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PHOTOCATALYTIC DEGRADATION OF METHOMYL IN
THE PRESENCE OF TITANIUM DIOXIDE (DEGUSSA P-25)
Malika Tamimi, Mustapha Belmouden, Samir Qourzal, Ali Assabbane and Yahia Ait-Ichou
Labo. Chimie-Physique, Equipe de Photocatalyse et Environnement, Département de Chimie,
Faculté des Sciences, Université Ibn Zohr, B. P. 8106 Cité Dakhla, Agadir, Morocco

SUMMARY
The photocatalytic degradation of methomyl in aqueous solution by UV-irradiation with titanium dioxide (“Degussa P-25”) has been studied, and its degradation rate
measured by high performance liquid chromatography
(HPLC). It was dependent on the concentration of methomyl, and the nature of TiO2 surface. The presence of TiO2
accelerated the degradation of methomyl, in comparison
with direct photolysis, and resulted in a complete mineralization. The kinetics of methomyl photo-degradation follow the model of Langumir-Hinshelwood (L-H), as observed
for many pollutants. The influence of certain inorganic
ion species was also studied. The presence of NO3- ions did
not appreciably affect the photodegradation rate of methomyl, whereas that of Cl-, SO42- and HCO3- ions significantly affect photo-mineralization of the pollutant. Photocatalysis proved to be an excellent new advanced oxidation technology (AOT) to eliminate methomyl present in
surface and ground waters.

KEYWORDS: Heterogeneous photocatalysis, titanium dioxide,
methomyl, inorganic ions.

INTRODUCTION
In front of flow-growing and diversified pollution, conventional techniques for wastewater treatment seem to be
ineffective. On the other hand, new processes as alternatives for the elimination of most of the refractory pollutants emerged during the last decade. Known as “Advanced
Oxidation Technologies” (AOTs), they lead to a total mineralization of organic pollutants at ambient temperature.
Basically, OH° radicals formed at the first stages, are the
oxidizing agents responsible for the mineralization to CO2
[1, 2].

All photocatalytic reactions are almost carried out at
ambient temperature. These soft conditions make heterogeneous photocatalysis to a potential application for the
decontamination of wastewater [3, 4]. Many studies showed
that, in the presence of photoactive TiO2, it is possible to
oxidize nearly all organic impurities in water by photocatalysis [5-10].
It is generally accepted that photo-catalysis is initiated by band gap photo-excitation of the titanium dioxide
with UV light having energy equal to or larger than the
band gap of the semi-conductor (3.2 eV). Electrons are photo-excited from the valence band to the conduction one,
producing electron-hole pairs within the semiconductor solid. Some of the electrons and holes migrate to the semiconductor, and initiate redox reactions with adsorbates by interfacial electron transfer [11-13].
In the present study, we have examined the kinetics
of photo-degradation of methomyl (C5H10O2N2S). Methomyl has been classified by WHO (World Health Organization), and EC (European Commission) as a very toxic
and hazardous pesticide [14]. It is highly soluble in water
(57.9 g/L at 25 °C). It also has a low-sorption affinity for
soils and can, therefore, easily cause groundwater contamination in agricultural areas [15, 16]. Methomyl (Fig. 1) belongs to the carbamate family of pesticides, for some of
which photo-catalysis by TiO2 and photo-Fenton reaction
have been described [17-19]. Moreover, methomyl is a commonly used insecticide in the Mediterranean area because
of its powerful control of many different pests [20, 21].
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MATERIALS AND METHODS

observed. Indeed, Pyrex eliminates the likely photons which
could directly excite methomyl at 231 nm [17].

Materials

Methomyl (C5H10O2N2S; S-methyl-N-(methylcarbamoyloxy)thioacetimidate) was provided by Sigma-Aldrich
at highest purity (99.9%). The photocatalyst, TiO2 "Degussa P25", consisted of 80% anatase and 20% rutile,
with a specific surface of 50 m2/g, average particle size of
30 nm, and a density of 3.85 g/cm3, was used as received.
The band gap energy of anatase is approx. 3.2 eV, corresponding to an absorption maximum at 390 nm. The inorganic ions, sodium nitrate, sodium sulphate, sodium carbonate and sodium chloride, were of analytical grade and
obtained from Prolabo products, whereas Ba(OH)2 . 8H2O
(>98%) was from Fluka.

In the dark with TiO2 (Fig. 2), 32% of the initial pollutant disappeared after two hours of continuous stirring.
This significant reduction is due to the adsorption of the
product on TiO2 surface. On the other hand, in the TiO2/
UV/O2 system, methomyl completely disappeared within
2 hours, indicating a pure photo-catalytic regime.
UV
1,4
1,2
1
P hotocatalys is

0 ,8

Photoreactor and light source

p hotolys is
0 ,6

The reaction was carried out in water at room temperature in a static 2-L batch photo-reactor (Pyrex cylindrical
flask, open to air, equipped with several apertures to ensure measurements of pH and temperature, as well as the
introduction of oxygen). UV-light was delivered by a highpressure mercury lamp (Philips HPK 125 W), which was
immersed in the central water-cooled jacket. UV–light was
filtered at λ ≥ 290 nm by the inner Pyrex-made wall [22].
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FIGURE 2 - Disappearance of methomyl in the dark,
and photodegradation in the presence of TiO2/UV/O2 system.

Analyses

To determine the necessary TiO2 quantity for an optimal absorption of the photons emitted by HPK 125-lamp,
we studied the degradation of methomyl solution of a known
concentration (1.23 x 10-4 mol/L), according to various
quantities of TiO2 from 0 to 1.5 g, and their influence on
the initial rate of disappearance (Rin) is shown in Fig. 3.
0,012

0,008

4

The volume of the aqueous solution in the photoreactor was 1 L, and the optimum concentration of catalyst
was 1 g/L. The mass employed corresponded to total absorption of light by the TiO2 suspension. Before each photocatalytic test, the mixture was stirred magnetically for 2 h,
to reach the adsorption equilibrium in the dark prior to
illumination. The kinetics of CO2 formed was followed by
the method of Chemseddine and Boehm [23], who flushed
the CO2 by oxygen into a flask containing 250 ml of barium hydroxide (10-2 mol/L) and measured the conductivity
(conductometer WTWLF, model 521) after CO2 precipitation as BaCO3.

Effect of the mass of TiO2

Initial Rate .10 (mol/L.min)

Centrifugation or Millipore membranes (0.45 µm)
were used to separate TiO2 from the solution before HPLC
(JASCO UV-VIS instrument, variable wavelengths) analysis of methomyl. A good separation of the products was
achieved with the reversed-phase column ODS-2 (250 mm x
4.6 mm). The mobile phase was composed of 20% acetonitrile and 80% double-distilled water.
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RESULTS AND DISCUSSION

FIGURE 3 - Effect of suspended TiO2 mass
on the initial disappearance rate of methomyl.

Photocatalytic degradation of methomyl

To obtain relevant information about the photocatalytic degradation, it was necessary to carry out experiments, from which direct photolysis was excluded. Experiments were carried out under UV illumination in absence of TiO2 (Fig. 2). As can be seen, without TiO2 (photolysis), no appreciable loss of methomyl in solution was

As expected from literature [22, 24], the curve exhibits a primary linear variation of the initial rate versus TiO2
(Fig. 3). This can be explained by the rate proportional to
the total number of active sites. As TiO2 level increases, the
curve deviates, indicating a progressive saturation of the
photonic adsorption for a given incident radiant flux.
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The plateau indicates that some extra TiO2 particles
remain in the shade of the others, and are quite photo-inactive. The optimum concentration of catalyst was 1 g/L,
and will be used systematically.
Effect of the initial methomyl concentration

Several experiments were undertaken to study the effects of varying initial pesticide concentrations on its photodegradation (Fig. 4), indicating that the elimination of
methomyl proceeds in a shorter time at lower concentrations of the insecticide.

0,012

Initial Rate .104 (mol/L.min)
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FIGURE 5 - Variation of the initial degradation rate
of methomyl as a function of the initial concentrations.
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FIGURE 4 - Effect of initial substrate concentration (mol/L)
on the methomyl degradation in the presence of TiO2 (1 g/L).

Effect of pH value

The pH is important in conditioning the surface properties of TiO2 in reaction suspension [28, 29]. Point of zero
charge (PZC) of titanium P-25 suspension was reported to
be at pH 6.5. In acidic medium, the surface of titanium particles is positively charged, but negatively charged in alkaline medium (pH>6.5), as it can be shown from the following equations:

(1)

where k is the true rate constant of methomyl disappearance, K is the adsorption constant of TiO2 in aqueous
suspension, and [Methomyl]0 is the initial con-centration
of methomyl.
The rate constants calculated from slope and intercept are, respectively, k = 0.018 .10-4 mol/L.min and K =
1.4.104 L/ mol.
The L-H model indicates that methomyl reacts at the
adsorbed state, and suggests that the adsorption plays a key
role in the photo-catalytic degradation mechanism. This result is in agreement with the adsorption of many pesticides on TiO2 [24-27].

TiOH + H+

pH<PZC

(3)

TiOH

TiO- + H+

pH>PZC

(4)

0,01

4

(2)

TiOH2+

The pH is adjusted by addition of conc. nitric acid or
soda to avoid any dilution. Fig. 7 represents the evolution
of the initial rate Rin as a function of the pH.

Initial Rate .10 (mol/L.min)

1
1
1
= +
Rin k kK[Methomyl]O

6

FIGURE 6 - Linear transform of the Langmuir-Hinshelwood model.

In Fig. 5, it is shown that the initial degradation rate
(Rin) increases at the beginning of the reaction, when the
concentration of methomyl is increased until it attains a
plateau with a limiting value equal to 0.01x10-4 mol L-1
min-1 for a concentration of 0.8 x 10-4 mol L-1. This behavior indicates a saturation type Langmuir-Hinshelwood
(L-H) kinetics. This is confirmed by the linear plots of 1/Rin
versus 1/[methomyl]o (Fig. 6), with an intercept on the ordinate, in agreement with Eqs. (1) and (2):
kK[Methomyl]0
Rin =
1 + K[Methomyl]0

5
-1
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FIGURE 7 - Effect of pH on the initial
photodegradation rate of methomyl.
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For initial pHs lower than 6.7, the initial degradation
rate increases with increasing pH. In acidic medium (pH 3),
the effectiveness of photo-catalysis is reduced due to the
decrease in OH- ions and OH° radicals [30, 31]. For pHs
equal to 6.7, both accelerating and inhibiting effects were
conjugated for an optimal efficiency of methomyl degradation.
In alkaline solution, hydroxyl radicals are easier to be
generated by oxidizing more hydroxide ions available on
TiO2 surface. Moreover, it has been suggested that the
initial rate should increase at higher pHs, extending surface
coverage by OH- ions, which, in turn, can be oxidized to
OH°, and ultimately lead to the degradation of the pollutant. This acceleration in the initial reaction rate at alkaline pHs has been observed by other authors [28].

The reactivity decreases according to the following
order: NO3-> HCO3-> SO42-> ClMineralization of methomyl

The conductivity of the solution is correlated directly
to the number of formed CO2 moles. The CO2 evolution is
illustrated in Fig. 8, and it is noticed that, for an initial
concentration of 1.23 x 10-4 mol/L, the total photo-mineralization of methomyl requires more than 3 hours, but its
total disappearance is already observed after 2 hours of
reaction. This difference is explained by the existence of
intermediates, which are degraded more slowly than the
reagent initially introduced. The formation of the intermediates could be detected by HPLC analysis, and their identification is under study.
(mol/L)

© by PSP Volume 15 – No 10. 2006

Effect of some anions on the photodegradation of methomyl

OH° + HCO3

-

Cl° + OH-

(5)

-

(6)

CO°3 + H2O

The sulphate ions were adsorbed on the surface of
TiO2 and, consequently, react with the positive ones [32]:
h+ + SO42-

SO°4-

(7)

Concerning the nitrate ions, it was shown that they
are slightly adsorbed slightly on the surface of titanium
dioxide, and have little incidence on metomyl photo-degradation. In Table 1, we reported the values of the initial
rate of methomyl disappearance alone, and in presence of
the inorganic anions Cl-, NO3-, SO42-, and HCO3-.
TABLE 1 - Initial degradation rate (Rin) of methomyl
in the absence and presence of anions (4.10-4 mol/L).

Rin .104
(mol/L. min)

Methomyl
alone

NO3-

HCO3-

SO42-

Cl-

0.0067

0.0055

0.0014

0.00093

0.00088

Concentration .10

2

0
50

10 0

150

200

Time (min)
FIGURE 8 - Temporal evolution of CO2 from the photomineralization of methomyl in the system TiO2/UV/O2.

CONCLUSION
A systematic study has shown that the optimal amount
of photocatalyst under our experimental conditions for
methomyl degradation was 1 g/L. The L-H (Langmuir-Hinshelwood) kinetic model described this very well. The
positive effect of pH 6.7 on the degradation rate was also
demonstrated, whereas the addition of Cl-, NO3-, SO42-, and
HCO3- anions induced a reduction of the initial rate of
methomyl disappearance. This partial inhibition of degradation could be explained, either by a competitive adsorption between the pollutant and the added ions, or by reactions of these anions with photo-generated oxidant species.
Carbon dioxide mineralization of methomyl requires more
time of irradiation than its total disappearance.
This study confirms the potentialities of heterogeneous photo-catalysis to decontaminate wastewaters containing pesticides.
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Initial rate decreases in the following order:
Rin(methomyl alone)> Rin (NO-3)> Rin (HCO-3)> Rin
(SO 4)> Rin (Cl-).
2-

4

0

Chloride and hydrogen carbonate ions associate the
two effects [33], and react according to the following equations:
OH° + Cl-
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The physicochemical analyses of water often revealed
the presence of the ions Cl-, NO3-, SO42-, and HCO3-, with
contents depending on the nature of the effluent. Some of
these ions exert an inhibiting effect on degradation process of organic compounds, whereas others do not have
practically any effect [32-34]. The addition of these ions at
a concentration about 4 x 10-4 mol/L in the reaction mixture, involves a notable reduction on the kinetics of methomyl disappearance. These effects can be interpreted by
blocking of the active sites of the catalyst and the competition of reaction with the oxidizing radicals.
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SUMMARY

INTRODUCTION

Investigations over the recent years led to the identification of various compounds with a wide range of chemical
structures and antimicrobial, antifungal, antiviral and toxic
properties. A total of 22 samples of cultured microalgae isoated from different freshwaters of Turkey were investigated
for their antibacterial and antifungal effects on some test miroorganisms by using agar diffusion method. Oscillatoria sp.
H2 strain (isolated from Burdur Lake) was displayed to be
active against all test microorganisms. Sce-nedesmus sp. S25
strain had the strongest effect (φ 12.6 mm) on Bacillus cereus RSKK 863. Extracts of Scenedesmus sp. S25, Scenedesmus sp. S39 and Scenedesmus sp. S59 showed antibacterial
effect as strong as vancomycin (30 µg) on Bacillus cereus
RSKK 863. All microalgal samples showed antifungal activity against Candida albicans ATCC 10239 resembling
that of flukonazol (12.5 µg/ml), except Scenedesmus sp. S14
and Chroococcus sp. H4. Also, effects of Oscillatoria sp. H2
and Scenedesmus sp. S25 on viability of B. cereus RSKK
863 at different times (4, 6, 8, 10, 12, 14 hours) were investigated by viable cell-counting. Survival of B. cereus RSKK
863 exposed to Scenedesmus sp. S25 extract decreased, when
compared with the control. Extracts of Oscillatoria sp. H2
and Scenedesmus sp. S25 strains were used in the brine
shrimp assay, and the LC 50 values were determined by
probit analysis. The LC 50 value of Oscillatoria sp. H 2
was 28.45 mg/ml, and that of Scenedesmus sp. S25 was
24.37 mg/ ml. It is shown that freshwater microalgae are
still a promising source of new bioactive natural products.

KEYWORDS: Antibacterial, antifungal, viability, Artemia salina
Leach (brine shrimp), microalgae, cyanobacteria.

-

Secondary metabolites from microalgae are associated with
toxic, hormonal, antineoplastic and antimicrobial effects [1,
2]. The antimicrobial substances involved may target various kinds of microorganisms, prokaryotes as well as eukaryotes.
While poisonings, by definition, have negative connotations within the broad context of bioactive molecules for
biotechnology, there are potential benefits not only from
the toxins but also by using toxin-producing microalgae as
a rich source of new bioactive molecules for medical and
pharmaceutical applications [3-5].
Recent studies of microalgae increase the understanding of their secondary metabolites. Other organisms are affected by secondary metabolites, which thought to be of
phylogenetic importance. Therefore, there has been an increasing interest in microlagae as a potential source for new
natural drugs.
Some examples in recent literature are the antibacterial active cyclic undecapeptides kawaguchipeptins A and
B from Microcystis aeruginosa [6], the novel anti-HIV
protein cyanovirin from Nostoc ellipsosporum [7], and
novel diterpenes from Nostoc commune [8]. Also, antiviral
activity of extracts and compounds of microalgae against
human immuno-deficiency virus (HIV) and herpes simplex
virus (HSV) has been reported [9].
Algal blooms may be detrimental to the functioning
of the ecosystem per se, for example by causing oxygen
depletion and, consequently, death of fish and other aquatic
animals as well, the mere physical presence of such densities of phytoplankton may cause damage to other organisms, e.g. diatoms and fish gills [10]. Blooms of species that
produce toxins are, however, most damaging to ecosystems, and can have profound food chain effects including
human poisonings. Both toxic and other nuisance blooms
are collectively known as harmful algal blooms [5].
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The objective of the present study was to adapt, develop and apply bacterial bioassays for the investigation,
observation and quantification of possible antibacterial and
antifungal effects of extracts derived from various species
and strains of microalgae isolated from different freshwaters
of Turkey. Also the aim of the current project was to investigate toxic effects of our strains on other aquatic organisms to determine the level of toxicity.
MATERIALS AND METHODS
Collection and cultivation of microalgae: Collection of
microalgae was performed in different freshwaters of Turkey from 2002 to 2003. All cultures were grown in 250-mL
flasks containing 150 mL of BG-11 [11] freshwater medium
solution. Cultures were incubated at 22-25 °C and a 12hours photoperiod of each light and dark, using an incubator shaker (MINITRON), for approx. 4-8 weeks. The intensity of light during the light period was 12,000 µmol m-2 s-1.
Preparation of extracts: The algal cells were harvested
every 6-8 weeks, and separated from the medium by centrifugation. Pellets were dried at 37 ºC for 24 h, and 0.1 g
of dried material was extracted by sonication (50 MHz ultrasonicator, Vibra-Cell, Sonics & Materials Inc. Danbury,
CT USA) with methanol/water 7:3. [12]. The methanol was
removed from the extracts by evaporating in vacuo.
Bioassays
Antimicrobial assay: In the present study, bacterial and
fungal bioassays with aqueous extracts were performed as
agar-well diffusion method. Besides, the antimicrobial activity of microalgae was compared with antibiotics. After
24-h incubation, plates were applied to vancomycin, (30 µg,
BBLTM, USA), erythromycin (15 µg, BBLTM, USA) and
tetracycline (30 µg, Oxoid, England) by using disc diffusion
method as antibacterial standards. Flukonazol (12.5 µg/ml,
Pfizer, Turkey) served as antifungal standard.

The following test bacteria and fungi were used: Bacillus cereus (RSKK 863), Streptococcus sp. (Hospital of
Gazi University), Escherichia coli (ATCC 11230), Pseudomonas aeruginosa (ATCC 27853), Yersinia enterocolitica (O3), Aeromonas hydrophyla (B35), and Candida albicans (ATCC 10239). After nutrient agar and YEPD (yeast
extract peptone dextrose) agar was inoculated with 100 µl
of an overnight culture of the test organisms, wells (φ 6 mm)
were made. Then extracts (100 µl) were applied directly
into the wells and incubated at appropriate temperatures
for 24 hours. After incubation, the diameter of the inhibition zone was measured with calipers. The measurements
were done basically from the edge of the zone to the edge
of the well [13].
Viability assay: The assay was performed for determining the viability of B. cereus RSKK 863, when treated
with the extracts of Oscillatoria sp. H2 and Scenedesmus sp.

S25 strains. Oscillatoria sp. H2 strain was displayed to be
active against all test micro-organisms, and also Scenedesmus sp. S25 strain was highest-effective on B. cereus RSKK
863. Therefore, effect of the extracts of Oscillatoria sp. H2
and Scenedesmus sp. S25 strains to viability of B. cereus
RSKK 863 were determined. After inoculating a 100-µl culture of B. cereus RSKK 863 to 5ml broth (Nutrient broth,
Oxoid), 0.1 g lyophilized toxin extracts of both strains were
added separately and incubated at 37 ºC for 24 h. Total viable counts of B. cereus RSKK 863 strain were determined
by a pour plate method using nutrient agar after serial 8fold dilution in maximum recovery diluent. Nutrient plates
were incubated at 37 ºC. Toxin activity was determined at
2-h intervals for 14 h by counting the colonies.
Brine shrimp (Artemia salina Leach) lethality assay: Brine
shrimp eggs were supplied by the amazing live seamonkeys. Larvae were used within 1 day of hatching.

Following extraction of lyophilized cell masses (0.1 g)
of each microalgal strain with methanol, the extract was
vacuum-evaporated to dryness. The dried extract was dissolved in 1 ml BSM (Brine Shrimp Medium) as a stock.
Assays were performed on a 96-well microtitration plate
with 6-7 brine shrimp larvae in 100 µl of BSM per well.
The brine shrimp larvae in each well were tested by using
50 mg/ml, 40 mg/ml, 30 mg/ml, 20 mg/ml, 10 mg/ml and
1 mg/ml concentrations from the stock. Mortality was counted at 24 h. Each test was run in triplicate and BSM was
used as the control.
The LC50 determined by probit analysis [14] was defined as the concentration needed to cause half of the tested
brine shrimps to die within 24 h [15].
RESULTS
Cultivation and extraction: The investigated microalgae
were isolated 2002-2003 from different freshwaters of Turkey. Identification of species, codes of the strains and their
original habitats are listed in Table 1. The growth period
of the samples lasted 4-8 weeks to ensure the majority of
cultures being in the stationary phase and, therefore, most
likely to produce secondary metabolites. The harvested cells
were dried and extracted. The resulting extracts were subsequently tested for their biological activities (Fig. 1, Table 2).
Antimicrobial activity: In the present study, 21 of the
22 extracts showed activity against Gram-positive bacteria, 13 against Gram-negative bacteria and 20 against C.
albicans ATCC 10239 (see Table 2). No antifungal effect
was observed in the extracts of Scenedesmus sp. S14 and
Chrococcus sp. H4 strains. Oscillatoria sp. H2 strain was
found to be active against all test microorganisms. While
all strains showed antibacterial effect against B. cereus
RSKK 863, except Chrococcus sp. H8, Scenedesmus sp.
S25 strain had the highest effects on B. cereus RSKK 863
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TABLE 1 - Investigated species and their geographical origin.
Straina
H1
H2
H3
H4
H5
H6
H7
H8
S2
S4
S7
S12
S14
S16
S18
S23
S25
S27
S31
S39
S59
S67

Species
Oscillatoria sp.
Oscillatoria sp.
Anabaena sp.
Chroococcus sp.
Scenedesmus obliqus
Synechocystis aquatilis
Chlorella sp
Chroococcus sp.
Chroococcus sp.
Coelastrum sp.
Cosmarium sp.
Scenedesmus sp.
Scenedesmus sp.
Scenedesmus sp.
Stanieria sp.
Microcystis sp.
Scenedesmus sp.
Chroococcus sp.
Microcystis sp.
Scenedesmus sp.
Scenedesmus sp.
Scenedesmus sp.

Origin
Mogan Lake, Ankara
Burdur Lake, Burdur
Burdur Lake, Burdur
Mogan Lake, Ankara
Burdur Lake, Burdur
Kızılırmak River, Kırıkkale
Ankara Univ. Pool, Ankara
Kurtbogazı Dam, Ankara
Uncalı Stream, Antalya
Aquarium, Ankara
Uncalı Stream, Antalya
Uncalı Stream, Antalya
Tandogan Meydanı, Ankara
Eryaman Pond, Ankara
Aquarium, Ankara
Uncalı Stream, Antalya
Eryaman Pond, Ankara
Kurtbogazı Dam, Ankara
Eryaman Pond, Ankara
Mogan Lake, Ankara
Eryaman Pond, Ankara
Gökcek Parkı, Ankara

a

Strain codes according to the Culture Collection of Microalgae of Gazi
University.

FIGURE 1 - Inhibition zones of
Coelastrum sp. S4 and Scenedesmus sp. S67.

TABLE 2 - Biologically active microalgal extracts.

Strain
H1
H2
H3
H4
H5
H6
H7
H8
S2
S4
S7
S12
S14
S16
S18
S23
S25
S27
S31
S39
S59
S67
Vancomycin
Erytromycin
Tetracyclin
Flucanasole

B. cereus
+
++
+
+
+
+
+
++
++
+
+
++
+
++
+
+++
+
+
+++
+++
++
+++
++++
++++
NT

Antibacterial/Antifungal Activity
Streptococcus sp. E. coli P. aeruginosa Y. enterocolitica
+
+
+
+
+
+
+
+
+
+
+
+++
+
+
+
+++
+
++
+
++
+++
+++
++
+++
+++
++++
+++
+++
++++
NT
NT
NT
NT

Antimicrobial activity: zone of inhibition
-= No effect
+= Zone width 1-5 mm.
++= Zone width 6-10 mm.
+++= Zone width 11-20 mm.
++++= Zone width 21-30 mm.
NT: Not tested
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A. hydrophyla
+
+
+
+
+
+
+
+
+
+
+++
+++
++++
NT

C. albicans
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
NT
NT
NT
+
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FIGURE 2 - Viability effect of Oscillatoria sp.
H2 strain against B. cereus RSKK 863.

FIGURE 3 - Viability effect of Scenedesmus sp.
S25 strain against B. cereus RSKK 863.
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FIGURE 4 - Mortality of Artemia salina Leach.

TABLE 3 - Mortality of Artemia salina Leach at 24 h by treatment with various
concentrations of extracts derived from H2 and S25, and LC50 values of these extracts
Extract■

Mortality of Artemia salina Leach at 24 h
50 mg/ml
40 mg/ml
30 mg/ml
20 mg/ml
10 mg/ml
H2
90±1
85±3
40±2
20±0
5±1
S25
80±0
60±2
50±0
35±1
20±3
* Data determined from 24-h counts by using the probit analysis method
■
Lyophilised microalgal biomass dissolved in BSM (Brine shrimp medium)
Values are the means ± SD of triplicate measurements.

Viability: Oscillatoria sp. H2 and Scenedesmus sp. S25
had a high effect on viability of B. cereus RSKK 863, when
compared with the controls (Figs. 2 and 3). Viable cell
counts were given as log cfu ml-1.

1 mg/ml
0±0
20±1

LC50*
mg/ml
28,45
24,37

Brine shrimp lethality: Oscillatoria sp. H2 and Scenedesmus sp. S25 strains which had a high effect on bacteria and
fungi, also exhibited a significant lethal activity on Artemia
salina Leach. LC50 value of Oscillatoria sp. H2 was 28.45
mg/ml, and that of Scenedesmus sp. S25 was 24.37 mg/ml.
Also death percentages are given in Fig. 4 and Table 3.
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DISCUSSION AND CONCLUSION
The results presented in this paper show that agar diffusion tests and the plate-count method using different
test bacteria are valuable tools for detecting antimicrobial
effects of microalgae. Also, it was found that brine shrimp
lethality plays an important role in toxin influence on
aquatic invertebrates.
Recent studies have generally focused on Cyanobacteria, especially Microcystis spp. We wanted to determine toxic properties of other microalgal species, using
8 Scenedesmus sp., 4 Chroococcus sp., 2 Microcystis sp.,
2 Oscillatoria sp., 1 Anabaena sp., 1 Cosmarium sp., 1
Synechocystis sp., 1 Coelastrum sp., 1 Stanieria sp., and 1
Chlorella sp., for determining toxic effects by antimicrobial and antifungal activity. These bioassays revealed for
screening strains which produce more toxin, when comparing their diameters of inhibition zone. While the extract
of Oscillatoria sp. H2 strain displayed antibacterial effect
against all test bacteria, extract of Scenedesmus sp. S25
had a higher antimicrobial effect on B. cereus RSKK 863.
Therefore, the following bioassays were performed with
these two strains.
Although B. cereus RSKK 863 was the most sensitive
among the test bacteria, only Chroococcus sp. H8 strain did
not show antibacterial effects. However, E. coli ATCC
1123 was the most resistant bacterium against the extracts
of microalgae, and only the extract of Oscillatoria sp. H2
strain showed an antibacterial effect on E. coli ATCC
1123. Ostensvik et al. [16] reported that extracts of Anabaena sp. and Microcystis sp. did not have antibacterial
effects on E. coli ATCC 1123, and our results are in
agreement with these observations.
The viable counts of B. cereus RSKK 863 showed that
Scenedesmus sp. S25, which had a large inhibition zone, was
more effective on viability, when compared with Oscillatoria sp. H2. While Oscillatoria sp. H2 decreased the liveliness percentage of B. cereus RSKK 863 from the 8th hour,
Scenedesmus sp. S25 decreased it from the 6th hour. A significant decrease was determined on the liveliness percentage of Scenedesmus sp. S25 extract, applying B. cereus
RSKK 863, when compared with the control (only B. cereus RSKK 863 strain). This bioassay is a new approach for
determining the influence of the new microalgal toxic natural products. We did not encounter this method for determining toxin effects of microalgae on test bacteria. It is a
useful technique to investigate the inhibitory effect of the
toxin exactly on test bacteria, according to time intervals.
Also, this method verifies the results of agar diffusion tests.
However, it was indicated by Mian et al. [12] that extracts showed no activity against Gram-negative bacteria,
but 13 of our extracts did. This result is in accordance with
Ostensvik et al. [16] and Jaki et al. [17]. According to Mian
et al. [12], extracts (MeOH/H2O 7/3) of Chroococcus sp.
and Oscillatoria sp. had no antibacterial and antifungal effects. While 1 of the 4 Chroococcus sp. (H8) did not show

antibacterial effects, both Oscillatoria spp. (H1 and H2)
showed antibacterial effects against B. cereus RSKK 863
in our study. Anabaena sp. (H3) showed similarly affected
B. cereus, as reported by Ostensvik et al. [16].
When we compare our extracts with antibiotics, those
of Scenedesmus sp. S25, Scenedesmus sp. S39 and Scenedesmus sp. S59 showed antibacterial effects, as strong as vancomycin (30 µg), on B. cereus RSKK 863. Also extracts of
Scenedesmus sp. S25 and Scenedesmus sp. S39 evidenced
antibacterial activity, comparable to that of vancomycin (30
µg) and erythromycin, on Streptococcus sp.
Ostensvik et al. [16] reported that neither Anabaena
sp. nor Microcystis sp. showed antibacterial effects, as well
as tetracyclin (30 µg), on B. cereus, in total agreement with
our observations with regard to these microorganisms.
Additionally, all microalgal extracts showed antifungal
effects on C. albicans ATCC 10239, except Scenedesmus
sp. S14 and Chroococcus sp. H4 strains. Jaki et al. [17] reported about only nine extracts of microalgae showing
antifungal activity. Also, Mian et al. [12] observed that extracts of Chroococcus sp. and Oscillatoria sp. had no effect
against C. albicans. In our study, all extracts of Chroococcus sp. and Oscillatoria sp. showed antifungal effects on C.
albicans ATCC 10239.
All microalgal samples showed antifungal activity
against C. albicans ATCC 10239 resembling that of
flukonazol (12.5 µg/ml), except Scenedesmus sp. S14 and
Chroococcus sp. H4 strains. Mian et al. [12] could not find
antifungal effects of Oscillatoria sp. and Chroococcus sp.
on C. albicans. These results may indicate that the extracts contained different antibacterial and antifungal substances, and reflect the variety of secondary metabolites [2,
18].
The assay is based on the premise that bioactive compounds are often toxic in high doses, and in vivo lethality in
a simple organism can be used as a convenient monitor for
screening and fractionation in the discovery of new toxic
natural products. The crustacean Artemia salina Leach has
been proposed as a low-cost substitute for cytotoxicity assays [19]. Brine shrimp assays have also been used for the
detection of fungal toxins and their active metabolites [20].
Extracts of both Oscillatoria sp. H2 and Scenedesmus
sp. S25 strains were lethal to brine shrimps. When increasing extract concentrations of Oscillatoria sp. H2 and Scenedesmus sp. S25 strains, mortality of brine shrimps larvae
increased gradually at 24 h. S25, which caused a larger
diameter of inhibition zone, had a stronger mortality effect
on Artemia salina Leach than Oscillatoria sp. H2. The LC50
values of Oscillatoria sp. H2 (28,45 mg/ml) and Scenedesmus sp. S25 (24,37 mg/ml) confirm these results.
The results of this study showed that all investigated
microalgae induced a response in, at least, one of the test
systems applied and, therefore, support the use of biological screening to assist in the selection of samples for further chemical analysis. Based on our results, large-scale
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cultivation of the most active samples is in progress and,
furthermore, the isolation of the biologically active compounds by a bioassay-guided fractionation is planned.
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SUMMARY
White rot fungus (Pleurotus ostreatus) was selected
to degrade indole, a typical N-heterocyclic compound. The
biodegradation process of indole at four different concentration levels in liquid cultures was studied, and the relationships among biodegradation, laccase activity and rate
of biomass production were also researched. Results showed
that more than 99% of indole was degraded by white rot
fungi, when the initial concentrations of indole were 50,
100 and 200 mg/L, and the kinetics of indole biodegradation could be described by first-order reaction rate equation. The growth of white rot fungi and the production of
laccase were inhibited, when indole concentration was
400 mg/L. The optimum pH for biodegradation was 6-7,
and its rate was highly related with laccase activity and
rate of biomass production of white rot fungi. UV-Vis and
LC/MS analyses showed that the possible biodegradation
pathway of indole at the initial stage was one-step hydroxylation at 2- and 3-positions of the N-heterocyclic (pyrrole)
ring.

KEYWORDS:
white rot fungi, indole, rate of biomass production, laccase.

INTRODUCTION
Most aromatics belong to heterocyclic compounds
containing nitrogen, sulphur or oxygen. Being substituted
by different atoms, heterocyclic compounds are more toxic
than homocyclic ones, and, therefore, show obviously environmental harm [1]. Indole, a typical N-heterocyclic compound, is difficult to be degraded by microorganisms because of its alkalescence and low toxicity. It is industrially
produced for various applications, including pharmaceuticals, cosmetics, pesticides, disinfectants, agrochemicals,
and dyestuffs [2, 3]. Wide use of indole results in the pollution of soils, coastal environments, groundwater, and surface waters [4-6].

In recent years, the aerobic and anaerobic biodegradation of indole has been documented. Sakamoto et al. [7] reported that indole was degraded by a bacterium isolated
from tap water. Oshima et al. [8] found that indole was
oxidized by the enzyme indole-3-hydroxylase to indoxyl,
which was further oxidized spontaneously to indigotin. Direct formation of dihydroxyindole and subsequent degradation involving N-carboxyanthranilate were reported for an
aerobic Gram-positive coccus [9]. Both isatin and gentisate
were the major intermediates produced by Alcaligenes sp.
strain In3 [10]. Furthermore, the biodegradation mechanism
of indole was investigated under sulfate-reducing [11], denitrifying [12], and methanogenic conditions [13], respectively.
Practically, several types of N-heterocyclic aromatic
compounds, such as indole, quinoline and pyridine, coexist in coking plant, or pharmaceutical industry
wastewater, and dyestuff effluents [14-16]. Traditionally
activated sludge and anaerobic microorganism processes
will be in-hibited by N-heterocyclic compounds in
wastewater. Many studies indicate that most aromatic
compounds in environmental wastes can be degraded by
white rot fungi non-specifically, and, moreover, pure
aromatics or their mixtures can be degraded by a sort of
white rot fungus [17, 18]. The high concentration of NH3N, poor biodegradability and fluctuating pH of some kinds
of wastewaters make it difficult for other species of microorganisms to grow, but these bad conditions can promote enzymatic production, and improve enzymatic activity of white rot fungus [19]. The purpose of this investigation is to develop a more effective process for the
treatment of N-heterocyclic compounds.

MATERIALS AND METHODS
Culture of white rot fungi

Activated white rot fungi were inoculated into a 250-mL
Erlenmeyer flask containing 100 mL semi-defined media,
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and then cultivated for four days on a rotary shaker at 25 °C
and 150 rpm.

4.5) at 420 nm [20]. One unit (U) of laccase activity was
defined as 1.0 µmol of product formed per minute under
the assay conditions.

Medium

Biodegradation of indole by white rot fungi

A simulated wastewater was prepared by dissolving
indole (98%) in deionized water. 10 mL free cell suspension and some simulated indole wastewater were inoculated into a 250-mL Erlenmeyer flask containing 100 mL
liquid culture, and were shaken on a rotary shaker at 25 °C
(150 rpm). The initial concentrations of indole were 50,
100, 200, and 400 mg/L, respectively (denoted to C50, C100,
C200, and C400 in the following text). Indole concentrations and growth of white rot fungi were monitored each
24 hrs. All the experiments were performed in duplicate.

RESULTS AND DISCUSSION
Biodegradation of indole by
white rot fungi and kinetic model analysis

The biodegradation of indole by white rot fungi was
investigated with various initial concentrations of indole.
The results are shown in Fig. 1. When the initial concentration of indole varied from 50 mg/L to 200 mg/L, more
than 99% of indole was removed by white rot fungi within
96, 120 and 216 h, respectively. Apparently, 400 mg/L of
indole could not be degraded within 216 h, because white
rot fungus needs a longer lag time to accommodate the high
concentration of indole.
100
Biodegradation rate of
indole (%)

Liquid culture, used for growth of white rot fungi
and degradation of indole, contained (in grams per liter):
10 glucose, 1 ammonium tartrate, 1 KH2PO4, 0.1 K2HPO4,
0.24 MgSO 4 ·7H 2 O, 0.01 NaCl, 0.1 CaCl 2 ·2H 2 O, 0.08
MnSO4·H2O, 0.1 FeSO4·7H2O, 0.01 ZnSO4·7H2O, 0.02
CuSO4·5H2O, and 0.01 VB1.

Analytical methods

Concentration of indole was analyzed by reverse-phase
HPLC with a Hitachi system (Hitachi pumps L-7100,
Hitachi Dynamic mixer, UV-VIS detector L-7420, and
reverse-phase Hypersil C-18 column - 250 mm × 4.6 mm
I.D., 5 µm). The separated components were detected by
measuring the absorbance at 270 nm with a mobile phase
of methanol/acetic acid (1%) (80/20, v/v) at 0.6 mL/min
flow rate. The volume of injection was 20 µL. Calibration
curve was drawn for the quantitative analysis of indole.
UV-VIS spectrum was scanned on a Cary 50 ultraviolet visible spectrophotometer (Varian, USA).
Identification of indole biodegradation intermediates
was performed on an Agilent 1100 LC/MS system. The
LC was equipped with a diode array detector, and detection wavelength was set at 270 nm. A Zorbax SB-C18 rapid
resolution cartridge (2.1×30 mm, 3.5 µm, Agilent) in a rapid
resolution HT hardware kit (Agilent) was used. The mobile phase consisted of methanol (A) and water containing
0.1 % acetic acid (B). Gradient elution was used at a mobile flow rate of 0.2 mL/min, and the gradient was 0-1
min: 50% B; 1-5 min: 5% B; and 5-6 min: 50% B. The
volume of injection was 2.0 µL. The MS was equipped
with ion trap and APCI source. The ion polarity was positive. Nitrogen (99.99%) and helium (99.99%) were used
as drying and ionization gas. The dry temperature was
400 °C, and the flow rate of dry gas 7 mL/min. The scan
range was set from 50 m/z to 500 m/z.
Extracellular enzyme activity of white rot fungi was
measured during the degradation of indole. Laccase activity was determined by measuring the oxidation of 2,2’azino-bis (3-ethylbenzothiazoline-6-sulfonicacid) (ABTS)
(500 µmol/L) in a sodium tartrate buffer (50 mmol/L, pH

80
60
C50
C200

40

C100
C400

20
0
0

24

48

72

96 120 144 168 192 216
Time (h)

FIGURE 1 - Biodegradation rate of indole by white rot fungi.

Biodegradation rate of organic compounds by microorganisms is often described by the following equation:

γ =

γ mc

(1)

k +c

where

γ

is biodegradation rate,

γm

is the maximum

specific biodegradation rate, c is the substrate concentration, and k is the half-saturation constant.
If

c << k , Eq. (1) can be written as:

γ =

γ mc

(2)

k

Eq. (2) is a typical first-order degradation model. Assuming k1 = γ m k and integrating Eq. (2), the follow-

(

)

ing relationship between substrate concentration and time
is received:

ln c = a + k1t

(3)

According to the kinetic analysis above, it was found
that the kinetics of indole biodegradation by white rot fungi

1241

© by PSP Volume 15 – No 10. 2006

Fresenius Environmental Bulletin

TABLE 1 - Kinetic results of indole biodegradation by white rot fungi.
Kinetic equations

50
100
200

lnc =-1.2141t+1.5403
lnc =-1.1041t+1.3304
lnc =-0.4263t+0.7261

Biodegradation rate constant k0
(mg /L·h)
1.2141
1.1041
0.4263

can be described well with the first-order model, when
initial indole levels were 50, 100 and 200 mg/L, respectively. The kinetic results of indole biodegradation are summarized in Table 1. The biodegradation rate constant was
reduced with the increase of initial indole concentration.
The factors impacting on biodegradation process of indole
Laccase activity of white rot fungi: The major enzymes
of white rot fungi include lignin peroxidase, manganese
peroxidase and laccase. Some white rot fungi produce all
these enzymes, while others produce only one or two of
them [21]. Laccase (benzenediol:oxygen oxidoreductase;
EC 1.10.3.2) is a multicopper enzyme, which catalyzes
the oxidation of phenolic and non-phenolic compounds
[22]. White rot fungus (Pleurotus ostreatus) that was selected to degrade indole mainly produced laccase, and,
therefore, its activity was measured in the biodegradation
process of indole.

Laccase activity of white rot fungi
(U/mL)

Laccase activity of white rot fungi increased more
quickly in the systems of C50 and C100, compared to those
of C200 and C400 (Fig. 2). In the initial 48 h, the process
of secreting enzymes from white rot fungi was in-hibited
by indole, so laccase activity increased slowly both biodegradation systems of C50 and C100. However, with white
rot fungi domesticated by indole, glucose and indole were
biodegraded, and laccase activity increased consequently.
The removal rate of indole was up to 99% at 72 h. Glucose and the biodegradation intermediates of indole could
provide the carbon source for the growth of white rot fungi.
The maximum laccase activity was 300 U/ mL at 192 h.
After 192 h, the carbon source began to decrease gradually. As a result, the laccase activity decreased correspondingly.

350

C50
C200

300

Correlation coefficient r2
0.9805
0.9758
0.9561

When the initial concentration of indole was 200 mg/
L, the laccase activity was not higher than 10 U/mL between 0-192 h, because of the activity of white rot fungi
inhibited by indole. However, with the decrease of indole
level, laccase activity began to increase after 192 h. In the
biodegradation system of C400, the activity of white rot
fungi was inhibited completely by the high concentration
of indole, and only little laccase was produced in biodegradation process.
According to the above analysis, it is concluded that
the biodegradation process of indole was highly related
with laccase activity, but the role of laccase in biodegradation was not quite clear. It was reported that a positive
correlation between decolorization of dyes and laccase
activity is existing [23]. However, only few studies on the
relationship between degradation processes of pollutants
and laccase activity of white rot fungi could be found.
Rate of biomass production of white rot fungi: Rates of
biomass production (γd-g/d·L) of white rot fungi in the biodegradation systems of C50 and C100 were higher than
those of C200 and C400 (Fig. 3). When initial concentrations of indole were 50, 100, 200 and 400mg/L, the maximum γd values were 0.904, 0.555, 0.095 and 0.011g/ d·L,
respectively.

Rate of biomass production of white rot
fungi (g/d·L)

Initial concentration (mg/L)

C100
C400

1
C50
C200

0.8

C100
C400

0.6
0.4
0.2
0
0

24

48

72

96

120 144 168 192 216

Time (h)

250
200

FIGURE 3 - Rates of biomass production of white rot fungi.

150
100
50
0
0

24

48

72

96

120 144 168 192 216

Time (h)

FIGURE 2 - Laccase activity of white rot fungi.

In the degradation systems of C50 and C100, at the
beginning of the biodegradation, the growth of white rot
fungi was exposed to adaption time (0-48 h), in which glucose was mainly used as the carbon source for white rot
fungi [24, 25], and γd was at a relatively high speed. Shortly
after, their growth turned into domestic time (48-120 h), in
which white rot fungi were domesticated gradually by indole, and γd changed slightly. Between 120-216 h, the car-
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bon sources including glucose and the intermediates of
indole could be used by white rot fungi. Their bio-mass
increased rapidly, and maximum γd values were 0.904 and
0.555 g/d·L for the systems of C50 and C100, respectively.
In the biodegradation system of C200, the growth of
white rot fungi was controlled by indole from 48 h to 192 h,
so that γd was on a low level during a long period of time.
However, in the whole biodegradation system of C400, the
growth of white rot fungi was inhibited completely and,
therefore, γd was on a low level all the time.
Based on the above analysis, it could be concluded that
γd was related with the biodegradation process of indole.
Laccase activity in the biodegradation systems of C50,
C100, C200 and C400 reached maximum values at 192,
192, 216 and 24 h, respectively, while the corresponding
maximum γd were obtained at 216, 168, 48 and 24 h, respectively. This showed that there was no relation between
γd and laccase activity.
Changes of pH: The initial pH was determined in different degradation systems. When initial indole concentrations were 50, 100, 200 and 400 mg/L, the pH values
were 4.89-6.32, 5.17-6.95, 5.31-6.73 and 5.41-5.82, respectively (Fig. 4), and the fluctuation of pH in the four
different biodegradation systems was not certain. During
biodegradation, pH was able to be modulated by white rot
fungi [26, 27]. In C400 system, the activity and growth of
white rot fungi were inhibited completely, and pH was

7.5

C50
C200

7

around 5.5. However, in the biodegradation systems of
C50, C100 and C200, because of elimination of indole,
production of CO2 and the biodegradation intermediates
of glucose and indole, the pH was varied from the beginning to 216 h. When laccase activity and γd reached their
maximum, the pH values in the biodegradation systems of
C50, C100 and C200 were around 6.0, 6.5 and 5.7, respectively. It could be inferred that indole could be degraded
effectively by white rot fungi, when pH was in the range
of 5.5 to 6.5.
Biodegradation pathway
Changes of UV spectra during the process: The changes
of UV spectra in the biodegradation process of indole
(C200) by white rot fungi were recorded and shown in
Fig. 5. A gradual decrease of absorbance at 260-280 nm indicated a continuous removal of indole in the process,
while the slow increases at 230-245 nm and 300 nm revealed the formation of UV-absorbing intermediates, probably the polymer of indole [28]. The disappearance of peaks
at 260-280 nm indicated a complete destruction of indole
after 144 h.
Initial biodegradation pathway of indole: By the analysis of UV-VIS spectra, the absorbance peaks of the intermediates of indole in the biodegradation process were
verified at 230-245 nm and 300 nm. In HPLC analysis,
two obvious new peaks were observed in biodegradation
process. LC/MS analysis was performed to identify these
intermediates formed.

C100
C400

pH

6.5
6
5.5
5
4.5
0

24

48

72

96

120 144 168 192 216

Time（h）

FIGURE 4 - Changes of pH in the biodegradation process.

FIGURE 5 - Changes of UV spectra
in the biodegradation system of C200.

FIGURE 6 - Initial degradation pathway of indole by white rot fungi.
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Two clear molecular ion peaks were detected in the
mass spectrum at m/z 165 and m/z 146. The possible material for m/z 165 was compound II (Fig. 6), produced from
the oxidation of indole through the path of isatin (Fig. 6 I,
m/z 146).
Based on the above analysis, a hypothesis of the initial degradation pathway of indole was proposed in Fig. 6.
White rot fungi biodegrade indole simultaneously via onestep oxidation at 2- and 3-positions, followed by hydroxylation and cleavage of the pyrrole ring between 2- and 3positions.
CONCLUSIONS
Based on the experiments, we make conclusions as
follows:
1)

Indole, at initial concentrations of 50, 100 and 200 mg/
L, could be completely degraded by white rot fungi
in liquid culture. The kinetics of indole biodegradation could be described by a first-order reaction rate
equation. The growth of white rot fungi and the production of laccase were inhibited, when the concentration of indole increased to 400 mg/L.

[5]

Daily, N.S. (1981) Process Effluents: quantities and control
technologies. In: Braunstein, H. M., Copenhaver, E. D.,
Pfuderer, H. A. (Eds.), Environmental, Health, and Control
Aspects of Coal Conversion−An Information Overview, vol.
1. Ann Arbor Science Publishers, Ann Arbor, MI, pp. 1-157.

[6]
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[7]
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[8]
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2)

The biodegradation process of indole was highly related with laccase activity and rate of biomass production (γd). However, there was no correlation between γd and laccase activity.

3)

When pH in liquid culture ranged from 5.5 to 6.5,
indole could be efficiently degraded by white rot
fungi.
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4)
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SUMMARY

INTRODUCTION

Experiments are performed in atmospheric simulation chambers. First, reactions are carried out in a rigid
ASC under simulated irradiation where different gaseous
systems (OH / TCE and MC / β-pinene) are studied in
mixtures (complete system), and separately (simple system). Second, interactions between TCE and β-pinene
are achieved in two flexible ASCs under solar irradiation
in presence of artificial nitrogen oxides (NOx). The interest of these experiences is to simulate the arrival of a mass
of industrial air charged with chlorinated VOC on a forest
site, "naturally" rich in terpenic compounds. Results have
shown that the presence of hydroxyl radicals can generate
chlorine radicals, thus, an increase in the rate of degradation of the terpenic compounds. Constants of degradation
rates (kOH) of TCE, MC and β-pinene are determined. Degradation ways of β-pinene and TCE by Cl and OH that
respectively lead to the formation of nopinone and phosgene, experimentally detected as by-products, are proposed.
Finally, in order to characterize the reactivity of the photochemically studied system, various parameters are calculated and analyzed, in particular, the intensity of sunlight,
the maximum of ozone concentration recorded, the maximum rate of ozone formation, the rate of nitrogen oxide
consumption, the percentage of disappearance of β-pinene
after 1h of reaction, and the maximum of carbonyl produced VOC.
•

•

•
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Human activities are varying the composition of the
atmosphere, not only through perturbations in the physical, chemical, and ecological characteristics of the Earth
System, which in turn influence the rates of production
and loss of atmospheric constituents (indirect effect), but
also directly throughout the emission of trace gases and
aerosols. Monoterpenes belong to the most important category of the non-methane hydrocarbons of natural origin,
and their atmospheric reactions play a crucial part in the
global carbon cycle. The global emission rates were estimated to be 175-830 Tg yr-1 [1, 2], which exceed the emission rates of anthropogenic hydrocarbons, estimated to be
65-75 Tg yr-1 [3]. Study of monoterpenes and their reactivity in the atmosphere, especially their contribution to the
formation of aerosols, have been largely studied since
several years [4, 5]. Aerosols interact with climate in much
more complex ways than gaseous molecules. In addition to
being able to absorb light (and thereby warm the atmosphere), aerosols can scatter light into the space, or enhance
the backscattering of light by clouds, which cools the earth.
Aerosols can also reduce precipitation from clouds, which
enhance their lifetimes (a cooling affect). Or, if they absorb radiation and warm an atmospheric layer, that may
reduce cloud formation, which would warm the earth. The
role that aerosols can play seems to be very important in
the global change of the atmospheric chemistry. Several
researchers have focused their interest to the interactions
between atmospheric constituents. They have simulated
some atmospheric systems like monoterpenes/ozone/OH
or monoterpenes/NOx/OH under dark and/or sunlight conditions [6, 7] to study the effect of aerosols on the atmospheric constituents. However, little studies on anthropogenic sources of molecular chlorine (Cl2), a photolytic
source of Cl , and their interactions with atmospheric elements have been exposed. Large anthropogenic sources of
Cl2 emissions include chemical production facilities, water
•

•

•
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treatment plants, and paper production operations. Cl atoms
may also be generated by reactions of sea salt particles
transported inland with air masses. Wang and FinlaysonPitts [8] have recently studied interactions of Cl atoms with
some hazardous air pollutants like 1,3-butadiene (one of
its major sources is automobile emissions). 4-Chlorocrotonaldehyde (CCA) has been identified as a unique chlorinecontaining product from the reaction of 1,3-buta-diene with
chlorine atoms in the presence or absence of NO in air.
They have concluded that CCA could serve as a mark-er for
Cl chemistry in coastal urban areas. Others [9] have recently studied the role of anthropogenic sources of chlorine
on the ozone formation in coastal urban atmospheres. They
have found that chlorine atoms, formed by the pho-tolysis
of Cl2, react with alkanes at up to two orders of magnitude
faster than do hydroxyl radicals, and can promote the formation of ozone in presence of VOCs and NOx. In addition, their research has shown that the loss of alkanes increased from less than 10 % in experiments without added
Cl2 to greater than 60 % for hexane, 2,3-di-methylpentane, and octane in experiments with added Cl2.
The impact of direct anthropogenic emissions on the
atmosphere is often relatively easy to assess, especially if
they are tied to major industrial activities, where accurate
and exhaustive records are kept for economical reasons.
Classical examples are the release of chlorofluorocarbons
and the emission of CO2 from fossil fuel combustion. There
is, however, a main interest to study the interactions between chlorinated volatile organic compounds (CVOC) and
terpenes, when the former compounds migrate to forest
area in presence of hydroxyl radicals under solar environment.
In view of these circumstances, this study has attempted to determine in ASCs, if chlorinated VOCs (MC
and TCE) can promote, in presence of hydroxyl radicals
under sunlight radiation, the formation of ozone in an artificial β-pinene atmosphere. In its turn, ozone will react with
biogenic compounds and contribute to an increase of aerosols like it was shown previously [10].

Oxidation of β-pinene in presence of
TCE and MC under simulated irradiation

In these cycle of experiences, we have tried to understand the role that can play the chlorinated VOCs in the
oxidation phenomenon of β-pinene. For that, we have described some protocols in order to optimize the experimental conditions.
Methodology: Experiences were carried out in a rigid
ASC (1.5 m3), which is made of 0.02 mm thick FEPTeflon® (a fluorinated ethylene-propylene copolymer, manufactured by Du Pont with a surface to volume ratio of
~ 0.03 cm-1). The compounds of the studied system are injected with concentrations about the hundred of ppb V.
Hexane and octane are used as alkane references. For the
experiments concerning the complete system, the ASC contains β-pinene, TCE and MC in mixtures with OH . However, for the simple system, we have studied the be-havior
of each of the above-cited compounds independently, in
presence of OH . This allows us to determine the rate of
degradation (KOH• cm3.mol-1.s-1) of each component separately in order to compare it with reported values [11].
Hydroxyl radicals are spiked 15 min after the introduction
of TCE, MC and β-pinene (time that corresponds to the
homogenization of the ASC contents). OH is introduced
in the form of methyl nitrite. This last one is ob-tained by
the action of H2SO4 (50 %) on a sodium nitrite-saturated
methanol solution under a 360-380 nm photolysis. Methyl
nitrite produced is pulled by an ultra-pure nitrogen flow.
The latter crosses two wash-bottles successively containing a saturated KOH solution (purification of the acid
traces) and anhydrous CaCl2 (purification of the water
traces) before undergoing a cooling in a liquid nitrogen
trap (-196 °C). When the injector was isolated and then
brought back to room temperature, an aliquot of gas was
taken and introduced into the ASC, so as to obtain the desired OH concentration. It should be noted that 5 ml of
NO are injected into the ASC in order to avoid the ozone
formation (NO + O3 → NO2 + O2). The presence of ozone
could "affect" the studied kinetics because an oxidation
competition can occur between OH and O3.
•

•

•

•

•

MATERIALS AND METHODS
Sampling and analysis

The sampling method used has been described previously [10]. Nitrogen oxides were measured with a Monitor
Luminox LMA-3 chemiluminescence’s instrument (LOD =
10 ppt V in zero air). For the identification of all products,
the smog-chamber aerosol extracts were analyzed by means
of Gas Chromatography–Mass Spectrometry with a flame
ionization detector (GC/FID-MS) (Carlo Erba Mega-5210,
equipped with a glass capillary column, SE 54, 0.35 ID,
30 m). Whenever possible, identifications were made based
on matching the mass spectra and GC retention time with
those of authentic standards. All other chemical analyses
have been illustrated before [10].

The ASC is then irradiated. Sequential samplings are
carried out on Tenax TA (100 mg) over one period of 10 h,
in order to ensure the monitoring of the compounds injected initially (concentrations) and their breakdown products (identifications and concentrations).
Results and discussion: For the complete system (99±2
ppb V of β-pinene, 137±3 ppb V of hexane, 104±2 ppb V
of octane, 174±3 ppb V of TCE and 146±3 ppb V of MC),
one notes that after 40 min of irradiation, 97 % of β-pinene,
initially present in the ASC, was degraded. Nopinone (6,6dimethylbicyclo-[3,1,1] heptan-2-one), the main breakdownproduct of β-pinene oxidation [6, 12], appeared after the
first minutes of irradiation and reached its maximum of
concentration after 50 min of reaction (moment when β-pinene is almost entirely consumed) before being degraded.
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However, its breakdown products are not identified. It
may be besides that the nopinone settled progressively on
the ASC surface. Supposing that each compound was attacked in priority by the hydroxyl radicals, the constant
rates could be calculated by the compared kinetics method
using hexane and octane as references. Values obtained
using the ASC are resumed in Table 1.

(b) CH2Cl + RH → R + CH3Cl
•

•

undetected

(c) CH2Cl + R → RCH2Cl

undetected

(d) CH2Cl + Cl → CH2Cl2

detected in trace amounts

•

•

•

•

Mechanism (a) seems most realistic because it is the
only one, which regenerates Cl . Unfortunately, formaldehyde formed could not be detected here, since Tenax does
not trap it, but it has been identified in a previous work [10]
after 1 and 3 hours of contact between ozone and β- pinene,
in presence of TCE.
•

TABLE 1 - Constant rates (KOH• ) of TCE, MC and β-pinene
separately and in mixtures, in presence of hydroxyl radicals.
Compounds

Separately

55 ± 8
5.5 ± 2
4.1 ± 0.7

β-pinene
TCE
MC

In mixtures
10-12 cm3.mol-1.s-1
95 ± 6
2.3 ± 0.3
0.9 ± 0.4

(Atkinson,
1985) [11]
78.7
2.36
0.0119

We have found that the constant rate of MC remains
always much higher than the normal (336 times and 76
times for the simple and the complete system, respectively).
It can be due to a possible degradation of MC on the Tenax
TA. For the complete system, the calculated values for TCE
are close to those obtained by Atkinson [11]. However, when
it is treated separately, TCE disappears more quickly (KOH•
increased 2.4-fold). In that case, we can conclude that TCE
seems to be attacked only by the hydroxyl radicals. At the
same time, we can notice that the oxidation of β-pinene
occurs more quickly in the presence of the two chlorinated
VOCs (KOH• calculated is approx. 1.2 times higher than
that reported in literature). These results matched to those
obtained in our previous work, when experiences were carried out under dark conditions in presence of ozone [10].
The increase in the rate of de-gradation of β-pinene could
be related to the presence of Cl resulting from the oxidation of TCE and MC. Each chlorinated compound produces
Cl radicals able to attack the C=C bond of β-pinene, according to a mechanism similar to the degradation of this
terpene by OH (Fig. 1), but some competition could exist
between OH and Cl radicals. However, the oxidation of βpinene is much faster when it is carried out with Cl radicals due to their very high reactivity, compared with that of
OH [13]. Moreover, we notice that for the complete system, nopinone remains the major breakdown product of βpinene. Indeed, no other VOCs (C10) are detected during
the identification by mass spectrometry. In particular, we
did not detect some chlorinated terpenes similar to those
published by Stuthridge et al. [14] during a chlorination
of pulp paper containing monoterpenes.

Reactions (b) and (c) that imply alkanes, lead to undetected products. To understand this event, we have determined the ratio Khexane / Koctane and compared it with
that obtained, when the alkanes oxidation reaction is realized with hydroxyl radicals. We have found a ratio of
about 0.68, whereas Atkinson [11] gives Khexane / Koctane =
0.64. These values are similar, indicating by there that
each alkane seems to be attacked only by OH radicals.
•

However, mechanism (d) involves chlorine radicals
in order to produce dichloromethane. The latter is detected in very small amounts, but we should be careful here
because this compound could remain in the ASC (background noise).
As we have mentioned above, the chlorine radicals
are formed several steps after the attack of TCE by OH .
The degradation mechanism is proposed in Fig. 2. However, according to the literature, phosgene can be photolysed and, by analogy with the photolysis of HCHO, we
can imagine the following reaction pathway:
•

•

Cl2CO + hν → CClO + Cl
•

•

•

followed by the reaction:

•

•

•

•

•

As well, one can notice the formation of CH2Cl radical
generated in the β-pinene degradation mechanism. CH2Cl
can react with other compounds like O2 or NOx (a), RH
(b), R (c), or Cl (d) as follows:
•

•

•

•

(a) CH2Cl + O2 → O2CH2Cl
O2CH2Cl + NO → OCH2Cl + NO2
OCH2Cl → HCHO + Cl
•

•

•

•

•

•

CClO → CO + Cl
•

•

In addition, phosgene can also disappear by hydrolysis as show the following reactions:
Cl2CO + H2O → ClCOOH + HCl
followed by the reaction:
ClCOOH + hν → CClO + OH
•

•

In presence of hydroxyl radicals under simulated irradiations, we can notice that the kinetics oxidation studies of β-pinene revealed a modification of its behavior in
presence of chlorinated compounds from industrial emissions. The rate of degradation of the terpene increases due
to the activities of chlorinated compounds under these conditions. Indeed, the decomposition of the breakdown products of the chlorinated VOCs could generate chlorine radicals that can play the role of catalysts in the β-pinene oxidation process.
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FIGURE 1 - Degradation mechanism of pinene by Cl . Nopinone is the
major by-product, experimentally detected at the end of the reaction.
•

FIGURE 2 - Degradation mechanism of TCE by hydroxyl radicals.

Oxidation of β-pinene in presence of
TCE and MC under sunlight irradiations

After the above-cited work, we have tried thereafter
to carry out experiments under real ground conditions. For
that, we have set up a protocol of work by using two flexible ASCs as shown in Fig. 3. Experimental conditions and
analysis procedures have been exposed in details previously [10].

Methodology: The two flexible ASCs are filled with
the target compounds (and zero air) in a dark chamber before their exposition to sunlight irradiations. The studied
compounds are a mixture of β-pinene (≅ 80 ppb V), NO
(10.5 ± 0.5 ppb V and 20 ± 0.5 ppb V), and TCE (100 ±
2 ppb V).
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FIGURE 3 - Block diagram of the sampling and the analysis system employed (T: temperature, RH: Relative humidity).

TABLE 2 - Characterizations of the studied photochemical systems (Photo oxidation is carried out under sunlight irradiations).
10 ppbV of NO

20 ppbV of NO

20 ppbV of NO +
100 ppbV of TCE

2

28±0.5
(W/m /h)
(ppbV)
47±1.0
75.2±1.5
82.48±1.4
86.65±1.5
c
(ppbV/min)
0.41±0.01
0.68±0.01
0.63±0.01
0.73±0.01
d
(ppbV/min)
0.085±0.002
0.136±0.02
0.14±0.02
0.15±0.02
e
(%)
31±1
27±1
30±1
44±1
f
(ppbV)
71±1.4
75±1.5
81.2±1.4
93.9±1.6
a
sunlight irradiation intensity, b maximum concentration of ozone recorded, c maximum rate of ozone production, d rate of NO consumption, e % of β-pinene degradation after 1 hour of irradiation, f maximum of TOC produced
a

b

Results and discussion: Throughout these experiences,
different parameters like temperature, relative humidity,
ozone, NO, NO2, β-pinene, TCE and carbonyl VOC, have
been monitored for a period of 6 hours under sunlight
irradiations. Results are summarized in Table 2.

The oxidation of β-pinene has been carried out in presence of TCE (chlorinated photochemical system CPCS) or
without TCE (non-chlorinated photochemical system
NCPCS). Parameters, such as the concentration of NO,
have been studied. Graphs (Fig. 4) presenting the evolution of the CPCS and NCPCS can be explained as follows.
Initially, thanks to the sunlight irradiations, hydroxyl radicals can be generated [11, 15]. They are then able to photooxidize β-pinene and, simultaneously, the nitrogen oxide

(NO) to transform it into nitrogen dioxide (NO2). So, the
first phase of the photo-oxidation process corresponds to a
consumption of NO and β-pinene, and production of NO2
(Fig. 4a). However, when the amount of NO becomes very
weak, the cycle of Chapman (O3 + NO → NO2 + O2) cannot consume ozone to produce NO2, since the entire NO
produced by the photolysis of nitrogen will be useful next
to the oxidation of β-pinene. We notice that after 3 h of
sunlight irradiations, NO2 reaches its maximum of concentration at the same time as ozone increased (Fig. 4b). Finally, NO2 disappears by various ways, which are the formation of HNO3, peroxyacetyl nitrate, and alkyl nitrates.
The results obtained match to the well-known theory
of the photo-oxidation [16-18]. Therefore, they illustrate
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clearly the capacity of β-pinene to pilot the various photochemical systems UV / VOC / NOx to ozone formation
(the maximum of ozone concentrations recorded is about
70 ppb V). It should be noticed that some difference exists between results obtained from the CPCS and the
NCPCS. For the CPCS, an increase in the rate of degradation of β-pinene is observed. In addition, the production
of total over carbonyl (TOC) is somewhat more significant.
However, in order to characterize the reactivity of the
photochemical system, we have studied and analyzed various parameters in particular: The intensity of sunlight irradiations, the maximum of ozone concentration recorded,
the maximum rate of ozone formation, the rate of NO consumption, the percentage of degradation of β-pinene after
1-h irradiation, and the maximum of TOC produced.
Results show that the production of ozone is relatively proportional to the number of NOx available in the
system (Table 2). For example, when the concentration of
NO is doubled, the maximum of ozone concentration is
1.6 times greater. The rates of ozone production and NO

NO	
  (NC P C S )
NO2	
  (NC P C S )
20

consumption increase 1.7- and 1.6-fold, respectively, whereas the degradation of β-pinene increases about 13 % and
the maximum of TOC concentration shows a variation
about +6 %. We can also notice that the presence of TCE
in the system involves a remarkable increase in the disappearance rate of β-pinene (+44 % after 1-h irradiation).
However, the effect is less obvious for carbonyl compounds
production (+16 %). For the other parameters, only weak
variations were recorded (+6 % for the maximum concentration of ozone, +13 % for its maximum rate of production, and +6 % for the rate of disappearance of NO).
Therefore, it would seem that the hypothesis of the increase in the rate of degradation of β-pinene in the presence of TCE is confirmed [10]. The Cl radicals, produced
by the decomposition of TCE (Fig. 3), are involved in the
increase of the rate of oxidation of β-pinene. As a consequence, an enhancement in the number of aerosols can be
noticed. This allows us to conclude that Cl can play the
role of a catalyst in the degradation of β-pinene in a photochemical system.
•

•
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FIGURE 4 - Evolution of the different compounds concentrations during the oxidation process under chlorinated photochemical
system (CPCS) and non-chlorinated photochemical system (NCPCS). (a) Graph showing the decline of NO concentration at the
same time of the increase of NO2 concentration. (b) Graph showing the degradation of β-pinene and the formation of ozone during
the oxidation. (c) (d) and (e) represent respectively the concentrations of formaldehyde, acetaldehyde and Total Over Carbonyls
(TOC), registered at two and four hours of experiments.
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CONCLUSION
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SUMMARY

such as hydrophilic/hydrophobic properties, surface charge
and per-meability, etc. [2].

Extracellular polymeric substances (EPS) play an important role in biological wastewater treatment. The influence of different culture media on the extracellular polymer
substances (EPS) (proteins, polysaccharides and DNA) was
studied. The extraction of EPS in activated sludge flocs,
which were sampled from 4 sources, of which one is from
a local municipal wastewater treatment plant, the others
from three lab-scale SBRs cultured with artificial
wastewater, municipal wastewater and municipal water
with addition of iron and copper, respectively, was investigated in this paper. EPS extraction yields were represented by total organic carbon (TOC). Polysaccharides and
proteins in EPS were analyzed to complement the information both on the origin of extracellular materials and on
sludge floc structure. The amount of cell lysis during the
extraction procedures was indicated by DNA concentration. The results showed that the extracted EPS yields
were about 5.8-8.6% of the sludge volatile suspended
solids (VSS), and mainly consisted of protein, polysaccharides and small amount of DNA. The amount of DNA
in the pellets was more than 27 times higher than that in
EPS, indicating no significant amount of cell lysis during
extraction procedures. But polysaccharide and protein
levels in EPS extracted from four activated sludge samples were different.

EPS are the productions of cell secretion, cell autolysis, cell surface material shedding, and sorption from the
environment [3]. The major components of EPS are polysaccharides and proteins. Humic compounds and DNA were
also reported as components of EPS. Kinds of activated
sludge, EPS extraction procedures, and analytical methods can affect the EPS composition [3].
EPS extraction procedure is a key point in determining amount and composition of EPS in activated sludge.
The EPS extraction methods include heating, sonication,
regular centrifugation, EDTA extraction, and steam extraction. Heating to 80 °C is a typical extraction method, which
has been used in several studies [4, 5] with a high efficiency. However, possible cell lysis has not been investigated
during extraction by heating. In this study, the amount of
cell lysis was evaluated by DNA concentration.
The major objective of this study was, therefore, to
investigate the EPS flocs in four different activated sludge
samples. Another purpose of this study was to investigate
the effects of different water treatment procedures and different culture media on the EPS compositions in activated
sludge flocs.

KEYWORDS: activated sludge, extracellular polymers, proteins,
polysaccharides, pyrolysis.

MATERIALS AND METHODS
Activated sludge

INTRODUCTION
Activated sludge is a process widely used in
wastewater treatment. Extracellular polymeric substances
(EPS) are found to have correlation with absorbing
pollutants, nutrients and minerals [1]. They are also known
to be important for the flocculation, settling and dewatering
of activated sludge, which have considerable effects on the
physicochemical properties of activated sludge flocs,

Sludge samples taken from the reactors were directly
transported to the microbiology, chemistry and
wastewater research laboratory within half and an hour
and kept at 4 °C in a refrigerator until use (maximum 2
days) for chemical and other analyses.
The operations were started with 4 activated sludge
samples taken from a municipal wastewater treatment plant
and 3 lab-scale sequencing batch reactors (SBRs), respectively. Running cycles of the 3 lab-scale SBRs were as
follows: influent (0.5 h), aeration (20 h), settling (3 h), ef-
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fluent (0.5 h), and sludge age was 30-35 days. The other
operational parameters of SBRs were: 20.0±2.0 °C, pH
7.0±0.2, and DO 4.0～6.5mg/L. The operational conditions and parameters for steady-state conditions are given
in Table 1.
Sample Pretreatment and EPS extraction

The activated sludge was harvested by centrifugation
(6,000 g, 20 min) and washed twice with water prior to
extraction, to remove any EPS from bulk water: 50 ml of
sludge was centrifuged at 6,000 g for 10 min at 4 °C. The
sludge pellets were resuspended to the original volume
(50 ml) using the buffering solution containing 0.85%
NaCl.
Then, sludge samples were extracted with the method
of heating at 80 °C for 30 min. The effect of heating-time
on EPS extraction was not examined in this study. Instead,
the amount of cell lysis during the extraction was evaluated by DNA concentration. Frølund et al. [6] recommended
0.5-1 hours for EPS extraction with minimum risk of induced cell lysis, and results of [7] also showed that EPS
extraction was complete in less than 1 h.
Chemical analysis of sludge and EPS

All chemicals were of analytical grade. A LENG
GUANG 756MC spectrophotometer was used for DNA,
polysaccharide and protein analysis.

(MLSS) measurements were carried out following standard
methods [8].
Total organic carbon

The total organic carbon content (TOC) was measured
on a TOC analyzer (Shimadzu TOC-VCPN TOTAL ORGANIC CARBON ANALYZER).
DNA analysis

The DNA content of sludge and EPS were determined
by the Burton method [9]. The reaction of DNA with diphenylamine in a mixture of acetic and sulfuric acid is the
most widely used colorimetric procedure for determination
and identification of this polymer in complex mixtures. The
Burton method is sensitive and only few substances in
bacterial cells interfere with accurate determination of DNA.
Deoxyribose (Amresco) was used as standard.
Polysaccharide analysis

Because of the complexity of polysaccharide detection,
carbohydrates were measured. The anthrone method [9]
was applied for carbohydrate determination. D-glucose was
used as standard.
Protein analysis

The Lowry method [9] was applied for protein determination in EPS and sludge. Bovine Serum Albumin (BSA)
was used as standard.

Total suspended solids (TSS) and volatile suspended
solids (VSS): TSS, VSS, and mixed liquor-suspended solids

TABLE 1 - The operational conditions and parameters for steady-state conditions.
Sludge
sample
1

Reactor

Culture medium

Influent COD
(mg/L)
144

SVI (mL/g)

Lab-scale SBR (with iron and
Municipal wastewater
90
copper in the reactor)
2
Lab-scale SBR
Municipal wastewater
144
114
3
Lab-scale SBR
Artificial wastewater*
500
31
4
A local municipal wastewater
Municipal wastewater
144
172
treatment plant (Quyang,
Shanghai)
*: Glucose, NH4Cl, K2HPO4 and KH2PO4 as substrates (COD/N/P=100/5/1), NaHCO3 as buffering agent.

RESULTS AND DISCUSSION

Total EPS or EPS extraction yields can be represented
by TOC contents, which were different due to the different source of activated sludge flocs (Fig. 1). The results
show that the extracted EPS yields were about 5.8~8.6%
of the sludge VSS. Other studies [10-12] have reported
that extracted EPS amounts were typically up to approx.
15% of the sludge SS.

0.64
0.65
0.90
0.81

Fig. 1 also shows that the levels of TOC/VSS (mg·g) of sludge samples 1, 2 and 4 were very close (76.7, 79.0
and 86.1, respectively). However, the TOC content of EPS
in sample 3 was just 58.4, much lower than those in the
other 3 samples. This difference could be attributed to the
different culture media. Sample 3 was cultured in artificial
wastewater with glucose as one and only substrate, but
sludge samples 1, 2 and 4 were all cultured with the same
municipal wastewater. The results indicated that total EPS
were considerable influenced by culture medium.
1

TOC content of EPS

VSS/SS
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Chemical components of EPS

The chemical components of EPS matrix are reported to
be very heterogeneous [3]. Polysaccharides and proteins
are usually found as the major components of EPS.
compositions of EPS were greatly influenced by the culture medium.

TOC/VSS(mg•g-1)

100

The ratios of polysaccharides, proteins and total EPS
(represented by TOC) are shown in Table 2. Above 60%
of the extracellular organic carbon could be attributed to
proteins and polysaccharides.

80
60
40

TABLE 2 - The chemical composition in EPS.

20

Activated sludge
The percentage of
polysaccharides (%)
The percentage of
proteins (%)
The ratio of polysaccharides to protein

0
1

2

3

4

Sludge series number
FIGURE 1 - TOC content of EPS extracted
from different activated sludge samples.

EPS component/VSS(mg•g-1)

100
90
80
70

protein
DNA

60
50
40

20
10
0
3

3

4

24.6

22.9

64.6

23.7

36.0

44.5

34.6

40.9

1.46

1.94

0.54

1.72

The high amount of protein in municipal activated
sludge flocs could be attributed to the hydrolysis of high
amounts of bound EPS in flocs by extracellular enzymes
as reported by Nielsen and Jahn [16], in the presence of
readily biodegradable organics in wastewater. Furthermore,
soluble EPS could be found in these wastewaters, and it increases the protein content.

30

2

2

The EPS protein content of sludge flocculations cultured in municipal wastewater was higher than that of polysaccharides. The presence of larger quantities of proteins
surrounding the bacterial cells has already been reported
in several studies concerning activated sludge [3, 13]. The
predominance of proteins in activated sludge EPS could
be due to the presence of large quantities of exo-enzymes
from bacterial excretions, such as extracellular products in
the floc, depending on microorganism type and substrate
properties, as reported by Frølund et al. [14] and Dignac
et al. [15].

polysaccharides

1

1

4

Sludge series number

TABLE 3 - The DNA contents in pellets and EPS

FIGURE 2 - The major components in EPS
extracted from different activated sludges.

In addition, lipids, nucleic acids and humic compounds
are reported [6]. Fig. 2 shows the contents of polysaccharides, proteins and DNA in EPS samples, suggesting that
they were quite different, when extracted from 4 activated
sludge flocs.
The EPS analyses showed that the protein content
was higher than that of polysaccharides in sludge samples
1, 2 and 4, contrary to sample 3. Moreover, there were some
other differences between EPS extracted from sludge samples 1 and 2. Sample 1 was cultured in the reactor with adding iron and copper, and the total Fe content of the mixed
liquid was about 180 mg/l. The protein content of EPS extracted from sample 1 was significantly lower than that
from sample 2. The results also indicated that the chemical

Serial number
The DNA content in pellets
(mg/gVSS)
The DNA content in EPS
(mg/gVSS)
The percent of DNA in
EPS to that in pellets (%)

1

2

3

4

153.1

136.6

165.2

224.6

5.19

4.44

3.27

7.50

3.39

3.25

1.98

3.34

The cell lysis during EPS extraction

A good extraction procedure should cause minimal
cells lysis, but does not destroy the exopolymers. The EPS
normally contain small quantities of DNA, which are released from the dead cells after lysis, or adsorbed from the
coming wastewater. Large quantities of DNA in the EPS
indicated that the cells lysis could occur during the extraction process. Table 3 shows the amount of DNA in EPS
and sludge pellets samples. DNA in the sludge pellets was
higher than that in EPS, which indicated no significant
cell lysis occurred during the extraction procedure. So,
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extraction by heating at 80 °C for 30 min is applicable and
effective.

sludge using a cation exchange resin, Wat. Res., 30, 17491758.
[7]

Fang, H.H.P. and Jia, X.S. (1996) Extraction of extracellular
polymer from anaerobic sludges, Biotechnol. Tech., 10, 803–
808.

[8]

APHA (1992) Standard Methods for the Examination of Water and Wastewater, 18th ed. American Public Health Association, American Water Works Association, Water Environmental Federation, Washington.

[9]

Daniels, L, Hanson, R.S. and Philips, J.A. (1994) Chemical
analysis. In: Gerhardt, P., Murry, R.G.E., Wood, W.A., Krieg
NR. (Eds) Methods for General and Molecular Bacteriology,
American Society for Microbiology, Library of Congress
Cataloging-in-Publication Data.

CONCLUSIONS
The results provided a lot of useful information on
the EPS extracted from four activated sludge flocs:
• The extracted EPS yields could be represented by
TOC, and were almost 5.8~8.6% of the sludge volatile suspended solids (VSS). The extracted EPS mostly
consisted of protein and polysaccharides, but also
little amount of DNA.
• The total EPS content and the chemical composition
of EPS are significantly influenced by the substrate
composition in wastewater.

[10] Raunkjær, K., Hvitved-Jacobsen, T. and Nielsen, P. (1994)
Measurement of pools of protein, carbohydrate and lipid in
domestic wastewater. Water Res., 28, 251-262.

• The amount of DNA in the EPS was 27 times less
than that in the sludge pellets, which indicated no significant cell lysis occurred during the extractions. The
heating extraction method is effective.

[11] Karapanagiotis, N.K., Rudd, T., Sterritt, R.M. and Lester,
J.N. (1989) Extraction and characterization of extracellular
polymers in digested sewage sludge. J. Chem. Tech. Biotechnol., 44, 107-120.

It is important to note that the wastewater composition rather than operational conditions appeared to have a
strong influence on EPS composition and the physicochemical properties of flocs, since the different sludge samples from laboratory-scale reactors were fed with different
culture media.

[12] Rudd, T., Sterritt, R.M. and Lester, J.N. (1983) Extraction of
extracellular polymers from activated sludge. Biotechnol.
Lett., 5, 327-332
[13] Jahn, A. and Nielsen, P.H. (1995) Extraction of extracellular
polymeric subatances (EPS) from biofilms using a cation exchange resin. Wat. Sci. tech., 32, 157-164.
[14] Higgins, M.J. and Novak, J.T. (1997) Characterization of exocellular protein and its role in bioflocculation, J. Envir.
Engng. Res., 123, 479- 485.
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SUMMARY

INTRODUCTION

The effective performance of electrocoagulation (EC)
technique in the treatment of olive mill wastewater (OMW)
was investigated using Al and Fe electrodes. Current densities (CD), electrode materials (Al and Fe), electrolyte amounts, time and initial pH value were selected as parameters. In these parameters, the removal percentage of
chemical oxygen demand (COD), color, phenol and lignin
from OMW were experimentally investigated. OMW was
used directly without pH adjustment and pretreatment.
The experiment results show that the removal efficiency
depends on time, types of electrodes, applied current and
electrolyte amounts and pH value. Optimum working pH
was found to be in the range from 3 to 7.
It was found that an increase in the current and electrolysis time enhanced the speed of the treatment significantly. In addition, when a Fe electrode was used, it was
found that the obtained results of phenol, lignin, color and
COD removal were more effective than with an Al electrode. When the experiments were carried out at 20 V and
at a current intensity of 1,75A., it was found that the percentages of lignin, phenol, COD and color removal were
55%, 80%, 65% and 80% respectively by using a Fe electrode for 60-min electrolysis time, while they were 49 %,
70%, 35% and 90% respectively for the Al electrode. In
addition, the effect of electrolyte was examined and an increase was observed in the removal percentage by increasing the electrolyte amount. Energy consumption and rate
constant for both electrode were calculated. The results
show that electrocoagulation could be considered as an
effective alternative solution for the treatment of OMW or
may be combined with another conventional treatment process to achieve high quality effluent water.

KEYWORDS: Olive mill wastewater, electrocoagulation,
Al/Fe electrode, lignin, phenol, COD.

In the Mediterranean countries, one of the most important environmental problems is the untreated olive mill
wastewater (OMW). OMW is a dark red to black effluent
produced during olive oil extraction. Around 30 million
cubic meters of OMW are estimated to be produced annually in the Mediterranean are during the seasonal extraction of olive oil [1]. This huge amount of wastewater raised
concerns with their possible negative effects on the environment. In fact, OMW is characterised by high concentrations of several organic compounds including sugars,
lignins, tannins, pectins, lipids and phenolic substances
[2,3] which are responsible for high COD and BOD values. OMW is characterized by its large phenolic content,
which is considered to be harmful for plants [4]. Therefore,
before being discharged in receiving water bodies or using
for irrigation purposes, OMW must be treated to remove
the phenolic fraction and lignin.
The simplest solution applied towards this direction
consisted in constructing artificial big ponds where the
OMW is stored, awaiting its natural evaporation. However,
this method, besides being very slow, causes subsequent
unpleasant environmental pollution linked to generation
of bad odors due to anaerobic activity [5-7].
There are many methods used for OMW treatment,
such as that proposed by Kestioğlu et al.[8] who studied
the feasibility of physico-chemical treatment and advanced
oxidation processes as a means of pre-treatment of olive
mill effluent. In this study, it was reported that COD and
phenol removal efficiencies are 99 % by both H2O2/UV
and O3/UV combination. Many studies have been conducted on the electrochemical treatment of OMW. Adhoum
and Monser [9] investigated the efficiency of the electrocoagulation technique for the treatment of OMW by using
an Al electrode. They showed that electrocoagulation could
be considered as an effective alternative solution for the
treatment of OMW or may be combined with a conven-
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tional biological process to achieve high quality effluent
water. Currently, there is no such economical and easy
solution. Physical and chemical methods, such as flocculation, coagulation, filtration, lagoon of evaporation and
burning systems only partially solve the problem [2]. Treatments of OMW by activated clay [4] or lime [10] have
also been reported to be effective for the removal of phenolic compounds. As known, the electrochemical technologies have drawn a great deal of attention because of their
versatility, which makes the treatment of liquids, gases and
solids possible and environmentally compatible. All the
applications of electrochemical treatment for the purification of wastewater have been special interest and have
attracted the attention of some researchers [11].
Electrocoagulation is a process consisting of creating
a flock of metallic hydroxides within the effluent to be
cleaned, by electrodissolution of soluble anodes. This technique combines three main interdependent processes operating synergistically to remove pollutants by using these
techniques such as: electrochemistry, coagulation and hydrodynamics. An examination of the chemical reactions
occurring in the electrocoagulation process shows that the
main reactions occurring at the electrodes are [9]:
Al

Al3++3e- (anode)

3H2O + 3e

-

(1)
-

3/2H2 + 3OH (cathode)

(2)

coagulants by electrooxidation of a sacrificial anode. The
advantages of electrocoagulation are that the use of simple equipments and easy operation of them, brief reactive
retention period, decreased or negligible equipment for
adding chemicals and decreased amount of sludge. Therefore, to treat wastewater containing food and protein wastes,
oil wastes, synthetic detergent effluent, mine wastes and
heavy metal–containing solutions, electrocoagulation has
been widely used [13-17].
The aim of the present work is to investigate the
chemical oxygen demand (COD), phenol, color and lignin
removal from OMW using Al and Fe electrodes in an
electrochemical reactor. In addition, another aim of the
study is to examine this method as a pre-treatment step for
OMW prior to biological treatment.
MATERIALS AND METHODS
Characterization of OMW

The wastewater used in this study was obtained from
an olive-oil producing plant (Muğla area of Turkey), which
uses a modern production process. No chemical additives
are used during the olive oil production. The characteristics of olive mill wastewater used in this work are presented
in Table 1.

If the anode potential is sufficiently high, secondary
reactions may occur at the anode, such as direct oxidation
of organic compounds and of H2O or Cl− present in wastewater.
2Cl−
2H2O

Cl2+2e

TABLE 1
Physico-chemical characteristics of olive mill wastewaters.
Parameters
Color
pH
COD (mgL-1)
BOD (mgL-1)
Poly phenol (mg/L)
Lignin (mg/L)
Density (25oC) (g/L)
Conductivity (µScm-1)

(3)
+

O2+4H +4e

(4)

The produced chlorine undergoes a dismutation reaction at pH higher than 3–4.
HClO+H++Cl−

Cl2+H2O
HClO

−

ClO +H

+

(5)
(6)

Value
black
5-6
6.12x105
55.4
8.0
25.5
0.96
7065

Experimental Set-up and Measurements

(7)

In the experiments, iron and aluminum plates (4.0 cm x
3.0 cm x 0,1cm) were used as electrodes. They were treated
with the solution of HCl (15%Wt.) for cleaning prior to
use. The distance between anode and cathode was 2.0cm.
The experimental apparatus is presented in Fig. 1.

Compared with traditional flocculation and coagulation, electrocoagulation has in theory, the advantage of
removing the smallest colloidal particles: the smallest
charged particles have a greater probability of being coagulated because of the electric field that sets them in
motion. It is also advantageous as it produces a relatively
low amount of sludge [12]. Secondary pollution may be
caused by the chemical substances added at a high concentration when chemical coagulation is applied to treat
dying wastewater. Excessively added coagulants can be
avoided by electrocoagulation, due to the generation of the

Stirring was done using a magnetic stirrer. Top-ward
Dual-Tracking DC 6303D was used as a power supply. The
cell current was measured using a Keithley 2010 multimetre. For each electrode type, the experiments were conducted as a function of electrolysis time, initial pH, electrolyte amount and current density. At the end of electrolysis, treated solutions were filtered before concentration determination. Concentrations of COD, phenol, lignin and
color were measured spectrophotometrically before and
after electrolysis. All the experiments were performed in
twice. HCl and NaOH were used to control pH during the
experiment. A digital calibrated pH-meter (WTW Inolab

In addition Al3+ and OH− ions generated at electrode
surfaces react with the bulk wastewater to form aluminum
hydroxide.
Al3++3OH−

Al(OH)3
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720) and a conductivity-meter (Radiometer CDM 230) were
used to measure the pH and the conductivity of the OMW
samples.

observed for aluminum to come into a plateau. Moreover,
no increase in the degree of removal was observed for both
electrodes at the end of 60 min-period. At the end of this
period, 60% removal with iron and 50% with aluminum
was achieved.
70
60

Lignin removal, %

50

FIGURE 1 - Experimental apparatus
1. D.C Power Supply, 2. Digital Ammeter, 3. Digital Voltometer,
4. Anode, 5. Cathode 6. Magnetic bar, 7. Magnetic Stirring Controller,
8. Tank for OMW, 9. Filter

40
30
20

Electrode

10

Al

0

The concentration of phenolic and lignin compounds
was spectrophotometrically (Dr. Lange spectrophotometer)
determined by analysis of the developed colour resulting
from the reaction of phenol with 4-aminoantipyrine and
from the reaction of lignin with folin phenol reagent (tungstophosphoric and molybdophosphoric acid) at λ max 500
and 700 nm, respectively [18]. In addition COD was measured in accordance with Standard methods [18]. The colour intensity was determined by measuring the sample absorbance at 400 nm (UV-Vis spectrophotometer, Dr Lange).
Then, the color removal percentage was calculated by the
following equation:
% Colour removal = A (crude OMW ) − Aλ (treated OMW )
× 100
Aλo (crude OMW )

20

40

60

80

100

120

140

Time (Min.)
FIGURE 2 - Lignin removal as a function of electrolysis time
(potential: 20V, current intensity: 1.75A, initial pH~4.9 and
electrolyte conc.: 1.6gL-1)

	
  

100
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Phenol removal, %

o
λ
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COD, phenol, lignin and decolourization measurement
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40

Aλ is the optical density at wavelength λ (400 nm and
Max. absorbance intensity: 4.0)

Electrode

20

Al
0
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0

RESULTS AND DISCUSSION
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40
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80

100
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Time (Min.)

The effect of treatment time

Electrocoagulation is based on in situ formation of
the coagulant as the sacrificial anode corrodes due to an
applied current, while the simultaneous evolution of hydrogen at the cathode allows for pollutant removal by flotation [9]. The most widely used materials, as sacrificial
anode for electrocoagulation are Al and Fe. For comparative purposes, electrocoagulation has been carried out with
both materials under exactly the same conditions. The results for lignin, phenol, color, and COD removal, obtained
from the same conditions are plotted respectively in Fig.2-4.
Removal of lignin with iron and aluminum electrodes
exhibit similar patterns (Fig. 2). While removal of lignin
using iron increases a bit after 30 minutes, tendency was

FIGURE 3 - Phenol removal as a function of electrolysis time
(potential: 20V, current intensity: 1.75A, initial pH~4.9 and
electrolyte conc.: 1.6gL-1)

When phenol removal with both electrodes at varying
time periods was investigated, it was found that higher
phenol removal was achieved with an iron electrode. At
the end of the one-hour period, 80% phenol removal with
iron and 70% with aluminum was realized.
As it can be seen from the Figs. 2-5, at all time periods, obtaining more removal with iron electrodes may be
explained by the fact that hydrolyzed products of iron may
occur faster than the aluminum. Furthermore, when NaCl is
used as supporting electrolyte in electrolysis cell, the chlo-
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Pykhteev et al [20] states that Fe+3 ions produced electrolytically can form monomeric ions, hydroxide ions, ferric
hydroxo-complexes such as: Fe+3, [Fe(OH)]+2, [Fe(OH)2]+,
Fe(OH)3, [Fe(OH)4]-) and polymeric species; [Fe2(OH)2]+4,
[Fe(OH) 4 ] - , [Fe 3 (OH) 4 ] +5 , [Fe 6 (OH) 15 ] +3 , (OH) 17 ] +4 ,
[Fe8(OH)20]+4, [Fe13O4(OH)24]+7, [Fe13(OH)34]+5) [Fe(H2O)6]+3,
[Fe(H2O)5OH]+2 [20]. When aluminum is used as electrode, Al+3 ions produced electrolytically can form primarily monomeric and polymeric hydroxo-complexes. These
complexes tend to polymerize between pH=4.0-7.0. With
the formation of hydroxide sediment in amorphous structure, colloidal particulates are removed with sweep flock
mechanism. Numerous monomers such as Al+3, [Al(OH)]+2,
[Al(OH)2]+, Al(OH)3, [Al(OH)4]-) and polymers such as
[Al2(OH)2] +4, [Al(OH) 4] -, [Al3(OH)4] +5, [Al6(OH)15] +3,
(OH)17]+4, [Al8(OH)20]+4, [Al13O4(OH)24]+7, Al7 [Al13(OH)34]+5)
have been reported as hydrolyzed products [21].
Removal of lignin and phenol from olive mill
wastewater by electrocoagulation is thought to be based
on the adsorption of these substances into iron and aluminum micro-flocks present in the environment at high
levels during electrolysis.
In Figure 4, significant decrease can be observed in
black water color of OMW with both electrodes within a
period of 60 minutes. While percentage of color removal
becomes stable (95%) for aluminum at the end of one hour
period, for iron electrode, the amount of removal was observed 90% at the end of 2-hour-period. As seen from
figure 4, aluminum was found to be more effective in removing the dark colour of OMW than iron. In fact, the
effluent treated with iron as sacrificial anode appeared
yellow first and then turned brown. This behavior was
attributed to the excess of Fe(II)and Fe(III) species generated during the electrolysis and characterised by their
colour range from yellow to brown.
The percentage of COD removal from OMW was
measured as a function of electrolysis time. The results obtained for aluminum and iron were plotted (Fig.5) in order
to compare the removal-abilities of the metals. It was observed that iron was found to be more effective in removing COD than aluminum. At the end of the one-hourperiod about 65% COD removal with iron and 35% with
aluminum were achieved. Moreover, by increasing time, a
bit more removal was observed for both electrode.

100

80

Color	
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  %

rinated organic compounds such as, 2,3,4-chlorophenol, 2,4
dichlorophenol, 3,4-dichlorophenol, 3,5dichlorophenol and
chlorinated lignin components may be formed from chlorine, phenol and lignin [25]. As it is known, phenol and
similar organic components have the tendency to move towards an aquatic phase as they are polar substances. Chlorinated phenolic components are non-polar, and they tend
to be adsorbed into the hydrolyzed products of other materials existing in the aquatic environment [19]. Increase
of the lignin removal with increasing time can be explained
through adsorption of chlorine components into the hydrolyzed products of iron and aluminum.
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FIGURE 4 - Color removal as a function of electrolysis time
(potential: 20V, current intensity: 1.75A, initial pH~4.9 and
electrolyte conc.: 1.6gL-1)
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FIGURE 5 - COD removal as a function of electrolysis time (potential: 20V, current intensity: 1.75A, initial pH~4.9 and electrolyte cons: 1.6gL-1)

Effect of Current Density

It is well-known that current not only determines the
coagulant dosage rate but also the bubble production rate
and size and the flock growth which can influence the efficiency of the electrocoagulation [15-17]. Therefore, the
effect of current density on the phenol, lignin, color and
COD removal was investigated. The results are plotted respectively in Figs.6-9.
As it can be seen from Figure 6, generally higher
phenol removal was obtained with the iron electrode.
With both electrodes the removal was fast until 0.1A/cm2,
but further increase of current density resulted in a slower
re-moval. Moreover, at the highest current density,
78% phenol removal with iron and 65% with aluminum
was
achieved.
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FIGURE 7 - Lignin removal as a function of current density
(time: 30 min., initial pH~4.9 and electrolyte cons: 1.6gL-1)
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FIGURE 8 - COD removal as a function of current density
(time: 30 min., initial pH~4.9 and electrolyte cons: 1.6gL-1).

FIGURE 9 - Color removal as a function of current density
(time: 30 min., initial pH~4.9 and electrolyte cons: 1.6gL-1)

Depending on the increase in the current density, both
electrodes exhibit similar behaviors in lignin removal. Iron
electrode was observed to provide higher removal compared
to aluminum electrode (Fig. 7). At the highest current densities, 52% and 48% removal was obtained respectively
for iron and aluminum. The higher lignin removal with iron
is associated with the faster realization of iron hydrolyzed
products with increasing current density.

In Fig. 8 and 9, due to the increasing current density,
olive mill wastewater color and COD removal is observed
to be increasing rapidly for both electrodes. Moreover,
when the removal capacities of both electrodes are compared, it is seen that the performance is better with iron
electrode. While with iron electrode at 1,1A/cm2 current
density, 49% COD removal was achieved, with aluminum
this is 28%. Furthermore, due to the increasing current
density, with both electrodes at 2,1A/cm2 the maximum
COD removal achieved was 59% (Fig.8).

In a study about the effects of current density in industrial wastewater, it was stated that hydrolyzed products
forming in electrolysis cell are proportional to density of
applied current according to Faraday Law [2]. Phenol and
lignin removal increases with the increase in current density related to hydrolyzed products of both electrodes due
to applied current.

The mechanism of the electrochemical process in aqueous systems is quite complex [19]. Oxidation of the electrochemical process occurs, in turn, at the anode and
cathode of the Fe and Al electrodes according to [20].

1263

Anode: 4Fe ↔ 4Fe2+ + 8e-

(8)

© by PSP Volume 15 – No 10. 2006

Fresenius Environmental Bulletin

4Fe2+ + 10H2O + O2 ↔ 4Fe(OH)3 + 8H+
+

(9)

-

Cathode: 8H + 8e ↔ 4H2

cies have been reported to remove from the medium [1,2,
24]. Moreover, chlorinated phenolic components are nonpolar. As it can be seen from Figure 11, the increase in
phenol removal to a certain extent with the increase of the
salt concentration is thought to be based on adsorption of
non-polar phenolic components rich in chloride.

(10)

With sufficient current intensity and time, organic and
inorganic molecules in wastewaters are reduced at the cathode to small molecules. Some of the small molecules and
the suspended solids are captured by Fe(OH)3 and Al(OH)3,
which are removed by sedimentation or by H 2 flotation
[27].
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During electrochemical treatment, when a potential is
applied between a soluble anode made from Fe or Al. Ferrous/or aluminum ions are generated at the anode and hydroxyl ions at the cathode. Cathode is also made from Fe
or Al. It is known that the hydrolysis products of Al3+ and
Fe3+ are responsible for effects observed during particle
aggregations, and polymerisations as depicted in the following formula will usually take place: the possible combination of various hydrolysis products is endless and one or
more of them may be responsible for the observed action
of aluminum or iron [28].
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FIGURE 10 - Lignin removal as a function of amount of
electrolyte (potential: 20V, time: 30 min. and initial pH~4.9).

Then, phenol, lignin and color compounds are removed
by sorption onto the highly dispersed ferric-/or aluminumhydroxide micro flocks.
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In the electrochemical treatment experiments, it is recommended that using electrolyte should be included Clto ensure a normal operation of electrocaogulation in wastewater. Moreover, the addition of electrolyte (NaCl) would
also lead to the decrease in power consumption because of
the increase in conductivity. In addition, electrochemically
generated chlorine was found to be effective in water
disinfections experiments [26].
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In electrochemical experiments carried out with iron
and aluminum electrodes and different amounts of electrolyte (NaCl), the rates of phenol, lignin removal and
changes in the colour of OMW have been investigated.
Results obtained for phenol, lignin, color and COD changes
are plotted in Figure 10-13 respectively.
As it can be seen from Figure 10, both electrodes exhibit similar behaviors but iron electrode is observed to
achieve higher removals. Moreover, with both electrodes
at about 4.8g/L salt concentration, the highest level of
removal for iron is 50% and for aluminum 46%.
As it is seen from Figure 11, phenol removal increases
till 3.2g/L, the % removal increases for both electrodes.
After that point, stability is observed for both electrodes.
In literature, it bas been stated that when NaCl is used as
electrolyte, chlorine ion is oxidized to Cl gas by anode to
form chlorinated compounds with substances rich in phenol like tannin and lignin. However, these chlorine spe-
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FIGURE 11 - Phenol removal as a function of amount of
electrolyte (potential: 20V, time: 30 min. and initial pH~4.9).

	
  

For both electrodes, fast removal of wastewater color
is achieved (Fig. 12). Moreover, more color is removed with
iron electrode. In addition to this, with the increase in the
amount of salt, 80% color removal with aluminum and
100% with iron is achieved.
For 0.0 g/L salt concentration, 35% COD removal is
achieved with iron; nevertheless, very little with aluminum (Fig. 13). However, until 3.2g/L fast removal with increasing salt concentration is achieved. After that point
higher removal with aluminum and tendency for stabiliza-
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tion with both electrodes are observed. Moreover, at 8.0 g/
L electrolyte concentration, maximum level of COD removal (57%) is achieved with aluminum.
100

Color	
  removal,	
  %

80

In literature studies, it is seen that efficient removal
was observed by using Al at natural pH. However, it was
reported that in the cleaning of waste water of alkaline
water, textile and dye and also the removal of color, iron
electrode is very effective [26]. In our studies, when we
use iron electrode, we saw that we could get more efficient results. Since the hydrolysis products of the Al electrode reveal amphoteric property, we get fewer yields with
Al electrode.
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medium. This result is quite meaningful for the application
of electrocoagulation to OMW treatment, since the typical
pH of OMW is between 4 and 5 which allows it to be directly treated by electrocoagulation without further pH adjustment. However, the experimental results show that the
removal efficiency of iron is higher than that of aluminum
at the same initial pH.
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FIGURE 12 - Color removal as a function of amount of
electrolyte (potential: 20V, time: 30 min. and initial pH~4.9).
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electrolyte (potential: 20V, time: 30 min. and initial pH~4.9)

Effect of initial pH value

It has been stated in previous studies that pH has a
considerable effect on the efficiency of the electrocoagulation treatment [19, 22, 24, 25]. In this study, the pH was
varied in the range 3–11 in an attempt to investigate the
influence of initial pH on the treatment of OMW. Removal efficiencies of COD, phenol, lignin and color as a function of initial pH are presented in Fig.14 -17 respectively.
Removal percentage for phenol, lignin, COD and color
were observed the same trend for both electrodes and the
treatment efficiency was very high at low pH (~3). When
initial pH value was adjusted in the range from 3 to 7,
high removal efficiencies have been obtained in acidic

There are many studies about determination of waste
water pH by time in an electrolytic cell. [9,14,16]. Vik et
al. [16] ascribed this increase to hydrogen evaluation at
cathodes. However, this was contested by Chen et al [14]
who explained this increase by the release of CO2 from
wastewater owing to H2 bubble disturbance. Indeed, at low
pH, CO2 is over saturated in wastewater and can release
during H2 evolution, causing a pH increase. Furthermore,
Adhoum and Monser [9] describes that if the initial pH is
acidic, both reactions (6) and (7) would shift towards the
left hand side, which also causes a pH increase. In alkaline medium (pH>8), the final pH does not vary very much
and a slight drop was recorded. This result was ascribed to
the fact that electrocoagulation can act as a pH buffer [9,
14, 16]. When the initial pH value was 5 (typical of OMW),
the final pH reached 7.2 allowing the effluent to be directly
discharged into natural aquatic streams without pH adjustment. Thus, in all subsequent experiments OMW was
treated directly without adjusting its initial pH.
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FIGURE 15 - Phenol removal as a function of initial pH
(potential: 20V, time: 30 min. and amount of electrolyte 1.6g/L).

FIGURE 16 - Lignin removal as a function of initial pH
(potential: 20V, time: 30 min. and amount of electrolyte 1.6g/L).
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FIGURE 17 - Color removal as a function of initial pH (potential: 20V, time: 30 min. and amount of electrolyte 1.6g/L).

TABLE 2 - Summary of the kinetic and other properties of OMW by the
electrochemical methods (Current: 1.75A, Cell voltage: 20V and time: 30 min.).

Compounds
COD
Phenol
Lignin

Initial concentration (mg/L)
6,1x105
8,053
25,5

Kinetics

Final concentration
(mg/L)
Fe
3,1x105
2.0
12.4

Rate constant k’ (Min-1)

Al
4,4x105
2.0
12.5

Fe
1,2x10-2
4.4x10-2
1.3x10-2

Kinetic of removal and energy consumption

The rate constant for removal of phenol, lignin and
COD from OMW by electrocoagulation may be obtained
by assuming a first order reaction of the form [29]:

Energy consumption
(Wh/kg of compound)

r2

Al
9,4x10-3
3.7x10-2
1.5x10-2

Fe
0.80
0.95
0.78

Al
0.89
0.99
0.84

Fe
0.47
2.3x104
1.0x104

Al
0.82
2.7x104
1.1x104

ln [C ]t = − kt
[C ]o
The slope of the plot of logCt/C0 versus time gives the
value of rate constant k, min-1. Here, C0 is the initial con-
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centration in milligrams per litre, and Ct is the concentration value in milligrams per litre at time t. The above
equation may be of the type y=mx, and a linear plot of ln
Ct/Co versus t indicates the validity of first order reaction
of the electrocoagulation process (Table 2). Table 2 provides the rate constant (k), the respective r2 values and the
energy consumption for phenol, lignin and COD removal.

CONCLUSIONS
In this work, it was shown that electrocoagulation treatment achieves a fast and effective reduction of pollutants
(~63% of COD, ~85% of polyphenol, ~60% of lignin and
~98% of dark colour) present in OMW. It was demonstrated that the pH of OMW is appropriate to achieve an
effective treatment without further adjustment. However,
the COD, lignin, phenol and color removals by iron electrode were higher than aluminum for all parameters. Moreover, it was observed that the use of iron electrode was
relatively cheaper than that of aluminum electrode from
cost evaluation (kWh/kg of compound). Consquently electrocoagulation can be considered as a suitable alternative
to the existing methods or it can be applied as a pretreatment step for biological processes used for the treatment
of OMW. Indeed, the reported results show that electrocoagulation is a faster and more effective process compared to biological methods. Nevertheless, further studies
should be carried out to confirm the practical feasibility of
downstream biological treatment.
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SUBCRITICAL WATER EXTRACTION COMBINED WITH
FAST ACETYLCHOLINESTERASE INHIBITION ASSAY AS
AN IMPROVED METHODOLOGY FOR RAPID DETECTION
OF METHAMIDOPHOS RESIDUES IN VEGETABLES
Hai Yang, Mingwei Su, Linling Wang and Xiaohua Lu
Environmental Science Research Institute, Huazhong University of Science and Technology, Wuhan, Hubei 430074, P.R. China

SUMMARY

biological methods, especially acetylcholinesterase (AChE)
inhibition assay, have been successfully used for the de-

Based on the subcritical water extraction (SbWE)
coupled with acetylcholinesterase (AChE) inhibition assay
method, a novel method for rapid detection of
methamidophos pesticide residues in vegetables was
presented in this paper. The optimal extraction conditions
for SbWE of methamidophos were 100-120 °C extraction
temperature and 2-4 min extraction time. The extraction
efficiency of SbWE in optimal conditions of spiked vegetable samples was 67-116%, which is much better than
that of 18-60% achieved by manual shaking extraction or
31-61% by ultrasonic extraction of the same samples.
SbWE combined with enzyme inhibition assay has the
advantages of high extraction efficiency, rapid operation,
simple and convenient manipulation. This technique makes
it possible to analyze a large number of samples in a short
time, without the need for sample preservation and prolonged storage. It has a good potential for on-site analysis
of pesticide residue.

KEYWORDS: Subcritical water extraction, methamidophos, vegetable, pesticide residue enzyme inhibition method.

INTRODUCTION
Because of the abundant use of organophosphorus
pesticides (OPs), in recent years there is a great concern
on food safety problems in China. Several GC and HPLC
standard methods of Ops in laboratory have been reported
to be quantitative [1, 2]. In the cases of fast screening,

termination of total amounts of OPs [3-6]. The advantages
of short analysis time and ease of manipulation lead to a
wide use of this screening method in China.
Generally, residues of pesticides are extracted from
matrix with organic solvents [1, 7]. In some cases, the use
of supercritical fluids for pesticides extraction is becoming increasingly popular [8, 9]. These extraction techniques
are effective and quantitative, but time-consuming and require highly skilled personnel, expensive analytical laboratory equipment and toxic reagents. On the other hand, because of simple and convenient manipulation, room temperature leaching with manual shaking was usually used as a
fast extraction method in field screening analysis [10]. The
low extraction efficiency and bad reproducibility of manual shaking extraction restricted the usage of enzyme inhibition assay in field analysis.
Subcritical water extraction (SbWE), that is extraction
by using hot water under pressure sufficient to maintain
water in the liquid state, has demonstrated its ability to selectively extract organic compounds [11-15]. SbWE has
also been used in food industry for the extraction of flavor
and fragrance compounds from plant material, and contamination from food products [16-19]. The advantages of
SbWE are non-toxic solvents, rapid operation, and simple
and inexpensive extraction apparatus.
Because of the large number of samples of vegetables
in wholesale markets, it is necessary to develop not only a
rapid analysis method, but also extraction systems which are
simple, rapid, low-cost ones, and environmentally friendly.
To our knowledge, there is no report about the use of SbWE
as rapid extraction method for enzyme inhibition assay of
OP residues in vegetables. The purpose of the present work
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was to optimize the extraction conditions of SbWE by
using AChE inhibition assay. Methamidophos, a widely
used OP in China, was used as the model compound in
this paper.
MATERIALS AND METHODS
Reagents and Materials. All reagents were commercially
obtained. AChE from Drosophila was supplied by the
Shanghai Insect Academic Institution (Shanghai, China).
Methamidophos pesticide standard was obtained from the
National Center for Quality Supervision and Inspection of
Pesticides (Beijing, China). 5,5'-dithiobis (2-nitro-benzoic
acid) (DTNB) was purchased from Fluka, and acetylthiocholine iodide was purchased from Sigma. All other chemicals used were of analytical grade. Phosphate buffer was
prepared in deionized water at pH 8. Stock standard solution
of methamidophos (1.04 mg/mL) was prepared by dissolving the required amount in deionized water. The working
standard solutions of methamidophos were obtained by
proper dilution with phosphate buffer. The working solutions were daily prepared to avoid decomposition. All the
solutions were sealed and stored at 4 °C.
Apparatus. An UV-Vis spectrophotometer (Varian Co.
model Cary 50, USA) was used to measure the absorption
spectra. A constant temperature tank (model CS501, China)
was used for enzyme inhibition reaction. A high-intensity
ultrasonic processor (25 kHz, model KQ-100DB, China)
was used for ultrasonic extraction. Subcritical water extractions were performed in a GC oven (Techcomp Co. model
GC7890, China). It is convenient to adjust the ex-traction
temperature with GC control panel. A purpose-made glass
tube (10 cm, 1.2 cm i.d.) with Teflon gasket was used as
extraction cell.
Sample Preparation. Vegetables used for this study were
collected from local markets. Three kinds of samples were
chosen: Chinese cabbage, pakchoi cabbage and kidney
beans. Vegetable samples were immersed in deionized water for 1 hour and exposed to air for drying, until a clean
and dry sample was obtained. These samples were cut into
1 cm x 1 cm pieces and homogenized. All samples were
determined previously to be free of the pesticides considered. For evaluation of extraction recovery of SbWE, a set
of spiked samples was prepared. Each 1-g aliquot of homogenized sample was put into the extraction cell and
spiked with variable volumes of methamidophos solution.
Then the cells were caped and kept 2 days for equilibration
at room temperature before extraction.
Extraction. Different liquid-solid extraction methods,
including room-temperature leaching with manual shaking,
ultrasonic-assisted extraction, and subcritical water extraction, were used in this paper. For all extractions, 5 mL portions of phosphate buffer were used as extractant. Manual
shaking extraction was performed by shaking the extrac-

tion cell vigorously at room-temperature for 2 min. Ultrasonic extraction was carried out in the ultrasonic processor at 25 kHz for 2 min. For SbWE, the sealed extraction
cell was put into the GC oven, and the extraction was done
at a selected temperature for 18 min. After SbWE, the cell
was cooled quickly in tap water. 2.5 mL of the supernatants
was collected into a clean test tube for pesticide analysis.
Enzyme Inhibition Assay. The enzyme inhibition assay
was used for OP analysis of extractant. The quick screening method for OP based on enzyme inhibition assay was
established as recommended by national standard of China
[10]. It is based on the hydrolysis of acetylthiocholine by
the catalysis of AChE. Thiocholine released in the hydrolysis reacted with DTNB to produce yellow TNB2-. The hydrolysis rate of acetylthiocholine was related to the activity of AChE and the enzyme inhibition correlated to the concentration of pesticide in the extractant.
Sample Analysis. 0.1 mL each of AChE and DTNB solutions (160 mg of DTNB and 15.6 mg of sodium bicarbonate dissolved in 20 mL of phosphate buffer) were put
into the test tube and mixed with the extractant for 15 min.
Then 0.1 mL of acetylthiocholine substrate (25 mg of
acetylthiocholine iodide dissolved in 3 mL of deionized
water) was added. The absorbance increment (ΔA) in 3
min was measured at 412 nm. The solutions were freshly
prepared for each set of experiments and kept in an icebath to avoid non-enzymatic hydrolysis.

To determine the enzyme inhibition, a test including
the following steps was performed:
1. Determination of the absorbance increment of blank
sample (ΔA0) by substitution of 2.5 mL phosphate
buffer for extractant solution.
2. Determination of the absorbance increment of test
sample (ΔA1) by using 2.5 mL extractant solution.
3. Calculation of percentage inhibition (Y) by the following equation:
Y = [(ΔA0 - ΔA1) /ΔA0] × 100
(1)
where ΔA0 is the absorbance increase of blank and
ΔA1 is that of the sample, both within 3 min.
All operations were performed at 37 °C in the constant temperature tank.
RESULTS AND DISCUSSION
Calculation of Methamidophos Concentration. In the
enzyme inhibition assay, enzyme inhibition was related to
the pesticide concentration. But the quantitative relationship between inhibition and concentration of
methamidophos was not given. In order to evaluate the
recovery of the extraction, a set of methamidophos standard solutions was prepared, and the inhibitions were obtained by enzyme inhibition method. A regression analysis
curve was fitted (Fig. 1). The relationship between inhibi-
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tion and concentration was described by the following
equation with a satisfactorily related coefficient (R =
0.9987):
ln C =

Y − 57.3
27.0

(2)

Inhibition Y (%)

where C is the concentration of methamidophos
(mg/L), and Y is the percentage inhibition of AChE (%).
80
60
40

y = 27.038Ln(x) + 57.327
R = 0.9987

20
0
0.0

0.5

1.0

1.5

2.0

Methamidophos Concentration (mg/L)
FIGURE 1 - The percentage inhibition of AChE
from drosophila v.s. methamidophos concentration.

According to our experimental results, the inhibition
limit of detection was about 10%. In this work, equation
(2) was used for calculation of the methamidophos concentration, when percentage inhibition Y > 10. If Y < 10,
it was considered that no methamidophos was detected.
Thermal

Degradation

of

TABLE 1 - Methamidophos solution recoveries using
SbWE at different temperature and extraction times.

2 min

TABLE 2 - The SbWE recoveries of spiked Chinese
cabbage at different temperatures and extraction times.

Methamidophos.

Methamidophos is thermolabile at high temperatures, and
its thermal degradation during SbWE process must be
considered. Therefore, a study of its thermostability was
carried out with the standard solutions. 5 mL of standard solution (1.04 mg/L) was put into the extraction cell
without solid sample, and SbWE process was performed. Effects of heating temperature and time were
observed. After SbWE treatment, the inhibition of standard solution was determined and the concentration of
methamidophos was obtained by equation (2). Each experiment was carried out twice and the average used. The
recoveries of methamidophos are shown in Table 1.

Extraction
Temperature (°C)

extraction temperature of SbWE was 100-120 °C, and extraction time was limited to 4 min. Under these conditions,
thermal degradation of methamidophos during SbWE process was less than 30%.
Effect of Temperature and Time on SbWE. When water
is heated at high temperatures, its surface tension, viscosity, and polarity progressively decreased. Higher temperature and longer extraction time were advantageous to extracting compounds from solid matrices, but even those
compounds are scarcely soluble in water at ambient temperature. Elevated temperature is also advantageous to
increase the rate of mass transfer between liquid and soil
by increasing diffusion coefficients [20]. On the other hand,
thermal degradation of methamidophos was observed clearly at high temperature or long extraction time. Therefore,
the effects of extraction temperature and time on recoveries of methamidophos were evaluated in this study. Fresh
Chinese cabbage was cleaned and dried as blank sample.
This blank sample was extracted at different temperatures
(100-120 °C), and no pesticide was detected. A set of 1 g
of this blank sample was put into the extraction cell and
spiked with 0.1 mL of a 52.2 mg/L methamidophos solution. After two days, the spiked samples were extracted at
100 and 120 °C with different extraction times, and extractants were analyzed by enzyme inhibition assay. For
each extraction condition, two extractions were carried out
and the average used as results. The extraction recoveries
(% w/w) are reported in Table 2.

Recoveries
4 min
6 min

100
102%
88%
59%
120
99%
71%
30%
140
63%
30%
*
* No methamidophos was detected (Y < 10) after SbWE.

8 min
31%
12%
*

Extraction
Temperature (°C)
100
120

Recoveries
1 min
42%
49%

2 min
53%
53%

4 min
56%
53%

Considering the natural degradation of methamidophos
in the spiked samples under room temperature (2 days),
acceptable recoveries (53-55%) of the methamidophos were
obtained at both 100°C and 120°C when extraction time
was longer than 2 min. In view of thermal degradation of
methamidophos in SbWE process (see Table 1), the increase of extraction temperature and time had a significant
effect of improvement on recovery. Although about 12%
(at 100 °C, 4 min) and 29% (at 120 °C, 4 min) of
methamidophos was thermally degraded during SbWE
process, the recoveries at 100 and 120 °C were not significantly different, because the higher degradation at 120 °C
was compensated by the increase of extraction rate.
Because similar extraction recoveries were obtained
in both 2 min and 4 min extractions, 2 min extraction time
at 120 °C was used for subsequent SbWE experiments.

When water was heated in the sealed extraction cell,
degradation of methamidophos was accelerated at high
temperatures. Because SbWE recovery of methamidophos
became unacceptable at higher temperature, the optimal

Comparison of Different Extraction Methods. For comparative purposes, three kinds of methamidophos-spiked
Chinese cabbage samples were prepared as follows: 1.3 µg/
g, 5.2 µg/g, and 10.4 µg/g (i.e. 0.26 mg/L, 1.04 mg/L and
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2.08 mg/L methamidophos in aqueous solutions). Performance of the subcritical water extraction method (120
°C, 2 min) was compared to those of manual shaking and

ultrasonic extraction (see MATERIALS AND METHODS).
The

TABLE 3 - Experimental data and statistic values of three extraction methods: subcritical
water extraction (SbWE), ultrasonic extraction (USE), and manual shaking extraction (MSE).
1.3 µg/g
(0.26 mg/L)
SbWE
USE
26
11
25
6.5
28
9.9
13
5.0
35
7.7
23
5.4
25
7.6
29%
32%
116%
61%

Methamidophos concentration
Extraction method

Inhibition Y (%)

Average of Y (%)
RSD of Y
Recoveries

extraction process was made in six replicates for each
method, and supernatants of extractants were analyzed by
enzyme inhibition assay method. The percentage inhibitions and statistic values are presented in Table 3. The subcritical water extraction method gave a higher extraction
recovery of methamidophos and a better relative standard
deviation than the other ones. The extraction efficiency of
SbWE in optimal conditions of spiked samples was 67116%, which is better than that of 18-60% by manual shaking extraction or 31-61% by ultrasonic extraction of the
same samples. High extraction efficiency and low RSD
were beneficial to the limit of detection of OPs.
As practical samples, three kinds of vegetables were
purchased from the local market. At the same time, some
of these vegetables were incubated for several days with
methamidophos pesticide. Samples were extracted by manual shaking method, ultrasonic method and SbWE method
(referring to Extraction Methods Comparison section). The
results of inhibition are shown in Table 4. Because the percentages inhibitions of samples 1# and 2# were less than
the detection limit in all extraction methods, we assumed
that no methamidophos was detected and no difference of
extraction effects was observed. Because of the relative
large error of enzyme inhibition assay at low concentration of the pesticide, no advantage of SbWE was observed
in sample 3#. But under incubation situation (samples 4#
and 5#), SbWE showed better performance than the other
extraction methods. These results matched with the conclusion of spiked Chinese cabbage samples.
TABLE 4
Average percentage inhibitions of pesticides in vegetable samples.
No

SbWE

USE

1#

Chinese Cabbage

Vegetable

2.0

4.8

MSE
2.1

2#

Kidney Bean

0.9

0.1

-1.3

5.2 µg/g
(1.04 mg/L)
SbWE
USE
50
30
45
24
49
24
45
23
46
29
51
31
48
27
6%
13%
67%
31%

MSE
2.4
3.5
6.4
11
14
4.8
7.0
65%
60%

MSE
14
10
13
8.2
6.2
20
12
41%
18%

10.4 µg/g
(2.08 mg/L)
SbWE
USE
72
58
67
61
69
49
75
56
65
64
73
51
70
57
5%
10%
77%
46%

MSE
52
49
54
60
49
49
52
8%
40%

3#

Pakchoi Cabbage

14

19

13

4#

Pakchoi Cabbage (incubated)

79

46

42

5#

Kidney Bean (incubated)

78

68

49

CONCLUSIONS
Subcritical water extraction method was successfully
applied to methamidophos pesticide from vegetable samples, and the optimal extraction conditions of
methamidophos were reported (100-120 °C, 1-2 min).
From the results obtained with three different extraction
methods, we can conclude that subcritical water extraction has the ad-vantages of higher extraction efficiency,
better precision, and simpler operation, compared to ultrasonic and manual shaking extractions.
Furthermore, the extraction apparatus of SbWE is
easily obtained. All kinds of constant temperature heaters
could be used as SbWE extractors. In our laboratory, a
portable, inexpensive, microprocessor-controlled subcritical water extractor has been made. This extractor has the
advantage of simple structure, low costs, and convenient
manipulation. Using this homemade extractor with a 12V
vehicle power supply, SbWE is quite fit for the rapid detection of OP residues in vegetables. The advantages of the
SbWE combined with enzyme inhibition assay method lead
to the possibility of the screening of a large number of
samples in short time with low costs in field analysis.
The limitation of the subcritical water extraction method is that higher extraction temperature and longer extraction time would decrease the extraction yield of thermolabile compounds because of thermal degradation and hydrolysis effects. Thus, evaluation of thermal stability of
more organophosphorus pesticides and extraction efficiency
of SbWE should be assessed in the future.
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[13] Ozel, M.Z., Gogus, F., and Lewis, A.C. (2003) Subcritical
water extraction of essential oils from Thymbra spicata. Food
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POLAROGRAPHIC STUDY OF THE COMPLEXATION
BETWEEN THE CHEMICAL CONSTITUENTS OF
PHRAGMITES AUSTRALIS AND HEAVY METALS
Amal F. Al-Aboudi, Manar K. Fayyad and Musa H. Abu Zarga
University of Jordan, Chemistry Department, 11942, Amman, Jordan

SUMMARY
The interaction between the chemical constituents of
Phragmites australis (Reeds) and metal ions has been investigated. Complexation reactions between the three constituents of the plant: butanolic extract, tricin-7-O-β-D-glucopyranoside and tricin with Pb(II) and Cd(II) were studied using differential pulse polarography. It was found that
Pb(II) and Cd(II) form 1:2 complexes with each of the three
constituents. The high conditional formation constants indicate that the removal of heavy metals from wastewater
using Phragmites australis might be due to complex formation between the metal ions and flavonoid glycosides
present in the plant.

not well understood. While immobilization of the metals
by converting them into insoluble oxides, hydroxides, or
sulfides, is considered to be a reasonable explanation for
retention of metals in the sediment, the accumulation of
heavy metals in different parts of the plant, high tolerance
to industrial wastewater containing toxic heavy metals,
and the seasonal fluctuation of the metal accumulation in
different parts of the plant are not well understood.
In an effort to shed more light on this phenomenon,
the interaction between the chemical constituents of the
plant with Pb(II) and Cd(II) has been investigated in this
work. Complex formation between these heavy metals and
some of the chemical constituents of the plant were examined using differential pulse polarography.

KEYWORDS: Phragmites australis, flavonoids, formation constants, polarography, heavy metal removal.

MATERIALS AND METHODS
Instrumentation

INTRODUCTION
Phragmites australis is one of the most widely distributed species in the world. It has been commonly used
in constructed wetlands for the treatment of domestic sewage as well as industrial wastewater [1, 2]. Removal rates
of Pb(II) and Zn(II) up to 73% and 85%, respectively, by
Phragmites australis have been reported [3]. Dinka et al.
[4] studied the enhancement of accumulation of heavy
metals in the leaves of the plant.
The seasonal changes in heavy metal content of the
upper ground biomass and decomposing leaves of Phragmites australis were investigated [5]. Reed leaves were
found to be more efficient in removing metals from water
than leaves from other plants, such as cypress, oak and
pine [6].
Although Phragmites australis is widely used in heavy
metals removal from wastewater, the mechanism, by which
the metals accumulate in different parts of the plant, is still

UV-spectra were obtained using a Camspec M350
double beam UV-visible spectrophotometer. 1H-NMR spectra were recorded on a Bruker DPX-300 MHz, and mass
spectra on a Finnigan MAT-312 mass spectrometer connected to a PDO11/34 (DEC) computer system.
Polarography with direct current tast (DCT) and differential pulse (DPP) modes were used to study the complexation reactions. The instrument consists of a polarography stand, Metrohm model 747 VA fitted with a stirrer
motor, PTFE tube for deareation, and a three-electrode system composed of a multimode working electrode (DME,
HMDE and SMDE), a silver/silver chloride reference electrode and a platinum auxiliary electrode. The volume of
the titration vessel used was 10 ml or 80 ml. Polarograms
were recorded on a Metrohm Polarecord model 746 VA.
Isolation of the Chemical Constituents of Phragmites australis

Phragmites australis was collected from Khirbet AlSamra Wastewater Treatment Plant located 50 km east of
the capital Amman. The dried ground plant material (7.2 kg)
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was defatted with petroleum ether (40-60) and extracted
with ethanol (50 L for 10 days, three times). The ethanolic
extract was evaporated under reduced pressure and the resulting crude residue (500 g) was partitioned between chloroform and water. The aqueous layer was extracted with
n-butanol. The dried butanolic extract was fractionated using
column chromatography (silica gel) to nine fractions, each
of which was further purified either by column chromatography (CC), thin layer chromatography (TLC) or crystallization, until pure compounds were isolated. The compounds were then identified according to their spectral
data and simple chemical transformations.

and the polarograms were recorded after each addition
until no further shift in the potential was observed. The
polarograms were recorded using direct current tast (DCT)
and differential pulse (DPP) modes. The experimental conditions were optimized using the butanolic extract as a ligand, and the same conditions were applied to tri-cin-7-Oβ-D-glucopyranoside and tricin. The experimental settings
on the polarography stand and the Polarecord are summarized in Table 2.
TABLE 2 - The experimental settings on
the polarography stand and the Polarecord.
U-amp
t-step
t-measurement
t-pulse
U-step
sweep rate

Conditional Formation Constants Determination

All reagents used in the preparation of the buffered
supporting electrolyte solutions were of analytical grade,
and used without further purification.
The average molar mass of the crude butanolic extract
was determined by melting point depression as 260 g/mol.

RESULTS AND DISCUSSION

TABLE 1 - The supporting electrolytes used for the determination of the optimum conditions for complex formation
between the butanolic extract and the metals under study
Supporting electrolyte buffer
Acetate
Ammonia buffer
Britton – Robinson’s
Phosphate buffer

50 mV
1.0 s.
15 ms.
60 ms.
10 mV
10 mV/s.

Isolation and Identificaion of the
Chemical Constituents of Phragmites australis

pH range
3.4 – 5.4
8.0 – 10.5
3.0 – 10.7
6.0 – 8.0

25.0 ml of each of the supporting electrolytes (Table 1)
were introduced into the polarographic cell, and the pH
was adjusted. The solution was deoxygenated for 5 min,
and the polarogram was recorded. The metal ion was added
to give a concentration in the range of 10-5-10-6 M, followed
by deoxygenation for 2 min. The polarogram of the metal in
the absence of the ligand was recorded and the half-wave
potential was recorded. The ligand was then added gradually to give concentrations ranging between 10-5-10-4M,

Previous studies of the chemical constituents of Phragmites australis resulted in the isolation of different flaonoid glycosides [7, 8]. In this study, seventeen compounds were separated from the butanolic extract, the
structures of which were elucidated by different spectroscopic and chemical methods (i.e. 1H, 13C, and Dept.
NMR, MS, etc).
Most of the compounds isolated are either flavonoids,
flavonoid glycosides or simple phenolic compounds (e.g.
p-hydroxybenzaldehyde, vanillic acid, ferulic acid, p-hydroxybenzoic acid, p-coumaric acid, 1-feruloyl-β-D-glucoside, larbutin). Two simple nitrogen compounds were also
isolated, namely, nicotinamide and uracil. The structure of
flavonoids isolated are summarized in Table 3. It is worthmentioning that all the compounds are isolated for the first

TABLE 3 - The flavonoids isolated from different fractions of the butanolic extract.
R4
R5
O

R3
R2

.
Compound*
Tricin
Acacetin-7-O-β-D-gluc
Quercetin-3-O-β-D-gluc.-3’-methyl ether
Tricin-7-O-β-D-gluc.
Tricin-7-O-β-D-gluc - (1’’’ – 6’’)-β-D-gluc.
Swetiajaponin-3’–O–methyl ether
Quercetin-3-O-β-D-gluc.

R1
H
H
Ogluc.
H
H
H
Ogluc.

R6
R1

OH

O

R2
H
H
H
H
H
gluc.
H
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R3
OH
Ogluc.
OH
Ogluc.
Ogluc. - (1’’’ – 6’’)-β-D-gluc.
OMe
OH

R4
OMe
H
OMe
OMe
OMe
OMe
OH

R5
OH
OMe
OH
OH
OH
OH
OH

R6
OMe
H
H
OMe
OMe
H
H
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Quercetin-3-O-rutinoside-3’-methyl ether.
gluc = glucopyranoside

Fresenius Environmental Bulletin

Orut.

H

OH

time from Phragmites australis, except tricin, tricin glucoside and quercetin glucoside, which were previously
reported in the plant by Jay et al [8].
Reversibility of Electrode Reaction

The reversibility of the electrode process was tested by
analyzing the waves obtained from direct current tast (DCT)
experiments, using Koutecky and Meits equation (1):
E = E1/2+ 2.303RT/nF log [(id–i)/i]

(1)

where E and E1/2 are the reduction potentials of the
metal ion at a current i and at half the diffusion current i/2;
id and i are the diffusion current and the current at time t ,
respectively. A plot of E vs. log [(id–i)/i] gives a straight
line with a slope of about 30 mV for a two electron reduction reversible process.
The slopes of the straight lines resulting from drawing E vs. log (id-i/i) for the studied complexes ranged between 26-33 mV indicating that the reduction processes of
the metal ions are reversible in presence and absence of
each of the three ligands. The results were confirmed using
Tom’s criteria [1] for a reversible process, as shown in
equation 2:
E3/4 – E1/4 = 56.4/n

(2)

where E3/4 and E1/4 are the potentials at ¾ and ¼ of the
diffusion current, respectively, and n is the number of electrons involved in the reduction process. E3/4 – E1/4 for
Pb(II) and Cd(II) in the absence and presence of the three
ligands under study ranged between 27-32 mV indicating
that the reduction processes are reversible.

OMe

OH

H

and the stepwise formation constant can be calculated using
the known Deford-Hume’s graphical equations:
(3)
Fo=exp[nF/RT ΔEp]
Fo=1+β1 Cx+β2 Cx2 +β3 Cx3 +….+ βj Cxj
(4)
F1=(Fo–1)/Cx=β1+β2Cx+ β3Cx2+…+ βjCxj-1
(5)
Fj = (Fj-1 - βj-1) / Cx = βj
(6)
where ΔEp = (Ep)m - (Ep)c is the shift in the half-wave
potential upon addition of a complexing ligand. Fj functions are defined by Deford and Hume [9], βj (j = 1, 2,....n)
are the step-wise formation constants of the jth complex,
Cx is the ligand concentration at the surface of the electrode,
which equals its concentration in the bulk of solution (Cx* ).
In applying the above equations, it was assumed that
the diffusion current constants of the metal ion before and
after the addition of the ligand are the same and ΔEp =
ΔE1/2, where ΔE1/2 is the shift in the potential at half of the
diffusion current upon addition of the ligand.
From equations (1-4) a plot of Fo vs. Cx yields a curve,
while Fj-1 vs. Cx gives a straight line that has a slope of
βj and intercept of βj-1. The final Fj function is independent of Cx, therefore, plotting Fj vs. Cx results in a straight
line parallel to the Cx axis, the intercept of which gives a
confirmative value of βj.
In this study, it was found that both Pb(II) and Cd(II)
form 1:2 complexes with the three ligands. Representative
Fj functions are shown in Figures 1and 2, for Pb(II) and
Cd(II), with tricin glucoside.

Supporting Electrolyte
150

Fo

100
50
0
0.0

2.0

4.0

6.0

8.0

-5

Cx X 10 (M)

2.5

F1 x 105

In stability constant determination, a sodium perchlorate medium is usually preferred, due to the weak affinity
of perchlorate ion to form metal complexes. In the systems
under study, the pH of the solution changes upon ligand
addition, and since complexation reactions are pH-dependent, the runs must be carried out at a constant pH
value. The buffers listed in Table 1 were used to study complexation reactions of the different ligands with Pb(II) and
Cd(II). Results indicated that using ammonia buffer (pH
10.5) in case of Pb(II) complexation reactions, and BrittonRobinson buffer (pH 11.0) in case of Cd(II) gave reasonable shifts in the half-wave potentials. The De-Ford-Hume
method for stability constant determination can be applied
for these shifts.
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Formation Constant Determination

The principle of using DDP for the determination of
formation constants is based upon the fact that the halfwave potential of a metal ion is shifted to a more negative
potential upon addition of a ligand with which it may complex. From the value of this shift, the coordination number
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FIGURE 1 - Values of Fj for Pb(II)- tricin-7-O-β-Dglucopyranoside at the DME, in ammonia buffer, pH=10.5.

FIGURE 3 - Proposed structure of the complex formed
between Pb(II), or Cd(II), with the flavonoids.
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It has been found that the average overall conditional
formation constant for Pb(II) and Cd(II) - butanolic extract complexes are of the same order as the corresponding complexes with tricin glucoside or tricin (Table 4), indicating that the compounds in the butanolic extract forming complexes with either Pb(II) and Cd(II) are flavonoidal in nature.
TABLE-4 The conditional formation constants of the
complexes between, Pb(II), Cd(II) and the butanolic
extract, glycoside, and tricin.
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FIGURE 2 - Values of Fj for Cd(II)- tricin-7-O-β-Dglucopyranoside at the DME in BR buffer, pH=11.0.

Conditional formation Constants
Butanolic extract
Tricin glycoside
Tricin
β1
β2
β1
β2
β1
β2
6×106
4×1011
1×105
3×1010
6×106
3×1011
2×104
7×108
1×104
9×108
4×104
3×108

Comparison of the formation constants of Pb(II) and
Cd(II) - tricin and tricin glucoside indicated that the presence of a glucoside linkage did not affect the complexation between the metal and the ligands. A suggested structure of a 1:2 complex is shown in Figure 3.
Conditional formation constants of Pb(II)-complexes
with the three ligands are higher than those of Cd(II)
ones. This reflects a higher degree of interaction of the
ligands with Pb(II) than in case of Cd(II).

CONCLUSIONS
1. Phragmites australis is rich in flavonoid glycosides.
The highly oxygenated nature of these compounds
makes them good chelating agents for heavy metals,
this could be one of the mechanisms by which the
plant removes heavy metals from wastewater.
2. The values of the formation constants of Pb (II) and
Cd (II) complexes with the butanolic extract were of
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the same order as those with tricine-7-O-β-D- glucopyranoside and tricin, indicating the similarity of bonding sites. The stoichiometry of the complexes was
found to be 1:2.
3. Pb(II) forms more stable complexes with flavonoids
than Cd(II) as indicated by the higher conditional formation constants of the Pb(II) complexes.
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GAS TO PARTICLE (PM10) PARTITIONING OF POLYCYCLIC AROMATIC HYDROCARBONS (PAHS) IN A TYPICAL URBAN
ENVIRONMENT OF THE PO VALLEY (BOLOGNA, ITALY).
Milena Stracquadanio and Claudio Trombini
Università di Bologna, Dipartimento di Chimica “G. Ciamician”, via Selmi 2, 40126 Bologna, Italy

SUMMARY
PM10 filter samples and polyurethane plugs, collected
in the metropolitan area of Bologna (Italy) throughout 2002
and 2003, have been analysed for 9 polycyclic aromatic hydrocarbons (PAHs). Gas-particle partitioning coefficients KP
were determined for all PAHs at various temperatures, and
good log KP vs 1/T correlations were found, allowing us
to estimate the heats of sorption of PAHs on PM10. Two
linear log-log correlations were also checked; the former
links KP and the subcooled liquid vapour pressures (pL°)
with r2 = 0.88 and slope = -0.54. Slopes shallower than
-0.6 indicate that absorption to the organic carbon (OC) microfilm coating particles is the prevailing sorption mechanism and that, by a molecular point of view, intermolecular interactions between PAHs and OC are smaller than
intermolecular interactions in the pure liquid PAH. The
second linear plot was found between KP and the octanolair partition coefficients (KOA) with r2 = 0.89 and slope =
0.56. The last good fitting again confirms absorption on
OC as the most important process, and indicates that chemical composition of particulate matter in the days examined keeps quite constant, thus reinforcing the hypothesis
that a main atmospheric pollution source (vehicular traffic)
is responsible for the air quality in the area of Bologna.

KEYWORDS:
polycyclic aromatic hydrocarbons, air pollution, gas-aerosol partitioning, PM10, heat of sorption, urban environment.

face present in the biosphere. Partitioning between heterogeneous phases gives insight into process mechanisms
(equilibrium vs non-equilibrium processes, adsorption vs
absorption, etc.), into geochemical cycles (atmospheric
burden, lifetime, removal processes, depositional fluxes
to soil, vegetation or water surfaces), and, finally, on short
to long term effects on living organisms, such as plants,
species living in the top A horizon of a soil profile, in the
water column or in the surface sediment, up to involve the
respiratory tracts of mammals and, ultimately, human health.
Starting with partitioning between gas-phase and aerosol in the troposphere [2, 3], a number of studies have appeared in the last decade on gas-vegetation [4-7], gas-soil
[8-10], gas-water [11-13], up to gas-lung [14] partitioning.
Both particles [15], particularly the soot finest fractions, and PAHs share a major common source in combustion [16], traffic, particularly Diesel engine exhaust [1719], and residential combustion mainly contribute to the
overall soot and PAH air budget in urban environments.
Here we present a study carried out in a metropolitan
site (Bologna, Northern Italy) heavily impacted by vehicular traffic, with frightening effects on public health,
clearly documented by a recent WHO report [20]. A series
of air samples (gas + particulate), collected from Sep 2002
to May 2003, were analysed in order to estimate the air to
PM10 partitioning of PAHs, to get an insight into mechanisms governing this process in the study area, and to provide a field analysis of errors in exposure and risk assessments, when gas-phase PAHs are ignored.

INTRODUCTION

MATERIALS AND METHODS

In recent years, a great deal of interest has been devoted
to the heterogeneous partitioning of trace gaseous atmospheric pollutants, either volatile organic compounds (VOCs)
or semi-volatile organic compounds (SOCs), on aqueous
and solid-phase particles present in the troposphere [1], as
well as in any kind of liquid or solid environmental sur-

PM10 sampling.

A high volume sampler (Thermo Environmental Instruments Inc., PM10 Critical Flow 600 model) was used;
PM10 was collected with a Whatman glass microfiber filter (GFF) backed by a polyurethane foam (PUF) cartridge
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(Essezeta, 23x18x5 cm, density 0.021 g/cm3), where gaseous PAHs are trapped.

solved in 0.5 ml of acetonitrile and analysed by HPLC
with fluorescence detection.

The sampler was operated for consecutive 8-h periods
(n=28) during daytime (9 am to 6 pm) from Sept. 2002 to
May 2003. PM10 concentrations in a total of 28 GFFs were
obtained by gravimetric analysis. GFFs were conditioned
for 24 h in a desiccator at constant humidity (RH ~ 2045%) and weighed. After the sampling, the GFFs were conditioned for 24 h at the same RH and weighed. GFF and
PUF plugs were covered in an aluminium foil and stored at
–22 °C before the analysis of PAH contents.

To evaluate possible losses of PAHs during filter conditioning, one PM10 loaded GFF was divided into two parts;
one half was immediately extracted, the second half was
conditioned for 24 h, and then extracted. Differences in
PAH concentrations fell within the standard deviations.

Hereafter, the amount of PAHs trapped in GFFs is
operationally defined as PM10-bound PAH, and PAHs extracted from PUFs are operationally defined as gas-phase
PAHs [21].

We examined the presence of phenanthrene (PHE,
C14H10), fluoranthene (FLU, C16H10), pyrene (PYR, C16H10),
benz[a]anthracene (BAA, C18H12), chrysene (CHR, C18H12),
benzo[b]fluoranthene (BBF, C20H12), benzo[k]fluoranthene
(BKF, C20H12), benzo[a]pyrene (BAP, C20H12) and benzo[ghi]perylene (BGP, C22H12). The HPLC system was calibrated for quantification using standard solutions of the
16 EPA PAH priority pollutants at five different concentration levels in the range 100-2000 pg, injecting 20 µl.

PUF analysis

According to the EPA method TO-13A [22], PUF
plugs were extracted in a Soxhlet apparatus with acetone
for 8 hours (4 cycles per hour) for the initial cleanup. After
the sampling, a PUF plug aliquot (typically ½) was extracted with diethyl ether/hexane solution (180 ml, 10%
v/v) in a Soxhlet apparatus for 16 h (4 cycles per hour). The
sample extracted was pre-concentrated using a rotary vacuum evaporator and cleaned-up using silica gel column
chromatography: activated silica gel (1 g, Merck, Silica Gel,
type 60, 230-400 mesh ASTM) was packed in a 10 cm
column and conditioned with hexane (25 ml, JT Baker,
Ultra-Resi-Analyzed Reagent) and anhydrous sodium sulfate (0.1 g) was put on the top of the column.
The extract (0.5 ml) was transferred onto the column
and eluted with hexane (35 ml). The collected fraction was
vacuum-evaporated to ~ 1 ml, and then further evaporated
to dryness under a gentle nitrogen flow. The residue was
dissolved in 1 ml of acetonitrile and analysed by HPLC
with fluorescence detection.
GFF analysis

Particle bound PAHs were extracted from an aliquot
(¼) of GFF with dichloromethane (DCM) in a Soxhlet
apparatus for 16 hours (130 ml, 4 cycles per hour).
A PAH-containing fraction was obtained by silica gel
column chromatography adopting the EPA method 610
clean-up procedure [22]: activated silica gel (10 g) in DCM
slurry (40 ml, JT Baker, Ultra-Resi-Analyzed Reagent)
was poured into a chromatographic column (10 mm ID x
40 cm), and anhydrous sodium sulphate (1 g) was put on
the top of the column. After elution of DCM, the column
was pre-eluted with hexane (40 ml), and then the sample
extract, concentrated under vacuum to ~ 1 ml, was transferred onto the column. Elution with hexane (25 ml) gives
a fraction containing aliphatic hydrocarbons, then elution
with a dicloromethane/hexane solution (4/6 v/v, 35 ml) provides the PAH containing fraction. The latter eluate was
vacuum-evaporated to ~ 1 ml, then further evaporated to
dryness under a gentle nitrogen flow; the residue was dis-

HPLC analysis

Details of chromatographic conditions have been reported elsewhere [23].

Quality assurance

A certified reference material (SRM1649a, Urban Dust),
was used to compare the method efficiency to the consensus value; heavier PAHs were recovered with a 90-110%
efficiency, while for more volatile PHE and PYR recoveries were 65-85%.
Reproducibility for PAH analyses both in PUF and
GFF matrices, was calculated on triplicate analyses (three
aliquots of each matrix) giving the following percentage
standard deviations:
PUF: PHE 20 %, FLU 15%, PYR 8%, CHR 8%, BAA
15%, BBF 10%, BKF 15%, BAP 12%, BGP 15%.
GFF: PHE 25%, FLU 15%, PYR 15%, CHR 5%, BAA
10%, BBF 8%, BKF 10%, BAP 10%, BGP 12%.
Detection limits (LODs), defined as the mean plus
three times the standard deviation of the blank values,
varied between 0.005 and 0.02 ng/m3 in the particulate
phase, and between 0.01 and 0.04 ng/m3 in the PUF plugs.
RESULTS AND DISCUSSION
Sampling site and particulate matter

Samples were taken in downtown Bologna from Sep.
2002 to May 2003. Bologna ( ~ 0.4 million inhabitants) is
located at the southern border of the Po River Valley. The
study area hosts the most important and congested motorway junctions in Northern Italy, while heavy industries, such as power plants, petrochemical industries, steel
mills, coke ovens, or other polluting facilities are absent.
Thus, residential combustion, mainly based on methane as
feedstock, and urban traffic are the main sources of primary and secondary atmospheric aerosols. The sampling
site, described in a previous study [23], is located in a yard
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of the University district (44° 29’ 47” N ; 11° 21’ 14” E).
The yard opens to a way of restricted traffic, however,
two main axes of heavy traffic are only 300 and 500 m far
from the sampling location. Three to five floor buildings
divide the yard from these congested roads.
Aerosol composition in the Bologna area was recently
investigated [24], and results were comparable with those
reported in different urban sites around the world [25-31].
The most important components, as refers to PAH
sorption, are particulate elemental carbon or soot (EC), and
organic carbon (OC). EC contains graphitic carbon and also
high-molecular weight, dark-coloured, non-volatile organic
materials, such as tar and coke. OC, consisting of hundreds of compounds that statistically contain more than 20
carbon atoms and include polar and non-polar compounds,
completes the burden of particulate atmospheric carbon.
Matta et al. [24] reported that the OC/EC ratio in aerosol
collected in Bologna ranges from 1.38 in summer to 2.3 in
winter; in particular, OC concentrations are maximum in
winter time when they range from 4.06 to 24.25 µg C m-3,
while in summer variations are limited to the 1.48 – 8.12
µg C m-3 interval.
Both EC and OC determine sorption phenomena of
SOCs [32]. In particular, (i) EC is responsible for adsorption mechanisms of PAHs on the particle surface [33, 34],
thanks to their high affinity for the aromatic surface of EC
[35, 36] due to attractive aromatic stacking interactions
[37], (ii) OC is responsible of absorption of PAHs into a
liquid-like film on the aerosol, partitioning depending, in
this case, on the fraction of OC in the particle and on the
activity coefficient of the compound in the organic film
[34, 38].
Air-PM10 partitioning

To quantitatively describe the gas-particle partitioning of SOCs, the Langmuir-Hinshelwood isotherm adsorption theory can be satisfactorily used [39, 40]. This implies that vapour pressure of the organic compound and
available surface area of particles are the major controlling factors of the adsorption/desorption equilibrium. On
the other hand, during transport and ageing, the particle accumulates organic matter and absorptive mechanisms of
SOCs into OC participate to the overall gas-particle partitioning. To this purpose, important efforts have been addressed to improve theoretical treatment and interpretations [1, 3, 9, 10, 33, 38, 41-47]. All authors agree in considering equation 1 to be a good way to parametrise gasparticle partitioning of SOCs, regardless of the relative
importance of adsorptive vs absorptive processes:
Kp =

C P / TSP
CG

(1)

where Kp is the gas-particle partitioning constant, CP
(ng/m3) and CG (ng/m3) are the particle-associated (filterretained) and gaseous (PUF-retained) concentrations of

the compound of interest, respectively, and TSP (µg/m3)
the concentration of total suspended particles in the air.
Kp depends on temperature [41, 42], humidity [44],
chemical composition of particulate [33], and grain size
distribution of particles [48].
The sampling campaign was planned in such a way to
limit the inherent variability of these parameters. Thus,
we first focused our attention on PM10 fraction of TSP,
secondly we fixed the sampling period to a relatively short
8-h interval with two benefits: (i) a reduction during samplings of variations of wind direction and speed, humidity
(RH) and T, as well as of atmospheric PAH concentrations,
and (ii) a reduction of artefacts due either to PAHs blow
off from GFF to PUF (Kp biased low), or to adsorption of
PAHs on the filter matrix (Kp biased high), which increase
exponentially with increasing sampling time [49-52].
Data relative to 28 samplings are collected in Table 1.
In detail, the average temperature and humidity, PAH concentration in gas (CG) and particles (CP), and log KP for
each sampling are reported. Lighter PAHs (PHE, FLU,
PYR) in all samplings going from T = 275 to T = 301 K
mainly reside in the gas-phase. To give a direct picture of
how the other PAHs partition between the gas and particle
phases, data of Table 1 are divided into two groups: 14
samples collected at T ≤ 287 K and 14 samples collected
at T > 287 K. For both data subsets, the median gas and
particle-bound concentrations are reported in box and
whiskers plots (Figures 1A and 1B). The temperature dependence of KP is apparent, as well as the importance of
considering the role of gas-phase concentrations, particularly in warmer conditions (Figure 1B, T > 287 K), when
with the exception of BKF, all heavier PAHs are present in
similar or higher concentration as gaseous pollutants.
Assuming that thermodynamic equilibration between
gaseous PAHs and particles occurs, Kp may be used as a
classical thermodynamic sorption-desorption equilibrium
constant at constant P, which should satisfy the van’t Hoff
equation (eq. 2). In eq. 2, T is the absolute temperature
and Q the heat of sorption [39, 41-43]

d(ln KP )
=
dT

Q
RT 2

(2)

Integration gives eq. 3, which establishes a linear
relationship between log KP and the reciprocal absolute
temperature. Linear fittings have been demonstrated in
field experiments by several authors [40, 41, 46].
log KP =

−Q 1
2.303R T

(3)

Eq. 3 refers to a closed system under perfectly controlled thermodynamic conditions, but in field experiments it is applied to an open system where P and T are
not constant, particle phase could have a variable composition, and, hence, non-equilibrium partitioning could take
place. In spite of that, linear trends are apparent for all
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PAHs examined, with regression coefficients r2 varying in
the range 0.21-0.72, and heats of sorption Q, calculated

from slopes of eq. 3, range from -43 kJ mol-1 (PHE) to -80
kJ mol-1 (CHR).

TABLE 1 - Data sheet relative to PAH concentrations (gas + particulate) and
log KP, PM10 concentrations, mean temperature and humidity for each sampling.
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TABLE 1 - continued.

To shed light into mechanisms governing gas-particle
partitioning of SOCs at this urban site, data from Table 1
were subjected to the empirical log/log correlation (eq. 4)
proposed by Pankow and Bidleman [49], which relates log
KP to log of the sub-cooled liquid vapour pressure (pL°)
log KP = m log pL° + b

(4)

Under equilibrium conditions and for a series of homologous compounds of the same chemical class, slope m
of eq. 4 falls in the range between about +0.2 and –1; in
the cases of PAHs, field data slopes fluctuate between –0.38
to –1.03 [1]. In heavily industrialized towns, such as Manchester [53] and Chicago [50, 54], where multiple sources of
gaseous PAHs (power plants, incinerators, petrochemical
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FIGURE 1 - Box and wiskers plots of PAH concentrations in the gas-phase (white boxes) and in the particlephase (grey boxes). Figure 1A refers to samples collected at T ≤ 287 K, and Figure 1B refers to T > 287 K.

activities, etc) are present together with traffic contribution, slopes closer to –1 are observed in winter samplings.
Limiting the analysis to samplings carried out at T > 0 °C,
slopes m varied from -0.64 to -0.77 in Manchester and
from -0.67 to -1.04 in Chicago.
By a molecular point of view, the more the slope deviates from –1 the smaller is the affinity (cohesive forces,
van der Waals interactions, etc) of the molecules examined to the absorbing phase, as compared to their pure

liquid phase. In Figure 2 we plotted average log KP at 298
± 3 K against their log pL° values calculated at the same T
[43]. A negative linear relationship is obtained with r2 =
0.88 and slope = -0.54. Slopes shallower than -0.6 are
generally interpreted to be mainly due to absorption into
organic carbon (OC), rather than adsorption on the carbonaceous surface, and/or to a relevant contribution of the
“non-exchangeable” fraction to the overall burden of PAHs
[1, 56].
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FIGURE 2 - Log – log correlation between KP and p0L at T = 298 K (p < 0.001).

The term “non-exchangeable” PAHs refers to the fraction of PAHs which is formed simultaneously to soot particles during combustion. At this stage, PAHs are strongly
tethered onto the particle core and not easily exchanged with
the atmosphere, as the aerosol is diluted in ambient air. Conversely, easily exchangeable PAHs are the particle ab- or
adsorbed PAHs.
It is interesting to notice that slopes similar to those
observed in our log KP-log pL° correlations (-0.51 / -0.68)
have been reported in remote regions of Europe [56] where,
likely, “non-exchangeable” PAHs are “protected” from desorption processes or oxidative degradation and account
for the PAH burden of aerosol after long range transport
in relatively unpolluted regions. However, when comparing slopes (m) of Pankow equation 4, it has to be clearly
taken into account that chemical variability in aerosol composition heavily affects m’s values [1]. An example is again
offered by studies in Chicago [49, 54], which clearly put in
evidence the close relationship among wind direction,
different pollution sources, and different aerosol composition. The consequence is a clear variation of slopes (m) in
periods characterized by the predominance of different
wind directions. Thus, appreciable variations in particle
chemical compositions due to different pollution sources,
should reflect in the lower r2 of a log KP/log pL° regression analysis.
When absorption to OC is the dominant process, the
octanol-air partition coefficient KOA is considered to be a

more appropriate descriptor of PAHs` volatility than pL°,
and it can be used as a correlating parameter for gasparticle partitioning constants, according to eq. 5 [3, 55,
57].
log KP = a + b log KOA

(5)

A log-log plot of KP vs KOA should be linear with a
slope b and an intercept a that depends on the amount of
OC, on the mean molecular weight of species forming
OC, and on activity coefficients in the organic film.
Using mean KP and KOA values at 298 ± 3 K, a linear
log/log plot was observed (Figure 3), with r2 = 0.89 and
slope = 0.56. This slope may be compared to that of 0.79
recorded for PAHs by Finizio et al. [55].
The usefulness of the found empirical correlation log
KP = 0.56 log KOA – 7.48 (Figure 3), valid for particulate
matter in our study area, inheres on the use of the easily
available values of KOA [55, 58] to anticipate the airaerosol partitioning of PAHs at this urban site.
Three hints are derived from the value of r2, slightly
better than fittings of previous log-log KP vs pL°: (i) absorption on OC is confirmed to be the more important
partition mechanism [55], (ii) both pL° and KOA, as a consequence, are good descriptors of gas-particle partitioning
in the Bologna area, and (iii) chemical composition of
particulate matter in the days examined keeps quite constant, reinforcing the concept of a single atmospheric pollution source controlling the air quality in Bologna area.
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FIGURE 3 - Log – log correlation between KP and KOA at T = 298 K (p < 0.001).

Empirical correlations shown in Figures 2 and 3 not
only give information about partitioning in a specific site
characterized by specific pollution sources, but they could
also be used for predictive purposes. Given a set of sitespecific log/log correlations of KP on one hand vs pL° or
KOA on the other, at various temperatures, a determination
of particle-bound PAHs should be sufficient to estimate
their gas-phase concentration, and, hence, to properly evaluate the true toxicological profile of the air the residents are
exposed to.
CONCLUSIONS
Atmospheric concentrations and gas-particle (PM10)
partition coefficients were measured for a group of PAHs
in a residential site (Bologna, Italy), where urban traffic
is the major source of both PAHs and fine particles. A precisely defined sampling strategy was adopted to limit
artifacts (8-h sampling in the same time interval) in the
28 samplings carried out from Sep. 2002 to May 2003,
under different temperature and humidity conditions. Linear regressions were found between log KP and 1/T allowing to estimate heats of sorption of PAHs on particles.
Linear log-log regressions were found between KP on one
hand, and both sub-cooled liquid vapour pressure (pL°) and
octanol-air partition coefficients (KOA) on the other. Slopes

of these two correlations suggest that: (i) a major sorption
process is to be ascribed to absorption to the organic carbon
(OC) microfilm, (ii) a significant “non-exchangeable” fraction of PAHs on particles are present.
This study ascertains in the field to what extent gasphase PAHs are present in this typical urban environment
of the Po Valley, under climatic conditions typical of Southern Europe. As a consequence, the underestimation of the
exposure and risk assessment for carcinogenic PAHs, when
gaseous PAHs are neglected, is apparent. Linear log-log
regressions between KP, pL° and KOA could be also used
for predictive purposes, allowing to evaluate the gasphase concentration of a PAH, once its particle-phase concentration is determined.
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EFFECTS OF MEDIUM CONCENTRATION
AND EXPOSURE PERIOD ON THE MERCURY
ACCUMULATION IN TISSUES OF CYPRINUS CARPIO (L.1758)
Mustafa Kalay, Erdem A. Dönmez and Erkin C. Koyuncu
University of Mersin, Faculty of Aquaculture and Fisheries, Yenişehir, 33169 Mersin, Turkey

SUMMARY
Mercury accumulation in different tissues of Cyprinus carpio was measured after exposing the fish to 25 and
50 ppb mercury for 15 and 30 days. At the end of experiments, gill, liver, spleen and brain tissues of fish were dissected separately. Dissected tissue samples were prepared
with wet digestion for mercury analysis. Mercury concentration of samples was determined by cold vapor atomic
absorption spectrophotometry. For all the tissues analyzed,
mercury accumulation level displayed an increase, depending on the medium mercury content and exposure period.
When compared to the other tissues, a more evident increase was reported in the mercury level of spleen tissue,
especially in the 50 ppb medium mercury content. Among
all the tissues analyzed, mercury level in the liver tissue is
the lowest one among the other tissues

KEYWORDS:
Cyprinus carpio, mercury, accumulation, tissues.

INTRODUCTION
Aquatic environments are final areas of all kinds of
pollution. Life in water-body is characterized by a stronger
relation between aquatic organisms and the factors of the
environment, due to high mobility of polluting substances
in water. Fish are more sensitive to many toxicants and
the convenient objects for water quality assessment. Moreover, fish are an important sea food for mankind, and
have an important role in translating toxicants to the upper levels of food web [1].
Mercury is widely found in aquatic ecosystems, even
in remote environments. Mason et al. [2] estimated that
over the last century anthropogenic emissons have tripled
the concentrations of mercury in the atmosphere and in
the surface ocean. Mercury, especially as monomethyl mercury (MMHg), increases in concentration in natural popu-

lation with age and/or the trophic level of the organism
[3], thus the proportion of the total mercury as methylmercury increases with each trophic level. Fish can regulate
their tissue concentrations of essential heavy metals up to
certain levels, above which accumulation starts and toxic
effects occur. However, mercury is potentially toxic at low
concentrations, and it is not known to perform any essential biochemical function.
For aquatic organisms, the biological barriers that come
into contact with metals, such as mercury, are typically the
gills and the intestine. In fresh water fish, the absorption
of mercury may occur mainly through the gills by exchanging with water [4]. Mercury concentrations in fish tissues
generally paralleled to the medium mercury contents and
exposure period [5]. Studies on the tissue accumulation of
mercury in fish have shown that at sublethal concentrations, the metal accumulates mainly in metabolically active
tissues [6]. Liver, one of the main sites, where demethylation (the transformation of organic mercury into the less
toxic mercuric selenide) is believed to occur, is known to
play a role in the storage of metals, such as mercuy in fish
[7]. In this paper, we present an experimental study in
order to carry out mercury accumulation in metabolically
active tissues of the cultured fish species, C. carpio.
MATERIALS AND METHODS
Accumulation of inorganic mercury in different tissues of C. carpio were measured after exposing the fish to
25 ppb and 50 ppb (µg/L) mercury for periods of 15 and
30 days. The carps were obtained from culturing pools and
trasferred to the laboratory, where the experiments were
conducted. The animals were acclimatized to laboratory
conditions for one month before the experiments began.
When used, the fish were of 35.45 ± 4.56 g in mean weight.
The experimental room was air-conditioned (25 ± 1 oC) and
enlightened for 12 hours. Tap water used for the experiments had a pH value of 7.6 ± 0.52, a total hardness of
278 ± 2.2, and an alkalinity (HCO3) of 221 ± 1.6.
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Experiment was run in two series, each series containing three aquaria, 100x50x40 cm in height. Each aquarium
was divided into three equal volumes by glass partitions,
and they were used as replicates. Fifty litres of one of the
two mercury solutions was added into each three divisions
of an aquarium. Tap water was added into the remaining
aquarium divisions used as control.

to remove the excess liquid. Their gill, liver, spleen and
brain were dissected separately. For mercury analysis, the
tissue samples were wet-digested and prepared [8]. Mercury concentration of samples was determined by cold vapor atomic absorption spectrophotometry (Varian 880 Flame
Model-VGA 77 apparatus). In the statistical analysis of the
data, variance analysis (for multiple groups) and t-Test (for
paired groups) were applied. Significance was tested at the
5 % level (P<0.05).

Stock solution (1000 mg/L) of mercury was prepared
from mercuric chloride (HgCl2-Merck), and then diluted to
25 ppb and 50 ppb mercury solutions for experiments. The
mercury solution in the experimental tanks was changed
and redozed once in two days. The experiment was run in
triplicate for fish in each division. The aquaria were wellaerated using a central air pump system to saturate with
oxygen (dissolved oxygen 7.1 ± 0.47 mg/L). During the
experiments, the animals were fed with a trout food, which
is produced by Pınar Inc.

RESULTS
The results of this study are presented in Table 1 and
Figs. 1 and 2. In Table 1, effects of medium mercury content, and the period of exposure on the mercury accumulation level for each tissue is examined. Levels of mercury,
accumulated in the tissues examined at the end of 15 and
30 days, are compared in Figs. 1 and 2, respectively.

At the end of each experiment (15 and 30 days), fish
were removed from the aquaria and placed on filter paper

TABLE 1 - Effect of exposure time and medium concentrations on
the mercury accumulation in tissues of Cyprinus carpio (µg/g w.w.)
Medium Concentrations
(ppb Hg)
0.0
25
50
15
0.16 ± 0.09ax
6.43 ± 0.80bx
18.82 ± 0.12cx
Liver
30
0.08 ± 0.02ax
15.17 ± 0.06bt
28.24 ± 2.63cx
15
0.07 ± 0.02ax
28.27 ± 1.86bx
36.98 ± 5.74bx
Gill
30
0.06 ± 0.01ax
39.73 ± 3.59bx
45.53 ± 1.64bx
15
0.32 ± 0.18ax
27.30 ± 5.16bx
50.58 ± 0.26cx
Spleen
ax
bx
30
0.16 ± 0.03
36.86 ± 2.83
70.20 ± 3.54ct
15
0.17 ± 0.13ax
23.61 ± 3.22bx
33.27 ± 3.01bx
Kidney
30
0.13 ± 0.03ax
46.28 ± 4.89bt
33.61 ± 0.62cx
15
0.56 ± 0.01ax
19.99 ± 0.68bx
28.85 ± 3.02cx
Brain
30
0.43 ± 0.05ax
15.83 ± 2.40bx
18.58 ± 3.49bx
Letters a, b and c show differences among concentrations (variance analysis ), x and t among days; (t-test) data with different letters
are statistically significant at P<0.05 level; w.w. = wet weight.
Tissues

Exposure Time
(Days)

Hg Concentration (µg/g w.w)

60
c

50
b

Liver

40

ab
b

30

b

ab

Spleen

b
b

20

Gill
Kidney

a

Brain

10

a

0
0.00

25

50

Medium Concentration (ppb)

FIGURE 1 - Mercury accumulations in the tissues of Cyprinus carpio after 15 days of exposure.
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FIGURE 2 - Mercury accumulations in the tissues of Cyprinus carpio after 30 days of exposure.

For all the tissues analyzed, mercury accumulation
level showed an increase depending on the medium mercury content and exposure period (Table 1). The gill is one
of the tissues with a high level of mercury accumulation.
An amount of decrease was reported in the mercury accumulation speed in this tissue, depending on the exposure
period. The highest mercury concentrations were measured on the tissue of spleen, where the effect of medium
mercury content is more obvious. For this reason, there is
a statistical difference between all medium mercury contents. The most striking point concerning the brain tissue
is that mercury level in the tissue decreased slightly, though
not at a level of statistical significance on the 30th day. The
level of decrease is higher in the medium mercury content
of 50 ppb.
A more evident increase was reported in the mercury
level of spleen tissue, especially in the 50 ppb mercury content at the end of both periods, when compared to other
tissues. Among all the tissues analyzed, mercury level in
the liver tissue is the lowest one. Only in the 50 ppb mercury content on the 30th day, the mercury level of liver is
higher than that of the brain (Figure 2). The mercury levels
of liver and kidney were similar in the medium mercury
content of 50 ppb on the 30th day. As for the brain tissue,
it was reported that it has a lower mercury level, when compared to other tissues, constituting a statistical significance. Spleen and gill tissues contained a higher level of
mercury, when compared with one another and the other
tissues with a statistically significant value (Figures 1, 2).
DISCUSSION
In a previous study, it was found that mercury accumulation level of Ictalurus melas increased depending on
the medium mercury content, when it was held in mercury concentrations of 35, 70 and 140 ppb, for a period
of 10 days, which is in line with the findings of our study

[5]. Moiseenko and Kudryavtseva [9] reported a close relationship between the metal accumulation level, pathological changes in the tissues of the fish, namely, Salmo trutta
and Salvelinus alpinus, which were caught in a region of
mining activities and metal industry, and the metal concentration in the water.
As the mercury in the respiration water interacts with
gills directly, the mercury accumulation in this tissue starts
in a shorter time. It was reported that mercury was accumulated in the gills of C. carpio in mercury chloride solutions, but the difference between the mercury accumulation levels in the gills, brain and liver tissues decreased
depending on the exposure period [10]. In our study, when
the mercury content in the gill tissue was 4.4 times higher
than that of the liver, on the 15th day in 25 ppb concentration, this rate decreased to 2.6 on the 30th day in the same
concentration (Figures 1, 2). Our results are similar to the
results of that study in that in both studies the mercury
accumulation in the gill tissue was faster and it was higher
in amount than it was in other tissues [10].
On the other hand, these two studies differed from
each other and elucidated that the liver tissue contained a
higher level of mercury in comparison with the brain tissue.
In our study, the total mercury load accumulated in the
tissues was higher. The main reason may be that our experiments were conducted at a higher environmental temperature (25 + 1 0C). In another study, it was reported that
mercury accumulation starts in the gill tissue of Trichomycterus zonatus, which is a tropical fish species, and that
it was even more critical in the tissues of liver and kidney
in terms of mercury accumulation level [6].
In Carassius auratus kept under the effect of amalgam with mercury content, the mercury concentration was
observed to be highest in the total body, followed by liver,
muscle and brain tissues [11]. The fact, that the total body
contained more metal than liver, muscle and brain, indicated the importance of the effects of the gill, kidney,
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spleen and digestion system on the accumulation of mercury. In our study, the findings that the mercury levels of
the gills, kidney, and, especially the spleen tissue, were
higher supports the results of the study carried out on
Carassius auratus. Allen [12] found that mercury accumulation was higher in kidney tissue with the increase of
exposure period. In another study, it was reported that a
significant amount of mercury taken by land animals
through drinking water accumulated in the tissues of kidney, liver and spleen [13]. Contrary to this study, we found
that the spleen tissue contained more mercury than the
tissues of kidney and liver.

high concentrations in the tissues that are metabolically
active in time, but remain within the tolerance limits of
living organisms, and can also be transferred to human
beings through the food chain.

In our study, it was striking that the mercury level in
liver tissue was lower than in the other tissues examined.
When compared with other metals, such as cadmium, copper and lead, lower mercury accumulation in the liver
tissue can be explained with the lower level of mercury,
depending on metallothionein (MT) and similar proteins.
Gerson and Shaikh [14] found that 10% of the mercury
was accumulated in the hepatosites, depending on the
thioneins. The increase observed in MT synthesis in the
hepatocities of rainbow trouts under the effect of mercury
was associated more with the levels of copper and zinc in
the hepotasites than that of mercury [15]. When the effect
of Hg, Cd, Cu and Zn metals on the MT level in the tissues in wistar rats was analyzed, it was found that MT
level in liver tissues of the group, to which mercury was
injected, was lower [16].
A striking point in this study is that the spleen tissue
contained more mercury. For example, the mercury level in
the spleen tissue on the 30th day, in the presence of 50 ppb
mercury in the medium, was twice as much as in kidney
tissue, and 2.5 times as much as in liver tissue (Figure 2).
This can be associated with the facts that it is a tissue where
other metals accumulate at a high level as well [17], and it
plays a role in the production of blood cells which contain
a significant part (90%) of mercury in circulation.
As long as the mercury concentration in the aquatic
environment does not exceed normal values, the mercury
amount taken directly from water is generally low. However, the mercury included in the food chain is transferred
to upper trophic levels in an intensive way. As a result of
the studies conducted, it was reported that predatory fish
species contained a higher level of mercury [3, 18]. For
this reason, birds and mammal species, which mostly feed
on a wide variety of fish, are under bigger risk in terms of
mercury toxicity. This risk is supported by the findings of
various studies, in which high levels of methyl mercury
were measured in hair samples of family members mostly
cosuming fish [19]. In another study, a close relationship
was found between Xiphias gladius consumption and blood
mercury level [1].
In this study, high levels of mercury accumulated in
the tissues, although mortality was not observed and toxic
effects did not reflect on the behaviour of the fish. This
indicates that non-lethal mercury concentrations may cause
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SUMMARY
In this work, the photodegradation of the carcinogenic pollutant 2-naphthol in aqueous solution containing
Aldrich humic acid (HA) and ferric ions (Fe(III)) under
125 W and 250 W high pressure mercury lamp (HPML, λ ≥
365 nm) irradiation was investigated. The photooxidation
efficiencies were dependent on the pH values, light intensities and Fe(III)/HA concentration in the water, with higher
efficiency at pHs 3-4, and 50 µmol l-1 Fe(III) with 20 mg l-1
HA under 250 W HPML. The initial rate of photooxidation increases with increasing the initial concentration of
2-naphthol from 10 µmol l-1 to 100 µmol l-1, while do not
change at 50 and 100 µmol l-1. However, higher removal
efficiency of 2-naphthol is achieved at its lower initial concentration of 10 µmol l-1, and initial rate of photooxidation is 0.193 µmol l-1min-1. Dissolved oxygen (DO) plays
an important role in the system containing Fe(III)-HA complexes in which Fenton and photo-Fenton reactions were
enhanced in the environment. Hydroxyl radicals produced
in HA solution with or without ferric ions were determined
by using benzene as free radical scavenger and phenol as
scavenging products proportional to hydroxyl radicals. By
using UV–Vis and excited fluorescence spectrum techniques, the main photooxidation products, which have higher
absorption in the region of 240-340 nm, were found, and
the mechanisms for the oxidative degradation is proposed.

KEYWORDS: 2-naphthol, ferric ions, humic acid, photooxidation,
hydroxyl radicals.

INTRODUCTION
Polycyclic Aromatic Hydrocarbons (PAHs), such as
naphthalene compounds, are commonly found in contaminated water owing to their acute toxicity and poor biodegradation. Naphthol and naphtholamine, representatives of
naphthalene compounds, are top-priority contaminants and

also the most important substructures of potentially carcinogenic pollutants discharged from pharmaceutical, dyestuff, pigment, and agrochemicals. In natural systems, many
PAHs are readily degraded to hydroxylated metabolites,
which may exhibit higher toxicity than the parent compound [1, 2]. Therefore, the efficient removal of naphthol
from waste streams has increasingly become a significant
environmental concern.
On the other hand, the formation of hydroxyl radicals
(·OH) via reaction of Fe(II) with H2O2, called Fenton reactions, has been utilized for the degradation of organic pollutants [3, 4]. Humic acid (HA), as a major part of humic
substances (HS), which are widely distributed in soil and
water environments, is known to serve as a chelating agent
for Fe(II) and Fe(III), and as a reducing agent for Fe(III) as
well. These characteristics permit HA to function in Fenton and photo-Fenton reactions in the environment. PhotoFenton reactions, which have potential value in the degradation of toxic chemicals, have been studied in the presence or absence of ligands, which have been complexed to
Fe(II) or Fe(III) [5].
Recently, much attention has been paid to the environmental chemistry research on Fe(III) – HA complexes
because ferric ions and humic substances are the two abundant chemicals in natural water. Zepp and Schlotzhauer
[6] have found that HS could absorb solar irradiation and
generate excited triplet states (3HS*) and various reactive
oxygen species (ROS), including hydroxyl radicals (·OH),
singlet oxygen (1O2) and hydrogen peroxide (H2O2). The interaction of the trace organic pollutants with reactive transients could induce their indirect photolysis and, therefore,
influence their photochemical fate and persistence in natural water.
However, there is another possible photochemical reaction mechanism in the Fe(III)-HA complexes system put
forward by Deng [7]. A general description of iron redox
cycling in the presence of humic acids and light must include both iron redox reactions of dissolved iron species
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and those taking place on the surface of the iron oxide
particles, as well as the transfer of iron species from the
surface to the solution and vice versa. During the above
course, hydroxyl radicals are formed in the aqueous solutions. These processes are summarized in Figure 1. In the
past several years, Fe(III)-HA complexes were used as a
kind of catalyst or promoter in the decoloration of soluble
dyes. Fukushima and his co-workers [8] investigated the

degradation of aniline and pentachlorophenol by the photoFenton systems in presence of humic acids at pH 5.0. As
far as we have been able to ascertain, there are only a few
published studies on the determination of photoproduction of ·OH radicals in humic acids containing aqueous
solution (with or without Fe(III)).

FIGURE 1 - Schematic summary of possible hydroxyl radicals formation in the Fe(III)-HA complex systems.

The objectives of our research were to study the HAsensitized photodegradation of 2-naphthol under simulated
solar irradiation and investigation of influences of several
environmental factors (intensity of light, naphthol concentration, [Fe(III)]/[HA] ratio, pH and dissolved oxygen). This
work helps us to understand the environmental behavior of
2-naphthol in water under sunlight. Furthermore, the results of this work demonstrate HA can enhance the photodegradation efficiency of organic compounds like naphthols in wastewater,r which could be of important value
in photo-assisted Advanced Oxidation Techniques with
ferric ions as central photoactive species.
MATERIALS AND METHODS
Chemicals and reagents

NaCl, HCl, NaOH, FeCl3·6H2O (ferric chloride) and
2-naphthol, which was purchased from Shanghai chemical
reagent Co. Ltd. (China), were of analytical grade. Commercially available humic acid (HA, sodium salt) from
Sigma-Aldrich Company (Germany) was used. Solutions
containing 50 mg L-1 HA were prepared by dissolving it
in double-distilled water, which contained 0.1M NaCl to
ensure a constant ionic strength. The solutions were shaken
vigorously and than mildly heated for 30~40 min to maximize dispersion of the organic material. The HA solutions were stored in amber bottles away from direct sunlight in order to prevent any possible photoreactions. HA
solutions were prepared by dissolving HA in doubledistilled water adjusted to pH 8.0 with NaOH. The pre-

treatment of HA solution was filtration through 0.45 µm
and 0.22 µm Millipore filters to remove residual nondissolved HA powder. Fresh solutions were prepared
prior to each experiment and stored in the dark at 4 °C.
The stock solution of Fe(III) was prepared from
FeCl3·6H2O. The pHs of the solutions in double-distilled
water were adjusted either by drop-wise addition of 1M
HCl or NaOH.
Photochemical reaction

Photochemical experiments were conducted in a centric circle-wise type photochemical reactor equipped with
a 125W or 250W high-pressure mercury lamp (HPML,
Yamin Illumination Instrument Co., Shanghai, China) as
the irradiation source. Having a polychromatic spectrum
with λ ≥ 365nm, the lamp was fixed in the center of a plate
with a large hole in the center and 8 small holes around it.
Eight identical 10-ml quartz-tubes (each tube 15 mm diameter, 80 mm length, 1 mm wall thickness) were placed
vertically in each hole as photochemical reaction cells, so
that the light and the cells were kept parallel with a fixed
distance of 70 mm. Irradiation influx was equally distributed across the cells by adjusting the lamp and tubes distances carefully. During the photoreaction, an electric fan
was used to ventilate the reactor, and to distribute the heat
to maintain a constant temperature of 25 °C. The light
intensities at the position of tubes were 22 000 Lux for
250 W HPML and 13 000 Lux for 125W HPML, detected
by using a Digit Lux meter (TES 1332, Taiwan, China).
Differently concentrated 2-naphthol solutions containing
Fe(III) and Aldrich HA were prepared in water, and their
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pH values adjusted with HCl or NaOH depending on the
desired values. Then, these solutions were radiated by
HPML. During the course of radiation, 2-naphthol concentrations were determined by UV-Vis spectra and fluorescence excitation spectra. Concentration of dissolved Aldrich HA was expressed as total organic carbon (TOC,
mg·l-1) and determined by a TOC analyzer (OI 1010, U.S.),
and an aliquot of concentrated HA (100 mg·l-1) was
stocked and diluted to yield a final DOC concentration of
20 mg·l-1.
Pseudo-first-order kinetic constants k of 2-naphthol
photolysis were calculated by plotting ln(C/C0) versus irradiation time t, where C0 was initial 2-naphthol concentration
and C was residual 2-naphthol concentration at irradiation
time t. All the concentration of 2-naphthol were converted
from the secondary derivative UV spectrum absorption of
2-naphthol at λ=275 nm as described below. All statistical
analyses were performed using OriginPro statistical package (OriginLab Co., Version 7.5 for Microsoft Windows).

put into a hole of he photochemical reactor equipped with
a 250W HPML. The aqueous solution was irradiated through
the wall of the quartz tube using HPML. Dark controls
were carried out in parallel. At different time intervals (e.g.,
0.5 or 1 h), each tube with benzene and HA aqueous solution (with or without Fe(III)) was taken from the photochemical reactor. Then, its phenol concentration was HPLCanalyzed. Control experiments without HA or Fe(III) were
also carried out.
The formation of phenol from benzene was monitored
at 271 nm using HPLC (HP Zorbax SB-C18 column, 4.6×
150 mm, 5 µm)) with a flow rate of 0.5 ml min-1 and UV
absorbance detection (Waters, UV detector 481) at 271 nm.
The mobile phase was a CH3CN/H2O mixture (50/50 v/v),
and injection volume 20 µl. The retention time of phenol
was 4.35 min. Standard solutions of phenol were prepared
gravimetrically and used to calibrate the HPLC determination of phenol concentrations from the oxidation of benzene added to Fe(III)-HA complexes` solution.

UV-Vis spectral measurements

The UV-Vis absorbance spectrum in the range of 200600 nm of 2-naphthol solution was recorded with spectrophotometer UV-1601 (Shimadzu, Japan). The characteristic absorbance peaks were at 274 nm. Considering the
disturbance of UV absorbance of HA and photodegradation intermediate products during the course of irradiation, the second derivative spectrum method was used to
determine the concentration of residual 2-naphthol. The
method parameters described as wavelength range λ =
250-330 nm, slit 2 nm, Δ λ = 4 nm, and signal range from
-0.05 to +0.05, were quantitatively determined by peak
height.

RESULTS AND DISCUSSIONS
The control experiment

Figure 2 shows that concentration of 2-naphthol in
water in the absence of Fe(III) and Aldrich HA does not
change after radiation for 180 min, because 2-naphthol in
water has no absorption to the light at wavelengths above
365 nm. No direct photolysis occurred in our experiment.
Since the photolysis Fe(III)-OH complexes produce ·OH
radicals by the reaction Fe(OH)2+ +hν→Fe2+ + ·OH, when
ferric ions were added, photooxidation occurred as shown
in Figure 2.

Fluorescence spectral measurements
1.0
0.8

C/C0

In order to observe the possible reaction products, excitation fluorescence spectra were obtained from irradiated 2-naphthol solution using a fluorescence spectrophotometer (F-4500, Hitachi, Japan). Room temperature HA
fluorescence spectra were recorded sufficiently quickly,
so that possible fluorescence quenching impact of Fe(III)HA complexes could be ignored. A 1 cm2 fluorescence
quartz cell was used to hold the sample (excitation wavelength 470 nm; emission wavelength 220-400 nm; EX/EM
slit 5/10 nm, scan speed 240 nm·min-1, PMT voltage 700
V, rResponse 8.0 s). The excitation fluorescence spectra
of 2-naphthol solution with (or without) Fe(III)+HA were
corrected by subtracting the background spectrum of double-distilled water. The fluorescence intensity defined in
the present study is essentially a unitless entity.

0.6
0.4
HPML
HPML+Fe
250W HPML+Fe +HA
125W HPML+Fe +HA

0.2
0.0

0

20
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Determination of photoproduction of ( OH) radicals

FIGURE 2 - Comparison of photodegradation rate of 2-naphthol
change vs irradiation time under different light in control experiments (C0 =50 µmol l-1 , [Fe 3+] =50 µmol l-1 , [HA] =10 mg l-1 , pH =
4.00 ± 0.05).

The aqueous solutions of benzene and Fe(III)-HA
complexes were mixed thoroughly and transferred into
quartz tubes. An aliquot of 0.01M aqueous stock solution
of benzene was added to the aqueous solutions with Fe(III)HA complexes. These tubes were capped. Then they were

However, the photooxidation was enhanced by adding HA to the water containing 2-naphthol and ferric ions.
After radiation for 180 min, the removal efficiency of 2naphthol increased up to 88.7% in water at pH 4.0 ± 0.05,

·
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and impressed by irradiation intensity of different HPML
(22 000 Lux for 250 W HPML and 13 000 Lux for 125W
HPML). The more powerful lamp has higher removal efficiency. As previous studies indicated, this pH value was
the optimum for Fe(III)-OH complexes to produce ·OH
radicals and oxidize organic compounds [7]. It has been
reported that methanol, benzene and 2-deoxy-d-ribose were
applied as hydroxyl radical scavengers to quantify the ·OH
produced during the photolysis of Fe(III)-OH complexes
at low pHs.
The quantum yield of ·OH is calculated from the observed quantum yields of phenol based on the reported
percentage contribution of ·OH. The calculated quantum
yields of •OH were in the range 1.8-2.5 µmol l-1 and 1.41.8 µmol l-1 with UV light and sunlight [9] In our previous
work, ·OH radicals` production measured in an aqueous
solution containing 10 mg·l-1 Aldrich HA and 20 µmol l-1
Fe(III) at pH 4.0 was 5.5·and 11.1µmol l-1 after 2 h and 4 h,
respectively, under HPML irradiation [10]. Since UV light
(λ=254nm) has higher exciting energy than HPML (λ ≥
365nm), the higher efficiency of photooxidiation and degradation of 2-naphthol was achieved in water, when Fe(III)HA complexes were present instead of Fe(III)-OH ones.

and 10-100 µmol l-1 2-naphthol, the photooxidation of 2naphthol in water was examined and its initial rates.
The processes in water, containing different initial concentrations of 2-naphthol, were calculated. The results are
shown in Figure 4 and Table 1. However, due to the complexity of 2-naphthol photodegradation, the reaction could
include the degradation of HA under irradiation, and effects of solution chemistry on the oxidative transformation
of naphthol and its complexation with HA. The calculated
pseudo-first-order kinetic constants k of 2-naphthol were
not compared with results of the theory of reaction kinetics photolysis in Fe(III)-HA complex systems. This means
that the kinetics of the photooxidation process was not
examined in this work. Degradation was rather identical
at 10-100 µmol l-1initial concentrations of 2-naphthol, respectively, but higher removal efficiency is achieved at
low initial concentrations of 2-naphthol.

1.0

-6

10x10 mol/L
-6
25x10 mol/L
-6
50x10 mol/L
-6
100x10 mol/L

0.8

C/C0

0.6
0.4
0.2
0.0

0

20

40

60

80

100

120

time (min)
FIGURE 4 - 2-naphthol concentration change during the photodegradation in water at different initial concentrations (C0 = 10, 25, 50,
100µmol l-1 , [Fe 3+] =50µmol l-1 , [HA] =10mg l-1 , pH＝4.00 ± 0.05).
FIGURE 3 - Fluorescence excitation spectrum of 2-naphthol in
water during photooxidation (C0 =50µmol l-1 , [Fe 3+] =50µmol l-1 ,
[HA] =10mg l-1 , pH＝4.00± 0.05).

TABLE 1 - Initial average rates and removal efficiency of photooxidation in water at different initial concentrations of 2-naphthol

When special fluorophores are present, 2-naphthol
exhibits different fluorescence signatures (i.e. special excitation peaks and intensities). Figure 3 showed the typical excitation fluorescence spectrum of 2-naphthol in water, under 150-min irradiation. It can be seen that fluorescence intensity of 2-naphthol at 284 nm decreased remarkably during the course of HPML irradiation. But it was hardly to draw a conclusion that 2-naphthol degradation may
be attributed more to photooxidation than to photodecomposition in the absence of more chromatogram clues, since
a past research reported that the reaction in-volved here
may be not entirely photochemically induced in the presence of free oxygen [11].
Photodegradation kinetics

Initial concentration of 2-naphthol effects: Under the
conditions of pH 4.00, 50 µmol l-1 Fe(III), 10 mg L-1 HA

C0 (µmol l-1)
10.0
25.0
50.0
100

Initial average degradation rate
(µmol l-1min-1)*
0.193
0.233
0.433
0.833

Removal efficiency
(%)**
88.7
73.4
67.4
52.9

“*”, Initial average degradation rate was calculated in 30 min
“**”, Removal efficiency was calculated in 120 min
pH value and Fe(III)/HA ratio effects: The competition
between formation of Fe(III)-HA and Fe(III)-OH complexes has an important effect on the photoformation of
H 2O 2 and ·OH radicals in aqueous solutions containing
ferric ions and humic acids. It is well known that humic
substances, in particular HA, have a large number of weakbinding sites and smaller numbers of strong-binding ones,
which can form complex metal-ligands. The pH and concentration ratio of Fe(III)/HA are two of the most im-

1299

Fresenius Environmental Bulletin

portant factors which, to some extent, determine the distribution of iron(III) species. The pH effects on the photolysis reaction in the Fe(III)-HA complex system primarily was embodied as the determination for Fe(III) species
contribution (i.e. which is the predominant species,
Fe(III)-HA complexes or other ones). On the other hand,
pH affects competiting reactions between active intermediate oxygen species and Fe(III)/Fe(II), which thus affects
the formation rate of H2O2 and ·OH radicals. In fact, these
two aspects are integrated into one point i.e. pH has an
important effect on the photochemical efficiency of the
system containing ferric ions and humic acids. Figure 5
shows the pH effect on the photooxidation of 2-naphthol
in water at pH values ranging from 3–7, which indicates
that higher photooxidation efficiency is at pH values 3–4,
with an optimum at pH 4. The increase and decrease of
pHs cause little decrease of photooxidation efficiency. The
phe-nomenon of HA-precipitation at low pH was not
found, but potential fine HA flocs could induce the attenuation of light. When the pH value is increased to 7,
photooxidation removal efficiency is less than 5%. At
pH values higher than 7, ferric ions are not able to produce
colloids and precipitation, so we did not perform experiments at such high pH values.

1.0
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0.8

0.6
pH=3.0
pH=4.0
pH=5.0
pH=6.0

0.4

0.2
0
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time (min)
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HA ligands could be the primary factors, which affect the
photochemical reactive ability of Fe(III)-HA system.
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FIGURE 6 - Effects of initial concentration of HA on the removal
characteristic of 2-naphthol (C0 =50 µmol l-1, pH＝4.00 ± 0.05, [Fe
3+] 0 =50 µmol l-1).
Influence of dissolved oxygen: As Figure 1 shows, DO
plays an important role in Fe(III)-HA complexes aqueous
solutions. Such effects have already been reported in the
photosensitized degradation of monuron in Ranker humic
substances. Irradiation (UV/Vis, λ >290 nm) under nitrogen and oxygen atmosphere significantly affected the structure of dissolved humic material. Photobleaching of the dissolved HA solution occurred essentially under O2 atmosphere, in conjunction with a decrease in average molecular weight and an increase in acidity due to the disaggregation and photooxidation processes [12]. So the effects of
DO were tested by the comparison of disappearance of 2naphthol in nitrogen-purged and air-aerated Fe(III)-HA
complexes aqueous solutions, while different results appeared for HA and Fe(III)-HA complexes aqueous solutions (Figure 7).

1.0

120

0.8

C/C0

FIGURE 5 - pH value effects on photodegradation of 2-naphthol
(C0＝50×10-6 mol/L, [Fe 3+]=50×10-6 mol/L , [HA] =10 mg l-1, 125W
HPML).

0.6

To determine the dependence of the photooxidation
rate on Fe(III)/HA ratio, 50 µmol l-1 Fe(III) ions were used
at different HA concentrations of 0, 10, 20 and 50 mg l-1,
respectively (determined as DOC concentrations in aqueous solutions by TOC analyzer). Results showed that increasing HA concentration enhanced photo-oxidation efficiency (Figure 6), but excessively high concentrations of
HA (50 mg l-1) bring on the problem of 2-naphthol determination. UV absorption of HA could not be determined
by UV-Vis analysis and fluorescence spectra, so the results of 50 mg l-1 HA could be discarded. At a given pH
value, the Fe(III)/HA ratio can determine the species distribution of Fe(III)-HA complexes in the aqueous solutions.
The condition stability constants of Fe(III)-HA and Fe(II)-

0.4
nitrogen-purged HA
air-aerated HA
nitrogen-purged HA+Fe
air-aerated HA+Fe

0.2
0.0

0

30
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time (min)

120
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FIGURE 7 - Influence of oxygen on the removal characteristic of 2naphthol in HA solution with Fe(III) vs those without Fe(III) (C0 =
50µmol l-1, [HA] =10mg l-1, [Fe 3+]0 =50µmol l-1)

For air-aerated Fe(III)-HA complexes in aqueous solutions, the oxygen in air offered an oxidized circumstance,
where organic Fe(III) complexes should be the main spe-
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cies of Fe(III), and the effects of Fe(III) and oxygen are
described as below [12].
Fe3+ - org/(HA) + hν → Fe2+ + org radical

(a)

-

org radical + O2 → O2· + oxidized org

(b)

Fe3+ + O2·- → Fe2+ + O2

(c)

-

+

O2· + H → HO2·

(d)

Fe2+ + H2O2 → Fe3+ + ·OH + OH-

(e)

2+

In neutral medium, Fe is readily converted into Fe3+
by reaction with O2, In acidic solutions, Fe2+ is probably
oxidized by H2O2 formed by the disproportionation of O2/HO2-, and hydroxyl radicals are generated.
On the other hand, it has been demonstrated that natural humic substances could absorb solar light and reach an
excited triplet state (3HS*), and then induce the degradation of organic compounds like phenol through atom transfer. One of the important pathways of deactivating 3HS* is
to transfer the excited energy to ground-state oxygen to
form singlet oxygen (1O2), for air-aerated HA system
without Fe(III), since DO inhibited the subtle 2-naphthol
photolysis, it was suggested that DO might quench 3HS*
and then retard 2-naphthol consumption. In our experiments, the simulated light (HPML, λ ≥365 nm) was somewhat different from solar light (absence of UV-A). That
was why little change of 2-naphthol concentration in HA
aqueous solution occurred.

Comparative hydroxyl radicals in HA solution with
Fe(III) vs those without Fe(III): As we can see from Figure 1 and equations (1-5), the amounts of dissolved Fe(II)
are dramatically increased by the presence of DOC, such as
citric, oxalic and malonic acids. These can be attributed to
the light-induced ligand-metal charge transfer, which is
observed for the case of Fe(III) oxalate, citrate and malonate complexes [5]. So the hydroxyl radicals formed from
HA solution with or without Fe(III) need to be determined
as soon as possible. Control pre-experiments were carried
out to examine the photoproduction of phenol in HA solution with or without Fe(III). The HA concentrations used
in aqueous solution at pH 4 ranged between 10-20 mg l-1,
[Fe 3+]0 = 50 µmol l-1, and irradiation time (t) were 1.5 and
3 h.
Table 2 shows that only little phenol could be generated by HA solution under HPML irradiation. It was found
that phenol photoproduction in an HA solution with Fe(III)
was higher than without Fe(III), but phenol level not increased with increasing HA concentration. The phenol concentrations (from photoproduction) increased from 1.79 to
2.3 µM with the HA concentrations increasing from 10 to
20 mg l-1, at an irradiation time of 3 h with 50 µmol l-1
Fe(III). Phenol was not produced in the dark, when irradiating the HA solutions (without benzene, pH 4) under 250 W
HPML for 3 h with or without Fe(III), though some literature reported that these metal-loaded HA can produce deleterious oxidizing species, such as the hydroxyl radical
through the metal-driven Fenton reaction.

TABLE 2 - Photoproduction of phenol (µmol l-1) in HA solution with Fe(III) vs that without Fe(III) at pH 4.00 ± 0.05.
Irradiation Time (h)

10 mg l-1 HA

20 mg l-1 HA

1.5h
3.0h

1.45
1.37

1.54
2.34

10 mg l-1 HA + 50 µmol l-1 Fe(III) 20 mg l-1 HA + 50 µmol l-1 Fe(III)
7.60
17.9

CONCLUSIONS
Fe(III)–HA complexes can induce the photooxidation
of 2-naphthol in water at pH values of 3.0–7.0 under irradiation of a simulated near-UV light. The photooxidation
efficiencies were dependent on the pH values, light intensities and Fe(III)/HA concentrations in the water, with
higher efficiency at pHs 3-4, and 50 µmol l-1 Fe(III) with
20 mg l-1 HA under 250 W HPML. The initial rate of photooxidation increases with increasing the initial concentration of 2-naphthol from 10-100 µmol l-1, while do not
change at 50 and 100 µmol l-1. However, higher removal
efficiency of 2-naphthol is achieved at lower initial 2naphthol concentration of 10 µmol l-1. For 10 µmol l-1 2naphthol, the initial rate of photooxidation is 0.193 µmol l1
min-1. Dissolved oxygen (DO) plays an important role in
Fe(III)-HA complexes-containing aqueous solution, where

9.7
23.79

Fenton and photo-Fenton reactions were be enhanced in the
environment. Phenol (portion to ·OH) of photoproduction
in HA solution with Fe(III) vs that without Fe(III) was determined with hydroxyl radicals probes (benzene). By
using UV–Vis and excited fluorescence spectrum techniques, the main photooxidation products showed higher
absorption at 240-340 nm, and the mechanisms of oxidative degradation or coupling may be similar to those proposed in literature. Further identification and characterization of intermediate photooxidation products need to be
done by HPLC-MS and NMR analytical techniques.
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SUMMARY
The aim of the present study was to determine the effects of 3 different land-use types (forest land, rural land
and pasture land type) and two slope classes (20% and
40%) on soil loss and runoff. A rain gauge was installed
in the research area in order to measure precipitation daily,
monthly and annually. For each land-use type, two experimental sites (total 6) and 3 plots at each experimental site
were taken (6 x 3 = 18 plots totally). A soil profile in each
plot was done and undisturbed soil samples were taken from
depths of 20 cm using an iron cylinder (10 cm diameter
and height). The runoff and sediment measurements were
also carried out at each experimental site (totally 324 times).
The soil samples were analyzed for soil pH, soil texture,
organic matter and permeability.
The results showed that there were significant differences in soil loss and runoff between the three land-use
types and each of their two slope classes. Soil loss and
runoff for the forest land type were low, compared to the
pasture and rural ones. This was mainly due to the tree
canopy structure and the blanket of organic matter at the
forest floor, which helped to prevent soil loss and runoff
from the forest land. The differences in soil loss showed a
good correlation with those in soil texture, organic matter
and permeability. Soil losses were much higher on the slope
of 40% than on that of 20%, both for the pasture and rural
lands, indicating that slope classes significantly affect soil
losses. The differences in soil losses and runoff between
the slope classes can be attributed to the observed high
grazing and soil compaction by animals in the studied areas
on the slope of 40%.
The soil losses and runoff for the three different landuse types were found to be lower than those in literature.
That could be due to the lower precipitation measured

(253.7 mm) during the experimental period in the research
area. The results were significantly between the three landuse types and their corresponding two slope classes.
KEYWORDS: Soil loss, runoff, land-use types, forest land, pasture land, rural land, slope classes.

INTRODUCTION
Natural or geological soil erosions do not occur at constant or consistent rates. Semiarid and arid soils, which
lack protective plant covers, may erode naturally at rates
averaging 10-50 times greater than those for humid climate soils [1]. The natural progress of soil erosion can be
increased horrendously by human activities, such as overcultivating depleted soils until the protective ground covers are gone and accelerated erosion takes place. Soil
erosion, for whatever cause, destroys man-made structures, fills reservoirs, lakes and rivers with washed soil
sediment, and badly damages the land. Whether it is called
mud, silt or sediment, it is all soil material that should have
been kept in place, on top of the land where it can support
plant growth and plants can, in turn, stabilize the soil.
Erosion sediment is the richest part of the soil, the nutritive topsoil containing most of the organic matter. The
cost of dredging the several billion tons of sediment
from rivers and harbors each year is about 15 times
more than that of holding the soil on the land from which
it eroded [1].
It is impossible to stop erosion and sedimentation, but
both problems can be greatly reduced. It has been shown
in many studies [2-4] that where rainfall is adequate to
support extensive plant ground covers, soil erosion rate is

1303

© by PSP Volume 15 – No 10. 2006

Fresenius Environmental Bulletin

very low, a rate that does not seriously deplete soil productivity and which is nearly the same as those for undisturbed
or well-managed forest lands. Erosion is slight from soils
well-covered by dense grasses or forests, but is enormous
from steep poorly covered soils, which are exposed to
heavy rainfall or strong winds. Well-aggregated soils resist
erosion; pulverized silts and very fine sands are the most
easily eroded ones. Plants and organic matter at the forest
floor dampen raindrop impact, therefore, raindrops do not
slam harder into the forest soil. Increased raindrop impact
on mineral soil can reduce the size and number of pores in
the uppermost soil by breaking up soil particles and clogging pores with fine particles [5]. Reduction in pore size
and number caused by raindrop impact can decrease the
soil's ability to take up and hold water, thus increasing
surface runoff during rains [6, 5]. Organic material can also
positively affect the physical characteristics of the soil and
aggregate stability, and can reduce runoff and prevent soil
losses [7]. Descroix et al. [8] showed a good correlation between the soil properties, especially larger particles, and soil
runoff.
According to ISRIS (International Soil Reference and
Information Centre), very high water or wind erosion takes
place in Turkey [9]. Although the extents of soil loss and
runoff rates in different regions and areas of Turkey have
been studied extensively [10-13], very few studies have
investigated the effects of different land-use types and slope
classes on soil loss and runoff. The aim of the present
study was, therefore, to investigate the effects of forest,
rural and pasture land types and slope classes for each landuse type on soil loss and runoff rates. For each land-use
type, two experimental sites and 3 plots in each experimental site were taken. A soil profile in each plot was dug
to take undisturbed soil samples. The runoff and sediment
measurements were also carried out at each experimental
site. The soil samples were analyzed for soil pH, soil texture, organic matter and permeability.

FIGURE 1 - Location of the research area.

The altitude of the studied area was about 1860 m
above sea-level. The aspect of the studied site was Northwest (NW). In the study area, terrestrial climatic conditions exist, i.e. winters are long, cold and snowy, whereas
summers are short and warm [14]. The seasonal and daily
temperatures show big extreme values and precipitation is
generally low. The weather data for 2003 (Gümüşhane Meteorology Station, at 1219 m) indicate that precipitation
averages 400 mm annually). Average monthly temperatures range from 29 oC in August to -6 oC in January (Fig.
3). The differently sized andesite/quartz dikes are to be
seen in the studied site [16].

MATERIALS AND METHODS

Experimental sites

Description of the study area

The study was carried out in Bayana in the county of
Gümüşhane of Northeast Turkey (40°23ʹ′40ʹ′ʹ′ N, 39°18ʹ′50ʹ′ʹ′
E) (Fig. 1). The topography, slope and experimental plots
of the sampling sites are shown in Fig. 2.

FIGURE 2 - Topography, slope and experimental plots of
the sampling site (prepared by Arc Info computer program).

FIGURE 3 - Mean maximal and minimal
temperatures, number of rainy days and bright
sunshine duration of the studied site (monthly shown).
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Setting up experimental design and sampling

Three different land-use types and two different slope
classes in each type were chosen to set up the experiments, namely, forest land, rural land and pasture land. The
dominant tree in the forest land was Scots pine (Pinus
sylvestris). The trees were approx. 50 years old, and the
canopy cover was moderate (0.5-0.6). The rural land was
used to grow some crops and fodders until 20 years ago,
but since then it has been covered by grass. Only, at the
beginning of the experiment, the soil in the plots of the
rural land was tilled until the depth of 50 cm. Some parts
of the pasture land were over-grazed and some parts had
little vegetation cover. For each land-use type, two experimental sites (total 6) and 3 plots at each experimental site
were taken (6 x 3 = 18 plots totally). Mean slopes of the
plots were 20% (range 15-20%) and 40% (range 35-40%).
The experimental design is given in Fig. 4 [16].
Rural

Forest

20 %

40 %

Experimental
Site

20 %

The diagrams of the experimental site (10 m x 12 m)
and the plots (2 m x 10 m) are shown in Fig. 5 [17].
Views of the sampling sites for forest, rural and pasture land-types are shown in Figs. 6, 7 and 8, respectively.
The experimental sites were protected by a thorny cable
to minimize the impact of wild-life and humans. The plots
were also protected by a galvanized sheet iron (15 cm
height) to reduce the splash effect of the rain drops.
A rain gauge was installed in the research area in order to measure precipitation daily, monthly and annually.
During the study period (2001-2003), the runoff and sediment measurements were carried out in each experimental
site (totally 324 times). In winter, the runoff and sediment
measurement were not done, since the sampling areas were
covered by snow.

Pasture

40 %

20 %

40 %

FIGURE 6 - A view of the sampling site
and plots for the forest land (1860m).

Plot

FIGURE 4 - The experimental design.

Experimental site

HO
NaSO 3

N N
FIGURE 7 - A view of the sampling site
and plots for the rural land (1840m).

Plots

FIGURE 5 - The diagram of the experimental site and the plots.
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Hs: Height of the soil sample (cm)
Hw: Height of hydrostatic water column (cm)
Statistical Analysis

Analysis of variance (ANOVA) was applied for analyzing the differences in soil properties between the 3 landuse types using the SPSS program (Version 9.0 for Windows). Following the results of ANOVAs, Tukey’s honestly significant difference (HSD) test (α = 0.05) was used
for significance.
RESULTS AND DISCUSSION
FIGURE 8 - A view of the sampling site
and plots for the pasture land (1850m).

Results for the soil characteristics of the 3 land-use
types according to 2 different slopes are given in Table 1.

A soil profile in each plot was dug, and undisturbed
soil samples were taken from depths of 20 cm using an
iron cylinder (10 cm diameter and height). The disturbed
field soil samples were also sampled from the same depths,
sieved (<2 mm) to remove stones, roots and macro fauna,
and then bulked to give a single representative soil sample
for each depth. All soil samplings were carried out in duplicate.
Soil Analysis

The moist field soil samples were air-dried under laboratory conditions. The dry mass of soil was calculated
by weight loss after drying 1 g of soil for 48 h at 80 oC
[18]. Soil pH was measured in a 1:2.5 mixture of deionized water and soil using a glass calomel electrode (Beckman H5 pH-meter), after equilibration for 1 h [19]. Soil
texture (sand, silt and clay) was determined using the hydrometer method of Bouyoucos [18]. Organic matter was
determined using the chromic acid method of Walkley and
Black [19, 20].
Permeability of soils was measured according to Darcy Law as follows [21]:
P= ((( Q / A ) x ( Hs / (Hs+Hw))) cm/h

(1)

2

P: Permeability (g/cm /s)
Q: In a certain time passed water amount (cm/h)
A: The cross-section field of the soil sample (cm2)

The forest land (slope of 20%) had highest organic
matter (6.5%), whereas the pasture land (slope of 40%) had
the lowest (2.3 %). The differences in organic matter between the 2 slope classes were significantly for the pasture
land type, but no differences were seen for the forest and
rural land (Table 1). The pasture land showed highest mean
sand and silt contents (about 67% and 21%, respectively),
followed by the rural (61% and 20%, respectively) and
forest land types (59% and 18%, respectively). However,
the pasture land had lowest clay content (about 12%), followed by rural (19%) and forest land (23%). The pasture
land also had highest larger particles (>2 mm) (about 40%),
followed by rural (28%) and forest land (20%). The differences in the larger particles between the 2 slope classes
were only significantly for the pasture land-type with 30%
for the slope of 20%, and 50% for that of 40%. The pasture land (slope of 40%) had lowest permeability (0.6 cm/
min.), whereas the forest land (slope of 20%) had highest
permeability (2.21 cm/min.). Soil pH, however, did not
show any differences between the 3 different soil land-types
(Table 1).
Mean differences in soil loss between the 3 different
land use types according to the 2 slope classes and mean
precipitation during the measurement period (April - September) are given in Table 2 and shown in Fig. 9. Soil loss

TABLE 1 - Soil characteristics of the 3 different land-use types according to the 2 different slope classes.
LUT
Pa
Ru
F

S
(%)
20
40
20
40
20
40

pH
6.0
6.4
6.2
6.1
5.9
6.1

OM
(%)
4.5
2.3
4.1
4.2
6.5
5.9

Sand
(%)
67.6
66.6
61.6
60.6
58.6
58.6

LUT: land use type, Pa: Pasture, R: rural, F: forest, S: slope,
OM: organic matter, P: permeability, LP: larger particles (>2 mm).
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Silt
(%)
19.2
23.2
19.2
21.2
18.2
18.2

Clay
(%)
13.2
10.2
19.2
18.2
23.2
23.2

LP
(%)
30
50
25
30
20
20

P
(g/cm2/s)
1.15
0.60
1.20
0.90
2.26
1.71
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TABLE 2 - Mean soil loss between the 3 different land-use types according to the two
soil slope classes (soil loss for the forest type was almost zero and values were not shown<9.

Land-Use Types

Slope Class
(%)

Precipitation
(April – September)
(mm)

Soil Loss
(tons/ha/Year)

253.7

0.02
0,16
0.06
0.12
0.001
0.003

20
40
20
40
20
40

Pasture
Rural
Forest

0.1 60

0.1 20

0.0 03

0.0 01

0.0 60

0.0 20

FIGURE 9 - Mean soil loss between the 3 different land-use types according to the two soil slope classes.

for the forest land-type was very low, compared to both
other types (Table 2). This may have been attributed to the
tree canopy structure and the blanket of organic matter at
the forest floor, helping to prevent soil loss from the forest land.
Surface erosion is the movement of individual soil
particles by a force, either by uniform removal of material
from the soil surface (sheet erosion), or by concentrated
removal of material in the down slope direction (rill erosion), or gravity-induced (dry ravel), or by mass movements, such as landslides and debris flows [22]. Inherent
erosion hazards are defined as the site properties that influence erosion. They include the ease with which the
individual soil particles are detached (soil erodibility), slope
gradient and length. Forces required for initiating and sustaining the movement of soil particles can be from many
sources, such as raindrop impact [23], overland flow [24],
gravity, wind, and animal activities. Protection is provided
by all material on or above the soil surface, such as vegetation, surface litter, duff, and rocks, that reduce the im-

pact of the applied forces [13, 25, 26]. According to Robichaud and others [27], when more than 75% of the
ground is covered by vegetation or plant litter, only about
2% of the precipitation from a given storm event is to become runoff, and the potential for erosion is low. In contrast, when less that 10% of the soil surface is covered by
plants and litter, more than 70% of any precipitation may
spill off the soil surface, increasing the erosion potential
by up to three orders of magnitude. Some areas, like steep
slopes, are simply more erosive than others [5].
In the present study, the forest soil was protected by
the tree canopy, and also high organic matter in and at the
forest soil. However, the pasture and rural lands had little
protective vegetation cover. Statistical analysis (ANOVA)
also showed that the differences in soil loss between the
forest land and the other two land-use types were significantly (p<0.05) (Table 3). Singer and Bissonnais [7] have
stated that lower soil organic matter and soil aggregate
stability generally result in higher soil loss. No significant
differences between the pasture and rural land type were
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found in the present study. This result was not in agreement with the results of Ruiz et al. [28], who showed that
rural land was more sensitive to soil loss than pasture
land. Wondzell et al. [5] have stated that on slopes with
little protective vegetation or debris, soil can erode even
without heavy rains, due to the sheer force of gravity.
Eroded soil often winds up as sediment in nearby bodies
of water and streams. In the present study, soil losses were
much higher on the slope of 40% than on that of 20% both
for the pasture and rural lands, indicating that slope classes
significantly affect soil losses. Aydemir [10] also showed
a good relationship between the slope class and soil losses.
The differences in soil losses between the slope classes can
be also attributed to the observed high grazing and soil compaction by animals in the studied areas on the slope of 40%.
Similar results were also shown by Bermudez et al. [29],

stating that increased grazing and soil compaction by
animals can result in more soil loss with regard to other
areas.
Mean differences in runoff between the 3 different
land-use types according to the 2 slope classes are given in
Table 4 and shown in Fig. 10. The forest land type had
lowest runoff, followed by rural and pasture land (Table 4).
Statistical analysis (ANOVA) also showed that the differences in runoff between the 3 types were significantly (p<
0.05) (Table 5). Of all land types, the runoff was lower on
the slope of 20% than on that of 40% (Table 4). These
differences can also be attributed to the differences in plant
and vegetation cover, permeability, organic matter content,
and larger particles (>2 mm), concerning the land-use types
and their slope classes.

TABLE 3 - Statistical Variations of Soil Loss between the 3 different land-use types according to the two soil slope classes.
Soil Loss (t/ha/year)
Land-Use

N

Forest
Pasture
Rural
Sig.
Tukey's HSD (Alpha = 0.05)

108
108
108

Subset
1
0.0015675

1.000

2
0.0857037
0.0926481
0.819

TABLE 4 - Mean runoff between the 3 different land-use types according to the two soil slope classes.
Land Use
Pasture
Rural
Forest

Slope
(%)
20
40
20
40
20
40

Runoff
(L/ha/year)
2423
5666
2327
4510
509
903
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5666,00

4510,00

903,00
2423,00
2327,00
509,00

FIGURE 10 - Mean runoff between the 3 different land-use types according to the two soil slope classes.

TABLE 5 - Statistical variations of runoff between the 3 different land-use types according to the two soil slope classes.
Runoff (L/ha/year)
Land-Use
Forest
Agriculture
Pasture
Sig.
Tukey’s HSD (Alpha = 0.05)

N

Subset
1
706.85

108
108
108

1.000

Plants and organic matter at the forest floor dampen
raindrop impact. Therefore, raindrops do not slam harder
into the forest soil. Increased raindrop impact on mineral
soil can reduce the size and number of pores in the uppermost soil by breaking up soil particles and clogging
pores with fine particles [5]. Reduction in pore size and
number caused by raindrop impact can decrease the soil's
ability to take up and hold water, thus increasing surface
runoff during rains [5, 6]. Organic material can also positively affect the physical characteristics of the soil and
aggregate stability, and can reduce runoff and prevent soil
losses [7]. Descroix et al. [8] showed a good correlation
between the soil properties, especially larger particles, and
soil runoff. The results in the present study are in agreement with their results. It means that dense plant and vegetation cover, higher organic matter and permeability, but
lower larger particles under the forest land have significantly decreased the runoff and, thus, soil losses compared to the other land-use types.
The results for soil losses and runoff in the present
study are generally lower, compared to those of other studies [30-32], mainly attributable to the lower precipitation
measured (253.7 mm) during the experimental period in
the research area. A study carried out by Kosmas et al. [31]
in the framework of MEDALUS project in 5 different Eu-

2
3418.84
4045.09
0.143

ropean countries showed that soil losses significantly decreased with decreasing precipitation. They stated that
any land receiving less than 300 mm rain was not in great
danger of soil loss. On the other hand, all those researches
emphasized the strong relationships between soil loss, runoff and the slope classes, plant and vegetation cover, soil
properties, especially organic matter, soil texture, and permeability.
In conclusion, our study has shown that land-use types
and slope classes can significantly affect soil loss and runoff. That is mainly due to the differences in plant and
vegetation cover and soil properties, especially organic
matter, soil texture and permeability. Although the soil
losses and runoff for the three different land-use types
examined were found to be lower than those in the literature, they were significantly between the three land-use
types and two slope classes. The lower soil loss and runoff
rates could be attributed to the lower precipitation measured (253.7 mm) during the experimental period in the
research area.
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SUMMARY
The electrochemical degradation of acid orange 7
(AO7) dyes has been studied on Na2SO4 medium by cyclic
voltammetry and bulk electrolysis. The results have shown
that in the potential region of water stability there can occur
direct electron transfer reactions on BDD surface resulting
in electrode-fouling due to the formation of a polymeric
film on its surface, whereas in the region of cathodic
scan, no reductive current peak appears, although the decay of AO7 can be observed in cathodic process. During
electrolysis in a divided cell using BDD as anode and Ti
plate as cathode, the anodic process is more effective on
decolorization and removal of COD. In an undivided cell,
the pH of solution decreases sharply in initial stage of
electrolysis, indicating lots of acid compounds generated,
and then it increases slowly for the gradual elimination of
acid intermediates. The COD of AO7 solution is removed
by 85% at the end of electrolysis in an undivided cell,
though its rate is slower than decolorization. Among the
anodes tested, the BDD exhibits best performance for degradation of AO7. As for the cathodes, the one with a larger
electrode area is better for decolorization. Increase of the
concentration of Na2SO4 is helpful to the decolorization
and mineralization of AO7. A combination of anodic and
cathodic processes contributes to the degradation of
AO7. HPLC analysis shows that the degradation of
AO7 involves the rupture of the azo-bond leading to the
formation of sulfanilic acid and other organic intermediates.

KEYWORDS: Wastewater treatment; electrochemical degradation; BDD electrode; AO7; electrochemical redox behaviors.

INTRODUCTION
Azo-dyes form the largest group among synthetic colorants. Their chromophoric system consists of azo groups

(－Ｎ＝Ｎ－) in association with aromatic systems and
auxochromes (–OH, –SO3, etc.). As an important material
in textile dying industry, large amounts of azo-dyes are discharged into water environment. In view of the carcinogenic or mutagenic character of some of them, the deleterious effect of the color in the receiving waters, and the
customary resistance of the effluents to biological degradation [1-3], the necessity of investigating new alternatives for the adequate treatment of azo-dye wastewaters is
evident.
In recent years, there has been increasing interest in
the use of electrochemical method for the treatment of
wastewater for its attractive advantages, amenability to
automation, cost effectiveness, no secondary pollution, etc.
The electrochemical process involves anodic and cathodic
reactions, both of them can be utilized in pollution control.
When SnO2, PbO2 or BDD electrodes are used as anodes,
the organic and toxic pollutants in treated wastewaters, such
as dyes and phenols, can be destroyed by a direct anodic
process or an indirect anodic oxidation via the intermediate oxidants, such as hypochlorides, ozone, etc [3-8]. While
the cathodic process has succeeded in removal of metal
ions, the dechlorination of polychlorinated biphenyls, and
the reduction of nitro compounds [9, 10]. In the case of dye
effluents, electrochemical technology can be used singly or
as a pretreatment process of biodegradation to improve the
biodegradability of effluents. Furthermore, it is very economical to adopt electrochemical technology, since dye
wastewater usually contains high concentrations of salts and
no additional salt is required to improve the conductivity.
Boron-doped diamond (BDD) film is a new electrode
material that has received great attention in the field of
wastewater treatment for its wide potential window and
high anodic stability [6, 11-15]. The aim of this study is to
gain more insight into the electrochemical degradation of
azo-dyes using BDD electrode on Na2SO4 medium, since
there are no highly toxic chlorinated intermediates are
formed on this medium. Cyclic voltammetry is carried out
to investigate the electrochemical oxidation and reduction
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behaviors. In bulk electrolysis test, the influence factors
and mechanism of electrochemical degradation of AO7
are analyzed.
MATERIALS AND METHODS
Chemicals and preparation of electrodes

Azo-dye acid orange 7 (AO7) was purchased from
Shanghai Chemicals Company (AR), its chemical structure is given in Fig. 1. Boron-doped diamond (BDD) film
electrode coating on niobium was purchased from the
CONDIAS GmbH Company in Germany. The thickness
of the film is about 30 µm. Conductive sliver paste was
used to connect the BDD electrode and lead wire, the
excrescent area of BDD was coated with epoxy resin. The
antimony-doped SnO2 (SnO2-sb) electrode was prepared
using a standard thermal decomposition method [4, 8].
Ti\PbO2 electrode was prepared according to the procedure
of Polcaro [7]. RuO2 electrode was a commercial product
purchased from Water Chemical Company in Xinxiang,
China. As for cathodes used in the screening test, all of
them were cut out in a size of 110 mm in length and 20 mm
in width. The thickness of carbon felt and foam Ni were
5 mm and 2 mm, respectively, and the others were plates
(Ti, Ni, Cu and stainless steel) with a thickness of about
1 mm.
HO
NaSO 3

mension of 120 mm in height and 50 mm in diameter.
The aqueous solutions (140 ml) containing different
amounts of AO7 and Na2SO4 were used in the undivided
cell without pH adjustment. In all runs of galvanostatic
electrolysis, BDD anode (7 cm2 per side, double sides)
and Ti plate cathode with a working area of 30 cm2, except in the screening test of the anode and cathode materials, were used. Experiments were performed at
25±2 °C, and a magnetic stirrer was used to whisk the
solutions.
Analytical procedures

Concentration of AO7 dye and absorption spectra
curves were measured using a UV spectrophotometer (UV
1700, SHIMADZU, Japan). Chemical Oxygen Demand
(COD) was analyzed according to the standard K2Cr2O8
method (GB11914-89, China). Concentration of oxidants
(H2O2 + S2O82－) was determined spectrophotometrically
[16]. TOC of the solution was determined by a Multi-N/C
2100 apparatus (Jena, Germany). Intermediates were determined on an HPLC system (LC-10A, SHIMADZU, Japan), equipped with a gradient pump, a reversed-phase
column Shim-Pack VP-ODS (i.d. 4.6 mm, length 150 mm,
temperature 45 °C) and an UV detector (215 nm). The
eluents consisted of 5% (A) and 95% (B) methanol solutions. A gradient elution program (50% B at 0 min , 100%
B at 30-50 min and 50%B at 60 min ) was applied at a flow
rate of 0.8 ml min-1 .

N N

RESULTS AND DISCUSSION
Cyclic voltammetry of Nb\BDD electrode on Na2SO4 medium

Galvanostatic electrolysis

An EG＆G PARSTAT 2273 galvanostate was used
for this experiment. The divided cell used in this work is
U-shaped with a piece of porous glass to separate the
cathodic and anodic compartment, in which 180 ml of
AO7 solution (0.05 M Na2SO4 + 60 mg L-1 AO7) was
used. The undivided cell is a cylindrical glass with a di-
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Cyclic voltammetry was carried out in a conventional
three-electrode cell using a computer-controlled EG&G
PARSTAT 2273 galvanostate (Princeton Applied Research,
U.S.A). The BDD described above was the working electrode with an exposure area of 1 cm2, Pt (8 cm2) was used
as counter-electrode, and a saturated calomel electrode
(SCE) as reference electrode. In order to improve the reproducibility of measurements, the working electrode was
electrolysed for 20 min before a new run. The AO7 used
in cyclic voltammetry was purified by recrystallization.

-2

Cyclic voltammetry

Current / mA cm

FIGURE 1 - Chemical structure of
acid orange 7 (AO7), λmax = 484 nm.

Fig. 2 shows the cyclic voltammograms obtained with
a Nb/BDD electrode in 0.5 M Na2SO4 solution. It shows
that the electrochemical window between the potentials of
oxygen and hydrogen evolution is nearly 4 V. Furthermore, within the electrochemical window, Nb\BDD electrode exhibits extreme low background current density,
under 10 µA cm-2 between ± 1Vsce. So the BDD electrode
is very suitable for the application in electrochemical analysis, and the investigation of redox behaviors of organic
matters. A comparison of the over-potentials in 0.5 M
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Fig. 3 shows typical cyclic voltammetric curves for
BDD in solutions containing AO7 dye in 0.1 M Na2SO4 at
a scan rate of 50 mV s-1. There were two anodic current
peaks corresponding to the oxidation of AO7 at about
1.05 Vsce and 1.4 Vsce, and in the return scan, no reduction
current peak can be observed, which indicates that the
oxidation of AO7 is a irreversible reaction. When the concentration of AO7 increases, the potential of two oxidation current peaks slightly shifts to a more positive direction and the values of current peaks rise and keep a linear
relationship with the concentration of AO7 (see inset in
Fig. 3). It reveals that the oxidation of AO7 under the conditions of this work is a concentration control process.

0.24

0.8

0.22
0.20
0.18
-2

The redox behaviors of AO7 on
Nb/BDD electrode on neutral Na2SO4 medium

0.6

ip / mA cm

Na2SO4 of Ti\PbO2, Ti\SnO2-sb and Nb\BDD electrodes
is given in the inset of Fig. 2. At a reference current density of 10 mA cm-2, the reasonable current density for technical applications, the oxygen evolution potential increases
from 1.6 Vsce to 2.1Vsce and to 2.5Vsce for Ti\PbO2, Ti\SnO2sb and BDD, respectively. Thus, the unique electrochemical properties of Nb\BDD are helpful to extend the potential zone of electrochemical oxidation and lessen the influence of side reactions by oxygen generation.

of phenol and β-naphthol [15,17]. Washing the deacitivated electrode with ethanol or isopropanol, does not reactivate it. However, the electrode surface can be restored to
its initial activity (namely the peak current restores to the
first cycle in Fig. 4) by washing with N,N- dimethylformamide or an anodic polarization in Na2SO4 electrolyte in
the potential region of water decomposition (at a current
density of 10 mA cm-2). In fact, this potential is in the
region of water discharge and it involves the production of
active intermediates, probably hydroxyl radicals, that oxidize the polymeric film on the surface; thereby a reasonable potential is crucial to the complete decomposition of
AO7 dye molecules.

-2

FIGURE 2 - Cyclic voltammograms for the Nb/BDD electrode in
0.5mol L-1 Na2SO4. Inset: Oxygen evolution diagram of three kinds
of anodes in 0.5 mol L-1 Na2SO4; scan rate= 50 mV s-1.
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FIGURE 4 - Cyclic voltammograms for the Nb/BDD electrode
in 300 mgL-1 AO7 + 0.1 mol L-1 Na2SO4; scan rate = 50 mV s-1.
Inset: Dependence of current peak with the number of anodic
scan cycle.
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FIGURE 3 - Cyclic voltammograms for the Nb/BDD electrode
in AO7 solutions. Electrolyte: 0.1 mol L-1 Na2SO4; scan rate =
50 mV s-1. Inset: Dependence of the current peak ip (the peak
around 1.1 Vsce) with the concentration of AO7

Fig. 4 shows curves of continuous cyclic scan of BDD
in solutions of 300 mgL-1AO7 and 0.1 M Na2SO4. As the
number of cycles increases, the anodic current peak decreases until a steady current after five cycles (see inset in
Fig. 4). This decrease of electrode activity appears to
originate from deposition of polymeric adhesive products
on the electrode surface, which is similar to the oxidation

In general, the azoxy compounds have different electrochemical properties for different chemical molecule structure. If only one hydroxyl-substituent is present in benzene rings of an azo molecule, there are two kinds of results, if no electron-withdrawing group (e.g. carboxyl or
sulfonamide groups) in the para-position with respect to
the azo-bridge is present, the compounds are oxidized in the
same way as phenols, otherwise the compounds are hardly
electrochemically oxidized [18]. As for the AO7 molecule, it is most likely to be electrochemically oxidized in a
same way of phenols, since only one hydroxyl group in
the naphthalene ring and no withdrawing group is present.
Furthermore, the oxidation potential and the number of
current peaks of AO7 are very similar to β-naphthol, which
also has two oxidation current peaks at 1.15 V vs SHE and
1.6 V vs. SHE. Therefore, an oxidation outline similar to
β-naphthol can be given as follows [17]:
.

HO
SO 3

N N

O
H
e

SO 3

N N

e

O
SO 3
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The cation in water is not stable, and can react with
water in two ways, (A) or (B).
O

O
SO 3

SO 3

N N

N N

position begins. In the case of dye concentration, it can be
seen that the reductive current increases with the concentration of AO7. These results demonstrate that AO7 cannot be reduced directly, but indirectly. It has been extensively accepted that attacks by active hydrogen species
can lead to the destruction of azo-bonds in photocatalytic
mineralization of dyes [20]. Similarly, the cathodic reduction of azo-dyes may be as follows:

OH
OH
N NOH +

SO 3

(A)

2H 2O
+

OH

H

OH
OH + N2 +

SO 3

(B)

All of the oxidation products presented above, pphenolsulfonate, 1,2-dihydroxynaphthalene, and the –NOH
group-containing compound have been reported by other
authors as intermediates of dyes’ advanced oxidation processes. Chivukula [19] found that 1,2- dihydroxynaphthalene can be detected by HPLC and NMR-H1 during the
photocatalytic oxidation of AO7. p-Phenolsulfonate has
been detected by capillary electrophoresis-mass spectriometry as degradation product of Fenton oxidation of AO7
[20, 21]. The compound containing N-OH bond was also
detected by GC-MS during the electrochemical degradation of the azo-dye Acid Red 14 [22].
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FIGURE 5 - Reductive cyclic voltammograms for the Nb/ BDD
electrode in 0.1 M Na2SO4 + different concentrations of AO7
(Scan rate: 50 mV s-1).

Fig. 5 contains the reductive cyclic voltammetric curves
for BDD in solutions with different AO7 concentrations
in the potential region of 0.4 Vsce to –1.8 Vsce. It shows
that no reductive current peak appears in the region of 0.4
Vsce to –1.0 Vsce, then the current increased and a current
plateau appears in the more negative region of –1.2 Vsce to
–1.5 Vsce, which is probably the limiting current of discharge of H+. At the potential of –1.7 Vsce, water decom-

H + + e− → H •

(E1)

H • + H • → H2

(E2)

R − N = N − R'+ H • → R − N = N • + R' H

(E3)

R − N = N • → R• + N ≡ N

(E4)

R − N = N − R'+2 H • → R − NH − NH − R'

(E5)

E2, E3 and E5 are competitive reactions, i.e. hydrogen generation and the reaction of azo-dye. In fact, the
decolorization effect of cathodic reduction has been verified by bulk electrolysis in a divided electrolyte cell (see
In a divided cell).
Galvanostatic electrolysis of AO7 dye solution
In a divided cell

In order to learn more about the respective contribution of anodic and cathodic processes to the decolorization and COD removal of AO7 solution, the electrolysis
in a divided electrolyte cell is conducted. The trends of
UV-Vis absorption spectrum of AO7 solution during the
galvanostatic electrolysis are presented in Fig. 6a (anodic
compartment) and Fig. 6b (cathodic compartment). The UV
spectrum of AO7 mainly consists of two well-resolved
bands. They appear at 484 and 310 nm, the lower energy
absorption band is assigned to the n-π* transition of –
N=N– group. The peak at 310 nm is the absorption π-π*of
the transition related to the aromatic rings bonded to the –
N=N– group in the dye molecule. In Fig. 6a both absorptions at 484 and 310 nm decreased gradually indicating
the rupture of azo-bonds. When the reaction was finished
after 120 min, the absorption below 260 nm also decreased
markedly, revealing that the small organic molecules, as
degraded products of AO7 (e.g. oxalic acid, formic acid),
also have been partly mineralized. Compared with the anodic process, the decolorization of the cathodic process is
more slowly and complex. When the reaction in cathodic
compartment begins, a color change of solution from orange to brown can be observed immediately when pH rises
caused by the evolution of hydrogen (AO7 dye appears
brown-colored under basic conditions). This change, shown
in Fig. 6b, is the quickly disappearing peak at 310 nm.
After 120 min, the solution in cathodic compartment still
has strong adsorption in the UV region below 260 nm,
which is the adsorption of residual aromatic compounds
as electrochemical reduction intermediates of AO7. The
COD concentrations of dye solution in anodic and cathodic
compartment after 120-min electrolysis were also analyzed,
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respectively, decreasing in cathodic compartment from
initially 92.50 mg L-1 to 64.7 mg L-1, while that in anodic
compartment is only 22.30 mg L-1. Both the decolorization and COD removal indicate that the anodic process on
BDD electrode is more effective than cathodic process on
Ti plate for the complete degradation of AO7 solution.
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In the case of pH, a continuous measurement was performed. In the initial stage of degradation, pH decreases
sharply from 6.5 to about 3.8, which resulted from the
acidic compounds generated in solution. In the posterior
stage, pH increases slightly, which may be due to the complete mineralization of acid intermediates to CO2 and H2O.
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FIGURE 7 - Trend of the pH and removal rate of COD and decolorization during the electrolysis on BDD anode and Ti cathode. I =
140 mA; initial concentration of AO7 = 400 mg L-1; electrolyte: 0.05
M Na2SO4.
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The surface characteristics of anodes after galvanostatic
electrolysis were investigated by cyclic voltammetry as well.
Fig. 8a and 8b give the cyclic voltammetric curves of BDD
and SnO2-sb electrodes in 0.5 M Na2SO4, both of the electrodes had been galvanostatically polarized in 300 mg L-1
AO7 solution for 600 seconds, then carefully washed with
distilled water, and dried in ambient environment. As for
the BDD electrode in Fig. 8a, only an oxidation current can
be observed in the first cycle, which is similar to the oxidation of some acyclic acids as reported [13]. In contrast,
a clear oxidation current peak at about 1.8Vsce appears in
the first scan of SnO2 electrode (Fig. 8b), and it does not
disappear until seven scans have been completed.
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FIGURE 6 - Absorption spectra of AO7 during the electrochemical degradation in a divided electrolytic cell. (a) Anodic
compartment (90 ml aqueous solution), anode: BDD, anodic
current density=20 mA cm-2; (b) Cathodic compartment (90 ml
aqueous solution), cathode: Ti (30 cm2), cathodic current density = 9.3 mA cm-2. Initial concentration of AO7= 60 mg L-1.
Electrolyte: 0.05 M Na2SO4.
In an undivided cell

Fig. 7 gives the trend of pH, COD and AO7 concentration as functions of charge consumed during the electrolysis in an undivided cell. Compared with the rate of
COD removal, the rate of AO7 destruction is much faster.
While AO7 disappears after 4 Ah L-1, only 50% of the
total COD is removed. Again, Fig. 7 shows the rate of COD
removal decreases with the reducing of residual COD in
dye solution, and 38% of total COD has been removed
after 2 Ah L-1, while in the subsequent 2.15 Ah L-1 only
17% of the total COD is removed. This trend agrees with
the degradation of other organic compounds [6, 7, 14].

Again, the potential of the current peak on SnO2-sb
indicates that more likely some aromatic compounds are
being oxidized on the surface of SnO2-sb, since acyclic
acids (main products of organic compounds` degradation,
e.g. succinic acid, oxalic acid and malonic acid) cannot be
oxidized in this potential region. The above findings reveal that less amount of organic matters adsorption on the
surface of BDD electrode due to its inert surface and
higher electro-catalytic activity than SnO2-sb during electrolysis at 10 mA cm-2.
Effect of electrode materials on the degradation of AO7

Fig. 9 shows the change in COD of AO7 solution with
charge consumed, when using different anode materials.
Among the anodes tested, BDD shows the highest mineralization rate. The low efficiency of Pt, PbO2 and RuO2
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is due to the relatively large leakage current for oxygen evolution. Although the SnO2-sb electrode can degrade AO7
dye effectively, its service life is a problem for technical
application. Thus, the BDD electrode is obviously the most
ideal electrode for the electrochemical applications in wastewater treatment.

aciduric material, such as stainless steel foam electrodes,
will be better. The studies of stainless steel foam for application of dye wastewater treatment are now in progress.
RuO2
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FIGURE 9 - Trend of the COD of AO7 solution during
the electrolysis on different anodes (Current density =
10 mA cm-2; initial concentration of AO7 = 400 mg L-1;
area of the anodes=14 cm2 (7 cm2 per side); Ti plate as
cathode; electrolyte:0.05 M Na2SO4.)
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FIGURE 8 - (a) Cyclic voltammograms for the Nb/BDD
electrode (1 cm2); (b) Linear voltammograms for the SnO2sb electrode (1 cm2) in 0.5 M Na2SO4 solution after electrolysis at 10 mA cm-2 in AO7 solution (300 mg L-1 AO7 + 0.05 M
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FIGURE 10 - Trend of the absorbance during the
electrolysis on different cathodes (I = 280 mA; initial
concentration of AO7 = 30 mg L-1. All the immersion
depths of cathodes are 50 mm in length (50 mm×50
mm, double sides); RuO2 as anode; electrolyte :0.05 M
Na2SO4).

The effect of cathode materials on the decolorization
of AO7 is shown in Fig. 10. As for the plate electrodes,
there is not distinctly a difference among them. However,
the electrodes with high surface area show significant efficiency compared with plate electrodes, and only 20 min
are required to destruct AO7 completely on a foam Ni
electrode, while more than 60 min are needed on a Ni
plate electrode. The excellent properties exhibited by foam
Ni and carbon felt are mainly due to the huge surfaces,
which can augment the contact areas of reaction and adsorb the dye molecules as well. Accordingly, in the electrochemical treatment of wastewaters, a combination of the
anodes with high catalytic ability and the cathodes with
huge surface is helpful to accelerate the degradation rate
of dyes. Certainly, it must be mentioned that the Ni foam
is not resistant to strongly acidic environments, so an

Effect of Na2SO4 concentration on the degradation of AO7

It has been reported that a hydroxyl process can occur
on the surface of high over-voltage anodes. The process
mainly includes the oxidation of organic molecules and
the evolution of oxygen [12-14]:

H 2 O → OH • + H + + e −

(E6)

2OH • → O2 ↑ +2 H + + 2e −

(E7)

Org. + OH • → CO2 ↑ + H 2O

(E8)

But in the solution containing SO42-, a bulk oxidation
pathway induced by oxidative intermediates may exist,
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since sulfuric acid also can be oxidized to peroxodisulfuric acid on BDD anode at potential of water discharge
[23]. Fig. 11 shows the trend of oxidant (mainly including
S2O82- and H2O2 under conditions of 10 mA cm-2) concen0.10

FIGURE 12 - Trend of decolorization of AO7 solutions with different concentrations of Na2SO4 (initial concentration of AO7 = 100 mg
L-1; current density = 17.9 mA cm-2.
TABLE 1 - TOC after 70 min of electrolysis*

0.02M Na2SO4
0.05M Na2SO4

0.08
-1

0.20M Na2SO4
0.06

2-

H2O2+ S2O8 / mmol L

Na2SO4
Initial TOC
(mgL-1)
TOC after
70 minutes
(mgL-1)

0.10M Na2SO4

0.04

0.02M

0.05M

0.10M

0.20M

48.06

47.05

46.88

47.03

39.62

38.83

35.06

21.83

* For experimental conditions see Fig. 12.
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FIGURE 11 - Trend of the oxidative substance in Na2SO4 solution (Initial pH = 3; current density = 10 mA cm-2; area of BDD
anode = 14 cm2. Volume of solution = 180 ml).

trations in acidic Na2SO4 solution during electrolyses on
BDD. The concentration of oxidants increases with time
until reaching a limiting value after about 250 min, and the
final limiting concentration is higher in the solution with
higher concentration of Na2SO4. Therefore, a route involving the hydrosulfate oxidation exists in the production of
persulfate and hydrogen peroxide (see E9 – E11 [24]).
(E9)

HSO4− + OH • ⎯
⎯→ SO4−• + H 2 O

SO4−• + SO4−• ⎯
⎯→ S 2 O8
S 2 O8

2−

2−

(E10)
(E11)

+ 2H 2 O ⎯
⎯→ 2HSO4− + H 2 O2

In fact, a faster decolorization and mineralization rate
of AO7 can be observed in the solution with higher concentrations of Na2SO4, as shown in Fig. 12 and Table 1.
Moreover, the influence of electrolyte concentration is
most notable, when the concentration of Na2SO4 reaches
0.20 M (the residual TOC is only 21.83 mg L-1).

The accelerating effect by higher Na2SO4 levels can
be explained by the competitive relation of reactions E7,
E8 and E9. When the concentration of SO42- increases,
more hydroxyl radicals will be caught in a way of E9, and
the side reaction of oxygen evolution (E7) is inhibited. The
oxidants produced by E9-E11 can oxidize organic molecules and accelerate the process of decolorization and mineralization.
In this manner, an indirect oxidation can occur in the
electrochemical degradation of AO7 as a parallel reaction
of direct oxidation of AO7 on BDD surface, where hydroxyl is formed. A combination of anodic and cathodic
processes makes the route of AO7 degradation more complicated. The HPLC analysis results of 100 mg L-1 AO7
solutions after electrochemical degradation for different
times are shown in Fig. 13. The first peak (3.5 min) obtained for the initial dye solution is identified as sulfanilic
acid, which is used as precursor in AO7 synthesis. The
intensity of this signal rises up sharply after 1 hour of
degradation indicates the increase of sulfanilic acid, probably due to the electrochemical azo-bond destruction of
AO7. In the successive hour, the intensity of the 1st peak
decreases, compared with that before, indicating that
sulfanilic acid was destructed by electrochemical process
as well. In the chromatogram of 1-h degradation (curve
b), decreasing peak intensities of AO7 are observed, and
several intermediates (peaks 1-5, etc.) formed.
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FIGURE 13 - Chromatograms obtained for samples after
electrochemical degradation on BDD anode and Ti cathode
for different time. a: initial sample, b: 1hour, c: 2 hours.
AO7 concentration =100 mgL-1, I=140mA.

[4]

Kötz, R., Stucki, S. and Carcer, B. (1991) Electrochemical
wastewater treatment using high overvoltage anodes, J. Appl.
Electrochem., 21, pp14-20.

[5]

Feng, J., Houk, L.L. and Johnson, D.C. (1995) Electrocatalysis
of anodic oxygen transfer reaction: The electrochemical incineration of benzoquinone, J. Electrochem. Soc., 142, pp
3626-3634.

[6]

Polcaro, A.M., Mascia, M., Palmas, S. and Vacca, A. (2004)
Electrochemical degradation of diuron and dichloroaniline at
BDD electrode, Electrochim. Acta, 49, pp 649-656.

[7]

Polcaro, A. M., Palmas, S., Renoldi, F. and Mascia, M. (1999)
On the performance of Ti/SnO2 and Ti/PbO2 anodes in electrochemical degradation of 2-chlorophenol for wastewater treatment, J. Appl. Electrochem., 29, pp147-151.

[8]

Lipp, L. and Pletcher, D. (1997) The preparation and characterization of tin dioxide coated titanium electrodes, Electrochim.
Acta, 42, pp 1091-1099.

[9]

Matsunaga, A. and Yasuhara, A. (2003) Complete dechlorination of 1-chloronaphthalene by electrochemical reduction with
naphthalene radical anion as mediator, Environ. Sci. Technol., 37, pp 3435-3441.

CONCLUSIONS
The redox behaviors of AO7 on BDD electrode have
been investigated by cyclic voltammetry. AO7 molecules
can be electrochemically oxidized on BDD in a similar
way as β-naphthol, and cause the partly deactivation of
electrode surface in the potential region between 1.0 Vsce
to 1.8 Vsce. AO7 cannot be reduced directly on BDD electrode, but an indirect reduction involving the active hydrogen radical route may occur.
Galvanostatic electrolysis of AO7 dye shows that a
complete combustion of AO7 can be obtained in this work,
but the contribution of anodic and cathodic processes is
different. The anodic processes proceed on BDD, and can
degrade the AO7 molecules thoroughly at a fast rate, while
the effect of cathodic process is mainly the destruction of
azo-bonds. The comparison of different electrode materials shows a combination of Nb\BDD anode and a cathode
with high surface, such as a foam metal electrode, is better for the degradation of AO7. Increase of the concentration of Na2SO4 is helpful to the decolorization and mineralization of AO7.
The degradation of AO7 involves complicated processes including direct oxidation by hydroxyls, bulk oxidation by oxidants (persulfate and hydrogen peroxide in
this work) and reducing reactions on cathode.
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SUMMARY

INTRODUCTION

A study on the effects of copper-mining waste discharge on several tropical medicinal plants was carried out.
The levels of arsenic and some heavy metals (Cd, Cu, Pb,
Zn, Cr, Ni, Fe, Mn and Co) were determined in soil samples and the medicinal herb species Curculigo latifolia,
Selaginella plana, and Clidemia hirta found along the
Mamut riverbank that received effluent and runoff from a
copper-mine upstream. The metal concentrations were compared to those of soils and same plant species collected
from a nearby river (Kipungit River), which was not affected by the mine discharge. Soil samples from Mamut
riverbank showed significantly higher levels of extractable Cd, Co, Cr, Cu, Fe, Ni, Pb, and Zn than those from
Kipungit riverbank (P<0.05). Because of the contaminated
soil near Mamut River, C. latifolia from there demonstrated
higher metal levels of Cd, Co, Cu, Fe, Ni, and Zn, when
compared to the same plant species from Kipungit
riverbank (P<0.05). However, no obvious contamination
by As and metals was observed for the herb species Selaginella plana, and Clidemia hirta. Cd was the only metal
that was accumulated by all medicinal plants studied with
enrichment coefficients between 1.1-4.0. However, it was
not pos-sible to establish whether the elevated levels of
metals found in C. latifolia were the results of metal bioaccumulation from the Mamut soils.

KEYWORDS: Enrichment coefficient, accumulation, metal pollution, medicinal plants, soil contamination.

Mining activities have continuously increased the level
of heavy metals circulating in the environment and biosphere, and their toxicity now poses many major environmental problems [1]. In the last decade, studies have
focused on the effect of surface mining on the mobilization of heavy metals, and unfortunately they often revealed
that mining activities contributed to elevated level of metal
toxicity [2-4].
Mining activities generate a large amount of waste
rocks and tailings, which are deposited on the surface of
land, resulting in damages to usable land mass. Waste rocks
and tailings are often chemically very unstable and will
become sources of pollution. The direct effects are the
loss of cultivated, forest or grazing lands, which eventually leads to the overall loss of agricultural production. The
indirect effects from dumping of waste rocks and tailings
are air and water pollutions, including the siltation of
rivers [5]. Many other environmental problems associated
with pollution from mining are an increase in acidity, nutrient deficiencies and accumulation of toxic heavy metal ions
in soil. Poor physical structure and imbalance in chemical
interactions in soil is known to be caused by the presence
of mine tailings. The altered physicochemical behaviour of
the soils leads to inhibition of plant growth [6]. Heavy metal
contamination of soils can be a hazard to human and animal health, because toxic metals may be transferred and
accumulated in the food chain, especially through plants
consumed by humans and animals [7]. Consumption of
crops that have accumulated heavy metals from soil is one
of the main routes of exposure of humans to various toxic
elements [8]. Because of the almost indestructible nature of
most toxic metals in the environment and biological system [9], their accumulation can reach lethal levels [10].
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An example of mining that has been causing environmental problems is a now abandoned copper mine in
the interior of Sabah, Malaysia. One of the major rivers
that drains this copper mine is the Mamut River, exposed
to deposition of heavy metals originating from this copper
mine for many years. A study of the Mamut River by Lee
and Stuebing [3] on the effect of copper mine discharge
on the riparian fauna showed obvious contamination by
high levels of several metals, notably copper.
Since the cessation of the mining operation in 1999,
the riparian forest at the riverbank of the Mamut river has
become source of forest products for the local people, including medicinal plants. Several species of herbs, such as
Curculigo latifolia, Selaginella plana, and Clidemia hirta,
grow along the riverbank, and are commonly used as edible
herbs by the local people. Curculigo latifolia belongs to the
family Hypoxidaceae and is normally used as a natural
sweetener. Both Selaginella plana, (family of Selaginellaceae) and Clidemia hirta (family Melastomataceae) are
used for their medicinal properties.
Because of the risk of consumption of these plants possibly contaminated by toxic metals from Mamut river, it
is, therefore, the aim of the present study to determine the
concentrations of heavy metals including toxic metals and
arsenic in these plants collected from the riverbank. Of
particular importance is the bioaccumulation ability in C.
latifolia, C. hirta and S. plana growing in Mamut river
area as this will determine the possible intake of excessive
amounts of metals by the local population through consumption.
MATERIAL AND METHODS
The study area

The study area is located at a 500 m stretch of the
Mamut River at the Poring Park (6o 5’ N, 116 o 40’ E) in
Sabah, Malaysia. The Mamut River along the selected
plots has a width of approx. 3 m and a water depth of 0.51 m. The river received effluents, mostly as runoff from
the copper mine several km upstream. The river bank and
the riparian zone at the study site is about 15-20 m wide,
and covered with secondary rainforest. During stormy conditions, the river swells to flood this riparian zone where
sediments carried downstream from the mine sites are
deposited. The copper mine began its operation in 1975
and ceased it in 1999. To compare the results of the study,
a control site, i.e. the Kipungit River was chosen. This
control site is located 600 m from the Mamut river. Therefore, the forest environment and soil conditions are similar to that of the Mamut River, except that the Kipungit
River is not affected by any copper mine discharge.
Sampling and vegetation analysis

Plants (C. latifolia, S. plana, and C. hirta) were collected from six quadrates of size 10 × 10 m along the

Mamut river bank, and six similar-sized quadrates at the
Kipungit river bank were used for control analyses.
All the quadrates were selected randomly. For each
plant species, a total of 15 plants were collected from
Mamut and Kipungit river banks. The aerial parts of the
plants (not including the roots) were used for chemical
analysis. Vegetation analysis for these plants was carried
out by calculating the density and relative frequency of
occurrence of these plant species with the following formula:
• Density of species = Number of individuals of species/
Number of quadrates
• Relative frequency of occurrence = Number of quadrates with occurrence * 100/Total number of quadrates
studied
Soil and plants samples were collected from each quadrate. Soil samples were collected up to a depth of 20 cm at
0, 5, 1and 10 m from the edge of river. A total of 24 soil
samples were collected from Mamut area and 12 samples
from Kipungit river area.
Metal analysis of plant and soil samples

The plant samples were carefully washed with deionized water and oven-dried at 60 °C for 24 h. 25 ml of
HNO3 was added to 3 g of leaf sample and heated gently
for 30 min at 70–80 oC. After cooling, 15 mL of HClO4
(60%, w/w) was added and the heating continued until
dissolution of the sample occurred and the solution turned
colourless. After cooling, it was filtered through a 0.45 µm
membrane (Millipore), followed by dilution with distilled
water before metal analysis.
Soil samples were extracted with two different methods in order to determine the bioavailable and total metal
contents. USEPA procedures [11] were used for soil extractions and heavy metal determination. For bioavailable
metals, 10 g of soil were extracted with 50 mL of 1M
ammonium acetate (NH4OAc) for 24 h. The extract was
then filtered through a 0.45 µm membrane (Millipore) before metal analysis. For total heavy metal analysis, 10 g of
soil was extracted with 50 mL of 1M HCl for 24 h. The
extractant was then filtered through a 0.45 µm membrane
and then used for metal analysis.
The total concentrations of As and the other heavy
metals (Cd, Cu, Pb, Zn, Cr, Ni, Fe, Mn and Co) in plant
and soil extracts were determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) (Optima
4300 DV).
To evaluate the accumulation capacity of all heavy
metals, enrichment coefficients were calculated according
to Yanqun [5]. This was carried out by using the metal
concentration in plant parts grown above ground divided
by the total metal content in the soil. All comparisons between the concentrations of As, Cd, Cu, Pb, Zn, Cr, Ni,
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Fe, Mn and Co in plant and soil samples were performed
by using t-tests at p < 0.05.
RESULTS AND DISCUSSION

3.5
0m

3

5m

As and metal contamination
in soils from the Mamut riverbanks.

The variations of concentration for several metals in
the soil samples extracted by NH4OAc, according to distance from the Mamut river, are depicted in Figure 1, whilst
the average amount of metals extractable by NH4OAc in
soil samples from the riverbanks of Mamut and Kipungit
rivers are included in Table 1. For the Mamut River, there
was a decrease in most metal contents in the soil with distance from the river. Although the decrease appeared to
be large, t-tests at p<0.05 did not indicate any significant
difference. However, the NH4OAc-extractable soil samples from Mamut riverbank had significantly higher levels
of Cd, Co, Cu, Fe, Ni, Pb, and Zn, compared to those from
Kipungit River bank (P<0.05), which is not contaminated
by copper mine discharge.
Soil samples from the riverbank of the Mamut River
had levels of Cu, Fe, Ni, and Pb up to 20-150 times higher
than those from Kipungit riverbank, whereas the levels of
Cd, Co, and Zn were 4-8 times higher (Table 1). A similar
trend was observed for metals extracted by HCl solution.
The NH4OAc-extractable fraction is the major one of metals available for plant absorption. On the other hand, metals
extracted by HCl also include fractions of metals that are
bound to minerals, not always available for plant up-take.
A good linear relationship between both the NH4OAc and
HCl-extractable metals was established ([metal]NH4OAc =
0.0416[metal]HCl – 45.401, R2=0.9707), and indicated that
the metals in the bound fraction might contribute to those
present in the available fraction.
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The recovery rates of the method used for metal analysis were determined by spiking randomly selected soil
samples with appropriate concentrations of metals, and
found to be within 81 –90% for all metals. The reproducibility of five replicates of each soil sample demonstrated
relative standard errors below 10%, implying that the extraction procedure used was satisfactory.
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FIGURE 1 - The variation in concentrations for several metals
in soils (extracted by NH4OAc) at a distance of 0, 5 and 10 m
from the Mamut river showing decreasing trends of metal content away from the river.

TABLE 1 - The average content of As and other heavy metal concentrations
in plant tissues and soil samples from the riverbank of Mamut and Kipungit rivers.
Metal

S. plana
Mamut

Kipungit

C. latifolia
Mamut

As(µg kg-1)

71.1+90.0

23.3+ 21.0

45+ 20

Cd(µg kg-1)

80.0+1.0

24.0+1.0

21.6+2.0

Co(µg kg-1)

65.0+7.0

58.5+12.0

150.0+44.0

Cr(µg kg-1)

786+80

200+120

340+300

Cu(mg kg-1)

2.25+2.60

0.71+0.60

Fe(mg kg-1)

64.8+38.0

Mn(mg kg-1)

4.3+1.5

Ni (µg kg-1)

827+800

Kipungit

16.3+11.0

C. hirta
Mamut

Kipungit

Soil samples
Mamut
(NH4OAc)

Kipungit
(NH4OAc)

Soil samples
Mamut
(HCl)

Kipungit
(HCl)

44.3+47.0

35.4+28.0

39.4+3

34+3

120+90

34+3

67+32

30.0+26.0

7.8+3.4

0.9+1.0

20 +10

1.0+2.0

20.0+13.0

75.0+30.0

72.3+25.4

16.0+8.0

2.0+2.0

930+480

390+220

65.0+30.0

487.6+62.0

273.3+0.2

3.3+2.0

6.0+2.5

4130+1150

260+130

3.68+0.16

0.45+0.20

1.54+1.97

0.45+0.13

2.27+0.87

0.01+0.02

52.5+17.0

0.28+0.10

28.4+13.8

48.2+7.2

9.8+6.3

36.8+32.1

30.6+20.4

0.8+9.0

38.0+20.0

1271.3+ 347.6

294.6+105.1

6.8+4.1

6.9+4.6

6.2+4.8

1.9+1.6

3.3+1.1

3.8+2.2

2.7+1.3

48.8+39.1

365+260

710+880

100+60

643.3+780

393+200

620+280

16.1+7.0

21130+9220

14.3+12.0
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Pb(µg kg-1)

300+269

133 +114

73.3+46.0

30.0+11.0

141.5+170.0

85.2+64.0

128+89

0.9+0.1

9180+3750

380+90

Zn (mg kg-1)

3.93+2.19

3.03+1.06

3.77+1.11

1.77+0.64

1.64+1.27

1.61+0.68

1.70+0.64

0.44.+0.10

4.08+2.96

0.83+0.31

Bech et al. [12] has reported on the NH4OAc-extractable As and other metal contents of soils around a copper
mine in Peru. The levels (mg/kg) were As: <0.25 – 7.0,
Cd: <0.05-3.8, Cu: 0.48-53, Pb: 0.61-4.9, Mn: 0.83-10,
Zn: 0.08-5.9 and Fe: 10-71. Clearly, the levels of As and
the other metals in Mamut riverbank soils is 20 to several
hundred times lower than that reported. This shows that
Mamut riverbank contamination at the site studied is relatively low, because the discharge of mine waste is not continuously and only occurs during stormy weather, where
the runoff from the mine is discharged into the Mamut
river and deposited at the riverbank during flooding.

species from 13 families found in the Sao Domingos mine,
and that of Bech et al. [12] with the analysis of 8 species
of various plants. Obviously, the levels of As and metals
found in the various plant species varied widely depending on the species and the location of the mine. Nevertheless, the three herbs from the Mamut riverbank showed the
lowest amounts of As and metals compared to the other
ones, being within the safety limit permissible by FAO/
WHO for food (Table 3).
TABLE 3 - A comparison of metal contents
in various plant species from different mine sites.
Metal

Bech
et al. [12]
(mg/kg)

Freitas
et al. [13]
(mg/kg)

This work
(mg/kg)

As
Cu
Fe
Mn
Ni
Pb
Zn

112-5280
36-1880
(0.58-7.08)%
40-1490
61-604

0.3-23.5
3.6-28.9
1.1-7.8
2.9-84.8
12.2-343.2

0.02-0.07
0.45-2.25
9.8-64.0
1.90-6.90
0.10-0.80
0.03-0.30
1.60-3.90

Contamination of As and
heavy metals in various herb species

The total number of individuals of C. latifolia, C. hirta, and S. plana was estimated in 12 quadrates representing 1200 m2 in Mamut and Kipungit areas. The densities
of C. latifolia and S .plana were higher in Kipungit compared to Mamut area, while C. hirta has a higher density in
Mamut area (Table 2). Based on the frequency of occurrence, the possibilities of finding C. latifolia and S .plana
in Mamut and Kipungit areas are equally, whilst C. hirta
showed higher occurrence in Mamut area.
TABLE 2 - The distribution of various herb
species at the Mamut and Kipungit riverbank.
Species

Density/
Mamut

C. hirta
C. latifolia
S.plana

6
3
29

Quadrats
Kipungit
4
6
39

Accumulation behaviour of As
and heavy metals in herb species

Metals` accumulation behavior may be assessed by the
enrichment coefficients for various metals. The metal accumulation behavior of all three herbs was assessed under
both contaminated and non-contaminated environments.

Frequency %
Mamut
100
50
100

Permissible
level by
FAO/WHO
(mg/kg)
0.2-1.0
5 –30
2-15
0.3-2.0
5.0

TABLE 4 - The enrichment coefficients of metals in various herb
samples collected from both Mamut and Kipungit riverbanks.

Kipungit
66.7
50
100

C. hirta
Mamut
Kipungit

Among the three species of herbs studied, C. latifolia
from the Mamut riverbank was clearly contaminated by
several heavy metals. The levels of Cd, Co, Cr, Cu, Fe,
Ni, and Zn were significantly higher compared to control
plant specimens from Kipunyit riverbank (P<0.05), and this
is consistent with the higher levels of these metals in the
Mamut soil (Tale 1). Co, Cr, Cu, Fe and Ni contents in C.
latifolia samples from Mamut area were generally 5-9 times
higher than that of Kipungit area. Other metals (As, Cd,
Mn, Pb and Zn) were slightly higher in concentration compared to Kipungit samples, but statistical tests showed nonsignificant differences between the mean values (P>0.05).
For C. hirta and S. plana species, also no significant difference in the level of metals in Mamut area samples was
found, when compared to that from Kipungit site. Thus, no
clear contamination can be concluded for these two species of herbs.
The As and metal contents of the three herb species
investigated here may be compared with plants species
studied in other copper mine areas. Table 3 shows a comparison between the data obtained in this work with that of
Freitas et al. [13], which involved the analysis of 24 plant

As
Cd
Co
Cr
Cu
Fe
Mn
Ni
Pb
Zn

0.3
3.37
0.16
0.11
0.02
0.02
0.04
0.03
0.01
0.4

0.35
30
0.18
0.7
1.7
0.12
8.5
0.2
0.22
1.9

C. Latifolia
Mamut
Kipungit
0.37
1.08
0.19
0.08
0.07
0.038
0.14
0.03
0.08
0.92

0.16
14.3
0.05
0.25
1.6
0.03
15.8
0.05
0.07
2.13

S. plana
Mamut
Kipungit
0.59
4
0.16
0.19
0.04
0.006
0.09
0.039
0.03
0.96

0.23
24
0.15
0.51
2.55
0.09
17.5
0.18
0.35
3.6

In Kipungit area (Table 4), essential metals showing
unity-exceeding enrichment coefficients for all three herbs
were Cu, Zn and Mn (highest enrichment coefficient), and
coefficients increased according to the trend S. plana > C.
latifolia > C. hirta. All three species demonstrated accumulation behavior for Mn, Cu, and Zn, even under noncontaminated conditions. These results concur with those
of Barazani et al. [14], who reported that accumulation of
Zn and Cu by N. glauaca Graham under controlled conditions and in non-contaminated soils, both the roots and
shoots of the plants can accumulate several hundred times
of Zn and Cu from the water-soluble fraction of these
metals. Accumulation of Mn, Cu and Zn is more likely

1324

© by PSP Volume 15 – No 10. 2006

Fresenius Environmental Bulletin

due to the fact that these elements are essential for normal
plant nutrition [15]. For most of the metals analyzed (As,
Co, Cr, Cu, Pb, Fe, and Ni), C. latifolia showed the lowest
enrichment coefficients, with regard to that for C. hirta and
S. plana.
In the contaminated Mamut area, enrichment coefficients for As, Co, Cr, Cu, Pb, Fe, Mn, Ni, and Zn were
lower than unity 0, and, thus, accumulation behavior was
not obvious (Table 4). Among these metals, Zn showed
the highest enrichment coefficient in all species. C. latifolia demonstrated highest enrichment coefficients for Co,
Cu, Fe, Mn, and Pb, whilst S. plana showed highest enrichment coefficients for As, Cr, Ni and Zn. Identical
enrichment coefficients were observed for Co in C. hirta
and S. plana, as well as Ni in C. latifolia and C. hirta.
The only metal that exhibits enrichment coefficient
>1 in both control and contaminated sites is Cd. In the
Kipungit area, the enrichment coefficients for all three
species ranged from 14.3–30, whilst for the Mamut area,
from 1.1-4.0. The values for the Mamut site are similar to
the transfer factor of 0.1-5.0 (calculated similarly as the
enrichment coefficient) reported by Boularbah et al. [16]
for a mine-site at Morocco. Also in both the sites studied,
the mostly accumulated metal by all three herbs is Cd, followed by Zn, and the least accumulated is Fe. Cd has also
been reported to have the highest transfer factor, when
compared to metals such as Zn and Cu [16].

CONCLUSIONS
Forest soils from the Mamut riverbank are contaminated by several metals, and this is a consequence of the
discharge and runoff from copper mine wastes. However,
only C. latifolia was remarkably contaminated by metals,
but levels of contamination were still below those permitted by FAO/WHO for sources of food. Cd appears to be
the main contaminant accumulated in Mamut riverbank by
all plant species examined. The higher levels of metals in
C. latifolia cannot be explained by accumulation behavior
of metals.
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The results indicated that at the control site, accumulation of metal is more obvious for some metals in all three
plant species, but at the polluted site metal accumulation
generally is less clear, except for Cd. The absence of clear
metal accumulation behavior in plants from the contaminated Mamut riverbank is in contrast to the observation
that HCl-extractable metals were present in higher concentrations in Mamut than in Kipungit soil. The relationship between metal uptake by plants and soils depends on
plant-associated and soil-associated factors influencing
the metals`bioavailability. It has been reported that metal
uptake by both roots and leaves of plants is not linearly
correlated to the external metal concentration [17, 18].
The phenomena of reduction of accumulation behavior under high metal contamination levels may also imply
that all three plants have mechanisms to prevent further
metals` uptake from contaminated soil and, hence, enrichment coefficients decreased with increase in soil metal
levels. The prevention of excessive metal uptake may be
via detoxification mechanisms, such as excretion and selective metal uptake [19]. It is also possible that the metal
translocation is restricted to the root, and less metal is
translocated to the leaves, which is another strategy for
metal tolerance in plants [20, 21].
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SUMMARY
A new dihydrocamphene congener, 2,2,3-exo,6,8,9,10,
10-octachlorodihydrocamphene, has been isolated from the
technical toxaphene using column chromatography followed by HPLC. This can be considered to be the secondly
identified dihydrocamphene in the complex technical mixture. The isolated compound was unstable at temperatures
up to 180 °C, also under HRGC conditions of up to 200 °C,
and converted spontaneously to 2,2,3-exo,8,9,10α- hexachlorocamphene under elimination of Cl2. The structure
of both congeners were confirmed by MS, FTIR, 1H- and
13
C-NMR spectroscopy. The postulated reaction way pointed out that parts of chlorocamphenes detected in a technical mixture by GC were probably artifacts.

KEYWORDS:
Technical toxaphene, chlorodihydrocamphene, chlorocamphene.

INTRODUCTION
Toxaphene is an organo-chlorine broad-band insecticide, which among others has first been marketed in 1945.
Although other chlorinated carbon/hydrogen-based pesticides have been banned in the USA in 1972, toxaphene
production still continued and was finally prohibited in
1982 [1]. However, the use of it was still allowed, although its danger for the environment has been known.
Other industrial countries followed this recommendation
later on, but toxaphene is still produced and applied in
many countries of the Third World. It is estimated that in
total 1.33 million tons of toxaphene have been used between 1950 and 1993 [2].
The analysis of toxaphene residues in the environment is somewhat difficult, due to the high complexity of
technical mixtures, comprising between 177 and 670 single

components [3, 4]; most of them belonging to the chlorobornane group, followed by chlorocamphenes [5–7]. Furthermore, toxaphene residues undergo biotic and abiotic
conversion reactions [8–10], which leads to an unease in
comparison with technical toxaphene peak pattern during
GC analyses. Therefore, the identification and isolation of
yet unknown single toxaphene components is of utmost
importance for environmental residue analysis.
Burhenne (1993) [11] and Hainzl (1994) et al. [12]
isolated 22 components and prepared a standard mix of
them. However, more work is necessary to better evaluate
the exact composition of a technical mixture. In this respect, the content of chlorodihydrocamphenes in technical
mixtures is less investigated. Vetter et al. (1999) [13] reported on the isolation of a tetrachlorodihydrocamphene
from Melipax®, a product similar to technical toxaphene
in the former GDR. Behr et al. (1998) [14] were also able
to synthesize several dihydrochlorocamphenes by chlorination of 2,2-dichlorobornane, and elucidated their
structure by spectroscopic and X-ray methods. However,
all dihydrochlorocamphenes isolated by these authors do
not exist in technical toxaphene. Yet, only one dihydrochlo-rocamphene with seven chlorine atoms has been
found in technical toxaphene, which could be identified by
spectroscopy methods [15]. We report in this work about
the isolation and characterization of a new chlorodihydrocamphene, containing eight chlorine atoms, 2,2,3exo,6,8,9,10,10-octa-chlorodihydrocamphene (1), and its
behaviour at higher temperatures of up to 200 °C.
MATERIALS AND METHODS
Chemicals

All chemicals were of analytical grade. Petroleum
ether (60–90 °C) and acetone were additionally redistilled

1328

© by PSP Volume 15 – No 10. 2006

Fresenius Environmental Bulletin

before use. Technical Toxaphene Mix was purchased from
Dr. Ehrenstorfer, Augsburg (Germany). Silica gel 60 (70–
230 mesh) for column chromatography and sodium sulphate were obtained from Merck, Darmstadt (Germany).

0.2 mm i.d.; 0.33 µm film thickness; helium gas flow rate:
1 mL/min; temperature program: GC oven initially set at
140 °C, held for 3 min and programmed at 4 °C/min to
180 °C, held for 20 min. Mass spectrometry: HP 5988 A;
ion source: 180 °C with 70 eV.

HRGC/ECD-SIM-MS analysis

For high resolution gas chromatography/electron capture detection-select ion monitoring-mass spectrometry
(HRGC/ECD-SIM-MS), a Hewlett-Packard 5890 gas chromatograph (Series II) was coupled with a Finnigan 8200
mass spectrometer (Bremen, Germany). GC parameters: column, DB5, 30 m × 0.25 mm i.d., 0.25 µm film thickness
(J & W Scientific, Wesel, Germany); temperature program,
50 °C (1 min) raised to 150 °C (70 °C/min, 5 min) and
then to 180 °C (2 °C/min). MS parameters: filament, 70 eV;
reagent gas, CH4; ion source pressure, 25 × 10–6 MPa; ion
source temperature, 190 °C; scan, m/z 65–500, 1.2 s per
scan.
HRGC/EI-MS analysis

A Hewlett-Packard 5890, Series II-GC was used for
the HRGC/EI-MS analysis under the following conditions: splitless mode (0.5 min) to split at 180 °C; injection
volume: 1–2 µL; HP Ultra column: 25 m in length and

HPLC analysis

A Perkin-Elmer system for HPLC analyses, Series
3B, was used. Column: Bischoff, 20 × 250 mm with Nucleosil 120-5 C18; mobile phase: acetonitrile (ACN)/H2Ogradient, 0–20 min (60:40), from 40 min onwards, 100%
ACN; flow rate: 30 mL/min; detection: UV, 210 nm; applied amounts: 100 mg in 1–1.5 mL.
1

13

H- and C-NMR spectroscopy

A Bruker 500 MHz spectrometer was applied for 1Hand 13C-NMR spectroscopy with tetramethylsilane (TMS)
as standard and deuterated chloroform (CDCl3) as the
solvent. Both chemicals were purchased from Sigma Aldrich, Munich (Germany). All chemical shifts were referenced to the solvent peak and recalculated with respect to
TMS, δ (1H): 7.24 ppm for CHCl3. The correlated spectroscopy (COSY) and 13C-NMR spectra of compounds
1 and 2 are shown in Figs. 1–4.

FIGURE 1 - 13C-NMR spectrum of compound 1.
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FIGURE 2 - 13C-NMR spectrum of compound 2.

FIGURE 3 - COSY NMR spectrum of compound 1.
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FIGURE 4 - COSY NMR spectrum of compound 2.

HRGC/FTIR spectroscopy

For HRGC-Fourier Transform Infrared (FTIR) spectroscopy, a Hewlett-Packard (5890-5965) gas chromatograph was used to generate the spectra. The same column
as in HRGC was applied for the FTIR system under the
same experimental conditions.
Isolation of compounds 1 and 2

For the isolation of compound 1, in total 5 g of technical toxaphene was applied to silica gel column and separated by liquid chromatography (column 180 × 60 cm, 1.8 kg
silica gel 60, 230 mesh; mobile phase: petroleum ether 40–
60 °C; flow rate: 2.0 mL/min; total retention volume, 20 L)
into 20 fractions. The solvents were removed and the resi-

dues with yields varying between 40-380 mg were redissolved in 5 mL ACN. The at least 25 fractions obtained in
this manner were separated by HPLC in reversed phase
mode (Perkin-Elmer system, Series 3B; column: Bischoff, 22 × 250 mm with Nucleosil 120-5 C18; detection:
UV, 210 nm; mobile Phase: ACN/H2O-gradient, 0–20 min
(60: 40), linear from 40 min onwards, 100% ACN; flow
rate: 20 mL/min; applied amounts: 780 mg). A total of 30
fractions were separated. In the 22 nd fraction, compound
1 was enriched and crystallized spontaneously. A further
pu-rification by recrystallisation with n-hexane was necessary. Compound 1 was isolated in an amount of 12 mg.
For the thermostability experiments and isolation of
compound 2, the following procedure was applied: In total
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8 portions, each weighing 0.3 mg, of 1 in 0.5 mL nitrogen-saturated n-hexane were transferred in capillary Pyrex
tubes (1 mL). After evaporation of the solvent, the samples
were heated at 180, 200, 220, and 240 °C in a paraffin bath
for 3 min. For each experiment, 2 samples were used. After
cooling down to room temperature, each sample was dissolved in 5 mL of n-hexane and analysed by HRGC/EIMS and HRGC/ECD-SIM-MS. All samples from the thermostability experiments were collected (8 × 0.3 mg in 5 mL
of n-hexane) and freed from the solvent. After 3 times of
recrystallising from n-hexane, compound 2 could be isolated in pure form with a yield of 1.5 mg.
RESULTS AND DISCUSSION
During the temperature-controlled thermolysis of compound 1 under N2-atmosphere, an uniform reaction could
be observed. Besides of some impurities in negligible
amounts, which probably were polymeric compounds, only
compound 2 was detected by HRGC/EI-MS. The reaction
occurred spontaneously and in very high yields. At 180 °C,
the yield after conversion was between 30–35 %. At higher
temperatures, e.g. 240 °C, the reaction completed already
after 3 min (Table 1). To determine the stability of compound 1 under HRGC-conditions, a diluted solution in nhexane (30 µg/10 mL) was injected 10 times in the HRGC/
EI-MS at different temperatures (180, 200, 220, and 240 °C)
under isothermal conditions.
TABLE 1 - Yield (%)a of compound 2, converted
from compound 1 at different temperatures after 3 min.
Temperature (°C)

180

200

220

240

Exp. I

35.4

49.3

78.1

98.5

Exp. II

30.0

45.3

82.0

99.6

a

Mean value from 2 measurements.
TABLE 2 - Relative conversion rates of
the reaction of compound 1 to 2 in HRGC.
Temperature (°C)

180

200

220

240

Conversion rate (%)

0.0

4.2 ± 0.8

24.53 ± 2.46

30.5 ± 4.55

The conversion rates of compound 1 to 2 were determined with HRGC/ECD-MS in full scan mode by peak
height comparison of the compounds, considering their different response factors at 180 °C – RF (Parlar #50 as standard), 100.0; RF (compd. 1), 92.3; RF (compd. 2), 75.4. The
results show that compound 1 was unstable at a column

temperature of 200 °C, but was stable at 180 °C (Table 2).
At 240 °C, approximately 50% of compound 1 converted
to compound 2.
The structure of compounds 1 and 2 were elucidated
by MS, FTIR, 1H- and 13C-NMR spectroscopy, of which
the data are summarised in Tables 3-7. The spectroscopic
data of compound 2 were identical with those of a hexachlorocamphene, already isolated and identified by Hainzl et
al. (1994) [12]. For the structure elucidation of compound 1,
possible fragmentation pathways of chlorinated bornanes
and resulting ions have already been discussed in the literature [14], so that in the following, only the spectra of compounds 1 and 2 will be discussed.
The most important fragment ions of compound 1 are
listed in Table 1, as well as their intensities relative to the
respective mash signal (= 100), which is the [CHCl2]+ ion
at m/z 83. This points out that compound 1 contains a
CHCl2 group. The corresponding ion m/z 327, [M-CHCl3]+,
is also registered with high intensities. On the other hand,
the fragment ions at m/z 49, [CH2-Cl]+, and m/z 361, [MCH2Cl]+, both registered with low intensities, as in the case
of m/z 83 and m/z 327, are important indicators for the presence of a CH2Cl moiety in this molecule. Nevertheless, the
ratio of m/z 49 to m/z 83 can be used to determine the number of CHCl2 and CH2Cl groups in these kinds of substances [11, 12, 14].
As this ratio is below 0.5, the molecule possesses two
CH2Cl groups. The signal appeared at m/z 374, [M-HCl]+
with a relative high intensity, which points out that HCl is
rapidly eliminated from the molecular ion. This reaction is
only possible, when a hydrogen and a chlorine atom occur
in a vicinal position. The Retro-Diels Alder fragmentation,
leading to dichlorocyclopentadiene at m/z 134 with two
chlorine atoms, is one of the most important fragmentation steps for compound 1. These or similar fragments are
not existent in the mass spectra of chlorobornanes [16,
17]. Therefore, it can be assumed that compound 1 does
not belong to this class of substances.
In the FTIR-spectra, the C↔H-deformation vibrations
are locked at 1460–1465 cm–1 and at 1440 cm–1. These
bands can be used to support the structure elucidation of
compound 1. Assumingly, the molecule has two CH2Cl
moieties and only one CH2 group, which is not chlorinesubstituted. Other absorptions at between 770–790, 800–
830, 840–860, 930–950, and 1290–1310 cm–1 are typical
bands of a highly chlorinated C10-terpene (Table 7).

TABLE 3 - Amounts, purities and HRGC/EI-MS data of the compounds 1 and 2.
C.

Amount (mg)

Purity (%)a

TR (min)b

RFc

1

12.0

98.5

0.95

43.9

Relative intensities (m/z)

410(0.0); 375(1.0); 374(12.0); 361(7.0); 339(14.2); 327(30.3); 303(27.4);
291(25.7); 255(23.3); 134(21.0); 83(100.0)
2
1.5
99.0
0.720
46.2
340(5.0); 49(10.5); 295(63.0); 293(100.0); 291(64.2); 260(12.3); 258(21.0);
256(12.0); 223(9.9); 219(8.3); 185(7.5); 115(12.0); 49(8.3)
C.: Compound. a Purity determined by HRGC/EI-MS (full scan). b Retention time relative to Parlar #50 (= 1.0). c Response factor relative to Parlar #50 (= 100).
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TABLE 4 - 13C-NMR data of compounds 1 and 2 (ppm) related to the C-atoms.
C.

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

1

71.8d

87.2s

70.3d

57.8d

51.0s

56.4s

34.0t

48.0t

43.1t

73.6d

2

62.2d

92.5s

69.6d

55.7d

50.9s

140.4s

33.7t

47.0t

44.9t

119.4d

C.: Compound, s: singlet, d: doublet, t: triplet.

TABLE 5 - 1H-NMR data of the compounds 1 and 2 (ppm).
C.

H1

H3-endo

H4

H7a

H7b

H8a

H8b

H9a

H9b

H10a

1

3.56m

4.75d

2.49dd

2.71m

2.51m

4.50dd

3.69d

3.97dd

4.00d

6.77s

2

3.93m

4.60d

2.60dd

2.41d

1.90m

3.60dd

3.86d

3.71dd

4.05d

6.49d

C.: Compound, s: singlet, d: doublet, dd: double doublet, m: multiplet. a H10a for compound 1 or H10 for compound 2.
α

TABLE 6 - 1H-NMR coupling constants of compounds 1 and 2 (Hz).
C.

JH1, JH10

JH1,H7

JH1,H4

JH1,H7b

JH3,H4

JH3,H7b

JH4,H7a

JH4,H7b

JH7a,H7b

JH8a,H8b

JH9c,H9b

JH8a,9a

1

-

-

2.20

1.54

3.39

-

-

1.64

11.73

12.27

12.98

1.44

2

0.70

-

2.70

1.62

-

3.0

-

1.60

12.20

11.54

11.92

1.40

(-): not explicitly assignable.

TABLE 7 - FTIR data of the compounds 1 and 2 (ν in cm–1).
1

-

2900–3000

-

1460–1465

1440

1290–1310

930–950

840–860

800–830

2

3005–3010

2900–3000

1645

1450

-

1290–1310

930–950

865–890

800–830

Fr.

H

H

C

C
H

(-): not explicitly assignable. Fr.: fragment.

H

H
C

H

C
H

C
H

-

-

C C
l -

770–790
770–790
-

H

The 1H-NMR data as shown in Tables 5 and 6 reveal
the presence of ten protons. The lowest signal at 6.77 ppm
is a singlet and can only be assigned to a CHCl2 group. The
signal at 4.75 ppm appears to be a 2J-coupling constant of
3.39 H2. This indicates the presence of a CHCl group, located vicinally to a CCl2 moiety. The signals at 3.69, 3.79,
4.0, and 4.5 ppm, all registered as doublets or double-doublets with large geminal couplings (12.27 and 12.98, and,
additionally, a small long-range coupling of 1.44 H2), preclude two chloromethylene groups in the molecule.

chlorine substituted CH2 groups. The methylene atom at
34.0 ppm is another triplet. The peaks registered as doublets
can be divided into two groups according to their chemical shifts: to the first group, only a carbon atom belongs
with a chemical shift of 57.8 ppm, which clearly is a ring
carbon atom. The signals at 70.3, 71.8, and 73.6 ppm can
be assigned to CH-moieties, substituted probably with a
chlorine atom. Because of this observation, the structure
for compound 1 can be proposed as shown in Fig. 5 (2,2,3exo,6,8,9,10,10-octachlorodihydrocamphene).

Two additional signals are located at 2.71 and 2.51 ppm,
respectively. The coupling constants of 11.73 Hz, determined by doubled resonance experiments, indicate the presence of a ring CH2 group. For both protons, vicinal couplings could be observed as singlets at 3.56 and 2.49 ppm
with 3J-couplings of 1.54 and 1.64 Hz, respectively. This
means that the methylene group is located between two
CH groups in a ring system. The 13C-NMR data confirm
the 1H-NMR spectra. The signal at 87.2 ppm is a singlet,
which can be assigned to a CCl2 group, due to a strong
downfield shift.
The C-atoms (Table 4), located at 51.0 and 56.4 ppm,
are also singlets and they do not have protons. The signals
at 43.1 and 48.0 ppm are triplets, which belong to mono-

FIGURE 5 - Structure of compounds 1 and 2.

From the EI-MS spectra of compound 2 (Table 3), its
structure can be retrieved. It is evident that the molecule has
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six chlorine atoms (M+ = 340). The next chlorine cluster,
[M-CH2Cl]+, is located at m/z 29. Other important fragment
ions are m/z 256 [M-CH2-Cl]+, m/z 219 [M-CH2Cl-HCl]+,
m/z 183 [M-CH2Cl-2HCl]+, and m/z 49 (CH2Cl). A comparison of the EI-MS spectra of compound 2 with that of 1
reveals a somewhat simpler fragmentation pattern for 2.
Furthermore, there is one outstanding fragment being recognized at m/z 291, 293, and 295, which is more intense
than the others. In contrast to the spectra of compound 1,
this of compound 2 shows a lesser Retro-Diels Alder fragmentation. Neither even, nor uneven numbered masses of
the resulting chlorinated cyclopentadiene, and dimethylalkane fragments, can be found with considerable intensities. It is possible to recognize compound 2 on the basis
of the C═C absorption, stretching the vibration at 1645
cm–1 (Table 7). Otherwise, both spectra show no fundamental differences. It should be mentioned that one of the
strongest bands is located at 1290–1310 cm–1, which
likely results from the H─C↔Cl deformation vibration.
The 13C-NMR spectrum of compound 2 reveals instantly an unsaturated structure with a quarterly C-atom at
170.4 ppm and a tertiary one at 119.4 ppm. In addition,
singlet signals at 92.5 ppm (C2), and at 50.9 ppm (C5) were
observed. All other three signals, located at 55.7, 62.2,
and 69.6 ppm, are doublets. The 1H-NMR spectra of compound 2 show two doublets at 3.6 and 3.71 ppm, as well as
at 3.86 and 4.05 ppm, with coupling constants of 11.54 and
11.92 Hz. Additionally, there is a small constant (1.40 Hz)
between the two doublets located at 3.60 and 3.71 ppm.
This long-range coupling is typical for a [Cl-CH2-C-CH2Cl]+ group in this kind of systems [18, 12].

CONCLUSION
The results obtained allow to state that chlorodihydrocamphenes can be formed during toxaphene production.
Most components of this class of substances, however, are
thermodynamically unstable and may react spontaneously
to the corresponding chlorocamphenes, which are still isolated in great numbers from the technical mixture. But
some of the chlorodihydrocamphenes are stable enough and
can survive under the reaction conditions during toxaphene
production. Another important point regards the behaviour of chlorocamphenes in gas chromatography. At temperatures up to 200 °C, it is evident that these congeners
convert to chlorocamphenes. Therefore, some of the chlorocamphenes detected by HRGC/ECD-MS analysis of technical toxaphene may be artifacts. The exact amounts of chlorodihydrocamphenes in technical mixtures are still unknown. Until to date, none of these compounds could be
detected in environmental samples. The situation, however,
might be different if toxicological data are available, whereupon it could be assumed that compounds eliminating
rapidly HCl at environmental conditions would be considerably more toxic than others [16]. In this respect, taking
also the relatively low detector’s response factors into account, some of these compounds should not be underestimated in their role playing in the environment.

The protons at 1.90 and 2.41 ppm with a geminal
coupling constant of 12.2 Hz must be a CH2 group located
at the bridge of a bicyclic molecule. On account of the 4Jcoupling between the olefinic proton at 6.49 ppm and the
proton at 3.93 ppm, the exact position to each other ascertains an allylic system. All these information are in agreement with the structure of a chlorocamphene for compound
2, while a chlorobornane structure can be excluded. Considering the obtained data, the structure for compound 2 is
proposed (2,2,3-exo,8,9,10α-hexachlorocamphene), as
shown in Fig. 5.
To figure out on which side the proton is oriented at
the C10-atom (α or β), single chloro- or bromocamphene
derivatives can be used as model compounds. C10-chlorocamphenes, for example, show α- and β-isomers in a
ratio of about 2:1, which is caused by a steric hindrance of
dimethyl groups [11, 12]. C10-bromocamphenes are reported to contain only α-isomers [12]. In the case of compound 2, the chlorinated dimethyl group causes an even
stronger shielding and, hence, the β-position can be excluded.
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COMMENTARY ON TOXAPHENE AS
IT DEGRADES IN THE ENVIRONMENT
Harun Parlar
Technical University of Munich, Department of Chemical-Technical Analysis and Chemical Food Technology;
Research Center Weihenstephan for Brewing and Food Quality, Weihenstephaner Steig 23, 85350 Freising-Weihenstephan, Germany

INTRODUCTION

TOXICOLOGY AND RISK ASSESSMENT

Toxaphene, a mixture of more than 200 compounds of
primarily bornane derivates [1, 2], has been used to control
insects for many years. In 1982, toxaphene use was substantially restricted by the United States Environmental
Protection Agency (US EPA) and the European Commission, and its usage was banned in the United States completely in 1990. Modern risk assessments of toxaphene
focus largely on consumption of fish or exposure to contaminated disposal sites or former manufacturing sites rather
than pesticide use. Toxaphene congeners enter the environment and they are dechlorinated and degraded in the
soil initially by microorganisms. Then, they are also degraded by macro-organisms such as fish. My laboratory
has been working on the analytical chemistry of toxaphene
congeners in the environment for many years. Recent
publications and regulatory decisions have revived my
interest in the application of our data on risk assessment and
public health.
In 2005, the US EPA Office of Inspector General (OIG)
published a report that described concerns about the existing risk assessment of environmental toxaphene mixtures
based upon technical toxaphene toxicology data [3]. They
also described issues with existing analytical chemistry
methods used for measuring toxaphene. Hercules Incorporated sent me a copy of the OIG report and asked me to
comment on its accuracy. Hercules Incorporated also asked
for my opinions regarding a recent paper by Simon and
Manning [4] and recent papers by Besselink et al. [5] and
Leonards et al. [6]. My primary comment is that the data
on the toxicology, environmental fate and analytical chemistry of toxaphene, do not support the concerns raised by
the OIG report. For example, the OIG has misinterpreted
data and concluded that weathered toxaphene is more toxic
than technical toxaphene. They have also criticized the
existing analytical methods as inadequate. I disagree with
these conclusions based upon how we have shown that
toxaphene degrades in the environment. I will discuss
these issues in more detail below.

The available data show that weathered toxaphene is
not more, and may be less toxic in vivo than technical toxaphene. First, acute toxicology studies on insects and fish
have shown that chlorination of the bornanes increases the
insecticidal toxicity of toxaphene as it is manufactured.
For many years, the manufacture of toxaphene was concluded only after toxicity was demonstrated on houseflies,
otherwise chlorination was continued until toxicity was
demonstrated. Acute mammalian toxicity also is generally
greater with greater chlorination of these congeners. In
Table 1, a list of all toxaphene congeners as referred to in
the following is provided.
TABLE 1 - List of toxaphene congeners as referred to in the text.
Congener VetterHxSed

IUPAC

nomencla- Structure

No.

ture

B6-923

2-exo,3-endo,6exo,8,9,10hexachlorobornane

HpSed

B7-1001

2-endo,3-exo,5endo,6-exo,8,9,10heptachlorobornane

Parlar #26

1337

B8-1413

2-endo,3-exo,5endo,6endo,8,8,10,10octachlorobornane
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Parlar #32

B7-515

2,2,5-endo,6-
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Parlar #50

B9-1679

2-endo,3-exo,5-

exo,8,9,10-

endo,6-

heptachlorobornane

exo,8,8,9,10,10nonachlorobornane

Parlar #40

Parlar #41

B8-1414 2-endo,3-exo,5-

Parlar #56

B9-1046

endo,6 exo,8,9,10,10-

exo,8,8,9,10,10-

octachlorobornane

nonachlorobornane

B8-1945 2-exo,3-endo,5-

Parlar #59

B9-1049

nonachlorobornane

octachlorobornane

B8-806

#42a

2,2,5-endo,6-

2,2,5-endo,6exo,8,9,9,10,10-

exo,8,9,9,10,10-

Parlar

2,2,5-endo,6-

Parlar #62

B9-1025

2,2,5,5,8,9,9,10,10nonachlorobornane

exo,8,8,9,10octachlorobornane

Parlar

B8-809

#42b

2,2,5-endo,6exo,8,9,9,10octachlorobornane

Parlar #44

B8-2229 2-exo,5,5,8,9,9,10,10octachlorobornane

Parlar
#49a

B8-810

2,2,5-endo,6exo,8,9,10,10octachlorobornane

Saleh and Casida [7] in their work have shown that
the toxaphene anaerobic degradate HxSed, which could be
syn-thesized from Parlar #32, possessed significantly less
relative toxicity to the housefly and goldfish than Parlar
#32. Thus, dehalogenation or dehydrohalogenation at the
six-ring system of a toxaphene congener can lead to detoxification. It means further that compounds in technical toxaphene showing a geminal chlorine group in the six member ring system may be more toxic than those showing no
geminal chlorine group. Zimmerman and Maruya [8] have
shown that in the Mummichog, technical toxaphene caused
reduced growth, enlarged hepatopancreas and changed or
reduced gonadal development compared to weathered toxaphene. Calciu et al. [9] reported in their study, where
very high amounts have been applied, about dysmorphic
effects of technical toxaphene, Parlar #26 and #50 on cultured whole rat embryos during organogenesis. The authors concluded that due to the relative high doses used in
this study, the drastic growth inhibition and malformation
as it was shown is unlikely to be observed for humans.
Even more on point to human health and safety, recent toxicology studies have compared technical toxaphene
to environmentally degraded or weathered toxaphene [5].
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These new studies compared first the in vitro capacity of
technical toxaphene (TT), uv-irradiated toxaphene (uvT)
and cod liver extract (CLE) of toxaphene to inhibit gap
junctional intercellular communication (GJIC). This in
vitro endpoint is associated with liver tumour promoting
activity, which is the critical effect for the human health
risk assessment of toxaphene (based on liver tumours observed in the NCI chronic feeding studies of toxaphene
[10]. Besselink et al. [11] then studied toxaphene in vivo
by treating rats with TT, uvT or CLE after partial hepatectomy and measuring enzyme-positive liver foci. They used
these studies to establish a no observed adverse effect level
(NOAEL) in rats for use in Europe for dietary risk assessment of toxaphene in fish tissue. These studies do not
support the conclusion that technical toxaphene and degraded toxaphene have significantly different in vivo toxicity. The OIG appeared to misinterpret the studies and has
relied incorrectly upon the in vitro data and confused the
importance of the in vivo data for risk assessment purposes.
The work by Besselink et al. [5] is a good effort at testing
the tumour promoting potency in vivo, and showed that
the relative potency was not different for the three toxaphene mixtures.
The OIG suggested development of more congenerspecific toxicology and exposure data. Such data are not
essential to a health protective risk assessment. The risk
assessment can reasonably be based either upon a selection
of three persistent congeners as outlined in Simon and
Manning [4], or on a more complete mixture of weathered
toxaphene [6]. The key to the risk assessment method is
that the toxicology data and the exposure data are expressed in a similar manner and reflect the presence of
certain long-lived congeners. For example, the Simon and
Manning approach relies upon the 3 persistent congeners
(P26, P50 and P62) being accurately measured in the dosing solutions, with appropriate standards to compare exposure to the NOAEL. We have studied these congeners
extensively. These congeners are expected to correlate with
the tumour promoting activity of toxaphene, making them
reasonable surrogates for the toxicity of the toxaphene
mixtures. This method seems a reasonable interim approach
to risk assessment for toxaphene.
Leonards et al. [6] relies upon measurement of the total congener mixture (area-under-the-curve or AUC) and
those levels must be compared to similar exposure data.
This approach would measure many more congeners and
thus, would include P26, P50, P62 and any other remaining congeners. Either approach can be health protective,
so long as the methods are performed appropriately.
In our hands, the levels of specific congeners can be
measured very accurately. Highly specific measurements
can increase precision, to the extent that sufficient toxicology data are available. However, the toxicity data available
today have been collected on technical and degraded toxaphene mixtures rather than single congeners or precisely

defined mixtures. Specific congener concentrations may
vary within mixtures, so setting and monitoring safe levels is based upon AUC or upon a mixture of congeners,
rather than any one specific congener.
The toxicological endpoint relied upon both by Simon
and Manning [4] and by Leonards et al. [6] relates directly
to tumour promotion. That toxicological endpoint was
established recently by Besselink et al. [5]. That endpoint
has been proposed as the toxicological point of departure
for risk assessment for weathered toxaphene in the US
and Europe [4, 6].

ANALYTICAL CHEMISTRY
The OIG also criticized the analytical method used to
analyze toxaphene in the environment. Again, in my opinion the OIG report is mistaken. The issue with method
8081 is only that technical toxaphene is used as a standard
for weathered toxaphene samples, not that the method or
equipment are flawed. The OIG criticized the use of GC/
ECD in EPA Region 4’s Method 8081 and favored the use
of GC/NIMS. GC/NIMS does provide a more precise description of the congeners, so long as good standards are
used. However, GC/NIMS is probably not needed for risk
assessment for various reasons. The selection of methods
and standards depend upon the purpose of the analysis.
First, we do not have nor would we expect to have
toxicological data on the biological activity of such congeners alone or in any combination. I strongly support the
value of congener specific analysis as a research tool, but
feel that it is not needed for routine regulation of toxaphene. In fact, in a purely pragmatic sense, the assessment
of total toxaphene as area-under-the-curve should tend to
overestimate the amount of toxaphene in the environment
providing an additional margin of safety from such exposures.
Second, we do not expect to need such a level of precision in the analytical chemistry of environmental samples. I have worked very hard to develop standards and
samples for various toxaphene congeners. These are invaluable tools for research on the fate, transport and toxicity of toxaphene. But they are not essential to the risk
assessment process. Such a level of precision simply is not
required.
Proper identification of metabolites is dependent upon
the production of relatively pure single congeners, which
has been achieved only within recent years. Now, it is
possible to specifically investigate environmental fate and
metabolism with reasonable certainty. By that, possible
existing enantiomers are also detected because of an enhancement of the chiral analysis, which allows characterization of the enantioselective enrichment and metabolism
of toxaphene congeners in environmental samples [12, 13].
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Toxaphene has proven relatively resistant to degradation by some non-biotic modes. Degradation by direct
photolysis of toxaphene has been demonstrated [14–16].
Aerobic hydrolysis and anaerobic hydrolysis, however,
have little effect on the composition of toxaphene in the
environment. In soils and sediments, toxaphene congeners
can be degraded to conversion products [16–20]. Some
congeners are transferred rather quickly, while others are
less degradable. In nearly all chlorinated bornanes examined, a reductive dechlorination occurs as a major reaction.
In all compounds investigated under these conditions, a
chlorine atom is removed reductively from the geminal
dichlorine group in the six-member ring, yielding low
chlorinated (and generally less toxic) bornanes. Under the
same conditions, a dehydrochlorination resulting in the
formation of chlorobornene derivates has also been observed [16].
Biotic degradation eliminates some toxaphene and toxaphene metabolites. Microbial transformation of toxaphene
congeners which occurs mainly in the soil or sediment
needs to be differentiated from metabolism by higher ranked
organisms. Microbial decay plays an important role in the
elimination of toxaphene from the environment, especially
under anaerobic conditions [18–22]. Subsequently, changes
occur once taken up by fish that further degrades toxaphene
[23].
The decay of toxaphene congeners through microorganisms has been investigated since the mid-1970s. Parr
and Smith [24] reported a fast microbial transformation of
toxaphene in moist and sandy clay ground, whereby the
decay was even enhanced through the addition of lucerneflour. The fastest decay rates were observed in shaken,
supernatant water under anaerobic conditions. The characterization via gas chromatography-electron capture detection (GC-ECD) of the converted toxaphene mixture has
shown a strongly diverted peak pattern of the initial mixture toward shorter retention times.
In other laboratory and field studies by Mirsatari et al.
[25], using soil and sediment, the decay of toxaphene was
observed chronologically. After only six weeks, the toxaphene concentration in the sediment was below the detection limit, while the decay in the soil was slower. It
was further observed that the highest chlorinated bornanes,
such as nona- and deca-chlorobornane, disappeared entirely
from the soil after a certain time. In addition, the appearance of a not previously-detected hexachlorobornane was
observed. A strong enrichment of hexa- and tetra-chlorobornanes in ground samples, caused by microbial activity
under anaerobic conditions was also reported by Murthy
et al. [26].
Clark and Matsumura [22] demonstrated with their
studies on Pseudomonas putida that toxaphene can be metabolized aerobically as well as anaerobically. They postulated both oxidative and reductive decay of toxaphene an-

aerobically. The total decay of lower chlorinated bornanes
follows an oxidative pathway under aerobic conditions.
Many of the most revealing studies about the conversion of toxaphene caused by microbial activity in the soil
and sediment have come from our own laboratory [16, 17,
27]. In these investigations on flooded ground samples
Parlar #32 (B7-515), #42a/b, #49a, #56, and #59 and technical toxaphene were applied. Under anaerobic and sulfate
reductive conditions, decay (from reduction or dechlorination) occurred that led to the formation of two rather
stable chlorobornanes, HxSed and HpSed, which derived
from the afore mentioned single components. Once formed,
these reduced moieties could not be reduced any further
under the described laboratory conditions.
The hexachlorobornane HxSed has been found to be
the main metabolite during the decay of toxaphene after
six months. The structure of both final metabolites could
be explicitly elucidated. The main reaction for the metabolites’ formation was a reductive dechlorination, with the
dechlorination rate dependant on the number of chlorine
atoms (nonachlorobornane > octachlorobornane > heptachlorobornane). In further investigations with the chlorinated bornanes Parlar #26, #40, #41, #44, #50, and #62,
also only one enantiomer of HxSed was found as the main
metabolite under the same conditions [17, 27]. Because
all initial substances were present as racemates, a possible
enantioselective decay of chlorinated bornanes has been
discussed [12].
Taking all data into account, it can be ascertained that
the analytical determination of chlorinated bornanes and
their metabolites is methodologically sound and well established. The groundwater burden by toxaphene is notably low. Toxaphene congeners remain in sediments and
from there cannot be transferred into the aqueous phase.
Veith and Lee [28] in their investigations have found
toxaphene to be adsorbed in lake sediments but not in the
water; it remained fixed on the sediment surface. The authors have also clarified that toxaphene is tightly adsorbed
to the sediment. Thus, toxaphene congeners, no matter
which one, cannot be transferred to the aqueous phase.
The concentrations of chlorinated bornanes detected
in sediments are very low, except for HxSed and HpSed
[29], which, however, are being further degraded in the
biota, and thus, do not pose a danger for the environment
in the long term. Congeners found in sediments, however,
show only low short term effects.
To summarize, the major anaerobic degradation products are HxSed and HpSed. In addition to these compounds, other less abundant congeners exist, such as Parlar #26, #50, #40, #41, #44, etc. Most of them show in the
structure an alternated chlorine substitution in the sixmember ring. All other toxaphene congeners with geminal
chlorine substitution at the C-2 position, and additionally
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a 3-exo or 3-endo chlorine substitution, do not exist anymore.
In addition, the possibility was debated as to using the
formed or emerging metabolites as indicators for pathways and mechanisms of decay [27, 30]. Structure-stability
relationships were also elaborated and amended by additional investigations [19, 20]. The further study and description of toxaphene degradation is interesting and has
proven useful to date for risk assessment.

[5]

Besselink, H. T., Nixon, E., McHugh, B., Klunsøyer, J.,
Leonards, P., deBoer, J. and Brouwer, A. In vitro and in vivo
tumor promoting potency of technical toxaphene, uvirradiated toxaphene and biotransformed toxaphene. In preparation.

[6]

Leonards, P., Besselink, H. T, Klunsøyer, J., McHugh, B.,
Rimkus, G., Brouwer, A. and deBoer, J. Information on the
toxicological risks to the consumer of toxaphene residues in
fish from European waters. In preparation.

[7]

Saleh, M. A., Turner, W. V. and Casida, J. E. (1977) Polychlorobornane components of toxaphene, structure toxicity
relations and metabolic reductive dechlorination. Science
198, 1256-1258.

[8]

Zimmerman, J. M. and Maruya, K. A. Toxicity and Tissue
Selective Accumulation of Sediment Weathered and Unmodified Toxaphene by the Mummichog (Fundulus heteroclitus)
2,2,5-endo,6-exo,8,8,9,10-Octachlorobornane (B8-806 or P42a), a major component of technical toxaphene (TTX) and a
recalcitrant, bioaccumulative toxaphene residue congener.
Poster presentation.
http://www.skio.peachnet.edu/people/maruya/images/pdfpost
ers/toxicity_tissue_mummichog.pdf.

[9]

Calciu, C., Kubow, S. and Chan, H. M. (2002) Interactive
dysmorphogenic effects of toxaphene or toxaphene congeners and hyperglycemia on cultured whole rat embryos during organogenesis. Toxicol. 175, 153-165.

CONCLUSIONS
Even though a comprehensive evaluation of all individual congeners has not been done, in all conscience, it
can be concluded due to low detected concentrations and
published and recently submitted toxicological data of
weathered toxaphene – [5] – that literally no danger exists
for humans and the environment. I believe the recent report of the OIG misapplies the data on toxaphene and
demands an approach that is neither needed nor helpful. I
suggest continued reliance upon the best data available at
this time, the work based upon the hepatoxicity studies of
Besselink et al. (in preparation) [5], and the risk assessment methods of either Leonards et al. (in preparation) or
of Simon and Manning (2005) [4, 6].
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PHOTOREDUCTION OF CHROMIUM(VI) IN
AQUEOUS SOLUTION IN THE PRESENCE
OF MICROALGAE UNDER UV/VIS LIGHT
Yixin Lin, Lin Zhang, Feng Wu and Nansheng Deng
School of Resource and Environmental Science, Wuhan University, Wuhan 430079, P.R.China

SUMMARY
This work investigated the photoreduction of Chromium(VI) by Chlamydomonas Sajao and Chlorella Vulgaris under UV/Visible light. The prevention of heavy
metal contamination in aquatic environments is often performed by conventional methods. The use of microbial
biomass to remove metal ions from aqueous environment
has gained considerable interest as a potential alternative
method to chemical treatments. However, little work has
been reported on the role of microalgae on photoreduction
of Cr(VI) in aqueous medium. The results showed that the
total chromium, based on measurements of Cr(VI) and
Cr(III), remained at a constant value, and an equivalent
quantity of Cr(III) is formed at the expense of reduced
Cr(VI). The data showed that photo-reduction rate was
higher under N2-atmosphere, compared to that under air.
The results also indicated that the senescent algae, both
Chlamydomonas sajao (C.S.) and Chlorella vulgaris (C.V.),
had a higher level of performance for reduction of Cr(VI)
from aqueous medium than those of the health algae. This
work helps us to understand the photochemical behavior of
chromium in the presence of microalgae.

KEYWORDS: Chromium(VI), photoreduction, Chlamydomonas
Sajao; Chlorella Vulgaris.

INTRODUCTION
Heavy metals are toxic because they are present as ions
in aqueous system and can be readily absorbed into the human body. Even a very small amount can cause severe
physiological or neurological damage. One of the most
dangerous metal ions for human life is Cr(VI). Cr(VI) is
often encountered in industrial wastewaters because of the
extensive use of chromate or dichromate in electroplating,
leather tanning, mental finishing, nuclear power plants,
textile industries, and chromate preparation [1, 2].

The prevention of heavy metal contamination in aquatic
environments is often performed by conventional methods,
which include the addition of chemicals for metal precipitation or exchange resins to bind them. The use of microbial biomass to remove metal ions from aqueous environment has gained considerable interest as a potential alternative method to chemical treatments [3].
The observation of Kieber and Helz [4] that sunlight
can initiate chromium(VI) reduction in natural waters has
motivated research on chromium photoreduction [5, 6].
Since chromium(VI) is not substantially reduced by direct
photochemical reactions, the photo-initiated electron transfer must occur via some intermedium, mainly metals, such
as iron(II) and copper(I). Many microorganisms of several
genera can biosorb a wide range of substrates at near neutral pH [7]. Hence, biological processes may provide an
alternative to the conventional technique for Cr(VI) removal. Jean-Francios et al. [8] indicated that senescent microalgae can photoproduct some reductive radicals, which
induce photodegradation of organic pollutants. It is possible that some oxidative radicals photo-produced by senescent microalgae can induce metal photoreduction.
However, little work has been reported on the role of
microalgae on photoreduction of Cr(VI) in aqueous medium. Given that microalgae are a significant component of
environmental systems, they may play a very important role
in the photochemical transformation of metals in aqueous
media. This work helps us to understand the photochemical
behavior of chromium in the presence of algae.
MATERIALS AND METHODS
Chemicals and reagents

All reagents were of analytical grade and used without any further purification. K2Cr2O7 was used as Cr(VI)
source. The water employed in the irradiation experiments
was doubly distilled. The pH of the aqueous solutions was
adjusted with HCl or NaOH.
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Cultivation and preparation of microalgae for photoreduction

Chlamydomonas sajao and Chlorella vulgaris were
purchased from the Institute of Hydrobiology, Chinese
Academy of Sciences (Wuhan, P. R. China) and grown in
a modified medium (0.25 g NaNO3, 0.075 g K2HPO4·3H2O,
0.175 g KH2PO4, 0.025 g NaCl, 0.005 g FeCl3·6H2O, 0.1 g
Fe-EDTA, 0.075 g MgSO 4·7H 2O, 0.025 g CaCl2·H 2O,
0.286 mg H 3BO 3, 0.181 mg MnCl2·4H 2O, 0.022 mg
ZnSO 4·7H2O, 0.0079 mg CuSO4·5H2O, and 0.0039 mg
(NH4)6Mo7O24·4H2O in 1 L of distilled water), adjusted to
pH 7.0. Media and nutrients were sterilized. Cells were
grown at 20-25°C under light/dark cycles of 12 h. After
the growth period, microalgae were harvested from the culture by centrifugation at 3,500 rpm for 25 min, and washed
three times.
Chromium reduction experiments

Cr(VI) reduction experiments were carried out in a
250-ml batch reactor. A desired amount of K2Cr2O7 and
harvested microalgae were added to the reactor. The reaction mixture inside the microalgae was maintained in suspension by purging with 99.999% nitrogen gas, and pH of
the solution was adjusted and measured. As a light source,
a 250W metal halide lamp (λ >310 nm) surrounded by a
glass thimble, was introduced into the solution. The lamp
was equipped with a water jacket to maintain temperature
at 20±2°C. At regular intervals, a 10-ml aliquot of the suspension was withdrawn by centrifugation. The determined
Cr(VI) concentration was compared with that of a blank
filtrate from an identical suspension kept in the dark. The
photo-biological activity was evaluated by the decrease of
Cr(VI) concentration after irradiation. All tests were duplicated and the relative experimental error of analysis
was estimated to be less than 10%.
Analytical methods

Samples were taken from the reactor at proper intervals (e.g. 0.5 h, 1.0 h) by a 10-ml glass tube. Before analysis, the samples were centrifuged at 3,500 rpm for 20 min,
and the supernatant fraction was analyzed for remaining
Cr(VI). Hexavalent chromium was determined colorimetrically by reaction with diphenylcarbazide in acid solution
as described in the Standard Methods [9] for the examination of water and wastewater. The absorbance was measured at 540 nm with a 722- spectrophotometer. The density
of microalgae (cells/L) was calculated by cell-counting.

RESULTS AND DISCUSSION
In order to investigate reactions other than the photobiological reduction, a blank test with irradiated reaction
solution containing 20 µmol/L of Cr(VI), under continuous purging and without microalgae, was carried out. The
results showed that the homogeneous photo-biological reaction of Cr(VI) after 8-h irradiation is negligible, which is in
agreement with a previous report [10].

Another blank test with a Cr(VI) reaction solution as
above, but with microalgae under purging and without
irradiation, was also carried out. Decrease of Cr(VI) concentration was again negligible.
Then some tests with 20 µmol/L Cr(VI) solutions
containing microalgae, under purging with nitrogen or air
and irradiation, were carried out. The experimental data
(Fig. 1) showed the total chromium in the two cultures,
based on measurements of Cr(VI) and Cr(III), remained at
a constant value, and an equivalent quantity of Cr(III) is
formed at the expense of reduced Cr(VI). The data also
showed that photo-reduction rate was higher under N2atmosphere, compared to that under air. Fig. 1 indicates that
the senescent algae, both Chlamydomonas sajao (C.S.) and
Chlorella vulgaris (C.V.), had a higher level of performance for reduction of Cr(VI) from aqueous medium than
those of the health algae.
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FIGURE 1 - The variation of Cr(VI) by photo-reduction with irradiation time at initial [Cr(VI)]: 20 µmol/L, and pH 6, using [C.S.] =
6.0×109 cells/L, [C.V.] = 9.0×109 cells/L : Cr(VI) + C.V. (senescent) +
light + air(■), Cr(VI) + C.S. (senescent) + light + air (▲), Cr(VI) +
C.S. (senescent) + light + N2 (○), Cr(VI) + C.S. (healthy) + light +N2
(●), Cr(VI)+ light + C.V.(senescent) + N2 ( ), Cr(VI) + light +C.V.
(healthy) + N2 ( ).

Algal cell walls, mainly containing polysaccharides,
proteins and lipids, offer many functional groups, which
have been shown to sequester metal ions [11, 12]. In addition, the cell wall structures of algae contain a large quantity of hydroxyproline-rich glycoproteins, with arabinose,
mannose, galactose, and glucose being the predominant
sugars [13]. The functional groups and surface properties
of senescent algae may change. So, senescent algae have
a higher level of performance for reduction.
Differences between reducing capacity of algal species may be due to their properties (e.g. structure, functional groups, and surface area, depending on the algal division, genera and species). Cell walls of microalgae contain polysaccharides, proteins and lipids, which could offer
stacks of functional groups having different specificity.
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In our previous study, photo-production of hydroxyl
radicals (·OH) could be induced in aqueous solution with
microalgae. The results suggested that algae had an important influence on the environmental concentration of
H2O2. The rate of formation increased with increasing lightexposure and algae concentrations.
As can be seen, Cr(VI) photoreduction slowly decreased with time. The photo-bleaching of microalgae could
have important consequences for their subsequent photoreductive reactivity, including a decrease in their ability to
further participate in photo-reductive reactions. Naturally,
microalgae with a large number of chlorophyll will be able
to absorb some photons, which increase the likelihood of
photo-reductive reactivity, resulting in the transformation
of excited species. However, as irradiation continues over
time, photo-bleaching of microalgal chlorophyll leads to
less light absorbance, due to the destruction of chlorophyll
that would render it less reactive.

[5]

Buerge, I.J. and Hug, S.J. (1997) Kinetics and pH dependence of chromium(VI) reduction by iron(II). Environ. Sci.
Technol. 31, 1426-1432

[6]

Hug, S.J., Laubscher, H.U. and James, B.R. (1997) Iron(III)
catalyzed photochemical reduction of chromium(VI) by oxalate and citrate in aqueous solution. Environ. Sci. Technol.
31, 160-170

[7]

Wang, Y.T. and Shen, H. (1995) Bacterial reduction of hexavalent chromium. J. Ind. Microbiol. 14, 159-163

[8]

Zhang, C.-M., Jiang, Y.-S., Liu, W., Yang, H.-M., Li, T.-J.
and Xiao, L.-Z. (1991) Acta Energiae Solaris Sinica 12, 176182

[9]

APHA (1993) Standard methods for the examination of waters and wastewaters. 16th Edition. Amer. Pub. Health Assoc.,
Washington D.C.

[10] Rontani, J.F. (2001) Visible light-dependent degradation of
lipidic phytoplanktonic components during senescence: a review. Photochemistry. 58, 187-202
[11] Gadd, GM. (1993) Interaction of fungi with toxic metals.
New phytol. 124, 25-60

CONCLUSIONS
Microalgae existing in natural waters can be used for
effective photoreduction of chromium(VI). The results of
this study indicated that Chlamydomonas sajao and Chlorella vulgaris were able to reduce Cr(VI) under UV/Visillumination. Photoreduction was higher, when using N2atmosphere instead of air. The senescent algae had a higher
level of performance for reduction of Cr(VI) from aqueous medium, with regard to that of the health algae.

[12] Holan, Z.R., Volesky, B. and Prasetyo, I. (1993) Biosorption
of cadmium by biomass of marine algae. Biotechnol Bioeng.
41, 819-25.
[13] Crist, R.H., Oberholser, K, Shank, N. and Nguyen, M. (1981)
Nature of bonding between metallic ions and algal cell walls.
Environ Sci technol. 15 ,1212-7
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