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A STUDY OF CHEMICAL REACTIONS
OF SELECTED TOXAPHENE COMPONENTS
WITH SOME UNEXPECTED PRODUCTS AS A RESULT
Mehmet Coelhan*
Research Center Weihenstephan for Brewing and Food Quality,
Technische Universität München, Alte Akademie 3, 85350 Freising-Weihenstephan, Germany
Dedicated to Professor Harun Parlar on the occasion of his 65th birthday

ABSTRACT
Hydrogenation of 2,2,5-endo,6-exo,8,9,10-heptachlorobornane (P32) in ethyl acetate using palladium on activated carbon produced 2-exo,3-endo,8,9,10-pentachlorobornane in high yield, while from 2,2,3-exo,5-endo,6-exo,
8,9,9,10,10-decachlorobornane and 2,2,3-exo,5,5,8,9,9,10,
10-decachlorobornane, during the first step, the unexpected
intermediates 2,5-endo,6-exo-8,8,9,10, 10-octachlorobornene-2 and 2,5,5,8,8,9,10,10-octachlorobornene-2 were
formed. Heating of P32 on activated carbon formed 2,5endo,6-exo,8,9,10-hexachlorobornene-2 as intermediate,
which was quantitatively converted to 2-exo,3-endo,8,9,10pentachlorobornane by catalytic hydrogenation. Treatment
of P32 with zinc powder in diethyl ether led to 2,5endo,8,9,10-pentachlorotricyclene instead of anticipated
2,2,8,9,10-pentachlorobornene-2. 2-exo,3-endo,6-exo,8,9,10hexachlorobornane (Hx-Sed) and 2-exo,3-endo,6-endo,8,9,
10-hexachlorobornane (e-Hx-Sed) were isomerised into
each other by heating on acidic aluminium oxide.

KEYWORDS: toxaphene, degradation, hydrogenation, Hx-Sed,
isomerisation

INTRODUCTION
Toxaphene is one of the worldwide most heavily used
pesticides with an estimated application of over 1.33 million tonnes [1]. It is a complex mixture consisting of more
than a thousand single chlorinated compounds, which mainly
are polychlorobornanes and polychlorocamphenes besides
of minor amounts of chlorinated bornenes and tricyclenes
[2-4]. Toxaphene is produced by chlorination of camphene
under UV-irradiation. The resulting product contains 6769% of chlorine, corresponding to the empirical formula
C 10H 10Cl8. The use of toxaphene as pesticide has been

banned in many countries since the early 1980s because
of its toxicity, environmental persistence, and high potential for bioaccumulation [2, 3].
Relatively high amounts of toxaphene residues have
been found in samples taken at areas far away from the
region of application [5]. These findings show the high
transportability of this compound, and the most important way of transportation is obviously via air [6-8].
Comparisons of the stabilities of various synthetically
prepared chlorinated bornane derivatives under elevated
temperatures or irradiation have shown that the dehydrohalogenation of toxaphene components results in the
formation of polychlorinated camphenes or bornenes [913]. Toxaphene is extremely persistent due to its highly
oxidized nature in well-aerated soils, while it is rapidly
degraded in anaerobic soil environments [9, 10]. The
main degradation reaction under these conditions is a
reductive dechlorination. To date, many toxaphene components have been isolated or synthesized [11, 14-18].
Among
these,
2,2,5-endo,6-exo,8,
9,10heptachlorobornane (P32) has been the subject of a few
studies considering some chemical and photochemical
reactions, as well as its toxicity due to this compound`s
relatively easy availability from technical toxaphene mixture [11, 14]. Two other toxaphene components, namely,
2-exo,3-endo,6-exo,8,9,10-hexachlorobornane (Hx-Sed)
and 2-endo,3-exo,5-endo,6- exo,8,9,10-heptachlorobornane
(Hp-Sed), were found as the most abundant hexachlorobornane and heptachlorobornane compounds in altered toxaphene samples of lake sediments [19]. Moreover, it was
shown that both compounds exhibited high stability against
photochemical degradation [18].
In the present study, upon hydrogenation and isomerisation, the chemical reactions of P32, 2-exo,3-endo,6exo,8,9,10-hexachlorobornane (Hx-Sed), 2-exo,3-endo,6endo,8,9,10-hexachlorobornane (e-Hx-Sed), 2,2,3-exo,5endo,6-exo,8,9,9,10,10-decachlorobornane, and 2,2,3-
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exo,5,5,8,9,9,10,10-decachlorobornane, which resulted in
some unexpected products, were examined.
This work is dedicated to Prof. H. Parlar, who has made
major contributions to the research of toxaphene compounds
and their environmental impact.
MATERIALS AND METHODS

A 5 ml-solution of P 32 in ethyl acetate (0.3 mg/ml)
and 25 mg palladium on activated carbon (Merck, 10%
Pd) were stirred in a sealed 10 ml-headspace flask. 5 ml
of hydrogen was injected into the gas space through a Teflon-silicon seal using a gas-tight syringe. For monitoring,
100 µl of samples were taken with a syringe and analyzed
by GC-MS. For decachlorobornanes, the procedure was the
same.

General Procedures.

Chlorine cleavage by zinc.

All chemicals were purchased from commercial sources
and used without additional purification. Toxaphene components studied and used for verification of products were
synthesized according to literature data [14, 15, 17, 18, 21].
The GC-MS measurements were performed with a mass
selective detector (MSD, Hewlett-Packard 5970). The capillary column used was a 30 m × 0.25 mm × 0.25 µm DB5MS column. Helium was the carrier gas with a flow-rate
of 0.8 ml/min. A gas chromatograph equipped with an electron capture detector (ECD) was also used in some analyses.
For GC-ECD analyses, a DB-5 column (length 60 m, i.d.
0.25 mm, film thickness 0.25 µm) and nitrogen as carrier
gas (flow-rate 0.6 ml/min) were used.

1 mg of P 32 was dissolved in 10 ml of diethyl ether,
treated with 100 mg of zinc powder, and magnetically stirred
over-night (~18 h). Then, GC-MS and GC-ECD analyses
were carried out.

1

13

H and C NMR Spectroscopy.

A Bruker AC-400 spectrometer has been applied with
tetramethylsilane (TMS) as standard and deuterated chloroform (CDCl3) as solvent. Both chemicals were purchased
from Aldrich, Germany. All chemical shifts were referenced to the solvent peak and recalculated with respect to
TMS, δ (1H) = 7.24 ppm for CHCl3.
X-ray Spectroscopy.

Reactions of decachlorobornanes with reduced hematin.

The reaction was performed for 2,2,3-exo,5-endo,6exo,8,9,9,10,10-decachlorobornane and 2,2,3-exo,5,5,8,9,9,
10,10-decachlorobornane as described elsewhere [11], but
the procedure was modified for 1 mg of compounds.
Isomerisation of 2-exo,3-endo,6-exo,8,9,10-hexachlorobornane
(Hx-Sed) and 2-exo,3-endo,6- endo,8,9,10-hexachlorobornane
(e-Hx-Sed).

Into a Pasteur pipette, which was sealed at the bottom
with some glass wool, 1 g of acidic aluminium oxide 90
(Merck, 0.063-0.200 mm, activity I) was filled. Onto alumina, 0.5 ml of a solution of Hx-Sed (or e-Hx-Sed) in nhexane (0.2 mg/ml) was pipetted. Then, the solvent was
evaporated by a nitrogen stream. The Pasteur pipette was
sealed and heated as described in section 2.4. The sample
was eluted with n-hexane:acetone (1:1) and analyzed by
GC-ECD.

An Enray-Nonivs CAD4 V 5.0 was used; data:
XCAD4PC; SHELXS-93, graphic: SCHAKAL 92: λ =
71.073 pm.
Spectroscopic data of 2,5,5,8,8,9,10,10-octachlorobornene-2: X-ray, P1: a = 817.30 pm, b = 1240.80 pm, c =
1506.90 pm, α = 90°, β = 104.864°, γ = 90°, z = 4, typ: monoclin, index range -8 ≤ h ≤0, -13 ≤ k ≤ 13, -15 ≤ I ≤ 16,
no. of reflections: 4306; 1H-NMR (ppm, 400 MHz):3H
(6.42, d), 4H (4.02, d), 6-exo-H (3.39, d), 6-endo-H (2.80, d),
8aH (4.21, dd), 8bH (4.74, d), 9H (6.36, d), 10H (5.92, d).
Thermal degradation.

0.5 g of activated carbon (Merck, 0.2-0.3 mm, for gas
chromatography) was filled into a Pasteur pipette. 0.3 mg
of P 32 was dissolved in 1 ml diethyl ether and given dropwise onto activated carbon. The solvent residue was removed by a nitrogen stream. Thereafter, the Pasteur pipette was sealed at both ends in a Bunsen burner flame.
The sample was heated in a GC oven at 160 °C for 24 h.
After cooling, both ends were cut off carefully, and the
activated carbon was eluted with 4 ml of n-hexane for GCMS and GC-ECD analyses.
Hydrogenation reactions.

RESULTS AND DISCUSSION
Reactions of P32

Examined reactions of P 32 are displayed in Figure 1.
Hydrogenation of P32 in ethyl acetate using palladium on
activated carbon produced 2-exo,3-endo,8,9,10-penta-chlorobornane (I) in a yield of 82%. In the first step of the
reaction, e-Hx-Sed and Hx-Sed were formed, reacting rapidly further to compound I. As by-products, small amounts of
2,5-endo,8,9,10-pentachlorotricyclene, Hx-Sed, e-Hx-Sed
(each with ca. 3%), and 2,5-endo,6-exo,8,9,10-hexachlorobornene-2 (compound II, ca. 1-2 %) were present in
the reaction mixture. Extending the reaction time, or using
solvents like ethanol, led to products with low chlorine
numbers.
The reaction of P 32 with Zn powder in diethyl ether
led to the formation of 2,5-endo,8,9,10-pentachlorotricyclene (III) as major product (79%). This compound was
previously identified as by-product with a yield of 6% during the reaction of P 32 with reduced hematin [11]. According to GC-MS analysis, apart from e-Hx-Sed and Hx-Sed,
some unidentified tetrachlorobornanes and a tetrachloro-
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bornene were formed as by-products in small quantities.

Apparently, the synchronic elimination of 5-endo and 6-exo
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FIGURE 1 - Reaction products of 2,2,5-endo,6-exo-8,9,10-heptachlorobornane (P32).

chlorine atoms resulting in 5,5,8,9,10-pentachloro-bornene2 is hindered, probably due to trans-positions of chlorines
against each other. Also, some chlorinated tricyclenes are
contained in the technical toxaphene mixture [2]. The
mechanism of formation of tricyclenes during chlorination
of camphene is somehow different, while from camphene
other structures are formed [20]. The reaction pathway
in our experiment may be similar to those with reduced
hematin.
The thermal degradation of P32 resulted almost quantitatively (95% yield) in the formation of compound II
after the elimination of one HCl group. The same product
was formed if P32 was treated with KOH, or with reduced
hematin (6.5 %) [11]. Activated carbon was found to be a
better catalyst than aluminium oxide, since the yield was
higher. At longer reaction times, or at higher temperatures, compound II was degraded. The hydrogenation of
II in ethyl acetate, in the presence of palladium catalyst,
quantitatively produced compound I.

Reactions of 2,2,3-exo,5-endo,6-exo,8,9,9,10,10-decachlorobornane and 2,2,3-exo,5,5,8,9,9, 10,10-decachlorobornane

The hydrogenation of the two decachlorobornanes generated, as primary products in high yields (> 90%), the corresponding octachlorobornenes after elimination of two chlorine atoms from the 2nd and 3-exo positions (Figure 2).
Thus, 2,5-endo,6-exo-8,8,9,10,10-octachlorobornene-2 (VI)
was formed from 2,2,3-exo,5-endo,6-exo,8,9,9,10,10-decachlorobornane (IV). 2,2,3-exo,5,5,8,9,9,10,10-decachlorobornane (V) was degraded to 2,5,5,8,8,9,10,10-octachlorobornene-2 (VIII). Such reaction products are very unusual
since an unsaturated compound is formed by catalytic hydrogenation. In the presence of the catalyst without hydrogen, no octachlorobornenes were produced. The same octachlorobornenes were observed in the GC chromatograms of
these decachlorobornanes, as a result of a partly degradation due to their thermal instability when a split/splitless
injector was used. With on-column injection, a chlorine
cleavage did not occur [20]. Moreover, the reaction of both
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decachlorobornanes with reduced hematin resulted in quan-

titative formation of the same octachlorobornenes that were
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FIGURE 3 - Mass spectra of VI (at the top) and VIII (at the bottom).

also formed by heating on activated carbon at 180 °C. The
compounds VI and VIII were also formed upon photolysis of IV and V, respectively [12, 21].
The mass spectrum of VIII was similar to that of VI
regarding fragment ion with m/z 277 from the Retro DielsAlder fragmentation, indicating an unsaturated chlorobornene (Figure 3) [21]. X-Ray spectroscopy supported the
structure of VIII (Figure 4). The octachlorobornenes formed
reacted via hydrogenation to heptachlorobornanes. The
structures of heptachlorobornanes have, however, not been
verified. Nevertheless, we conclude from the mass spectra
shown in Figure 5, and from similar reactions as that of
2,5-endo,6-exo,8,9,10-hexachlorobornene-2, that 2-exo,3endo,8,8,9,10,10-heptachlorobornane (VII) and 3,3,8,8,9,
10,10-heptachlorobornane (IX) were formed. After the formation of heptachlorobornanes, the hydrogenation reaction
slowed down yet some other hexachlorobornanes (≤ 8%)
were detectable. The reaction rate depended on the polarity of the solvent as well as on the activity of the catalyst.
For instance, with ethanol as solvent compared to ethyl acetate, heptachlorobornanes were dehydrochlorinated more
rapidly to lower chlorinated bornanes.

FIGURE 4 - Structure of compound 2,5,5-8,9,9,10,10octachlorobornene-2 (VIII) obtained from X-ray measurements.	
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FIGURE 5 - Mass spectra of heptachlorobornanes VII (at the top) and IX (at the bottom).

Isomerisation reactions of Hx-Sed and e-Hx-Sed

Hx-Sed and e-Hx-Sed underwent isomerisation into
each other at high temperatures (around 190 °C) by a

catalytic reaction (Figure 6). As a catalyst, acidic aluminium oxide was used, because decomposition took place on
basic alumina. Parallel to isomerisation, the degradation
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of both compounds was the major reaction pathway. After
2 h at 200 °C, 6.5 parts of e-Hx-Sed were formed from
100 parts of Hx-Sed, and 45.2 parts of the starting compound remained, while around the half was vanished, or
Cl

Cl
Cl

7
8

5
6
Cl

8

9

Heat

4
1

10
Cl

e-Hx-Sed

Cl

7

3
2

Cl
Cl

Cl

acidic
Al2O3

6

5

9
4
1

3
2

times, both substances were completely degraded, but any
other compounds could not be recognized as products.
The conversion of Hx-Sed into e-Hx-Sed, or vice versa, is
an endo/exo isomerisation. To the best of our knowledge,
this kind of reaction for toxaphene components has never
been reported before. It cannot be completely excluded that
similar isomerisation reactions can occur in environmental
matrices such as, e.g., in sediments. In this case, the reaction time required for a remarkable conversion would be
much longer due to low temperatures.

Cl
Cl

TABLE 1 - Change of relative concentrations of Hx-Sed and e-HxSed during isomerisation at 200 °C in dependence of heating time.

10
Cl

Hx-Sed

FIGURE 6 - Isomerisation of Hx-Sed and e-Hxsed on acidic aluminium oxide by heating.

was undetectable by GC-ECD (Table 1, Figure 7). Under
the same conditions (2 h), 100 parts of e-Hx-Sed isomerised partially to Hx-Sed (7.6 parts). Against degradation,
e-Hx-Sed appeared to be more stable as about two thirds
(65.9 parts) were still present, and only around a quarter
(26.5 parts) was degraded (Table 1). At longer heating

Time (hours)

e-Hx-Sed

Hx-Sed

degraded

0
1
2
3

5.1
6.5
5.5

100
75.5
45.2
21.3

19.4
48.3
73.2

0
1
2
3

100
86.1
65.9
37.6

6.1
7.6
5.5

7.8
26.5
56.9

e-Hx-Sed

Hx-Sed
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FIGURE 7 - GC-ECD chromatograms of isomerisation reactions of Hx-Sed and e-HxSed. From top to
bottom: (A) e-Hx-Sed (t = 0), (B) e-Hx-Sed (t = 2 h), (C) Hx-Sed (t = 0), (D) Hx-Sed (t = 2 h), (E) Hx-Sed (t = 3 h).
[12] Fingerling, G., Maurer, M., Coelhan, M. and Parlar, H. (1998)

CONCLUSIONS
From the results obtained in this study, it was evident
that the elimination of two chlorines from P32 did not
necessarily lead to an unsaturated compound, but likely
the formation of other structures such as tricyclene derivatives. By heating in dependence on the structure, elimination of HCl or of two chlorine atoms did occur. At first,
hydrogenation of two decachlorobornanes has led, against
all expectations, to the formation of octachlorobornenes.
It was shown that an endo/exo-isomerisation with toxaphene
components was possible under appropriate conditions.

Photolysis of the toxaphene component 2,2,3-exo,5,5,8,9,9,10,10decachlorobornane, Fres. Environ. Bull. 1998, 7, 610-617.

[13] Parlar, H., Fingerling, G., Angerhöfer, D., Christ, G. and
Coelhan, M. (1997) Toxaphene residue composition as an indicator of degradation pathways, in Molecular markers in Environmental Geochemistry: source Indicators and Process Probes, Ed.
R. Eganhouse, ACS, Washington, 1997, 346-364.

[14] Turner, W. V., Engel, J. L. and Casida, J. E. (1977) Toxaphene
components and related compounds, preparation and toxicity of
some hepta-, octa- and nonachlorobornanes, hexa- and heptachlorobornenes and a hexachlorobornadiene, J. Agric. Food Chem. 25,
1394-1401.

[15] Khalifa, S., Mon, T. R., Engel, J. L. and Casida, J. E. (1974) Isolation of 2,2,5-endo,6-exo,8,9,10-heptachlorobornane and an octachloro toxicant from technical toxaphene, J. Agric. Food Chem.
22 (4), 653-657.
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MUTAGENICITY OF SUNSET YELLOW AND
BRILLIANT BLACK ıN Vicia faba L. AND Allium cepa L.
Doğan İlhan and Cüneyt Akı*
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ABSTRACT
The objective of the present study was to apply highly
sensitive botanical tests of mutagenicity (Vicia faba L. root
tip mitosis test, micronucleus test, and Allium cepa L. root
tip mitosis test) to assess in vitro the biological responses
induced by food-coloring substances. The mutagenesis was
evaluated using two different food-coloring agents which
are Sunset Yellow (E 110) and Brilliant Black (E 151). For
mutagenesis, four different concentrations (10, 200, 1000,
2000 ppm) of both food colorants were applied to plants by
spraying and adding to the irrigation water. All experiments
were carried out under controlled conditions in the laboratory.
The results consistently showed that mutation levels increased, depending on the dosage, in all plant groups. In
addition, while micronucleus frequency (MCN) significantly increased (p<0.05) and mitotic indexes significantly
decreased (p<0.05) with the increasing dosages in Vicia
faba L. and Allium cepa L. It was also detected that both
food-coloring agents had genotoxic potential on plants with
different sensitivities and Vicia faba L. or Allium cepa L.
plants are appropriate for mutagenicity studies.

KEYWORDS: Vicia faba, Allium cepa, micronucleus, Sunset
Yellow (E110), Brilliant Black (E151).

Genotoxicity assays are used specifically to evaluate the
genotoxic potential of environmental and industrial effluent
samples [5, 6]. The meristematic mitotic cells of plant roots
are appropriate indicator cells in detecting the clastogenicity of environmental pollutants, especially in monitoring
water and soil contaminants [7]. Several endpoints can be
monitored in these fast-dividing cells, such as chromosome/
chromatid aberrations, sister chromatid exchanges and micronuclei. Micronucleus formation is the most frequently
used, most effective, and simplest indicator of DNA damage [8].
It is known that additives, especially colors, are in
widespread use in the food industry. These substances can
be harmful because of their potential genotoxic effects on
health. The number of food additives is still increasing,
although research on their potential mutagenic/ carcinogenic activity in vivo is very expensive.
The aim of this study was to evaluate Sunset Yellow
and Brilliant Black food-coloring agents which are putative
to genotoxic activity and can be commonly used in food
industry. With this purpose, Vicia faba L. and Allium cepa
L. plants were used to find the genetical damage levels with
micronucleus and root tip mitosis test analysis.
MATERIALS AND METHODS
Plant material and cultivation

Vicia faba L. seeds and Allium cepa L. bulbs were obtained from OVA TARIM company and germinated in
plastic pots and test tubes under controlled conditions in the
Molecular Biology Department Research Laboratory.

INTRODUCTION
Allium cepa L. and Vicia faba L. have been used to
evaluate chromosomal aberrations [1, 2].
There is a large number of short-term bioassays for detecting genetic toxicity. These assays utilize a wide range of
organisms and cell types, and measure a variety of different
genetic changes. The genetic damage detected represents
DNA damage, from point mutations to chromosomal mutations [3]. Some test methods have been developed for certain organisms, such as the Salmonella sp.-Ames test, Tradescantia sp.-micronucleus test and stamen hair mutation
assay, and Vicia sp.-micronucleus test [4].

All of our experiments were realized under controlled
conditions. Vicia faba L. seeds were left in water for one
day. These seeds were sown into pots which include a mixture of soil and perlite (3:1). Plantlets were grown under
controlled chamber conditions (25±2 °C, 8/16-h photoperiod) and organized with 5 replicates, each of which included 20 plantlets. After 2 weeks, Sunset Yellow and Brilliant Black were applied to the plant’s irrigation water in
4 different concentrations (10, 200, 1000, 2000 ppm).
Similarly, Allium cepa bulbs were immerged into test
tubes and held for 3 days in distilled water for germina-
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tion. Bulbs were germinated under controlled chamber conditions (25±2 °C, 8/16-h photoperiod) using 5 replicates
for each concentration.

these treatment groups showed significant decrease when
compared to control group (p< 0.05).

Plant treatment with food-coloring agents

Four different concentrations of Brilliant Black and Sunset Yellow food-coloring agents were prepared from a
2000-ppm stock solution. These concentrations were 10,
200, 1000 and 2000 mg/L, respectively. In addition to these
4 concentrations, control groups were also prepared for
each group. Applying of these agents was implemented by
spraying and irrigation for both plants (4 times in a week).
Plant analysis

Distilled water was also treated for control groups. After 24 h from application, Vicia faba and Allium cepa root
tips were taken into the mixture of alcohol/acetic acid (3:1),
and hydrolysis was performed with these root tips. Following hydrolysis, slides were prepared for each concentration
as repetitives, and these slides were observed using an
Olympus CX-21 microscope. In obtained images, mitotic
indexes were counted and micronuclei determined [7, 9].

FIGURE 1 – Means and standard deviations of control and treatment groups for MCN frequency, after application.

Statistical analysis

Each data was obtained from 5 independent trials in 5
replicates (n=5). All the data were subjected to a one-way
analysis of variance (ANOVA), and the mean differences
compared by Tukey`s HSD (honestly significant differences) test (Tables 1 and 2). Comparisons with p<0.05
were considered to be statistically significant. In all figures,
the spread of values are shown as error bars representing
standard errors of the means. All data have been analyzed
using SPSS 17.0 for Windows.
RESULTS AND DISCUSSION

FIGURE 2 – Means and standard deviations of control and treatment groups for mitotic indexes, after application.

Data represent the average of mitotic indexes (Fig. 1)
or MCN frequencies with 5 replicates. Vertical bars indicate ± SE.
Allium cepa L. root tip test results and mitotic indexes

Vicia faba micronucleus test and mitotic index results

According to our research results, it seems that micronuclei formation increased (Fig. 1) but mitotic index decreased (Fig. 2) depending on the increase of applied
agents in Vicia faba.
In addition, though both agents have micronucleus formation capacity, especially Sunset Yellow was more effective than Brilliant Black in 1000 and 2000 ppm concentrations. The statistical results of the MCN test indicated that
treatment groups at 1000 and 2000 ppm showed significant
increase when compared to control group (p< 0.05) while
the statistical results of mitotic root tip test indicated that

According to the obtained knowledges, it was observed
that mutation levels have increased depending on the increase in dose amounts for both agents. Mitotic anomalies
were found at different levels, and it was seen that mitotic
index rates decreased depending on the increase in concentration for both food-coloring agents in Allium cepa.
Moreover, we found that Brilliant Black was more effective
than Sunset Yellow by means of mutagenicity in Allium
cepa. The statistical results of the mitotic root tip test are
presented in Fig. 3, and treatment groups at 1000 and 2000
ppm showed significant decrease when compared to control
group (p< 0.05).

TABLE 1 - Brilliant Black and Sunset Yellow data, after application (The mean difference is significant at 0.05 level).
Treatment groups

Sum of Squares

df

Mean Square

F

Sig.

109,216

,000

Brilliant Black

Between Groups

,035

8

,004

Sunset Yellow

Within Groups

,003

63

,000

Total

,037

71
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TABLE 2 - Allium cepa and Vicia faba data, after application (The mean difference is significant at 0.05 level).
Sum of Squares
ALLIUM

VICIA

Df

Mean Square

F

Sig.

16,621

,000

8,322

,000

Between Groups

395,899

8

49,487

Within Groups

172,691

58

2,977

Total

568,589

66

Between Groups

227,476

8

28,434

Within Groups

215,250

63

3,417

Total

442,726

71

FIGURE 3 - Means and standard deviations of control and treatment groups for mitotic indexes, after application.

In the present research, mutagenicity of dose-response
relationship in Allium cepa and Vicia faba exposed to foodcoloring agents were realized. Research results indicate that
both Sunset Yellow and Brilliant Black have mutagenicity
but Sunset Yellow is more effective for the Vicia faba root
tip mitosis test. In the micronucleus test, Brilliant Black is
more effective for Allium cepa root tip mitosis test. Many
similar studies have been carried out in recent years that
examine the activities of living organisms, and monitor environmental mutagens in order to evaluate mutagenicity.
The results of these researches are consistent with ours.
Using two different cellular model systems, human
lymphocytes in vitro and Vicia faba root tip meristems in
vivo, researchers evaluated the potential cytological and
genotoxic effects of two dyes: Quinoline Yellow (E104)
and Brilliant Black BN (E151). Two relatively new, very
sensitive and rapid tests – the micronucleus and Comet
assays – were used in this study. The data obtained in this
research showed the genotoxic effects of these 2 analyzed
food colors [10]. Another study was designed to compare
the effectiveness of 3 plant bioassays to assess DNA damage induced by low doses of 137Cs: Vicia-micronucleus test
(Vicia-MCN), Tradescantia-micronucleus test (Trad-MCN)
and Tradescantia-stamen-hair mutation assay (Trad-SH).
Vicia faba and Tradescantia clone 4430 were exposed to
137
Cs according to different scenarios: external and internal
irradiations. Trad-MCN appeared to be the most sensitive
test. These bioassays are effective tests in assessing the
genotoxic effects of radioactive 137Cs pollution [4]. In another research, the genotoxicity of ambient levels of air

pollution were measured using the Tradescantia micronucleus assay. Pots with Tradescantia pallida were placed
in 3 different sites, and 20 young T. pallida inflorescences
were collected from each sampling site. Micronuclei frequencies were determined in early tetrads of pollen mother
cells and expressed as MCN/100 tetrads. A significant
difference in micronuclei frequency was observed among
sites (p¼ 0.036). These results indicate that in situ biomonitoring with higher plants may be useful for characterizing air pollution in areas without instrumental monitoring techniques [11]. In a different study on mutagenic
effects of different concentrations of chromium trioxide
(CrO3) on Vicia faba root tip, micronucleus assay and chromosome aberration assay were used to determine the mitotic indexes, micronucleus rate and chromosome aberration
rate of Vicia faba root tip cells. The results showed that the
effects of CrO3 concentration on the mitotic indexes
were complicated. CrO3 increases the micronucleus rate of
Vicia faba root tip cells, and it was concluded that CrO3
had a significant mutagenic effect on Vicia faba root tip
cells [12]. Three plant bioassays, the Vicia faba, the Allium
cepa and the Tradescantia micronuclei test, were used to
evaluate the genotoxicity. Two soil samples were tested: soil
sample A and soil sample B which have different regions.
Maleic hydrazide was used as the positive control. The
results of these tests showed different sensitivity in the 3
different bioassays, and soil sample A was more toxic
than soil sample B [5]. In another study, Allium sativum
and Vicia faba cytogenetic tests were used to determine
genotoxicity. A mixture of sodium bisulfite and sodium
sulfite (1:3), at various concentrations from 1 x 10-4 to 2 x
10-3 M, was used for the treatment. Genotoxicity was expressed in terms of anaphase aberration (AA) frequencies
in the Vicia-AA test and in terms of micronuclei (MCN)
frequencies in both Vicia-MCN test and Allium-MCN
test. On average, the results showed a 1.7-3.9-fold increase of AA frequencies and a 3.5-4.5-fold increase of
MCN frequencies in Vicia root tips when compared with
the negative control. Similarly, the results of Allium-MCN
test also showed a significant increase in MCN frequencies
in the treated samples. Results of this study suggest that the
Vicia and Allium cytogenetic bioassays are efficient, simple and reproducible in genotoxicity studies of bisulfite
[13]. Using micronuclei and anaphase analyses as well as
through cal-culating mitotic and phase indices, a cytogenetic study was conducted on heavy metal and cyanide-
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contaminated river waters from the region of Panagjurishte- southwest Bulgaria. Allium cepa was used as a
test-object in vivo. The data obtained showed a decreased
cell reproduction and the presence of deviations from
normal mitosis – micronuclei, anaphase and telophase
bridges and fragments, lagging chromosomes and a Cmitotic effect [14]. In other research, Tradescantia pallida
was used as a model organism to determine the genotoxic
potential of Sunset Yellow (E110) and Brilliant Black
(E151), and both substances demonstrated dosagerelated mutation increase [15].
In conclusion, both agents increased the MCN frequencies while decreasing mitotic index in Vicia faba depended on dosage. In Allium cepa, both agents decreased
mitotic index and increased mutations depending on dosage. By comparison with the control group, both substances
indicated a significant increase in mutation levels, especially at 1000 and 2000 ppm (statistical results showed increased MCN frequencies and genetic anomalies) while all
concentrations of both agents were decreased to mitotic
indexes, with regard to the control group (p< 0.05). In
addition, Vicia faba L. micronucleus, mitotic root tip tests
and Allium cepa L. mitotic root tip test are shown to be
appropriate to evaluate the genotoxic potential of different
chemicals, harmful substances and environmental pollution factors, as can also be seen in other studies. Therefore, it is necessary to determine genotoxic effects of foodcoloring substances, and the test systems used should be
applied to various living organisms in order to safeguard
their health.
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ABSTRACT
The adsorption behavior of crystal violet (CV+) from
aqueous solution onto raw Fatsa (RFB) and thermalactivated Fatsa (TAFB) bentonite samples was investigated
as a function of parameters, such as pH, temperature, initial
CV + concentration and contact time. X-ray diffraction
(XRD) and differential thermal analysis (DTA) were used
for structural and thermal characterization. The Langmuir
and Freundlich adsorption models were applied to describe
the equilibrium isotherms. The pseudo-first-order, pseudosecond-order kinetic and intra-particle diffusion models
were used to describe the kinetic data.
KEYWORDS: Dye adsorption, adsorption thermodynamics, kinetic
data, thermal activation, X-ray diffraction

INTRODUCTION
Dyes are widely used in industries, such as textiles,
leather, printing, food, and plastics, etc. The removal of
dyes from industrial wastewaters is a major problem. Conventional methods for the removal of dyes from wastewater
include adsorption onto solid substrates, chemical coagulation, oxidation, filtration and biological treatment. Adsorption is one of the effective separation techniques to
remove diluted pollutants as well as offering the potential
for regeneration, recovery and recycling of the adsorbed
materials [1]. The study of dye adsorption onto a costeffective adsorbent is significant in industrial wastewater
treatment system because it provides valuable insights into
the mechanisms and the optimal operation parameters of
adsorption processes. Bentonite has been proven to be a
promising material for the removal of contaminants from
wastewater. Not only bentonite is abundant, but it is really
an efficient and economic adsorbent for adsorption of pollutants including dyes, oil, and heavy-metals. It belongs to
the 2:1 clay family, which mainly consists of montmorillonite, the basic structural unit of which is composed of
2 tetrahedrally coordinated sheets of silicon ions surround-

ing a sandwiched octahedrally coordinated sheet of aluminum ions. The isomorphous substitution of Al3+ for Si4+ in
the tetrahedral layer and Mg2+ for Al3+ in the octahedral
layer result in a net negative surface charge on the clay.
Compared with other clay types, it has excellent adsorption properties and possesses adsorption sites available
within its interlayer space as well as on the outer surface
and edges [2].
Bentonite is widely applied in many fields of adsorption technology including the removal of metals [3-5],
phenols [6, 7], organic molecules [8-10], polymers [11, 12],
pesticides [13], radionuclides [14], and dyes [15, 16].
The present study is planned to assess the effectiveness
of the thermal-activated bentonite sample in the removal of
basic dye from aqueous solutions. In order to elucidate the
role of bentonite surface in the CV+ adsorption process,
the effects of solution pH and adsorption temperature on the
interaction of CV+ with the raw Fatsa (RFB) and thermalactivated Fatsa (TAFB) bentonite samples were investigated.
MATERIALS AND METHODS
Materials

Preparations of RFB and TAFB samples. They were
ground and washed in deionized water several times, at a
1:10 bentonite/water ratio. The mixture was stirred for 3 h
and then kept standing overnight, followed by separation,
washing and drying at 60 oC. Chemical composition of
RFB is given in Table 1. Heat activation of the RFB was
carried out by heating the sample at 400 °C for 4 h.
TABLE 1 - Chemical composition of RFB.
Sample
RFB

SiO2
(%)
62.70

Al2O3
(%)
20.10

Fe2O3
(%)
2.16

CaO
(%)
2.29

MgO
(%)
3.64

Na2O
(%)
0.27

K2 O
(%)
2.53

Dye adsorption measurement

Adsorption of CV+ (analytical grade, chloride salt, obtained from Riedel-de Haen) was carried out in a batch
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system at various pH and temperature values. The structure
of the dye studied is shown in Fig. 1. A 50 mg sample was
mixed with a 50 ml CV+ solution of known concentration
in polyethylene bottles. The pH values were adjusted by
adding a few drops of diluted NaOH or HCl, measured by a
Jenway 3040 model pH-meter, and calibrated to pHs 4.0
and 9.0 using buffer solutions. The supernatant was centrifuged at 5000 rpm at the end of the adsorption process,
and then diluted with deionized water. The amount of
the dye adsorbed was determined from the difference between initial and equilibrium concentration measuring the
absorbance at 590 nm with a Unicam UV2-100 spectrophotometer.

N

+

N Cl

N
FIGURE 1 - Molecular structure of CV+.
Characterization methods

The mineralogical compositions of RFB and TAFB
samples were determined from the X-ray diffraction patterns of the products taken on a Rigaku 2000 automated
diffractometer using Ni filtered CuK radiation. X-ray
analyses of the samples were performed using the threeprincipal lines [17]. Surface areas were measured by nitrogen adsorption at 77 K using Quantachromosorb. Moisture
and gases on the solid surface or penetrated in the open
pores were removed by heating at 120 °C for 2 h prior to
surface area measurements. The values determined for
RFB and TAFB were 36.61 and 63.11 m2 g−1, respectively.
The cation exchange capacity (CEC), determined with triethanolamine-buffered BaCl2 solution (c = 0.1 M), was
followed by a re-exchange with aqueous MgCl2 solution
(c = 0.1 M) [18]. The CEC values for RFB and TAFB
were 0.65 and 68 mmol g-1, respectively.
α

RESULTS AND DISCUSSION

14.67 (6.01° 2θ) and 9.96 Å (8.87° 2θ), respectively. The
first peak is likely to appear because of the agglomeration
of clay sheets [19, 20]. The second peak is characteristic
of tactoids with interlayers and one planar monolayer. In
partial dehydrated montmorillonite, where all the water
molecules coordinate the cation to form a hexagonal coordination, a basal spacing of 14.0 Å was recorded [21]. In
the present case, we assume that a basal spacing of 14.67 Å
characterizes tactoids with interlayers containing water molecules hydrating the exchangeable cations and non-structured water molecules lying between the hydrated cations.
The third peak probably characterizes tactoids with interlayer water in excess to those of a monolayer but with an
incomplete water bilayer [22]. The appearance of these
2 peaks may be due to the fact that the RFB contains some
exchangeable Ca, Mg, K and Na. At 400 °C, montmorillonite has lost interlayer water, correspondingly the basal
plane spacing shrinks from 15.33 to 14.67 and 9.96 Å (Fig.
2B). The irregular stacking of activated and non-activated
layers of TAFB results in an amorphous structure.
It is known that natural bentonite sample looses the
structural OH- in two different steps: (i) continuously at
temperatures well below 600 °C from a defective montmorillonite structure, and (ii) in the range 600–700 °C with
a similar trend of undefective montmorillonite. The sum of
the split 001-peak areas of TAFB is smaller than that of
001-peak area of RFB sample. Based on these results, the
change in the crystal structure of bentonite occurred at
400 °C. Also, the dehydration and dehydroxylation processes during thermal activation process of bentonite may
be accompanied by movements of octahedral cations within
the octahedral sheet [23, 24].
The adsorption of CV+ on RFB led to significant increase in the basal spacing of the host material from 15.33
to 21.22 Å, and new shoulders appeared (Fig. 3A). The
basal spacing of the CV+ adsorbed RFB is consistent with
a bilayer to pseudo-trilayer arrangement of adsorbed CV+
[25-27]. The basal spacing of CV/TAFB (20.85 Å) is close
to that of CV/RFB (21.22 Å), which suggests that the interlayer space structure is similar (Fig. 3B). Three distinct
peaks for TAFB sample can be concluded: (i) the first, ca
20.85 Å, associated with CV+ adsorption into the galleries
of the montmorillonite; (ii) the second, around 14.72 Å,
which appears in the case of intermolecular water inside
the structure of the montmorillonite; and (iii) the third, ca
10.54 Å, assigned to the dehydrated collapsed montmorillonite.
Thermal analysis study of CV adsorbed onto bentonite
samples

XRD analysis

The XRD patterns of RFB and TAFB samples are presented in Fig. 2. For the XRD pattern of RFB, one reflection was observed in the region 2°<2θ<8° (Fig. 2A). This
corresponds to the 5.76 (2θ) value from which the interlamellar distance was found to be 15.33 Å. The XRD pattern of TAFB indicated 3 distinct peaks at 20.87 (4.23° 2θ),

Thermal gravimetric and differential thermal analyses
(TGA and DTA) pattern has been used for adsorption of
dyes by clay minerals. The curve related to the RFB exhibited mass losses by 5.80 and 5.50%, and temperatures
ranging between 20-200 and 200-700 °C, respectively (Fig.
4a). The 2 endothermic peaks in the DTA curve of RFB in
the range of 20-200 °C denote the release of different wa-
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FIGURE 2 - XRD patterns of the RFB (A) and TAFB (B) samples (M: montmorillonite).

FIGURE 3 - XRD patterns of the dye-loaded RFB (A) and TAFB (B) samples (M: montmorillonite).
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ter species coordinated to interlayer cations and surface
humidity. The third endothermic peak at 624 °C was related to dehydroxylation of the layer silicate minerals. The
curve relating to the TAFB sample exhibited mass loss of
11.85% at 20-200 °C and 3.43% at 200-680 °C, both due
to the thermal evolution of moisture and dehydroxylation
of the structural OH groups, respectively (Fig 4b). The
chemical deformation of 2:1 layers of montmorillonite
occurs between 600-900 °C. The observed endothermic
peak around 900 °C results from dehydroxylation of hydroxyl groups in montmorillonite [24, 28].

smectite minerals and last stage of the oxidation of CV+.
The DTA curve of CV+/TAFB shows an endothermic peak
at 695 °C (Fig. 4d). The high thermal stability of the CV+ in
the interlamellar space of TAFB at 695 °C compared to that
of RFB points out that π interactions between the oxygen
planes of the clay sheets and the aromatic ring of the CV+,
and shielding effect of alumino-silicate layer of TAFB are
greater that that of RFB [29, 30].

FIGURE 5 - Effect of initial pH for the adsorption of CV+ onto the
bentonite samples. T= 295.15 K, initial pH= 6.0, m= 2 g/L, C0= 1.2
mmol/g.
+

Effect of solution pH on CV adsorption

FIGURE 4 - Thermal analysis curves of RFB (a), TAFB (b), 0.5
mmol CV+/g bentonite-loaded RFB (c), 0.7 mmol dye/g clay loaded
TAFB (d).

Representative DTA curves of bentonite samples saturated with CV+ are shown in Figs. 4c and d. According to
the directions of the peaks, the DTA curves of the CV+/
bentonite complexes can be divided into 3 regions. In the
first region, up to 200 °C, the endothermic deydration of
bentonite is the major thermal reaction. The second thermal
region is 200-500 °C, and exothermic oxidation of the adsorbed CV+ is its principal reaction. The third region occurs
at temperatures above 500 °C. The major thermal reaction
of this region is characterized by dehyroxylation of the

The effect of pH on the adsorption capacities of bentonite samples towards the CV+ were determined using
various initial solution pH values, changing from 3.1 to 6.8.
As shown in Fig. 5, it was observed that the dye adsorption is pH-dependent. The adsorption of the dye onto RFB
sample is large at high pH values. This can be explained
as follows: The low adsorption of dye in acidic solution is
due to the protonation of the bentonite surface groups [2,
31, 32]. Therefore, at lower pH values 5-6, electrostatic
repulsion exists between the positively charged surface and
the positively charged dye molecule. Also, the lower adsorption of CV+ at acidic pH is due to the presence of excess H+ ions competing with dye cations for the adsorption
sites. When the pH of the solution increases (pH >4), the
number of positively charged available sites decreases while
the number of the negatively charged sites increases (in
particular, all silanol groups are deprotonated for bentonite
at pH >4). The surface of bentonite samples becomes negatively charged, and, therefore, the adsorption of the CV+ by
the bentonite samples increases at higher pH values and
takes place more easily. On the other hand, changes in pH
of CV+ solutions had no significant influence on the adsorption capacity of TAFB samples. This result may be
attributed to the effect of thermal activation process on CV+
adsorption. The literature reports several different results
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about the pH effect on the adsorption of basic dye by bentonite. For example, Roulia and Vassiliadis [33] and Almeida et al. [34] found that dye adsorption capacity of
bentonite increases with increasing pH. On the other hand,
Bilgic [35] and Bulut [36] have reported that changes in pH
of basic dye solutions had no significant influence on adsorption capacities of bentonite.
Langmuir and Freundlich equilibrium isotherm models

The Langmuir and Freundlich isotherm models were
applied to establish the relationship between the amounts
of the CV+ adsorbed by the bentonite samples. The experimental data conformed to the linear form of Langmuir
model [37] expressed as follows:

Ce / qe = Ce /qm + 1/K Lq m

(1)

where Ce is equilibrium concentration of CV+ (mmol/L),
qe is the amount of the CV+ adsorbed (mmol) per unit of
bentonite (g), qm and KL are the Langmuir constant related
to adsorption capacity (mmol/g) and the equilibrium constant of the process (L/mmol), respectively (Fig. 6). The
Langmuir monolayer adsorption capacity (qm) gives the
amount of the dye required to occupy all the available sites
in unit mass of the bentonite samples. The Langmuir monolayer adsorption capacities for RFB and TAFB were
found to be 0.63 and 0.82 mmol/g, respectively (Table 2).
The lower KL value for the RFB (3.19) compared to that
for TAFB (10.73) indicates that the thermally activation
process influences the adsorption equilibrium. The highenergy sites with high equilibrium constant (KL for TAFB)
had a significantly higher affinity than that for low-energy
sites with low equilibrium constant (KL for RFB). The lowenergy sites, on which CV+ was poorly held, had a low adsorption maximum (qm=0.63 mmol/g for RFB). The highenergy sites, on which dyes were tightly held, had a high
adsorption maximum (qm=0.82 mmol/g for TAFB).

FIGURE 6. Langmuir isotherm plots for the adsorption of CV+ onto
the bentonite samples, RFB; squares, TAFB; triangles. T= 295.15 K,
initial pH= 6.0, m= 2 g/L.

TABLE 2 - Langmuir and Freundlich parameters
for the adsorption of CV+ onto bentonite samples.
Langmuir
Sample
RFB
TAFB

qm
KL
(mmol/g) (L/mmol)
0.63
0.82

3.19
10.73

R2

n

0.999
0.993

4.04
1.46

Freundlich
KF
(mmol (1-1/n)
L1/n/g)
0.40
0.34

R2
0.986
0.903

As mentioned in XRD Analysis, the 001 peak of montmorillonite decreased in intensity, became significantly
smaller, and splits into 2 peaks. The sum of the splitted
001-peak areas of TAFB is smaller than the 001-peak area
of RFB sample. By considering this result and those of
the surface area measurements (values determined for
RFB and TAFB were 36.61 and 63.11 m2/g, respectively),
it is concluded that the pore properties (i.e., surface area
and total pore volume) play a significant role on the results of the adsorption capacities of TAFB. Besides, these
structural changes and thermal activation process changed
the textural properties of bentonite, thus influencing the
dispersibility in water. These changes may enhance the adsorption of dye cations.
The Freundlich adsorption isotherm is applicable to
the adsorption on heterogeneous clay surfaces. The adsorption equilibrium data was applied to the Freundlich
model in logarithmic form [38] as follows:

logqe = logK f + (1/n)logCe

(2)

where Kf and n are Freundlich constants related to adsorption capacity and adsorption intensity, respectively
(Fig. 7). As equilibrium data also fitted to Freundlich equation (2), a fairly satisfactory empirical isotherm can be used
for non-ideal adsorption. The Freundlich model parameters
and R2 values are presented in Table 2, which indicate that
this model showed lower correlation with the experimental adsorption data compared to the Langmuir model.

FIGURE 7 - Freundlich isotherm plots for adsorption of CV+ on
bentonite samples (RFB, squares; TAFB; triangles. T= 295.15 K,
initial pH 6.0, m 2 g/L).
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The constants KF and n were calculated from Eq. (2)
and Freundlich plots. KF relates to the multilayer adsorption capacity and n intensity of adsorption, which varies
with the heterogeneity of the adsorbent [39-41]. A relatively
n<<1 indicates that adsorption intensity is favorable over the
entire range of concentrations studied, while n>1 means
that adsorption intensity is favorable at high concentrations
but much less at lower concentrations [41, 42]. In the
adsorption system, the n values for RFB and TAFB were
4.04 and 1.46 h indicating that adsorption intensity is favorable at high concentrations.

effect, had to diffuse from boundary layer film onto bentonite surface and, finally, into the porous structure of the
bentonite [46].

Effect of initial concentration

The adsorption data for the uptake of CV+ versus contact
time at different initial concentrations (0.6-2.0 mmol/g) are
presented in Figs. 8 and 9. It can be observed that a higher
initial concentration provides an important driving force
to overcome all resistances of the dye between the aqueous and bentonite phases, thus increasing the adsorption
[43, 44]. A 4-h contacting period was found to be sufficient to achieve equilibrium. At lower concentrations, CV+
ions present in the adsorption medium could interact with
the binding sites, and, hence, higher % uptake results. At
higher concentrations, because of the saturation of the adsorption sites, the % uptake of the dye by bentonite shows
a decreasing trend.
The time profiles of dye adsorption onto the bentonite
samples were not single, smooth, and continuous curves
leading to saturation, suggesting the possible multilayer
coverage of dye on the surface of bentonites. It is noticed
in Figs. 8 and 9 that for C0 = 2.0 mmol/g at 295.15 K, large
fractions of the total amount adsorbed of CV+ were removed
in the first 200 min and, thereafter, the CV+ uptake process tended to proceed at a very slower rate, finally reaching saturation. The initial high rate of CV+ adsorption may
be attributed to the existence of the bare surface. However,
as the coverage increases, the number of available surface
sites for adsorption comes down, and the rate decreases till
it reaches equilibrium when the uptake is controlled by the
rate at which the adsorbate is transported from exterior to
interior sites of bentonite particles. In the initial stage of adsorption, a large number of vacant surface sites are available for adsorption. After the initial stage of adsorption,
CV+ adsorption onto vacant surface sites is difficult due to
repulsive forces between the CV+ molecules on bentonite
surface and dye solution. This results in the slowing down
of the adsorption during the later period of adsorption.
This is due to the high concentration gradient in the beginning of adsorption which represents a high driving force for
the transfer of CV+ from solution to the surface of bentonites [45]. The dye adsorption process attains equilibrium
gradually for the 2 bentonite samples. To attain equilibrium
for initial CV+ concentration (2.0 mmol/g bentonite), it
takes 200 and 174 min for RFB and TAFB, respectively.
This may be due to the fact that the bentonite is composed
of macro and micro pores. In the process of dye adsorption, dye molecules, firstly encountered to boundary layer

FIGURE 8 - Plots of adsorbed CV+ amount vs. time onto the RFB
sample at different initial CV+ concentrations, 0.6 mmol/g; circles,
1.2 mmol/g; triangles, 2.0 mmol/g; squares. T= 295.15 K, initial pH=
6.0, m= 2 g/L.

FIGURE 9 - Plots of adsorbed CV+ amount vs. time onto the TAFB
sample at different initial CV+ concentrations, 0.6 mmol/g; circles,
1.2 mmol/g; triangles, 2.0 mmol/g; squares. T= 295.15 K, initial pH=
6.0, m= 2 g/L.
Adsorption kinetics

Several kinetic models are available to understand the
behavior of the adsortion process, and also to examine the
controlling mechanism of the adsorption process and test
the experimental data. In the present investigation, the adsorption data were analyzed using 3 kinetic models (pseu-

780

© by PSP Volume 19 – No 5. 2010

Fresenius Environmental Bulletin

TABLE 3 - Kinetic parameters for the adsorption of CV+ onto RFB sample at different initial dye concentrations (qe: mmol/g; h0 = mmol/g
min; k1: min-1; k2: g/mmol min; kd: mmol/g min0.5; c: mmol/g min0.5)
Co (mmol/g)
0.6
1.2
2.0

Pseudo-first order modela
k1x102
qe,1
R1 2
(min-1) (mmol/g)
0.966 0.89
0.33
0.950 0.71
0.36
0.893 1.42
0.54

R2 2
0.992
0.993
0.963

Pseudo-second order modelb
qe,2
hx102
k2x102 (g/mmol min)
(mmol/g) (mmol/g min)
0.48
0.82
3.56
0.57
0.99
3.09
0.62
1.50
3.92

Intraparticle diffusion modelc
kdx103
cx102
R2
0.5
(mmol/g min ) (mmol/g min0.5)
0.952
21.22
7.54
0.929
23.99
10.23
0.837
26.83
13.39

TABLE 4 - Kinetic parameters for the adsorption of CV+ onto TAFB sample at different initial dye concentrations (qe: mmol/g; h0= mmol/g
min; k1: min-1; k2: g/mmol min; kd: mmol/g min0.5; c: mmol/g min0.5)
Co (mmol/g)
0.6
1.2
2.0

Pseudo-first order modela
k1x102
qe,1
R1 2
(min-1) (mmol/g)
0.985 0.97
0.22
0.949 0.49
0.53
0.758 0.66
0.66

R2 2
0.990
0.976
0.893

Pseudo-second order modelb
qe,2
hx102
k2x102 (g/mmol min)
(mmol/g) (mmol/g min)
0.33
0.36
3.34
0.62
0.98
2.54
0.75
1.36
2.41

do-first and pseudo-second order kinetic, intra-particle diffusion). In order to investigate the adsorption mechanism, the
constants of adsorption and intra-particle diffusion rate
were determined using equations of Lagergren [47], Ho
and McKay [48], and Weber and Morris [49]. A clear review of these equations and their applications is to be found
in literature [50]. These equations are given in the Appendix.
Tables 3 and 4 list the results of the rate constant studies for different initial dye concentrations, by pseudo-first
and pseudo-second order models at 295.15 K. It is seen that
the correlation coefficients of first order kinetic are lower
than in the case of pseudo-second-order kinetic model. This
result shows that kinetics of dye adsorption by bentonites
are described better by pseudo-second than pseudo-first
order model.

Intraparticle diffusion modelc
kdx103
cx102
R2
0.5
(mmol/g min ) (mmol/g min0.5)
0.977
14.67
2.12
0.959
31.83
3.40
0.903
36.12
11.88

probable, and, for this reason, the data were further processed for determining the role of diffusion in the adsorption process. If Weber–Morris model curve is linear and
passes through the origin, then intra-particle diffusion is
the only rate-limiting step.
In this study, Weber–Morris model plots were linear,
but the plots did not pass through the origin suggesting
that adsorption involved intra-particle diffusion, but it was
not the only rate-controlling step (Figs. 10, 11). The adsorption mechanisms onto bentonite samples were complex, and
the surface adsorption mechanism contributed to the adsorption process as well as intra-particle diffusion. Namely,
other kinetic models may also control the adsorption
mechanisms.

For the pseudo-second order model (Tables 3 and 4),
the rate constants for both types of bentonite generally decreased with the increase of initial dye concentration. The
rate of CV+ uptake was found to increase from 3.56x10-2
to 3.92x10-2 mmol/g min for RFB, but to decrease from
3.34x10-2 to 2.41 x10-2 mmol/g min for TAFB, with regard to an increase in initial dye concentration from 0.6 to
2.0 mmol/g bentonite. As shown in Tables 3 and 4, the
pseudo-second order kinetic model produced low correlation coefficients, indicating the pseudo-second order kinetic
model has a limited applicability to the RFB and TAFB
adsorption systems. This may be due to the following reason: adsorption processes incorporate the transport of CV+
from bulk solution to the interior surface of the pores.
Thus, there is a possibility that the transport of the CV+
from the solution into bentonite pores is rate-controlling.
Hence, the data were further processed for testing the role
of diffusion in the adsorption process.
In adsorption systems where intra-particle diffusion
may be the rate-limiting step, the intra-particle diffusion
approach described by Weber and Morris [45] was used.
The transport of CV+ from solution into bentonite pores is

FIGURE 10 - Amount of dye adsorbed vs. t0.5 for intraparticle diffusion of CV+ by RFB sample at different initial CV+ concentrations,
0.6 mmol/g; circles, 1.2 mmol/g; triangles, 2.0 mmol/g; squares. T=
295.15 K, initial pH= 6.0, m= 2 g/L.
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APPENDIX
Model

Equation

First-order mechanism

log(qe − qt ) = log qe − (k1 / 2.303)t

Pseudo-second-order
mechanism

t / qt = (1/ h) + (1/ qe )t

Intra-particle diffusion

qt = kit1 / 2 + c
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FIGURE 11 - Amount of dye adsorbed vs. t0.5 for intraparticle diffusion of CV+ by TAFB sample at different initial CV+ concentrations,
0.6 mmol/g; circles, 1.2 mmol/g; triangles, 2.0 mmol/g; squares. T=
295.15 K, initial pH= 6.0, m= 2 g/L.
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diffusion. But, some deviations in the values of C were observed from Weber–Morris kinetic model, especially occurring at high initial CV+ concentration values (Table 4).
These deviations may be attributed to repulsive forces between the CV+ molecules on bentonite surface and the
dye solution. The observed increase in Kd values with increasing initial dye concentration can be explained by the
growing effect of the driving force, the concentration
gradient.
CONCLUSIONS
It was concluded from XRD, thermal analysis, and
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ABSTRACT

INTRODUCTION

The detection of dioxins and furans – collectively
known as dioxins – is a challenge in analytical chemistry.
Current methods using gas chromatography-high resolution
mass spectrometry (GC-HRMS) for ultra low level dioxin
quantification are costly and time-consuming. Enzymelinked immunosorbent assay (ELISA) is a qualitative screening tool that provides presence/absence results for dioxins.
ELISA would be useful to enable both the evaluation and
selection of only samples deemed ‘present’ for dioxins for
GC-HRMS analysis.
Dioxins are bioaccumulative, persistent, and lipophilic.
As such, they readily accumulate in the food chain, including fish tissue. This is a concern since fish are a common
food source for humans. Therefore, the goal of this research
was to develop a method to screen for dioxins in fish using
ELISA. An ELISA method for this purpose could be useful
for the Ontario Ministry of the Environment’s Sport Fish
Contaminant Monitoring Program.
Three approaches, each differentiated by their sample
cleanup method but all using ELISA detection, were evaluated with no intention to compare the methods to each other.
The approach of Florisil® cleanup followed by ELISA
detection (Florisil®-ELISA) was found to be suitable as
a screening technique. The two other approaches, one using
gel permeation chromatography (GPC-ELISA) and the other
using acid silica and carbon columns (acid silica/carbonELISA) for fish sample purification, were not suitable for
screening purposes. This low cost, high throughput method
to screen fish provides a model technological solution for
screening of other food sources which are rarely monitored.

KEYWORDS:
immunoassay; dioxin; ELISA; fish; GC-HRMS; 2,3,7,8-TCDD

Dioxins are ubiquitous in the environment [1]. They
are lipophilic [2], persistent [3] and bioaccumulative [4]
and are potentially toxic as they deregulate key genes such
as those for normal physiology and development [5]. Dioxins are measured in terms of toxic equivalents (TEQs) to
take into account the different toxicities of the dioxin congeners; seventeen toxic congeners exist [2] with 2,3,7,8tetrachlorodibenzo-ρ-dioxin (2,3,7,8-TCDD) being the most
toxic [3, 4, 6]. The key route of dioxin exposure is via
ingestion; approximately 90% of human exposure to dioxins is from the consumption of food [7, 8]. In Ontario, the
Ministry of the Environment’s (MOE) Sport Fish Contaminant Monitoring Program tests for dioxins in fish tissue and
issues consumption advisories based on the test results [9].
The conventional method of dioxin detection is gas
chromatography-high resolution mass spectrometry (GCHRMS), which is very time-consuming and expensive [10].
Enzyme-linked immunosorbent assay (ELISA), which is a
biochemical method commonly used in the medical field to
detect infectious diseases, would screen and identify those
samples “present” for dioxins for analysis by GC-HRMS.
Thus, cost savings are realized by screening out the dioxinabsent or negative samples.
The goal of this research was to develop an ELISA
method to screen for dioxins in fish. Only a few preliminary
studies have been done on fish for this purpose [11-13]
while validation has been achieved for other environmental
matrices such as soil [1] and sediment [10]. A successful
method would increase sample throughput and be time and
cost-efficient, specifically decreasing the turnaround time
and costs associated with negative samples. Three approaches were undertaken in an attempt to achieve the goal
and they are differentiated by their fish sample cleanup
methods prior to ELISA detection. The studies were
termed GPC-ELISA, acid silica/carbon-ELISA and Florisil®ELISA. At no point was this research intended to compare
the three cleanup methods used.
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MATERIALS AND METHODS

GPC-ELISA

Chemicals and equipment

All solvents [dichloromethane (DCM), toluene, methanol, isooctane, concentrated hydrochloric acid and hexane]
used in this study were purchased from Caledon Laboratories, Ltd., Ontario. An analytical balance (Mettler PM 200)
and rotator (Glas-Col® Rugged Rotator, USA) were used for
sample preparation. Additional equipment included a digital dry bath (AccuBlock™, Labnet International, Inc., USA)
and nitrogen generator (Parker Balston NitroVap-2LV,
Parker Hannifin Corporation, Haverhill, MA, USA).
Sampling

All frozen fish samples obtained for this research were
previously analyzed for dioxins at the MOE using GCHRMS as reported elsewhere [14]. The dioxin concentrations of these fish samples ranged from 1.7 to 75
picograms (pg) TEQ per gram (g) of fish tissue. The
sources of all the fish samples are lakes across Ontario.
Fish fillet was homogenized and stored in glass jars that
have been solvent rinsed and dried, and are capped with a
Teflon® or aluminum foil-lined lid. The fish samples are
kept frozen at a maximum of -4°C until use.
Extraction

Five grams of wet tissue of each fish sample were
weighed out into a 50-mL glass centrifuge tube with Teflon
cap. Concentrated hydrochloric acid (19.5 mL) and 20.5 mL
of a 25% dichloromethane (DCM):75% hexane mixture was
then added into the centrifuge tube and left to sit overnight
to digest the fish tissue. The centrifuge tubes were tumbled
on a rotator for 45 minutes at 0.75 Hz (45 rpm) and then
centrifuged for six minutes at 50 Hz (3000 rpm). The supernatant (extract) was passed through a 40% sodium bicarbonate:sodium sulphate mixture and into either a 25-mL
or 100-mL volumetric flask. Either DCM was added (GPC
cleanup) or 25% DCM:hexane was added (acid silica/ carbon column cleanup and Florisil® cleanup) into the volumetric flask to make up the volume.
Cleanup

An algorithm was used for each study to ensure that
cleanup columns were not overloaded with lipids from the
fish sample extracts (see Table 1). The percent lipid contents of the fish samples were previously determined gravimetrically. The percent lipid contents of the fish samples
studied was found to be between 0% and 14%.
TABLE 1 - Choosing a volume of fish extract for cleanup.
Fish Lipid
content
0 - 4.99 %
5 - 9.99 %
10 - 19.99 %
20 - 29.99 %
>30%

Fish weight
chosen
1.5 g
1g
0.5 g
0.25 g
0.1 g

mL Cleanup volume
from 25-mL extract
7.5 mL
5 mL
2.5 mL
1.25 mL
0.5 mL

mL Cleanup volume
from 100-mL extract
30 mL
20 mL
10 mL
5 mL
2 mL

Forty-seven fish samples were subjected to GPC cleanup (AccuPrep MPSTM, J2 Scientific, Columbia, Missouri,
USA). The general procedure followed was as per United
States Environmental Protection Agency (US EPA) method
3640A for gel permeation cleanup [15]. Although the
method does not state dioxins as an analyte for GPC cleanup, a trial run through the GPC using a non-toxic dioxin
surrogate
(1,3,6,8-tetrachlorodibenzo-p-dioxin;
AccuStandard, Inc., D-405N, lot 940121, USA) suggested
that GPC could be used to separate dioxins from a sample.
Employing the non-toxic surrogate at the method development stage allowed experiments to be performed at a
sufficiently high concentration to generate distinct UV
absorption peaks in the elution profile. The run time of
each sample was set for 60 minutes, with the collected
fraction time set from 28 to 47 minutes. The cleaned fractions were collected in TurboVap® vials.
Acid silica/carbon-ELISA

Twenty-two fish samples underwent cleanup using
acid silica and carbon columns (CAPE Technologies, ME,
USA). The cleanup procedure was carried out as per CAPE
Technologies’ Application Note AN-008, available at http://
www.cape-tech.com/. Note that the cleanup procedure described was for soil but was applied to the fish samples
under the assumption that the cleanup would be sufficient for
ELISA. Briefly, after sample loading onto the acid silica/
carbon dual column, hexane was washed through the column. The carbon mini-column was removed from the acid
silica column and attached onto a glass reservoir where
hexane and then a 50% hexane:toluene mixture was run
through the column. The carbon mini-column was reversed
and eluted with toluene into a glass tube to collect the dioxins.
®

Florisil -ELISA

Fifteen fish samples were cleaned using Florisil®
(Standard Activation Grade, activated at 650 oC, 100–200
mesh, Caledon Laboratories Ltd., Ontario, Canada). Florisil® was heated at 108 oC overnight and packed to a column height of 24 cm. Isooctane keeper (2 mL) was added to
20 mL of fish extract in 25%DCM:hexane representing 1
g of fish. This was evaporated down to 2 mL and loaded
onto the column. The evaporation tube was rinsed with 2
mL of 25% DCM: hexane and the rinse was also loaded
onto the column. After sample loading, 25 mL of 25%
DCM:hexane was washed through the Florisil® column
and the extracts were collected as a single fraction. Isooctane (2 mL) was added as a keeper and the fraction was
evaporated down to 3-5mL.
Detection

A detergent keeper supplied by CAPE Technologies
(Triton X-100 detergent in polyethylene glycol) (62.5 µL)
was added to each cleaned sample extract. These extracts
were then evaporated to dryness under a nitrogen stream in
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a dry bath at 70 oC. The residue was reconstituted in 50 µL
of methanol. The ELISA procedure used was as outlined
in the ELISA kit (High Performance Dioxin/Furan Immunoassay Kit, Product Number DF1-60, CAPE Technologies,
ME, USA) insert IN-DF1 (http://www.cape-tech.com/). The
samples were incubated in antibody-coated tubes overnight. After a wash step using detergent [0.01% v/v Triton
X-100 in autoclaved deionized distilled water (DDW)],
conjugate was added and incubation occurred for 15
minutes. Following another wash step with DDW, substrate
was added and the samples were incubated for 30 minutes.
A spectrophotometer (Photometric Analyzer, Abraxis LLC,
Warminster, PA, USA) was used to take absorbance readings at 450 nm.

A UV chromatogram was produced for each fish sample subjected to GPC cleanup; however a UV chromatogram
was lost for one fish sample. An observation was apparent
that the validity of the ELISA results was connected to the
amount of contaminants eluting around the same time as
the lipids, which is within the first 25 minutes of each run
[16]. An ELISA result was considered valid if it was within
the 0–100 pg TEQ range, which is the valid range of the
2,3,7,8-TCDD calibrators. There was a marked difference
in the validity of results at < 250 UV units and ≥ 250 UV
units (Table 2). A chi-square test determined that this difference was statistically significant (X 2 = 21.2, p < 0.0005).
For the fish samples in which invalid ELISA results were
obtained, those measurements were not repeated because
all the fish samples in this study were less than 100 pg/g
TEQ by GC-HRMS analysis and thus should have been
within the 0–100 pg TEQ valid range of ELISA.

Pure 2,3,7,8-TCDD standards (DF1-SK2; Wellington
Laboratories, Guelph, ON, Canada) were supplied at 5 concentrations, namely, 0, 0.064, 0.20, 0.64 and 2.0 ppb. When
50 µL of each standard was dispensed into the ELISA tube,
the final concentration became 0, 3.2, 10, 32 and 100 pg
2,3,7,8-TCDD per tube, respectively. An extra tube of
standard was prepared by dispensing 25 µL of the 0.064 ppb
standard such that the final concentration expected was
1.6 pg. These six concentrations were used to construct the
standard curve. The concentration of the 1.6 pg standard
can be back-calculated from the standard curve. Based on
51 determinations from 30 standard curves, the precision of
the 1.6 pg standard was verified by a mean = 1.6 ± 0.3 pg/
tube. According to the ELISA kit product insert, the detection limit of the kit is 4 pg 2,3,7,8-TCDD per tube but this
limit was brought down by extending the dynamic range.
This allowed for the trace detection of dioxins in the fish
samples.

TABLE 2 - Validity of GPC-ELISA results for fish samples.

≥ 250
< 250

29
95.5

Y = 12.6473 + 1.48E-02X
R-Sq = 0.0 %
90
80
70

ELISA TEQ (pg/g)

The ELISA results of the fish samples were obtained
by interpolating the absorbance readings on a standard
curve. The ELISA result for each fish sample was compared
to its corresponding GC-HRMS result. Correlation and
linear regression analyses were performed. A square of
correlation value (R2) of 0.66 or 66% was considered as
being acceptable for screening. This value was chosen in
consideration of a fish certified reference material (CRM)
(Wellington Laboratories, Catalogue # WMF-01) whereby
70 GC-HRMS determinations (duplicates from 35 laboratories worldwide) were carried out. The mean of that CRM
was 21.17 ± 7.83 pg TEQ/g. In this case, one standard
deviation (7.83 pg TEQ/g) from the mean, which is considered excellent, was roughly within 33% of the mean. Two
standard deviations from the mean – in this case, 66%
within the mean – is acceptable. All statistics were performed using Minitab Student Release 12 for Windows
(Minitab, Inc.).

GPC-ELISA

% of valid ELISA
results

For the 21 out of 22 fish samples with contaminant
peak heights of < 250 UV units that returned valid ELISA
results, there was no linear relationship between ELISA
and GC-HRMS results (r = 0.008, n = 21) (Figure 1).

Data Analysis

RESULTS AND DISCUSSION

ELISA within valid range of
0–100 pg TEQ (# of samples)
Yes
No
7
17
21
1

UV signal
(254 nm)

60
50
40
30
20
10
0
0

10

20

30

GC-HRMS TEQ (pg/g)

40

FIGURE 1 - Lack of relationship between ELISA and GC-HRMS
results when contaminant peaks were < 250 UV units (n = 21).

An investigation was undertaken to see whether there
was a connection between contaminant peak heights and
the percent lipid contents of all the fish samples. The rationale was that perhaps the majority of invalid ELISA
results were caused by fish of higher lipid contents and
thus would imply that the GPC cleanup was insufficient.
It was found that there was only a weak linear relationship
between contaminant peak height and the percent lipid
content of the fish samples (r = 0.514, n = 46) (Figure 2).
Therefore, it was postulated that there were both smaller
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The results from this GPC-ELISA study showed that
this combination was unsuitable for screening dioxins in
fish.

poor, suggesting the possibility of false negative reporting
if the acid silica/carbon-ELISA technique were used to
screen for dioxins in fish.
Y = 14.3038 + 0.459558X
R-Sq = 10.2 %

C

100

ELISA TEQ (pg/g)

lipids and other components that interfered with the
ELISA and the combination of all of the interferences
affected the accessibility of the antibody to the conjugate
in the ELISA tube. The postulate was supported by the
observation that all ELISA tubes, regardless of whether a
valid ELISA result was obtained or not, were cloudy with
froth on top after the initial entry of the GPC-cleaned extracts. After the first ELISA wash with detergent, the contents in the tubes still appeared to be cloudy when compared to the method blanks. For these samples, it appears
that for the ELISA to work, the maximum lipid load for
GPC appeared to be 0.02 g equivalent to fish lipid content
of < 1% or 2.5 g fish with 1% lipid content.

A
50

B
D
0

Y = 209.695 + 72.3374X

0

10

R-Sq = 26.4 %

Contaminant peak signal (UV units)

E

20

30

40

50

60

GC-HRMS TEQ (pg/g)

70

80

FIGURE 3 - Correlation between acid silica/carbon-ELISA and GCHRMS results.

2500

2000

1500

1000

500

0
0

5

10

15

Lipid content (%)

FIGURE 2 - A weak relationship between contaminant UV peak
height and the percent lipid content of the fish sample (n = 46).
Acid Silica/Carbon-ELISA

For the 22 fish samples subjected to the acid silica/
carbon-ELISA technique, it was found that there was only
a weak linear relationship between ELISA and GC-HRMS
results (r = 0.32, n = 22) (Figure 3). The recovery was also

The 5 data points in Figure 3 were outliers, which were
labeled as A, B, C, D and E. The GC-HRMS TEQ of each
sample was the sum of the TEQ of its 17 toxic PCDD/Fs
congeners. Upon examination of the congener profiles, it
was apparent that 7 of the 17 toxic congeners together
accounted for over 90% of the sample’s TEQ (Table 3). On
the one hand, no explanation could be conceived for Outliers A, B and C, which produced bias ELISA results approximately 8-, 3- and 5-times higher, respectively. On
the other hand, a reasonable explanation was discovered
for low bias outliers D and E. Samples D and E were enriched for 2,3,4,7,8-pentachlorofuran, and 2,3,4,6,7,8-hexachlorofuran; both congeners have low ELISA reactivity of
17% and 4.9%, respectively. When the GC-HRMS TEQ of
Outlier D and E were corrected for ELISA reactivity, the
expected ELISA TEQ became 18.8 and 46.2 pg/g, respectively (Table 3). Recovery, expressed as a percentage of

TABLE 3 - TEQs profile of seven major congeners of the 5 outliers in Figure 3.

GC-HRMS Congener TEQ (pg/g)

ELISA

1
2,3,7,8-tetrachlorofuran
2
2,3,7,8-tetrachlorodioxin
3
2,3,4,7,8-pentachlorofuran
4
1,2,3,7,8-pentachlorodioxin
5
1,2,3,6,7,8-hexachlorofuran
6
1,2,3,7,8,9-hexachlorofuran
7
2,3,4,6,7,8-hexachlorofuran
Total TEQ of 7 congeners above
GC-HRMS TEQ of 17 congeners
% TEQ due to the 7 congeners
ELISA TEQ observed
ELISA bias
ELISA TEQ expected*

Outlier A
0.4
1.9
1
3
0.1
0.1
0.17
6.7
7.1
94.2%
54.7
High

Outlier B
0.2
2.5
2.5
7.8
0.3
0.2
0.18
13.6
14.4
94.6%
40.0
High
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Outlier C
0.3
4.3
3.6
9.3
0.2
0.3
0.28
18.2
19.7
92.2%
107.5
High

Outlier D
2.7
6.4
10.5
7.7
1.8
0.4
3.6
33.1
34.7
95.1%
12.8
Low
18.8

Outlier E
2.3
12
23.5
26
2.1
4.1
3.9
73.9
79.1
93.4%
41.0
Low
46.2

ELISA %
Crossreactivity
20
100
17
105
1.0
3.3
4.9
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Recovery=observed/expected
68%
89%
* Expected TEQ was derived by multiplying each congener GC-HRMS TEQ with their unique ELISA cross-reactivity and then summing the products.

the observed ELISA TEQ over the expected TEQ, for D
and E were 68% and 89%, respectively. Therefore, the observed ELISA results were in reasonable agreement with
the theoretical results expected of the difference in individual congener reactivity to the antibodies.

be applied [1]. In this situation, a response factor of 1.3
would be applied. The constant congener patterns in fish
as a result of metabolic action make using a response factor
reasonable [17] and in turn make the screening of dioxins
in fish feasible.

The results from this study suggest that the acid silica/
carbon-ELISA technique is hardly suitable for screening
dioxins in fish; the linear relationship between ELISA and
GC-HRMS results was weak and the recovery was poor.

The results from this Florisil®-ELISA study confirm the
preliminary results reported by Lo et al. [12] who used international quality control (QC) samples and a certified reference material (CRM). Both studies suggested that the
Florisil®-ELISA method would be suitable to screen for
dioxins in fish. For the CRM done in quadruplicate, the
ELISA result was comparable (mean 24.10 ± 5.12 pg
TEQ/g) to both the GC-HRMS result (mean 26.36 ± 4.13
pg TEQ/g) and to the CRM result (21.17 ± 7.83 pg TEQ/g).
For the international QC samples, the ELISA results (7.4 pg
TEQ/g) were 28% higher than the reference value (5.8 pg
TEQ/g) [18].

®

Florisil -ELISA

For the 15 fish samples subjected to the Florisil®-ELISA
technique, there was a strong linear relationship between
ELISA and GC-HRMS results (r = 0.85, n = 15) (Figure 4).
Linear regression showed that the ELISA results were consistently lower than GC-HRMS (77%) but the results were
still acceptable. The square of the correlation was 72%, indicating that 72% of the variation of the ELISA results
could be explained by the regression model. In this model,
the correlation observed ought to be limited to the highest
dioxin level among the fish samples tested, which was about
25 pg/g TEQ.
Y = -1.64495 + 0.769422X
R-Sq = 72.0 %

ELISA TEQ (pg/g)

20

10

0
0

5

10

15

GC-HRMS TEQ (pg/g)

20

25

FIGURE 4 - Correlation of Florisil®-ELISA and GC-HRMS results.

To correct for the slight under-reporting by ELISA, a
response factor, given as the inverse value of the slope can

Congener Profiles of fish samples

In this study, 82 fish samples from various locations
across the province of Ontario were processed. Since the
intention of this research was not to compare the three
cleanup methods used, no samples had undergone all three
methods. However, ELISA-TEQs are dependent upon the
congener composition of the samples as ELISA reacts to
certain dioxin and furan congeners. Therefore, it is possible that the relative agreement or disagreement between
ELISA and GC-HRMS could be due to the difference
among the congener concentrations or profile of fish from
various locations. To test this hypothesis, the following
approach was applied. GC-HRMS profiles of the seventeen
toxic dioxin/furan congener of each fish sample (depicted
in Fig. 1, 3 and 4) were scrutinized and the major congeners
were selected. The profiles of the major congeners were
grouped according to the three clean-up methods as depicted in Table 4. The TEQs of each major congener were
summed within each group. By definition, the sum of the
major congeners TEQs should be ≥ 90% of the total TEQ
of that group due to all congeners. Use of this “90% qualifier” justifies that the selection of the 7 major congeners in
Table 4 is indeed representative of a profile of majority.

TABLE 4 - Percentage of seven major congeners in samples grouped by the three clean-up methods.
GC-HRMS Congener
1
2,3,7,8-tetrachlorofuran
2
2,3,7,8-tetrachlorodioxin
3
2,3,4,7,8-pentachlorofuran
4
1,2,3,7,8-pentachlorodioxin
5
1,2,3,6,7,8-hexachlorofuran
6
1,2,3,7,8,9-hexachlorofuran
7
2,3,4,6,7,8-hexachlorofuran
Sum of ∑ TEQ of 7 congeners above
GC-HRMS TEQ of 17 congeners
% TEQ due to the 7 congeners
ELISA TEQ expected of the 7 congeners*

GPC
∑TEQ (%)
3.5 (2.6)
76.8 (57.6)
14.0 (10.5)
33.2 (24.9)
1.9 (1.5)
2.5 (1.8)
1.4 (0.9)
133.3 (100)
146.0
91.4%
114.6

789

Acid Silica/Carbon
∑TEQ (%)
12.3 (5.0)
62.2 (25.3)
60.0 (24.4)
86.5 (35.1)
7.6 (3.1)
7.9 (3.2)
9.7 (3.7)
246.2 (100)
263.5
93.4%
164.8

Florisil
∑TEQ (%)
12.8 (17.2)
39.4 (53.2)
9.5 (12.8)
9.5 (12.8)
2.3 (3.1)
0.3 (0.4)
0.3 (0.4)
74.0 (100)
76.9
96.2%
54.4

ELISA %
Cross-reactivity
20
100
17
105
1.0
3.3
4.9
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Expected ELISA TEQ/Sum of ∑TEQ 7 congeners

86%

70%

74%

* ELISA TEQ expected of the seven major congeners was derived by multiplying their ∑ GC-HRMS TEQ with their unique ELISA cross-reactivity and then summing the
products.

Then, the percentage of TEQ contribution of each the major congeners among the 3 groups were compared in light
of their individual ELISA cross-reactivity (Table 4). Finally, the expected ELISA TEQ due to the 7 major congeners
was calculated similar to the description for Table 3.
As a result, the seven congeners selected in Table 4
accounted for over 90% of the total TEQ composition in
each of the three groups. The conclusion is reached that
various fish samples subjected to the three different cleanup methods shared a similar overall profile consisting of 7
major congeners despite some variations.
The percent composition displayed a comparable profile between the GPC group and the Florisil® group. In
contrast, the acid silica/carbon group were deprived of
2,3,7,8-tetrachlorodioxin by half (on a % basis) but rich in
1,2,3,7,8-pentachlorodioxin and twice as rich in 2,3,4,7,8pentachlorofuran. A convenient way to assess the influence of the ELISA reactivity of individual congeners is to
calculate the ratio of the theoretically expected ELISA TEQ
over the GC-HRMS TEQ for the sum of the 7 major congeners (Table 4). The ratios for the three clean up groups were
86%, 70% and 74%, respectively. Since the ratios were not
drastically different from one another, congener difference
among the 3 groups is presumably insufficient to account
for the drastic difference in efficiency of the three clean up
methods. However, the 70% value may help to explain the
under-reporting of TEQ in the acid silica/carbon-ELISA
group. Remarkable, the expected value of 74% theoretical
recovery calculated for the Florisil® group agreed very
well with the slope of 0.77 (observed ELISA recovery)
in Figure 4.
Cost Savings

In 2006, approximately half of the fish samples analyzed for dioxins by GC-HRMS at the MOE were dioxinnegative, or not detectable for dioxins at a limit of detection of 1 pg TEQ/g of fish and using the World Health Organization’s (WHO) TEQ scheme (TEQ WHO ND-1) (Table 5). The cost, which includes capital equipment, supplies,
support equipment, labour and waste disposal, of both GCHRMS analyses and ELISA analyses are based on the
actual cost to analyze 209 soil and sediment samples according to the US EPA Superfund Innovative Technology
Evaluation (SITE) Program; it cost $398,029 (~$1,900 per
sample) using GC-HRMS as opposed to $59,234 (~$300
per sample) using ELISA [19]. It was assumed that the
costs to analyze fish samples are comparable to that of soil
samples. Assuming the budget allocated for dioxin analysis
TABLE 5 - Number and cost of fish samples
analyzed by GC-HRMS at MOE in 2006.
# of dioxin-positive samples
# of dioxin-negative samples
Total # of samples

GC-HRMS
150
150
300

Cost per sample ($)*
1900
Total cost ($)
570,000
*
Assumed cost based on US EPA SITE Program value.
TABLE 6 - Implementation of ELISA screening with fixed budget.

ELISA
GC-HRMS
# of dioxin-positive samples
228
228
# of dioxin-negative samples
228
0
Total # of samples
456
228
Cost per sample ($)*
300
1900
Total cost ($)
136,800
433,200
*Assumed cost based on US EPA SITE Program values.

570,000

TABLE 7 - Benefits if ELISA screening implemented.

Sample throughput
# of dioxin positive
samples analysed by
GC-HRMS

Without
ELISA
screening
300
150

456

Increase
(# of
samples)
156

228

78

With ELISA
screening

% increase
52
52

of fish samples is fixed, then Table 6 illustrates the scenario
if ELISA screening were in place. With ELISA screening,
sample throughput and the number of dioxin-positive fish
samples analyzed by GC-HRMS would both be increased
by 52% as opposed to if ELISA screening were not in place
(Table 7).
CONCLUSIONS
Research in the area of dioxin detection for fish is desirable due to the time and costs associated with the current GC-HRMS method, which quantifies dioxin concentrations at ultra-trace levels. ELISA, a screening tool that
provides present/absent results, can potentially save on costs
as samples screened as absent for dioxins are excluded from
GC-HRMS analysis. This research determined that GPCELISA was not suitable for screening dioxins in fish; the
GPC was insufficient for the purpose of cleaning fish samples which in turn affected ELISA detection. Acid silica/
carbon-ELISA was also barely suitable for screening dioxins in fish; there was a weak linear relationship between
ELISA and GC-HRMS results and poor recovery indicated
the possibility of false negative reporting. The Florisil®ELISA approach satisfied the goal of developing an efficient, cost-effective method to screen for dioxins in fish.
According to the Guide to eating Ontario sport fish [9],
consumption restrictions begin when dioxin concentrations
are at 2.7 pg TEQ per gram of fish filet. Ideally, the detection limit of ELISA should match this concentration while
using a protocol of testing 1 g of fish tissue. According to
the manufacturer, the detection limit of the ELISA kit is
4 pg 2,3,7,8-TCDD per tube. In this study, this limit was
brought down by adding an extra standard at 1.6 pg per
tube. Further validation would be necessary to pinpoint the
lower cut-off value for screening.
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ABSTRACT
Several decades of anthropogenic influence on the Ria
de Aveiro, have contributed to its water quality degradation. Thus, the present field study was carried out to investigate kidney antioxidants, lipid peroxidative and genotoxic
responses in juvenile Dicentrarchus labrax L. was captured
at five stations of Aveiro lagoon with different types and/or
levels of environmental contamination: Torreira (TORassumed as reference site), Gafanha (GAF), Laranjo (LAR),
Rio Novo do Príncipe (RIO) and Vagos (VAG). The activity
of the antioxidant enzymes (catalase-CAT, glutathione
peroxidise-GPx, glutathione reductase- GR) and glutathione
S-transferase- GST) and non-enzymes (total non-protein
thiols –NP-SH and total glutathione-GSHt) were used as environmental biomarkers on D. labrax. Damage was assessed
as DNA strand breakage and lipid peroxidation (LPO).
An overall induction in enzymatic and non-enzymatic
antioxidants was observed in sea bass at GAF, RIO and
LAR expressed as significant high kidney CAT, GPx, GR
activities as well as NP-SH and GSHt; however at VAG
only CAT activity was significantly increased. Among the
surveyed sites, kidney genotoxicity was observed at GAF
and VAG; whereas LPO increase was only observed at
GAF site. According to “integrated biomarker responses”
index, the most and the least affected sites were GAF and
TOR, respectively. The combination of protection and damage responses assessed in D. labrax kidney was an adequate strategy for the environmental health evaluation.

KEYWORDS: kidney; Dicentrarchus labrax; antioxidant systems;
DNA and lipid damage; estuary

INTRODUCTION
In teleosts, the kidney is responsible for the excretion
and the maintenance of the body fluids homeostasis [1, 2]

also acting as an excretory route for a variety of xenobiotics
metabolites to which the fish may be exposed [1]. A number of papers reflect that kidney has the highest bioaccumulation potential in fish compared to other organs including
liver [3, 4]. Renal high xenobiotic metabolizing rate in response to polycyclic aromatic hydrocarbons (PAHs), dioxins and planar polychlorinated biphenyls (PCBs) exposures
also increases the risk of ROS overproduction, which may
result in cell function impairment [5, 6]. In addition, kidney higher vulnerability towards peroxidative damage than
liver has also been suggested since naphthalene induced
head kidney phagocytes over-activation (also increased
respiratory burst activity) of fish phagocytes isolated in
Anguilla anguilla L. was previously reported [7]. Therefore, a study on sea bass kidney biochemical responses is
expected to be a good indicator of the Aveiro Lagoon contamination as well as on fish health assessment. This Lagoon, like other estuaries, is a nursery area for juvenile
stages of several fish species including European sea bass
(Dicentrarchus labrax L.) having an important ecological
key role on coastal systems. Moreover, this estuarine system has been the major receptor of man-made compounds
discharges leading to water quality deterioration in some
critical areas. A large variety of PAHs were found at Vagos
(VAG) and Gafanha (GAF) areas [8], organometallic compounds at GAF [9, 10], resin acids at Rio Novo do Príncipe (RIO) [11] and heavy metals at Laranjo bay (LAR) [12].
Thus, the detection of early effects disturbing the individual
fitness of sea bass in a multi-pollution context can provide
crucial information to address human impacts on the
aquatic environment as well as the impact of contaminants
in the human environment keeping in view a sustainable
managing of biotic resources. To the author’s knowledge,
no direct evidence has so far been studied on the kidney
of Dicentrarchus labrax captured at different sites of
Aveiro Lagoon. Hence, it was intended to evaluate the
efficacy of kidney responses as early warning signals of
the contaminants presence, using the antioxidant and damage effects. The studied antioxidant responses were: nonprotein thiols (NP-SH), total glutathione (GSHt), catalase
(CAT), glutathione peroxidase (GPx), glutathione reduc-
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tase (GR) and glutathione S-transferase (GST). The DNA
strand breakage and LPO were evaluated as markers of
damage. Finally, the integrated biomarker response (IBR)
index was used to get better the discriminatory power of
the current used multi-biomarker strategy.

its discharges since nearly five decades up to 2000;
Laranjo (LAR) presenting a well described mercury contamination gradient (mainly HgCl2) as a result of chloralkali plant discharges; Vagos (VAG) at the terminal part
of the Ílhavo channel, receiving municipal and domestic
effluents.
At each sampling site abiotic parameters were assessed (Table 1) according to APHA [13] guidelines.

MATERIALS AND METHODS
Study area

The sampling sites selection was based on a geographic
distribution taking into account the various types and
sources of contamination as well as the selection of a (theoretically) unpolluted reference point (Figure 1). The capture sites were: Torreira (TOR) as a reference point at the
stretch of the longest channel (S. Jacinto-Ovar) having nonpoint pollution inputs and far from the main polluting
sources; Barra (BAR) at the initial part of the Mira channel,
close to the sea-side lagoon entrance and subjected to a
considerable naval traffic; Gafanha (GAF) situated in the
vicinity of a deep-sea fishing port and dry-docks, also connected with the main channel coming from Aveiro city and
receiving domestic discharges; Rio Novo do Principe (RIO)
located at the terminal area of the Vouga river, 6.5 km distant from a pulp/paper mill effluent outlet, was exposed to

Sampling

Juvenile specimens of European sea bass (Dicentrarchus labrax L.) were captured (n=6) in October 2005
at the Aveiro Lagoon (Portugal) using a fishing-rod. Autumn was the first season considered from a global (annual)
research project that includes four seasons. That approach
will reveal the early signals of the contaminants presence
at Aveiro Lagoon since many of harmful effects tend to
manifest only after long exposure periods. Fish weight
and total length ranged from 9.73 - 41.96 g and 10.7 16.5 cm, respectively.
Immediately after capture, fish were sacrificed and kidney was then removed, divided into two sets, frozen in
liquid nitrogen and later stored at –80ºC for all the assays
performed. One set of tissue was used for further process
in oxidative stress studies and the other set for DNA strand
breaks measurement.
Tissue fractionation

The first set of tissue was homogenized, using a Potter-Elvehjem homogenizer, in chilled phosphate buffer (0.1
M, pH 7.4) (1g of tissue /15ml buffer = 15%). Butylated
hydroxytoluene was used as protease inhibitor. This homogenate was then divided in three aliquots: i) The first
aliquot was immediately used for thiobarbituric acid reactive substances (TBARS) estimation; ii) The second aliquot
of the homogenised was separated for further non-protein
thiols (NP-SH) and glutathione measurements. iii) The third
aliquot was used for post-mitochondrial supernatant (PMS)
preparation accomplished by centrifugation in a refrigerated ultracentrifuge at 13,400 g for 20 min at 4 ºC. Aliquots of PMS were frozen in liquid nitrogen and stored at
– 80ºC until analyses.
Catalase (CAT) activity

FIGURE 1 - Map of Aveiro Lagoon; the sampling sites were selected
on a geographic distribution basis along the main channels and at
the lagoon entrance, taking into account the various types and
sources of contamination as well as the selection of (theoretically)
unpolluted reference points. The respective coordinates are: reference site (TOR)—40º44'02 N, 008º41'44 W; GAF—40º38'38 N,
008º41'42 W; RIO—40º41'08 N, 008º39'41 W; LAR—40º43'30 N,
008º37'43 W; and VAG—40º33'59 N, 008º40'55 W.

CAT activity was assayed in PMS fraction by the
method of Claiborne [14] with some modifications. Briefly,
the assay mixture consisted of 1.99 ml phosphate buffer
(0.05 M, pH 7.0), 1 ml H2O2 (30 mM) and 0.010 ml PMS
(15%) in a final volume of 3 ml. Change in absorbance was
recorded at 240 nm at 25 ºC. CAT activity was expressed
as µmol H2O2 consumed/min/mg protein using a molar extinction coefficient of 43.5 M−1 cm−1.
Glutathione reductase (GR) activity

GR activity was assayed by the method of Cribb et
al. [15] with some modifications. Briefly, the assay mixture
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contained 0.025 ml of PMS fraction and 0.925 ml of βnicotinamide adenine dinucleotide phosphate reduced
tetrasodium salt (NADPH) (0.2 mM), glutathione oxidized (GSSG) (1 mM) and diethylenetriaminepentaacetic acid (DTPA) (0.5 mM). The enzyme activity was
quantified at 25 ºC by measuring the disappearance of
NADPH at 340 nm during 3 min. GR was calculated as
nmole NADPH oxidized/min/mg protein using a molar
extinction coefficient of 6.22×103 M-1cm-1.
Glutathione S-transferase (GST) activity

GTS activity was determined in PMS fraction according to the method of Habig et al. [16], with some modifications. The assay reaction mixture consisted of 1.85 ml
sodium phosphate buffer (0.1 M, pH 7.4), 0.050 ml glutathione reduced (GSH) (1 mM), 0.050 ml 1-chloro-2,4dinitrobenzene CDNB (1 mM) and 0.050 ml PMS (15%)
in a total volume of 2 ml. The change in absorbance was
recorded at 340 nm and 25ºC. GST was calculated as mmol
CDNB conjugate formed/min/mg protein using a molar
extinction coefficient of 9.6 mM−1 cm−1.
Glutathione peroxidase (GPx) activity

Assayed in PMS fraction according to the method described by Mohandas et al. [17] with some modification.
The mixture consisted of 0.720 ml phosphate buffer (0.05 M,
pH 7.0), 0.050 ml ethylene diamine tetraacetic acid tetrasodium salt hydrate (EDTA) (1 mM), 0.050 ml sodium azide
(1mM), 0.025 ml glutathione reductase (1 IU/ml), 0.050 ml
GSH (4 mM), 0.050 ml NADPH (0.8 mM), 0.005 ml H2O2
(1.0 mM) and 0.050 ml of PMS (15%) in a total volume
of 2 ml. Oxidation of NADPH was recorded spectrophotometrically at 340 nm at 25 ºC. The enzyme activity was
calculated as nmol NADPH oxidized/min/mg of protein,
using a molar extinction coefficient of 6.22 × 103 M-1 cm-1.
Non-protein thiols (NP-SH) content

Protein content in the tissue homogenised was precipitated with sulfosalicylic acid (5%) for one hour and then
centrifuged at 13,400 g for 20 min at 4 ºC (deproteinated
PMS). NP-SH was determined by the method of Sedlak
and Lindsay [18] as adopted by Parvez et al. [19]. The
mixture contained 0.5 ml of filtered aliquot, 2.3 ml of sodium phosphate buffer (0.1 M, pH 7.4) and 0.2 ml 2,5,
dithiobis-tetranitrobenzoic acid (DTNB) (stock=100 mM
in 0.1 M sodium phosphate buffer, pH 7.4) in a total volume of 3 ml. The optical density of reaction product was
read immediately at 412 nm on a spectrophotometer.
Total glutathione (GSHt) content

Determined in the deproteinated PMS adopting the
enzymatic recycling method using GR excess, whereby the
sulfhydryl group of reduced glutathione reacts with DTNB
(Ellman’s reagent) producing a yellow coloured 5-thio-2nitrobenzoic acid (TNB). The rate of TNB production is
directly proportional to this recycling reaction, which is in
turn directly proportional to the concentration of GSH in

the sample [20-21]. Formation of TNB was measured by
spectrophotometry at 412 nm. It should be noted that oxidized glutathione is converted to GSH by GR, which consequently measures total GSH. The results were expressed
as mmol TNB formed/min/mg protein using a molar extinction coefficient of 14.1×103 M−1 cm−1.
Estimation of lipid peroxidation (LPO)

LPO was determined in the previously prepared tissue
homogenate by the procedure of [22-23] with some modifications. Briefly, to a 50 µl of 15% homogenate, 3 µl of 4%
butylated hydroxytoluene in methanol, was added and
mixed well. To this aliquot, 0.5 ml of 12% trichloroacetic
acid in aqueous solution, 0.45 ml Tris–HCl (60 mM, pH
7.4; and 0.1 mM DTPA) and 0.5 ml 0.73% 2-thiobarbituric
acid (TBA) were added and mixed well. The mixture was
heated for 1 hour in a water bath set at boiling temperature. The test tubes were then removed and cooled to room
temperature. The contents from each tube were decanted
and centrifuged at 13,400 g for 3 min. The absorbance was
measured at 535 nm. The rate of LPO was expressed as
µM of TBARS formed per gram of fresh tissue using a
molar extinction coefficient of 1.56×105 M−1cm−1.
DNA strand breaks estimation

Genotoxicity was tested using the DNA alkaline unwinding assay. The stored kidney portions were placed in
TNES (Tris-HCl 10 mM, NaCl 125 mM, EDTA 10 mM,
SDS 1%, pH 7.5) – urea (5 M) buffer with proteinase K
solution (final concentration 0.8 mg.ml-1). Kidney DNA
isolation was performed using a genomic DNA purification kit (Fermentas). DNA integrity measurements were
performed according to Rao et al. [24] with minor modifications, as adopted by Maria et al. [25]. DNA single and
double strands were separated by hydroxyapatite (20%)
‘‘batch’’ elution and quantified with a DNA-specific fluorescent dye (2.5 nM bisbenzimide) after alkaline unwinding. Data from DNA unwinding technique were expressed
as DNA integrity (%), determined by applying the following formula: DNA integrity (%) = [(Double stranded
DNA)/ (Double stranded DNA + Single stranded DNA)]
×100.
Protein content

Total protein contents were determined according to the
Biuret method [26], using bovine serum albumin (E. MerckDarmstadt, Germany) as a standard.
Integrated biomarker response (IBR)

All the measured biomarker responses were combined
into a general ‘‘stress index’’ termed IBR [27]. The result
is directly dependent on the number of biomarkers (n) in
the set and thus, the IBR values were presented divided by
n as suggested by Broeg and Lehtonen [28].
Statistical analysis
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Results are expressed as means ± SE (standard error)
corresponding to experimental groups of six fish (n=6).
Statistica software (StatSoft, Inc., Tulsa, OK, USA) was
used. Assumptions of normality and homogeneity of data
were verified. One way ANOVA was performed in order to
assess significant effects, followed by post-hoc Tukey test
to signal significant differences between groups [29]. Differences between means were considered significant at p <
0.05.

Overall, the abiotic parameters measured in water did
not show any significant differences between all sites.
Hence, temperature values were measured from 17.9
up to 19.0 °C, pH from 7.7 up to 8.2, and dissolved oxygen from 5 up to 6.9. Taking into consideration the salinity, all the sites were within the 29–34 range, except for
RIO where it was 21. Depth ranged from 1.2 (TOR and
LAR) to 6.9 (GAF). LAR and GAF displayed the highest
turbidity levels (0.3 m) while the other sites ranged from
0.7 to 1.0 m (Table 1).

creased levels of antioxidant enzymes (CAT, GPx and GR)
and the oxyradical scavenger (NP-SH, GSHt) demonstrated
the presence of pro-oxidants water contamination at GAF,
RIO, LAR and VAG (only increased CAT). Despite high
kidney NP-SH, GSHt levels and antioxidant enzyme activities, these responses were not sufficient to avoid kidney
LPO increase (186%; p<0.05) (Fig. 2 G) and DNA integrity decrease (14%; p<0.05) (Fig. 2H) in fish caught at GAF.
These results may reveal that GAF is one of the most contaminated sites among the surveyed five sites. Moreover, as
was previously referred, studies showed high levels of
PAHs, metals and organometalic compounds [8-9] at that
area. A field work performed in year 2001 also demonstrated at GAF, the presence of pro-oxidants expressed by increased kidney LPO and head kidney phagocytic burst
activity [35]. However, a kidney antioxidants depression
(GSH, GPx, GST and CAT) was observed in caged A.
anguilla [35]. In several fish species, PAHs have been also
found to cause LPO which is a reflex on the alterations in
the enzymatic and non-enzymatic antioxidants [36-38];
however, distinct and even contradictory effects of PAHs
and fuel oils on anti-oxidant enzymes have been reported
[39-41].

Increased CAT [30-31], GPx and GR [32] activities
have been frequently reported in several fish species under different field contamination conditions and provide an
indication of the presence of redox active chemicals [33].
Thus, the current study demonstrated an overall increase in
enzymatic defences with exception of GST. Thus, kidney
CAT, GPx and GR activities at GAF, RIO and LAR were
significantly (p<0.05) higher when compared to sea bass
at TOR (Fig. 2 A, B, C). CAT, GPx and GR increase were
214, 170 and 102% for GAF, 193, 190 and 179% for RIO,
and 150, 173 and 266% for LAR compared to TOR values. VAG site only promoted a significantly CAT activity
increase (195%) when compared to TOR (Fig. 2 A). However, kidney GST activity did not show significant differences between the surveyed sites (Fig. 2 D). Various electrophillic substances can conjugate with glutathione and
therefore its amounts in organism can regulate the lipid
peroxidation levels. Hence, the GSH levels variation may be
a significant detoxification sign [34]. In present study, fish
showed higher (p<0.05) NP-SH and GSHt levels at GAF,
RIO and LAR which may result in scavenging of free
radicals, known to block the propagation of LPO. The
observed NP-SH and GSHt increase were 94 and 157%
for GAF, 101 and 161% for RIO as well as 120 and 157%
for LAR, respectively (Fig. 2 E, F). In summary, the in-

Several environmental interactions can also modify
the genotoxic potential of complex industrial effluents
[42-45]. In particularly, PAH reactive intermediates have
the potential to interact with nucleophilic sites within the
cell, including those on DNA molecules and consequently,
may induce a genotoxic response. Previously, Maria et al.
[45] also demonstrated kidney DNA integrity decrease in
caged eels at GAF site, after 48 hours of exposure. A possible mechanism for DNA damage at GAF was explained
due to a failure in the detoxification process where some
unconjugated-reactive metabolites may damage DNA [45].
In the current study, unaltered kidney GST activity was
also observed in fish collected from GAF and the involvement of ROS production in genotoxicity expression must
be emphasized, since for some fish species, likely rainbow
trout and gilthead seabream, kidney has a high biotransformation potential [46, 47]. Furthermore, the presence of
kidney LPO increases signalling ROS production, in the
current study, that can validate the DNA integrity decrease,
despite the increase of antioxidant enzymes (CAT, GPx,
GR) and non enzymatic (NP-SH, tGSH). ROS participation
in genotoxicity was also considered by Ahmad et al. [35]
since they found LPO increase at GAF site which shows
the presence of ROS over-production in caged eels. Overall, at GAF site, the observed LPO increase and genotoxic

RESULTS AND DISCUSSION

TABLE 1 - Hydrological characteristics determined on different study sites at Aveiro lagoon (Torreira -TOR, Gafanha- GAF, Rio Novo
do Príncipe - RIO, Laranjo - LAR and Vagos – VAG): depth, turbidity, dissolved oxygen, water temperature (Temp), pH and salinity.

Sites
TOR
GAF
RIO
LAR

Depth (m)
1.2
6.9
4.8
1.2

Turbidity (m)
0.8
0.7
1.0
0.3

Dissolved O2
(mg/L)
6.88
5.78
6.37
4.96
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Temperature (º C)
18.9
17.9
19.0
18.6

pH
8.17
8.28
8.20
7.74

Salinity
32.5
34.0
21.0
29.0

3.5

0.3

5.18

A

14

a

a

a
a

7

TOR

GAF

RIO

LAR

VAG

C

6
a
3

a

TOR

GAF

RIO

LAR

VAG

E

8

4

0

TOR

a

a

GAF

RIO

Total Glutathione
(µmol TNB formed/min/mg protein)

0

a

LAR

VAG

G

2

1

0

TOR

GAF

RIO

b

LAR

VAG

a
e

a
e

33.0

B

a
e

4

0

TOR

GAF

RIO

LAR

VAG

D

4

0

TOR

GAF

RIO

LAR

a

a

a

GAF

RIO

LAR

F

600

300

0

VAG

TOR

b
c
d

VAG

H

50

a

b

8

7.88

8

a
e

Glutathione S- transferase activity
(mmol CDNB formed/min/mg protein)

0

18.5

DNA Integrity (%)

Lipid Peroxidation
(nmol TBARS/mg protein)

Total non-protein thiols
(mmol/mg protein)

Glutathione reductase activity
(nmol NADPH oxidized/min/mg protein)

Catalase activity
(µmol H2O2 consumed/min/mg protein)

VAG
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Glutathione Peroxidase activity
(nmol NADPH oxidized/min/mg protein)
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40

30

a
c

a

TOR

GAF

RIO

LAR

VAG

FIGURE 2 - Enzymatic protective responses as CAT (A), GPx (B), GR (C), GST (D), non-enzymatic protective responses as NP-SH (E) and
GSHt (F) and lipid peroxidation (LPO) (G) and DNA integrity (%) (H) as damage in kidney of Dicentrarchus labrax L. collected at different
sites in the Aveiro Lagoon (Torreira -TOR, Gafanha- GAF, Rio Novo do Príncipe - RIO, Laranjo - LAR and Vagos – VAG). Values represent the means ± S.E. (n=6). The significant differences between groups are: P<0.05 a vs TOR; b vs GAF; c vs RIO ; d vs LAR; e vs VAG

response may be recognized to the combination of diverse
classes of compounds (PAHs, metals, TBTs) rather than to
individual one. Kidney DNA integrity decrease (p<0.05)
(Fig. 2 H) was also found at VAG site, despite the absence
of LPO increase combined with CAT activity increase. An
inefficient phase II detoxification process may be responsible for a kidney DNA integrity decrease since no significant GST activity increase was observed. By conjugating intermediate or ultimate metabolites, GST activity prevents
the production of DNA adducts and thus has an indirect
effect in limiting the formation of DNA strand breaks resulting from incomplete repair of DNA adducts [48]. A
field survey (2000) performed at VAG area, using L. aurata

also demonstrated erythrocytic nuclear abnormalities (ENA)
induction which was associated with high levels of PAHs
[8]. In terms of kidney genotoxic, LPO and antioxidants
responses of D. labrax, comparing GAF and VAG, the
environmental health status of GAF come into view worst
than VAG.
Though, antioxidant enzymes and oxyradical scavenger
increase appears to be effective in providing tissue protection, since kidney lipid peroxidation (LPO) and DNA damage were not observed in juvenile sea bass, D. labrax, collected from RIO and LAR sites at Aveiro Lagoon. RIO site
has been influenced during the last 5 decades by pulp mill
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effluent discharged into Vouga River, having contaminated
the recipient waters and sediments, which finally ended in
May 2000, when it was diverted through a submarine outlet, 2.5 km far from the sea coast [49]. A field study performed at RIO area, in summer and seven years ago, only
one year after the bleached kraft pulp mill effluent (BKPME)
deviation, revealed that caged eels, A. anguilla, presented
kidney CAT, GPx activities inhibition and decreased glutathione, after 48 hours of exposure, whereas LPO and
oxidative burst activity were increased [49, 50]. Thus, RIO
environmental health condition in 2005 seems to have improved since in the current study kidney LPO and DNA
damage induction were not observed in juvenile D. labrax
captured at that site. LAR site has been highly contaminated, from the 1950s until 1994, by mercury (Hg) chloralkali plant effluent [12]. Hence, previous studies have
shown that different species such as D. labrax [51] and
golden grey mullets, Liza aurata [52], captured at that location were contaminated by industrial Hg. Considering CAT
activity measured in L. aurata, no significant seasonal alterations in liver were detected in wild specimens captured
in this area, from December 2004 up to September 2005,
though high liver CAT activity was observed in bottom
caged L. aurata at that site (the closest site to the Hg
source) during 3 days. The absence of kidney LPO in D.
labrax captured at LAR site confirms previous liver LPO
nonappearance [52] for indigenous and caged bottom L.
aurata exposed in area close (1.2 km) to our sampling
area, despite specie and organ differences.

CONCLUSIONS
This field work reveals that kidney is a good indicator
of environmental pollution as well as on wild juvenile D.
labrax health assessment. Hence, pro-oxidant compounds
are present at Ria de Aveiro Lagoon (GAF, RIO and LAR),
where increased enzymatic and non non-enzymatic antioxidant defences (CAT, GPx, GR, NP-SH and GSHt) were
observed. Moreover, both biomarkers lipid and DNA damage also reporte GAF as critical site. On the other hand,
VAG has poor oxidative stress potential in seabass (only
CAT increased), despite to be signaled as having genotoxic
compounds (lower DNA integrity).
Considering the environmental impact, this site ranking can be ordered: GAF>VAG>LAR>RIO>TOR.
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In order to evaluate the general stress on wild juvenile D. labrax, IBR index was applied to the eight assessed bio-markers. IBR values ranged from 0.02 in TOR
up to 3.49 in GAF (Fig.3). The IBR index identified that
GAF was the most pretentious site followed by VAG,
LAR, RIO and TOR. This result is in agreement with a
combined biomarker analysis, also performed at the same
sites, though using other target organ, namely D. labrax
gill, where the ordering of surveyed sites according to the
contamination degree and risk to fish health was also
GAF>VAG>LAR> RIO>TOR [53]. In general, most of
the research works that used IBR index [28, 54, 55]
demonstrated reliable indications of the pollution levels
measured at several sites having into consideration the
changeability in the assayed biomarker arrays for the
index calculation.
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ABSTRACT
This study provides new information on the distribution of heavy metals (Cd, Co, Cu, Fe, Mn, Ni, Pb, and Zn)
in fish (tissues of Cyprinus carpio and Carassius
carassius), sediment, and water from the Geyik Dam Lake.
Comparisons were made between metal concentrations in
water and sediment with those in muscle, gill, and liver of
these fish species. In all samples, concentrations of most
metals were high. Water samples contained high levels of
Cu in winter and Fe in summer, whereas those of Co were
low during both seasons. Sediment samples contained
high Fe amounts in winter and summer, but those of Cd
and Pb were low in summer and that of Co and Cu in
winter. Moreover, there was more metal accumulation in
the muscle of Cyprinus carpio and Carassius carassius
than in the liver or gills. The pollution in this area likely
originates from agricultural and domestic waste discharges.

KEYWORDS: Heavy metals, Cyprinus carpio,
carassius, Geyik Dam Lake, Water, Sediment.

Carassius

INTRODUCTION
In recent years, the problems of environmental contamination by a wide variety of chemical pollutants, including heavy metals, have received significant attention [1].
Some aquatic plant and animal species have been proposed
as bioindicators for monitoring a variety of contaminants in
the aquatic ecosystem [2, 3]. Contamination of aquatic ecosystems (lakes, rivers, streams) with metals has received increased worldwide attention [4]. Industrial activities, agriculture and mining create potential sources of heavy metal
pollution [5]. Metallic elements are biquitously found,
dissolved and transported in water, and readily taken up by

aquatic organisms. Metals enter the aquatic environment by
atmospheric deposition, erosion of the geological matrix,
or anthropogenic sources, such as industrial effluents and
mining wastes [6]. Cd, Pb, Cr, Ni, Cu and Zn are of particular interest, because they are toxic to aquatic organisms
and persistent in the environment [7-9].
Fish are often at the top of the aquatic food-chain, receiving large metal amounts from the water [4]. Fish are
considered to be one of the main protein sources for humans. Water pollution leads to their contamination with
toxic metals from many sources, such as industrial and domestic wastewater, natural runoff, and contributory rivers
or lakes [10-13]. Trace metals can be accumulated by fish
through both the food-chain and water [14].
Heavy metals accumulate in tissues of aquatic animals and may become toxic when accumulation reaches a
substantially high level, but these levels vary considerably
among metals and species [15]. Toxic effects occur when
excretory, metabolic, storage, and detoxification mechanisms are no longer able to counter uptake. This capacity, however, also varies [15, 16]. Studies carried out with
different fish species have revealed that both essential and
non-essential metals can produce toxic effects in fish by
disturbing physiological activities [17-20] and biochemical processes [21, 22].
The aim of the present study was to determine the levels of heavy metals in fish tissues, water, and sediment of
Geyik Dam Lake. The results provide implications for preventing water pollution.
MATERIALS AND METHODS
Study area

Geyik Dam Lake was constructed on Saricay, Turkey
in 1988 for the purpose of irrigation and industrial water
supply. It has a reservoir area of 3.74 km2. Annually, the
Geyik Dam Lake supplies 38 hm3 of domestic water to
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Milas Town (Fig. 1). The water capacity of Geyik Dam
Lake reduces in the summer months [23].

280 oC on a hot plate for 0.5, 0.5, 0.5 and 2 h, respectively, with a DK-20 heating digester. Next, 2 ml of 1 N
HNO 3 were added to the residue, and the solution was
evaporated on the hot plate until the sample was completely
digested. After cooling, 10 ml of 1 N HNO3 was added,
and the solution was diluted to 100 ml and filtered through
a 0.45-µm nitrocellulose membrane filter [6].
The element determinations of all samples were carried
out with an ICP-AES Opt. 2000-Perkin Elmer. The detection limits for the elements are given in Table 1. The detection limit is normally defined as the lowest analytical signal
to be distinguished at a specified confidence level from the
background signal [26]. In the ICP-AES analysis, the detection limits of the measured elements in our study were
defined as the concentration values, which correspond to an
absorbance value that is numerically equal to three times
the standard deviation of 10 replicate blank measurements.
Standard reference materials included CRM-277, Community Bureau of Reference, DORM-2 National Research
Council, SRM-143d, and National Institute of Standards
and Technology.

FIGURE 1 - Location map of the study area.

TABLE 1 - Spectral lines used in emission measurements and the
instrumental detection limit for the elements measured using ICPAES.

Sample collection and preparation

Three surveys were carried out on the Geyik Dam
Lake in April, July, and October 2004. The selected species, Cyprinus carpio and Carassius carassius, are popular among amateur sport fishermen; the flesh is of mediocre quality, and they are the most abundant fish species.
Surface water and sediment samples for metal analysis were
collected from six stations on the Geyik Dam Lake. Surface water samples were collected in polyethylene bottles
that were washed with detergent distilled water, 2.0 M of
nitric acid, as well as deionized and surface water. Samples
were acidified with 10 % HNO3, placed in an ice bath, and
then brought to the laboratory. The samples were filtered
through a 0.45-µm micropore membrane filter and kept at
-20 oC until analysis. Sediment samples from a depth of
approximately 15 cm from the surface were collected with
a sediment collector and an acid-washed plastic scoop.
They were returned to the laboratory in polyethylene bags,
passed through a 2-mm sieve to remove any large debris,
and then thoroughly homogenized using pestle and mortar.
During each sampling period, 10 to 12 fish were caught by
electro-fishing using a Deca-Lord 12 V generator producing
250-600 V. Fish samples were transported to the laboratory
on the same day in a thermos-flask filled with ice. Approximately 5g samples of muscle (edible parts) as well as two
gill rakers from each sample were dissected, washed with
distilled water, weighed, packed in polyethylene bags, and
stored at -20 oC prior to analysis [9, 24, 25].
Analytical methods for sample pre-treatment

Each 5g sediment sample was transferred to a 100 ml
Teflon beaker and digested with 10 ml of ultra-pure concentrated acid (HNO3/H2SO4 = 3/1) at 100, 150, 210 and

Element

Wavelength (nm)

Cd
Co
Cu
Fe
Mn
Ni
Pb
Zn

228.804
228.610
324.754
238.200
257.610
213.600
220.353
206.200

Instrumental detection limit
(mg L-1)
0.8
4.0
5.0
10
5.0
5.0
0.2
10

RESULTS AND DISCUSSION
Water

Table 2 presents the metal pollution in the water of
the Geyik Dam Lake. The highest trace metal concentrations were recorded in summer. Table 2 shows the mean
concentrations, results from other studies, guidelines, and
background levels. In the study area, Cu was the metal
with the highest concentration in winter, while Co was
the lowest; Cd, Pb, and Zn were not detected. In summer,
Fe was the highest, Co the lowest, but Cd and Zn were not
detected.
According to the heavy metal concentrations in Table 2,
the water samples are added to the first class category in
accordance with Turkish Environmental Guidelines [27].
Our values (except Cu and Fe) were lower in both winter
and summer seasons [10, 28-30]. Metal levels in the water
samples from the study area were higher in both winter
and summer seasons according to Water Quality Criteria
[31] and the world average of background levels [32]. In
natural media, trace metals undergo numerous changes
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during their transport due to dissolution, precipitation,
and absorption phenomena. High concentrations of some
metals presenting a pollution risk are thought to have resulted from anthropogenic influences, particularly from industry and pesticides used in agriculture. Trace metal concentrations depended on the stream basin, consisting of
trace metal-rich metamorphic rocks [33, 34].
Sediment

Table 3 shows the level of metals in the sediment. The
average values along with the metal concentrations reported

by other studies are summarized. The background levels proposed by Bervoets and Blust [37] are based on the total
metal values measured at reference sites. The probable
effect concentrations for sediment levels were reported by
MacDonald et al. [38].
In sediment samples from Geyik Dam Lake, there were
high concentrations of Fe and low ones of Cd and Pb in
summer. In winter, there were high concentrations of Fe but
low ones of Co and Cu (Table 3). The mean concentrations
of Cu, Pb, Zn, Fe, and Mn in the sediment both in winter

TABLE 2 - Mean concentrations of trace metals in water and comparison of trace
metals in Geyik Dam Lake and different localities (concentrations are given in µg L-1).

This study*
Winter
Summer
KhorEl-Ramel, Egypt [10]
Lambro River, Italy [28]
Indian River, Florida [35]
Water quality criteria [31]
CMC
CCC
Gediz River, Turkey [36]
Winter
Summer
Büyük Menderes
River, Turkey

Cd
nd

Co
9.50

Cu
350

Fe
176

Mn
29.3

Ni
13.1

Pb
nd

Zn
nd

nd
0.1-4.8
0.006

20.7
185
-

170
220
1.1-134
1.1

1830
1420
-

101
186
-

21.9
145
-

30
2.2-138
0.025

nd
230
nd
0.8

65
2.5

120
120

4.3
2.2

13
9

-

Winter
Summer
Era River, Italy [29]
0.1-7
Turkish Environmental
Guidelines [27]
Class I
3
Class II
5
Class III
10
Class IV
>10
Dil Deresi Stream Turkey [30]
7
Background concentrations
0.02
World average [32]
*: number of examined samples 11; nd: Not detected.

11
-

11
13

50
53

11
13

40
48

76
80

10
5
-

10
12
0.2-48.9

98
90
-

9
10
-

20
22
0.1-7.4

53
56
nd

10
20
200
>200
19
0.06

20
50
200
>200
31
1.00

100
500
3000
>3000

20
50
200
>200

6

0.3

10
20
50
>50
80
0.1

200
500
2000
>2000
220
10

300
1000
5000
>5000
1.31

TABLE 3 - Mean concentrations of trace metals in sediment and comparison of trace metals in
sediments of Geyik Dam Lake and different localities (concentrations given in µg g-1 dry weight).

This study*
Winter
Summer
KhorEl-Ramel, Egypt [10]
Buyuk Menderes
River, Turkey [36]
Gediz River, Turkey [36]
Lake Boeuf, USA [39]
CMC
CCC
Dipsiz River, Turkey [40]
Lake Malawi [41]
San-Carlos, Spain [42]
Lake Tanganyika, Tanzania [15]
PEC [38]
Background concentrations [37]

Cd

Co

Cu

Fe

Mn

Ni

Pb

Zn

nd
2
-

5.0
80
89.5
29.0

11
120
109
13.7

12340
1120
51500
18500

174
190
1000
388

320
104
122
315

31.3
28
54

32
104
143
120

-

38.0

140
10.9
13
9
13.0
37.3
31.0
20.8
111
8.0

25500

510

106

7480

534

30

128
21.1
65
2.5
83.6
14.6
26.0
14.0
158
14

160
64.7
120
120
19.7
0.05
98.0
28.4
459
67

4.3
2.2
0.3
0.20
5.0
0.38

-

49
11
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*: number of examined samples 10; nd: Not detected.

and summer seasons are less than the probable effect concentrations and those in sediments from the Gediz River
and Buyuk Menderes River, but the mean concentration of
Ni in sediment is higher. Mean metal concentrations in
sediment from the Geyik Dam Lake are generally higher
than the background levels (Table 3).
Heavy metals of anthropogenic origin are generally introduced into the environment as inorganic complexes or
hydrated ions, which are easily absorbed on surfaces of
sediment particles through relatively weak physical and
chemical bonds. Thus, heavy metals of anthropogenic origin
are found predominantly as labile extractable fraction in the
sediments [43].
Fish

gills, and liver have been found in different fish species
(Table 4). In the present study, more metal accumulation
was found in the muscle. The highest metal concentrations
(except Ni) were found in the liver of Cyprinus carpio and
in the gills of Carassius carassius. The lowest levels were
detected in the muscles of Cyprinus carpio and Carassius
carassius, except for Fe and Zn. The concentrations of metals found in the gills reflect those levels found in the water,
whereas those in liver represent metal storage [44]. The observed variability of metal levels in different species depends on feeding habits [33, 45-47], ecological needs, metabolism [48-50] age, size and length of the fish [51, 52],
and their habitats [53].
Mean Fe (0.083–33.85 µg g-1) and Zn (0.860-25.29 µg
g ) concentrations were examined in the tissues of Cyprinus carpio and Carassius carassius being lower than previously found [24, 54, 55]. In this study, Cu (2.21 µg g-1)
levels were lower than others reported in literature [6, 55].
Pb (1.62 µg g-1), Co (0.026 µg g-1), Mn (1.79 µg g-1), Ni
-1

Table 4 shows the level of metals in muscle, gill, and
liver of Geyik Dam Lake Cyprinus carpio and Carassius
carassius. All metal levels were determined on a wet basis.
Relatively high concentrations of heavy metals in muscles,

TABLE 4 - Mean concentrations of trace metals in the gills, muscles, and liver of Cyprinus carpio
and Carassius carassius from Geyik Dam Lake and other sources (concentrations given in µg g-1).
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(0.09 µg g-1) and Cd (0.05 µg g-1) values in Cyprinus
carpio and Carassius carassius were found to be in the
undeterminable range. These values were also lower than
others reported in literature [33]. It is very difficult to compare metal concentrations, even between the same tissue,
for two different species due to variations in feeding habits and aquatic environments concerning the type and level
of water pollution [25], growth rates of the species, types
of tissues analyzed, and other factors.
CONCLUSION
The present study provides new information on the
distribution of heavy metals in fish, sediment, and water
from the Geyik Dam Lake. The water, sediment, and tissue
samples of Cyprinus carpio and Carassius carassius showed
high concentrations of most metals. In natural media, heavy
metals undergo numerous changes during their transport
due to dissolution, precipitation, and sorption phenomena.
Heavy metal concentrations of river basins depend not
only on industrial and household waste inputs but also on
the geochemical composition of the area. High concentrations of Zn and Cu are thought to have resulted from

anthropogenic influences, such as pesticides used in agriculture, and were found to present a pollution risk. Fe concentrations in the Geyik Dam Lake depend on its geochemical structure, which consists of Fe-rich metamorphic
rocks. Our results were comparable to those of polluted
rivers, and the water observed was polluted by most of the
elements defined in the Turkish Water Quality Guidelines.
Studies on fish development are generally carried out in
laboratory conditions with excess levels of metal exposures. However, fish growth and its relationship with metal
concentration in the aquatic environment should also be
monitored in the field to better understand the effects of
metals on fish development and the current situation of
population dynamics. Heavy metals in the edible parts of
the investigated fish were in the permissible safety levels
for human uses.
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HPLC/ UV/ FLUORESCENCE DETECTION
OF SEVERAL PHARMACEUTICALS IN SEWAGE
TREATMENT PLANT WASTEWATERS OF JORDAN
Waed R. Alahmad and Mahmoud A. Alawi*
Department of Chemistry, University of Jordan, P.O. Box 13003, Amman-11942, Jordan

ABSTRACT
A multi-residue HPLC/UV/Fluorescence method was
developed for a screening of the most consumed pharmaceuticals (methotrexate, caffeine, diclofenac, glimepiride,

ibuprofen) in Jordan. The analytes were identified (µg/L
concentrations) in wastewater, and identification was confirmed using spiked samples. The separation was done on a
RP-C8 column at a flow-rate of 1 ml/min using H2O/ acetonitrile (1/1) with 0.1% trifluoroacetic acid as eluent. Ali-
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quots (200 ml of each sample) were extracted and cleanedup using C18 cartridges (500 mg). Wastewater samples
were gathered from three sewage treatment plants (STPs) in
Amman/Jordan and two hospital outer drains, and maximum concentrations for methotrexate, caffeine, glimepiride,
ibuprofen and diclofenac were found to be 699, 1187, 90,
66 and 65 µg/L.
There are differences in the efficiency of removing the
studied pharmaceuticals from STPs. This could be referred
to the different treatment systems, the nature and the concentration of the drugs in wastewater. In this work, the %
removal efficiency of the studied drugs was found to range
between 25-100%.

KEYWORDS: HPLC, UV, fluorescence detectors, pharmaceuticals,
sewage treatment plants (STPs), wastewater, hospital wastewater.

INTRODUCTION
The growing use of pharmaceuticals is a relevant issue
in the environmental research area. Medical and healthcare
wastes have witnessed an increase in the last 10 years due
to the increased number and size of healthcare facilities,
medical services and use of medical disposable products.
For most compounds, data are still lacking related to
their emission into the environment by different sources,
such as households or hospitals. Especially for hospitals,
data are scarce, that generally reaches the municipal
sewer network without preliminary treatment [1], and may
represent a release source of pharmaceuticals into the
aquatic environment, being relevant due to the discharge of
chemical compounds.
Pharmaceuticals or their metabolites mostly conjugated
to polar molecules are excreted via feces and urine [2].
They are biologically active substances since they have
been especially designed for having an effect on living organisms.
Therefore, they present a potential risk for the ecosystem and eventually for humans. Moreover, owing to their
polar structure, several pharmaceuticals are not significantly
adsorbed to the subsoil [1, 3]. Thus, they may reach the
ground waters, which constitute a major source of drinking
water. Actually, concentrations of pharmaceuticals in the
range of several hundreds of ng/L have been reported in
drinking water of several large European cities as Berlin
[3-5], Prague [6] and Milano [7]. Although these levels
are much lower than those used in medical applications, the
related potential toxic effects are still poorly known and
cannot be ignored [8].

Today it is recognized that residues of pharmaceutical
products used in human medicine may enter municipal
wastewater treatment plants (WWTPs), either as an unchanged mother compound or after metabolism in the human body. As for most of the compounds, elimination during wastewater treatment is incomplete, and pharmaceutical
residues can also be found in surface waters receiving
discharges from municipal WWTPs.
Methotrexate is an analogue of folic acid. It has been
widely used at large dose for the treatment of acutely
phoblastic leukemia, and as an effective anti-inflammatory
and immuno-suppressive drug, or at low dose for the
treatment of rheumatoid arthritis, juvenile idiopathic arthritis and other diseases, and it might be present in plasma in
free form.
Glimepiride is used for lowering the blood glucose of
type 2 diabetes mellitus patients. It is completely metabolized in the body by oxidative biotransformation after either
an intra-vascular (IV) or oral dose. The concentrations of
glimepiride in the studied wastewater samples were relatively high.
This study deals for the first time with the presence of
pharmaceutical residues in wastewater in Jordan. These
pharmaceuticals were chosen through a survey in the hospitals and pharmacy stores to find out the most-consumed
drugs among the society. Methotrexate was found to be the
mostly used drug in cancer treatment in the University of
Jordan Hospital (HUJ), and in King Hussein Cancer Center (KHCC). Also this study aims to point on the STP
percent removal efficiency of these pharmaceuticals with
account on their treatment technologies.
MATERIALS AND METHOD
Chemicals

The solvents used (acetonitrile, methanol, ethyl acetate)
were all of the gradient-grade purity, purchased from Chromanorm (VWR International bvba, EC). Trifluoroacetic
acid (TFA, synthesis grade) was purchased from Scharlau
Chemie (S.A.).
The standards for caffeine (99%), diclofenac (99%),
nifidipen (98%), glimepiride (98%), ibuprofen (98%), and
methotrexate (95%) were purchased from Sigma-Aldrich
(Germany).
SPE Cartridges (3-mm size), packed with 500 mg C18
stationary phase, were purchased from ThermoQuest (U.K.).
Membrane filter paper (nylon, pore size 0.45 µm, diameter
47 mm) was purchased from Vivid (U.K.).
Instrumentation and working conditions

High Performance Liquid Chromatograph (HPLC) was
used, consisting of a pump model GBC (LC 1110), UV
detector type ProStar 325 (Varian/UK) and a fluorescence
detector (FLD) type Varian (UK). The UV detector was
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controlled by system control version 6.41 (ProStar 325 UV),
and the FLD was connected to an integrator type Pye Unicam (PU4810). The column used was RP-C 8 (25 cm,
4.6 mm, 5 µm) from Phenomenex (USA). The following
equipments were used: centrifuge (Hettich, Germany),
Aqua-sonic (VWR) model 50T sonicator (USA), and Milwaukee pH-meter type SM-102 (Romania).
The mobile phase for both analyses (UV and fluorescence) was acetonitrile/water (1/1) with 0.1% TFA (flowrate 1 ml/ min, run time 30 min). The UV detector was
operated at 225 nm for the detection of caffeine, nifidipen
(internal standard), diclofenac, glimepiride, and ibuprofen.
The fluorescence detector was used only for methotrexate,
at λex= 367 nm and λem= 463 nm.
Sampling and sample preparation

Wastewater samples were collected from 5 sampling
sites; “Abu-Nuseir” STP, “Baqa'a” STP and “Wadi Alseir”
STP, University of Jordan Hospital (HUJ), and from “King
Hussein” Cancer Center (KHCC). Samples were collected
using Grab method. At the 15th of each month (August,
September and October), 1 L of each influent and effluent
wastewater was collected from the STPs, outer drain of
the two hospitals, HUJ Clinic and Entering Buildings, and
KHCC. Amber glass bottles were used for sampling which
were pre-rinsed with deionized water. Prior to extraction,
the samples were centrifuged (4000 rpm, 4 min) to remove
the suspended particles and then stored at 4 0C until extraction, which was performed within 24 h in order to avoid
any degradation.
Prior to extraction, the sample was filtered through a
0.45-µm nylon filter. Sample or control (deionized water
spiked with the desired drug concentration) volumes of
200 ml were used. Solid phase extraction (SPE) cartridges
were conditioned using 6 ml of methanol (2×3) and 6 ml
of deionized water (2×3) at a slow flow-rate (ca. 3 ml/min).
The spiked or real samples were loaded onto the SPE car-

tridges and eluted at a very slow flow-rate using a vacuum
manifold system connected to a vacuum pump.
The loaded cartridge was rinsed with 3 ml of deionized water, and then eluted with 8 ml (2×4) aliquots of
ethyl acetate at a slow flow-rate. The combined aliquots
were evaporated to dryness using a gentle stream of nitrogen. The residues were dissolved in 0.3 ml of mobile phase
containing a constant concentration (15 mg/L) of the internal standard (IS), sonicated in the ultra-sonic bath to insure
complete dissolution, and then injected into the HPLC
system.
For calculating the LOD and LOQ values, three spiked
samples (3, 10 and 30 mg/L) in deionized water were extracted as mentioned above. Values were then calculated as
follows: LOD = S/3N and LOQ= S/10N (S = signal, N =
noise). Recoveries were calculated by analyzing three diluted wastewater samples, spiking them with concentration
levels of 3, 10 and 30 mg/L and reanalyzing them to exclude the contaminations from wastewater.
Validation of the analytical procedure

The range of linearity for the 5 studied pharmaceuticals
was calculated and calibrated with the internal standard. A
6-point calibration curve was established at the concentrations of 3, 6, 10, 20, 30 and 50 mg/L, using UV detection
and the internal standard (nifidipen tR = 8.98 min). Using
the fluorescence detector for methotrexate (FLD), a 5-point
calibration curve was established without internal standard
(concentrations: 3, 6, 10, 20, 30 mg/L).
The average of four injections of each concentration
was used to establish the linear curves and correlation coefficients. Table 1 summarizes the calibration results: retention times (tR), limits of detection (LOD), limits of quantification (LOQ), the linear equations, the correlation coefficients (R2), as well as the recovery of three quality control
concentrations 3, 10, 30 mg/L with their standard deviations (S.D.).

TABLE 1 - Studied compounds with various parameters (tR, R2, LOD, LOQ, Recovery, S.D.).

LOD µg/L

tR (min)

Drug

3.0

0.9

3.70

Methotrexate (FLD)

Y= 2.2713x+ 7.877

0.996

LOQ µg/L

2

Linear Equation

R

92.3 % ±18.0

110.5 % ±22.0

Recovery
at 10 mg/L
Average ± S.D.

101.0 % ±8.0

Recovery
at 3 mg/L
Average ± S.D.

Recovery
at 30 mg/L
Average ± S.D.
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Caffeine (UV)
Diclofenac (UV)
Glimepiride (UV)
Ibuprofen (UV)

2.6

18.13

1.4

3.8

17.31

1.7

4.5

Y=0.0572x+0.0040

15.89

0.6

5.8

Y=0.0666x+0.0192

3.22

1.9

Y=0.0684x+0.0152

102.4 % ±8.0

Y=0.0551x+0.0538

99.1 % ±12.0

92.0 % ±5.0

0.998

102.0% ±13.0

94.6 % ±13.0

96.2 % ±7.0

0.997

100 % ±20.0

99.4 % ±9.0

91.3 % ±10.0

0.999

99.8 % ±13.0

99.6 % ±3.0

0.997

100.8 % ±6.0

RESULTS AND DISCUSSION
Sample Concentrations

ber. Table 2 shows the average concentrations and standard deviations of the studied drugs in the 9 gathered wastewater samples from 5 locations.

Each concentration is the average of 18 injections
(3 different samples × 2 extractions × 3 injections). The
samples were collected at August, September and Octo-

The stimulant caffeine was detected as the major constituent in all samples, with a maximum mean concentration of 1076 µg/L in influent sample of Baqa'a STP in

TABLE 2 - Mean concentrations of the studied drugs in all wastewater samples for each month.

Location
Abu-Nusair
influent
Abu-Nusair
effluent
Wadi Alseir
influent
Wadi Alseir
effluent
Baqa'a influent
Baqa'a effluent

Period of time
August
September
October
August
September
October
August
September
October
August
September
October
August
September
October
August

Drugs mean concentration [µg/L] (XAv. ± S.D.)
Methotrexate
Caffeine
Diclofenac
237±8.0
506±6.0
7±2.0
200±10.0
474±7.0
8±3.0
100±7.0
620±5.0
12±4.0
177±7.0
154±6.0
ND
100±5.0
236±5.0
ND
95±5.0
202±5.0
ND
406±6.0
762±7.0
65±5.0
398±6.0
488±6.0
32±4.0
290±3.0
432±6.0
9±2.0
269±5.0
572±8.0
36±3.0
255±4.0
356±8.0
40±5.0
180±3.0
396±7.0
44±6.0
450±6.0
1076±6.0
26±8.0
303±5.0
983±7.0
32±5.0
213±3.0
422±6.0
9±3.0
332±7.0
438±9.0
ND
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Glimepiride
4±1.0
5±1.0
12±3.0
3±1.0
2±1.0
3±1.0
103±2.0
60±4.0
27±3.0
32±6.0
ND
ND
33±1.0
12±2.0
43±3.0
ND

Ibuprofen
33±6.0
13±4.0
20±2.0
ND
ND
ND
62±3.0
35±4.0
5±1.0
41±5.0
49±3.0
30±2.0
32±4.0
17±3.0
10±3.0
8±1.0
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August
(Entering)
September
October
HUJ
August
(Clinic)
September
October
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August
September
October
ND = not detected, less than detection limit.
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222±6.0
198±5.0
618±9.0
541±5.0
178±4.0
411±7.0
379±5.0
264±4.0
383±2.0
524±7.0
835±6.0

443±8.0
157±8.0
45±6.0
188±6.0
148±7.0
81±9.0
96±8.0
89±8.0
398±4.0
210±5.0
114±4.0

August. This result is in accordance with the findings of
Weigel et al. [9] and Santos et al. [10] for caffeine in municipal wastewater.
This high load of caffeine in wastewater could be the
consequence of the direct disposal of tea, coffee or beverages containing this compound. In contrast, relatively low
levels of caffeine were detected in Han River/Korea (200
ng/L) [11], and in the German River Elbe (126 ng/L) [9].

The concentration of methotrexate in the influent
wastewater of KHCC (835 µg/L) in October and HJU (entering; 618 µg/L) in August are considered to be high. The
treatment of chemotherapeutic patients is applied in two
stages: at first, by giving the patients the drug (methotrexate
alone or with other drugs) with blood monitoring for several
hours (up to 4 hours) to prevent any side effects of medication, and, after that, the patient leaves the hospital. In the
second stage, the patient enters the hospital and takes the
medication by high level of disease, which explains the
presence of methotrexate in the wastewater, where the parent
compound execrated unchanged within 24 hours.

ND
ND
3±1.0
ND
ND
ND
ND
ND
11±2.0
ND
3±1.0

9±1.0
ND
ND
ND
ND
ND
ND
ND
ND
26±3.0
ND

The highest value of glimepiride was 103 µg/L in Wadi
Alseir influent wastewater samples during August, mainly
related to the disposal of the unused medication or to the
wastewater disposal of the pharmaceutical companies, keeping in mind that this drug completely metabolizes in the
body.
The removal efficiency of the 3 STPs (Abu-Nusair,
Wadi Alseir and Baqa'a) is given in Table 3 for the 5 drugs,
TABLE 3 - The % removal efficiency
of the studied pharmaceuticals in the STPs.

The highest concentration of diclofenac was found in
Wadi Alseir STP influent sample (65 µg/L) in August which
could be related to pharmaceutical companies' wastewater
disposal (the 2 biggest pharmaceutical companies in Jordan dispose there waste in Wadi Alseir STP). Andreozzi
et al. [12] found the concentration of diclofenac for a survey
in Sweden at several STPs ranging between 0.68-5.45 µg/L
in effluent wastewater.
The presence of high concentration of ibuprofen in
Wadi Alseir STP influent (62 µg/L) in August is not surprising, due to the high amounts of ibuprofen consumed in
Jordan with or without prescription. It has been reported
that only 15% of the human therapeutic dose of ibuprofen
is excreted as the parent compound [13], however almost
similar concentration levels have been found in the influent
of different STPs in Europe (3.59 µg/L [14] and 61.0 µg/L
[10]). The occurrence of ibuprofen has also been frequently
reported in environmental waters, being considered as one
of the most common drug residues in surface water [9].

ND
ND
5±1.0
6±2.0
7±1.0
5±1.0
7±2.0
3±1.0
5±2.0
4±1.0
5±1.0

Drug
Abu-Nusair
Wadi Alseir
Baqa'a
Methotrexate
25%
56%
27%
Caffeine
65%
25%
62%
Diclofenac
100%
44%
100%
Glimepiride
72%
81%
100%
Ibuprofen
100%
38%
75%
Removal % = [XAv. (Influent) - XAv. (Effluent)]/ XAv. (Influent) × 100%

based on the average concentration of the 3 months being
used for evaluation of the % removal efficiency.
The removal efficiency of ibuprofen ranged between
38-100%, for example in Abu-Nusair influent (22 µg/L),
but in the effluent, it was below detection limit. Bendz et
al. [14] reported the removal efficiency of ibuprofen in
Sweden was up to 90% for several STPs under study.
Diclofenac concentrations detected in influent and effluent samples were found to be high in many cases, when
compared to those previously reported in wastewater
samples [10, 14]. The removal efficiency ranged between
44-100% while Bendz et al. [14] found that the removal
efficiency for several STPs in Sweden ranged between
17-69%.
The differences in efficiency of removing pharmaceuticals from STPs could be referred to the different treatment systems, the nature and the concentration of the
drugs in wastewater. Figure 1 shows the percent removal
of the pharmaceuticals from the STPs. From Table 3 and
Fig. 1, it seems that biological treatment is not designed
to remove pharmaceuticals which appear in the average of
% removal efficiency, when removal rates of the studied
drugs ranged between 25-100%.
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Diclofenac
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Glimepiride
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Ibuprofen
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0%

AbuNusair

Wadi
Alseir

Baqa'a

FIGURE 1 - The % removal of pharmaceuticals in Abu-Nusair, Wadi Alseir and
Al Baqa'a, according to the concentrations detected from the influents and effluents.

CONCLUSIONS
The relatively high concentrations of the studied drugs,
detected in wastewater effluent and influent, create a new
environmental problem in Jordan where the used STPs
technologies are not proficient for the removal of these
pharmaceutically active compounds (PhACs). Environmentally concerned people should think about other technologies for the treatment, especially because the effluent
wastewater is used for the irrigation of vegetables in Jordan.
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ABSTRACT
To improve the adsorption capacity of chitosan, a novel
technique for preparation of β-cyclodextrin-grafted chitosan (CD-CTS) was carried out by the reaction of β-cyclodextrin with epoxy-activated chitosan under alkaline conditions. Adsorption of Acid Red R (ARR) in aqueous solution onto CD-CTS was investigated in a batch system. Adsorption isotherm, adsorption kinetics and adsorption thermodynamics of ARR onto CD-CTS were examined. The influence factors on ARR adsorption were also investigated
and described in details, such as contact time, pH value and
initial ARR concentration. Equilibrium data agreed very
well with the Langmuir model. Kinetic studies showed that
the adsorption followed a pseudo second-order kinetic
model. Thermodynamic parameters showed the endothermic heat of adsorption and the feasibility of the process.
Compared with chitosan (CTS), the adsorption capacity
of CD-CTS for ARR was increased by 20.2 mg/g after
adsorption equilibrium. Results showed that CD-CTS is a
favorable adsorbent.

KEYWORDS: Acid Red R (ARR); β-cyclodextrin-grafted chitosan
(CD-CTS); adsorption isotherm; adsorption kinetics; adsorption
thermodynamics

INTRODUCTION
Synthetic dyestuffs are an important class of industrial
chemicals used in the textile, paper, and printing industries,
as well as in dye houses. About a half of the global production of synthetic textile dyes are classified into azo compounds with the -N=N- unit in their molecular structure, and
over 15% of the textile dyes are lost in wastewater stream
during dyeing operation [1]. The release of azo dyes into
the environment is of great concern due to the coloration
of natural waters, the toxicity, the mutagenicity, and carcinogenicity [2-3]. As a representative azo dye, ARR is

widely used in the textile industry. Conventional treatment
methods for the removal of dyes in wastewater include
physical, chemical and biological processes such as adsorption [4], coagulation [5], photocatalytic oxidation [6], reduction [7], filtration [8], and biological treatment [9]. The
physical adsorption process at solid-liquid interface is known
to be a powerful method for decreasing the concentration of
soluble dyes in effluents, and has the advantage of being
efficient and economic. In recent years, attention has been
focused on various adsorbents with low costs, such as chitosan [10], clay [11] and certain waste materials [12]
Chitosan is a kind of polymer made up of glucosamine,
which is prepared from chitin by partially deacetylating its
acetamido groups with a strong alkaline solution. Chitosan
has a linear structure of 2-amino-2-deoxy-D-glucopyranose
units joined by β(1→4) glucosidic bonds. This polymer is
also known as an effective adsorbent of reactive dyes due
to the cationic nature of this polymer [13,14].
Cyclodextrins (CDs) are cyclic oligosaccharides made
up of 6 to 8 α-D-glucose units connected through glycosidic α-1,4 bonds. CDs with 6-8 α-D-glucose units are denoted α-, β-, and γ-CDs, respectively. They have the ability
to form an inclusion complex with various guest molecules of suitable polarity and dimension [15, 16]. Zhang
et al. [17] reported on inclusion complexes of CD as well
as some sulphonated azo dyes, and calculated the dissociation constants using the data obtained by ESI-MS.
In order to improve adsorption capacity of chitosan, a
useful method is to graft CDs onto water-insoluble chitosan [18]. In recent years, chitosan derivatives bearing
cyclodextrin cavities as novel adsorbent matrices have received increasing attention [19].
In this work, based on protecting amino groups of
chitosan with benzaldehyde, CD-CTS was synthesized by
the reaction of β-cyclodextrin with epoxy-activated chitosan under alkaline conditions. The ARR adsorption behavior onto CD-CTS was investigated. The influence of
experimental conditions, such as contact time, pH value
and initial ARR concentration, were studied. The Langmuir
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and Freundlich equations were used to fit the equilibrium
isotherm. The adsorption rates were determined quantitatively and compared by pseudo-first order and pseudosecond-order models. The adsorption thermodynamics of
ARR onto CD-CTS were also studied. This information will
be useful for further applications of system design in the
treatment of practical textile effluents.
MATERIALS AND METHODS
Materials

Chitosan (40 mesh, degree of deacetylation 92%, molecular weight 6 x 105) was purchased from Yuhuan Ocean
Biology Company (Zhejiang, China). ARR was purchased
from Dong Peng Industry And Trade Co. (Tianjin, China)
and used without further purification (chemical structure
given in Fig. 1). β-CD was purchased from Shuanxuan
Microbe Medium Products Factory (Beijing, China). All
other reagents and solvents used were of analytical reagent
grade unless otherwise stated. The water used throughout
the work was deionized by a Milli-Q water purification
system.

NaO3S

N

N

SB-CTS (1 g aliquot) was swelled for 24 h under alkaline conditions. Then, 10 ml of chloroepoxy propane was
added slowly and reacted at 323 K. After filtration, reaction
mixture was washed with water and dried to give a Schiff`s
base epoxy-activated chitosan. This epoxy-activated chitosan was dissolved in 2% HCl to give epoxy-activated
chitosan (EA-CTS).
EA-CTS (1.5 g) was swelled in 80 ml of 0.1 mol/L
NaOH. Then, 2 g of β-CD was dissolved in 20 ml of 0.1
mol/L NaOH and slowly dropped into the intermediate
solution. The mixture was stirred for 4 h at 333 K, filtered,
washed with water, and dried to give yellow, solid CDCTS. The reaction scheme for the synthesis of CD-CTS is
shown in Fig. 2. CD-CTS was confirmed by FT-IR analysis (Nicolet 5700 infrared spectrophotometer, Thermo,
Madison, USA).
Determination of Acid Red R (ARR)

NaO3S

SO3Na

FIGURE 1 - Chemical structure of ARR
Preparation of β-cyclodextrin-grafted chitosan (CD-CTS)

CD-CTS was prepared according to the method proposed by Zhang et al. [20]. Basically, 3 g of chitosan (CTS)

The absorbance spectra of ARR solution were recorded with a 752 spectrophotometer (Shanghai, China).
The characteristic absorbance peak was at λmax = 506 nm.
The calibration curve equation for ARR detection was A
= 0.01975 + 0.01075 C (R = 0.9992), where A and C
represent the absorbency and the concentration of ARR in
the range 0-40.0 mg/L. Measurements were made in duplicates for each experiment with errors less than 5%.

CHO

O
NH2

CH3OH

O

O
HO

O

O

OH

OH
O
HO

was dissolved in 200 ml of 1.5% acetic acid, and 100 ml of
methanol was added and agitated for 3 h. Then, a mixture
of benzaldehyde and methanol was added dropwise into the
above solution. After about 24 h of reaction time at room
temperature, solution was filtered, washed with methanol,
ethanol and ether in turn, and finally Soxhlet-extracted for
removal of residual benzaldehyde. Then, the product was
dried in a vacuum drying chamber at 323 K, and a kind of
Schiff`s base chitosan (SB-CTS) was obtained.

ClCH2CH

H
N C

OCH2CH

CH2

NaOH

n

O
HO

CH2

O
H
N C

(a) CTS
n

(b) SB-CTS

HCl
O

OH
O CH2CH
O
HO

NaOH

O
NH2

(d) CD-CTS

OCH2CH

¦Â-CD

CH2OCD

O
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n

CH2

O

n

(c) EA-CTS

FIGURE 2 - Reaction scheme for the synthesis of CD-CTS.
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Batch adsorption experiments

During the kinetic experiments, an ARR solution of
given concentration, pH value and volume was added to a
conical flask containing the CD-CTS, and the mixture was
shaken for 6 h at 298 K in a shaker, then centrifuged at
4000 rpm for 10 min in an LD5A-2A centrifuge (Beijing,
China). Adsorption thermodynamic experiments were carried out at 293, 303, 313 and 333 K in a thermostatic shaker.
The ARR concentration in the solution was determined by
UV-VIS spectrophotometry at 506 nm as described above.
The amount of adsorption at equilibrium time, qe(mg/g),
was calculated as follows:

(C 0 − C e )V
W

(d)CD-CTS

(1)

C0

× 100%

(2)

4000

where Q is removal efficiency of ARR and Cf is the
final ARR concentration.

1258

3440

C0 − C f

2869

759
693

(b)SB-CTS

The adsorption removal efficiency of ARR from aqueous solution was calculated as follows:

Q=

(c)EA-CTS

857

where C0 and Ce are the liquid-phase concentrations
of ARR at initial and equilibrium time, respectively; V the
volume of the solution (L);W is the mass of dry adsorbent
used (g).

(a)CTS

900

qe =

The results are shown in Fig. 4. It is clear that the adsorption capacity of CD-CTS for ARR is higher than that of
CTS for ARR. Compared with CTS, the adsorption capacity of CD-CTS for ARR increased by 20.2 mg/g after adsorption equilibrium, because CD can enhance the adsorption of ARR onto CD-CTS with the help of inclusion interaction between CD and ARR. The adsorption capacity of
CD-CTS for ARR increases with increasing contact time
and reaches an adsorption equilibrium within 300 min. As
a consequence, the adsorption equilibrium time considered for the further work has been taken as 300 min.

3000
2000
1000
-1
Wave number (cm )

0

FIGURE 3. FT-IR spectra: (a) CTS, (b) SB-CTS, (c) EA-CTS, (d)
CD-CTS.

RESULTS AND DISCUSSIONS

160

The IR spectra of CTS, SB-CTS, EA-CTS, and CDCTS are shown in Fig 3. In the FT-IR spectra of CTS, a
characteristic strong and broad band appeared at around
3440 cm -1, corresponding to the stretching vibration of
–NH2 and –OH groups, whereas the peak at 1258 cm-1 can
be attributed to the C–O–C stretching, and the absorption
band at 900 cm-1 to the characteristic absorption of β-Dglucose unit. In the FT-IR spectra of SB-CTS, the characteristic peaks of the benzene ring backbone vibration can be
seen at 759 cm-1 and 693 cm-1, indicating that benzaldehyde
was grafted onto chitosan for protection of chitosan amino
group. In the FT-IR spectra of EA-CTS, the characteristic
peak of the epoxy group was at 857 cm-1, indicating that
chloroepoxy propane was grafted onto chitosan. These peaks
disappeared in the FT-IR spectra of CD-CTS because the
epoxy group of EA-CTS has reacted with β-CD. Furthermore, the peaks were strengthened from 2882 to 3440 cm-1.
These data supported β-CD grafting with EA-CTS.
Effect of contact time on the adsorption

Under the conditions of 25 mg adsorbent amount, pH
6.0, 298 K and 40 mg/L ARR, the adsorption experiments
were carried out for contact times ranging from 0-360 min.

Adsorption capacity (mg/g)

Characterization of CD-CTS

140
120
100
80

CTS-CD
CTS

60
40
20
0

0

1

2
3
Time (h)

4

5

6

FIGURE 4. Effect of contact time on the adsorption capacity of ARR
([ARR] = 40 mg/L, CD-CTS = 25 mg, pH = 6.0, T = 298 K).
Effect of initial pH values

The effect of pH on the adsorption of ARR onto CDCTS was investigated. The results are shown in Fig. 5. The
adsorption capacity of ARR onto CD-CTS strongly depended on variations of the solution pH; the adsorption
capacity was higher in pH range 2-4, but decreased in pH
range 4-8. In strong acidic solutions, more protons will be
available to protonate amine groups and to form –NH3+
groups, thereby increasing the electrostatic attractions be-
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tween negatively charged dye anions and positively charged
adsorption-sites, thus causing an increase in dye adsorption.
Therefore, it is of benefit for adsorption of ARR under
acidic conditions. A similar result was also reported for the
adsorption of RR 189 (reactive dye) on cross-linked chitosan beads [21].

140

aqueous solution. On the one hand, this is because more
mass of ARR is put into the system with increasing initial
ARR in the aqueous solution, but the mass of adsorbent
remains constant. On the other hand, because of the higher
mobility of negatively charged dye anions in the diluted
solutions, the interaction of these ions with the adsorbent
also increases. However, the adsorption capacity of CDCTS for ARR increased with increasing initial ARR concentration. This result is similar to that reported by Hasan,
et al. [22] in their study on adsorption of reactive dye onto
cross-linked chitosan/oil palm ash composite beads.

120

Adsorption isotherm

Adsorption Capacity (mg/g)

160

The adsorption isotherm is the most important information, which indicates how the adsorbent molecules distribute between the liquid and the solid phase when the adsorption process reaches an equilibrium state. The Langmuir and Freundlich models are often used to describe equilibrium adsorption isotherms. The Langmuir isotherm considers the adsorbent surface as homogeneous with identical
sites in terms of energy. Eq. (3) represents the Langmuir
isotherm:

100
80
60
40
2

3

4

5
pH

6

7

8

92
360

88

320

84

280

80
76

240
50

60 70 80 90 100 110
Acid Red R concentration (mg/L)

Ce
C
1
=
+ e
qe Q0 K Q0

(3)

where qe is the amount of dye adsorbed per unit
weight of adsorbent (mg/g) at equilibrium time and Ce is
the equilibrium concentration of ARR in solution (mg/L).
The constant Q0 represents the saturated monolayer adsorption capacity (mg g-1) and K is a constant of adsorption equilibrium (L mg-1). A plot of Ce/qe versus Ce yields
a straight line with slope 1/Q0 and intercept 1/Q0K. Table
1 lists that the computed maximum adsorption capacity of
ARR onto CD-CTS at different temperatures.

96

400

Removal efficiency (%)

Adsorption capacity (mg/g)

FIGURE 5 - Effect of pH on the adsorption capacity of ARR ([ARR]
= 40 mg/L, CD-CTS = 25 mg, T = 298 K).

72

FIGURE 6 - Effect of initial concentration on the adsorption of
ARR (CD-CTS= 20 mg, pH = 6.0,T = 298 K).

The essential characteristics of the Langmuir isotherm can be expressed in terms of dimensionless constant separation factor, RL, which is used to predict if an
adsorption system is ‘favourable’ or ‘unfavourable’. The
separation factor RL is given by [23]:

RL =

Effect of initial ARR concentration

The effect of the initial ARR concentration on the adsorption was investigated. The results are shown in Fig. 6.
It is clear that the adsorption removal efficiency of ARR
decreased with increasing initial ARR concentration in the

1
1 + KC 0

(4)

where C0 is the highest initial ARR concentration
(mg/L) and K is the Langmuir adsorption constant (L/mg).

TABLE 1 - Langmuir and Freundlich isotherm model constants and correlation coefficients at different temperatures.
Temperature(K)
Langmuir isotherm
293
303
313
323
Freundlich isotherm
293
303

K (L/mg)

Q0 (mg/g)

0.289
0.290
0.308
0.310
KF (mg/g)
145.47
225.84

158.48
261.78
497.51
657.89
n
3.32
3.11
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RL

R

0.03344
0.03333
0.03145
0.03125

0.9951
0.9956
0.9957
0.9985
R
0.9843
0.9862
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313
323

495.62
505.29

4.79
2.73

Table 1 lists the calculated results. Based on the effect of separation factor on isotherm shape, the values of
RL calculated at 293, 303, 313 and 323 K were in the
range of 0< RL <1, which indicates that the adsorption of
ARR onto CD-CTS is favorable [24]. Thus, CD-CTS is a
favorable adsorbent.
The Freundlich empirical equation based on adsorption to a heterogeneous surface is given as follows [25]:

qe = K F × Ce

1/ n

(5)

This expression can be linearized to give

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

(6)

0.9915
0.9831

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

where k2 is the rate constant of pseudo-second-order
adsorption (g mg-1 min-1). The pseudo-second-order plot
(Fig. 7) is also linear with a correlation coefficient of 0.9965
(Table 2), however, the calculated value of adsorption capacity, qe,cal (141.64 mg g-1) is close to that of experimental adsorption capacity, qe,exp (135.80 mg g-1). Therefore, it could be suggested that adsorption of ARR onto
CD-CTS follows pseudo-second-order better than pseudofirst-order model. Thus, pseudo-second-order equation is
suitable for adsorption of ARR onto CD-CTS.

where KF and n are Freundlich constants, which represent adsorption capacity and adsorption intensity, respectively. KF and n can be determined from a linear plot
of lnqe versus lnCe. Based on the calculated results of the
Langmuir and Freundlich isotherm constants given in Table 1, it was found that the adsorption of ARR onto CDCTS correlated well (R>0.99) with the Langmuir equation.
Compared to the Freundlich equation under the concentration ranges studied, Langmuir model is suitable for adsorption equilibrium of ARR onto CD-CTS.

ln(qe-qt) = 4.6106 - 0.0101 t
R = 0.9278, k1 = 0.0101

ln(qe-qt)

4
3

ln(qe − qt ) = ln qe − k1 t

(7 )

where qe is equilibrium adsorption capactity (mg/g),
and k1 is the pseudo-first-order rate constant (min-1). A
straight-line plot (Fig. 7) with correlation coefficient of
0.9278 suggests the applicability of pseudo-first-order
kinetic model to fit the experimental data (Table 2). The
calculated value of adsorption capacity, qe,cal (100.54 mg g-1),
is lower than the value of experimental adsorption capacity,
qe,exp ( 135.80 mg g-1).

1.0

0

t/qe = 0.42853 + 0.00706 t

1.16 × 10-4
141.64
0.9965
135.80

0.5

-4

R = 0.9965, k2 = 1.16× 10

0

75

150
225
Time (min)

300

0.0
375

FIGURE 7 - Pseudo first-order and pseudo second-order kinetic
equation ([ARR] = 100 mg/L, CD-CTS= 25 mg, pH = 6.0,T = 293 K).
Adsorption thermodynamics

The thermodynamic parameters can provide in-depth information regarding the inherent energetic changes associated with adsorption [22], thereby, the adsorption studies
were carried out at different temperatures (293, 303, 313
and 323 K). The adsorption standard free energy changes
(ΔG0) can be calculated according to the following equation:

ΔG 0 = − RT ln K

(9)

where K is the Langmuir equilibrium constant; R is the
gas constant (8.314 J/mol K) and T is the temperature in K.

ΔG 0

is also determined from the following equation:

ΔG 0 = ΔH 0 − TΔS 0

Value
0.0101
100.54
0.9278

2.5

1.5

2
1

TABLE 2 - Kinetic parameters of ARR adsorbed onto CTS-CD.
Kinetics model
Pseudo-first-order
kl（min-1）
qe,cal (mg g-1)
R
Pseudo-second-order
k2 (g mg-1 min-1)
qe,cal (mg g-1)
R
qe,exp (mg g-1)

3.0

2.0

Adsorption kinetics

In order to investigate the kinetic mechanism, which
controls the adsorption process, the pseudo-first-order and
pseudo-second-order models were used to test the experimental data. [26, 27]. The pseudo-first-order kinetic model
is given as:

(8)

t/qt
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(10)

0

where ΔH is the standard enthalpy change of adsorption and ΔS0 is the standard entropy change. The combination of Eqs. (9) and (10) leads to the van’t Hoff equation written as follows:

ΔS 0 ΔH 0
ln K =
−
R
RT

The pseudo-second-order kinetic model is given as:
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ΔH 0 and ΔS 0 were calculated from the slope and in-

tercept of the linear plot of ln K versus 1/T . The results are
given in Table 3. The results show that the standard enthalpy change (ΔH0) was 3.83 kJ/mol. A positive standard

enthalpy change (ΔH0) suggests that the interaction process of ARR adsorbed by CD-CTS is endothermic,
which

Table 3. Thermodynamics constants of ARR onto CTS-CD.

ΔH 0
-1

(kJ mol )
3.83

ΔS 0
-1

-1

(kJ mol K )

293 K

0.056

ΔG 0 (kJ mol

-12.74

is supported by the increasing adsorption of ARR with the
increase in temperature, while a negative standard free energy change (ΔG0) and a positive standard entropy change
(ΔS0) indicate that the adsorption reaction is a spontaneous
process, and more favorable at higher temperature.
CONCLUSIONS
The ARR adsorption capacity by CD-CTS was strongly
dependent on contact time, pH, and initial ARR concentration. The adsorption capacity of CD-CTS for ARR is higher
than that of CTS for ARR after adsorption equilibrium. The
adsorption of ARR onto CD-CTS correlated well with the
Langmuir equation, with regard to that of Freundlich. Kinetic studies showed that the adsorption followed a pseudo
second-order kinetic model. Thermodynamic parameters
showed that the adsorption reaction is a spontaneous process and more favorable at higher temperature. CD-CTS is
a favorable adsorbent for ARR removal from aqueous
solutions.
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ABSTRACT
Drip irrigation may constitute a method for sustainable
management of water resources and can contribute to environmental protection and sustainability. However, there is
still limited information on the application of drip irrigation
to row field crops in Mediterranean environments, especially with respect to its appropriate lateral layout, a parameter that affects initial system installation cost as well as
water use efficiency. Surface drip irrigation (SDI) field experiments with sugar beets (Beta vulgaris L.) were conducted in central Greece over a 3-year period to determine the effects of different layout designs (4 treatments
with 6 replications) on root yield, sucrose accumulation
characteristics (percent sugar content of roots (POL), raw
sugar yield), water productivity index (WPI), and to study
the contribution of different layout designs to environmental
protection and sustainability. The treatments used consist of
combinations of drip-pipes with varying lateral distances of
every-other-furrow (e-o-f) (1.00 m) and every-threefurrows (e-t-f) (1.50 m), and between the dripper spacing
(0.50 m and 0.75 m).
The mean root yield results in the e-o-f treatments
were 108.46, 111.46 and 105.11 t·ha-1, and in the e-t-f treatments were 106.17, 113.59 and 103.84 t·ha-1 for each year,
respectively. The root sugar contents varied from 11.68%
to 13.00% in e-o-f and from 11.46% to 13.41% in e-t-f.
The WPI results were 19.74, 19.44 and 17.97 kg·m-3 in e-of, and 19.32, 19.81 and 17.75 kg·m-3 in e-t-f, respectively.
Differences in root yield, POL, raw sugar yield and WPI
between the 3 harvest periods were not statistically significant (p<0.05). Therefore, in agricultural Mediterranean
areas with aquic soil moisture regimes, the suggested layout design of e-t-f (1.5 m x 0.75 m) instead of the common
farmers’ layout of e-o-f (1.0 m x 0.50 m) can be applied
without statistically significant differences in root yield,
POL, raw sugar yield or WPI, and with considerable plastic
material reduction (-33.3% polyethylene), which corre-

sponds to an initial cost reduction of -37.2%. Moreover,
using this method, important installation labour savings,
as well as cost reductions for transportation and storage
facilities, are realized.

KEYWORDS: Sugar beet yield, drip irrigation layouts, time domain reflectometry (TDR), water productivity index (WPI), aquic
soil moisture regime, plastic material reduction.

INTRODUCTION
World sugar beet production amounts to about 234 106 t
and covers an area of 6 106 ha; the mean root yield ha-1 is
39.7 t [1]. The European Union, United States, and Russia
are the world's three largest sugar beet producers. Beet
sugar accounts for 30% of the world's sugar production [2].
According to FAOSTAT (2009) [3], the mean root yield in
EU (27) for the years 1998-2000 was 53.20 t·ha-1 and for
2004-2006 was 59.62 t·ha-1. According to FAO/AGL [4],
the root yield obtained during a growth period of 160–200
days, with a sugar content (POL) of 15%, is considered to
be commercially quite satisfactory.
Research on sugar beet irrigation by the sprinkler
method is very extensive [4-7, 8, 9], as is research on
furrow [10-14] and flood [12, 13] irrigation. Hang and
Miller (1986) [5] determined the effect of lack of water on
the percent sugar content, the weight of roots and the dry
matter yield of beets grown in sandy loam and sandy soil.
The authors concluded that using an arrangement of limited irrigation by the sprinkler method led to an increase in
percent sugar content and alleviation of dry matter.
Sepaskhah and Kamgar-Haghighi (1997) [11] studied the
irrigation of sugar beets in furrows, using two systems of
irrigation (irrigation every other furrow (e-o-f) and irrigation in each furrow (e-f)) with different frequencies of
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irrigation. E-o-f irrigation with a frequency of 10 days used
a smaller amount of water than e-f irrigation, but resulted in
a reduction of yield. However, more frequent (every 6
days) e-o-f irrigation achieved a similar yield as e-f
irrigation every 10 days and economized, on average,
23% in irrigation water.
In sugar beet field experiments conducted in 1996-1997
in southeastern Wyoming, Sharmasarkar et al. (2001) [12]
compared surface drip irrigation (SDI) with furrow irrigation; their study included measurement of the rate of soil
moisture depletion. The results showed that yield, defined as
the percent of sugar content, was 3-28% higher for drip
irrigation than for furrow irrigation when the water depletion did not exceed 20%. In the same work, a comparative
estimate was made of water losses due to deep infiltration
between irrigation with furrows and drip irrigation. It appeared that when using SDI, water loss was decreased because of the higher frequency of irrigation, the deep infiltration of water below the level of the root system, and the
smaller quantities of water used in each application [12].
With respect to the effect of soil moisture depletion in water
losses due to deep infiltration using SDI, similar conclusions
were reached by Dioudis et al. [15]. In their work concerning the economical analysis of the use of drip irrigation in
sugar beet production, Sharmasarkar et al. (2001) [14] reported that root weight and sugar content were higher
with the use of SDI than with furrow irrigation. Togneti et
al. (2003) [8], in an experimental field study of sugar beets
in southern Italy, found that crop performances, yields and
physiological responses of sugar beets that were dripirrigated with 75% of estimated ET mostly matched those
of sugar beets that were irrigated by low-pressure sprinklers with 100% of estimated ET, which resulted in 25%
savings in water volume. Moreover, these authors found
that SDI, even when applied to every-other-furrow, appeared to be more consistently advantageous than lowpressure sprinkler irrigation for sugar beet performance in
semi-arid environments [8].
The majority of these studies used the evaporation pan
method to calculate crop water requirements. This method
is used in many parts of the world [7, 16-23]; in England, it
is used for irrigation scheduling of approximately 45% of
the irrigated areas of the country (outdoor cultivation, not in
greenhouses) [21]. According to this method, the water
needs of sugar beets in Thessaly plain [24], where the
experiments were conducted, vary between 600 and 700
mm·year-1.
Irrigation water for field crop production will become
increasingly limited at Mediterranean latitudes due to climate and land-use changes [25]. It is evident that scarce
water resources frequently limit crop production in semiarid lands. Decreases in and scarcity of water resources
resulting from many environmental effects and sources,
and especially from agricultural irrigation consumption, are
major environmental issues worldwide [22, 23]. Moreover, Goodland (1995) [26] of the World Bank has suggested that, in order to sustain the environment in the

future, it will be more important to improve the efficiency
of all technological processes, including farming and irrigation, than simply to increase the total amount of natural
resources used [26]. Properly used, drip irrigation, in conjunction with soil moisture monitoring, may constitute a
method for improving root yield and water use efficiency
for sustainable management of water resources, and can
contribute to environmental protection and sustainability.
However, there are still no definite results or information on
its application for sugar beet crops in Mediterranean environments.
Sugar beet irrigation by the trickle method (drip irrigation) is currently being carried out at an experimental level
and no definite results have yet been reported [8, 12-14, 1618, 27, 28]. Both surface and subsurface drip irrigations are
currently under investigation [8, 14, 16, 17, 27-29]. If sugar
beet crops can be shown to be well-adapted to drip irrigation systems, farmers with these irrigation systems
already established may consider using sugar beet plants
in crop rotations in their fields.
The present study was conducted in order to determine
the effects of various drip irrigation system layout designs
utilizing varying distances between pipes (every-otherfurrow and every-three-furrows) and drippers (0.50 m and
0.75 m spacing), on:
1. The sugar beet root yield and sucrose accumulation characteristics (percent sugar content of roots (POL) and raw
sugar yield).
2. The water productivity index (WPI).
3. The system's contribution to environmental protection
and sustainability by means of water use saving and efficiency (high WPIs), the amount of reduction in the use
of plastic materials, which are long-life cycle polluters of
the environment, cost reduction in materials used in drip
irrigation system installation (which can help with SDI
proliferation) and capability for sugar beet crop rotation.
MATERIALS AND METHODS
The experiments were conducted in representative fields
of Karditsa Prefecture in central Greece in the agricultural
areas of Lefki, Mataranga and Elia during the years from
1998 to 2000. Soil properties were analyzed according to
standard procedures [30]. The saturated hydraulic conductivity, Ks, was measured at 15 and 45 cm soil depths using
a Guelph permeameter.
Sugar beet (Beta vulgaris L., var. Rizor) grains were
sown with a seed drill in early April of each year, at a row
spacing of 0.50 m and in-row spacing of 0.12 m. The final
experimental area was chosen at the time when the sugar
beet plants had already been established, to include an area
with a reasonable percent germination and with minimum
void spaces in the field. Field plots were fertilized with
140 kg N·ha-1, 100 kg P·ha-1, and 80 kg K·ha-1, which
was distributed prior to seedbed preparation.
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378.0 m2). The four treatments (A-D), were combinations
of drip lateral pipes with varying distances of every-otherfurrow (1.00 m) or of every-three-furrows (1.50 m), and
also with varying inline dripper distances (0.50 m and
0.75 m), (Fig. 1), i.e., a) 1.00 m x 0.50 m b) 1.00 m x 0.75 m
c) 1.50 m x 0.50 m and d) 1.50 m x 0.75 m, with a total
number of 24 experimental plots.
Each experimental plot was 9 m in width (across the
crop rows) and 10.5 m in length (lengthwise of the crop
rows) (Fig. 1). The irrigation network consisted of a head
unit with a hydrocyclone, a screen filter and various accessories, a main water delivery polyethylene (PE) pipe of external diameter Φ = 89 mm, primary pipes (PE, Φ = 40 mm/
6.08 bar), secondary pipes (PE, Φ = 25 mm/6.08 bar), drip
laterals (PE, Φ = 20 mm/6.08 bar), and pressure regulators
(Fig. 1). The drip laterals were 20 mm external diameter
polyethylene pipes with inline drippers. Before being
used in the field experiments, the drippers were tested in
the laboratory, as well as in the field, to ensure proper
function. Drippers had a discharge rate of 4 L·h-1, at 122
kPa pressure after testing according to I.S.O. standards [31]. Soil
moisture was measured by applying the TDR (time domain
reflectometry) method. The TDR method is a nonradioactive method based on the direct measurement of the
dielectric constant of soil and its conversion to water volume content [32-35] that has proven to be quick and reliable, irrespective of soil type, except in extreme cases of
soils [32, 33, 23, 36]. For the application of the TDR method, a TDR measuring instrument (model MP-917 from ESIEnvironmental Sensors, INC, Canada) and soil moisture
TDR probes were used (Fig. 2).

FIGURE 1 - Details of the layout design and of the drip irrigation
system.

Weeding was carried out by hand four times during the
growing season of the beets each year.
The experimental field had a completely randomized
block design (CRBD) layout consisting of four treatments
each for six replicates (the unit area of replication was

FIGURE 2 - The TDR measuring instrument
and soil water content TDR probe with five sensors.

Each probe had five sensors, placed at 0–15, 15–30,
30–45, 45–60 and 60–75 cm depths (Fig. 2). Fifteen soil
moisture TDR probes were installed in each treatment of
the first replication.
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In treatments A and B (Fig. 3), which had drip lateral
pipe distances of 1.0 m (every-other-furrow), two groups
of three TDR probes each (2x3) were installed adjacent to
drip lateral pipes, two groups of three TDR probes each
(2x3) were installed adjacent to sugar beet rows, and one
group of three TDR probes (1x3) was installed between
the rows (Fig. 3a). In treatments C and D (Fig. 3), which had
drip lateral pipe distances of 1.5 m (every-three-furrows),
two groups of three TDR probes each (2x3) were installed
adjacent to drip lateral pipes, and three groups of three TDR
probes each (3x3) were installed adjacent to sugar beet rows
(Fig. 3b).

Class ‘A’ evaporation pan that is corrected by the monthly
evaporation pan coefficient (Kp) and by the crop stage coefficient (Kc), has been used successfully by many researchers [4, 7, 17-20, 23, 27, 33, 36-41].
In the present study, the following equation was used
for calculation of the crop evapotranspiration:
ETc = Epan · Kp · Kc
(1)
where:
ETc = crop evapotranspiration (mm·day-1),
Epan = pan evaporation (mm·day-1),
Kp = pan coefficient and
Kc = crop stage coefficient.
Meteorological data were obtained from the meteorological station nearest to each experimental field (Palama,
Kallifoni, Karditsomagoula), and the rainfalls for each year
(1998, 1999 and 2000) were measured using a rain gauge
that was installed in each experimental field. The effective rainfall for the experimental site conditions for
each year was calculated according to USDA-SCS [42].
The net irrigation requirement (NIR) [42, 43, 23], that
is the irrigation water delivered to the experimental field
and available for the sugar beet crop to be used, was calculated using equation (2):
NIR= ETc – Pe
(2)
where:
NIR = net irrigation requirement (mm·month-1),
ETc = evapotranspiration (mm·month-1) and
Pe = effective rainfall (mm·month-1).
Drip system materials cost was calculated for each
treatment as the sum cost of all the installation materials of
the irrigation network for each corresponding treatment,
without taking into account the cost of the head unit. Cost
differences between treatments were then calculated on a
percent basis.

FIGURE 3 a) Layout of the inline dripper lateral pipes of the plots
of every-other-furrow (A and B). b) Layout of plots of every-threefurrows (C and D). Both layouts include the soil moisture measuring
(SMM) points.

The above groups of soil moisture TDR probes were
used in 1998. In 1999 and 2000, five soil moisture TDR
probes, instead of fifteen, were installed in each treatment.
The reason for tripling the number of soil moisture probes
in 1998 was to acquire experience in using the TDR method,
which was then being used for the first time in Greece. The
TDR measuring instrument was calibrated to the soils at
Lefki, Mataranga and Elia experimental sites over a wide
range of soil water content each year.
The Class ‘A’ evaporation pan method uses a 1.21 m
(4 ft) diameter circular pan filled with water. The daily rate
of evaporation from the pan is determined from the change
in water level (adjusted for rainfall) [17, 37, 38, 23]. The
crop evapotranspiration method, which is estimated using a

The crops were harvested each year by hand, and the
percent sugar content of roots (POL) and the raw sugar
yield were determined for each plot using a measuring
procedure that used a Venema balance and a BETALYSER
analysis system. The data obtained were statistically processed by means of analysis of variance (ANOVA) using
the MINITAB statistical package. The Zero Hypothesis
(H0) was that the yield variances were equal under all the eo-f (A, B) and e-t-f (C, D) treatments of drip irrigation.
RESULTS AND DISCUSSION
Each year, sugar beet crop growth experiments were
conducted in the same geographical area in Karditsa Prefecture, but in different fields, due to the need for crop rotation. Therefore, the irrigation water characteristics of the experiments (Table 1) and the soil physical characteristics
(Table 2) differed from year to year. With respect to safe
irrigation, the most important parameter is the irrigation
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TABLE 1 - Irrigation water characteristics of the experiments.
Irrigation water
characteristics

(1)

pH
(1)
EC
(2)
SAR
NH4+
K+
Na+
Ca++
Mg++
ClNO2NO3SO4-HCO3-

Unit
pH units
µS cm-1 at 25 oC
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1

1998
7.30
472.00
0.30
0.00
2.80
10.70
86.30
6.90
8.00
0.90
15.30
6.93
250.10

Year
1999
Value
6.90
574.00
0.33
0.00
4.70
11.80
84.20
7.30
12.00
0.80
11.50
7.10
220.30

TABLE 2 - Soil characteristics for
the experiments conducted in 1998-2000.
Soil characteristics
Bulk density

2000
7.20
490.00
0.34
0.00
3.90
12.70
90.40
9.70
14.00
0.90
14.70
6.70
230.70

Mechanical analysis
Texture class

Unit
g·cm-3
% Clay
% Silt
% Sand
Class
(3)

Field capacity
(1)

PWP

Available water
(2)
Ks (at 15cm depth)
(2)
Ks (at 45cm depth)

% wt
(4)
% vol
(3)
% wt
(4)
% vol
cm·cm-1
cm·sec-1
cm·sec-1

1998
1.29
58.00
20.06
21.94

1999
1.45
21.17
36.72
42.11

Clay

Loam

37.90
49.00
21.00
27.00
0.22
2.60·10-4
2.80·10-6

18.34
26.60
10.07
14.60
0.12
3.63·10-4
3.63·10-4

2000
1.30
36.45
39.33
24.22
Clay
Loam
29.00
37.70
15.90
20.70
0.17
5.80·10-5
8.72·10-5

(1)

PWP = Permanent wilting point. (2) Ks = Saturated hydraulic conductivity. (3) % wt
= % on dry soil weight basis. (4) % vol = % on volume basis.

EC = Electrical Conductivity, (2)SAR = Sodium Adsorption Ratio

water quality [44, 22, 23, 36]. The comprehensive irrigation water analysis (Table 2) indicated its suitability for
irrigation use, according to previously published results
[44-48, 22, 23, 30].
The experiments were conducted in different fields during the three years of experimentation because a four-year
crop rotation is necessary in the cultivation of sugar beets, in
order to prevent certain crop diseases and enemies including
Cercospora Leaf Spot (pathogen: Cercospora beticola), Rhizomania (pathogen: beet necrotic yellow vein virus), nematodes (sugar beet cyst, Heterodera schachti; root knot, Meloidogyne arenaria, M. incognita, M. javanica, M. hapla
and M. chitwood; false root knot, Nacobbus dorsalis) and
aphids. In the case of the appearance of beet necrotic yellow vein virus, either a 4-6 year crop rotation is imposed or
sugar beet cultivation is excluded from the region for several years [27, 49-51].
Figures 4a, 4b and 4c present climatic data regarding
air temperature and rainfall for the study irrigation periods
in 1998, 1999 and 2000. These are compared with the corresponding means of a 25-year period for the region of
study. The mean daily temperatures of air in οC (mean of 10day period) for each year were obtained from the meteorological station nearest each experimental field (Palama, Kallifoni, Karditsomagoula). The rainfalls for years 1998,
1999 and 2000 were measured using a rain gauge installed
in the experimental fields. The mean daily temperatures of
air in οC (mean of 10-day period) and the rainfall for the
25-year period were obtained as means recorded at the
meteorological station nearest each experimental field (Palama, Kallifoni, Karditsomagoula) [27]. The climate of the
experimental sites is Mediterranean temperate [22], with an
average cultivation period temperature of 26.4 ºC in 1998,
26.8 ºC in 1999, 26.3 ºC in 2000, and a cultivation period
rainfall amount of 29.8 mm in 1998, 75.3 mm in 1999 and
39.4 mm in 2000 (Table 3). As shown in Figs. 4a, 4b and
4c, the periods 1998, 1999 and 2000 were more droughty
and warmer than an average year.

FIGURE 4 - Medium daily air temperature in οC and rainfall in mm
(means of 10-day periods during the farming periods for the years:
a) 1998, b) 1999 c) 2000, and for the 25-year period) in Leyki, Mataraga and Hlia of Karditsa Prefecture.

According to USDA-Soil Survey Staff [52], soil texture was characterized as clay (in the field used in 1998),
as loam (in the field used in 1999) and as a clay loam (in

the field used in 2000) (Table 2); its profile was uniform.
Based on the results of the soil map of Karditsa Prefecture, the soils of the experimental fields are characterized
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as Aquic according to Soil Taxonomy [52]. Soils with aquic
(L. aqua, water) conditions (regime) are those that currently
undergo continuous or periodic saturation and reduction.
The presence of these conditions is indicated by redoximorphic features [53].

moisture distribution profiles were constructed for various
dates of each year of the experiment. Representative soil
moisture distribution profiles for experimental field treatments A, B, C and D for years 1998, 1999 and 2000 are
presented in Figs. 5, 6 and 7. As shown in these figures, an
obvious increase in soil moisture content (volumetric water content) in the deeper soil layers occurred. The extended
shape of the soil moisture curves in the deeper soil layers
suggests the possibility that water contribution from the
ground water table occurred [55, 56].
The procedure used to calculate the irrigation amount for
each month of the cultivation period over the years 19982000 is presented in Table 3.

FIGURE 5 - Representative soil moisture distribution profiles for
treatments A, B, C and D for the experimental plots of 1998.

Saturated hydraulic conductivity (Ks) of soils averaged
0.06042 cm·min-1 at 15 cm soil depth but 0.00906 cm·min-1
at 45 cm soil depth; according to Kutilek and Nielsen [54],
these are considered to be high values. Water table depth of
the different fields was measured at 1.04 m in 1998, 1.20 m
in 1999, and 1.24 m in 2000. From the soil moisture content measurements obtained using the TDR method, soil

FIGURE 6 - Representative soil moisture distribution profiles for
treatments A, B, C and D for the experimental plots of 1999.
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The calculated values of ASMD (mean maximum values), derived from the soil moisture content TDR sensor
measurements for each drip irrigation treatment layout
design of each year, and the mean average depletion values of SMM points 2, 5, 8, 11 and 14 for the three years
of each drip irrigation treatment (Table 4) were consistent
with the peak water depletion limit (60%) previously recommended [17].
Figure 8 presents the effective rainfall (calculated according to USDA-SCS [42]), the daily evapotranspiration
(calculated using Class ‘A’ evaporation pan [18, 27, 38, 22]
and corrected using the monthly evaporation pan coefficient
Kp [18, 38, 22]), and the crop stage coefficient Kc [18, 27,
38] for the experimental site conditions for the years 1998,
1999 and 2000.

FIGURE 7 - Representative soil moisture distribution profiles for
treatments A, B, C and D for the experimental plots of 2000.

From the TDR sensor measurements (the average of
the total soil moisture content measurements at five different depths), the depletion of available soil moisture (ASMD)
was calculated and evaluated in relation to each drip irrigation treatment. Doorenbos and Kassam [17] reported
that soil water depletion (WD) up to 60% of available soil
water has a non-statistically significant effect on sugar beet
yield. Table 4 shows the mean maximum and mean average values of ASMD over the three years of experimentation, and for each drip irrigation treatment layout design.
It can be seen that the mean maximum values of ASMD
at SMM point 8 (see Fig. 3) were similar for all treatments.

FIGURE 8 – Daily crop evapotranspiration and effective rainfall for
the experimental field conditions for 1998, 1999 and 2000.

The crop evapotranspiration method has been used successfully by many researchers [4, 7, 17-20, 23, 27, 33,
37-41]. The crops’ daily evapotranspiration varied widely;
it was between 1.9 mm and 9.3 mm (period mean 6.40 mm)
in 1998, between 2.0 mm and 7.5 mm (period mean 4.58
mm) in 1999, and between 2.0 mm and 8.2 mm (period
mean 5.28 mm) in 2000. The daily evapotranspiration val-
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ues compare well with ETc values in the relevant literature [7, 16, 19, 20, 24, 27-29]. Also, Maldonado et al. [7]
showed that in a temperate Mediterranean climate, the
pan evaporation method provided a good estimate of crop
evapotranspiration for irrigation scheduling in sugar beets.

There were no significant statistical differences between
values obtained using the pan evaporation and those obtained using the Penman-Monteith equation. Overall, the
pan evaporation method estimated adequately the crop evapotranspiration for sugar beet irrigation scheduling [7].

TABLE 3 - Calculation of the Net Irrigation Requirements.

ΕTr

Crop NIR water
needs

ETc
Kc

Year

Month

1998

June
July
Aug
Sep.
Total (mm)
1999 May
June
July
Aug
Sep
Total (mm)
2000 May
June
July
Aug
Total (mm)

Epan
Epan=pan
evaporation
(mm·month-1)
169.40
251.10
202.70
13.50
636.70
96.30
186.00
186.30
149.10
44.60
662.30
118.90
188.10
193.60
179.10
679.70

ΕTr = reference
evapotranspiration
ΕTr = Εpan Κp
(mm·month-1)
127.30
188.80
152.50
10.20
478.80
72.40
139.80
140.00
111.70
33.40
497.30
89.20
141.60
145.40
134.10
510.30

Kc = crop
stage coefficient
(-)
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15

ETc = crop evapotranspiration

P

Pe

ΕΤc = EΤr Kc
(mm·month-1)
146.40
216.90
175.20
11.70
550.20
83.50
161.00
161.20
128.10
38.30
572.10
102.80
162.70
166.90
154.00
586.40

P = Rainfall
(mm·month-1)
18.75
0.00
11.00
0.00
29.75
0.00
0.00
7.50
50.50
17.30
75.30
26.40
11.50
1.50
0.00
39.40

NIR = net
irrigation rePe = Effective
quirement
rainfall
NIR = EΤc - Pe
-1
(mm·month ) (mm·month-1)
18.19
128.21
0.00
216.90
10.81
164.39
0.00
11.70
28.99
521.21
0.00
83.50
0.00
161.00
7.41
153.79
46.42
81.68
16.82
21.48
70.65
501.45
25.28
77.52
11.29
151.41
1.50
165.40
0.00
154.00
38.07
548.33

Irrigation
amount
(mm)
121.30
223.30
151.90
24.00
520.50
63.00
163.10
166.20
75.80
34.60
502.70
43.30
178.20
160.00
165.50
547.00

TABLE 4 - Mean maximum values of SMM point 8 and mean average values
of SMM points 2, 5, 8, 11 and 14 of available soil moisture depletion (ASMD).

(3)

Treatment
(1)

e-o-f - A
(1)
e-o-f - B
(2)
e-t-f - C
(2)
e-t-f - D

(1)
(3)

1998
47.91
45.27
50.55
50.82

Available Soil Moisture Depletion (%)
(3)
Mean maximum values (%)
Mean average values (%)
at point 8
at points 2, 5, 8, 11 and 14
1999
2000
1998-2000
1998
1999
2000
1998-2000
44.83
40.35
44.36
21.95
21.40
17.27
20.21
47.67
50.01
47.65
24.91
15.10
20.09
20.03
46.50
43.65
46.90
25.42
22.57
16.61
21.53
58.17
50.65
53.21
27.20
23.20
18.66
23.02

e-o-f = every-other-furrow. (2)e-t-f = every-three-furrows. (1)A = 1.00m x 0.50m, (1)B = 1.00m x 0.75m, (2)C = 1.50m x 0.50m, (2)D = 1.50m x 0.75m.
Mean of five soil depths (0–15 cm, 15–30 cm, 30–45 cm, 45–60 cm and 60–75 cm).

TABLE 5 - Data and averages of the experimental and farmers’ irrigation amounts, including the mean root
yields from the experiment, farmers’, Greece and EU (27) and WPIs from the experiment and farmers’.
Year
Average
1998
1999
2000
Experimental irrigation amount (mm)
520.50
502.70
547.00
523.40
(1)
Farmers’ irrigation amount (mm)
481.23
412.49
481.23
458.32
Effective Rainfall (mm)
28.99
70.65
38.07
45.90
Experimental mean root yield (t ha-1)
107.31
112.52
104.47
108.36
(2)
Farmers’ mean root yield (t ha-1)
62.50
63.40
61.80
62.57
(3)
Greece - mean root yield (t ha-1)
60.50
55.20
62.90
59.53
(3)
EU (27) - mean root yield (t ha-1)
50.10
54.10
55.40
53.20
Experimental WPI(4) (kg m-3)
19.53
19.63
17.86
19.03
Farmers’ WPI (4) (kg m-3)
12.25
13.12
11.90
12.42
(1)
Farmers’ irrigation amount (mm) refers to irrigation with hose reel. (2) Farmers’ mean root yield (t ha-1) refers to the study area (Karditsa’s Prefec(3)
(4)
-3
ture), regardless of the irrigation method. Source: (FAOSTAT, 2009) [3]. WPI = Water Productivity Index (kg m ).
Data Description
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To avoid crop water stress, rainfall and irrigation must
be sufficient to meet the crop's ETc requirement [42, 43,
23]. For any period of time during the growing season, the
net irrigation requirement (NIR) is the amount of necessary water that is not effectively provided by rainfall. NIR
denotes irrigation water that is delivered to the field and
that is available for the crops to be used [43]. Therefore,
the rule followed in our experiments was to supply a sufficient irrigation amount (NIR) to the field to meet the crop's
ETc requirement, and avoid crop water stress (Table 3).
Additionally, in avoiding crop water stress, soil moisture
content monitored with TDR sensors and the calculation of
ASMD in relation to each drip irrigation treatment helped
to keep the maximum depletion (ASMD) below the recommended peak depletion value (60%) [17]. In the experimental drip-irrigated field, the irrigation system capacity
was such that water could be added at greater than peak use
rates, and the TDR soil moisture sensor readings never
exceeded the corresponding ASMD peak depletion value.
Also, plants never showed any sign of wilting. It should be
noted that the small differences between the crop’s NIR
water needs and actual irrigation amount (Table 3) are due
to irrigation interval, which did not correspond exactly to
the last day of each month. The experiment’s NIR and the
corresponding total irrigation amount of each year varied
from 502.7 mm to 547.0 mm (Table 5).
Yield results showed that the mean maximum sugar
beet yield obtained in the experiments was about 108.1 t·ha-1,

while the corresponding mean maximum sugar beet yield
of local farmers’ fields varied from 61.8–63.4 t·ha-1. The
farmers’ mean root yield refers to the entire study area
(Karditsa Prefecture), regardless of the irrigation method (in
the study area during the three-year period 1998-2000,
approximately 87% of farmers irrigated with hose reel,
8% with drip irrigation and 5% with other methods [27]).
In 1998, the mean harvested sugar beet yield obtained
experimentally was 107.3 t·ha-1; whereas in 1999, it was
112.5 t·ha-1, and in 2000, it was 104.5 t·ha-1. The mean
harvested sugar beet yield for each year of the experiment
is considerably higher than the corresponding annual (19982000) mean yield of Greece (59.53 t ha-1) [3] (Table 5).
Furthermore, a survey of the yield data for the last 3
years (2006-2008) in Greece shows that the production
means over that period were 61.3, 62.9 and 65.4 t·ha-1 per
year, respectively, and that the mean over the three-year
period was 63.2 t·ha-1 (FAOSTAT, 2009) [3]. Therefore,
the mean yield of the experimental fields (108.1 t·ha-1) is
also significantly higher than the average yield (63.2 t·ha-1)
over the last three-year period (2006-2008) in Greece. The
mean root yield results (100% ET) in the e-o-f treatments
(A, B) in 1998, 1999 and 2000 were 108.46, 111.46 and
105.11 t·ha-1 per year, respectively. The e-t-f treatments (C,
D) in 1998, 1999 and 2000 yielded 106.17, 113.59 and
103.84 t·ha-1 per year, respectively.

TABLE 6 - Literature’s sugarbeet yield and WPI comparison with various irrigation methods.
Year

Irrigation Method

1986
1991
1991
1992
1992
1995
1996
1996
1996
1996
1996
1997
1997
1999
1999
1999
1999
99-00
and 00-01
99-00
and 00-01
2001
2001
2002-2003

springler irrigation
furrow irrigation (6 days i.)
furrow irrigation (6 days i.)
furrow irrigation (6 days i.)
furrow irrigation (6 days i.)
springler irrigation
springler irrigation
SDI, 20% WD
SDI, 35% WD
SDI, 50% WD
flood irrigation, 65% WD
SDI, 20% WD
flood irrigation, 65% WD
SDI, 80% ET
SDI, 100% ET
subsurface DI, 80% ET
subsurface DI, 100% ET
rain fed
SDI , 50% ET

Irrigation
(system, spacing, etc)
springler irrigation
e-f (0.6m spacing)
e-o-f (1.2m spacing)
e-f (0.6m spacing)
e-o-f (1.2m spacing)
springler irrigation
springler irrigation
SDI e-f (0.76m x 0.55m dripper spacing)
SDI e-f (0.76m x 0.55m dripper spacing)
SDI e-f (0.76m x 0.55m dripper spacing)
flood irrigation
SDI e-f (0.76m x 0.55m dripper spacing)
flood irrigation
SDI e-o-f (1m x 1m dripper spacing
SDI e-o-f (1m x 1m dripper spacing
subsurface DI e-o-f (1 m x 1m dripper spacing
subsurface DI e-o-f (1 m x 1m dripper spacing
rain fed (control dry)
SDI e-f (0.9 m) and e-o-f (1.8 m) at 0.60 m
dripper spacing
furrow
SDI at 0.55 m dripper spacing
fixed sprinkler irrigation

Yield
(t·ha-1)
40.0 to 60.0
42.90
27.50
41.20
41.80
62.52
63.75
67.76
64.06
62.91
58.49
44.45
43.27
54.58
60.31
66.69
68.87
40.20
(pooled data)
63.10
(pooled data)
50.50
56.00
134.36

WPI
(kg·m-3)
6.0 to 9.0
19.1
22.8
38.5
52.1
9.29
10.68
10.60
9.90
9.60
5.30
17.70
3.80
14.75
13.58
18.02
15.51
-

Literature
reference
[17]
[11]
[11]
[11]
[11]
[13]
[13]
[12]
[12]
[12]
[12]
[12]
[12]
[28]
[28]
[28]
[28]
[8]

12.36

[8]

furrow irrigation
[14]
SDI
13.69
[14]
springler irrigation, (ET=pan
21.91
[7]
evaporation)
2002-2003 springler irrigation,
fixed sprinkler irrigation
132.08
17.53
[7]
(ET=Penman-Monteith)
2003
springler irrigation
sprinkler irrigation e-f (0.55 m)
93.5 and 99.4
14.20 and 12.50
[9]
2004
springler irrigation
sprinkler irrigation e-f (0.55 m)
64.8 and 68.7
10.40 and 9.70
[9]
SDI = surface drip irrigation, DI = drip irrigation, WD = water depletion, e-f = every-furrow, e-o-f = every-other-furrow, ET = evapotranspiration.
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FIGURE 9 - WPIs for treatments A, B, C and D and mean WPIs for the years 1998, 1999 and 2000.

The harvested sugar beet yields following the four experimental treatments using surface drip irrigation (SDI)
compared well with those reported in the relevant literature
(Table 6) with various irrigation methods, systems and
spacing (every furrow, every other furrow, etc).
The root sugar content of the crops varied from
11.68% to 13.00% in e-o-f treatments (A, B) and between
11.46-13.41% in the e-t-f treatments (C, D); these values
compare favourably with values reported in the relevant
literature [7-9, 11-14, 17, 28, 29]. The raw sugar yield
results varied from 12.68 t·ha-1 to 13.76 t·ha-1 in e-o-f
treatments (A, B), and from 12.14 t·ha-1 to 14.39 t·ha-1 in
e-t-f treatments (C, D). These also compare well with the
relevant literature data [7-9, 11-14, 17, 28, 29].
The mean WPI results were 19.74, 19.44 and 17.97
kg·m-3 in e-o-f treatments (A, B), as well as 19.32, 19.81
and 17.75 kg·m-3 in the e-t-f treatments (C, D), respectively, for each year. Figure 9 depicts the WPIs of all the

treatments for each year. The mean WPIs corresponding
to the four treatments (e-o-f (A and B) and e-t-f (C and
D)) were found to be 19.97, 19.12, 18.80 and 19.11 kg·m-3
in 1998, 1999 and 2000, respectively. These data compared well with WPIs reported in the relevant literature
(Table 6) with various irrigation methods, systems and
spacing (every furrow, every other furrow, etc). The experimental WPIs (100% ET) were high with regard to
those reported in many relevant studies (see Table 6), and
defined the high water use efficiency, the good irrigation
management, and the good cultivation practices employed
in the experimental cultivation. The highest WPIs were
observed in 1999; these were assisted by the highest effective rainfall amount of the 3-year period.
According to the statistical test ANOVA, the observed
differences in root yield, sugar beet content, raw sugar
yield and water productivity indices between all the treatments, i.e., every-other-furrow (A = 1.00 m x 0.50 m and
B = 1.00 m x 0.75 m) and every-three-furrows (C = 1.50 m

TABLE 7 - The effects of various layout designs (treatments) on sugar beet mean root yield, mean percent sugar (POL), mean raw sugar
yield and WPI.
Treatment
Mean raw sugar
Distance between drip lateral
Mean root yield Mean percent of roots
WPI(4)
Replicates
yield
pipes (m) x distance between
(tn ha-1)
sugar content (%)
(kg
m-3)
(tn ha-1)
built–in drippers (m)
(1)
e-o-f - 1.00 x 0.50
6
107.08
11.558
12.381
19.49
(1)
e-o-f - 1.00 x 0.75
6
109.83
11.810
12.974
19.99
(2)
e-t-f - 1.50 x 0.50
6
103.83
11.459
11.879
18.90
1998
(2)
e-t-f - 1.50 x 0.75
6
108.50
11.460
12.408
19.75
p-value
0.558
0.192
0.198
0.339
(1)
e-o-f - 1.00 x 0.50
6
111.50
12.371
13.833
19.45
(1)
e-o-f - 1.00 x 0.75
6
111.42
12.300
13.693
19.43
(2)
e-t-f - 1.50 x 0.50
6
113.50
12.646
14.378
19.80
1999
(2)
e-t-f - 1.50 x 0.75
6
113.67
12.630
14.394
19.83
p-value
0.851
0.397
0.515
0.883
(1)
e-o-f - 1.00 x 0.50
6
105.22
12.942
13.585
17.98
(1)
e-o-f - 1.00 x 0.75
6
105.00
13.067
13.727
17.95
(2)
e-t-f - 1.50 x 0.50
6
103.67
13.408
13.849
17.72
2000
(2)
e-t-f - 1.50 x 0.75
6
104.00
13.404
13.903
17.78
p-value
0.987
0.354
0.961
0.708
1998-2000
α=0.05
NSS (3)
NSS (3)
NSS (3)
NSS (3)
(1) e-o-f = every-other-furrow. (2) e-t-f = every-three-furrows. (3) NSS = not statistically significant. (4) WPI = Water Productivity Index (Kg m-3).
Year
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x 0.50 m and D = 1.50 m x 0.75m) were statistically significant (Table 7) at the level of p<0.05.
Based on the statistical analyses (statistically significant at level p<0.05) of the root yield, sugar content percent of roots, raw sugar yield and WPIs (Table 7), of the
environmental advantages of the four treatment drip irrigation layout designs, and of comparisons with neighbouring farmers’ yields and results of work of other researchers,
it was concluded that for sugar beet irrigation in agricultural Mediterranean areas with Aquic soil moisture regime, the
wider drip irrigation layout design of every-three-furrows
(1.50 m x 0.75 m) is the most advantageous method, which
should be applied instead of the more common layout of
every-other-furrow (1.00 m x 0.50 m), (mean p = 0.885).
From the environmental point of view, groundwater
contamination from agricultural pesticides [57], as well as
nutrient contamination, is a major environmental issue in
Greece and Europe, in areas that undergo intensively irrigated agricultural production [22, 23, 48, 57-60]. Heavy
rains, irrigation methods and flooding also affect the amount
of nitrate that reaches both ground and surface water [23,
48, 58-60]. Excess water from irrigation (especially from
sprinkler and hose reel applications) can leach nutrients
from the soil and can carry these nutrients and pesticides
into groundwater supplies through percolation. Also, surface water receives sediment and nutrient runoff originating from agricultural irrigation applications. Erosion is increased by excess water and unneeded irrigation. Additionally, the lack of politically inspired penalties for wasting
water is reflected in the scarcity of this source [58].
Filintas et al. (2009) state that “advances in electronics and computers generated new techniques to maximize
the farmer’s profit and to protect the environment” [57].
Irrigation management using new techniques, such as high
precision TDR measurements of soil moisture, depletion
(ASMD) calculations with computer software and daily
soil moisture and ASMD diagram development reduces the
amount of water applied to the sugar beet crop and also
reduces excess water use, while maintaining a soil moisture
that is ideal for intensive crop production and that results
in high crop yield. In this way, the above mentioned proper
irrigation management contributes to: (a) the farmer’s profit
to be maximized, (b) the saving of the irrigation water, and
(c) the protection and sustainability of the environment and
natural resources.
The application of the suggested drip irrigation layout design of e-t-f (1.50 m x 0.75 m) also has additional
and important environmental and agronomical advantages that contribute to environmental protection and
sus-tainability. These include:
• Improved irrigation water management (soil moisture high precision TDR measurements, depletion
(ASMD) calculations and daily soil moisture and ASMD
diagram development, ideal soil moisture maintenance, high WPIs with improved water use efficiency,
negligible losses due to deep infiltration, water saving);

• Reduction of plastic materials (which represent longlife cycle, polluting elements of the environment), calculated at -33.3% for polyethylene;
• Considerable purchase cost reduction (calculated at 37.2%) of drip irrigation installation materials compared to other methods;
• Important installation labor savings;
• Transportation and storage facilities cost reduction.
CONCLUSIONS
The mean sugar beet yield obtained in the experiments
conducted was 108.1 t ha-1, while the corresponding mean
sugar beet yield of local farmers’ fields varied by about
61.8–63.4 t ha-1. The mean root yield results in the e-o-f
treatments (A, B) were 108.46, 111.46 and 105.11 t·ha-1,
and in the e-t-f treatments (C, D) were 106.17, 113.59 and
103.84 t·ha-1, respectively, for each year (1998-2000).
The root sugar content results varied between 11.6813.00% in e-o-f treatments (A, B) and 11.46-13.41% in e-tf treatments (C, D). The raw sugar yield results varied from
12.68 t·ha-1 to 13.76 t·ha-1 in e-o-f treatments (A, B), and
from 12.14 t·ha-1 to 14.39 t·ha-1 in e-t-f treatments (C, D).
The 3-year mean WPIs for the four treatments (e-o-f (A
and B) and e-t-f (C and D)) were found to be 19.97,
19.12, 18.80 and 19.11 kg·m-3, respectively. The harvested sugar beet yields obtained using the four treatments
compare well with those reported in the relevant literature
[7-9, 11-14, 17, 28, 29], as do the root sugar content, raw
sugar yield and WPI results.
Based on statistical analyses (statistically significant,
at level p<0.05) of the root yield, sugar content percent of
roots, raw sugar yield and WPI results and also on the
environmental advantages of the four treatment drip irrigation layout designs and on comparisons with neighbouring farmers’ yields and the results of similar work of other
researchers, we concluded that for sugar beet irrigation in
agricultural Mediterranean areas with Aquic soil moisture
regime, the wider drip irrigation layout design of everythree-furrows (1.50 m x 0.75 m) is the best solution and
should be applied instead of the common farmers’ layout
of every-other-furrow (1.00 m x 0.50 m).
Deductively, from the environmental point of view, the
application of the suggested drip irrigation layout design
has additional and important environmental and agronomical advantages that contribute to protection of the environment and to sustainability, including: (a) improved irrigation water management (soil moisture high precision TDR
measurements and depletion (ASMD) calculations, ideal
soil moisture maintenance, improved water use efficiency
with high WPIs, negligible losses due to deep infiltration,
water saving); (b) plastic material reduction (calculated at
-33.3% for polyethylene); (c) considerable purchase cost reduction (calculated experimental result was -37.2%) of drip
irrigation installation materials; (d) important installation
labor savings; (e) transportation and storage facilities cost
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reduction; (f) reduced groundwater contamination due to
reductions in amounts of nutrients and pesticides leaching
to ground water through percolation; (g) reduced sediment and nutrient runoff to surface water sources; and (h)
decreased soil erosion through the elimination of excess
irrigation water and unneeded irrigation, based on soil
moisture high precision TDR measurements and depletion
(ASMD) calculations.
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ABSTRACT
Stepwise multi-linear regression (Stepwise-MLR) and
partial least squares (PLS) analyses were applied to develop
the quantitative structure-permeability relationship (QSPR)
models for skin permeability coefficients of 84 diverse organic compounds by using electronic, spatial, thermodynamic and topological descriptors based on stepwise MLR
and PLS chemometric tools. K-means clustering technique
was introduced to divide the original 84 compounds into a
training set of 76 compounds and an external test set of
8 compounds, which is helpful for statistically robust QSPR
model developments. The PLS model using the combination
of electronic, physicochemical, quantum and topological
descriptors predicted the skin permeability coefficient (kp)
with the cross validation Q2 of 0.878 and the square of
predictive correlation coefficient R2pred of 0.892. The result
models showed that dipole moment (Dipole), melting point
(Mp), Xu index (Xu), Harary index (Har) and logKow had
great influence on the skin permeation of organic chemicals.

KEYWORDS: Skin permeability coefficient, QSPR, partial least
squares (PLS), K-mean clustering

INTRODUCTION
Chemicals that penetrate the skin barrier may induce
dermal irritation, inflammation and sensitization, etc [1].
The skin’s barrier function is important to the transdermal
delivery of organic chemicals. Since the skin is often exposed to chemicals, the potential absorption of chemicals
through the skin needs to be evaluated as part of the overall safety assessment process [2, 3]. Now, skin irritation or
corrosion is one of the healthy properties of chemicals in
the globally harmonized system (GHS) for the classification and labeling of chemicals [4, 5], which especially has
become a necessity in the safety assessment of chemicals
used as cosmetic ingredients to identify adverse skin reactions [6]. Historically, the evaluation of the potential of
chemicals to produce skin irritation or corrosion has been

carried out using the Draize skin irritation test in rabbits
according to OECD TG 404 [7] and Method B.4 of Annex
V to Directive 67/548/EEC [8]. Now, several alternative in
vitro approaches have been applied for skin corrosive safety
assessment [9-12].
Skin permeability is a critical parameter for the risk
assessment of chemicals that come into contact with the
skin either accidentally or on purpose [13]. Quantitative
structure-permeability relationship (QSPR) reveals the relationship between the absorption of organic chemicals
through skin and their physiochemical or structural properties [14, 15]. Chemicals with different structures may penetrate the skin by a different mechanism, and the penetration
process may even be more complex considering the metabolic transformations of the chemicals [16]. Several QSPR
models in terms of physicochemical properties, such as
octanol-water partition coefficient (logK ow), molecular
weight, melting point and molecular volume, express the
prediction of skin permeability [13, 14, 17]. With the development of high-speed computers, QSPR studies have
received a significant boost and QSPR models’ predicting
ability becomes more accurate, robust and meaningful.
Skin permeability coefficient (kp) is defined by equation dM / dt = A ⋅ kP ⋅ ΔC ,
in which A is the surface area, Δ C is the concentration
gradient and dM/dt is the permeation rate of a chemical
across a membrane in the steady state [13]. As traditional
experimental investigation of chemical activities are often
time-consuming and expensive [18, 19] as well as skin corrosives and toxicity accidents usually unavoidable when
skin permeability is tested, skin permeability prediction
using chemical structural properties by different algorithms
are investigated thoroughly. Barratt [13] developed an improved QSAR model for the prediction of human skin
permeability coefficients using multiple regression analysis,
and predicted skin corrosivity using in vitro cytotoxicity
measurements [20-22].
In this paper, new and complex theoretical molecular
descriptors were introduced in skin permeability QSPR
models. The data set was divided into training and test set
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based on K-means clustering technique, then stepwise MLR
and PLS statistical methods were applied to develop the
predicting model of skin permeability coefficients. Comparison had been made between the established models, and
effects of theoretical descriptors on permeability were explained.

hydrophobicity alogP, logKow, melting point, molecular
volume), quantum (total energy) descriptors as well as
different topological parameters (mean Wiener index, Harary
index, average of estate values, Xu index, Balaban Index,
log of Superpendentic index). All the 16 listed descriptors
(Table 2) were calculated by MODEL (provider: Molecular Descriptor Lab (http://jing.cz3.nus.edu)). Each molecule
was geometry-optimized using MM2 in ChemOffice 2005.

MATERIALS AND METHODS

In order to gain statistically robust QSPR models, the
data set was classified into clusters by using K-means clustering technique. K-means clustering is one of the best
known non-hierarchical clustering technique to divide
different objects into groups, in which clusters are started
randomly, and then cluster means are calculated in the descriptor space. The data set was finally divided into training
and test sets composed of compounds from all clusters.
QSPR models were developed using the training set com-

The studied 84 organic chemicals provided by Flynn
are obtained from literature [13]. The general chemical
names and the corresponding kp values are presented in
Table 1.
The analyses were performed using electronic (dipole
moment, charge polarization, local dipole index), physicochemical (molecular weight, molecular polarizability,

TABLE 1 - Date set for skin permeability coefficients (experimental and predicted ones).
NO.

Name

1
Aldosterone
2
Amobarbital
3
Atropine
4a
Barbital
5
Benzyl alcohol
a
6
4-Bromophenol
7
2,3-Butanediol
8
Butanoic acid
9
n-Butanol
10
Butan-2-one
11
4-Chloro-o-cresol
12
2-Chlorophenol
13
4-Chlorophenol
14
Chloroxylenol
15
Chlorpheniramine
a
16
Codeine
17
Cortexolone
18
Cortexone
19
Corticosterone
20
Cortisone
21
o-Cresol
22
m-Cresol
a
23
p-Cresol
24
n-Decanol
25
2,4-Dichlorophenol
26
Diethylcarbamazine
27
Ephedrine
28
ß-Oestradiol
29
Oestriol
30
Oestrone
31
Ethanol
32
2-Ethoxyethanol
33
Ethylbenzene
34
Ethyl ether
35
4-Ethylphenol
36
Etorphine
37
Fentanyl
38
Fluocinonide
a
39
Heptanoic acid
40
n-Heptanol
41 a
Hexanoic acid
42
n-Hexanol
a
Compounds in the test set.

logkp
(Exp.)
-5.52
-2.64
-5.07
-3.95
-2.22
-1.44
-4.40
-3.00
-2.6
-2.35
-1.26
-1.48
-1.44
-1.28
-2.66
-4.31
-4.13
-3.35
-4.22
-5.00
-1.80
-1.82
-1.75
-1.10
-1.22
-3.89
-2.22
-3.52
-4.40
-2.44
-3.10
-3.60
0.08
-1.80
-1.46
-2.44
-2.25
-2.77
-1.70
-1.50
-1.85
-1.89

logkp(Pred.)
MLR
PLS
-4.28
-4.42
-3.25
-2.80
-4.34
-4.63
-4.12
-3.34
-2.33
-2.40
-1.34
-0.80
-3.88
-4.09
-2.61
-2.64
-2.15
-2.29
-3.05
-2.56
-0.99
-1.10
-1.65
-1.58
-1.42
-1.40
-1.43
-1.52
-1.66
-2.03
-3.88
-4.24
-3.72
-4.00
-2.84
-3.09
-3.89
-4.09
-4.86
-4.87
-1.62
-1.48
-1.63
-1.41
-1.74
-1.60
-1.01
-1.03
-1.20
-1.42
-5.09
-4.22
-3.01
-2.97
-2.98
-3.30
-3.48
-4.05
-3.73
-3.95
-2.53
-3.41
-3.44
-3.91
-0.65
-0.35
-2.17
-1.94
-1.67
-1.57
-3.08
-3.43
-2.18
-2.70
-3.06
-2.36
-1.90
-1.87
-1.37
-1.37
-2.17
-2.14
-1.72
-1.70

NO.
43
44 a
45
46
47
48
49
50
51
52
53
54 a
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

838

Name
Hydrocortisone (HC)
HC Hemisuccinate
HC Hexanoate
HC Octanoate
HC Pimelamate
HC Propionate
HC Succinamate
Hydromorphone
Hydroxypregnenolone
17-Hydroxyprogesterone
Isoquinoline
Meperidine
Methyl HC Succinate
Methyl HC Pimelate
Morphine 4-OH-Benzoate
2-Naphthol
Naproxen
Nicotine
Nitroglycerine
3-Nitrophenol
4-Nitrophenol
NDELA
n-Nonanol
Octanoic acid
n-Octanol
Pentanoic acid
n-Pentanol
Phenobarbital
Phenol
Pregnenolone
Progesterone
n-Propanol
Resorcinol
Salicyclic acid
Scopolamine
Styrene
Sucrose
Testosterone
Thymol
Toluene
2,4,6-Trichlorophenol
3,4-Xylenol

logkp
(Exp.)
-5.52
-3.20
-1.75
-1.21
-3.05
-2.47
-4.59
-4.82
-3.22
-3.22
-1.78
-2.43
-3.68
-2.27
-5.03
-1.55
-3.40
-1.71
-1.96
-2.25
-2.25
-5.22
-1.22
-1.60
-1.28
-2.70
-2.22
-3.34
-2.09
-2.82
-2.82
-2.85
-3.62
-2.20
-4.30
-0.19
-5.28
-3.40
-1.28
0
-1.23
-1.44

logkp(Pred.)
MLR
PLS
-4.52
-4.68
-3.23
-3.18
-2.20
-2.35
-1.31
-1.52
-3.85
-3.75
-3.18
-3.29
-4.44
-4.34
-4.79
-5.19
-2.57
-2.83
-3.85
-3.87
-2.02
-1.90
-2.26
-2.40
-3.31
-3.19
-2.73
-2.65
-4.49
-4.83
-1.77
-1.94
-2.78
-3.18
-3.07
-2.82
-1.52
-2.59
-2.89
-2.48
-3.01
-2.40
-4.70
-5.58
-1.09
-1.09
-1.71
-1.69
-1.43
-1.38
-2.46
-2.44
-1.84
-1.88
-3.59
-3.18
-1.96
-1.61
-2.98
-3.14
-2.47
-2.51
-2.39
-2.75
-3.21
-2.73
-2.58
-2.48
-3.74
-3.83
-0.69
-0.62
-6.16
-5.95
-2.48
-2.68
-1.12
-1.07
-0.72
-0.36
-0.73
-1.11
-1.80
-1.71

© by PSP Volume 19 – No 5. 2010

Fresenius Environmental Bulletin

tained. The predictive capacity of the models is judged
based on the predictive R2 (R2pred) values calculated according to the following equation:

TABLE 2 - List of theoretical molecular structural descriptors.
Descriptors
MW
Dipole
CP
LDI
aLogP
MP
MWI
Har
AE
Xu
J
LSI
TE
MV
logKow
Mp

Definitions
Molecular weight
Dipole moment
Charge Polarization
Local dipole index
Hydrophobicity
Molecular polarizability
Mean Wiener index
Harary index
Average of Estate values
Xu index
Balaban Index
Log of Superpendentic index
Total energy
Molecular volume
Log of octanol-water partition coefficients
Melting point

R

2
pred

∑ (Y
= 1−
∑ (Y

(Test )

− Y(Test ) )

2

pred (Test )

2

− Ytraining )

in which, Ypred(Test) and YTest, respectively, represent
predicted and observed values of the test set compounds
and

Ytraining

is the mean activity value of the training set.

A predicting model is considered to possess high predictive power only if the R2pred is greater than 0.6 for the test
set [23].

pounds (76 compounds) optimized by Q2, and predictive
capacity of the models was judged based on R2pred of the
test set (8 compounds) based on stepwise-MLR analysis
and PLS chemometric tools. Stepwise-MLR and K-means
clustering were performed by statistical software Minitab
15, while the program SIMCA-P was used for PLS of the
dataset. During the PLS analysis, the models were optimized by deleting the smallest Variable Importance for the
Projection (VIP) values until the best Q2 was obtained.
Subsequently, the PLS model for the combined set of the
resulting descriptors was developed.
In stepwise MLR, a multiple-term equation is built by
adding or removing a predictor variable step by step according to certain stepping criteria until a specified maximum
number of steps have been reached. It assumes that there
is only one best subset of X variables, and seeks to identify it, which limits the accuracy of stepwise-MLR. PLS
regression is a statistical method that bears some relation to
principal components regression to gain a linear model by
projecting the predicted variables and the observable variables to a new space. Because both the X and Y data are
projected to new spaces, the PLS method can build bilinear
factor models.
The statistical quality of the multiple regression equation was examined by parameters including square of correlation coefficient (R2), square of adjusted correlation coefficient (R2adj), standard error of estimate (S) and mean square
ratio (F). The generated QSPR equations were validated by
leave-one-out statistics, and then the cross validation (Q2)
and predicted residual sum of squares (PRESS) can be ob-

RESULTS AND DISCUSSION
Data set division by K-means clustering technique. The
experimental results in Table 1 showed that the range of
skin permeability coefficient logkp was from 0.48 to 6.08.
The data of 84 compounds were divided into training set
and test set. Division of the data set into training and test
sets was not random, but performed based on K-means
clustering technique. The whole data set was divided into
5 clusters and serial numbers of compounds of different
clusters are shown in Table 3. A test set of 8 compounds
were selected. In order to obtain QSAR model with more
reliable predictive ability, external validation was used in
model development.

In stepwise MLR method, a multiple-linear equation was built step by step. Firstly, an initial model is recognized, and then it is repeatedly altered
by adding or removing a predictor variable according to
“stepping criteria”(F=4 for inclusion and F=3.25 for exclusion). At each step, all variables are assessed and evaluated to determine important descriptors. When the stepping process was terminated, the following equation with
6 descriptors including Mp, alogP, Dipole, Xu, Har, and
logKow was obtained:
Stepwise MLR model.

logkp = – 1.56 – 0.153 Dipole – 0.259 alogP + 0.0385
Har– 0.543 Xu + 0.976 logKow – 0.00626 Mp
(2)
ntraining = 76, R2 = 0.823, R2adj = 0.808, S = 0.584, F =
41.70, P = 0.000, PRESS = 31.7399, ntest = 8, R2pred =
0.947.

TABLE 3 - Serial numbers of compounds under different clusters.
Cluster
No.

Number of compounds in cluster

1

32

2
3
4

8
9
11

(1)

Serial numbers of compounds
5,6,9,11,12,13,14,21,22,23,24,25,27,33,34,35,39,40,42,53,58,60,65,
66,67,69,71,78,81,82,83,84
2,4,61,62,63,70,76,79
38,44,45,46,47,48,49,55,56
7,8,10,26,31,32,41,64,68,74,75
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1,3,6,16,17,18,19,20,28,29,30,36,37,43,50,51,52,54,57,59,72,73,77,80

The model fitting results are listed in Table 1. The
predicted R2 (R2pred) value for the test set (8 compounds)
was 0.947. Figure 1 displayed the normal probability plot
of logkp. The standardized residuals of stepwise MLR
model represented well-fitted results for training set. The
dipole moment (Dipole), hydrophobicity alogP, melting
point (Mp) of 76 organic compounds had negative impact
on the skin permeability coefficient, while the increase in
Harary index (Har) and logKow enhanced the skin permeability.
99.9

Percent (%)

99
95
90
80
70
60
50
40
30
20
10
5

permeability coefficients, according to their coefficients in
equations (2) and (3). Partition coefficients logKow were
presented both in stepwise MLR model and PLS regression model, indicating that the skin permeability increases
with increasing logKow, in agreement with the results in
literature [13, 25]. Electronic descriptor Dipole, topological parameter Harary index (Har) and physicochemical
descriptor melting point (Mp) negatively contribute to skin
permeability coefficient. Melting point of compounds
may contribute to organic compounds` solubility, and
influence the skin penetration process. The addition of
topological parameters, such as average of estate values
(AE) and log of Superpendentic index (LSI) improve the
prediction ability of PLS model. The established QSPR
models provide more accurate estimates of skin penetration
than that by Barratt [13] for a wide variety of chemicals.
50
45
40

1

35

0.1
-1

0

1

2

VIP values

-2

Standardized residual

FIGURE 1 - Normal P-P plot regression standardized residual
PLS regression model. PLS regression is an ideal technique when the number of variables is large. To obtain a
suitable QSPR equation, leave-one out method is used to
select optimum number of principle components to avoid
over-fitting. Variables with smaller VIP values were removed from PLS analysis regression until there was no
further improvement in leave-one-out cross validation Q2
value. Eleven components were determined by Software
SIMCA-P and PLS equation was obtained as follows:

logkp = – 0.255 – 0.127 Dipole + 24.6 CP + 0.053 MP
+ 0.014 Har – 1.94 AE – 1.29 Xu + 0.080 LSI – 0.00186
TE – 0.00413 MV + 0.774 logKow – 0.00691 Mp
(3）
ntraining = 76, R2 = 0.806 R2adj = 0.857, S=0.505, Q2 =
0.878, F = 63.80, P = 0.000, PRESS = 25.8896 ntest = 8,
R2pred = 0.892.
In a PLS model, variable importance in the projection
(VIP) is a parameter showing the influence on dependent
variable of each independent variable. According to the VIP
values of eleven descriptors (Figure 2), the octanol-water
partition coefficients logKow appeared as the most significant descriptor, followed by Dipole and LSI ones.
Generally, hydrophobic coefficient (AlogP) and octanol-water partition coefficients (logKow) are the important molecular descriptors for activity prediction. Examining the models, the descriptors of Dipole, Har, Xu,
logKow and Mp, which appeared in both the stepwise
MLR and PLS models, had the same impacts on the skin

30
25
20
15
10
5
0
Dipole CP

MP Har

AE

Xu

LSI

TE

Mv logP Mp

Descriptors
FIGURE 2 - VIP values of descriptors in PLS model.

In one word, the two QSPR models are expected to
give accurate predictions of in vitro human skin permeability coefficients within constraints of the dataset discussed above, and the combination of literature and structural descriptors are effective in skin irritation QSPR prediction.
CONCLUSIONS
Using theoretical molecular descriptors, two optimal
QSPR models were obtained for skin permeability by MLR
and PLS method, respectively. Data set was divided into
training set and test set by K-means clustering technique
to gain statistically robust QSPR models. The descriptors
used in the QSPR models reflect that hydrophobic properties of organic compounds dominate the skin permeability, but also the electric dipole moment and topological parameters, such as Harary index and Xu index, melting point
and logKow, have great influence on the skin permeation of
organic chemicals. Compared to the stepwise MLR, the
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model developed by PLS had higher correlative but lower
predictive capabilities in terms of Q2 (0.878) and R2pred
(0.892). QSPR models predicted skin permeability coefficients with high accuracy within constraints of the dataset
discussed above, and the combinations of electronic, spatial,
thermodynamic and topological descriptors are effective for
QSPR modeling skin irritation prediction.
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ABSTRACT
Arsenic (As) uptake and distribution in the roots, shoots,
and grain of wheat (Triticum durum) grown in 2 As polluted
soils (192 and 304 mg kg-1 respectively), and an uncontaminated soil (14 mg kg-1), collected from Scarlino plain
(Tuscany, Italy), was investigated with respect with phosphorus fertilization. Three different level of phosphorus (P)
fertilization: P0 [0 kg ha-1], P1 [75 kg ha-1], and P2 [150 kg
ha-1], as KH2PO4 of P, were applied. The presence of high
concentrations of As in soils reduced plants growth, decreased grain yield and increased root, shoot and grain As
concentrations, especially in the absence of P fertilization.
The P fertilization decreased the As concentration in all the
tissues as well as the translocation of As to the shoot and
grain. This observation may be useful in certain areas of the
world with high levels of As in soils, to reduce the potential
risk posed to human health by As entering the food-chain.

KEYWORDS:
Arsenic; Polluted soils; Uptake; P fertilization; Wheat.

INTRODUCTION
There is increasing concern worldwide regarding the
contamination of soil with arsenic (As), and the potential
risk to human and environmental health arising from such
contamination [1]. As contamination of soil can occur as a
result of both natural sources and anthropic activities, including the use of arsenical pesticides and herbicides, atmospheric deposition, mining activity, waste disposal, and
other sources [2]. As is not an essential element for plants,
but interferes with plant metabolism, inhibiting plant growth
and crop yield [3-5].
As phytoavailability depends on As species, soil pH,
soil Eh, and the presence of soil components such as iron
and aluminum oxides, clay minerals and organic matter [6].

The effect of phosphate (Pi) on the sorption/desorption of
As in soil environments has received considerable attention, as Pi and arsenate, the dominant As species in aerobic soils, can compete directly for the sorption sites on soil
particle surfaces, and arsenate is a Pi root plasmamembrane
transporter analogue [7]. Therefore, Pi application to soil
may enhance the mobility of arsenate through competitive
anion exchange and potentially lead to the increased arsenate leaching from soils [8-10]. However, contradictory
reports have also been published showing that application
of Pi decreased the bioavailability of As in soils [11].
It has been demonstrated that Pi suppresses arsenate
uptake by rice [4], Lupinus albus [12], and the As-tolerant
plants Holcus lanatus [7], Cystus striatus [13], and Pteris
vittata [14, 15].
Much of the research on As in grain crops have focused on rice (Oryza sativa L.) [4, 16-18]. The work that
has been conducted on wheat is less extensive [19-20], with
limited information regarding soil-root, root-shoot and
shoot-grain assimilation and translocation [17]. In Tuscany,
Italy there is extensive soil contamination with As due to
base mining and processing activities [21]. Elevated As
concentrations have been reported for Scarlino, close to
Grosseto, in southwest Tuscany [22]. Wheat (T. durum) is
the main crop cultivated in this area. Grain is largely used
for human consumption and as poultry feed. Also, the straw
is used as fodder for cattle. In this study we present findings
on As phytotoxicity, uptake and partitioning between different plant parts (grain, shoot, root) in wheat (T. durum) growing in one uncontaminated and two contaminated soils from
Scarlino, in the presence or in the absence of P fertilization.
MATERIALS AND METHODS
The soils used in the experiments were collected from
the topsoil layer (0-25 cm) of two As-polluted soils (Vetricella and La Botte) and one unpolluted soil (Padula)
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collected from Scarlino, Tuscany. The physical and chemical properties of the soils are reported in Table 1. After
air-drying, the soil samples for wheat cultivation and
chemical analysis were passed through 5 and 2 mm mesh
sieves, respectively. Soil granulometric fractions were
separated by pipette and sieving, following pre-treatment
with H2O2 to oxidize organic matter. Soil pH was measured by potentiometry in distilled water (1:2.5 soil:water
ratio). Organic matter (OM) was determined by the
Walkley–Black procedure [23]. Amorphous iron oxides
(amorphous-Fe) were determined by ammonium oxalate
extraction method [24]. Crystalline iron oxides (crystalFe) were determined by the oxalate-ascorbic acid extraction method of Shuman [25]. Available P was extracted in
0.5 M NaHCO3 [26], and P concentration was determined
colorimetrically [27]. A five-step sequential extraction
procedure for As [28] was performed on contaminated soils
(Table 2). The first extraction step (F1), performed with
0.05 M (NH4)2SO4, represents the most labile As of the
procedure. The second extraction step (F2), with 0.05 M
NH4H2PO4, was used to assess the As fraction that can be
specifically replaced by phosphate. Even if not as easily
released as the first fraction, this one can also be considered
as labile As. The following steps included extractions with
0.2 M ammonium oxalate at pH 3, in the dark (F3); with
ammonium oxalate and ascorbic acid, in the light (F4); and
an acid digestion with HNO3 65% and HF 50% (F5). These
three final fractions, representing As bonded to amorphous
(F3) and crystalline (F4) hydrous oxides of Fe and Al, and
residual As (F5), can be considered as nonlabile As. The
sequential extraction was carried out in triplicate on 1 g of
soil in 50-ml polypropylene centrifuge tubes to facilitate
washing of the soil after each extraction thus minimizing
any loss of the solids. The supernatants were separated by
centrifugation (1700g) and filtered through 0.45-µm filters. The total soil arsenic concentration was determined
by digesting the soils with concentrated HNO3 and HF at
5:1 ratio. Total As con-centrations of soil extracts and digests were determined by hydride generation-inductively
coupled plasma spectrometry (HG-ICP – AES, Varian,
Liberty 150).

thesis with soils at different As content received three P
treatments, and each treatment replicated 4 times to give a
total of 36 pots The design was completely randomized
and re-arranged every day.

Wheat growing conditions

Physicochemical characteristics of soils and soil As distribution

Experiments were conducted from November 2006 to
June 2007 in an unheated greenhouse. Series of twelve pots
were filled with 7 kg of each of the three soils with different arsenic content. Wheat (T. durum cv Creso) plants were
sown directly in pots at a density of 10 seeds per pot.
Fourteen days after sowing the seedlings were thinned to
3 plants per pot. All the pots were fertilized every 2 weeks
with 80 mL of nutrient solution containing 29.1 mM N
as NH 4 NO 3 and 25 mM K as K2SO4. One third of the
pots did not receive any phosphorus in the nutrient solution (P0 treatment); another third of the pots received
2.8 mM P as K2HPO4, corresponding to a fertilizer distribution of 75 kg ha-1 of P (P1 treatment); the last third of
the pots received 5.6 mM P (150 kg ha-1) included in the
nutrient solution (P2 treatment). Thus, each of the three

Seven months after sowing, wheat plants were harvested by cutting the stem 3-4 cm above the soil. Wheat
spikes were collected and dried at 70°C to constant weight.
The spikes were then dehusked by hand and the weight of
the grain was recorded for each pot. Shoots and roots were
washed with tap water and then rinsed twice with deionized
water. The dry weights of the roots and shoots were determined after oven drying at 70°C for 48 h. Roots, shoots,
and grain were analyzed for total concentration of As. All
samples were ground using a PM 200 ball mill (Retsch)
and were digested in a microwave (Milestone, Digestor/
Dring Ethos 900). A sample of about 0.5 g was accurately
weighted into a PTFE pressure vessel and 7 mL of HNO3
(65%), 0.5 mL of HF (50%), and 2 mL of H2O2 were added.
All glassware and plasticware were previously acid-washed
with 3M HCl, and rinsed with deionized water. As concentrations in roots, shoots and grain were determined by flowinjection hydride generation atomic absorption spectrometer using a Perkin-Elmer AAnalist 700 interfaced with a
FIAS 100 hydride generator. Hydride generation was used
for roots, shoots and grain samples due to the lower detection limits of this technique (0.5 µg L-1). All analyses were
carried out in triplicate. In each analytical batch at least, one
reagent blank and one internationally certified reference
material (CRM), oriental tobacco leaves CTA-OTL-1, was
included to assess precision and accuracy of the chemical
analysis.
Statistical analysis

Data analyses were performed with Kaleidagraph 3.6.
Treatment effects were determined by analysis of variance.
Differences were considered as statistically significant at p
< 0.05 (Tukey’s test).
RESULTS AND DISCUSSION

The soils investigated in this study originated from
sites where As contamination was due to high As content in
the geological materials and to mining and industrial activities [29]. A powerful plant for production of sulphuric acid
from pyrite roasting was installed in 1962. The plant used
ore from mines in the Colline Metallifere, 15 km west of
Scarlino plain. In the last 20 years it has become evident
that a large area around the industrial site is heavily contaminated by As compounds (up to 1290 mg kg-1 in soil
and 2700 µg l-1 in ground water). The total As concentrations in the two polluted soils were clearly higher than Italian regulatory limits of As contamination in agricultural soils
(20 mg kg-1) [30]. The highest As concentrations was observed in La Botte soil (304 mg kg-1) (Table 1). The pH of
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the soils varied from neutral (Vetricella) to alkaline values
(Padula and La Botte), had low to medium concentration
of organic matter (16-40 mg kg-1) and similar soil texture,
characterized by the same percentage of sand, silt and clay,
except for Vetricella, where we found a higher percentage
of sand (Table 1). It is interesting to note that available P
was low, especially in the most polluted soil (Table 1). Other
soil properties are outlined in Table 1. Despite the criticisms
associated with the fractionation procedure, it provides
useful information on arsenic mobility and availability in
soils [28]. Arsenic distributions in the five fractions based
on sequential extraction are shown in Table 2. Among the
five fractions, the F1 (non-specifically bound) and F2 (specifically bound) fractions are considered to be the most
plant-available, whereas F5 is the least plant-available. The
sum of the F1 and F2 fractions was small for each polluted soil and constituted 6.9 and 11.3% of the total arsenic
in the Vetricella and La Botte soils, respectively. Interestingly, for La Botte soil, besides having ascertained the
highest concentration of total arsenic, it was found the
highest As availability, considering the sum of the F1 and

F2 fractions (31.1 mg kg-1). In this soil, higher soil pH values could favour As desorption from soil colloids [1], increasing the available fractions of As in soil solutions respect to Vetricella soils. However, As in these soils was primarily associated with the Fe and Al oxides/hydroxides
(F3-F4: 17.5-58 and 33.9-51% in the Vetricella and La
Botte soils, respectively). These results are not surprising,
as similar distributions have been reported in previous
studies of contaminated soils [28, 31-32].
Plant growth and As toxicity

It was observed that plant biomass decreased markedly with increasing As concentration in soils (Table 3). For
plants grown without P addition (P0 treatment) there was
a decrease in biomass production of 11%, 58%, and 60%
compared to the plants that received P1 fertilization and of
16%, 65%, and 69% with respect to the plants with P2 fertilization (Table 3), in Padula, Vetricella and La Botte soils,
respectively. These findings are comparable to results
reported for rice [4] and wheat [33].

TABLE 1 - Selected physical and chemical properties of the soils
Soil

pH (H2O)

Organic matter

Sand
Silt
Clay
Feo
Alo
Feasc
Alasc
P2 O5
g kg-1
mg kg-1
Padula
8.0
32.0
321
341
339
2834
1008
9140
1210
44.8
Vetricella
6.7
16.0
482
270
248
2860
728
7100
1020
20.3
La Botte
8.1
40.0
293
365
342
5077
1115
9310
1380
16,9
Abbreviation : Feo, Alo stand for Fe and Al extracted by NH4-oxalate; Feasc and Alasc stand for Fe and Al extracted by Oxalate-ascorbic acid.

As
14
192
304

TABLE 2 - Fractionation of arsenic in polluted soils (Vetricella, La Botte).
Soil

F1

F2

F3

Padula
Vetricella
La Botte

0.1
0.4

12.6
30.7

32.2
93.5

F4
As mg kg-1
107.5
140.7

F5

ΣF

Total

% recovery

19.7
10.6

184.0
275.9

14.0
192.0
304.0

95.8
90.7

TABLE 3 - Root, shoot, grain, total biomass and root/shoot ratios in a wheat (Triticum durum cv Creso)
grown in unpolluted (Padula) and polluted (Vetricella, La Botte) soils at three levels of P fertilization.
Root

Shoot

Grain

Total

Root/shoot

g pot-1
P0 treatment
Padula
Vetricella
La Botte

2.20 ± 0.10b
0.60 ± 0.05f
0.36 ± 0.04f

12.80 ± 0.60bc
6.50 ± 0.40f
4.20 ± 0.20g

21.20 ± 1.20b
3.00 ± 0.20f
2.10 ± 0.10f

36.20
10.10
6.66

0.172 ± 0.0001b
0.092 ± 0.0006e
0.086 ± 0.0060e

P1 treatment
Padula
Vetricella
La Botte

2.60 ± 0.20a
1.40 ± 0.10cd
1.00 ± 0.10e

14.40 ± 1.05ab
9.60 ± 0.60de
6.90 ± 0.55f

23.60 ± 1.00a
13.20 ± 0.73cd
8.60 ± 0.45e

40.60
24.20
16.50

0.181 ± 0.0006a
0.146 ± 0.0015d
0.145 ± 0.0024d

P2 treatment
Padula
Vetricella
La Botte

2.80 ± 0.20a
1.70 ± 0.10c
1.20 ± 0.10de

15.80 ± 1.30a
11.00 ± 0.50cd
8.20 ± 0.40ef

24.50 ± 1.20a
16.00 ± 0.82c
12.40 ± 0.50de

43.10
28.70
21.80

0.177 ± 0.0032ab
0.154 ± 0.0021c
0.146 ± 0.0050cd

Site
P fertilization levels
Interaction

P<0.0001
P<0.0001
P<0.05

P<0.0001
P<0.0001
P<0.001

P<0.0001
P<0.0001
P<0.0001
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Data are expressed as mean values ± SD (n=4) and have been analyzed by two-way analysis of variance. Means followed by the same letter within
columns are not significantly different by Tukey’s test at the 5% level.

Root biomass decreased significantly (p < 0.001) with
increasing concentration of As in soils. In P0 plant series,
it decreased by 72%, and 83.6%, respectively in Vetricella
and La Botte, compared to plants grown in unpolluted soil.
Pi application significantly increased root biomass in all
soils and treatments, ameliorating the toxic effects of As in
these soils. The interaction between As and P on the growth
response was significant in shoots. The shoot biomass (shoot
plus leaf biomass) decreased with increasing concentration of As in soils, especially in the P0 plants (Table 3), but
P addition, both in P1 and P2 treatments, ameliorated the
effects of As.
The grain yield of wheat was greatly affected by the
application of Pi, ranging from 24.5 to 12.4 g pot-1 for the
P2 treatment; from 23.6 to 8.6 g pot-1, P1 treatment; 21.20
to 2.10 g pot-1, P0 treatment (Table 3). For the non contaminated soil (Padula), the difference between P2 and P0
treatment was lower (14%) than for the two polluted soil,
especially La Botte soil, where the increases in grain yield
with respect with P0 treatment were 76% for P1 treatment
and 84% for P2 treatment. In the unpolluted soil there was
no effect of P fertilization on root/shoot ratios, while for
the As polluted soils a clear decrease in root/shoot ratios was
observed for P0 plants compared with the P-fertilized plants
(Table 3). According to our results, root biomass production responded more strongly to increasing soil As concentration compared to the shoot, especially in P0 plants.
Similarly, Liu et al. [33] reported a significant decline in
root biomass production in wheat seedlings with an increase
in arsenite and arsenate concentrations for all six varieties of
Triticum aestivum studied. In the experiments reported here,
in the presence of P supply, high As concentrations in the
soils determined a moderate inhibition in wheat growth, including grain yield, especially at the highest P supply, compared to wheat growth in P0 treatment. P has a protective
effect with respect to As toxicity in wheat plant, particu-

larly in La Botte soil, characterized by low P availability
(Table 1). Studies on As toxicity have shown that plant
species not resistant to As suffer considerable stress upon
exposure, with symptoms ranging from inhibition of root
growth to plant death [3, 34, 35]. Arsenate acts as a Pi analogue and is transported across the plasma membrane via
a Pi cotransport systems [36]. Once inside the cytoplasm
arsenate competes with Pi, for example replacing Pi in ATP
to form unstable ADP-As, leading to the disruption of energy flows in cells [37]. Non-resistant plants can be made
more resistant to arsenate by raising their phosphorus status,
as Pi is taken more effectively compared to arsenate [7, 38].
Also, in arsenate resistant plants with high P status a reduced sensitivity to As has been observed, which is not due
to a difference in arsenate influx, but is presumably a result
of higher cytoplasmatic Pi status, decreasing arsenate toxicity within the cell [37]. The effects of P nutrition on the
mitigation of arsenate toxicity symptoms seem to be: 1) high
plant P status leads to a down-regulation of the arsenate/Pi
plasma-lemma transporters; 2) high cellular Pi levels
results in greater competition with arsenate for biochemical
processes where arsenate substitutes for Pi [39].
Arsenic in wheat roots, shoots and grain

As concentration in wheat root, shoot and grain increased significantly with the increase of total As concentrations in polluted soils and As concentrations of F1 and
F2 fractions (labile fractions) (Table 4). In fact, the total
As and the sum of the F1 and F2 fractions were highly
correlated with As root concentrations (r = 0.976 and r =
0.897, respectively) as well as with shoot (r = 0.958 and r
= 0.745) and grain concentration (r = 0.870 and r = 0.674)
in P0 treatment. High correlation coefficients were found
also for As bonded to amorphous (F3) and crystalline (F4)
hydrous oxides of Fe and Al (r = 0.855 and r = 0.998,
respectively), but not for residual fractions. The results

TABLE 4 - Total As concentration (mg kg-1) in roots, shoots, grain, ratios of As root to shoot and grain to root concentrations of
wheat (Triticum durum cv Creso) grown in unpolluted (Padula) and polluted (Vetricella, La Botte) soils at three levels of P fertilization.
Roots

Shoots

Grain

As root/shoot

As grain/shoot

P0 treatment
Padula
Vetricella
La Botte

0.30 ± 0.02f
5.12 ± 0.12b
6.20 ± 0.20a

0.20 ± 0.02e
2.20 ± 0.10b
2.45 ± 0.05a

0.03 ± 0.01e
0.59 ± 0.04b
0.68 ± 0.03a

1.5 ± 0.05ef
2.3 ± 0.05b
2.5 ± 0.03a

0.15 ± 0.04c
0.27 ± 0.01ab
0.28 ± 0.01a

P1 treatment
Padula
Vetricella
La Botte

0.28 ± 0.02f
3.30 ± 0.10d
4.20 ± 0.14c

0.20 ± 0.02e
1.80 ± 0.10d
2.00 ± 0.06c

0.03 ± 0.01e
0.48 ± 0.03c
0.50 ± 0.02c

1.4 ± 0.04ef
1.8 ± 0.05d
2.1 ± 0.01c

0.15 ± 0.04c
0.27 ± 0.01ab
0.25 ± 0.01ab

P2 treatment
Padula
Vetricella
La Botte

0.28 ± 0.02f
2.67 ± 0.12e
3.50 ± 0.10d

0.20 ± 0.01e
1.66 ± 0.08d
1.83 ± 0.08cd

0.03 ± 0.01e
0.38 ± 0.03d
0.39 ± 0.04d

1.4 ± 0.04ef
1.6 ± 0.01e
1.9 ± 0.03d

0.15 ± 0.04c
0.23 ± 0.01ab
0.21 ± 0.01b

Site
P fertilization levels
Interaction

P<0.0001
P<0.0001
P<0.0001

P<0.0001
P<0.0001
P<0.0001

P<0.0001
P<0.0001
P<0.0001

P<0.0001
P<0.0001
P<0.0001

P<0.0001
P<0.01
P= 0.143
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Data are expressed as mean values ± SD (n=4) and have been analyzed by two-way analysis of variance. Means followed by the same
letter within columns are not significantly different by Tukey’s test at the 5% level.

were almost the same in P1 and P2 treatments, although
the correlation coefficients were lower. Arsenic concentration in the roots increased particularly in the P0 treatment. By increasing As concentration in the soils As root
concentrations ranged from 0.28 to 3.50 in P2 plants and
from 0.30 to 6.2 mg As kg-1 in P0 plants (Table 4). Similar results were found in other studies investigating the
influence of P on As accumulation by wheat [19].
Shoot As concentrations also rose with increasing As
concentration in soil, more so for the P0 treatment. The
highest shoot As concentration (2.45 mg kg -1) was measured in the plants grown in La Botte soil in the absence of
P fertilization. Our results are in agreement with those reported in previous studies [3, 40]. Quaghebeur and Rengel
[40] found, in the non tolerant species Holcus lanatus, that
at increasing As concentration in solution, shoot As concentrations decreased at high P supply with respect with
low P supply levels. The ability of As to accumulate in
wheat has already been shown. Greenhouse pot experiments on wheat grown in soil spiked with 50 mg As kg-1
resulted in shoot levels of ~ 3 mg kg-1 d.wt [17]. In wheat
grown in As-polluted soil (range 53.8-709 mg kg-1), contaminated by the Aznalcollar mine spill, levels of ~ 20 mg
As kg-1 were detected in the shoots [41].
As concentration in grain in unpolluted soil (Padula)
was only ~ 0.03 mg kg-1 in all P treatments, increasing, in
the most polluted soil (La Botte), to 0.62, 0.50, and 0.44 mg
kg –1 in P0, P1, and P2 treatments respectively. These values
are similar or slightly higher compared to those found by
Williams et al [17] in wheat grain. They reported levels of
~ 0.21 mg kg-1 in Scottish (East Coast) wheat grain, where
the maximum soil As levels were of 18 mg kg-1, and of
0.50 mg kg-1 in English (Cornwall and Devon counties)
wheat grain, where the maximum As levels in soil was
201 mg kg-1. Greater As accumulation levels (0.74 mg kg-1)
were observed in south-eastern Asia wheat [42], which
was comparable to grain levels of 0.75, 0.71 and 0.69 mg
kg-1 found in wheat grown in a greenhouse experiment in
50 mg As kg-1 spiked soil [17].
Root-to-shoot ratios of As concentrations increased
by as the concentration of As in soil rose, both with or
without Pi addition, but these ratios decreased at increasing Pi addition, being 2.5 in P0 treatment, 2.1 in P1 treatment and 1.9 in P2 treatment in plants grown on La Botte
soil (Table 4). These results demonstrate that As concentrations in roots increased more rapidly than in shoots,
and that roots were more sensitive to P supply than shoots.
In this study, grain-to-shoot ratios ranged between 0.15 and
0.28. These values were similar to the median values found
by Williams et al. [17] for grain-to-shoot ratios in Scotland (0.24) and England (0.34) wheat grown in the field.
Phosphate addition tended to decrease grain-to-shoot ratios
of As concentrations, especially in P2 treatment, although
these ratios resulted always higher for the As-contaminated
soils than for the unpolluted soil. Slightly lower values were

observed in grain-to-shoot ratios of plants grown on the soil
with the highest As level (La Botte) compared with the
grain/shoot ratio observed for the plants grown in the
Vetricella soil with P1 and P2 treatments.
Williams et al. [17] reported that in wheat, in general,
higher shoot As levels were consistent with lower grain/
shoot ratios. These findings could indicate that at higher
levels of As in soil, As phytotoxicity results in reduced
growth rate and lower translocation of As and other nutrients from soil solution into the wheat grain. Similar results
have been reported for rice plants [18] and for tomato and
bean plants [43]. Moreover, P fertilization seems to limit
the translocation of As to the shoot and grain. These observations corroborate the reports by other workers [37]
that P restricted the transfer of As from soil to the aboveground plant organs. Also, P nutrition could be involved
in the decrease in reactive oxygen species and non-protein
thiols production, formed during exposure to As in the shoot
that cause tissue damage and lipid peroxidation, affecting
shoot-grain transfer. [44], in two different genotypes of rice
seedlings, found higher stress resulting from As exposure in
genotype with higher overproduction of enzymatic antioxidants and non-protein thiols.
The As content (µg) in each plant part was calculated
and is shown in Fig. 1. Arsenic content (µg plant -1) increased by as the concentration of As in soil rose, but more
markedly when P was added, contrary to what we have
seen for As concentration (mg kg -1) in each plant part. P
addition ameliorated As toxicity, increasing tissues concentration of P and thus promoting plant growth. Consequently,
As concentrations may be decreased by “tissue dilution” in
larger plants supplied with P. But improved growth includes also increased root surface for As uptake and hence
higher As uptake. However, slightly differences were
found between P1 and P2 treatments.
The most important path of human exposure to soil As
is via the consumption of foodstuffs. The risk of human
exposure to the soil As through the food-chain path depends on the ability of crops to take up soil As and transfer
it to edible parts, by key soil physicochemical properties
(e.g., pH, Eh, texture, Fe/Al/Mn oxides, P concentration) and
the daily consumption of the crop products. The World
Health Organization’s (WHO) recommended a provisional maximum tolerable daily intake (MTDI) of arsenic of 2
µg kg-1 bodyweight per day [45]. Thus, the permissible
daily intake of total As for an adult of 70 kg is 0.15 mg.
Wheat flour is the main ingredient of pasta (85%) and
bread (70%), which are consumed daily in Italy. The average daily consumption rates per person in Italy and also in
Tuscany, are approximately 80 g of pasta (www.pasta.it)
and 150 g of bread (www.agricolturaitalianaonline.gov.it/).
Arsenic daily intake from wheat will account 0.002 and
0.046 mg by pasta and 0.003 and 0.071 mg by bread if
wheat grain contained 0.03 (Padula) and 0.68 mg kg-1 of
As (La Botte, P0 treatment). The sum of the daily intake
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of total As from pasta and bread is approximately 0.005 mg
As (Padula, unpolluted soil) and 0.117 mg As (La Botte,

polluted soil). The latter value, although markedly higher
than that obtainable by wheat grown in unpolluted soil, is

Shoot

µg As/plant

20
15

P0

10

P1

5

P2

0
Padula

Vetricella

La Botte

Grain

µg As/plant

8
6

P0

4

P1
P2

2
0
Padula

Vetricella

La Botte

FIGURE 1 - Arsenic content in root, shoot and grain of wheat (Triticum durum cv Creso) grown
in unpolluted (Padula) and polluted (Vetricella, La Botte) soils at three levels of P fertilization.

still lower than the daily permissible intake of As (0.15 mg).
However, in this last case, very low possible As intake from
others foods (vegetables, meat, fish, eggs and milk) would
be enough to increase the daily intake of arsenic above the
limit value.
CONCLUSIONS

the consumption of crops grown on contaminated soils and
reduce yield losses.
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In the present study, although As was primarily bound
with Fe and Al oxides, plant growth was stunted in the two
contaminated soils in absence of P addition, especially in
the soil with the highest As concentrations in more labile
soil fractions and with low P availability. P fertilization may
reduce the effects of As toxicity, promoting plant growth
without increasing As concentrations in above-ground parts
of plants and limiting shoot to grain transfer, particularly at
highest P level. These findings could have important implications for human health and agricultural systems, since
they suggest that it may limit the ingestion of As through
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ABSTRACT	
 
This field investigation studied the effects of environmental factors on the seasonal dynamics and alternant succession of two cyanobacterial species, Aphanizomenon flosaquae and Microcystis aeruginosa from November 2008
to May 2009 in Dianchi Lake of China. Temperature, pH,
conductance, and transparency were measured in Fubao
Bay of Dianchi Lake every week. At the same time, dissolved oxygen and inorganic carbon, total nitrogen and
phosphorus, chlorophyll-a and phytoplankton biomass were
field-investigated. The results analyzed by CCA (canonical
correspondence analysis) indicated that temperature is the
most correlative impact factor on A. flos-aquae and M.
aeruginosa’s seasonal succession. Total nitrogen, total
phosphorus and transparency are the second correlation
factors. Temperature gradient experimentation in laboratory indicated that A. flos-aquae could grow under all of the
4 temperature conditions: 10, 15, 20 and 25 °C, but growth
of A. flos-aquae at 10 and 15 °C was slower than that at 20
and 25 °C. M. aeruginosa could not grow at 10 °C and
very slowly at 15 °C, but faster than A. flos-aquae at 20
and 25 °C. The result of the laboratory experimentation is
coincident with the field investigation. It suggests that temperature may be the dominating factor on the alternation
succession of A. flos-aquae and M. aeruginosa in Dianchi Lake.

KEYWORDS: Aphanizomenon flos-aquae, Microcystis aeruginosa, alternant succession, temperature

INTRODUCTION
Cyanobacterial blooms have become a worldwide environmental problem [1]. As we all know, high-frequency
occurrences of cyanobacterial blooms reduce the efficiency
of the water, destroy the balance of the ecosystem, and also
produce many kinds of cyanobacterial toxins which may be

harmful to public health. Consequently, the knowledge of
phytoplankton community variations may contribute to a
better understanding of driving factors of key species, helpful for formation of algal blooms. Many investigators studied cyanobacterial blooms by different aspects and methods [2-5]. Now, most of the studies consider that the occurrences of some cyanobacterial blooms are decided by
physiological, morphological and ecological attributes of the
species in the given environment [6], but the environmental
conditions, such as temperature, ray radiation and nutrition,
are important to regulate the key species [7-10]. Temperature was thought to be the most important factor influencing the phytoplankton’s growth and succession [11, 12].
Dianchi Lake (24°40´~25°02´N, 102°36´~103°40´E)
is a typical eutrophic lake and one of the 6 largest fresh
lakes in Yungui-plateau of southwest China. It has a surface area of about 300 km2 as well as mean depths of 4.4 m.
Dianchi Lake is located in a subtropical region. The annual
mean temperature is 15 °C, and the annual average sunlight
is 2400 h. Due to heavy pollution and nature conditions,
the lake all the year round suffers from extensive algal
blooms in recent years. In Dianchi Lake, cyanobacterial
blooms are dominant, especially M. aeruginosa and A. flosaquae alternatively successing. M. aeruginosa community
occurred from June to November every year, and its biomass reaches peak value in summer. When temperature is
declining in winter, biomass of M. aeruginosa decreases
gradually, reaching a minimum in January [13]. With M.
aeruginosa’s declining, A. flos-aquae community begins to
develop from February and reaches a maximum in March,
then generally persisting to May. The seasonal variation of
the forming cyanobacterial species is very obvious and
well-regulated in Dianchi Lake. In this eutrophic lake, when
nutrition and light are not the limiting factors, what are
those to drive the succession of both A. flos-aquae and M.
aeruginosa? This study investigated environmental factors affecting the alternate succession of A. flos-aquae and
M. aeruginosa, and we hypothesized temperature may be
the most dominating factor on this succession in Dianchi
Lake.
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MATERIALS AND METHODS
Field investigation

High frequency field investigation was carried out between November 2008 and May 2009 in Fubao Bay of
Dianchi Lake at sampling sites 1 (24°55'55.14"N, 102°41'
8.72"E), 2 (24°55'38.48"N,102°41'4.62"E) and 3 (24°55'
22.28"N, 102°41'1.57"E). Aim of the field investigation
was to find out how environmental factors change during
the alternate succession of A. flos-aquae and M. aeruginosa, and what is the most dominating factor. Water
samples were collected weekly from November to February, and four days a time from February to May during the
quick growth of A. flos-aquae. Temperature, pH, conductance, transparency, dissolved oxygen, dissolved inorganic
carbon, total nitrogen, total phosphorus, chlorophyll-a and
phytoplankton’s biomass were measured. Each site was
divided into surface-layer and under-layer (surface-layer
was 0.5 m under water surface, and underlayer was 0.5 m
above the bottom). Dissolved oxygen was measured in situ
using a YSI 550A dissolved oxygen meter. Temperature,
conductance and pH were measured by a YSI 63 pH/ conductivity/salinity/temperature meter. Total phosphorus (TP)
was analysed by ammonium molybdate-ascorbic acid
method with persulfate digestion in disposable polycarbonate
bottles in an autoclave at 120 °C for 45 min, and absorbance measured at 700 nm. Total nitrogen (TN) was digested with alkaline potassium persulfate and absorbance
measured at 220 and 275 nm. Water transparency was
measured with a 20-cm diameter black and white Secchi
disk. For chlorophyll-a measurements, 100 ml water sample was filtered through a Whatman GF/C glass fiber filter.

The filters were extracted using 95% alcohol in the dark for
24 h at 4 °C, and then, the extractive part was centrifuged
at 4500 rpm and the absorbance of supernatant was measured at 665 and 649 nm. For phytoplankton’s biomass, a 1 L
water sample was preserved with Lugol’s iodine solution
immediately after sampling and concentrated to 50 ml after
sedimentation for 48 h [14]. After complete mixing, 0.1 ml
of concentrated sample was counted directly in a 0.1 ml
counting chamber under the microscope at 400X magnification. The algal cells were counted on a cell-by-cell basis. In
addition, a series of CCA (canonical correspondence analyses) was performed using CANOCO 4.5 [15] to elucidate
the relationships between the phytoplankton and environmental variables along the study period.
Laboratory experimentation

Based on the field investigation’s results, a temperature gradient experimentation in laboratory was designed to
testify if temperature is the most dominating factor on the
succession of key species. Four temperatures were designed: 10, 15, 20 and 25 °C. A. flos-aquae and M. aeruginosa were cultured under all temperatures with a photon supply of about 25 µmol photons m−2s−1 on a 24 h
photoperiod, respectively. Each condition had 3 comparison ex-perimentations. OD665 and chlorophyll-a (Ultrospec 3000 UV/VIS spectrophotometer) as well as chlorophyll fluorescence (Phyto-PAM fluorometer [16]) were
measured every 2 days. Chlorophyll-a was measured by
mensurating OD665 and OD649 after extraction by 95%
alcohol for 24 h [17].
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FIGURE 1 - Map showing the location of the study fields.

RESULTS
Change of environmental factors during variation of both A.
flos-aquae and M. aeruginosa
Temperature

During the field investigation in Fubao Bay, the water
body temperature continuously declined from November
2008, and reached the lowest value (9.1 °C) at the end of
January 2009, but then increased again (Fig. 2). For each
sampling site, temperature of both surface and under layer
were identical, but temperatures among the 3 sites were
different (site 1: highest, site 3: lowest, difference between 3 sites: about 0.5 °C). With decreasing temperature,
biomass of M. aeruginosa declined, and after the lowest
temperature, with slow temperature increase, A. flos-aquae
biomass increased quickly. This indicated that temperature was correlated closely to succession of A. flos-aquae
and M. aeruginosa (Figs. 3 and 4). Dates of M. aeruginosa
community decline or A. flos-aquae community increase
lagged behind temperature decline (about 10-15 days after
the appearance of lowest temperature).

obviously as temperature. In addition, the ratio of N/P was
analyzed at site 3 (Fig. 5), showing that the trend of N/P
change was similar with temperature. Total N and P concentrations changed a likely biomass of the phytoplankton. It may be due to the fact that most of N and P was
stored intracellularly in phytoplankton.
CCA was used to elucidate the relationships between the
phytoplankton and environmental variables, and the results
indicate that temperature is most correlative with alternate
succession of A. flos-aquae and M. aeruginosa, Secondly,
total N, conductance, total P, and transparency are that in
turns (Fig. 6).
Biomass change of phytoplankton

TP, TN and N/P

Result of M. aeruginosa colony counting indicated the
amount was declining from November 2008 to February
2009 (Fig. 7). Finally, M. aeruginosa community collapsed
at the end of January 2009 when water body temperature declined to the lowest (ca 9.1 °C). Then, after transitory recruitment, the amount of M. aeruginosa colonies
rose rapidly from March 2009, showing that the community of M. aeruginosa developed.

The change of total N and P in Fubao Bay was similar
with temperature, which fell firstly and then rose, but not so

The A. flos-aquae community began to develop before
February in Fubao Bay, but rapidly dominated from middle

FIGURE 2 – Change of temperature in Fubao
Bay from November to May in the next year

FIGURE 3 - Numerical change of
A. flos-aquae in Fubao Bay in winter

FIGURE 4 – Numerical change of in M.

FIGURE 5 - Change of nitrogen- phosphorus
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aeruginosa cells in winter in Fubao Bay

at site three in Fubao Bay

FIGURE 6 - CCA of the relationships between the phytoplankton (A. flos-aquae and M. aeruginosa) and environmental
variables (temperature, pH, conductance, transparency, dissolved oxygen, dissolved inorganic carbon, total nitrogen, total phosphorus).

FIGURE 7 - Total amount of M.
aeruginosa colonies in Fubao Bay in winter

of February, when the water temperature was about 13 °C.
Furthermore, A. flos-aquae bloom appeared in April with a
mass of clubbed colonies in water (Fig. 3). At the end of
April, A. flos-aquae bloom disappeared and biomass of A.
flos-aquae decreased quickly when the temperature was
19.4 °C. At the same time, M. aeruginosa community appeared fleetly. M. aeruginosa substituted A. flos-aquae to
be the dominant species again in May 2009.
Effect of temperature on growth of A. flos-aquae and M.
aeruginosa in laboratory
Effect of temperature on biomass of A. flos-aquae and M.
aeruginosa

Laboratory experimentation indicated temperatureaffected growth of A. flos-aquae and M. aeruginosa (Fig. 8).
A. flos-aquae can grow under 10, 15, 20 and 25 °C, but
the growth at 10 and 15 °C is slower than at 20 or 25 °C.

Moreover, A. flos-aquae has a period of delay in growth
about 10 days at low temperatures, such as 10 and 15 °C.
M. aeruginosa cannot grow at 10 °C, grows very slowly at
15 °C, but grows faster than A. flos-aquae at 20 or 25 °C.
This indicates that results of laboratory experimentation
are coincident with those of field investigation. Temperature is the driving factor on the succession of A. flos-aquae
and M. aeruginosa. A. flos-aquae can grow at 10 °C, but M.
aeruginosa cannot. Furthermore, A. flos-aquae has a delay
in growth over a period of ca. 10 days at low temperature.
Gu et al. [18] also demonstrated that A. flos-aquae’s growth
needs a period of delay of about 6 to 8 days [18]. These experimental results demonstrate that growth dominance of M.
aeruginosa is at high temperature and that of A. flos-aquae
at low temperature. Consequently, A. flos-aquae was the
dominant species in winter, and then, with rising temperature, M. aeruginosa became the dominant species again.
Effect of temperature on photosynthesis of A. flos-aquae and
M. aeruginosa

Measure of chlorophyll fluorescence showed that value
of Fv/Fm (maximum quantum yield of photosystem II) declined at beginning of inoculation at 10 °C for A. flosaquae, and then slowly rose after 5 to 6 days. But for M.
aeruginosa, the value of Fv/Fm declined at last for 5 to
6 days , reaching zero in the end (Fig. 9).
Measure of chlorophyll fluorescence indicated temperature-affected photosynthetic activity of M. aeruginosa,
but for A. flos-aquae, the influence was not so distinct. To
M. aeruginosa, the values of Fv/Fm and ETR	
 (electron
transport rate) were high at 20 and 25 °C, indicating that
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its photosynthetic activity was not influenced at high temperature (Fig. 10). However, A. flos-aquae can grow at: 10,
15, 20 and 25 °C, although its photosynthetic activity declined at low temperature, but only inconspicuously.

In fact, Fv/Fm and ETR values are two important indicators about photosynthetic efficiency and photosynthetic
activity of PS II function. Due to the decrease of photosyn-

FIGURE 8 - M. aeruginosa and A. Flos-aquae`s growth curve under 10 °C (A), 15 °C (B), 20 °C (C) and 25 °C (D).
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FIGURE 9 - M. aeruginosa and A. Flos-aquae`s Fv/Fm curve under 10 (A), 15 (B), 20 (C) and 25 °C (D).

FIGURE 10 - M. aeruginosa and A. Flos-aquae`s ETR curve under 10 °C (A), 15 °C (B), 20 °C (C) and 25 °C (D).

thetic efficiency, growth of phytoplankton cell will be
slower, and also, the competitive advantage will be weaker,
but finally succession will occur. An inhibition of photosynthetic efficiency may interfere with the organization of
pigments and reaction centres of PS II at low temperature
[19]. From the result of both field investigation and laboratory experimentation, it cam be deduced that temperature
was the dominating factor during the succession of A. flosaquae and M. aeruginosa. Moreover, temperature may be
work on photosynthetic activity of phytoplankton to affect
the growth and succession.
DISCUSSION
Both A. flos-aquae and M. aeruginosa are species forming blooms in eutrophic water bodies. Because of many
different physiological, morphological and ecological characteristics, they evolved different adaptive strategies to the
environment [20-28]. A. flos-aquae and M. aeruginosa become the dominating species at different seasons, and alternate succession among both occurs in Dianchi Lake
every year. The knowledge of variation of phytoplankton
communities in Dianchi Lake may contribute to a better
understanding of driving factors of the key species. It is
wellknown that phytoplankton growth depends strongly
on water temperature, irradiance, and nutrient supply [29].
However, due to its eutrophication and a subtropical region feature, Dianchi Lake is not lacking of rich nutrient
supply and intensive irradiance. In an early field research,
we observed that the variation of the two key species in
Dianchi Lake has some relationship with the water body

temperature change. Temperature may be one of the main
driving factors of the succession of the key species in Dianchi Lake.
Tsujimura et al. [30] researched the growth of A. flosaquae isolated from Lake Biwa between 5-32 °C, and
demonstrated that A. flos-aquae can already grow at 8 °C;
but optimum temperature range was 23-29 °C. They also
found that A. flos-aquae cultured at 5 °C for 25 days retained the ability to grow. Our results of field investigations
showed that the time of A. flos-aquae community development was water temperature kept lower (Figs. 2 and 3).
In laboratory experimentation, A. flos-aquae can grow
under 10, 15, 20 and 25 °C, but M. aeruginosa cannot
grow at 10 °C, but grow very slowly at 15 °C. This indicates that A. flos-aquae growth during winter is due to its
low temperature tolerance rather than low temperature
preference. M. aeruginosa could not grow at low temperature. Compared with M. aeruginosa, the values of
Fv/Fm and ETR in A. flos-aquae, reflecting the organism’s photosynthetic activity, were higher at 10 °C (Figs.
9 and 10). This physiological feature enables A. flosaquae to dominate easily during lower temperature in
high densities by accumulating at the surface [31].
Collapse of M. aeruginosa community in winter was
for its low temperature intolerance, whereas increasing of
A. flos-aquae during winter was due to its low temperature
tolerance. Figs. 9 and 10 display that the photosynthetic
ability of M. aeruginosa is higher than that of A. flos-aquae
at high temperature conditions, which enables M. aeruginosa to regulate its quick growth.
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As we all know, temperature is a dominating environmental factor affecting photosynthetic ability. For example,
Guo [32] investigated orange’s photosynthetic ability at a
low temperature (10 °C). They found that its net photosynthetic rates, its light saturation point and apparent photosynthetic quantum yield decreased at low temperature, but
light compensation point and CO2 compensation point increased at the same time. Martin et al. [33] found that photosynthetic ability of tomato’s leafage declined at 10 °C for
the damnification of chloroplast and stoma. Zhang et al.
[34] researched on Haematococcu’s photosynthetic oxygen evolution rate at 10-35 °C, and found it increasing from
10-20 °C, and decreasing from 20-35 °C, and the maximal
photosynthetic oxygen evolution rate appeared at 20 °C.
Deng et al. [35] found that photosynthesis of Scrippsiella
trochoidea and Alexandrium tamarense were sensitivity to
temperature change, but photosynthetic ability cannot be
affected by temperatures between 17-25 °C, whereas out of
this region, it decreased rapidly. Warner et al. [36] demonstrated that fluctuations in the photosynthetic capacity of
tropical corals were highly correlated to seasonal patterns
of both temperature and light. Increasing temperature [37]
and light intensities [38] under laboratory conditions have
also been shown to increase net photosynthetic rates of ZX
and ZC in A. elegantissima. Su et al. [39] observed similar
trends for Potamageton crispus L. (a submerged plant of
Potamogetonaceae). Our results of laboratory experimentation show that temperature has an important effect on
photosynthetic ability of A. flos-aquae and M. aeruginosa.
A. flos-aquae and M. aeruginosa have different photosynthetic ability under the same temperature, but the former
has stronger photosynthetic ability than the latter under low
temperature, which contributes to a competition of A. flosaquae community in low temperature season.

this conclusion was a comparative cursory for the absent
research about accumulated temperatures on phytoplankton
nowadays. So, accumulated temperature should be concerned in future studies on the succession of A. flos-aquae
and M. aeruginosa in Dianchi Lake.
ACKNOWLEDGEMENT
The authors gratefully acknowledge the financial support from the project of knowledge innovation program of
CAS (KZCX1-YW-14-1) and the program of National
Science and Technology (2008ZX07102-005). We would
also like to thank Dr. Fengyi Chang, Yingcai Wang, Zhen
Wang and Mingming Hu for their excellent assistance in
field investigation.

At the same time, though temperature is a dominating
environmental factor on succession of A. flos-aquae and M.
aeruginosa in Dianchi Lake, the role of the other environmental factors, such as total N and P as well as N/P ratio,
should not be neglected on phytoplankton’s succession
(Figs. 5 and 6). Synergistic effects with temperature may
be occurring. However, it is not known what are the functioning chemical factors either influencing the process of
succession or the pattern of succession in an eutrophic lake.
During the fieldwork, we found that the biomass of A.
flos-aquae did not appear immediately when the lowest
temperature was reached, and both the date of M. aeruginosa community decline and the date of A. flos-aquae
community increase were delayed behind temperature decline (about 10-15 days after the appearance of lowest temperature). It is thought that the growth of A. flos-aquae needs
accumulated temperature. Due to absence of the research
about accumulated temperature on phytoplankton, a method
of botanical accumulated temperature calculation was used
in this study. According to botanical method, 10 °C is the
minimum temperature for growth. So, accumulated temperature for A. flos-aquae’s growth was calculated from
February 4th to 20th, and its value was 213 °C. Of course,
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ADSORPTION OF METHYL VIOLET ONTO
MULTI-WALLED CARBON NANOTUBES:
EQUILIBRIUM, KINETICS AND MODELING
Yunjin Yao*, Feifei Xu, Zhiwen Zhu, Zhongxiao Xu and Ming Chen
School of Chemical Engineering, Hefei University of Technology, Hefei 230009, P.R. China

ABSTRACT
Adsorption equilibrium and kinetics of methyl violet
onto multi-walled carbon nano-tubes were studied in a
batch system. Experiments were carried out as function of
contact time, initial concentration, and temperature. Langmuir, Freundlich and Temkin isotherm models were applied to experimental equilibrium data of methyl violet adsorption depending on temperature. The data fitted well with
the Langmuir isotherm. The maximum adsorption capacities
were found to be 32.87, 46.10, 58.01, and 71.76 mg/g at
0, 25, 45, and 60 °C. The adsorption data were modeled
using pseudo-first and second-order models. It was shown
that the second-order kinetic equation could best describe
the sorption kinetics. Thermodynamic parameters ΔH0, ΔS0
and ΔG9 have been calculated. Results suggested that methyl
violet adsorption on multi-walled carbon nano-tubes is a
spontaneous and endothermic process.

KEYWORDS: Adsorption; Carbon Nanotubes; Isotherm; Methyl
violet; Thermodynamics

The discovery of carbon nanotubes (CNTs) by Iijima
[2] added a new member to carbon family. Because of
their relatively large specific surface areas and easily modified surfaces, much attention has been paid to the adsorption
by CNTs, such as Zn2+ [3], Cd2+ [4], Pb2+ [5], Cu2+[6],
Cr6+[7], fluoride [8, 9], and dioxin [10]. Few investigations focused on the adsorption of organic pollutants on
CNTs, and simultaneous determination of the kinetics
equilibrium as well as thermodynamic parameters. Hence,
this study elucidates the kinetics equilibrium and thermodynamics of the adsorption of MV onto CNTs.
All these studies mentioned above show that CNTs
are promising adsorbents for organic pollutants. However,
mechanisms inside have rarely been discussed. Therefore,
in this paper, the solutions of MV as wastewater model and
multi-walled carbon nanotubes (MWNTs) as adsorbents
were chosen to disclose the mechanisms of adsorption. The
effects of MV concentration, temperature, and contact time
on the adsorption process have been investigated, which
will be suggestive to further studies on the removal of other
contaminants. Kinetics and thermodynamics studies have
been performed, and the results have been analyzed by
applying conventional theoretical methods.
MATERIALS AND METHODS
Materials

INTRODUCTION
Dyes are the major pollutants of wastewater from textile, leather, paper, printing, and cosmetics industries. Entering of colored effluents into rivers, upset biological activity,
so removal of dyes from waste effluents becomes environmentally important [1]. It is rather difficult to treat dye
effluents because of their synthetic origins and their mainly
aromatic structures, which are biologically non-degradable.
Among several chemical and physical methods, adsorption
process is one of the effective techniques that have been
successfully employed for color removal from wastewater.
The adsorption characteristics of dyes on various adsorbents
have been extensively investigated for many purposes involving separation and purification.

MWNTs were produced by chemical vapor deposition
using the carbon from acetylene cracking; iron nano-particles
embedded in mesoporous silica, prepared by mixing iron
nitrate solution and tetraethoxysilane in a sol-gel process,
were employed as the catalyst. The method of synthesis had
been described before [11]. The raw product contains the
aerogel support, catalyst particles, and a few amorphous
carbons (mostly as a coating on the catalyst nanoparticles)
as impurities. The as-grown MWNTs were purified using a
two-step purification procedure involving acid washing and
oxidation in diluted air [12]. The morphology of MWNTs
was characterized with a JEM-1200 EX/S transmission
electron microscope (TEM). Its TEM image is shown in
Fig. 1a.
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The procedures of kinetic experiments were identical
with those of equilibrium tests. The effect of contact time on
the amount of dye adsorbed was investigated at 20 mg/L
initial concentration of dye and at different temperatures (0,
25 and 60 °C).The amounts of dye adsorbed on MWNTs
at any time, t, were calculated from the concentrations in
solutions before and after adsorption. At any times, the
amount of MV adsorbed (mg/g) (qt) onto MWNTs was
calculated from the mass balance equation as follows:

qt = V (Co − Ct ) / W

(2)

where qt is the amount of adsorbed dye on MWNTs at
any time (mg/g); Co and Ct are the initial and liquid-phase
concentrations of MV at any time (mg/L), respectively; V
(L) is the volume of MV solution, and W (g) is the mass
of MWNTs samples used [14].
RESULTS AND DISCUSSION
Adsorption isotherms

MV absorption

Batch adsorption experiments were performed using
100-ml glass bottles with addition of 15 mg purified
MWNTs and 50 ml MV solution of increased initial concentrations (C0) from 5 to 40 mg/L. The glass bottles were
sealed and placed within a temperature control box to maintain water temperature. The pH of the samples was adjusted
by adding 2 M HCl or 0.5 M NaOH to each 200 ml of the
prepared solution to the desired values. The pH of solutions
was measured with a pH-meter. In the experiments on the
effect of temperature, the temperature was held at 0, 25, 45
and 60 °C. At the end of the equilibrium period, the suspensions were separated for later analysis of dye concentration. The amount of MV adsorption at equilibrium, qe
(mg/g), was calculated from the following equation [13]:

qe = V (C0 − Ce ) / W

(1)

where Co and Ce (mg/L) are the liquid phase concentrations of dye initially and at equilibrium, respectively, V
(L) the volume of the solution, and W (g) is the mass of
adsorbent used. The concentration of MV after and before
adsorption was determined using a spectrophotometer.
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MV ((CI: 42555; chemical formula: C25H30N3Cl; molecular weight: 393.96; maximum wavelength: 584 nm)
was obtained from Shanghai Reagents Co. and used without further purification. The structure of MV is illustrated
in Fig. 1b. All MV solutions used in this study were prepared by weighing and dissolving the required amounts of
MV in distilled water.

q e (m g /g )

FIGURE 1 - (a) TEM image of MWNTs ;
( b) Structure of methyl violet (MV).

The adsorption isotherms of MV on MWNTs at 0, 25,
45 and 60 °C are shown in Fig. 2. Increasing the temperature is known to increase the rate of diffusion of the adsorbate molecules across the external boundary layer and in
the internal pores of the adsorbent particle, owing to the decrease in the viscosity of the solution. In addition, changing
temperature will change the equilibrium capacity of the adsorbent for a particular adsorbate. As seen from Fig. 2,
equilibrium uptake increased with the increase of equilibrium MV concentrations at the range of experimental concentration. This is a result of the increase in the driving force
from the concentration gradient. Under the same conditions,
if the concentration of MV in solution was bigger, the active
sites of MWNTs were surrounded by much more MV ions;
the process of adsorption would be carried out sufficiently.
Therefore, the values of qe increased with the increase of
equilibrium MV concentrations. The increase of the equili-
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FIGURE 2 - Adsorption isotherms of MV
onto MWNTs at different temperatures.
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brium adsorption with increased temperature indicated that
the adsorption of MV ions onto MWNTs was endothermic
in nature.
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Langmuir isotherm

The equilibrium adsorption isotherm is vital to the
design of adsorption systems, and its shape provides information about the homogeneity and heterogeneity of the
adsorbent surface. Moreover, the correlation of the equilibrium data with either theoretical or empirical equations is
essential to practical operation. This study adopted the
Langmuir, Freundlich and Temkin isotherms to describe
equilibrium adsorption. Equation parameters and underlying thermodynamic assumptions of these equilibrium isotherms frequently provide some insights into adsorption
mechanisms, surface properties, and affinities of the adsorbent.
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where Ce (mg/L) is the equilibrium concentration, qe
(mg/g) the amount of adsorbate adsorbed per unit mass of
adsorbate, and qo and KL are the Langmuir constants related to adsorption capacity and rate constants of adsorption, respectively. When Ce/qe was plotted against Ce, a
straight line with slope 1/qo was obtained (Fig. 3a), indicating that the adsorption of MV on MWNTs follows the
Langmuir isotherm. The Langmuir constants KL and qo were
calculated from this isotherm and their values are listed in
Table 1. Furthermore, the effect of the isotherm shape is
considered with a view to predict whether an adsorption
system is favorable or unfavorable. Another important
parameter, RL, called the separation factor or equilibrium
parameter, also evaluated in this study, is determined
from the relation [16]:
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The Langmuir model assumes that there is no interaction between the adsorbate molecules, and the adsorption
is localized in a monolayer. The Langmuir isotherm [15]
is represented by the following linear equation:
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where KL is the Langmuir constant and Co (mg/L) is
the highest dye concentration. The value of RL indicates
the type of the isotherm to be either unfavorable (RL > 1),
linear (RL = 1), favorable (0 < RL <1) or irreversible (RL =
0). RL values for MV adsorption onto MWNTs were less
than 1 but greater than zero indicating favorable adsorption (Table 1). Values of RL were found to be 0.3037,
0.1819, 0.1655, and 0.0825 at 0, 25, 45 and 60 °C, respectively, and confirmed that MWNTs are favorable for
adsorption of MV dye under the conditions studied.
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FIGURE 3 - Langmuir (a), Freundlich (b), and Temkin(c) isotherms
for MV dye adsorption onto MWNTs at different temperatures.

to a solid surface, and assumes that different sites with
several adsorption energies are involved. The linear form
of the Freundlich equation is as follows:

Freundlich isotherm

The Freundlich isotherm model is an empirical relationship describing the adsorption of solutes from a liquid

1

1
ln qe = ln K F + ln Ce
n

(5)

where qe is the amount adsorbed at equilibrium (mg/g)
and Ce is the equilibrium concentration of the MV. KF and
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TABLE 1 - Isotherm parameters for removal of MV by MWNTs at different temperatures.
Isotherms

Parameters

Langmuir

qo (mg/g)
KL (L/mg)
KL (L/mol)
R2
RL
KF (mg/g (L/mg)1/n)
n
R2
B
Kt
R2

Freundlich
Temkin

Temperatures (℃)
0
25
42.29
53.74
0.115
0.225
45.153
88.576
0.9996
0.9937
0.3037
0.1819
138.688
150.465
2.503
3.183
0.9785
0.9933
9.76
10.711
1.0005
2.9681
0.9919
0.9765

n are Freundlich constants, n giving an indicationof how
favorable the adsorption process and KF (mg/g (L/mg) 1/n)
is related to the adsorption capacity of the adsorbent. The
plot of ln qe versus ln Ce (Fig. 3b) gives straight lines with
slope 1/n. Accordingly, Freundlich constants (KF and n)
were calculated and listed in Table 1. It is generally stated
that values of n in the range 2–10 represent good, 1–2
moderately difficult, and > 1 poor adsorption characteristics. The studied materials are good adsorbents for MV (n
> 2). The slope 1/n ranging between 0 and 1 is a measure
of adsorption intensity or surface heterogeneity, becoming
more heterogeneous as its value gets closer to 0 [17].
Temkin isotherm

The Temkin equation suggests a linear decrease of
sorption energy as the degree of completion of the sorption
centers of an adsorbent is increased. The heat of adsorption
of all the molecules in the layer would decrease linearly
with coverage due to adsorbent-adsorbate interactions. The
adsorption is characterized by a uniform distribution of
binding energies. The Temkin isotherm has been generally
applied in the following form, and Temkin isotherm [18]
is represented by the following equation:

qe =

RT
ln( Kt Ce )
b

As can also be seen in Table 1, the adsorption capacities of MWNTs for MV are varying in the range of 42.2978.07 mg/g. Some researchers previously investigated several adsorbents for the removal of MV from aqueous solutions. By comparison of the results obtained in this study
with those in the previously reported works (Table 2) on
adsorption capacities of various adsorbents and activated
carbons in aqueous solution for MV, it is clear that MWNTs
used in this work had a relatively suitable adsorption.
TABLE 2 - Previously reported adsorption capacities of various
adsorbents for MV.
Adsorbent
bagasse fly ash
Phragmites australis
activated carbon
granular activated carbon
agricultural waste
carbon nanotubes

(6)

where

B=

RT
b

(7)
(8)

The adsorption data were analyzed according to Eq.
(7). A plot of qe versus ln Ce (Fig. 3c) enables the determination of the isotherm constants Kt and B. Kt is the
equilibrium binding constant (L/mg) corresponding to the
maximum binding energy, and constant B is related to the
heat of adsorption. The values of the parameters are given
in Table 1.
From Table 1, the Langmuir isotherm model yielded
the best fit with the highest R2 value (0.99) at all tempera-

60
78.07
0.556
219.012
0.9965
0.0825
175.530
4.577
0.9617
12.358
18.6262
0.9809

tures compared to the other two models. The values of KL
were 0.115, 0.225, 0.252, and 0.556 L/mg at 0, 25, 45,
and 60 °C, respectively, revealing that the adsorption of
MV on MWNTs increased with temperature. The results implied that the affinity of the binding sites for MV increased
with the temperature. All three models suggest that increasing temperature increased adsorption capacity, revealing that
the adsorption is endothermic. The following section presents the detailed thermodynamic parameters.

In addition, it can be linearized as follows:

qe = B ln Kt + B ln Ce

45
66.03
0.252
99.339
0.9959
0.1655
185.308
3.229
0.9728
12.846
3.5245
0.9981

qo, mg/g
26.2467
476.19 - 526.32

Ref.
[19]
[20]

95
92.59
42.29-78.07

[21]
[22]
This study

Kinetic analysis

It is important to be able to predict the rate at which
contamination is removed from aqueous solutions in order
to design an adsorption treatment plant. The effect of temperature on the adsorption rate of MV on MWNTs was investigated at 0, 25 and 60 °C. Fig. 4 presents the contact
time versus adsorbed amount, and indicates that with the
increase in temperature the amount of adsorbed dye increases, indicating the process to be endothermic. This kind
of temperature dependence of the adsorbed amount of the
dyes may reflect the increase in the case when the dye penetrates into MWNTs because of its larger diffusion coefficient. The adsorption is initially (contact time <45 min)
rapid, and then slows down (Fig. 4), perhaps because a large
number of vacant surface sites were available for adsorp-
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tion during the initial stage, and then, the remaining vacant surface sites were difficult to occupy because of the
repulsive forces between the dye molecules on the MWNTs
and the bulk phase [23].

where k2 is the rate constant of second-order adsorption (g/mg min). The values were calculated from the kinetic
data (Fig. 5b). A plot between t/qt versus t gives the values
of constant k2 (g/mg min), and also qe (mg/g) can be calculated. If the second-order kinetics is applicable, then the
plot of t/qt versus t should show a linear relationship. The
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The pseudo-first-order kinetic model has been widely
used to predict dye adsorption kinetics. A linear form of
pseudo-first-order model was described by Lagergren [24]:

Intercept

qe

S lope

qe

Intercept

qe

S lope

qe

Intercept

qe

S lope

Pseudo-second-order kinetic model

2

4

6

8
1/2

10

12

14

1/2

t (m in )
	
  
7

(b)
6

	
  6 0 °
	
  2 5 °
	
  	
  0 °

4

	
  

t/q t(m in/m g /g )

5

3

2

1

0

The kinetic data were further analyzed using Ho’s
pseudo-second-order kinetics, represented by [25]:

t
1
t
=
+
2
qt k2 qe
qe

0

(9)

where qe and qt are the amounts of MV adsorbed
(mg/g) at equilibrium and at time t (min), respectively, and
k1 is the rate constant of pseudo-first-order adsorption
(min −1 ). The validity of the model can be checked by
linearized plot of ln(qe −qt) versus t (Fig. 5a). The calculated
qe, k1, and the corresponding linear regression correlation
coefficient R2 values are shown in Table 3. It was observed
that the rate constant k1 firstly increased with an increase in
temperature and then decreased. It was also observed that
correlation coefficients were lower for all temperatures. This
shows no applicability of the pseudo-first-order model in
predicting the kinetics of MV adsorption onto MWNTs.

(10)
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0.89889

qe

Pseudo-first-order kinetic model

ln(qe − q) = ln(qe ) − k1t

y	
  =	
  a	
  +	
  b*x

	
  

Adsorption is a physiochemical process that involves
the mass transfer of a solute (adsorbate) from the fluid phase
to the adsorbent surface. The applicability of the pseudofirst-order and pseudo-second-order model was tested for
the adsorption of MV onto MWNTs. These models are most
commonly used to describe the sorption of dyes as well as
other pollutants (heavy metals) on solid sorbents. The bestfitting model was selected based on the linear regression
correlation coefficient, R2, values.
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FIGURE 5 - Regressions of kinetic plots at different temperatures:
(a) pseudo-first-order model, (b) pseudo-second-order model and (c)
intra-particle diffusion model.

calculated qe, k2, and the corresponding linear regression
correlation coefficient R2 values are summarized in Table 3.
The linear plots of t/qt versus t show good agreement between experimental and calculated qe values. The correlation coefficients for the second-order kinetics model (R2)
are greater than 0.999, indicating the applicability of this
kinetics equation and the second-order nature of the adsorption process of MV onto MWNTs. Similar phenomena have been observed for MV adsorption on sepiolite
[26], activated carbon [21], and perlite [27]. The values of
k2, qe,exp and qe,cal all increased with temperature. Ozcan et
al. [28] proposed that the adsorption of Acid Blue 93 by
natural sepiolite proceeds by physisorption, in which increasing temperature increases the adsorption rate but reduces adsorption capacity. However, this study suggested
that the thermodynamic analyses were more appropriate
for determining whether the adsorption was a physisorption
or a chemisorption process, as would be discussed in the
following section.
Half-adsorption time, t1/2, is defined as the time required for the adsorption to take up half as much MWNTs
as its equilibrium value. This time is often used as a measure
of the adsorption rate:

t1/2 =

1
k2 qe

(11)

The values of t1/2 determined for the tested parameters
are given in Table 3. A further verification of the endothermic nature of the process was done by calculating the
half-life of process at each temperature, which was found
to decrease with increasing temperatures.
Sorption mechanism

The adsorbate species are most probably transported
from the bulk of the solution into the solid phase through
an intra-particle diffusion process, which is often the ratelimiting step in many adsorption processes. The possibility of intra-particle diffusion was explored by using the
intra-particle diffusion model [43]:

qt = ki t 1/2 + C

(12)

where C is the intercept and ki is the intra-particle diffusion rate constant (mg/g min1/2). The values of qt were
found to be linearly correlated with the values of t1/2 (Fig.
5c). Plots between t/qt versus t1/2 are given in Fig. 5c. The
values ki, C, and the corresponding linear regression correlation coefficient R2 values are given in Table 3. The
removal of MV by adsorption on MWNTs was found to be
rapid at the initial period, but then to become slow and
stagnate with the increase in contact time. The removal of
MV by adsorption on surface of MWNTs was due to MV
as MV+ cationic form. Typically, various mechanisms control the adsorption kinetics, and the most limiting were the
diffusion mechanisms, including external diffusion, bounda-

ry layer diffusion and intra-particle diffusion [29]. Hence,
the intra-particle diffusion model was utilized to determine
the rate-limiting step of the adsorption process. If the regression of qt versus t1/2 was linear and passes through the
origin, then intra-particle diffusion was the sole rate-limiting
step. The regression was linear, but the plot did not pass
through the origin (Fig. 5c), suggesting that adsorption involved intra-particle diffusion, but that was not the only
rate-controlling step. Other kinetic models may control the
adsorption rate, a finding similar to that made in previous
works on adsorption. The values of C were helpful in determining the boundary thickness: a larger C value corresponded to a greater boundary layer diffusion effect
[30]. The C values (1.935–27.296 mg/g) increased with
temperature (0–60 °C). The results of this study demonstrated that temperature increase promoted the boundary
layer diffusion effect. The intra-particle rate constants calculated from Fig. 5c were 2.005, 5.855 and 23.948 mg/g
min1/2 at 0, 25and 60 °C, respectively. From Table 3, it is
observed that ki increased with increasing temperature.
TABLE 3 - Coefficients of pseudo-first and second-order
adsorption kinetic models, and intra-particle diffusion model.
Temperature
(°C)
Pseudo-firstorder model
0
25
60
Temperature
(°C)
Pseudo-secondorder model
0
25
60
Temperature
(°C)
Intraparticle
diffusion model
0
25
60

qe,exp
(mg/g)

k1 (min−1)

24.65
31.90
53.50
qe,exp
(mg/g)

0.02018
0.0276
0.02592
k2
(min−1)

24.65
0.00107
31.90
0.00126
53.50
0.00194
ki (mg/g
C
min0.5)
(mg/g)
2.005
5.855
23.948

2.013
2.469
2.789

qe,cal
(mg/g)
19.77
24.70
26.32
qe,cal
(mg/g)
29.09
36.61
56.17

R2

t1/2

32.13
21.68
9.18

0.89784
0.97009
0.96943
R2

0.99576
0.99624
0.99924
R2

0.89889
0.85583
0.84135

Thermodynamic analyses

Thermodynamic considerations of an adsorption process are necessary to conclude whether the process is spontaneous or not. The Langmuir isotherm was used to calculate thermodynamic parameters (the free energy change
ΔG0, enthalpy change ΔH0 and entropy change ΔS0), using
the following equations:

ΔG 0 = − RT ln( K L )

(13)

ΔS 0 ΔΗ 0
−
R
RT

(14)

ln( K L ) =

where KL is the Langmuir equilibrium constant (l/mol);
R is the gas constant (8.314 J/mol K) and T is the temperature (K). Considering the relationship between ΔG0 and KL,
ΔH0 and ΔS0 were determined from the slope and intercept of the van’t Hoff plots of ln(KL) versus 1/T. Table 4
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presents the thermodynamic parameters at various temperatures. The values of ΔG0 were found to decrease (−8.653 to
−14.928 kJ/mol) using the equilibrium constant, KL. The
decrease in the negative value of ΔG0 with an increase in
temperature indicates that the adsorption process of MV
on MWNTs becomes more favorable at higher temperatures. The negative values confirm the feasibility of the
process and the spontaneous nature of the adsorption. The
values of ΔH0 and ΔS0 calculated from the plot of ln(KL)
versus 1/T were given as 17.809 kJ/mol and 96.59 J/mol
K, respectively. Kara et al. [31]suggested that the ΔH0 of
physisorption is smaller than 40 kJ/mol. Based on ΔH0, this
study suggested that the adsorption of MV onto MWNTs
was a physisorption process. The value of ΔH0 was positive,
indicating that the adsorption reaction was endothermic.
	
  
6

(a )

The pseudo-second-order model was identified as the
best kinetic model for the adsorption of MV onto MWNTs.
Accordingly, the rate constants (k2) of the pseudo-secondorder model were adopted to calculate the activation energy
of the adsorption process using the Arrhenius equation [27;
32]:

ln k2 = ln(ko ) −

Ea
RT

(15)

where k2, ko, Ea, R and T are the rate constant of the
pseudo-second-order model (g/mg min), the Arrhenius factor, the activation energy (kJ/mol), the gas constant (8.314
J/mol K) and the temperature (K), respectively. The activation energy could be determined from the slope of the
plot of ln (k2) versus 1/T. The activation energy was 11.10
kJ/mol. The
low values of activation energy (5–40 kJ/mol)
	
  lnK L
are characteristic
for physisorption, while higher values (40–
	
  L ine a r	
  F it	
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  F
800 kJ/mol) suggest chemisorption [33]. Therefore, the
value of Ea obtained in the present study shows that the adsorption of MV on MWNTs is mainly a physical process.
E quation

Adj.	
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Therefore, ΔH0, ΔG0 and Ea suggested the same fact:
the adsorption of MV onto MWNTs was a physisorption
process. Lazaridis and Asouhidou [34] stated that the activation energy of adsorption was less than 25–30 kJ/mol in
a diffusion-controlled process. Based on the results of activation energy and the intra-particle diffusion model, this
study proposed that the adsorption involved intra-particle
diffusion which was not the only rate-controlling step, and
the other kinetic models might control the adsorption rate.
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This investigation examined the equilibrium and the
dynamic adsorption of MV onto MWNTs. The results suggested the adsorption capacity increased with increasing
temperature. The equilibrium data were analyzed using the
Langmuir, Freundlich and Temkin isotherm models. Equilibrium data fitted very well with Langmuir isotherm equation.
The maximum adsorption capacities were found to be 32.87,
46.10, 58.01, and 71.76 mg/g at 0, 25, 45, and 60 °C.
Adsorption data were modeled using the first and secondorder kinetic equations. The second-order kinetic equation
could best describe the sorption kinetics. Thermodynamic
analyses indicated that the adsorption of MV direct dyes
onto MWNTs was endothermic and spontaneous; additionally, the adsorption of direct dyes onto MWNTs was
via a physisorption process.
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FIGURE 6 - The van`t Hoff plot (a) and Arrhenius plot (b) for the
adsorption of MV on MWNTs.
TABLE 4 - Values of thermodynamic parameters for the adsorption
of dyes onto MWNTs.
T (°C)
0
25
45
60

ΔG 0 (kJ/mol)
-8.653
-11.115
-12.164
-14.928

ΔH 0 (kJ/mol)

ΔS 0 (J/mol K)

17.809

96.59

867

REFERENCES
[1]

Crini, G. (2006) Non-conventional low-cost adsorbents for dye
removal: a review. Bioresour. Technol., 97, 1061-85.

[2]

Iijima, S. (1991) Helical microtubules of graphitic carbon. Nature, 354, 56-58.

[3]

Lu, C. and Chiu, H. (2006) Adsorption of zinc(II) from water
with purified carbon nanotubes. Chem. Eng. Sci., 61, 1138-1145.

© by PSP Volume 19 – No 5. 2010

Fresenius Environmental Bulletin

[4]

Li, Y.-H., Wang, S., Luan, Z., Ding, J., Xu, C. and Wu, D. (2003)
Adsorption of cadmium(II) from aqueous solution by surface oxidized carbon nanotubes. Carbon, 41, 1057-1062.

[23] ChungHsin, W. (2007) Adsorption of reactive dye onto carbon
nanotubes: Equilibrium, kinetics and thermodynamics. J. Hazard.
Mater., 144, 93-100.

[5]

Kabbashi, N.A., Atieh, M.A., Al-Mamun, A., Mirghami, M.E.,
Alam, M.D. and Yahya, N. (2009) Kinetic adsorption of application of carbon nanotubes for Pb(II) removal from aqueous solution. J. Environ. Sci. (China), 21, 539-44.

[24] Lagergren, S. (1898) About the theory of so-called adsorption of
soluble substances. Kungliga Svenska Vetenskapsakademiens
Handlingar, 24, 1–39.

[6]

Wu, C.-H. (2007) Studies of the equilibrium and thermodynamics
of the adsorption of Cu2+ onto as-produced and modified carbon
nanotubes. J. Colloid Interface Sci., 311, 338-346.

[7]

Di, Z.C., Ding, J., Peng, X.J., Li, Y.H., Luan, Z.K. and Liang, J.
(2006) Chromium adsorption by aligned carbon nanotubes supported ceria nanoparticles. Chemosphere, 62, 861-865.

[8]

Li, Y.-H., Wang, S., Cao, A., Zhao, D., Zhang, X., Xu, C., Luan,
Z., Ruan, D., Liang, J., Wu, D. and Wei, B. (2001) Adsorption of
fluoride from water by amorphous alumina supported on carbon
nanotubes. Chem. Phys. Lett., 350, 412-416.

[9]

Li, Y.-H., Wang, S., Zhang, X., Wei, J., Xu, C., Luan, Z. and Wu,
D. (2003) Adsorption of fluoride from water by aligned carbon
nanotubes. Mater. Res. Bull., 38, 469-476.

[10] Long, R. and Yang, R. (2001) Carbon nanotubes as superior
sorbent for dioxin removal. J. Am. Chem. Soc, 123, 2058-2059.
[11] Yao, Y., Zhang, S. and Yan, Y. (2006) Effects of Gas Flow Rate
on the Preparation of Multi-walled Carbon Nanotubes Using
Chemical Vapor Deposition. Jingxi Huagong(Fine Chemicals),
23, 536-539.
[12] Zheng, B., Li, Y. and Liu, J. (2002) CVD synthesis and purification of single-walled carbon nanotubes on aerogel-supported
catalyst. Applied Physics A: Materials Science & Processing, 74,
345-348.
[13] Alkan, M., Demirbas, O. and Dogan, M. (2004) Removal of acid
yellow 49 from aqueous solution by adsorption. Fresenius Environ. Bull., 13, 1112-1121.
[14] Alkan, M. and Dogan, M. (2003) Adsorption kinetics of victoria
blue onto perlite. Fresenius Environ. Bull., 12, 418-425.

[25] Azizian, S. (2004) Kinetic models of sorption: a theoretical analysis. J Colloid Interface Sci, 276, 47-52.
[26] Dogan, M., Özdemir, Y. and Alkan, M. (2007) Adsorption kinetics and mechanism of cationic methyl violet and methylene blue
dyes onto sepiolite. Dyes and Pigments, 75, 701-713.
[27] Dogan, M. and Alkan, M. (2003) Adsorption kinetics of methyl
violet onto perlite. Chemosphere, 50, 517-528.
[28] Özcan, A., Öncü, E. and Özcan, A. (2006) Kinetics, isotherm and
thermodynamic studies of adsorption of Acid Blue 193 from
aqueous solutions onto natural sepiolite. Colloids Surf. Physicochem. Eng. Aspects, 277, 90-97.
[29] Özcan, A., Öncü, E. and Özcan, A. (2006) Adsorption of Acid
Blue 193 from aqueous solutions onto DEDMA-sepiolite. J.
Hazard. Mater., 129, 244-252.
[30] Kannan, N. and Sundaram, M. (2001) Kinetics and mechanism of
removal of methylene blue by adsorption on various carbons—a
comparative study. Dyes and Pigments, 51, 25-40.
[31] Kara, M., Yuzer, H., Sabah, E. and Celik, M.S. (2003) Adsorption of cobalt from aqueous solutions onto sepiolite. Water Res.,
37, 224-32.
[32] Wu, C. (2007) Adsorption of reactive dye onto carbon nanotubes:
Equilibrium, kinetics and thermodynamics. J. Hazard. Mater.,
144, 93-100.
[33] Banerjee, K., Cheremisinoff, P.N. and Cheng, S.L. (1997) Adsorption kinetics of o-xylene by flyash. Water Res., 31, 249-261.
[34] Lazaridis, N.K. and Asouhidou, D.D. (2003) Kinetics of sorptive
removal of chromium(VI) from aqueous solutions by calcined
Mg-Al-CO(3) hydrotalcite. Water Res., 37, 2875-82.

[15] Langmuir, I. (1918) The adsorption of gases on plane surfaces of
glass, mica and platinum. J. Am. Chem. Soc, 40, 1361-1403.
[16] Hall, K., Eagleton, L., Acrivos, A. and Vermeulen, T. (1966)
Pore-and solid-diffusion kinetics in fixed-bed adsorption under
constant-pattern conditions. Ind. Eng. Chem. Fundam., 5, 212223.
[17] Haghseresht, F. and Lu, G. (1998) Adsorption characteristics of
phenolic compounds onto coal-reject-derived adsorbents. Energy
Fuels, 12, 1100-1107.
[18] Temkin, M. and Pyzhev, V. (1940) Recent modifications to
Langmuir isotherms. Acta Physiochim. USSR, 12, 217–222.
[19] Mall, I.D., Srivastava, V.C. and Agarwal, N.K. (2006) Removal
of Orange-G and Methyl Violet dyes by adsorption onto bagasse
fly ash--kinetic study and equilibrium isotherm analyses. Dyes
and Pigments, 69, 210-223.
[20] Chen, S., Zhang, J., Zhang, C., Yue, Q., Li, Y. and Li, C. Equilibrium and kinetic studies of methyl orange and methyl violet adsorption on activated carbon derived from Phragmites australis.
Desalination, In Press, Corrected Proof.

Received: September 30, 2009
Revised: December 02, 2009
Accepted: January 15, 2010

CORRESPONDING AUTHOR

[21] Azizian, S., Haerifar, M. and Bashiri, H. (2009) Adsorption of
methyl violet onto granular activated carbon: Equilibrium, kinetics and modeling. Chem. Eng. J., 146, 36-41.

Yunjin Yao
School of Chemical Engineering
Hefei University of Technology
Tunxi Road No.193
Hefei, Anhui 230009
P.R. CHINA

[22] Hameed, B.H. (2008) Equilibrium and kinetic studies of methyl
violet sorption by agricultural waste. J. Hazard. Mater., 154, 204212.

Phone: +86 551 2901458
Fax: +86 551 2901453

868

© by PSP Volume 19 – No 5. 2010

Fresenius Environmental Bulletin

E-mail: yaoyunjin@gmail.com
FEB/ Vol 19/ No 5/ 2010 – pages 854 – 861

869

© by PSP Volume 19 – No 5. 2010

Fresenius Environmental Bulletin

THE SCREENING OF BACTERIAL INSECTICIDES
AGAINST Musca domestica L. (DIPTERA: MUSCIDAE)
Mustafa Yamaç1*, Elif Şahin2, Emre Ceyhan1, M. Julia Amoroso3,4, S. Antonio Cuozzo3,4 and Sevil Pilatin1
1

Eskişehir Osmangazi University, Faculty of Arts and Science, Department of Biology, Eskişehir, Turkey.
2

Çukurova University, Graduate School of Natural and Applied Sciences, Adana, Turkey.

3

Universidad Nacional de Tucumán, Argentina. 4 Planta Piloto de Procesos Industriales y
Microbiológicos (PROIMI-CONICET) Av. Belgrano y Pasaje Caseros 4000, Tucumán, Argentina.

ABSTRACT
In this study, a total of 396 bacterial isolates were obtained from soil samples from Eskişehir, Turkey and these
were screened for their antimicrobial and insecticidal activity. Only the isolates displaying weak or no activity, a total
of 322, were selected for insecticidal activity studies. Two
of these (39.02 and 42.04) showed insecticidal activity on
Musca domestica larvae and on adult flies with topical application. The insecticidal activity of the isolates was compared to that of standard insecticidal compounds produced
by actinomycetes (antimycin A, cycloheximide and nikkomycin Z) and insecticidal compounds producing collection
strains (Streptomyces avermitilis NRRL 8165 and S. pactum NRRL 5230). In the primary screening program, the
mortality rates of isolates 39.02 and 42.04 on M. domestica
larvae were 95% and 75%, respectively. The insecticidal
compounds produced by the isolates 39.02 and 42.04 were
more effective by topical application than ingestion on adult
flies. However, they did not show any insecticidal activity
on the pupae and all pupae hatched into adult flies. The
genotoxic potentials of the crude extracts from the active
isolates were studied with the Umu test using Salmonella
typhimurium NM2009 and NM3009 strains. The results
show that all of the compounds did not have mutagenic
activity. An 16S rRNA analysis of the isolates 39.02 and
42.04 shows that they belong to genera Achromobacter
and Streptomyces, respectively.

ronmental pollution, an accumulation of insecticide residues, induction of pesticide resistance, and toxicity. To prevent these problems during control of the pests, natural
products and their semi-synthetic derivatives are considered
as an ideal remedy. Several natural products, which could
be used in an environmental friendly and safe way have been
developed as insecticidal agents. Although there are some insecticidal products isolated from higher plants [1,2] and
mushrooms [3-5], studies in this area have focused on the
insecticidal metabolites of different microbial groups [616].
Although there have been some strains obtained from
marine samples in the literature [14, 17], most of the insecticidal microorganisms have been isolated from terrestrial
environments or insects [15, 16, 18-21]. To date, the most
successful microbial biocontrol agent has been the insecticidal bacterium Bacillus thuringiensis, which accounts for
more than 90% of the world biopesticide market [22]. Most
of the insecticidal compounds are known primarily for their
antimicrobial activity [23-25]. They include respiration inhibitors (antimycin A, patulin, and piericidins), protein
synthesis inhibitors (cycloheximide and tenuazonic acid)
and membrane active agents (dextruxin, beauvericin and
some polyene macrolide antibiotics) [26]. The aim of the
present study was to screen insecticidal compounds which
do not have antimicrobial activity by bacterial isolates from
the soil samples from Eskişehir, Turkey.
MATERIALS AND METHODS

KEYWORDS: Achromobacter, Insecticidal activity, Musca domestica, Streptomyces sp., Umu Test System

Microorganisms and Chemicals

INTRODUCTION
Insect pests cause considerable damage on planted crops
in agriculture. Because of their high efficiency, synthetic
compounds are primarily used for the control of these pests.
However, intense utilization of the synthetic chemicals has
caused serious problems, such as food contamination, envi-

All of the 131 soil samples used in the experiments
were collected from Eskişehir, Turkey (Fig 1). In the soil
sampling, after cleaning the surface of the soil, samples
were taken from 10 cm depths using alcohol disinfected
spatula. The soil samples were subsequently stored in plastic bags at 4 °C until they reached the laboratory which was
no more than 16 h later. All the microorganisms were isolated by dilution plate techniques on starch-casein agar,
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yeast extract malt extract agar and tripton yeast extract agar.
The test microorganisms for antimicrobial activity (Staphylococcus aureus B-767, Staphylococcus epidermidis B-4377,
Bacillus subtilis B-558, Escherichia coli B-3008, Enterobacter aerogenes B-3567, Salmonella typhimurium B-4440,
Zygosacharomyces rouxii Y-229, Candida albicans Y12983) and the microorganisms which were used as the
positive control (Streptomyces avermitilis NRRL 8165,
Streptomyces pactum NRRL 2939, Streptomyces pactum
NRRL 5230) were obtained from the United States Department of Agriculture, Agricultural Research Service, Peoria,
Illinois–USA. Antimycin A was obtained from Calbiochem
(San Diego-USA). Cycloheximide, 4-nitroquinoline 1-oxide
(4NQO), O-Nitrophenyl-ß-D-galactopyranoside (ONPG), 5bromo-4chloro-3-indol-ß-D-galactosidase (Xgal), and sodium dodecyl sulfate (SDS) were purchased from Sigma
(Germany). Nikkomycin Z was obtained from Dr. Hans Peter Fiedler (Tübingen University, Germany). All the media
used in the experiments were sterilized at 121°C for 15 min.
Determination of Antimicrobial Activity

The antimicrobial activity of bacterial isolates was
screened using the agar piece method [27]. Briefly, cylindrical agar plugs from bacterial isolates propagated on a
yeast extract malt extract medium were cut out with a cork
borer (6 mm). The agar plugs were placed on the surfaces
of Petri dishes seeded with test organisms. After an incubation period at 27 ºC, clear inhibition zones around the agar
plugs were recorded for confirmation of antibiotic activities. Six bacteria and two yeasts were used as test microorganisms. Nutrient agar and malt extract agar were used
as growth media for the bacteria and yeasts, respectively.

Bacterial isolates which do not have antimicrobial activity
were selected for further insecticidal activity studies.
Determination of Insecticidal Activity

Screening studies were carried out on the larva, pupae
and adult flies of Musca domestica L. (Diptera: Muscidae)
by the method of Fabre et al. [28]. A screening study was
performed at two stages.
At the primary screening stage, bacterial isolates were
screened against to third larval instar of M. domestica for
insecticidal activities. Bacterial isolates were grown on
GAPY medium (20 g starch, 10 g glucose, 5 g neopeptone,
5 g biosoyase, 1 g CaCO3, 15 g agar, 1000 ml distilled
water; 15 ml per 55 mm diameter Petri dish) at 27 ºC for
7 days [28]. At the end of the incubation period, half of
the media on which the bacteria had developed (7.5 ml)
was given as food to 10 third larval instar of M. domestica. The larvae fed on the media which included bacterial
metabolites. Uninoculated GAPY medium kept at 27 ºC for
7 days was used as a negative control. In the negative controls, larvae consumed the majority of the medium by the
3rd day and all of larvae were transformed into pupae by
the 4th day. On the 8th and 9th days the pupae hatched into
flies. We could expect about half of the adult flies to die
by day 12 and almost all by day 14. The criteria used to
show the insecticidal activity of the bacterial isolates was
death of at least 6 of the 10 larvae after 1 week, at least 6
of the 10 pupae not hatching, the early death of the adult
flies, or a combination of these parameters [28]. As positive controls, not only Antimycin A, Nikkomycin Z and
Cycloheximide were included in the GAPY medium at

Sarıyar Dam

Porsuk Dam

City center
FIGURE 1 - The sampling areas in Eskisehir, Turkey.
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different concentrations, but also insecticidal compounds
producing standard strains such as Streptomyces avermitilis
NRRL 8165 and S. pactum NRRL 5230 propagated on the
GAPY medium were used.
At the secondary screening stage, to determine the type
of activity, crude extracts of active isolates were tested on
larvae and adult M. domestica by way of topical application
and drinking.
Preparation of Crude Extracts

Whole agar medium which had developed bacteria isolate was extracted twice with 30 ml of methanol. Methanolic extract was evaporated to a dark red residue in vacuo. The residue was dissolved in 3 ml of distilled water and
this solution was then extracted with 1:1 (v/v) chloroform.
The aqueous and organic phases were separated and the
chloro-form phase was dried in vacuo. Chloroform residues were dissolved to a final concentration of 40 mg/ml
in acetone [28].
Topical Application

1 µl of aqueous extracts and 5 µl of acetone preparations ½ diluted with acetone were used for topical application for larvae and adults. The topical activity was measured
to apply the solution of the samples on the thorax of 10 adult
flies previously anaesthetized and on the cuticle of 10 larvae.
The mortal activity on larvae was determined on the 3rd day
or by the pupae not developing into flies after treatment. As
for the adult flies, the criterion used for describing activity
was mortality by the third day [28]. Acetone and commercial insecticides, such as Antimycin A and Cycloheximide,
were also used as negative and positive controls, respectively.

2 ml of 95% ethanol was added to the aqueous phase, and
the DNA was spooled out, washed in 80% ethanol, and air
dried. The DNA was resuspended in 0.1x SSC (15 mM
sodium chloride, 15 mM sodium citrate; pH 7.0). RNase
was added to a final concentration of 1 mg/ml. The mixture
was extracted once again with chloroform-isoamyl alcohol
and centrifuged; the aqueous phase was transferred to another tube, and SSC was added (1x, final concentration).
The DNA was then dissolved in 500 µl of TE. [30].
16S ribosomal RNA (rRNA) sequencing

Oligonucleotide primers with specificity for eubacterial
16S rRNA genes (forward primer 27: 5'-AGAGTTTGATC
MTGGCTCAG3’and reverse primer 5’-GGTTACCTTGTT
ACGACTT-3’) were used to amplify 16S rDNA [31]. PCR
fragments were purified using a Qiaquick Gel Extraction
Kit (Qiagen, Valencia, CA) and an ABI 373A sequencer
(MACROGENE Inc., Korea). Sequencing data was analyzed by comparison to 16S rRNA genes in the Ribosomal
Database Project and EMBL-GeneBank databases, and
aligned manually with the MEGA 4.1 Beta software.
PCR amplification

The PCR amplification was performed on a Gene Amp
PCR System 9700 thermal cycler. The PCR amplification
reaction mixtures consisted of template DNA (100 ng),
50 mM KCl, 10 mM Tris-HCl (pH9.0), 0.1 % (wt/vol),
1.5 mM MgCl2 100 nM primer, and 1.5 U of Taq polymerase (Promega). Amplification was performed with an
initial denaturation step of 4 min at 94ºC and then 30 cycles
of 1 min denaturation at 94ºC, 30 s at 57ºC for primer annealing, and 1.5 min at 70ºC for primer extension. A 7 min
extension and cooling to 4ºC completed the reaction
sequence.

Ingestion Tests

500 µl of aqueous solution and an acetone preparation
were diluted in 1/20 distilled water. The aqueous extracts
were used directly. A total of 10 ml solution was given to
10 adult flies to drink ad libitum. After 72 hours, the dead
flies were counted [28].
Phylogenetic analysis of isolates

The spore surface and the spore chain morphology of
the active isolates were examined using a light microscope
(CH40, Olympus) and a scanning electron microscope (Jeol
JXA-840). A diaminopimelic acid isomer analysis of wholecell hydrolysates was performed by the Lechevalier and
Lechevalier method [29].

Genotoxicity Test

To determine the genotoxic potential of the crude extracts of the active strains, the Umu test system was performed as recommended by Oda et al. [32-34]. This test
system is a colorimetric method using Salmonella typhimurium NM2009 and NM3009 strains. At least a 2-fold or
greater increase in ß-galactosidase activity above the control level was accepted as positive results for the extracts.
The extracts were used in 10-5000 µg/ml concentrations.
The results were compared with enzyme activity values provided by 4NQO substance used as positive mutagen (Fig 2).
All three experiments were performed simultaneously
and the results are given as an average of the experiments.

DNA extraction

1 ml of culture was centrifuged and resuspended in 1 ml
of TE (Tris-HCL, 50 mM; EDTA, 20 mM; pH 8.0). A lysis
solution, 0.38 ml, was added, followed by 0.40 ml of sodium perchlorate solution. Phenol-chloroform was added
into the 2 ml centrifuge tube, and the culture was extracted.
The aqueous upper phase was transferred into another tube
and extracted with chloroform-isoamyl alcohol. After this,

RESULTS AND DISCUSSION
Determination of Antimicrobial and Insecticidal Activity

The ability of the actinomycetes to produce secondary
metabolites that have biological activity such as antibiotic,
antitumor, antiparasitic, herbicidal, insecticidal, and so forth
is well documented [23]. It is known that some antimicro-
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Salmonella typhimurium NM 2009
Salmonella typhimurium NM 3009
Concentration (mg/ml)
FIGURE 2 - β-galactosidase activity of positive mutagen (4NQO) in different concentrations

bial compounds also possess insecticidal activity like antimycin A, cycloheximide and sreptothricin [28]. As an alternative approach in this study, only bacterial isolates which
were devoid of any antimicrobial activity were selected for
the screening of the insecticidal activity to enhance the
probability of discovering new insecticides. A total of 396
bacteria isolates were screened for their antimicrobial activity against test microorganisms. The isolates displaying weak
or no activity, a total of 322, were selected for the insecticidal activity studies.
For control of the sensitivity and reliability of the used
screening method, three insecticidal compounds and three

standard strains producing insecticidal compounds were
also included in the study. The results of the positive controls, known insecticidal drugs included in GAPY media
and standard strains, are shown in Table 1 and 2, respectively. Cycloheximide and nikkomycin Z did not show any
activity against adult flies at 100 µg / ml concentrations.
Similarly, larvae of the M. domestica were tolerant to Antimycin A at the same concentration (Table 1). This data
corroborates previous findings by Fabre et al. [28]. The
standard control strains all showed insecticidal activity except S. pactum NRRL 2939 (Table 2).

TABLE 1 - Insecticidal activity of certain chemicals on Musca domestica
Activity on larvae
(µg / ml)
Chemicals
Antimycin A
> 100a
Cycloheximide
30
Nikkomycin Z
100
a
Minimal concentration to kill 60% of the larvae or shorten the lives of adult flies

Activity on adults
(µg / ml)
20
>100
>100

TABLE 2 - Activity of standard strains against Musca domestica
Collection Strains
Products of strain
Streptomyces pactum NRRL 5230
Piericidins
Streptomyces avermitilis NRRL 8165
Avermectins
+ : killing 60% of the larvae or shorten the lives of adult flies
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TABLE 3 - Lethal effects of active isolates and positive controls on larvae and adult flies in the secondary screening

Experimental Groups
Isolate 39.02
Isolate 42.04
Cycloheximide
Antimycin A

Mortality on larvaea
(%)
Topical application
Ingestion
100
60
80
60
80
80
100
80
a
All values were obtained from organic phases.

Insecticidal activity is not a common property among
bacterial isolates. In other screening studies, isolates with
a proportion of insecticidal activity have been reported as
0.75% [28],) 1.39% [31], 2.3% [17], and 12.08% [14]. In
the present study, only 2 of 322 isolates (39.02 and 42.04)
were determined as active for insecticidal activity (0.62%)
in the primary screening program. Both of the isolates have
insecticidal activity, especially on M. domestica larvae. The
mortality of isolates 39.02 and 42.04 was determined as 95%
and 75% on M. domestica larvae, respectively. Both of the
active isolates had a higher activity than those of the standard control strains. S. avermitilis NRRL 8165 and S. pactum NRRL 5230 showed only 62.5% and 2.5% activity
respectively in the screening studies. The highest mortality percentages for insect larvae by actinomycetes isolates
in other studies were reported as 80% [35], 30-60% [36],
30-100% [31] and 100% [12, 37]. Therefore, the mortality
of our isolates 39.02 and 42.04 on M. domestica larvae can
be accepted as satisfactory. On the other hand, isolates
39.02 and 42.04 did not cause the death of the pupae in
the primary screening studies. All of the pupae were hatched
into adult flies using these two isolates. They have not
shown any activity on the hatching of the pupae.
Some abnormalities, such as very soft-bodied larvae,
sclerotized and compressed larvae and perished larvae and
the prolongations in larval duration were reported in a previous screening study [35]. In the current study, such abnormalities or prolongation were not observed in the larval
duration. The insecticidal activity type for both of the active isolates was lethal.
Information about the type of activity and the solubility of the active compounds was obtained in the secondary
phase screening studies. At this stage, topical application
was performed on the larvae and adults and an ingesting
test was performed on the adults only. Organic phases were
determined as active on larvae and adult flies in all experiments. Water phases were not effective on larvae or adult
flies in both topical applications and ingestion tests. Results obtained in the secondary phase experiments can be
seen in Table 3. The insecticidal activity level of the active
isolates were comparable to those of the control chemicals,
cycloheximide and antimycin A. Isolate 39.02 yielded higher
activity when compared to that of isolate 42.04 in the topical application. The lethal activity of isolate 39.02 was very
impressive. All of the larvae and adult flies died by the topical application of the acetone solution of crude extract (40
mg/ml) of this isolate. In general, topical application was

Mortality on adult
(%)
Topical application
100
80
80
90

more effective than ingestion on adult flies. However, the
flies were also in contact with the active compounds while
drinking water. Therefore, the death of the flies may have
occurred because of contact with active material during ingestion. We conclude that active components from these isolates might be developed as efficient and naturally-derived
insecticides against dipteran pests in agricultural systems.
Phylogenetic analysis of isolates

The metabolites of microorganisms may be a viable alternative to synthetic insecticides as a part of integrated pest
management endeavors. Bacteria have an important place
among known secondary metabolites producers. There have
been many reports concerning their insecticidal activity and
different isolated compounds. Therefore, screening studies
focusing on bacteria have priority for the isolation of unknown substances. The assignment of the isolates 42.04
and 39.02 to the genus Streptomyces and Achromobacter
was supported by 16S rRNA. A comparison of the almost
complete 16S rRNA gene sequence of the tested strains with
corresponding streptomycete sequences from the GenBank
database show that both isolates lay in the evolutionary
clade of Streptomyces allied taxa (Fig. 3). A high similarity
value (higher than 99%) has been observed in Streptomyces
sp.42.04 (accession number GQ475300) in 16S rRNA gene
sequences with S. bikiniensis NBRC 14598, S. violaceorectus NBRC 13102, and S. cinereoruber subsp. cinereoruber
NBRC 12756 as well as S. argenteolus NBRC 12841.
The strain Achromobacter sp. 39.02 (accession number
GQ475298) has been observed to have a high similarity
value (higher than 98%) with A. marplatensis strain B2, 97%
with A. insolitus LMG 6003 and A piechaudii EY3860,
and 96% identity with Bordetella avium (AF177666).
The results indicate that there was no close relationship
between the isolate strains and it is necessary to conduct
further studies on sub species. Therefore, our work constitutes a contribution towards increasing the number of reports for Streptomyces and Achromobacter sequences in the
database.
In the last decades, many insecticidal compounds from
actinomycete strains have been isolated and characterized
to control pests and parasites. Valinomycin [24], Respirantin [10], Indanomycin [12], Avidin and Streptavidin [38],
Tartrolone C [39] and Meilingmycin [40] are just some of
the samples for the insecticidal compounds isolated from
actinomycetes. Avermectins and milbemycins are the most
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44 A. marplatensis B2
54

B. avium ATCC 35086

96 A. piechaudii EY3860 ATCC43552

A. insolitus LMG 6003 16S ribosomal RNA
S. argenteolus NBRC 12841
99

S. cinereoruber subsp. cinereoruber NBRC12756

93 S. bikiniensis NBRC 14598
70 S. violaceorectus NBRC 13102

Achromobacter sp.39.02 (GQ475298)
Streptomyces sp.42.04 (GQ475300)

100

0.2

FIGURE 3 - Phylogenetic tree for 16S rRNA gene sequences of isolates 39.02 and 42.04 and
representatives of the Streptomyces, Achromobacter and Bordetella available in the database

popular and commercially available bioinsecticides from
actinomycetes.
The insect-pathogenic bacterium Achromobacter
nematophilus is known as symbionts of insect-pathogenic
nematodes of the Steinernema and Heterorhabditis families [41, 42]. It has been observed that after infecting an
insect the nematode burrows through the intestinal wall of
the insect and releases the bacteria into the hemolymph.
The bacteria avoid the immune response of the insect,
multiply rapidly and kill the insect host within 24-48 h,
providing suitable conditions for nematode reproduction.

Axenic nematodes can still infect an insect but are much
less virulent than the Xenorhabdus sp.-carrying nematodes [41, 43]. Different toxins were purified from a culture broth of this insect-pathogenic bacterium [43, 44]. In
addition, the larvicidal nature of a structural subunit of X.
nematophila pilin was also reported [45].
Biological control studies are mostly focused on Bacillus thuringiensis isolates. Therefore, the biocontrol potential of our Streptomyces and Achromobacter isolates can
be accepted as a first and important step in developing biological preparations against agricultural pests.
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FIGURE 4 - β-galactosidase activity of isolate 39.02 crude extract in different concentrations
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FIGURE 5 - β-galactosidase activity of isolate 42.04 crude extract in different concentrations.
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We are in contact with agrochemicals directly or indirectly. Finding safe to use compounds to non-target organisms, low toxicity and short duration in the environment
are the main goals of the new screening studies [35]. As a
result, we have to know the toxicity level of the newlyisolated bioactive compounds. The method we used for
the genotoxic investigation of the crude extracts of the
active isolates is one of the short-time tests [32]. The values
obtained as a result of the Umu test system are shown in
Figures 4 and 5. As shown in these Figures, the fallen βgalactosidase activity was exhibited by both crude extracts.
Therefore, both tested extracts cannot be defined as positive
mutagenic agents due to the extracts showing β-galactosidase activity.
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The HPLC profile of the crude extracts of the active
isolates was very complex. However, we determined that
the crude extracts of the isolates do not include the most
popular insecticidal compounds produced by actinomycetes, avermectin, piericidin and valinomycin (unpublished
data). Thus, in order to determine the produced bioactive
metabolites, whether novel or otherwise, purification, characterization and identification of the compounds are needed.
Further testing for purification and chemical characterization of insecticidal metabolites, optimization of the production conditions, and identification of the active isolates
species level would be the focus of future studies.
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SEQUENTIAL EXTRACTION OF PALLADIUM
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ABSTRACT
It was reported that some noble metals including palladium (Pd) were emitted during coal combustion and accumulated in fly ash. Huge amounts of fly ash were produced as a major byproduct by coal-fired power plants every
year in the world, but little knowledge about Pd in fly ash
was known until now. It was very important to evaluate
the levels of Pd in fly ash. The previous studies also indicated that the mobility and bioavailability of elements (or
species) were more useful and crucial for environmental risk
assessment rather than the total amount. In this paper, not
only the total amount of Pd but also its mobility and bioavailability in fly ash were investigated by performing a
sequential extraction procedure. The fly ash samples were
collected from a coal-fired power plant equipped with both
conventional pulverized coal (PC) combustor and circulating fluidized bed (CFB) combustor. High levels of Pd
(69.9 µg g-1 and 121 µg g-1) were found in the fly ash
samples. Pd in fly ash was further characterized as five
species operationally by applying a sequential extraction
method consisting of 5 extraction steps. From our results,
more than 95% of Pd in fly ash was present in the extractable forms, which meant Pd in fly ash was very active and easy to be extracted in the environment. Pd in fly
ash had high mobility and bioavailability, and fly ash
produced by power plants was probably a new anthropogenic emission source of Pd.

automobiles was considered to be the main anthropogenic
emission source of Pd in our environment [7]. The recent
study also reported that some noble metals were accumulated in fly ash [8]. A large amount of fly ash was produced
by power plants every year in the world, however, as far as
we know, there was no report about Pd in fly ash from coalfired power plants. Although the fly ash materials could be
beneficially used in some fields, the global utilization rate
of coal fly ash was only 25% [9]. Most of fly ash was released into the environment via various ways and posed
risks to human beings. It was very important to study the
toxicity and transportation of metals in the environment
[10, 11]. It was reported that the species of metals in fly ash
were more important for the environmental risk assessments
rather than the total amount because speciation could reflect the bioavailability and mobility of metals [12-15].
Chemical fractions were often used to evaluate the migration properties of elements in soil, sediments, and fly ash
[12-15]. Among the methods published, the sequential extraction procedure was the most popular one. The species of
metals in coal fly ash were also characterized operationally
by sequential extraction protocols [14-16]. In this paper,
one modified sequential extraction procedure was proposed
and applied to characterize the species of Pd in the fly ash
samples from a power plant in China.

MATERIALS AND METHODS
Reagents and instrumentation

Nitric acid, hydrogen peroxide, hydrofluoric acid and
acetic acid, hydroxylamine hydrochloride and ammonium
acetate (analytical grade, Beijing Chemical Factory, China)
were used for extraction and wet digestion. Inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7500cs
instrument, Agilent Co., USA) was used for the determination of Pd.

KEYWORDS:
Palladium; Fly ash; Speciation; Sequential extraction

INTRODUCTION
The determination of palladium (Pd) in the environment
attracted a lot of attention because of its worldwide usage
in catalytic converters of automotives, and its bioaccumulation, cellular damage and potential detrimental health
effects [1-3]. A lot of researches about Pd emission from
automobiles were carried out [4-6]. The exhaust gas of

Sampling and sample pretreatment

The coal-fired power plant was located in a city of
North China. It had been actively running for several ten
years. The plant is equipped with two types of combustors, conventional pulverized coal (PC) and circulating
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fluidized bed (CFB) combustor. The samples were collected from these two combustors and labeled as PC and
CFB sample, respectively. The samples were oven-dried
at 105 ºC for 8 h. Then, the samples were homogenized
and sieved through an 80-mesh sieve for further analysis.

perature in 30 min. The digestion solution was transferred
after centrifugation.
Total digestion of fly ash

0.2 g fly ash was put into a PTFE container for microwave digestion. The procedure was the same as that described in step five.

Sequential extraction procedure and sample analysis

Five-step extraction procedure from our previous reports [12, 13] was modified and adopted to this experiment. The Pd in fly ash was divided into water extractable
fraction (F1), acid soluble fraction (F2), reducible fraction
(F3), oxidizable fraction (F4), and residual fraction (F5).
The detailed process was described below.

The extractant from each extraction step was filtrated
through a 0.45-µm filter before analysis. Pd in the samples was determined by use of the Agilent 7500 octopole
reaction system (ICP-MS) with the element In as internal
standard. The concentration of Pd was calibrated by a
standard spiked method to minimize the interferences. To
control the analysis quality during the process, the standard
of Pd at different concentrations was spiked into the
samples and the recoveries were calculated. The recovery
rates were in the range of 89-115%.

Step one, water extractable fraction (F1): 1.0 g sample was weighed and transferred to a 50-ml glass centrifuge
tube, and 20 ml de-ionized water was added. The obtained
mixture was sonicated for 2 h at ambient temperature. The
extract was then separated from the solid residue by centrifugation at 3000 rpm for 15 min, and decantation of the
supernatant was transferred by a pipette. The solid residual fraction was retained for the next step.

RESULTS AND DISCUSSION
Total palladium in fly ash

Step two, acid soluble fraction (F2): The residue from
step one was added to 20 ml acetate at pH 2.85, and shaken
for 16 h. Then, the supernatant was transferred after centrifugation. The residue was left for the next step.

The background level of Pd in the environment was
low, and ng/g level of Pd in the background soil was
reported [17]. High level of Pd was always caused by
anthropogenic input. Hundreds of ng g-1 Pd was reported
in road dust and soil adjacent to traffic [18, 19]. In our
study, 121 µg g-1 of Pd was found in fly ash (Table 1).
The level was almost 1000-fold higher than that in the
road dust [18, 19]. High level of Pd in fly ash probably
resulted from the accumulation of Pd during coal combustion. The levels of Pd in the fly ash samples were so high
that it was very necessary to further evaluate its leaching
characters and mobility.

Step three, reducible fraction (F3): The solid residue
from the above step was treated with 20 ml of 0.04 mol L−1
NH2OH·HCl and adjusted to pH 2 by CH3COOH. The
samples were shaken for 16 h. The supernatant was transferred after centrifugation. The solid residual was retained
for step four.
Step four, oxidizable fraction (F4): The obtained residue was added to 5 ml of 30% H2O2 (adjusted to pH 2 with
HNO3) and heated at 85 °C. The mixture was digested for
1 h. The solution was evaporated to a small volume (1-2 ml).
After digestion, the solution was cooled down, 20 ml of
1.0 mol L−1 CH3COONH4 was added and shaken for 16 h.
After centrifugation, the obtained supernatant was transferred.

Speciation of palladium in fly ash by sequential extraction
Water extractable fraction (F1)

It was expected that water-extractable Pd is present in
weakly absorbed forms, particularly in the fractions retained on the dust surface by electrostatic interactions. Pd
in this fraction was the most labile part among all fractions, and it could be transported from fly ash to the environment very easily. There was no significant difference
in the distribution patterns of Pd in this fraction between
two samples (Figs. 1 and 2). 8% (5.3 µg g-1) and 7% (8.3
µg g-1) of total Pd was found for F1 in PC and CFB samples, respectively. The concentrations of Pd in the waterextractable form were significant to the environment.

Step five, residual fraction (F5): The residue from step
four was transferred to a PTFE container designed for
microwave digestion systems and then treated with a mixture of aquatic acid and HF (3 ml HF and 5 ml aqua regia).
The samples were then put into the microwave digestion
system. The temperature was kept at 180 ºC for 30 min after
ramping to 160 ºC within 5 min and holding for 2 min.
After that, the containers were cooled down to room tem-

TABLE 1 - The concentrations of Pd in each fraction in the fly ash samples (µg g-1, n=3).
F1
F2
F3
PC
5.30±0.41
48.2±2.95
8.89±0.50
sample
CFB
8.30±0.62
49.4±3.10
49.6±4.12
sample
a
b
Sum = F1+F2+F3+F4+F5; Recovery = Sum/Total

F4

F5

Suma

Total

Recoveryb

2.71±0.11

2.47±0.19

67.5

69.9±4.8

99.6%

12.7±0.93

3.37±0.25

123

121±7.2

102%
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Acid soluble fraction (F2)

Weak acid was expected to dissolve Pd from solid
compounds like carbonate or other complexes binding to
Pd. Pd in this fraction was sensitive to pH changes. Pd in
this fraction meant that it could be released easily by ionexchange process and be leached out when the environmental conditions were disturbed by pH changes or Eh
changes. The Pd concentration in this fraction in the PC
sample was 48.2 µg g-1, representing 71% of the total
amount (Fig. 1). In the CFB sample, 49.4 µg g-1 of Pd was
found in F2 accounting for 40% of the total amount (Fig.
2). The result indicated that Pd was very active with high
mobility. The high level and high mobility of Pd in fly ash
made it very important and interesting to investigate its
leaching characteristics. The preferential mobilizing character of Pd in fly ash found in our study was in agreement
with the observations by other researchers. It was also reported that Pd in road dust was of high mobility and availa4%

13%

4%

8%

F2
F3

Residual fraction (F5)

F4

During combustion, the original crystalline structure of
coal was broken. When the particles were cooled down and
agglomerated again, metals in various forms were redistributed into fly ash. Some of them were redistributed into
the crystalline structure just like primary ore. Pd in the residual fraction was much safer to the environment than the
other forms because of much lower mobility and bioavailability. Primary and secondary minerals containing metals
in their crystalline lattices constituted the bulk of this fraction. To leach Pd in this fraction is always very difficult,
because the structure of the crystalline lattice must be destroyed sufficiently with very strong acid or alkali. In our
experiment, the aim was obtained by using a strong acid
(HF) together with aqua regia. To facilitate the digestion
procedure, a microwave digestion system was applied. From
the results, very small parts of Pd were found in PC (4%)
and CFB (3%) samples of this fraction (Figs. 1 and 2). The
contribution of this fraction to Pd emission in the environment was not significant.

F1

71%

bility [20, 21].
FIGURE 1 - The fraction distribution
patterns of palladium in PC fly ash.

3%

7%

40%
40%

Oxidizable fraction (F4)

Most of carbon or organic matter was burned during
coal combustion. However, there was always some organic
matter left because of partial combustion of coal or re-absorption in flue gas. In addition to that, most of metals were
readily forming compounds with sulfur. The sulfur-binding
fraction was normally stable to temperature and pH changes.
Metals in this fraction were stable and difficult to take part
in the geochemical cycle. But they became liable when the
conditions of oxidation or reduction changed. Under oxidation conditions, the organic matter and sulfur compounds
were destroyed, and Pd associated with them was leached
out into the environment. 2.7µg g-1 of Pd was found in PC
sample and 12.7 µg g-1 of Pd in CFB sample, only accounting for 4% and 10% of total Pd, respectively. Figs. 1 and 2
indicate that the proportions of Pd in this fraction were not
dominant, and were obviously different in PC and CFB
sample. This indicated that the distribution of Pd in this
fraction was affected by the different boilers.

F5

10%

fraction indicated that the types of boilers probably affected
the distribution of species.

F1
F2
F3
F4
F5

FIGURE 2 - The fraction distribution
patterns of palladium in CFB fly ash.

Mass balance
Reducible fraction (F3)

The metals in coal were always oxidized during coal
combustion. The metal oxides probably play the role of
excellent noble metal scavengers. Pd in this fraction was
thermodynamically unstable under anoxic conditions. It was
also reported that Pd formed complexes with inorganic chelating agents [22]. Ammonia and chloride was found to play
an important role in transporting metals in the environment
[21]. In our experiment, 0.1 M NH4OH·HCl (pH 2.0) was
used to extract Pd in this fraction. Its concentration in the
PC sample was 8.89 µg g-1 corresponding to 13% (Fig. 1),
and 49.6 µg g-1 in CFB sample (40% of total Pd amount;
Fig. 2). The difference in the distribution patterns in this

The mass balance was calculated from the results of
this experiment. The recoveries were calculated by comparing the sum of the various fractions with the total content.
The recoveries are illustrated in Table 1. There was no obvious loss of mass during the analysis and pretreatment
process.
CONCLUSION
High levels of Pd in fly ash were found in our study.
Fraction characterization demonstrated that most of Pd
was in the extractable fractions (F1+F2+F3) indicating that
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Pd in fly ash had high mobility and bioavailability. Fly ash
from a coal power plant may act as another major anthropogenic emission source of Pd in the environment, in addition to automobile catalysts. The difference in the distribution of species in the samples from the two different types
of combustors also indicated that they probably affected
the fraction distribution of Pd in fly ash. However, for
more confident and reliable interpretations, further results
must be hunted for in the future.
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ABSTRACT
Concentrations of 39 polybrominated diphenyl ethers
(PBDEs; mono- to hepta-brominated ones) were investigated in 6 tissue types (muscle, gills, skin, liver, gastrointestinal tract (GIT), and gallbladder) of 3 fish species
(Sciaenops ocellatus, Sparus macrocephalus, Lateolabrax
japonicus), from marine cage fish culture regions in Taizhou,
China, in August 2008. All 3 species live in the same marine
cage fish culture environment; i.e., natural seawater, the
same feed and growth cycles. Among all 3 species, the
mean total PBDE (ΣPBDE) concentrations in the muscle,
gill, skin, liver, GIT, and gallbladder tissues were 1.011.69 ng/g, 3.42-5.49 ng/g, 3.85-5.81 ng/g, 4.17-7.07 ng/g,
3.89-5.44, and 3.53-3.97 ng/g, respectively. The ΣPBDE
levels were within the lower ranges of those reported from
elsewhere. A comparison of PBDEs among tissue types indicated similar profiles in all 3 fish species. Tetra- and tribrominated PBDE congeners were predominant (60% of
total PBDEs). Statistical analyses of the concentrations
of mono- to hexa -BDE compounds and ΣPBDE values
showed high positive correlations between concentrations of
di- to hepta-BDEs in the muscle and gill tissues. Significant
positive correlations were also found between concentrations of mono- to hexa-BDEs in the skin and GIT tissues.
KEYWORDS:
Distribution, polybrominated diphenyl ethers, fish, tissues

INTRODUCTION
Polybrominated diphenyl ethers (PBDEs) are used in
large quantities as brominated flame retardants (BFRs);
BFRs are additives used in the production of television sets,
computers, radios, textiles, synthetic building materials and
automobiles [1]. In China, the domestic demand for BFRs
increases at about 8% per year [2]. In addition, obsolete
electronic products (e-waste) including end-of-life electronic products, such as computers, printers, photocopying
machines, television sets and mobile phones, from devel-

oped countries are exported to developing countries, including China, for recycling [3]. There is growing evidence
that large amounts of PBDEs are released into the environment during manufacture of BFRs or disposal of consumer
products containing these chemicals, including e-waste dismantling and recycling [4, 5]. PBDEs share many characteristics with persistent organic pollutants (POPs), such as
polychlorinated (PC) dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs) and biphenyls (PCBs). Similar to those
compounds, PBDEs are lipophilic, persistent, have the
potential to undergo long range transport, and have been
shown to accumulate in humans and wildlife, and even in
human plasma and breast milk [6, 7]. PBDEs are an emerging group of contaminants that appear to be ubiquitous in
the environment. They are amplified in fish and mussels, and
consumption of contaminated fish is an important pathway
by which humans and other upper trophic level species can
absorb PBDEs [8].
Numerous studies have analyzed the concentrations,
effects and tissue disposition of PBDEs in wildlife and fish
[9-11]; nevertheless, few studies have focused on tissue
disposition and metabolism of PBDEs in fish reared in
constant environmental conditions. Because of the logistical difficulties in obtaining specific information on marine
wildlife samples, including their history, corresponding contaminant data are often reported without comprehensive
background information [5]. However, cage fish culture in
seawater is one of the main systems of fish culture, and it
has a number of advantages including providing the same
natural seawater environment, feed, and growth. We investigated the distribution of 39 PBDEs in samples from 6
tissue types of 3 fish species (Sciaenops ocellatus, Sparus
macrocephalus, and Lateolabrax japonicus). These fishes
were from a marine cage fish culture region, 20–30 km
downstream from e-waste dismantling and recycling plants
in Taizhou, a major merchandise trade center, and e-waste
dismantling and recycling location in South China. We
aimed to increase understanding of bioaccumulation and
biotransformation of PBDEs by detailed analyses of PBDE
concentrations, compositional profiles, and their relationships in the different tissue types and fish species. Moreo-
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ver, as the number of wild marine fisheries has decreased,
the use of marine aquatic farming as an alternative fish
source has increased [12]; hence, the findings from our
study are valuable for the sustainable development of the
e-waste recycling industry and protection of marine aquaculture.

MATERIALS AND METHODS
Study area and sample collection

The study was conducted in Jiang-xia Town, in the city
of Taizhou, which is a major merchandise trade center, and
e-waste dismantling and recycling location in South China.
In August 2008, we collected fish from 4 sites, 20–30 km
downstream from e-waste dismantling and recycling plants,
sampling 3 fish species (Sciaenops ocellatus, Sparus macrocephalus, and Lateolabrax japonicus) from each of the
4 sites. We sampled one for three fish species from each
of the four sites. In each marine cage fish culture region,
all fishes lived in the same environment; i.e., the same
natural seawater environment, feed, and growth. Fishes of
similar ages and weights (Sciaenops ocellatus = 566–712
g, Sparus macrocephalus = 580–650 g, Lateolabrax japonicus = 603–715 g) were selected. Fish samples were
wrapped in aluminum foil and transported to the laboratory in an ice bag in a hermetical-cold box. All samples
were transported to the laboratory within 6 h of collection.
Fishes were weighed and measured. The specimens were
thawed and dissected carefully with a clean stainless steel
knife to obtain samples of the muscle, gills, skin, liver,
gastrointestinal tract (GIT) and gallbladder. Approximately
100 g (wet wt) of fish muscle was taken from the back of
the fish. Skin (without muscle layer and squama) samples
were taken from both sides of the back. All GIT samples
were cut open, and the food, digestive fluid, and fat around
the GIT were cleared. The gill and liver samples were
washed to clear sediment and blood, and the gallbladder
samples were washed to clear their contents. All tissue
samples were frozen at –20 °C until further analysis.
Chemicals and instrumentation

We purchased the PBDE analytical standard solution
from Acros Organics (New Jersey, USA). The solution contained 3 mono-BDEs (BDE # 1, 2 and 3), 7 di-BDEs (BDE
# 7, 8, 10-13, and 15), 8 tri-BDEs (BDE # 17, 25, 28, 30,
32, 33, 35, and 37), 6 tetra-BDEs (BDE # 47, 49, 66, 71,
75, and 77), 7 penta-BDEs (BDE #85, 99, 100, 105, 116,
119, and 126), 5 hexa-BDEs (BDE # 138, 153-155, and
166), and 3 hepta-BDEs (BDE # 181, 183, and 190). The
concentrations of each compound ranged from 100 ng/ml
for the mono-congeners to 250 ng/ml for the hepta-congeners. We used the standard solution to construct a calibration curve and measure recovery efficiency from spiked
samples.
We used silica gel (100-200 mesh), pre-cleaned by
heating at 450 °C for 6 h in a shallow metallic enamel

tray. Similarly, we pre-cleaned the anhydrous sodium sulfate by heating at 120 °C for 6 h in a shallow metallic
enamel tray. All organic solvents used in this study were
of chromatographically pure or equivalent grade, and only
ultra-pure water was used for the analyses.
We conducted gas chromatography coupled to mass
spectrometry with negative chemical ionization (GC–NCI–
MS) using a gas chromatograph (GC 3800) connected to a
mass spectrometer (240 MS, Varian., USA), with a VF-5 ms
column (30 m x 0.25 mm x 0.25 µm, Varian, USA). The
rotary evaporator (RE-52AA) was purchased from the
Shanghai Kanghua Biology Medical Instrument Factory
(Shanghai, China).
PBDE extraction and purification

We treated the tissue samples (10 g) with anhydrous
sodium sulfate to remove water. The samples were then
subjected to Soxhlet extraction using a mixture of 100 ml
n-hexane/methylene dichloride (1:1) for 48 h in a waterbath (60 ºC). The extract was condensed to 10 ml in the
rotary evaporator, then eluted with sulfuric acid until the
sulfuric acid layer was colorless. Following this, the extract
was treated with a 20% sodium sulfate solution. We then
added anhydrous sodium sulfate to remove trace amounts
of water. The extract (2 ml total volume) was then concentrated by rotary evaporation. The concentrated extract
was passed through a glass column (inside diameter: 1 cm)
packed (in order from the base) with 4 cm of alumina, 2 cm
of silica gel (100-200 mesh), 3 cm of alkaline silica gel, 2 cm
of silica gel, 5 cm of acidic silica gel, and 1 cm anhydrous
sodium sulfate. The glass column was also pre-eluted with
hexane, then eluted with 20 ml methylene dichloride/nhexane (1:1). The sample extracts were condensed to 0.5 ml
and dried with nitrogen gas. The PBDEs in the samples
were dissolved in 1 ml of n-hexane and filtered through
0.45-µm filter paper. The samples were then analyzed using
GC–NCI–MS.
Chemical analyses

The GC column oven temperature was initially set at
110 °C (0-1 min), then increased to 180 °C, at a rate of
8 °C min, and maintained for 1 min. Following this, the
temperature was increased to 210 °C, at a rate of 2 °C min,
and held for 1 min, then increased to 300 °C, at a rate of 5 °C
min, and held constant for 5 min. The injector and detector
temperatures were maintained at 280 and 300 °C, respectively. We used helium (purity 99.999%) as both the carrier gas (1 ml/min) and the make-up gas for the detector
(60 ml/min). The samples were injected in split mode (split
ratio: 5:1). The injection volume was 1 µl.
The MS was operated in the negative chemical ionization (NCI) mode. The transfer-line, quadrupole and ion
source temperatures were 280, 40 and 250 °C, respectively. Methane (purity 99.99%) was used as chemical ionization moderating gas at an ion source pressure of 7.50
Torr. A solvent delay of 9 min was employed. Specific
ions were selected for each PBDE congener, and the most
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abundant ion was selected as a quantitative ion, since only
the Br- ions (m/z 79) were monitored.
Quality control

We prepared blank samples in the same manner as the
tissue samples. These were analyzed concurrently with the
field samples to measure interferences and laboratory contamination. A solvent and procedural blank was included for
every batch of 10 samples. The recovery efficiency for the
PBDEs was between 66.6~113.6%. The detection limit for
animal tissues was between 0.001-0.025 ng/g. We evaluated precision by using the relative percent difference from
an indicator for the 39 PBDE congeners. Quantification
was performed using the external calibration method based
on a 5-point calibration curve for 39 PBDEs.
RESULTS AND DISCUSSION
Concentration of PBDEs in fish tissues

The concentrations of 39 mono- to hepta-brominated
PBDE congeners were monitored in the 6 tissue types from
each species. Of those 39 PBDEs, we detected 24 PBDE
congeners (PBDE24) in the tissue samples. The PBDE24
and total PBDE24 (∑PBDE24) concentrations varied widely
among the 3 fish species (Tables 1 and 2). Our results suggest that bioaccumulation of PBDEs is species-specific, and
differs between tissue types.
In Sciaenops ocellatus, the mean ΣPBDE24 concentrations in muscle, gills, skin, liver, GIT, and gallbladder tissue
samples were 1.01, 3.60, 4.71, 7.07, 4.78 and 3.53 ng/g, respectively. Liver tissue contained the highest PBDE levels
among the 6 tissue types, followed by skin, GIT, gills,
gallbladder and muscle. In Sciaenops ocellatus, PBDE
con-

centrations in liver tissue were about 7-fold those in muscle tissue, and accumulations of PBDEs were 3–4 times
lower in the muscle than in gallbladder, gill, GIT and skin
tissues.
In Sparus macrocephalus, the mean ΣPBDE24 concentrations in the muscle, gills, skin, liver, GIT, and
gallbladder were 1.69, 5.49, 3.85, 4.17, 3.89 and 3.55
ng/g, respectively. The minimum ΣPBDE24 value (1.69
ng/g) was recorded in the muscle, and the maximum (5.49
ng/g) in the gills. The ranked concentrations of PBDE
congeners were as follows: gill > liver > GIT > skin >
gallbladder > muscle. There were no significant differences between the ΣPBDE24 concentrations in the liver,
skin, GIT and gallbladder; however, there were significant
ones between con-centrations in muscle and those in liver,
skin, GIT, gallbladder and gill, as well as between concentrations in gill, and those in liver, skin, GIT, and gallbladder samples.
In Lateolabrax japonicus, the mean ΣPBDE24 concentrations in the muscle, gills, skin, liver, GIT, and
gallbladder were 1.43, 3.42, 5.81, 4.83, 5.44 and 3.97
ng/g, respectively. The ranked concentrations of PBDE
congeners were GIT > skin > liver > gallbladder > gill >
muscle. PBDEs concentrations in the muscle tissue were
about 4 times lower than those in the GIT tissue. Generally, in all 3 fish species, muscle tissues contained the lowest PBDE levels among tissue types. In contrast, although
there were a few exceptions, the concentrations of PBDEs
were higher in the skin and liver tissues than in the other
tissues. The values were consistent with those reported in
literature [13–16].
There is a large amount of data on PBDE levels in
fish muscle tissue from national and international marine
biota studies. Inter-laboratory comparisons of PBDE levels

TABLE 1 - The concentrations of PBDEs in different tissues of Sciaenops ocellatus and Sparus macrocephalus (ng/g, w w).
compounds
BDE-1
BDE-2
BDE-3
BDE-8
BDE-10
BDE-11
BDE-12
BDE-17
BDE-25
BDE-28
BDE-33
BDE-35
BDE-37
BDE-47
BDE-49
BDE-66
BDE-71
BDE-77
BDE-99
BDE-100
BDE-119
BDE-153
BDE-154
BDE-181

Sciaenops ocellatus
muscle
nd
0.09±0.08
nd
0.01
0.07±0.01
0.02
0.04
0.06
0.04
0.03
0.05
0.01±0.01
0.02
0.17±0.04
0.09±0.03
0.10±0.04
0.02
0.08
nd
0.04±0.01
nd
nd
nd
0.07±0.08

gill
nd
0.28±0.34
0.10±0.05
0.03
0.17
0.04
0.05±0.04
0.16±0.03
0.07±0.02
0.13±0.02
0.20±0.04
0.02±0.01
0.05±0.02
0.73±0.07
0.33±0.10
0.35±0.11
0.03
0.20±0.04
0.15±0.04
0.11±0.02
0.08±0.06
0.20±0.27
0.12±0.08
nd

skin
0.14±0.12
0.73±0.32
nd
0.03±0.01
0.17±0.03
0.05±0.01
0.02±0.03
0.16±0.05
0.07±0.02
0.16±0.07
0.24±0.10
0.02±0.02
0.04±0.01
0.79±0.28
0.37±0.08
0.39±0.08
0.11±0.16
0.22±0.07
0.23±0.03
0.13±0.02
0.13±0.02
0.34±0.21
0.17±0.02
nd

liver
0.27±0.20
0.20±0.23
0.16±0.09
0.07±0.04
0.55±0.20
0.11±0.02
0.09±0.01
0.42±0.04
0.15±0.02
0.45±0.04
0.68±0.08
nd
0.13±0.04
0.77±0.33
0.28±0.21
0.26±0.07
0.07±0.02
0.19±0.09
0.61±0.07
0.37±0.16
0.34±0.09
0.61±0.36
0.28±0.18
nd

Sparus macrocephalus
GIT
0.05±0.10
0.22±0.18
0.13±0.10
0.57±0.01
0.22±0.10
0.07±0.02
0.06±0.09
0.22±0.03
0.14±0.03
0.11±0.04
0.17±0.05
0.04±0.03
0.06±0.02
0.77±0.25
0.36±0.15
0.39±0.16
0.16±0.01
0.32±0.09
0.24±0.13
0.16±0.05
0.14±0.12
nd
0.18±0.16
nd

gallbladder
0.73±0.13
0.05±0.01
nd
0.232±0.02
nd
0.16±0.23
nd
0.39±0.25
nd
nd
nd
0.13±0.18
0.16±0.12
0.30±0.09
0.12±0.12
0.20±0.09
0.27±0.03
nd
0.20±0.09
0.36±0.02
nd
nd
0.23±0.08
nd
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muscle
nd
0.21±0.18
0.04±0.07
0.02±0.01
nd
0.03±0.01
0.02±0.03
0.07±0.01
0.05
0.05±0.02
0.08±0.03
0.02±0.01
0.03±0.01
0.41±0.21
0.11±0.02
0.12±0.03
0.03
0.02±0.04
0.04±0.04
0.08±0.03
nd
0.07±0.08
0.13±0.03
0.06±0.05

gill
nd
0.39±0.30
0.21±0.11
0.06±0.03
0.08±0.06
0.07±0.04
0.08±0.06
0.18±0.09
0.10±0.04
0.17±0.06
0.27±0.11
0.02±0.02
0.08±0.03
1.27±0.27
0.53±0.13
0.39±0.14
0.11±0.07
0.14±0.04
0.35±0.06
0.22±0.09
0.07±0.08
0.42±0.44
0.28±0.08
nd

skin
0.09±0.10
0.64±0.39
nd
0.02±0.01
0.07
0.04±0.01
0.04±0.02
0.10±0.02
0.05±0.01
0.11±0.01
0.17±0.02
0.01±0.03
0.05±0.01
0.78±0.18
0.32±0.03
0.24±0.03
0.10±0.05
0.09±0.02
0.21±0.02
0.19±0.07
0.08±0.06
0.24±0.11
0.21±0.05
nd

liver
nd
0.31±0.05
0.23±0.09
0.06±0.01
nd
0.07±0.01
0.06±0.07
0.19±0.05
0.13±0.16
0.13±0.08
0.19±0.12
0.04±0.03
0.07±0.01
0.98±0.29
0.28±0.10
0.30±0.10
0.08±0.05
0.11±0.13
0.27±0.15
0.20±0.04
nd
0.30±0.20
0.17±0.20
nd

GIT
0.16±0.32
0.23±0.37
0.30±0.27
0.07±0.03
0.03±0.05
0.10±0.03
0.10±0.13
0.23±0.11
0.19±0.10
0.10±0.06
0.15±0.09
0.06±0.06
0.08±0.04
0.70±0.35
0.27±0.20
0.29±0.21
0.05±0.05
0.24±0.12
0.17±0.20
0.20±0.06
0.03±0.06
nd
0.14±0.18
nd

gallbladder
0.18±0.14
0.06±0.02
nd
0.26±0.04
nd
0.36±0.06
0.14±0.11
0.14±0.12
0.19±0.12
0.01
0.02±0.01
0.17±0.14
nd
0.62±0.12
0.39±0.15
0.41±0.28
0.17±0.14
nd
nd
0.43±0.08
nd
nd
nd
nd
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4.71
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7.07

4.78

3.53

1.69

5.49

3.85

4.17

3.89

3.55

TABLE 2 - The concentrations of PBDEs in different tissues of Lateolabrax japonicus (ng/g, w w).
compounds

muscle
BDE-1
0.08±0.05
BDE-2
0.15±0.17
BDE-3
0.13±0.10
BDE-8
0.02
BDE-10
0.08±0.06
BDE-11
0.03
BDE-12
0.02±0.03
BDE-17
0.07±0.02
BDE-25
0.05
BDE-28
0.04±0.02
BDE-33
0.05±0.03
BDE-35
0.02
BDE-37
0.03
BDE-47
0.22±0.10
BDE-49
0.10±0.08
BDE-66
0.11±0.08
BDE-71
0.03±0.03
BDE-77
0.07±0.05
BDE-99
0.04±0.05
BDE-100
0.04±0.02
BDE-119
0.02±0.04
BDE-153
nd
BDE-154
0.03±0.06
∑PBDEs
1.43
nd: not detected

gill
nd
0.21±0.29
0.10±0.10
0.04±0.01
0.19±0.04
0.06±0.01
0.03±0.04
0.17±0.05
0.07±0.02
0.13±0.04
0.20±0.07
0.02
0.06±0.02
0.35±0.16
0.31±0.09
0.33±0.10
0.07±0.06
0.17±0.03
0.24±0.03
0.09±0.01
0.12±0.02
0.27±0.17
0.19±0.02
3.42

Lateolabrax japonicus
skin
liver
0.19±0.14
0.30±0.35
0.70±0.17
0.52±0.31
0.30±0.29
0.23±0.07
0.04±0.01
0.07±0.02
0.23±0.05
0.33±0.03
0.06±0.01
0.10±0.01
0.03±0.03
0.07±0.09
0.20±0.08
0.28±0.07
0.09±0.03
0.17±0.03
0.21±0.13
0.13±0.07
0.28±0.24
0.19±0.10
0.02
0.03±0.08
0.06±0.02
0.07±0.02
0.95±0.46
0.56±0.09
0.39±0.26
0.33±0.06
0.42±0.28
0.35±0.06
0.23±0.21
0.10±0.07
0.24±0.02
0.34±0.10
0.29±0.23
0.16±0.19
0.13±0.04
0.15±0.03
0.15±0.06
0.07±0.15
0.39±0.02
0.09±0.04
0.21±0.06
0.19±0.22
5.81
4.83

are complicated because each laboratory may analyze a
different suite of PBDE congeners; however, adequate comparisons of bioaccumulation of the key congeners can be
made. In our study, the ΣPBDE concentrations in the muscle tissue were within the lower ranges of those reported
from other studies. For example, a series of PBDE surveys was conducted in Europe including Italy [17] and
Norway [18]; North America including U.S.A [19] and
Canada [20]; and the Asia-Pacific region including Japan
[21], Korea [22] and China [23, 24]. Our data suggest that
PBDE contamination is regionally distributed; furthermore,
the levels were much lower than in samples from other regions in China, especially Guangzhou in southern China,
with one of the world’s largest e-waste recycling centers
[25]. In Taizhou, the concentrations of PBDEs are much
lower in fish than in human hair and foraging hens [24].
However, a direct comparison with these previous data is
compromised by differences in species, age, gender, weight,
and lipid content of the samples, and different analytical
methods. Furthermore, the number of congeners was highly
variable among the studies because of local differences in
BDE sources, or the availability of BDE congener standards for the analytical laboratories [19].
BDE-2, 47, 49, 66, 99 and 153 were the main congeners detected in the fish tissue samples, and BDE-47 was
the most predominant one. The commercial tetra- and pentaPBDE mixture consists primarily of BDE-99 and BDE-47
[26]. PBDE congeners are distributed amongst the gaseous and particle phases once released into the environment.

GIT
0.14±0.31
0.46±0.14
nd
0.08±0.05
0.33±0.26
0.10±0.07
0.25±0.30
0.24±0.32
0.14±0.28
0.16±0.10
0.24±0.15
0.12±0.10
0.15±0.10
0.90±0.63
0.44±0.33
0.27±0.35
0.17±0.22
0.38±0.28
0.41±0.30
0.26±0.19
0.10±0.16
nd
0.20±0.14
5.44

gallbladder
0.15±0.16
0.11±0.14
nd
0.11±0.05
0.36±0.21
0.27±0.01
0.22±0.16
0.14±0.04
0.19±0.03
0.03±0.01
0.05±0.01
0.12±0.17
0.25±0.01
0.50±0.07
0.26±0.02
0.30±0.02
0.23±0.01
0.20±0.03
nd
0.16±0.22
0.12±0.14
nd
0.20±0.19
3.97

Then, they undergo degradation, or long-range atmospheric
transport to areas outside of the e-waste dismantling zone,
or both [27]. In addition, congener-specific biotransformation of PBDEs plays an important role in the bioaccumulation of PBDEs. Species and tissue differences in the
rate of PBDE transformation may also be responsible for
wide ranging estimates of PBDE biomagnification [28].
Fish species may adsorb PBDE congeners differently, but
they tend to adsorb low-brominated diphenyl ethers. Another possible reason for detecting higher levels of lowbrominated PBDEs in the fish tissue samples is that highbrominated diphenyl ethers may have been metabolized in
the fish tissues. The different congener profiles among fish
species can be attributed to different habitats, feeding habits, metabolizing ability, or bioaccumulative potentials [13].
However, in our study, the feeding habits of the 3 fish
species were quite similar; and the magnitude of the differences in the congener profiles suggests high metabolic
activity in these species.
Composition characteristics of PBDEs in tissues
PBDEs and tissue type

A comparison of PBDEs, including mono- to heptaBDEs, showed similar profiles among the 6 tissue types.
Fig. 1 shows the concentrations of PBDEs with mono- to
hexa-BDEs in tissue samples, and no hepta-BDEs were
detected. The concentration of PBDEs was relatively uniform in the fishes. There were higher PBDE levels in liver
and skin (i.e. similar bioaccumulation) than in muscle tis-
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sues of each of the 3 species. The highest PBDE concentrations were in the liver at 4.17–7.07 ng/g (average 5.36 ng/g)
> skin 3.85–5.81 ng/g (average 4.79 ng/g) > gills 3.42–
5.49 ng/g (average 4.17 ng/g) > GIT 3.89–5.44 ng/g (average 4.70 ng/g) > gallbladder 3.53–3.97 ng/g (average
3.68 ng/g) > muscle 1.01–1.69 ng/g (average 1.38 ng/g).
Previous reports also demonstrated that PBDE concentrations are significantly higher in the liver than in the muscle [29, 30]. These differences in the body distribution of
PBDEs could be because of varying amounts of lipids and
the active hepatic accumulation process, which is related
to the detoxifying role of the liver in xenobiotic metabolic

Sciaenops ocellatus;

The concentration of PBDEs, (ng/g)

2

processes [30]. Our results suggest that bioaccumulation
of PBDEs was very similar in each tissue type among the
three species.
Distribution of PBDEs in each tissue type

Figure 2 shows the percentage differences in PBDEs
with mono- to hexa-brominated PBDE congeners, out of
the total PBDE concentration in the 6 tissue types for the

Sparus macrocephalus;

Lateolabrax japonicus

skin

gill

1
0
2

liver

GIT

gallbladde

muscle

1
0
2
1
0

1Br 2Br 3Br 4Br 5Br 6Br 7Br 1Br 2Br 3Br 4Br 5Br 6Br 7Br

FIGURE 1 - The concentrations of PBDEs with mono- to hepta-BDEs in the tissue samples.
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FIGURE 2 - The percentages of PBDEs (mono- to hepta-brominated ones) in total PBDE concentrations of the six tissues.

3 fish species. Tetra-brominated PBDE congeners were
the most predominant ones in all tissues (except the liver of
Sciaenops ocellatus) at concentration ratios of 21.8-46.0%
in Sciaenops ocellatus < 34.7-48.3% in Lateolabrax japonicus< 39.4-44.8% in Sparus macrocephalus. Tri-brominated
PBDE congener levels were higher than those of mono-, di-,
penta-, hexa- and hepta-BDEs, and ranged from 14.7 to
26.1% in Sciaenops ocellatus, 12.4 to 19.9% in Sparus macrocephalus, and 14.5 to 30.3% in Lateolabrax japonicus.
Mono-BDEs ranged from 8.9 to 23.4% in Sciaenops ocellatus, 6.6 to 18.4% in Sparus macrocephalus, and 6.6 to
33.5% in Lateolabrax japonicus. Di-BDEs ranged from 6.0
to 14.7% in Sciaenops ocellatus, 4.8 to 21.5% in Sparus
macrocephalus, and 6.1 to 24.3% in Lateolabrax japonicus.
Penta-BDEs ranged from 3.7 to 18.8% in Sciaenops ocellatus, 6.6 to 12.1% in Sparus macrocephalus, and 7.1 to
11.8% in Lateolabrax japonicus. Hexa-BDEs ranged between 0-12.6% in Sciaenops ocellatus, 0-12.8% in Sparus
macrocephalus, and 1.9-11.8% in Lateolabrax japonicus,
and hepta-brominated PBDEs had the lowest concentrations.

PBDE congeners are distributed among the gaseous and
particle phases. Then, they undergo degradation or longrange atmospheric transport to areas outside the e-waste
dismantling zone, or both [27, 28]. However, overall, the
PBDE congener profiles were markedly different from those

The 6 tissue types accumulated a high proportion (>
60%) of PBDEs from tri- and tetra-BDEs. Fish species may
adsorb different amounts of PBDE congeners, but they all
tend to adsorb brominated diphenyl ether congeners. We
may have detected only low levels of mono- and di-brominated PBDE congeners in the tissue samples because of
the low discharge concentration; the commercial penta-BDE
mixture consists primarily of tetra- and penta-PBDEs, with
two dominant congeners, BDE-99 and BDE-47 [26]. The
low concentrations of penta- and hexa- brominated PBDE
congeners, and no detection of hepta-brominated ones in
the tissue samples, may be because the highly brominated
diphenyl ethers were metabolized, or underwent long-range
atmospheric transport; once released into the environment,
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observed in fishes from other regions of the world, which
are generally dominated by tetra- to hexa-BDEs [8]. In our
study, the muscle tissue accumulated a high proportion of
PBDEs from mono- to tetra-BDEs. It is not clear whether
the contamination by lower-brominated congeners was from
specific PBDEs in the commercial mixtures, or from subsequent debromination of the higher PBDE congeners,
which generally occurs in the environment [30]. Further
investigation is required on the accumulation and migration mechanisms of PBDEs within cultured fish, and appropriate steps should be undertaken to ensure the security
of the aquatic product.
Relationships between concentrations of PBDEs in fish
tissues

The results from statistical analyses of the concentrations of mono- to hexa -BDE compounds and ΣPBDEs for
the 6 tissue types from the 3 fish species are shown in Table 3. There was a high positive correlation between concentrations of di- to hexa-BDE compounds in the muscle

and gill tissues. Significant positive correlations were also
found between concentrations of mono- to hexa-BDEs in
the skin and GIT tissues, between concentrations of di-,
tri- and hexa-BDE compounds and ΣPBDEs in the GIT and
gallbladder tissues, between concentrations of di-BDEs in
the muscle and those in the skin, liver and GIT tissues, but
also between di-BDE levels in the gill and those in the
GIT, skin and gallbladder. Similar strong associations have
been found between organic contaminants in the skin and
liver, and those in the gallbladder; strong positive correlations were also found between concentrations of chemicals
in sediments, and those in fish tissues for selected fish
species [31]. The findings from that study indicated that the
concentrations of 6 compounds were similar in gill and
GIT tissues in fish from marine cage fish culture regions.
The complexity of these patterns indicates several potential
regulating factors including the source compositions of the
compounds, and their sedimentary dispersion and accumulation patterns, environmental degradation, and metabolism
by sedimentary communities [25]. The variation in the

TABLE 3 - Correlations among concentrations of mono- to hexa-BDE compounds and ∑PBDEs for the six tissues of three species fish.
compound
Muscle vs gill
Muscle vs skin
Muscle vs liver
Muscle vs GIT
Muscle vs gallbladder
Gill vs skin
Gill vs liver
Gill vs GIT
Gill vs gallbladder
Skin vs liver
Skin vs GIT
Skin vs gallbladder
Liver vs GIT
Liver vs gallbladder
GIT vs gallbladder

1Br
0.13
-0.27
-0.19
0.21
-0.87
-0.99
-1.00
-0.94
0.37
0.98
0.88
-0.23
0.91
-0.31
-0.66

2Br
0.46
0.75
0.92
0.68
-0.17
0.93
0.06
0.96
0.80
0.42
1.00
0.52
0.33
-0.55
0.6

3Br
0.92
-0.55
-0.90
-0.02
-0.61
-0.84
-0.65
-0.41
-0.87
0.12
0.85
1.00
-0.42
0.20
0.81

4Br
0.91
-0.59
0.65
-0.66
0.82
-0.87
0.27
-0.92
0.51
0.24
1.00
-0.02
0.15
0.97
-0.11

correlations that have been observed among different tissue
types indicates different accumulation rates in the tissues.
In our study, there were highly significant correlations
between the skin and GIT concentrations of mono- to hexaBDE compounds. Similar results have been found in other
organisms. Fish skin is directly in contact with the living
environment, and it is a sensitive indicator of environmental
conditions. Moreover, under identical culturing conditions,
the concentrations of PBDEs in the food were similar. This
suggests that PBDE-contaminated fishes are a potential
source of PBDEs to the water system; therefore, PBDE
commercial formulas are possible sources of PBDEs in
marine cage fish culture regions [13].
CONCLUSIONS
In Sciaenops ocellatus, the mean ΣPBDE24 concentrations in muscle, gills, skin, liver, GIT, and gallbladder

5Br
0.84
0.32
-0.99
-0.21
0.08
-0.24
-0.74
-0.7
0.6
-0.47
0.86
-0.92
0.04
0.1
-0.99

6Br
0.94
-0.77
-0.21
-0.95
-0.99
-0.51
-0.53
-0.79
-0.98
-0.47
0.93
0.68
-0.10
0.33
0.91

∑PBDEs
0.92
-0.46
-0.92
-0.44
0.25
-0.77
-0.70
-0.76
-0.15
0.09
1.00
0.74
0.06
-0.60
0.76

tissues were 1.01, 3.60, 4.71, 7.07, 4.78, and 3.53 ng/g, respectively; in Sparus macrocephalus, the mean ΣPBDE24
concentrations were 1.69, 5.49, 3.85, 4.17, 3.89, and
3.55 ng/g, respectively; and in Lateolabrax japonicus, the
mean ΣPBDE24 concentrations were 1.43, 3.42, 5.81, 4.83,
5.44, and 4.06 ng/g, respectively. The ΣPBDE concentrations in the fishes from Taizhou, China were within the
lower ranges of those reported from elsewhere.
A comparison of PBDEs, including mono- to heptaBDEs, indicated similar profiles among 6 tissue types from
3 fish species. In each tissue type, bioaccumulation of
PBDEs was similar among species; however, there were
differences in the PBDE compositions among tissue types.
Tetra-brominated PBDE congeners were the most predominant ones. All tissue types accumulated a higher proportion
of PBDEs from tri- and tetra-BDEs, accounting for more
than 60% of the total PBDEs.
Statistical analyses were carried out on the concentrations of mono- to hexa-BDE compounds, and on ΣPBDEs
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for the 6 tissue types. High positive correlations were found
between concentrations of di- to hexa-BDE compounds in
the muscle and gill tissues. Significant positive correlations
were also found between concentrations of mono- to hexaBDE compounds in the skin and GIT tissues.
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ABSTRACT
Removal of nitrates, sulfate and Zn(II) ions from aqueous solutions through adsorption on to biopolymeric alginate/ clinoptilolite rich tuff pellets was studied using equilibrium batch technique. The idea of this approach of biosorbent fabrication is to promote the native zeolite adsorption performance and thus to prepare more efficient amphoteric tailored product for specific environmental uses. Flexible component i.e. alginate biopolymer with a rigid component (pulverized) zeolite were crosslinked using Fe(III) and
Ca(II) chlorides,.
The extent of adsorption was found to be a function of
contact time, adsorbate concentration and adsorbent dose.
The equilibrium adsorption data for above pollutants were
fitted to Freundlich and Langmuir isotherms, respectively.
Mössbauer spectroscopy was used for the ferric and ferrous iron ratio detection in the zeolite polletized with biopolymeric alginate samples and Scanning Electron Microscopy with Atomic Force Microscopy helped to visualize their surface texture and morphology.

KEYWORDS: nitrates, sulfate and Zn(II) ions, biopolymeric alginate / clinoptilolite rich tuff pellets, Freundlich and Langmuir isotherms, Mössbauer spectroscopy, SEM, AFM

INTRODUCTION
Numerous research activities have been focused in the
last decades on the synthesis and fabrication of some new
innovative adsorbents with tunable surface chemistry to
achieve superior adsorption and acceptable cost/benefit
properties simultaneously in regard to traditional porous
adsorbents like activated charcoal or synthetic resins [1-3].
Imprinting, inverse replication, postmodification (incorporation), templating and other methods have been de-

signed recently to prepare novel, hybridized silica or/and
zeolite based adsorbents, tailored for selective adsorption,
extraction, capturing or preconcentration of aqueous environmental pollutants and various entities on their surfaces
[4-9]. To achieve a high application potential for the alginate gel adsorbent, activated carbon – containing alginate
bead adsorbent was developed by Park et al. [6]. Those
authors tried to remove a broad range of heavy metal cations
from model solutions. Removal of Ni (II) cations from
aqueous solutions through adsorption on to biopolymeric
adsorbents, such as calcium alginate, chitosan coated calcium alginate and chitosan coated silica was studied also by
Vijaya et al. [9]. Nevertheless, Min and Hering [8] examined the fundamental aspects of a possible remediation strategy and removal of anionic metal species (arsenate) employing the biopolymer alginic acid pretreated with Ca (II) and
Fe(III) cations, respectively.
The key issue in the development of the advanced zeolite based adsorbents for practical use is mostly the selection
of proper, accessible surface ligand or directing template
and for a large scale the low cost and acceptance of green
chemistry principles as well. Those methods of choice may
ensure to generate promising, on the market easily selling
adsorbents incl. that ones which compose of native zeolite
matrices.
From the treatment methods considered, it is apparent
that there is usually no single available solution for the
efficient removal of a broad variety of pollutants, which
would be both economically and technologically feasible.
To overcome these drawbacks, we tried to combine several
conventional and environmentally sound substances with
the natural zeolite of clinoptilolite type to develop an advanced and effective biosorbent to be efficient for removal
of both cationic and anionic aqueous pollutants, respectively [10-13].
Mesoporous organosilica (MOS) by which the structural characteristics arise from the used surfactant micelles
and the final framework is usually amorphous, have attracted lately a great interest in analytical and preparative
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chromatography and organic pollutants removal, too. In
spite of many progressive characteristics of recent MOS,
regarding to zeolite, this potential adsorbent does not posses a shape selectivity, such as that found in the molecular
sieving effect of crystalline zeolite, is hydrothermal instable, fragile and currently for massive technical applications still to expensive [14-18].
Crystalline zeolite aluminosilicate which is composed
of negatively charged sheets of SiO4 4- and AlO45- tetrahedra, balanced by calcium, potassium, magnesium, sodium
and some other minor cations, encounters beside electrostatic forces, van der Waals attractive, hydrogen bounds,
dipol-dipol and neighboring surface SiO- or SiOH group
interactions, is suitable candidate for hosting of various
biopolymeric exterior surface templates, moreover [19-22].
Based upon a broad variety of such interactions, a good
mechanical strength, rigidity and thus convenient sedimentation behaving of zeolite, we prepared to our knowledge
for the first time a zeocomposed biosorbent which performance towards various environmental pollutants is discussed hereafter. Some useful analytical methods, preferentially Mössbauer spectroscopy, SEM and AFM have been
chosen for detailed characterization of specific Fe(III)/Fe(II)
states in biosorbent and surface texture visualization.
MATERIALS AND METHODS
Materials

Clinoptilolite-rich tuff as the most abundant natural
zeolite occurs in Eastern Slovakian commercial repository,
nearby Nižný Hrabovec municipality. This naturally occurring HEU-type zeolite, as generally known, used to be found
in specific types of sedimentary rocks (tuffs) in the form
of small crystals (0.1 – 100 µm) associated with clays and
other silicate and aluminosilicate phases of similar density.
The details of mineralogical and chemical compositions of
the examined zeolitic mineral are published elsewhere [2426]. Prior to use, the zeolite as received was adequately pretreated according to a specific procedure, the description of
which is below.
Ultrapure polymer sodium alginate as Protanal XLRB
was purchased from NovaMatrix/ FMC BioPolymer (Belgium). Other chemicals necessary for the stock solution
preparation were purchased mostly from Lachema Brno
(Brno, Czech Republic) with analytical grade quality.
Analytical equipment

For Mössbauer spectroscopy, samples were powdered
and measured at room temperature by standard Mössbauer
spectrometer with transmission geometry using Co(Rh)
source. Spectra were evaluated by Normos program. Mössbauer spectroscopy was choosen on the base of ferric and
ferrous iron ratio detection in the samples.
The size and the morphology of the crystals in the
studied samples were analyzed by Scanning Electron Mi-

croscope (SEM) Jeol-JXA 840A integrated with the energy dispersive multichannel X-ray (EDX) microanalyser
Kevex, equipped with the Si(Li) detector. The polished crystallites were pretreated in the epoxy film, cut with a fine grid
diamond and coated with a carbon.
Surface texture of biosorbent was visualized by means
of Atomic Force Microscopy, using AFM tapping mode
with a supersharp silicon tip of 2 nm radius.
Aqueous model solutions of chosen pollutants examined (zinc, sulfate and nitrate ions) in adsorption experiments were determined by means of Isotachophoresis on
the Analyser ZKI 02 (Villa Labeco). The measured data
were processed by ITP PRO 32 program (Kas Comp, Ltd.
Bratislava).
Procedure for batch-wise adsorption experiments

Batch adsorption experiments were carried out as follows: Usually 50 mL aliquot of model solution with variable pollutant concentration and 0.5 g biosorbents (weight
with analytical precision) were equilibrated for the designated time interval in 125 mL glass stopper bottles, after
which the supernatant solutions were separated by centrifugation and such residual pollutants were analyzed by means
of isotachophoresis. The aliquot suspensions were agitated
in horizontally Elpan Water Bath Shaker, type 357, equipped
with a variable speed at 190 rpm for 240 minutes time period by room temperature and distilled water pH value. All
solutions were diluted with distilled water of pH ~ 6.7,
measured on Präcitronic pH meter, model MV 870 digital.
All experiments were run in triplicate.
The equilibrium uptake capacity for each sample was
calculated according to following mass balance equation:

⎡ c(i ) − c(eq )⎤
q (eq ) = ⎢
⎥
m
⎣
⎦

.V

where c (i) and c (eq) were initial and equilibrium concentrations of studied pollutant, m was the mass of biosorbent and V was volume of the solution in liters.
Gel bead synthesis

The 1% sodium alginate solution prepared by dissolving and gentle warming of 1 g solid alginate salt in 100 mL
of distilled water was mixed with 2 g powder natural zeolite of clinoptilolite type (0.01 – 0.2 mm) for time interval
of 1hour. Such liquid suspension was then dropped through
the tip of the 1 mL pipette into 500 mL 0.1 M CaCl2 solution, what caused the immediate forming of insoluble gel
beads of about 3 mm diameter. By this way extruded beads
become very spherical and homogenous in shape and size,
simultaneously. The beads were allowed to cure in mother
solution overnight, then washed with distilled water thoroughly (about 3 hrs) to remove the excess of chlorides.
The beads were left at the laboratory to dry, keeping them
on the filter paper to soak the external water content or
they may get dried for 2 hours in dry oven at 60°C. How-
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ever, the weights between the slow and fast oven drying
procedures differed approximately 20-times, due to water
content differences. It must be pointed out that in all measurements, the weight of such a prepared biosorbent was
calculated as oven dried mass (external water minimized
and maintaining the original structure, simultaneously). Ca
alginate gel – clinoptilolite biosorbent was designed for enhanced metal cation (Zn2+) removal (its performance was
improved comparing to the native or homoionic exchanged
clinoptilolites, significantly) and Fe (III) alginate gel – clinoptilolite was tailored for aqueous oxyanions (nitrate and
sulfate) removal, adjusting thus an amphotheric biosorbent
synthesis, simultaneously. The later synthesis differed with
the previous one only in curing of the formerly harden
(30 min) beads instead of CaCl2 solution in 500 mL of 0.1 M
FeCl3 . 6 H2O solution, overnight. However, there were
examined several alginate to zeolite weights ratios, the best
adsorption performance towards the examined pollutants
proved the biosorbent consisted of alginate to zeolite weights
ratio 1 : 2. Based upon these results, all the next experiments
were done using the 1:2 ratio of alginate to zeolite beads
synthesis.
RESULTS AND DISCUSSION
SEM and AFM studies

The SEM image of the surface of alginate zeolitic
bead in Fig. 1a displays a rough, nearly ropes-like morphology of the new composed biosorbent synthesized and
thus a profound change of the original tablets zeolite morphology (Fig. 1b). Moreover, an examination of the SEM
micrograph indicates the presence of many pores, cracks
and oval shapes objects on the surface. Somewhat swollen
alginate coated zeolitic beads were observed after a curing
the beads in calcium or iron solutions overnights (Fig. 1c).

FIGURE 1b - SEM image of natural zeolite
of clinoptilolite type (magnification 3700x)

AFM imaging of zeolite surface has been performed to
provide molecular recognition of the polysaccharide interacted zeolite matrix. Surface texture of Fe alginate zeolitic

FIGURE 1c - SEM image of Fe-alginate zeolitic pellet

FIGURE 1a - SEM image of Fe-alginate zeolitic pellet.

biosorbent studied presents according to AFM image and
2D topography (Fig.1d,f) sharply edged parallel rods growing from bead inside to surface outside and remained to be
observed also at the 3D topography image (Fig.1e,g) and
at phase image as well (Fig.1h).
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FIGURE 1g - AFM image (3D topography) of Fe-alginate zeolitic pellet

FIGURE 1d - AFM image (2D topography) of Fe-alginate zeolitic pellet

FIGURE 1h - AFM (phase)
image of Fe-alginate zeolitic pellet
Kinetic studies

FIGURE 1e - AFM image (3D topography) of Fe-alginate zeolitic pellet

FIGURE 1f - AFM image (2D topography) of Fe-alginate zeolitic pellet

To understand the effect of time on the extent of adsorption and to obtain a supporting equilibrium data for isotherm curve, the equilibrium concentrations of Zn(II), sulfate and nitrate ions were determined at different time intervals with initial concentrations of 100 mg/L and 400 mg/L
as well. The results are graphically presented in Figs. 2-3 for
Zn(II) and oxyanions uptakes. The recorded data in all cases
show adsorption efficiency increase with time and attaining
the equilibrium within 4 hours. The data were used for the
next isotherms measurements, respectively.
To compare all resulted kinetic measurements, it could
be stated that the highest capacity data provides Ca alginate
gel – zeolitic adsorbent towards Zn(II) ion (Fig. 2). Neither
natural nor Fe(III) alginate gel – zeolite adsorbents became
saturated with Zn(II) ions in such an extent as the Ca
alginate gel zeolite adsorbent did, probably due to a faster
exchange between both Ca(II) and Zn(II) ions in comparison to Fe(III) and Zn(II). In regard to the other kinetic, time
vs. capacity dependence at Fig. 3, the obtained maximum
equilibrium capacity values follow the sequence: Zn(II) >
sulfate > nitrate, whereas quantitatively the Zn(II) adsorption is about 6-time higher than nitrate adsorption and sul-
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fate about twice higher than nitrate adsorption towards the
examined alginate gel zeolite biosorbent. The major reason
why the oxyanionic nitrate and sulfate adsorption on to
Fe(III) alginate-zeolite proceeds most successfully is the
presence of Fe(III) cationic sites, responsible for electrostatic forces between adsorbate and adsorbent in the process studied. The differences in maximum equilibrium capacity values between the alginate gel zeolite biosorbents
and some blanks (without zeolite) are illustrated in Table
1.

120
100

⎞ ⎛ 1 ⎞
1 ⎛
1
⎟ + ⎜
= ⎜⎜
⎟
a ⎝ a(max).b .c(eq) ⎟⎠ ⎜⎝ a(max) ⎟⎠ 	
  
where a means the specific adsorption capacity,
a(max) the maximum adsorption capacity in mg/g,
c(eq) the equilibrium concentration in solution in mg/L
and b relates to the affinity of the solute for the binding sites expressed in L/mg.
The Freundlich isotherm is an empirical equation based
on an exponential distribution of adsorption sites and energies and its form is represented as:
1

Fe(III)alginate-zeolite

a = K . c (eq ) n

80
log a = log K +

natural zeolite

60
40

where K and 1/n are related terms to the adsorbent capacity and adsorption intensity, respectively. Nevertheless,
both Langmuir and Freundlich isotherms represent as well
as follows the data satisfactorily, the Langmuir model seems
better to fit. The values of Langmuir and Freundlich constants are displayed in Table 1. The Langmuir parameter b
predicts the affinity of adsorbate vs. adsorbent as dimen-

Ca alginate-zeolite

20
0
0

1

2
time in hrs

3

1
log c(eq )
n

4

sionless separation factor ƒ(s):

FIGURE 2 - Kinetic plots of Zn ions uptake by
natural zeolite, Ca-alginate and Fe-alginate zeolitic pellets

f (s) =

21

and

.

c0 is the initial solute concentration in mg/L

18
15

a in mg/g

where

1
(1 + b .c0 )

12

b is the Langmuir adsorption equilibrium constant in
L/mg.
If the f(s) values are equal to zero or one, the adsorption is either linear or irreversible and if the values are in
between zero and one, adsorption is favourable to chemisorption. Our values can be situated between 0 and 1,
what means that the process was always favourable. All
adsorption isotherms were carried out at the laboratory
temperature 23 ± 0.2 °C.

9
6
3
0
1

2

3

4

5

time in hrs

FIGURE 3 - Capacity vs. time dependence for sulfate (higher column) and nitrate (lower column) on to Fe-alginate zeolitic pellets
Adsorption isotherms

Conventional Freundlich and Langmuir isotherms were
used to fit the experimental data. The variation of the extent
of adsorption with concentration of solutes in Figs. 4-6
illustrate that the biosorbents provide high solute uptake
capacity at higher initial concentration. The Langmuir isotherm predicts a surface with homogenous binding sites,
equivalent sorption energies and any interaction between
attended entities. In mathematical equation used to be written as:
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FIGURE 6 - Adsorption isotherms for
Zn cations and Ca-alginate zeolitic pellets
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FIGURE 4 - Adsorption isotherms for
nitrate and Fe-alginate zeolitic pellets
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FIGURE 5 - Adsorption isotherms for
sulfate and Fe-alginate zeolitic pellets

TABLE 1 - Freundlich and Langmuir isotherm´s data of system studied
Adsorbent

pollutant

Fe-alg-zeo (1:2)
Fe-alg-zeo (1:2)
Ca-alg-zeo (1:1)

NO3SO42Zn2+

Freundlich isotherm
K
n
L/mg
0,188
1,294
0,474
1,514
7,201
3,321

0,9832
0,9687
0,9913

Langmuir isotherm
amax
b
mg/g
L/mg
0,42
89,3
0,0008
0,32
79,4
0,0013
0,05
70
0,0095

0,9947
0,9868
0,9245

Fe-alg

NO3-

0,077

1,162

0,9769

0,41

62,5

0,0007

0,9729

Ca-alg

NO3-

0,035

1,096

0,9847

0,50

49

0,0005

0,9648

R2

f(s)

Mössbauer spectroscopy

Due to a dominant role of Fe (III) ions in the synthesized Fe – alginate zeolitic pellets, which are responsible as
the active sites for oxyanion adsorption, this sample (sample 3) was analyzed by Mössbauer spectroscopy together

R2

with the parent untreated zeolite (sample 1) and the zeolite
ion exchanged in aqueous FeCl3 solution with subsequent
surface coating by biopolymeric alginate (sample 2).
As is generally known, Mössbauer spectroscopy used
to be considered a technique able to differentiate various
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coordination and Fe states incl. quantitative analysis. The
Mössbauer spectra of natural zeolite at Fig.7a presents two
significant Fe (III) doublets, i.e. the larger one for octahedral and the lower one for the tetrahedral Fe (III) coordination with total content of 70% (sample 1). Four recorded
side peaks in Fig.7a belong to the Fe (II) state and quantify
content of 30%. This total Fe content was verified by AAS,
resulting in 1wt % of a total elemental zeolite composition
(sample 1).

relative transmission

1,00

In Fig.7b are the two doublets, characteristic of the octahedral and tetrahedral coordination, and they are overlapped. Nevertheless, some small peaks for the Fe (II) state
with 12% content remained in sample 2 pretreated in aqueous FeCl3 solution, while the Fe (III) content rose to 88%.
The AAS analysis confirmed the three-times higher concentration of total Fe in this sample, compared to the natural
zeolite (sample 1).

0,96

0,94

0,92
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-2

0

2

4

velocity (mm/s)

FIGURE 7c - Mössbauer spectra of Fe-alginate zeolitic pellets

According to Fig.7c a further increase of Fe (III) content to a total value 95% proceeded with an apparent equilibration of coordination states and a decreasing of the Fe (II)
content to a final value of 5%. Thus, Mössbauer spectroscopy confirmed the major occurrence of Fe (III) states in the
synthesized macroreticular zeobiopolymeric pellets (sample 3), responsible for the progressive electrostatic oxyanion adsorption. The tendency of the remained Fe(ii) to get
transformed into Fe (III) by an overnight curing process was
confirmed, simultaneously.

1,00

relative transmission

0,98

0,99

CONCLUSIONS
0,98

-4

-2

0

2

4

velocity (mm/s)

Recent advances in the development of zeobiopolymeric pellets synthesis for water purification, providing
unprecedented opportunity to develop more effective and
environmental acceptable adsorbent, was highlighted.

FIGURE 7a - Mössbauer spectra of
natural zeolite of clinoptilolite type
1,00

relative transmission

Based upon experimental results following statements
are hypothesized and concluded:

The highest capacity data provided Fe alginate gel –
zeolitic adsorbent towards nitrate ion with maximum capacity of 89.3 mg/g, then towards sulfate ion with maximum capacity of 79.4 mg/g.

0,98

While Fe(III) cationic sites were responsible for electrostatic forces between oxyanions and pelletized biosorbent in the process studied, Ca ions were responsible
for Zn cations exchange in the Ca – alginate zeolitic pellets.

0,96

0,94

-4

-2

0

2

velocity (mm/s)

FIGURE 7b - Mössbauer spectra of Fe (III)
exchanged zeolite surface coated with alginate

4

The best adsorption performance towards the examined oxyanionic pollutants and adequate rigidity of the
adsorbent proved the product consisted of alginate to
zeolite weights ratio 1: 2.
Complementary analytical methods, i.e. Mössbauer
spectroscopy, SEM and AFM helped to clarify and visualize
several important features of new biosorbent synthesized.
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TWO BROWN ALGAE FROM THE
EASTERN MEDITERRANEAN SEA: Microcoryne ocellata
STRÖMFELT AND Corynophlaea flaccida (C. AGARDH) KÜTZING
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ABSTRACT
The finding of both Microcoryne ocellata Strömfelt
and Corynophlaea flaccida (C. Agardh) Kützing from
Turkey and North Cyprus (Mediterranean Sea) is reported.
A comparison between both taxa, often confused by some
authors, is given. This is the first documented record of the
cold-temperate species M ocellata from the Mediterranean
Sea. A taxonomic comment on C. flaccida, an endemic
species in the Mediterranean Sea, is also given.

KEYWORDS: Microcoryne ocellata, Corynophlaea flaccida,
Aegean Sea, Turkey, Mediterranean Sea, taxonomy, distribution.

INTRODUCTION
The monospecific genus Microcoryne was established
by Strömfelt [1] with the species Microcoryne ocellata
Strömfelt. It is distributed along cold-temperate parts of the
eastern Atlantic coasts from Scandinavia to the Canary
Islands [2].
From the Mediterranean Sea, it was recorded from Italy [3] and Turkey [4, 5]. However, with respect to this
species, the Catalogue by Furnari et al. [3] was based on
doubtful reports, and the Turkish papers did not provide
any taxonomic comments. Therefore, the occurrence of this
species in the Mediterranean Sea has up to now not been
solidly confirmed.
Doubts on the correct identification of this species by
Mediterranean authors were due to its confusion with
Corynophlaea flaccida (C. Agardh) Kützing. Such confusion has resulted from the fact that Kuckuck [6] in his
“Fragmente einer Monographie der Phaeosporeen” actually represents Corynophlaea flaccida in Fig. 53 under the
name Microcoryne ocellata.
The genus Corynophlaea Kützing [7], at present, contains 9 accepted species: C. crispa (Harvey) Kuckuck, C.

cristata Womersley et Skinner, C. cystophorae J. Agardh, C.
flaccida, C. globulifera (Ruprecht) Perestenko, C. hamelii J.
Feldmann, C. longifila (Reinbold) V.J. Chapman, C. umbellata (C. Agardh) Kützing (type species) and C. verruculiformis (Y.-P. Lee et I. K. Lee) Y.-P. Lee. Of these, C. flaccida, C. hamelii and C. umbellata occur only in the Mediterranean Sea; C. crispa in NE Atlantic (from Ireland to the
Canary Islands) and in the Mediterranean Sea where it was
recorded only from Turkey [8]; C. cristata occurs only in
South Australia; C. cystophorae in Australia, New Zealand
and the Canary Islands; C. longifila only in New Zealand;
C. globulifera in the northwest Pacific; and C. verruculiformis only in Korea.
During recent algal collections from the Turkish coast
and North Cyprus, thalli of Microcoryne ocellata and
Corynophlaea flaccida were found. That permitted us to
make a comparison between the two species as well to confirm the occurrence of M. ocellata from Turkey.
MATERIALS AND METHODS
Microcoryne ocellata was collected in the upper infralittoral zone, as epiphyte on leaves of Zostera sp. from
the Candarli Bay (Aegean Sea, Turkey) and the Dardanelles (Sea of Marmara, Turkey), in March 2008.
Coynophlaea flaccida was collected as an epiphyte on
Caulerpa prolifera (Forsskål) J.V. Lamouroux from North
Cyprus, in February 2006.
Specimens of both species were preserved in 4% formaldehyde in seawater, and pressed specimens were deposited in the Herbarium of the Department of Biology of
the Celal Bayar University of Manisa, Turkey.
RESULTS
Microcoryne ocellata Strömfelt 1888: 382, Tab. 3, Figs. 2-3.
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a

b

c
d

e

f

PLATE 1 – Figures of Microcoryne ocellata (a,b,c) and Corynophlaea flaccida (d,e,f).
a) Squashed thallus showing medullary filaments and paraphyses, b) Terminal thallus portion showing cylindrical paraphyses, c) Plurilocular sporangia. Arrows indicate pluriseriate portions, d) Squashed thallus showing medullary filaments and paraphyses, e) Detail of paraphyses (arrow) with plurilocular sporangia (arrowhead) and f) Detail of a moniliform paraphyse.
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TABLE 1 - Comparison between M. ocellata and C. flaccida.
Author

Features
Habit
Plurilocular sporangia

Hamel [17]

Paraphyses

Kylin [14]

Strömfelt [1]

Corynophlaea flaccida
Globose
Filamentous, uniseriate
Rather straight and cylindrical (moniliform
according to fig. 32 H)

Cells of paraphyses

Subsphaerical (fig. 32 H)

Habit
Plurilocular sporangia

-----

Paraphyses

---

Cells of paraphyses

---

Habit

---

Plurilocular sporangia

---

Paraphyses

---

Cells of paraphyses

Fletcher [10]

This paper

Habit
Plurilocular sporangia

-----

Paraphyses

---

Cells of paraphyses

---

Habit
Plurilocular sporangia

Subglobose
Cylindrical

Paraphyses

Moniliform, straight to curved

Cells of paraphyses

Subsphaerical

Distribution: NE Atlantic Ocean [9-12], Mediterranean
Sea, Turkey [4, 13], and Italy [3], but all with doubts.
Turkish thalli are erect and finger-like, 3-5 mm high,
2-3 mm wide, soft and gelatinous, with paraphyses simple
(Plate 1, Figs. a-b), straight to slightly curved, cylindrical
becoming slightly clavate towards the apex, pigmented, 1015 (-18) cells long, with cells cylindrical throughout except
in the apical portion where they are barrel-shaped. Phaeophycean hairs are present, as well as plurilocular sporangia fusiform, uniseriate, pluriseriate in their central part
(Plate 1, Fig. c). Unilocular sporangia are not observed.
In showing the above features, the thalli can be ascribed without any doubt to M. ocellata as described and
illustrated by both Strömfelt [1] and Kylin [14].
They were collected at Candarli Bay (Aegean Sea, Turkey) and Dardanelles (Sea of Marmara, Turkey) in March
2008, at 0-3 m depth, epiphytic on the leaves of Zostera sp.

Microcoryne ocellata
Cushion-like
Fusiform
Straight to slightly curved. Cylindrical becoming clavate towards the apex
Cylindrical at the base and barrel-shaped towards the
apex
1-2 mm high
Fusiform
Straight to slightly curved. Cylindrical becoming clavate towards the apex (fig. 18)
Cylindrical at the base and barrel-shaped at the apex
(fig. 18)
2-5 mm long, cylindrical to clavate
Subcylindrical-fusiform, uniseriate, but two-four seriate
in the central part
Straight, cylindrical becoming slightly clavate towards
the apex (tab.3, fig. 2)
Cylindrical at the base and slightly barrel-shaped at the
apex
4 (-5) mm high, globose, cylindrical or clavate
Cylindrical uniseriate, often partly biseriate
Curved, cylindrical becoming slightly clavate towards
the apex (fig. 26 D-E)
Rectangular below, becoming barrel-shaped and/or
moniliform above
Erect and finger-like, 3-5 mm high
Fusiform, uniseriate, but pluriseriate in their central part
Straight to slightly curved, cylindrical becoming slightly clavate towards the apex
Cylindrical at the base and barrel-shaped towards the
apex

Type locality: Trieste, Italy.
Distribution: Mediterranean Sea (including Black Sea)
[15].
Cypriot thalli are epiphytic, 0.5-1 mm in diameter,
subglobose, gelatinous, light to dark-brown (Plate 1, Figs.
d-e). Paraphyses moniliform, straight to curved, (10-)2028(-32) cells long, 250-280 µm long x 8-10 µm wide
(Plate 1, Fig. f). Cells contain discoid plastids. Phaeophycean hairs are common, arising from cells at the
base of paraphyses, 6-8 µm in diameter. Plurilocular sporangia are also common, cylindrical, borne at the base of
the paraphyses. Unilocular sporangia are not observed.
This species was found as epiphytic on Caulerpa prolifera (Forsskål) J.V. Lamouroux in the upper infralittoral
zone of Magosa Harbour, North Cyprus, at 0.5-2 m depth.
DISCUSSION

Corynophlaea flaccida (C. Agardh) Kützing 1858: 3, VIII, Tab.
4, Fig. II.

[Corynephora flaccida C. Agardh; Myriactis adriatica
(J. Agardh) De Toni; Leathesia flaccida (C. Agardh) Endlicher; Leathesia kuetzingii Hauck1]
1

John et al. [18] Without comment treated Leathesia kuetzingii Hauck
as a synonym of M. ocellata. However, this assignment is incorrect

The present documented finding in Turkey of both
Microcoryne ocellata and Corynophlaea flaccida permits
us to make clear the differences between the two species
being probably confused due to Kuckuck’s [6] treatment
because on the basis of Hauck’s [19] description L. kuetzingii is conspecific with C. flaccida (see also Hamel [17]).
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of the two species and, in particular, to his Fig. 53 referred
to M. ocellata but actually representing C. flaccida as
pointed out by Kylin [16] and confirmed by Hamel [17].
As also reported in Table 1, Microcoryne ocellata differs from Corynophlaea flaccida in habit (globose in C.
flaccida, erect and finger-like in M. ocellata), in paraphyses
(straight and moniliform in C. flaccida, cylindrical and
slightly clavate towards the apex in M. ocellata), in the
shape of cells of paraphyses (subsphaerical in C. flaccida, cylindrical to barrel-shaped at the apex in M. ocellata)
as well in the shape of sporangia (cylindrical and uniseriate
in C. flaccida, fusiform, uniseriate, but pluriseriate in their
central part in M. ocellata).
Finally, it should be noted that when Kützing [20] published Corynophlaea flaccida, he based his new combination on Corynephora flaccida C. Agardh [21; p. 630].
However, while Agardh’s species was described as
showing paraphyses thin at the base and clavate towards the
apex, Kützing’s illustration shows a thallus with paraphyses moniliform. Probably for this reason, Hauck [19] considered the species illustrated by Kützing as not referable to
Corynephora flaccida C. Agardh so that he described it as
Leathesia (?) kuetzingii sp. nov., excluding C. Agardh’s
type.
Also Hamel [17], in his treatment of Corynophlaea
flaccida, agreed with Hauck’s taxonomic opinion not reporting among synonyms Corynephora flaccida, but erroneously considered only Kützing as the author of Corynophlaea flaccida.
On this basis, it should be opportune to carry out a
study of the type material of Corynephora flaccida to verify if it corresponds or not to Kützing’s illustration of
Corynophlaea flaccida. If Corynephora flaccida results in a
distinct species, the taxon to date named Corynophlaea
flaccida should be newly combined under the genus
Corynophlaea with Leathesia kuetzingii Hauck [19, p.356]
as basionym.
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