environment. Acta
Polytechnic Hungarica 5 (3), 49-58

81

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

SOUTH AFRICA
E-mail: olujimio@cput.ac.za
FEB/ Vol 20/ No 1/ 2011 – pages 69 – 77

82

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

REMOVAL OF COLOR AND COD FROM DYEING
WASTEWATER BY PAIRED ELECTROCHEMICAL OXIDATION
Wei-Lung Chou1, Chih-Ta Wang2,*, Cheng-Ping Chang3, Mei-Hui Chung2 and Yi-Ming Kuo2
1

2

Department of Safety Health and Environmental Engineering, HungKuang University, Sha-Lu, Taichung 433, Taiwan.
Department of Safety Health and Environmental Engineering, Chung Hwa University of Medical Technology, Tainan County 717, Taiwan.
3
Institute of Occupational Safety and Health, Council of Labor Affairs, Taiwan

ABSTRACT
* Corresponding author

The aim of this study was to investigate the removal
efficiency of color and COD from industrial dyeing
wastewater using paired electrochemical oxidation in a
divided flow-by electrochemical reactor. The color and
COD were removed by electrogenerated HOCl using a
DSA (Ti/RuO2) electrode in the anodic compartment,
while in the cathodic compartment, the color and COD
were removed by ·OH produced by combing the cathodically generated H2O2 with Fe2+ (Fenton’s reagent). Findings showed that the color was more easily removed than
the COD. After passing 12,960 C through the cell, the
removal efficiencies reached 98.2 % for color and 92.8 %
for COD by anodic oxidation and 94.2 % for color and
78.5 % for COD by electro-Fenton oxidation. The color
and COD removal efficiencies for anodic oxidation fell
slightly with increasing solution pH and rose with increases in the applied current and the amount of added
NaCl. In contrast, increasing the amount of added NaCl
slightly lowered the removal efficiencies for electroFenton. The removal efficiencies rose with in-creasing
applied current up to 0.9 A, and the optimal pH was 3.0
for electro-Fenton. The highest current efficiencies
achieved were 94.8 % for anodic oxidation and 75.5 % for
electro-Fenton.

chemical, or biological processes, some limitations still
exist, including the formation of sludge, the need for regenerating the adsorbent materials and high cost [1]. Most
of the textile dyeing factories in Taiwan still use large
amounts of NaOCl or Cl2 to destroy the pollutants in the
wastewater. Unfortunately, this method requires further
treatment of the discharge due to the secondary pollution
resulting from the high chemical dosages. While the removal of COD from dyeing wastewater by biological degradation has been extensively investigated, thus far only the
treatment of dyeing effluents with low dye and COD contents has been successful.
Electrochemical technology is an intrinsically environmentally friendly method for treating pollutants in
wastewater; thus, in recent years, its application to the
treatment of dyeing wastewater has been developed, largely
because of the following advantages: (1) the elimination
of redox chemicals, thus avoiding the need to treat spent
redox streams; (2) close control of the desired reactions;
and (3) the increased possibility of on-site treatment [2].
Anodic oxidation, either direct or indirect, has been investigated for the removal of color and COD from simple
laboratory-simulated wastewater [3-7]. Several different
anode materials and dyes were used in these studies. Rajkumar and Kim [3] found that the COD removal percentages were 39.5 % to 82.8 % for different reactive dyes by
anodic oxidation. To investigate the effectiveness of different anode materials, Mohan and Balasubramanian [4]
tried three anode materials and found that a Ti/RuO2 anode
had the best COD removal efficiency. Panizza and Cerisola
[5] also compared the anodic oxidation efficiencies of different anode materials and found that complete COD removal
of methyl red was only achieved by using lead dioxide
and boron-doped diamond (BDD) as the anode material.
Although BDD anodes give good efficiency in treating
wastewater because of their extremely high oxygen overvoltage [8], they have been rather expensive until now.
Therefore, their practical applications are currently very
limited. Comparatively, the treatment of real wastewater

KEYWORDS: Color removal, COD removal, Dyeing wastewater,
Anodic oxidation, Electro-Fenton

1. INTRODUCTION
Effluents released from the textile dyeing industry
pose a serious environmental threat in Taiwan. The successful treatment of dyeing wastewater is rather difficult
because of its high color and COD contents. Although
several methods have been developed, either by physical,
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using electrochemical technology has been rare to date [911]. Vlyssides et al. [9] used a Pt/Ti anode to treat real
textile wastewater (electro-oxidation with active chlorine)
and found that COD was decreased by 86 % at a very
high chloride concentration.

high, 5 cm long and 5 cm wide. It was divided into the anodic and the cathodic compartments by a plastic plate separator,
0.1 cm thick and hollow at the center. A cation-per-meable
membrane, 4.5 cm wide and 7 cm high, was at the center
of separator, keeping the anolyte and catholyte from mixing. The cathodic compartment was packed randomly with
50 graphite Rasching rings for use as the cathode. The
anode was made of ten packed commercial DSA (Ti/RuO2)
screens. All of the chemicals used were of reagent grade.
The current was fed via titanium plates in both the anodic
and cathodic compartments. Small glass beads (0.3 cm in
diameter) were packed at the bottom of both compartments to increase the uniformity of the flow velocity distribution.

In addition to anodic oxidation, a method using H2O2
electrogenerated at the cathode to oxidize pollutants has
been developed. Do and Chen [12] studied the degradation of formaldehyde with electrogenerated H2O2. However, the oxidative power of H2O2 is sometimes not high
enough to degrade organic pollutants. For this reason, increasing the oxidative power of H2O2 is crucial to raise
the removal efficiency of pollutants. The oxidative power
of H2O2 can be increased by the production of ·OH formed
by the addition of metal catalysts [13]. Studies on the use
of ·OH to partially or completely destroy organic compounds have shown promising results. Recently, the electro-Fenton method, which combines Fe2+ with cathodically generated H2O2, has received an increasing amount of
attention [14-23]. For example, Wang et al. [16] investigated the removal of acid red 14 and found that 70% of
TOC was removed after 360 min of electrolysis. However,
compared with the simple laboratory simulating dyeing
wastewater, real dyeing wastewater is often a complex
mixture of dyes, dyeing additives, salts, etc., and reports
on the treatment efficiency of real wastewater using electro-Fenton technology are limited. In our previous study
[20], the color removal efficiency reached 70.6 % after a
150 min treatment of real textile wastewater using electroFenton technology.
As mentioned above, the oxidants can be in-situ electrogenerated from both anodic and cathodic reactions.
Therefore, the combination of electrochemical reactions to
remove pollutants from wastewater was promising. This
study investigated the pairing of anodic oxidation and electro-Fenton for removing color and COD from industrial
textile dyeing wastewater in a divided flow-by electrochemical reactor. The anode material was Ti/RuO2, and
graphite was used as the cathode material. The anodic and
cathodic compartments were separated by a cation-permeable membrane to keep the anolyte and catholyte from
mixing and so that the color and COD removal efficiencies
from the anodic and cathodic reactions could be separately investigated. Several operating factors that can affect
the removal efficiencies of ADMI color and COD in anodic and electro-Fenton oxidations were studied in the
present work, including the applied current, the amount of
NaCl added and the solution pH; the instantaneous current
efficiency was also calculated.

FIGURE 1 - Schematic diagram of the experimental setup; 1. power
supply; 2. anodic compartment; 3. cathodic compartment; 4. reservoir; 5. oxygen cylinder; 6. global valve; 7. membrane; 8. pH-stat.

The graphite and Ti/RuO2 screens were pickled in alkaline (1 M NaOH) and acidic (1 M H2SO4) solutions alternately for cleaning and then rinsed with deionized water
before the electrolysis was conducted. The solution flowed
in a recirculating loop; 1.0 dm3 of the wastewater was
pumped into the bottom of the anodic compartment, which
then flowed out from the top and was returned to the
reservoir. The flow pattern of the catholyte (1.0 dm3) was
the same as for the anolyte. The flow rate of the anolyte
and catholyte were controlled by a global valve, keeping
both at the same rate. Oxygen was sparged into the cathodic reservoir at the rate of 0.5 dm3/min to increase the
concentration of dissolved oxygen, which was reduced to

2. MATERIALS AND METHODS
Fig. 1 shows schematically the experimental setup used
in this work. The electrochemical generation of HOCl and
H2O2 was conducted in a divided flow-by cell. The cell was
constructed of 0.2 cm thick acrylic material and was 15 cm
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H2O2 at the graphite cathode. A 10 mM Fe2+ solution was
added into the catholyte to catalyze the Fenton reactions.

oxidants involves the following electrochemical and
chemical reactions [25, 26]:

The wastewater sample used in this work was taken
from a textile dyeing plant located in Tainan County,
Taiwan, and then diluted two-fold and stored in a dark environment. The characteristics of the wastewater after dilution were measured and are given in Table 1. Before conducting the experiments, the suspended colloidal particles
in the wastewater were removed by filtration with cellulose acetate filter papers (0.45 µm pore diameter). The pH
of the wastewater was adjusted to acidic by adding 2 M
H2SO4(aq). The electrolytic experiments were conducted in
constant-current mode. The direct current used in this
study was provided by a DC power supply (Instec, Model
GPR-M/H-D Series). The electrolysis time was 270 min
in all of the experimental runs.

1789.7
964.1
302.4
5.74
141.8
2343.2

COD remova l efficien cy =

ADMI original -ADMItreated
ADMI original

CODoriginal − CODtreated
CODoriginal

× 100%

× 100%

Cl 2 + H 2 O ↔ HOCl + H + + Cl −

(4)

HOCl ↔ ClO − + H +

(5)

The electro-Fenton method uses Fe2+ and cathodically
produced H2O2 to produce ·OH to oxidize pollutants in
acidic solution. Hydrogen peroxide is produced at the
cathode through the two-electron reduction of dissolved
oxygen. The main mechanisms of the electro-Fenton
reactions were [17, 20, 27]:

O2 + 2H + + 2e− → H 2O2

(6)

H 2 O2 + Fe 2+ → Fe 3+ + OH - + OH •

(7)

Hydrogen peroxide is continuously produced at the
cathode, and Fe2+ can be regenerated by reduction of Fe3+
at the cathode. Consequently, the catalytic reaction, Eq.
(7), is propagated to produce ·OH, a strong oxidant with a
redox potential of 2.80 V [25]. Therefore, pollutants in
the wastewater were completely or partially destroyed by
electro-Fenton oxidation. In this study, we combined anodic and electro-Fenton oxidation in a divided reactor.
Therefore, the removal efficiencies of color and COD by
anodic oxidation in the anolyte and electro-Fenton oxidation in the catholyte were separately calculated. Figs. 2
and 3 show the variation of removal efficiencies for color
and COD with charge loading at a current of 0.90 A in
both the anodic and cathodic compartments. The decrease
in color and COD was attributed to the destruction of dye
and organic contaminants in the wastewater. The color

Measurements of the ADMI color value (APHAAWWA-WPCF, 1985) [24] and the COD of the
wastewater were conducted using a Hach spectrophotometer (DR5000). The pH of the solution was measured
using a pH/ORP/conductivity meter (Myron L, ultrameter
II). In this study, the ADMI color removal and COD removal efficiencies, respectively, were calculated using the
following definitions:
Color removal efficiency =

(3)

The generated HOCl (hypochlorous acid) or OCl(hypochlorite), depending on solution pH, is usually
strong enough to destroy many pollutants in solution. In
the present study, HOCl was the main oxidant because the
pH was kept acidic.

TABLE 1 - Some characteristics of the
industrial wastewater with two-fold dilution
Color (ADMI unit)
COD (mg dm-3)
BOD (mg dm-3)
pH
Cl- concentration (mg dm-3)
Conductivity (µs cm-1)

2Cl − → Cl 2 + 2e −

(1)
(2)

3. RESULTS AND DISCUSSION
3.1. Variation of removal efficiencies of anodic and electroFenton oxidation

Three mechanisms in anodic oxidation were proposed
to destroy pollutants in a solution: (1) direct oxidation of
pollutants at the anode; (2) indirect oxidation of pollutants
by active ·OH produced at the anode; and (3) indirect
oxidation of pollutants by chlorine-based oxidants generated following a cycle of chloride – chlorine – hypochlorite (chlorate) – chloride when Cl- was present in the
solution. Amongst them, several studies have reported
that the chlorine-based mechanism plays the main role
when Ti/RuO2 was used in the treatment of real dyeing
wastewater containing a large amount of Cl- [2, 25]. The
reaction scheme for the production of chlorine-based
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94.9% after a charge loading of 14,580 C, while the cathodic
efficiency reached 78.5%, as seen in Fig.3. The above results suggested that color was easier to remove than COD
in the wastewater, and this is consistent with the results of
the other studies on treating synthetic or real dye-containing wastewaters [4, 5]. This is probably due to the fact
that the residues of destroyed dye species and other organic
species, although colorless, probably still make some contributions to the COD. Therefore, higher charge loading and longer time are required to completely remove
COD in wastewater.
3.2. Effect of applied current

Applied current is an important variable in both anodic
and electro-Fenton oxidation. To investigate the effect of
applied current on both the color and COD removal efficiencies, a series of experiments was conducted by varying
the applied current over a range of 0.4 A to 1.0 A. Figs. 4
and 5 show the color removal and COD removal efficiencies, respectively as a function of applied current. As can
be seen here, the removal efficiencies by anodic oxidation
significantly increased, from 51.1 % to 97.1 % for color
and from 38.8 % to 91.0 % for COD, when the applied
current increased from 0.4 A to 0.8 A. However, the removal efficiencies increased only slightly when the applied current was over 0.8 A, and thus more electrical energy was wasted. According to the possible reaction mechanisms at the Ti/RuO2 anode (Eqs. (1) and (2)), the rate of
anodic oxidation resulting from direct oxidation of pollutants or indirect oxidation via ·OH will increase with increasing applied current. In addition, electrodes such as
the Ti/RuO2 employed in the present investigation work

FIGURE 2 - Variations of the color removal efficiencies as a function of charge loading; applied current: 0.9 A; NaCl addition:
9g/dm3; pH: 3.

FIGURE 3 - Variations of the COD removal efficiencies as a function of charge loading; applied current: 0.9 A; NaCl addition:
9g/dm3; pH: 3.

removal efficiencies by both anodic and electro-Fenton
oxidation rose with increased charge loading, continuing
almost linearly up to 9,720 C (180 min of electrolysis).
Furthermore, the color and COD were removed more easily
by anodic oxidation than by electro-Fenton. The color removal efficiency by anodic oxidation reached 98.2% after
a charge loading of 14,580 C (270 min of electrolysis),
while the color removal efficiency by electro-Fenton reached
about 95.8%. Therefore, this study showed that the color can
be successfully removed either by anodic oxidation or electro-Fenton. The anodic COD removal efficiency reached

FIGURE 4 - Effect of the applied current on the color removal
efficiency; NaCl addition: 9 g/dm3; pH: 3; electrolysis time: 270min.
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and the catholyte can increase the solution conductivity,
decrease the energy consumption and promote chlorinebased indirect anodic oxidation. Figs. 6 and 7 show the
effect of the amount of NaCl added to the wastewater on
the color and COD removal efficiencies for anodic and electro-Fenton oxidation, respectively. Addition of more than
3.0 g/dm3 of NaCl to the wastewater significantly increased
the removal efficiencies of color and COD in the anodic
compartment. On the other hand, a limiting value of
6.0 g/dm 3 for the color removal was apparently obtained.
The removal efficiencies by anodic oxidation significantly
increased from 41.2 % for color and 29.9 % for COD without NaCl to 98.2 % for color and 94.9 % for COD with the
addition of 9.0 g/dm3 of NaCl to the wastewater. These
significant increases in removal efficiencies were mainly
due to the indirect anodic oxidation rate of the pollutants
being proportional to the HOCl production rate. The electrogeneration of Cl2, Eq. (3), was more competitive than
the others at the Ti/RuO2 anode when more Cl- was added
into the wastewater, and thus a higher HOCl concentration
was obtained. On the contrary, the amount of NaCl added
into the catholyte had a comparatively smaller influence
on the removal efficiencies by electro-Fenton oxidation.
The removal efficiencies for color and COD in the cathodic

FIGURE 5 - Effect of the applied current on the COD removal
efficiency; NaCl addition: 9 g/dm3; pH: 3; electrolysis time: 270min.

very well as catalytic anodes to liberate Cl2 from the NaClcontaining solution, which is rapidly converted to HOCl in
an acidic solution [7]. The amount of HOCl produced increases with increasing applied current [3, 9]; consequently,
as more HOCl was produced when applying a larger current, more color and COD in the wastewater were removed
by the reaction of pollutants and HOCl.
For the electro-Fenton oxidation in the cathodic compartment, the removal efficiencies also rose with increasing applied current up to 0.9 A, as shown in Figs. 4 and 5.
The removal efficiencies by the electro-Fenton technique
rose from 58.5.2 % to 95.8 % for color and from 42.1 %
to 78.5 % for COD when the applied current was increased from 0.4 A to 0.9 A, because the amount of H2O2
generated at the cathode increases with increasing applied
current [16, 23]. However, the removal efficiencies for
color and COD both decreased, to 91.3 % and 71.9 %,
respectively, when applying 1.0 A. This probably occurred
because a four-electron mechanism dominates at high applied current or applied voltage. That is, the electrogenerated H2O2 can be reduced to water at the cathode by accepting two electrons according to the following reaction
[29]:

H 2 O2 + 2H + + 2e − → 2H 2 O

FIGURE 6 - Effect of the amount of NaCl addition on the color
removal efficiency; applied current 0.9 A; pH: 3; electrolysis time:
270min.

(8)

3.3. Effect of NaCl addition

To investigate the effect of the supporting electrolyte
on the removal efficiencies, different amounts of NaCl
were added to the wastewater. The reasons for choosing
NaCl as the supporting electrolyte were: (1) Cl- originally
existed in the real wastewater; and (2) the anodic material
Ti/RuO2 is effective for electro-catalyzing the formation
of active chlorine species. Also, adding NaCl to the anolyte
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although H+ can diffuse from the anodic compartment to
the cathodic compartment during electrolysis, the pH in
the cathodic compartment still rose slowly with increasing
time due to H2 formation and the depletion of H+ for H2O2
production. Consequently, a pH-stat was used to control
the pH of the catholyte by the addition of H2SO4(aq). Figs. 8
and 9 show how the pH of the solution affected the removal efficiencies of color and COD. It can be seen that
the pH had small effects on the color and COD removal
efficiencies in the anodic compartment. Only a small
decrease was observed with increasing anolyte pH. The
removal efficiencies in the anodic compartment were 97.5
%, 98.1 % and 96.9 % for color at pH 2, 3 and 4, respectively. For COD, the removal efficiencies were 94.2 %,
94.9 % and 92.6 % at pH 2, 3 and 4, respectively, by
anodic oxidation. Conversely, our findings showed that
the performance of electro-Fenton was closely related to
the solution pH. Similar to the traditional Fenton method,
an optimal pH was observed. The removal efficiencies in
the cathodic compartment were 92.9 %, 95.8 % and 83.4
% for color at pH 2, 3 and 4, respectively. For COD, the
removal efficiencies were 73.8 %, 75.8 % and 68.1 % at
pH 2, 3 and 4, respectively, by electro-Fenton. Therefore,
pH 3 was found to be the optimum for the color and COD
removal efficiencies by electro-Fenton in this work. Although the electrochemical production of H2O2 is theoretically more efficient in a more acidic solution, according
to Eq. (6), the competitive side-reactions of H2 formation
and formation of an oxonium ion [31] are also enhanced
at lower pH. Consequently, an optimum of pH 3 may also
be obtained for H2O2 production. Additionally,

FIGURE 7 - Effect of the amount of NaCl addition on the COD
removal efficiency; applied current 0.9 A; pH: 3; electrolysis time:
270min.

compartment fell slightly with increasing NaCl addition. The
removal efficiency slightly decreased from 97.3 % for color
and 80.6 % for COD without NaCl to 95.8 % for color
and 78.5 % for COD with the addition of 9.0 g/dm3 of
NaCl. This may be due to the fact that Cl- can act as a
radical scavenger that may consume ·OH as follows [30]:

OH • + Cl - → [ClOH]•-

(9)

Therefore, our findings show that the optimal total
(anodic plus cathodic) removal efficiencies can be obtained
by adding Cl- to the anolyte but not to the catholyte. In
addition, unlike the studies using an undivided cell, one
advantage of the divided reactor used in this study was the
avoidance of mixing of the anolyte and catholyte and interference of chemical or electrochemical reactions in the
anodic and cathodic compartments. For example, if using
an undivided electrochemical reactor, the active HOCl generated at the anode will interact with H2O2 generated at the
cathode and thus attenuate the oxidation of the pollutants,
according to:

HOCl + H 2 O2 → H + + Cl - + O2 + H 2 O

(10)

3.4. Effect of solution pH

Because the Fenton chemistry is typically performed
in acidic solution, the present work studied the effect of
varying pH in the range of 2 to 4 for both anodic and electro-Fenton oxidation. It was found that variation of anolyte
pH was not significant, likely because the H+ generated
from H 2O oxidation at the cathode may be transported
through the cationic membrane to the catholyte. However,

FIGURE 8 - Effect of solution pH on the color removal efficiency;
applied current 0.9 A; NaCl addition: 9 g/dm3; electrolysis time:
270min.

88

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

FIGURE 9 - Effect of solution pH on the COD removal efficiency;
applied current 0.9 A; NaCl addition: 9 g/dm3; electrolysis time:
270min.

the optimal traditional Fenton treatment process has been
found to be at ~pH 3. Therefore, the optimal pH for color
and COD removals was pH 3 due to the combined action
of H2O2 production and Fenton chemistry.
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TABLE 2 - The instantaneous current efficiencies for COD removals at various applied currents

Anodic oxidation %
Electro-Fenton %

0.4 A
69.6
75.5

0.5 A
81.7
64.2

0.6 A
94.8
61.4

3.5. Instantaneous current efficiency

0.8 A
81.6
55.8

0.9 A
75.7
62.6

1.0 A
69.0
51.6

for color and 92.8 % for COD by anodic oxidation and
94.2 % for color and 78.5 % for COD by electro-Fenton.
Increasing the applied current and the NaCl addition and
decreasing solution pH increased the removal efficiencies
for anodic oxidation. However, decreasing the amount of
added NaCl slightly in-creased the removal efficiencies for
electro-Fenton oxidation. The removal efficiencies from
electro-Fenton oxidation increased with increasing applied current up to 0.9 A. The highest current efficiency
was 94.8 % for anodic oxidation when applying 0.6 A.
and 75.5 % for electro-Fenton oxidation when applying
0.4 A.

In this study, the instantaneous current efficiency (ICE)
for the electrochemical treatment of pollutants was calculated using the following equation [2]:

ICE (%) =

Applied current
0.7 A
86.3
56.5

CODt − CODt + Δt
× 96487 × V × 100% (10)
I × Δt × 8000

where CODt and CODt+∆t are the COD values (mg/dm3)
at times t and t+∆t, respectively, ∆t (s) is the electrolysis
time, I is the applied current (A) and V is the solution volume (dm3). Table 2 shows the calculated instantaneous
current efficiencies for COD removal by anodic and electro-Fenton oxidation under the conditions of pH 3 and
addition of 9.0 g/dm3 of NaCl at various currents ranging
from 0.4 A to 1.0 A. The highest current efficiency for
anodic oxidation was 94.8 % with an applied current of
0.6 A. Beyond 0.6 A, the current efficiency decreased with
increasing applied current for anodic oxidation. This result
probably indicates that more input charge was wasted in
side-reactions at higher applied current. At the time of ~95 %
COD removal in the anolyte, the instantaneous current efficiency was 75.7 %. The trend of current efficiency for electro-Fenton was not the same as for anodic oxidation. When
applying 0.4 A, the highest instantaneous current efficiency
of 75.5 % was obtained in the catholyte. Beyond 0.4 A, the
current efficiency decreased to below 65 %. At the time of
~62 % COD removal in the catholyte by electro-Fenton,
the instantaneous current efficiency was 55.8 %.

ACKNOWLEDGEMENTS
The authors would like to thank the National Science
Council, Taiwan, ROC, for its financial support (under
grant NSC96-2221-E-273-002- MY3) of this study.

REFERENCES

4. CONCLUSIONS
This study investigated the removal of color and
COD from real industrial dyeing wastewater by combining anodic oxidation and electro-Fenton oxidation technology. The oxidants were simultaneously in-situ electrogenerated from both anodic and cathodic reactions. The
anode was composed of stacked Ti/RuO2 screens with a
good electro-catalytic ability for producing HOCl. A graphite packed-bed electrode was used as a cathode to produce
H2O2. The electrochemically generated HOCl in the anodic compartment and the ·OH in the cathodic compartment
successfully removed the color and COD in the
wastewater after a 270 min treatment. Various experimental operating factors affecting the removal efficiency
were investigated, including the applied current, the
amount of NaCl added to the wastewater and the solution
pH. The color was more easily removed from the
wastewater than the COD. After passing 12,960 C
through the cell, the re-moval efficiencies reached 98.2 %

90

[1]

Robinson, T., McMullan, G., Marchant, R. and Nigam, P.
(2001). Remediation of dyes in textile effluent: a critical review on current treatment technologies with a proposed alternative, Bioresour. Technol., 77, 247-255.

[2]

Chen, G. (2004). Electrochemical technologies in wastewater
treatment, Sep. Purif. Technol., 38, 11-41.

[3]

Rajkumar, D. and Kim, J.G. (2006). Oxidation of various reactive dyes with in situ electro-generated active chlorine for
textile dyeing industry wastewater treatment, J. Hazard. Mater., B136, 203-212.

[4]

Mohan, N. and Balasubramanian, N. (2006). In situ electrocatalytic oxidation of acid violet 12 dye effluent, J. Hazard.
Mater., B136, 239-243.

[5]

Panizza, M. and Cerisola, G. (2007). Electrocatalytic materials for the electrochemical oxidation of synthetic dye, Appl.
Catal. B, 75, 95-101.

[6]

Fernandes, A., Morão, A., Magrinho, Lopes, M. and Goncalves, A. I. (2004). Electrochemical degradation of C. I. Acid Orange 7, Dyes Pigments, 61, 287-296.

[7]

Wang, C.T. (2003). Decolorization of congo red with threedimensional flow-by packed-bed electrodes, J. Environ. Sci.
Health. A, 38, 399-413.

[8]

Ammar, S., Abdelhedi, R., Flox, C., Arias, C. and Brillas, E.
(2006). Electrochemical degradation of the dye indigo car-

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

mine at boron-doped diamond anode for wastewaters remediation, Environ. Chem. Lett., 4, 229-233.
[9]

[23] Brillas, E., Sirés, I. and Oturan, M.A. (2009). Electro-Fenton
process and related electrochemical technologies based on
Fenton’s reaction chemistry, Chem. Rev., 109, 6570-6631.

Vlyssides, A.G., Loizidou, M., Karlis, P.K., Zorpas, A.A. and
Papaioannou, D. (1999). Electrochemical oxidation of a textile dye wastewater using a Pt/Ti electrode, J. Hazard. Mater.,
B70, 41-52.

[24] APHA-AWWA-WPCF, Standard Methods for The Examination of Water And Wastewater, American Public Health Association, Washington D.C., 1985.

[10] Malpass, G.P.R., Miwa, D.W., Mortari, D.A., Machado,
S.A.S. and Motheo, A.J. (2007). Decolorisation of real textile
waste using electrochemical techniques: effect of the chloride
concentration, Water Res., 41, 2969-2977.

[25] Szpyrkowicz, L., Radaelli, M. and Daniele, S. (2005). Electrocatalysis of chlorine evolution on different materials and
its influence on the performance of an electrochemical reactor for indirect oxidation of pollutants, Catal. Today, 100,
425-429.

[11] Hu, J.L., Chou, W.L., Wang, C.T. and Kuo, Y.M. (2008).
Color and COD removal using a three-dimensional stacked
Pt/Ti screen anode, Environ. Eng. Sci., 25, 1009-1015.

[26] Deborde, M. and Gunten, U. (2008). Reactions of chlorine
with inorganic and organic compounds during water treatment – kinetics and mechanisms : a critical review, Water
Res., 42, 13-51.

[12] Do, J.S. and Chen, C.P. (1994). Kinetics of in situ degradation of formaldehyde with electrogenerated hydrogen peroxide, Ind. Eng. Chem. Res., 33, 387-394.

[27] Masomboon, N., Lu, M.C. and Ratanatamskul, C. (2008). Effect of hydrogen peroxide on the degradation of 2,6dimethylaniline by Fenton processes, Fresenius Environmental Bulletin, 17(8), 1071-1079.

[13] Harrington, T. and Pletcher, D. (1999). The removal of low
levels of organics from aqueous solution using Fe (II) and
hydrogen peroxide formed in situ at gas diffusion electrodes,
J. Electrochem. Soc., 46, 2983-2989.

[28] Lu, M.C., Chang, Y.F., Chyan, J.M. and Liao,C.H. (2005).
Oxidation of dichorvos by UV/hydrogen peroxide process,
Fresenius Environmental Bulletin, 14(3), 199-203.

[14] Alverez-Gallegos, A. and Pletcher, D. (1999). The removal of
low level organics via hydrogen peroxide formed in a reticulated vitreous carbon cathode cell. part 2: the removal of
phenols and related compounds from aqueous effluents, Electrochemi. Acta, 44, 2483-2492.

[29] Qiang, Z., Chang, J.H. and Huang, C.P. (2002). Electrochemical generation of hydrogen peroxide from dissolved oxygen
in acidic solutions, Water Res., 36, 85-94.

[15] Panizza, M. and Cerisola, G. (2001). Removal of organic pollutants from industrial wastewater by electrogenerated fenton’s reagent, Water Res., 35, 3987-3992.

[30] Daneshvar, N., Aber, S., Vatanpour, V. and Rasoulifard,
M.H. (2008). Electro-Fenton treatment of dye solution containing Orange II: Influence of operational parameters, J.
Electroanal. Chem., 615, 165-174.

[16] Wang, A., Qu, J., Ru, J., Liu, H. and Ge, J. (2005). Mineralization of an azo dye Acid Red 14 by electro-Fenton’s reagent
using an activated carbon fiber cathode, Dyes Pigments, 65,
227-233.

[31] Zhou, M., Yu, Q., Lei, L. and Barton, G. (2007). ElectroFenton method for the removal of methyl red in an efficient
electrochemical system, Sep. Purif. Technol., 57, 380-387.

[17] Flox, C., Ammar, S., Arias, C., Brillas, E., Vargas-Zavala,
A.V. and Abdelhedi, R. (2006). Electro-Fenton and photoelectro-Fenton degradation of indigo carmine in acidic aqueous medium, Appl. Catal. B, 67, 93-104.
[18] Hammami, S., Oturan, N., Bellakhal, N., Dachraoui, M. and
Oturan, M.A. (2007). Oxidative degradation of direct orange
61 by electro-Fenton process using a carbon felt electrode:
Application of the experimental design methodology, J. Electroanal. Chem. 610, 75-84.
[19] Zhou, M., Yu, Q. and Lei, L. (2008). The preparation and characterization of a graphite–PTFE cathode system for the decolorization of C.I. Acid Red 2, Dyes Pigments, 77, 129-136

Received: June 30, 2010
Accepted: September 07, 2010

[20] Wang, C.T., Hua, J.L., Chou, W.L. and Kuo, Y.M. (2008).
Removal of color from real dyeing wastewater by ElectroFenton technology using a three-dimensional graphite cathode, J. Hazard. Mater., B152, 601-606.

CORRESPONDING AUTHOR
Chih-Ta Wang
Department of Safety Health and
Environmental Engineering
Chung Hwa University of Medical Technology
Tainan County 717
TAIWAN

[21] Martínez-Huitle, C.A. and, Brillas, E. (2009). Decontamination of wastewaters containing synthetic organic dyes by
electrochemical methods: A general review, Appl. Catal. B:
Environ., 87, 105-145.
[22] Panizza, M. and Cerisola, G. (2009). Direct and mediated anodic oxidation of organic pollutants, Chem. Rev., 109, 65416569.

Phone: +886-6-2674567 ext. 850

91

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

Fax: +886-6-2674567
E-mail: ctwwang@mail.hwai.edu.tw
FEB/ Vol 20/ No 1/ 2011 – pages 78 – 85

92

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

PRESENCE OF PHTHALATES,
BISPHENOL A, AND NONYLPHENOL IN PAPER
MILL WASTEWATERS IN SLOVENIA AND EFFICIENCY OF AEROBIC AND COMBINED AEROBIC-ANAEROBIC BIOLOGICAL
WASTEWATER TREATMENT PLANTS FOR THEIR REMOVAL
Damjan Balabanič1,2 and Aleksandra Krivograd Klemenčič3*
1
Pulp and Paper Institute, Bogišićeva ulica 8, 1000 Ljubljana, Slovenia
University of Nova Gorica, Vipavska 13, Rožna dolina, 5000 Nova Gorica, Slovenia
3
Department of Sanitary Engineering, Faculty of Health Sciences, University of Ljubljana, Zdravstvena pot 5, 1000 Ljubljana, Slovenia
2

ABSTRACT

1. INTRODUCTION

Paper mills generate varieties of pollutants depending
upon the type of the production process. Raw and biologically treated effluents from two paper mills with different
production processes and different biological treatment
plants were analysed by COD, BOD5, AOX as well as by
phthalates, bisphenol A, and nonylphenol which are potential endocrine disrupting compounds. Removal efficiency
of aerobic and combined aerobic/anaerobic wastewater treatment plants were studied for investigated compounds. The
results indicated that dimethyl phthalate, diethyl phthalate,
dibutyl phthalate, di(2-ethylhexyl) phthalate, benzyl butyl
phthalate, bisphenol A, and nonylphenol were present in
raw and biologically treated paper mill effluents. The removal efficiencies of aerobic and combined aerobicanaerobic biological wastewater treatment plants were 87%
and 87% for dimethyl phthalate, 79% and 91% for diethyl
phthalate, 73% and 88% for dibutyl phthalate, 84% and
78% for di(2-ethylhexyl) phthalate, 86% and 76% for
benzyl butyl phthalate, 74% and 79% for bisphenol A, and
71% and 81% for nonylphenol, respectively. Despite relative high removal efficiency of biological wastewater treatment plants for investigated compounds, the concentrations
of nonylphenol in treated paper mill effluents exceeded
limits of 0.3 µg/L according to Directive (2008/105/EC).

High water usage in pulp and paper industry, between
12.000 and 15.000 liters per ton of products, results in large
amount of wastewater generation. Pulp and paper industry
are significant contributors of pollutant discharges in the
environment via wastewater [1]. The effluents from the
paper mills can cause slime growth, thermal impact, colour
problems, increase of the amount of toxic substances in
the water, death of the zooplankton and fish, loss of aesthetic beauty in the environment and they can profoundly
affect the terrestrial ecosystem [2].
Several authors have reported toxic effects on various
fish species due to their exposure to paper mill effluents.
Toxic pollutants were found in fishes and toxic effects were
reported on fishes exposed to paper mill effluents such as
liver damage, respiratory stress, mutagenicity, genotoxic
and lethal effects [3-6]. Important pollutants in paper mill
wastewaters are endocrine disrupting compounds (EDCs),
which can have adverse effects on the living organism
due their interference with the endocrine system [7]. One of
the main reasons for concern is the possible effect of EDCs
on human health. EDCs are suspected of causing abnormalities in sperm and increased hormone-related cancers
in humans [8-11]. Other human health effects include
increases in testicular and prostate cancer, cryptorchidism,
hypospadias, and female breast cancer [8-13]. Some studies have also been published on the estrogen-like responses of EDCs in wildlife, such as birds, amphibians, reptiles
and fish [14]. Chemicals known as human EDCs are
phthalates, bisphenol-A (a chemical used in the manufacture of polycarbonate derived products and epoxy resins),
some heavy metals (cadmium, lead, mercury), dioxins (byproducts of paper bleaching), brominated flame retardants, PAHs (polyaromatic hydrocarbons), pesticides (e.g.
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pentachlorophenol, dieldrin, atrazine, chlordane), and alkylphenols [11, 15, 16]. Most of above listed chemicals
are mutagenic and highly carcinogenic [11]. Some raw
materials used for paper production contain phthalates; they
are used also as softeners in additives, glues and printing
inks. PAHs and heavy metals may also be found in printing inks, alkylphenols (nonylphenol) are constituents of
widely used defoamers, cleaners, and emulsifiers while
PCP (pentachlorophenol) is a major component of some
biocides used in pulp and paper industry [17-19].

and has on site combined aerobic-anaerobic BWTP with
retention time 30 hours for secondary treatment. Samples
were collected in 5000 mL glass bottles prior and after
both biological wastewater treatment plants. Altogether
120 samples were collected within four months in the
year 2008 (August, September, October and November),
of which 60 samples were collected at paper mill A and
60 at paper mill B. Sample bottles were refrigerated during transportation to the laboratory in order to prevent
chemical changes.

Biological wastewater treatment plants (BWTPs) have
been used to treat a wide variety of wastewaters. Numerous
microorganisms, including bacteria, fungi and yeasts, predominantly aerobics, are known for their ability to degrade hydrocarbons to carbon dioxide, water and bacterial
cells [20-22]. The biological treatment, particularly by the
activated sludge process has been widely used for removal of organic compounds from paper mill wastewaters [1,
2]. The microbial composition of the activated sludge and
its activity depend on the nature and availability of hydrocarbons, nutrient composition, and other environmental conditions such as temperature, pH and dissolved oxygen. The microbial degraders of organic compounds of
contaminated areas are organotrophic species, which are
able to use a huge number of natural and xenobiotic compounds as carbon sources [22].

2.2. COD, BOD5, AOX, and pH determination

Analyses of all effluent samples were performed in the
laboratory immediately after collection according to the
following standard methods: SIST ISO 6060:1996 (COD)
[25], SIST 5815-1:2003 (BOD 5 ) [26], and SIST ISO
9562:2000 (AOX) [27]. pH was measured directly at the
sampling sites according to SIST ISO 10523:1996 [28].
COD analyses were performed in three replicates; BOD5
and AOX analyses were performed in two replicates. COD
was determined by dichromate method.
2.3. The procedure of the sample pre-treatment for gas chromatography-mass spectrometry (GC-MS) determination of
phthalates, bisphenol A, and nonylphenol

For GC-MS determination of phthalates, bisphenol A,
and nonylphenol all samples were filtered through 0.45 µm
membrane filters and solid phase extracted (SPE) using
Oasis HLB cartridges (200 mg/5 mL, flow rates 3-5 mL/
min). The SPE cartridges were conditioned with 3 mL of
methanol (flow rates 10-20 mL/min) and equilibrated with
3 mL of deionised water (flow rates 10-20 mL/min). After
sample extraction, the SPE cartridges were washed out to
clean impurities with 3 mL of methanol/water (40/60) and
eluted with 5 mL of methanol/methyl t-butyl ether (10/90)
to collect analytes.

The pollution level of the effluents from the papermaking industry has been so far evaluated mainly by
the cumulative parameters, such as chemical oxygen
demand (COD), biochemical oxygen demand (BOD5),
conductivity, total phosphorus, total nitrogen and adsorbable organic halogen compounds (AOX) [e.g. 23], however little is known about the types and concentrations of
individual toxic compounds. Due to more and more stringent international environmental standards researchers are
focused their attention on developing technologies for
removal of pollutants from various industries such as pulp
and paper, leather, and pharmaceutical [24].

2.4. GC-MS determination of phthalates, bisphenol A, and
nonylphenol

The aim of our research was to determine the level of
phthalates, bisphenol A, and nonylphenol in the paper
mill effluents in Slovenia and to determine the efficiency
of aerobic and combined aerobic-anaerobic BWTP for
their removal from paper mill effluents. The results will
be useful for further studies of pollution prevention.

For the determination of phthalates, bisphenol A, and
nonylphenol an Agilent 7890 GC-MS system with an auto
sampler was used. The injector was operated in splitless
mode. Analytes were separated on a DB5-MS column (30 m
x 0.25 mm ID x 0.25 µm) using a 1 mL/min helium flow and
temperature program with initial temperature 50 ºC (4 min),
heating rate 8 ºC/min and final temperature 270 ºC (5 min).
An injection volume of 1 µL was used for all analyses.
Phthalates, bisphenol A, and nonylphenol were identified
by characteristic MS spectra while their concentrations
were calculated from the calibration curves of standard
solutions. All chemicals used were of standard and analytical quality.

2. MATERIALS AND METHODS
2.1. Sampling

Samples were collected from effluents of two paper
mills: paper mill A (water consumption 286 m3/h,
wastewater amount 277 m3/h) is manufacturing labelpapers and flexible packaging papers from fresh cellulose
fibers and has on site aerobic BWTP with retention time
48 hours for secondary treatment; paper mill B (water
consumption 287 m3/h, wastewater amount 273 m3/h) is
manufacturing cartonboard from 100% recycled fibers

3. RESULTS AND DISCUSSION
The aim of our research was chemical characterisation of typical papermaking effluents with the main inten-
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tion to determine the levels of different phthalates, bisphenol A, and nonylphenol in raw and biologically treated paper mill effluents and to determine the efficiency of
two different BWTPs for their removal. The usual parameters, such as COD, BOD5, AOX, pH and seven potential
endocrine disrupting compounds: dimethyl phthalate,
diethyl phthalate, dibutyl phthalate, di(2-ethylhexyl)
phthalate, benzyl butyl phthalate, bisphenol A, and
nonylphenol were de-termined in the investigated paper
mill effluents.

were very low due to replacement of elementary chlorine
in the papermaking process with more appropriate fiber
bleaching agents, such as peroxide. pH in both paper mill
effluents were at the time of measurement neutral or slightly
alkaline, in the treated effluents pH values slightly decreased (see Table 1).
The GC-MS analysis revealed that among seven potential endocrine disrupting compounds, all seven were confirmed in effluents from two paper mills with different
production process in Slovenia. SPE proved to be an efficient method for preparation of water samples for GC-MS
analysis, SPE is known as a very sensitive method for
trace analyses of organic pollutants in different types of
aqueous matrices. The ranges with standard deviations for
all seven identified potential endocrine disrupters are presented in Table 1. Among identified compounds di(2-ethylhexyl) phthalate and nonylphenol are on the list of priority
substances according to Directive (2008/105/EC) [32] and
bisphenol A is identified as substance subject to review
for possible identification as priority substance or priority
hazardous substance. According to Directive (2008/105/EC)
[32] the limit value for surface waters for di(2-ethylhexyl)
phthalate is 1.3 µg/L and for nonylphenol 0.3 µg/L. Our
results showed (see Table 1), that raw paper mill effluents
from both paper mills exceeded the limit value for di(2ethylhexyl) phthalate and nonylphenol, however biologically treated effluents met the above mentioned standards
for di(2-ethylhexyl) phthalate but not for nonylphenol.
Average values for di(2-ethylhexyl) phthalate in recovered paper mill effluents were 0.21 µg/L for paper mill A
and 0.38 µg/L for paper mill B. According to Bodzek et
al. [33] di(2-ethylhexyl) phthalate content in tap water in
Poland is <0.5 µg/L, which is similar to our results. Average values for nonylphenol in recovered paper mill effluents were 0.34 µg/L for paper mill A and 0.60 µg/L for
paper mill B. According to Bolong et al. [34] and Wu
et al. [35] occurrence levels for nonylphenol in municipal

Recent studies of paper mill effluents have shown
that COD values in paper mill effluents can reach up to
11.000 mg/L [1]. In our study concentrations of organic
compounds, presented as COD, BOD5, and AOX differed
significantly according to the production process (see
Table 1). Maximum values of COD, BOD5 and AOX in
raw paper mill effluents reached 450 mg/L, 240 mg/L and
21 µg/L for paper mill manufacturing paper mostly from
fresh cellulose fibers (paper mill A) and 885 mg/L, 400 mg/L
and 100 µg/L for paper mill manufacturing board from
recycled fibers (paper mill B), respectively (see Table 1).
After the biological treatment COD and BOD5 values in
both paper mill effluents significantly decreased as reported also by other authors [e.g. 1, 29] (see Table 1 and
Figure 1), and met the legislation values of 120 mg/L for
COD and 25 mg/L for BOD5 according to Slovenian
regulations concerning the effluent discharges into the receiving waters [30]. Ugurlu [31] reported that average values of BOD and COD in paper mill effluents in Turkey
just before discharging to the sea reached 25.5 mg/L and
426 mg/L, respectively. Removal efficiency of both biological waste water treatment plants for AOX was low
(see Figure 1), however AOX values not only in treated
but also in raw effluents from both paper mills didn’t exceed the legislation value of 0.5 mg/L AOX according to
Slovenian regulations concerning the effluent discharges
into the receiving waters [30]. Determined AOX values

TABLE 1 - Ranges with standard deviations of COD, BOD5, AOX,
phthalates, bisphenol A and nonylphenol in paper mills wastewaters (N=30).
Paper mill A

Paper mill B

Before treatment

After treatment

Before treatment

After treatment

COD (mg/L)

325-450±47

28-42±5

670-885±71

44-75±10

BOD5 (mg/L)

205-240±12

6-13±2

345-400±18

5-8±1

AOX (µg/L)

10-21±5

8-20±5

50-100±18.6

30-90±21.2

7.6-8.2±0.6

7.0-7.4±0.7

7.3-8.1±0.8

7.0-7.4±0.4

50-70±8

6-10.5±1.7

280-350±31

28-52±8.3

Diethyl phthalate (ng/L)

90-170±26

21.5-29±2.6

18-30±5,7

0-3±1,28

Dibutyl phthalate (ng/L)

90-220±41

34-54±6.3

2775-3202±147

320-406±30

1.22-1.44±0.07

0.17-0.28±0.04

1.59-2.01±1.14

0.33-0.46±0.05

pH
Dimethyl phthalate (ng/L)

Di(2-ethylhexyl) phthalate (µg/L)
Benzyl butyl phthalate (µg/L)

0.89-1.5±0.18

0.1-0.26±0.05

6.26-9.91±1.07

1.31-2.48±0.40

Bisphenol A (µg/L)

2.83-4.95±0.91

0.72-1.09±0.15

5.28-8.07±0.98

1.06-1.77±0.23

95
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Fresenius Environmental Bulletin

0.96-1.52±0.18

0.25-0.40±0.05

96

2.99 - 3.78±0.28

0.43-0.76±0.12
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wastewaters are 0.0027 µg/L (Germany), in surface waters 0.034 µg/L (Germany), 0.25 µg/L (Japan), 1.94-32.85
µg/L (China) and in drinking waters 0.008 µg/L (Germany). For other four investigated compounds there are non
environmental regulations prescribed yet, although dimethyl phthalate, diethyl phthalate, dibutyl phthalate and
benzyl butyl phthalate are detrimental already if present in
low concentration levels and they should be seriously
considered and their impact studied. Average values of
dimethyl phthalate, diethyl phthalate, dibutyl phthalate,
benzyl butyl phthalate and bisphenol A in recovered paper
mill effluents were 8.28 ng/L, 26.14 ng/L, 40.83 ng/L, 0.17
µg/L and 0.91 µg/L for paper mill A and 41.70 ng/L, 1.86
ng/L, 371.43 ng/L, 1.99 µg/L and 1.41 µg/L for paper mill
B, respectively. According to Bodzak et al. [33] occurrence
level of dibutyl phthalate in tap water in Poland is 170 ng/L,
which is four times higher than in the recovered effluent
from paper mill A, while diethyl phthalate is not present.

ing of COD, BOD5, AOX, diethyl phthalate, dibutyl
phthalate, bisphenol A and nonylphenol, while aerobic
wastewater treatment plant from paper mill A showed better
efficiency for removing of di(2-ethylhexyl) phthalate and
benzyl butyl phthalate. Both treatment plants were equally
efficient for removal of dimethyl phthalate (see Figures 1
and 2). Although conventional BWTPs are not specifically
designed to remove traces of dangerous organic contaminants from wastewater, our experiment showed that both
types of investigated BWTPs were quite effective for removing of phthalates, bisphenol A, and nonylphenol from
paper mill effluents (average removal rates 71-87% for
aerobic wastewater treatment plant and 76-91% for combined aerobic-anaerobic wastewater treatment plant). However we must realized that for dangerous organic contaminants such as phthalates, bisphenol A and nonylphenol presented removal rates are far from being enough, and that
not removed contaminants are released to the receiving natural waters and consequently they are consumed by aquatic
organisms and through them may also enter human food
chain. In order to provide advantages to human and all
living organisms and also to preserve natural balance in
the environment it is necessary to adopt more powerful
methods for removing of phthalates, bisphenol A, and
nonylphenol from wastewaters and thus prevent their detrimental actions. Since paper mills are obliged to further
minimize fresh water consumption the concentrations of
phthalates, bisphenol A, and nonylphenol in the paper mill
wastewaters are expected to rise, so regular monitoring
will be needed in the future and new more efficiency removal methods should be used. According to the Water
Framework Directive (2000/60/EC) [36] all industrial water pollution sources will have to be regularly analyzed for
the content of numerous compounds which are toxic, bioaccumulative or function as endocrine disruptors [37, 38].

Values of the measured parameters were in raw effluent from paper mill B higher than in raw effluent from
paper mill A (up to 50% for COD, 42% for BOD5, 90%
for AOX, 81% for dimethyl phthalate, 95% for dibutyl
phthalate, 32% for di(2-ethylhexyl) phthalate, 86% for
benzyl butyl phthalate, 65% for bisphenol A, and 62% for
nonylphenol). Determined values of diethyl phthalate were
on the contrary in raw effluent from paper mill A for 87%
higher than in raw effluent from paper mill B. The main
reason for differences is different production process in
both paper mills. Paper mill A manufactures special paper
from fresh cellulose fibers, while paper mill B uses recycled fibers for board production.
Combined aerobic-anaerobic wastewater treatment
plant from paper mill B showed better efficiency for remov-

FIGURE 1 - Efficiencies of aerobic and combined aerobic-anaerobic biological wastewater treatment for COD, BOD5 and AOX removal with
standard deviations (N=30). COD analyses were performed in three replicates; BOD and AOX analyses were performed in two replicates.
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FIGURE 2 - Efficiencies of aerobic and combined aerobic-anaerobic biological wastewater treatment for removal of phthalate, bisphenol A
and nonylphenol with standard deviations (N=30).

Consequently, individual producers will be obliged to reduce the impact of their discharges in order to fulfill the requirements of the directive [39].Treatments of wastewater
via activated carbon and membrane processes were shown
to have potential as removal technologies for emerging
contaminants like phthalates, bisphenol A, and nonylphenol
[33, 34].

production processes in both paper mills were stopped for
few weeks, which caused major problems to the performance of both plants after starting production processes
once again.

4. CONCLUSIONS

BWTPs in both paper mills were performing normally
during the whole sampling period, however many problems can develop in activated sludge operation that adversely affects effluent quality with origins in the engineering, hy-draulic and microbiological components of the
process. The real “heart” of the activated sludge system is
the development and maintenance of a mixed microbial
culture (activated sludge) that treats wastewater and which
can be managed. In BWTPs in investigated paper mills the
most problems are causing nutrient deficiency, fluctuations in loads due to nature of the production processes
and eventually stopping the production process due to
economically reasons or problems with power supply. Both
investigated BWTPs are far from being fully used, organic loads in BWTP in paper mill B occasionally drop below
minimum appropriate for anaerobic stage of the plant. Our
results were obtained at “normal” performance of the
BWTPs, however in the case of problems the efficiency of
plants for removing of investigated compounds could be
significantly lower. In December 2008 and January 2009

The results indicated that dimethyl phthalate, diethyl
phthalate, dibutyl phthalate, di(2-ethylhexyl) phthalate,
benzyl butyl phthalate, bisphenol A, and nonylphenol were
present in raw and biologically treated paper mill effluents
from two paper mills with different production processes
in Slovenia. Our research showed that conventional aerobic and combined aerobic-anaerobic biological
wastewater treatment plants are efficient for removing of
phthalates, bisphenol A and nonylphenol from 71-91%;
however for dangerous substances such are investigated
compounds this is not enough. Human health and environmental quality risk associated with the presence of
phthalates, bisphenol A and nonylphenol in industrial
effluents necessitate the utilization of new methods for
their efficient reduction. As phthalates, bisphenol A and
nonylphenol are detrimental already if present in low concentration levels they should be seriously considered and
their impact further studied.
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ABSTRACT
The large-scale application of veterinary antibiotics in
livestock industry makes swine wastewater an important
source of antibiotic pollution. The effective removal of antibiotics in swine wastewater seems necessary. UV irradiation was employed for removal of five selected veterinary
antibiotics, sulfamethoxazole (SMX), sulfathiazole (STZ),
sulfamethazine (SMN), sulfamethizole (SML) and sulfadimethoxine (SDM), which are commonly found in swine
wastewater. The effect of initial pH and reaction time on
antibiotic removal was examined, and the reaction kinetics
were studied. Both pH value and reaction time for the removal were optimized to be 7.0 and 60 min, respectively.
Under the optimized conditions, the five selected antibiotics were effectively removed with removal efficiency of
100%, 98.7%, 96.3%, 99.0% and 100% for SMX, STZ,
SMN, SML and SDM, respectively. The degradation reaction was found to fit the first-order kinetic well. Veterinary
antibiotics SMX, STZ, SMN, SML and SDM can be effectively removed under UV irradiation, and pH value as well
as reaction time have obvious effects on the degradation.
The reaction mechanism was suggested to be mainly the
direct photo-degradation.

KEYWORDS:
UV; degradation; antibiotics; kinetics

1. INTRODUCTION
With the growth of humans’ demand on meat and
eggs, livestock feeding develops very rapidly. Extensive
swine breeding is an effective way to increase meat and
egg production efficiency. However, the extensive breeding
results in the production of abundant animal feces and
urine in a restricted area causing serious environmental
* Corresponding author

tribulations. Around livestock feeding farms, swine wastewater has been considered as one of the major pollution
sources. What is more, in order to treat the diseases and
improve the growth rate of animals, antibiotics are widely
used in concentrated animal feeding operations (CAFOs)
around the world. For example, in China, over 8000 tons of
antibiotics are currently used as feed additives each year [1].
Antibiotics are often added to the feed and water for animal
feeding. However, the majority of antibiotics are excreted in
feces and urine without adsorption and metabolism by animals [2]. The occurrence of antibiotics in the environment
has been growing due to the potential evolution of antibiotic resistant bacteria. As a result, the potential environmental risks brought about by antibiotics are increasing
along with the rapid advance of livestock industry. In fact,
antibiotics have been frequently detected in wastewater of
CAFOs [3,4]. Many kinds of antibiotics were detected in
swine waste storage lagoons [5], and their concentrations
commonly are more than 100 µg/L. A problem that may be
created by the presence of antibiotics in the environment is
the development of antibiotic resistant bacteria [6]. In recent years, the incidence of antibiotic resistant bacteria has
increased and many people believe that the increase is due
to the use of antibiotics [7]. Furthermore, the presence of
antibiotics in wastewaters has also increased and their
removal will be a challenge in the near future.
To date, antibiotics are usually removed by ways of
advanced oxidation processes [(AOPs) e.g. ozonation [8]],
adsorption, coagulation and membrane filtration. Generally, adsorption, coagulation and membrane filtration only
transfer the pollutants from one phase to another without
destroying them. The AOPs seem to be of interest compared with other techniques due to the fact that they destroy
the pollutant molecular structure.
In the previous investigation, Fenton’s reagent has
been employed by Ben et al. [9] for removal of antibiotics.
Among the different AOPs, UV irradiation has emerged as
a simple and cleanly wastewater treatment technology. In
this work, the potential of UV irradiation, a cleanly process, for removal of five selected commonly used veterinary antibiotics, i.e., sulfamethoxazole (SMX), sulfathia-

101

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

zole (STZ), sulfamethazine (SMN), sulfamethizole (SML)
and sulfadimethoxine (SDM), from swine wastewater was
investigated. The optimal conditions for the degradation
were determined, the degradation kinetics was studied, and
degradation mechanism was also discussed.

lected antibiotics are described in Table 1. The stock solution of these five antibiotics was prepared in a mixture at
an individual concentration of 100 mg/L in methanol,
kept at 4 °C in a refrigerator and diluted to certain concentrations when being used. The HPLC-MS chromatogram of the selected antibiotics is shown in Fig. 1.

MATERIALS AND METHODS

Experimental setup

The experimental setup is shown in Fig. 2. The volume of the beaker is 200 ml, and. UV irradiation was
operated using a 22-W low pressure mercury lamp with
wavelength of 254 nm and UV intensity of 1.025 mW/cm2
(purchased from Beijing Electric Light Source Institute).

Chemicals

STZ (99%), SMX (99%), SML (98%), and SDM (99%)
were purchased from Sigma–Aldrich (St. Louis, MO, USA).
SMN (99%) was from Acros (New Jersey, USA). The MS
parameters, molecular weights and structures of the se-

TABLE 1 - MS parameters and molecular structure of five selected antibiotics.
Molecular
weight

Antibiotics

Molecular Structure

Precursor ion
(m/z)

Qualifier
(m/z)

ion

Retention
(min)

254

156

25.19

256

156

9.66

271

156

20.60

279

156

16.99

311

156

28.16

time

O

SMX

253.3

NH2

S

NH

STZ

255.3

NH2

S
NH

S

N

O

CH3

O

SML

270.3

NH2

S

S

NH

N
N

O

O

SMN

278.3

NH2

S

N
NH
N

O

O

O

SDM

310.3

NH2

O

N

O
O

S

N
N

NH

O

O

Relative abundance(%)

100
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1. Bracket. 2. UV lamp. 3. Quartz glass tube.
4. Beaker. 5. Magnetic stirrer. 6. UV light. 7. Magnetic stirring bar
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Time(min)
FIGURE 1 - The HPLC-MS chromatogram of the five selected
antibiotics.

FIGURE 2 - Experiment setup for the degradation of antibiotics
under UV irradiation.
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Analytical methods

The concentrations of the selected antibiotics were determined employing high performance liquid chromatography-mass spectrometry (HPLC-MS) method. HPLC
system was an Alliance Liquid Chromatography 2695
(Waters, USA), and a Waters Symmetry C18 chromatography column (2.1 mm × 150 mm, 5 µm) was used. The MS
system was a single-quadruple mass spectrometer ZQ 4000
(Waters, USA) with Electrospray Ionization (ESI+) Positive mode. The operation parameters for HPLC/MS analysis
were employed according to Ben et al. [10], and were
shown in Table 2.

showed maximum absorbency at pH 7.0. This indicates
that the maximum removal efficiency at pH 7.0 is also
due to the maximum UV absorbency at this pH.
100

Removal efficiency(%)

© by PSP Volume 20 – No 1. 2011

TABLE 2 - Measurement conditions for LC/MS analysis.
HPLC:
- Column Temperature: 30 °C
- Flow-rate: 0.2 mL/min
- Injection volume: 20 µl
- Mobile Phase: A = 99.8% water and 0.2% formic acid (v/v),
B = methanol, and C = acetonitrile
- Gradient:
Time (min) A (%)
B (%) C (%)
0
90
4
6
11
90
0
10
13
87
0
13
15
78
0
22
25
50
0
45
26
0
0
100
33
90
4
6
MS:
- Capillary Voltage: 3.5 kV
- Capillary Temp.: 300 °C
- Source Temp.: 120 °C
- Desolvation gas flow: 300 L/h

80
60
40

SMX
STZ
SML
SMN
SDM

20
0

3

4

5

6

7

8

9

pH
FIGURE 3 - Removal efficiency of selected antibiotics at different
pH values (V = 100 ml, CSMX, STZ, SML, SMN, SDM = 2 mg/L, t = 10 min).
0.18

Absorbency

0.16
0.14
0.12
SML
STZ
SMX
SDM
SMN

0.10

Experimental procedures

0.08

The detailed experimental procedures were as follows:
1) 100 ml of solution with prescribed antibiotic concentration was taken into the beaker; 2) the solution was stirred
magnetically at room temperature (22±2 °C) for 2 min in
order to mix the solution; 3) adjustment of solution pH with
HNO3 or NaOH to a prescribed value; 4) turn on the UV
lamp; 5) 1 ml of sample was taken at prescribed reaction
time, filtered with 0.45-µm glass fiber membrane syringe
filter and analyzed.

3

4

5

6

7

8

9

pH
FIGURE 4 - The absorbency of selected antibiotics with pH (CSMX,
STZ, SML, SMN, SDM = 2 mg/L, wavelength = 254 nm).

Different chemical species (cationic, neutral, or anionic) often have different properties with respect to UV
absorption [11]. All the selected antibiotics have aniline
group and can absorb UV irradiation. The molecular structure of aniline is shown as follows:
H
R

RESULTS AND DISCUSSION

N
H

Effect of solution pH and reaction time on the removal

To investigate the effect of solution pH on the removal
of antibiotics, experiments were carried out by varying
solution pH in the range of 3.0-9.0. The results are shown
in Fig. 3. It can be seen that removal efficiency increased
with pH from 3 to 7, but above pH 7, the removal efficiency decreased with further increase in pH. It was indicated
that pH 7.0 is the optimum reaction pH value.
The absorbency at 254 nm (UV irradiation) of the selected antibiotics under different pH conditions is shown
in Fig. 4. It can be seen that all the selected antibiotics

It is well-known that -NH2 is an auxochrome, which
can help enhance the absorption of UV irradiation by chromophore. –NH2 donates a lone pair of electrons, can form
n bonds and, thus, n → π ∗ transition can occur. Under
acidic conditions, the following reaction occurs:
R

NH2 +H+

R

NH3+

(1)
After the reaction, product lost lone pair electrons,
cannot form n bonds and, thus, the absorption capability
for UV light became weaker.
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Under alkline conditions, the following reaction occurs:
O
S

H2N

O
H
N

R+OH

-

S

H2N

O

-

N

R+H2O

ting parameters are shown in Table 3. It can be seen that
correlation coefficients of kinetics fitting for all the five
antibiotics were all above 0.98, which indicates that the
degradation kinetics for the five antibiotics fit first-order
kinetic model well.

(2)

O

TABLE 3 - The fitting parameters for the first-order kinetic model.

After the reaction, the product was negatively charged.
The charge on the molecule decreased the UV absorbency
and, thus, decreased the degradation efficiency.

Antibiotics
SMX
STZ
SML
SMN
SDM

The effect of reaction time on the removal was investigated by reaction times from 0 to 60 min. The results are
shown in Fig. 5. It was found that the concentrations of
the selected antibiotics were decreased to below 0.1 mg/L
after 60 min. After 60 min degradation, the antibiotics can
be effectively removed with efficiency of 100%, 98.7%,
96.3%, 99.0%, and 100% for SMX, STZ, SMN, SML,
and SDM, respectively. The reaction is characterized by a
rapid degradation during the initial 20 min but a very slow
degradation in the following 40 min.

Concentration (mg/L)

2.0

Removal efficiency(%)

100
80
SMX
STZ
SML
SMN
SDM

60
40

R2
0.996
0.998
0.982
0.998
0.997

k
0.224
0.151
0.086
0.093
0.286

SMX
STZ
SML
SMN
SDM

1.5

1.0

0.5

0.0

0

10

20
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50
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Time (min)
FIGURE 6 - The kinetic fitting curves for antibiotic degradation (V
= 100 ml, CSMX, STZ, SML, SMN, SDM = 2 mg/L, pH = 7.0)
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FIGURE 5 - The removal efficiency of selected antibiotics in relation
to time ((V = 100 ml, CSMX, STZ, SML, SMN, SDM = 2 mg/L, pH=7.0).
Reaction kinetics

The first-order kinetic model was employed for the
investigation of antibiotic degradation kinetics under UV
irradiation. The first-order kinetic model can be expressed
as follows:

−

dCt
= kC
dt

Generally speaking, there are two kinds of mechanisms for the degradation of organics under UV irradiation, i.e. 2,2`-azino-bis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS) [12] and 4-nitrophenol [13], direct photo-degradation and indirect photo-degradation. As for the direct photodegradation, the chromophore in the organic molecule can
absorb a specific UV wavelength. Direct UV irradiation will
lead to the promotion of the antibiotics to their excited
singlet states, which may then intersystem cross to produce triplet states. As a result, the organics were decomposed. Such excited states can then undergo, among other
processes: (i) homolysis, (ii) heterolysis, or (iii) photoionization, as depicted in Scheme 1.

(3)
where Ct is the concentration of antibiotics at t min
(mg/L), t is reaction time (min), and k is reaction ratio
constant.
When t = 0, Ct is equal to C0, and Eq. (3) can be integrated and expressed as Eq. (4):

Ct = C0e

A
AB

hv

(AB)

+ B+
A + B-

[+ ]

Homolysis
Heterolysis

+

A- B

AB+ + eaq-

− kt

Photoionization

(4)
The fitting curves of parameters are shown in Table 3.

SCHEME 1 - Possible chemical events taking place upon direct
photolysis.

The antibiotic concentration versus reaction time is
shown in Fig. 6. The data was fitted to Eq. 4 and the fit-

As for the indirect photo-degradation, UV irradiation
produces free radicals, which have strong oxidation ca-
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pacity. Generally, ·OH can oxidize a great majority of
organics.
It can be seen that the selected antibiotics all have
aniline, capable to absorb UV light, in their molecular
structure. It is generally believed that benzene can absorb
254 nm UV, and may be chance that π → π ∗ transition
occurs [14]. Thus, it can be believed that direct photodegradation process does occur in the degradation of the
selected antibiotics under UV irradiation.
In order to confirm that direct photo-degradation process does occur in the degradation, another kind of antibiotic, Tiamulin (TIA), was chosen to be in contrast with
selected antibiotics. The molecular structure of TIA is shown
as follows:

UV/H2O2 combination will be more effective than UV
alone, because UV/H2O2 can generate much more ·OH
than single UV process. The removal efficiencies of UV
and UV/H2O2 process for SMN under the same reaction
conditions are shown in Fig. 8.
100

Removal efficiency( %)

© by PSP Volume 20 – No 1. 2011

80
UV
UV/H2O2

60
40
20
0

0

10

20

30

40

50

60

Reaction time(min)
FIGURE 8 - The efficiency of UV process and UV/H2O2 process for
SMN removal (V = 100 ml, CSMN = 2 mg/L, pH=7.0, t = 60 min, H2O2
dosage for the UV/H2O2 process = 7 mmol/L).

TIA does not have benzene and cannot substantially
absorb 254 nm UV irradiation. The same degradation conditions were employed for selected antibiotics and TIA.
The removal efficiency for the selected antibiotics and
TIA are shown in Fig. 7.

Removal of antibiotics from swine wastewater by UV irradiation

The optimized conditions for removal of veterinary
antibiotics were employed for removal of antibiotics from
sequencing batch reactor (SBR)-pretreated swine
wastewater. The characteristics of the SBR-pretreated
swine wastewater used are shown in Table 4.

100

Removal efficiency(%)

It can be seen that UV/H2O2 process is not more effective than UV process (Fig. 8). This indicates that indirect photo-degradation accounts very little for the degradation of the selected antibiotics under UV irradiation.

80
60

TABLE 4 - The characteristics of the swine wastewater.
40

pH
20
0

8.5±0.3
SMX

STZ

SML

SMN

SDM

TIA

Antibiotics
FIGURE 7 - The removal efficiency of selected antibiotics and TIA
(V = 100 ml, CSMX, STZ, SML, SMN, SDM, TIA = 2 mg/L, pH = 7.0, t = 60 min).

SS
(mg/L)
68

TN
(mg/L)
40

NH3–N
(mg/L)
0.4

TP
(mg /L)
58

The selected antibiotics were spiked into the swine
wastewater at individual concentrations of 2 mg/L. The
removal efficiency is shown in Fig. 9.
100

Removal efficiency(%)

In Fig. 7, it is shown that the removal efficiency of
TIA is much lower than that of the selected antibiotics.
The lower removal efficiency for TIA maybe due to the
fact that it has no benzene group (chromophore) absorbing 254 nm UV. But the selected antibiotics have benzene
group and higher removal efficiency. This indicates that
direct photo-degradation process does occur in the degradation of the selected antibiotics.
In order to determine whether indirect photo-degradation process occurs in the degradation of the selected antibiotics, removal efficiency of UV/H2O2 process was investigated and compared to that of single UV. When indirect photo-degradation accounts for removal efficiency,
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Reaction time(min)
FIGURE 9 - Removal efficiency of UV irradiation for the selected
antibiotics from swine wastewater (V = 100 ml, CSMX, STZ, SML, SMN, SDM
= 2 mg/L, pH = 7.0, t = 60 min).
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It can be seen that high removal efficiency above 90%
was achieved for all the selected antibiotics after 60 min
reaction, and SMX, STZ and SDM were almost removed.
This indicated that UV irradiation can be an effective process for removal of SMX, STZ, SDM, SML and SMN
from swine wastewater.
CONCLUSIONS
The removal of veterinary antibiotics SMX, STZ,
SDM, SML and SMN by UV process was investigated in
this work. The results showed that solution pH has obvious
effect on the removal efficiency, and pH value of 7.0 is the
optimum pH value. The effect of pH value on the degradation is due to the effect of pH on the absorbency of UV
irradiation by antibiotic molecules. Kinetic study showed
that the degradation of the selected antibiotics under UV
irradiation fitted the first-order kinetic model well. Direct
photo-degradation mechanism mainly accounts for the
antibiotic removal whereas indirect photo-degradation
mechanism accounts very little for the removal.
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REMOVAL OF METAL IMPURITIES FROM CUTTING SLURRY
WASTE USING A MODIFIED ELECTROKINETIC SYSTEM
Tzu-Hsuan Tsai*
Department of Materials and Mineral Resources Engineering, National Taipei University of Technology, Taipei 10608, Taiwan

ABSTRACT
Metal removal is an important step in recycling silicon and silicon carbide from cutting slurry waste. This
study uses a modified electrokinetic system in which an
extended solution region is inserted between the cathode
and the waste specimen to remove metal from cutting
slurry waste. In this arrangement, the metals are transported
out of the specimen and precipitated in the extended region instead of the waste specimen. Analytical results show
that the residual iron and copper in the waste decreased to
0.48 wt% and 0.11 wt %, respectively, after applying 1 V/cm
for 60 hr. The average removal efficiencies of iron and
copper were 91% and 86%, respectively. The metal removal rate can be improved by using the modified electrokinetic system.

KEYWORDS: Separation; Metal removal; Heavy metals; Electrokinetic; Recycling; Cutting slurry waste.

1. INTRODUCTION
In silicon wafer manufacturing for solar cells, a polycrystalline silicon ingot is cut by a multi-wire saw with a
glycol-based slurry containing silicon carbide (SiC) abrasives. During this cutting operation, kerf-loss silicon (Si)
and metal particulate from the cutting wire form and are
incorporated into the slurry. A great amount of cutting
slurry waste is disposed of by incineration or treated by a
waste water treatment facility, resulting in the generation
of carbon dioxide or sludge [1]. From an environmental
point of view, these disposal methods are unfavorable. In
fact, the Si kerf and SiC abrasives are still usable in the
cutting slurry waste. Purifying Si from cutting slurry waste
is regarded as an effective solution for overcoming silicon
feedstock shortages [2, 3], and recycling SiC can decrease the operation cost and reduce the amount of waste
product [4].
* Corresponding author

The slurry waste contains many heavy metal fragments
(primarily iron and secondarily copper) generated from
broken sawing wires during cutting. These fragments make
the Si or SiC separation difficult and degrade the performance of reused Si or SiC. For examples, recovered SiC
abrasives attached to iron segments weaken cutting performance [5], and metal impurities in the recovered silicon
reduce the lifetime of solar cells [6, 7]. Even though the
cutting slurry waste would be disposed of without recycling, the heavy metal contained in the waste would
result in the problem of soil pollution [8]. Therefore, the
removal of metal impurities from the cutting slurry waste
is important.
Several studies attempted to separate the metal from
cutting slurry waste before recycling Si or SiC. Nishijima
et al. [5] applied superconducting magnetic separator to
remove iron from cutting slurry waste before recycling
SiC. Hariharan and Ravi [9] adopted a filter bed to remove
metal halides, formed in the recovery process of Si. Hoffmann [10] used the different surface energy between metal
and Si to separate metal from Si by floatation. In addition,
several studies used acid treatment to removal metal from
cutting waste [11-14]. Wang et al. [12, 13] and Lin et al.
[14] recovered Si from cutting waste in a multiple-step
process to produce polycrystalline silicon. The metal fragments were removed by acid treatment, and the removal
efficiencies of iron and copper reached about 87% and
86%, respectively [12].
Our previous study presented an electrokinetic method
to remove iron from cutting waste [15, 16]. When an electrical field of 1.0 V/cm was applied for 120 h, average iron
removal efficiency was 87% [15]. In the previous system,
the cathode is close to the specimen being treated. Therefore, pH of the specimen near the cathode was high, causing metal precipitated in the waste. Furthermore, a high
pH favors the sorption of metals onto the specimen, and a
long duration or a high electrical field might be needed to
reach good metal removal efficiency.
This study inserted an extended solution region between the cathode and the waste specimen being treated.
In this modified arrangement, metals could migrate out of
the specimen more quickly than that in an unmodified
system. The transport phenomena and accompanied chemical reactions involved in this treatment are examined.
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2. MATERIALS AND METHODS
2.1. Composition and Pretreatment

The cutting slurry waste was obtained from the ChuNan’s factory of the Sino-American silicon (SAS) products Inc., Taiwan. The initial composition of the waste was
determined by measuring the net weight of cutting slurry
waste after removing each component using chemical reagents. First, the liquid components of the slurry waste were
washed off by acetone; the metal was then dissolved using
highly concentrated nitric acid. After the silicon in cutting
slurry waste was removed using hydrogen fluoride aqueous solution, the residual material is SiC. Thus, the composition of cutting slurry waste can be determined. Before
the electrokinetic experiments for metal removal, the
waste was washed by acetone and then centrifuged at
12000 rpm for 40 min to obtain a wet cake, which was
then dried in an oven. After this pretreatment, samples
were transferred to the electrokinetic equipment.
2.2. Electrokinetic Experiment

Figure 1 shows a schematic of the modified electrokinetic system used. The electrokinetic treatment of cutting
slurry waste was performed in a cylindrical cell, 10 cm
long (L) and 2 cm in diameter, connecting to the anodic
compartment at one end. The pretreated samples were filled
into the cell with porous acrylic plates fixed at both specimen ends. The other end is connected to another cylindrical tube, 10 cm long and 2 cm in diameter, as an extended
region, then connecting to the cathodic compartment. A
constant electrical field, 1.0 V/cm, was applied to the system by a DC power unit (Keithley Co., Model 236) across
the inert graphite electrodes. The treatment durations increased from 15 to 60 hours to investigate metal removal
rates. Furthermore, a fluid reservoir with a constant hydraulic head (50 cm-H2O) was connected to the anodic compartment and supplied hydraulic flow. On the other side of
the system, a bottle for collection of effluent was connected
to the cathodic compartment. The pH values of the anodic
and cathodic compartments were measured by pH electrodes, and the pH values across the specimen were estimated by universal pH-paper.

segments; the segments were defined as x/L=1.1-0.2, 0.20.4, 0.4-0.6, 0.6-0.8, and 0.8-1.0 from the anode, respectively. Next, each segment was mixed with 6.0 M HNO3;
this mixture was oscillated in a shaker for 24 hours and
centrifuged at 6000 rpm for 30 min. Finally, the upperlayer liquid in the centrifuged tube was analyzed using
inductively coupled plasma optical emission spectrometry
(ICP-OES, Perkin Elmer 3100XL).. The residual amount
of metals in each segment was obtained. The residual
amount relative to the initial amount determined the metal
residual fraction.
3. RESULTS AND DISCUSSION
The objective of this study is to remove metal from
cutting slurry waste. The ICP-OES analysis of initial cutting slurry waste after pretreatment indicates that iron and
copper contents are 5.36 wt% and 0.8 wt%, respectively,
and the concentrations of the other metals are significantly
less than 0.5 wt%. Therefore, this study only monitors
changes in iron and copper contents in cutting slurry waste
treated using the electrokinetic method. Figure 2 shows
iron residual fractions across the specimen after applying 1 V/cm for different durations. The iron residual fraction decreased as duration increased, indicating that electrokinetic action enhanced iron removal by the electrical
field and hydraulic transport.

FIGURE 2 - Fe residual fractions across the specimen
(L = 10 cm) after applying 1.0 V/cm for different durations.

FIGURE 1 - Schematic diagram of the modified electrokinetic system.
2.3. Measurements of Metal Concentrations

At the end of experiments, the specimen was pushed
out of the cylindrical cell and divided into five equal

Figure 3 shows the pH distribution along specimens
after different treatment durations. The pH values across
the specimen differed markedly, ranging from 2.2 at
x/L=0.0-0.2 to 7.5 at x/L=0.8-1.0. The variation in pH
across the specimen can be attributed to the electrolysis of
water at both electrodes:
Anode: 2H2O → 4H+ + O2 + 4e(1)
Cathode: 4H2O + 4e- → 4OH- + 2H2
(2)
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tion exceeded 45 hr, the maximum residual fraction became unclear because most of the iron was removed from
the specimen and discharged into the extended solution
region near the cathode.

FIGURE 3 - pH values across the specimen (L =
10 cm) after applying 1.0 V/cm for different durations.

Protons are produced at the anode, and hydroxide ions
are generated at the cathode. Protons then move along the
direction of the applied electrical field; however, hydroxide ions move along the opposite direction. This movement reduces the pH near the anode and increases pH near
the cathode. The pH distribution in the modified electrokinetic system shows that all segments of the specimen
(x/L = 0.0–1.0) are below pH=7.5. An obvious pH jump
can be found in the extended region (x/L > 1.0) in Fig. 3
for each curve. The pH jump formed where proton and
hydroxide ion fronts met. The main factor for the location
of the pH jump was ionic mobility of protons, which is
roughly twice as high as ionic mobility of hydroxide ions
[17]. Therefore, the specimen (x/L = 0.0–1.0), occupied
only half length from anode by inserting an extended
region (Fig. 1), could be kept in an acidic environment.
As protons moved toward the cathode via electromigration, diffusion and convection, an adsorption exchange
may occur between metals and protons, thereby increasing in metal concentration in the solution. The desorbed
metal ions then moved to the cathode via the applied
electrical field. The iron residual fraction in the region
nearest the anode (x/L = 0.0–0.2) was lowest in the entire
specimen at any time (Fig. 2). This experimental result
means that iron fragments at x/L= 0.0–0.2 were removed
continuously, and the removal mechanism was adsorption
exchange because the region of x/L= 0.0–0.2 is nearest
the anode. The exchanged iron at x/L= 0.0–0.2 transferred
to the region of x/L= 0.2–0.4. Therefore, maximum residual fraction existed at x/L= 0.2–0.4 after 15 hr of treatment. The peak at 15 hr indicated that iron accumulated at
x/L= 0.2–0.4 and protons were consumed at x/L= 0.0–0.2,
thereby causing less adsorption exchange at x/L= 0.2–0.4.
However, the peak shifted to x/L=0.4-0.6 as the duration
increased to 30 hr, indicating that protons were consumed
and the adsorption exchange occurred again. As the dura-

Figure 4 presents copper residual fractions across the
specimen after applying 1 V/cm for different durations.
The residual fraction gradually decreased with increasing
durations, and the maximum residual fraction shifted
from x/L=0.2-0.4 at 15 hr to x/L=0.4-0.6 at 45 hr, indicating that copper dissolution by protons near anode and
dissolved copper ions then moved toward the cathode.
However, the peak-shifting in Fig. 4 is slower than that in
Fig. 2, and the copper residual fraction is higher than iron
residual fraction. The slower copper removal rate might
be due to the higher stability constants of copper hydroxides than iron (II) hydroxides as listed in Table I. At the
cathode, hydroxide ions were produced and moved toward the anode via electromigration and diffusion, the
complexation or precipitation may occur between the
metal and hydroxide ions. The formed metal hydroxides
in the waste specimen would reduce metal removal efficiency. For example, the formed Cu(OH)+ is with less
positive charge than Cu2+, and would reduce the electromigration rate. The other neutral hydroxides (Cu(OH)2)
or negatively charged complex (Cu(OH)3－ or Cu(OH)42－)
would further disturb the migration toward the cathode
and might become trapped in the waste. The high stability
constants of copper hydroxides mean the formation of
copper hydroxides is easier than iron (II) hydroxides; thus
copper removal rate is slower than iron removal rate.

FIGURE 4 - Cu residual fractions across the specimen
(L = 10 cm) after applying 1.0 V/cm for different durations.

The formation of various metal hydroxides depends
on pH values across the specimen. Figure 5 shows the
fractions of various iron (II) hydroxides and copper hydroxides at different pH values. In comparison with the
pH distribution in Fig. 3, the main species containing metal

109

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

across the overall specimen (x/L=0.0-1.0) are Fe2+, Cu2+
and Cu(OH)+.in this modified electrokinetic system. The
residual metals decreased in the waste specimen because
these positively charged substances could move toward
the cathode under the action of the applied electrical field.
After metal moved into the extended region in which pH
was 9.8–11 (Fig. 3), Fe(OH)2 and Cu(OH)2 formed or
further Fe(OH)3－ and Cu(OH)3－ formed (Fig. 5). Because the solubility products of Fe(OH)2 and Cu(OH)2 are
very low (Table I), they will precipitate in the extended
region easily. The formation of these precipitates consumed most hydroxide ions and could decrease the formation of negatively charged products, Fe(OH)3－ and
Cu(OH)3－. Thus, the removal efficiencies of iron and
copper remained high across the overall specimen in the
modified electrokinetic system.

residual percentage was calculated by dividing the total
residual amount after electrokinetic treatment by the initial amount. To achieve an average iron residual percentage better than the percentage after acid treatment (lower
than 10%), 2.0 V/cm electrical field must be applied for
120 hr in the unmodified system. However, an average
iron residual percentage of 9% and copper residual percentage of 14% can be reached by using the modified
system after applying 1 V/cm for 60 hr. In the previous
unmodified system, when 1.0 V/cm electrical field was
applied for 60 h, average iron residual percentage only
reduced to 40% of the initial value. This indicated the
metal removal rate and removal performance were improved by using this modified electrokinetic system. As a
result, only 0.48 wt% iron and 0.1 wt% copper remained
in the cutting slurry waste when an electrical field of 1.0
V/cm was applied for 60 hr. The average removal efficiencies of iron and copper could reach 91% and 86%,
respectively, and local removal efficiencies of iron and
copper at x/L=0.0-0.2 were 94% and 91%, respectively.
TABLE 2 - The average residual percentage
(P) after applying 1.0 V/cm for different durations.
Time
(hr)

Unmodified system
[15]
PFe (%)*
81
75
53
40
18
13

Modified system
PFe (%)

PCu (%)

15
62
66
30
43
42
45
18
29
60
9
14
90
－
－
－
－
120
120
－
－
8
(2 V/cm)
*P (%) = (the total residual amount) × 100 / (the initial amount).

4. CONCLUSION
FIGURE 5 - The fractions of (a) iron (II) hydroxides and (b) copper
hydroxides as a function of pH.
TABLE 1 - Stability constants (β) and solubility products (Ksp)
of iron (II) and copper hydroxides at 25 ºC and 1 atm [18].

β ML n )
Solubility Products
β
(Precipitates, K )
log β MLlog
log
β
log β ML
ML
ML
3
2
4
Stability constants (

metal ions

Fe2+
Cu2+

β

*

sp

4.8
6.3

7.4
10.7

11
14.2

10
17.7

Fe(OH)2, 7.9×1016

Cu(OH)2, 4.8×1020

* ML n =[MLn]/([M][L]n where M is the metal ion, L is the OH , and
MLn is the hydroxide-complex of metal ion.
－

Table II lists average metal residual percentage for
different durations in the modified electrokinetic system
and in the previous unmodified system [15]. The average

This study adopted the modified electrokinetic system
containing an extended solution region between the cathode and the waste specimen to remove heavy metals from
cutting slurry waste. By the electrokinetic method, iron
and copper in the waste was dissolved by protons produced at the anode and migrated toward the cathode; thus,
iron and copper can be separated from the specimen being
treated. The removal rate of copper was slower than iron
due to the higher stability constant of copper hydroxides.
The formed hydroxides would disturb the electromigration and might become trapped in the waste. In this modified system, because the overall waste specimen was at
pH<7.5, the hydroxides trapped in the specimen decreased and could precipitated in the extensive region.
After 1.0 V/cm electrical field was applied for 60 h in the
modified electrokinetic system, average removal efficiencies of iron and copper could reach 91% and 86%, respectively.
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ABSTRACT
The present study was performed to understand the
preventive effect of selenium (Se4+) on heavy metal stress
induced by Cd2+ and Cr3+ in rainbow trout.
Changes in glutathione peroxidase (GSH-Px), catalase (CAT) and superoxide dismutase (SOD) activity, and
in malondialdehyde (MDA) level in gill tissue of rainbow
trout after 7 days of exposure to Cd2+ and Cr3+ were investigated in the presence and absence of Se4+.
Heavy metals treated groups exhibited significant decreases (P<0.05) in GSH-Px, CAT, SOD activities of gill,
and an increase (P<0.05) in MDA levels, compared to the
control. In the presence of Se4+, GSH-Px activity and SOD
activity were found to be higher and MDA levels were
lower compared with in its absence.
In the light of our findings, it could be stated that Cd2+
and Cr3+ lead to dramatic changes in biochemical parameters and selenium caused these parameters to converge to
control levels when it was administered concurrently with
these heavy metals. Selenium fully or partially restored
enzyme activities. Lipid peroxidation was also decreased
in selenium treated groups.

KEYWORDS: Antioxidant enzymes, gills, heavy metals, lipid
peroxidation, rainbow trout, oxidative stress, selenium.

1. INTRODUCTION
Increasing environmental pollution caused by heavy
metals, due to industrial and agricultural activities, is becoming a significant problem in the modern world. Some
heavy metals are essential trace elements required for
maintaining cellular function and are an integral part of a
number of heavy metals-containing enzymes. However,
high intracellular heavy metals levels can be toxic [1].
Reactive oxygen species (ROS) are highly reactive O2 me* Corresponding author

tabolites that include superoxide radical (O•2), hydrogen
peroxide (H2O2), and hydroxyl radical (OH•). Sources of
cellular ROS include leakage from the mitochondrial electron transport chain as well as a number of ROS-generating
plasma membrane and cytosolic enzymes [2].
Furthermore, some diseases are associated with oxidative stress [3]. The reactive oxygen generated from metabolism of extraneous chemicals in the body can be removed
by the antioxidant defense system.
ROS are produced naturally during metabolism, and
they are normally prevented from causing toxic effects by
antioxidants such as reduced glutathione (GSH), some vitamins and several enzymes. These enzymes are found in
tissues of a wide range of teleosts, including salmonids [4,
5]. Catalase (CAT), glutathione peroxidase (GSH-Px) and
superoxide dismutase (SOD) are the most important antioxidant enzymes. Antioxidant systems have been studied
for many years in fish and bivalves exposed experimentally to chemicals or collected from polluted areas [6, 7]. In
some cases, a transient increase in antioxidant activities, i.e,
SOD and CAT activities was found [8-12]. In other cases, a
decrease in activity of some antioxidant enzymes, especially GSH-Px, was observed [13, 14]. The effects of longterm exposure of low-concentration pollutants on the ecosystem are of concern. However, few reports concerning
the effects of long-time static exposure of low concentration heavy metals and their complexes on the antioxidant
defences of fish have been published.
Selenium is a structural component of several enzymes
with physiological antioxidant properties, including glutathione peroxidase and thioredoxine [15]. Selenium is an
essential trace element and acts as an antioxidant by incorporation with selenocysteine in selenoproteins [16].
Selenium is the component of the enzyme glutathione
peroxidase (GSH-Px) which catalyzes the reaction:
2 GSH+ H2O2---------GSH-Px → GSSG + 2 H2O
The human genome contains 25 genes that are predicted to encode over 30 selenoproteins due to the alternative splicing [17]. Recently, there have been a great deal
of studies carried out on selenium metabolism [11,12,18].
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In most of the studies, the external selenium was given to
experimental animals as Se4+ [19]. Selenium could prevent
damage to the unsaturated fatty acid of sub-cellular membranes by lipid peroxidation induced by free radicals [20].
In this experiment, Oncorhynchus mykiss, one of the
most popular cultural fish in Turkey, was chosen as the
model organism. The purpose of the present study was to
investigate the responses of rainbow trout to Cd2+, Cr3+,
Se4+, Cr3++ Se4+ and Cd2++ Se4+ of different concentrations
following long-term exposure.
2. MATERIALS AND METHODS

The ethical rules raised by “Guide for the Care and Use
of Laboratory Animals” (Guide for the Care and Use of
Laboratory Animals 1996) [21] were obeyed during this
study which was closely scrutinized by the Ethical Committee of Fish Research at Inonu University, Malatya, Turkey.
2.2. Study design

The fish were divided into 6 groups, and there were
10 fish in each group and a total number of 60. Each group
corresponded to metals-exposed concentrations, while the
unexposed group served as control samples. During the experiment, water pH was kept at 7.4-7.45 and water hardness at about 100 mg/L as CaCO3. Fish were administrated
heavy metal and sodium selenite for a week.

2.1. Animals

These groups are,

The experimental fish, rainbow trout (Oncorhynchus
mykiss Walbaum, 1792) was obtained from a rainbow trout
cage cultivating farm (Karakaya Dam Lake, Malatya, Turkey). Fish were fed for 15 days in a stock pond (8 x 5 x
1.5 m) to provide their acclimation to the new environment.
After adaptation period, ten fish were placed randomly
into a tank (250 L in volume). Fish used in this study had
an average 214.36± 8.14 g in weight and 27.22±0.51 cm in
length. Experimental tanks were aerated during the study
before exposure, and the mortality rate was below 1 %. Air
flow was continuous and artificial dry food was provided
once daily. Physical and chemical properties of water are
depicted in Table 1. Heavy metal levels of the water used
in the experiment are shown in Table 2.

Group I: control

TABLE 1 - Some parameters of the water used in the experiment
Parameter
Dissolved oxygen (mg/L)
Chemical oxygen demand
(mg/L)
Temperature (0C)
pH
Total suspended solids (mg/L)
Total hardness CaCO3 mg/L
Nitrate (mg/L)
Total organic carbon (mg/L)
Total nitrogen (mg/L)
Chloride (mg/L)
Sulphate (mg/L)
Ammonium nitrate (mg/L

Before treatment
7.20±0.60

After treatment
6.90±0.20

14.2±0.12

15.70±0.18

11.0±0.20
7.43±0.10
251.0±4.50
100.0±2.10
0.15±0.01
10.86±1.20
1.55±0.30
16.0±1.50
0.40±0.10
0.70±0.10

11.6±0.20
7.45±0.10
266.0±6.70
105.0±3.60
0.22±0.03
12.70±1.70
1.74±0.40
18.0±1.40
0.60±0.30
0.90±0.10

TABLE 2 - Heavy metal levels of the water used in the experiment
Heavy metals
Cd (µg /L)
Pb (µg /L)
Cu (µg /L)
Cr (µg /L)
Co (mg/L)
Ni (µg /L))
Zn (mg/L
Fe (µg /L)
Mn (µg /L)
B (µg /L)
Ba (µg /L)
Al (µg /L)

mean±S.error
0.0±0
0.0±0
0.0±0
0.0±0
0.0±0.
3.1±0.60
0.0±0.00
280.3±17.60
0.0±0.00
245.4±22.10
292.8±11.40
0.0±0.00

Group II: exposed to a single dose of 2 ppm concentration of sodium selenite penthahydrate salt
(Na2SeO3.5H2O) [22].
Group III: exposed to a single dose of 2 ppm concentration of chromium (III) nitrate (Cr(NO3)3.9H2O).
Group IV: exposed to mixture dose of 2 ppm chromium (III) nitrate (Cr(NO3)3.9H2O) and 2 ppm sodium selenite penthahydrate salt (Na2SeO3.5H2O)
Group V: exposed to a single dose of 2 ppm concentration of cadmium sulphate (CdSO4.8H2O) [23,24].
Group VI: exposed to mixture dose of 2 ppm cadmium sulphate (CdSO4.8H2O) and 2 ppm sodiumselenite.
Penthahydrate (Na2SeO3.5H2O).
2.3. Preparation of tissues for biochemical analysis

Gill tissues of fish were dissected by autopsy technique application 7 days later. The tissues were rinsed with
0.9% NaCl and separated into two parts for determination
of enzymatic activity and the lipid peroxidation. The samples for enzyme analysis were homogenised in PBS (Phosphate Buffer Saline) buffer (pH 7.4) using PCV Kinematica
Status Homogenizer. Homogenised samples were then sonicated for 1.5 min (30-s sonications interrupted with 30-s
pause on ice). Samples were then centrifuged at 17,000 rpm
for 15 min, and supernatants, if not used for enzyme assays
immediately, were kept in the deep freeze at – 70ºC. The
second part of tissue homogenate was used for lipid peroxidation analysis. Tissues were washed three times with
ice-cold 0.9% NaCl solutions and homogenised in 1.15 %
KCl. The homogenates were assayed for MDA, the last
product of lipid peroxidation.
2.4. Protein determination

Determinations of protein, carried out according to
Lowry et al. [25], were measured by a UV-1600 spectrophotometer (Schimadzu., Japan) at 595 nm after 2 min. The
content of protein was calculated by the corresponding
absorbance according to a standard curve. BSA (Sigma) was
used as the protein standard.
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2.5 CAT activity analysis

CAT activity was assayed by ultraviolet spectrophotometer [26]. CAT activity was measured at 37 oC by following the rate of disappearance of H2O2 at 240 nm (ε240 =
40 M-1 cm-1). One unit of catalase activity is defined as the
amount of enzyme catalyzing the degradation of 1 µmol of
H2O2/min at 37 oC and the specific activity corresponds to
µmol transformation of substrate (H2O2) min–1 mg–1 protein.
2.6. SOD activity analysis

SOD activity was determined by measuring the inhibition of the autooxidant of pyrogallol using a modification of the method of McCord and Fridovich, 1969 [27].
The activity of SOD was determined as ng of enzyme per
mg protein, utilizing a commercial SOD preparative as
internal standard.
2.7. GSH-Px activity analysis

GSH-Px activity was determined in a coupled assay
with glutathione reductase and by measuring the rate of
NADPH oxidation at 340 nm using hydrogen peroxide as
the substrate. GSH-Px activity was measured according to
Lawrance and Burk, 1976 [28]. Specific activity was given
as nmol NADPH/ min-1mg-1 protein.
2.8. Lipid peroxidation (MDA) analysis

The analysis of lipid peroxidation was carried out as
described [29] with a minor modification. The reaction
mixture was prepared by adding 1 ml homogenate into 4 ml
reaction solution (15 % trichloroacetic acid: 0.375 % thiobarbituric acid: 0.25 N NaOH, 1:1:1, w/v) and heated at
100 oC for 10 min. The mixture was cooled to room temperature (25oC), centrifuged (10,000 x g for 10 min) and
the absorbance of the supernatant was recorded at 532 nm.
MDA results were expressed as nmol/mg protein in the
supernatant. The main principle for the method is spectrophotometric determination of color changes which are
caused by reaction between thiobarbituric acid (TBA) and
MDA.
2.9. Statistical analysis

Biochemical data were analyzed with SPSS 9.0 for
Windows using One-way Analyses of Variance (ANOVA).
Kruskal-Wallis H test was used to compare among groups
and Mann-Whitney U test was used to compare inside
groups. Differences between means were determined using
Duncan’s multiple range test in which the significance
level defined as (P<0.05).
3. RESULTS
Changes in biochemical parameters such as Se-GSHPx, CAT, SOD activities and MDA level in gill tissue of
rainbow trouts exposed to 2 ppm doses of selenium and
heavy metal (Cd2+, Cr3+) are given in Tables 3 and 4. A

statistically significant decrease (P<0.05) in Se-GSH-Px,
SOD and CAT activity were observed in the gill tissues of
fish exposed to 2 ppm heavy metal (Cd2+, Cr3+) in comparison to the control group. However, there was a statistically significant increase in the MDA level in gill tissue
of rainbow trouts exposed to 2 ppm doses of heavy metal
(Cd2+, Cr3+) (P<0.05).
TABLE 3 - Changes in the gill tissue [GSH-Px, SOD, CAT activity
and MDA levels] ∆ with Se+4 administration on fish exposed to Cr+3
CAT
SOD
(U/mgP)
(ng/mgP)
Control
30.73±1.36a
5.24±0.34a
Se+4
29.60±1.38a
5.08±0.31a
Cr+3
21.38±1.82c
3.16±0.07c
+3
+4
b
Cr +Se
26.17±1.85
3.92±0.14b
All data points are the average of n=10
significant (P< 0.05).

GSH-Px
(U/mgP)
94.81±2.48a
88.07±1.34a
53.90±1.84c
61.71±2.34b
with ± SDs.

MDA
(nmol/mgP)
6.34±0.92c
7.82±0.61c
15.55±0.69a
8.98±0.18b
a,b,c
statistically

TABLE 4 - Changes in the gill tissue [GSH-Px, SOD, CAT activity
and MDA levels] ∆ with Se+4 administration on fish exposed to Cd+2
CAT
SOD
(U/mgP)
(ng/mgP)
30.73±1.36a
5.24±0.34a
29.60±1.38a
5.08±0.31a
c
20.32±1.45
3.37±0.02c

GSH-Px
MDA
(U/mgP)
(nmol/mgP)
94.81±2.48a
6.34±0.92c
88.07±1.34a
7.82±0.61c
c
46.23±2.69
15.55±0.69a

Control
Se+4
Cd+2
Cd+2 +
24.17±1.85b
3.77±0.05b
59.99±1.47b
Se+4
All data points are the average of n=10 with ± SDs.
significant (P< 0.05).

8.98±0.18b
a,b,c

statistically

The groups exposed to 2 ppm doses of Se4+ in the presence of heavy metal in each case (Cd2++Se4+ or Cr3++Se4+),
were observed that there were statistically significant (P<
0.05) convergences in comparison to the control group
values for Se-GSH-Px, SOD and CAT activity in gill tissue
of fish. In addition, there have been a statistically significant change in MDA values (P<0.05) of fish exposed to
both heavy metals (Cd2+, Cr3+) and Se4+. The MDA levels
of this group caused a statistically significant convergence
in comparison to the control group values.
As an important indicator for oxidative damage, the
MDA level increased in the gill tissue of fish exposed to
both heavy metals (Cd2+, Cr3+).
4. DISCUSSION
This work focused on CAT, SOD, Se-GSH-Px activities and MDA level in gill of rainbow trout with different
metal levels. Cd2+ and Cr3+, could affect antioxidant molecules, thus enhancing lipid peroxidation (Tables 3 and 4).
Activities of antioxidant enzymes have previously been
shown to vary considerably between fish species [4], tissues [30] and between seasons [31]. Food deprivation can
also affect hepatic SOD and CAT activities [32]. Since all
our fish had been starved for equal time, the food deprivation effect is anticipated to be the same in all examined
individuals.
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Neither SOD nor CAT activities were found to differ
in gills of rainbow trout. Cd2+ inhibits the electron transfer
chain and causes superoxide radical formation [33], which
can explain decreased SOD activity in gills of Cd2+ exposed rainbow trout. Clear relationships between protein/enzymes will probably be easier to find during runoff
episodes with higher loads of metals in the dams [34].
Different kinds of organisms may be used to determine
the mechanisms of action of pollutants on specific physiological functions. In polluted areas, exposure of fish to
heavy metal leads to interactions between these chemicals
and biological systems, which give rise to biochemical
disturbances. Similarly, in fish exposed to heavy metals
(Cr3+, Cd2+) displayed a tendency toward decreased antioxidant enzyme activity [35].
Similar indicators, such as MDA levels in hepatic homogenates can be used for metal-induced oxidative stress
in fish. Recently, a series of ecotoxicological studies investigated free radical damage and oxidative stress parameters
in various species of fish exposed to toxic metals and organic pollutants (Cd2+, Hg1+, Cu2+, Arochlor, and contaminated sediments). Exposure resulted in increased MDA
levels in hepatic and ovarian tissues, affected growth, and
caused extensive tissue lipid peroxidation [36,37].
In summary, our data indicate that prevention of uptake of metals is of importance in rainbow trout exposed to
Se4+, while for Cd2+/Cr3+-exposed trouts intracellular binding of metals to MT seem to be the obvious mechanism to
avoid toxicity. Se4+ can contribute to antioxidative defense
system at 2 ppm concentrations for rainbow trouts. This
tolerance can be explained by the cofactor nature of selenium for GSH-Px. Results of this study are in well accordance with the previously reported investigations [38-41].
Interestingly, we found that Cd2+ + Se4+ and Cr3+ +
Se exposed rainbow trout positively increased antioxidant activities, while Cd2+ and Cr3+ exposed rainbow trout
had undesirable activities. The Cd2+-exposed rainbow trout
may have acclimated to the high Cd2+-levels by decreasing
uptake or increasing elimination of these metals. Thus,
gill uptake reduction as a result of acclimation induced by
the high Cd2+ and Cr3+ concentrations in rainbow trout
may explain why the rainbow trout had significantly unfavourable affects. When we add Se4+ to these ions, affects were positive in antioxidant activities. According to
biochemical data, Se4+ can contribute to antioxidative defence system at 2 ppm concentrations for rainbow trouts.
This tolerance can be explained by the cofactor nature of
selenium for GSH-Px.
4+
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ABSTRACT
In this work we examined the effect of non-thermal
low electric treatment on the protein expression of Saccharomyces cerevisiae. The electric field was produced from
therapeutic device Powertube QuickZap, which is intended
for the electronic stimulation of nerves. It is used for selftreatment of symptoms and pain. Previous experiments
have shown that low frequency electric or magnetic fields
cause changes in protein induction. The present study confirms these observations. Two-dimensional gel electrophoresis (2-DE), Progenesis SameSpots software and matrix
assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF-MS) were used to examine
changes in protein expression. In response to 3 hours nonthermal low electric field exposure, the enzyme homoserin
dehydrogenase was overexpressed. This result suggests that
this enzyme may play an important role in the adaptation
of Saccharomyces cerevisiae to electric stress. The role of
an electric field as a co-stressing factor is discussed.

KEYWORDS: Non-thermal low electric field; Stress response;
Matrix assisted laser desorption ionization-time of flight mass
spectrometry; Two-dimensional gel electrophoresis

1. INTRODUCTION
Recent proteomic research has provided evidence that
environmental stress or stimuli induce the expression of
characteristic stress-related proteins in living organisms.
This opens the possibility (at least in principle) of using
these proteins, which are involved in adaptive and protective
mechanisms of living organisms, for the detection of any
kind of environmental stimuli with the help of their highly
specific „fingerprint”. The stress response is an important
* Corresponding author

protective mechanism that enables cells from animals, plants
and bacteria to survive environmental stressors with the aid
of stress proteins, which are associated with sensing and
repairing damage to DNA, helping damaged proteins to
refold and to regain their conformations and also acting as
chaperones for transporting cellular proteins to their destinations in cells [1]. By developing an analytical assay based
on these protein expression signatures, it may provide a
better understanding of the damage and toxicity mechanisms of these stimuli which are not fully understood yet.
The effect of a non-thermal low electric field on biological systems has been reported by various workers [2,
3]. The results however of low electric field research are
contradictory, and only little is known about the possible
mechanisms of interaction between the electric field and
living organisms. Ranalli et al. [4]) studied the effect of low
electric treatment on S. cerevisiae microflora. They demonstrated that a low voltage treatment using graphite electrodes had a considerable effect on the viable and growth of
S. cerevisiae. Low electric field could be attributed to many
mechanisms, including changes in the electrochemical membrane potential, membrane transport and membrane permeability [5]. An electric current, even at a low intensity, can
cause increases in hydrogen ion concentration inside the
cytoplasm [6] and disturbance of membrane functionality
causing the alteration of cell metabolism. Another important work however showed that extremely low frequency electric field had no effect on plasma lipid peroxide
level and antioxidant activity in rats [2]. Türközer el al. [3]
on the other hand observed effects of 50 Hz electric field
exposure on lipid peroxidation levels and antioxidant defence mechanisms in brain tissue of guinea pigs. Goodman
and Blank [7] studied the effect of electromagnetic field
(EMF) on Drosophila chromosomes and observed that
EMF causes changes in chromosome and that heat shock
genes were overexpressed. It has been shown in many
laboratory studies that levels of hsp70 transcripts were
induced when S. cerevisiae and human cells are exposed
to low frequency electromagnetic fields [8, 9].
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In this study we compared the protein profile of a
sample treated with Powertube QuickZap to this of an untreated sample (control), and for each sample, three analytical replicates were run on a pH-range of 4,9–6,9. The
eukaryotic microorganism S. cerevisiae was used as a model
organism to investigate the induction of stress proteins to
exposure to non-thermal low electric treatment. S. cerevisiae was chosen based on the fact that it is safe to handle
and that its genome has been completely sequenced [10].
Furthermore, S. cerevisiae was used as a model organism
in many medical studies [11, 12]. We analysed the protein
expression in S. cerevisiae upon non-thermal low electric
stress with 2-DE and identified overexpressed proteins
using MALDI-TOF-MS.
2. MATERIAL AND METHODS
2.1. Yeast strain growth and exposure conditions

The strain BMA64-1A of S. cerevisiae (Institute for
Molecular Bioscience, Frankfurt, Germany) was grown at
30 °C in defined synthetic YNB medium (6.7 g/L) supplemented with 20 g/L w/v glucose and buffered with sodium
hydroxide (6 g/L w/v) succinic acid (10 g/L w/v) to pH 5.8.
When the cells reached to the late mid-exponential phase,
the cell culture was divided into two cultures; the first one
was treated with the therapeutic device Powertube QuickZap
(Fritonex AG, Switzerland), which was operated with a 9volt battery. The electric impulses within the frequency
range of 124–217 kHz were produced from its electrodes,
which were inserted into a flask containing 100 ml of the
cell culture for time period of 3 hours.
The second culture was not treated with Powertube
QuickZap and was considered as a control. The cells were
harvested by centrifugation in the late mid-exponential phase
once the culture reached an optical density (OD) of 1.0,
washed afterwards in ice-cold deionized water, and then
spun for 5 min (5000 × g). Yeast cell pellets were each transferred into 1.5 mL Eppendorf tubes and stored at –78 °C if
not processed immediately [13, 14].
2.1.1. Cell lysis and protein solubilization

The amount of 200 µl of hot (95 °C) sodiumdodecylsulphate (SDS) sample buffer (1% w/v SDS, 100 mM TrisHCl, pH 8.5) were added to the yeast cell pellet and sonicated (15 × 1 s). After cell lysis, the sample was boiled for
5 min, cooled to room temperature in an ice-bath, diluted
with 500 µL of Thiourea/urea lysis buffer (2 M Thiourea,
7 M urea, 4% w/v CHAPS, 1% w/v dithiothreitoland
2% w/v carrier ampholytes, pH 3–10), and spun (16,000 × g,
5 min). The clear supernatants were removed and stored
at –78 °C until analysis [13].
2.1.2. 2-DE with Immobilized pH-Gradients (IPGs)

For the detection of stress-induced proteins in S.
cerevisiae, 2-DE with IPGs was applied according to
Görg et al. [15]. The rehydration buffer of the IPG strips

contained 6 M urea, 2 M thiourea, 1% CHAPS w/v, 0.4%
DTT w/v, and 0.5% pharmalyte 3–10 v/v. All Chemicals were of analytical or biochemical grade (Amersham
Biosciences, Freiburg, Germany). The sample was applied
by cup-loading (2 cm from the anode). The protein load
was 150 mg for analytical gels, and 450 mg for micropreparative gels, respectively. For the first dimension, the
isoelectric focusing (IEF), IPG gels were cast with pH
gradients between 4.9 and 6.9. IEF was performed using
the IPG phor IEF unit from Amersham Biosciences. After
IEF, the IPG strips were equilibrated in a IPG strip equilibration solution containing 30% w/v glycerol, 6 mol/L
urea, and 0.25% w/v bromophenol blue in 0.05 mol/L
Tris-HCl pH 8.8 [16]. Dithiothreitol (DTT) (65 mM/L)
was added to the first equilibration step and 260 mM/L
iodoacetamide to the second, respectively [17]. Both equilibration steps lasted for 15 min at room temperature. The
second dimension (SDS-PAGE) was performed in vertical
gels (13% T) using Ettan Dalt II from Amersham Biosciences. For determining the molecular weight, precision
protein standard markers (BioRad, Her-cules, CA, USA)
were used. The resolved proteins were stained with silver
nitrate [18], or with a Coomassie Brilliant Blue (CBB G250) solution (Roti Blue; Roth, Karls-ruhe, Germany) [19].
The images from stained gels were digitized with a flatbed
scanner (Epson expression 1680 Pro). The computer based
analysis of the 2-D gels for protein detection, spot matching
between gels, and change of protein expression levels was
performed with SameSpots software (Molecular Dynamics, Newcastle, UK) according to the manufacturer’s
instructions. The analysis of the images was performed
fully automatically. The normalization factors were determined based on the total volume, and matched spot volumes were normalized across the whole match. After automatic spot detection, matching, and quantification, the
data were ranked according to p-value, and the maximum
fold change was observed across all the groups compared.
For the control and treated sample, only protein spots showing a statistically significant up- or down-regulation
(p = 0.005) were considered as differentially expressed. The
normalized spot volumes of the image in the match set were
compared (if the data were identical, all ratios equal 1; for
different data, the ratios were < 1 or > 1).
2.2. Protein identification by peptide mass fingerprinting
(PMF) using MALDI-TOF-MS

The protein spots of interest were excised from CBB
stained gels and destained for 40 min using 100 mL ACN
(50%) and 5 mM of (NH4)HCO3 (50%), and dried at 40 °C
for 30 min using a Speedvac. For the tryptic digestion, 20 mg
of trypsin was dissolved in 100 mL 1 mM HCl, and immediately before use, 150 mL 5 mM (NH4)HCO3 was added to
the trypsin solution (final concentration: 12.5 ng/mL). Afterwards 10 µl of this solution was pipetted on each dried
protein spot and incubated for at least 8 h at 37 °C. The
elution solution (30 mL) was pipetted each into a sample
vial, which were then incubated in an ultrasonic bath for
20 min. The supernatant was taken and dried using a

118

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

Speedvac. The digested sample (0.5 mL) was added to the
slide and mixed with 0.5 mL of the matrix solution (15 mg/
mL alpha-cyano-4-hydroxy-cinnamic acid (CHCA) in 50%
acetonitrile (ACN) and 0.5% trifluoroacetic acid (TFA)) and
air-dried for 10 min. Mass spectrometry was performed
using an Ettan z2 MALDI-TOF (Amersham Biosciences)
equipped with a UV nitrogen laser (337 nm) in harmonic
reflectron mode: positive-ion reflectron mode at 20 kV with
delayed extraction mode and low mass rejection; calibration: peptide samples (Angiotensin II, ACTH 1–39) and
internal standard (trypsin autodigestion fragments) [20].
For each spectrum, 200 single shots were accumulated.
The proteins were considered as identified when at least
five peptides were matched, and/or the expectation value
was 0.005.
3. RESULTS AND DISCUSSION
3.1. Temperature monitoring

To ensure that the possible biological effects observed
in our study were not related to thermal confounding, the
temperature in electric field-exposed samples was monitored over the course of the entire exposure period. The
temperature data in the media of each samples were collected every 60 s. No major changes in temperature were
detected during the entire exposure period.
3.2. Differential protein expression

The exposure of S. cerevisiae cells to low electric field
dose did not cause a dramatic change in protein expression.
We analyzed the proteomic response to the electric field

exposure in order to identify differentially expressed proteins, which could be important for the resistance to this
stress. The S. cerevisiae cells were treated with the therapeutic device Powertube QuickZap for 3 h, and the extracts
from untreated as well as treated cells were then subjected
to comparative 2-DE (Fig. 1). Afterwards, the changes in
spot intensity between untreated and treated cells were
quantified by image analysis software and the differences
by a 1.5-fold change between treated and untreated cultures and a p-value (expectation) of 0.005 were considered
as significant. After treating the S. cerevisiae cells with the
therapeutic device Powertube QuickZap, only one considerable up- regulated protein in the pH range between 4.9–
6.9 was found (Fig. 1).
PMF analysis revealed that the protein homoserin dehydrogenase was significantly upregulated (1.8-fold) as a
response to the electric field exposure (Fig. 2). This enzyme catalyzes the synthesis of homoserine which participates in energy metabolism and helps the cell to gain
NADH/H+. In many studies the induction of a large number of genes which are involved in energy metabolism was
reported after the treatment of S. cerevisiae with NaCl or
ethanol as stress factors [21, 22]. Fanous et al. [23] found
that the protein long-chain acyl-CoA synthetase, which is
involved in energy metabolism, was upregulated after the
treatment of the soil bacteria Corynobacterium glutamicum
with the herbicide 2,4-dichlorophenoxy acetic acid (2,4-D).
The expression of this enzyme may reflect the increased
need of the cell to generate energy that is necessary to
counteract electric stress.
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FIGURE 1 - 2D gel images of S. cerevisiae cells untreated (= control) or treatment with Powertube QuickZap.
The protein that was induced > 1.5-fold was selected as stress protein and identified by MALDI-TOF-MS.

FIGURE 2 - Overexpression of homoserin dehydrogenase after treatment with Powertube
QuickZap; "Zoom in" from IPG 4.9–6.9 with left control and right treatment sample.

Homoserin dehydrogenase was induced and considered as stress protein when Escherichia coli was grown in
the presence of salt (NaCl); osmotic stress [24]. The induction of heat-shock proteins has been reported as defense
mechanism against a wide range of stress conditions, including exposure to electric and magnetic fields [8, 9]. Heatshock proteins are molecular chaperones that assist abnormal proteins to accumulate under stress conditions, to regain their proper folding, or to assist their proteolytic degradation [25]. Surprisingly, in this study we did not find
any alteration in expression of heat shock proteins (HSP).
As in good agreement with our results, Morehouse et al. [26]
reported that exposure to low-frequency electromagnetic
fields does not alter the HSP70-expression in HL60 cells.
4. CONCLUSION

of our knowledge, this protein has not been previously
reported as a stress protein in S. cerevisiae cells after the
exposure to the electric field or any kind of stress. We
suggest that non-thermal low electric field does not have a
big effect on S. cerevisiae because the cell could induce
only one defense mechanism, although S. cerevisiae has the
ability to induce many defense mechanisms. It indicates that
this defense mechanism suffices to protect the cell from
external stress.
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The results of this study suggest that one identified
protein upon with non-thermal low electric field is involved
in the cell’s adaptation phase. The cell may need homoserin
dehydrogenase to cope with increased energy demands
after the exposure to the electric field and the enzyme may
enable the cell to protect itself from this stress. To the best
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ABSTRACT
A heterotrophic nitrifying-aerobic denitrifying bacterium named ‘YX3’ was newly isolated from an urban river,
which had been heavily polluted by domestic sewage and
industrial wastewater. Based on similarity of PCR-16S
rDNA using universal primers it was identified as Pseudomonas sp. The strain YX3 was found to exhibit excellent abilities with respect to heterotrophic nitrification and
aerobic denitrification. Shaking culture experiments were
conducted to further investigate the heterotrophic nitrification capacity of this strain. Results showed that optimal
conditions for ammonium (NH4+-N) removal were as follows: sodium succinate as carbon source, NH4+-N concentration of 50 mg/L, carbon to nitrogen mass ratio of 15,
and pH of 7.0. During a seven-day aerobic denitrification
process, the removal rates of nitrate (NO3--N) and total
oxidized nitrogen (NOx--N) achieved 56.26% and 53.99%,
respectively. The strain YX3 was later inoculated into river
water collected from five sites of the river to determine
the removal efficiencies of nitrogen and other compounds
from such waters. Results indicated that the highest removal rates of chemical oxygen demand (COD), total nitrogen (TN) and NH4+-N were 61.36%, 50.29% and 57.14%,
respectively. Thus, the strain YX3 displayed a high potential
for in situ nitrogen removal from eutrophic surface waters.

KEYWORD: eutrophication, heterotrophic nitrification, aerobic
denitrification, urban river

1. INTRODUCTION
Increases of nitrogen levels in urban rivers from domestic sewage and industrial wastewater can cause serious
eutrophication of surface waters [1]. Since effluents from
municipal wastewater treatment plants in China are usually

* Corresponding author

overloaded with ammonum (NH4+), the nitrogenous substances in polluted rivers are mostly in the form of NH4+.
Conventional NH4+ removal requires a process involving
the biological oxidation of NH4+ to nitrate (NO3-) (nitrification) followed by the biological reduction of NO 3- to
nitrogen gas (N2) (denitrification). It has commonly been
accepted that nitrification and denitrification require aerobic and anoxic conditions, respectively. However, there are
also some reports of anaerobic ammonium oxidation
(anammox) [2, 3] and aerobic denitrification [4-7].
Microorganisms play important roles in nitrogen cycles of aquatic ecosystems. Among them, the nitrification
process has been thought to be carried out mainly by ammonia- and nitrite-oxidizing bacteria that are obligate aerobic and chemoautotrophic organisms. A number of heterotrophic microorganisms have, however, been reported to
nitrify many different nitrogenous compounds [8]. Although
nitrification capabilities of autotrophs have been known to
be higher than those of heterotrophs, autotrophic nitrification is greatly limited by the presence of organic compounds. Under certain conditions, heterotrophs are able to
out-compete autotrophs for NH4+-N and may become dominant in some environments [9].
Various heterotrophic nitrifying bacteria also have the
potential to denitrify their nitrification products under aerobic conditions [3]. Heterotrophs that have such a capacity
include Pseudomonas alcaligenes [10], Paracoccus denitrificans (formerly known as Thiosphaera pantotropha)
[11], Alcaligenes faecalis [12], Hyphomicrobium X [13],
and Pseudomonas denitrificans [14].
Such species have been successfully used in
wastewater treatment [5, 15]. However, to our knowledge,
few studies have done for their potential applications on
the removal of nitrogen from eutrophic freshwater systems. In this study, a heterotrophic nitrifier named ‘YX3’,
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with an excellent capability of NH4+-N oxidation, was
isolated from an urban river. The main objective of this
study was to in-vestigate the heterotrophic ammonium
removal capability and the factors affecting the optimum
performance of the strain YX3. Its aerobic denitrification
ability was also studied to determine potential applications
with respect to the amelioration of eutrophication in rivers.
2. MATERIALS AND METHODS
2.1. Enrichment of heterotrophic nitrifiers

According to Lin et al. (2007) [16], the basal medium
(NM) used in this experiment was prepared by dissolving
0.5 g (NH4)2SO4, 2.17 g sodium succinate and a 50 mL
vitamin solution in distilled water (1 L). (NH4)2SO4 and
sodium succinate were supplied as N source and C source,
respectively. The vitamin solution contained the following components (g/L): K2HPO4 (5.0), FeSO4·7H2O (0.05),
NaCl (2.5), MgSO4·7H2O (2.5), MnSO4·4H2O (0.05). The
final pH was adjusted to 7.0. All media were sterilized by
autoclaving at 121℃ for 20 min.
Inocula for isolation were obtained from five sites in
the Fuhe River, which received domestic and industrial
wastewater from the Baoding City in northern China. The
heterotrophic nitrifying bacteria were enriched and isolated according to the procedure developed by Matsuzaka et
al. (2003) [17]. Water samples of 10 mL were transferred
individually into conical flasks containing 100 mL medium. The flasks were then incubated at 30℃ with shaking (150 rpm). Sub culturing was performed three times
every three days by adding 1% (v/v) of culture broth to
fresh liquid medium. Samples were diluted 10-1 to 10-7
before spreading on medium solidified with 2% agar.
After 48 h of incubation at 30℃, agar plates in which 50–
100 colonies had formed, were selected for further treatment. Purified isolates of cells were obtained by repeated
streaking on fresh agar plates.
The liquid medium was employed to verify the heterotrophic ammonium oxidation capability. Nitrite (NO2-)
and NO3- production from the medium was confirmed by
observing color formation after 48 h of incubation [18]. As
autotrophic ammonia and nitrite oxidizers are unable to grow
in the medium containing high amounts of C substrates [16],
the NO2-/NO3- accumulation in the medium could only be
produced by heterotrophic bacteria. One stain, named ‘YX3’,
that was observed to have the highest heterotrophic ammonium oxidation capability, was selected for further investigations.
2.2. PCR amplification and sequencing of 16S rDNA

For genetic analysis, the genomic DNA of the strain
YX3 was extracted using the EZ Spin Column Bacterial
Genomic DNA Isolation Kit UNIQ-10 (Sangon, Shanghai, China). PCR amplification was undertaken with universal primers 341F (5’-CCT ACG GGA GGC AGC AG3’) and 907R (5’-CCG TCA ATT CCT TTG AGT TT-3’)

[19, 20]. The reactions were performed in a final reaction
mixture of 50 µL containing 5 µL of 10×PCR buffer (containing Mg2+ 20 mmol/L), 4 µL of dNTP, 1 µL of each
primer (10 µmol/L), 1 µL of template DNA and 1.25 µL
Taq DNA polymerase (2.5 U/µL). The program was carried out as follows: 94℃ for 10 min, followed by 28 cycles
at 94℃ for 30 s, 56℃ for 60 s, and 72℃ for 90 s, with a
final extension at 72℃ for 7 min. The amplified products
were checked by 2% agarose gel electrophoresis and staining
with goldview. PCR products were purified and sequenced
with ABI Prism 3730 Sequencer at Shanghai Bioasia Biologic Technology Co., Ltd., China. The 16S rDNA gene
sequence of the strain YX3 aligned with all the sequences
available from the GenBank by BLAST. The accession
number of the strain YX3 is HM142383.
2.3. Assessment of heterotrophic nitrification

After 24 h of incubation at 30℃ with shaking
(150 rpm), 5 mL culture suspensions of the stain were inoculated into triplicate conical flasks containing 100 mL
NM medium. The initial NH4+-N concentration was about
40 mg/L. Sodium succinate was supplied as the C source
and pH was adjusted to 7.0. The flasks containing uninoculated sterile medium served as the sterility controls.
Flasks were then incubated at 30℃ with shaking (150 rpm).
Samples from the flasks were measured periodically to determine OD600nm, NH4+-N, NO2- -N, and NO3--N concentrations.
2.4. Influence of environmental factors on nitrification

To observe the effect of C sources on NH4+-N removal
efficiency, the strain YX3 strain was cultured in a liquid
medium containing the following C sources: glucose, sodium bicarbonate or sodium succinate. The C was supplied at
a concentration of 500 mg/L, and initial NH4+-N concentration was about 50 mg/L (pH 7.0).
The effect of NH4+-N concentrations on nitrification
was tested by adjusting initial NH4+-N concentration levels
to 5, 10, 20, 40, 50, 60, 80, 100, 120 and 140 mg/L using
(NH4)2SO4. Sodium succinate was supplied as the C source
(pH 7.0).
The influence of pH and C/N ratios on the nitrifying
capacity of bacterial isolate YX3 was assessed using sodium succinate-C medium containing an initial concentration
of NH4+-N 50 mg/L. The initial C/N ratios were 1, 5, 10,
15, 18, and 20. With a C/N ratio at 15, the initial pH was
adjusted to values of 5.0, 6.0, 7.0, 8.0 and 9.0, using
H2SO4 (aq) or NaOH (aq).
The NM media used in the experiments were adjusted
as mentioned above. About 10 mL of the culture suspensions were pipetted into 100 mL experimental media in
triplicate. The flasks containing uninoculated sterile medium served as the sterility controls. After 24 h of incubation at 30℃ with shaking (150 rpm), the concentration of
NH4+-N in the media was determined.
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3. RESULTS AND DISCUSSION

2.5. Assessment of aerobic denitrification

Tracking studies for the aerobic condition were conducted to investigate the capability of the stain for aerobic
denitrification. After 10 h of incubation at 30℃ in basic
medium, cell suspensions (5 mL) were added to triplicate
conical flasks containing 100 mL of the denitrification
medium (DM) with the pH adjusted to 7.0–7.3. According
to Liu et al. (2008) [21], the composition of the DM medium used in this experiment was as follows (g/L): sodium
succinate (2.17), KNO3 (1.2), KH2PO4 (1.0), K2HPO4·7H2O
(1.0), MgSO4·7H2O (0.2). The flasks containing uninoculated sterile medium served as the sterility controls. Flasks
were incubated at 30℃ with a gyratory shaker rate of
150 rpm to assure adequate oxygenation. The medium
was then filtered and colorimetric analysis for NO 3--N
and NO 2--N was carried out on a daily basis.
2.6. Application of the selected isolate for nitrogen removal
treatment in river water

Water samples were obtained from five different sites
in the river from upstream to downstream as follows: NS,
WT, LZ, AZ and AX. Cultures (30 mL), incubated in
basic medium at 30℃ and 150 rpm for 10 h, were centrifuged at 4000 rpm for 20 min using a high-speed centrifuge, after which the supernatant was discarded. The remaining bacteria were washed three times with sterilized
purified water. Final bacterial samples (diluted to 5 mL)
were added to 100 mL autoclaved sterile river water. Triplicate samples of river water were incubated aerobically at
30℃. The flasks containing uninoculated sterile medium
served as the sterility controls. Samples from river water
were measured periodically to determine chemical oxygen
demand (COD), total nitrogen (TN), NH4+-N, NO2--N and
NO3--N concentrations.
2.7. Analytical methods

Growth of bacteria was monitored by measuring the
optical density (OD600 nm) using a spectrophotometer (UV1200 Unico, Shanghai Instruments Co., Ltd., China)
and bacterial suspensions were centrifuged at 4000 rpm
for 20 minutes to measure the concentrations of COD,
TN, NH4+-N, NO2--N and NO3--N in the supernatant, according to the standard methods as described in APHA
(1999) [22]. COD was analyzed by the closed reflux method.
TN was analyzed using alkaline potassium persulfate digestion method. NH4+-N was analyzed by spectrophotometric
method with salicylic acid. NO2--N and NO3--N were analyzed using N-(1-naphthalene)-diaminoethane photometry
and cadmium reduction methods, respectively.
The removal rate (v) of NH4+-N was defined as

v = (C0 − Ct ) / t

(1)

where C0 and Ct are the NH4+-N concentrations at initial and final time (t).

3.1. Morphological and physiological characteristics

Colonies of YX3 are round-shaped, milky in color,
0.5–2.0 mm in diameter, and tested gram-negative. Microscopic observations indicated that cells were short, nonmotile, and rod-shaped (0.3–0.6) µm × (1.0–1.3) µm. Comparison with sequences published in the GenBank database revealed that the partial 16S rRNA sequence of
YX3 is 99% identical to those of Pseudomonas resinovorans c87 (FJ950593) and Pseudomonas stutzeri
BAL281 (AY972868), and the closest matches all belonged to the genus of Pseudomonas. Therefore, the YX3
strain was identified as Pseudomonas sp. Since Pseudomonas strains utilize a large number of organics as their C
or N source and often grow predominantly in natural systems [23], they are important environmental microorganisms.
3.2. Heterotrophic growth

To characterize the growth of the strain YX3, flask
cultures were incubated with the synthetic medium containing NH4+-N. The data points represented average values
for three replicates. Changes in growth and concentrations
of NH4+-N, NO2--N, NO3--N are illustrated in Fig. 1. Reduction of NH4+-N was noted in the strain YX3 after a lag
phase of 3–4 h. The concentration of NH4+-N decreased
significantly within 12 h, and the removal rate of NH4+-N
was about 3.05 mg/L/h according to Eq (1) (t=12 h). It
was higher than the rates achieved by most of other Pseudomonas sp. with the same abilities [4, 10, 15]. The ammonium removal rate was close to that reported by Providencia rettgeri (about 3.26 mg/h/L) at an initial 40 mg/L
NH4+-N concentration [7].
Very low concentrations of NH4+-N remained after
the strain YX3 had reached the stationary phase after 14 h,
and tests indicated that nitrification was accompanied with
growth. According to Castignetii and Hollocher [14], in
most cases, heterotrophic nitrification occurs mainly after
growth has ceased. In the case of some nitrifiers, however,
oxidation of nitrogen compounds occurs together with
growth. In the present experiments, increases in optimal
density corresponded with the decline of NH4+-N concentration, indicating that heterotrophic nitrification of the
strain YX3 occurred while the strain was in a growth phase.
During the process of nitrification, only low concentrations
of NO3--N and NO2--N were detected, so it was presumed
that conversion to N2 had taken place.
3.3. Influence of environmental factors on nitrification

Potentially, the factor of greatest significance in determining heterotrophic nitrification of NH4+-N is the C
source. NH4+-N removal efficiency was affected significantly by different types of C sources. As shown in Table 1,
the rate of NH4+-N removal was highest in cultures grown
with sodium succinate, followed by that grown with glu-
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cose. Sodium bicarbonate was shown to be an unsuitable
C source for nitrification and the rate of NH4+-N removal
was only 13.39% in 24 h. According to Su et al. (2006)
[10], since the strain was able to grow and utilize NH4+-N
in cultures with organic C source rather than inorganic C
source (e.g. bicarbonate), the results confirmed that the
strain YX3 was a heterotrophic nitrifier. Our results also in-
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FIGURE 1- Changes of NH4+-N, NO2--N, NO3--N concentrations and growth curve.

TABLE 1 - Effects of C sources and NH4+-N concentration on removal efficiency by using the strain YX3.
C source
glucose
sodium bicarbonate

sodium succinate

NH4+-N
Final (mg/L)
20.47
43.35
2.27
3.81
5.67
6.51
7.88
10.53
15.64
34.75
58.66
81.41

Initial (mg/L)
50.06
50.05
5.20
10.08
20.02
40.00
50.06
60.14
80.07
100.10
120.00
140.11

Removal efficiency (%)
59.11
13.39
56.35
62.20
71.68
83.75
84.26
82.49
80.47
65.28
51.12
41.90

TABLE 2 - Effects of C/N ratios and pH on removal efficiency by using the strain YX3.
C/N ratio

pH

1
5
10
15
15
15
15
15
18
20

7.0
7.0
7.0
5.0
6.0
7.0
8.0
9.0
7.0
7.0

NH4+-N
Final (mg/L)
34.39
15.78
5.34
19.36
9.84
3.80
8.41
15.80
4.91
5.32

Initial (mg/L)
50.13
50.13
50.13
50.07
50.11
50.13
50.08
50.08
50.15
50.14

dicated that organic C sources with simple molecule structures were the most suitable C sources for nitrification.
Heterotrophic NH4+-N removal ability by the strain
YX3 was observed when the initial NH4+-N concentration
ranged from 5 mg/L to 140 mg/L, as listed in Table 1.
NH4+-N removal efficiency increased gradually when the
initial concentration was below 50 mg/L. Maximum removal efficiency of NH4+-N occurred at a NH4+-N concentration of 50 mg/L and decreased at concentrations

Removal efficiency (%)
31.41
68.53
89.34
61.34
80.38
92.43
83.21
68.45
90.20
89.41

greater than 80 mg/L. Since excessive NH4+-N/NH3 inhabit the growth of heterotrophic nitrifiers, the NH4+-N
removal efficiency of strain YX3 decreased at high concentrations of NH4+-N. Concentrations of NH4+-N in river
water are generally below 50 mg/L. The removal efficiency
of the strain YX3 would, therefore, not be inhibited by
prevailing NH4+-N concentrations in rivers.
The effects of pH and C/N ratios on NH4+-N removal
are summarized in Table 2. At a C/N ratio of 1, consump-
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tion of NH4+-N ceased at a concentration of 34.39 mg/L
within 24 h. This was mainly due to the rapid utilization
of the C source which ultimately affected NH4+-N removal efficiency. At a C/N ratio of 15, the rate of NH4+-N
removal was the highest, whereas the rate decreased
gradually at C/N ratios greater than 15. Even though the
strain could survive in a large range of C/N ratios (1-20),
higher C/N ratios inhibit the activity of heterotrophic
nitrifiers, resulting in the decreasing efficiency of NH4+-N
removal. Thus the ability of the strain YX3 to remove
NH4+-N could be negatively impacted by certain C/N ratios, as well as too-low or too-high supplies of C. NH4+-N
removal efficiency was also shown to be closely related to
pH levels: it increased gradually at pH below 7.0, and decreased at pH above 9.0 indicating that the strain YX3 removal efficiency was optimal at neutral or slightly alkaline media. This is similar to that of the river from which
the strain had been obtained.
3.4. Capacity of the strain YX3 for aerobic denitrification

Aerobic denitrification capacity can be represented by
two indicators: NO3--N removal efficiency, and total oxidized nitrogen (NOx--N = NO3--N + NO2--N) removal

efficiency. Changes of NO2--N, NO3--N in the flask culture during the experiment of aerobic denitrification are
outlined in Fig. 2. The data points represent average values for three replicates. The removal efficiencies of NO3-N and NOx--N were 56.26% and 53.99%, respectively. In
the first three days, NO3--N concentration decreased from
137.85 mg/L to 77.62 mg/L, while NO2--N concentration
gradually accumulated to 3.53 mg/L. Both NO3--N and
NO2--N concentrations then decreased slowly with minimal fluctuations. This indicated that the strain YX3 had
the capacity for denitrification under aerobic conditions.
3.5. Application for nitrogen removal in river water

The water quality of the Fuhe River is significantly
affected by two contaminant sources, i.e. urban sewage
with high loads of organic matter and effluents of
wastewater treatment plants. Due to the absence of the
tertiary treatment step for nitrogen removal, the wastewater
treatment plants currently still use the classic activated
sludge process, resulting in the discharge of (nonnitrified)
ammonium-rich effluents. Thus the river contains high
loads of

10

8

NO2 -N

120

7

-

100

6

80

5
4

60

-

9

-

NO3 -N

140

NO3 -N (mg/L)

-

NO2 -N (mg/L)

160

3
40
2
20
0

1
0

1

2

3

4

5

6

7

0

Time (d)
FIGURE 2 - Changes of NO3--N, NO2--N concentrations during the aerobic denitrification by the stain YX3.

TABLE 3 - Effects of the treatments in different river water by the strain YX3.
Indicator
COD
TN
NH4+-N
NO3--N
NO2--N

Concentration
Initial (mg/L)
Final (mg/L)
Removal Efficiency (%)
Initial (mg/L)
Final (mg/L)
Removal Efficiency (%)
Initial (mg/L)
Final (mg/L)
Removal Efficiency (%)
Initial (mg/L)
Final (mg/L)
Initial (mg/L)

NS
138.34
53.46
61.36
41.62
20.69
50.29
35.70
15.30
57.14
3.21
3.86
0.43
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WT
118.42
56.21
52.53
27.42
14.16
48.35
16.43
8.83
46.25
3.32
3.57
0.07

LZ
94.46
49.73
47.35
24.78
13.41
45.88
22.25
13.32
40.13
2.66
2.73
0.61

AZ
77.81
39.21
49.61
19.32
10.38
46.27
17.39
10.16
41.56
3.02
3.11
0.69

AX
77.39
38.36
50.43
22.82
12.32
46.02
14.8
8.97
39.41
2.96
3.06
0.28
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2.42

0.10
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0.71

0.58

0.31
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organic matter and ammonium, which endangered the health
of aquatic ecosystem. To evaluate nitrogen removal from
river water, the strain YX3 was applied in five different sites
in the River (Table 3). Nitrogen removal was generally
achieved by a combination of nitrification and denitrification processes. Within seven days, the removal rates of
TN and NH4+-N were 45.88–50.29% and 39.41–57.14%,
respectively, indicating relatively high efficiencies for
nitrogen removal from river water. Among the five sites
that were investigated, the removal efficiencies of TN (of
about 50.29% and 48.35%, respectively) at sites NS and
WT were higher than those measured at the three other
sites. This may be due to concentrations of NH4+-N and
organic components being higher at the two sites. The removal efficiency of COD by the strain YX3 ranged from
47.35% to 61.36%. In the present study, this organism has
been shown to be involved in nitrification and denitrification processes as well as in the degradation of organic
matters.
Changes of COD, TN, NH4+-N, NO2--N and NO3--N
at NS site are illustrated in Fig. 3. The removal efficiencies
of TN and NH4+-N were found to be 9.42% and 14.51%,
respectively, on Day 1. The concentration of both NH4+-N
and TN decreased significantly on Day 2 and Day 3. The
same trend can be also seen with respect to COD removal.
This indicated that active nitrification occurred largely on
the second day with a decrease of COD concentration. At
this time, NO3--N began to accumulate due to nitrification, and remained at lower concentrations as denitrifica-

tion occurred simultaneously. After four days, the concentrations of TN remained almost constant, even with little
rise, which might be due to the cell lysis. With respect to
nitrogen balance, the removal of NH4+-N exceeded the
accumulation of NO2--N and NO3--N in a large content. It
may be possible that some other pathway, aside from assimilation of NH4+-N and aerobic denitrification, may have
contributed to the process. Further research is underway to
investigate these complex processes.
Most studies have focused on the application of heterotrophic nitrication/aerobic denitrification in the reactors for wastewater treatment with high level of NH4+-N
(> 250 mg/L) [10, 26]. Few works investigated their applications on urban rivers with relatively lower concentration of NH4+-N (< 50 mg/L) than that of wastewater. Even
though higher NH4+-N removal rates were observed by
some of the heterotrophic nitrifiers isolated from the reactors [24-26], no evidences have showed that they could
effectively remove NH4+-N from urban rivers. In the study,
the YX3 strain has been confirmed to remove nitrogen
efficiently from freshwater systems. The adaptive conditions for cell growth and nitrogen degradation of YX3
were close to the field situation. This implies that eutrophication can be eliminated by applying such heterotrophic
nitrifying-aerobic denitrifying bacteria in the river. Use of
the immobilized YX3 cells for in situ urban river bioaugmentation to promote the efficient removal of NH4+-N and
NO3--N will be investigated further in our laboratory.
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RELATIONSHIP BETWEEN SOIL BIOTOXICITY
AND LEVELS OF HEAVY METALS (Pb, Cd, Cu, Zn, Ni,
Cr, Co, Sb, Fe, and Mn) IN AN OILFIELD FROM CHINA
Xianyuan Du, Jianlin Liu, Yang Zhang, Shanshan Li, Yan Hu and Yu Li*
North China Electric Power University, Research Academy of Energy and Environmental Studies, Beijing 102206, China

ABSTRACT
The relationship between soil biotoxicity and 10 heavy
metals (Pb, Cd, Cu, Zn, Ni, Cr, Co, Sb, Fe, Mn) in an oilfield from China was investigated through multivariable
analysis in SPSS. Multiple regression analysis was conducted to predict the toxicity of the 10 heavy metals after
mitigating the multicollinearity among the metals by principal component analysis. Then, a multiple regression model
was established to reveal the relationship of the biotoxicity
and 10 heavy metals. It was found that the biotoxicity were
significantly positive-correlated with contents of Zn, Ni,
Cr, Sb, Fe, and Mn, but negative correlated with Cd, Co,
Pb, and Cu. According to the multiple regression model,
the contribution to biotoxicity of the heavy metals in soils
was in the order of Cr>Ni>Mn>Sb>Zn>Fe, and a negative influence on the biotoxicity was caused by other 4
heavy metals, following the order of Cd, Co, Pb, and Cu.

KEYWORDS: Heavy metal; soil biotoxicity; multiple regression
analysis; principal component analysis

1. INTRODUCTION
Petroleum and natural gas are the two most important
power sources for modern industry. However, various organic and inorganic pollutants, including trace elements,
total petroleum hydrocarbons and polycyclic aromatic hydrocarbons, were released into environment by oil exploitation [1, 2]. Numerous studies on the organic pollutants have
been reported [3, 4] and a few researches focus on the
inorganic contamination in soils generated by oil exploration and exploitation [5].
Analytical chemistry is the traditional detection method
for soil contamination. But this method cannot differentiate
biological systems and also those which are inert, complex,

or in unavailable forms, like it happens with heavy metals
[6, 7]. In contrast, bioassays could provide a biological response to all the compounds within a mixture and their
realistic interaction, thus being a useful method for assessing the biological impact of contaminated water and
soils [8]. Biotoxicity in soil can be affected by various
pollutants and soil physicochemical properties, such as
heavy metals [9], PAHs [10, 11], organic matter and clays
[12, 13]. Studies show that the combination of heavy
metals also can affect the biotoxicity by interactions reported in these bibliographies as antagonism, synergism,
and additivity [14-16]. Heavy metals may be one of the
most important factors influencing biotoxicity in soils. A
bacterial biosensor with V. fischeri was marketed as the
Microtox® assay, and has been internationally adopted as
a rapid screening test [17]. Different mathematical algorithms have been proposed to predict the toxicity of a
mixture of several contaminants with the Microtox® test
[18, 19].
Multiple regression analysis is most widely used for
expressing the dependence of a response variable on several independent variables [20]. However, the regression
approach can face serious difficulties when the independent variables are correlated with each other [21, 22]. Principal component analysis (PCA) has been used for analyzing voluminous environmental data to separate interrelationships into statistically independent basic components
[23-25]. They are equally useful in regression analysis for
mitigating the problem of multicollinearity, and in exploring the relations among the independent variables for the
prediction model [20].
In this study, biotoxicity of soils from an oilfield was
investigated with the Microtox® test, and the relationship
between the biotoxicity and the amounts of 10 heavy
metals (Pb, Cd, Cu, Zn, Ni, Cr, Co, Sb, Fe, Mn) in the
oilfield soils was revealed by exploratory data analysis in
SPSS (Statistical Package for Social Science, version
18.00). Multiple regression analysis was used to predict
the toxicity of the 10 heavy metals; PCA was used for
mitigating the problem of multicollinearity among the
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metal elements, and the main objective was to assess the
soil biotoxicity caused by these heavy metals.
2. MATERIAL AND METHODS
2.1. Soil sampling and pretreatment

Soil samples were collected from 6 oil wells in an oilfield of China. There are thousands of oil wells in this
oilfield, and most of them are in operation, day after day.
The 6 oil wells were chosen following the operating time
(1-15 years), and no oil leakage accidents were recorded
nor visible leaked crude oil around the oil wells were observed. Approximately 50 soil samples were collected in
each oil well in distance (0, 3, 6, 10, and 30 m, from 2 perpendicular directions according to actual situations in situ)
and in depth (5, 15, 25, 35, and 45 cm). Five quadrats of
1m×1m were selected in each sampling collection location, and 4 replicate samples were randomly collected and
combined into one from each quadrat. A total of 292 soil
samples were obtained. The air-dried soil samples were
ground and sieved through a 200-mesh nylon sieve, and
stored in dark glass bottles for heavy metal analysis and
biotoxicity tests within 2 weeks.
2.2. Heavy metal analysis

Pseudo-total amounts of the selected 10 heavy metals
were determined by the following recommended standard method from USEPA (Method 3050B) [26]. A representative 1-g (dry weight) soil sample was digested with
repeated additions of nitric acid (HNO3) and hydrogen
peroxide (H2O2), and then was refluxed after adding hydrochloric acid (HCl) to increase the solubility of some metals.
At last, this digestate was filtered, and filter paper and
residues are rinsed with hot HCl and hot reagent water,
then diluted to a final volume of 100 ml, and subsequently
the concentrations of the heavy metals were determined
using an AAnalyst 400 absorption spectrometer (PerkinElmer, USA). A total of 2920 analyses were carried out.
2.3. Biotoxicity test

The soil biotoxicity was determined against a biological test system: luminescent marine bacteria, Photobacterium phosphoreum. Toxicity of chemicals was monitored
by the decrease in intensity of the light emitted by bacteria
as a consequence of their contact with surfactants. The Microtox® bacterial assay of soil was run according to the
ASTM standard method D5660-96 [27]. All the experiments
were conducted in triplicate. Soil elutriates were obtained
by a combination of processes, in order to make available,
in water, the chemical compounds present in the test soils.
As heavy metals were the main contamination and, therefore, the main objective of this study was to reveal the
relationship between soil biotoxicity and the contents of
10 heavy metals in soils, so the extraction procedure with
water (used only for hydrophilic compounds) was the main
extraction used. Distilled water was added to the soil (dry
basis) in 1:10 proportion (soil: water) and it was mixed in
the dark for 24 h in a bench top orbital shaker. These mixtures were then filtered using syringe glass microfibre

filters (Φ 25 mm, 0.45 µm porosity, Tianjin Jinteng Experiment Equipment Co., Ltd., China). Microtox® toxicity
analyzer (Model DXY-2, the Institute of Soil Science, Academic Sciences, Nanjing PRC) was used to evaluate the inhibition of the luminescence in the marine bacteria Photobacterium phosphoreu using the soil elutriates as test media. The decrease in light emission by Photobacterium phosphoreu exposed to the soil extracts was measured to indicate
the soil biotoxicity.
2.4. Data treatment

The analysis of the data was carried out using the statistical software IBM SPSS (Statistical Package for Social
Science, version 18.0). Descriptive statistics analysis was
performed by box plots on the heavy metals and biotoxicity of the soils. Several box and whisker plots were mounted
in one graph, providing a clear, detailed, and easy-to-read
overview of several variables and parameters representing a
tremendous amount of raw data [28]. A multiple box and
whisker plot was composed of sever box and whisker plots
representing 10 different variables. PCA was applied to normalized data to assess associations between variables, and
then diagonalization of the correlation matrix transforms the
originally correlated variables into uncorrelated (orthogonal) variables called principal components (PCs), which
are weighed linear combinations of the original variables
by component score coefficient [29]. The characteristic
roots (eigenvalues) of the PCs are a measure of their associated variances, and the sum of eigenvalues coincides with
the total number of variables [25]. Correlation of PCs and
original variables is given by loadings, and individual transformed observations are called scores [25]. Factor scores
can be computed for each respondent, which can then be
used in subsequent regression analyses [30]. A multiple
linear regression model (PCR) was built to predict multivariate responses with the selected number of principal
components based on the factor scores. The new variables
from the PCA become ideal to use as predictors in a regression equation, since they optimize spatial patterns and remove possible complications caused by multicollinearity.
3. RESULTS AND DISCUSSION
3.1. Biotoxicity and heavy metal contents of the soils from
the oilfield

In the study, the box plots of individual variables were
examined. Fig. 1 shows the box plots for the contents of 10
heavy metals (mg/kg) and the biotoxicity (BT %) in soils.
The line across the box represents the median, whereas
the bottom and top of the box show the locations of the first
and third quartiles (Q1 and Q3). The whiskers are the lines
that extend from the bottom and top of the box to the lowest and highest observations inside the region defined by
Q1+1.5(Q3+Q1) and Q3+1.5(Q3+Q1) [25]. Mean is plotted with a square inside of the box. Box plots provide a
visual impression of the location and shape of the underlying distributions Box plots with long whiskers at the top
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of the box (such as that for Pb, Cu, and Fe) indicate the
underlying distribution is skewed toward high concentration. The Fe, Sb, Mn, Ni, Cr, Zn, and Cd box plots with
large spread indicate large variations of the contents. On
the contrary, the Pb, Co, and Cd ones contain small variation with a small spread. By inspecting these plots, it was
also possible to perceive differences among the variables.
For instance, the Fe content is highest, then the Sb is with
a greater spread compared with that in other heavy metals,
and the Cd content is lowest in the 10 heavy metals. Biotoxicity of soils were expressed as a percentage of the reduction of bioluminescence and described in a box plot (BT).
The biotoxicity of the soil samples ranged from zero to
74.9%, with a mean of 25.4%.
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cally significant correlation coefficients are marked with
* (P<0.001) and ● (P<0.005).
The biotoxicity were significantly positive-correlated
with contents of Zn, Ni, Cr, Sb, Fe, and Mn. This result
was expected since these heavy metals are dangerous to
health, or to the environment and Photobacterium phosphoreum, indicating that a rise in biotoxicity is associated
with an increase in the levels of these contaminants. Correlation analysis showed significantly negative correlation
between biotoxicity and the content of Cu, which means
decreasing Cu with increasing biotoxicity level of the
soils. The reason may be the complex pattern of possible
interactions of these heavy metals, antagonistic for CoCd, Cd-Zn, Cd-Pb, and Cu-Pb, synergistic for Co-Cu, ZnCu, Cd-Cu, and Zn-Pb and mere additively with Co-Pb,
Cu-Cd, Cu-Zn and Co-Zn, found in binary mixtures [1416]. Biotoxicity did not notably relate to Pb, Cd, and Co,
because they contain small variations (Fig. 1). According
to the correlation analysis, the soil biotoxicity are negatively correlated with the distances (r = -0.13, P = 0.038, n
= 292) and depths (r = -0.062, P = 0.290, n = 292), respectively, indicating that a rise in distance or in depth is
associated with a decrease of the biotoxicity in soils.
Table 1 also shows the cross correlation between the
different heavy metal contents. As expected, all the metals
were significantly positively correlated with each other,
except Cu; this may be another reason to negative correlation between biotoxicity and Cu.

Fe Mn BT

	
  
FIGURE 1 - Box plots for the biotoxicity
and heavy metal contents
of the oilfield soils.

The background levels of the heavy metals in China
were marked with ● in Fig. 1. As can be seen in Fig. 1,
levels of Zn, Cr, Fe, and Mn in most of the samples are
lower than the background levels, nearly three-quarters of
the samples are found with Pb levels less than the background level, and the percentages of the samples with
Co, Cu, Ni levels and those with Cd and Sb above the
background levels are 50% and 75%, respectively.
3.2. Correlativity analysis of the biotoxicity and heavy metal
contents of oilfield soils

3.3. Principal components analysis of the heavy metal contents in oilfield soils

There was a significant amount of multicollinearity
among the biotoxicity predictors, judged by the strength of
the correlation coefficients between them (Table 1). The
presence of such strong multicollinearity cannot obtain an
appropriate multiple linear model [20, 22]. To counter this,
the predictor variables were first transformed into an equal
number of principal components (PCs). Principal components were extracted by the R-mode principal component
method. A principal component with an eigenvalue greater
than or equal to 1 is usually considered as being of statistical significance (the Kaiser criterion) [29]. The main objective was to obtain a small number of components that
would explain most (typically 60-90%) of the total varia-

Table 1 shows the Pearson correlation matrices of the
biotoxicity and heavy metal contents in the study. StatistiTABLE 1 - Correlation matrix of the soil biotoxicity and heavy metal contents for 292 soil samples.
Metal
Cd
Cu
Zn
Ni
Cr
Co
Sb
Fe

Pb
mg/kg
0.342*
-0.200*
0.621*
0.400*
0.363*
0.196*
0.203*
0.359*

Cd
mg/kg

Cu
mg/kg

Zn
mg/kg

Ni
mg/kg

Cr
mg/kg

Co
mg/kg

Sb
mg/kg

-0.472*
0.414*
0.392*
0.378*
0.345*
0.583*
0.430*

-0.331*
-0.411*
-0.594*
0.080◌
-0.238*
-0.582*

0.732*
0.559*
0.302*
0.309*
0.650*

0.877*
0.426*
0.665*
0.836*

0.220*
0.701*
0.849*

0.309*
0.459*

0.531*
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Mn
0.455*
0.172●
-0.303*
0.739*
0.897*
0.802*
0.280*
0.490*
Toxicity
0.111◌
0.108◌
-0.245*
0.354*
0.501*
0.506*
0.017◌
0.251*
n = 292; *. Correlation is significant at the 0.01 level (2-tailed); ●. Correlation is significant at the 0.05 level (2-tailed).
TABLE 2 - Principal component loadings of heavy metals.
Metals
Pb
Cd
Cu
Zn
Ni
Cr
Co
Sb
Fe
Mn
Eigenvalue
% of Variance
Cumulative %

PC1
0.578
0.593
-0.552
0.781
0.925
0.881
0.747
0.794
0.903
0.814
5.901
59.0
59.0

PC2
-0.147
-0.605
0.467
0.194
0.257
0.173
-0.149
-0.252
0.078
0.493
1.074
10.7
69.7

PC3
0.61
0.339
0.468
0.405
-0.029
-0.122
-0.229
-0.088
-0.241
-0.021
1.003
10.0
79.7

PC4
-0.371
0.274
0.375
-0.135
0.170
0.206
-0.288
0.458
-0.066
-0.078
0.746
7.5
87.2

PC5
0.194
-0.141
0.293
-0.286
0.033
-0.027
0.444
0.175
-0.090
-0.050
0.466
4.7
91.9

PC6
-0.299
0.232
0.11
0.158
0.062
-0.305
0.268
-0.124
-0.023
0.125
0.381
3.8
95.7

PC7
-0.058
-0.001
0.125
0.118
-0.106
0.145
0.088
-0.096
0.203
-0.234
0.178
1.8
97.5

PC8
0.067
0.117
0.064
-0.215
0.030
-0.068
-0.078
-0.114
0.237
0.076
0.155
1.5
99.0

0.765*
0.450*

0.525*

PC9
0.003
-0.053
0.021
0.051
-0.143
-0.102
-0.024
0.140
0.096
0.055
0.069
0.7
99.7

PC10
-0.011
0.044
0.008
-0.023
-0.101
0.078
0.022
-0.024
-0.036
0.077
0.027
0.3
100.0

PC9
0.046
-0.772
0.306
0.737
-2.074
-1.476
-0.349
2.021
1.391
0.791

PC10
-0.409
1.608
0.295
-0.839
-3.712
2.869
0.808
-0.896
-1.303
2.818

TABLE 3 - Component score coefficients of heavy metals.
Metals
Pb
Cd
Cu
Zn
Ni
Cr
Co
Sb
Fe
Mn

PC1
0.098
0.100
-0.094
0.132
0.157
0.149
0.127
0.135
0.153
0.138

PC2
-0.137
-0.563
0.434
0.180
0.239
0.161
-0.138
-0.235
0.073
0.459

PC3
0.608
0.338
0.466
0.403
-0.029
-0.122
-0.228
-0.087
-0.241
-0.021

PC4
-0.498
0.368
0.502
-0.182
0.228
0.276
-0.386
0.613
-0.088
-0.105

PC5
0.417
-0.302
0.629
-0.615
0.072
-0.057
0.954
0.375
-0.193
-0.107

tion in the predictor variables [20].Then, 3 principal components were retained, which have eigenvalues greater than
unity and explain about 80% of the variance, or information contained in the original dataset. Loadings of the
PCs are presented in Table 2. PC1 explains 59.0% of the
variance and is highly contributed by most variables: Ni,
Fe, Cr, Mn, Sb, Zn, and Co. These variables were demonstrated to be correlated (see correlation matrix, Table 1). Cd,
Pb, and Cu have a less extent, and Cu has a negative participation in PC1. PC2 and PC3 explain 10.7% and 10.0% of
the variance including Cd (negative participation) and
Pb (positive loading), respectively.
PCA was applied to normalize data to assess associations between variables, and then diagonalization of the
correlation matrix transforms the original correlated variables into uncorrelated (orthogonal) ones called PCs [29].
The transformed PCs were obtained as weighted linear combinations of the original variables as follows:
PCs = as1ZX1+as2ZX2+……+asmZXm

(1)

where PCs are the principal components; ZXm is the
z-transformed original variable; asm is the component score
coefficient summary in Table 3.
3.4. Regression analysis of the biotoxicity and the principal
components of heavy metal in oilfield soils

PC6
-0.784
0.610
0.289
0.416
0.164
-0.801
0.705
-0.326
-0.061
0.329

PC7
-0.327
-0.008
0.703
0.661
-0.593
0.815
0.493
-0.539
1.138
-1.317

PC8
0.433
0.755
0.413
-1.385
0.191
-0.438
-0.502
-0.735
1.530
0.491

The main objective of the last section was to provide
the best prediction equation for modeling of biotoxicity
by using the multiple regression method. Factor scores
can be computed for each respondent, which can then be
used in regression analyses [30]. The scores of 3 selected
principal components were used in a subsequent regression analysis, and the following model was obtained:
BT = 23.719+7.157PC1+3.225PC2-2.736PC3

(2)

The model using the 3 PCs yielded R of 0.513 (n =
292), and the coefficients of the regressions were all statistically highly significant (P<0.01). For the prediction
model, the distributions of the residuals were approximately
normal, with zero means and no detectable serial correlation, an indication of adequate model fit.
According to equation (1) and the component score coefficient in Table 3, the model with PCs can be transformed
into a new model of the original variables as follows:
BT = 12.980-0.114CPb-2.844CCd-0.070CCu + 0.027CZn +
0.222CNi + 0.622CCr-0.663CCo + 0.094CSb + 0.026CFe +
0.156CMn
(3)
The biotoxicity predicted by the equations was plotted against the corresponding observed values and the
results are presented in Fig. 2. The points tended to cluster
along the 45° tangent line, and the 95% confidence interval contained most of the points. All the 10 variables are
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measured in the same unit (mg/kg), so the coefficients are
comparable. Zn, Ni, Cr, Sb, Fe, and Mn have positive coefficients, and Cr plays an important role to the prediction
model, and then, Ni, Mn, Sb, Zn, and Fe. A negative influence on the biotoxicity can be caused by other 4 heavy
metals (in an order of Cd, Co, Pb, and Cu). The conclusions are similarly to the result of the correlativity analysis of the 10 variables in Section 3.2: the biotoxicity values were significantly positive-correlated with contents of
Zn, Ni, Cr, Sb, Fe, and Mn, but significantly negativecorrelated with Cu.

(3) The contribution to the biotoxicity of heavy metals
in soils follows the order of Cr, Ni, Mn, Sb, Zn, and Fe, and
a negative influence on the soil biotoxicity can be caused
by other 4 heavy metals in the order of Cd, Co, Pb, and Cu.
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ABSTRACT
In this study, activated carbon was prepared from olive
bagasse by chemical activation with phosphoric acid, and
the prepared activated carbon was used to remove methylene blue from aqueous solutions. The surface area and
total pore volume of chemically modified activated carbon
were 936 m2/g and 0.598 cm3/g, respectively. The effects of
various experimental parameters, such as pH, contact time,
temperature and the amounts of adsorbent, were investigated in batch adsorption. The experimental data indicated that
the adsorption isotherms are well described by the Langmuir equilibrium isotherm equation and the calculated
adsorption capacity of activated carbon was 88.49 mg/g at
45 °C. The maximum adsorption capacities onto activated
carbon at 25, 35 and 45 °C were found to be 71.43, 73.53,
and 88.49 mg/g, respectively. The pseudo first-order, pseudo
second-order and intra-particle diffusion kinetic models were
used to describe the kinetic data, and the rate constants were
evaluated as well. The experimental data fitted very well
to pseudo second-order kinetic model. The thermodynamic
parameters, such as ∆G°, ∆H° and ∆S°, were calculated to
estimate the nature of adsorption.

KEYWORDS:
Methylene blue, activated carbon, adsorption, olive bagasse

1. INTRODUCTION
Dyes have been extensively used in many industries,
such as textile, ceramic, plastic, leather tanning, paper production, food technology, printing, hair colorings, etc. [1-3].
In the coloring process, these industries also consume substantial volumes of water, and as a result, large amounts
of colored wastewater are generated [2, 4]. This wastewa-
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ter contains a variety of organic compounds and toxic substances which are harmful to fish and other aquatic organisms, and often cause serious environmental problems [5].
Even though methylene blue is not considered as a hazardous dye, it can cause some harmful effects, such as burning
sensation, vomiting, gastritis, shock, headache and chest
pain [6]. Hence, it is necessary for the dye-containing water
to undergo treatment before disposal to the environment [2].
There are many techniques for removing dyes from
wastewater, such as filtration, sedimentation, membrane
separation, aerobic and anaerobic degradation using various microorganisms, chemical oxidation, coagulation, adsorption using different kind of adsorbents, reverse osmosis, and so on [2, 7-11]. In these techniques, adsorption
has been found to be an efficient process to remove dye.
Any carbonaceous material high in carbon content
with low ash can be used as precursor for the preparation
of activated carbon [12]. Activated carbon has many applications, one of which is used as an efficient and versatile adsorbent for purification of water, air and many
chemical and natural products. This is possible due to the
highly porous nature of the solid and its extremely large
surface area to volume ratio. Much of this surface area is
contained in micro- and meso-pores [13]. Currently, activated carbon has been an effective adsorbent for dye removal. In recent studies, a lot of research has been reported
on activated carbons from agricultural and/or plant-based
materials [14-20].
The adsorption property of activated carbon strongly
depends on the activation procedures, which are physical
(thermal) or chemical activation, and the nature of source
materials. Physical activation implies two stages, i.e. carbonization and subsequent partial gasification with steam,
CO2 or air, usually at high temperature (800-1000 °C).
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Chemical activation is carried out in only one stage at
much lower temperature (450-700 °C), in the presence of
chemicals, such as ZnCl2, H3PO4, H2SO4, and KOH [21,
22]. The chemical activation has some advantages, i.e.
lower temperatures and higher carbonization yields, when
compared with physical activation.
Olive is an important agricultural product in Mediterranean countries and Turkey is one of the important olive
producers for the world. Annually, about 1 million tons of
olives is used in olive oil production, and approximately
450,000 tons of olive bagasse are revealed [23]. Olive bagasse is an inexpensive material, which is available in large
quantities, and can be considered as a precursor of activated carbon.
In this study, the activated carbon was produced from
olive bagasse by chemical activation. The resultant carbon
was used to remove methylene blue from aqueous solutions, and the applicabilities of the various adsorption models for methylene blue adsorption were investigated.
2. MATERIALS AND METHODS
2.1. Preparation of activated carbon

Chemical activation of olive bagasse was carried out
using H3PO4. In a previous study, different carbonization
temperatures and impregnation ratios were studied in order
to establish the optimal conditions for producing high surface area activated carbons from olive bagasse [24]. At
first, the activation conditions, under which the activated
carbon with a highest surface area could be produced,
were selected.
Dried olive bagasse was crushed and then screened to
give fractions of 0.600<Dp<0.850 mm particle size. 20 g
of the dried olive bagasse was mixed with H3PO4 solution
and stirred at approximately 80 °C for 6 h. The impregnation ratio was calculated as the ratio of the weight of
H3PO4 in solution to the weight of the bagasse. In this
study, impregnation ratio was selected as 4/1. Then, the
mixture was filtered and dried at 105 °C. The resulting
chemical-loaded olive bagasse was placed in a vertical tubular and heated (10 °C/min) to the final carbonization temperature of 400 °C under nitrogen flow. Sample was held
at this temperature for 60 min. After cooling, the activated
carbon was repeatedly washed with distilled water until the
pH of solution reached a range of 6-7, and finally dried at
105 °C.
2.2. Characterization of activated carbon

Characterization of activated carbons was carried out
by nitrogen adsorption–desorption isotherms measured at
77 K using Quantachrome, Autosorb 1C. Prior to gas adsorption measurement, the carbon was degassed at 300 °C
under vacuum for 3 h. The surface area, pore volume and
micropore surface area of the activated carbons were determined by the application of the Brunauer–Emmett–
Teller (BET) and t-plot analysis software available from

instrument system, respectively. The pore size distributions
of the activated carbons were determined by DFT (Density Functional Theory) method.
2.3. Adsorption experiments

Adsorption of methylene blue onto the produced activated carbon was studied by batch experiments. A stock
methylene blue (Merck) solution (500 mg/L) was used in
adsorption experiments. The working solutions with different concentrations were prepared by appropriate dilutions of the stock solution. The concentration of methylene
blue was determined by UV spectrophotometry (Thermo
Electron Corporation, Aquamate) at 663 nm.
2.3.1. Effect of initial pH

The effect of initial pH on the amount of methylene
blue removal was investigated in the pH range 3-10. The
initial pH of the solution was adjusted by using 0.1N HCl
or 0.1N NaOH with a pH-meter. In this study, 50 ml of
dye solution of 250 mg/L was agitated with 0.1 g of activated carbon using a water-bath shaker at 25 °C. Agitation
was made for 24 h. The samples were centrifuged and the
concentrations of the solutions were determined by UV
spectrophotometry.
2.3.2. Adsorption kinetics

The rate of adsorption of methylene blue was studied
at different time intervals. The experiments were carried
out at 25 °C to investigate the adsorption kinetics. For this
purpose, 50 ml of methylene blue solution (initial concentration 250 mg/L) and 0.1 g activated carbon was added to
each flask. The mixtures were shaken with a temperaturecontrolled water-bath (Memmert) until reaching adsorption equilibrium. Batch experiments were repeated for different periods. The collected samples were analyzed spectrophotometrically.
2.3.3. Adsorption equilibrium

The adsorption of methylene blue from aqueous solutions by activated carbon was carried out at different
temperatures (25, 35 and 45 °C). In the experiments, 0.1 g
aliquots of activated carbon samples were mixed with 50 ml
solutions of various methylene blue concentrations between
50 and 500 mg/L in the isothermal shaker. After adsorption, the concentrations of methylene blue remaining unadsorbed were determined.
2.3.4. Effect of the adsorbent dosage

The effect of activated carbon dose on the amount of
adsorbed methylene blue was determined by contacting
different amounts of activated carbon (between 0.025 and
0.8 g) with 50 ml of methylene blue solution (initial concentration 250 mg/L) in 250-ml Erlenmeyer flasks at 25 °C.
After adsorption, the mixtures were centrifuged and the concentrations of methylene blue remaining unadsorbed were
determined.
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3. RESULTS AND DISCUSSION
3.1. Characterization of the Prepared Activated Carbon

An understanding of the surface area and porosity of
an adsorbent can be achieved by the construction of an adsorption isotherm. Figure 1 shows the adsorption-desorption
isotherm of the activated carbon. The adsorption isotherms
of the activated carbon samples produced from olive bagasse were primarily of Type I, characteristic of microporous materials. However, the small hysteresis loops
seen on the adsorption–desorption isotherms of the activated carbons are due to the existence of mesopores [25].
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FIGURE 2 - Pore size distribution of the activated carbon.
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Figure 2 shows the pore size distribution of the activated carbon. The pore sizes of the activated carbons are
below 60 Å, with most of the pores less than 20 Å, which
indicates that the carbons are mainly microporous.
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FIGURE 1 - Adsorption-desorption
isotherm of the prepared activated carbon.

The adsorptive capacities of the activated carbons are
related to their specific surface areas, pore volumes and
pore size distributions. Surface areas are generated gradually during the activation processes. The surface properties of the activated carbon prepared from olive bagasse
are given in Table 1. As seen in Table 1, the micropore
surface area occupies 74% of the total surface area.
TABLE 1- Surface properties of the activated carbon [24].
Specific surface area (m2/g)
Total pore volume (cm3/g)
Micropore area (m2/g)
Average pore diameter (Å)

936
0.598
695
25.53

The pH of dye solution plays an important role in the
whole adsorption process, particularly on adsorption capacity. The effect of pH on the adsorption of methylene
blue at equilibrium (qe) by activated carbon is shown in
Fig. 3. As the initial pH increases from 3.0 to 5.7, the
adsorption capacity increases from 62.96 to 77.07 mg/g.
At higher pH values (5.7-10.0), the dye adsorption was
almost constant.	
   Methylene blue is a cationic dye, which
exists in aqueous solution in the form of positively charged
ions. At	
   lower	
   pH,	
   more	
   protons	
   will	
   be	
   available,	
  
thereby	
  decreasing	
   electrostatic	
   attractions	
   b etween	
  
positively	
  charged	
  dye	
  molecules	
  and	
  positively	
  charged	
  
adsorption	
   sites	
   and,	
   therefore,	
   ionic	
   repulsion	
   be-‐
tween	
   the	
   positively	
   charged	
   surface	
   and	
   the	
   cationic	
  
dye	
   molecules	
   to	
   cause	
   a	
   decrease	
   in	
   dye	
   adsorption	
  
[21]. At higher pH, the surface of activated carbon may
get negatively charged, which enhances the positively
charged dye cations through electrostatic forces of attraction [26].	
   Similar	
   results	
   were	
   ob-‐tained	
   by	
   other	
   re-‐
searchers [13, 27-28]. As	
   can	
   be	
   seen	
   from	
   Fig.	
   3,	
   the	
  
maximum	
  methylene	
  blue	
  removal	
  was	
  observed	
  at	
  pH	
  
5.7–10.	
   Thus,	
   pH	
   5.7	
   was	
   selected	
   as	
   the	
   optimum	
   pH	
  
value	
  for	
  all	
  further	
  experiments.	
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Adsorption is a physiochemical process that involves
the mass transfer of a solute (adsorbate) from the fluid to
the adsorbent surface. A study of kinetics of adsorption is
desirable as it provides information about the mechanism
of adsorption, which is important for efficiency of the process [28]. Several kinetics models are used to examine the
controlling mechanism of adsorption process, such as chemical reaction, diffusion control and mass transfer [10, 29, 30].
Pseudo-first-order and pseudo-second-order as well as intraparticle diffusion kinetics model have been most widely
used for the adsorption of an adsorbate from an aqueous
solution [31].
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The pseudo-first-order equation given by Lagergren
is shown by the following equation [13, 29, 32]:
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log(qe −qt ) = log qe −

12

FIGURE 3 - The effect of initial pH on adsorption of methylene blue
(250 mg/L; V = 50 ml; 0.1 g; 25 °C).
3.2.2. Effect of contact time

In order to determine the equilibrium time, the adsorption of methylene blue dye onto activated carbon was
studied as a function of contact time. Figure 4 shows the
effect of contact time on the batch adsorption of methylene blue by activated carbon. It was found that the adsorption was rapid up to 7 h, but later became slow, and
finally reached equilibrium around 24 h. Therefore, the
maximum time of adsorption was restricted up to 24 h. It is
evident that most of the adsorption sites are filled up in the
period of 7 h. Initially, the number of sites available is
higher; therefore, adsorbate reaches the adsorption site
with ease. With time, number of active sites becomes
less and the movement of the adsorbate decreases.

70

(1)

where qe and qt are the amounts of dye adsorbed (mg/g)
at equilibrium time and any time t (h), respectively, and k1
is the rate constant of adsorption (h-1). Value of k1 for the
pseudo-first-order kinetic model was obtained from the
slope of the linear plots of log(qe−qt) versus t as shown in
Fig. 5 [13, 31, 32].
The kinetic data were further analyzed using the
pseudo-second-order kinetic model [33, 34] expressed
as follows:

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

(2)

where k2 is the pseudo-second-order rate constant
(g/mg h), qe and q are the amounts of dye adsorbed (mg/g) at
equilibrium and at any time, respectively. The equilibrium
adsorption capacity (qe), and the second order constants (k2)
can be determined experimentally from the slope and the
intercept of plot t/q versus t (Fig. 6).
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FIGURE 4 - The effect of time on methylene blue adsorption (250
mg/L; V = 50 ml; 0.1 g; 25 °C; pH 5.7).
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FIGURE 5 - Pseudo-first-order kinetic plot for methylene blue adsorption.

3.2.3. Adsorption kinetics

140

© by PSP Volume 20 – No 1. 2011

Fresenius Environmental Bulletin

kinetic results were then analyzed by using the intraparticle diffusion model [35]. This model refers to the theory
proposed by Weber and Morris. According to this model:

0.4

qt = kpt1/2 + C

t/q, h g/mg

0.3

where C is the intercept and kp (mg/g h ) is the intraparticle diffusion rate constant.

0.2

The correlation coefficients and the other parameters
calculated from pseudo-first-order, pseudo-second-order
and intra-particle diffusion are given in Table 2. Besides,
the correlation coefficients for the second-order kinetic
model are greater than 0.99 indicating the applicability of
this kinetic equation, and the second-order nature of the adsorption process of methylene blue onto the prepared activated carbon [5, 28]. The qe values calculated from pseudo
second-order kinetics are close to experimental values of
qe. For this reason, pseudo second order model better predicts the sorption kinetics than the pseudo first-order
model. Similar results were also reported by other workers [26, 36-38].
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FIGURE 6 - Pseudo-second-order kinetic plot for methylene blue
adsorption.

80

According to the intra-particle diffusion model, the
plot of qt versus t1/2 (Fig. 7) should be linear if intraparticle diffusion is involved in the adsorption process, and if
this line passes through the origin, then intra-particle diffusion is the rate-controlling step. When the plots do not pass
through the origin, this is indicative of some degree of
boundary layer control, further showing that intra-particle
diffusion is not the only rate-limiting step, but also other
kinetic models may control the rate of adsorption, all of
which may be operating simultaneously [32, 39, 40]. However, the linear plots (Fig. 7) did not pass through the origin
indicating that intra-particle diffusion was not the only ratecontrolling step.

60
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FIGURE 7- Intra-particle diffusion model for methylene blue adsorption.

Pseudo-first-order and pseudo-second-order kinetic
models cannot identify the diffusion mechanism, and the
TABLE 2- Kinetic parameters of methylene blue adsorption.
qe(exp)
mg/g
66.11

First-order kinetic model
k1
(1/h)
0.119295

qe(cal)
(mg/g)
52.31

Second-order kinetic model
R2
0.9538

k2
(g/mg h)
0.00269

3.2.4. Adsorption isotherms

The adsorption isotherm indicates how the adsorption
molecules distribute between liquid and solid phase when
the adsorption process reaches an equilibrium state. The
analysis of the isotherm data by fitting them to different
isotherm models is an important step to find the suitable
model that can be used for design purposes [36]. Adsorption isotherm is basically important to describe how solutes interact with adsorbents, and is critical in optimizing
the use of adsorbents [5, 32]. The most widely used isotherm equations for the design of adsorption systems are
those of Langmuir and Freundlich [35].

qe (cal)
(mg/g)
76.33

Intra-particle diffusion model
R2

kp (mg/gh1/2)

R2

0.9904

13.371

0.9254

Langmuir isotherm is based on an assumption that the
adsorption occurs at specific homogeneous sites within
the adsorbent, and the monolayer adsorption onto a surface containing a finite number of adsorption sites of
uniform strategies of adsorption with no transmigration of
adsorbate in the plane of surface. The linear form of
Langmuir isotherm equation [13, 41] is given as follows:
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where Qo and b, the Langmuir constants, are the saturated monolayer adsorption capacity (mg/g) and the adsorption equilibrium constant (L/mg), respectively. Ce is
the equilibrium solution concentration (mg/L), qe is the
amount of methylene blue adsorbed at the equilibrium
(mg/g). A plot of (Ce/qe) versus Ce should yield a straight
line if the Langmuir equation is obeyed by the adsorption
equilibrium. The slope and the intercept of this line then
give the values of Qo and b. Langmuir plots for adsorption
of methylene blue on activated carbon at different temperatures are given in Fig. 8. The Langmuir isotherm
parameters for the adsorption of methylene blue onto
activated carbon are listed in Table 3.

6
25 °C
35 °C
45 °C

Ce/qe, g/L

5
4

gives an indication of the favorability of adsorption. Values
of n >1 represent favorable adsorption conditions [43, 44].
As seen from Table 3, the Langmuir equation represents the adsorption process very well; all the R2 values
were higher than 0.985. The best fit of equilibrium data in
the Langmuir isotherm expression confirms the monolayer
coverage of methylene blue onto activated carbon. The
maximum adsorption capacities were found to be 71.43,
73.53 and 88.49 mg/g at 25, 35 and 45 °C, respectively.
Maximum adsorption capacities of activated carbon increased with increased temperature. In all of the cases, the
values of RL were calculated between 0 and 1, indicating
the favorable adsorption of methylene blue on activated
carbon derived from olive bagasse. Similar observations
have been reported on the adsorption of methylene blue
on activated carbon [13, 45]. The adsorption capacity of
activated carbon and Langmuir constant b increase with
the increase in temperature. This suggests that the adsorption process is endothermic in nature when temperature
increased from 25 to 45 °C.

3

2.5

2

2

1

log qe

1.5

0
0

100

200
Ce, mg/L

300

400

FIGURE 8 - Langmuir plots for adsorption of methylene blue at
different temperatures (50-500 mg/L; V = 50 ml; 0.1 g; pH 5.7; 24 h).

The Freundlich isotherm is an empirical equation used
to describe heterogeneous systems. The Freundlich isotherm is given in logarithmic form as follows [39-40]:
log qe=log kf + (1/n)log Ce

(6)

where qe is the adsorption capacity (mg/g), Ce is the
equilibrium concentration of the dye solution (mg/L), kf
and n are Freundlich constants, which represent adsorption
capacity and adsorption intensity, respectively The Freundlich constants were determined from the slope and intercept of a plot of log qe versus log Ce (Fig. 9) and are reported in Table 3. The magnitude of the exponent, 1/n,

25  °C
35  °C

0.5

The essential characteristics of Langmuir isotherm can
be expressed by a dimensionless constant called equilibrium parameter RL [13]. RL indicates the shape of isotherm
as follows:
RL=1/(1+bCo)
(5)
where b is the Langmuir constant and Co is the initial
dye concentration (mg/L). The value of RL indicates the
type of the isotherm to be either favorable (0<RL<1), unfavorable (RL>1), linear (RL=1) or irreversible (RL=0) [5, 42].
The values of RL calculated by the above equation are incorporated in Table 3.

1

45  °C

0
0

1

2

log Ce

3

FIGURE 9 - Freundlich plots for adsorption of methylene blue at
different temperatures (50-500 mg/L; V = 50 ml; 0.1 g; pH 5.7; 24 h).
TABLE 3 - Adsorption isotherm constants for the adsorption of
methylene blue onto activated carbon at various temperatures.
T (oC)
Langmuir
Qo (mg/g)
b (L/mg)
R2
RL
Freundlich
n
kf (L/g)
R2

25

35

45

71.43
0.086
0.9859
0.0716

73.53
0.2753
0.997
0.0242

88.49
0.295
0.9971
0.0227

6.592
29.0335
0.6107

13.587
27.0543
0.5577

7.38
44.9779
0.8843

3.2.5. The effect of adsorbent dosage

The effect of adsorbent dosage on the removal of
methylene blue by activated carbon is shown in Fig. 10.
The adsorbent concentration was varied from 0.5 to 16
g/L while initial methylene blue concentration was held
constant at 250 mg/L. The removal efficiency of meth-
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ylene blue was calculated by the difference between the
initial and the final methylene blue concentrations. It was
observed that the percentage removal of MB increased
from 14.08 to 96.12% with an increase in the adsorbent
mass from 0.025 to 0.3 g per 50 ml of solution (Fig. 10).
The methylene blue removal increased rapidly up to adsorbent dose of 4 g/L, and then it increased slightly and
reached a constant value at 6 g/L. Increase in the adsorption with adsorbent dose can be attributed to increased
adsorbent sur-face area and availability of more adsorption sites, and so, more methylene blue is attached to
sites.

318

The negative values of ΔGo indicate the spontaneous
nature of methylene blue adsorption onto activated carbon.
The enthalpy and the entropy changes were determined to
be 48.89 kJ/mol and 250 J/mol K. The values of ΔHo were
positive, indicating that the adsorption process was endothermic. The positive values of ΔSo also revealed the increase of randomness at the solid/liquid interface during
the adsorption of methylene dye on the activated carbon
samples.
4. CONCLUSION

100

% Removal

80
60
40
20
0
0

5
10
15
Activatad carbon dose, g/L

20

FIGURE 10 - Effect of adsorbent mass (250 mg/L; V = 50 ml; 0.025
– 0.8 g; 25 °C; pH 5.7; 24 h).
3.2.6. Thermodynamic parameters

In this study, activated carbon was produced from olive bagasse by chemical activation, and produced activated carbon was used in methylene blue adsorption. The
kinetics of methylene blue adsorption onto activated carbon was studied using the pseudo-first order, pseudosecond order and intraparticle diffusion kinetic models.
The results indicated that the pseudo-second order equation provided the better correlation of the adsorption data.
The equilibrium data were analyzed using the Langmuir
and Freundlich isotherm models. The adsorption equilibrium was best described by the Langmuir isotherm model
with maximum monolayer adsorption capacities found to
be 71.43, 73.53 and 88.49 mg/g at 25, 35 and 45 °C, respectively. The calculated values for thermodynamic
parameters such as ΔHo, ΔSo and ΔGo, clearly indicate
that the adsorption is chemical in nature and the process is
endothermic. The results show that activated carbon prepared from olive bagasse can be effectively applied for
the removal of methylene blue from aqueous solutions.

The thermodynamic constants, free energy change
(ΔGº), enthalpy change (ΔHº) and entropy change (ΔSº),
were calculated to confirm the nature of the adsorption process. The equilibrium constants (b) obtained from Langmuir model were used to determine the Gibbs free energy changes by the following equation [20, 46-48]:
ΔGº=-RTln b
(7)
Also, enthalpy (ΔHº) and entropy (ΔSº) changes can
be estimated by the following equation:

ΔS o ΔH o
ln b =
−
R
RT

(8)

(ΔHº) and (ΔSº) were obtained from the slope and intercept of linear plot of ln b versus 1/T. Table 4 shows the
calculated values of the thermodynamic parameters for
the adsorption of methylene blue on activated carbon.
TABLE 4- Thermodynamic parameters for the adsorption of methylene blue on activated carbon.
T (K)
298
308

−30.28

ΔGo
(kJ/mol)
−25.38
−29.25

ΔHo
(kJ/mol)
48.89

ΔSo
(J/mol K)
250
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ABSTRACT
To remove mercury in flue gas from coal-fired power
plants more effectively, a sulfur-loaded activated carbon
was developed using thermal treatment method for its prior
reactivity towards elemental mercury. Adsorption characteristics of the treated carbon matrix were analyzed synthetically using a scanning electron microscope (SEM),
specific surface area, pore characteristics analysis, and thermal gravimetric analysis. Particular SEM graphics revealed
the difference among samples in regard to microstructure
and surface morphology. Comprehensive analysis implied
the following results. A great number of sulfur was located onto chain of carbon sheets, while the other partial
sulfur was bound onto the walls of pores. Although specific surface area of treated sample was smaller than virgin activated carbon, it increased with increased treatment
temperature. Moreover, it seemed that high treatment temperature is positive to increase the binding energy between

sulfur and carbons. For mercury adsorption, fix-bed adsorption tests were performed to confirm the mercury removal
efficiency of the treatment method.
KEYWORDS:
adsorption characteristic, activated carbon, mercury removal

1. INTRODUCTION
Coal-fired utility boilers are currently the largest single-known source of mercury emissions in the world.
Typically, coals have a range of initial mercury concentrations from 0.01 to 8 ppm. It commonly occurs in association with pyrite (FeS) and cinnabar (HgS), and some of
the mercury may also be organically bound to coal macerals. All forms of mercury in coal decompose in the combustion flame to form Hg0 and, subsequently, are oxidized
partially as the cool flue gas. In 2005, the U.S. Environ-
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mental Protection Agency (EPA) announced the Clean
Air Mercury Rule to limit mercury emissions [1-3].
* Corresponding author

China plays an important role in global anthropogenic
Hg emissions as the largest coal consumption country in
the world. In 2003, China consumed nearly 1531 Mt of
coal, about 28% of the world’s total consumption. The
annual coal consumption is also expected to double to
3037 Mt by 2020 [4, 5]. However, regulations regarding
control of mercury emission are not completed yet. Previous investigations confirmed that many materials could
remove mercury from flue gas, such as activated carbon,
fly-ash, various mineral compounds and other novel metals. Among these adsorbents, activated carbon was used
far more widely. Fixed-bed or fluidized-bed granular activated carbon adsorption or powdered activated carbon injection are most commonly proposed for this purpose [6].
To increase their adsorption capacity, activated carbons impregnated with hetero-atoms, such as sulfur, chlorine, nitrogen and bromine, have been developed. Some of
them had been even commercialized for decades[7, 8]. The
impregnation process changes not only their physical characteristics (specific surface area, pore size distribution, pore
volume), but also chemical characteristics (active site distribution, function groups). In this study, laboratory synthetic activated carbons were treated by vapor-phase sulfur under various conditions to investigate their adsorption
character changes. The effects of sulfur treatment on adsorption properties, such as pore structure, surface chemistry and sulfur distribution, were investigated.
2. MATERIALS AND METHODS

FIGURE 1 - Thermal treatment system

The heating temperatures were set at 300, 350, 400,
500, 550 and 600 °C. Weight ratio of carbon to sulfur was
fixed at 1:1. Heating time varied from 30 to 150 min. In this
work, VAC denotes virgin activated carbon without treatment and AC-60-500 denotes samples treated for 60 min at
500 °C.
2.2 Characterization of samples

Elemental analysis of raw activated carbon was carried out by X-Ray Fluorescence. SEM analysis was conducted using a TESCAN VEGAII LMU with an EDAX
detector (Energy Dispersive Analysis, X-ray). The classical BET surface areas of the samples were measured by
N2 adsorption at 77 K with relative pressures (p/po) up to
0.99, using a volumetric adsorption apparatus (ASAP 2020,
Micromeritics). Thermogravimetric analysis (TGA/DSC1/
1100LF) was employed to study the strength of the bonding between sulfur and carbon matrix.
2.3 Mercury adsorption test

2.1 Materials preparation

A two-stage activation procedure, pyrolysis under N2
at 580 °C, followed by activation at the same temperature,
was realized in the production of activated carbons. Raw
coconut shell chars were activated in carbon dioxide gas. In
the case of demineralising coconut shell, pure CO2 was
used in activation stage at 900 °C.
A temperature-controlled reactor column was designed
for thermal treatment procedure (Fig. 1). In this reactor,
two quartz crucibles charging activated carbon and sulfur powder were fixed at different levels. High purity nitrogen flowed into the inner space for reaction to maintain
an oxygen-free atmosphere from outside wall. To facilitate
sulfur vapor penetrate activated carbon easily, the bottom
of the upper crucible carrying activated carbon was chosen
to be porous with a mean size of 200 µm.

Mercury uptake capacity of the samples was studied
using a fixed bed adsorption system to assess the influence of thermal treatment on their performance. In the
system, adsorbent samples were placed in a quartz reactor
which could be heated by a temperature-controlled furnace. For all the adsorption tests, except as otherwise provided in this study, temperature was maintained at 140 °C
and mass weight of adsorbent sample was 50 mg. Elemental vaporous mercury in simulated flue gas was produced by a mercury permeation tube (VICI Metronic)
sealed in a U-shaped glass tube with an inlet and outlet
ports, and it was immersed in a temperature-controlled
water-bath. Typical bituminous coal flue gas used in this
study was as follows: SO2 0.15%, CO2 13.5%, NO2 20 ppm,
NO 300 ppm, O2 6%, HCl 50 ppm, and the balance was
N2. The flow-rates of the gas components were controlled
by mass flow controllers. Mercury concentration in effluent from reactor was analyzed by PSA Sir Galahad II (P S
Analytical Ltd, England) semi-continually. Mercury uptake capacity was calculated by summing the mass of mercury removed from the simulated gas, based on the measured breakthrough curve, and normalized (µg/g).
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3. RESULTS AND DISCUSSION
The S.S.A. (specific surface area) of raw activated carbon is 1030 m2/g, and its pore characteristics are summarized in Table 1. Its element compositions are listed as
follows (wt%): C 85.13, O 11.62, Al 1.46, Si 0.29, S 0.52,
Cl 0.41, and Ca 0.57.
Figure 2 (a) is a graphic of virgin activated carbon
microstructure. It can be observed that the carbon sheets
were arrangement irregularly cross-linked in a random
manner, and these sheets leave interstices, which give rise
to pores of various shapes. Figures 2 (b), (c), (d) and (e)
show microstructures of sulfur-treated activated carbons
under various conditions. The main distinction occurring
after treatment obtained from SEM was the roughness of
the carbons sheets. Untreated carbon sheets are comparatively much smoother, onto which carbon chains were
adhered by cooled vapor sulfur in the form of strips or little
balls. It can be obtained further, from the difference
between graph 2 (a) and graph 2 (b), that pore size of VAC
was more uniform than treated samples. Generally, pore
diameters of the treated active carbon samples became
smaller, and some of them were even blocked. Longer
treatment time has a positive influence on the surface area
of the samples because it seems that micrograph (f) indicated a more porous surface than micrograph (e), through the
two samples were treated under the same conditions,
except the deposition time. The detailed change about S.S.A.
will be discussed later.
Figure 2 (d) is an enlarged view of Figure 2 (c). It illustrated sulfur distribution on the activated carbon surface generally. It can be observed that sulfur adheres to
carbon chains along pore edges existing in the form of
strips, however, other sulfur was deposited on the inner
wall of pores, in the form of particles. To obtain more
information about sulfur distribution, element composition of three points locating on the surface of sample AC60-550 was analyzed by EDS (Table 1). Sulfur content at
points 1, 2 and 3 were 21.73, 11.84 and 27.69 (wt %).
Point 1 and point 3 were located on the surface of carbon
chain, while point 2 was on the surface of a blocking
pore. The results indicated that sulfur contents at carbonchain area were much higher than that at pore area.
S.S.A. results are shown in Fig. 3. Treatment periods
for the samples were equal to 60 min, so the time denotation was omitted. For the treated samples, their specific
surface area increased with an increase of treatment temperature. Especially, it increased drastically when the temperature increased from 350 to 400 °C. However, for AC400, AC-500 and AC-600, their specific surface area
changes were not so obvious. Similar trends were reported
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(a)

(b)

(d)

(e)

(c)

(f)

FIGURE 2 - Micrographs of the carbon samples; (a) VGA; (b) AC-60-450; (c) AC-60-500; (e) AC-60-550; (f) AC-120 -550.

TABLE 1 - Pore structure and mercury uptake capacity.
Sample

V (total)
(cm3/g)

V (micro)
(cm3/g)

L
(nm)

VAC
AC-60-350
AC-120-350
AC-60-400
AC-60-500
AC-60-550
AC-60-600
AV-120-600

0.405
0.078
0.168
0.177
0.197
0.294
0.345
0.338

0.196
0.0613
0.0958
0.0751
0.0745
0.118
0.131
0.143

2.78
4.2
3.43
3.08
3.10
2.84
2.91
2.95

Uptake
capacity
(µg/g)
210.1
464.7
543.8
584.9
825.1
1227.5
1214.4
1182.5

1200

S.S.A.(m2/g)

1000
800
600
400
200
0
VAC

AC-250 AC-350 AC-400 AC-500 AC-600

FIGURE 3 - Specific surface areas of carbon samples.

in previous studies. John and Vidic [9] and Liu and Vidic
[10] detected the surface area of HGR (commercial sulfurimpregnated carbon) and BPL-S (sulfur impregnated activated carbon derived from bituminous coal). They found
that the sulfur-impregnation procedure caused a 53% and
20% decrease in the initial specific surface area for HGR
and BPL, respectively. S.S.A. of treated carbons, in this
study, had a reduction range of 33-83%, associated with
treatment temperature.
Hsing [11] found that the S.S.A. of activated carbon fiber (ACF) decreased to 4 and 94 m2/g after sulfur impregnation at 250 and 400 °C. Although sample AC-60-250, in
this study, had a much higher specific surface area than
the ACF, it has a similar lighter color than other samples.
Impact of treatment procedure on pore properties is
shown in Table 1. Raw activated carbon has a total pore
volume of just 0.405 cm3/g, belonging to the media level
for regular activated carbon with pore volumes of 0.2-0.6
cm3/g. Thermal treatment procedure decreased pore volume drastically. However, it increased from 0.078 cm3/g
to 0.385cm3/g as the treatment temperature increased
from 350 to 600 °C. Sample AC-350-60 had the biggest
mean pore size of 4.2 nm. It decreased to 3.43 nm when
the treatment time was prolonged to 120 min, which indicated that longer period is positive for micropore formation. The subsequent rise in micropore volume con-
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firmed this hypothesis. For AC-600-120 individually, its
total pore volume, micro- and average pore width were
close to the VAC sample.
For TGA tests, heating temperature increased from
room temperature to 673 K in an argon atmosphere, based
on a programmed heating profile at the rate of 15 K/min.
As can be seen from Fig. 4, all the three samples had a
weight before 110 °C, caused by evaporation of inherent
moisture in the carbon matrix. However, there is a big
distance between weight losses for samples AC-60-350
and AC-60-600.
As the temperature increased further, VAC and AC60-600 exhibited negligible weight loss while AC-60-350
had another weight loss occurring at 215 °C. Calculation
results from Fig. 4 indicated that the second weight loss
rates were 5.4 and 2.7% for samples treated at 350 and
600 °C. Minor weight losses were obtained for sulfurimpregnated activated carbon above 400 °C using different
temperature profiles [13], and samples impregnated below
200 °C lost 90% of the sulfur content.

100
98
Mass(%)

450

AC-600-60
AC-350-60
VAC
Temp.profile

400
350
300

96

250

94

200
150

92

Temp.(°C)

102

was not definitely true, samples treated at 600 °C had
almost constant uptake capacities. In this situation, the
different adsorption capacities should be determined by
their physical characteristics, like specific surface area
and pore size distribution. Thus, longer treatment period
was helpful to reduce the clogging or clusters formed at
low temperatures, as shown in Fig. 2(f), which could
improve the availability of more active sites.
4. CONCLUSIONS
Adsorption characteristics of thermal-treated activated carbons were investigated in this study. The thermal
treatment method could increase sulfur content effectively, however, the distribution of sulfur on the surface of
activated carbon is not uniform. A great number of sulfur
was located on the surface of carbon matrix along carbon
chain or carbon edges as strip form, whereas others adhered to the inner wall of the pores as particle form. Sulfur content on carbon surface increased to about 20%, in
average. Meanwhile, the treatment procedure exhibited
strong impact on the carbon pore structures. The BET
surface area analysis showed that specific surface area
increased with increasing impregnation temperature.
Thermo-gravimetric analysis of raw activated carbon and
sulfur-impregnated carbons treated at high temperature
had a smaller weight loss than that treated at low temperature, and the weight loss of sulfur was decreased with
increased impregnation temperature.
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FIGURE 4 - TGA analysis results of activated carbon samples.

Table 1 summarizes mercury uptake test results. The
following general conclusions could be summarized,
some of which have been reported previously by other
researches [9-12]. Firstly, sulfur treated activated carbons
had a better mercury uptake capacity than untreated ones.
In this study, mercury adsorption capacity of sample AC600-60 is about 6 times that of VAC. A previous study
[14] showed that the increased mercury removal capacity
of sulfur treated activated carbon was due to formation of
mercuric sulfide. The other conclusion obtained in agreement was the role of treatment temperature, which had a
crucial impact in the procedure since it governed the sulfur formation, subsequently determining the activation
energy between mercury and activated carbon. Dominant
sulfur allotropes at different temperatures varied significantly [13]. In our work, longer treatment period seems to
have an important influence on mercury adsorption capacity. For instance, sample AC-120-400 had a much greater
mercury uptake capacity than sample AC-60-400, though
they were treated at identical temperatures. However, it
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ABSTRACT

1. INTRODUCTION

The Huai River Basin (HRB) is one of China's three
major river basins with a large population and underdeveloped economy. By the 1970s, the water quality in this
basin had begun to deteriorate. More than a hundred largescale water pollution accidents have occurred in this basin,
causing incalculable losses to offshore residents and severely damaging the river eco-system. After more than one
decade of considerable efforts, the deterioration of water
quality in the HRB has been roughly controlled. The overall
situation of water pollution in this area, however, remains
grave due to several cruxes, including exceptional weather
conditions, a shortage of water resources, extensive industrial structures, and ineffective watershed management.
This study analyzes these cruxes in the HRB, and puts forward corresponding countermeasures, which include establishing a real basin management institution, transforming
the economic mode, and promoting cost-effective pollution
control technologies, among others. It also argues that about
50 or more years will be required for the water-bodies in the
HRB to become clean and resume their ecological and
environmental functions, even under the scenario when all
protective measures are implemented.
KEYWORDS: China, Huai River Basin, water pollution control,
countermeasures

The Huai River Basin (HRB) is one of China's three
major river basins. It was once the major concern both at
home and abroad because of the frequent incidents of
pollution that occur to it. From the 1970s, water pollution
in the HRB has severely increased due to the rapid growth
of the economy and urbanization. Since the first major
pollution incident in 1989, there have been frequent water
pollution incidents in the HRB. For instance, more than
1100 incidents, both serious and minor, occurred in the
last 10 years, from 1996 to 2005 (Table 1).
“In the 1950s, you could wash rice and vegetables in
it; in the 1960s, you could wash clothes and irrigate with
it; in the 1970s, its quality became bad. In the 1980s, no
more fish and shrimp were in it, and in the 1990s, it became harmful to people’s bodies and minds.” (A popular
saying about the change of water quality in the HRB [1]).
On August 8, 1995, the State Council promulgated
and implemented the first and, so far, the only set of river
basin pollution control regulations in China, Provisional
Regulations on HRB Water Pollution Prevention, which
put forward the objective that: "By 1997, the industrial
pollutant discharge of the whole basin should meet the
standards, and, by 2000, the water quality of the main
reaches, lakes, and reservoirs in HRB should meet the
pollution prevention planning requirements. The water
bodies of the HRB should become clean [3]." Hence, the
first river basin-based, large-scale water pollution control
program in China was initiated. Since then, the State
Council has

TABLE 1 - Water pollution accidents in the HRB from 1996 to 2005.
Area
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
Henan Province
7
15
13
10
9
5
9
3
38
7
Anhui Province
53
45
29
39
43
40
28
39
2
16
Shandong Province
61
38
36
51
34
31
10
6
11
Jiangsu Province
62
55
61
67
19
26
20
50
18
HRB (Total)
121
160
97
146
170
98
94
72
96
52
Source: China Environment Yearbook, National Bureau of Statistics (NBS), and Ministry of Environmental Protection (MEP) (1997-2006) [2].
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approved and implemented the "Ninth Five-Year Plan" and
"Tenth Five-Year Plan” for HRB Water Pollution Prevention and Comprehensive Control in succession. However, in
2004, the outbreak of the worst-ever water pollution accident raised queries on the effectivity of one decade’s worth
of rehabilitative efforts in the HRB. "A decade of pollution
treatment has meant nothing. The 60 billion Yuan have been
invested was in vain," was the comment of some people
[4].Why is it so difficult to control pollution in the HRB?
How can the water in the HRB become clean? To answer
these questions, many studies have been conducted on
relevant issues, including water pollution characteristics [57], water quality assessment [8], pollution control [9-12],
and the management system [13-15]. However, a systematic
study on water pollution in the HRB and their countermeasures has not been performed. The current study
provides a retrospective evaluation of the existing pollution
control process and the general trends of water quality
changes in the HRB. It brings forward specific measures
of water pollution control based on an in-depth analysis of
the reasons for the "incurable problem after long treatment" in the HRB and presents an exploratory projection
of water pollution control trends in the HRB.

River is thought of as the geographical divide between the
northern and southern parts of China, the HRB lies in the
climatic transition zone of China. Its northern regions are
in a warm temperate zone, and its southern regions are in
a sub-tropical and semi-humid monsoon climate zone
[17]. The HRB occupies an extremely important position
in agricultural production in China since important grains,
cotton, and vegetable oils originate from it. The entire basin
has a farmland area of 12.35 million hm2, which accounts
for less than 10% of the total cultivated land in China. Its
food/cotton and vegetable oil production account for more
than 1/6 and 1/5 of the country's overall output, respectively [18]. In 2005, the HRB had a population of 0.17
billion, with the highest population density in China of up
to 636 people/km2, 4.8 times that of the nation’s average.
About 81% of the population was mainly engaged in
agriculture. The HRB belonged to the underdeveloped economic region of China with a weak industrial base. From
1994 to 2005, the total Gross Domestic Product (GDP) of
HRB increased from 0.4 to 1.8 trillion Yuan (an increase
of 350% at current prices), and the GDP per capita rose
from 2684 to 10602 Yuan (an increase of 295%). However,
the level of GDP per capita in the HRB only accounts for
about 75% of the national GDP, averaged for the same
period [19-20].

2. WATER POLLUTION IN THE HRB
2.2. History of Water Pollution Control in the HRB
2.1. Background of HRB

The HRB is located in eastern China between the
Yangtze and Yellow River basins with east longitude 111°
55'-121°25' and north latitude 30° 55'-36°36'. It runs through
Henan, Anhui, Shandong, and Jiangsu Provinces with a
drainage area of 270,000 km2 [16] (Fig. 1). Since the Huai

HRB water environment protection has changed from
flood control to pollution treatment. Historically, floods
and droughts were the fundamental issues of the HRB [18,
21, 22]. However, in the late 1970s, with the beginning of
China's opening up, the development of heavily polluting
township enterprises, such as paper pulp mills, breweries,

FIGURE 1 - Location of HRB in China.
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chemical plants, pharmaceutical plants, and leather mills,
among others, became rampant in the basin. Discharges of
large amounts of untreated industrial wastewater, domestic
sewage, and agricultural non-point source pollutants caused
a sharp deterioration in the basin’s water quality. The first
major pollution incident occurred in 1989, making the
central government realize the importance of water pollution control, which it subsequently initiated. In 1990s,
HRB water quality had deteriorated to its lowest point,
and, in 1994, another world-shocking water pollution accident occurred. As the result of this accident, many drinking
water plants along the HRB were forced to close for 54
days, 150 million residents had difficulties in obtaining
clean drinking water, and more than 300 hm2 of farmland
were contaminated, causing a direct loss of up to 2 billion
Yuan [23]. Faced with such a dire situation, national policy
makers approved and implemented the "Ninth Five-Year
Plan" (1996-2000), "Tenth Five-Year Plan"(2001-2005),
and "Eleventh Five-Year Plan" (2006-2010) of HRB Water
Pollution Prevention in sequence [16, 24-25]. The government also actively sought international assistance. In
February 2001, the Chinese government received a
105.5 million U.S. dollar loan from the World Bank under
the project HRB Water Pollution Control Engineering,
which was mainly used for the construction of sewage pipe
networks and wastewater treatment plants in Anhui and
Shandong Provinces [26].

percentage(%)

The state also adopted a series of strict measures to
control the water pollution in HRB, including: 1) The promulgation of laws and regulations. In 1995, the State Council
promulgated and implemented the first and, so far, the only
river basin pollution control regulation in China: Provisional Regulations on the HRB Water Pollution Prevention. The
four Provincial People's Governments of Henan, Anhui,
Shandong, and Jiangsu implemented as many as 41 of the
local laws, rules, and regulations of HRB Water Pollution
Control [3, 20]. 2) The setting of total control targets for
total amounts of emissions. To gradually reduce the total

amount of water pollutants loaded into the HRB, the Ministry of Environmental Protection (MEP) set basin-wide
pollutant control targets for the major pollutants (i.e., COD
and NH3-N), and allocated them to four provinces in the
HRB. For example, the control targets of COD in 1997 and
2005 were 89.0 and 64.3 million tons, respectively [19, 25].
3) The closure of the so-called "15 small" enterprises. In
the "Ninth Five-Year Plan" period alone, 4987 such heavily polluting enterprises in the HRB were shut down [2728]. 4) The increase in investments and construction of a
large number of comprehensive pollution rehabilitation
projects, bringing about an overall reduction of the pollution load. According to the "Ninth Five-Year Plan", “Tenth
Five-Year Plan", and the "Eleventh Five-Year Plan", each
5-years period would implement 303, 488, and 656 pollution control projects, respectively, corresponding to a total
investment of 166, 26, and 31 billion [19, 25, 29]. 5) The
strengthening of the capacity of water environment regulations. Enterprises’ illegal discharge is one of the reasons for
the difficulty in controlling water pollution in the HRB
[23]. The MEP and 4 provincial environmental protection
offices enhanced emission supervision for industrial enterprises. By 2005, dynamic on-line monitoring equipment
had been installed in 1562 key industrial enterprises in the
HRB. At the same time, water quality monitoring was
strengthened along main river sections. A total of 85 statecontrolled sections in main rivers, 65 monitoring points of
drinking water sources, and 38 sections in major urban
rivers existed in the entire basin by 2005. In addition, regular water environmental information release system, a water pollutant discharge permit system, and the environmental accountability of government administrative heads
were established in the HRB [20].
2.3. Effectiveness of water pollution control in HRB

After more than 10 years of relentless and vigilant control, the worsening trend of water pollution in the HRB has
basically been curbed. Figure 2 shows the water quality
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FIGURE 2 - Proportion of water quality classes in the state-controlled sections of the HRB from 1997 to 2007a,b (a Source: Compiled by the
author from Huai River Water Resources Bulletin (1997-2007) [30]; b Note: According to Environmental Quality Standards for Surface Water
(GB 3838-2002), all surface water bodies in China are classified from Class I to Class V [31].)
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monitoring results of the state-controlled sections in the
HRB from 1997 to 2007. The proportion of water-bodies
with Class V and worse water quality decreased from 65%
in 1997 to 42% in 2007. Meanwhile, the proportion of
state-controlled sections with better water quality (Class IV
or better) increased steadily. However, according to an evaluation of the implementation of the completed "Ninth
Five-Year Plan" and "Tenth Five-Year Plan", in neither of
the two 5-years periods were the planned objectives met,
whether in terms of the total amount control of pollutants,
water quality, project investment, or other aspects [19, 20].
The overall water quality situation in the HRB remains
grim, and the target of “water body to be clear" in the "Ninth
Five-Year Plan" has yet to be achieved.
3. WHY IS WATER POLLUTION IN
THE HRB SO DIFFICULT TO CONTROL?
3.1. Shortage of water resources and low environment capacity of water-bodies

The HRB is located in a special north-south climatic
transition zone, where complex weather systems cause uneven spatiotemporal distributions of precipitation. The average precipitation in the southern mountains is 1400 mm,
while it is less than 700 mm in the northern regions. In
terms of year-to-year distribution, precipitation during the
maximum rainfall year is 3-4 times that of the minimum
rainfall year. The flood season (from June to September)
rainfall usually accounts for 70-80% of the yearly precipitation, concentrated mostly in the form of heavy rain. This
makes the precipitation difficult to use [17]. Furthermore,
because of the large population, the per capita water resource of the HRB is only 386 m3, less than 1/5 of the
national average [32]. Over 5000 gate dams were used to
block and store river water to guarantee production and
domestic use in the basin. At present, the HRB water resource utilization rate exceeds 68%. In some special tributaries, it is as high as 400%, well above the internationally
accepted rational exploitation rate of 40% for inland rivers [20]. Many rivers in the HRB have been degraded to
seasonal rivers and even open sewage ditches due to the
lack of natural recharges. As such, the water self-purification
capacity has degraded rapidly, and water the environment
capacity has decreased continuously. To make matters
worse, water pollution has exacerbated the loss of the
basin’s self-purification capacity.
3.2. Excessive loads of total pollution that far exceed the
capacity of the water environment

A direct cause of water pollution in the HRB is the
excessive load of total pollution, which far exceeds the
water environment capacity. The MEP proposed in the
"Ninth Five-Year Plan" that the total emission of COD in
the basin should not exceed 368,000 tons/year in order to
achieve the goal of clean water [20]. As well, the Ministry
of Water Resources (MWR) believed that the total COD
and NH3-N emissions should be lower than 382 and 26.6

thousand tons/year, respectively, to achieve the same goal
[33-34]. Although the MEP and the MWR could not agree
with each other's estimates [35], the actual measured
amounts of COD and NH3-N discharge in the HRB from
1997 to 2007 were all far above the limits proposed by
either of them (Table 2). In general, the three major causes
for the large overload of HRB water pollution are: 1) The
HRB industrial pollution is serious. Despite the numerous
countermeasures taken to adjust the industrial structure,
five high-energy consuming, heavily polluting industries,
including paper making, chemical manufacturing, textiles,
food processing, and beverage manufacturing, remain the
leading industries in HRB.
While the economic contribution of these industries
was only 40.6%, their contribution to COD and NH3-N
emissions in the HRB reached 76.7% and 92.9%, respectively [7]. At present, due to backward wastewater treatment processes, incomplete monitoring systems, frequent
excess or illegal discharges, and the leniency of the environmental punishment mechanism, industrial pollution
loads put enormous pressure on water pollution control in
the HRB. 2) With the accelerating process of urbanization
and improvement of living standards, the urban domestic
pollution load continues to increase. In 1998, the domestic
pollution load in the HRB exceeded the industrial pollution load and was twice that load in 2001 [36]. However,
due to the lag in municipal sewage plant construction and
the unstable operation of those already built, substantial
amounts of untreated municipal wastewater were discharged
into rivers, bringing about more pressures for water pollution control. 3) In order to increase crop production, fertilizers and pesticides have been used for a long time at an
average utilization rate of 30-40%. Most of these remaining fertilizers eventually entered the water-body. By 2003,
the use of fertilizers in HRB was up to 15.1 million tons.
It is estimated that the amount of total nitrogen and COD
from non-point sources in the HRB is as high as 590 and
1450 thousand tons/year, respectively [20]. Furthermore,
according to the National Food Security and Long-Term
Planning Framework (2008-2020), the crop yields of Henan
and Anhui Provinces will increase by 30 and 22 billion kg,
respectively, by 2020 [37]. It can thus be predicted that the
use of agricultural fertilizers in the HRB will remain high
for several years to come. The livestock and poultry breeding industries are also developing rapidly in the HRB. In
2003, the number of adult animals in the entire basin
reached 26.2 million. However, the proportion of farms with
special pollution treatment facilities was less than 10%. A
large number of breeding wastes were directly discharged
into the river [20]. Combined with pesticides, crop stalks,
and rural domestic wastewater, the pressure of agricultural non-point source pollution will continue to increase.
Therefore, it is extremely difficult to achieve the goal of
"from 2005 to 2010, the whole basin COD and NH3-N
emissions will be reduced to 15.2% and 18.6%, respectively", as proposed in the "Eleventh Five-Year Plan" of HRB
Water Pollution Prevention.
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TABLE 2 - Actual volume of COD and NH3-N discharged into the rivers of the HRB from 1998 to 2007.
Actual volume discharged
COD (104 t/a)
a
NH3-N (104 t/a)

1998
116.7

1999
122.3

2000
94.7

2001
106.8

2002
110.7

2003
123.2

2004
107.7

2005
97.7

2006
85.2

9.8
12.9
8.7
11.0
12.7
12.2
10.7
10.6
10.1
Source: HRBWRC (1998-2007) [30] (a The MEP has not yet set a definite limit for the amount NH3-N discharged into rivers in the HRB).

3.3. Lack of efficient basin water environment management
measures

The experiences of the United States, Britain, and other
developed countries have shown that a powerful basin
management institution with comprehensive decisionmaking and coordination capacities can play a significant
role in basin water pollution treatment [38]. However, the
lack of a substantive basin management institution is one
of the major restraining factors for water pollution control
in the HRB. First, the Huai River Basin Water Resources
Commission (HRBWRC), the existing basin administrative agency, has neither a definite legal status nor adequate powers to obtain support and coordination from
either the MEP or from the 4 provincial governments. Its
legal status was not identified until 2002, 50 years after its
establishment, by the newly revised Water Law [35].
Second, because of the multi-sectional segmentation of the
current watershed management system in China (Table 3),
resulting in non-methodical and inflexible decisions on
watershed management. Continuous clashes among the departments involved are experienced, and the conflicts between the MEP and the MWR are most intense due to the

2007
73.4
8.0

division of leadership of water pollution and water resources in the HRB. For example, when the MWR issued a
bulletin in 2005 that the maximum emissions of COD and
NH3-N in the HRB should less than 382,000 tons/year and
26,600 tons/year, respectively [33-34], the MEP refuted
this immediately and issued a statement that the MWR
had no right to set these limits at all [35]. In addition,
there are other obvious differences between the MEP and
the MWR in terms of the selection of monitoring sections
and objects, as well as the evaluation methods and results
of water quality, resulting in insurmountable obstacles to
water pollution control in the HRB. Third, water laws and
regulations are inconsistent and water pollution control in
the HRB does not have an effective legal guarantee. So
far, six laws regarding watershed management, including
the Environmental Protection Law (1989), Water and Soil
Conservation Law (1991), Flood Control Law of PRC
(1998 years), Water Law of the People's Republic of China
(revised in 2002, hereinafter referred to as Water Law),
Water Pollution Prevention and Control Law (revised in
2008), and the Provisional Regulations on the HRB Water
Pollution Prevention (1995) have been passed. Meanwhile,

TABLE 3 - Split conditions of HRB water management departments and functions.
Departments

Environmental Protection Department

Water Resources
Conservation
Department

Buildings Department

Functions
Water Pollution Control
1) Development of river basin water pollution
prevention and control plans, policies, regulations
and standards, etc., and unified supervision and
implementation;
2) Responsible for water quality monitoring and
pollution control, and releasing relative information
3) Collection of sewage charges; development of
sewage treatment plant charging policy.
1) Validation of total basin water pollutant emissions;
2) Monitoring the water quality of sewage outfall of
the river basin.

1)
Responsible for the construction of urban
sewage treatment plant planning and operation
management;
2)
Responsible for industrial waste water into the
distribution network of supervision and management.

Water Resources Management
1) Participation in water conservation related policies;
2) Involved in the preparation of water resources protection
plan;
3) Review of water conservancy construction project environmental impact assessment report.

1) Develop water resources protection plan
2) Monitoring volume of basin water, and issue reports on
water resources;
3) Organizing and implementing of water licensing system,
control water resources;
4) Organization and managing key water conservancy projects;
5) Develop water conservation planning and policy.
1) Drinking water management;
2) Water license management;
3) Urban water intake management, water supply management;
urban water conservation management and urban water affairs
management.
1) Agriculture, water resources protection;
2) Agricultural water intake water use management;
3) Agricultural water use management and water-saving

Agriculture Department

Agricultural non-point source pollution control

County Land Resources Department

Rivers, estuaries and marine water environment
protection

1)Groundwater Management

Forest Department

Eco Water use Protection

1) Forestry water resources, conservation protection;
2) Forestry, water conservation management;

Source: [28, 35].
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the 4 provincial governments in the HRB have issued as
many as 54 related water pollution control laws and regulations [20, 28]. Due to the obvious conflicts in guiding ideologies and legalities, these laws, rules, and regulations
cannot be given the desired legal validity [35]. Finally,
because of the vulnerable management of water environment control in the HRB, especially insufficient daily supervision, a chronic vicious circle of “high cost of lawabiding but low-cost of illegal conduct" has formed, bringing about more difficulties for water pollution control in the
HRB.
4. HRB WATER POLLUTION CONTROL
MEASURES
4.1 Establish river basin management institutions

Establishing a suitable basin management institution
is the first requirement to advance the efficiency of water
pollution control in the HRB. The establishment of an HRB
management institution must be supported by relevant laws.
As well, the kind of institution and what authority should to
be given to it, including the rules of centralization and decentralization among the related organizations, must be set
and confirmed [39]. The Water Law revised in 2002 is so
far the first law in China to declare the legal status and
responsibilities of basin management institutions [40],
taking a big step forward compared to its former edition.
However, it is not the Water Law but the People's Republic
of China Environmental Protection Law that is under the
basic laws in China. A new basin management institution
cannot perform its expected management functions unless
it has been confirmed by the basic environmental law [39].
Therefore, the basic environmental law should be amended
as soon as possible to clarify the legal status and functions
of basin management institutions, and lay the necessary
legal basis for the establishment of HRB management
institutions. What kind of basin management institution
should be set up after acquiring legal basis? According
to international experience, some typical basin management
institutions include the basin management bureau of Tennessee Valley Authority in the USA [41], the basin coordinating committee of Murray River in Australia and the
Delaware River in the USA [8, 42], as well as the basin
integrated agencies represented by the Thames River in
the UK [43]. In our opinion, the U.S. Tennessee Valley
model is most appropriate for the HRB, because the existing HRBWRC is merely a technical body, not an administrative one, and is without direct executive authority [44].
Thus, a Huai River Basin Bureau (HRBB) led by the State
Council should be directly set up. This bureau must be independent of the MEP or the MWR and possess the necessary authorities, including independent personnel, land
acquisition rights, development rights of construction projects, and so on, as authorized by basic environment laws.
Only in this way, the HRBB can truly realize the integrated
management of basin water resources and water pollution
control in the HRB.

4.2 Establish a long-term goal and develop a long-term plan

International experiences have shown that water pollution control involves not only technical issues, but also
long and complex social, economic, and environmental
issues. Thus, water pollution control cannot be accomplished
overnight. Governance of the Rhine required about half a
century to finally control water pollution. For the Thames,
about 150 years were required for the same process [45,
46]. The problems mentioned above, such as limited water resources, large population, extensive industrial structure, insufficient capital, an imperfect watershed management system, and other issues, cannot be changed fundamentally within a short period of time. Water pollution control of the HRB will require long-term work. The
ambitious target of "the HRB water turned clean by 2000",
as set in the “Ninth Five-Year Plan", has been proven to be
scientifically impossible [25]. Previous HRB water pollution control measures that have been enforced for the
last 10 years have also been proven to be ineffective. In
fact, in addition to the poor natural conditions, backward
local economy, and basic wastewater treatment technologies, the lack of a unified long-term effective basin water
pollution prevention plan is one of the more important
reasons for the continuance of such pollution [43]. Thus,
we need not only to push ourselves forward to be ready
for a long-term endeavor, but also establish overall objectives for water pollution prevention for the next 30-50
years. We must also develop a scientific action plan and
implement it consistently to ensure that the river water
quality improves continuously.
4.3 Transform the extensive economic mode into an intensive one

Socio-economic development is closely related to the
environmental change in a river basin [6]. The Environmental Kuznets Curve has been widely used to describe
the correlation between the regional environmental quality
and economic development, and indicated that, in the early
stages of economic development, regional environmental
quality has continually deteriorated with revenue growth.
As the economy develops and income increases beyond a
certain level, regional environmental quality gradually improves [47]. In fact, socio-economic development is one of
the most fundamental driving forces for river basin water
quality evolution [48, 49], and the regional development
model, especially the economic growth trends, determines
the long-term direction of water pollution evolution. Currently, the HRB is still in the preliminary stage of economic
development, with a low-level industrial structure. Papermaking, chemicals, food production, tanning, and other
high energy- and water-consuming, heavy-polluting industries continue to play a dominant role in the HRB. Industry
structural pollution is still widespread [16]. Despite these
alarming observations, some local governments continue to
pursue only GDP growth, sacrificing the environment for
short-term economic interests. In some cases, these governments even connive with the companies involved. All
these have become impediments to pollution control in
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the HRB. Therefore, governments in the HRB should foster
the concept of sustainable development and change the onesided pursuit of GDP growth. This will change the economy
from the extensive mode to an intensive and environmentfriendly one and reduce the consumption of resources and
emission of pollutants in the HRB.
4.4 Promote cost-effective water pollution control technologies

There is no doubt that advancements in pollution control technology are a powerful weapon for water pollution
control. Pollution control input and technical strength in
the HRB are very limited. The lack of cost-effective pollution control technologies has become a major crux in
water pollution control. Take the paper industry as an example, which has boomed in recent years and taken full
advantage of the rich straw resources in the HRB. In 2003,
319 paper mills accounted for 10.4% of the 3055 key enterprises in the HRB, and produced only 5.3% of the total
GDP, while discharging as much as 28.9% and 47.5% of
wastewater and COD, respectively [20]. Some technical
difficulties in treating wastewater generated during the three
stages of papermaking process, before, during, and postusing straw as the main raw material, are the primary reasons for this [50]. Similarly, several technical difficulties in
processing high-concentration wastewater with complicated components also exist. For example, although the
chemical and food enterprises account for only 8.6% and
3.1% of all enterprises, their COD emissions account for
13.4% and 6.6% of the total COD emission, respectively
[51]. This has made chemical and food industries the second- and third-largest industrial polluters in the HRB,
respectively, second to the paper industry. Agricultural
non-point sources, including manure and wastewater,
pesticides and fertilizers, also lack mature and effective
processing technologies, resulting in difficulties in reducing non-point source pollution loads [7, 52]. However,
due to the reality of economic underdevelopment in the
HRB, we cannot simply ignore that costs of water pollution
control measures are likely to incur and pursue the latest
pollution control technology. The dual need for socioeconomic development and water pollution control should
be taken into account, and the R&D as well as applications
of cost-effective pollution control technologies should be
increased.
4.5 Raise public awareness of environmental protection and
strengthen environmental supervision

Currently in China, especially in the HRB, the high
cost of law-abiding and the low-cost of illegal conduct has
become commonplace. Many medium and small enterprises
simply choose to pay the effluent or emission fees rather
than incur the costs of pollution control. Some local
governments that choose to pursue their own economic
interests turn a blind eye to or even connive with the
perpetrators, thus the enterprises are increasingly emboldened. This is not only the biggest obstacle to enforcing the law, but also the greatest driving force for pollu-

tion rebound [7]. In 2006, spot checks of HRB businesses
by the MEP showed that, out of 50 companies, 36 had
excessive emissions, corresponding to a violation rate of
72%. Among these violators, six were state-banned "15
small" paper mills, while three were illegal-manufacturing
plants without wastewater treatment facilities [29]. Such
common unlawful corporate acts are due to the weak environmental awareness of stakeholders and lax law enforcement. In vast rural areas, the random discharge or disposal
of sewage, garbage and excreta, as well as crop straw, has
made rural areas not only victims but also initiators of
severe water pollution. Therefore, the government should
strengthen environmental education to enhance public
environmental awareness and public participation in efforts to launch a full supervision of environmental violations, establish an environmental responsibility system,
and strengthen environmental law enforcement.
5. CONCLUSIONS
After more than 10 years of concentrated treatment,
the deterioration trends of water quality in the HRB have
been generally contained. However, the largest-ever outbreak of water pollution incidents in July 2004 have forced
people to review and reflect intensively on the pollution
control process, making them realize that additional
measures must be implemented [53]. In fact, river pollution
is generally successfully controlled abroad after decades, or
even hundreds of years, of efforts, while governance of
the HRB has lasted merely one decade. The foreign river
water quality monitoring and evaluation indicators are comprehensive. For example, 95 indicators are monitored in the
Rhine River, including temperature, pH, COD, organic
carbon, total phosphorus, heavy metals, and aromatics,
among others [54]. Thames governance was aimed at protecting the survival of creatures and set the main target of
controlling dissolved oxygen [55]. In the United States, the
"TMDL" plan, which proved to be an effective set of water
pollution control measures, took comprehensive consideration of water environment functions and their impacts on
biological activity, controlling pollutants based on strict
water quality standards [56]. In contrast, although the
Surface Water Environmental Quality Standards promulgated in China identified the 24 conventional indicators of
water quality that should be monitored, the assessment
index of water quality was only limited to COD and NH3N. Thus, HRB water pollution control is still in its primary
stage, and the objectives of cleaning the various waterbodies in the basin and restoring the river ecosystem remain unachieved. It is encouraging that the central government regards the pollution control of the HRB with
great importance. In 2006, the central government initiated a major science and technology specific-purpose program, which was the largest-scale focus on river basin
water pollution control and management since 1949. This
program will span 15 years (2006-2015) with the central
and local governments investing approximately 34.325
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billion Yuan (about 5 billion U.S. dollars) in it [57]. In the
first phase of the project (2006-2010), about 380 million
Yuan (about 55 million U.S. dollars) was allocated for
HRB R&D and a demonstration of key technologies for the
basin's water pollution control. These will greatly promote
HRB water pollution control procedures.
Water pollution control in the HRB remains a challenging task. State and local governments must build confidence in the unity of thinking, establish an effective basin
management system, improve water pollution control laws
and regulations, develop a scientific long-term strategy for
water pollution control, optimize the basin industry structure, increase investments and accelerate R&D, and promote cost-effective pollution control technologies. Over
time, it may take 50 or more years for the water-bodies in
the HRB to become clean and restore their normal ecological and environmental functions.
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EFFECT OF MODIFIED FERROELECTRIC ON NONTHERMAL
PLASMA PROCESS FOR TOLUENE DECOMPOSITION
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ABSTRACT
The effect of non-thermal plasma (NTP) with different packed materials on toluene removal was studied at
room temperature and atmospheric pressure. The difference
among three types of NTP tests (no packed materials, with
BaTiO3 rings and with Ba0.8Sr0.2Zr0.1Ti0.9O3 rings) packed
into the plasma reactor, were compared in terms of energy
density, toluene removal and energy efficiency. Specially,
Ba0.8Sr0.2Zr0.1Ti0.9O3 as a special type of modified ferroelectric materials was manufactured by us in the laboratory. The results show that the modified ferroelectric of
Ba0.8Sr0.2Zr0.1Ti0.9O3 in the plasma reactor enhances removal
and energy efficiency significantly. Toluene removal efficiency of 97% can be obtained with Ba0.8Sr0.2Zr0.1Ti0.9O3 as
the packed material, being16% higher than with BaTiO3 as
packed materials. Ba0.8Sr0.2Zr0.1Ti0.9O3 shows better ferroelectric properties than BaTiO3, as packed material of the
modified ferroelectric in NTP technology.

KEYWORDS: Non-thermal plasma; Toluene; Removal efficiency;
Modified ferroelectric; BaTiO3

1. INTRODUCTION
As an emerging technology for environmental protection, non-thermal plasma (NTP) has been subjected to extensive researches over the past 20 years [1-3]. In the field
of air pollution control, the NTP technology has been used
for the abatement of various types of hazardous air pollutants [4-7], due to its unique properties including the
moderate operation conditions (normal temperature and
atmospheric pressure), moderate capital cost, compact
system, easy operations and short residence times, compared to the conventional technologies [8]. Gas phase
toluene re-moval using NTP technology with catalysts has
been in-tensively investigated for the past several years
[9-10]. Ogata et al. [11] used NTP reactor packed with
BaTiO3 pellets to decompose aromatics benzene, toluene
and o-xylene. They found BaTiO3 pellets were helpful for
volatile organic compounds (VOCs) removal.

But the major bottleneck of developing NTP with catalysis technology is the reduction of energy consumption
[12, 13]. If this requirement is not satisfied, the non-thermal
plasma process may loose its potential for commercial
applications. In order to resolve this problem, Ayrault et al.
[14] used platinum (Pt)-based catalyst supported on an
alumina wash-coated honeycomb monolith by means of a
high voltage bi-polar pulsed excitation. The energy efficiency was 0.14 mol/kWh at energy density of 200 J/L for
2-heptanone decomposition. For a comparison, the energy
efficiency decreased to 0.029 mol/kWh using an uncoated
monolith, even at a higher energy density of 500 J/L.
In this investigation, we developed a new ferroelectric packed bed NTP reactor and prepared a sample of
Ba0.8Sr0.2Zr0.1Ti0.9O3 to serve as modified ferroelectrics.
The permittivity of Ba0.8Sr0.2Zr0.1Ti0.9O3 was 104, 12 times
higher than that of the pure phase of BaTiO3, while dielectric loss was 1/6 at room temperature. The experimental results show that this type of modified ferroelectrics packed into the NTP reactor could both reduce the
energy consumption and raise energy efficiency significantly. Com-pared with BaTiO3, Ba0.8Sr0.2Zr0.1Ti0.9O3 had better
ferroelectric physical properties to improve NTP process
for VOCs control.

2. MATERIALS AND METHODS
2.1. NTP System

The NTP system consisted of a tube-wire packed-bed
reactor system, an AC power supply, a continuous flow
gas-supplying system, and an electric and gaseous analytical system. The schematic diagram of NTP system is shown
in Fig. 1. Dry air (78% N2, 21% O2) was used as a balance
gas for toluene decomposition. Air supplied from an air
compressor was divided into two air flows with each flowrate controlled by a mass flow controller (MFC). One dry
air flow was introduced into a bottle of liquid toluene to
produce saturated toluene. The vapor was then mixed with
the other dry air flow in a blender so that toluene waste gas
was diluted to a desired concentration. The NTP packedbed reactor is shown in Fig. 2. The coaxial cylindrical NTP
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reactor was made of an organic glass tube with an inner
diameter of 32 mm and wall thickness of 3 mm wrapped
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FIGURE 1 - Schematic diagram of NTP system for toluene removal (1 air compressor, 2 buffer, 3 toluene liquid bottle,
4 attemperator, 5 blender, 6 NTP reactor, 7 mass flow-meter, 8 needle valve, 9 high voltage, 10 oscillograph, 11 gas chromatograph).

FIGURE 2 - NTP reactor (reactor: organic-glass tube (i.d. 32mm, packed in 200 mm filling length with
packed material); internal electrode: tungsten filament (i.d. 0.5 mm); External electrode: dense steel mesh).

by a copper mesh of 20 cm in length as a ground electrode. A tungsten wire (0.5 mm in diameter) placed on the
axis of NTP reactor served as the inner discharge electrode. The relative humidity of 25% in NTP reactor was
controlled by a thermohygrometer.
2.2. Materials and Methods

In the experiment, three kinds of packed materials, including ceramic rings, BaTiO3 rings and Ba0.8Sr0.2Zr0.1Ti0.9O3
rings (hollow cylinder shape, 5 mm i.d., 1 mm wall thick,
and 10 mm length), were used to pack into the NTP reactor.
Nano-size Ba0.8Sr0.2Zr0.1 Ti0.9O3 powder was prepared
using the method of water-thermal composite action at
atmospheric pressure. Inorganic salts, including TiCl4,
Ba(OH)2·8H2O and Sr(OH)2·8H2O, were the precursors
for Ba0.8Sr0.2Zr0.1 Ti0.9O3 formation. Firstly, a proper quantity of TiCl4 was added to 100 ml water as the precursor
solution, and ammonia was used to adjust pH to 7. By
strictly controlling the reaction conditions in a ventilation cabinet, the precursor solution hydrolyzed to αH2TiO3. And then, Cl- was removed by hot water washing
and filtrated by decompression and boiling at 100 °C for 4 h.
Certain amounts of Ba(OH)2·8H2O and Sr(OH)2·8H2O
dropped into H2TiO3, and ammonia adjusted pH to 6-6.5
and the solution was shielded from air and agitated for
hours. During the preparation, if needed, water was added
to keep the balance of the liquid quantity. Whereafter, gained
solid (nano-Ba0.8Sr0.2Zr0.1Ti0.9O3) was ground to powder and
dried at 100 °C in a crucible. The powder was made into

rings (5 mm i.d., 1 mm wall thickness, and 10 mm length)
which were placed in a muffle furnace to calcine at 1200 °C
for two h. The calcined product was cooled to ambient temperature and served as the packed material in NTP reactor.
At the same time, a BaTiO 3 (powders made in Beijing
Research Institute of Chemical Engineering & Metallurgy) ring was also made with the same weight as the
Ba0.8Sr0.2Zr0.1Ti0.9O3 ring.
The crystal structure and the surface shape of the
Ba0.8Sr0.2Zr0.1Ti0.9O3 sample were detected by XRD (manufactured by Germany Bruker Co., D8 ADVANCE) and
SEM (manufactured by Japan, JEOL-JSM-6500F) analysis,
and BET surface area was determined with a Micromeritics system (manufactured by American Quantachrome Co., NOVA 1000). The relative permittivity of
the Ba0.8Sr0.2Zr0.1Ti0.9O3 sample was measured using an LCR
automatism test instrument (manufactured by China, 4210).
Toluene analysis was carried out by gas chromatography
(Agilent Co., HP6890N) with a flame ionization detector
(FID). The byproducts were detected by GC-MS (American Thermo Finnigan Co.) using EI mode, 70 eV and full
scan. Ozone concentration produced in the NTP reactor
was measured by an iodine-titration method. The plasma
reactor employed an AC power supply of 150 Hz and
scanning from 0 kV to 100 kV was applied to the reactor
in the radial direction. The voltage and current waveforms
were measured with an oscillograph (American Tektronix
Co., TDS2014). To investigate the electric characteristics
of dielectric barrier discharge (DBD), the voltage applied to
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the reactor was sampled by a voltage divider with a ratio
of 12500:1. Also, the current was determined from the
voltage drop across a shunt resistor (R3 =10 kΩ) connected in series with the grounded electrode. In order to obtained the total charge and discharge power simultaneously,
a capacitor (Cm =2 µF) was inserted between the reactor and
the ground. The electrical power provided to the discharge
was measured using the Q–V Lissajous diagram. Typical
Lissajous diagram represents to be a parallelogram, and
we could calculate power through calculating the area of
parallelogram.
As evaluation criteria, the toluene removal efficiency,
reactor energy density, and energy efficiency in the gas
phase were calculated as follows:
Toluene removal efficiency (η):
[toluene]inlet − [toluene]outlet
(1)
η (%) =
×100%
[toluene]inlet
Reactor input energy density (RED):

RED(kJ / L) =

input ⋅ power (W )
× 60 ×10−3
gas ⋅ flow ⋅ rate( L / min)

(2)

Energy efficiency (ζ):

ζ ( g / kWh) =

[toluene]inlet ×η
× 3.6 ×10−3
RED

FIGURE 4 - SEM testing results of Ba0.8Sr0.2Zr0.1Ti0.9O3
3.2. Effect of Ba0.8Sr0.2Zr0.1Ti0.9O3 on removal efficiency of
toluene

Fig. 5 shows the effect of different packed materials
in the NTP reactor on the removal efficiency (η) of toluene. The removal efficiency of toluene increases with reactor
energy density (RED), and is in the order of without packed
materials < with BaTiO3 < with Ba0.8Sr0.2Zr0.1Ti0.9O3, at the
same RED.

(3)

3. RESULTS AND DISCUSSION
3.1. Characteristics of modified ferroelectric device

The crystal structure of Ba0.8Sr0.2Zr0.1Ti0.9O3 detected
by XRD as shown in Fig. 3 should be similar to cube crystal
structure of calcium-titanium oxide. Ba0.8Sr0.2Zr0.1Ti0.9O3
was a type of ferroelectric like BaTiO3. The average diameter of sample particulates was 59 nm. Fig. 4 shows that
crystal shape of Ba0.8Sr0.2Zr0.1Ti0.9O3 was spherical. The
BET surface area of the Ba0.8Sr0.2Zr0.1Ti0.9O3 powders are
8.8 m2/g, and Longmuir surface area detected by Micromeritics is 12.3 m2/g, respectively. The relative permittivity of Ba0.8Sr0.2 Zr0.1Ti0.9O3 detected by LCR is about
12000.

FIGURE 5 - Effect of packed materials on removal efficiency (toluene concentration: 1000 mg/m3 or so; gas flow-rate: 2 L/min; AC
frequency: 150Hz).

Then, the influence on toluene removal efficiency of
some other parameters could be taken into account such
as the permittivity of packed materials, surface specific
area, adsorption properties, or catalytic effect:

FIGURE 3 - XRD testing results of Ba0.8Sr0.2Zr0.1Ti0.9O3

It is well-known that the presence of solid material in
the electrode gap enhances the NTP efficiency likely by
favoring the formation of homogeneous plasma rather
than a filamentous one. Eliasson et al. [15] reported that
the packed materials in NTP reactors played a key role for
the proper functioning of DBD and generating more high
energy electrons. As the removal efficiency was proportional to the numbers of high energy electrons, because
these high energy electrons could destroy the molecular
structure of toluene and decompose toluene molecules
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into CO2, CO and H2O by effective collisions taking place
between the high energy electrons and the toluene molecules.
Ba0.8Sr0.2Zr0.1Ti0.9O3 has higher permittivity than BaTiO3. The electric field strength is positive to the permittivity of packed materials in the NTP reactor.
It is well-known that the surface specific area is positive to the adsorption properties of the adsorbent. The
rings of BaTiO3 and Ba0.8Sr0.2Zr0.1Ti0.9O3 have bigger
surface specific areas of 59 and 57 or so, after the rings
are calcined at 1200 °C. Then, radicals can be adsorbed to
accelerate decomposition reaction on the surface of the
sorbent, and the surface of the cellular rings can also get
active sites with electrons` striking. So the NTP reactor
with packed materials can obtain higher toluene removal
efficiency than that without packed materials.
Fig. 6 shows the voltage and current waveforms detected by oscillograph with and without packed materials
(Ba0.8Sr0.2Zr0.1Ti0.9O3 rings) at electric field strength of 10
kV/cm. Ricketts et al. [16] believed that the pulse peak
numbers of gas discharge were directly proportional to the
removal efficiency of VOCs. As shown in Fig: 6, the
pulse peak numbers are higher with packed materials than
those without; in the NTP reactor. So packed materials
increase the pulse peak numbers of DBD and help for
increasing the removal efficiency.

Fig: 7 shows V-Q Lissajous diagram with or without
packed materials (Ba0.8Sr0.2Zr0.1Ti0.9O3 rings) at electric
field strength of 10 kV/cm. BC and AD shown in Fig. 7
represent DBD courses. The packed materials enhance the
discharge intensity of BC and AD courses and produce
higher pulse peak numbers. Pulse peak numbers are directly
proportional to RED and increase the removal efficiency
of toluene.
(a) Without packed materials:

(b) With packed materials

(a) Without packed materials:

FIGURE 7 - V-Q Lissajous diagram

(b) With packed materials:

Therefore, the removal efficiency was higher with
packed materials than that without packed materials, in
agreement with the results shown in Fig. 5. During the
preparation of Ba0.8Sr0.2Zr0.1Ti0.9O3 sample, strontium (Sr)
and zirconium (Zr) ions were adulterated into the powder
particles and crystal boundary. These metal ions enter
crystal lattices of BaTiO3 equably and lower the Curie
temperature (Tc) [17]. As a result, the permittivity of
Ba0.8Sr0.2Zr0.1Ti0.9O3 is 12000, 8 times higher than that of
pure phase of BaTiO3 (1500) at room temperature. According to Yamamoto et al. [18], the dielectric constant
had a significant influence on the discharge energy of the
NTP reactor. The electric field strength was calculated as
follows:

Er =
FIGURE 6 - Voltage and current waveforms

3ε
E0 cosθ
ε +2

(4)

where Er is the local electric field strength after dielectric polarization, E0 the local electric field strength
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before dielectric polarization, and ε the relatively permittivity. As shown in formula (4), Er is in direct ratio with
E0. Er equals to 3 times of E0 (θ=0) with ε close to infinity. So, the electric field strength is positive to the relative
permittivity of packed materials in the NTP reactor. RED increases with the electric field strength, improving the removal efficiency of toluene. Therefore, Ba0.8Sr0.2Zr0.1Ti0.9O3 leads
to better removal efficiency of 97% for toluene decomposition.
3.3. Effect of Ba0.8Sr0.2Zr0.1Ti0.9O3 on energy efficiency

Fig. 8 shows the change of energy efficiency (ζ) for
toluene removal with and without the packed materials.
At the identical RED, the energy efficiency is in the
order of without packed materials < with BaTiO3 < with
Ba0.8Sr0.2Zr0.1Ti0.9O3. The energy efficiency is 15 g/kWh
with Ba0.8Sr0.2Zr0.1Ti0.9O3, 11 g/kWh with BaTiO3, and 6 g/
kWh without packed materials at RED of 0.23 kJ/L in the
NTP reactor. The results show that Ba0.8Sr0.2Zr0.1Ti0.9O3
has a better ferroelectric property to improve energy efficiency and reduce energy consumption in the NTP process for VOCs control, compared with BaTiO3.

FIGURE 9 - Effect of packed materials on O3 concentration (toluene
concentration: 1000 mg/m3 or so; gas flow-rate: 2 L/min; AC frequency: 150Hz).

In Fig. 9, it can be also seen that O3 concentration increases with the REDs at the first stage from 0 to 0.7 kJ/L,
and reaches the maximum at the RED of 7 kJ/L. This pattern
of ozone production had also been reported by Yamamoto et
al. [20]. In this experiment, because Ba0.8Sr0.2Zr0.1Ti0.9O3 has
higher relative permittivity than BaTiO3, the electric field
strength and RED are enhanced significantly in the NTP
process with Ba0.8Sr0.2Zr0.1Ti0.9O3 as the packed material.
As a result, O3 concentration increases according to Equation (6) (RED ≤ 0.7 kJ/L). While RED ≥ 0.7 kJ/L, the
superfluous high-energy electrons accelerate the decomposition of O3 to O2 according to Equations (7) and (8).
The active oxygen species formed during the O3 decomposition would also be helpful for the toluene removal on
the surface of packed materials.

FIGURE 8 - Effect of packed materials on energy efficiency (toluene
concentration: 1000 mg/m3 or so; gas flow-rate: 2 L/min; AC frequency: 150Hz).
3.4. Effect of Ba0.8Sr0.2Zr0.1Ti0.9O3 on ozone formation

Fig. 9 shows the ozone (O3) concentration with and
without the packed materials. O3 concentration is the
highest with Ba0.8Sr0.2Zr0.1Ti0.9O3 and is in the order of
without the packed materials < with BaTiO 3 < with
Ba0.8Sr0.2Zr0.1Ti0.9O3 at the identical RED.
O3 as the main long-living radical was generated and
transported to the packed materials and could take part in
oxidation reaction on the packed materials’ surface. The
pathways of reaction were stated as follows: [19]:
(5)
e + O2 → 2O + e

O + O2 + M → O3 + M

(6)

FIGURE 10 - Mass spectrum of by-products of toluene decomposition.

O + O3 → 2O2

(7)

3.5. Byproducts of toluene and destruction mechanism

e + O3 → O + O2 + e

(8)

The by-products of toluene decomposition were detected using GC-MS at electric field strength of 8 kV/cm,
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and the results show the peak of these products in Fig. 10 (a).
Products including aldehyde, alcohols, as well as amide and
benzene derivative have been identified.
Fig. 10 (b) shows a minor amount of toluene and
CH
trace amounts of the products existing at electric field 3
strength of 14 kV/cm. Chang et al. [21] claimed that VOC
removal depended on two main mechanisms: direct electrons attack on VOC molecules, and indirect reaction
between VOC molecules and radicals. These radicals
involved oxygen plasma, free radical groups, ozone, etc.,
which could react with toluene molecules to form less
hazardous products. If the electric field strength was
strong enough, or RED was high enough, the toluene
molecules would be oxidized to form CO2, CO and H2O
as the final products.
According to one of the reaction mechanisms, high
energy electrons react with toluene molecules in the reaction process of the NTP technology as follows:
CH3

CH3

CH3

CH3

CH3

+ +e

+e

CH2 CHH
3

CH
+ CH
+e

+e

33

+e

CH3

+e

+e

HC

CH2

CH3

(11)

+e

CH

C
H

CH

+CHH + e
3

+ HC

(13)

C

+H
HC

(12)

CH3

+e

CH2

+e

+e

≥5.5eV

CH2

CH2

C
H

C
H

C
H

C
H

CH2

+H
(16)

Equations 11-16 indicate the possible reactions of the
decomposition process of toluene molecules, and bond
energy between carbon of benzene ring and carbon of
substituent radical is 3.6 eV, which is lower than that of
carbon-carbon bond or hydrocarbon bond. In the structure
of toluene molecules, H of benzene ring is replaced by a
methyl group, leading to a less stable bonding. In the
theoretical point of view, this bond is the most vulnerable.
Of course, the other bonds are also likely to be destroyed
if the energy of the electrons is high enough.
According to the other reaction mechanisms, high energy electrons react with air to form OH●, O●, H●, HO2●,
N● and O3 (equation (6)) etc. in the first step of the reacCH2 + H
tions.
e + O2 → 2O●
(17)
●
●
e + H2O → 2H + O
(18)
●
●
2 ++HH + e
e + H2O →CH
OH
(19)
●
●
e + 2H2O → HO2 + 3H + e
(20)
e + N2 → 2N●+ e
(21)
CH2 + H
Then, these radical groups react with the toluene
molecules, or the other reaction groups (equation (11)(16)) to form aldehyde, alcohols, amide, and benzene
derivatives in the NTP process as follows:

(14)
CH

+ HC

CH

C

(22)

CH

At last, the by-products are decomposed further to
form CO2, CO and H2O with increasing electric field
strength or RED as follows:

CH3

CH3

CH3

+H
(15)

（23）

4. CONCLUSION
A series of experiments for the effects of NTP technology were performed to abate toluene from a gaseous
influent at room temperature and atmospheric pressure.
Three types of NTP reactors were used in the NTP process

for toluene removal with and without packed materials. A
new modified ferroelectric material of Ba0.8Sr0.2Zr0.1Ti0.9O3
as packed material was prepared by us in laboratory.
Compared with the two packed materials in terms of removal efficiency of toluene, RED, energy efficiency and
ozone concentration, the experimental results were obtained
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as follows: Packed materials with Ba0.8Sr0.2Zr0.1Ti0.9O3 enhanced removal efficiency of toluene and energy efficiency,
with regard to those with BaTiO3. Ba0.8Sr0.2Zr0.1Ti0.9O3 had
better ferroelectric property than BaTiO3. By operating at
the RED of 0.76 kJ/L, removal efficiency was up to 97%,
and the energy efficiency was 6.48 g/kWh when the packed
materials of Ba0.8Sr0.2Zr0.1Ti0.9O3 are used. O3 concentration
had a maximum value at the RED of 0.7 kJ/L. The hybrid
NTP technology should be more effective to improve energy efficiency for VOCs removal than the simple technology of NTP. Based on the above results, we would consider how to control the formation of ozone in the further
experiments. Our research would provide a reference to improve energy efficiency for the commercial applications of
the NTP technology.
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