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THE MICROBIAL MARINE WATER QUALITY ASSOCIATED
WITH CAPTURE-BASED BLUEFIN TUNA AQUACULTURE:
A CASE STUDY IN ADRATIC SEA (CROATIA)
Damir Kapetanović1,*, Zrinka Dragun2, Irena Vardić Smrzlić1, Damir Valić1 and Emin Teskeredžić1
1
Ruđer Bošković Institute, Division for Marine and Environmental Research,
Laboratory for Aquaculture and Pathology of Aquatic Organisms, Zagreb, Croatia
2
Ruđer Bošković Institute, Division for Marine and Environmental Research, Laboratory for Biological Effects of Metals, Zagreb, Croatia

ABSTRACT
The aim of this study was the assessment of the microbial marine water quality in a bluefin tuna (Thunnus
thynnus) farm. Microbial parameters (heterotrophic bacteria, Vibrio, coliforms, Escherichia coli, and enterococci)
were examined during normal and reduced feeding regimes. The major impact of tuna farm activity on marine
water quality identified in this study was the enrichment of
faecal bacteria in water column during tuna fattening (total
coliforms: 20-17,153 CFU/100 ml; E. coli: 9-531 CFU/100
ml; enterococci: 10-312 CFU/100 ml), whereas the bacterial concentrations significantly decreased during reduced
feeding (total coliforms: 10-327 CFU/100 ml; E. coli: 1069 CFU/100 ml; enterococci: 1-2.6 CFU/100 ml). Faecal
water contamination was probably a direct consequence
of abundant nutrition with fresh and defrosted fishes,
which resulted in an overload of fish debris in the marine
water on the farm, and attracted colonies of seagulls. The
results gathered during this study revealed the presence of
environmental problems associated with tuna aquaculture
and pointed to necessity for development of sustainable
approaches to deal with these problems.
KEYWORDS: bluefin tuna aquaculture, heterotrophic bacteria,
Vibrio, coliforms, E. coli, enterococci

bacteria, nutrients, plankton and fish communities within
the area of the fish farm [8-12].
Despite the large number of studies about the impacts
of aquaculture on marine water quality [13-17], only few
assessments were conducted for bluefin tuna ranching
about the nutrient level in marine water [18-20]. Impacts
of tuna farm on microbial properties of marine water were
rarely investigated [21].
Tuna feeding requires a high biomass of food [22].
Unconsumed feed and fish faeces are recognized as the
main source of wastes [19]. Microbial water quality was
characterized by very low concentrations of faecal indicator bacteria, without significant differences between cages
and control stations [21]. Environmental impact depends on
the farming location and the characteristics of the receiving
environment, mainly its ecological context [23], depth and
hydrodynamic regime [24].
The fact that Croatia is one of the main tuna aquaculture producers in the Mediterranean [19, 21, 25], with
annual production of 4000 tons [26], initiated the present
study. The main aim was to investigate the impact of tuna
farm on microbiological water quality. The study was conducted simultaneously at two sampling sites, a tuna fish
farm, and a control site. The concentrations of selected microbial indicators in the water column were compared between two feeding regimes (normal vs. reduced), and two
seasons (spring vs. autumn).

1 INTRODUCTION
2 MATERIALS AND METHODS
Intensive aquaculture involves the control of breeding
and supply of artificial feed and medicine [1]. The potential impacts of aquaculture are ranging from aesthetic aspects to direct pollution problems [2]. The degree of impact
is dependent on the species, culture method, feeding type,
and on the nature of the receiving environment [3]. The
impacts of fish farming on the marine environment have
been previously investigated [4-7], as well as effects on
* Corresponding author

2.1 Sampling

The study was conducted at a tuna fish farm in the
middle part of the Eastern Adriatic Sea, in Croatia (Figs.
1 a-b). The tuna fish farm is located between two islands,
Zverinac and Tun Veli, in the area without any urban and
other anthropogenic impacts. It is approximately 100 m
distant from the island Zverinac (coordinates are provided
in Table 1). During the study, the farm produced 300 tons
of bluefin tuna (Thunnus thynnus) per year. The sampling
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FIGURE 1 - a) The map of the Republic of Croatia with designated study area; b) Enlarged view of the study area with marked sampling
sites; FF – tuna fish farm; CS – control site.

TABLE 1 - The coordinates and physico-chemical properties of
marine water at fish farm and at the control site during the study
period (minimum-maximum).

Coordinates
Transparency / m
Water temperature / °C
Dissolved O2 / mg dm-3
Salinity / ‰

Fish farm
N 44°09,896'
E 14°55,779'
12.0-20.5
14.9-21.6
5.65-6.55
37.3-38.5

Control site
N 44°10,046'
E 14°55,938'
12.0-23.5
15.2-22.4
5.61-6.67
37.7-38.4

diately transported to the laboratory in refrigerated containers. Measured physico-chemical parameters of the marine water at the selected sampling sites during the study
period are presented in Table 1.
2.2 Analytical methods

site approximately 500 m distant from the tuna farm was
used as the control site (Figs. 1 a-b; Table 1).
The study was conducted during normal and reduced
feeding regimes. Normal feeding regime was studied during two spring periods (June, 2007 and 2008) and two autumn periods (November, 2007 and October, 2008). Tuna
were fed with defrosted fish from the North Sea, mainly
herrings (Clupea harengus), imported anchovy (Engraulis
encrasicholus) and Atlantic cod (Gadus morhua), but also
with fresh fish from the Adriatic Sea like European pilchard (Sardina pilchardus), sprat (Sprattus sprattus) and
European anchovy (Engraulis encrasicholus) administered with a paddle. During fattening period, i.e. in normal feeding regime, it is custom to feed tuna abundantly
with above-listed fishes, which results in an overload of
fish debris in the marine water. Reduced feeding regime
was studied during one spring period (June, 2009) and
one autumn period (November, 2009).
At the fish farm and at the control site, water depth
was about 58 m and 62 m, respectively. Water samples
were collected at three depths (0.5 m and 3 m below surface, and 0.5 m above bottom) in sterilized plastic 0.5-L
bottles using a 5-L Niskin sampler. Samples were imme-

Water samples were serially diluted prior to the analysis using sterile Phosphate Buffered Saline (PBS) (Merck,
Germany). All bacterial analyses were performed in duplicate.
2.3 Heterotrophic bacteria

For enumeration of heterotrophic bacteria, serially diluted samples were inoculated by substrate method using
SimPlate® tests (IDEXX, USA). After incubation at 22 °C
during three to five days, heterotrophic bacteria were enumerated and results expressed as CFU mL-1 [27].
2.4 Vibrio sp.

Vibrio was measured using the spread plate method
on Thiosulphate Citrate Bile Salt Sucrose (Difco-BD,
USA) – TCBS medium [28] and incubation at 35 °C during
24-48 h. Identification of isolated Vibrio strains was carried
out by PCR targeting the 16S rRNA and the gyrB gene.
Universal
primers
ULF-500
GCCTAACACATGCAAGTCGA and ULR-500 CGTA
TTACCGCGGCTGCTGG) that flank a region corresponding to position 46-537 in the E. coli numbering
system were used for 16S rRNA amplification [29]
while
universal
primers
pair
GYR1
5’CAYGCNGGNGGNAARTTYGA-3’ and GYR1R 5’-CC
RTCNACRTCNGCRTCNGT-3’ was used for partial gyrB
gene amplification [30]. PCR reactions were performed in
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50 µl reaction mixtures containing: 5 µl of DNA template,
1x PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTP, 40 pmol of
each primer, 1 U Ampli Taq polymerase (Applied Biosystems), and water (DNase and RNase free, Sigma). Reaction
conditions were as follows: initial denaturation at 94 °C for
5 min, followed by 35 cycles of amplification (denaturation
at 94 °C for 30 s, annealing at 56 °C for 45 s, extension at
72 °C for 1 min) and a final extension at 72 °C for 10 min.
Products of PCR reactions were cloned with TOPO TA
cloning kit (Invitrogen) and sequenced by ABI PRISM®
3100-Avant Genetic Analyzer (Applied Biosystems) in
DNA Service (Ruđer Bošković Institute, Croatia). Sequences were analyzed using programs BLAST and compared with data from GenBank [31].
2.5 Total coliforms, faecal coliforms, E. coli and enterococci

Total coliforms and E. coli were identified using Colilert
(IDEXX, USA), a defined substrate technology [32]. Faecal
coliforms were calculated based on determined number of E.
coli [33] using the formula Faecal coliforms = E. coli x 1.25.
Enterococci were identified using Enterolert-E (IDEXX,
USA). During the first three samplings (June 2007, November 2007 and June 2008), determination and enumeration
of enterococci was performed in accordance to the instructions for open waters testing with decimal dilution
[33]. Since we wanted to determine the number of enterococci more precisely, starting from October 2008, analyses were performed with and without dilution.
Colilert and Enterolert-E methods showed good correlation with traditional membrane filtration techniques
for the analysis of both freshwater [34] and marine samples [35, 36]. The enumeration of total coliforms, E. coli
and enterococci was obtained using the Quantitray2000
(IDEXX, USA), which utilizes 97 wells-test systems and
provides the most probable numbers (CFU/100 ml).
2.6 Data processing and statistical analyses

For each microbial indicator, the average level was
calculated from the data determined at three depths to
obtain representative information for the entire water column. Statistical analyses (descriptive statistics, KruskalWallis test with post-hoc Dunn test, Mann-Whitney test)
were performed using SigmaStat statistical package. The
obtained differences were considered to be significant at
p<0.05.

3 RESULTS AND DISCUSSION
3.1 Microbiological water quality during normal feeding regime

Microbiological water quality parameters measured
during the normal feeding regime are presented in Table 2.
In three out of four sampling periods, similar heterotrophic
bacteria values were obtained at the control site and the
tuna farm. Our results pointed to comparable organic water
enrichment at both sampling sites, based on the fact that
density of heterotrophic bacteria is an indicator of organic
matter enrichment in the water [37]. Significantly higher
heterotrophic bacteria count was even obtained at the
control site in October 2008 (p<0.05). The comparison of
the results obtained in the spring and autumn periods
indicated the lowest heterotrophic bacteria value in June
2007, both at control site and at the farm, which were
significantly lower than in October 2008 and November
2007, respectively (p<0.05). Comparably low heterotrophic bacterial count, however, was not observed in
June 2008. Therefore, there was no clear pattern observed
for heterotrophic bacteria changes in marine water between spring and autumn periods, either within or outside
the aquaculture area. Taking into account that there were
no published reports for the number of heterotrophic
bacteria in marine water at tuna aquaculture sites in the
Adriatic Sea, we have compared our results with the report for the Mediterranean tuna farm (3.9 ± 1.8 x 106 CFU
ml-1) [21]. The density of heterotrophic bacteria, and even
the highest determined heterotrophic bacteria values encountered during the normal feeding regime were much
lower (60 times or more) in our study (Table 2), as a sign
of rather low organic matter enrichment of the water in
the studied area of the Adriatic Sea.
Similar to the heterotrophic bacteria, the information
on Vibrio density in marine water of tuna aquaculture
farms is not available for the Adriatic Sea. Therefore, the
comparison was made with the results for Mediterranean
tuna farm [21], indicating that, during the normal feeding
regime, the number of Vibrio was higher in our study. It
was an indication of possible influence of tuna aquaculture on marine water quality, since it is well-known that a
high number of Vibrio in the marine water at tuna farms is
a common consequence of tuna fattening [21]. However,
similar to heterotrophic bacteria, there were no significant

TABLE 2 - Mean ± standard deviation of the microbial indicator levels in the water column at tuna farm and control site in spring and
autumn seasons of 2007 and 2008, during normal feeding regime.
Date
June
2007
November
2007
June
2008
October
2008

Locations
Control
Farm
Control
Farm
Control
Farm
Control
Farm

Heterotrophic bacteria
(x103CFU/ml)
3.1 ± 2.0
19.4 ± 10.1
39.3 ± 5.4
33.2 ± 1.5
44.9 ± 0.7
56.1 ± 10.5
62.4 ± 4.9*
46.1 ± 3.7*

Vibrio
(CFU/ml)
43.3 ± 70.8
309.2 ± 351.2
8. 3 ± 2.9
36.7 ± 18.9
98.5 ± 156.3
49.2 ± 67.4
80.8 ± 103.5
11.5 ± 8.5

2216

Total coliforms
(MPN/100 ml)
8714.8 ± 5032.9
4905.2 ± 4374.1
6044.0 ± 4129.6
86.7 ± 101.4
10761.7 ± 10753.0
9728.3 ± 7624.2
8089.4 ± 8055.8
473.9 ± 349.8

E. coli
(MPN/100 ml)
60.5 ± 87.6
294.6 ± 242.3
973.4 ± 408.9*
< 10.0 ± 0*
243.8 ± 400.7
9.9 ± 0.1
20.2 ± 9.2
11.2 ± 3.0

Enterococci
(MPN/100 ml)
< 10.0 ± 0
< 10.0 ± 0
< 10.0 ± 0
< 10.0 ± 0
< 10.0 ± 0
< 10.0 ± 0
1243.1 ± 1205.9
126.8 ± 78.9
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*statistically significant differences between tuna farm and the control site (Mann-Whitney test)

differences in the number of Vibrio either between spring
and autumn periods, or between the tuna farm and the
control site. The control site was located north-west (NW)
from the tuna farm (Fig. 1b). Therefore, comparably high
levels of Vibrio at both sampling sites could be the result
of bacterial migrating to the control site downstream by
the Eastern Adriatic Current (EAC) which has predominant NW direction [38]. The isolated bacteria were confirmed to belong to the genus Vibrio by analysis of 16S
rRNA gene sequence. Based on analysis of the gyrB gen
(600 pb) of isolated bacteria, the isolated species was
identified as V. alginolyticus. Similarity between our isolates and isolates of V. alginolyticus from GenBank were
92.8-100%. V. alginolyticus is a known fish bacterial pathogen [39, 40], which has been identified as a cause of disease and mortality of the European sea bass fry in farms
and hatcheries in the Mediterranean and Adriatic Sea [39,
40]. The fact that the levels of Vibrio found in this study
at both sampling sites (up to 300 CFU/ ml; Table 2) were
several times higher than those reported by Vezzulli et al.
[21], for Mediterranean tuna farm (193 ± 27 CFU/100 ml)
raises a concern and points to a need for regular monitoring of tuna aquacultures and nearby marine areas. This
would enable timely recognition of the presence of pathogenic bacteria in the marine water, and eventually facilitate
prevention of the fish mortality and economic losses by
implementation of adequate measures (e.g. use of modern
technologies of fish feeding to maintain good water quality
status and application of preventive medicine).
The values of both faecal coliforms and enterococci
in this study were higher than those reported by Vezzuli et
al. [21] (faecal coliforms: 2.2 ± 2.0 CFU/100 ml; enterococci: 0.4 ± 0.7 CFU/100 ml), especially in October 2008,
when the highest number of enterococci was found at the
control site (Table 2; 1243.1 ± 1205.9 CFU/100 ml).
Increased concentrations of faecal indicator bacteria are
usually associated with influences of wastewaters on the
ecosystem [21]. Since the study area has no impact of any
anthropogenic activity, except for the fish farming, it
seemed reasonable to presume that increased number of
faecal bacteria was the reflection of tuna farm activities,
despite the previous reports that faecal bacteria are poor
descriptors of the tuna farm impact on water quality [21].
The comparison of the results obtained in spring and
autumn periods indicated a higher number of total coliforms in spring samplings, both at the control site and at
the tuna farm, but the differences were statistically significant only at the tuna farm. In this study, the number of
faecal bacteria was generally higher at the control sites than
at the tuna farm, regardless of sampling periods. However,
due to the small number of data, the differences were mostly non-significant. One of the reasons for a more pronounced faecal contamination at the control site than at
actual farming site could possibly be the influence of NW
current, as assumed for Vibrio.

To define the origin of faecal water contamination, we
have determined the ratio of faecal coliforms to enterococci
for the surface water (Table 3) which is known as the best
descriptor of the nature of faecal enrichment in the water
[41]. During normal feeding regime, maximal ratio between faecal coliforms and enterococci, obtained in October 2008, was lower than 2, indicating the animal origin of
increased faecal indicators. In that period, accumulation of
uneaten fish at the surface and around the cages was a
direct consequence of abundant nutrition with fresh and
defrosted fishes, which resulted with overload of fish
debris in the marine water, and attracted seagulls. They
were always present in sufficient number to cause the
deterioration of the microbial water quality not only at the
farm, but also at the nearby control site. A close relationship between the seagulls and faecal bacteria accumulation in the water has been reported by Nelson et al. [42].
In addition, same as already hypothesized for high number of Vibrio at control site, NW currents could also have
caused transfer of faecal bacteria to the nearby downstream control site.
TABLE 3 - Ratio of faecal coliforms (MPN/100 ml) and enterococci
(MPN/100 ml) in the surface sea water at tuna farm and control site
in different seasons (1 – October 2008; 2 – June 2009; 3 – November
2009).
Faecal
Enterococci
Ratio
coliforms (FC)
(ENT)
FC:ENT
Control
18.3 ± 9.8
9.9 ± 0
1.8
Farm
12.4 ± 0
214.3 ± 213.7
0.1
Control
12.4 ± 0
1.0 ± 0
12.4
Farm
12.4 ± 0
1.0 ± 0
12.4
Control
12.4 ± 0
4.7 ± 2.3
2.6
Farm
85.9 ± 49.9
1.0 ± 0
85.9
1 – Normal feeding regime; Seasons 2 and 3 – Reduced feeding

Season
1
2
3
Season
regime

Locations

3.2 Microbiological water quality during reduced feeding
regime

Microbiological water quality parameters measured
during the reduced feeding regime are presented in Table 4.
The analysis of site-specific variability during the reduced
feeding regime indicated comparable heterotrophic bacteria
values at both sites, and even occasionally higher numbers
of faecal bacteria at the control sites, whereas Vibrio was
detected only at tuna farm, in both sampling periods. No
difference was observed between spring and autumn periods. Generally, the variability between sites and sampling
periods were similar to those during the normal feeding
regime. However, after reduced feeding, a decrease of all
measured microbial parameters was evident at both sampling sites (Fig. 2). The differences were mostly statistically significant (Mann-Whitney test, p<0.05), except for
heterotrophic bacteria at the control site and E. coli at the
tuna farm. Comparison of the results obtained during
normal and reduced feeding regimes led to a conclusion
that feeding was a main factor which determines the density of microbial parameters in the marine water. For
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example, reduced feeding regime decreased the density of
Vibrio in accordance to lower organic matter input. Dur-

ing reduced feeding regime, not only the number of faecal
bacteria decreased, but also the ratio of faecal coliforms to

TABLE 4 - Results (mean ± standard deviation) of the heterotrophic bacteria at 22 °C, Vibrio sp., total coliforms, E. coli, and enterococci in
the sea water in 2009 during reduced feeding regime.
Heterotrophic bacteria
Vibrio
Total coliforms
(x103CFU/ml)
(CFU/ml)
(MPN/100 ml)
June 2009
Control
7.8 ± 6.0
0
109.1 ± 67.0
Farm
7.2 ± 5.1
1.3 ± 1.9
14.9 ± 8.6
November 2009
Control
9.3 ± 1.3
0
45.3 ± 61.2*
Farm
10.9 ± 15.4
0.2 ± 0.3
252.1 ± 95.5*
*Statistically significant differences between tuna farm and the control site (Mann-Whitney test).
Date

Locations

E. coli
(MPN/100 ml)
< 10.0 ± 0
< 10.0 ± 0
< 10.0 ± 0
38.2 ± 29.4

Enterococci
(MPN/100 ml)
3.0 ± 2.2
1.9 ± 0.8
2.4 ± 2.01
1.0 ± 0

FIGURE 2 - Bacterial concentrations (log10) of Vibrio (CFU/ml), total coliforms (CFU/100 ml), E. coli (CFU/100 ml), faecal coliforms
(CFU/100 ml) and enterococci (CFU/100 ml) at control site (CS) and tuna farm (FF) during normal and reduced feeding regime (mean ±
standard deviation).

enterococci has changed to values above 2, indicating
cessation of animal faecal enrichment [41]. Decreased
feeding also resulted in a visible reduction of seagulls in
the studied area. This was an additional confirmation of
our presumption of the influence of seagulls on the microbial water quality. The fact that high bacterial numbers
during the normal feeding regime and improvement of
water quality during the reduced feeding regime were
equally observed at both the tuna farm and the control site
was an indication that tuna farms have far-reaching impact, as a consequence of both transfer by currents and
impact of seagulls. The nearby areas, therefore, should be
monitored simultaneously with the aquaculture farms,
whereas more distant areas located upstream of the aquaculture should be chosen as the control sites in future scientific studies.

4 CONCLUSIONS
The study of tuna aquaculture impact on microbial
water quality revealed increased levels of both faecal
indicator bacteria and Vibrio in marine water during normal feeding regime, whereas influence on heterotrophic
bacteria was not observed. In addition, the isolated Vibrio
species was identified as V. alginolyticus, a known fish
bacterial pathogen. Increased bacterial levels were found
not only at the farm, but also at a 500-m distant downstream site, as a sign of far-reaching impact of tuna aquaculture. After reduced feeding, a decrease of all measured
microbial parameters was observed, indicating that feeding was an important factor which determines the density
of microbial parameters in the marine water. The findings
of this study, in combination with previously existing
knowledge, present a basis for future monitoring of tuna
farm impacts throughout the world. Regular monitoring
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of bacterial parameters could provide important information on microbial marine water quality in aquacultures.
Such information could be used by the responsible environmental authorities in development of future environmentally sustainable practices of tuna aquaculture farming. Finally, it would facilitate timely implementation of
necessary measures for protection of the marine water and
fish populations, as well as prevention of economic losses.
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ABSTRACT
Mineral trioxide aggregate (MTA) and calcium hydroxide Ca(OH)2 are two common materials used in dental
capping. In this study, we examined the apoptotic effects of
these capping materials on human mononuclear leukocytes. Human mononuclear leukocytes were purified from
peripheral blood by Ficoll-Hypaque gradient separation
methodology. MTA and Ca(OH)2 specimen pastes were
prepared freshly according to manufacturer instructions, and
dried in a humidified CO2-containing incubator at 37 °C.
Purified mononuclear leukocytes were treated with dried
1, 10, or 100 mg of both specimen pastes. May-Grünwald
Giemsa staining and light microscopy were used to detect
the apoptotic cells which were 4.87, 5.21, and 5.36%, respectively, for Ca(OH)2 pastes, and 4.25, 5.01, and 5.20%,
respectively, for MTA specimens. Only the 10 mg MTA
specimen significantly induced apoptosis when compared
to control cells (p=0.043). Other specimens did not induce
apoptosis (p>0.05). Our results verify the biocompatible
nature of the examined specimens in terms of human mononuclear leukocytes apoptosis, and they should be confirmed
by further in vivo studies in order to make a more reliable
claim about the biological effects of examined specimens.

KEYWORDS: Mineral trioxide aggregate, calcium hydroxide,
apoptosis, mononuclear leukocytes

1 INTRODUCTION
Pulp capping is the treatment of an exposed vital pulp
by sealing the pulpal wound with a dental material to facilitate the formation of reparative dentin and maintenance of
* Corresponding author

a vital pulp [1], and is affected by several factors like individual age, stage of root formation, and microbial contamination [2]. Therefore, it is important and also difficult to
determine the health of pulp or its inflammation stage in
order to make an appreciate decision with regard to the
proper form of pulp capping.
The biological aspects of the wound healing mechanism include odontoblast activation [3], and dentin bridge
formation, which are driven by the capping material, and
replacement of undifferentiated pulp cells with necrotic
odontoblasts at the site of pulp exposure [4]. Capping
materials also prevent bacterial contamination, which
can inevitably lead to pulpitis, and recruitment of leukocytes, which protect the host against endodontic bacteria
[5]. Recently, there have been two materials commonly
used for pulp capping, mineral trioxide aggregate (MTA)
and calcium hydroxide [Ca(OH)2].
Ca(OH)2 is the most commonly used material for the
capping process [6, 7]. Whenever it contacts the pulpal
tissue, it stimulates the formation of a mineralized tissue
barrier, preserving vitality with no inflammatory response.
Its alkaline nature is believed to prevent microorganism
accumulation by increasing environmental pH. Also there
are some reports indicating the disadvantages of Ca(OH)2
use, like its solubility in oral fluids, tunnel formation in
dentin barrier, deformation of pulp chamber, and defects in
bridge formation which cause fluid and bacteria penetration
into the teeth and which, in turn, can lead to pulp irritation
and tooth loss [8-10].
MTA is an alternative pulp capping material used
since 1993 [11]. Torabinejad et al. [12] have described the
clinical protocols for MTA application. Major determinants of MTA are tricalcium silicate, tricalcium aluminate,
tricalcium oxide and silicate oxide. MTA has been shown to
be biocompatible in vivo and in vitro, mediate good sealing
activity, has low cytotoxicity and no mutagenic potential,
stimulates the formation of mineralized tissues, and leads to
biological responses in osteoblastic cells [13-17].
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Programmed cell death, or apoptosis, occurs naturally
under normal conditions to maintain the cells and tissues
balance [18]. Several methods can be used in order to
determine the cells that undergo apoptosis. One of the
methods used to show the mononuclear cell apoptotic status
is May-Grünwald-Giemsa staining [19]. By this protocol,
morphological changes that are characteristic of apoptosis
like chromosome condensation, nuclear envelope dysregulation and nucleus blebbing can be viewed by light microscopy [20].
In this in vitro study, we compared the effect of two
pulp capping materials, Ca(OH)2 and MTA, on mononuclear leukocytes` apoptosis where they physically interact
with each other on the site of pulp capping.
2 MATERIALS AND METHODS

2.2 MTA and Ca(OH)2 specimens

Fresh MTA (Dentsply Tulsa Dental, Tulsa, USA) and
Ca(OH)2 (Sultan Healthcare Inc, Englewood, USA) specimens were prepared according to the manufacturer’s instructions under sterile conditions, and then dried in a humidified CO2 incubator at 37 °C until they solidified. Purified mononuclear cells were diluted to 1.5 x 105 cells per
tube. Aliquots (1, 10, 100 mg) of each, MTA and Ca(OH)2
pastes, were cultured with cells in respective tubes for 24 h at
37 °C in a humidified atmosphere containing CO2. Direct
physical interaction of the pastes with the cells was avoided
by using a permeable membrane with 0.4-µm pore size.
This membrane prevented direct physical interaction but
permitted soluble compounds to pass from pores and interact with cells. Control cells were incubated under the
same conditions without specimens.
2.3 Analyses of apoptotic cells

2.1 Cell culture

Human mononuclear cells were obtained from peripheral blood by Ficoll-Hypaque (Amersham, Biosciences) gradient separation under the instructions for manufacturers. Purified cells vitality was assessed by trypan blue
staining, and vitality was observed to be 98%. Leukocytes
were seeded in 2 ml phosphate buffered saline (PBS)
solution until the exposure time.

(a)

(b)

(d)

(e)

The treated and untreated control cells were prepared
with May-Grünwald-Giemsa staining for apoptotic detection. The cells were analyzed under a light microscope
(Olympus-CHK2) using the X 100 objective. The cells with
chromosome condensation and nuclear membrane dysregulation were accepted as apoptotic ones (Fig. 1).

(c)

(f)

FIGURE 1 - Apopotic and control cells stained by May- Grünwald Giemsa: (a) cell exposed to 1 mg MTA, black arrow indicates the chromatin condensation and peripheralization, (b): 1 mg Ca(OH)2 induced apoptosis, black arrow indicates the chromatin condansation and peripheralization, (c): 10 mg MTA induced apoptosis, arrow showing the site of nuclear blebbing, (d): 10 mg Ca(OH)2 induced apoptosis, arrow
showing nuclear blebbing, (e): 10 mg MTA induced apoptosis, nuclear bodies are formed, (f): untreated control cell. Light microscopy views
are imaged under 100X magnification objective.
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2.4 Statistical analyses

For the statistical analysis in comparing the affected
cells with untreated control cells, Chi-square test (SPSS,
version 20) was used (p≤0.05 was accepted as statistically
significant).
3 RESULTS AND DISCUSSION
Cells treated with 1, 10, and 100 mg MTA and Ca(OH)2
did not have any inducible effect on mononuclear leukocytes
apoptosis. The apoptotic percentages of the cells treated
with 1, 10, and 100 mg Ca(OH)2 pastes were 4.87, 5.21
and 5.36, respectively. When we compared the samples to
control cells, none of the pastes induced a statistically
significant difference (p>0.05). The apoptotic percentage of
the cells treated with the same amounts of MTA specimen
were 4.25, 5.01 and 5.20, respectively. Only cells that were
treated with 10 mg MTA medicament had a statistically
significant effect when compared to control cells (p= 0.043),
and the others did not (p>0.05). Table 1 summarizes the
numbers, percentages and the p-values of the apoptotic
cells compared to control cells. However, cells incubated
with Ca(OH)2 indicated a slightly increased apoptotic ratio

compared to those treated with MTA (Fig. 2). Also, morphology of apoptotic cells treated with MTA and Ca(OH)2
was very similar under light microscopic analysis.
Dental pulp is rich in blood vessels and nerves.
Whenever a trauma, from mild to severe, damages or
destroys the pulp tissue, primary odontoblast cells begin to
produce dentin [4]. The main problem for the reparation
of the dentin is the interruption of pulpal primary odontoblast activation by an insult-like MTA or Ca(OH)2. Inflammation is another risk factor for the interruption of
odondoblast activity, which can be caused by capping
insults [1].
In the present study, we evaluated the effects of different quantities of freshly prepared MTA and Ca(OH)2
pastes as pulp capping insults on mononuclear leukocytes.
In this study, we used 1, 10 and 100 mg pastes of MTA
and Ca(OH)2. When the same quantities of medicaments
were compared, no statistically difference was found (p>
0.05). These data show us that although both specimen
contents are different, they have the same apoptotic activity
on the treated cells; therefore, the quantities of the specimens were not high enough to trigger the cells to apoptosis.

FIGURE 2 - Percentage of apoptotic cells after exposure to 0-100 mg of MTA and Ca(OH)2 for 24 h.

TABLE 1 - Apoptotic effects of pulpotomy medicaments on mononuclear leukocytes. P- values represent the comparison of medicaments to
control cells (p<0.05 is accepted as significantly).
Amounts of pulmotomy medicament
0 mg (control)
1 mg Ca(OH)2
1 mg MTA
10 mg Ca(OH)2
10 mg MTA
100 mg Ca(OH)2
100 mg MTA

Apoptotic cells
24
34
31
30
24
35
36

Normal cells
657
663
697
545
468
617
656
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Percentage of apoptotic cells (%)
3,52
4,87
4,25
5,21
5,01
5,36
5,20

p- values
0,212
0,477
0,141
0,043*
0,102
0,128
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Only 10 mg MTA showed a statistical difference
when compared to control cells (p=0.043). It was not an
extremely strong correlation, and the likely reason for us
was that there were not enough available cells to be examined and counted in the treatment. In all of the samples,
the Ca(OH)2 treatment showed a slightly increased apoptotic level when compared to cells treated with MTA.
This result can be explained due to the high alkaline property of Ca(OH)2.
Jafari et al. [1] demonstrated the biocompatibility of
tooth-colored ProRoot MTA by showing that MTA did
not induce the death of pulp cells. Yoshiko et al. [21]
showed the usability of MTA in the pulp-capping process
by demonstrating that MTA induces the differentiation of
pulp cells to odontoblast-like cells, and helps to maintain
the integrity of tissues by forming reparative tertiary dentin with minimum apoptosis. There are some reports that
have demonstrated that MTA is not cytotoxic when prepared with sterile water and used freshly [11, 16, 22]. Our
in vitro study showed that both MTA and Ca(OH)2 do not
have apoptotic effects on mononuclear leukocytes.
Our findings were in concordance with previous ones,
although the cell types and apoptosis detection methodologies were different. Both specimens, MTA and Ca(OH)2
have the same effective property when used with different
types of cells, like pulp cells and fibroblasts in different
studies. We may consider using these materials in other
health-related fields, like the filling of bones and teeth. In
addition, the methodology used in this study showed us
the accuracy of the apoptosis detection protocol.
The membrane used in this study for preventing the
direct physical interaction between materials and cells
may be a limitation to this study. Only the diffusible components of MTA and Ca(OH)2 can pass through the membrane, and the diffusible components affected the cells.
Thus, the designed experimental way may not be suitable
to provide complete representation of the whole effect of
these capping materials.
4 CONCLUSIONS
This in vitro study showed that both MTA and Ca(OH)2
do not have apoptotic effects on mononuclear leukocytes,
and the data indicated both specimens’ biocompatible
feature. However, the nature of in vivo studies may have
unexpected and unreplicated results when compared to in
vitro studies. These findings must be supported with further in vivo observations where the same results will be
manifested.
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ABSTRACT
The irreversible fouling of spiral ultrafiltration (UF)
membranes was investigated to identify irreversible foulants.
Polyvinylidene difluoride (PVDF) membranes were used
with molecular weight cut-offs of 150 kDa during an operational period of 7 months. The turbidity, DOC and UV254
values of the effluent of UF filtration were 0.082 NTU,
1.41 mg/L and 0.030 cm-1, respectively. Foulants accumulated in the membrane were desorbed using different
chemical reagents, and various analysis methods were used
to analyze the membrane foulants. The cake layer accounted
for only about 20.9 % of the total membrane filtration resistance, while the foulant absorbed into the membrane
accounted for a large portion of the resistance. Out of various chemical cleaning solutions, acid cleaning resulted in
the highest membrane flux restoration. Experimental
results demonstrated that iron and calcium play an important role in irreversible fouling. The more they accumulated in the membrane, the lower the membrane flux.
Hydrophilic organic matter was identified as the major
organic foulant. Polysaccharide-like organic matter, such
as alkenes, ketones and alkanes, could also induce irreversible membrane fouling.

KEYWORDS: Membrane filtration; Irreversible fouling; natural
organic matter; drinking water

1 INTRODUCTION
UF membranes have rapidly become an optimal alternative to conventional treatment in drinking water production due to their effectiveness in removing suspended solids
and pathogens from water. The main obstacle to the wide
application of UF is membrane fouling. Membrane fouling can reduce filtration flux, increase transmembrane pressure (TMP), increase operation cost, and shorten membrane
life. Therefore, understanding of membrane fouling mechanisms is important. Membrane fouling can be divided into
* Corresponding author

two types: reversible and irreversible fouling. Reversible
fouling can be reversed through physical cleaning, while
irreversible fouling can only be reversed through chemical
cleaning. Chemical cleaning should be used at a minimum
frequency because the use of strong oxidizing, acidic and
alkaline agents has a detrimental impact on membrane performance, and could also accelerate ageing of the membranes [1]. Therefore, an understanding of the composition
of foulants that cause irreversible fouling is important in
determining membrane fouling mechanisms. During longterm filtration, the filtration efficiency of membranes can
be significantly diminished by foulants including inorganic
matters, colloids, organic species and biofilms. In many
cases, the biofouling is the major problem for membrane
fouling [2-4]. On the surface of membranes, the developing biofouling contributes both a hydraulic resistance to
permeation and a cake-enhanced osmotic pressure [5, 6].
Portions of foulants accumulate in the pores of the membrane or in the inner membrane, and membrane flux declines gradually and cannot be recovered from physical
cleaning. This is considered irreversible fouling. Analysis
of the compositions of chemical cleaning solutions and of
the surfaces of membranes can provide information about
the compositions of foulants that cause irreversible fouling.
A membrane that has been used in filtration for a long
time and has suffered serious, irreversible fouling is required for these investigations.
Khatib et al. [7] found that the formation of Fe-Si gel
directly on the membrane surface was chiefly responsible
for UF membrane fouling during one month of Biwa Lake
water filtration treatment. Mo et al. [8] applied a coagulation-microfiltration process to treat contaminated surface
water for one month, and the analysis of the chemical
cleaning solution showed that low molecular weight dissolved organic matter and Ca were the main organic and
inorganic foulants, respectively. Kimura et al. [9] carried
out an experiment treating Chitose River water using a
polysulfone UF membrane with a molecular weight cutoff of 750 kDa for five months. A detailed analysis of the
cleaning solutions found that polysaccharide-like organic
matter was responsible for the irreversible membrane fouling, and that Fe and Mn also contributed to the irreversible membrane fouling, to some extent Pontie et al. [10]
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used GC/MS to analyze the organic composition of a chemical cleaning solution, and found that proteins and amino
sugars were the main biofouling agents. Although these
reports showed that organic and inorganic material are the
main membrane foulants, the compositions of foulants were
different for the different membranes and different source
waters. More research with different source waters is
needed to elucidate the mechanisms of irreversible membrane fouling.
In this study, the compositions of foulants causing irreversible fouling in a spiral UF membrane were investigated after the membrane was used for filtration for seven
months, and suffered serious irreversible fouling. Various
chemical cleaning agents were used to examine the recovery of membrane flux. The compositions of foulants causing irreversible fouling were determined through an analysis of the composition of the chemical cleaning solution
and of foulants accumulated on the membrane surface.
2 MATERIALS AND METHODS

were soaked in 2-L solutions containing different chemical
agents for 24 h, and the organics and inorganics washed off
were analyzed. The membrane was also cut into a shape
fitting a membrane test cell (C-10T, Nitto Denko) for flux
measurement with a driven pressure of 0.1 MPa.
2.2 Analytical methods

Samples were adjusted to a neutral pH, filtered through
a 0.45-µm membrane, and dissolved organic carbon (DOC)
was measured using a TOC analyzer (TOC-VCPH, Shimadzu, Japan). The concentrations of metals at the surface of
the UF membrane were determined by XRF (Bruker AXS, Germany). FTIR spectra of the fouled and cleaned
UF membranes were analyzed using an ATR-FTIR spectrophotometer (Nicolet 5700, Thermo Electron Corporation, USA). Metal concentrations in the cleaning solution
were determined by ICP (Optima 2100DV, Perkin-Elmer,
USA). GC/MS (GCMQP2010S, Shimadzu, Japan) was
used to determine the compositions of organics. The surfaces of fouled membranes and membranes that had been
cleaned with various chemical agents were observed using SEM (XL-30ESEM, Philips, Holland).

2.1 Pilot setup and operation
2.3 Fractionation of organic matter

Samples were filtered through a 0.45-µm membrane,
adjusted to pH 2 and fed into a Superlite DAX-8 resin,
which retains hydrophobic organic matter. The filtrate
with the fraction not absorbed by DAX-8 resin was fed
into an Amberlite XAD-4 resin, which retains transphilic
organic matter. Both fractions were obtained by eluting
the resin columns with NaOH solution of pH 13. The
fraction not absorbed by either the Superlite DAX-8 resin
or the Amberlite XAD-4 resin was hydrophilic. These
fractions were evaluated for DOC percentage.
3 RESULTS AND DISCUSSION
3.1 Long-term membrane filtration

Figure 1 shows the change in TMP during spiral UF
membrane filtration. As the filtration proceeded, the TMP

TABLE 1 - Raw water quality
Concentration
7.1−31.8
6.6−7.9
11−114
1.2−2.1
1.32−2.75
0.03−0.05

35
30

0.2

25

TMP (MPa)

Water quality parameters
Water temperature (°C)
pH
Turbidity (NTU)
CODMn (mg/L)
TOC (mg/L)
UV254 (cm-1)

0.25

0.15

20
15

0.1

10

2.2 Chemical cleaning of the fouled UF membrane

The spiral UF membrane was removed from the membrane module and cut into several pieces with areas of
about 1 m2 after 7-months filtration. The cake layer on the
surface of the membrane was removed, rinsed with ultrapure water thoroughly, and soaked in a 1% sodium bisulfate solution to protect the membrane. Membrane pieces

0.05

TMP

Water temperature (℃)

A spiral UF membrane made of polyvinylidene difluoride (PVDF) with molecular weight cut-off of 150 kDa and
a filtration area of 24 m2 was used in this experiment. The
Nitto Denko Corporation provided this hydrophilic UF
membrane. Pilot scale membrane treatment was carried
out continuously in the Jinxi water purification plant (Zhenjiang, China). The membrane permeate flux was set at
1.0 m3/m2 day. The raw water samples of Yangtze River
were tested every day, as shown in Table 1. All water samples were tested three times and the average data was presented.
Pre-coagulation was performed as pretreatment and
carried out by dosing the water with 3.5 mg/L (as Fe3+) of
poly-ferrous sulfate (PFS). To prevent a clog in the feed
side spacer, the coagulated water was fed into the sand
filtration column from bottom to top, further reducing turbidity in the membrane module feed water. The sand filtration flux was 19.5 m/h (for water data, see Table 1).

5

Water temperature

0

0
0

50

100
Operation times (day)

150

200

FIGURE 1 - Change in transmembrane pressure with operation time.
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TABLE 2 - Characteristics of the raw water and permeate.
Items
Raw water
Precoagulation
+ Sand filtration
Membrane
permeate

Fe
(mg/L)
0.054

Turbidity
(NTU)
33.6

CODMn
(mg/L)
1.68

DOC
(mg/L)
1.66

UV254
(cm-1)
0.039

0.044

4.26

1.52

1.54

0.034

0.016

0.082

1.44

1.41

0.030

increased gradually. After months of filtration, the TMP
reached as high as 0.19 MPa. Although physical cleaning
(backwash 0.5 min, flushing 1 min) was performed at 50 min
intervals, the increase of the TMP was inevitable, and the
spiral UF membrane suffered serious irreversible fouling.
Table 2 shows the characteristics of the raw water and
permeate during the long-term operation. The spiral UF
membrane removed pollutants to some extent, and its
permeate quality was better than that of the sand filter.

followed by the alkaline solution cleaning. The oxidizing
agent resulted in very limited flux recovery. This implies
that membrane fouling was primarily caused by inorganic
matter rather than organic matter. A similar result was
reported by Mo et al. [8], with acid cleaning resulting in a
77% membrane flux restoration and alkaline cleaning giving a 63% restoration. However, Kimura et al. [9] reported
that the oxidizing agent gave the best membrane flux restoration, while the acid agent showed the lowest effectiveness. These contradictive results may be due to the fact that
the experimental processes used were different. For example, Mo et al. [8], used coagulation pretreatment, and inorganic matter was the main membrane foulant, while Kimura et al. [9] used the membrane treatment process
without any pretreatment, and the membrane fouling was
caused mainly by organic matter.

3.2 Effect of flux recovery by chemical cleaning

New membrane

The flux of pure water, through the new membrane,
through the fouled membrane, and through the membrane
after the cake layer was removed, is shown in Fig. 2. The
flux through the fouled membrane was 34% of that through
the new membrane, while the flux through the membrane
after the cake layer was removed was 43% of that through
the new membrane. Therefore, the cake layer deposited on
the membrane surface exerted 9% decline of the flux through
the new membrane. According to the Darcy’s law under
the same transmembrane pressure and filtrate viscosity, it
can be calculated that the resistance of the cake layer
accounted for 20.9% of the total membrane filtration resistance under the fouled conditions, which means that the
cake layer accounts for a small portion of the total membrane filtration resistance. Most of the filtration resistance
was caused by the foulants absorbed in the membrane pores,
which caused irreversible fouling. Howe et al. [11] investigated the influence of suspended solids in different source
waters on membrane flux decline, and also found that the
influence of suspended solids on membrane flux was in the
range of 1−36%, with an average of 13% [11], and the
cake layer was not the main effect on membrane flux decline and filtration resistance [12]. It was also reported that
the initially formed cake layers on the membranes played a
role to decrease zeta potential of cleaned membranes,
which suggests that forming loose-structured cake layers
on the primary membranes could be thought as an effective membrane fouling control strategy [13]. By the addition of mineral particles, such as clay particles to the filtrated solution, the cake layer formed on the surface of
ultrafiltration membrane could decrease the specific filtration resistance, which assisted ultra-filtration process limiting fouling impact, and it is benefit for long-term experiments [14].
The effectiveness of chemical agent cleaning in mitigating irreversible fouling is shown in Fig. 3. In experiments using single chemical agents for cleaning, the acid
cleaning resulted in the greatest membrane flux recovery,

After cake layer
removed

Fouled membrane

0

2

4
6
Flux (m/d)

8

10

FIGURE 2 - Pure flux of spiral UF membrane under different
conditions.
HCl (pH2)/NaOH (pH12)
NaOH (pH12)/HCl (pH2)
NaClO (200mg/L)/HCl (pH2)
NaClO (200mg/L)
NaOH (pH12)
HCl (pH2)
0

2

4

6

8

10

Flux (m/d)

FIGURE 3 - Membrane flux restoration by various chemical cleaning procedures.

Some researchers found that combinations of different chemical agents were more effective in the treatment
of irreversible membrane fouling than single chemical
agents [9]. However, as shown in Fig. 3, the effects of
combinations of different chemical agents on the treatment
of irreversible membrane fouling were not as good as
expected. The membrane fluxes recovered by the oxidizing or alkaline agents combined with the acid agent were
slightly greater than those recovered using the oxidizing
or alkaline agents alone. The restoration of membrane
flux by cleaning with the acid agent combined with the
alkaline agent was lower than when the acid agent alone
was used.
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3.3 Components desorbed from the fouled membrane by
chemical cleaning

Table 3 shows the concentrations of organic and inorganic materials in cleaning solutions after cleaning with
single chemical agents. In the acid cleaning solution, although the concentration of organic matter was low, concentrations of Fe, Mn, Ca and Al were much higher than
in the alkaline and oxidizing agent cleaning solutions. The
restoration of membrane flux was highest with acid cleaning, suggesting that inorganic material was the main membrane foulant, in this study. The concentration of iron in
the acid cleaning solution was much higher than other
inorganic species, which was due to the use of an ironbased coagulant for pretreatment. In addition, the alkaline
agent was more effective than the oxidizing agent for the
desorption of organic matter, as shown in Table 3, which
may result in the more effective restoration of membrane
flux (Fig. 3). Therefore, organic matter was also a foulant
in this study.

of cleaning solutions described above. Acid cleaning
effectively removed Ca and Fe from the membrane.
TABLE 5 - Concentration of elements in membrane after chemical
cleaning.
Na (%)
Mg (%)
Al (%)
Si (%)
K (%)
Ca (%)
Ti (%)
Fe (%)

UV254
(cm-1)
1.69

Fe
(mg/L)
0.125

Mn
(mg/L)
0.003

Ca
(mg/L)
0.269

Al
(mg/L)
0.721

3.29

0.016

24.25

0.294

15.03

2.981

11.52

1.495

0.011

0

0.922

0.368

Combinations (HCl/NaOH, HCl/NaClO) increased
membrane flux recovery, and significant amounts of Fe and
Ca were observed in NaOH/HCl and NaClO/HCl cleaning
solutions (Table 4). This indicates that Fe and Ca could be
the main inorganic foulants. However, the concentrations
of inorganic species in the HCl/NaOH cleaning solution
mixture were low (Table 4), and the corresponding membrane flux recovery was lower than when the membrane
was cleaned with HCl alone (Fig. 3). A possible explanation for this phenomenon is that iron and calcium ions
cleaned by HCl could form insoluble particles with NaOH
at the membrane surface under basic conditions, and clog
membrane pores.
TABLE 4 - Concentration of metals in solution of second chemical
cleaning.
First cleaning /
Second cleaning
HCl / NaOH
NaOH / HCl
NaClO / HCl

Fe
(mg/L)
0.328
37.67
26.47

Mn
(mg/L)
0
0.553
0.296

Ca
(mg/L)
0.334
12.92
8.063

Al
(mg/L)
1.152
0.805
0.759

HCl
0.0247
0.0134
0.185
0.345
0.0171
0.00342
0.0592
0.017

NaClO
0.0376
0.0209
0.189
0.345
0.0317
0.014
0.0628
0.0403

0.08
Percentages of Ca and Fe(%)

DOC
(mg/L)
21.56

NaOH
0.185
0.00797
0.0934
0.203
0.0219
0.013
0.06
0.0215

The relationships between percentages of inorganic
species and membrane filtration flux were examined to
further understand the influences of inorganic ions. The
percentages of Ca and Fe in a membrane were closely
related to flux restoration, as shown in Fig. 4.

TABLE 3 - Concentration of organic and inorganic matters in
cleaning solution.
Cleaning
agent
NaOH
(pH 12)
HCl
(pH 2)
NaClO
(200 mg/L)

Removed cake layer
0.05
0.0274
0.265
0.483
0.03
0.017
0.06
0.074

Calcium
Iron

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0
0

2

4

6

8

10

Flux (m/d)
FIGURE 4 - Variations of membrane flux under different concentrations of Ca and Fe in the membrane.

Clear relationships between the Ca and Fe accumulated in the membrane and the membrane filtration flux
were observed. The higher the concentrations of Ca and
Fe in the membrane, the lower the membrane flux. Abrahamse et al. [15] also reported that irreversible fouling
depends linearly on calcium or magnesium. Many studies
have demonstrated that calcium ions play a very important role in UF membrane fouling by natural organic
matter (NOM) [16, 17]. This fouling behaviour is attributed to the complexation of calcium ions with acidic functional groups in NOM, forming a more compact fouling
layer that provides significant additional resistance to
membrane flux.

3.4 XRF analysis

3.5 Fractionation of organic matter

XRF was used to analyze the elements in the membranes after different chemical cleanings (Table 5). The
concentrations of Ca and Fe in membranes after acid
cleaning were lower than those after other chemical cleanings, which is consistent with the results from the analysis

Fig. 5 shows that the percentages of the hydrophilic
fraction of the organic matter in the NaOH and NaClO
cleaning solutions were over 50%, and that the hydrophilic fraction was the main organic foulant causing irreversible membrane fouling. Moreover, the hydrophilic
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fraction of the organic matter in the NaOH cleaning solution was smaller than that in NaClO cleaning solution,
and the change in the hydrophobic fractions followed the
opposite pattern. NaOH and NaClO were more effective in
desorbing hydrophobic and hydrophilic organic matter,
respectively. Many reports have indicated that hydrophilic
organic matter is responsible for membrane fouling [1820]. Hydrophilic organic matter is primarily composed of
polysaccharides and amino acids that have fewer negative
charges at a neutral pH. Therefore, repulsive electrostatic
interactions between hydrophilic compounds and the membrane surface may not occur, and this organic matter can
easily deposit on the membrane surface, resulting in membrane fouling. Coagulation, used as pretreatment in this
study, may be the second reason for the above phenomenon. Coagulation may remove some of the hydrophobic
compounds, and the remaining hydrophilic compounds
enhance irreversible membrane fouling.

Hydrophilic

Transphilic

Hydrophobic

NaOH

0

20

40

60

80

NaClO

100

Percentage of DOC (%)
FIGURE 5 - Fractions of the organic matter in NaOH and NaClO
cleaning solutions.
3.6 GC/MS analysis of the foulants

The organic matter in the NaOH and NaClO cleaning
solutions was analyzed by GC/MS to further investigate

the compositions of the foulants (Fig. 6). Fig. 6a shows
that the proportions of alkenes and aromatics, the main
membrane foulants, were much higher in the NaOH cleaning solution than in the other solutions. In contrast, the
proportions of ketones and alkanes were the highest in the
NaClO cleaning solution. This suggests that the different
cleaning agents desorbed different organic compositions
from the membrane, and the restoration of membrane flux
was different. Fig. 3 shows that the flux recovery from
cleaning with NaOH was slightly higher than that from
NaClO-cleaning, indicating that alkenes and aromatics
might cause more severe membrane fouling.
3.7 SEM analysis

Figure 7a shows that the fouled membrane surface was
completely covered by a cake layer. Physical washing with
ultra-pure water removed the cake layer but left scattered
foulants on the membrane surface (Fig. 7b). After alkaline
cleaning, there were still foulants covering most of the
membrane pores, although some pores were visible (Fig.
7c). These observations combined with the membrane
flux behaviour indicate that NaOH could not effectively
clean the foulants from the surface of the membrane.
Therefore, these remaining foulants are identified as insoluble iron and calcium. Fig. 7d shows that acid cleaning
made the membrane surface resemble the virgin membrane
(Fig. 7h), but the membrane surface cleaned by the oxidizing agent (Fig. 7e) was also covered by foulants. Fig. 7f
shows that the use of NaOH/HCl resulted in distinct cleaning of the membrane surface. Subsequent acid cleaning
desorbed substantial iron and calcium (Table 4). However,
subsequent alkaline cleaning resulted in the membrane surface being covered with insoluble iron and calcium (Fig. 7g
and Table 4). Therefore, the SME images of fouled membranes and chemically cleaned membranes were consistent
with membrane flux behaviours.

Others

Acid

Halogenide

Aromatic

Alcohol

Alkene

Acid

Cyclane

Alkene

Ester

Ester

Ketone

Ketone

Aldehyde

Aldehyde

Alkane

Alkane
0

10

20
30
Proportion (%)

40

50

0

10

20

30
40
Proportion (%)

FIGURE 6 - Composition of fouling material in (a) NaOH cleaning solution and (b) NaClO cleaning solution
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FIGURE 7 - SEM of (a) fouled membrane, (b) cake layer removed, (c) NaOH cleaning, (d) HCl cleaning, (e) NaClO cleaning, (f) NaOH/HCl
cleaning, (g) HCl/NaOH cleaning, and (h) virgin membrane.
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3.8 FTIR analysis

The FTIR spectra of membrane foulants removed by
various chemical agents are presented in Fig. 8. The absorption peaks of the four different spectra are at 673, 1030,
1586 and 3325 cm-1. The absorption peak at 673 cm-1 reflects stretching of the COOH bond and represents humic
substances [21]; the absorption peak at 1586 cm-1 reflects
C=O stretching in cyclic ketones, representing polysaccharides [22]; the absorption peak at 1030 cm-1 indicates
the presence of ketone groups of polysaccharides in the
foulants [23]; and the absorption peak at 3325 cm-1 indicates O-H and N-H stretching, reflecting humic substances
[21]. The spectra had the highest responses at 1030 cm-1,
followed by 673 cm-1, which suggests that hydrophilic
components were the main membrane foulants. This is
supported by the results presented in Fig. 5. The coagulation process was effective in removing hydrophobic components but less effective in removing hydrophilic components. The UF membrane rejects hydrophilic organic matter, resulting in irreversible fouling. Kimura et al. [24] also
found that coagulation could reduce reversible membrane
fouling but failed to prevent irreversible fouling.

in flux. It was also reported that the inorganic elements
such as Mg, Ca, Fe, etc., played a significant role in the
formation of fouling layers, which could bridge the deposited organic matters, and then, formed a dense cake
layer when passing through the membranes [26, 27], and
accounted for a large part of the filtration resistance [28].
Cleaning with HCl could desorb Ca2+ and this portion of
the hydrophilic components, resulting in a reduction in the
FTIR peak at 1030 cm-1. In addition, the portion of hydrophilic components reduced may be primarily composed of
the neutral hydrophilic fraction, which has been shown to
cause the most severe membrane fouling [29-31]. Therefore, it is reasonable to infer that hydrophilic organics coupled with inorganic matters may enhance irreversible
membrane fouling.
4 CONCLUSIONS
The characteristics of irreversible foulants on spiral
UF membranes were studied with XRF, ICP, GC/MS and
SEM analyses. The following conclusions can be drawn:
1) The cake layer accounts for a small portion of the
total membrane filtration resistance, while a greater portion of the membrane filtration resistance was caused by the
irreversible foulants accumulated inside the membranes.
2) ICP and XRF analyses indicated that iron and calcium were the main inorganic foulants. The more they accumulated in the membrane, the lower the membrane flux.
3) Hydrophilic organic matter was identified as the
main organic foulant. GC/MS analysis demonstrated that
ketones, alkanes and alkenes were the main components
of the hydrophilic organic foulants. The irreversible foulants exhibited an FTIR response peak at 1030 cm-1.

FIGURE 8 - FTIR spectrum of membrane fouling materials cleaned
by various chemical agents

The response peaks in each of the spectra decreased
notably after chemical cleaning. Chemical cleaning may
effectively desorb the organic matter accumulated on the
membranes. The greatest change in response occurred at
1030 cm-1, with the smallest responses occurring in the
HCl and NaClO cleaning solutions. According to GC/MS
analysis, the NaOH cleaning solution primarily contained
aromatics and alkenes, while the NaClO cleaning solution
mainly contained ketones and alkanes. Therefore, the hydrophilic organic matter causing the response peak at 1030 cm-1
was mainly composed of alkenes, ketones and alkanes,
which were responsible for irreversible fouling. The HCl
cleaning did not desorb as much organic matter (Table 3)
but showed a substantial reduction in the FTIR peak at
1030 cm-1. Fan et al. [25] found that calcium could interact with neutral hydrophilic compounds to form large organic-Ca2+ complexes, which could cause a greater decrease

ACKNOWLEDGEMENTS
This research was financially supported by the Foundation of the National Water Pollution Control and Treatment
Key Technologies R & D Program (2011ZX07410-002-1,
2012ZX07403-001).

2233

REFERENCES
[1]

Causserand, C., Rouaix, S., Lafaille, J.P., and Aimar, P.
(2008) Ageing of polysulfone membranes in contact with
bleach solution: Role of radical oxidation and of some dissolved metal ions. Chem Eng Process 47, 48-56.

[2]

Flemming, H.C., Schaule, G., Griebe, T., Schmitt, J., and
Tamachkiarowa, A. (1997) Biofouling - the Achilles heel of
membrane processes. Desalination 113, 215-225.

[3]

Saeed, M.O., Jamaluddin, A.T., Tisan, I.A., Lawrence, D.A.,
Al-Amri, M.M., and Chida, K. (2000) Biofouling in a seawater reverse osmosis plant on the Red Sea coast, Saudi Arabia. Desalination 128, 177-190.

© by PSP Volume 22 – No 8. 2013

Fresenius Environmental Bulletin

[4]

Chiellini, C., Iannelli, R., Modeo, L., Bianchi, V., and Petroni, G. (2012) Biofouling of reverse osmosis membranes used
in river water purification for drinking purposes: analysis of
microbial populations. Biofouling 28, 969-984.

[5]

Chong, T.H., Wong, F.S., and Fane, A.G. (2008) Implications of critical flux and cake enhanced osmotic pressure
(CEOP) on colloidal fouling in reverse osmosis: Experimental observations. J Membrane Sci 314, 101-111.

[6]

[7]

[8]

[9]

Hoek, E.M.V. and Elimelech, M. (2003) Cake-enhanced
concentration polarization: A new fouling mechanism for
salt-rejecting membranes. Environ Sci Technol 37, 55815588.
Khatib, K., Rose, J., Barres, O., Stone, W., Bottero, J.Y. and
Anselme, C. (1997) Physico-chemical study of fouling mechanisms of ultrafiltration membrane on Biwa lake (Japan). J
Membrane Sci 130, 53-62.
Mo, L. and Huang, X., (2003) Fouling characteristics and
cleaning strategies in a coagulation-microfiltration combination process for water purification. Desalination 159, 1-9.
Kimura, K., Hane, Y., Watanabe, Y., Amy, G. and Ohkuma,
N. (2004) Irreversible membrane fouling during ultrafiltration of surface water. Water Res 38, 3431-3441.

[10] Pontie, M., Thekkedath, A., Kecili, K., Habarou, H., Suty, H.
and Croue, J.P. (2007) Membrane autopsy as a sustainable
management of fouling phenomena occurring in MF, UF and
NF processes. Desalination 204, 155-169.
[11] Howe, K.J. and Clark, M.M. (2002) Fouling of microfiltration and ultrafiltration membranes by natural waters. Environ
Sci Technol 36, 3571-3576.
[12] Sioutopoulos, D.C., Karabelas, A.J., and Yiantsios, S.G.
(2010) Organic fouling of RO membranes: Investigating the
correlation of RO and UF fouling resistances for predictive
purposes. Desalination 261, 272-283.
[13] Wu, B., Kitade, T., Chong, T.H., Uemura, T. and Fane, A.G.
(2012) Role of initially formed cake layers on limiting membrane fouling in membrane bioreactors. Bioresource Technology,118, 589–593.
[14] Pontie, M., Thekkedath, A., Kecili, K., Dach, H., De Nardi,
F., and Castaing, J.B. (2012) Clay filter-aid in ultrafiltration
(UF) of humic acid solution. Desalination 292, 73-86.
[15] Abrahamse, A.J., Lipreau, C., Li, S. and Heijman, S.G.J.
(2008) Removal of divalent cations reduces fouling of ultrafiltration membranes. J Membrane Sci 323, 153-158.
[16] Costa, A.R., de Pinho, M.N. and Elimelech, M. (2006)
Mechanisms of colloidal natural organic matter fouling in ultrafiltration. J Membrane Sci 281, 716-725.
[17] Yuan, W. and Zydney, A.L. (2000) Humic acid fouling during ultrafiltration. Environ Sci Technol 34, 5043-5050.
[18] Her, N., Amy, G., Plottu-Pecheux, A. and Yoon, Y. (2007)
Identification of nanofiltration membrane foulants. Water
Res 41, 3936-3947.
[19] Lee, N.H., Amy, G., Croue, J.P. and Buisson, H. (2004) Identification and understanding of fouling in low-pressure membrane (MF/UF) filtration by natural organic matter (NOM).
Water Res 38, 4511-4523.
[20] Zularisam, A.W., Ismail, A.F., Salim, M.R., Sakinah, M. and
Hiroaki, O. (2007) Fabrication, fouling and foulant analyses
of asymmetric polysulfone (PSF) ultrafiltration membrane
fouled with natural organic matter (NOM) source waters. J
Membrane Sci 299, 97-113.

2234

[21] Zularisam, A.W., Ismail, A.F. and Salim, R. (2006) Behaviours of natural organic matter in membrane filtration for surface water treatment - a review. Desalination 194, 211-231.
[22] Lin, C.F., Liu, S.H. and Hao, O.J. (2001) Effect of functional
groups of humic substances on UF performance. Water Res
35, 2395-2402.
[23] Cho, J.W., Amy, G., Pellegrino, J. and Yoon, Y.M. (1998)
Characterization of clean and natural organic matter (NOM)
fouled NF and UF membranes, and foulants characterization.
Desalination 118, 101-108.
[24] Kimura, K., Hane, Y. and Watanabe, Y. (2005) Effect of precoagulation on mitigating irreversible fouling during ultrafiltration of a surface water. Water Sci Technol 51, 93-100.
[25] Fan, L., Harris, J., Roddick, F. and Booker, N.A. (2002)
Fouling of microfiltration membranes by the fractional components of natural organic matter in surface water. Water Sci.
Technol. Water Supply, 2, 313-320.
[26] Meng, F.G., Zhang, H.M., Yang, F.L., and Liu, L.F. (2007)
Characterization of cake layer in submerged membrane bioreactor. Environ Sci Technol 41, 4065-4070.
[27] Zhu, X.F., Wang, Z.W., and Wu, Z.C. (2011) Characterization of membrane foulants in a full-scale membrane bioreactor for supermarket wastewater treatment. Process Biochem
46, 1001-1009.
[28] Zhang, J.S., Loong, W.L.C., Chou, S.R., Tang, C.Y., Wang,
R., and Fane, A.G. (2012) Membrane biofouling and scaling
in forward osmosis membrane bioreactor. J Membrane Sci
403, 8-14.
[29] Carroll, T., King, S., Gray, S.R., Bolto, B.A. and Booker,
N.A. (2000) The fouling of microfiltration membranes by
NOM after coagulation treatment. Water Res 34, 2861-2868.
[30] Fan, L.H., Harris, J.L., Roddick, F.A. and Booker, N.A.
(2001) Influence of the characteristics of natural organic matter on the fouling of microfiltration membranes. Water Res
35, 4455-4463.
[31] Gray, S.R., Ritchie, C.B., Tran, T. and Bolto, B.A. (2007) Effect of NOM characteristics and membrane type on microfiltration performance. Water Res 41, 3833-3841.

Received: May 15, 2012
Revised: October 22, 2012
Accepted: January 14, 2013

CORRESPONDING AUTHOR
Huaqiang Chu and Bingzhi Dong
Tongji University
School of Environmental Science and Engineering
State Key Laboratory of Pollution Control and
Resource Reuse
Shanghai 200092
P.R. CHINA
Phone: +86 21 65982691
Fax: +86 21 65986313
E-mail: chq123wd@163.com (Huaqiang Chu)
dbz77@tongji.edu.cn (Bingzhi Dong)

© by PSP Volume 22 – No 8. 2013

Fresenius Environmental Bulletin

FEB/ Vol 22/ No 8/ 2013 – pages 2226 – 2233

2235

© by PSP Volume 22 – No 8. 2013

Fresenius Environmental Bulletin

REMOVAL OF SALICYLIC ACID FROM
AQUEOUS SOLUTIONS BY ELECTRO-FENTON USING
AN ACTIVATED CARBON FIBER ELECTRODE AND
CATHODICALLY GENERATED HYDROGEN PEROXIDE
Chih-Ta Wang1, Wei-Lung Chou2,*, Chien-Chia Huang2 and Chao-Yu Wang2
1

Department of Safety Health and Environmental Engineering, Chung Hwa University of Medical Technology, Tainan City 717, Taiwan
2
Department of Safety, Health and Environmental Engineering, Hungkuang University, Sha-Lu, Taichung City 433, Taiwan.

ABSTRACT
This study investigated the removal efficiency of salicylic acid from aqueous solutions by adding Fe2+ externally in combination with the production of electrogenerated hydrogen peroxide at a polyacrylonitrile-based activated carbon fiber cathode. The study evaluated the electrogeneration of hydrogen peroxide in aqueous solution
using various material cathodes fed with oxygen gas. The
experimental results indicated that the activated carbon
fiber cathode was more efficacious than the graphite cathode. Several parameters were evaluated to characterize the
hydrogen peroxide electrogeneration, such as applied current density, oxygen flow rate, and solution pH. The optimum current density, oxygen flow rate, and solution pH
were found to be 3.2 mA cm-1, 500 cm3 min-1, and 3,
respectively. The effects of initial Fe2+ concentration and
solution temperature on the removal efficiency of salicylic
acid were also investigated. The optimum initial Fe2+ concentration value for the removal of salicylic acid from
aqueous solutions was found to be 0.5 mM. Temperature
had negative effect on the removal efficiency of salicylic
acid. Under the optimum conditions, the maximum salicylic acid removal efficiency was found to be greater than
95%.
KEYWORDS: Electro-Fenton; Salicylic acid; Activated carbon
fiber cathode; Hydrogen peroxide

1 INTRODUCTION
Salicylic acid, known as o-hydroxybenzoic acid, is part
of an organic micro-molecular compound and is easily
produced from the hydrolytic deacetylation of the common
drug acetylsalicylic acid (aspirin) [1]. It is widely present in
* Corresponding author

various plants, and as an endogenous signaling molecule,
playing a critical role in the regulation of many physiological processes in plants. Furthermore, its aromatic organic
compound is very toxic, and it can stimulate skin and mucous membranes; it reacts with protein and cause tinnitus,
qualm, naupathia and electrolytic turbulence [2]. Salicylic
acid has also been identified as a water pollutant that
originates from the manufacturing activities of paper milling and the cosmetic and pharmaceutical industries. It also
originates as a landfill leachate. Thousands of tons of
pharmaceutical drugs are consumed yearly in human and
veterinary medicine worldwide. Due to the inefficient destruction of wastewaters in sewage treatment plants, these
compounds have been recently detected in surface, ground
and even drinking waters in concentrations up to several
micrograms per liter [3]. There are possible interactions
of these pollutants with living beings in the environment,
and some drugs are known to affect the endocrine system
of fishes, have toxic effects on algae and invertebrates and
promote the development of multi-resistant strains of microorganisms [4]. Thus, it is necessary to develop efficient
alternatives for the removal of salicylic acid and its metabolites from wastewaters to avoid their potential adverse
health effects on animals and humans. Several approaches
are known to removal salicylic acid from wastewater, including photocatalysis with TiO2/UV systems [5,6], ozonation [7], catalytic wet air oxidation with LaFeO3 [8], and
photo-assisted Fenton using Fe ions on acidic ion exchange
resin as catalyst [9]; however, some limitations still exist.
Recently, interest in the use of electrochemical methods
to treat wastewater, such as direct or indirect electrooxidation, electroreduction and electrocoagulation, has increased [2, 10-17].
Advanced oxidation processes (AOPs) generate hydroxyl radicals (‧OH), a strong oxidant of 2.8 V, which
can non-selectively oxidize most organic compounds
through a chain reaction. Among these AOPs, Fenton oxidation is particularly promising because of its simplicity, as
it does not require special equipment, and its high oxida-
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tion efficiency. The main reaction of the Fenton oxidation
process yields hydroxyl radicals through H2O2 catalyzed
by Fe2+ in acidic solution [12].

Fe 2 + + H 2O2 + H + ⎯
⎯→ Fe3+ +• OH + H 2O

(1)

Despite the high oxidative efficiency of Fenton's reagent, its application is limited by the transport and handling of concentrated H2O2(aq) and the production of Fe3+
sludge. The in-situ electrochemical production of H2O2 by
the reduction of oxygen and regeneration of Fe2+ on a
cathode in acidic media can solve this problem. In recent
years, several researchers have electrochemically produced
considerable amounts of hydrogen peroxide by reducing
oxygen in acidic solution. The technology combining the
electrogenerated hydrogen peroxide and the added Fe2+ has
been called “electro-Fenton technology” [18-21]. H2O2 can
be coupled with Fe2+ to continuously produce Fenton’s
reagent for the degradation of organic compounds [22, 23].
The electrochemical production of hydrogen peroxide
has traditionally used graphite because of its low cost [24].
However, due to poor oxygen solubility in aqueous solutions, causing mass transfer limitation, its efficiency is not
high. Recently, the oxygen-fed carbon-PTFE diffusion cathode has been used and is considered to be the most effective electrode for hydrogen peroxide yield. However, the
surface area of the gas-diffusion cathode is relatively small
and is thus not suitable to apply to a large volume of
wastewater. In addition, the high cost and instability of the
gas-diffusion electrode for long term operation are major
problems [18]. Therefore, an inexpensive carbon fiber
with a high surface area is the most attractive option for
producing hydrogen peroxide in industrial applications.
The hydrogen peroxide electrogeneration rate significantly affects the treatment efficiency when using electroFenton technology. Several series processes affect the
electrogeneration of hydrogen peroxide [13, 24, 25]. Oxygen gas must first be dissolved in a solution. Second, dissolved oxygen is transferred to a cathode surface, adsorbed
on the cathode and, finally, reduced electrochemically to
produce hydrogen peroxides in an acidic media. Possible
side reactions may occur simultaneously at the cathode and
thus decrease the electrogeneration rate of the hydrogen
peroxide [24]. The electrogenerated hydrogen peroxide
reacts with the ferrous ions, which are either originally present in the solution or externally added or produced by the
reduction of ferric ions, to produce hydroxyl free radicals
with a high redox potential, producing hydroxyl free
radicals with a high redox potential, according to Eq. (1).
To our knowledge, very little work has been reported
in the literature on salicylic acid degradation by electrogenerated Fenton’s reagent using an activated carbon
fiber cathode. In this study, we studied the feasibility and
the performance of the activated carbon fiber cathode for
hydrogen peroxide in-situ electrogeneration, and we investigated the removal of salicylic acid in the electroFenton process using an activated carbon fiber cathode.
Fe2+ was added externally. The constant current mode was

applied to evaluate the removal efficiency of salicylic acid
from aqueous solutions. The influences of several operating parameters such as applied current density, oxygen
flow rate, and solution pH, on the hydrogen peroxide electrogeneration were investigated. In addition, the influence
of two operational parameters (initial Fe2+ and solution
temperature) that affect the efficiency of the electro-Fenton
reaction on salicylic acid removal were investigated in
this study.

2 MATERIALS AND METHODS
2.1 Chemicals and Apparatus

The ACF was obtained from the Taiwan Carbon Technology Company, which supplied the PAN (polyacrylonitrile)-based activated carbon fiber cloth. The graphite flat
plate was purchased from a local company. Salicylic acid
(SA, with a molecular weight of 138.121 g mol-1) with
purity of at least 99% was obtained from ACROS (New
Jersey, USA). Aqueous solutions containing salicylic acid
were prepared by dissolving an appropriate quantity of
salicylic acid in deionized water for electro-Fenton tests.
The concentration of the supporting electrolyte was adjusted by adding of Na2SO4 (Merck Company, Germany).
Sulfuric acid (H2SO4, 3M) and sodium hydroxide (NaOH,
3M) were used to adjust the pH of the solution. All of the
chemicals used were reagent grade. The chemical reagents were prepared by dilution with deionized water to
obtain the desired concentrations. Oxygen gas (purity 99.9%)
was obtained from a local company.
Fig. 1 shows a schematic diagram of the experimental
apparatus and electrode assembly for the elector-Fenton
system. The electrolytic cell was a 1.0-L Pyrex glass reactor equipped with a water jacket and a magnetic stirrer. The
temperature of the electrolytic cell was controlled by continuously circulating water through the water jacket from
a refrigerated circulating bath (Model BL-720, Taiwan).
A magnetic stirrer bar (Suntex, SH-301, Taiwan) spun at
the center of the bottom of the reactor. The electrode
module was assembled with one ACF as the cathode and
one piece of titanium as the anode. The electrode pair was
immersed in an aqueous solution of salicylic acid, with
the two electrodes approximately 2 cm apart. The effective area of the immersed electrode pair was 20 cm2. The
oxygen gas from an oxygen cylinder was dispersed at the
bottom of the cathode. The assembly was connected to a
direct current power source (GW lnstek, PSM-6003, Taiwan) operating in a galvanostatic mode. The salicylic acid
solutions were characterized using a pH meter (Sartorius,
Professional Meter PP-20, Germany) and by measuring
their conductivity (Euteoh, Cyber Scan 510, Singapore).
2.2 Procedures and Analysis

During each test run, 0.5 L of aqueous solution containing salicylic acid was placed into the reactor. Then,
the magnetic stirrer was turned on and set at 300 rpm; this
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FIGURE 1 - Schematic diagram of the experimental setup. (1: magnetic stirrer, 2: titanium as the anode, 3: ACF as the cathode, 4: aeration
stone, 5: power supply, 6: refrigerated circulating bath, 7: gas flow meter, 8: oxygen tank, 9: pH-stat)

stirrer speed was sufficient for good mixing in the electrolytic cell. A fixed amount of Na2SO4 (0.05M) was added
to the aqueous solution to increase the solution conductivity. The direct current power source was operated with a
constant current density of 0.8, 1.6, 3.2, or 6.4 mA cm-2.
A constant temperature (298 to 328 K) was maintained by
circulating refrigerated water through the water jacket,
and the cathode was fed with an oxygen gas flow rate of
300 to 900 cm3 min-1 during the experiments. The pH of
the solution was measured and controlled using a pH-stat.
Electro-Fenton test runs lasted no more than 120 min in
all experiments. Prior to the electrolysis, the oxygen gas
was bubbled for 10 min to saturate the aqueous solution;
then, the electric power was turned on, and the electroFenton reactions started simultaneously. Samples were
drawn out from the reactor at default time intervals and
then analyzed.
The concentration of salicylic acid in each sample
was measured by HPLC (LC-10 AT Shimazdu) equipped
with an Ultra Aqua C18 column (5 µm, 250 mm×4.6 mm)
with UV detection at a wavelength of 306 nm. The mobile
phase consisted of de-ionized (DI) water containing methyl alcohol and acetic acid in a ratio of 40:59:1, and the
flow rate was 1.0 ml/min. The hydrogen peroxide concentration was determined by the titanic sulfate [Ti(SO 4)2]
method. The dissolved oxygen concentration was determined by an oxygen electrode (YSA 550A). The salicylic
acid removal efficiency was calculated according to the
following equation:

RE (%) =

C0V0 − CtVt
× 100
C0V0

(2)
-1

where C0 is the initial concentration in mg L ; Ct is
the concentration at time t in mg L-1; V0 is the initial volume of the treated wastewater in liters; and Vt is the volume of the treated wastewater at time t in liters.

3 RESULTS AND DISCUSSION
3.1 Electrogeneration of hydrogen peroxide using different
cathodes

The amount of hydrogen peroxide generation at the
cathode is crucial to the electro-Fenton process [20]. Oxygen can be reduced at the cathode in two ways, yielding
either hydrogen peroxide or water. The electrochemical
reduction of oxygen following the two- or four-electron
process depends strongly on the cathode materials [25].

O2 + 2H + + 2e− → H 2O2

H 2O2 + 2H + + 2e− → 2H 2O

E 0 = 0.67V

E 0 = 1.77V

(3)
(4)

Therefore, it is necessary to investigate the influence
of the cathode materials in the generation of hydrogen
peroxide without Fe2+. To evaluate the comparative performance of hydrogen peroxide production, activated carbon fiber and graphite were used as the cathodes. Fig. 2
shows a comparison of two different material cathodes in
hydrogen peroxide generation. As observed in Fig. 2, after
120 min of electrolysis, the maximum value of the hydrogen peroxide concentration was found to be 21.6 ppm using
the activated carbon fiber cathode, while merely 1.26 ppm
was generated using the graphite cathode. It is apparent
that the performance of the activated carbon fiber cathode
was better than that of the graphite cathode for hydrogen
peroxide generation. This finding is presumably due to the
large specific surface area of the activated carbon fiber
cathode. This observation is in agreement with previous
studies [26, 27].
3.2 Effect of current density on the generation of hydrogen
peroxide

Current density has been recognized as an important
operating parameter for electrochemical engineering. Fig. 3
demonstrates the effect of current density on hydrogen
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voltage on the electrochemical system, which induces the
hydrogen peroxide decomposition, either on the electrode
or directly in the solution medium. Furthermore, the electrode side reactions such as the discharge of oxygen and
hydrogen, also retard the reactions for hydrogen peroxide
generation [28]. Consequently, a current density of 3.2 mA
cm-2 was chosen as the optimum current density for the
following experiments.

FIGURE 2 - Effect of different material cathodes on H2O2 generation amount with electrolysis time. (current density = 3.2 mA cm-2,
pH = 3.0, Na2SO4 = 0.05M, oxygen flow = 500 cm3 min-1, T = 298K,
agitation speed = 300 rpm )

FIGURE 4 - Effect of different current density on H2O2 concentration using ACF cathode. (pH = 3.0, Na2SO4 = 0.05M, oxygen flow =
500 cm3 min-1, T = 298K, t = 90 min, agitation speed = 300 rpm)
3.3 Effect of solution pH on the generation of hydrogen peroxide

FIGURE 3 - Effect of different current density on H2O2 concentration using ACF cathode. (pH = 3.0, Na2SO4 = 0.05M, oxygen flow =
500 cm3 min-1, T = 298K, agitation speed = 300 rpm )

peroxide generation for various electrolysis durations. As
the duration of electrolysis increased, comparable increases
in hydrogen peroxide generation were observed at all current densities. The hydrogen peroxide concentration gradually rose at all of the current intensities, eventually reaching almost constant concentrations within approximately
90 min in all cases. After 90 min of electrolysis, the effect
of varying applied current densities from 0.8 to 6.4 mA cm-2
on the hydrogen peroxide concentration was investigated,
as shown in Fig. 4. It was obvious that there was a maximum value of the hydrogen peroxide concentration at an
applied current density of 3.2 mA cm-2. In the cases where
less than 3.2 mA cm-2 was applied, the hydrogen peroxide
concentration increased with increasing current density,
likely because increasing the applied current density can
enhance the production rate of hydrogen peroxide. However,
the findings indicated that the hydrogen peroxide concentration underwent a dramatic decrease when the current density
was 6.4 mA cm-2. This finding can be explained by the fact
that higher applied current density reflects higher applied

In an electro-Fenton oxidation process, the solution
pH is not only a crucial factor for Fenton oxidation efficiency but is also a main parameter for the electrogeneration of hydrogen peroxide. Therefore, it was important to
investigate the effect of pH on the electrogeneration of
hydrogen peroxide in this study. In a traditional Fenton
process, iron species begin to precipitate as ferric hydroxides at higher pH values. On the other hand, iron species
create stable complexes with hydrogen peroxide at lower
pH values, leading to the deactivation of catalysts. In
hydrogen peroxide production, a low pH is theoretically
favorable for the production of hydrogen peroxide because the conversion of dissolved oxygen to hydrogen
peroxide consumes protons in acidic solution, as shown in
Eq. (3). However, a low pH also promotes hydrogen evolution, as shown in the reaction 2H + + 2e− → H 2 , reducing the number of active sites for generating hydrogen
peroxide. Therefore, an optimum solution pH might be
expected in this work. The effect of the solution pH on the
electrogeneration of hydrogen peroxide was investigated in
the range from 2 to 5, as shown in Fig. 5. When the solution pH increased from 3 to 5, the corresponding hydrogen peroxide concentration significantly decreased. On
the other hand, the hydrogen peroxide concentration decreased dramatically from 21.2 to 9.2 ppm as the solution
pH decreased from 3 to 2. This was due to the formation
of the oxonium ion (i.e., H3O2+) [29], which enhances the
stability of the hydrogen peroxide (Eq. (5)).
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(5)

Based on these results, the generation of hydrogen
peroxide was determined to occur at the optimum solution
pH of 3 after 90 min of electrolysis. This result was consistent with those reported previously [13, 29].

FIGURE 5 - Effect of different pH on H2O2 concentration using
ACF cathode. (current density = 3.2 mA cm-2, Na2SO4 = 0.05M,
oxygen flow = 500 cm3 min-1, T = 298K, t = 90 min, agitation speed =
300 rpm)
3.4 Effect of oxygen flow rate on the generation of hydrogen
peroxide

The generated rate of hydrogen peroxide from oxygen reduction at the cathode significantly affects treatment efficiency when using electro-Fenton technology.
Fig. 6 illustrates the effect of oxygen flow rate on the
dissolved oxygen and hydrogen peroxide concentrations
after 90 min of electrolysis at an applied current density
of 3.2 mA cm-2. The concentration of dissolved oxygen
obviously increased from 28.35 to 32.95 ppm when the
oxygen flow rate was increased from 300 to 500 cm3 min-1,
whereas the corresponding hydrogen peroxide concentration increased significantly from 14.81 to 21.18 ppm.
Namely, increasing the oxygen flow rate can increase the
dissolved oxygen concentration and the mass transfer rate
of dissolved oxygen and finally increase the production of
hydrogen peroxide. This finding is consistent with the reports from Do et al. [30] using a continuous stirred tank
electrochemical reactor and our previous study [24]. However, above an oxygen flow rate of 500 cm3 min-1, the dissolved oxygen and hydrogen peroxide concentration followed a steady trend. When the oxygen flow rate was
increased from 500 to 700 and 900 cm3 min-1, the concentration of dissolved oxygen remained almost constant,
from 32.95 to 33.05 and 33.21 ppm, respectively, whereas
the corresponding hydrogen peroxide concentration increased slightly from 21.18 to 21.38 and 21.59 ppm, respectively. The results implied that the electrochemical
kinetics of the hydrogen peroxide production correlated
well with the amount of oxygen solubility dissolved in
aqueous solutions, in which the saturated solubility of

oxygen in aqueous solutions was nearly achieved at the
oxygen flow rate of 500 cm3 min-1. Consequently, an
oxygen flow rate of 500 cm3 min-1 at an applied current
density of 3.2 mA cm-2 was adequate for further study in
the present work.

FIGURE 6 - Effect of different oxygen flow rate on the dissolved
oxygen and hydrogen peroxide concentration using ACF cathode.
(current density = 3.2 mA cm-2, pH = 3, Na2SO4 = 0.05M , T = 298K,
t = 90 min)
3.5 Effect of initial Fe
cylic acid

2+

concentration on the removal of sali-

It is well known that hydroxyl radicals can be generated from Fenton’s reagent, in which hydrogen peroxide
and Fe2+ concentrations should occur in a proportionate
ratio. Therefore, the Fe2+ concentration is another important parameter in the electro-Fenton process. The added Fe2+ concentration was related to the amounts of hydroxyl free radicals produced, according to Eq. (1). Hydroxyl free radicals can destroy many organic substances.
Salicylic acid was chosen to be the target in this study.
Fig. 7 demonstrates the effect of Fe2+ concentration on the
salicylic acid removal efficiency in aqueous solution. As
the duration of electrolysis increased, comparable increases
in removal efficiency of salicylic acid were observed at all
Fe2+ concentrations. When a small amount of Fe2+ (0.1 mM)
was added into the aqueous solution, the removal efficiency
of salicylic acid was markedly increased to 93.1% after 90
min of electrolysis. However, the removal efficiency of
salicylic acid presented a gradual rise at all Fe2+ concentrations; it reached an almost steady tendency after 90 min
in all cases. The removal efficiency of salicylic acid at a
Fe2+ concentration of 0.5 mM after 90 min of electrolysis
reached 95%, a value greater than those for the other
concentrations. Furthermore, the Fe2+ concentration had a
negative effect on the removal efficiency of salicylic acid
when the Fe2+ concentration was greater than 0.5 mM. It
is likely that an excess of Fe2+ concentration can react
with the useful hydroxyl free radicals and be detrimental
to the decomposition of salicylic acid. A plausible interpretation is given by a competitive reaction between hydroxyl radicals and ferrous ions, which could decrease the
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concentration of hydroxyl radicals according to Eq. (6)
[31]:

Fe 2 + +•OH ⎯
⎯→ Fe3+ + OH −

(6)

The removal percentage of salicylic acid decreased
when the Fe2+ concentration was above 0.5 mM in this
work. The excess Fe2+ consumed the hydroxyl free radicals, leading to the decrease in salicylic acid removal. In
addition, decreasing the Fe2+ concentration can retard the
complexation of Fe3+ with salicylic acid, as reported by
Goi et al. [32]. Consequently, the optimum Fe2+ concentration was 0.5 mM in the present work.

FIGURE 7 - The removal efficiency of Salicylic acid with different
initial Fe2+ concentration. (current density = 3.2 mA cm-2, pH = 3.0,
Na2SO4 = 0.05M, oxygen flow = 500 cm3 min-1, T = 298K, agitation
speed = 300 rpm)
3.6 Effect of temperature on the removal of salicylic acid

Based on the process design of the electrochemical
industry, it is essential to determine the appropriate solution temperature at which a higher removal efficiency of
pollutants was achieved. To investigate the temperature
effect on the removal efficiency of salicylic acid in the
electro-Fenton process, the electrolysis reactions were
conducted at temperatures in range of 298 to 328 K. Fig.
8 illustrates the time pattern of salicylic acid removal as a
function of solution temperature. As the duration of electrolysis increased, comparable increases in removal efficiency of salicylic acid were observed at all solution temperatures. The removal efficiency of salicylic acid gradually rose at all solution temperatures and eventually reached
an almost steady tendency after 90 min in all cases. It appears that the removal efficiency of salicylic acid at 298 K
was higher than that at 313 K during the electrolysis
(93.5% vs. 85.2% at 90 min). An identical trend was also
observed when the removal efficiency of salicylic acid
decreased from 85.2% to 56.2 % as the temperature increased from 313 K to 328 K. It seems that the oxidative
removal of salicylic acid is favored by lower temperature,
contrary to traditional reaction kinetics. The negative effect
of temperature on salicylic acid removal can be explained
by the lower concentration of dissolved oxygen and the

self-decomposition of hydrogen peroxide at higher temperatures. As a consequence, the concentration of hydrogen peroxide decreased as the temperature increased. Furthermore, the rate of self-decomposition of the hydrogen
peroxide to water and oxygen increased with the temperature. A 10 K increment yielded a decomposition rate up to
2.3 times greater than that at the lower temperature [33]. In
this respect, a lower temperature favored the electrogeneration of hydrogen peroxide, thereby increasing the removal
efficiency of salicylic acid in aqueous solutions.

FIGURE 8 - Effect of different temperatures on the removal efficiency
of salicylic acid. (current density = 3.2 mA cm-2, pH = 3.0, Na2SO4 =
0.05M, oxygen flow = 500 cm3 min-1, agitation speed = 300 rpm)

4 CONCLUSIONS
Based on the above discussion, it is evident that hydrogen peroxide can be electrogenerated in situ by the
reduction of dissolved oxygen in aqueous solutions at the
cathode. The hydroxyl free radicals produced by the electrogenerated hydrogen peroxide combined together with
the addition Fe2+ (electro-Fenton process) was the dominant mechanism for removing salicylic acid in aqueous
solutions. The maximum value of the hydrogen peroxide
concentration using the activated carbon fiber cathode
was greater than that of the graphite cathode under the
conditions of a current density of 3.2 mA cm-1, an oxygen
flow rate 500 cm3 min-1, and a solution pH of 3; this finding indicated that the activated carbon fiber was the more
efficient choice for the cathode in this electro-Fenton
study. In addition, the removal of salicylic acid from
aqueous solutions by the electro-Fenton process using the
activated carbon fiber cathode has been was investigated.
The findings indicated that the optimum concentration of
Fe was 0.5 mM, at which the removal efficiency was
more than 95% after a 90-min reaction time. Temperature
had a slightly negative effect on the removal efficiency of
salicylic acid. The removal efficiency of salicylic acid
decreased from 93% to 80% as the temperature increased
from 298 K to 313 K.

2241

© by PSP Volume 22 – No 8. 2013

Fresenius Environmental Bulletin

C.I. Basic Red 29 solution and textile wastewater by using
diamond anode, J. Hazard. Mater., 145, 100–108.
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ABSTRACT
In the present study, the feasibility and the efficiency
of the pervaporation process for treating ABS manufacturing wastewaters was investigated. A laboratory scale
pervaporation system with flat sheet membranes was used
in cross-flow mode. The influences of different operating
conditions on the separation performance of the pervaporation process were investigated by measuring the BOD5,
COD, permeation flux and enrichment factor. It was
found that the polydimethylsiloxane (PDMS) membrane
was selective toward styrene and acrylonitrile, and the
VOC removal efficiency improved as the feed flow rate
and temperature increased while an increase in the permeate pressure and membrane thickness led to a decrease in
the permeation flux. It was also indicated that styrene and
acrylonitrile selectivity had a different behaviour when
the permeate pressure raised. The results showed that pollution removal by the pervaporation was significant and the
highest pollution removal of approximately 99% was obtained after 6 h.

KEYWORDS: pervaporation;
wastewater, PDMS membrane

styrene;

acrylonitrile;

ABS

1. INTRODUCTION
Petrochemical wastewaters are considered to be complex and hard to treat among the industrial wastewaters.
These streams often contain significant amounts of organic compounds that possess either toxicity or activity inhibition to the biological treatments [1]. The characteristics
of petrochemical wastewaters are highly industry specific
[2]. Therefore, each wastewater has to be characterized
extensively and viable processing technologies have to be
evaluated for recycling and reuse.
* Corresponding author

Styrene and acrylonitrile are two important raw materials that are used for manufacturing several petrochemical products. These compounds are used in the production
of copolymers such as styrene-acrylonitrile (SAN) and
acrylonitrile-butadiene-styrene (ABS); thus they are often
found as pollutants in petrochemical wastewaters. Styrene,
as a volatile organic compound (VOC), is classified in EPA's
Toxic Release Inventory as a carcinogen. Acrylonitrile is
the third item in the EPA list of 129 priority pollutants and
the current recommendation for this compound in lakes and
streams is <0.058 ppb to prevent possible health effects [3,
4]. The high organic nitrogen content combining with the
aromatic structure of styrene makes the biological treatment process very inefficient in removing raw organic
nitrogen from contaminated wastewaters [5]. Air stripping
[6], activated carbon adsorption [7], oxidation with ozone
[5], biological treatment [8], and hybrid processes [9] are
commonly used for the treatment of petrochemical
wastewater. However, these technologies do not always
provide a complete and economic solution for some of
these waste-water applications and have their merits and
limitations in application. So it is necessary to discover and
develop effective, robust and economically feasible treatment methods.
The ABS manufacturing wastewaters have high total
Kjehdahl nitrogen (TKN) to COD ratios that indicate biodegradation refractory characteristics. High-strength organic-nitrogen wastewater has major deleterious effects
upon the environment and public health; therefore, the
removal of these compounds has become a critical technology in industrial wastewater treatment [10]. Conventional treatment of high strength ABS wastewater includes
pretreatment (such as coagulation/flocculation) and biological treatment [11]. According to the literature, it is hard for
conventional biological processes to mineralize all typical
pollutants of ABS resin wastewater and microbial activity
would be inhibited by some toxic substance such as the
aromatic compounds [12]. On the other hand, stringent
effluent regulations and increasing needs for reuse of treated water have generated interests in new cleanup technologies. Among the various emerging cleanup technologies,
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membrane processes are simple, reliable and effective for
treatment of VOCs contaminated wastewaters.
Pervaporation, as a membrane separation technology,
is a potentially efficient and reliable process for the separation of VOC from aqueous streams because of the compact design, recycling of recovered VOC and no emission
problem [13]. The use of the membrane pervaporation
process to remove organic pollutants from wastewater has
attracted much attention in recent years. In the pervaporation process, a liquid stream containing two or more components is in contact with one side of a membrane while a
vacuum or gas purge is applied to the other side. The
components in the liquid stream sorb into the membrane,
permeate through the membrane, and evaporate into the
vapor phase. The condensed permeate liquid often separates into two phases due to limited solubility of VOCs in
water. The organic phase can be treated for reuse, and aqueous phase saturated with VOCs can be recycled to the feed
stream for reprocessing.
The use of pervaporation for removal of VOCs from
water and wastewater is not new. Peng et al. [14] reviewed
the literature on the application of this membrane process
for treatment of various wastewaters. Although there are a
large number of studies examining the performance of the
pervaporation process for the removal of VOCs from the
synthetic wastewater solutions, the treatment of ABS
manufacturing wastewaters has not been studied. The
main objective of this study was to investigate the feasibility and the treatment efficiency of a pervaporation process for treating petrochemical wastewater contaminated
with styrene and acrylonitrile monomers. Different operating conditions were evaluated in this study. BOD5, COD,
permeation flux and enrichment factor were studied for
the evaluation of separation performance. The experimental results of the laboratory-scale pervaporation system are discussed below in detail.

2. MATERIALS AND METHODS
2.1. Materials

PDMS-PVDF-PP composite membrane with a functional layer of polydimethylsiloxane used in the experiments
was made and kindly offered by GKSS Forschungszentrum
(Geesthacht, Germany). The flat sheet membrane was cut
into 15×20 cm pieces and held in a flat frame membrane
module. Styrene (reagent grade, purity 99%), acrylonitrile
(reagent grade, purity 99%), acetonitrile (HPLC grade,
purity 99.9%) and water (HPLC grade, purity 99.9%) were
purchased from Merck Co. Ltd. (Darmstadt, Germany) and
deionized laboratory water was used for making aqueous
mixtures.
The synthetic wastewater, employed in this study,
was formulated to simulate ABS wastewater in terms of
COD and organic component concentrations. According to
the field data obtained from a local plant, the concentration of styrene and acrylonitrile was adjusted to 300 and
50 mg/l, respectively. The COD and BOD5 of synthetic
wastewater were about 950 and 330 mg/l, respectively.
The vapor pressure of the solution was found to be 23.9
mmHg at 25°C.
2.2. Pervaporation experiments

Pervaporation experiments were carried out in the laboratory-scale pervaporation system presented in Fig. 1.
The system was operated with continuous recirculation of
the synthetic wastewater to the feed tank. A flat frame
membrane module (Osmonics Inc., Minnetonka, MN, USA)
with effective area of 138cm2 was used in the cross-flow
mode. The temperature of feed stream was controlled by a
PID controller with a precision of ±0.1 °C. During the experiments, the upstream pressure was maintained at atmospheric pressure, while the membrane downstream pressure
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FIGURE 1 - Schematic diagram of the pervaporation system used in this study

was controlled by a needle valve and a vacuum pump
(Busch Inc., Switzerland). A digital pressure meter with a
precision of ±0.1 mmHg was used to monitor the downstream pressure. The condenser system consisted of two
traps refrigerated by liquid nitrogen (-196°C) that can be
used alternately, allowing the permeate stream to be sampled continuously without interrupting operation of the unit.
The experiments were carried out for 6h. Sampling was
done carefully to avoid any loss. Samples were collected
in a small 10 ml glass vial and capped immediately with a
Teflon-lined cap to avoid any loss.

Ji =

(2)
where Ji is the permeation flux of component i, gm h ;
mi is the weight of component i in permeate, g; Am is the
effective membrane area, m2 and τ is the permeation time, h.
The selectivity of the membrane may be quantified by
two alternative dimensionless ratios, separation factor (α),
and enrichment factor (β), defined as follows [16]:
-2 -1

α=

2.3. Analytical facilities

The concentrations of styrene and acrylonitrile in the
aqueous solutions were measured using high performance
liquid chromatography (HPLC). The analysis was performed
with an Agilent series 1200 equipped with a reverse-phase
Eclipse XDB C18 Agilent column (5µm, 4.6× 250mm).
The mobile phase was 75% acetonitrile and 25% water.
Styrene and acrylonitrile concentrations were determined
using an injection volume of 10 µl at 210 nm wavelength
(UV detector) and a mobile phase flow rate of 1 ml/min.
2.4. Calculated quantities

Removal efficiency of the organic component was calculated using the following equation:

%Removal =

C0 − C t
× 100
C0

(1)
where C0 is the initial concentration of organic component (mg/l), and Ct is the concentration of organic
component at time t (mg/l).
The permeation fluxes were calculated from the following equation [15]:

mi
Amτ

β=

y1 / y2
x1 / x2

(3)

y1
x1

(4)
where x1 and x2 denote the weight fraction of organic
component and water in the feed solution as well as y1
and y2 are the weight fraction of organic component and
water in the permeate.
In the present study, the effect of feed flow rate, initial feed concentration, feed temperature, permeate pressure and functional layer thickness of the membrane (1
and 18 µm) on the performance of the pervaporation process
for separation of styrene and acrylonitrile from synthetic
wastewater was investigated. The time duration of each
experiment was 6 h and the collected permeate was weighed
and analyzed every one hour. All experimental conditions
were repeated three times and the average values are reported.
3. RESULTS AND DISCUSSION
3.1. Effect of duration time

Effect of duration time on the removal efficiency was
investigated by monitoring organic components concen-
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tration in the retentate. As shown in Fig. 2, during the first
hour of the process, styrene and acrylonitrile concentrations
decreased nearly 61% and 35%, respectively. As expected,
the removal efficiency of styrene and acrylonitrile increased
with time. At the beginning, the organic component flux
decreases sharply, because its concentration in the feed is
high. As time goes on, the organic component concentration decreases more slowly. This is due to a reduction in
the organic component concentration in feed solution and
an increase in the mass transfer resistance in the boundary
layer. At the end of the experiment, the concentration of
styrene and acrylonitrile in the retentate reached 4.8 and
1.6 ppm, respectively. Furthermore, the results of experiments showed that BOD5 and COD decreased to 6 and
17mg/l, respectively. Further purification of the
wastewater stream is possible, but it needs a much longer
duration of the experiment due to the negligible driving
force over this concentration range.

resistance and significantly increases partial fluxes of
organic components. Additionally, water flux, which is
controlled by the rate of diffusion through the membrane,
should be independent of feed flow rate. As a result, the
organic/water enrichment factor increases as the feed flow
rate increases as presented in Table 1.

FIGURE 3 - The effect of feed flow rate on the removal efficiency
(temperature: 30°C, permeate pressure: 1 mmHg)
3.3. Effect of permeate pressure

The driving force in the pervaporation process is the
chemical potential difference between the feed and permeate side, which is influenced by the pressure. In order
to maximize the driving force, a low pressure (vacuum) on
the permeate side is used. Permeate pressure greatly affects the operating cost of the process because the cost
of maintaining vacuum is substantial. It also determines the
FIGURE 2 - The effect of duration time on the removal efficiency
(feed flow rate: 6 l/min, temperature: 30°C, permeate pressure: 1
mmHg)
3.2. Effect of feed flow rate

Concentration polarization is a phenomenon that takes
place due to selective permeation. This phenomenon is a
serious problem in microfiltration, ultrafiltration and reverse osmosis that causes reduction in flux and the degree
of separation. In pervaporation, it has been proven that in
very dilute organic solutions, concentration polarization at
the liquid-membrane interface may be significant enough
to control the mass transfer for the organic compound
permeation [17].
Fig. 3 shows the removal efficiency of organic components as a function of feed flow rate. It can be seen that
the higher the flow rate, the faster the organic components
removal. This fact demonstrates that the mass transfer
resistance of the liquid boundary layer has a significant
effect on the transport rate of organic components and
minimization of the polarization layer reduces liquid film
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component concentration in the permeate stream and affects the membrane selectivity [18]. The effect of permeate
pressure on the removal efficiency was investigated over
the permeate pressure range of 1–30 mmHg. The results
are presented in Fig. 4.

increases. For example, the removal efficiency of styrene
and acrylonitrile decreases from 98.4 and 96.8 to 89.2 and
70.1%, respectively as the permeate pressure varies from
1 to 30 mmHg.
Furthermore, the effect of permeate pressure on the
enrichment factor of styrene and acrylonitrile at a feed
temperature of 30°C was studied. The results are presented in Table 2. The effect of the permeate pressure on the
enrichment factor is dependent on the relative volatility
between the selective and non-selective permeating compounds. It has been proven that for binary mixtures, the
permeate concentration depends on the permeate pressure
as follows [19]:

dx1
p1∗ p2∗ 1
=
dp p1∗ − p2∗ p 2p

FIGURE 4 - The effect of permeate pressure on the removal efficiency (feed flow rate: 6 l/min, temperature: 30°C)

As can be seen, the removal efficiency of styrene as
well as acrylonitrile decreases when the permeate pressure

(5)

where 1 and 2 represent the fast and the slow permeating component respectively, x1 is the mole fraction of
component 1 in the permeate, p* stands for the saturated
vapor pressure at operational temperature and pp is the
downstream pressure. If the fast permeating compound
is also the more volatile ( p1∗ − p2∗ > 0), the permeate con-

TABLE 1 - The effect of feed flow rate on pervaporation performance
Feed flow rate
(l/min)

Styrene flux
(gm-2h-1)

Acrylonitrile flux
(gm-2h-1)

Total flux
(gm-2h-1)

1
3
5
6

1.5
3.4
4.1
4.9

0.71
0.86
0.93
0.98

400.5
402.6
403.3
404.2

centration increases as permeate pressure is raised. In the
opposite case, a steep decrease in the permeate concentration is observed. Styrene is less volatile than water, but
shows higher permeability through the PDMS membrane.
Thus, the styrene enrichment factor decreases when the
permeate pressure goes to higher levels. On the other hand,
acrylonitrile is more volatile than water and its enrichment
factor increases when the permeate pressure increases, as
demonstrated in Table 2.
TABLE 2 - Effect of permeate pressure on the process performance
Permeate pressure
(mmHg)
1
10
20
30

Enrichment factor
Styrene
Acrylonitrile
134
71
68
79
24
85
17
94

3.4. Effect of process temperature

According to the solution-diffusion model, the process temperature has a substantial effect on the performance of the pervaporation process. Variation in the feed
temperature directly affects the driving force for mass transfer as well as sorption phenomena at the feed/ membrane

Enrichment factor
Styrene
41
93
112
134

Acrylonitrile
52
63
67
71

interface and diffusivity in the membrane. The influence
of temperature on the removal efficiency is shown in Fig. 5.
As can be seen from this figure, styrene and acrylonitrile
removal rates improved significantly with increasing process temperature from 30 to 60°C. Furthermore, as the
process temperature varied from 30 to 60°C, COD removal
efficiency enhanced from 96.5 to 98.8%.
Additionally, the effects of feed temperature on the
permeation flux as well as enrichment factor were investigated over the temperature range of 30–60 °C. The results of experiments showed that partial fluxes of styrene,
acrylonitrile and water increase with an enhancement in
the feed temperature, but the increase in water flux is more
significant than the styrene and acrylonitrile fluxes. Consequently, the styrene and acrylonitrile enrichment factors
decrease with an increase in the feed temperature as
demonstrated in Fig. 6. During the pervaporation process,
permeating components diffuse through free volumes of
the membrane. Thermal motions of polymer chains in
amorphous regions randomly produce free volumes. As the
temperature increases, the frequency and amplitude of polymer jumping chains increase, resulting in the increase of
free volume of the membrane. As a consequence, the
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diffusion rate of individual permeating components increases at higher temperatures leading to high permeation
fluxes.
Generally speaking, the permeation flux as a function
of temperature follows the Arrhenius type of relationship:

ji = j0 exp(− Eai / RT )

FIGURE 5 - The effect of temperature on the removal efficiency, a)
styrene b) acrylonitrile (Feed flow rate: 6 l/min, permeate pressure:
1 mmHg)

(6)

-2

where Ji (gm h) represents the flux of component i, J0
(gm-2h-1) is a pre-exponential factor, Eai (Jmol-1) the apparent activation energy of pervaporation, R (Jmol-1K-1)
the universal gas constant and T is absolute temperature
(K).

FIGURE 6 - The effect of temperature on the enrichment factor
(Feed flow rate: 6 l/min, permeate pressure: 1 mmHg)

TABLE 3 - The effect of membrane thickness on the process performance
Thickness
(µm)
1
18

Styrene
4.90
4.82

Flux (g.m-2.h-1)
Acrylonitrile
0.98
0.75

Water
398.3
77.13
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Enrichment factor
Styrene
Acrylonitrile
134
71
612
125

COD removal (%)
97.8
97.1
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The apparent activation energy of permeation is determined from the slopes of the ln(Ji) versus 1/T plots.
From the slope of the lines, the activation energy of pervaporation for styrene, acrylonitrile and water was found
to be 4.1, 14.4 and 28.6 kJ mol-1, respectively. These
results show that the permeation of water through the
membrane is higher temperature dependant than styrene
and acrylonitrile. When activation energy is high, the flux
will be more sensitive to temperature changes; therefore
water is more sensitive to temperature variations. The difference in activation energy for each component may rise
from several factors such as the molecular size, affinity
between the permeant and membrane as well as the interaction between the permeating molecules.
3.5. Effect of membrane thickness

Generally, in the pervaporation process the membrane
shows a mass transfer resistance that is proportional to its
thickness. The thickness can only be decreased to a certain limit because of manufacturing techniques and mechanical stability [14]. The effects of membrane thickness
on the permeation flux and enrichment factor were studied at 30°C by two PDMS membranes having the functional layer thickness of 1 and 18µm. The results are presented in Table 3. As can be seen, permeation flux decreases with increase in membrane thickness. This is due to the
fact that at a higher membrane thickness the feed components diffuse through a longer tortuous path to reach the
downstream side and thus the resistance towards diffusion
increases.

increases separation performance. Moreover, the influence of the permeate pressure was evaluated and the results showed that the enrichment factor of styrene decreased with increasing permeate pressure while the enrichment factor of acrylonitrile increased. Furthermore, the
permeation flux markedly enhanced as feed temperature
increased. The activation energies of pervaporation determined from the Arrhenius plots showed that the permeation
of water through the PDMS membrane is higher temperature dependant than styrene and acrylonitrile.
Finally, it can be concluded that pervaporation with
the PDMS membrane offers an interesting prospect for its
application to the treatment of wastewater streams containing styrene and acrylonitrile because of the concentration of the contaminants in the permeate and the possibility for its reuse.
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The increase in the enrichment factor with membrane
thickness can be explained by the fact that the PDMS
membrane being hydrophobic in nature retards permeation of water molecules through it more at higher membrane thickness while the styrene and acrylonitrile fluxes
were not impacted significantly. Thus, the separation factors of styrene and acrylonitrile increased which is in
agreement with the common results obtained by other researchers [20-21]. It is worth noting that, since the thicker
membrane typically offers reduced water flux with no
significant decrease in organic flux, using a thicker membrane has significant advantages due to reduced vapor
handling requirements and condensing duties which result
in less operating costs.
4. CONCLUSIONS
The treatment of synthetic wastewater with the characteristics of a typical ABS manufacturing effluent was
investigated in this study. The transport and separation
property of PDMS composite membrane was determined.
The experimental results indicated that the styrene and
acrylonitrile fluxes and enrichment factors increased significantly with increasing feed flow rate. These trends are in
agreement with the fact that minimization of the polarization layer reduces liquid film resistance and significantly
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NANOCOMPOSITES AND ITS PHOTOCATALYTIC ACTIVITY
ON DEGRADATION OF COMMERCIAL TEXTILE DYES
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ABSTRACT
Tin selenide (SnSe) particles and SnSe-graphene composites were fabricated using a facile hydrothermal method.
SnSe acted as a photocatalytic semiconductor material
attached with graphene inducing excellent photocatalytic
activity. The characterizations of composites were studied
by X-ray diffraction (XRD), Scanning electron microscope
(SEM), Transmission electron microscope (TEM), and with
Energy dispersive X-ray (EDX). Moreover the Raman spectroscopic analysis was also observed of the SnSe-graphene
composites with graphene oxide (GO) which has been previously established. The photocatalytic activity of SnSegraphene was evaluated by measuring the photocatalytic
degradation of organic pollutants such as methylene blue
(MB), industrial dyes such as Texbrite BA-L (TBA) and
Texbrite MST-L (TMST) under visible light. The photocatalytic degradation was analyzed using UV/Vis Spectrophotometer. The kinetic studies were also conducted to
determine the order and the rate of the photocatalytic degradation of the organic dyes.

KEYWORDS:
SnSe-graphene, visible light, MB, TBA and TMST

1 INTRODUCTION
Textile, plastics, paper and pulp industries generate
streams of waste effluents containing substantial amount
of organic dyes as pollutants which are usually non-biodegradable and very difficult to remove. Discharging them
into the water bodies without any prior treatment can cause
havoc on the environment. The molecules in the effluents
* Corresponding author

usually posses carcinogenic and mutagenic properties which
can not only harm the aquatic or marine ecosystem but also
actively or passively be a major threat to human life [1, 2].
Various physical, chemical, and biological methods [3]
have been employed for the treatment of dyes, including
coagulation, flocculation, precipitation, ozonation, oxidation [4] and radiation [5]. But high operation cost, sludge
production and complexity of the treatment processes are
some of its drawbacks. The purification of waste water by
photocatalytic degradation of dyes using semiconductor
particles has proven to be a very effective method, which
leads to complete mineralization` of the pollutants [6-9].
The excitation of direct band-gap semiconductors under
light irradiation leads to the generation of electron-hole
pairs, some of which eventually diffuse out to the surface
of the crystals and react with donors or acceptors from the
surroundings, resulting in photocatalysis [10]. In recent
years various metal based semiconductor particles are
gaining lot of interest because of their photocatalyst properties. Compounds such as TiO2, V2O5, ZnO, WO3, CdS,
ZrO2, SnO2, ZnSe and their impregnated forms have been
tested for their efficiency in photocatalysis [11-16]. Among
these materials, carbon supported catalysts have been drawing considerable attention owing to their enhanced photocatalytic activity [17, 18]. In this experiment graphene is
used as carbon support that has intriguing properties such
as electron- transferring ability that is efficiently aroused
by photoinduced charge separation [19]. Graphene is defined
as a flat monolayer of carbon atoms tightly packed into a
two-dimensional (2D) honeycomb structure [20]. In particular, the unique and outstanding properties of graphene,
including excellent electron conductivity and high transparency, have spurred increasing interest to synthesize the
graphene- semiconductor nanocomposites as photocatalysts for degradation of pollutants (dyes, bacteria and
volatile organic pollutant) [21]. Forming SnSe- graphene
are expected to increase the number of electron-hole pairs
in the photocatalysts. The objective of this paper is to
experimentally prove that the photocatalytic degradative
ability of SnSe decorated graphene composites is superlative in visible light using MB, TBA and TMST.
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2 MATERIALS AND METHODS
2.1 Materials

Graphene oxide was prepared in the laboratory following the Hummer’s-Offeman method in our previous
works [22, 23] was used in the formation of the composites. Selenium powder (Se, 99 %) was purchased from
Daejung Chemicals Co. Ltd., Korea, whereas Stannous
Chloride (SnCl2, 90%) and Ethanol (95%) were purchased
from Duksan pharmaceutical Co. Ltd, Korea. Methylene
blue trihydrate (C16H18CIN3S.3H2O, 98 %) was purchased
from Samchun pure chemicals Co. Ltd., Korea. Texbrite
BA-L and Texbrite MST-L were purchased from Texchem
Co. Ltd, Korea. All the chemicals were used without further purification and all experiments were carried out
using distilled water.
2.2 Characterization

After the SnSe-graphene photocatalyst composites
were prepared, they were characterized by XRD (Shimadzu
XD-D1) for its structural analysis, giving an insight into
the main structural composition of SnSe particles impregnated in graphene nanosheets. Furthermore EDX (attached
to SEM) microanalysis of the composites was done to
investigate the quantitative amount of the main elemental
composition of the composites. The detailed analysis was
also done by SEM (JSM-5600 JEOL, Japan) and TEM
(JEOL, JEM-2010, Japan) showing us the images in the
microscale and nanoscale respectively. With the help of
Raman analysis the structural details of the nanocomposites were observed. The images helped distinguish the
shape, features, distribution and arrangement of the SnSegraphene composites.
2.3 Synthesis of SnSe and SnSe-graphene composites

Tin selenide (SnSe) was prepared by simple hydrothermal method. 3.5g of stannous chloride (SnCl2) was
suspended in a 50 ml solution of ethanol (C2H5OH) and
water mixed in equal volumetric ratios of 1:1. The reactor
vessel was magnetically stirred in a magnetic stirrer at a
rate of 400 rpm at a controlled temperature. SnCl2 was
used as a source of deriving Sn2+ ions which were obtained by the hydrolysis of the stannous chloride in presence of water and alcohol at 80˚C for 60 minutes. SnCl2
when hydrolyzed forms Sn(OH)Cl represented as :
SnCl2 (aq) + H2O (l) ↔ Sn(OH)Cl (s) + HCl (aq) (1)
2g of Selenium powder (Se) was added into the reactor. The reactor was continuously heated to 80˚C in the
magnetic stirrer for 3 hours. The selenium which forms
Se2- ions reacted with Sn2+ ions forming the SnSe particles. Thus, the hydroxide form of Sn was slowly converted
to SnSe particles which were indicated by the color change,
white SnCl2 to grayish brown. The solution containing
SnSe was filtered with 47mm φ Whatman filter paper
(0.7µ pore size) and dried in an hot air oven at 100˚C for
24 hours. The SnSe were collected as crystallized form

after drying and they were grounded by mortar pestle to
finer particles. Thus brown colored SnSe particles were
collected and stored immediately.
In order to incorporate SnSe on graphene surface, equal
amounts of graphene and SnSe were taken and suspended
in deionized water previously heated upto 80˚C and magnetically stirred at 400 rpm. The solution was vigorously
stirred for 6 hours maintaining the conditions mentioned
above. The composites formed were dried in hot air oven at
70oC for approximately 10 hours and collected.
2.4 Photocatalytic degradation of MB, TBA and TMST

Dye stock solutions of the three organic dyes (MB,
TBA and TMST) were prepared. Aqueous solution of 5 x
10-5 M of MB was prepared with deionized water in a 250 ml
flask. On the other hand, 0.001 v/v aqueous solution of
TBA and 0.0025 v/v aqueous solution of TMST were also
prepared with deionized water in 1 L measuring flasks,
respectively. The concentrations of the stocks solutions
of the three dye solutions depended on various factors such
as color intensity of the dyes, molecular structure complexity of the dyes, intensity of visible light falling on the
solutions and activity of the photocatalysts. Also these
above factors also affected the ratio of the photocatalysts
used in each dye solutions. A given amount of photocatalyst was added to 50 ml of dye solutions (0.2 g for MB
and 0.75 g for TBA and TMST). The contents of the dye
solutions were allowed to equilibrate for a given time
(30 minutes in all the three cases) in the dark before the
irradiation. The samples were then irradiated with LED
lamp (Fawoo, Lumidas-H) with visible light allowed to fall
directly on the solutions from a distance of 90 cm through
a hollow tube to isolate the reactor from other factors that
might influence the experiment. The solutions were constantly stirred in magnetic stirrer at a rate of 300 rpm at
room temperature 25˚C throughout the experiment. Then
samples were withdrawn from the solution mixtures at
regular intervals of 0min, 30 min, 60 min, 90 min, 120 min,
and 150 min respectively and the dispersed powders were
removed using a centrifuge (30000 rpm). To achieve considerable amount of degradation the time of sample collection was extended upto 240 min in case of TBA. The clean
transparent solution was analyzed by UV/Vis spectroscopy. The dye concentrations in the solutions were measured as a function of the irradiation time. The schematic
diagram of the entire system is shown in Fig. 1. In order to
evaluate the synergistic effect of graphene on SnSe-graphene
nanocomposite, the dye dissociation experiment on the
organic dyes MB, TBA and TMST were also conducted.
The amount of SnSe was kept the same as that of the
nanocomposites in 50 ml of the dye solutions. The same
procedure was followed as mentioned above.
The percentage degradation of both of the dyes was
also obtained by the following formula:
Percentage of dye degraded (%) = (C0-C)/C0 x100 % [24]
Where, C0 = Concentration of the dye in control
without the SnSe-graphene photocatalysts; C = Concen-
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tration of the dye effected by the SnSe-graphene photocatalyst composites at various time intervals.

from 500 nm to 750 nm whereas in case of TBA the spectral range was from 250 nm to 350 nm and in case of
TMST from 370 nm to 400 nm . The absorbance value at
the λmax of the dye solutions was obtained. To investigate
the role of graphene in SnSe-graphene nanocomposites on
the enhancement of photoactivity, the gradual decrease in
the concentration of the dye solutions with SnSe was also
studied.
3 RESULT AND DISCUSSION
3.1 Characterization

FIGURE 1 - The schematic diagram representing the photocatalytic
experiment conducted on MB, TBA and TMST with SnSe-graphene
in presence of visible light.

The UV-spectrophotometer (Optizen POP, Korea)
was used for the analysis of the photodegradation of the
organic dyes. The spectrophotometric analysis was done
on each sample of MB, TBA and TMST at regular time
intervals from which the absorbance spectrum was obtained. In case of MB the spectral range investigated was

Fig 2 shows the XRD pattern of the inorganic constituents of the composites. Also the structural characteristics of graphene were studied. The first XRD pattern of
graphene showed prominent peaks at 26.54˚, 42.32˚, and
44.517˚ with 2θ values of (002), (100) and (101) respectively which was in agreement according to previous
reports on XRD pattern on graphene [25]. The characteristic peaks of the metal selenide (in this case SnSe) were
also observed. In the characteristic study of SnSe, prominent peaks were observed at 15.4˚, 21.47˚, 25.32˚, 29.43˚,
30.46˚ and 40.59˚ having 2θ values of (200), (101), (201),
(011), (111) and (002) respectively (JCPDS file no. 321382). While studying the XRD characteristic the peaks
of SnSe-graphene composites both graphene and SnSe
were present. Graphene peaks as indicated in the Fig 3,
had same peaks as those of pure graphene powder at
26.54˚, 42.32˚, and 44.517˚ with 2θ values of (002), (100)

FIGURE 2 - XRD patterns of graphene (G), SnSe (S) and SnSe graphene composites.
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FIGURE 3 - EDX analysis of SnSe and SnSe-graphene photocatalyst.

and (101). SnSe peaks at 15.5˚, 21.38˚, 25.32˚, 29.22˚,
30.28˚ and 40.43˚ having 2θ values of (200), (101), (201),
(011), (111) and (002) were also present. The graphene
peaks changed drastically and the mixed peaks of both
graphene and SnSe in SnSe-graphene composites suggested that the graphene structure were not tampered by the
presence of metal selenide. The SnSe peaks in SnSegraphene composites suggested that the particles were
present on the surface attached to the graphene surface.
EDX or elemental analysis (wt%) of SnSe and SnSegraphene composites indicated that the materials were
successfully synthesized. In SnSe-graphene nanocomposites a very strong signal for C mainly originated at 0.25 keV
due to the presence of graphene nanosheets. The amount is
given in Table 1. The main elemental components in SnSegraphene namely, C, Sn, Se and O were detected giving
prominent signals at 0.25 keV, 1.4 keV, 3.5 keV and 0.5 keV
respectively, as shown in Fig 3. Elemental analysis (wt%)
also revealed as the carbon content in SnSe-graphene was
high the Se (wt%) was low. However in SnSe nanoparticles the Se was in considerable amount. In SnSe analysis
a very small fraction of C was also detected. In the case of

SnSe the carbon content was taken as an impurity and the
instrumental contamination was predicted to be the reason. However, the amount of impurity was far less to be
taken into account.
TABLE 1 - Elemental Microanalysis (wt %) of SnSe and SnSegraphene
Samples

C

O

Se

Sn

SnSe

6.75

25.72

22.23

45.30

SnSe-graphene

37.32

35.99

3.52

23.17

Fig 4 shows the surface characteristics of SnSegraphene composites used in the photocatalytic degradation experiments. The SEM image revealed that the SnSe
particles covered the plain flat surface of the graphene
nanosheets in two ways. It was observed that the SnSe
particles had a grainy structure distributed throughout the
graphene sheets causing the graphene sheets to have an
appearance of abrasive surface. Moreover, the SnSe particles formed small aggregates attaching itself to various
places on the surface of graphene. Fig 4 (a) image shows
the small graphene sheets covered with SnSe particles and
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forming a closed solid structure with occasional appearance of SnSe aggregates at the surface. Fig 4 (b) portrays
some overlapped graphene sheets and due to the attachment of the SnSe particles on its surface, it gives an abrasive appearance.
Fig 5 shows the TEM image of SnSe-graphene composites. The SnSe-particles formed aggregates which were
of 20 nm in diameter, clearly observed. Fig 5 (a) and (b)
shows small grainy SnSe particles forming a form of
network mesh over the graphene surface. The graphene surface was entirely covered with small SnSe particles distributed unevenly on the surface of the graphene nanosheets.

Comparing the images of the SnSe particles attached on the
graphene surface it can be estimated that the individual
grain particles were around 1-2 nm size.
Raman spectra can be used to quickly and accurately
determine the number of layers and the crystalline structure
of graphene after chemical treatment [26]. Thus, Raman
spectroscopy was used to compare the crystal structures
of SnSe-graphene with GO, Fig 6. The Raman spectroscopy
of GO contains D and G bands at 1345 and 1592 cm-1, respectively [27]. The G band is more common to all materials containing sp2- bonded carbon atoms [28] and provides
information on their in-plan vibration [29]. The presence of

FIGURE 4 - SEM images of SnSe-graphene photocatalyst.

FIGURE 5 - TEM images of the SnSe-graphene photocatalyst.
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FIGURE 6 - Raman spectra of SnSe-graphene

FIGURE 7 - UV/Vis spectra of (a) MB, (b) TBA and (c) TMST concentrations after exposure to SnSe-graphene composites under visible light
at various time intervals.
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D band suggests that the GO contains sp3 defects [30]. The
stacking structure and agglomerated morphology of the GO
nanosheets were studied from many previous works [31].
In the Raman spectra of SnSe-graphene, the D band is
broadened and shifted to 1347.02cm-1 compared to that
GO. The G band also shifted to around 1600.08 cm-1. The
relative intensities of the D/G bands were increased after
the hydrothermal reaction, which was in agreement with
the results of Lambert et al. [32] and Stankovich et al. [33].
This further confirmed that GO was reduced to graphene
and indicated that hydrothermal reaction considerably increased the size of the in-plain sp2 domains and thickness
of the graphitic structure. Furthermore the Raman spectrum of SnSe did not reveal any strong peaks as shown in
Fig 5. The presence of SnSe in graphene surely affected
the features of graphene peaks. The small peaks signify a
little agglomeration of the nanoparticles, but stacking structures were not observed.
3.2 Sonocatalytic degradation of MB, TBA and TMST solutions

The photocatalytic degradation of the prepared samples was evaluated in visible light. Fig 7 (a), (b) and (c)
show the time series of dye degradation using SnSegraphene on MB, TBA and TMST. The spectra of the dye
solution show the relative degradation yields at different
time intervals. The decreasing concentration of MB, TBA
and TMST in the photocatalytic reaction was used to
evaluate the activity SnSe graphene composites. Fig 7 (a),
(b) and (c) represent the degradation of MB, TBA and
TMST with SnSe-graphene in visible light from which it is
clear that the concentration of MB, TBA and TMST gradually diminishing with increasing time for all of samples.
Moreover, the dye solution increasingly lost its colour
intensity as the dye concentration continued to decrease.
The decrease in concentration was evaluated at the λmax
values of the dyes which were determined from the absorption spectra of the dyes. The λmax values of MB, TBA
and TMST were found to be 665 nm, 265 nm and 375 nm,
respectively. In case of SnSe semiconductor material, MB
was degraded to an extent of 78.2 %, and TMST 84 %
of the dye was degraded at the end of 150 min, shown in
Fig. 8 (a) and (c). The TBA dye having higher viscosity
and colour intensity than the other two dyes, so it took
240 minutes to degrade the dye to 55.8 % of its original
concentration as shown in Fig 8(b). From the comparative
study of SnSe with SnSe-graphene nanocomposites the
photodegradation was significantly enhanced with 84.8 %
of MB and 85 % of TMST being degraded after 150 min.
Moreover 78 % of TBA was dissociated from the initial
concentration. The results clearly prove the ability of graphene to accept and transfer electrons with enhanced the
photocatalytic activity of SnSe. MB was photodegraded by
cleavage and demethyletion that caused the decoloration
of the dye solution. According to the study of Zainal et al.
[34], MB suspended in photocatalyst irradiated with visible
light reacts with photogenerated electron (eCB-) to produce
leuco form (LMB) under anaerobic condition Eq (2),
while MB oxidizes under aerobic condition Eq (3).

2MB + 2 eCB- (photocatalyst) + H+ → MB + LMB

(2)

MB + 25/2 O2 → HCl + H2SO4 + 3 HNO3 + 16CO2 +
6H2O
(3)
Moreover Zhang et al. [35] suggested that LMB was
generated in the low concentration of dissolved oxygen
while the demethylation occurred due to the oxidation of
MB with free radicals produced by photocatalysts under
aerobic conditions. However, due to confidential issues of
the manufacturing company, information about the textile
dyes TBA and TMST the detailed reference were not
found. But the UV/Vis spectroscopic analysis and the rate
determination of the drastic diminish in the dye concentration clearly indicated photocatalysis.
The scheme of charge transfer process between SnSe
and graphene particles is shown in Fig. 9. When SnSegraphene was illuminated with Visible light the semiconductor (metal selenide) produced electrons (e-) and holes
(h+) that gained enough energy or momentum to jump the
forbidden gap or energy barrier denoted as (Eg). The electrons (e-) traveled from the valence band (VB) to the conduction band (CB), producing increased number of electrons (e-) in the conduction band (CB) and holes (h+) in the
valence band (VB). Thus, a number of electrons (e-) and
holes (h+) were generated in SnSe. Meanwhile, graphene
attached to the semiconductor material (SnSe) assisted in
the smooth transition transferring electrons (e-) to the CB
of SnSe, thereby increasing the number of electrons as
well as the rate of electron-induced redox reactions. Based
on the above discussion, addition of graphene in SnSegraphene nanocomposite not only improved the visible
light absorption intensity but also enhanced photocatalytic
activity of the nanocomposites because of the high charge
separation induced by the synergistic effects of graphene
on SnSe. The generated electrons (e-) react with dissolved
oxygen molecules and produce oxygen peroxide radicals
O2•-. The positive charge hole (h+) can react with OHderived from H2O to form hydroxyl radicals OH•. The
MB/TBA and TMST molecules then can be photocatalytically degraded by oxygen peroxide radicals O2•- and hydroxyl radicals OH• to CO2, H2O, and other mineralization
products. The reactions involved in the charge mobility
and mineralization of the dyes are as follows:
SnSe-graphene + Visible light (hυ) → SnSe-graphene
+
+ h ++ e (4)
H2O →H+ + OH+

(5)

-

h + OH → OH•

(6)

O 2 + e - → O 2• -

(7)
-

MB/TBA/ TMST + OH•+ O2• →
CO2 + H2O + mineralized by products

(8)

3.3 Kinetic study of the sonocatalytic reaction

To determine the order of the reaction for the photocatalytic degradation of MB, TBA and TMST kinetic
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FIGURE 8 - The decrease in concentration of (a) MB (b) TBA (c) TMST after exposure to SnSe and SnSe-graphene photocatalyts under
visible light at various time intervals.

FIGURE 9 - The schematic diagram of the separation of photogenerated electrons and holes on the interface of SnSe-graphene composites.
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FIGURE 10 - Apparent first- order reaction kinetics of photocatalytic degradation of (a) MB, (b) TBA and (c) TMST with SnSe-graphene.

studies were performed on the basis of the rate of disappearance of the dye. The photodegradation followed firstorder kinetics, which can be expressed as follows:
-ln(C/C0) = kapp t
(9)
Where kapp is the apparent reaction rate constant, C0 is
the initial concentration (after the dark adsorption reaction
concentration) of MB, TBA and TMST and C is the concentration at time t respectively. Fig 10 (a) and (b) showed
the –ln(C/C0) vs. t plots at 0-150 min irradiation time for
MB and 0-240 minutes for TBA. Thus, both the dyes
photocatalytically degraded following first order kinetic
reaction. The slope of the plot was linear which showed
that the photocatalytic degradation rate of MB and TBA
followed the apparent first-order kinetics. The kapp values
and corresponding regression coefficients (R2) have been
listed in Table 2. However, in case of dye TMST, when
the plot of –ln(C/C0) vs. time t was plotted an upward concave curvature was observed that indicated that the reaction
did not follow the first order kinetics and first order kinet-

ics was ruled out. However, a linear relationship was observed using the pseudo-second order kinetic rate expression [36].
TABLE 2 - Rate coefficients of photocatalytic degradation of MB,
TBA and TMST
Experimental Condition
SnSe-graphene + MB
SnSe-graphene + TBA
SnSe-graphene + TMST

kapp (min-1)
1.2 x 10-2
0.6 x 10-2
3.9x 10-2

R2
0.985
0.972
0.933

A linear fitting plot of the data between 1/C and irradiation time (t) for the dye to the above equation confirmed
the applicability of this model with a correlation coefficient
value (R2) of 0.933 as shown in Fig.10 (c). The apparent rate
constant (kapp) obtained from the slop was 3.9 x 10-2 min-1.
Moreover the second order kinetic graph of 1/[C] vs. t
produced a straight line with slope kapp and intercept 1/[Co].
The 1/[Co] value of TMST was found to be 1.1 approximately which is ≈ the intercept of the plot “Fig. 10 (c)”,
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which confirmed the rate of order of TMST photodegradation was in second order kinetics. A possible explanation for second order photocatalytic degradation kinetics
may be due to aggregation of TMST dye. Similar second
order behavior has been previously reported in case of
MB or Safranin orange photodegradation with ZnS and
CdS nanoparticles and was explained on the basis of dimerization or aggregation of the dye [37].
4 CONCLUSION
In this study, SnSe and SnSe-graphene were prepared
by a facile hydrothermal method. The characteristic studies of the composites were done successfully with XRD,
EDX, SEM, TEM and Raman data. The composites
demonstrated superior photocatalytic degradation of MB,
TBA and TMST under visible light. The kinetic study of
the composites with three different dyes revealed a very
interesting and effective photodegradation. The kinetic
orders were changed according to the photocatalytic degradation of the dye with SnSe-graphene composites. Thus,
graphene when added to SnSe behaved as an electron
acceptor and photosensitizer to accelerate the photodecomposition of the dyes. This revelation will certainly
be helpful in dyestuff industries for the mineralisation and
removal of their water wastes in an more easy and cost
effective way . The composites could be easily excited by
sunlight or visible light and its effect is rapid and efficient.
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EFFECTS OF STRUCTURE PARAMETERS OF
NEEDLE-PLATE DISCHARGE PLASMA REACTOR
ON DECOLORIZATION OF METHYL ORANGE
Fei Shen, Xiaohui Ding, Yanzong Zhang*, Shihuai Deng*,
Zhewei Zhang, Gang Yang, Hong Peng, Yuanwei Li and Hong Xiao
Provincial Key Laboratory of Agricultural Environmental Engineering, College of Resource and
Environment, Sichuan Agricultural University-Chendu Campus, Chendu 611130, Sichuan, China

ABSTRACT
Effects of various parameters, including the needle
electrode configuration, the needle electrode length, the
electrode gap, the mesh size of ground electrode, and the
oxygen flow rate on decolorization kinetics, were investigated. The results indicated that the rate constant (k) of
decolorization increased significantly with the increase of
the needles electrode number and their spacing and gas
flow rate. However, the k was negatively affected as the
needle length increased from 4 to 6 mm. The highest k for
decolorization reaction could be achieved when the electrode gap was set as 10 mm. A suitable mesh size for the
ground electrode was selected as1.0 mm.

KEYWORDS: Pulsed discharge reactor; Plasma; Methyl orange;
Decolorization kinetics

1 INTRODUCTION
The dyes for textile industry have been widely developed with new characteristics of anti-photolysis, antioxidation and anti-biodegradation in recent years [1]. Correspondingly, the produced wastewater discharging from
textile industry is very complex in their compositions and
properties, and it is very difficult to be degraded by traditional methods, which includes adsorption, chemical and
biological degradation [2-4]. The produced pollution derived
from the textile wastewater becomes more serious because
of a lack of effective treatment methods. Thus, an inexpensive and adaptable process for efficient treatment of textile
dye wastewater should be developed and investigated.
Recently, the application of pulsed discharge in the
treatment of organic pollutants has received more and more
* Corresponding author

attention because of its low energy, rapid and non-selective
reactivity [5]. Various active species (H2O2, O3, •OH, •O)
can be produced by pulsed high-voltage discharge in the
aqueous solution accompanying with strong ultraviolet
radiation and shockwave simultaneously [6-10]. Organic
pollutants could be degraded directly or indirectly by the
oxidation reactions and decomposed into water by these
reactive species. For the dye wastewater, the pulsed discharge technology has been found to be an effective process for color removal in the recent researches [11-15]. However, there were many obvious variations in the treatment
efficiency of organic pollutants due to the difference of
the operation conditions. Based on the results of these studies, three main aspects that can affect the treatment can be
summarized as the structure of plasma water treatment
reactor (such as the electrode form, the electrode material
and discharge distance), the power supply (including pulse
voltage, pulse repetition rate, pulse polarity), and the solution parameters (including types of dyes, solution concentration, solution pH and conductivity). Although great progress has been achieved in previous studies, the detailed
reaction kinetics and mechanisms still are not given some
full investigations.
Methyl orange (MO) with IUPAC name of 4dimethylaminoazobenzene-4′-sulfonic acid sodium salt
(C14H14N3SO3Na) is a typical water-soluble anionic dye
[16]. It was selected as the target compound representative azo dye owing to its wide application in various industries [17]. Additionally, it is generally employed as a
typical and representative pollutant in the Advanced Oxidation Processes (AOPs) [18]. Herein, experimental studies on decolorization kinetics of the MO solution by gasliquid discharge plasma were carried out. Effect of reactor
parameters on decolorization kinetics of MO were investigated for evaluating the relationships between the reactor structure parameters, including the needle electrode
configuration, length, the mesh size of ground electrode,
and the electrode gap and the produced active species in
gas-liquid discharging system.
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2 MATERIALS AND METHODS

ing the reaction was determined by a colorimetrical method [20].
3 RESULTS AND DISCUSSION

2.1. Experimental apparatus

The experimental apparatus was integrated with a high
voltage power supply and a reaction cell with a working
volume of 400 mL. The schematic diagram of the experimental system is presented in Fig. 1. The stainless steel
needles, encased a perforated resin plate with the needle
tip protruding 2 mm, were employed as the discharge
anode. The grounding electrode was a stainless steel wire
mesh with mesh size of 1.0 mm and 47 mm in diameter.
In order to enhance the reaction and utilization of the produced active species, the five-layer stainless steel wire mesh
with a gap of 15 mm was set above the anode. Oxygen
was introduced into the air chamber through the gas inlet
controlled by a gas flow-meter. The oxygen was redistributed by the grounding sieve electrode and entered the
discharge region.
The needle anodes were connected with a pulse power
supply (DMG-60, Dalian Power Supply Technology Co.,
China), and the bottom electrode was connected to ground.
The voltage power supply was varied in 0-60 kV with the
pulse frequency of 0-320 pps (pulses per second). Output
capacitance was 200 pF and pulse rise time was less than
100 ns.

3.1. Effect of needle electrode configuration

In order to investigate the effect of needle electrode
configuration on the MO decolorization rate (k), the needle number was varied from 2 to 5, and the space of the
needles was controlled as 5, 8, 11, 14 or 17 mm, respectively. The decolorization of MO was a first-order or
pseudo-first order reaction indicated by correlation coefficient values (R2) values (0.98-1.00), the apparent firstorder rate constant (k) and R2 were calculated according
to the following equation at different conditions.

ln

c0
= kt
ct

Where, C0 is initial concentration of MO, Ct is the
concentration of MO at treatment time t and k is apparent
first-order rate constant. The k value at different conditions
could be determined by linear fitting the value ln(c0/ct) vs.
the reaction time (t).
The relationship between the k values and needle
configuration is shown in Fig.2. It could be easily found
that the k value was significantly increased as the number
of the needles was set from 2 to 5. By contrast, the k value
obtained with 5 needles was 1.69 times higher than that of
2 needles. This was mainly because more discharging
points could be achieved with five-needle high voltage
pulse discharge system than the others. Increasing discharging points could increase the volume of plasma channel and produce more active species. The concentration of
dissolved ozone was 0.006, 0.012 mM and hydrogen peroxide concentration was 0.071, 0.083 mM, respectively, as the
number of needle was two and five. Thus, the k value in
five-needle high voltage pulse discharge system appeared
higher than that of the two-needle system.
Based on the Fig. 2, it also could be observed that the
k value of the decolorization reaction was generally increased with the increase of needle spacing. The electric
intensity could be overlapped and correspondingly en-

FIGURE 1 - Schematic of gas-liquid electrical discharge reactor
2.2. Experimental method and analysis

The reactor was filled with 200 mL of MO solution
(60 mg·L−1, conductivity 20 µs·cm−1, pH 6.0). The constant experimental conditions usually employed were
selected as voltage of 40kV, pulse frequency of 100Hz,
and temperature of 298 K. 5 ml samples were periodically
taken from the reactor with 3 min intervals for 15
minutes. The MO concentration in sample was analyzed
by an UV spectrometer (UV-1200, Mapada Limited
Company, Shanghai, China) at the wavelength of 464nm
by using a calibration curve. The concentration of dissolved ozone was determined according to the method in
the reference [19]. The produced hydrogen peroxide dur-
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FIGURE 2 - Relationship between k and needle configuration

hanced with increasing needle spacing. The electron kinetic energy was thereby intensified [21], which could
result in more active species produced in plasma channel
and acute reaction. However, such an increase was impaired as the number of needles was set more, although a
little bit increase still could be achieved by increasing the
space of the electrodes. For the five-needle case, the uniformity of electric field on the concurrent plane of the
needles was enhanced, resulting in the increase of stability of electric discharge [6].
3.2. Effect of needle electrode length

The length of needle electrodes, which protruded from
the rubber plug, in the reactor could potentially affect the
MO decolorization. It was also investigated with the length
of varying in 2-10 mm and the results are shown in Fig. 3. It
could be found that the decolorization rate decreased with
the increase of the length of the needle electrode. Especially, the decrease was sharp as the length increased from
4 mm to 6 mm. This result proved that needle length could
seriously effect the MO decolorization. For the short length
needle electrode, the electrical discharge could be easily
initiated, and the filamentary shaped discharge could be
formed because electric field could concentrate on the
small needle tip, and the critical breakdown value could
be achieved easily [22]. However, for the long needle electrode, radial discharge could be formed following the axis
of the needle including needle tip. The electric field could
not be concentrated at the tip of the needle. Moreover, the
input energy was distributed over the whole surface of the
long needle electrode and rapidly dissipated into the surrounding solution. Therefore, the discharge could be weakened and less active species were formed. The dissolved
ozone concentration was decreased from 0.015 to 0.004 mM
with a length from 4 to 6 mm.

FIGURE 3 - Effect of needle length on the value of k
3.3. Effect of electrode gap

The k values of the decolorization reaction at different electrode gaps are shown in Fig. 4. It could be found
that the value of k increased as the electrode gap varied in
5mm to 10mm. It afterwards decreased seriously with the
increase of the electrode gap. The highest k value could
be attained at a gap of 10 mm. An explanation for this
result could be that electric field intensity was electrode
gap dependent when the power supply and the solution
parameters were fixed. The higher intensity of electric
field was formed as the smaller electrode gap was set, and
the more added high-energy electron was obtained. Thus,
much more active species could be produced for the degradation reaction of MO. This resulted in highest k under
electrode gap 10 mm. At this condition, the concentration
of dissolved ozone and hydrogen peroxide were 0.013 mM
and 0.089 mM. In addition, more energy was supplied for
forming the plasma channel with an increase of the electrode gap. The energy used for producing the active species for decolorization correspondingly became less,
which could lead to the decrease of the reaction constant k
as the electrode gap was set to 25mm. The concentrations
of dissolved ozone and hydrogen peroxide were 0.004 mM
and 0.076 mM at 25mm. When the electrode gap was less
than 10 mm, the degradation of dielectric liquids was prone
to occur, and a spark discharge also could be observed,
which could lead to the increase of energy consumption in
solution. The formed ozone could be further decomposed
by the increase of temperature by spark discharge in plasma
channel. The dissolved ozone concentration was correspondingly reduced from 0.013 to 0.008 mM. Thus, the
reaction constant k was reduced as the electrode gap kept
increasing from 10 mm to 25mm.
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FIGURE 6 - Effect of oxygen flow rate on the value of k

FIGURE 4 - Effect of electrode gap on the value of k
3.4. Effect of mesh size of ground electrode

3.5. Effect of gas flow rate

The stainless steel mesh was used as the ground electrode and oxygen was pumped into the reactor through the
stainless steel mesh. The different mesh sizes of ground
electrode may affect the bubble size and their distribution.
Meanwhile, the mass transfer and discharge state also
could be affected in theory. The rate constant k of the MO
decolorization at different mesh size of 4.0, 2.0, 1.0, and
0.5 mm is presented in Fig. 5. It can be found that the k
values were kept increasing as the mesh size decreased
from 4mm to 1mm. However, with the decrease of the
mesh size to 0.5mm, the k value significantly decreased.
The highest k of 0.283 min-1 could be obtained at a mesh
size of 1.0 mm. Moreover, smaller bubbles and symmetrical assignment also could be achieved at the mesh size
of 1.0 mm comparing with other mesh sizes. Much larger
gas/ liquid interfacial area, higher gas-dissolution rate, and
good bubble-stability in the reactor could be achieved with
the produced smaller bubbles compared with larger bubbles
[25]. These mentioned characteristics could provide many
more ionization paths for electrical discharges [22].

Gas flow rate may potentially affect the mixed degree
of solution in the discharge plasma process, as well as
produced free radicals (•OH, •O) and active species (O3)
formation [23, 24]. Therefore, the effect of oxygen flow
rate on the decolorization kinetics of MO was also investigated. According to the results in Fig.6, the rate constant k
increased as the oxygen flow rate increased from 0.10m3/h
to 0.18m3/h. At higher flow rates almost no significant
changes were observed. It could be observed that the number of air bubbles appearing increased with the increase of
oxygen flow rate in the reactor. The transfer of ozone
from the gas phase to liquid phase pertains to liquid film
control process, thus, the increase of air flow rate is helpful for such a transfer. However, the retention time of O3
in solution was shortened with the increase of oxygen
flow. The reaction time of O3 with the pollutants was
correspondingly reduced. Thus, there was no significant
change of the rate constant k as the oxygen flow rate kept
increasing from 0.18m3/h. In this work, the oxygen flow
rate of 0.18 m3/h could be regarded as a suitable rate for
MO decolorization.

4 CONCLUSION

FIGURE 5 - Effect of mesh size of ground electrode on the value of k

The effects of needle electrode configuration, needle
electrode length, electrode gap, gas flow rate and mesh
size of ground electrode on the MO decolorization kinetics were investigated. The rate constant of decolorization
increased with increase of needle numbers and their spacing. It decreased with the increase of the needle length
and electrode gap. It is helpful to enhance rate of reaction
between active species and MO by selecting mesh size of
1.0 mm for the ground electrode. 0.18m3/h oxygen flow
rate would be enough for the improvement of rate constant of decolorization, and extra flow rate could not increase decolorization rate any more.
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[13] Yan J., Liu Y., Bo Z., Li X and Cen K. (2008) Degradation of
gas–liquid gliding arc discharge on Acid Orange II. Journal
of Hazardous Materials 157:441-447.
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ABSTRACT

1 INTRODUCTION

Drainage water from paddy fields is of high nutrient
loads, and agricultural drainage ditches have enhanced
nutrients input into the downstream water and caused
eutrophication and hypoxia of downstream aquatic systems. Nevertheless, the fate of total phosphorus (TP), total
nitrogen (TN) and total organic carbon (Corg) in ditch
sediments is still indeterminate due to lacking of investigation on sediment samples of the Sanjiang Plain, Northeast China. The current study examined the variation of
TP, TN and Corg contents in a natural ditch, and two planted
ditches with low and high water levels, respectively, in
Sanjiang Plain. The results of this study showed that the
variations of TN and Corg contents were significant at depth
from 0 to 20 cm in the natural and planted ditch sediments
(p<0.05). However, no significant difference existed in TP
contents between the planted ditch sediment layers (p>
0.05). TP contents were higher in sediments of the planted
ditch with low water level than that of the planted ditch
with high water level (at 0-10 cm). According to the contrastive ditch experiment, influence of water level on TN
and Corg contents was not obvious (p<0.05). But TN and
Corg contents were significantly lower in the high water
level-planted ditch than that in the natural ditch (p<0.05).
Nitrogen (N) and carbon (C) pools were larger in the natural ditch sediments than that in the planted ditch sediments.
The surface ditch sediments (0-20 cm) released P during
the rice growing season. Plant, water level and dryingwetting process were all the factors affecting the variations
of TP, TN and Corg contents. It is necessary to improve
ditch management to effectively mitigate nutrients input
from agricultural runoff, and decrease the potential pollution in the downstream receiving waters.

KEYWORDS: Agricultural drainage ditch; phosphorus; nitrogen;
plant; water level; drying and wetting
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Agricultural drainage ditches are direct conduits between cultivated land and the downstream water-bodies,
hydrological links between surface runoff, ground water,
and surface water [1]. Ditch basic characteristics are linear
elements with bank vegetations, a high edge ratio, relatively shallow with larger water level fluctuations, a higher
probability of drying out during summer, and regularly
managed for efficient drainage [2-6]. Ditch functions are
not only delivering drainage water and field pollutants,
particularly P and N, but also mitigating dissolved nutrient export from the surrounding terrestrial matrix [7-10].
Currently, some studies have attempted to examine the ecosystem dynamics within drainage ditches, including sediment and vegetation nutrient partitioning, and microbial
processes, but most of them have been focused on vegetation nutrient partitioning [11-14]. For ditch sediments, some
papers have previously been published on the fate of P [1519]. However, these studies cannot offer comprehensive
information on the fate of nutrients (TP, TN) and Corg in
the sediment.
Presently, drainage ditches are formed with a multilevel network of corridors as agricultural landscape for
crop production with local agricultural development, and
have been become main pathways for P and N release
from farmlands in Sanjiang Plain, Northeast China [4]. In
2009, the export load of total P and N from paddy ﬁelds
in Sanjiang Plain was about 0.19 t km-2 yr-1 and 2.53 t km2
yr-1 respectively, accounting for 9.85 and 15.3% of the
total fertilizers applied, respectively; most of which was
lost as a result of runoff through drainage ditches [20, 21].
Furthermore, the issue of the agricultural non-point pollution is more and more significant in Sanjiang Plain, and
attracts great concern of people due to severe impacts on
regional water environment and wetland ecosystems [2224]. As well, the most common ditch management in
Sanjiang Plain is intercepting and accumulating farmland
drainage water for the use of surface water and recharge
of groundwater, resulting in obvious dry-wet changes and
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water level fluctuation during the rice growing season. As
a result, nutrients from paddy fields accumulate in ditch
water, and nutrients in overlying water interact chemically
with components of sediments in drainage ditches.
Ditch sediments serve as a temporary sink of P and N
during the spill, and a source for overlying water column
[19, 25]. To some extent, the sediments with P and N
enriched may impact the water column for a long time
though inter-event diffusion and pedoturbation processes
[18]. Therefore, P and N in ditch sediments are vital for
controlling water pollution [26]. However, the variances
of the mobility, bioavailability, potentially affect the
trophic status of the overlying water. In addition, the
existing studies almost focus on the fate of dissolved
organic carbon and iron in the ditch sediment of Sanjiang
Plain [27, 28]. Data of TP, TN and Corg is still scarce in
ditch sediments of Sanjiang Plain; therefore, increasing
the dataset for a better understanding of nutrients and Corg
variability in sediments is necessary.
The objective of this study was to interpret the vertical distribution and temporal variation of TP, TN and Corg
in ditch sediments under the different plant densities and
water levels. This study enriched the database and provided reasonable reference for drainage management in this
area, and is also important for providing guidance for
other locations under similar agro-management conditions.
2 MATERIALS AND METHODS

constructed at the comprehensive experimental field,
located at the Bielahong River basin of the Sanjiang Plain.
The three drainage ditches were of similar landform,the
same size (width of 2 m, length of 20 m, depth of 0.8 m),
and slope“U”-design because this ditch design is the most
commonly used one throughout the Sanjiang Plain. Echinochloa crusgalli and Phragmites australis are the dominant plants on the ditch sidewalls. Ditch sediment with
the thickness of 0.2-0.3 m is a mixture of natural soil and
farm soil, and its basic physical-chemical characteristics
were cation exchange capacity (CEC) of 23.69 c mol kg-1,
8.33% sand, 18.74% silt, and 73.21% clay. Three treatment of drainage ditches were designed as follows: Design 1 (D1) and Design 2 (D2) were implanted with 50 m-2
Phragmites australis on ditch sidewalls and 40 m-2
Phragmites australis on the ditch bottom; Design 3 (D3)
kept the natural state and was not implanted with additional Phragmites australis. D1, D2 and D3 were operated with the intermittent strategy which was the same as
drainage ways in paddy fields. For ensuring the same inlet
contents, the artificial drainage water was prepared in a
feed tank by dissolving ammonium nitrate and sodium
dihydrogen phosphate. The same influent mode in D1, D2
and D3 was operated; after delivering at the design water
level each time, residence time (RT) was 120 h in three
ditches, in consideration of the evaporation and the water
requirement of paddy fields, and then ditch water was
drained after 120 h each time. The height of water in D1
was 45-55 cm but in D2 and D3 it was 25-35 cm.
2.3. Sediment sampling and chemical analysis

2.1. Study site

The Sanjiang Plain is a low floodplain, a large waterstoring basin, and the production base of special high quality
commodity grain. It is located in Heilongjiang Province of
Northeast China, and was formed by the Amur River, the
Songhua River and the Ussuri River. Farmers in this area,
turned arable land into wetland by discharging water from
the mash meadow Calamagrostis angustifolia. The mean
annual precipitation is 550-600 mm, and the amount from
June to September is accounting for 65% of the total
precipitation. The average annual evaporation is 550840 mm, the average annual temperature is 1.9 °C, and
the frostless period is about 125 days with the temperate
humid continental monsoon climate. Water levels fluctuate with agricultural drainage and rainfall in drainage
ditches during the rice growing seanson. Dry and wet conditions alternated with the occurrence of agricultural drainage
and rainfall. In general, the water level of the branch ditch
and main ditch is high, more than 1.5 m, while the water
level of the field ditch and lateral ditch is lower than 1.0 m.

In order to investigate the spatial variation of nutrients and Corg in ditch sediments, surface sediment samples
(0-20 cm) were collected at the bottom of each ditch using
a stainless steel cylinder (14 cm diameter), and subdividing at 5-cm intervals. Five sampling sites were selected in
each ditch on the basis of ditch length, with demand for
equality. Meanwhile, the ring sampler method was used to
measure soil bulk density at each soil layer [29]. The
sediment samples taken from different layers were placed
separately in identifiable plastic bags, taken to laboratory,
then purified to remove impurities, air-dried, and passed
through a 100-mesh sieve for elemental analysis.
Samples were analyzed for pH, TP, TN, and Corg.
The pH was determined at a soil-to-water ratio of 1:2.5 by
using a pH-meter. TP content was measured with the
automatic chemical analyzer (Mode Smartchem 200,
Italy) after H2SO4+HClO4 wet-digestion, the TN by semimicro-Kjeldahl method, and the Corg by potassium dichromate-external heating method [29]. The influent
water characteristics (mean values) are shown in Table 1.
2.4. Statistical analysis

2.2. Experimental design

The study was carried out from July to September in
2011, at the Sanjiang Mire Wetland Experimental Station
(47°35’N, 133°31’E), Chinese Academy of Sciences.
Three agricultural drainage ditches (lateral ditches) were

The SPSS 16.0 statistical package was used to calculate means and standard errors of contents of TP, TN, and
Corg. Analysis of variance (ANOVA) was performed with
sediment depth, plant density and water level depth as the
main fixed factors. Comparison of the TP, TN, and Corg
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TABLE 1 - Mean concentrations of the main parameters in overlying water of influent water (mg L-1, excluding pH) in each drainage ditch.
Parameter
Jul 21
2.38
12.98
6.72
5.21
2.08
7.02

total phosphorus
total nitrogen
nitrate-nitrogen
ammonia-nitrogen
phosphate-phosphorus
pH

Jul 28
13.56
44.07
19.92
19.96
10.18
6.98

pools in per square meters of different ditch sediments
was also performed with one-way ANOVA. The Origin
7.5 was used to draw all figures. The TP storage, for instance, was calculated using the following reference formula given by Wu et al. [30]:
m

i= j

d i × hi × Pi
10

where, Tp (kg m−2) is the phosphorus storage in sediments from layers j to m; di (g cm−3) is the sediment bulk
density; hi (cm) is the sediment depth; and Pi (%) is the P
concentration in i layer. TN and Corg storage were calculated in the formula.
3 RESULTS
3.1. Nutrient contents in the ditch sediments

On the whole, there were no significant differences in
TP contents among the 3 ditch sediments (p>0.05). However, in the 0-10 cm layer, the order of TP contents was
D3>D2 >D1, and at 10-25 cm the order was D2>D3>D1
before August 18. TP contents in the 0-5 cm layer were
higher than those in the 15-20 cm layer in D1 (p=0.004).
However, no significant differences between layers were
found in D2 sediments. TP contents in the 0-5 cm layer
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The Corg contents in 3 ditch sediments decreased with
depth, and the Corg content values at 0-5 cm in D3 were
1.00-2.04 and 1.11-3.30 times than those in D1 and D2,
respectively; the values at 0-10 cm in D3 were 1.00-2.05
times those in D2. Corg contents in the 0-5 cm layer were

15-20cm

3.0

D3

2.4

0.0

0.9
0.6
0.3

TN( g kg-1)

p/
22
Se

p/
16
Se

p/
10
Se

g/
25

g/
18

Au

Au

g/
11
Au

Au
g/
3

Ju
l/2
7

Ju
l/2
0

D2

3.0
2.4

Jul/20 Jul/27 Aug/3 Aug/11 Aug/18 Aug/25 Sep/11 Sep/16 Sep/22

D2

1.8
1.2
0.6
0.0

0.0
p/
22

2.4

Se

p/
16
Se

p/
10
Se

g/
25
Au

g/
18
Au

g/
11
Au

g/
3
Au

Ju
l/2
7

Ju
l/2
0

3.0

D1

Jul/20 Jul/27 Aug/3 Aug/11 Aug/18 Aug/25 Sep/11 Sep/16 Sep/22

D1

1.8

0.9

1.2

0.6

0.6

0.3

FIGURE 1 - Temporal variation of TP and TN contents in different sediment layers of three drainage ditches.
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TN contents differed only between D1 and D3 sediments (p<0.001). TN contents at the 0-5 cm layer were
significantly higher than that in the 10-15 cm in the D1
sediment profile (p<0.001). TN contents in the 0-5 cm
layer were significantly higher than those in the 10-15 cm
layer and 15-20 cm layer in the D2 sediment profile
(p<0.001). TN contents in the 0-10 cm layer were significantly higher than that in 10-20 cm layer in the sediment
profile of D3 (p<0.05) (Fig. 1). TN content values at 0-10 cm
in D3 were 1.11-1.38 times higher than those in D2, except for August 11, and 1.00-1.86 times higher than those
in D1; at the 0-10 cm layer, TN contents values in D2
were 0.90-1.56 times higher than those in D1. For all
sediment layers (0-20 cm), the TN contents in D1 sediments were lower than that in D3 sediments (p<0.05).

Au
g/
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1.5
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2.96
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were significantly higher than those in the 10-15 cm layer
and 15-20 cm layer of D3 (p=0.02, p= 0.01, respectively)
(Fig. 1). Besides, the maximum values were observed in
the 0-10cm layer in the 3 drainage ditches from July to
September (Fig. 1).
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significantly higher than that in the 10-15 and 15-20 cm
layer in D1 (p <0.001) and D3 (p<0.001), and Corg contents in 5-10 cm layer were higher than that in 15-20 cm
layer in the D3 (p<0.05), while significant differences
between 0-5 cm and 15-20 cm layers were only found in
D2. Meanwhile, the maximum values were found in the
0-10 cm layer before August 25 (Fig. 2). For all sediment
layers (0-20 cm), Corg contents in the D1 were significantly lower than those in the D3 (p<0.05).
3.0
2.4

0-5cm

5-10cm

10-15cm

15-20cm

D3

1.8
1.2
0.6

Se
p/
22

Se
p/
16

Se
p/
11

Au
g/
25

Au
g/
18

D2

Au
g/
3

Ju
l/2
7

2.4

Au
g/
11

1.8
1.2

3.3 Nutrient pools in ditch sediments

0.6

Au
g/
3

Au
g/
11

Au
g/
18

Au
g/
25

Se
p/
11

Se
p/
16

Se
p/
22

Au
g/
3

Au
g/
11

Au
g/
18

Au
g/
25

Se
p/
11

Se
p/
16

Se
p/
22

D1

1.2
0.6

Ju
l/2
0

0.0

Date

FIGURE 2 - Temporal variation of Corg contents in different sediment layers of three drainage ditches.
3.2. C/P, C/N ratios in the ditch sediments

As shown in Fig. 3, the C/P ratios in three ditches
showed a tendency to increase with time. However, the C/P
ratios in ditches were constant with depth from 0 to 20 cm.
Before August 18, at the same sediment layer, values of
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were 1.20-1.35 g cm-3 in all layers; no significant differences were found in three ditch sediments. The C pools
were higher in D3 than that in D1 and D2, and the variation of C pools in D1 were similar to that in D2. Overall,
the C pools showed little variation with time in drainage
ditches (Fig. 4). Besides, there were no differences in N
and P pools between three ditches; N pools in D1 and D3
showed a tendency to increase slightly with time, except
that in D2; the variation tendencies of P pools were similar in three ditch sediments. There were some variations
in the P pools before August 18, and then no variations
were found. High contents of N and C pools in three
drainage ditches suggested that stable Corg and TN were
difficult to be oxidized and leached during this period.
However, low contents of TP suggested that labile P was
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were found at the 0-5 layer in D1 and D3, but the maximum
values for D2 were found in the 10-15 cm layer. There
were no significant differences on C/P ratios among three
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The C/N ratios of D1 firstly kept invariantly but then
slightly increased with time; values of D2 kept fluctuating
within a certain small range with time. Yet, the C/N ratio
values were observed to decrease firstly, and then maintained somewhat fluctuating. Maximum values were discovered at the 5-10 cm layer for D1 on August 25, but the
maximum values for D2 and D3 were observed in the 1015 cm layer, on July 20 and September 11, respectively.
There were no significant differences in different layers
among three ditches (p>0.05) (Fig. 3).
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FIGURE 3 - Temporal variation of C/P, C/N ratios in the three drainage ditch sediments.
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FIGURE 4 - C and nutrient pools from sediment surface to 20 cm
depth in three drainage ditches.

released and leached via diffusion to the overlying water
or ground water owing to slow plant absorbing. In the
meantime, the results also indicated that TP contents
decreased in the form of inorganic phosphorus.
4 DISCUSSION
Rainfall runoff and agricultural drainage are the sources
of nutrients and organic matter in drainage ditches. The
texture of agricultural drainage ditches at Sanjiang Plain
was dominated by fines (silt and clay), and ditch sediments
are mainly formed from sedimentation of suspended soil
from the paddy fields and uplands in surface runoff water,
and from the slumping of ditch sidewalls. But, TP, TN and
Corg contents were affected by factors such as depositional
environment, water condition, respiration, decomposition,
mineralization, denitrification, vegetation and the added
nutrients, which resulted in the rapid decomposition of
organic matter and nutrients [31-33]. Hence, the high TP,
TN and Corg contents were observed at the 0-10 cm layer in
three ditches, whereas deeper sediments contained lower
TN and Corg contents. These results are consistent with
some previous reports on TP, TN and Corg contents with
depth [30].
4.1. Effect of vegetation

It is well-known that in-ditch vegetation will strengthen
friction and roughness of drainage ditches, stabilize ditch
surfaces, reduce water velocity, thus increasing sedimentation, decreasing suspended sediments from the overlying
water column, providing a suitable environment for microbial growth, increasing the hydraulic retention time as well
as increasing chemical residence time [7, 34, 35]. The
vegetation within drainage ditches plays an important part
in the TP, TN and Corg contents of ditch sediments. As a
result of the lack of organic fertilizers applied in Sanjiang
Plain, organic matter and TN may mainly come from the

decomposition of vegetation remains. In ditch sediments,
the organic matter and TN contents with depth decreased
from 0 to 20 cm due to decomposition by micro-organisms
in the root zone, and the downward migration of the litter
restrained by the sediment surface layer. Due to the decomposition of vegetation, such as Phragmites australis
and Echinochloa crus-galli, from September, Corg and TN
contents did not reduce during the experimental period.
The augmented oxygen, transported by the vegetation
roots, facilitated ammonium nitrogen oxidation and promoted the nitrifying bacteria present in the rhizospheres
[36], and accelerated TN to decrease. Hence, the TN contents of sediments in D1 and D2 were lower than that in
D3. Besides, the accumulation of sediment N from ditch
overlying water led to no obvious variation of TN contents
in the experiment. Moreover, the roots released organic
matter which enhances denitrification [37, 38]. The augmented oxygen transported by plant roots may be enhanced
to oxidize and leach N. Besides, ditch sediment was penetrated by plant roots, many tiny chambers in ditch sediments were formed, the sealing of sediment and soil was
reduced, and the looseness of sediment and soil was enhanced. Thus, there were no significant differences of TP
contents with depth in planted ditches.
The relatively high contents of TN compared with
Corg in three ditches led to lower values of C/N ratios with
time; higher contents of TP compared with Corg in the
ditches caused lower values of C/P ratios before August
18 but higher ones from August 18. Low C/N and C/P
ratios usually indicated a fast decomposition rate of litters
of past year [39]. On the other hand, Corg contents were
stable and did not accumulate with time, and plants absorbed nourishing P, which might be due to the inputs of P
into sediments exceeding their decomposition and leading
to higher C/P ratios after August 18. Besides, soil animals
could accelerate litter decomposition through direct physical effects and indirect trophic effects via micro-organisms
[40].
4.2. Effect of water level

Although in-ditch vegetation can affect water level of
drainage ditches, change ranges of water level are small.
However, water levels of drainage ditches are influenced
by control of agricultural drainage. Different depth of
water levels affected the intensity of transmittance and the
diffusion of dissolved oxygen, and then affected the release of sediment nutrients and Corg. Anaerobic environment may easily take place in sediments under high water
level conditions. The anaerobic state of sediment at high
water level caused higher release amount and release rate
of P than those at low water level, especially release
amount of organic P [41]. Meanwhile, denitrification was
enhanced in the anaerobic environment, which led to the
reduction of the amount of sediment N. But the concentration of nitrate nitrogen in sediments was very low [4],
resulting in the smaller variation of TN contents in sediments. High water level led to the reduction of plant species abundances and root/shoot ratio, and changed sedi-
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ment micro-environment [42]. Besides, high water level
also could cause the lower microbial biomass carbon and
microbial quotient, and elevate the stability of sediment
carbon pool [43]. Hence, high water level promoted reducing conditions that preserved organic matter in drainage ditches during this period.
4.3. Effect of drying and wetting

Sediment structure (aggregation), sediment organic
matter decomposition, nutrient cycling and microfloa were
changed under the impact of drying and wetting [44, 45].
Drying and wetting enhances large macro-aggregates to
break down into micro-aggregates rather than primary
particles, but stabilized micro-aggregates are not disrupted
by rapid wetting; under the drying and wetting forces,
certain microbial groups may be killed, and providing an
extra nutrient pool of substrate to other microbial groups
[46-48]. Drying and rewetting stimulated mineralization
of soil organic P, and thus, increased the size of the plantavailable pool of soil P, the mineralization of soil organic
carbon and other nutrients [49, 50]. However, organic matter and nutrients from overlying water entered into ditch
sediments, adding their contents of ditch sediments. Besides, the TP, TN and Corg contents were affected by the
rate of plant uptake, Corg and nutrients mineralization, and
sediment adsorption/ desorption. As a result, there were
significant reductions in P contents (p<0.05). In contrast,
no significant variations of Corg and N in ditch sediments
were displayed during the experimental period.
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DETECTION OF OXYGEN SPECIES GENERATED
BY CoS2 AND CoS2-CNT/TiO2 NANOPARTICLE UNDER
VISIBLE LIGHT IN DEGRADATION OF ORGANIC DYES
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ABSTRACT
In the present work, CoS2, CoS2-CNT, and CoS2CNT/TiO2 were irradiated by visible light respectively. The
generation of reactive oxygen species were detected through
the oxidation reaction from 1,5-diphenyl carbazide (DPCI)
to 1,5-diphenyl carbazone (DPCO). The composite obtained
was also characterized by transmission electron microscopy
(TEM) and UV-vis analysis. From the photocatalytic
results, the excellent activity of the CoS2-CNT/TiO2
composites for degradation of methylene blue under
visible irradiation could be attributed to both the effects
between photocatalysis of the supported TiO2 and charge
transfer of the carbon nanomaterial, and the introduction
of CoS2 to enhance the photogenerated electrons transfer.

KEYWORDS: CoS2, 1,5-diphenyl carbazide (DPCI), CNT, Photocatalytic activity, Methylene blue

1 INTRODUCTION
TiO2 is the most widely used photocatalyst for effective decomposition of organic compounds in air and water
under irradiation of UV light with wavelength shorter
than corresponding to its band gap energy, due to its relatively high photocatalytic activity, biological and chemical stability, low cost, non-toxic nature and long-term
stability. However, the photocatalytic activity of TiO2 (the
band gap of anatase TiO2 is 3.2 eV and it can be excited
by photons with wavelengths below 387 nm) is limited to
irradiation wavelengths in the UV region [1, 2]. However,
only about 3-5 % of the solar spectrum falls in this UV
range. This limits the efficient utilization of solar energy
for TiO2. Some problems still remain to be solved in its
application, such as the fast recombination of photogenerated electron–hole pairs. Therefore, improving photocatalytic activity by modification has become a hot topic among
researchers in recent years [3-5].
* Corresponding author

There has been much interest in the electronic structure of the transition-metal dichalcogenides. During the last
decade a considerable number of experimental and theoretical studies have been reported on the so-called pyrites
MX2, with M = Mn, Fe, Co, Ni and X2 = As2, S2 or AsS
[6, 7]. Crystal field splitting, correlation and intrinsic 3d
band-width are all about the same magnitude in these compounds. These range from diamagnetic semiconductor (FeS2)
to semi metals (FeAs2) according to the electronic configuration of the transition metal ion, and all of them have high
specular and low diffuse reflectance throughout the visible region. This gives rise to a large variety in electrical,
magnetic and optical properties. For instance FeS2 is a diamagnetic semiconductor, while CoS2 is a low-spin ferromagnetic metal [8, 9].
Conjugated material is proposed to be a good candidate for improving the transportation of photocarriers in
the photocatalysis process by forming electronic interaction with TiO2 due to its unique properties in electron or
hole transporting [10-12].
Among the support materials, multi walled carbon
nanotube (MWCNT) as new classes of nanomaterials have
drawn considerable attention for their applications as catalyst supports owing to their unique electrical properties,
high chemical stability and high surface-to-volume ratio.
Moreover, MWCNTs have a variety of electronic properties. They may also exhibit metallic conductivity as one of
the possible electronic structure. MWCNTs have a large
electron-storage capacity (one electron for every 32 carbon atoms) and can promote the electron-transfer reactions at carbon nanotube modified materials. The carbon
yield of the reaction depends on the morphology of the
catalyst support, and by using a suitable catalyst support a
large amount of multi-walled CNT was obtained [13].
In recent years, the electron spin resonance, chromatography, chemiluminescent method and some other technologies have been used in the study on the generation
and identification of ROS [14–16]. Recently, it was reported that the existence of various oxidizing substances
could be detected through the oxidation of some capturing
reagents (for example: 1,5-diphenyl carbazide (DPCI)) and
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subsequent spectrophotometric analysis, namely, Oxidation-Extraction Photometry (OEP) method [17,18].
In this work, the catalytic efficiency of the CoS2CNT/TiO2composite was evaluated by measuring the photo
degradation of methylene blue (MB, C14H14N3NaO3S) and
1,5-diphenyl carbazide (DPCI). The enhancement of photoactivity was attributed the photosensitization of CoS2 and
the enhanced interfacial charge separation between carbon
layers and TiO2 particles.
2 MATERIALS AND METHODS
2.1 Materials

Crystalline MWCNT powder (diameter: 20 nm, length:
5 µm) of 95.9 w t. % purity from Carbon Nano-material
Technology Co. , Ltd., Korea, was used as one of the
carbon nanomaterials. For the oxidization of CNTs, 3Chloroperoxybenzoic acid (MCPBA) was chosen as the
oxidizing agent and was purchased from Acros Organics,
New Jersey, U.S.A. Benzene (99.5%) was used as the organic solvent and was purchased from Samchun Pure
Chemical Co., Ltd., Seoul, Korea. Cobalt chloride (CoCl2)
was purchased from DaeJung Chemicals & Metal Co.,
Ltd., Korea. Anhydrous purified sodium thiosulphate
(Na2S2O 3, 95%) was purchased from Duksan Pharmaceutical Co., Ltd., Korea. Titanium (IV) n-butoxide (TNB,
C16H36O4Ti) as the titanium source for the preparation of
the CdSe-CNT/TiO2 composites was purchased as reagentgrade from Acros Organics (USA).Rhodamine B (Rh. B,
C28H31ClN2O3) was purchased from Samchun Pure Chemical Co., Ltd, (Korea). All chemicals were used without
further purification, and all experiments were carried out
using distilled water.
2.2 Synthesis of CoS2-CNT composite

Oxidate CNTs were discovered in our previous work
[19]. The carbon nanomaterials (54 mg) were added to
CoCl2 and Na2S2O3 mixture solutions. After stirring, the
mixture was added into a 100 ml Teflon-line autoclave and
maintained at 423 K for 12 hr. The solvent was evaporated
and the CoS2-CNT powders were obtained after being dried.
2.3 Synthesis of CoS2-CNT/TiO2 composite

CoS2-Carbon/TiO2 was prepared using pristine concentrations of TNB for the preparation of CoS2-Carbon
composites. 3.4 g CoS2-Carbon powder was ultrasonicated
(750 W, Ultrasonic Ptocessor VCX 750, Korea) for 30 min,
and then mixed with 3ml TNB. The solutions were homogenized under reflux at 343 K for 5h, while being stirred
in a vial. After stirring, the solution transformed to CoS2Carbon/TiO2 gels and heat treated at 673 K to produce the
CoS2-Carbon/TiO2 composites.
2.4 Characterization

XRD (Shimadzu XD-D1, Japan) was used to identify
the crystallinity of the composite with monochromatic

high-intensity Cu Kα radiation (l = 1.5406 Å). SEM
(JSM-5600, JEOL Ltd., Tokyo, Japan) was used to observe the surface state and structure of the prepared
composite. Transmission electron microscopy (TEM, JEOL,
JEM-2010, Japan) was used to determine the state and particle size of the prepared composite. TEM at an acceleration voltage of 200 kV was used to investigate the number and the stacking state of graphene layers on the various samples. TEM specimens were prepared by placing a
few drops of sample solution on a carbon grid. The elemental mapping over the desired region of the prepared
composite was determined by an EDX analyzer attached
to the SEM. UV-vis diffuse reflectance spectra were obtained using an UV-vis spectrophotometer (Neosys-2000,
Scinco Co. Ltd., Seoul, Korea) using BaSO4 as a reference
at room temperature and were converted from reflection to
absorbance spectra by the Kubelka-Munk method.
2.5 Photocatalytic degradation of dyes

Photocatalytic activity was evaluated by dye degradation in aqueous media under visible-light irradiation. For
visible-light irradiation, the reaction beaker was located
axially and held in a visible lamp box (8 W, halogen lamp,
KLD-08L/P/N, Korea). The luminous efficacy of the lamp
was 80 lm/W, and the wavelength was 400 nm–790 nm.
The lamp was located at a distance of 100 mm from the
aqueous solution in a dark box. The initial concentration
of the dyes was set at 1×10-5 mol/L in all experiments.
The amount of photocatalytic composite used was 0.05 g/
(50 ml solution). The reactor was placed for two hours in
the dark box to make the photocatalytic composite particles adsorb as many dye molecules as possible. After the
adsorption phase, the visible-light irradiation was started
to make the degradation reaction proceed. To perform dye
degradation, a glass reactor (diameter=4 cm, height=6 cm)
was used, and the reactor was placed on the magnetic churn
dasher. The suspension was then irradiated with visible light
for a set irradiation time. Visible-light irradiation of the
reactor was performed for 90 min. Samples were withdrawn regularly from the reactor, and dispersed powders
were removed in a centrifuge. The clean transparent solution was analyzed by a UV-vis spectrophotometer (Optizen
POP, Mecasys Co., Ltd., Korea). The dye concentration in
the solution was determined as a function of the irradiation
time.
2.6 Evaluation of reactive oxygen species

Firstly, three 10.00 mL DPCI stock solutions (1.00×
10−2mol/L) were added into three 80 mL volumetric flasks,
respectively. And then 50 mg three different photocatalysts
were added to above DPCI solutions, respectively. All
solutions were diluted to 50 mL with double distilled
water. For all three solutions, the final DPCI concentration and photocatalyst amount were 1.00 × 10−3 mol/L and
1.00g/L, respectively. Among them, the reactors were put
into a visible light apparatus away from light directly.
After 180 min irradiation, from each sample 10.00 mL
solution was taken exactly and extracted with benzene.
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And then, all extracted solutions were diluted to 10.00 mL
with benzene solution and their UV-vis spectra were determined.

Kα peak for O was observed at 0.52 keV [20]. In addition
to the above peaks, S and Co were also found. In Fig. 1,
quantitative microanalyses of C, O, Ti, Co and S, as the
major elements for the composites were performed by EDX.
From the EDX data, the main elements, such as C, O, Ti, Co
and S, were observed. Table 1 lists the results of EDX quantitative microanalysis of the samples. In Fig. 1 (c), the spectra show the presence of C, O and Ti, as major elements,
with Co and S peaks. Some small impurities were observed,
which were considered to have been introduced into the
composites using the fullerene without purification. In
most samples, such as CoS2-CNT and CoS2-CNT, carbon
and titanium were present as the major elements with
small quantities of oxygen in the composite.

3 RESULTS AND DISCUSSION
3.1 Elemental analysis of the preparation

Fig. 1 shows the energy dispersive X-ray spectraof
the surface of the CoS2, CoS2-CNT and CoS2-CNT/TiO2
compounds. The elemental composition of these samples
was analyzed and the characteristic elements were identified using an EDX detection spectrometer. Fig. 1 shows
that strong Kα and Kβ peaks from the Ti element appear
at 4.51 and 4.92 keV, respectively, whereas a moderate

(a)

(b)

(c)
FIGURE 1 - EDX elemental microanalysis for (a) CoS2, (b) CoS2-CNT and (c) CoS2-CNT/TiO2compounds.
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TABLE 1 - EDX elemental microanalysis and BET surface area values of the photocatalysts.
Sample name
CNT
CoS2
CoS2-CNT
CoS2-CNT/TiO2

C (%)
99.8
_
45.10
20.02

O (%)
_
_
11.60
37.32

Co (%)
_
54.71
25.22
10.71

S (%)
_
44.09
17.72
1.32

Ti (%)
_
_
_
30.17

Impurity
1.20
0.36
0.46

BET (m2/g)
211.42
20.95
62.58
49.35

(a)

(b)

(c)
FIGURE 2 - SEM micrographs of samples, CoS2 (a), CoS2-CNT (b) and CoS2-CNT/TiO2 (c).

3.2 Surface characteristics of the samples

Fig. 2 shows the characterization of the micro-surface
structures and morphology of the CoS2, CoS2-CNT/TiO2,

and CoS2-CNT/TiO2 compounds. In Fig. 2 (a) the CoS2
particles are subsphaeroidal particles and have a good
dispersion. Fig. 2 (b) the subsphaeroidal CoS2 particles
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are coated uniformly on the CNT surface. Fig. 2 (c) CNT
and CoS2are uniformly mixing with the TiO2, which leads
to an increase in nanoparticle size. Zhang et al. [20] reported that a good dispersion of small particles could provide
more reactive sites for the reactants than aggregated particles. The aggregation phenomenon becomes increasingly
serious, and the TiO2addition can make the aggregation
worse.
Table 1 lists the BET surface areas of the raw CNT,
CoS2, CoS2-CNT and CoS2-CNT/TiO2photocatalyst. The
BET value decreased from 211.42 m2/g of pure CNT to
49.35m2/g of CoS2-CNT/TiO2. The TiO2 and CoS2 particles were introduced into the pores of CNT, and the value
of CoS2-CNT/TiO2 decreased. The CoS2-CNT sample has
a larger surface area that can affect the adsorption reaction
[21, 22]. Added carbon materials (CNT) can increase the
surface area because these carbon materials have a relatively
larger surface area. The BET value of CoS2 and the CNT
modified CoS2 compounds was 20.95 m2/g and 62.58 m2/g,
respectively. The BET surface area of the CoS2 photocatalyst was increased when the particles are modified by
carbon materials. CoS2-CNT photocatalyst has the largest
BET surface area, this is because CNT has largest pore size
and pore volume. The pore size and pore volume increased
significantly when the particles were modified by carbon
materials because carbon materials particles have a larger
surface area and pores.
Fig. 3 shows TEM images of CoS2-CNT/TiO2 photocatalyst. The representative TEM images in Fig. 3 show
that the prepared powders are uniform with some aggre-

gations between particles. At Fig. 3, the mean diameter of
TiO2 was estimated to be approximately 10 nm and the
diameter of CoS2 was estimated to be 20 nm. Fig. 3 shows
TiO2 and CoS2 particles are coated uniformly on CNT.
From Fig. 3, the image of compounds showed that all particles had agglomerated. This suggests that the presence of
CoS2 and carbon material can efficiently enhance the agglomeration of TiO2 and impede the dispersion of nanoparticles.
Fig. 4 shows XRD patterns of CoS2, CoS2-CNT, and
CoS2-CNT/TiO2 composites. In Fig. 4, A is anatase and
CS is CoS2. The XRD pattern of the CoS2 revealed a
crystalline phase of CoS2. The peaks at 27.85, 32.30,
36.32, 39.83, 46.36 and 54.97	
   º 2θ	
   were assigned to the
(111), (200), (210), (211), (220) and (311) planes of the
crystallize structure of CoS2 [23]. The XRD patterns also
showed a crystalline phase of TiO2, the peaks for CNT
could not be found due to the presence of a small amount
of CNT and the interference of TiO2. The major peaks at
25.3, 37.5, 48.0, 53.8, 54.9, 62.5, 68.7, 70.3 and 75.1 2θ
were assigned to the (101), (004), (200), (105), (211), (204),
(116), (220) and (215) planes of anatase, which indicate that
the prepared TiO2 is anatase [24].
3.3 UV-vis diffuse reflectance spectroscopy

Fig. 5 shows the UV-Vis absorption spectra of the
samples. The inset shows the UV-vis absorption spectrum
for pure TiO2, CoS2, CoS2-CNT, and CoS2-CNT/TiO2
composites showed great absorption in ultraviolet region,
but the absorption edge of TiO2 was approximately 400 nm

FIGURE 3 - TEM images for CoS2-CNT/TiO2photocatalyst.
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FIGURE 4 - XRD patterns of CoS2 (a), CoS2-CNT (b) and CoS2-CNT/TiO2 (c) photocatalyst

FIGURE 5 - UV-vis absorption spectra of photocatalysts.

(Eg= 3.2 eV). In the visible region, the CoS2,CoS2-CNT,
and CoS2-CNT/TiO2 composites showed has good absorption, which means that these composites have great
photocatalytic activity under visible light irradiation. Because CoS2 has a smaller band gap so it can be used to
induce photocatalysis. When CoS2 coupled TiO2, CoS2
acted as a photosensitizer, which could be excited to inject electrons into the conduction band of TiO2. CNT can
enhance the adsorption ability can also absorb light to
create photo-induced electrons. This rather suggests that
the absorption in the visible region is due to the well dispersed CoS2 and CNT nanoparticles and not to any modification of the band gap of the TiO2 [25].
3.4 Photocatalytic activity of samples

Fig. 6 shows the MB degradation using CoS2, CoS2CNT, and CoS2-CNT/TiO2compositesundervisible light
irradiation. The spectra for the MB solution after visible

light irradiation show the relative degradation yields at
different irradiation times. The decrease in dye concentration continued with an oppositely gentle slope, which was
due to visible light irradiation. The concentration of MB
was 2.0 ×10-5 mol/l, the absorbance for MB decreased
with increasing visible light irradiation time. Moreover,
the MB solution increasingly lost its color, and the MB
concentration continued to decrease. Two steps are involved in the photocatalytic decomposition of dyes; the
adsorption of dye molecules and degradation. After adsorption in the dark for 2 hours, the samples reached adsorption-desorption equilibrium. In the adsorptive step,
CoS2, CoS2-CNT, and CoS2-CNT/TiO2 composites showed
different adsorptive effects with CoS2-CNT having the best
adsorptive effect. The adsorptive effect of pure CoS2 was
the lowest. The adsorptive effect of CoS2-CNT/TiO2was
better than that of CoS2 because the added carbon materials can enhance the BET surface area which can increase
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FIGURE 6 - Effect of the photocatalytic degradation of MB for different composite under visible light.
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FIGURE 7 - UV-vis spectra of DPCO extract liquors in the presence of CoS2-CNT/TiO2 composite

FIGURE 8 - Schematic diagram of the separation of photogenerated electrons and holes on the photocatalystsinterface.

the adsorption effect. Because TiO2 and CoS2 particles were
introduced into the pores of CNT, the adsorption effect was
weaker thanCoS2-CNT.CoS2-CNT has the largest BET
surface area, which can enhance the adsorptive effect. A
comparison of the decoloration effect of the catalysts
showed that the degradation effect can be increased by an
increase in the adsorption capacity. Fig. 6 (b) and (c) is the
UV/Vis spectra of the MB concentration against CoS2 (b)
and CoS2-CNT/TiO2 (c) composites as a function of time.
As shown in the UV-vis absorption spectra, the CoS2-

CNT/TiO2 composites showed good adsorption and degradation effects.
Fig. 7 is the UV-vis spectra of DPCO extract liquors
in the presence of CoS2-CNT/TiO2compositeunder visible
light irradiation. 1,5-diphenyl carbazide (DPCI) can be
oxidized by oxidizing substances into 1,5-diphenylcarbazone(DPCO). Under visible light irradiation, theCoS2CNT/TiO2 samples turns into the excited state. That is,
some electrons are transited from valence band (VB) to
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conduction band (CB). Simultaneous, the electron–hole
pairs form on the surface or in the inner of CoS2-CNT/TiO2
samples. The electrons and holes react with the molecular
oxygen (O2) dissolved in aqueous solution and water molecules (H2O) absorbed on the surface of CoS2-CNT/TiO2
particles, respectively, producing the superoxygen radical
anions (•O2−) and hydroxyl radicals (•OH). These •OH can
oxidize 1,5-diphenylcarbazide (DPCI) into 1,5-diphenylcarbazone (DPCO). The DPCO can be extracted by the
solvent of benzene and show an absorbance at 560 nm wavelength. Sequentially, the produce and output of •OH can
be easily, and the photodegradation activity can be easily
detected. In Fig. 7 it can be seen that, under visible light
irradiation, the absorption peaks of DPCO around 560 nm
show an obvious increase compared with the corresponding ones without any irradiation. And that, for different time of samples under visible light irradiation the DPCO
solution exhibits different absorbance.

carbon material enhanced the level of photoabsorption in
the visible range. The photocatalytic activity of the CoS2CNT/TiO2 composite was examined by the degradation of
MB in aqueous solutions under visible light irradiation.
The quantities of generated hydroxyl radicals can be analysis by DPCI degradation. Under visible light irradiation with photocatalyst, the absorption peaks of DPCO
around 560 nm show an obvious increase compared with
the corresponding ones without any irradiation. The CoS2CNT/TiO2 composites showed good adsorption and degradation effects.

In the CoS2-TiO2 system, CoS2 has a relativity smaller
band gap and can be used to induce photocatalysis with
visible light irradiation. We propose that the hydroxyl
radical on the surface of nanoparticleCoS2 is easily transferred onto the surface of TiO2. This means that the organic pollutants, which have already been adsorbed on the
photocatalysts, have a chance to be degraded due to the
appearance of hydroxyl radical, resulting in the enhancement of photodegradation performance of samples [26].
CoS2 act as the energy sensitizer that improves the quantum efficiency and increases charge transfer.
When carbon materials modified CoS2-TiO2 system,
MWCNTs acting as electron sensitizers and donators in
the composite photocatalysts may accept the electron (e )
photo-induced by light irradiation. The electrons in CoS2
may be transferred into the conduction band in the TiO2
particles by MWCNTs. It is considered that photo-induced
charge transfer occurs in the electronic interaction between the carbon layers or walls of the MWCNTs and the
TiO2. The electrons on the surface of MWCNTs migrate
to the surface of the TiO2and thus lead to a higher rate of
reduction in the e /h+ pair recombination and to an increase of the photon efficiency, which reduces the quantum yield of the TiO2 catalyst.These carbon materials also
can enhance the adsorption effect during the discoloration
processes. Fig. 8 shows a schematic diagram of the separation of photogenerated electrons and holes on the CoS2CNT/TiO2interface.
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ORGANIC MATTER CHARACTERIZATION AND
DISTRIBUTION IN THE LAKE SHKODRA/SKADAR AND THE
BUNA/BOJANA RIVER, ALBANIA: A CASE STUDY IN MAY 2009
Marta Plavšić*, Slađana Strmečki, Jelena Dautović, Vjeročka Vojvodić and Božena Ćosović
Ruđer Bošković Institute, Division for Marine and Environmental Research, PO-Box 180, 10002 Zagreb, Croatia

ABSTRACT
The Lake Shkodra - River Buna wetland complex (Albania) is included in Ramsar sites, and is one of the most
important on the Adriatic coast. Dissolved organic carbon
(DOC), particulate organic carbon (POC), surface active
substances (SAS), copper complexing capacity (CuCC),
and polymeric organic material containing nitrogen atoms
(N-POM) were measured in the area. DOC concentrations
were in the range 0.335-4.535 mg C L-1, while POC was
in the range 0.010-4.147 mg C L-1. SAS concentrations
expressed as equiv. of Triton-X-100 were in the range
0.083-0.302 mg L-1 . CuCC values were in the range 110758 nM Cu2+.The measured concentrations were increased
only for certain sites (e.g. lagoon site, B1), where the highest
DOC, POC and SAS values were measured. At these sites,
polymeric organic material (N-POM) was measured. Normalized surfactant activity values (NSA) determined showed
that the organic material present in this aquatic system is
similar in adsorption properties to the model fulvic acid
and protein albumin.

KEYWORDS: Shkodra /Skadar Lake, Buna /Bojana River, organic matter characterization; electroanalytical techniques

transfer [1]. Surfactant activities of different classes of organic matter as representative for organic matter present
in aquatic systems have been determined [2, 3]. Clear evidence of surfactant production by different phytoplankton
species based on laboratory and field experiments is also
available [4, 5]. A combination of general parameters (DOC
and POC) and SAS gives the information about both content as well as the reactivity of organic matter in a particular aquatic system [6, 7].
Metal complexation by inorganic ligands in water
(ocean, estuaries, freshwater) is well studied whereas less
is known about speciation of metal ions in the presence of
organic ligands [8]. With the development of a number of
sensitive and selective metal speciation techniques like
electrochemical techniques,also metal-organic interactions
have been studied [9,10]. Copper is the mostly studied metal
ion [11, 12] as it forms very stable organic complexes and is
an essential metal ion [8, 13]. Its complexation to organic
ligands in all aquatic systems, with the exception of deep
ocean water, is >99% [13]. Catalytic and surface activity of
nitrogen-containing polymeric organic material (N-POM)
could be also analyzed by electrochemical technique of
constant current chronopotentiometric stripping analysis
(CPSA). Recently, CPSA proved to be a suitable method
for determination of low concentrations of N-polymeric
compounds in seawater by measuring “presodium” catalytic peak “H” [14].

The concentrations of the dissolved organic carbon
(DOC) and particulate organic carbon (POC) in natural
waters determine the total concentrations of the aquatic
organic matter. A large part of the aquatic organic matter
exhibits the property of surfactant activity, and is named
surface-active substances (SAS) [1]. SAS accumulate on
different phase boundaries (air/water; water/sediment; water/
living or non-living suspended particles) influencing the
structure and physico-chemical properties of these interfaces and mediating the processes of mass and energy

Our research was performed in May 2009, on the area
of the Shkodra/Skadar Lake and the Buna/Bojana River.
The area of investigation is the wetland area encompassing
«old Drini river»- i.e. the area of former Drini river flow
which due to the several interventions in the area (building
of dams, errosion, and loading of sediments) has partially
changed the flow course. The scope of our research was
to determine the concentration and distribution of organic
matter in the area with the Buna/Bojana River (river with
highest discharge rate in the area) to the southeast Adriatic shelf water. The Adriatic southeast coastal area is an
eutrophic area that is strongly affected by freshwater
inputs from the Buna/Bojana River system [15].

* Corresponding author

Dissolved organic carbon (DOC), particulate organic
carbon (POC), surface active substances (SAS), copper

1. INTRODUCTION
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complexing capacity (CuCC) and polymeric organic material containing nitrogen (N-POM) due to hydrological
situation in late spring were measured. This is the first
research of the freshwater system in this area of Albania
regarding the organic matter characterization and distribution.
2. MATERIALS AND METHODS
2.1. Study area

Albania is rich in water resources including lakes,
rivers, springs, and lagoons, with a high quantity of available water. Albanian rivers are characterized by the total
annual mean flow of 1308 m3 s-1, which corresponds to an
annual water volume of 42.3x109 m3. The rivers are mainly
fed by precipitation (69%) and show a typical Mediterranean regime, with seasonal variation in the flow-rate and high
flow from October to May [16, 17].
During the past decades, mining, enrichment and
metallurgy industries, as well as organic products and
wastes have produced high quantities of solid and liquid
wastes, often dumped on river banks or directly into rivers. Some natural characteristics of Albania like geographical (high slopes), pedological, climatological (high
precipitation amount) as well as some human impacts
(forest mismanagement and gravel mining) have given
rise to high erosion rates, and solid matter (TSS) in all
rivers is because of that a crucial problem.
The investigated area is the most important wetland
system along the Adriatic Sea, and one of the best preserved
in the Mediterranean [18]. Its habitat is distinguished about
the richness of breeding and refuge habitats for flora and
fauna, especially for fishes and waterbirds (after World
Database on Protected Areas; http://sea.unepwcmc.org/
wdpa/index.htm). Along the Albanian coast, there are
extended three wetlands of international importance
(Ramsar convention): Butrinti (13500 ha), Karavasta
Lagoon (20000 ha), and Lake Shkodra with the River Buna
(49562 ha) [19].
The Buna delta has the characteristics of a shovel delta [20], such as the Ebro delta and, in part, the Po delta.
The Po in its lower course transports mostly sand whereas,
during heavy floods, the Buna transports a lot of gravel too.
This type of delta grows by lateral accumulation and the
separation of shallow lagoon lakes and pools. This can be
seen, in particular, in the eastern half of the Bojana-Buna
delta over the last 100 years. The process is related to a
strong coastal influence (dune and lagoon development
stages). Due to the massive reduction of bed load and
suspended load following the construction of the dams in
the upper Drini basin, the delta is today more and more
eroded by the coastal regime. Together with reduced discharges of the rivers and the slight raising of sea level due
to climate change, the erosion phase will be intensified [20].
In Fig. 1, the sampling stations are denoted. One sampling
area includes the Shkodra Lake and the Buna River (B15,

B8, B7, B5), and the other is the area of Drini River (B2,
B3, B4, B14) and the two lagoons (B1, B6).
2.2. Analytical methods
2.2.1. DOC and POC determination

For DOC and POC determination, samples were collected directly from the Niskin samplers in dark 1.3-L
bottles, previously washed with chromic-sulfuric acid and
rinsed with organic free water (Milli Q water) and water
samples. The filtration was performed immediately after
sampling (Whatman GF/F filters, pore size 0.7 µm). Filtered samples for DOC analysis were collected in duplicates
in 22-ml glass vials washed with chromic-sulfuric acid,
rinsed with Milli-Q water and combusted for 4 h at 450
o
C. The samples were preserved with mercury chloride (10
mg/L) and stored at +4 oC in the dark until analysis. After
collection of the DOC subsamples, GF/F filters were rinsed
with a few ml of Milli-Q water to remove salts from the
filter and stored in liquid nitrogen at -80 °C until POC
analysis. The DOC concentrations were analyzed in duplicate using the sensitive high temperature catalytic oxidation (HTCO) method [21]. A Model TOC-VCPH (Shimadzu) with platinum on silica catalyst and nondispersive infrared (NDIR) detector for CO2 measurements was used.
Samples acidified with hydrochloric acid (pH 2) were
purged with organic free air for 10 min prior to analysis to
remove inorganic carbonate fraction. DOC concentrations
were calculated by subtracting the measuring system and
Milli-Q water blanks. Potassium hydrogen phthalate as a
standard was used. The concentration was calculated as
an average of three to five replicates. The average instrument and Milli-Q blank correspond to 0.03 mg/L (n=32),
and the reproducibility was high (1.6 %). POC was analyzed with a solid sample module SSM-5000A associated
with a Shimadzu TOC-VCPH carbon analyzer calibrated
with glucose. After acidification with hydrochloric acid
(2M) to remove inorganic carbonate fraction, the filters
were folded in an alumina ceramic sample boat and dried
at 50 oC for 12 h. The prepared samples were burned in a
flow of oxygen at 900 oC. The CO2 produced was detected by the NDIR detector. POC concentrations were corrected on the basic of blank filter measurements. The
average filter blank including instrument blank corresponded to 0.005 mg/L. The reproducibility obtained for
the glucose standard was high (≤3 %).
2.2.2. Copper complexing capacity (CuCC) measurements

The experiments were performed on an electrochemical system consisting of a 663 VA-Stand (Metrohm, Herisau, Switzerland) connected via an IME663 module to a
computer-controlled µ-Autolab instrument (EcoChemie,
Utrecht, The Netherlands). The working electrode was a
static mercury drop electrode (SMDE, drop surface area
0.52 mm2). The reference electrode was a double-junction
Ag/AgCl (3 M KCl) electrode, and the counter electrode
was a glassy carbon rod. The solutions were stirred during
the deposition step of measurements. Potential of deposition was -0.6 V vs. Ag/AgCl ref. electrode with the depo-
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FIGURE 1 - Map of the Adriatic Sea with inserted area of sampling stations in the Shkodra Lake and the Buna River, Albania. The sampling
stations were: B1, B2, B3, B4, B5, B6, B7, B8, B14 and B15.
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sition time of 60 s. The complexing capacity was determined in non-filtered seawater samples after thawing
deep frozen samples (-20 °C) within one month after
sampling. The reproducibility of the method is ±2X10-9 M
Cu2+ from which the detection limit equal to 6X10-9 M
Cu2+ can be calculated. Determination was performed by
the direct titration method of the sample with increasing
amounts of copper ions, and their electrochemical response
was measured by the method of differential pulse anodic
stripping voltammetry (DPASV) [22, 23]. Total Cu ion
concentrations were determined in UV-irradiated (for 24 h)
and acidified samples. To obtain complexing capacity values
and conditional stability constant, titration data are linearly
transformed assuming 1:1 metal to ligand complexes [24,
25]. The equation used for calculation is: [Cu]/[CuL] =
[Cu]/CuCC + 1/KCuCC, where Cu is the copper ions detected by anodic stripping voltammetry, CuL is the copper
ion bound in a complex with ligand L, CuCC is the total
concentration of binding ligands (i.e. complexing capacity), and K is the apparent stability constant. The plot of
[Cu]/[CuCC] vs. [Cu] yields a straight line with a slope of
1/CuCC and intercept 1/KCuCC.
2.2.3. SAS determination

Surface active substances were analyzed electrochemically by a.c. voltammetry [6] using a Metrohm 797 VA
Computrace instrument. A three-electrode cell system was
used: hanging mercury drop electrode (HMDE), as a working electrode, Ag/AgCl (3 M KCl) as the reference electrode, and platinum electrode as the counter electrode. The
deposition potential of -0.6V vs. Ag/AgCl ref. electrode
and deposition time of 30 s controlled by stirring were
applied. Surfactant activity was expressed in terms of
surfactant equivalents of the non-ionic surface active compound Triton-X-100 (MW=600 mg/L), with detection limit
of 0.01 mg/L and reproducibility of 3%. Surface active
substances were determined in both non-filtered (SAST, total,

TABLE 1 - Salinity, temperature, pH, DOC, POC, SAS
(log Kapp) and N-POM for all stations measured.

The Shkodra Lake,
The Buna River
B15
B8
B7
B5
Old Drini
B14
B4
B3
B2
Lagoons
B1 (Kune-Vain)
B6 (Vilun)
- not measured

diss

i.e. dissolved + particulate) and filtered (SASdiss, dissolved)
samples immediately after sampling. Normalized surfactant activity (NSA) values were calculated by dividing the
concentration of SAS in mg/L equiv. of Triton-X-100
with the DOC in mg C L-1 [6].
2.2.4. N-containing polymeric material (N-POM)

Measurement conditions for electrochemical constant
current potentiometric stripping analysis (CPSA) method
were as follows: accumulation potential E a = -0.6 V and
time of accumulation ta = 60 s, with stirring, constant
reduction current I = -1 µA and maximum time of measurement = 5 s. CPSA measurements were performed on
unfiltered samples, in the presence of oxygen, while instrument and cell were as in CuCC determination. The
results were expressed as the equivalents of the model
polymer substance i.e. protein human serum albumin (HSA,
Sigma, USA, MW = 67 kDa) and/or as equivalents of N
atoms present in HSA taking into account the 15.7 % of N
content in HSA [26] .
CuCC and N-POM were determined at the same time
after thawing the deep-frozen nonfiltered samples. Samples were analyzed within one month after sampling.

3. RESULTS
All the results are summarized in Table 1. The average concentrations determined for all the parameters (DOC,
POC, SASdiss, and CuCC) were lower for the area of Shkodra
Lake and the Buna River (B15, B5, B7, B8), while in the
Drini River area (B2, B3, B4, and B14) and, especially, in
the lagoons (B1, B6), the determined average concentrations
were higher. DOC and POC concentrations were measured
also for the stations B14A and B15A (not denoted in Fig. 1.,
which are situated a few 100 m upstream of stations B14 and

, CuCC, logaritmic value of apparent stability constant for copper complexation

S

T
(0C)

pH

DOC
mgC/L

POC
mgC/L

SAS diss.
equiv.mg/L
T-X-100

CuCC
nM

logKapp

N-POM
equiv µg/L HSA

0
<1
<1
<1

21
16
15

8.02
8.30
7.87
7.32

1.363
0.947
1.031
0.954

0.453
0.134
0.230
0.180

0.139
0.082
0.077
0.051

432
320
302
-

9.2
9.0
9.2
-

0.0
0.0
0.0
0.0

0
<1
21
2

22
23
22

8.78
8.15
8.04
7.69

0.619
1.090
1.446
1.470

0.225
0.274
0.498
0.517

0.127
0.132
0.153

678
758
490
473

8.4
8.2
7.6
8.3

0.0
10.8
31.5
10.5

14
17

25
26

8.71
8.52

4.535
3.119

4.147
0.615

0.172
0.153

446
110

8.0
7.0

17.4
0.0
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FIGURE 3 - Frequency distribution of normalized surfactant activity values for the freshwaters' and Albanian's coastal seawater
samples.
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70
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B15). The measured values were for B14A: DOC was
0.553 mg C/L and POC was 0.161 mg C/L; for B15A:
DOC was 0.335 mg C/L and POC was 0.010mg C/L. These
are very low values characteristic for a pristine systems at
the eastern coast of the middle Adriatic like the karstic
Krka River [27].
Part of the Drini area and lagoons are influenced by
the intrusion of seawater, which could be observed from
the salinity values measured there (Table 1.).
There exists a correlation between different parameters with a statistical significance. DOC is correlated with
POC for stations B1, B2, B3, B4, B6 and B14 with a
correlation coefficient of R2= 0.842. In Table 1, the values
for SAS diss are quoted as there are very small differences in
the SAS concentrations determined in filtered and unfiltered samples. Values for SASdiss were used for calculation
of the normalized surfactant activity (NSA) as presented in
Fig. 2. DOC vs. SASdiss values are presented together with
the straight lines which represent the relationship for SAS
and DOC for selected model substances: (1) nonionic
surfactant Triton-X-100; (2) polysaccharide Dextran-T500; (3) protein-albumine; (4) fulvic acid, and (5) microbial polysaccharide xanthan. It can be observed that most
of the results for the samples are close to the lines for
albumine/fulvic acid and xanthan, which is to be expected
for the unpolluted natural waters [28]. In Fig. 3, the frequency distribution of NSA for Albanian coastal seawater
samples (data are from [29]) and Albanian freshwater samples (the Buna/Bojana river and Shkodra/Skadar lake this paper) are presented. It can be observed that Albanian
freshwaters have the NSA frequency distribution in a higher-value range which indicates that the materials determined there have a more hydrophopbic character than the
samples from the Albanian coastal sea (measured at the
same time as the freshwater samples in May 2009), which
showed higher frequency distribution for lower NSA values, pointing to the more hydrophylic material in Albanian
coastal sea, probably of autochtonous origin.

DOC, mg C / L
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FIGURE 4 - A) N-POM concentrations for all the stations for filtered and unfiltered samples; B) DOC concentrations measured on
the sampling stations B1-B15.
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FIGURE 2 - SAS vs. DOC concentrations (○ for B15, B8, B7, B5; □
for B2, B3, B4; and ∆ for B1, B6,). Lines correspond to different
model substances; no. 1: nonionic surfactant Triton-X-100; no 2:
model polysaccharide Dextran-T-500; no. 3: model fulvic acid, no. 4:
protein-albumin; no. 5: microbial polysaccharide xanthan.

In the area of the Drini River and the lagoons (at B1,
B2, B3, B4 and at B6, where the concentration was at the
limit of detection), the polymeric organic material containing nitrogen atoms (N-POM) has been measured [26,
29], while in the area of Shkodra lake and the Buna River
(stations B5, B7, B8 and B15), such organic material was
not detected (Fig. 4A). N-POM has been measured in nonfiltered and filtered samples (Fig. 4A). Practically, at all
stations concentrations of N-POM did not differ sigifi-
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cantly between filtered and nonfiltered samples (Fig. 4A).
In Fig. 4B, the DOC concentrations for the stations are
presented.
Usually, higher DOC concentrations measured mean
that also higher N-POM concentrations [26, 29] were
measured as well. In Albanian samples, this was not the
case, meaning that their N-POM was not the main component in organic matter with high DOC concentrations.
Complexing capacity values were in the range 110758 nM, which is higher than for the karstic Krka River
[30], but comparable to the results obtained for the Kotor
Bay, the area strongly influenced by freshwater imput [31].
Concentrations of copper ions were significantly correlated
with DOC for the Shkodra Lake and the Buna River (R2=
0.9168) which means that the loading of metal ions to the
water is connected with the concentration of organic matter
in the system. The concentrations of copper ions in the area
were in the range 2-9 nM, with the only exception at station
B1 (lagoon Kune) where it was 13 nM. At B1 station, for
all the parameters, the highest concentrations were measured.
4. DISCUSSION
DOC, POC, CuCC and SAS concentrations in the
samples were not high, especially regarding DOC and POC
concentrations for the area of Shkodra Lake and the Buna
River. The Buna River in the southeastern area of Adriatic
and the Po River in the northwestern Adriatic area account
for more than one third of the freshwater entering the
coastal area in their respective area [15]. The median
DOC concentration in the Po River in the period 19952007 was 2.24 mg C/L [32], and in the Buna River, a
maximum of 1.36 mg C/L (and three other DOC concentrations were even lower, app. 1 mg C/L ) was measured
which means that the Po River is contributing more to the
overal DOC budget in the Adriatic Sea than the Buna
River. Also the type of organic material was different in the
Albanian coastal seawater samples than in the fresh water
samples visible from the NSA frequency distribution (Fig.
3). Nevertheless, the measurable influence of the Albanian rivers was observed in Albanian coastal waters from
the inverse dependence of the DOC concentrations and
salinity data [29]. Also, in the sampling station which was
the closest to the Albanian shore, a very high concentrations of silicate was measured (up to 380 µg/L; [29]). The
results for NSA, for the freshwater samples, point to the
type of organic matter which regarding its adsorption properties resembled those of model fulvic acid and/or model
for proteinaceous organic matter like albumine, which gave
the same line for NSA [27]. NSA for B1 and B6 samples,
which are lagoon samples, are closer to the line for microbial
polysaccharide xanthan, which means that such a type of
material could be present, indicating biological activities
and the influence of the seawater intrusion there. In the
coastal sea, the lower values for NSA were detected also

corresponding to the low NSA values for model polysaccharide xanthan.
CuCC values were similar to the ones determined in
the closed Kotor Bay [31], while log K values were all
quite high (9.0-9.2) especially in the Shkodra Lake and in
the Buna River samples, which could point to the ligands
with high affinity for binding copper ions [8].
Statistically significant correlations between DOC and
POC denote that transformation reactions between DOC
and POC are prominent in the area. It was revealed that
floodplain interactions increase DOC concentrations, alter
dissolved organic matter compositions, and reduce nitrogen
loading [33]. Polymeric organic material (N-POM) is mainly
in colloidal phase which passes through the pores of 0.7-µm
GF/F filters used for filtration. This was observed through
almost the same concentration of N-POM measured in
filtered and unfiltered samples. The presence of the organic
matter which could complex copper ions is of great significance as it is known that the most toxic form of metal ions
is that of free metal ions, while complexed metal ions are
usually not bioavailable [12]. Recently, the metal ions in
the sediments of the area have been measured [34], and
they did not show increased values (except for Ni) and
could be classified as background or unpolluted. The other
rivers in Albania like Mati, Ishmi, Shkumbini and Sumani
have been investigated to a higher extent [16, 17]. The concentration of copper ions in water samples in the abovementioned rivers were determined to be much higher,
between 43 nM and 153 nM. Nutrient concentrations in
these Albanian rivers were determined to be: for N-NO3,
the range was 0.51-1.44 mg/L; for N-NO2, it was 13.6278.5 µg/L; for N-NH4, it was 0.24-6.64 mg/L; and for PPO4, it was 5-417 µg/L. These values for nutrients are
comparable to other river systems in Europe. In the
Shkodra Lake, on the sampling stations in the Montenegrian part of the lake, mean total phosphorus (TP) concentrations of surface samples ranged from 4 to 54 µg/L.
Mean total nitrogen concentrations ranged from 0.15 to
1.28 mg/L [35]. Chlorophyll a concentrations ranged from
0.12 to 39.78 µg/L with a yearly average of 5.9 µg/L [35].
According to Vollenweider and Kerekes [36], this average
chlorophyll a value classify the Shkodra Lake as being
mesotrophic [35]. Later on, the Shkodra Lake was classified to be eutrophic due to the new measurements of chlorophyll a concentrations and due to the presence of phytoplankton communities which become dominant in the
lake on the sampling sites in Montenegro [37]. Regarding
the trophy valences of the bioindicator species of diatoms
in the Lake Shkodra, measured at sampling points on the
Albanian site of the lake, the highest number of diatoms
belong to oligo-mesotrophic and tolerant groups, which
shows a good situation of the lake for sustaining life [38].
One parameter, total suspended solids (TSS) measured
in Albanian rivers, is very high (38-108.9 mg/L). This is
enormously above the concentrations recommended by
European Water Framework Directive (WFD) [39] of
25 mg/L. Only 4% of all river water samples in Albania had
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TSS levels below 25 mg/L [16, 17]. This is because of very
high errosion rates for the rocks in the area, being mainly
composed of silica material [20]. That is the reason while
very high concentrations of silicate (up to 380 µg/L) in the
seawater close to the Buna River estuary were determined
[29]. For the investigated area of the Skhodra Lake, the
Buna river and the old Drini area, there are no published
data for the measured parameters related to organic carbon
content and distribution.
5. CONCLUSIONS
It is important to preserve the sensitive watershed area
which will help to prevent damage to biodiversity and
humans, and help to retain the original beauty of the landscape. The Albanian territory is important for the water
supply on the Eastern Adriatic coast. Sustainable watershed management in the area would guarantee the fulfillment of related tasks on a regional and international level.
Further measurements there would be of importance as in
comparison to other rivers in Albania (e.g. Ishmi, Fani,
Tirana, Lana, Semani, Shkumbini), the area of Shkodra
Lake and the Buna River as well as that of Drini River
showed relatively low level of human impact. Although,
the wastes from mining and metallurgy were dumped in
the area, the concentrations of copper ions in the water
were generally low. The organic matter (DOC, POC, SAS,
CuCC, N-POM)measured there did not show high concentrations.The transformation of the organic matter was
measured through the correlation between DOC and POC,
and the presence of the N-POM on wetland and lagoon
area. Elevated DOC and POC concentrations were measured in the area of lagoons (station B1) which, in the case
of metal ions dumped in the area, could have a beneficial role, being able to bind metal ions in a form of
organic complexes which are less toxic to biota. These
studies could serve as a platformn to raise the awareness
regarding the importance of monitoring and preserving
such environmentally important sites.
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ABSTRACT

tice before the landfill treatment of municipal solid waste
incinerator (MSWI) fly ash [7].

The objective of this study is to investigate the mechanisms of solidification/stabilization on municipal solid waste
incinerator (MSWI) fly ash using cement. The process was
conducted on samples prepared from MSWI fly ash, cement and water (water/solid weight ratio = 0.31), among
which cement replaced the MSWI fly ash at the ratio of
20% by dry weight. Then, the specimen was subject to
Toxicity Characteristic Leaching Procedure and X-ray
diffraction. It was shown that the solidified MSWI fly ash
can meet the landfill standard imposed by US EPA after
7 days of curing, and the main hydration products were CS-H phases and ettringite, which have a positive effect on
heavy metals retention. Finally, the possible solidification/
stabilization mechanisms of Pb and Cr were confirmed by
sequential chemical extraction and continuous acid extraction.

Traditional S/S processes involve the addition of cement into the MSWI fly ash to effectively fix the metals [8].
Numerous studies have been devoted to the SS of MSWI fly
ash by cement. However, the SS mechanism, especially the
heavy metals retention process, is not clearly verified.
This study aims on the immobilization mechanisms
of Cr and Pb in cement solidified municipal solid waste
incineration fly ash. All specimens were tested for their
toxicity characteristic leaching procedure and hydration
products (X-ray diffraction). And the sequential chemical
extraction and continuous acid extraction showed the possible S/S mechanisms of Pb and Cr.
2 MATERIALS AND METHODS
2.1 Materials

KEYWORDS: Municipal solid waste incinerator fly ash; cement;
solidification/stabilization; Cr; Pb

1 INTRODUCTION
With the rapid development of municipal construction,
a significant amount of municipal solid waste (MSW) has
been generated. Incineration is an efficient approach that
has been widely used for municipal solid waste treatment
due to its advantages of volume-reduction, weight-reduction
and energy-recovery [1]. However, the fly ash produced in
the incineration process contains various hazardous materials, such as significant levels of metals, soluble salts
(particularly leachable chlorides), and persistent organic
pollutants including dioxins and furans [2-4]. It is classified as a hazardous material in many countries and, therefore, needs to be treated before landfilling disposal [5, 6].
The stabilization/solidification (S/S) technology, which is
comparatively cheap and easy to apply, is a common prac* Corresponding author

The MSWI fly ash used in this study was collected
from the bag-filter of LiKeng Refuse Incineration Plant in
Guangzhou, China. The incinerator is capable of processing 1050 tons of local municipal solid wastes per day.
The content of its metals was digested with concentrated
hydrochloric, nitric and hydrofluoric acid according to
ASTM D6357-00a, and the leaching components of the
MSWI fly ash were analyzed following the toxicity characteristic leaching procedure (TCLP) method recommended by
the US EPA [9,10]. The results are presented in Table 1. The
TCLP data indicate that the leaching concentrations of Pb
and Cr exceeded the corresponding regulatory values.
Meanwhile, Pb and Cr were selected as targets to assess
the stabilization process.
The Ordinary Portland Cement (32.5) used in this study
was obtained from Huaxin Cement Corporation, China. The
main oxides of it were analyzed by X-ray fluorescence
(XRF) and listed in Table 2.
2.2 Methods

The sample was prepared with MSWI fly ash, cement
and distilled water, among which the cement replaced the
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TABLE 1 - Trace metal contents and TCLP results of MSWI fly ash.
Trace metal content in
MSWI fly ash (mg·kg-1)
8978
2330
744
190
4570
1631
2100

Heavy metal
Zn
Pb
Cu
Cd
Cr
As
Ba

TCLP concentration of
MSWI fly ash (mg·L–1)
84.4
37.45
0.46
0.62
30.43
0.21
1.146

TCLP regulatory limits
(mg·L–1)
100
5
100
1
5
5
100

TABLE 2 - Chemical compositions of MSWI fly ash (weight percentage).
Sample

CaO

SiO2

Al2O3

MgO

SO3

Fe2O3

TiO2

MnO

CO2

OPC

64.7

22.10

5.21

3.0

1.5

2.0

0.53

0.22

0.52

MSWI fly ash at the ratio of 20% in dry weight, and the
water/solid weight ratio was 0.31. Sample mixtures were
first homogenized by a cement paste mixer, and then poured
into metallic mould (70.7 × 70.7 × 70.7 mm).
After 24-h storage under ambient conditions, the hardened pastes were demoulded and stored in a curing room
(25 °C, 95% relative humidity) for 7 days. The sample was
denoted as H1 and the hydration of cement with no MSWI
fly ash (denoted as H10) has been produced using the same
method to compare with the solidified sample.
Afterwards, the sample was crushed and meshed
(9.5 mm) before submitted to the toxicity characteristic
leaching procedure (TCLP). For TCLP, due to the high
alkalinity of the sample, an acetic solution of pH 2.88
was used. The extraction vessels were rotated in an endover-end manner at 30 rpm for 18 h at 23 °C. The concentrations of Pb and Cr in leachate were measured by inductively coupled plasma-atomic emission spectrometry
(Perkin Elmer Optima 4300 DV; USA).
The other crushed debris were immersed in absolute
alcohol to stop the hydration reaction. After 24 h, the debris
were filtered to remove the absolute alcohol and dried
at 40 °C for 3 days. The chemical components of them

were analyzed by an X-ray diffractometer (XRD) (Rigaku,
D/Max-RB) and the possible SS mechanisms of Pb and Cr
were confirmed by sequential chemical extraction (SCE)
and continuous acid extraction (CAE). All the dried samples for XRD, SCE and CAE were ground and sieved
(45 µm mesh size) before use.
2.3 Sequential Chemical Extraction

A five-step sequential extraction method proposed by
Tessier [11] was adopted, however, the residual fraction
was determined by subtracting the sum of the previous
four steps from the total metal contents. The detailed information of each step were listed in Table 3. All samples
were analyzed in duplicate, and the results were determined
as the average of two measurements. The extractions were
sequentially performed in 50-ml polyethylene tubes using
mechanical shaking. After each extraction, the suspension
was centrifuged at 7000 rpm for 5 min. The residual was
then rinsed with 10 ml of bi-distilled water, followed by
another centrifugation for 5 min. The concentration of the
chosen heavy metals Pb and Cr in the supernatant was analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES).

TABLE 3 - Detailed information of the extraction fractionation.
Steps
I

Speciation
Water-soluble and Exchangeable
ion state

II

Carbonate

III

Fe/Mn oxides (Reducible phase)

IV

Organic Sulfided

VI

Residue

Sequential extraction conditions
10 ml CaCl2 (1 mol/L, pH=7.0) solution was added to 1 g of pulverized fly ash and extracted by
shaking for 1 h at ambient temperature;
10 ml NaOAc (1 mol/L, pH=5.0, adjusted with HOAc) solution was added to the residue of step I
and extracted by shaking for 3 h at ambient temperature;
20 ml NH2OH·HCl (0.04 mol/L , pH=2.0, adjusted with HOAc) solution was added to the residue
of step2 and extracted by shaking for 3 h at 70 °C;
3 ml 0.02 mol/L HNO3 and 5 ml 8.8 mol/L H2O2 (pH=2, adjusted with HNO3 solution) were
added to the residue of step3 and extracted by shaking for 1h at ambient temperature, and then for
1 h at 85 °C); 5 ml 8.8 mol/L H2O2 (pH=2, adjusted with HNO3 solution) was added into the
cooled down solution and it was heated at 85 °C for another 1 h until the volume was reduced to
few ml; 5 ml NH4OAC-HNO3 solution (C(NH4OAc)=3.2 mol/L, C(HNO3)=20%(v/v)) was added
to the cooled down solution and diluted to 20 ml by deionized water and extracted by shaking for
30 min;
the total metal content subtracted by the sum of the previous four steps
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2.4 Continuous Acid Extraction

The continuous acid extraction test of the solidified/
stabilized sample H1 was investigated using a single-batch
extraction. The sample which was ground in an agate mortar until it passed through the 45-µm sieve was divided
into 11 parts, each of which weighted 1 gram. Then, they
were extracted for 48 h by using 50 ml HNO3 solutions of
concentrations of 0, 1.5, 3, 4.5, 6, 7.5, 9, 10.5, 12, 13.5,
and 15 mmol/g, respectively. After each extraction, the
suspension was centrifuged at 7000 rpm for 5 min. The
final pH of leachate was measured, and the metal concentrations in the filtrate were analyzed by ICP-AES.
3 RESULTS AND DISCUSSION
3.1 Metal leachability

The results of TCLP test are shown in Table 4. The
leaching concentrations of the blank sample without any
MSWI fly ash are not shown in the table because they
were all below the detection limit of the ICP-AES. It can
be seen that the concentrations of Pb2+ and Cr6+ in the
leachate of the matrix were low enough to meet the TCLP
regular limits after 7 days.
TABLE 4 - TCLP results of Pb2+ and Cr6+ from solidified sample
(mg·L-1).
Sample
H1

Pb

Cr

0.913

3.828

It is very well-known from the specialized literature
that the mobility of a generic element is mainly dictated
by the pH of the system [12]. The addition of a stabilizing
agent (which is alkaline in nature) might modify the pH
and the buffering capacity of the system (binder+ residue),
potentially producing a mobilization/immobilization of each
element. Consequently, a number of elements could be

1

6
9
1

9

8

2 6

1

mobilized after S/S application. In this research, we have
also tested other metals, such as Cr, Cd, As, Cu, Zn and Ba
of the leachates, and results showed that none of these
metal concentrations exceeded the corresponding regulatory values. It is because, in our research, there is a large
amount of calcium hydroxide in MSWI fly ash, whose
TCLP leachate is strongly alkaline which has the same pH
values as that of the system after S/S application.
3.2 X-ray diffraction analysis

The XRD patterns of H10 and H1 hydrated for 7 days
are shown in Fig 1. The C–S–H phase (CaO-SiO2-H2O) and
ettringite phase (3 CaO·Al2O3·3 CaSO4·32 H2O) are new
reaction products in the solidified samples in addition to
the original crystalline phases from raw MSWI fly ash
and binder. The C-S-H phase which has a very high specific surface and numerous micropores can attract metals
on the surface of it. The ettringite phase has a needle-like
structure and the octahedral [Al(OH)6]3- linked with Ca2+
made up columns running parallel to the needle axis. The
Ca2+ in it can be replaced by divalent cations in the crystal
lattice [13].
When comparing H10 with H1, the peaks for anhydrite and ettringite appeared to became stronger, and the
peak of portlandite disappeared as the MSWI fly ash was
added which demonstrated that there are some relevant
interactions taking place between binder and MSWI fly ash.
The anhydrite was the original phase from raw MSWI fly
ash and binder, the ettringite was due to the reaction (1) or
(2). The portlandite was attributed to the hydration of lime
in MSWI fly ash and C3S or C2S in clinkers. The disappearance of portlandite in H1 was ascribed to a lower content of the clinkers. The poor friedel’s salt was not confirmed in our studies indicating that when there is sufficient gypsum present, the friedel’s salt will convert into
stable ettringite.
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FIGURE 1 - X-ray diffraction patterns of H10 and H1 (1= ettringite, 2= C-S-H, 3=Ca(OH)2, 4=C2S, 5=C3S, 6=CaSO4, 7=NaCl, 8=KCl,
9=SiO2).

C3A + 3CaSO4·2H2O + 26H2O → C3A·3CaSO4·32H2O

(1)

3Ca(OH)2 + 3CaSO4·2H2O + Al2O3 + 23H2O →C3A·3CaSO4·32H2O

(2)
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and Cr

6+

in solidified samples

The speciation of metals in samples can be introduced
by sequential chemical extraction. As shown in Table 5,
the largest contingent of Pb2+ in MSWI fly ash was found
in the carbonate fraction, which indicated that it is relatively difficult for Pb2+ to be leached out in the environment without the existence of acid. Nevertheless, in natural environment where acid rain always exists, the fraction tends to be leached out. The aim of the stabilization/
solidification of MSWI fly ash is to minimize the leaching
toxicity of metals by changing their speciation. The solidified samples in the study demonstrated that the most
dominant fraction of Pb2+ has been translated from carbonates into reducible phases and sulfides. The metal Cr6+
appeared significantly in fractions II and III, which indicated that the Cr6+ is existing mostly in the carbonates and
reducible phases in MSWI fly ash. In solidified samples,
the proportions of exchangeable cations, carbonates, Fe/Mn
oxides and sulfides were all reduced more or less.
TABLE 5 - Specification composition of Pb2+ and Cr6+ in sample and
MSWI fly ash (mg/kg).
Sample
MSWI fly ash (Pb2+)
H1 (Pb2+)
MSWI fly ash (Cr6+)
H1 (Cr6+)

Step I
0
0
18.0
10.4

Step II
199.8
0
116.3
36.8

Step III
4.2
131.5
409.0
406.2

Step IV
1.8
48.1
60.4
35.7

3.4 The pH correlation-leaching characteristics of the solidified/stabilized sample

It is known that a hydration product can only exist in
a certain pH condition. In this study, continuous acid extraction test was employed to separate the hydration products in H1, so as to obtain the detailed decomposition pH
data of each hydration product. The dissolution conditions
of metals in this process were also taken into account to
analyze and discuss the distribution of metals in solidified
sample.
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FIGURE 2 - pH curves of leachate in ANC test.

As shown in Fig. 2, the pH value of leachate was
11.71 when there was no acid added (H+=0 mmol/g, i.e.
extracting agent was distilled water), which demonstrated

that the solidified sample H1 was a high alkaline material.
The pH value of leachates decreased continuously with
the increase of acid content. According to the variation of
the slope in the pH curve, the leaching process of H1 could
be divided into four phases: Phase I: the slope was somewhat steep when the acid content of leachate was between
0 and 3 mmol/g; Phase II: the slope became steeper and
the pH value decreased dramatically, when acid content
was between 3 and 6 mmol/g; Phase III: the pH value almost stayed the same when acid content was between 6 and
10.5 mmol/g; Phase IV: the pH value decreased fast again
when acid content was between 10.5 and 15 mmol/g.
The XRD patterns of residues at the termination of
each phase are shown in Fig. 3. Comparing with the original solidified sample H1, it could be seen that the peaks for
some minerals, such as KCl, NaCl and Ca(OH)2, vanished
after the Phase I. At the end of Phase II, the peaks for
ettringite and C-S-H vanished, the peaks for CaSO4 and
SiO2 were enhanced, and new peaks for CaSO4·2H2O and
CaPO 3(OH)2·2H 2O appeared. After the Phase III, peaks for
CaSO4·2H2O and CaPO3(OH)2·2H2O were enhanced,
while that for CaSO 4 vanished. In Phase IV, the peaks
for CaSO 4·2H 2O and CaPO 3(OH)2·2H 2O decreased up
to disappearance, with SiO2 as the only mineral left.
In summary, components in solidified sample dissolved
and varied with the acid addition and the pH reduction.
Due to the complicated composition of solidified sample,
some hydration products were not found in XRD peaks
perhaps because their concentrations were below the XRD
detection limit, or they were presented as amorphous phases
and complex crystalline phases. As a result, the reactions of
the solidified sample during the continuous acid extraction test were analyzed in a comprehensive way. They
were conducted according to the mineral compositions of
binder and MSWI fly ash, XRD chart at the end of each
phase of continuous acid extraction test, and the pH range
in which hydration products exist, became stable. The following reactions were concluded: In Phase I (pH= 11.7110.27), alkaline materials as Ca(OH)2 reacted with acid.
With the increase of acid content, OH- was produced
and pH value was less affected by the increase of H+. In
Phase II (pH=10.27-3.94), AFt and C-S-H began to dissolve. Since it was a reaction in which strong acids replaced weak acids, the consumption of H+ was low. Besides, some insoluble oxides such as MgO and CaO, and
amphoteric oxides such as Al2O3, and SiO2 from the decompositions of hydrated calcium silicate began to react in
Phase II, due to the pH value below 7 in the middle of this
phase. In phase III (pH=3.94-3.83), these materials (MgO,
CaO, Al2O3, and SiO2) began to react with H+, consuming
some H+ and pulling down the pH value slowly. C-S-H
phases, which stand for a series of solid solution with
different silicon to calcium ratios, decomposed mainly at
the phase of pH= 10.27-3.83. In Phase IV (pH<3.83), A12O3
and Fe2O3 dissolved completely, and no substance was left to
cost H+, so the pH value of solution decreased further with
the increase of acid content.
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FIGURE 3 - XRD graphs of H2 and residues in ANC test (1= Ettringite, 2= C-S-H, 3=Ca(OH)2, 4=CaSO4, 5=NaCl, 6=KCl, 7=SiO2,
8=CaSO4·2H2O, 9=CaPO3(OH)2·2H2O).

TABLE 6 - Fraction of metals dissolution in each stage (%).
pH

11.71

10.94

10.27

6.24

3.94

3.87

3.83

3.12

1.1

Cr6+
Pb2+

0.21
0

0.17
0

0.59
0

1.76
0.78

3.82
0.91

3.91
1.31

3.87
1.49

5.2
2.87

7.3
3.51

The concentrations of Cr6+ and Pb2+ in leachates were
analyzed by ICP-AES, and results are shown in Table 6. It
can be seen that their leachabilities were increased with the
decrease of pH and decomposition of hydration products.
At pH 11.71, 0.21% of Cr6+ leached out, which mainly
occurred at the very beginning of the extraction test. The
amount of the leached Cr6+ did not increase continuously
with the decomposition of Ca(OH)2, and, therefore, this
part of Cr6+ should come from the original MSWI fly ash.
When pH=10.27-3.94, the percentage of Cr6+ that leached
out reached 3.82%, and it was released gradually with the
decrease of pH. It could be concluded that this part of Cr6+
was mainly solidified in hydration products and entered
crystal lattice through ion replacement [14].
When pH=6.24-3.12, 2.87% of Pb2+ leached out, and
most of it happened at the phase of pH=3.83-3.12. Therefore, it could be concluded that Pb2+ was mainly solidified
to C-S-H, absorbed in the Si-O structure, and could be
released fast with the dissolving of SiO2.

4 CONCLUSIONS
Within the range of the present experiment, the solidified product has a strong fixing capacity for the heavy
metals Pb2+ and Cr6+, and can meet the landfill standard
imposed by US EPA.
The main hydration products in the process were C–
S–H phase and ettringite phase which solidified/stabilized
metals through physical encapsulation, precipitation, adsorption, or substitution mechanisms.
The separation of hydration products and the dissolution conditions of metal ions in the process of the continuous acid extraction test showed that Cr6+ was mainly
solidified in the hydration products of C–S–H phase and
ettringite phase, and entered crystal lattice by replacing
other ions, and Pb2+ was mainly solidified into C-S-H and
absorbed in the Si-O structure.
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ABSTRACT

2 MATERIALS AND METHODS

A new type of magnesite mineralization in Eskisehir –
Erenköy in northwestern Turkey is reported. The mineralization is located in the Izmir – Ankara suture zone,
associated with ultramafic rocks which lie on top of
metamorphites. The deposits are heavily deformed due
to tectonic effects. Magnesites have been analyzed for their
δ13C and δ18O stable isotope contents in order to determine
the origin of mineralizing fluids. Results show mean values
of -8.4 for δ13C and 31.9 for δ18O. The CO2 responsible for
the mineralization is postulated to be a mix of atmospheric
origin and decarboxylation of organic sediments.

KEYWORDS: Magnesite,
try, ophiolites.

13

C and

18

O, stable isotope geochemis-

Samples of magnesite and other associated minerals
and rocks that were collected during field studies were
dried, crushed and ground with a tungsten carbide grinder.
For petrographical determinations, thin sections were made
and analyzed with a polarized microscope at ITU Geological Engineering Department. Powdered samples were analyzed at the University of Cincinnati, Department of Geology, X-Ray Laboratory with a Siemens D-500 XRD system. Analyses of stable isotopes, δ13C and δ18O, for magnesite and dolomite samples were done at Geochron Labs.
USA. The standards are PDB and SMOW, respectively.
The samples were treated under vacuum with 100% phosphoric acid, which releases CO2 from the carbonate. The
CO2 is recovered and the isotope ratio is measured using a
dual inlet, triple collector isotope ratio mass spectrometer.
The oxygen isotope ratio is then corrected for fractionation during acid decomposition using standard fractionation factors (CO2/magnesite = 1.0047).
2.1 GEOLOGY

1 INTRODUCTION
Magnesite (MgCO3) is an important industrial raw
material of Turkey, and is spatially located in 3 different
areas of Anatolia which are Eskisehir – Kutahya region,
Konya region, and Erzincan region. The area study, which
resides between districts of Eskisehir and Bilecik, hosts
4 closely located cryptocrystalline magnesite mineralizations which are associated with ultramafic rocks, and follows the discontinuities that have been formed in these
rocks. The main focus of this study is on the 2 depositions
that lie east and northeast of the Erenköy village. Several
other formations of minerals like dolomite, quartz and
silica accompany the magnesites. The type of mineralization according to geological properties can be designated as
“Kraubath type” [1].

The studied area is located in the north of the Tavşanlı
Zone of the Tauride-Anatolide tectonic unit [2]. Local geology consists of İnönü unit metamorphosed in blueschist
facies form, and is mainly composed of marbles in the base
as well as metabasites, metapellites on top of it. Ophiolitic
Mélanges that consist of radiolaritic chert, pelagic limestone, serpentinites and basalts overlie the metamorphites
and ultramafic rocks that mainly occur as serpentinized
peridotites overlying the mélanges. A sedimentary sequence
of repeating marl, mudstone and sandstone (Ilıca formation) and small patches of alluvium are located on top
of these units (Fig. 1). Due to intense tectonic activity, the
region is covered with faults and other discontinuities.
Magnesite formations primarily have formed usually
as veins, veinlettes, lenses and stockworks; however, due
to extensive structural deformation, many of these formations have lost their primary shape into irregular masses and blocks. Magnesite minerals usually have either
cauliflower or massive habitus that show distinct con-

* Corresponding author
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yses

Erenköy	
  

choidal fracturing. Polarized microscope and XRD anal-

show

FIGURE 1 - Location and geological map of the area. Stratigraphical units are (from bottom to top): 1) İnönü Marbles; 2) İnönü Metamorphites; 3)
Ophiolitic Mélange; 4) Serpentinized Peridotites; 5) Ilıca Formation; 6) Alluvium; M) Magnesite zones.

a varied range of paragenesis for magnesite mineralizations,
which include minerals like magnesite, dolomite, chrysotile, lizardite, quartz, chalcedony, and opal-CT. Talc,
calcite and clay minerals like palygorskite are seen rarer
as they have been encountered in only a few samples.
Magnesite minerals are cryptocrystalline-sized and
usually exhibit pinolite textures. They form thin alternating bands with serpentine minerals in cracks. Quartz and
amorphous silica minerals like chalcedony and opal-CT
also have been formed in such cracks, and are found with
magnesite and serpentine. Quartz and other silica minerals
are found to be encircling the magnesites in some samples. However, just the opposite, there are also occasions
where it is found to be encircled by magnesites. Dolomites associating the magnesites are very abundant.

3 RESULTS AND DISCUSSION
The results of δ13C and δ18O of magnesite mineralizations in Erenköy are generally found to be concentrated as
tabulated in Table 1. The values of δ13C are -9.1 to -7.7,
while δ18O values are 31.1 to 32.7. Mean values of Erenkoy magnesites are -8.4 for δ13C and 31.9 for δ18O.
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TABLE 1 - δ13C and δ18O contents of magnesites.
ME1
ME2
ME3
ME4
ME5
ME6
ME7
Mean

δ13C PDB (‰)
-7.7
-9.1
-7.7
-8.8
-8.2
-8.0
-9.1
-8.4

δ18O SMOW (‰)
32.7
32.1
32.0
31.1
31.9
31.8
31.9
31.9
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Magnesite usually crystallizes with the alteration of
serpentines by CO2-bearing fluids. The source of Mg+2 is
the ultramafites. Previous studies on magnesites in Turkey
emphasize on 3 distinct sources for CO2 according to
isotopic signatures; these are a) atmospheric CO2, which is
characterized by ~ +4 ‰ δ13C and ~ +35 ‰ δ18O contents
as seen in Salda Lake hydromagnesites [3]; b) decarboxylation of organic rich sediments which is centered around
-20 δ13C and +22 δ18O, and c) dissolution of carbonated
rocks which is characterized by +3 δ13C and +25 δ18O [3].
Generally, most of the vein and stockwork type depositions are located in a line between a and b (Fig. 2) [3, 4].
Stable isotope values of Erenköy magnesite formations also show a trend that is similar to the line of
mixing of sources a and b. However, δ18O is higher. Usually, the δ18O fractionation between minerals and fluids
depends on the original value of the source fluids and the
temperature of formation. The change in δ18O may also
mean the shifting of seasons or periods of relatively hotter
or colder climates [5]. The higher values of δ18O compared to other stockwork and vein deposits indicate lower
temperatures and near-surface depths of formation [6].
Most of the magnesite depositions that are associated
with ultramafics have δ13C values between -8 to -20 ‰.
Heavier δ13C values (-7 to -9 ‰) indicate an influence of
atmospheric CO2 [7]. As the spread of isotopic values
widens, it would indicate mixing of the different mineralizing fluids [8].

Previous studies generally favor 2 different formation
mechanisms for ultramafic hosted cryptocrystalline magnesite; 1) descend of the meteoric waters into fractured
host rocks and formation of magnesite by alteration of
ultramafics, 2) ascend of hydrothermal fluids and metasomatosis of ultramafics [9]. Isotopic data so far, indicates
descend of meteoric waters percolating in the ultramafics
and causing alteration favorable for these type of deposits
[9].
Another important factor when identifying the formation mechanism is the presence of Hg enrichment in
magnesite deposits as has been reported for some
Kraubath type deposits [8, 9]. Hg enrichment indicates
hydrothermal origin for mineralizing fluids. Initial studies
of Erenköy magnesite deposits have shown these mineralizations to be very poor in terms of Hg content. This,
coupled with geological setting, would indicate a meteoric
origin of formation [10].
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FIGURE 2 - δ13C and δ18O results of Erenköy magnesite mineralizations. Results of other stockwork and vein deposits from Turkey, that are
shown for comparison are Helvacıbaba, Koyakçı and Arapömer [3], Margı and Nemli [11], and Süleymaniye [12]. Data from Greece [13], Poland
[14], Cyprus [15] and former Yugoslavian [4] magnesite depositions are also shown.
and serpentinites-western United States. Geochimica et Cos4 CONCLUSIONS
mochimica Acta 35, 687-697.

Erenköy magnesite deposits generally show very
similar characteristics to other Kraubath type depositions in
and around Turkey, in terms of geological, mineralogical
and isotopic aspects; however, with some exceptions. The
proposed model of a mix of 2 different sources of fluids,
which are atmospheric and decarboxylation of organicrich sediments, is also applicable to Erenköy. Meanwhile,
the higher δ18O clearly indicates a low temperature and,
hence, a low and probably near-surface depth of formation. Fluids that percolate downwards into the fractured ultramafic rocks cause alteration and an enrichment
of Mg2+. Magnesite precipitates in faults and cracks.
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ABSTRACT
Thirty-nine soil samples were analyzed for Cu, Zn,
Cr, Pb, V and As by using X-ray fluorescence (XRF);
samples were collected from northern suburb of Suzhou
city. Calculation of enrichment factor and index of geoaccumulation, distribution of the heavy metals, as well as
a multivariate statistical analysis have been processed for
evaluating the pollution degrees and sources of heavy
metals. The results indicate that the soils are not polluted
by Cu, Zn, Cr, Pb and V, whereas As pollution is observed when compared to the soil environment background value of China. Three sources, including lithogenic contribution, household garbage and agriculture, have
been identified by the analyses of multivariate statistical
distribution. The household garbage (PC2) and agriculture
(PC3) have more contribution to the sources of As and
Cu, respectively; otherwise, all the heavy metals have
high positive loadings over lithogenic contribution (PC1).

* Corresponding author

matter, such as industrial, agricultural and municipal activities. Assessing the contamination of heavy metals in suburbs of cities have large significance to the region agriculture and environment, especially the work to be combined
with the distribution of heavy metals, the potential health
effects to human life, and the possible sources of heavy
metals could be managed.
In this paper, we report on the concentration of heavy
metals in agricultural soil in northern suburb of Suzhou
city. The goals of the present study include (1) determining the degrees of heavy metal pollution, (2) analyze the
distribution of heavy metals, and (3) identify their sources
by using multivariate statistical analysis.
2 MATERIALS AND METHODS
2.1 Site description

KEYWORDS: heavy metals; soil; distribution; statistical analysis;
northern Anhui province

1 INTRODUCTION
With only trace levels in soils, dusts, water, air and
sediments, heavy metals are well-established to be detrimental to human health and the environment [1]. For decades, more and more studies on heavy metals in cities and
their related environments have been carried out, with further
technological development (especially the method related to
trace element analysis). For instance, many researches have
focused on the soils, dusts and river sediments in and near
the cities [2-4]. It is well-known that soil characteristics
are closely related to heavy metal holding in soil, uptake
of plants, and mobility. The contamination of heavy metals (Cu, Zn, Cr, Pb, V and As) would be changed with the

The study area is located in the north part of Suzhou
city, in northern Anhui province, China, with longitude
ranging from 117°57.454’ to 117°58.657’, and latitude
from 33°40.085’ to 33°43.281’. There is only one town
(Bianhe) in the study area, and a large village (Yuzhuang)
located in the north (Fig. 1). The study area is surrounded
by railway, river and roads.
2.2 Sampling and analysis

A total of 39 soil samples were collected in July 2012,
and the site coordinates were noted. Soil samples were
collected from the outer surface, i.e. 05-15 cm depth, by
using a plastic spatula for avoiding the influence by metal
tools. Then, samples were packed into polyethylene bags
and returned to the laboratory. The soils were then airdried at room temperature and pressed through a 2-mm
stainless steel mesh screen to remove debris of plants and
stones. About 100 g of soils were removed using the quartered method, and then ground and pushed through anoth-
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er 200-mesh nylon sieve for analysis. Sample pellets were
prepared for analysis of trace and major elements by Xray fluorescence (XRF) (Explorer 9000SDD) spectrometry

using a backing of boric acid in collapsible aluminium cups
and pressing at 30 tons pressure. All the experiments

FIGURE 1 - Location of sampling points in the study area.

were carried out in the Engineering Research Center of
Coal Exploration, Anhui Province. National standard
sediment sample (GBW07307) was analyzed simultaneously for calibration, and the relative standard derivation
was less than 10%. The statistical analysis of the data was
performed by SPSS (version 17).
3 RESULTS
3.1 Descriptive statistics

Table 1 provides the concentrations of heavy metals of
soils in the study area, along with other relevant statistical
distribution parameters. The decreasing trend of average
metal levels was as follows: V>Cr>Zn>Pb>Cu>As. Therefore, heavy metals, such as V and Cr, present higher levels
in soils, whereas As presents the lowest. The average V
concentration was 86.13 mg/kg, followed by Cr, Zn, Pb, Cu
and As at 67.87, 67.26, 22.79, 19.47, and 16.45 mg/kg,
respectively.
There is a good indicator for monitoring the degree of
pollution concentrations by comparing the sample concentrations with the background [5]. The AEF values
(=AC/BC) are shown in Table 1, where AC and BC are
the average concentrations of sample and background,

respectively. The soil environmental background values
of China [6] were chosen for comparison, and the result
showed that the soils are moderately polluted by As, Cr
and V (1.47, 1.11 and 1.05, respectively) whereas the
pollutions by Pb, Cu and Zn are limited (AEF values <1).
However, the maximum concentrations of Pb, Cu and Zn
(34, 36 and 96 mg/kg, respectively) are higher than those
of background (26.0, 22.6 and 74.2 mg/kg, respectively)
indicating that the distribution of heavy metal pollution in
the study area is heterogeneous. Thus, all the maximum
heavy metal pollution values herein are higher than the
soil environmental background values of China. Importantly, the degrees of pollutions are different with their
locations.
3.2 Environmental risk evaluation

A number of calculation methods have been put forward for quantifying the degree of metal enrichment in
soils [6]. In this paper, the methods of geo-accumulation
(Igeo) and enrichment factor (EF) have been carried out.
The index of geo-accumulation (Igeo) enables the assessment of contamination degrees by comparing the current
and pre-industrial concentrations [7], and it is calculated
as Igeo=log2Cn/1.5Bn, whereas Cn is the measured concentration of the element in the samples, and Bn is the background

TABLE 1 - Heavy metal concentrations (mg/kg) of soil in the study area.

Pb
V

N
39
39

Minimum
15
63

Maximum
34
102

Mean
22.59
85.54

Std. Deviation
4.25
8.67
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BC
26.0
82.4

AEF
0.87
1.04

Igeo-1
-0.85
-0.54

Igeo-2
-0.02
-0.15

EF
0.74
0.09
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As
Cr
Cu
Zn

39
39
39
39

7
44
11
36
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39
83
36
96

16.21
67.44
19.28
66.46

5.31
8.37
5.06
11.90

or pristine value of the element. The measurement of Igeo
can be subdivided into 5 degrees: <0, unpolluted; 0-1, light
pollution; 1-3, moderate pollution; 3-5, heavy pollution;
>5, serious pollution.
The EF method normalizes the measured heavy metal
content, with respect to a sample reference metal, such as
Fe or Al [8]. The Fe or Al is considered to act as a “proxy”
for the clay content. The EF is calculated according to
EF=Mx*Feb/Mb*Fex, where Mx and Fex are the sample
concentrations of the heavy metal and Fe, while Mb and
Feb are their concentrations in a suitable background or
baseline reference material [9].
For the lack of pre-industrial concentrations in the
study area, the lowest values of metals herein were used
as the pre-industrial concentrations for calculation. The
data of Igeo-1 and Igeo-2 are normalized to soil environmental
background values of China and the lowest values of
metals, respectively. All calculated values are listed in
Table 1, and the average Igeo-1 data imply “unpolluted” for
Pb, V, Cr, Cu and Zn (Igeo-1<0), except for arsenic with
light pollution (Igeo-1=0.19). However, the average Igeo-2
data reflect the different phenomena that only V (Igeo-1<0)
is unpolluted, the other heavy metals (Pb, Zn, Cr, Cu and
As) are light polluted with distinguished degree. But the
results implied by the data of Igeo-1 and Igeo-2 are similar,
with the degree of pollution arranged in the following
decreasing orders: As>Cr>Zn>V>Cu>Pb and As> Zn >
Cu > Cr >Pb>V, respectively. EF values were conform
with the data of Igeo, with the decreasing order of
As>Cr>Zn> Pb >Cu> V.
In conclusion, the soils in the study area can be considered to be not polluted, or lightly polluted by heavy
metals, such as Zn, Cu, Cr, Pb and V, with the exception
of As. However, as shown by the Igeo-2 data normalized to
the minimum concentration of metals in the study area,
As, Cu, Zn and Cr pollution should be noticed for these
metals as moderate, with diversifying distribution in the
study area.
4 DISCUSSION
Further confirmation of this hypothesis was secured
through multivariate methods of statistical analysis [10].
Therefore, two multivariate techniques were applied: Principal Component Analysis (PCA) and Cluster Analysis.
The PCA has emerged to be an useful tool for better understanding the relationships among the variables (e.g.,
metal concentrations in the present study) and for revealing groups (or clusters) that are mutually correlated within
a data body. On the other hand, CA exclusively classifies
a set of observations into tow or more unknown groups
based on combination of internal variables.

11.2
61.0
22.6
74.2

1.45
1.11
0.85
0.90

0.16
-0.32
-0.78
-0.43

0.56
0.02
0.18
0.27

1.22
0.94
0.72
0.75

4.1 Correlation matrix

The close inspection of correlation matrix is useful as
it can point out associations between variables that can
show the overall coherence of the data set, and thus indicate the participation of the individual chemical parameters to several influencing factors [11]. The correlation
matrix of the 6 heavy metals is show in Table 2. The
critical value of correlation coefficient can be calculated
as 0.35, for 39 samples in total. It can be seen from Table 2
that strong positive correlations were observed for Pb-V,
Pb-Cr, V-As, Cu-Zn, Zn-Pb, and Zn-Cr, indicating the
existence of a common source/origin of these metals in
samples.
TABLE 2 - Correlation matrix of heavy metal concentrations of
soils in the study area (n=39).
Pb
V
As
Cr
Pb
1.00
V
0.38*
1.00
As
0.21
0.39*
1.00
Cr
0.39*
0.43**
0.24
1.00
Cu
0.34*
0.35*
-0.02
0.29
Zn
0.74**
0.44**
0.32*
0.55**
Note: ** and * mean correlations are significant at
level, respectively.

Cu

Zn

1.00
0.37*
1.00
the 0.01 and 0.05

4.2 Principle Component Analysis (PCA)

The Principle Component Analysis was conducted for
obtaining the detailed statistical information. The rotated
Principal Component Loadings are given in Table 3. Three
Principal Components emerged with more than 78% of
cumulative variance. PC1 represents Zn, Pb, V, Cr and Cu,
with 48.18% of the total variance; otherwise, PC2 and
PC3 had higher loadings for As and Cu, with 17.37% and
12.58% of total variance, respectively. Additionally, PC1
and PC3 show also significant contributions to As and V.
TABLE 3 - Variance explained and component matrixes for heavy
metal contents (n=39).
Parameter
Pb
V
As
Cr
Cu
Zn
Eigen value
% of variance
Cumul. % variance
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PC1
0.78
0.72
0.47
0.71
0.55
0.87
2.89
48.18
48.18

PC2
-0.18
0.20
0.79
0.02
-0.59
-0.07
1.04
17.37
65.55

PC3
-0.45
0.47
0.09
0.01
0.47
-0.33
0.76
12.58
78.13

Communalities
0.83
0.77
0.84
0.51
0.86
0.86
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FIGURE 2 - Loading plots of principal component factors of heavy
metals in the study area.

The score plot of the 3 PCs are shown in Fig. 2, and it
is characterized by: 1) all the heavy metals have high values in PC1; 2) V, Cr, Zn and Pb are considered to be a
group with similar behaviour; 3) As and Cu are separately
with their representative high values in PC2 and PC3.

More specifically, contents of heavy metal of soils were
15-34 mg/kg for Pb, 63-102 mg/kg for V, 7-39 mg/kg
for As, 44-83 mg/kg for Cr, 11-36 mg/kg for Cu, and 3696 mg/kg for Zn, with the averages of 22.59 mg/kg,
85.54 mg/kg, 16.21 mg/kg, 67.44 mg/kg, 19.28 mg/kg
and 66.46 mg/kg, respectively. The As could serve as a
representative because its pollution is so serious; the space
distribution of As is along with the Rural-urban distribution, with the high-level area in Bianhe Town. The distribution patterns of Zn, V, Pb, and Cr bear a resemblance, in
general, with little differences for the human activities.
Otherwise, the distribution of Cu is different with other
elements, for the high-level area in Yuzhuang village, indicating that agriculture may cause the Cu enrichment.

4.3 Distribution

The characters of heavy metal distribution in the
study area are given in Fig. 3. It can be found that the
areas with high heavy metal levels are consistent with the
distribution of towns and villages. Two types of distribution could be identified including Cu with high levels in
Yuzhuang villages, and the other elements (As, Cr, Pb, V
and Zn) all have high levels in Bianhe Town. However, in
the south of the study area, there are low-level areas concerning samples 2 and 39, possibly caused by the effect of
river overflow.
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FIGURE 3 - Distribution of heavy metal concentrations of soils in the study area.
4.4 Source of heavy metals

Previous studies revealed that fractionation, geological section and GIS have long been used for source discrimination of heavy metals [12-14], and the sources of
heavy metals have been considered to be mainly as lithogenic and anthropogenic ones. The results of PCA indicate that the sources of heavy metals in this study area can
be subdivided into 3 types, including lithogenic origin,
household garbage and agriculture. PC1 are considered to
be lithogenic, with high values of all the heavy metals,
and the factor explains 48.18% of the total variance. As
has high positive loading (0.79) over PC2, and the distribution (Fig. 3) is conform with the population distribution,
PC2 could be considered to represent household garbage.
Otherwise, PC3 is indicating the agricultural contribution,
for the high positive loading of Cu (0.47) and the feature
of distribution (Fig. 3).

5 CONCLUSIONS
The concentrations of Cu, Zn, Cr, Pb, V and As in
soils from northern suburb of Suzhou city, northern Anhui
Province, China had been analyzed, and a series of conclusions could be obtained:
1) The average V concentration was 86.13 mg/kg,
followed by Cr, Zn, Pb, Cu and As at 67.87, 67.26, 22.79,
19.47 and 16.45 mg/kg, respectively. The decreasing trend
of average metal levels was as follows: V>Cr>Zn>Pb>
Cu>As. Based on the soil environmental background value
of China, the assessment of contamination had been calculated by using the EF and Igeo, and the results indicated that
the soils are not polluted by Cu, Zn, Cr, Pb and V, whereas
As pollution is observed. However, when compared with
the lowest values in the study area, As pollution is moderate, and the pollution with the other elements is small.
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2) Distribution of the heavy metals, as well as a multivariate statistical analyses (PCA and CA) have been
processed for discovering sources of heavy metals; the
results implied that three sources, including lithogenic,
household garbage and agricultural ones, have been identified, though the spatial distributions are diversified. In
conclusion, all the heavy metals are mainly from the lithogenic origin, with different degrees of infection by agricultural activity and household garbage, especially for As
and Cu.
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PHYTOREMEDIATION CAPACITIES OF ORIENTAL
TOBACCO VARIETIES: CADMIUM AND CHROMIUM CASES
Nesrin Orcen*
Ege University, Faculty of Agriculture, Department of Field Crops; 35100 Izmir, Turkey

ABSTRACT
In this study, cadmium (Cd) and chromium (Cr) phytoremediation responses of different tobacco varieties

were compared and genetic differences between these
varieties were analyzed. Two pot experiments were established with four oriental tobacco varieties, Akhisar, Basma,
Dibek and Sarıbağlar, which were grown for 50 days in
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media containing 0, 10, 50, 100 and 150 mg/kg of Cd and
Cr. Plants were departed as root, stem and leaf, and analyzed for their Cd and Cr amounts. In this regard, Cd and
Cr distribution and uptake rates in different plant parts of
the varieties were determined. Bioconcentration factor
(BCF) values, which are considered to be important criteria for phytoremediation, were also calculated.
Results revealed that Basma was the most efficient variety but Dibek was the most inefficient one in terms of
biomass formation, Cd and Cr concentrations and uptake
rates in the different plant parts. Basma variety with higher
BCF values was also found to be more effective than the
other varieties for phytoremediation of Cd and Cr. Research results show that this variety can be classified as
hyperaccumulator in terms of Cd.

KEYWORDS: Oriental tobacco, phytoremediation, hyperaccumulation, variability, cadmium (Cd), chromium (Cr).

1. INTRODUCTION
Environmental pollution in relation to heavy metals is
a worldwide issue. A large number of methods and techniques are utilized to overcome this problem. One of the
most widely used techniques is phytoremediation which is
considered as a green technology. This technique involves
the capability of some specific plants to absorb and accumulate heavy metal ions. Phytoremediation has received
increasing attention starting from the discovery of hyperaccumulator plants, which are able to concentrate high
* Corresponding author

levels of specific metals in their above-ground harvestable
biomass [1]. Such a green technology addressed to metal
pollution is preferred because of its cost-effectiveness,
aesthetic advantages and long-term applicability. Moreover, it is a safe alternative to conventional soil cleanup
methods.
Plants show differing morpho-physiological responses
to soil metal contamination. Most of them are sensitive to
very low concentrations, others have developed tolerance,
and a limited number has capability in hyperaccumulation
[2-4]. Baker and Walker [5] classified plants in three
groups (excluders, indicators, accumulators) with regard to
the concentrations of pollutants in shoot biomass in compare to the soil as lower, similar, and higher respectively.
Plants to be used in phytoremediation, their characteristics, and their potential to accumulate heavy metals as
well as their accumulation mechanisms are investigated by
many researchers [6-12]. Various mechanisms for detoxification of heavy metals are possible, such as reduced
translocation [12], compartmentalization to vacuoles and

cell walls [13], chelation with phytochelatins [14], and
biotransformation [15]. Hyperaccumulators, such as the
well-studied Thlaspi and Alyssum species [16], are able to
uptake specifically one or more metals, generally producing a small shoot biomass with high metal concentrations
[2, 17].
Desirable characteristics for a plant species to be used
in phytoremediation are (I) fast growth and high biomass;
(II) extended root system for exploring large soil volumes;
(III) good tolerance to high concentrations of metals in
plant tissues; (IV) high translocation factor; (V) adaptability to specific environments/sites; and (VI) easy agricultural management. The ideal phytoremediation crop may
combine rapid growth and high biomass with high metal
accumulation in the shoot tissues [18-20]. Small shoot
and root growth of the hyperaccumulator plants and the
absence of their commercially available seeds have stimulated the studies on biomass species including the herbaceous field crops [1]. Therefore, recently, such crops are
preferred because they form more biomass and are easily
found and cultivated. In this regard, tobacco received
attention with its unique nicotine synthesis via roots.
Important findings exist that indicate the relations between root secretions and heavy metal uptake. However,
not much is known about the role of the non-proteinogenic
amino acids. Some of them are significant for mineral
nutrition of plants. Nicotinamide is an effective chelator
of Fe (II) and presumably plays a role in iron homeostasis, i.e., maintenance of a beneficial physiological stability of the iron level within cells [21], and in phloem
transport of iron and other heavy metals [22]. The roots of
Nicotiana species with the synthesis and release of nicotine and the precursor - nicotinamide as significant heavy
metal chelator can put forth tobacco as a potential crop for
the aim of phytoremediation.
Most research on hyperaccumulators has focused on
the physiological mechanisms of metal uptake, transport,
and sequestration, but relatively little is known regarding
the genetic basis of hyperaccumulation [23]. Understanding the genetic basis of metal hyperaccumulation has also
a great practical importance for phytoremediation. Macnair
et al. [24] also stated the importance of the genetic basis of
hyperaccumulation. There are no known cases of major
genetic polymorphisms in which some members of a species
are capable of hyperaccumulation and others are not [23].
The objective of this study was to examine Cd and Cr
uptake, transport and accumulation characteristics of
oriental tobacco with special emphasis on its different
varieties. Possible potential effects of genetic differences
between varieties will be discussed.
2. MATERIALS AND METHODS
Two separate pot experiments were conducted to
study the Cd and Cr uptake within Basma, Akhisar, Dibek
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and Sarıbağlar oriental tobacco varieties. A soil and perlite mixture was used as growing medium. For this purpose, 1.5 kg of soil and 75 g perlite was mixed and placed
into plastic pots with 2 kg capacity (20 * 14 * 17 cm). The
texture of soil was silty loam with 45% sand, 47% silt,
and 8% clay. The pH, EC, and OM values of soil were 7.8,
0.2 dS m−1, and 0.5%, respectively [25, 26]. For each experiment, the designated treatments were 1: control; 2:
NPK; 3: NPK+10 mg/kg; 4: NPK+50 mg/kg; 5: NPK+
100 mg/kg, and 6: NPK +150 mg/kg of Cd or Cr. Perlite
was wetted with the nutrient and heavy metal solutions,
further mixed well with 1.5 kg of soil, and placed in the
pots. In the experiments, K2Cr2O7 and Cd(NO3)2 4H2O were
used as Cr and Cd sources, respectively. 150 mg N/kg,
20 mg P/kg and 150 mg K/kg were used in all pots excluding the control. NH4NO3; KH2PO4 and K2SO4 were
used as N, P and K sources, respectively.
At the beginning of the experiments, four seedlings
were planted in each pot. After ten days, thinning was
made and only two seedlings were left. The irrigation was
practiced at field capacity and the leaked water returned
into the pots in order to prevent losses. After 50 days of
growing, plants were harvested and separated as root,
stem and leaf, and biomass values of plant parts were
recorded.
2.1. Analysis

The dried (65–70o C) and finely ground plant samples
were wet digested in a mixture of nitric acid (HNO3)/
perchloric acid (HClO4) (4/1) [27]. Concentrations of Cd
and Cr in the digest were measured using atomic absorption spectrophotometry (Varian 2200) [28].
2.2. Statistical Analysis

The data were subjected to analysis of variance
(ANOVA) using factorial randomized complete block design
with three replications. Each replication contained two pots
with two plant (n:12), and least significant difference
(LSD0.05) was used to determine significant differences
between the treatment means. All graphs were created
using SPSS version 15 for Windows (SPSS Inc., Chicago, IL).
3. RESULTS AND DISCUSSION

Performances of varieties in the trial for Cr were similar to those of Cd. Basma variety biomasses (root, stem
and leaf) were higher than the values of all other varieties.
On the other hand, the biomass of Dibek variety was the
lowest in all of the treatments (Fig. 1).
The highest total biomass (root + stem + leaf) values
were obtained from the NPK treatment, and total biomasses declined with increasing Cd and Cr concentrations
at all varieties (Fig 2 and 3). The decline of Basma total
biomass value was not very evident up to 100 mg/kg of
Cr application. On the other hand, Dibek variety responded quite differently. In the Cd treatment, the decrease in
total biomass was evident at the lowest dose, and in the Cr
treatment, at doses over 10 mg/kg.
A high proportion of above-ground plant parts are desirable in terms of phytoremediation applicability. In this
study, harvestable parts/root biomass ratios were calculated. Parallel with increasing concentrations of Cd, the
specified ratio did not show any significant change in
Basma variety; meanwhile, in other varieties tended to be
decreased. In the Cr experiment, the harvestable/ root
ratio of Dibek did not show any significant changes in any
of the Cr dosage groups including the control and NPK
(Table 1).
3.2. Distribution and Accumulation of Cd and Cr in Plant
Parts

In this study, biomass of different varieties, Cd and
Cr concentrations of different plant parts (root, stem and
leaf), the uptake amounts of Cd and Cr by these parts, and
the bioconcentration factor (BCF) values related to the
treatments were evaluated.
3.1. Biomass

Significant differences were found in the biomass of
roots, stems and leaves of all varieties with respect to
increasing concentrations of Cd and Cr. In all treatments,
the highest biomass values (root, stem and leaf) were
determined for the Basma and the lowest ones for the
Dibek variety. The highest biomasses of the plant parts
were obtained from NPK treatments. With the addition of
Cd and Cr, the biomasses value decreased. Parallel to the
increasing concentrations of Cd, the biomass values of
root, stem and leaf of Dibek variety decreased starting
from the lowest dose of Cd application, and showed significant declines with the enhancements in Cd. Basma
variety root, stem and leaf biomass decreased with Cd
applications as well. However, decreases were not evident
in the lowest dose of Cd, but in the higher doses is more
evident (Fig. 1). Biomass values of Akhisar and
Sarıbağlar varieties were found to be between the values
observed for Basma and Dibek.

Depending on the application doses, Cd and Cr concentrations of different plant parts (roots, stems and
leaves) of all varieties showed significant increases compared to the control and NPK treatments. All of the harvestable parts of Basma variety had higher Cd and Cr concentrations than the Dibek variety. In 150 mg/kg treat-
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FIGURE 1 - Effect of Cd (A) and Cr (B) concentrations on biomass of plant parts. Error bars represent the standard error for three replications.

FIGURE 2 - Effect of Cd concentrations on total biomass of Akhisar, Basma, Dibek and Sarıbağlar. Error bars represent the standard error
for three replications.
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FIGURE 3 - Effect of Cr concentrations on total biomass of Akhisar, Basma, Dibek and Sarıbağlar. Error bars represent the standard error
for three replications.

TABLE 1 - Effect of Cd (A) and Cr (B) (mg/kg) concentrations on harvestable biomass of Akhisar, Basma, Dibek, and Sarıbağlar.
(A)

NPK
6.55a
4.39b
3.81b
3.72b
4.62a
4.23a
4.11a
5.11a

10 Cd
5.37a
3.91b
3.36b
1.95c
5.38a
3.93a
4.16a
4.88a

50 Cd
4.94a
2.15b
2.41b
1.24b
5.39a
2.97b
4.27ab
4.04ab

100 Cd
4.62a
2.02b
2.15b
0.84b
5.29a
2.99b
4.00ab
3.71ab

150 Cd
4.46a
1.84b
1.87b
0.64b
5.20a
3.27b
4.22ab
3.98ab

Control
NPK
Basma
3.69a
7.31a
Akhisar
2.16b
5.23b
Sarıbağlar
2.43ab
4.40b
Dibek
1.50b
4.25b
Basma
4.42a
4.31a
Harvestable/
Akhisar
3.00a
3.50a
root
Sarıbağlar
4.17a
3.70a
Dibek
3.75a
5.47a
Means with same letters are not significantly different (p< 0.05).

10 Cr
5.69a
4.83ab
3.97b
3.80b
3.71b
3.56b
3.53b
6.75a

50 Cr
5.02a
3.49b
3.53b
2.80b
3.62b
3.10b
3.21b
9.33a

100 Cr
3.12a
2.89a
2.66a
2.33a
3.00b
3.11b
2.70b
10.00a

150 Cr
2.78a
2.39a
2.05a
1.60a
3.03b
2.89b
3.23b
8.00a

Harvestable

Harvestable/
root

Basma
Akhisar
Sarıbağlar
Dibek
Basma
Akhisar
Sarıbağlar
Dibek

Control
3.44a
2.40ab
2.12ab
1.30b
3.97a
3.13a
4.71a
3.00a

(B)
Harvestable

ments, Cd and Cr concentrations in the leaves were measured to be 116.64 and 122.26 mg/kg, but 102.89 and
69.17 mg/kg in the roots, respectively (Table 2). It is
stated that in the hyperaccumulator plants, the highest
tissue metal levels are found in the shoots rather than the
roots, possibly due to distinctive physiological characteristics associated with root-shoot partitioning [8, 29, 30].
Plants containing more than 100 mg/kg Cd in their
above-ground parts are classified as Cd hyperaccumulators [2]. According to our results, Basma variety can be
classified as a Cd hyperaccumulator plant.
In all varieties and treatments, Cd and Cr concentrations of the roots were found to be close to each other. In

contrast to roots, Cd concentrations of the above-ground
parts changed according to the varieties and treatments.
This specific case might be related to the efficient translocation of Cd and Cr from roots to above-ground parts.
The ratio of harvestable/root concentrations of all varieties was found to be higher than 1 for the 10 mg/kg
treatments. However, parallel to enhanced Cd and Cr
concentrations, this ratio apparently declined in all varieties, except Basma variety, which showed no significant
change. These findings once again confirm the hyperaccumulating nature of Basma.
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TABLE 2 – Concentration of Cd (A) and Cr (B) (mg/kg) in different plant parts.
(A)

Root

Stem

Leaves

Harvestable/root
(B)

Root

Stem

Leaves

Harvestable/ root

Basma
Akhisar
Sarıbağlar
Dibek
Basma
Akhisar
Sarıbağlar
Dibek
Basma
Akhisar
Sarıbağlar
Dibek
Basma
Akhisar
Sarıbağlar
Dibek
Basma
Akhisar
Sarıbağlar
Dibek
Basma
Akhisar
Sarıbağlar
Dibek
Basma
Akhisar
Sarıbağlar
Dibek
Basma
Akhisar
Sarıbağlar
Dibek

Control
5.02a
5.52a
5.69a
5.76a
0.82a
2.25a
1.90a
1.96a
4.22a
4.20a
3.63a
3.83a
0.47a
0.59a
0.49a
0.52a
Control
4.34a
4.87a
5.31a
3.33a
2.62a
2.33a
1.67a
2.53a
4.29a
4.40a
3.63a
4.14a
0.64a
0.53a
0.41a
0.82a

NPK
5.16a
5.46a
5.61a
5.54a
1.92a
2.31a
1.83a
1.14a
4.91a
3.03a
4.60a
4.67a
0.71a
0.50a
0.64a
0.62a
NPK
4.52a
5.14a
5.36a
3.50a
2.65a
2.46a
2.09a
2.38a
4.81a
4.82a
4.56a
4.58a
0.71a
0.56a
0.53a
0.93a

10Cd
7.51a
7.59a
7.80a
8.09a
39.19a
4.47b
3.80b
4.14b
69.49a
15.86b
15.24b
15.43b
7.27a
1.54b
1.37b
1.38b
10Cr
6.05a
5.60a
7.13a
4.05a
63.83a
7.69b
8.92b
8.31b
72.83a
15.05b
14.94b
15.18b
8.99a
1.59c
1.38c
2.74b

50Cd
35.66ab
31.52b
35.57ab
38.12a
58.95a
18.74b
20.19b
21.63b
78.44a
18.97b
16.93b
16.96b
1.96a
0.58b
0.51b
0.47b
50Cr
21.59a
19.25a
19.16a
18.42a
71.62a
20.35b
19.39b
18.94b
85.00a
16.27b
16.24b
16.42b
2.88a
0.70b
0.70b
0.86b

100Cd
69.59b
68.45b
81.23a
79.12a
87.08a
45.76c
51.01bc
42.36c
83.33a
20.67b
19.46b
19.70b
1.22a
0.44b
0.38b
0.33b
100Cr
42.93a
43.54a
33.58b
37.12b
81.04a
29.54b
29.23b
26.41b
93.92a
17.30b
17.04b
17.83b
1.55a
0.39b
0.47b
0.54b

150Cd
102.89a
101.15ab
95.85b
101.49a
116.20a
74.97b
70.51bc
68.63c
116.64a
21.70b
21.94b
20.63b
1.14a
0.37b
0.41b
0.36b
150Cr
69.17a
60.18b
69.83a
69.43a
101.13a
41.46b
40.28b
37.71b
122.26a
20.15b
18.96b
18.25b
1.23a
0.35b
0.28b
0.32b

3.3. Uptake of Cd and Cr

3.4. The Bioconcentration Factor

The total uptake of Cd and Cr changed according to
varieties and treatments. Basma variety with its higher Cd
tissue concentrations and higher biomass had higher uptake values for Cd, and significantly differed from the other
varieties. In all of the varieties, the amount of Cd uptake
was parallel with increasing Cd concentrations (Fig. 4).

The bioconcentration factor (BCF) (above-ground/
soil concentration) can be used as an index for predicting
the ability of plant species to accumulate trace elements
or heavy metals with respect to the trace element concentration in the soil substrate. This factor is also defined as
the ratio of metal concentration in the plant biomass to the
initial concentration of metal ions in the growing media.
The higher the BCF, the higher is the plant uptake. Plants
with a BCF ≥1 will remove metals in soil or nutrient solution in each harvest [31]. In our study, all the examined
varieties had BCF values greater than 1 for 10 mg/kg Cd
treatments. At 50 mg/kg treatment, only Basma had BCF
values >1 among the examined varieties (Table 3). A
similar tendency was observed in the Cr experiment.

In general, Cr uptake increased parallel with increasing application doses. However, total Cr uptake of Basma
decreased after 50 mg/kg treatments (Fig. 4).
In terms of the partitioning of total uptake according
to different plant parts, Basma had higher values of Cd
and Cr. For example, in the highest dose-treatments, this
variety accumulated 5 to 6 fold Cd and Cr amounts compared to Dibek (Fig. 5). In addition to genetic variability,
some researchers related translocation of heavy metals in
plants with their transpiration rates. During the experimentation our observations about the relatively small leaf area
and less irrigation requirement of Dibek variety might
support the above specified role of transpiration rate in
translocation of heavy metals.

Roots, the hidden parts of plants, have an important
function in nutrient and heavy metal uptake. Root formation ability of plants in a soil environment with excess
levels of heavy metals can be accepted as the first step in
phytoremediation process. Differences in root biomass
values could be good indicators for the selection of varieties. Among the examined oriental tobaccos, Basma vari-
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FIGURE 4 - Uptake of Cd (A) and Cr (B) by Akhisar, Basma, Dibek and Sarıbağlar varieties. Error bars represent the standard error for
three replications.

FIGURE 5 - Uptake of Cd (A) and Cr (B) by different plant parts of Akhisar, Basma, Dibek and Sarıbağlar. Error bars represent the standard error for three replications.

TABLE 3 - Bioconcentration factor of Basma, Akhisar, Saribağlar, and Dibek at different concentrations of Cd and Cr.
Cd (mg/kg)
10

50

Cr (mg/kg)
100

Basma
5.46a
1.40a
0.85a
Akhisar
1.17b
0.37b
0.30b
Sarıbağlar
1.07b
0.36b
0.31b
Dibek
1.11b
0.36b
0.26b
Means with the same letter are not significantly different (p< 0.05)

150

10

50

100

150

0.78a
0.25b
0.26b
0.24b

5.44a
0.89b
0.98b
1.11b

1.24a
0.27b
0.27b
0.32b

0.67a
0.17b
0.16b
0.20b

0.57a
0.14b
0.13b
0.15b
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ety had higher biomass, even in excess doses. In addition,
higher Cd and Cr concentrations in all the plant parts
indicated the potential of this variety for phytoremediation of these specified metals. Higher BCF values of
Basma might reflect the genetic differences due to root
secretion and adaptation of the variety to the growing
environment. Basma had naturally developed an adaptation mechanism to grow under acidic conditions where
heavy metal solubility is high. On the other hand, Akhisar
and Sarıbağlar grow in alkaline soils.
Root secretions may affect the heavy metal uptake
and translocations. Rhizosphere acidification and release
of root exudates contribute to the absorption of several
heavy metals [19], as reported in Graminae, specifically
for iron [32] and zinc [33]. Exudates may also be involved
in the mechanisms of plant tolerance to heavy metals [34,
35]. Some root morphological traits, such as pattern of
root density, maximum depth and specific root length, are
considered to be crucial for adaptation to stress conditions
[36]. Higher root proliferation is usually observed in favorable (e.g. fertilized) micro-sites, but root response also
depends on the mobility of nutrients [37].

4. CONCLUSION
As a result of this study, significant differences were
found in the biomass of root, stem and leaves of all varieties with respect to increasing concentrations of Cd and
Cr. In all treatments, Basma was the most efficient variety
but Dibek the most inefficient one, in terms of biomass
formation, Cd and Cr concentrations as well as uptake
rates in different plant parts. Basma variety with higher
BCF values was also found to be more effective than the
other varieties for phytoremediation of Cd and Cr. Research results show that this variety can be classified as
hyperaccumulator in terms of Cd.

Different responses of Dibek and Basma varieties to
increasing Cd and Cr levels might be related to their different genetic properties like root excretions and nicotine
which might have had happened as a result of their adaptation to different growing conditions like the climate and
soil. In this regard, the high leaf nicotine content may be
an indication of higher synthesis and secretion of nicotine
from the roots. Basma variety had higher nicotine content
in the leaves (1.0-1.4%) compared to the rest of the varieties (1.0%) [38], which may support the claims about the
role of root secretion in the heavy metal uptake. Moreover, Basma variety might have had gained these specified
properties by the adaptation to acidic soil conditions prevailing in the Black Sea region.
The genetic basis of metal tolerance is relatively well
understood [24, 39] compared with the genetics of hyperaccumulation. It is reported that comparisons between
genetic variation in tolerance and genetic variation in hyperaccumulation ability may shed light on this relationship
[23]. The results of intra-species studies have an important
contribution in this subject. Wagner and Yeargan [7] stated
no differences within varieties (var. KY 14, Var. Beinhart
1000-1, var. Burley 21), with regard to uptake of Cd in N.
tabacum. In the present study, significant intra-specific
variation was found between the tested tobacco varieties
in their accumulation of Cd and Cr. The relationship between heavy metal tolerance and accumulation by plants
is complicated and depends on the plant genotype [40].
Basma can be suggested as a hyperaccumulator plant for
Cd, and it is worthwhile to examine in terms of the relationship between metal tolerance and hyperaccumulation.
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ABSTRACT
A continuous flow in a fixed – bed column was studied by using barley straw adsorption for Cd (II) removal
from aqueous solution. The effects of various parameters
like initial concentration of cadmium, bed height and flowrate were examined in this study. The column experimental
data were conformed to Thomas, Yoon-Nelson and Bed
Depth Service Time (BDST) models. The experimental data
fit well with the BDST and Thomas models in the initial
region of the break-through time curve. The maximum
adsorption capacity related to Thomas model was found to
be 6.808 mg/g of initial concentration of 30 ppm, at a
flow-rate of 3 ml/min, a bed height of 20 cm, and at pH 6.
KEYWORDS: Cadmium removal, continuous flow, barley straw,
BDST, kinetics

1 INTRODUCTION
Heavy metals are commonly reported in industrial
wastewater. They are among the priority pollutants, because they are not biodegradable, and most of them accumulate in the environment causing short-term and longterm effects [1]. Exposure of human population to cadmium from air, food and water may produce effects in
organs, such as kidney, liver, lung, as well as cardiovascular, immune and reproductive systems [2]. Cadmium is
efficiently retained in the kidney (half-time of 10-30 years),
and the concentration is proportional to that in urine [3,
4]. Hence, it is necessary to remove those ions from the
effluents before they can be introduced into the environment. Several treatment methods are used for heavy metal
removal from contaminated waters including chemical
precipitation, membrane separation ion flotation, ion exchange, electrolysis etc, but they are often costly or ineffective, especially in removing them from diluted solutions
and large volumes of wastewaters [5-8].

Among the easy techniques commonly used for removal of heavy metals from wastewaters are the adsorption process, and some researches reported on usage of
bio-sorption technique in the recent years [9, 10]. Barley
straw is a waste material from the process of barley separation from barley plants. It contains a high amount of
lignin. Because of its high lignin content, oat straw is one
of the toughest biological materials, highly resistant to
biological degradation [11]. Utilization of barley straw for
the treatment of wastewaters would be helpful not only to
economy of treatment but also for solving the solid waste
disposal problems of barley straw waste.
Although batch experimental laboratory adsorption
studies provide useful and important information on the
application of adsorption for the removal of specific wastes,
continuous column studies provide the most practical application of adsorption process in the treatment of
wastewaters. Today, a fixed bed and continuous flow is
widely used to remove various pollutants from water and
wastewater [12]. An optimal intake process on an industrial
scale could be achieved when applying it to a rigorous
model of the dynamic behavior of a fixed bed adsorption
system [13].
2 MATERIALS AND METHODS
All laboratory tests were done in 2011 at the Chemistry laboratory of the Faculty of Yazd Medical Sciences.
All materials used in this study were purchased in pure
quality from Merck. Standard and contaminated solutions
of cadmium ions were made from Cd(NO3)2 salt. Chemical substances were weighed (precision 0.0001 g) with a
Mettler digital laboratory balance. Solution pH was measured by a sensionTM 3 Laboratory digital pH-meter. Glass
column was purchased from the Pyrex Fan company. For
blocking of sorbents, two filters made of silicon with fine
pores were used. The amount of Cd ions was measured
with an atomic absorption spectrophotometer device
20AA in the laboratory of the Yazd Environmental Health
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School. Calculations were performed by a personal computer equipped with SPSS software.
2.1. The adsorbent

In this model, the breakthrough curve can be archived
by a plot of C1/C0 against t.
2.6. Bed depth service time (BDST) model

In this study, barley stems were cut primarily from agricultural fields. After clearing, they were dried for 10 days
in the air and sun. Then, they were milled with a small electric mill and passed through a sieve with a mesh size of 10
and 16 particles in the size range of 1.19-2 mm. Barley
straw particles were washed with distilled water and kept
at 70 °C in the incubator until dryness and a constant
weight [14].

The BDST is a model for predicting the relationship
between bed depths, x, and service time t [17]. This model
was focused on the estimation of some parameters, such as
the maximum adsorption capacity and kinetic constant. A
linear relationship between bed depth and service time is
given by the following equation:
t = ax-b
Where, x is the bed depth of column (cm) at the slope

2.2. Preparation of fixed column

of line (a =

Continuous adsorption of Cd(II) was studied using a
fixed bed column with 1.55 cm inner diameter and 50 cm
length. The amount of 4, 6 and 8 g of adsorbent was used
for obtaining 20, 30 and 40 cm bed height of sorbent in
the fixed bed column. This height was fixed with 2 filters
at both sides of sorbent in the column. Some glass beads
were filled in at both filter sides to ensure homogenous
distribution of influent solution from the top to the bottom. Before feeding the column with an influent solution
containing Cd2+, the column was run with pure distilled
water for 2 h to get it wet but also stability of the equilibrium between water and sorbent. This is due to uniform
distribution of the solution, reducing the pressure gradient
and decreasing the canals in the sorbent. So, sorbent particles quickly participate in practice and increase in absorption rate is caused.
2.3. Column adsorption model

A number of mathematical models have been developed for evaluation of efficiency and applicability of the
column models for applicable-scale operations. The YoonNelson, Thomas and BDST models were developed for
analyses of the behavior of continuous flow, in this study.
2.4. Yoon-Nelson model

The Yoon-Nelson model not only is less complicated
than the other models, but also requires no detailed data
concerning the characteristics of adsorbent [15]. The YoonNelson equation for a single component system is expressed as follows:

C0

C1

= [1 + exp( K YN t − K YN t )]

Where, C0 and C1 are initial and residual concentration of Cd ions, KYN is the Yoon-Nelson rate constant
(1/min), and τ is the time required for 50% adsorbent
breakthrough (min).
2.5. The Thomas model

equal to 1

N • , and b is the intercept of equation and
)
νC •

KC •

1n(

C•
− 1)
C

Where, C • and C are initial and desired concentration of solute (mg/L), K is the adsorption rate constant
(L/mg.min) N • is the adsorption capacity (mg/g), and ν
is the linear flow velocity of feed to bed (cm/h) [18].
3 RESULTS AND DISCUSSION
To design a column adsorption process, it is necessary to predict the breakthrough curve or concentration–
time profile and adsorption capacity of adsorbent under a
given set of operational conditions. It is also important for
determining the maximum capacity which is a significant
parameter for any sorption system. Various models have
been proposed for this purpose. To match the absorption
behavior of these models (e g., Yoon-Nelson, Thomas and
the bed depth service time, etc.), the utilization of results
was tested to accurately predict the adsorption process, or
the breakthrough curve (concentration-time profiles) for a
theoretical output current.
3.1. Behavior of column adsorption with Yoon- Nelson's model

Data from the initial concentration of 10, 20 and
30 mg/L cadmium ions, bed heights of 20, 30 and 40 cm,
and flow-rates of 2, 3 and 4 ml/min were studied on the
behavior of the column absorption with Yoon-Nelson
model. Parameters obtained from fitting the column test
results to Yoon-Nelson model are shown in Table 1.
With increasing concentration of Cd(II) and input
flow, the constant rate of Yoon-Nelson (K YN) increased
and with increase of bed depth decreased. With increasing
TABLE 1- Experimental parameters depending on Yoon-Nelson
model.

The model of Thomas is one of the most general and
widely methods in fixed bed columns. The expression
developed by Thomas is as follows [16]:

C0
K qM
= [1 + exp( Th
− C0 K ThV )]
C1
F
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C0
mg/L
10
20
30
20

Bed
height
cm
30
30
30
20

Flow rate
ml/min
3
3
3
3

K YN × 10 −3
-1

min
4
8
10.5
11.9

τ
(min)

R2

185.4
920.6
671.4
582.9

0.92
0.91
0.89
0.92
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5.4
5.4

1280.8
1438.7

0.91
0.91

20

30

4

11.1

666.5

0.93

concentration 30 ppm
model Yoon-Nelson 30 ppm

FIGURE 1 - Experimental and Yoon-Nelson breakthrough curves of adsorption of Cd(II) at 3 ml/min flow-rate, 30 cm bed height and pH 6.

concentration of Cd ions and the incoming flow of time
required to reach 50% of the C2/C1 ratio (τ) decreased
with increasing bed depth. The properties of Yoon- Nelson model were estimated to find out the time required to
reach 50% of the C2/C1 ratio (τ).
Rao and colleagues [19] studied Cd ion adsorption on
powdered cumin leaves (Yzygium cumini L.) and they
showed that the increase in fixed bed depth, increased the
time required to reach the point of C2/C1 ratio of 50%
whereas an increase of the initial concentration of Cd ions
reduced discharge of the column. Yoon-Nelson constant
(KYN) increased by increasing the flow-rate and initial
concentration, but decreased with increasing bed depth
[19]. Theoretical breakthrough curves generated based on
Yoon-Nelson model were tested along with the corresponding experimental ones, and are presented in Fig. 1.
3.2. Behavior of the column adsorption with Thomas model

The Thomas parameters, rate constant (K), adsorption
capacity and correlation coefficient values, are mentioned
in Table 2 under various experimental conditions, such as
primary concentration, flow-rate and bed height for column adsorption.
Table 2 indicates that rate constant increased with increasing bed height, initial concentration and flow-rate.
Further, value of adsorption capacity (q0) increased with
increasing initial concentration of Cd2+, bed height but also
decreased with flow-rate. The maximum adsorption capacity
related to Thomas model was found to be 10.071 mg/g at a
controlling flow-rate of 3 ml/min initial concentration
of 30 mg/L and bed height of 30 cm. All the results were

well fitted to Thomas model with high correlation coefficients (>0.90). Figure 2 shows the theoretical breakthrough
curves based on Thomas model tested along with the corresponding experimental ones.
TABLE 2 - Experimental parameters depending on Thomas models.
C0
mg/l

Bed height
cm

Flow-rate
ml/min

10
20
30
20
20
20
20

30
30
30
20
40
30
30

3
3
3
3
3
2
4

K TH × 10 4
L/min.mg
3.16
2.99
2.55
8.69
1.44
4.28
2.69

q0
mg/g

R2

5.929
5.992
6.580
5.371
6.199
6.334
5.706

0.92
0.91
0.89
0.92
0.91
0.91
0.93

3.3. Behavior of the column adsorption with BDST model

Results from the breakthrough time of the column in
the bed depths of 20, 30 and 40 cm were studied on a column of adsorbent with bed depth service time model. Saturation concentration of Cd ions (N0) fulfils with the bed
depth service time model was 788.8 mg/L, and the constant
was equal to 9.958×10-3 from this model. The correlation
coefficient was R2 = 0.98 for the bed depth service time
model. The fact that the results of the study follow the
column bed depth service time model better than the other
models is studied. The characteristics of the bed depth
service time model were the estimated times for the C2/C1
ratio of 10%. These parameters fitted to the depth of the
column test fail time for the bed depth service time model
as shown in Table 3.
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The effect of bed height was studied using the BDST
model. A plot of service time versus bed height (cm) at
30 ml/min flow-rate and the related equation are shown in

Fig. 3. The above R2 (0.979) indicates the validity of the
BDST model for this column condition.

FIGURE 2 - Experimental and Thomas breakthrough curves of adsorption of Cd(II) at 3 ml/min flow-rate, 30 cm bed height and pH 6.

FIGURE 3 - BDST model at breakthrough curve for Cd(II) removal by barley straw.

.
TABLE 3 - Parameters at breakthrough time for variation of bed
height in BDST models.
Intercept

Slope

111.57

24.8

K TH × 10 3
L/min.mg
9.958

N0 mg/g

R2

788.8

0.98

4 CONCLUSION
Barley straw is an effective bio-sorbent for Cd(II)
removal through a column. Study results show that the
maximum absorption of cadmium ions is 6.808 mg/g at a
flow-rate of 3 ml/min, bed depth 30 cm, initial concentration 30 mg/L, and pH 6. Flow-rate, initial concentration of
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Cd2+ and bed depth variables were effective on the breakthrough and saturated times. Increased flow-rate and concentration reached breakthrough but time is longer with
increasing bed depth. An increase in bed height resulted
in improved sorption performance. The maximum absorption capacity increased with increasing concentration of Cd
ions and increasing flow-rates but the removal efficiency
decreased. The above used three models were predicting
the same value for maximum adsorption capacity for the
same bed height. All results from experiments fitted very
well Thomas model, and bed depth service time had a
linear correlation with bed height.
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ABSTRACT
Exposure to carcinogenic metals, such as hexavalent
chromium [Cr(VI)], through drinking water is a major
global public health concern and associated with various
concerns. The purpose of this study was to evaluate two
forward osmosis membranes to remove chromium from
aqueous solution. Effects of factors, such as pH, contact
time, membrane type, and draw solution, were also studied. The results show that the basic pH caused higher
chromium removal from water. On the other hand, with
rising time, the removal efficiency of chromium was decreased and ammonium bicarbonate (NH4HCO3), as a draw
solution, had a better efficiency compared to sodium chloride. Generally, the forward osmosis process can be utilized
effectively for removal of chromium from aqueous solutions.
KEYWORDS: chromium, forward osmosis, membrane, aqueous
solution, heavy metal

1. INTRODUCTION
Heavy metals cause significant hazards to human health
and to the environment. Petroleum refining [1], electroplating, dyes manufacturing, steel production, glass industry,
film and photography, leather tanning, textile industries,
wood preservation, anodizing of aluminum, water–cooling
and chromate preparation are the most important industrial activities that induct this metal ions to the natural water
recourses [2-5].
Zero-, tri- and hexa-valent chromium are the main oxidation states of this toxic element [6]. Hexavalent chromium toxicity is about 300 times more than that of Cr(III).
Hexavalent chromium is carcinogenic and mutagenic. It
leads to liver, kidney and gastric damages, pulmonary
congestion and skin irritation [7, 8]. Cr(III) is essential
to animals and plants, and is important in metabolism of

* Corresponding author

sugar and fat but, in excess, concentration can cause allergic skin reactions and cancer [9, 10].
According to the WHO and EPA guideline, Cr concentration in water should be less than 50 µg/L [11-13].
Ground waters in the US involve 0.0005- 0.2 mg/L of
chromium [14]. In a case study in Iran, the Cr(VI) was
reported to be about 0.1 mg/L in groundwater sources [15].
Water or wastewater containing Cr need to be treated [16].
For this purpose, different technologies are available,
such as chemical precipitation, coagulation, ion exchange
electrochemical precipitation, adsorption and membrane
technologies [1, 2, 17, 18]. Inorganic salts were removed
from water by reverse osmosis (RO) successfully [19], but
energy consumption and membrane replacement of RO are
expensive.
Forward osmosis (FO), as a new sustainable membrane-based technology, can be used for wastewater treatment and seawater desalination [20]. FO advantages include (1) it operates at low or no need for hydraulic pressures, (2) high rejection of contaminants, (3) simple equipments and membrane support is a low problem, and (4) with
lower membrane fouling [21].
The purpose of this study was to investigate the removal of chromium from aqueous solution using CTA
membrane as a FO process.
2. MATERIALS AND METHODS
2. 1. Membrane properties

Two types of flat sheet forward osmosis membranes
were tested in this experimental study. The membrane was
supplied by Hydration Technologies Inc. (HTI, Albany,
OR) company correspondence. The commercial numbers of
membranes were 081118-SS-2 and 090128-NW-1. Characteristics of the membranes were the same as already
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described [22]. Membrane 081118-SS-2 is a cellulose
triacetate with an embedded polyester screen mesh, and is
used in HTI’s cartridge products with the draw solution

away from the rejection layer. A woven fabric mesh is
embedded in the porous support part of the membranes.

TABLE 1 - Specifications of the used membranes.
Commercial Code
081118-SS-2
090128-NW-1

Types
Flat sheet
Flat sheet

Application
Cartridge
Pouch

Support material
Polyester screen mesh
Polyester fiber

Plastic mesh spacers in both sides support the membranes, and ultimately increase flow turbulence and reduce
external concentration polarization on both sides of the
used membrane. Specifications of the used membranes are
listed in Table 1.
2.3. Method of analysis

Concentration of Cr(VI) in the feed and draw solution
(DS) was determined by the 1,5-diphenylcarbohydrazide
method using one dry powder formulation called ChromaVer3 Chromium reagent. This reagent contains an acidic
buffer combined whit 1,5-diphenylcarbohydrazide, which
reacts to give a purple color when hexavalent chromium is
present. Test results are measured at 540 nm whit 8023
method by a DR/5000 spectrophotometer (HACH CO.).
This method was adapted from standard methods for the
examination of water and wastewater [23].
Adjustment of pH was done using 0.02 M NaOH and
HCl. The chemicals used in this study (K2Cr2O7, NaOH,
HCl, NaCl, NH4HCO3) were of AR-grade from Merck. The
chromium solutions were prepared using K2Cr2O7 and
distilled water as feed solution (FS). NaCl and NH4HCO3
solutions were used as draw solutions (DS).
2.4. Forward osmosis system setup

This study was conducted on a lab-scale unit. A flow
diagram of the forward osmosis system is shown in Fig. 1.
Size of the membrane on both sides was 9×12 cm (L×W),

Salt rejection
93-95%
95-97%

respectively. Width, length and depth of the channel
formed in each side of the membrane were 8 × 11 × 0.5 cm,
respectively.
Counter current cross flow was used, and the FS and
DS were both run in a closed loop. The FS flowed on the
active layer of the membrane. To increase the mass
transport on both sides of the membrane, mesh spacers
were inserted in channels. Two reciprocating diaphragm
pumps (Sole Water-Booster 24VDC) were used to pump
the FS and DS. To eliminate the glycerin from the membrane before testing, it was soaked in water for 30 min.
Feed and draw solution were pumped from the downward container to the upward container, and then, directly
entered from beneath the FO system to both sides of the
membrane and eluted from the top of the system. The
type of the stream was co-current and up-flow. The velocity of both sides of the membrane was similar roughly and
equal to 0.355 L/min.
The concentration of the chromium feed solution was
0.1, 0.2, 0.5 and 1 mg/L. Sodium chloride (0.1 and 0.2 M)
and ammonium bicarbonate (0.2 and 0.4 M) were used as
draw solutions. The experiments were carried out in three
circulation times (30, 60 and 90 min) and at three pH
values (3, 7 and 9). After each run of experiment, the both
sides of the membrane were rinsed with distilled water.
The rinsing was carried out until the conductivity
of both membrane sides was the same as that of distilled

Feed solution

Draw
Solution

Membrane cell

Flow
Meter

Materials
Cellulose triacetate
Cellulose triacetate

Flow
Meter

Pump

Pump
Draw
Solution

Feed
Solution
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FIGURE 1 - Flow diagram of the forward osmosis system.
4.2. Effect of time

water. The temperature of solutions was 22±1 °C for each
run. Water flux (permeate) into the DS was measured by
the volume change of the DS reservoir during a selected
period of time.
2.5. Experimental procedure

The experiments were started after a thorough washing and rinsing of the membrane. A fresh batch of stock
solution of Cr6+ was made according to the desired feed
concentration in the feed tank. At first, the feed solution
(solution with low osmotic pressure), and after that, the
draw solution (solution with high osmotic pressure) were
introduced to the FO system. After the end of each time
period, this sequence was inverted.

As can be seen in Fig. 3, with increasing the membrane operating time, the removal efficiency of chromium
was slightly decreased. Tang Wanling et al. [26] evaluated the forward osmosis performance and achieved the
same results. The lower removal efficiency of chromium
at higher operating time may be due to reaching the equilibrium concentration at both sides of the membrane. A
pervious study has shown that, in RO membrane, the
chromium rejection increases with the raise of the transmembrane pressure; this may also be caused by the decrease of pore size of the membrane surface due to chromium accumulation over time [27].

3. RESULTS AND DISCUSSION
In this study, fast screening tests with a K2Cr2O7 solution were performed for removal of chromium (
and
) under standard filtration conditions. The
results of our study show that these membranes have high
heavy metal removal efficiencies because of their smaller
pore sizes.
4.1. Effect of pH and initial concentration

According to Fig. 2, the best removal efficiencies were
observed for natural to basic pH levels. As the pH is increased, bivalent ions of chromium (
and
)
are formed. Therefore, greater removal of chromium occurs
in alkaline ranges with high efficiency. This result is in
accordance with the findings of Muthukrishnan et al.
[24]. Furthermore, the reason of this phenomenon is that
with increasing pH, the negative charge of the membrane
surface can be raised. So, the rejection of Cr(VI) will rise
with increasing pH. As reported by other authors, in RO
membrane, separation with the increase of Cr concentrations higher than 1000 mg/L, chromium removal efficiency
was decreased [25].

FIGURE 3 - The effect of contact time at different initial concentrations of chromium on percent removal.
4.3 Effect of membrane type

As shown in Fig. 4, membrane 1 that was manufactured from triacetate and rejection layer inside the roll,
had better draw solution rejection. Regarding to manufacturer`s information, membranes 1 and 2 had 10-14 and
13-17 L per m2 each h, respectively. Thus, the reason that
membrane 1 had higher removal efficiency may be the
lower flux. This finding is in accordance with other studies [22]. Increasing in rejection with increasing water flux
is due to the dilution effect, which occurs when flux is
risen without a subsequent increase in salt flux. Increasing
the osmotic pressure driving force, only affects water flux
and not salt flux, and rejection is thereby improved [28].

FIGURE 2 - Effect of pH and initial chromium concentration on
percent removal.
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FIGURE 4 - The effect of membrane type and varied concentrations
on removal of chromium.

[2]

Lin, Y., Zhang, L., Wu, F. and Deng, N. (2006) Photoreduction of Chromium (VI) in aqueous solution in the presence of microalgae under UV/Vis light. Fresenius Environmental Bulletin, 15, 1336-1338.

[3]

Garg, U.K., Kaur, M.P., Garg, V.K. and Sud, D. (2007) Removal of hexavalent chromium from aqueous solution by agricultural waste biomass. Journal of Hazardous Materials,
140, 60- 68.

[4]

Morris, A., Carey, S.B., Hardaway, J., Joel C. Richert, J.C.,
and Sneddon, J. (2012) Use of Ground Crawfish Shells for
the Removal of Chromium in Solution. Microchemical Journal, 105, 2-8.

[5]

Avudainayagam, S., Megharaj, M., Owens, G., Kookana,
R.S., Chittleborough, D. and Naidu, R. (2003) Chemistry of
chromium in soils with emphasis on tannery waste sites. Reviews of Environmental Contamination and Toxicology, 178,
53-91.

[6]

Oliveira, H. (2012) Chromium as an Environmental Pollutant:
Insights on Induced Plant Toxicity. Journal of Botany, 1-8.

[7]

Miretzky, P. and Cirelli, A.F. (2010) Cr(VI) and Cr(III) removal from aqueous solution by raw and modified lignocellulosic materials: A review. Journal of Hazardous Materials,
180, 1-19.

[8]

Cezary, A. and Kozlowskia, W.W. (2002) Removal of chromium(VI) from aqueous solutions by polymer inclusion
membranes. Water Research, 36, 4870-4876.

[9]

Cieslak-Golonka, M. (1996) Toxic and mutagenic effects of
chromium (VI). Polyhedron, 15, 3667-3918.

4.4. Effect of draw solution

In Fig. 5, ammonium bicarbonate has the higher removal efficiency. Based on previous studies [28, 29], with
moderate heating (near 60 °C), the ammonium draw solution decomposes into ammonia and carbon dioxide that
can be easily separated by simple methods [30]. Another
reason for favorability of ammonium bicarbonate as draw
solution in forward osmosis process is that this compound
has not acute effects on human health.

FIGURE 5 - The effect of draw solution type and varied concentrations on chromium removal.

5. CONCLUSION
This study indicates that forward osmosis process can
be used for removal of chromium from aqueous solutions
successfully. Moreover, the removed chromium was increased with pH increase. The results of this study showed
that, with longer time periods, the removal efficiency of
chromium was decreased. Among the two types of draw
solutions, the ammonium bicarbonate had the better efficiency in removal of Cr ions from water. Moreover, the
membrane No. 1 had the better efficiency in this study.
There are physiochemical methods for the removal of
heavy metals from aqueous solutions, such as electrocoagulation [31, 32], with very good efficiencies, but
application of FO shows a better result in this regard. This
process is also recommended in Fluoride removal from
drinking water in areas with child dental carries [33].
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Hexavalent And Total Chromium From Aqueous Solutions
By Schinus Molle Bark Fresenius Environmental Bulletin,
19, 2911-2918.
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Criteria and Other Supporting Information, World Health
Organization: Geneva, Switzerland.
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from ion-exchange waste brines with calcium polysulfide.
Water Research, 45, 3055-3064.
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NOVEL SURFACE MOLECULARLY IMPRINTED POLYMERS
AS SOLID-PHASE EXTRACTION SORBENTS FOR SELECTIVE
EXTRACTION OF DIHYDROXYBENZENES FROM
ENVIRONMENTAL WATER SAMPLES
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ABSTRACT
The novel surface molecularly imprinted polymer (MIP)
with hydroquinone (HQ) as the template has been prepared
and used as adsorbent for the solid-phase extraction (SPE).
The selectivity of the polymer was checked towards several
selected dihydroxybenzenes, such as HQ, catechol (CT)
and resorcinol (RS). Under the optimized conditions, high
sensitivity was achieved. Then, the method was applied to
the analysis of selected phenols in spiked tap, lake and
river water samples. High recoveries (>87.9%) for dihydroxybenzenes were obtained, and the method was found
to be linear in the range 0.25–1000 ng ml−1 with correlation coefficients (R2) greater than 0.99, and repeatability
relative standard deviation (RSD) below 6.2% in all cases.
For analysis of 200 ml water samples, the method`s detection limits (LODs) ranged from 0.028 to 0.053 ng ml−1,
and the limit of quantification (LOQs) from 0.093 to
0.178 ng ml−1. These results showed the suitability of the
MIP-SPE method for the selective extraction of a group
of structurally related isomeric compounds.
KEYWORDS: Dihydroxybenzenes; surface molecularly imprinted
polymers; solid-phase extraction; high performance liquid chromatography; water samples;

1. INTRODUCTION
1,2-dihydroxybenzene (catechol, CT), 1,3-dihydroxybenzene (resorcinol, RS), and 1,4-dihydroxybenzene (hydroquinone, HQ) are the three structural isomers of dihydroxybenzene. They have been widely used in cosmetics,
tanning, pesticides, favoring agents, medicines, antioxidants, dyes and photography chemicals [1]. During the
application process of these compounds, some of them
areinadvertently released into the environment to contami* Corresponding author

nate rivers and ground waters. Thus, it is easy for them to
enter environment samples, and then cause significant damages to human health due to their high toxicity and low
degradability in the ecological environment. They have
been considered as environmental pollutants by the US
Environmental Protection Agency (EPA) and the European Union (EU) [2]. Therefore, it is necessary to develop a
simple and rapid analytical method for dihydroxybenzene
isomer separation.
Up to now, several analytical separation technologies
have been established to determine dihydroxybenzene in
environmental water samples, such as fluorescence [3],
chemiluminescence [4], spectrophotometry [5], gas chromatography/mass spectrometry [6], capillary electrochromatography [7], electrochemical methods [8], and high performance liquid chromatography (HPLC) [9]. Among them,
HPLC methods have attracted more and more attention to
identify the traces of dihydroxybenzene in environmental
water samples due to the advantages of fast response, simple operation, high sensitivity, and excellent accuracy. However, because of the extremely low concentration of dihydroxybenzene and much interference found in water samples, the sample clean-up and pre-concentration steps to
improve accuracy and sensitivity of the method are of paramount importance prior to analysis of dihydroxybenzene.
Solid-phase extraction (SPE) [10, 11] owing to its flexibility,
short extraction time, high enrichment factor, low consumption, ease of automation and safety, has been widely
used for these steps of phenolic compound analysis [12].
The SPE requested the stronger adsorption selectivity of
adsorbents and sensitivity of the method. However, the
main drawback of conventional SPE sorbents lacking of
selectivity resulting in extraction of interfering matrix
components, were often only applicable for a limited number of analytes. Thus, the development of reliable methods
for achieving specific and efficient SPE adsorbents of dihydroxybenzene would be of particular significance.
Molecularly imprinted polymers (MIPs) with predetermined selectivity toward the given template or the groups of
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structurally closely related species have been proposed in
recent years as sorbent for the extraction of target analytes
[13, 14]. In this molecular imprinting technique, functional
and cross-linking monomers are copolymerized (with bulk
or solution polymerization method) in the presence of
template molecules, and after the removal of the template,
molecular cavities remain in the polymer, which are complementary to the template in size, shape and spatial arrangement of functional groups [15, 16]. Unfortunately,
most previous studies have shown that the conventional
polymers had intrinsic limitations, such as low adsorption
capacity, poor site accessibility and irregular shape [17].
In order to overcome these drawbacks, various surface
molecular printing techniques have been developed in
recent years [18, 19]. According to our previous studies, we
have put forward a novel surface molecular imprinting
technique: (1) Functional polymers are pre-grafted on the
surface of whiskers and a thin layer of the grafted polymer is formed on the surface of whiskers; (2) The adsorption of the grafted particles towards template molecules
reaches saturation by right of intermolecular interaction; (3)
Post-imprinting of template molecules is conduced towards
the grafted polymers using a special cross-linking agent
[20]. The highly cross-linked structure in the polymer can
maintain the characters of sites, so that a mass of binding
sites, which are complementary to the template in size,
shape, and position of the functional groups, would be
exposed on the surface of MIP after removing of the template by chemical extraction. Then, the MIP can be used as
selective adsorbent for the clean-up and pre-concentration
of dihydroxybenzene from environmental water samples.
In addition, the potential of MIP as SPE sorbent has been
demonstrated for extraction of nitrophenols and chlorophenols but never dihydroxybenzene [21, 22].
In this paper, potassium hexatitanate whisker (PHW)
was chosen as a new carrier due to its mechanical and thermal stability. Firstly, PHW was modiﬁed by 3-(trimethoxsilyl)propyl methacrylate (KH-570), and then 4-vinylpyridine (4VP), which acted as the functional monomer, was
grafted and polymerized on the surface of modiﬁed PHW.
Then, the grafted particles were fully swelled and the adsorption for hydroquinone reached an equilibrium. Finally,
hydroquinone (HQ) was imprinted using ethyl glycol dimethacylate (EGDMA) as the cross-linker and azodiisobutyronitrile (AIBN) as the initiator. The aim of this work
was to develop a group-selective extraction method based
on the above surface molecularly imprinted polymers for
the analysis of the three kinds of dihydroxybenzene in
water samples.

ployed to investigate the surface elemental composition of
the particles. Nitrogen adsorption–desorption analysis was
done at 77K on a Micromeritics TriStar 3000 porosimeter
(Norcross, GA, USA). A high performance liquid chromatograph (HPLC, Shimadzu, Japan) equipped with a UV
detector was used for the detection of analytes.
PHW (Shanghai, China) was activated with 3.0 M
HNO 3. EGDMA (Shanghai Xingtu Chemical Co. Ltd.,
Shanghai, China) was washed consecutively with 10% aqueous NaOH, water and brine, dried over MgSO4, filtered, and
then distilled under reduced pressure. AIBN (Shanghai No.4
Reagent & H.V. Chemical Co. Ltd., Shanghai, China) was
recrystallized from methanol prior to use. KH-570, 4-vinylpyridine (4-VP), sodium chloride (NaCl), toluene, acetone,
acetonitrile, methanol, acetic acid, nitric acid, hydrochloric
acid, hydroquinone (HQ), catechol (CT) and resorcinol (RS)
were supplied by Sigma-Aldrich Chemical Company (St.
Louis, MO, USA). All chemicals were of analytical reagent grade, except for methanol which was of HPLC grade.
The acidic methanol was prepared as methanol/ acetic acid
(90:10, v/v). Deionized ultrapure water was purified with
a Purelab Ultra (Organo, Tokyo, Japan).
Lake water samples were collected in 2.5×100 ml amber
glass bottles from Yudai Lake of Jiangsu University located
in Zhenjiang (China). River water samples were obtained
from Yangtse River in Zhenjiang (China). The wastewater
was collected from a factory in Zhenjiang, China. After the
essential filtration treatment with 0.45-µ filter to avoid
blocking of SPE column, the collected samples were stored
in the dark at 2 °C to avoid any microbial degradation of
analytes in a refrigerator until use.
2.2. Preparation of grafted PHW

KH-570 was used to synthesize functionalized PHW,
and the functional groups were pre-grafted on the surface
of PHW. The step was that the mixture including 10.0 g
of activated PHW, 100 ml of toluene and 10.0 ml KH-570 in
a flask was stirred at 70 °C under nitrogen protection [23].
After 12 h, the modified PHW (KPHW) was collected and
washed several times successively with acetone, methanol
and distilled water, respectively, and then dried under
vacuum at 55 °C. Afterwards, 3 g of modified particles
and 10 g of methacrylic acid (4-VP) were added into 200 ml
of water, and the graft polymerization was performed by
initiating it with (NH4)2S2O8 (0.009 g, 0.6 wt% of monomer) under N2 atmosphere at 70 °C for 7 h. The product
particles were washed with ethanol to remove the residual
4-VP, dried under vacuum and, finally, the grafted particles
(VP/PHW) gained.
2.3 Preparation of surface molecularly imprinted polymers

2. MATERIALS AND METHODS
2.1. Instruments, materials and samples

The morphology of the sorbents was obtained by scanning electron microscopy (SEM, S-4800). A Vario EL elemental analyzer (Elementar, Hanau, Germany) was em-

The pH values of the HQ water solution were adjusted
by HCl and NaOH and, under different pH conditions, the
adsorption experiments were conducted. Then, firstly, 1 g
of MPHW was added into 100 ml of HQ water solution
with a concentration of 3.0 g/L, and the pH value was adjusted to 9 with diluted NaOH solution. The mixture was
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shaken on a constant temperature shaker for 24 h until
VP/PHW particles were fully swelled, and the adsorption
for HQ reached equilibrium. After filtration, the saturated
VP/PHW particles were dried under vacuum. Secondly,
0.3 g HQ, 40 ml of acetonitrile, EGDMA (20 mmol) and
the initiator AIBN (1.32 mmol) were added, in turn, into a
100-ml three-necked round-bottomed flask equipped with
a machine stirrer, a reflux condenser and a nitrogen gas
inlet. Subsequently, the cross linking reaction was allowed
to perform for 12 h in a water bath at 70 °C. The obtained
polymer particles were filtrated and washed with the
mixture solution of methanol using Soxhlet extraction to
remove the template molecules until no residual template
was observed. Finally, the obtained polymers (MIP) were
dried at 55 °C under vacuum for 10 h. In comparison, the
non-imprinted polymer NIP was also prepared as a blank
in parallel but without the addition of HQ.

function of pH was plotted as shown in Fig. 1. It can be observed from Fig. 1 that at lower pH, the adsorption capacity
of VP/PHW for HQ was very low; afterwards, the adsorption capacity was enhanced rapidly with increasing pH
value; it reached a maximum value as pH was increased to
9; subsequently, the adsorption capacity turned to decrease
with the increase of pH value. When pH value of aqueous
medium was very low, the electrostatic interaction between VP/PHW and HQ was quite weak, which resulted
in very low adsorption capacity. When pH value is increased, the dissociation degree of grafted VP/PHW increased and the electrostatic interaction between them was
strengthened. At pH=pKa (HQ=9.85), HQ was dissociated,
the VP/PHW surface was negatively charged and electrostatic repulsion force increased, therefore, the adsorption
capacity decreased evidently [24].

2.4. The preparation of the SPE

A tier of smooth absorbent cotton was capped at the
bottom of the SPE column and 100 mg sorbents (imprinted
or non-imprinted) were packed on the absorbent cotton;
then, a same-sized filter paper was cut out to cover on the
top of the sorbents. Before loading the sample, the SPE
column was conditioned by passing 5 ml acetonitrile,
followed by 5 ml water at a ﬂow-rate of 1 ml min−1 (controlled by a peristaltic pump), which was the same procedure as for preconditioning in studying the reproducibility.
Then, the aqueous standard solution or 100 ml real sample
solution spiked with different amounts of analytes to reach
final concentrations of 1, 10, 100 and 200 ng ml−1 was
passed through the column, and full vacuum was applied
for 5 min to ensure the polymer was completely dry. Then,
the sorbents were washed with acetonitrile (2 ml) followed
by 2 ml of acetonitrile/methanol mixture (95:5, v/v). Then,
the sorbents were eluted with 3 ml nitric acid/methanol
solution. Finally, the obtained extract solution was blown
down by a stream of nitrogen gas to a final volume of 1 ml
for subsequent HPLC analysis.
3. RESULTS AND DISCUSSION
3.1 The effect of pH on VP/PHW towards hydroquinone (HQ)

In order to display the effect of pH value on the adsorption capacity, the equilibrium adsorption amount as a

FIGURE 1 - Effect of pH for VP/PHW on equilibrium adsorption
capacity. Sorbent dose: 0.02 g, solution volume: 10 ml, solution pH
6.0, and contact time 12 h.
3.2 Characteristics studies

Elemental analysis was employed to ascertain each
modification. The results are shown in Table 1. Compared
with PHW, the carbon composition in KPHW composites
increased from 0.4186 to 10.36%, hydrogen composition
increased from 0.9315 to 1.723%, respectively. The results
suggested that C=C were successfully introduced onto the
surface of PHW. After the grafting of 4-VP, nitrogen composition increased to 0.2031%, suggesting that 0.1031 g
of 4-VP was immobilized on every g of the KPHW. After

TABLE 1 - The selectivity parameters of adsorbents for HQ.
Phenolic compounds
HQ
CT
RS
4-CP
2,4-DCP
2,4,6-TCP
4-NP

Ce
(mg/L)
13.92
14.24
13.45
19.48
23.74
26.8
21.9

MIP
Kd
(L/g)
1.155
1.106
1.230
0.540
0.2637
0.1194
0.3699

K
1.044
0.939
2.139
4.379
9.673
3.122
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Ce
(mg/L)
27.42
26.31
26.59
24.92
27.82
28.09
26.36

NIP
Kd
(L/g)
0.0941
0.1402
0.1282
0.2038
0.0784
0.0679
0.1381

K
0.6712
0.7341
0.4617
1.201
1.386
0.6814

K′

r

1.556
1.279
4.632
3.649
6.980
4.582

6.232
4.271
4.853
2.071
2.871
1.675
2.225
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FIGURE 2 - SEM images of PHW (a), VP/PHW (b), MIP (c), and NIP(d).

polymerization, it can be seen that carbon and hydrogen
composition were significantly increased. It can also be
found that the elemental composition of the MIP was
different from that of the NIP, indicating HQ molecules
were not able to be completely leached from the MIP.
SEM was employed to capture the detailed morphology of PHW (a), VP/PHW (b), MIP (c), and NIP(d). From
Fig. 2a, it could be found that activated PHW presented
an uneven surface texture along with sandwich structure.
As shown in Fig. 2b, the surface of VP/PHW was much
smoother than that of PHW. Due to imprinting polymerization, the surface of the polymer becomes ruleless and
agglomerated (Fig. 2c), which would increase the adsorption superficial area and make the binding sites exposed at
the surface of the support. The image of the NIP surface
(Fig. 2d) showed a rough surface containing many micropores, and could not be seen clearly.
The specific surface area, total pore volume and average
pore diameter for MIP were 232.34 m2 g−1, 0.64 cm3 g−1 and
16.93 Å, respectively, for NIP, while these parameters
were not obviously different from those of MIP, being
212.37 m2 g−1, 0.56 cm3 g−1, and 15.32 Å, respectively. It
was clearly evident that the polymer had large surface
area and pore volume. Therefore, the distinct SPE for
MIP and NIP could not entirely be attributed to the morphological differences, but to the imprinting effect.

recognized coefficients of the adsorbents, chlorophenols
and nitrophenols without structural and functional groups
similarity to the template were chosen to be added to the
above mixed solution. 0.01 g washed and dried MIP or NIP
sorbent was equilibrated with 10 ml of the mixing solution
containing 30 mg L-1 of each compound. The specific
recognition property of MIP was evaluated by imprinting
factor r, which was defined as follows:

r=

QMIP
QNIP

(1)

where, QMIP and QNIP are the adsorption capacity of
the template or analogue on MIP, and the corresponding
NIP, respectively.
The distribution coefficients (Kd), selectivity coefficients (K) and relative selectivity coefficient (K′) of others
with respect to HQ are utilized to evaluate the selectivity of
MIP. Parameters Kd, K and K′ are defined as follows [19]:
Kd =

Qe
Ce

(2)

The selectivity of HQ versus another phenol is quantified by the ratio of the template and other analogues
partition coefficients, Kd (tem) and Kd (ana), respectively:

3.3. Evaluated the recognition efficiency of the MIP

Recognition adsorption experiments on MIP and NIP
were carried out in the mixed solution of HQ, CT and RS
with similar functional groups and dimensional structure;
therefore, in order to further investigate the competitive
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K=

K d (tem)
K d (ana)

(3)

The relative separation factor K′ is defined as follows:

K ʹ′ =

K MIP
K NIP

(4)
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where, KMIP and KNIP are the selectivity coefficients of
MIP and NIP, respectively. The higher value of K′, the
greater is the difference between MIP and NIP.
The data of imprinting factor r, the distribution coefficients Kd, selectivity coefficients K, and relative selectivity coefficients K′ are summarized in Table 2. From the
data in Table 2, the following facts can be found: (1) The
imprinting efficiency of the MIP was obtained to be more
than 4 for HQ, CT and RS, indicating the fine imprinting
effect; (2) The selectivity coefficient of the NIP was very
low, which implied that the adsorption abilities of NIP
were approximate and absent of selectivity; (3) The relative
selectivity coefficients of MIP indicating an enhancement
of the adsorption affinity and selectivity of MIP in relation
to NIP. Therefore, the interaction between MIP and template can perform selective extraction of HQ, CT and RS,
which have phenyl ring structure and identical hydroxy
groups with strong hydrogen bonding ability. The above
facts indicated that the interaction was not only based on
hydrogen bonding between grafted functional material
and template but also the complement to template in size
and shape [25].
3.4. Optimization of HPLC conditions

High performance liquid chromatograph (HPLC) was
used to quantify 2-NP and analogues in both standard solutions and real water samples. Therefore, the HPLC conditions were optimized before the SPE experiments. An
Eclipse XDB-C18 column was used to facilitate the separation of 4-NP and other analogues. Specifically, we noticed

that the maximum absorption peaks of the four phenols
were different from each other. The four phenols were
determined at four different UV wavelengths to reach the
maximum sensitivity for each analyte: 275 nm for catechol (CT), 273 nm for resorcinol (RS), and 290 nm for
hydroquinone (HQ). To avoid the plagues in gradient elution, the optimal wavelength and mobile phase were detected and chosen to analyze the template and analogues
simultaneously. The four phenols had good sensitivity with
the wavelength at 270 nm selected from 250 to 320 nm,
and could be separated obviously with the ratio of methanol in mobile phase decreasing from 90 to 35%.
3.5. Optimization of SPE procedures
3.5.1. Optimization of loading conditions

Firstly, pH value of the distilled water was adjusted to
9.0 in the loading process. To investigate the sample volume, the distilled water spiked with 10 µg of each analyte
with different volumes of 50-300 ml was loaded into MIP
column. Generally, for SPE, satisfactory recoveries are
required in as large volumes of sample solution as possible to obtain a high enrichment factor. The eluent was collected and analyzed by HPLC. The recoveries were acceptable with sample volume increasing up to 200 ml,
demonstrating a strong interaction between the MIP and
analytes in aqueous solution, and an excellent performance for this analysis system. And the sample could not
be adsorbed completely when the loading volume was more
than 200 ml. Taking the above reason into account, the
loading condition for MIP column is 200 ml in distilled
water.

TABLE 2 - Analytical performance figures of merit by HPLC method in standards aqueous solutions.
Phenolic
Linear scope
LOD
LOQ
pKa
tR (min)a
ab
b
R2
RSD (%)c
compounds
(ng/mL)
(ng/mL)
(ng/mL)
HQ
9.85
2.045
5.195
0.018
0.9991
0.25-1000
0.032
0.11
3.5
CT
9.4
3.46
0.052
0.065
0.9990
0.25-1000
0.036
0.12
4.1
RS
9.4
2.647
9.794
0.038
0.9994
0.25-1000
0.051
0.17
2.7
a
tR, retention time; b Calibration curves are expressed as regression lines (y = a + bx), where y is integrated peak area and x is concentration of phenolic compounds (ng mL-1), a is intercept, b is slope; c RSDs of reproducibility were calculated based on twenty cycles extractions.

FIGURE 3 - Effect of sample volume on the recoveries for MIP.
3.5.2. Optimizing of washing solution

As is known to us, the washing solvent is one of the
crucial factors to increase the specific interactions between the analytes and binding sites, and simultaneously
decrease the non-specific inter actions in the polymer. In
this study, 200 ml spiked distilled water with the analytes
was loaded into the cartridge as described above. Then,
the sorbents (MIP or NIP) were completely dried in vacuum during 5 min and, once the drying step was carried
out, 2 ml methanol or acetonitrile was applied to wash the
polymers. Acetonitrile as aprotic solvent with a high dielectric constant allowed the formation of specific interactions via hydrogen bonds between the polar target compounds and the MIP, and disrupted the non-specific inter-

2336

© by PSP Volume 22 – No 8. 2013

Fresenius Environmental Bulletin

actions between the polymer and polar matrix components [26], which could be validated by that a part of the
compounds (49.3–56.1%) was observed for NIP, while
most of the compounds were completely retained in MIP
(Fig. 4 W1). The collected washing solution was also analyzed and found that methanol was not only able to wash
out the interferential compounds existing in samples and
disturb non-specific interactions between NIP and the target compounds, but also able to reduce the retention of 4NP on MIP by specific interactions (Fig. 4 W2), indicating that methanol could be used as elution solvent. In
order to clearly demonstrate the real imprinting effect of
the MIP, 2 ml of a mixture of acetonitrile/methanol (95:5,
v/v) was applied to the polymers to disrupt the residual
non-specific interactions formed on the MIP and NIP by
hydrogen bonds. The compounds were completely eluted
in the non-imprinted polymer (Fig. 4 W3) due to the addition of a small quantity of a protic polar solvent, such as
methanol, and to the lack of MIP binding cavities. In contrast, most of the compounds were mainly retained in the
MIP. Therefore, in the later experiment, at first, 2 ml acetonitrile, and then, 2 ml acetonitrile/methanol (95:5, v/v)
was used as the washing solution.

standard solutions, 5 µg of each phenol, 3 ml solvent volume. W1:
acetonitrile; W2: methanol; W3: acetonitrile/methanol (95:5, v/v);
E1: acetic acid; E2: hydrochloric acid; E3: nitric acid.
3.5.3. Optimization of eluent conditions

The purpose of elution step is to remove the sample
loaded on the polymer as complete as possible. From the
study of the washing step, the compounds would be eluted
from MIP-SPE with 2 ml methanol. The results obtained
from the analysis of the elution showed that pure methanol could not satisfactorily elute the analytes, with the
recoveries taking into account which decreased during the
washing step and were all less than 70% (Fig. 4a-E1). In
order to obtain better elution conditions, acidic methanol
solvents were applied possibly to be used as eluents. The
acidic elution mechanism can be explained by the protonation of the amine and hydroxyl group (belonging to the
template or functional monomer), generating a positive
charge that causes an electrostatic repulsion and promotes
elution of the analyte [27]. Hence, several organic acids
were tested as eluents, such as acetic, hydrochloric and nitric
acid, in 1.0 mol L−1 concentrations. From Fig. 4, acetic acid
did not present good elution efficiency due to its low
dissociation capacity. Hydrochloric and nitric acids presented similar responses (1.0 mol L−1 concentration). Due
to possible presence of cationic species in some samples
that may precipitate with chloride, as well as due to the
easier purification, then attaining higher nitric acid purity,
1.0 mol L−1 nitric acid was selected as working condition.
The satisfactory results were achieved in the case of nitric
acid solution, with the recoveries of 93.5–99.1% for HQ,
CT and RS (Fig. 4a-E2). The same experiment was performed on NIP, and the results (little effect on NIP) are
shown in Fig. 4b E1-E3. The volume of the elution solvent was also studied in the experiment, and the efficient
elution could only be achieved with no less than 3 ml of
nitric acid-methanol; moreover, increasing the volume of
elution will reduce the pre-concentration factor. To ensure
the elution entirely, the essential and sequential elution
with another 3 ml of nitric acid-methanol revealed the
absence of analytes in the adsorbent. In conclusion, nitric
acid-methanol was finally chosen as the elution solvent
which was accordant to Soxhlet extraction and the elution
volume was determined as 3 ml. The recoveries of three
analytes by MIP-SPE were much higher than that by NIPSPE, which indicated that the imprinted polymers can
selectively separate and enrich HQ, RQ and CE from the
water solution.
3.6. The effect of the addition of salt

FIGURE 4 - Washing and elution profiles of the compounds obtained on MIP (a) and NIP (b): 100 mg of sorbent, 20 ml aqueous

The extraction efficiency had been acceptable under
optimized conditions; thus, in order to investigate the influence of the addition of salt, the sample volume increased to
300 ml. Effect of presence of sodium chloride (NaCl) on
extraction efficiency is shown in Fig. 5. The result showed
that the addition of NaCl enhanced the mass transfer in
the extraction process, which was consistent with previous studies where salt was added [28, 29]. When salt was
added, water molecules solvate around ions leading to
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poor solubility of polar compounds due to the so-called
salting-out effect [30, 31]. The diffusion of analytes into
the MIP to water solvent was the rate-limiting step, which
suggested that the addition of salt speeded up this step.
Thus, the addition of salt would increase the sample volume, sequentially enhancing the pre-concentration factor.
The quantity of dissolubled salt increased with the increasing of the sample volume; so, in all further experiments salt
was not added to facilitate the extraction process.

FIGURE 5 - Comparison of extraction efficiency with and without
salt addition in the aqueous solutions (300 ml sample volume).
3.7 Determination of the repeatability of the MIP column

The reproducibility of this method was observed because of the high recoveries on MIP. Under the optimized
conditions mentioned above, the observed reproducibility
of the method was satisfactory in twenty sequential cycles
of extraction (as listed in Table 2). Certainly, the repeat
extractions were performed on a single SPE column, and
thus, the result also demonstrated the good repeatability
and reusability of the MIP-SPE column.
3.8. Determination of compounds with HPLC

In the HPLC analysis, chromatographic separation was
performed using an Eclipse XDB-C18 (250 mm×4.6 mm,
5 µl. Serial No. G1314B) column with the mobile phase
of water:methanol (65:35) at a ﬂow-rate of 1.0 ml min−1.

The injected volume was 20 µl, and the column effluent
was monitored at 270 nm. The samples were filtered through
a 0.20-µm Millipore nylon membrane before injection.
Optimized experimental parameters and analytical performance of methods are given in Table 3. The linearity of
the analytical method was checked by analyzing standard
aqueous solutions spiked with different concentrations
ranging from 0.25 to 1000 ng ml-1, and the linearity of the
calibration curves was obtained by the determination of
the peak areas from analysis of each analyte in the mixture of compounds. The excellent linear relationships (R2)
obtained for all analytes were higher than 0.999. The limits
of detection (LODs), defined as the concentrations that
yielded S/N ratios greater than or equal to 3, and the limits of quantification (LOQs), defined as the concentrations
that yielded S/N ratios greater than or equal to 10, were
determined through MIP-SPE extractions of spiked aqueous standards. In this work, the baseline noise was measured from a chromatogram of a blank sample solution.
The results showed that the LODs fell between 0.032 and
0.051 ng ml-1, and the limits of quantification (LOQs) fell
between 0.11 and 0.17. According to the European Community Directive [32] and Japanese Ministry of Health, Labour
and Welfare [33], these values were below the legal tolerance level for each phenol in drinking water (0.5 ng ml-1),
and the maximum contaminant level for phenols in drinking water (5 ng ml-1), indicating that this method could be
used to detect some polluted water samples. Compared
with the previously reported methods regarding phenols,
the sensitivity of the present method was somewhat better
[34, 35].
3.9. MIP-SPE of real water samples

The proposed extraction technique was applied to
separate and determine HQ, CT and RS in water samples
under the optimum conditions as described above. 200 ml
of each sample spiked with the phenols at four different
concentration levels (1, 10, 100 and 200 ng ml-1) were
passed though the MIP-SPE, and then analyzed by the

TABLE 3 - Linearity, detection and quantification limits of the MIP-SPE method in lake, river and wastewater samples (n = 3).
Phenolic
compounds
HQ
CT
RS

LOD
(ng/mL)
0.033
0.029
0.043

Lake water
LOQ
(ng/mL)
0.110
0.097
0.143

R

2

0.9991
0.9981
0.9972

LOD
(ng/mL)
0.028
0.041
0.053

River water
LOQ
(ng/mL)
0.093
0.136
0.176

R

2

0.9989
0.9991
0.9969

LOD
(ng/mL)
0.039
0.044
0.053

Wastewater
LOQ
(ng/mL)
0.130
0.146
0.178

R

2

0.9981
0.9978
0.9945

Linear
scope
(ng/mL)
0.25-1000
0.25-1000
0.25-1000

TABLE 4 - Recoveries of target analytes in tap, lake and river water samples (n = 3).

Lake water
Concentration added (ng/mL)

Recovery (%)
River water
Concentration added (ng/mL)
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Waste water
Concentration added (ng/mL)
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Analyte
HQ
CT
RS

1
91.4±3.2
96.6±2.2
99.4±4.3

10
99.3±1.9
101±4.8
96.4±2.7

100
103±5.2
94.1±3.8
95.3±3.1
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200
93.8±3.1
92.2±3.9
103±3.3

1
88.8±5.1
89.4±6.2
94.4±3.6

10
89.1±4.3
95.4±4.2
89.6±2.4

proposed method. However, before the target compounds
were added, it was confirmed that these lake and river
water samples had no detectable amounts due to the limitation content, and dihydroxybenzenes were detected in
wastewater but lower than limits of detection. Thus, the
standard addition method was adopted. Table 3 shows the
analytical performance of methods of spiked water samples, which was similar to those observed in standard aqueous solutions. Figure 6 shows the liquid chromatogram of the
phenolic compounds in lake, river and wastewater samples

100
91.2±3.1
94.1±3.1
96.6±2.2

200
93.2±4.3
98.2±2.5
97.5±4.9

1
98.1±3.3
89.4±3.1
87.9±4.4

10
97.8±3.0
94.3±4.5
91.2±3.9

100
93.2±5.1
94.5±3.2
93.6±6.1

200
91±4.5
92.1±2.7
93.3±3.4

before and after spiking (1 ng ml-1 of each analyte), indicating negligible matrix effects from environmental water
samples on MIP. It also can be observed that several interferential compounds were detected in the lake and river
water samples. The reason may be that several structurally
closely related substances existed in the water samples. As
listed in Table 4, the recoveries for dihydroxybenzenes
were in the range of 91.4–103% for lake water samples,
88.8–98.2% for river water samples, and 87.9–98.1% for
wastewater samples.

FIGURE 6 - Typical chromatograms from the analysis of lake water samples (A) and river water (B) and waste water (C) samples: (a) unspiked samples and (b) samples spiked with each phenol at the concentration of 1 ng/mL

4. CONCLUSIONS
In this research, the MIP with hydroquinone as template was successfully synthesized by a novel surface imprinting technique. The new MIP has high specific recognition selectivity for similar structurally isomeric compounds
catechol and resorcinol. Thus, the method was successfully
developed by using the MIP as the adsorbent for SPE coupled with HPLC-UV for enrichment and analysis of dihy-

droxybenzenes in environmental water samples. High recoveries, sensitivity, precision and accuracy were found for
the selective extraction from lake, river and wastewater
samples spiked at concentrations demonstrating the potential of this method for determination of dihydroxybenzenes
from environmental water samples at concentrations down
to the ng ml−1 level.
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compounds in environmental water samples. Anal.Chim. Acta
650 (1), 70-76.
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ABSTRACT
The fungi Trametes versicolor and Pleurotus ostreatus were used to remove the triphenylmethane dye
Basic Green 4, which is a toxic compound used in dye
industries and in aquaculture as a biocide and fungicide.
Agave tequilana Weber was evaluated as a support and
biosorbent because it has high quantities of nutrients and
good adsorption capabilities, and its leaves are a byproduct of the tequila industry. The kinetics of the uptake
of Basic Green 4 by agave fiber showed a relatively fast
rate of dye adsorption. At 29 °C, the dye adsorption properties were described by the Freundlich isotherm model,
with a Kf value of 0.5683 (mg g-1) ((L g-1)1/n)-1. The fungal
culture immobilized on agave fiber and without added
glucose was found to provide the best option for pigment
removal, obtaining 99.3% discoloration of 200 ppm dye
with non-saturated support and 79 U L-1 laccase production during 4 days of treatment at 29 °C in Erlenmeyer
flasks. Toxicity tests revealed that the immobilization of
fungi in agave fiber decreases the toxicity compared with
immobilization of fungi in agave leaves. Additionally,
when the fiber was previously saturated with the dye and
then immobilized, an increase in the effectiveness of the
system resulted due to the removal of the dye by biological degradation and by adsorption to the support. In a
bubble column reactor, under these conditions, the discoloration was 90% of 50 ppm in 9 days, or two removal
cycles, and the toxicity of the degradation products decreased.

KEYWORDS: Agave tequilana Weber, Basic Green 4, biodegradation, co-substrate, toxicity.
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1 INTRODUCTION
Industrial dyes can be removed using physical-chemical
methods, such as adsorption or chemical degradation, which
are expensive, thus limiting their application [1]. Kalyani et
al. [2] reported that textile dyes and effluents have toxic
effects on the germination time and biomass production of
many plant species that play an important role in the ecological function, protect the soil from erosion, and provide
organic matter to retain soil fertility. The dye Basic Green 4
is used in aquaculture as a medical disinfectant, and in the
textile industry, and it is highly toxic to humans and animals [3]. Although physical and chemical treatments to
remove pollutants in water have been described [1, 4], the
removal of dyes has been difficult and expensive; therefore,
researchers have been focused on the biological removal of
dyes. Various microorganisms, such as Pseudomonas pseudomallei [5], Citrobacter sp. [6], Bacillus subtilis [7], Nocardia corallina [8], Rhodotorula sp. [9], Rhodotorula
rubra [9], Phanerochaete chrysosporium [10], and Cunninghamella elegans [11], were found to be capable of discoloring triphenylmethane dyes. Maalej-Kammoun et al. [3]
used enzymes from white rot fungi to remove Basic Green
4 along with laccase from Trametes versicolor at an initial
concentration of 0.1 U ml-1; these enzymes removed 97%
of the Basic Green 4, but it was determined that laccase is
not stable. Furthermore, it was found that such microorganisms do not need preconditioning to produce nonspecific extracellular enzymes that can degrade xenobiotic
compounds, including dyes.
The aim of this research was to evaluate the use of a
fungal culture immobilized on Agave tequilana Weber for
the adsorption and fungal degradation of Basic Green 4.
2 MATERIALS AND METHODS
2.1 Microorganisms and culture media
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Trametes versicolor and Pleurotus ostreatus fungal
strains were obtained from the Applied Biotechnology
Laboratory of Javeriana University, Bogotá, Colombia.
The strains were reactivated in wheat bran extract agar at
29 °C for 8 days with a medium containing 175 g L-1 wheat
bran, 10 g L-1 glucose, 5 g L-1 peptone, 2 g L-1 yeast extract,
0.1 g L-1 KH2PO4, 0.05 g L-1 MgSO4*H2O, 0.076 g L-1
MnSO4, and 0.1 g L-1 chloramphenicol to prevent bacterial
contamination [12]. The wheat bran was soaked for 1 h, and
then squeezed to obtain the liquid extract that was used to
mix the medium components; the solid residue was not
used. The fungal strains were preserved by colonizing agar
discs and storing them in Eppendorf tubes with wheat bran
extract agar at 4 °C, as described by Pedroza et al. [13].
2.1.1 Fungal biomass production

Fungal biomass was produced under two different
conditions, solid culture and liquid culture. Wheat bran
extract medium [12] with 18 g L-1 agar was used for the
solid culture. Each fungus was seeded with a colonized
disc that was put into a Petri dish with new agar, and the
fungi were incubated for 8 days at 29 °C. For the liquid
culture, wheat bran extract medium was used. Ten agar
discs, each colonized with the fungus, were added to 100 ml
of liquid medium, and the fungi were incubated for 8 days
at 29 °C and shaken at 120 rpm.
2.2 Agave tequilana Weber material

Agave tequilana Weber leaves were collected from 8year-old plants grown in Tequila, Jalisco, Mexico. The
leaves were washed, cut into squares (0.5 x 0.5 cm), dried
at 60 °C in an oven, and then packed in polyethylene bags;
each bag contained the same amount of leaves by weight.
The remaining leaves were used for fiber production according to a traditional method, which consists of removing the fleshy part of the leaves using a sharp instrument
to expose and remove the fiber then by rinsing and drying
in the sun [14]. Both the bags with leaves and those with
fiber were sterilized using gamma irradiation (60Co) at a
dose of 21 to 38 kGy, which was performed at the Instituto
Nacional de Investigaciones Nucleares of Mexico (ININ).
A sterilization test on the fiber and leaf samples in nutritive
agar and potato dextrose agar was carried out. The chemical characterization of Agave tequilana leaves was reported
by Guillén-Jiménez et al. [15], who evaluated reducing
sugars using 3,5-dinitrosalicylic acid [16], total nitrogen
[17], total phosphorus [17], and humidity [17].
2.3 Adsorption studies
2.3.1 Adsorption experiments

spectrophotometrically at 620 nm, and Basic Green dye
concentration was calculated using a standard curve.
The adsorption of agave samples with several initial
dye concentrations was carried out using a batch method,
as described above. In each experiment, 0.4 g of agave
fibers with 100 ml of an aqueous solution of the Basic
Green 4 dye at concentrations of 200, 180, 170, 160
and 150 ppm were equilibrated for 4 days at 29 °C and
120 rpm. Initial and final dye concentrations were determined as described above.
2.3.2 Equilibrium modelling in a batch system

To examine the adsorption mechanism, pseudo-firstorder and pseudo-second-order kinetic models are generally used to test experimental data, assuming that the
measured concentrations are equal to the surface concentrations [18].
Pseudo-second order chemical reaction kinetics [19]
(Eq. 1) provides the best correlation of the experimental
data for the removal of organic pollutants and metals from
an aqueous solution by natural adsorbents and activated
carbon.
(1)
where, q (mg g-1) is the amount of adsorbed pollutant
on the adsorbent at time t, qe is the dye amount of dye (mg
g-1) biosorbed at equilibrium, and K2,ads (g mg-1 min-1) is
the constant rate of second-order adsorption.
To estimate the adsorption capacities at various initial
concentrations of Basic Green 4, the two well-known
equilibrium adsorption isotherm models, the Langmuir
and Freundlich isotherms, were used.
The Langmuir isotherm model is described in its linear form by Equation 2:
(2)
where, qm (mg g ) and K (l mg ) are Langmuir constants that indicate the maximum adsorption capability of
the fiber [4]. Additionally, for the Langmuir isotherm, the
separation factor (RL) was calculated (Eq. 3):
-1

-1

(3)
where, Co is the initial concentration of the dye [20].
The Freundlich isotherm model in its logarithmic form
is given by Equation 4:
(4)
where, K (mg g ) and n (dimensionless) are Freundlich constants that indicate the adsorption capability and
adsorption intensity, respectively [4].
-1

Adsorption tests were performed in duplicate by mixing 100 ml of an aqueous solution of 200 ppm Basic
Green dye with 0.4 g of Agave tequilana fiber as a sorbent
in a 250-ml Erlenmeyer flask. The flasks were shaken at
120 rpm and 29 °C; 5 ml samples were sampled every 6 h
during the first 24 h, and then, every day for 8 days. The
residual dye in the supernatant solutions was analyzed

2.4 Immobilization protocols

The immobilization protocols were carried out using
two different support configurations: agave fiber and agave
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leaf squares (0.5 x 0.5 cm). One gram of either agave fiber
or agave squares and 1% (w/v) fungal biomass were added
to 50 ml of Radha Culture Medium (RCM), modified to
consist of 2.5 g L-1 glucose, 2 g L-1 KH2PO4, 0.05 g L-1
NH4Cl, 0.5 g L-1 MgSO4*7H2O, 0.1 g L-1 CaCl2*2H2O,
100 µg L-1 thiamine-HCl, and a 10 ml solution of trace
elements (0.5 g L-1 MnSO4, 0.1 g L-1 FeSO4*7H2O, 0.1 g L-1
ZnSO4*7H2O) with a final pH of 4.5 that was prepared
separately and then added to the medium [21]. After 1, 4
and 7 days of incubation at 29 ºC, the supports (agave fiber
or agave leaves) were removed from the medium and observed by scanning electron microscopy (SEM) to verify
the immobilization process [22].
2.5 Preparation of samples for SEM

Samples were prepared according to the procedure
proposed by Bozzola and Russell [22]. First, samples
were fixed with 2% (w/v) glutaraldehyde for 2 h, and then
rinsed three times for 15 min each time with a 0.1 M
phosphate buffer. A second step for fixation was carried
out with 1% (w/v) osmium tetroxide for 2 h, and the samples were then rinsed three times with a 0.1 M phosphate
buffer for 15 min each time, followed by dehydration with
ethanol for 10 min at each of the different concentrations
(10-100%, v/v). The samples were then dried, mounted on
a specimen stub, and finally metal-coated to be examined
using a JSM-5800 LV scanning electron microscope (JEOL,
Japan).
2.6 Selection of the biocarrier configuration and effect of the
addition of co-substrate on dye removal

The selection of the biocarrier configuration and the
effect of glucose as a co-substrate on dye removal were
performed using a block design with the treatments and
controls (presented in Table 1). The tests were performed
in triplicate, and a statistical analysis was performed using
Tukey’s test after verification of the assumption data
confidence level of 95% using SAS 9.0 ® program for
Windows.
TABLE 1 - Block design for the selection of the biocarrier and the
effect of the addition of glucose on the dye removal.
Treatment
1
2
3
4
5
6
7
8
9
10
11
12
Control 1
Control 2
Control 3
Control 4
Control 5

Culture
P. ostreatus + glucose + leaves
P. ostreatus + glucose + fiber
P. ostreatus + glucose + free cells
P. ostreatus + leaves
P. ostreatus + fiber
P. ostreatus + free cells
T. versicolor + P. ostreatus + glucose + leaves
T. versicolor + P. ostreatus + glucose + fiber
T. versicolor + P. ostreatus + glucose + free cells
T. versicolor + P. ostreatus + leaves
T. versicolor + P. ostreatus + fiber
T. versicolor + P. ostreatus + free cells
Leaves + glucose
Leaves
Fiber + glucose
Fiber
Absolute control

For each treatment, 50 ppm aliquots of dye were added to 50 ml of RCM, with or without modification by 2.5
g L-1 glucose supplement [21] in a 100-ml Erlenmeyer
flask. The solution was inoculated with 1% (w/v) (0.5 g)
free fungal biomass or 1 g of support (without previous
saturation), with immobilized fungal biomass. Then, percentage of discoloration [23], laccase activity [24], manganese peroxidase (MnP) activity [25], lignin peroxidase
activity (LiP) [26], and absorption in the UV-VIS range
were measured. As abiotic controls, Erlenmeyer flasks containing 50 ml of RCM medium and 1 g of non-saturated
agave fiber or 1 g of non-saturated agave leaves were incubated without microorganisms. Additionally, treatments with
only dye medium in the same conditions served as the absolute control. All experiments were performed in triplicate
and in the dark to avoid false positives that could result
from discoloration associated with light.
2.7 Dye removal using a bubble column reactor

The selected support was saturated with dye and used
to immobilize the fungi in solid wheat bran extract agar.
For the reactor tests, a glass column (38 cm length, 7.5 cm
diameter, total volume 1000 ml) was used. The operational conditions were as follows: 750 ml of 50 ppm Basic
Green 4, aeration of 1.091 L min-1 at 20 °C, and 7 g of
previously saturated and inoculated support. To estimate
the reactor’s performance with the best configuration of
the support, the number of cycles of operation was determined. Samples of 15 ml were sampled for analysis every
24 h for 3 days, for each cycle. At the end of the first
cycle, the medium was removed, and the reactor was
replenished with fresh medium (50 ppm of dye); the process was repeated for 3 consecutive cycles in duplicate.
The measured dependent variables were percentage of discoloration [23], laccase enzyme [24], and UV-VIS spectra.
To determine if the performance of the system is diminished with the increasing process time, Tukey’s test was
performed with a confidence level of 95% using the statistical program SAS 9.0 for Windows. Bioassays were
monitored at the beginning and end of each cycle to assess changes in toxicity.
2.8 Toxicity assays pre- and post-treatment

Toxicity assays were performed using two different organisms to compare the dye effects in two different trophic
levels.
2.8.1 Bioassays with Artemia salina

Artemia salina is a micro crustacean used in toxicity
assays. Nauplii of Artemia were obtained from hatching
cysts, which were hydrated for 24 h in saltwater (20 g L-1
NaCl). Approximately 50 mg of Artemia salina eggs were
placed in an Erlenmeyer flask with 350 ml of saltwater.
Cysts were kept in constant agitation with strong aeration
at 28 °C, and were exposed to natural or artificial light for
24 h. Acute toxicity assays were performed in plastic
containers that contained 10 nauplii with 5 ml of water
containing 5 g L-1 NaCl. Toxicity tests were performed in
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triplicate for 24 h. At the end of the test, the number of
dead bodies was counted in each container; an organism
was considered to be dead if no movement was observed.
Lethal dose values (LD50) (the concentration at which half
of the population dies) were calculated using the Finney
program (DOS). LD50 values less than 1000 ppm are considered to be toxic levels [27, 28].
2.8.2 Bioassays with Lactuca sativa

The Lactuca sativa variety of Grandes Lagos (edible
plant) was also used for analysis to determine the sensitivity to the toxic zinc sulfate (ZnSO4). The following concentrations were evaluated: 10, 20, 40 and 100 mg L-1.The
solutions for analysis were made from a stock solution of
200 mg L-1. For wastewater, three dilutions with a factor
of 0.5 were used. Reconstituted hard water was used as a
negative control.
The assays were performed in Petri dishes that contained filter paper saturated with 3 ml of the substances
under evaluation. Twenty-five Lactuca sativa seeds of equal
size were added to the Petri dishes, which were covered
and lined with wet paper towels to avoid moisture loss
and placed in the dark for 120 h (5 days) at 22 ±2 °C.
Replicates were performed in triplicate for each solution
tested; a positive control was used for each concentration,
and reconstituted hard water was used as a negative control. At the end of the exposure time, the length of the
radical was measured in each seedling using graph paper
[29]. The results were analyzed with the statistical program Probit to calculate the concentration that produced
50% inhibition (LD50/ED50).

first order and pseudo-second order constants were calculated, and it was determined that the experimental data
provided a better fit to the pseudo-second order kinetic
model, with the correlation coefficient suggesting a strong
correlation (R2=0.9987), while the correlation coefficient
was not as strong (R2=0.9633) in the pseudo-first order
kinetic model. The values obtained for pseudo-second order
kinetics were K2 = 0.206 and qe=24.33. The pseudo-second
order model is based on the sorption capacity onto the
solid phase, which predicts the sorption behavior over the
whole range studied [33]. Akar et al. [34] observed that
their experimental results showed good agreement with
the pseudo-second order kinetic model, and support the
assumption behind the model that the biosorption is due
to chemisorption.

FIGURE 1 - Effect of contact time on Basic Green 4 adsorption to
Agave tequilana fiber at 25 °C.

3 RESULTS AND DISCUSSION
3.1 Determination of Agave tequilana sorption capability

According to Guillén-Jiménez et al. [15], agave
leaves contain 4.4 g reducing sugars, 1.42 mg total nitrogen, and 260.27 mg total phosphorus per 100 g in dry
matter, indicating that this waste is a rich source of nutrients and can stimulate the biodegradation of pollutants.
Additionally, Iñiguez-Covarrubias et al. [30] determined
that agave leaves have a high α-cellulose content that can
enhance the adsorption of the dye to the support surface
due to the interaction of the agave’s functional groups with
the dye. Materials consisting of lignin, cellulose and hemicelluloses with polyphenolic groups play an important role
in binding dyes, and do so through different mechanisms
[31]. Generally, adsorption on natural materials takes place
by complexation, ion exchange, and hydrogen bonding [32].
The adsorption kinetics of basic green 4 are shown in
Fig. 1. It can be observed that the adsorption is fast, there
is a notable decrease in the dye concentration after 24 h,
and equilibrium was reached after 4 days for Agave tequilana fiber. The concentration of dye decreased from 25.9
to 2.06 mg, indicating that 23.84 mg of Basic Green 4
was adsorbed by 1 g of agave fiber at 29 ºC. The pseudo-

The values of the Langmuir and Freundlich constants
are shown in Table 2. The coefficient of correlation (R2=
0.904) indicates that the Freundlich model provides a
better fit for the experimental data of Basic Green 4 on
agave fiber. Table 2 shows that the value of n is greater
than one unit (n=1.24), demonstrating that Basic Green 4
was favorably adsorbed by the agave fiber; although the
Freundlich coefficient of correlation was slightly higher
than that of Langmuir, the Langmuir constant values also
indicate that agave fiber is a good adsorbent. This was
further confirmed with the RL value, which is between 0
and 1, indicating a favorable adsorption [20].
TABLE 2 - Isotherm constants for Basic Green 4 on Agave tequilana
at 25 °C.
Isotherm
Langmuir
qm (mg g-1)
Ka (L mg-1)
RL
R2
Freundlich
KF
n
R2
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Parameters
111.1
0.0027
0.649
0.902
0.5683
1.24
0.904
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The lignin cellulosic by-products have been studied
as adsorbents for synthetic dyes, and authors such as
Allen and Koumanova [35] claimed that activated carbon
adsorbs better than these adsorbents; materials, such as wood
or peat, are also highly absorbent but cheaper. Several authors have measured the adsorption of different natural materials with the dye Basic Green 4; for example, Guo et al.
[36] determined that the qm of rice husk for this dye was
511 mg g-1, and Garg et al. [37] determined the qm for
treated sawdust for this dye was 74.5 mg g-1 . Khattri
and Singh [38] performed an adsorption study with byproducts from industrial processes and determined that
the qm for neem sawdust was lower than the value mentioned previously (3.42 mg g-1). According to the results shown in Table 2, the qm determined using the
Langmuir isotherm on the adsorption of fiber with Basic
Green 4 is 111.1 mg g-1, indicating that the qm value for
different supports depends on the system applied to adsorption processes.
3.2 Fungal immobilization on Agave biomass

According to the SEM photos, incubation for 4 days
is long enough to achieve fungal immobilization in RCM
modified with glucose. Previous results have shown that
after 4 days of treatment of Black Reactive 5, immobilized T. versicolor showed 95% discoloration with 4 days
of immobilization and 0.769 g of attached biomass [39].
Herein, it was observed that after 4 days, the microorganisms adhered to the Agave biomass (leaves and fiber) (Fig.
2). In some pictures, deterioration of the material could be
observed, which could be related to the ligninocellulosic
characteristics of the supports, and the erosive and oxidative potential presented by the white rot fungi [23]. It has
been reported that lignin degradation occurs via oxidative
attack of the enzymes produced by the fungi; then, the

simple products from lignin degradation, such as protocatechuic acid or muconic acid, enter the fungal hyphae
and are incorporated into intracellular catabolic routes [40].
3.3 Selection of the configuration of the biocarrier and effect
of the addition of glucose as a co-substrate on dye removal

There is currently no published data on Basic Green 4
removal by adsorption or biological degradation using
leaves or fibers of Agave tequilana Weber. This study is
important because the results may justify the use of a resource waste as sorbent and fungal support in dye removal
processes.
According to the statistical analysis results, there are
significant differences between treatments (p<0.0001),
showing that, under the experimental conditions, the highest discolorations were obtained using T. versicolor and P.
ostreatus immobilized in agave fiber without glucose (T11)
and with glucose (T8), with discoloration values of 99.3%
and 99.2%, respectively (Table 3); however, there were no
differences between T11 and T8 (p>0.05), suggesting that
both could be used and that the fungal culture obtains simple carbon sources from the fiber of agave. While the dye
biotransformation is carried out, the fungi can produce
enzymes such as cellulases or hemicellulases that hydrolyze glycosidic bonds to free monomers and disaccharides,
such as cellobiose and glucose [41]. Laccase can be induced by the lignin present in the vegetal residue [39].
Iñiguez-Covarrubias et al. [30] claimed that the concentration of α-cellulose (64.8%) in agave is higher than in other
plant fibers, while the lignin (15.9%) content of agave
leaves is lower than that of other woods, such as Pinus
ocarpa and Eucalyptus, which have 27.4% and 18.2% lignin,
respectively. Additionally, the amount of total reducing
sugars in the leaves of agave is 4.4% (w/w), which could
maintain the fungal growth [15].
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FIGURE 2 - SEM of immobilized supports (T. versicolor leaves, 4 days (A); T. versicolor leaves, 7 days (B); T. versicolor fiber, 4 days (C); T.
versicolor fiber, 7 days (D); P. ostreatus stalk, 4 days (E); P. ostreatus stalk, 7 days (F); P. ostreatus fiber, 4 days (G); P. ostreatus fiber, 7 days (H)).
TABLE 3 - Block design results of the percentage of discoloration and laccase (U L-1) production (4 days of treatment, 120 rpm, 29 °C, 50
ppm Basic Green 4).
Treatment
1
2
3
4
5
6
7
8
9
10
11
12
Control 1
Control 2
Control 3
Control 4
Control 5

Culture
P. ostreatus + glucose + leaves
P. ostreatus + glucose + fiber
P. ostreatus + glucose + free cells
P. ostreatus + leaves
P. ostreatus + fiber
P. ostreatus + free cells
T. versicolor + P. ostreatus + glucose + leaves
T. versicolor + P. ostreatus + glucose + fiber
T. versicolor + P. ostreatus + glucose + free cells
T. versicolor + P. ostreatus + leaves
T. versicolor + P. ostreatus + fiber
T. versicolor + P. ostreatus + free cells
Leaves + glucose
Leaves
Fiber + glucose
Fiber
Absolute control

% Discoloration
95.5 ± 2.9
97.8 ± 2.7
86.2 ± 1.67
94.4 ± 2.6
99.2 ± 0.07
92.7± 2.87
98.4 ± 0.81
99.3 ± 0.22
87.7 ± 1.17
99 ± 0.12
99.3 ± 0.11
86.9 ± 0.89
80.8 ± 1.55
84.2 ± 3.18
86.2 ± 2.75
88.8 ± 2.68
11.2 ± 3.24

Treatments with P. ostreatus (T1-T6) alone resulted in
discolorations of approximately 86% and 99%, meaning
that fungal immobilization, glucose supplementation and
the adsorption capability of the support are the factors that
influence dye removal. Dye discoloration with the supports
without immobilized microorganisms shows the ability of
the agave to be a biosorbent for the system proposed.
According to the statistical analysis for laccase production, there are highly significant differences between
treatments (p<0.0001), showing that, under the evaluated
experimental conditions, the highest expressions of laccase were obtained using a mixed fungal culture containing T. versicolor with P. ostreatus immobilized in agave
fiber with glucose supplement (T8), and the same culture
and support without glucose (T11), which yielded values
of 162 U L-1 and 79 U L-1, respectively. The difference
between T8 and T11 showed that the presence of cosubstrate possibly favors the enzymatic activity because
a simple carbon source generates the primary metabolism
activation of the fungus and, therefore, the enzyme production for degradation of the compounds in the medium
[42]. Additionally, the glucose assimilation generates a decrease in pH, favoring the optimal conditions of enzyme
activity [43]. Additionally, acids such as oxalic acid are
generated that help to chelate Mn+3, and act as oxidants in
distant areas of influence of the hyphae [44].
Treatments with only P. ostreatus (T1-T6) produced
laccase enzyme levels between 0.65 and 22.28 U L-1. This
concentration was the highest in the treatment with the
immobilized fungus, showing that the agave leaves and
fiber acted as an inductor of enzymatic activity. This may
be due to agave being a lignified material with a greater
abundance of aromatic compounds. Moreover, in all treatments, it was observed that the presence of Agave tequilana
Weber in fiber and leaves generates an increase in the discoloration of the medium, thus providing additional benefits from the treatment. Additionally, the statistical analysis

Laccase (U L-1)
18.5 ± 4.75
14.9 ± 1.56
0.6 ± 1.11
22.3 ± 5.03
1.6 ± 1.37
3.2 ± 1.94
39.9 ± 1.34
162 ± 1.21
1.3 ± 0.33
26.4 ± 1.24
79.1 ± 1.05
0.5 ± 0.17
0±0
0±0
0±0
0±0
0±0

shows that the addition of glucose did not significantly
affect the amount of discoloration.
On the other hand, the MnP and LiP production did
not present significant effects on the treatment (p =
0.4794, p = 0.2794), as the presence of these enzymes
could not be observed in any of the treatments (Fig. 3).
Thus, these enzymes are not related to the discoloration,
and the behavior of the microorganisms is different for
each treatment. Heinfling et al. [45] suggested that commercial dyes cannot be decolorized by MnP and LiP,
which are produced by some white-rot fungal strains; additionally, these authors determined that the enzymes can be
inhibited by these dyes.

FIGURE 3 - Manganese peroxidase and lignin peroxidase activities
in the block design treatments (Conditions: 4 days of treatment, 120
rpm, 29 °C, 50 ppm Basic Green 4).

Different spectral curves of the degradation samples of
different treatments were collected via spectrophotometry.
The results showed the disappearance of the peak corresponding to the initial dye, and the appearance of new peaks
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likely corresponding to products obtained from the dye discoloration and support degradation (Fig. 4). In the dye degradation, the intermediary leucomalachite green may be
formed, which is colorless and absorbs in the UV region
(260 nm). In treatment 11, which corresponds to T. versicolor and P. ostreatus immobilized on fiber, a very high
peak at 300 nm was observed, which may correspond to
degradation intermediaries of the lignin present in the
support, such as phenylpropyl alcohol, that are part of the
lignin molecule. The appearance of the peaks in the treatment spectrum shows that fungi use the support as a carbon
source, and degrade compounds of the support to generate
the additional intermediates observed in the peaks.

leaves do. The values obtained from the leaves show that
increases in toxicity are even higher with an initial dye
concentration of 250 ppm, perhaps due to some leaves’
agave components.
On the other hand, the data obtained from the treatment with fiber and glucose showed no toxicity on Lactuca, possibly due to the presence of a co-substrate that may
favor the dye transformation and eliminate the toxic intermediaries of the dye. When the fiber was used without
glucose, the LD50 obtained for Lactuca was 57.7 ppm,
which could be due to the presence of some degradation
intermediates from the dye degradation or lignin fractions
of the support. With these toxicity values, it was observed
that Artemia salina shows higher sensitivity than Lactuca
sativa, which may be due to the mechanism of action of
pollutants on organisms. Few reports have been published
that evaluated the toxicity of dyes; Sánchez-Fortún and
Barahona [46] have reported the effect of an aquatic pollutant, an organophosphorous compound that is a cholinesterase inhibitor, inhibiting acetylcholinesterase and
resulting in excessive accumulation of acetylcholine and
overstimulation of central and peripheral cholinergic
receptors of Artemia salina.
3.4 Dye removal using a bubble column reactor

FIGURE 4 - UV/VIS scans of the optimal treatments obtained in the
selection of the configuration of the biocarrier, and the effect of the
addition of glucose as co-substrate on the dye removal: Initial sample (■), Treatment 8 (♦), Treatment 11(▲).

Additionally, bioassays with Artemia salina and Lactuca sativa were performed to determine the LD50 values
after the treatment (Table 4); the test was performed only
for the treatment with the highest removal (T11) and
controls of supports without microorganisms. In the Artemia salina samples with glucose addition and fungi
immobilized in leaves and fiber, lower LD50 values were
obtained when the biomass was immobilized than with
free biomass, showing that the organism could be useful
to some agave components.
In the controls, it was shown that leaves inhibit the organisms and may have some components that influence the
LD50 value; on the other hand, the fiber absorbs the dye
strongly with the unsaturated support and may decrease the
initial toxicity to an extent sufficient for detection.

According to previous results, 3-day cycles of treatment were established, and the support was saturated
because high, non-adsorbed concentrations of the dye
could be toxic for fungal biomass. This can be inferred
from the results of previous tests, where it was found that
using a fiber without saturation results in a decrease of
laccase production and less color removal (Fig. 5). The
support saturated with 23.84 mg of dye per g of fiber
(according to saturation assays), and immobilized in solid
medium, was put into the reactor, and RCM with 50 ppm
was added. Dye removal rates were higher than 90% in
the 3rd cycle, and because a saturated support was used,
the removal was due to fungi. The comparison of mean
values between cycles for the treatments with previously
saturated fiber show significant differences between treatments (p = 0.0036), suggesting that the system is stable for
discoloration until cycle 3, or for 9 days (216 h) under the
studied experimental conditions. Significant differences in
laccase activity were also shown (p = 0.0023), and the
highest amount of laccase activity was observed in cycle
1 (67 U L-1). In cycles 2 and 3, a lower enzymatic activity
was measured (Fig. 5), showing that laccase is likely acting

For Lactuca sativa and Artemia salina assays, it was
observed that fiber diminishes the toxicity more than the

TABLE 4 - LD50 evaluated in the block design for Lactuca sativa (5 days, 22 °C) and Artemia salina (24 h, 28 °C).
Treatments
Initial concentration of dye (50 ppm)

Analysis
Acute toxicity with Artemia salina
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Leaves without microorganisms(Control 2)
Fiber without microorganisms (Control 4)
Fungi immobilized on fiber (Treatment 11)
Initial concentration of dye (50 ppm)
Leaves without microorganisms (Control 2)
Fiber without microorganisms (Control 4)
Fungi immobilized on fiber (Treatment 11)

Acute toxicity with Artemia salina
Acute toxicity with Artemia salina
Acute toxicity with Artemia salina
Acute toxicity with Lactuca sativa
Acute toxicity with Lactuca sativa
Acute toxicity with Lactuca sativa
Acute toxicity with Lactuca sativa

FIGURE 5 - Operative cycles: Percent discoloration with treatments
with saturated fiber (■), Laccase (U L-1) with treatments with saturated fiber (♦), Percent discoloration with treatments with nonsaturated fiber (□), Laccase (U L-1) with treatments with nonsaturated fiber (◊).

FIGURE 6 - UV/VIS scans of cycles for saturated fiber and 50 ppm
of dye: Initial sample (■), cycle 1 (♦), cycle 2 (▲), and cycle 3 (x).

on products of dye degradation, or molecules that support
degradation. Other enzymes, such as tyrosinases or other
peroxidases, that degrade the dye, may be produced and
continue to act on dye degradation [47]. In the UV/VIS
scan (Fig. 6), peaks in the visible and ultraviolet region
are present from cycle 1, whereas in cycles 2 and 3, a
gradual decrease of the initial peak of the dye was observed. This trend can be attributed to the action of nonquantified enzymes that may diminish the intensity in UV
peaks observed at approximately 280 nm. The correlation
of variables between cycles was positive and significant
for cycle 1 (p = 0.009), showing that the laccase is related

2.901
76.664
0.124
85.11
28.3
87.7
57.7

to discoloration, thus affecting the dye structure, breaking
the azo group, and facilitating the partial mineralization of
the dye. Maalej-Kammoun et al. [3] reported that with
high concentrations of laccase, degradation is more effective and fast; on the other hand, they reported that high
concentrations of Basic Green 4 could inhibit enzyme
production. When the fiber is saturated with the dye prior
to fungal immobilization, a gradual adaptation process of
the fungi to the dye occurs, allowing the fungi to resist
stress and to maintain active metabolism when in contact
with the dye in the liquid medium and, in turn, producing
laccase. Additionally, the fungi immobilized in a natural
support, such as agave fiber, promote the ligninolytic
growth conditions of the fungal environment. This explains
why the fungus produces high quantities of enzyme that are
optimal for the support of degradation and for its use as a
carbon source. On the other hand, it is possible that different immobilization processes adhere different amounts
of biomass and affect the biocarrier efficiency.
According to results reported by Chhabra et al. [48],
peaks in the UV/VIS scan are generated due to laccase’s
activity as a degrading agent of Basic Green 4.They claim
that the peaks correspond to N-methylated peaks, di-demethylated forms and dibenzyl methane, and they also
found that benzaldehyde was one of the final degradation
compounds.
From the toxicity assays, it was observed that prior
saturation of the fiber not only improved the amount of
discoloration and the enzymatic production but also significantly decreased the toxicity, resulting in a LD50
>1000 ppm for Artemia salina in the first cycle; however,
this characteristic is only observed in cycle 1. For cycle 2,
the LD50 is 0.7176 ppm. The toxicity of the samples decreased, possibly due to the presence of laccase which
eliminates toxic compounds, thus producing simpler compounds and partially mineralizing the compound. Additionally, when the support is saturated, the initial concentrations of the dye in liquid medium could be lower, facilitating the reactor operation and increasing the process efficiency.

4 CONCLUSIONS
Agave fiber is a good adsorbent for Basic Green 4; a
pseudo-second order model adequately described the kinetic process of biosorption. The adsorption isotherm follows
a Freundlich model, and the results show that the adsorption capacity of agave fiber is similar to that of other lignocellulosic materials. The adsorption of the dye by agave
fiber and the biological treatment of the dye using two
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immobilized white-rot fungi notably diminished the dye’s
toxicity. The immobilization of fungi on agave fiber is a
cheap and effective option for Basic Green 4 dye biodegradation.

[12] Ha, H.C., Honda, Y., Watanabe, T. and Kuwahara, M. (2001)
Production of manganese peroxidase by pellet culture of the
lignin-degrading basidiomycete, Pleurotus ostreatus. Applied
Microbiology and Biotechnology. 55:704-711.
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ABSTRACT
A greenhouse pot experiment was conducted, during
2011-2012 using a Randomized Block Design, including
nine zeolite treatment levels, i.e.: Control, 0.40, 0.80,
1.20, 1.60, 2.00, 2.40, 2.80, 3.20 t/ha, respectively, in the
presence of a standard level of sludge (43 t/ha), in four
replications. Radish (Raphanus sativus, L) var. radicula
was used as an experimental test plant. The aim was to
study the effect of zeolite on phytoavailability of heavy
metals added to soil via sludge. It was found that the Zeolite treatments decreased statistically significantly the availability of Ni, Cd and Co to plants, decreased the heavy
metal soil pollution level assessed by the Elemental Pollution Index (EPI), and Pollution Load Index (PLI), respectively, and increased significantly the essential micronutrients Cu and Zn, and the Radish root yield at the early
harvest, but its effect on the later harvest was not statistically significant.
KEYWORDS: Zeolite, Heavy metals, Phytoavailability, Sludge,
adsorption, Radish

1 INTRODUCTION
Zeolite is a mineral of crystalline substance whose structure is characterized by a framework of linked tetrahedral,
consisting of four O atoms, surrounded by cations, containing open cavities in the form of channels and cages [1].

In fact, zeolites are a group of more than 40 highly crystalline minerals, which develop a porous structure when
dehydrated. They have a unique ion exchange-dehydrationrehydration, and adsorption properties, promising to contribute significantly to agricultural, and aquacultural technology [2]. These minerals are considered as a molecular
sieve, that absorbs selectively molecules and ions according
* Corresponding author

to their size [3]. This very important characteristic makes
capable the zeolite to act effectively as a cleansing agent
in removing toxic heavy metal cations from the soil and
the water [4].
Among the zeolite minerals, clinoptillolite is the most
abundant, and from the agricultural point of view, it
seems to be very interesting. Due to its cation absorption
selectivity and to its high cation exchange capacity, it has
been used as an ameliorative agent of heavy metal polluted soils [5, 6]. Also, zeolites are being used in cleaning
water from heavy metals and other pollutants.
Zeolites have been used in crop production contributing to yield increase. Relevant experimental results have
been reported by many authors [7, 8]. Also Zeolites have
been used for the reduction of heavy metals uptake by
plant roots [9].
Zeolites applied to soils in combination with inorganic fertilizer favour plant nutrient uptake [10]. Incorporation of Zeolites into the soil, increases significantly the
available nutrient holding capacity of soil, thereby improving its fertility, especially of the light sandy soils. It

2353

© by PSP Volume 22 – No 8. 2013

Fresenius Environmental Bulletin

further more creates conditions which favour the process
of nitrification [11].
Intensive use of sludge in agricultural soils, may lead
to heavy metal accumulation.
Consequently, the agricultural reuse of sludge in order to become more effective, could be accompanied by
the addition of Zeolite. In fact, among the proposed techniques for the remediation of the heavy metal pollution of
soils is the use of zeolite [12].
The effects of zeolites on phytoavailability of heavy
metals and on plant growth have been studied relatively
extensively. However, most of these investigations referred to the direct application of sludge for the remediation of heavy metal polluted soils. On the other hand,
relevant research data related to the effect of zeolite and
sludge on the phytoavailability of heavy metals is rather
limited. Nevertheless, the results of studies reported by a
limited number of authors, have shown that the effect of
zeolite is variable. On the other hand, the number of plant
species investigated so far is rather limited.
The response of plant species to heavy metals depends amongst other factors, on the capacity of each species to accumulate heavy metals in their tissues. As the
number of species studied so far is limited, there is a
strong need for the study of more plant species so as to
establish a definite and concrete evidence for the use of
zeolite in cases of soil pollution effect on plants due to
sludge application.
The aim of the present investigation was to study the
effect of natural Zeolite (clinoptilolite) in the presence of
sewage sludge on the phytoavailability of heavy metals to
Radish (Raphanus, sativus, L.)

characteristic properties of the experimental soil, of zeolites, and of sludge, are given in Tables 1, 2 and 3, respectively.
Twenty seeds were sown in each pot on December 9,
2011, and the germinated plants were later thinned leaving in total ten plants per pot.The first soil and plant sampling was done on March 4, 2012 while the 2nd sampling
of both soil and plants on March 25, 2012. Plants were
irrigated regularly with tap water according to water holding capacity of soil and radish plants needs. The mean

2. MATERIALS AND METHODS
A greenhouse pot experiment was conducted, during
2011-2012, using a Randomized Block Design, including
nine zeolite treatment levels, i.e.: Control, 0.40, 0.8, 1.20,
1.60, 2.00 , 2.40, 2.80, 3.20 t/ha, respectively, in four
replications, with a total number of pots 4x9 = 36. Radish
(Raphanus sativus, L) var, radicula was used as an experimental test plant.
A standard quantity of dry sludge equal to 43 t/ha was
added to all pots (Table 1). The sludge used was subjected
to partial dehydration, aerobic biological stabilization, and
denitrification. It was supplied by the Wastewater Treatment Plant of Messolonghion, W. Greece.
Pots of rectangular a cross section area, with dimensions of 0.46x0.17x0.17 m3, of total volume of 13.3L,
were used. They were filled with 9.2 kg of air dried SL
soil, to which 1.315 kg of partially dehydrated sludge
(85% moisture) corresponding to 43 t/ha of dry sludge,
and zeolites treatments had previously been incorporated
according to the statistical design in levels: control or 0,
0.4, 0.8, 1.20, 1.60, 2.00, 2.40, 2.80, and 3.20 t/ha. The
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volume of water added per irrigation was approximately
500 mL. The total volume of water added to each pot
during the period of plant growth was 11.95 L/pot.
The phytoavailable heavy metal fraction of sludge
was determined by extraction with DTPA. This was necessitated by the fact that this fraction correlates significantly with metal uptake, and furthermore contamination
of soils with heavy metal requires the available fraction.
Total metal concentration is no sufficient to assess the
risk of soil plant transfer of the element [13].

DTPA extr Cu mg/kg
Boil Water extr B

TABLE 2 - Characteristic properties of the zeolites used in the
experiment (Alluminum-hydrosilicates, CAS-Nr.12173-1-3).
Chemical and physical properties
SiO2
Al2O3
TiO2
Fe2O3
CaO
MgO
Na2O
K2 O
LOI
Mineralogical composition
Clinoptilolite
Other minerals
Particle size distribution
Dry sieve residue
Material properties
Moisture ISO 787/2
pH (5% suspension) ISO 787/9
Bulk density DIN ISO 967/EN ISO
60)
Specific Density DIN 51057
Cation Exchange Capacity (CEC)

TABLE 1 - Chemical characteristics of the experimental soil.
Chemical and physical properties
Mechanical analysis
Textural class
pH
EC (mS/cm)
CaCO3 %
Organic matter (OM) %
Nitrate-N (NO3-N) mg/kg
P-Olsen mg/kg
Exch-K mg/kg
Exch-Mg me/100g
DTPA extr. Fe mg/kg
DTPA Extr Zn mg/kg
DTPA ectr Mn mg/kg

4.18
3.28

S Si and C 9.2%
Sandy loam (SL)
7.54
0.826
5.30
1.22
234.0
59.67
46.0
0.38
28.31
1.86
52.45

Level
71.09%
11.56%
0.13%
0.77%
2,98%
0.68%
0,65%
0,36%
8.78%
min 85%
Max 15%
Max 30%
8.5± 2 %
7.5±1
0.78±0.1
2.3±0.1
Min 160 meq/100g

TABLE 3 - Chemical composition1 of sludge used in the experiment.
pH

EC
mS/cm

P
mg/kg

K
mg/kg

Ca
mg/kg

Mg
mg/kg

Fe
mg/kg

Zn
mg/kg

Mn
mg/kg

Cu
mg/kg

Cr
mg/kg

Cd
mg/kg

Co
mg/kg

Ni
mg/kg

B
mg/kg

5.68

8.556

7.84.24

2810

37.27

34.31

116.78

307.85

55.12

51.56

<0.0071

0.545

0.395

4.18

23.40

1

Phytoavailable micronutrients and heavy metals, have been extracted with DTPA
2.1-Chemical analyses

Chemical analyses of soil, plant samples and sludge
were performed as follows:
2.1.1 Soil and sludge

Soil mechanical analysis was determined by the classical Bouyoucos method, organic matter by the wet digestion procedure of Walkley and Black, CaCO3 by the Bernard method, pH of water saturated paste using a standard
pH meter with Beckman electrodes, and salinity by measuring the conductivity of the saturation extract by means
of a conductivity meter [14]. Available P of both soil and
sludge was determined by extraction with 1M sodium
bicarbonate [15]. Similarly, exchangeable Ca, Mg, K and
Na of soil and sludge samples were extracted with NH4Ac
[16], Ca and Mg were measured by titrating with Versenate [17], while K and Na by flame photometer. Micronutrients Zn, Fe, Mn, Cu, and heavy metals Cd, Pb, Co, Ni
and Cr, were extracted with DTPA [18, 19] and measured
by inductively couple plasma emission-mass spectroscopy
(ICP-EMS) [20]. The relevant results of soil and sludge
analysis are reported in Tables 1 and 2.
2.1.2 Plant analysis

Leaf samples were at first washed with deionized water, followed by dilute solution of 0.005% HCl, and by
0,1% alcoonox solution, while the root samples were at
first washed with low pressure tap water for the removal
of soil particles, and then the cleaning was continued by
using deionized water and the above cleansing agents.
They were then dried at 70oC, ground in a mill and placed
in plastic bags for analysis.
1.0 g of plant sample was mineralized in a muffle
furnace at 560 oC for 10-12 h, and the ash was dissolved
in a 5ml 6N HCl solution. The micronutrients Fe, Mn, Cu,
and Zn, and the heavy metals Pb, Cd, Co, Ni, and Cr were
measured by ICP-EMS [20].
3. RESULTS AND DISCUSSIONS
The effect of zeolite treatments on Radish (Raphanus,
sativus, L.) root and leaf dry matter (dm) yield as well as on
soil heavy metal content in the presence of a standard level
of sludge was investigated in a pot experiment under greenhouse conditions. The results obtained are discussed below.
3.1 Effect of Zeolites on radish growth and yield

2355

© by PSP Volume 22 – No 8. 2013

Fresenius Environmental Bulletin

Based on the ANOVA (F 0.666, significance p <
0.042), it was found that the differences in root dm yield
under the effect of the applied zeolite treatment levels,
were not statistically significant. This was due to the fact
that the applied sludge level was constant throughout the
experimental pots, and therefore all plants were growing
under more or less the same level of soil nutrients.
Similar results have been reported by [21] related to
the effect of zeolite on bell pepper germination, precent,
stem height, stem diameter and the number of leaves
effective in phytosynthesis.
On the other hand according to t-test, the differences
between the mean root dm yield between the 1st and 2nd
sampling (Table 4) were highly significant (t = -17.13,
and sign (two-tailed) P < 0.0000). Furthermore, the applied
zeolite treatments were statistically significantly related to
root yield of the 1st harvest (P < 0.044), as shown in Figure 1, the response curve being described by the equation:

According to [22] zeolite has decreased significantly
the immobilization of lead, copper, zinc, cadmium, manganese and consequently reduced their uptake by corn,
moustard and oat plants.
The above results are in accordance with the zeolites
ability to immobilize metals in soil by the following three
ways [23]: (i) - by precipitation of insoluble phases due to
disolution caused by alkalinity produced by the zeolites
(ii) - by metal sorption via surface complexation promoted by the increase of alkalinity. The zeolite surface is
positive at low pH and negative at high pH. Zeolites are
very active in surface complexation due to their very high
specific surface [24], and (iii) - by metal retention due to
their high exchange capacity [25].
Owing to the above properties, zeolites have been
used extensively in the remediation of polluted soil and
waters, wastewaters etc.

Yield = 0.367 (zeolite)2 – 1.04 (zeolite) + 5.753 (R2 0.644,
sign. 0.044)

mg/kg
A

TABLE 4 - Minimum, maximum, and mean yield of radish roots at
1st and 2nd harvesting, under the effect of Zeolites, irrespective of
their applied level and sludge.
Radish
root
samplings
1st
2nd

Dry matter root yield
g/pot
Minimum
Maximum
Mean
3.61
7.34
5.42
6.92
13.38
9.91

Standard
deviation
0.904
1.730

g/pot
mg/kg
B

FIGURE 1 - Effect of zeolite treatments (t/ha) on radish root dm
yield (1st harvesting), under sludge.
3.2 Effect of zeolites on soil heavy metal content

The effect of the applied zeolites on the soil heavy
metal concentration was studied in the presence of sludge.
Regression analysis between zeolite levels, and soil heavy
metal concentration showed a statistically significant
decrease of Ni, Cd and Co (Figure 3A, B, C), the decrease
being equal to 10%, 22,8% and 32,1%, respectively, in
comparison to control (zero zeolite with only sludge added).
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0.80
1,20
1.60
2.00
2.40
2.80
3.20

mg/kg
C

0.383
0.390
0.396
0.383
0.383
0.378

4.70
3.00
1.50
4.70
4.70
5.80

0.428
0.435
0.443
0.426
0.429
0.419

5.30
3.80
2.00
5.70
5.10
7.30

The above results suggest that the application of zeolite counteracted the heavy metal pollution effect on soil.
3.3 Effect of zeolite treatments on the phytoavailability of
heavy metals

FIGURE 2 - Relation of the applied zeolites (t/ha) on soil Ni and Cd
concentration (1st soil sampling), and on soil Co (2nd sampling) in the
presence of sludge.

In the present work, due to the addition of heavy metal via sludge, it was considered necessary to calculate the
degree of potential soil pollution at each applied zeolite
treatment level by estimating the following pollution
indices, i.e. Elemental Pollution Index (EPI) [26], and
pollution Load Index (PLI) [27]. The aim was to find out
possible changes in the values of these indices due to the
effect of zeolites. Indeed, the relevant data reported in
Table 5 show that the values of both indices are decreasing with the increase of the applied zeolite, the percent
decrease in comparison to control being from 1 to 5.8%
and 1.5% to 7.3% for the indices EPI and PLI, respectively.
TABLE 5 - Values of heavy metal soil pollution indices of EPI and
PLI, under the effect of the applied zeolite treatment levels, in the
presence of sludge.
Zeolites
treatments
t/ha
0.00
0.40

Elemental Pollution
Index(EPI)
Calculated
Percent
values
decrease
0.402
0.398
1.00

Pollution Load Index
(PLI)
Calculated
Percent
values
decrease
0.452
0.445
1.50

Regression analysis indicated that there have been
significant changes in the phytoavailable concentration of
the soil DTPA extractable Cu, Cd, Ni and Zn under minimum (0.0) and maximum (3.2) t/ha zeolite treatment
levels, respectively (Figure 3).
Solving the regression equations of each heavy metal,
given in Table 6, and keeping the independent variable at
3 t/ha of zeolite, under the effect of maximum and minimum zeolite levels, respectively (Table 6), the percent
elemental contribution of zeolite in Cu, Cd, Ni and Zn,
compared to the actual mean soil metal concentration,
was calculated. For example, the contribution of Zeolite
in Cu under the minimum zeolite level 0.0 t/ha) at the
applied 3 t/ha of zeolite is 1.604 mg/kg, and 77,0% of the
actual mean soil Cu content, and under maximum zeolite
level it is 1.680 mg/kg or 81,5% of the actual mean soil
Cu content (Table 6).
On the other hand, in the case of Cd, the application
of zeolite decreased its soil content from 59,06% under
minimum zeolite level (0.0 t/ha ) to 52,02% under maximum zeolite (3.2 t/ha). Similarly the Ni contribution decreased from 88,065 to 83,68% under the above zeolite
levels, respectively (Table 6), These results are in line
with the decreasing effect of zeolite on soil concentration
of Ni and Cd shown in Figure 2A, B, and they underline
the importance of Zeolite in controlling the phytoavalability of soil heavy metal content.
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FIGURE 3 - Effect of zeolite treatments on soil Cu, Cd and Ni content at the applied 0,0 and 3,2 t/ha zeolite levels, respectively, in the presence of sludge.

TABLE 6 - Comparison of soil heavy metal concentration calculated by the regression equations under the effect 0.0 and 3,2 t/ha of applied
zeolite, in the presence of 43t/ha sludge.

Interactions
TrxCu
TrxCd
TrxNi
TrxZn

Zeolite
t/ha
0,0
3,2
0,0
3,2
0,0
3,2
0,0
3,2

Regression equation
Cu= -0,023(Tr)2-0,256(Tr)+0,258
Cu=0,165(Tr)2-0,988(Tr)+3,16
Cd=0,006(Tr)+0,029
Cd=-0,007(Tr)+0,03
Ni= -0,0389(Tr)+0,452
Ni=0,027(Tr)2-0,159(Tr)+0,159
Zn= -0,542(Tr)+4,654
Zn= 0,458(Tr)2 –
2,196(Tr)+5,882

R

sign

Zeolite
Treatment
t/ha

0,880
0,878
0,843
0,767
0,762
0,895
0,942

0,024
0,025
0,008
0,028
0,028
0,018
0,000

3,00
3,00
3,00
3,00
3,00
3,00
3,00

Cu=1,604
Cu=1,680
Cd=0,011
Cd=0,009
Ni=0,338
Ni=0.305
3,03

Mean actual
soil heavy
metal level
mg/kg
Cu=2.0283
Cu=2.0613
Cd=0.0185
Cd=0.0173
Ni=0.3838
Ni=0.3645
Zn=3.6775

0,926

0,000

3,00

3,42

Zn=3.8025

4 CONCLUSIONS
The positive and statistically significant effect of zeolites on the phytoavailability of soil heavy metals Cu and
Zn, and also on dry matter yield increase of Radish
(Raphanus satyivu, L.) in combination with its negative
effect on heavy metals Cd and Ni in the presence of
sludge, showed that these minerals could successfully be
used in alleviating the harmful effects of the toxic heavy
metals that potentially accumulate in the soil, due to applied high sludge.

Heavy metal
contribution
mg/kg

Mean percent
elemental contribution
Cu=77.00
Cu=81.50
Cd=59.46
Cd=52.02
Ni=88.06
Ni=83.68
Zn=82.39
Zn=89.94

The decrease of soil pollution level, evaluated by calculating the soil pollution indices i.e. the Elemental pollution Index (EPI) and of Pollution Load Index (PLI), was
found to be in line with the decrease of soil heavy metal
concentration by the applied zeolites.

2358

REFERENCES
[1]

Coombs, D.S. (1997) Recommended nomenclature for zeolite
minerals: Report of the subcommittee on Zeolites, of the International Minerological Association on new minerals and mineral
names. The Canadian Minerologist 35: 1571-1606.

© by PSP Volume 22 – No 8. 2013

Fresenius Environmental Bulletin

[2]

Mumpton, F.A. and Firstman, P.H. (1977) The application of
natural zeolites in Animal Science and Aquiculture. J.Anim. Sci.
45, 1188-1203.

[3]

Perez-Caballiero, R., Gil, J. and Gondalez, J.L. (2008) The effect
of adding zeolite to soils in order to improve the N,N nutrition of
olive trees. Amer. J. Aric. Biol. 2(1), 321-324.

[4]
[5]

Arellano, F, Garsia-Sosa, I. and Solache-Rios, M. (1995) Sorption of Co and Cd by zeolite. Y. Rak. Nuc Chem 199, 107-113.
Echeverria, J.C., Morera, M.T., Mazkiaran, C., Garrido, J.J.
(1998) Competitive sorption of heavy metal, isotherms , and fractional factorial experiments. Envir. Pollut. 101(20), 275-284.

[6]

Oste, L., Lexmond, T.M. and Van Riemsdijk, V. (2002) Metal
immobilization in soils using synthetic zeolites. J.Envir. Qual. 31,
813-821.

[7]

Burriesci, N.,Valente, S.,Ottana, R.,Cimino,G. and Zipelli, C.
(1984) Utilization of zeolite in spinach growing. Zeolite 4, 5-8.

[8]

Loboda, B.P. (1999) Agroecological assessments of using sustrates from zeolite containing rocks in greenhouse grown sweet
peppers. Agrokimiya 2, 67-72.

[9]

Chen, Z.S., Lee, G.J., Liu, J.C. (2000) The effects of chemical
remediation treatments on the extractability and speciation of
cadmium and lead in contaminated soils. Chemosphere 41, 235242.

[10] Kavoosia, M. (2007) Effect of zeolite application on rice yield;
nitrogen recovery and nitrogen use efficiency. Commun. Soil Sci.
and Plant Anal. 38(1-2), 69-76.
[11] Unver, I., Ataman, Y. and Mansuz, N. (1984) Water retention
characteristics of some substrates used in Turkey. Acta Horticulture 150, 161-167.

[19] Ure, A.M. (1995) Methods of analysis for heavy metals in soils.
In: Alloway, B.J. (Ed.) Heavy Metals in Soil, 2nd Edition, Blackie
Academic and Professional An Imprint of Chapman and Hall,
London, p. 58.
[20] Soltanpour, P.N., Johnson, C.W., Workman, S.M., Jones Jr J.B.
and Miller, R.O. (1998) Advances in ICP emission and ICP mass
spectroscopy Adv. Agron. 64, 28-113.
[21] Parandnia, M., Najafi, P., Tabatabaei, S.H. (2011) Effect of zeolite on germination and vegetative growth of bell pepper. Research on Crops 12(3), 796-799.
[22] Ulmanu, M., Anger, I., Gament, E., Olanescu, G., Predescu, C., Sohaciu, M. (2006) Effect of a romanian zeolite on heavy metals
transfer from polluted soil to corn, mustard and oat. UPB Scientific
Bulletin, Series B: Chemistry and Materials Science 68(3), 67-78.
[23] Querol, X., Alastuey, N., Moreno, E., Alvares-Ayuso, A., Cama,
J. (2006) Immobilization of heavy metals in polluted soils by the
addition of zeolitic material synthesized from coal fly ash.
Chemosphere 171, 171-180.
[24] Shanableh, A., Karabsheh (1996) Stabilization of Cd, Ni, and Pb
in soil using natural zeolite. J.Hazardous Mater. 45, 207-212.
[25] Nissen, L.R., Lepp, N.W., Edwards, R. (2000) Syntheticzeolites
as amendments for sewage sludge-based compost. Chemosphere
41, 265–269.
[26] Kalavrouziotis, I.K., Koukoulakis, P.H., Ntzala, G., Papadopoulos,
A.H. (2012) Proposed indices for assessing soil pollution under the
application of sludge. Water Air Soil Pollution 223, 5189-5196
[27] Cabrera, F., Clemente, L., Diaz Barrientos, E., Lopez, R., Murillo
J.M. (1999) Heavy metal pollution of soils affected by the Guadiamar toxic flood. The Science of the Total Environment 242,
117-129.

[12] Shi, W.Y., Shao, H.B., Li, H., Shao, M.A. and Du, S. (2009) Progress in the remediation of hazardous heavy metal polluted soils
by natural zeolite. Journal of Hazardous Materials 170, 1-6.
[13] Gerad, E., Echevarria, G., Morel, C., Sterckeman, T., Morel J.L.
(2001) Isotopic exchange kinetics method assessing cadmium
availability in soils, In: Iskandar, I.K., and Kirkham,M.B.,(eds)
Trace Elements in Soils, Bioavailability, Flux and Transfer, Lewis Publishers, imprint CRC Press,LLC, Boca Raton, Fl U.S.A.
p127.
[14] Jackson M.L. (1958) Soil Chemical Analysis. Prentice Halb Englewood Cliffs NJ, USA, 1-250.
[15] Olsen, S.R., Cole, J.V, Watanabe, F.S. and L.A. Dean (1954) Estimation of available phosphorus in soils by extraction with sodium bicarbonate. Circular 939 USDA.
[16] Lanyon L.E. and Heald W.R. (1982) Magnesium Calcium Strontium, and Barium In: Page A.L. et al. (Eds). Methods of soil
Analysis Part 2, Madison ASA, 247-262.
[17] Richards, L.A. (1954) (Eds.), Saline and alkali soils, Agric.
Handbook No 60 USDA, Washington, D.C., p. 94,
[18] Lindsay, W.L., and Norvell, W.A. (1978) Development of DTPA
micronutrient soil test for zinc, iron manganese and copper. Soil
Sci. Soc. Amer. J. 42, 421-428.

Received: February 19, 2013
Revised: April 23, 2013
Accepted: April 23, 2013

CORRESPONDING AUTHOR
Ioannis K. Kalavrouziotis
Department of Environmental and Natural Resources
Management
University of Western Greece
G.Seferi 1
Agrinion
GREECE
E-mail: ikalavru@cc.uoi.gr
FEB/ Vol 22/ No 8/ 2013 – pages 2344 – 2349

LEAD ACCUMULATION AND TOXICITY IN
PEANUT (ARACHIS HYPOGAEA L.) SEEDLINGS
Muhittin Dogan1,*, Hasan Akgul1 and Ihami Tozlu2
1

Department of Biology, Faculty of Arts and Sciences, University of Gaziantep, 27310 Gaziantep, Turkey
2
Finike Vocational School, Akdeniz University, Finike-Antalya, Turkey

2359

© by PSP Volume 22 – No 8. 2013

Fresenius Environmental Bulletin

ABSTRACT
Effects of different Pb concentrations (0, 10, 100 and
1000 mg/L) in peanut (Arachis hypogaea L.) seedlings
were investigated by means of determining the amount of
photosynthetic pigments, malondialdehyde (MDA), protein and proline at whole plant level. Rising external Pb
concentrations resulted in elevated tissue Pb accumulations. A dose-dependent reduction was determined on the
amount of chl-a, chl-b and carotenoid contents of leaves.
While the proline contents of root and leaf tissues were
increased, that in stem tissues was decreased, in response
to elevated Pb concentration in the growth medium. Negative correlation was found between tissue Pb accumulation
and protein content in roots, stems and leaves. On the other
hand, correlation was found to be positive between Pb accumulations and MDA contents in all tissues examined. These
results suggest a possible Pb-induced oxidative stress in
peanut tissues.

and inhibition of nutrient uptake [10]. Also, it can contribute to the generation of different types of reactive oxygen species (ROS), such as superoxide anions (O2.), singlet
oxygen (1O2), hydrogen peroxide (H2O2), and the hydroxyl
radical (.OH) which are produced during normal oxidative
metabolism in aerobic organisms, and can pose a severe
threat when produced in larger amounts. Several enzymatic
and non-enzymatic antioxidants exist in plant cells dealing with damage caused by ROS [11].
Arachis hypogaea L. (peanut), a species from Fabaceae family, is a major crop at southern province of
Turkey, Osmaniye. Although peanut production in Osmaniye is about 40% of total country’s production, 90%
of Turkish peanut is processed and marketed via this province, and the most dominant crop to be produced there. It
is a unique leguminous plant for its characteristic behavior producing its pods underground in direct contact with
soil. Therefore, it is essential to investigate the effects of
lead toxicity on some physiological and biochemical
characteristics of peanut plants.

KEYWORDS:
Peanut, lead toxicity, biochemical changes, oxidative stress

2 MATERIALS AND METHODS
2.1 Plant exposure

1 INTRODUCTION
Heavy metals are naturally occurring elements that
exist at various concentrations in different places of the
world. They cannot be removed from the environment
because of their persistence, thus creating a serious problem when their availability is high due to high reserve
level or human pollution [1]. Among heavy metals, lead is
one of the major environmental pollutants. In consequence of industrial pollution, increment in Pb concentration has been stated around farming soils [2]. Lead contamination in the environment originates from various
sources including mining and smelting of lead-ores, burning of coal, effluents from storage battery industries,
pigments and gasoline additives, exhaust fumes of automobiles, plating and finishing operations of metals, fertilizers and pesticides [3]. Although lead is not an essential
* Corresponding author

element for plants, it gets easily absorbed and accumulated in different plant parts [4]. A decrease in crop productivity from Pb-polluted soils is considered to be a serious
threat to agriculture [5].
Although Pb is not an essential element for plants, it
is easily absorbed and accumulated in different plant parts
resulting in a wide range of negative effects on physiological and biochemical processes including reduction of
growth and development [6], reduction of photosynthetic
pigment contents [7, 8], decrease in protein content [9],

For pot cultures, Arachis hypogeae L. cv. Brantley
seeds were used. The seeds were sterilized with 5% sodium hypochloride solution for 15 min, and washed with
distilled water three times. Five peanut seeds were sown
in each pot (8.5 cm × 13.5 cm) filled with perlite, and
additionally supplemented with 0, 10, 100 and 1000 mg/L
Pb as Pb(NO3)2. Each treatment had three pots. The seedlings were grown in a climate chamber (Snijders Scientific, Netherlands) under light/dark regimes of 16/8 h, light
level of 120 µE m-2.s-2, and at 26±1 °C. Seedlings were
watered to 10% nutrient solution with and without Pb. The
nutrient solution consisted of 0.88 mM K2SO4, 2 mM
Ca(NO3)2, 0.25 mM KH2PO4, 1 mM MgSO4, 0.11 mM KCl,
100 µM Fe-EDTA, 10 µM H3BO3, 5 µM MnSO4, 10 µM
ZnSO4, 2 µM CuSO4, and 0.2 µM (NH4)6Mo7O24. All solutions were prepared with distilled water. The seedlings
were harvested after 18 days; then, seedling roots were
carefully washed with deionized water three times to remove any elements adhered to the roots surface. Roots,
stems and leaves were separated and fresh seedling parts
were stored at -80 °C for biochemical analyses.
2.2 Biochemical analyses

Fresh seedling leaves were weighted, put separately
in 80% acetone and homogenized with mortar and pestle
using quartz sand. The supernatant was separated and the
absorbance was read using a UV/VIS spectrophotometer
(CINTRA 202, Australia) at 662, 645 and 470 nm. The
levels of chlorophyll a and chlorophyll b and total carote-
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noids were calculated using the formula by Lichtenthaler
and Wellburn [12].
Determination of free proline content was done according to Bates et al. [13]. Fresh seedling parts were
homogenized with mortar and pestle using quartz sand in
3% sulphosalycylic acid, and the homogenate was centrifuged. After addition of acid ninhydrin and glacial acetic
acid, the resulting mixture was heated at 100 °C for 1 h in
a water-bath, and reaction was stopped by using an icebath. The mixture was extracted with toluene, and the
absorbance of fraction with toluene aspired from the liquid phase was determined at 520 nm.
Lipid peroxidation was analyzed by measuring the
level of malondialdehyde (MDA), by a modification of
the method of Zhou [14]. About 0.5 g fresh plant parts
were homogenized with mortar and pestle using quartz
sand in 5 ml 10% trichloro acetic acid, and the homogenate was centrifuged. The reaction mixture containing 2
ml extract and 2 ml thiobarbituric acid was heated at 95°C
for 30 min, and reaction was stopped by using an ice-bath.
The absorbance of the mixture was determined at 532,
600 and 450 nm with a UV/VIS spectrophotometer.
Protein content was determined according to Lowry
et al. [15] using bovine serum albumin as standard.
2.3 Determination of lead accumulation

All peanut parts were dried in an electric furnace at
80 °C. To determine Pb contents, the dried samples were
pulverized using mortar and pestle. The samples were
dissolved in 14 M HNO3 and residues were dissolved in 1
M HCl. After mineralization, the Pb was determined using
an atomic absorption spectrometer (Perkin Elmer
AAnalyst 400, USA).
Bioconcentration factor (BCF) was calculated [16], as
follows:
BCF

=

Average Pb contents in seedling tissues (root+stem+leaf)
Pb concentration added in solution

Transportation indexes (TIs) of Pb for root to stem
(TIS/R), and root to leaf (TIL/R) tissues, were calculated
[17], as follows:
TI

=

Pb contents in stems or leaves
Pb contents in roots

x 100

2.4 Statistical analysis

All analyses were carried out with four replicates. Data
were analyzed with the analysis of variance (ANOVA)
using SPSS 11.0 for Windows. The significance of differences was determined with the least significant difference
(LSD) test. Pearson's correlation was analyzed between
Pb concentration and other parameters.
3 RESULTS AND DISCUSSION
Physiological effects of different Pb applications (0,
10, 100 and 1000 mg/L) were investigated on 18-days old

peanut seedlings. Decrease in shoot growth was visually
observed in 100 and 1000 mg/L Pb treatments (Fig. 1).
There were increases in Pb accumulations in all tissues
that were examined in response to external Pb treatments
(Table 1). The rate of respective Pb increases in different
tissues for 10, 100 and 1000 mg/L Pb treatments can be
calculated from the data presented in Table 1 as 13, 169
and 878-fold in root tissue, 13, 88 and 181-fold in stem
tissue, and 14, 77 and 138-fold in leaf tissue compared to
that found in control tissues. Increase in root Pb concentration in response to external Pb concentration was prominently higher compared to those found in stem end leaf
tissues at 1000 mg/L Pb treatment; 878-fold versus 181 and
138-fold in root stem and leaf tissues, respectively. However, there was a gradual decrease in bioconcentration
factor (BCF) levels in response to increased external Pb
concentrations (Table 2). The BCF, defined as the concentration ratio of Pb in the seedling to that in the tested
solution, is used to measure the effectiveness of the plant
in concentrating Pb in its biomass. While the highest BCF
was calculated on 10 mg/L Pb-treated seedlings, the lowest BCF was measured on 1000 mg/L Pb-treated ones.
Similarly, transportation indexes (TIS/R and TIL/R) were
decreased with increasing external Pb concentrations (Table 2). These findings show that roots play a crucial role in
Pb storage by blocking Pb translocation from root to upper
tissues as protection mechanism from deleterious effects of
high Pb accumulation. A similar mechanism was found in
fibrous roots of Poncirus trifoliata plants for Na ions in
response to high external NaCl concentrations [18]. The
mechanism of this blockage may be similar to that reported
by Marschner [19] as Pb can adhere to root cell wall, in
pyrophosphate form. This indicates that roots of peanut
seedlings have high Pb accumulation capability at low Pb
concentrations.
Chlorophyll a, b, and carotenoid pigment concentrations in leaf tissues were reduced in response to external
Pb (Fig. 2). The reduction was dose-dependent and the
least amounts were measured in 1000 mg/L Pb-treated
seedlings (Figs. 2A, 2C and 2E). Total amounts of all
pigments were found to be negatively correlated with leaf
Pb levels (r = -0.791 for chl a, r=-0.884 for chl-b, and r=0.761 for carotenoids; Figs. 2B, 2D and 2F). These measurements suggest a possible lead toxicity as it is similarly
concluded in many studies [20, 21]. This may be due to an
oxidative stress in chloroplasts created by over- accumulation of Pb.
The effects of external lead treatment on tissue protein contents were not similar in all treatments (Fig. 3). At
low concentration (10 mg/L Pb), the total protein was
insignificantly reduced in root and stem tissues (Figs. 3A
and 3C) while it was interestingly increased in leaf tissues
(Fig. 3E) compared to amounts measured in corresponding tissues of control plant. On the other hand, higher lead
treatments (100 and 1000 mg/L) resulted in decreased
amounts of total protein in all tested tissues compared to
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FIGURE 1 - Growth of peanut seedlings after 0, 10, 100 and 1000 mg/L Pb applications.

TABLE 1 - Lead concentrations of roots, stems and leaves of peanut seedlings.
Pb concentrations (mg/kg DW)
Pb concentrations (mg/L)
Root
Stem
Leaf
0
11.5±1.8 a
6.3±0.5 a
4.4±0.9 a
10
150.4±13.6 a
81.0±17.2 a
59.7±10.4 a
100
1948.9±307.2 b
549.6±54.3 b
337.9±65.4 b
1000
10125.9±1051.8 c
1130.8±119.0 c
603.4±65.1 c
Values expressed as means ± standard deviation (n = 4). Means with different letters are significantly different from one another
according to LSD test (p<0.05).

TABLE 2 - Bioconcentration factor (BCF) and transportation index (TI) of Pb concentrations.
Pb concentrations (mg/L)
BCF
TIStem/Root
TILeaf/Root
10
29.1±3.7 a
53.8±9.9 a
39.6±4.5 a
100
28.4±3.6 a
28.5±4.7 b
17.7±4.7 b
1000
11.9±1.0 b
11.3±2.0 c
6.0±1.0 c
Values expressed as means ± standard deviation (n = 4). Means with different letters are significantly different from one another
according to LSD test (p<0.05).

2362

© by PSP Volume 22 – No 8. 2013

Fresenius Environmental Bulletin

FIGURE 2 - Effect of Pb treatment on contents of chl-a, chl-b and carotenoids, and their statistical evaluations. Error bars represent the
standard deviation of means (n = 4). Means with different letters are significantly different from one another according to LSD test (p<0.05).
Correlation analysis carried out between Pb concentration in peanut leaves and contents of chl-a, chl-b and total carotenoids.

FIGURE 3 - Effect of Pb treatment on contents of protein, and their statistical evaluations. Error bars represent the standard deviation of
means (n = 4). Means with different letters are significantly different from one another according to LSD test (p<0.05). Correlation analysis
carried out between Pb concentration in roots, stems and leaves, and their protein contents.
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FIGURE 4 - Effect of Pb treatment on contents of proline and their statistical evaluations. Error bars represent the standard deviation of
means (n = 4). Means with different letters are significantly different from one another according to LSD test (p<0.05). Correlation analysis
carried out between Pb concentration in roots, stems and leaves, and their proline contents.

those found in control tissues. This significant increase in
leaf protein content at low Pb treatment may be due to
translocation of stem and root proteins, and/or increase in
synthesis of certain proteins to protect leaf cells to oxidative stress caused by increased lead in leaf tissues. Higher
concentrations of Pb treatments caused a more dramatic
decrease in leaf protein contents with regard to those in
root and stem tissues at the same levels of Pb treatments.
There were negative correlations between tissue Pb accumulation and total tissue protein level in all tissues (r=0.591 for root, r=-0.933 for stem, and r=-0.921 for leaf;
Figs. 3B, 3D and 3F). These results support the idea that
leaf tissue is more vulnerable than the other tissues to lead
accumulation in terms of protein concentration. The reasons for changes in tissue protein levels can be explained
as increased activity of the protease or other catabolic
enzymes at high Pb concentration [22], and/or oxidative
stress induced reduction in protein content in cells [11].
Proline accumulation in tissues was different, in response to increased Pb concentration. It was increased in
root and leaf tissues but decreased in stem tissues (Fig. 4).
It is well-known that tissue proline level is increased in
many stress conditions due to its many crucial roles in
plant cell metabolism. High levels of proline in roots and
leaves can eliminate hydroxyl radicals, maintain water
balance, and prevent enzyme destruction [23] as well as Pb
chelation in cytoplasm [24]. The greatest proline contents
were determined in roots with 0.70 µmol/g FW, stems with
0.96 µmol/g FW, and leaves with 0.80 µmol/g FW, in

response to 1000 mg/L Pb. There was a significant positive correlation between Pb accumulation and proline contents for root and leaf tissues (Figs. 4B, 4F). The decreased
proline level as well as negative correlation between Pb
accumulation and proline content in stem tissues, in response to Pb treatments, suggest redistribution of proline
from stem to other tissues to overcome lead toxicity in
these more vulnerable tissues. This idea is also supported
by the highest rate of proline increase (>30%, that of control plants) and strong correlation between Pb accumulation and proline level (r= 796) found in leaf tissues.
Lipid peroxidation is known as a biochemical marker
for oxidative degradation of membrane lipids [25]. Some
studies have revealed that heavy metals caused peroxidation of membrane lipids [26, 27]. Lipid peroxidation was
determined by measuring the level of MDA. The MDA
contents of all seedling parts increased with increasing Pb
treatments (Fig. 5). The highest increase was found in root
tissues at highest Pb treatment (29.6, 65.2 and 217.3%
more than that of control plants at 10, 100 and 1000 mg/L,
respectively; Fig. 5A). Increases in stem tissues were 23.5,
63.5 and 121.7% (Fig. 5C), and in leaf tissues 25.2, 56.3
and 73.0% (Fig. 5E), at 10, 100 and 1000 mg/L Pb, respectively. Correlation analysis also demonstrated a significant
positive relation between Pb accumulations in roots, stems
or leaves, and their MDA contents (Figs. 5 B, D, F). These
results show a Pb-induced lipid peroxidation, and therefore,
an onset of oxidative stress in all peanut tissues.
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FIGURE 5 - Effect of Pb treatment on contents of MDA and their statistical evaluations. Error bars represent the standard deviation of
means (n = 4). Means with different letters are significantly different from one another according to LSD test (p<0.05). Correlation analysis
carried out between Pb concentration in roots, stems and leaves, and their contents of MDA.

4 CONCLUSIONS
The results presented above show that increased external Pb concentration resulted in tissue Pb accumulation. In turn, this caused various metabolic changes including decreased protein content, increased MDA and
proline accumulation. Also, Pb-induced oxidative stress
caused reduction in photosynthetic pigment contents. There
are several ecological and economical values of peanut plant.
Because of these reasons, besides Pb, effects of other
pollutants on peanut plants should be investigated. The
present study may have value for future investigations
dealing not only with Pb accumulation in peanuts but also
effects of other pollutants on different plants.
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