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SENSITIVITY OF FRESHWATER MICROALGAL STRAINS
(Chlorella vulgaris Beijerinck AND Scenedesmus obliquus (Turpin) Kützing) TO HEAVY METALS
Tahir Atıcı1*, Hikmet Katırcıoğlu1 and Beril Akın2

2

1*
Gazi University, Faculty of Education, Department of Biology Education 06500, Teknikokullar-Ankara, Turkey
Gazi University, Faculty of Gazi Education, Department of Science Education, 06500, Teknikokullar- Ankara, Turkey

ABSTRACT
Microalgae are a valuable environmental and biotechnological resource, and the aim of this paper is to
explore the use of in vitro technologies in the conservation and sustainable exploitation of this remarkable group
of organisms. Microalgae are sensitive indicators of environmental change and, as the basis of most freshwater and
marine ecosystems, are widely used in the assessment of
risk and development of environmental regulation for metals. The microalgae genus Scenedesmus and Chlorella are
commonly found in freshwater bodies, wastewater facilities and water polluted with heavy metals. The sensitivity
of two freshwater microalgal species (C. vulgaris and S.
obliquus) to two heavy metals Pb (II) and Cd (II) was studied by using BG11 media. The individual effects of cadmium and lead on the cell division rate of the freshwater
alga C. vulgaris and S. obliquus were determined over 24
to 96 h. Heavy-metal EC50 values after a 48-h exposure in
S. obliquus were (EC50:13.71 mg/L for Cd, EC50: 4.04 mg/L
for Pb) and C. vulgaris (EC50:28.41 mg/L for Cd, EC50:
24.50 mg/L for Pb) and both are more tolerant to Cd. A
good linear relationship was observed between the media
type and tolerating toxicity. According to this research these
strains have a high level of tolerance to heavy metals. Heavy
metals, especially cadmium and lead have adverse effects
on terrestrial and aquatic environments. However, their impact can vary depending on the nature of organisms.

KEYWORDS: Chlorella vulgaris, Scenedesmus obliquus, heavy
metals, toxicity, sensitivity.

INTRODUCTION
Microalgae, the primary producers at the base of the
aquatic food chain, are the first targets to be affected by
heavy metal pollution. The results from heavy metals toxicity tests employing microalgae therefore provide important information for estimating the ecotoxic concentration

and for predicting the environmental impact of heavy metal
pollution [1, 2].
In the case of freshwater algae, test strains and protocols have been established in several national and international standard test procedures such as those prescribed by
the Organization for Economic Cooperation and Development (OECD) [3], the European Economic Community
(EEC) [4], the United States Environmental Protection
Agency (USEPA) [5], the International Organization for
Standardization (ISO) [6] and the American Society for
Testing and Materials (ASTM) [7] as summarized by research.
Aquatic ecosystems are increasingly affected by various anthropogenic impacts such as toxic contamination of
industrial, agricultural and domestic origin. Typical results
of the human activities proved to be elevated levels of heavy
metals present in fresh water, and among these microelements lead (Pb), cadmium (Cd), are most specific [8]. They
are considered to be one of the most important pollutants of
the aquatic ecosystems due to their environmental persistence and tendency to be concentrated in aquatic organisms.
As a known fact, organic pollution in water is the subject of biodegradation. A considerable number of microorganisms have the capability of degrading components that
cause organic pollution and studies on this matter are being
carried out at full speed. These studies mostly focus on
degradation processes of bacteria and fungi. The number
of studies concerning the degradation capacity of algae has
recently increased. Algae are heterotrophic living organisms and they may use xenophobic components as carbon
source [9]. For instance, green algae (Chlorophyta) are
successfully utilized in purification of waste water containing heavy metals like chromium, lead, iron, copper and
zinc. The main materials existing in the structure of cell
membrane of green algae are pectin containing high concentration constant anions, polysaccharide consisting of
cellulose containing pretty much amount of phosphorus
and some proteins. These anions and groups existing in the
cell membrane interact with metal ions [10].
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In Turkey, studies concerning heavy metal pollution
have mostly focused on measurement of heavy metal accumulation in fish organs and tissues. The substantial accumulation of heavy metals in planktons is evident in a
study carried out by Obalı et al. [11]. The existence of the
algae community provides information on the degree to
which the water is polluted.
In future research studies it may be determined whether
the chosen algae species received one toxic heavy metal or
the others by preference and whether that caused a difference in characteristics of algae species [11].
Microorganisms are able to develop mechanisms against
that kind of metals as a result of such degradation caused
by rapidly developing industry. The resistance of microorganisms is gained by mutation or by moving from low
to high concentration step by step rather than by heritage.
These microorganisms may be used for purification of
water contaminated by heavy metals or may be prepared
as biocollectors developed for intervening into these waters. Thus, the mechanism developed by a strain which is
resistant to metals may constitute the basis for developing
biotechnological uses. The study performed by Ahuja et
al. [12] reported that Oscillatoria anguistissima (Cyanobacteria) is an excellent biosorbant for copper, zinc and
cobalt by developing the strain of that microorganism resistant to zinc.
Castella, [13] found that microbentic diatom Gomphonema parvulum is tolerant to zinc and there are various
tolerance features in this alga which he stated. Nelson et
al. [14] investigated the effect of atrasine on the tolerance
of bentic diatoms and determined that it inhibits growth.
Moreno-Garrido et al. [15] studied on lethal concentrations
of Cd and Cu for rotifers and microalgae, and determined
that microalgae are good bioaccumulators for heavy metals. Zhou et al. [16] indicated that Spirulina platensis is
the highest capacity biosorbant for Cd and Cu.
The aim of this study was to determine a strain from
microalgae showing the highest level of tolerance to heavy
metals and again to determine whether this strain is a good
biosorbant and what kind of morphological differences it
displays.
MATERIALS AND METHODS
Algae materials

Microalgae used in our study (Chlorella vulgaris and
Scenedesmus obliquus) have been obtained from GAZIMACC (Gazi University Microalgal Culture Collection).
BG11 medium (NaNO3, 15; K2HPO4, 0.4; MgSO4.7H2O,
0.75; CaCl2.2H2O, 0.36; citric acid, 0.06; ferric ammonium
citrate, 0.06; Na2-EDTA, 0.01; Na2CO3, 0,2 g/L, 1 mL trace
element solution, H3BO3, 61; MnSO4.H2O, 169; ZnSO4.7H2O,
287; CuSO4.5H2O, 2,5; (NH4)6Mo7O24.4H2O, 12.5 mg/L)
was used for developing samples. Cultures were kept under

3000 lux fluorescent light for 18 days at room temperature. The prepared cultures were provided light by applying 12/14 hours of daylight cycles and pH level of media
was determined as 6,8. A shaker benmarie (NÜVE, 100
rev./min.) was used in incubation for cells in the cultures
to make use of light equally [17].
Protection of strains

Strains were kept in BG11 agar media. The strains
were first inoculated in media and then incubated at normal room temperature for 18 days by means of fluorescent
lamps providing 2000 lux light. They were kept inside the
refrigerator at +4 oC at the end of incubation period.
Toxicities and Tolerances

Lead (Pb(NO3)2) and cadmium (CdCl2) among metal
salts were used in this study as toxic substances. Pb and
Cd with 5, 25, 50, 75, 100, 150, 200, 250 and 300 mg/L
concentrations were added to 100 ml BG11 medium in
trials. The period of 48 hours was taken into consideration
in the effect of applied concentrations. Alga cultures prepared in medium not containing metal were used as controls. EC50 and 95% confidence limit were determined by
the probit analysis. The studies were repeated for three
times [18, 3].
Determination of morphological appearance

Morphological appearances of samples used in this
study were monitored throughout the 4-day incubation.
The effects of toxicity on morphological appearances were
studied by examining preparations made by taking 0.1 ml
from cultures under binocular microscope (OLYMPUS,
furnished with a supplement camera, 40x10 lenses).
Growth measurement

Quantitative assessment of cultures may be obtained
by measuring parameters related to algal growth like the
number of cells, optical density, fresh and dry weight,
chlorophyll amount. The number of cells was taken as a
basis in our study. Periodical cell counts of control and
test groups were performed for 96 hours.
Determination of number of cells

Various counting cameras used for monitoring the
growth were available in the determination of number of
cells in microalgae cultures. There are some differences
among variables like the size and sequence of frames, total
depth and total volume [19]. A Neubauer counting camera
was used in our study for this purpose.
RESULTS AND DISCUSSION
48-hour EC50 values of lead and cadmium (at 95% confidence limits) used in our study were found 13.71 mg/L
(Cd) and 4.04 mg/L (Pb) for Scenedesmus obliquus, and
28.41 mg/L (Cd) and 24.50 mg/L(Pb) for Chlorella vul-
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garis by probit analysis. No cell deformation or cell death
was observed in the control group throughout this period.
According to this, it may be stated that C. vulgaris is a
more tolerant alga to cadmium and lead compared to S.
obliquus. Probit values and regression curves calculated

for cadmium and leads concerning algae are presented in
Figure 1. 48-hour toxicity values of lead and cadmium concerning microalgae are presented in Table 1, 2, 3 and 4.
Here, it should be noted that microalgae show tolerance
even at that much high doses.

a)

c)

b)

d)

FIGURE 1 - a) Probit values and regression curve calculated for Pb on S. obliquus; b) Probit values and regression curve calculated
for Cd on S. obliquus, c) Probit values and regression curve calculated for Pb on C. vulgaris, d) Probit values and regression curve calculated for Cd on C. vulgaris
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TABLE 1 - Effective Pb doses on S. obliquus in 48 hours.
Point
EC 1.00
EC 5.00
EC10.00
EC15.00
EC50.00
EC85.00
EC90.00
EC95.00

Concentration (mg/L)
0.002
0.018
0.061
0.137
4.043
11.854
26.470
79.061

95% Confidence limits
0.000 - 0.019
0.007 - 0.110
0.004 - 0.276
0.012 -0.515
1.442 - 7.441
74.394 - 243.224
145.751 - 720.059
377.817 - 3756.940

Slope ± SH
0.705 ± 0.108

Intercept ± SH
4.5.71 ± 0.17

TABLE 2 - Effective Pb doses on C. vulgaris in 48 hours.
Point
EC 1.00
EC 5.00
EC10.00
EC15.00
EC50.00
EC85.00
EC90.00
EC95.00
EC99.00

Concentration (mg/L)
0.094
0.480
1.144
2.056
24.507
292.066
524.922
1251.243
6381.174

95% Confidence limits
0.017 - 0.285
0.1350 - 1.102
0.405 - 2.273
0.848 - 3.714
17.504 – 32.610
189.306 - 546.165
311.905 - 1134.168
647.360 - 3381.162
2511.2720 - 2659.2031

Slope ± SH
0.963 ± 0.106

Intercept ± SH
3.662 ± 0.181

TABLE 3 - Effective Cd doses on S. obliquus in 48 hours.
Point
EC 1.00
EC 5.00
EC10.00
EC15.00
EC50.00
EC85.00
EC90.00
EC95.00
EC99.00

Concentration (mg/L)
0.087
0.385
0.848
1.445
13.715
130.127
221.589
487.623
2140.620

95% Confidence limits
0.018 - 0.251
0.115 - 0.865
0.309 - 1.675
0.600 - 2.623
9.381 - 18.464
92.932 - 205.045
148.175 - 391.038
291.313 - 1033.322
1013.866 - 6528.105

Slope ± SH
1.066 ± 0.111

Intercept ± SH
3.790 ± 0.183

TABLE 4 - Effective Cd doses on C. vulgaris in 48 hours.
Point
EC 1.00
EC 5.00
EC10.00
EC15.00
EC50.00
EC85.00
EC90.00
EC95.00
EC99.00

Concentration (mg/L)
0.014
0.136
0.443
0.983
28.415
821.239
1820.136
5918.495
54039.680

95% Confidence limits
0.007 - 0.087
0.014 - 0.497
0.072 - 1.266
0.2154 - 2.3861
18.278 - 41.128
400.790 – 274.115
759.434 - 812.466
1940.233 – 4091.48
1126.084 – 8598.69

Direct counting method was employed in an effort to
reveal the effects of various concentrations of these metals on algae development. Cell growth curves were drawn
and presented in Figure 2. The control group was arranged
as a group with EDTA and another without EDTA, and the
test group was arranged as a group with EDTA due to toxicity diminishing effect of EDTA which was the existing

Slope ± SH
0.709± 0.100

Intercept ± SH
3..960 ± 0.1745

shellator in the medium. As the number of cells was found
higher in the group without EDTA, this control group was
used in the comparison with the test group. Many studies
have shown that EDTA is capable of decreasing toxicity of
heavy metal ions in microorganisms [20]. Our test group
has been arranged accordingly.
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FIGURE 2 - a) Comparison of cell numbers of S. obliquus with various Cd concentrations and periods, b) Comparison of cell numbers
of S. obliquus with various Pb concentrations and periods, c) Comparison of cell numbers of C. vulgaris with various Cd concentrations
and periods, d) Comparison of cell numbers of C. vulgaris with various Pb concentrations and periods

a)

b)
Control

Pb

FIGURE 3 - Morphological changes in (a) S. obliquus and (b) C. vulgaris
(The aggregation and loss pigmentation after including heavy metals).
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Lamai et al. [21] examined the toxicity of Cd and Pb
on Cladophora fracta found a decrease in chloroplast numbers, degradation on cell membranes and occurrence of cell
deaths in algae which were exposed to 80 mg/L metal. They
also emphasized that this alga is more tolerant to Cd compared to Pb. Our study has shown that S. obliquus (EC50:
13.71 mg/L for Cd, EC50: 4.04 mg/L for Pb) and C. vulgaris (EC50:28.41 mg/L for Cd, EC50: 24.50 mg/L for Pb)
are more tolerant to Cd.
Changes in cell morphologies were presented in Figure 3 and cell death were observed in 48 hours. Loss in
cell chloroplasts and deformation on cell membranes were
also observed. It was observed that C. vulgaris defended
itself especially upon interventions with metals and it
formed colonies in the form of many cells inside a single
sheath.
CONCLUSION
It may be stated that C. vulgaris has a higher level of
tolerance than S. obliquus, and this strain is a suitable microalgae for metal elimination studies. Cultures were isolated, purified and sufficient material for testing was cultivated and harvested. Two heavy metals were tested, including materials derived from two different species of
microalgae. The period of 48 hours was taken into consideration in the effect of applied concentrations. Alga
cultures prepared in medium not containing metal were
used as controls. EC50 and 95% confidence limit were determined by the probit analysis. The aim of this study is to
determine tolerance values and to observe morphological
changes of algal species. Results show that C. vulgaris is
more resistant than S. obliguus. It has high EC50 dose for
cadmium and lead amount.
The present proposal attempts to map out a strategy to
extend and develop past efforts and develop a capability to
solve these very challenging environmental problems. It is
clear, however, that testing for each type of site will be
necessary before any remedial action is possible. If more
than one metal contaminant is present in a potential water
supply or wastewater stream, this also presents challenges
in resin development, selection and process design. The
scientific advancements of recent years including testing
of new materials have been extended by this study.
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ASSESSMENT OF BUFFER ZONES TO DITCHES
OF DICOFOL FOR DIFFERENT APPLIED DOSES
AND REPLICATION NUMBERS IN PESTICIDE
APPLICATIONS IN ADANA PROVINCE, TURKEY
Ali Musa Bozdogan* and Nigar Yarpuz-Bozdogan
Department of Agricultural Machinery, Faculty of Agriculture, University of Çukurova, 01330 Adana, Turkey

ABSTRACT
The aim of this study was to determine the buffer zones
for aquatic organisms of dicofol a.i. (active ingredient) in
soybean, cotton, and peanut at recommended doses and
replication numbers in the Adana province, Turkey. Thus,
a theoretical basis of buffer zones to ditches of dicofol a.i.
was evaluated and predicted at different applied doses and
replications for soybean, cotton and peanut crops. Different
applied doses of dicofol and replications in risk index (RI)
were used for buffer zones to ditches, and risks to aquatic
organisms, such as Daphnia, algae and fish were identified.
Due to its lowest min(NORMw) as a toxicological reference,
only Daphnia was evaluated in this study. The calculations
carried out suggest that buffer zones should be at least 1.8 m
for soybean, requiring a dose of 2.5 L per ha, 2.2 m for
cotton with 3.0 L per ha, and 2.6 m for peanut crops with
3.5 L per ha. The zones were determined assuming that RI
equals to 1, and there was only one replication of dicofol
application by conventional hydraulic sprayer. This study,
with its results, may prove to be a pioneer one in Turkey,
since there were no previous reports about assessment of
buffer zones to ditches of dicofol a.i. for different doses and
replications in pesticide applications in this country.

KEYWORDS: aquatic organisms, risk index, buffer zones,
applied dose, dicofol.

INTRODUCTION
Pesticides are mainly used for preventing of agricultural crops against pests. The amount of pesticides used in
Turkey ranges between 0.4-0.7 kg a.i. per ha. More than 1/3
of Turkey’s total pesticide use occurs in the Mediterranean

and the Aegean regions, where intensive agriculture is
carried out [1]. In 2004, in the Adana province (Mediterranean), pesticides used were 626,266 kg for cotton,
2,792.5 kg for soybean, and 7,340 kg for peanut. Cotton,
soybean and peanut were cultivated in areas of 36,720
ha, 7,295 ha, and 5,415 ha [2].
There is not much literature about the benefits of pesticides [3], but some research regarding the negative effects
of pesticides on aquatic organisms [4-10], earthworms
[11], groundwater [12, 13], birds [14], etc. Pesticide damage should be assessed by considering 10 modules: pesticide operator, worker, bystander, aquatic organisms, birds,
earthworms, bees, beneficial arthropods, persistence in soil,
and leaching to groundwater [15]. Water-bodies near agricultural areas are contaminated by drifted and/or run-off
pesticides, fatally affecting water organisms by such contamination. The ecological effects of pesticides on flora
and fauna in surface waters are dependent on both peak
concentrations and duration of exposure [16-19]. Buffer
zone distances are defined as the distance between the last
nozzle of spray equipment and sensitive organisms offfield, and they depend on application rate, numbers/ timings of applications, application equipment, nozzle selection, wind speed at time of application, wind direction
relative to spray axis, and distance of the crop from the
water-body [20]. Snoo and Wit [21] indicated that a 3-m
buffer zone decreased drift deposition in the ditch by a
minimum of 95%. With a 6-m buffer zone, no drift deposition in the ditch could be measured [21].
Dicofol is used to kill crop-feeding mite pests like the
red spider mite. It is a contact poison, which kills the pest
after being ingested and picked up from the surface of the
crop. It is an organochlorine acaricide that is similar to
DDT. It is highly toxic to aquatic organisms. Dicofol is
used against pests in fruits, citrus fruits, vegetables, hops,
cotton, soybean and peanut at different application dosag-
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es, between 0.05-0.68 kg a.i. per ha in Turkey [22]. For
these crops, organochlorine acaricide compounds like dicofol a.i. are applied more than once against spider mites as
emulsion concentration. Yılmaz et al. [23] determined that
in the Çukurova basin in Turkey, the amount of dicofol
was found to be 5.90 µg per L in Seyhan River and 7.14
µg per L in Ceyhan River [23].
There is some considerable research regarding organochlorine pesticide residues in the environment and aquatic
organisms in Turkey [17-19]. However, there are no reports
on buffer zones considering organochlorine pesticides. The
objective of this study was to determine the buffer zones
for aquatic organisms of dicofol a.i. in soybean, cotton,
and peanut at recommended doses and replication numbers in the Adana province.

Estimation of the predicted
environmental contamination (PEC)

PEC calculation for water (mg L-1) is given by Equation 3 [15; 25]:
PECW =

D = the applied dose of a.i. (mg m-2); %drift = drift
deposition of a.i. (in %); n = the number of applied doses;
dditch = the depth of the ditch (m).
Estimation of the applied dose of dicofol a.i. per application

Calculation of the applied dose (mg m-2) of dicofol is
given by Equation 4:
D(mgm −2 ) =

MATERIALS AND METHODS
The depth of ditches, which lies at the edge of all irrigated fields, is approximately 1.5 m in Adana. Pesticides,
in this area, are sprayed with conventional hydraulic sprayers onto cotton, soybean and peanut crops. The recommended doses of dicofol for this area are listed in Table 1.

Soybean
Cotton
Peanut

Active Ingredient (a.i.)
(kg L-1)
0.195
0.195
0.195

For aquatic organisms, the risk index (RI) is the quotient of the predicted environmental concentration (PEC)
to a toxicological reference value, and its calculation for
aquatic organisms is given by Equation 1 [15; 24; 25]:
(Eq. 1)

Determination of buffer zone

If the risk index (RI) is >1, the risk is significant, and
when lower than 1, it indicates a safe situation. Buffer
zone was determined by RI according to z in Eq. 5. Proximity of RI values from 0 to 1 indicates the buffer zone
distance.

RESULTS AND DISCUSSION
The applied dose of dicofol a.i. for each crop was calculated according to Eq. 4 (Table 2).
TABLE 2 - Applied dose of dicofol a.i. for each crop.

min(NORMw) = the toxicological reference (mg L-1).

Crops

For dicofol a.i., min(NORMw) of Dahpnia is the lowest min(NORMw) of fish and algae. Therefore, Daphnia
was used as a toxicological reference in this study (Equation 2) [15; 24].
EC 50
min( NORM w ) for Daphnia =
100

(Eq. 5)

A and B are coefficients for the German drift equation (these coefficients for field crops are A = 2.7593 and
B = -0.9778), and z = the distance between the field border and a point downwind the field (m).

Recommended dose
(L ha-1)
2.5
3.0
3.5

Estimation of the risk index for aquatic organism (RIaquatic)

PECw
min( NORM w )

4)

The German Ganzelmeier drift curve was used to predict the drift at certain distances in downwind field by Equation (5), as given below [15]:
%drift = A × z B

Farmers are mostly observed not to apply overdoses,
compared to the recommended dose per single application
for cotton, soybean and peanut. Sometimes, pesticides are
applied twice or more during the growing season in Adana.

RI aquatic =

(Eq.
Concentration of a.i. ( g l −1 ) × Re commended Dose (l ha −1 )
× 100
1000

Estimation of spray drift (%)

TABLE 1
Recommended doses in soybean, cotton and peanut in Adana [2].
Crops

(Eq. 3)

D.% drift .n
d ditch .100

(Eq. 2)

EC50 = the concentration of a.i. that effects 50% of a
Daphnia test population (mg L-1).

Soybean
Cotton
Peanut

Applied dose of dicofol a.i.
per application (kg ha-1)
0.4875
0.5850
0.6825

As mentioned above, if the risk index (RI) is >1, a
risk is indicated, but if it is <1, there is a safe situation for
aquatic organisms. Table 3 represents the RI values for
aquatic organisms in different buffer zones, with different
applied doses and replications.

277

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

TABLE 3 - Risk index (RI) values to aquatic organism on the ditch in the applied dose and buffer zones in spray replications.
Applied dose, crop and
number of replication

Buffer zone (m)
2

4

6

8

10

12

0.4875 L ha-1 (Soybean)
1st replication
2nd replication
3rd replication
4th replication

0.911
1.821
2.732
3.643

0.462
0.925
1.387
1.850

0.311
0.622
0.933
1.244

0.235
0.470
0.704
0.939

0.189
0.378
0.566
0.755

0.158
0.316
0.474
0.632

0.5850 L ha-1 (Cotton)
1st replication
2nd replication
3rd replication
4th replication

1.093
2.186
3.278
4.371

0.555
1.110
1.665
2.220

0.373
0.747
1.120
1.493

0.282
0.563
0.845
1.127

0.227
0.453
0.680
0.906

0.190
0.379
0.569
0.758

0.6825 L ha-1 (Peanut)
1st replication
2nd replication
3rd replication
4th replication

1.275
2.550
3.825
5.100

0.647
1.295
1.942
2.589

0.435
0.871
1.306
1.742

0.329
0.657
0.986
1.315

0.264
0.529
0.793
1.057

0.221
0.442
0.663
0.884

The RIaquatic for dicofol a.i. was calculated by PEC divided by the toxicological reference for Daphnia (mg L-1).
As seen from Table 3, RIaquatic values increased according to applied doses for soybean (0.4875 L ha-1), cotton
(0.5850 L ha-1) and peanut (0.6825 L ha-1) in the same
buffer zone distances and replications. It is shown that RI
values are directly based on applied doses in pesticide applications. In the same replication, RI values for 2-m buffer
zone were calculated as 0.911 for 0.4875 L ha-1 (soybean),
1.093 for 0.5850 L ha-1 (cotton), and 1.275 for 0.6825 L ha-1
(peanut) applied doses. The higher the applied dose, the
higher is the RI value. Similar results were also obtained
by Vercruysse and Steurbaut [24], who found RIaquatic values to be 0.069 for myclobutanil (applied dose 0.060 L ha-1)
and 989.705 for pyrazophos (applied dose 0.220 L ha-1).
This study showed that pyrazophos, due to its higher dose

of application, was more toxic to aquatic organisms than
myclobutanil.
When farmers apply 2.5 L per ha of the recommended
dose for soybean at first, the distance of the buffer zone is
approx. 2 m. If application is the second replication, the
buffer zone should be 4 m for preserving aquatic organisms. In this case, the distances of buffer zones increase
linearly with replications of pesticides (Table 3).
RI values according to buffer zone (m) were calculated
by Eq. 1. These values are shown in Figs. 1, 2 and 3, presenting each replication on ditch with the recommended
doses of 2.5 L ha-1 (soybean), 3.0 L ha-1 (cotton) and 3.5 L
ha-1 (peanut) for a buffer zone.

replica tion

R is k	
  Index	
  (R I)

10,0

1

2

3

4

B uffer	
  zone	
  (m )

1,0
1

2

3

4

5

6

7

8

9

10

11

12

0,1

FIGURE 1 - Variance of the buffer zone with 2.5 L ha-1 dose for four replications in soybeans.
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FIGURE 2 - Variance of the buffer zone with 3.0 L ha-1 dose for four replications in cotton.
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FIGURE 3 - Variance of the buffer zone with 3.5 L ha-1 dose for four replications in peanuts.

As seen in Figs. 1, 2 and 3, the more replicates of pesticide application by conventional hydraulic spraying, the
greater is the need to increase the buffer zone between
sprayers and rivers, ditches, and surface water. Moreover,
we can also observe that, in the same replication, the buffer
zone increased via decreasing the RI values. It is indicated
that when the buffer zone increases, the toxicity decreases
in ditches. Similar results were also obtained by Snoo and
Wit [21]. The same authors determined that the creation of
a 3-m buffer zone decreased drift deposition in the ditch by
a minimum of 95%. With a 6-m buffer zone, no drift deposition in the ditch could be measured [21]. Brown et al. [26]

also found that a 20-m buffer zone from the field border
provided protection from herbicide drift into a wetland area.
Ucar and Hall [27] reported that when the farmers use
buffer zones during spraying, the estimation of drift reduction is 20-50%.
Equations 6-9 were developed by using Fig. 1. These
equations were used for RI values according to replication
and buffer zone for soybeans (2.5 L ha-1):
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y1 = 1.7935 ⋅ X −0.9778

(Eq. 6)

y 2 = 3.5871⋅ X −0.9778

(Eq. 7)
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y 3 = 5.3806 ⋅ X −0.9778

(Eq. 8)

y 4 = 7.1742 ⋅ X −0.9778

(Eq. 9)

Equations 10-13 were developed by using Fig. 2.
These equations were used for RI values according to
replication and buffer zone for cotton (3.0 L ha-1):
y1 = 2.1523 ⋅ X −0.9778

(Eq. 10)

y 2 = 4.3045 ⋅ X −0.9778

(Eq. 11)

y 3 = 6.4568 ⋅ X −0.9778

(Eq. 12)

y 4 = 8.6090 ⋅ X −0.9778

(Eq. 13)

Equations 14-17 were developed by using Fig. 3.
These equations were used for RI values according to
replication and buffer zone for peanuts (3.5 L ha-1):
(Eq. 14)
y1 = 2.5110 ⋅ X −0.9778
y 2 = 5.0219 ⋅ X −0.9778

(Eq. 15)

y 3 = 7.5329 ⋅ X −0.9778

(Eq. 16)

y 4 = 10.0440 ⋅ X −0.9778

(Eq. 17)

yi = risk index value in ith replication (-); X = buffer
zone distance (m).
RI value can be calculated according to buffer zone
distance using Equations 6-17. These equations guided us
in calculating RI = 1 for the desired safe situation.
Fig. 4 was obtained by using Eqs. 6-17, and shows
the variation of the buffer zone related to replication number at different doses.

12

2,5	
  l	
  ha-‐1

As seen from Fig. 4, buffer zones can be calculated by the
equations illustrated in the figure. Based on this, we can
suggest that if farmers apply dicofol twice in cot-ton (3.0
L ha-1) during the spraying season, the buffer zone can be
calculated by Eq. y3,0 shown in Fig. 4. Following this
calculation, the distance of buffer zone equals 4.4 m. Ucar
and Hall [27] reported that researchers have suggested
buffer zone distances of 6–45 m for ground applications,
depending on the application rate, formulation, sensitivity
of non-target neighbor, specific weather conditions, etc.
According to their reviews, Porskamp et al. [28] indicated
that a non-cropped spray-free buffer zone of 2.25 m reduced drift to surface water in a ditch next to a potato
field by 50%. Reduction of off-site spray deposition was
70% on the strip of 1.5–6 m from the field border using
this buffer [27].
Sometimes, farmers do not apply the recommended
dose of pesticides. In this situation, the buffer zone distances
are not definitely known by them. Based on this assumption,
equations of buffer zone distances at different doses are
presented in Fig. 5.
Buffer zone distances at different doses can be calculated by the equations indicated in Fig. 5. We suggest that
if farmers apply dicofol twice in cotton at 3.2 L ha-1, not
the recommended dose, during the spraying season, the
buffer zone can be calculated by Eq. y2 in Fig. 5. Following this calculation, the distance of the buffer zone equals
4.7 m. Davis and Williams [29] determined that, up to 5 m,
the zones are under the risk of a great majority of pesticides. Nilsson and Svensson [30] observed that safety distance during spraying is recommended to be at least 1 m to
ditch. Our study showed that even if farmers apply pesticides in most favorable conditions, pesticide application
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FIGURE 4 - Variation of the buffer zone related to replication number.
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FIGURE 5 - Variation of the buffer zone distances at different doses.

should be made from a distance of at least 2 m to ditches.
This way, toxicity to aquatic organisms in ditches can be
reduced by using such buffer zones. Snoo and Wit [21] also
showed that creating unsprayed buffer zones (3 and 6 m
wide) also significantly reduced the short-term toxic risks
to aquatic organisms.
CONCLUSION
The results of this study indicate that buffer zones are
important for preventing pesticide application toxicity in
aquatic organisms. The recommended doses of dicofol a.i.
in Adana are 0.4875, 0.5850, and 0.6825 L per ha for
soybean, cotton and peanut cultivations. It is shown that
the RI values are directly dependent on doses and replications in pesticide applications. Doses and replicates of applications are a major determining factor for distances of
buffer zones. The more replicates and doses, the more the
distance of the buffer zone. Thus, farmers who apply dicofol a.i. near ditches should consider the welfare of aquatic
organisms. Prior to dicofol a.i. spraying, they should be
aware of buffer zone distances considering the applied doses
and number of replications. In this study, aiming at determining buffer zone distances, equations were developed according to replication number and different doses.
These equations may be a useful guide for farmers and
researchers involved in this field.

ject is the first in Turkey, and with its findings, it may prove
to be a significant guide for farmers and researchers regarding buffer zone distances related to different doses and
replications.
Spray drift, directly affecting RI values, is a major
problem during pesticide application. Thus, investigations
should be made about environment-friendly pesticide application technologies, and precision crop protection methods should be developed considering the welfare of birds,
aquatic organisms, earthworms, and other insects, as well
as soil and ground water.

Different buffer zones were determined for soybean,
cotton and peanut crops via the equations developed herein,
along the spraying season, and assuming RI equals 1 and
there was one replicate of application with the recommended dose of dicofol a.i. by conventional hydraulic
spraying. For soybean, the buffer zone was found to be at
least 1.8 m, for cotton at least 2.2 m, and for peanut at
least 2.6 m. To our knowledge, this study about this sub-
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BIOACCUMULATION AND BIOSORPTION OF HEAVY METALS
AND PHOSPHOROUS BY Potamogeton pectinatus L. AND
Ceratophyllum demersum L. IN TWO NILE DELTA LAKES
Nadia B. E. Badr* and Manal Fawzy
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ABSTRACT
The bioaccumulation and biosorption properties of cadmium, copper, lead and phosphorus by the two naturally
growing submerged macrophytes namely: Potamogeton
pectinatus L. and Ceratophyllum demersum L. were investigated in two Nile Delta lakes, Edku and Mariut. Results indicated that all four elements are readily taken up
by all plant organs. Differences in element concentrations
between shoots and roots of P. pectinatus are not significant except for P in Lake Mariut. C. demersum exhibited
significantly higher values of P than P. pectinatus in both
lakes. The variation in heavy metal concentrations between
the two species is not significant except for Cd. P. pectinatus shoots attained the highest bio-accumulation factor (BF)
for Cd and Pb. They accumulate up to 9.4 and 15 folds of
Cd and Pb concentrations in water, respectively. The roots
of P. pectinatus accumulate up to 14 folds of Cu concentration in water. The BF of C. demersum attained the highest value amounted 6.4 for P. The adsorption percent of
the study elements onto plant surfaces follow the pattern:
P> Pb> Cu> Cd. The adsorbed (exchangeable) fractions of
heavy metals in P. pectinatus attained the highest values in
both lakes. On the other hand, C. demersum acquired the
highest value for P. Generally, our results demonstrated that
both species are effective biosorbents and bioaccumulators
for Cd, Cu, Pb and P, rendering them of interest for use in
the phytoremediation and biomonitoring studies of polluted
waters.

KEYWORDS: biomonitoring, phytoremediation, bioaccumulation
factor, Lake Edku, Lake Mariut.

INTRODUCTION
Contamination of aquatic environment by toxic metals
and nutrients is a widespread phenomenon, especially in
the developing countries where high-cost remediation technology is not affordable. Due to its increasing application

(e.g. chemical or artificial fertilizers and detergent), phosphorus has naturally become one of the most serious environmental problems as its enrichment leads to eutrophication phenomena in fresh waters [1]. Moreover, water contamination with heavy metals is serious problem due to
their toxicity for biotic communities. The bioaccumulation
and bioaugmentation of heavy metals and nutrients by food
chain may damage the normal physiological activity and
endanger human life.
Heavy metals and phosphorous can be removed from
polluted waters by a range of physico-chemical technologies including ion exchange, adsorption and electrochemical processes [2]. However, regulatory standards are not
always met, where these technologies are usually expensive
and energy-intensive, driving towards a search of cheaper
alternatives [3].
Biotechnologies, with an increasing development during the last two decades, involve the use of plants for metal
removal. Some freshwater macrophytes including Potamogeton lucens, Salvinia herzogoi, Eichhornia crassipes, Myriophyllum brasillensis, Myriophyllum spicatum, Ca-bomba sp., Ceratophyllum demersum were
tested for the removal of heavy metals [4-7]. The bioremoval technique using aquatic plants contains two uptake
processes: (1) an initial fast, reversible, metal-binding
processes (biosorption); and (2) a slow, irreversible,
ion-sequestration step (bioaccumulation). The mechanisms of metals removal by biosorption were discussed
and reported previously [8], and classified as being: extracellular accumulation/ precipitation, cell surface sorption/
precipitation, and intracellular accumulation. Also,
biosorption may occur by complexation, co-ordination,
chelation of metals, ion exchange, adsorption and micro
precipitation [4].
The Nile Delta lakes form temporary reservoirs for
fresh and brackish water before flowing to the Mediterranean Sea. They receive huge quantities of different contaminants derived from several land-based sources surrounding the lakes. The unique position of these lakes lim-
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ited their role either being a trap and /or a source for most
contaminants reaching their water shed through their passage to the Mediterranean Sea. These lakes have numerous,
densely vegetated islets that emerge 30-50 cm above water
level in addition to many species of submerged macrophytes.
Submerged macrophytes are known to have major impacts on the biological structure and water quality of lakes
[9]. As the accumulation of nutrients and heavy metals in
aquatic biota depends upon the concentration of pollutants
in water as well as the length of time they have been exposed, where the tissue analysis of aquatic macrophytes
may provide a cumulative evaluation of exposure [10].
Most of the previous studies on bioaccumulation and
biosorption properties of aquatic macrophytes were carried
out basically at laboratory-scale, where many difficulties
arise in attempts of applying biosorption process in the field
[11]. Some potential biomaterials with high metal-binding
capacity have been identified in part. Among those biosorbents, submerged aquatic macrophytes such as Potamogeton spp. [12-13] and Ceratophyllum demersum
[14] were tested only at the experimental level.
The primary objectives of the present investigation
are to: (1) investigate the bioaccumulation and biosorption
characteristics of cadmium, copper, lead and phosphorous
in Potamogeton pectinatus and Ceratophyllum demersum
under natural conditions of the two Nile Delta Lakes, and
(2) demonstrate which of the study species accumulates
more elements from the polluted water and sediments. This
will ascertain the biomonitoring and phytoremediation potentialities of the two study species.

MATERIAL AND METHODS
Study area

The Nile Delta Lakes (Mariut, Edku, Burullus and
Manzala) are in common shallow, wind mixed basins
located on the southeastern Mediterranean coastal waters.
Lake Edku is situated on the western margin of the Nile
Delta (Figure 1). The eastern side of the lake is bordered by
two main drains namely: El-Khairy and Barsik separating
a large reclaimed cultivated land and discharging about
109 m3 y-1 of drainage water to the lake [15]. El-Khairy
Drain is joined to three sources of drainage waters which
transport domestic, agricultural and industrial wastewater,
as well as the drainage water of more than 300 fish farms.
Barsik Drain transports mainly agricultural wastewater.
The lake receives seawater at its north western part through
Boughaz El-Maadia from Abu Kir Bay which is a heavily
polluted basin receiving considerable amounts of untreated
industrial wastes.
Lake Mariut is the most polluted lake in Egypt. It is a
closed ecosystem and its water is pumped to the sea
through a pump station (Figure 1). It is divided artificially
into four basins namely, Main Basin, Fish Farm Basin,
Northwest Basin and Southwest Basin. The lake has been
impacted for many years by untreated industrial, agricultural and domestic wastewaters through different discharges
and drains (Kalaa and Omoum) discharging about 2.37
109 m3 y-1 (unpublished data).
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FIGURE 1 - Study lakes showing the sampling stations.
Study species

Potamogeton pectinatus L. and Ceratophyllum demersum L. were selected for this study. They are completely
submerged plants and commonly seen in ponds, lakes,
ditches, and quiet streams with moderate to high nutrient
levels [16]. They are widely spread throughout the Nile
region and Delta Lakes [17]. P. pectinatus is a submerged
rooted macrophyte, highly tolerant of eutrophic waters and
commonly present in heavily polluted sites. It is a perennial species ecologically adapted to grow in sediments that
have low oxygen levels [18]. C. demersum is free floating
hydrophyte, rootless, fragile, annual or perennial species.
When the plants grow near the lake bottom, they form
modified leaves, which may anchor in the sediment. However, it can float free in the water column and sometimes
forms dense mats just below the surface [19].
Sample collection and preparation

Surface water, sediments and plant samples were collected three times during the year 2006 (March, June, September) from 5 stations in the two study lakes (Figure 1),
according to the range of distribution of the study species.
Salinity and pH of surface water were measured immediately after collection using portable salinity and pH meter
(Model Crison) while samples for determination of dissolved oxygen were treated according to Strickland and
Parsons [20]. The depth of each station was also measured
using Secchi disc.
Surface water samples were collected in pre-acid
washed polyethylene bottles of one liter capacity each at
10 cm below the surface water using a Silicon/Teflon
water pump. The surface sediment samples were also collected at the same stations using the Peterson Garb sampler
and kept in a self sealed plastic bags. Water and sediments
samples were taken from amongst the submerged vegetation at the sampling stations. All plant samples were collected by sub-aqua diving to facilitate visual surveying of
the submerged vegetation, and accurate sampling of plants
from known depths and locations. For each sampling, plants
were washed in lake water to remove sediment particles.
Therefore, the element concentrations in the plant organs
refer not only to tissue concentrations but also to adsorbed
elements on organ surfaces. All samples (water, sediments
and plants) were collected in triplicates and preserved in
cool ice boxes throughout the field trip and during transportation to the laboratory.
Immediately after returning to the lab, water samples
were divided into 2 parts. The 250 ml water samples were
immediately frozen without filtration for the determination
of total phosphorous and the other part was filtered through
0.45 µm pore diameter membrane filters. The filtrates were
stored frozen at -4 oC. Sediment samples were also kept
frozen in plastic containers until analysis. The plant mate-

rials were separated into roots and shoots to identify different bioaccumulation and biosorption characteristics of
each organ. All plant parts were rinsed three times in deionized water, dried at 65 oC in an oven, grounded into
powdered and stored till further analysis.
Sample analysis

The frozen water samples were thawed prior to the
determination of total phosphorous using the molybdenum
blue spectrophotometric method [21]. Heavy metals content in water samples were measured in filtrates after a preconcentration-complexation step using (2%) ammonium
pyrolodindithiocarbamate (APDC), solvent extraction using
methyl isobutyl keton (MIBK) followed by back extraction
in nitric acid [22].
Sediment samples were wet-sieved through a 63-mm
sieve, washed with de-ionized water, dried at 105°C and
carefully homogenized. For total phosphorous and total
metals determination, one gram of homogenized samples
was digested using HNO3-HF-H3BO4 acids [23]. For plant
materials, 0.2 gram was digested according to the method
described by Allen [24]. The adsorbed (exchangeable) fractions of phosphorous were determined by the sequential
extraction method described by Jensen et al. [25] while that
for heavy metals was determined according to Tessier et al.
[26]. Exactly 0.5 gram of shoots and roots powder was
extracted for 1 hour with 8 ml of 1 M MgCl2 with continuous agitation on a shaker for one hour and then centrifuged.
All samples were analyzed in triplicates. Analysis for phosphorous was carried out according to [24] and determined
using spectrophotometer. Determinations of heavy metals
in all samples were carried out by Varian ICP-AES.
For quality control (QC) and quality assurance (QA)
of Total Phosphorous analysis, replicates (about 20 % of
the total number of samples) were analyzed using the same
procedures mentioned above. Satisfactory reproducibility
for Total phosphorous was obtained; the relative standard
deviation was less than 8%. A standard reference material
(BCSS-1) was also digested and analyzed similarly to ensure the quality control and accuracy of the heavy metals
analysis. Table (1) shows the certified values and analysis
results of the reference material as well as the recovery percentages of each metal.
TABLE 1
Comparison of BCSS-1 certified values with the present study.
Element
Cd
Cu
Pb

BCSS-1
0.25 ± 0.04
18.50 ± 2.70
22.70 ± 3.40

Present study
0.27
17.20
21.90

Recovery (%)
108
93
96

Data analysis

In the present investigation, the Bioaccumulation Factor (BF) was calculated using the formula outlined by Sadiq
[27]:
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element concentration in plant
element concentration in water
Statistical tests including paired Student t-test and
correlation analysis (Pearson correlation) were performed
with MINITAB, version 14 computer package.
RESULTS AND DISCUSSION
BF =

In the present study, the recorded depth for the selected
stations of Lake Edku ranged from 0.7 -1.4 m while that for
Lake Mariut varied from 0.4 -1.1 m (Table 2). The pH values of the two lakes are slightly alkaline ranged from 7.2
to 8.5 with narrow spatial variation (Table 2). The relative
abundance of aquatic plants in the study lakes increases the
rate of photosynthesis which in turn causes an increase in
the CO2 consumption and hence elevates the pH. The salinity ranges from 1.5 to 4.0 %o in Lake Edku and from 3.3
to 6.1 %o in Lake Mariut. The low salinity recorded for
Lake Edku indicates the discharge of drainage water from
agricultural lands surrounding the lake. The dissolved oxygen ranges from 5.4 to 9.0 ml l-1 in Lake Edku, while it
ranges from 2.6 to 5.1 ml l-1 in Lake Mariut (Table 2). Increased industrial and sewage discharge contained more reducible material together with limited circulation inside
Lake Mariut (closed system) play an important role in decreasing dissolved oxygen in the lake water.
The concentrations of accumulated (total) elements in
P. pectinatus and C. demersum together with their concentrations in water and sediments in the study lakes are illustrated in Figure 2. The adsorbed fraction (exchangeable)
of the investigated elements in both plants is shown in
Figure 3. A quick dip in the results demonstrates that the
concentrations of elements in water, sediments and plants in
the two study lakes possess the same pattern: phosphorous
> copper > lead > cadmium. The two species showed considerable variation in their element concentrations according to the sampling stations.
Bioaccumulation

In Lake Edku, the two study species collected from
stations III & IV, located opposite to the main drains, ElKhairy and Barsik, are enriched with all studied elements
followed by station I except for Pb (Figure 2). As such,
these two drains are the major source of pollution in the
lake. They transport huge amounts of mostly agricultural
drainage enriched with P and Cd, as by-products of phosphate fertilizers [28] and Cu, used in the manifacturing of
fertilizers and algicide.

sumably due to the effect of direct industrial discharge
from Abu-Kir Bay while Pb concentration was high at station V affected by aerial deposition of Pb from a nearby
heavily traffic high way (Coastal Road).
Similarly in Lake Mariut, P. pectinatus and C. demersum collected from stations I & IV, affected by the agricultural drainage of Nubaria Canal, acquired high concentrations of the four elements (Figure 2). Plants at station IV
attained the highest concentrations of Pb (Figure 2) as affected by the stack emissions from adjacent petroleum refineries and vehicles exhausts of the Desert Road (Figure 1).
The investigation showed that Cd, Cu, Pb and P are
readily taken up by all plant parts of the study species.
Differences in element concentrations between shoots and
roots of P. pectinatus are not significant (Table 3a) except
for P in lake Mariut. Shoots accumulate higher values than
roots (Figure 2). This corporate earlier finding that Cd, Cu
and Pb are directly taken up by all plant parts of P. pectinatus [29, 30]. Root uptake with subsequent translocation
to above-ground tissues in the submerged plants is reported
as the main route [31,32]. As stated by Guillizzoni [33],
some submerged rooted plants may absorb metals directly
from water when they are not readily available in sediments
and/or in high concentrations in the surroundings as in case
of the study lakes. C. demersum exhibited significantly
higher values of P than P. pectinatus in the two lakes (Table 3b). The variation in heavy metal concentrations between the two species is not significant except for Cd in
Lake Mariut (Table 3b).
Generally, significant positive correlations are among
element concentrations in shoots and roots of P. pectinatus and C. demersum with those in water and sediments in
the two lakes (Table 4). This ensures that all plant parts of
the studied submerged species can take up elements from
the surroundings.
The variation in Cd concentrations between shoots and
roots of P. pectinatus was insignificant. However, it varied
significantly between the two species (Table 4). In P. pectinatus, Cd concentrations were higher than that of C. demersum (Figure 2). The distribution of Cd within plant
organs is quite variable and clearly illustrates its rapid
translocation from roots to shoots [34]. Metals may be
translocated via the apoplast, in the phloem and acropetally

The Cd,Cu and P concentrations in plant tissues were
high at station I, located at the Lake/ Sea connection preTABLE 2 - Average values (± SE) of environmental parameters of the study stations in the two study lakes.
Lake

Station

Edku

I
II
III

Depth
(m)
0.9 ± 0.1
0.7 ± 0.3
1.1 ± 0.4

pH
8.3 ± 0.3
7.5 ± 0.2
7.2 ± 0.4
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S
(‰)
4.0 ± 0.4
2.0 ± 0.3
2.5 ± 0.1

Oxygen
(ml/l)
5.8 ± 0.2
5.4 ± 0.4
5.6 ± 0.1
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IV
V
I
II
III
IV
V

Mariut

1.4 ± 0.2
1.2 ± 0.5
0.5 ± 0.1
0.4 ± 0.3
0.9 ± 0.2
0.8 ± 0.4
1.1 ± 0.6
Shoot

C. demersum

P. pectinatus

Concentration

( µg g-1 )

Cd

Cu

Pb

P

16

16

12

12

8

8

4

4

8.5 ± 0.1
8.3 ± 0.1
8.2 ± 0.2
7.7 ± 0.2
8.1 ± 0.4
7.6 ± 0.3
7.8 ± 0.4
Root

1.5 ± 0.5
1.8 ± 0.2
3.3 ± 0.2
5.5 ± 0.3
4.8 ± 0.1
6.1 ± 0.5
4.7 ± 0.6

Water

Water & sediments

16

9.0

Sediments
C. demersum

P. pectinatus

9.0
1.5

16

12

12

6.0
3.0

9.0 ± 0.3
6.5 ± 0.6
4.0 ± 0.5
2.6 ± 0.8
4.6 ± 0.4
4.7 ± 0.2
5.1 ± 0.3

8

8

4

4

6.0
1.0
0.53.0
0.0
0.0

0

0

0.0

0

0

300

300

300

300

250

250

250

250

200

200

200

200

150

150

150

150

100

100

100

100

50

50

50

50

0

0

350
300
250
200
150
100
50
0

0

0

350
300
250
200
150
100
50
0

140
120
100
80
60
40
20
0

140
120
100
80
60
40
20
0

140
120
100
80
60
40
20
0

140
120
100
80
60
40
20
0

140
120
100
80
60
40
20
0

140
120
100
80
60
40
20
0

12000

12000

5000

12000

12000

5000

10000

10000

4000

10000

10000

4000

8000

8000

8000

8000

6000

6000

6000

6000

4000

4000

2000

2000

0

0
I

II

III

IV

V

3000
2000

I

II

III

IV

V

4000

4000

1000

2000

2000

0

0

0

I

II

III

IV

V

I

II

III

IV

V

Water & sediments

3000
2000
1000
0
I

II

III

IV

V

I

II

III

IV

V

Stations
Lake Edku

Lake

Mariut

FIGURE 2 - Mean of total element concentrations (±S.D.) of P. pectinatus, C. demersum together with water and sediments in the two lakes.

TABLE 3a - Significance of differences (P) between element concentrations in
the roots and shoots of P. pectinatus in the two study lakes according to the paired
Student t-test (t). The free degrees (f.d.) are also tabulated, n.s. = non significant.
Lake
Edku

Mariut

Element
Cd
Cu
Pb
P
Cd
Cu
Pb
P

t

P

1.90
-1.81
1.28
1.85
-0.85
-0.95
1.40
4.16

n.s.
n.s.
n.s.
n.s.
n.s
n.s.
n.s.
<0.001

f.d.
25
25
23
27
26
27
27
27

TABLE 3b - Significance of differences (P) between element concentrations in
P. pectinatus and C. demersum in the two study lakes according to the paired
Student t-test (t). The free degrees (f.d.) are also tabulated, n.s. = non significant.
Lake
Edku

Element
Cd
Cu

t
-2.66
-0.37
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P
<0.05
n.s.

f.d.
24
25
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Pb
n.s.
25
-1.89
P
<0.05
26
2.56
Mariut
Cd
24
3.56
<0.001
Cu
n.s.
21
-0.85
Pb
n.s.
27
0.94
P
<0.001
26
3.60
TABLE 4 - Correlation coefficient between element concentrations in P. pectinatus (PP) and C. demersum (CD)
together with water (W) and sediments (S) in the two study lakes (n=15; * p>0.05; ** p>0.01; *** p>0.001).
Lake
Edku

Element
Cd
Cu
Pb
P

Mariut

Cd
Cu
Pb
P

PP shoot
0.62**
0.60**
0.18
0.74**
0.65**
0.74***
0.69**
0.90***
0.60**
0.51*
0.66**
0.73**
0.65**
0.84***
0.78***
0.92***

W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S

PP root
0.37
0.67**
0.28
0.80**
-0.38
0.76***
0.72**
0.86***
0.19
0.58*
0.60**
0.85***
0.66**
0.85***
0.76***
0.77***

CD
0.59*
0.60**
0.09
0.68**
0.61**
0.54*
0.69**
0.93***
0.59*
0.73**
0.63**
0.72***
0.83***
0.72**
0.80***
0.75***

TABLE 5 - Bioaccumulation factor of different elements in P. pectinatus (PP) and C. demersum (CD) in the two study lakes.
Cd
Lake
Edku

Mariut

Station
I
II
III
IV
V
I
II
III
IV
V

PP
shoot
9.0
4.0
8.0
6.0
7.0
9.4
4.0
7.0
4.4
5.6

Cu
CD

root
7.0
4.0
7.0
5.0
4.0
7.5
3.0
6.2
3.2
4.1

8.9
4.4
6.7
5.5
4.3
6.3
2.6
4.0
3.6
2.8

PP
shoot
7.0
6.0
11.0
8.0
5.0
8.1
4.9
7.7
9.6
8.7

Pb
CD

root
9.0
8.0
14.0
10.0
5.0
8.9
5.5
8.5
10.9
11.5

in the xylem [35], and such translocation may differ greatly
between plant species and metal ions. One study on the
submerged species P. pectinatus reported high translocation of Cd in both directions [35], while another found
quite low, solely acropetal translocation of Cd [30].
Concentrations of Cu were slightly higher in P. pectinatus roots than green parts of both plants, but the differences are not significant (Table 3a, b). Thus suggesting
considerable availability in the sediments and marked root
uptake for P. pectinatus (Figure 2). Moreover, Weis and
Weis [36] reported that, at alkaline conditions, as in the
study lakes, the presence of plaque (a metal-rich rhizoconcertions composed of iron hydroxides and other metals that
are mobilized and precipitated on the root surface, enhanced
Cu uptake into roots [37]. A strong positive correlation is
detected between Cu concentrations in P. pectinatus roots
and C. demersum with those in sediments (Table 4). As

7.0
8.6
10.4
9.3
5.0
6.7
7.7
9.9
7.8
6.7

PP
shoot
6.0
7.0
15.0
15.0
8.0
8.4
5.6
8.8
7.4
3.7

P
CD

root
4.0
12.0
14.5
12.0
5.0
7.0
4.2
4.3
6.9
2.3

6.9
7.6
9.4
6.2
6.5
8.2
7.0
5.0
6.9
7.2

PP
shoot
5.0
5.0
6.0
5.0
4.0
5.4
4.6
4.1
4.9
4.9

CD
root
4.0
4.0
5.0
5.0
3.0
2.8
2.0
2.4
3.9
3.7

6.2
4.6
6.4
6.1
3.8
5.8
4.0
4.8
5.4
5.0

found by Wolterbeek and Van der Meer [30], Cu is slightly
mobile at least acropetally, in the truly submerged macrophyte P. pectinatus. Our results indicated that Pb concentrations in the shoots of P. pectinatus are slightly higher
than in its roots as well as in C. demersum (Figure 2 &
Table 3a,b). Significant positive correlations were detected
between Pb concentrations in water and sediments and
those in both plants (Table 4). In contrary, Kabata-Pendias
and Pendias [34] reported that Pb is the most highly accumulated metal in root tissue while Pb shoot accumulation is much lower in most plant species. The findings of
Blaylock and Huang [38] indicated that Pb concentration in
the shoot reached a value similar to the concentration found
in intact roots of the same species, when it is immersed in
a nutrient solution containing Pb. This explains the high
value of Pb content in shoots of submerged plants. Also
Ahmed and Badr [39] recorded higher Pb content in the
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submerged rhizomes of Eichhornia crassipes than in the
roots.
As for C. demersum, plants accumulates significantly
higher values of P in the shoot than P. pectinatus, while P.
pectinatus exhibit significantly higher values in the shoot
than in roots (Table 3a,b). Comparing with other studies,
several authors measured P concentrations in the leaves.
The findings of Guillizzoni, and Galanti [40] showed concentrations ranging from 0.3 to 1.2 mg g-1d.w. in Phragmites australis and Szymanowska et al. [41] found concentrations ranging from 1.1 to 1.6 mg g-1 d.w in Phragmites communis. Also Baldantoni [42] recorded concentrations up to 2.7 mg g-1d.w in the shoots of Najas marina. Our results demonstrated that P. pectinatus accumulates up to 8.3 mg g-1d.w in its shoots, while C. demersum
accumulates up to 9.5 mg g-1d.w in Lake Edku (Figure 2).
This indicates the good performance of the two species for
P accumulation and reflects the heavy applications of fertilizers in the agricultural lands around the lake.
In this study, P. pectinatus shoots attained the highest
bioaccumulation factor (BF) for Cd and Pb, accumulating
up to 9.4 and 15 of their concentrations in water, respectively (Table 5). Also, its roots accumulate up to 14 folds of
Cu concentrations in water. On the other hand, C. demersum acquired the highest BF (6.4) for P (Table, 5).

Many studies were carried out on metal accumulation
properties of Potamogeton species. As pointed out by Demirezen and Akoshy [43], P. pectinatus may be used as a
biological heavy metal indicator while determining environmental pressures. Also Duman [44] indicated that root
of P. lucens can be used as biological indicator of Cd in
aquatic environment. As for C. demersum, it was investigated for heavy metals removal from wastewater by Schneider and Rubio [5] and Keskinkan et al. [14], but none of
the studies dealt with P removal efficiency.
Biosorption

Biosorption is the first stage of metal accumulation. It
involves adsorption of metal onto the cell wall of microorganisms, algae and aquatic macrophytes, independently of
metabolism [45]. Adsorption processes on the biosurface
involve the release of hydrogen ions or the other cations
and the adsorption or surface complexing of metal ions.
Adsorption fraction represents very loosely bound elements
and may regulate and/or reflect the composition of surface
waters [46].
Generally, the adsorbed (exchangeable) fractions of
heavy metals in P. pectinatus attained the highest values in
the two study lakes, while C. demersum acquired the highest value for P (Figure 3).
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The adsorbed fractions of Cd and Pb in P. pectinatus
and C. demersum in Lake Mariut were higher than that in
Lake Edku (Figure 3). This is an expected pattern with high
concentrations of these elements in Lake Mariut water and
supposing direct adsorption to plant tissues (Table 2). As
reported by Abdel-Moati and El-Sammak [47], the total
metal concentrations in Lake Mariut, especially Cd and
Pb, are raised from 8 to 70 times of those values observed
from 25 years ago. The limited water movement in Lake
Mariut (closed system) offers favorable conditions for adsorption of the dissolved phase. In contrary, the continuous
turbulence in Lake Edku from complex drainage water
systems permits the release of loosely held metals (exchangeable) from plant surfaces to the overlying water.
On the other hand, the adsorbed fractions of Cu and P
onto both plants showed higher values in Lake Edku (Figure 3). Being continuously fed by agricultural runoff from a
fairly large cultivated area surrounding the lake with its

load of humic materials and fertilizers, high concentrations
of Cu and P in water and sediments of Lake Edku are evident (Figure 2). Besides, the use of CuSO4 as algaecide in
treating and controlling the massive macroalgal blooms in
the Nile drainage system is an important source of Cu pollution and its transfer through the drainage water to the
Nile Delta lakes [47].
Comparing the amount of adsorbed fraction, as a percent of the total concentration of each element, in the two
lakes (Figure 4) revealed that adsorption percent of the
elements onto plant surfaces follow the pattern: P> Pb> Cu>
Cd. Landberg et al. [48] found that Cd easily leaked from
cell compartment. Welsh and Denny [49] believed that Pb
was rapidly adsorbed to the shoot tissues of submerged
plants from the surrounding water and the adsorption would
be a purely physico-chemical process, with ionic or particulate Pb binding to immobile sites in the cell wall free space.
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The P. pectinatus shoot accumulated the highest percent of Cu (30.6 %) and Pb (40 %) at station II in Lake
Edku and station II in Lake Mariut, respectively. C. demersum attained the highest percentage of Cd accumulation,
reaching 15 % at station I in Lake Mariut and P reaching
55% at station II in Lake Edku. Fritioff and Greger [13]
reported that the cell wall-bound fractions of Zn, Cd and
Pb in P. natans increased at the higher concentrations of
these metals in the medium while the cell wall-bound fractions of Cu was independent on the metal concentration in
the medium. In addition, Schneider et al. [6] found that the
sorption was a function of pH and reached the highest
value in slightly acidic medium. In the present study, the
water in the two lakes is slightly alkaline (Table 2) and
the spatial variation in pH values among the sampling
stations, was rather limited. It seems that, beside element
concentration, the stagnancy of water in sheltered and shallow depth stations promote the metal ions adsorption.
Analysis of different organs of nine submerged aquatic
macrophytes growing in two English lakes by Welsh and
Denny [49] showed that Pb accumulation in shoots is the
result of adsorption from water. Our results from field
collections, however, require that this hypothesis be modified. The adsorbed fraction of Pb ranged from 10-40% of
the total shoot lead content in P. pectinatus and C. demersum. The accumulation of metals by aquatic plants is influenced by several factors, such as temperature, pH, light,
the presence of other metals in the water, all of which alter
the uptake of heavy metals into the tissue and chemical
composition of the plant cells [35, 38, 50]. Further, P. pectinatus has small stems and a scarcely developed vessel
system; it absorbs most of the elements directly from water
[51]. As reported by Schneider and Rubio [5], a low metal
adsorption result was obtained with C. demersum compared
to other aquatic plants. In contrary, our results showed that
the performance of C. demersum was comparable with that
of P. pectinatus. This finding is in line with Keskinkan et
al. [14] who defined that C. demersum can be an effective
biosorbent for Cu, Pb and Zn removal under dilute metal
concentrations.

bioaccumulation factor (BF) for Cd and Pb, which accumulates up to 9.4 and 15 folds of Cd and Pb concentrations
in water, respectively. Roots of P. pectinatus accumulate
up to 14 folds of Cu concentration in water. C. demersum
attained the highest BF for P where values reached 6.4.
The adsorbed fractions of all four elements onto plant
surfaces were increased as P> Pb> Cu> Cd. While P. pectinatus attained the highest values of adsorbed heavy
metals, C. demersum acquired the highest value for P.
Both P. pectinatus and C. demersum proved to be effective bio-sorbents and bio-accumulators for Cd, Cu, Pb and
P, rendering the two species of interest for use in phytoremediation and bio-monitoring of polluted waters. Being
widely distributed and fast-growing submerged plants,
the two species can be utilized as safe and cost effective
tool for the removal of P and heavy metals from the low
strength wastewater.
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CONCLUSIONS
Our results demonstrate that the concentrations of elements in water, sediments and plants in both lakes possess
the same pattern: P > Cu> Pb > Cd. On the basis of element
concentrations, P. pectinatus and C. demersum showed remarkable differences between stations highlighting the
same spatial trend of the study lakes contamination. It was
proven that Cd, Cu, Pb and P can be readily taken up by
all plant parts of the study species. Differences in element
concentrations between shoots and roots of P. pectinatus
are not significant except for P in Lake Mariut. C. demersum exhibited significantly higher values of P than P. pectinatus in the two lakes. The variation in heavy metal concentrations between the two species is not significant except for Cd. Shoots of P. pectinatus attained the highest
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ABSTRACT
The objective of this study was to evaluate the capacity of bioconcentration and elimination of chromium
by Cnesterodon decemmaculatus in experimental conditions. PVC tanks (800 L), with a sandy, kaolinite and turf
sediment were used. Amounts of 3 and 6 mg Cr/L of
potassium dichromate in dechlorinated water were added
to the sediment using two replicates per concentration and
control. After 5 days of stabilization, 125 specimens
(1.7-2.8 cm total length) from our own cultures were
placed in each tank. Water, sediment and fish (10 specimens pool-ed) samples were taken at 1, 7, 14 and 28 days
during the accumulation phase, and at 1, 7 and 14 days
during depuration phase. Temperature, dissolved oxygen,
conductivity, pH, and salinity were daily registered. The
bioconcentration factors (tissue/water) were 3.51 and
4.00 for 3 and 6 mg Cr/L levels, respectively, after 7
days; 2.15 and 1.97 at 14th day, and 6.15 and 2.63 at 28th
day of the accumulation phase. After 14 days, the depuration phase revealed 100% elimination at 3 mg Cr/L and
approximately 61% elimination at 6 mg Cr/L.

KEYWORDS: Chromium, bioconcetration, elimination, Cnesterodon decemmaculatus.

INTRODUCTION
The environment is continuously loaded with foreign
chemicals (xenobiotics) released by urban communities and
industries.
The ability of various pollutants to mutually affect their
toxic actions complicates the risk assessment based solely
on environmental levels. The biaccumulation of certain persistent environmental contaminants in animal tissues may
be considered to be a biomarker of exposure to these chemicals [1].

Metals are introduced into aquatic systems as a result
of the weathering of rocks and soils from, for example,
volcanic eruptions and also several human activities, involving mining, processing and usages of metals and industrial materials that contain metal contaminants. The increased use of metal-containing fertilizers due to the agricultural revolution could lead to a continued rise of the
concentration of metal pollutants in freshwater reservoirs
due to water run-off [2]. Since heavy metals are non-biodegradable, they can be bioaccumulated by fish, either directly from the surrounding water or by ingestion of food.
Chromium (Cr) is a relatively scarce metal in natural
aquatic ecosystems. However, these water-bodies can be
seriously affected by the anthropogenic action of industrial
effluents with consequent acute and chronic damages to
aquatic organisms. In Argentina, chromium is used in
leather production factories, as a leather tanning agent, in
the stainless steel production, and in the manufacture of
glass, pigments, fungicides and batteries [3]. Chromium
toxicity can vary in function of species, body mass and lifecycle stage of organisms, and also as a result of pH, temperature, hardness, and salinity of water [4]. Generally, fish
are more resistant to Cr than other aquatic organisms,
but can be sublethally affected at concentrations of 0.01350 mg/L, and lethally affected at 3.5-280 mg/L [5-7]. Chromium passes through the branchial chambers rapidly, and
accumulates at high levels in different organs and tissues.
There is information on accumulation of heavy metals by aquatic biota, and mainly by fish [8,9]. Once absorbed, they are transported by blood and transformed in
the liver and/or stored in organs and tissues. According to
Heath [10], if they are transformed by the liver they can
either be stored there, and then be excreted by the bile, or
be transported to the blood to be excreted through the
branches and kidneys or stored in the tissues and fat.
Therefore, the Cr concentration found in a certain tissue of a fish species in a certain place and time will depend
on a series of dynamic processes developed concurrently.
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Several factors influence the elimination of metals from
fish tissues. Metal elimination is important from a health
protection view, allowing the determination of the selfcleaning ability of organisms and the assessment of biological half-lives of different metallic contaminants.
The selection of fish species was carried out based on
their aptitude for bioassay conditions. In that sense, C. decemmaculatus (“madrecita”) is a neotropical native fish
species [11] with a wide distribution, that has been proposed as an alternative sentinel organism in acute and
chronic aquatic toxicity bioassays [12-14].
The objective of this study was to evaluate the capacity of bioconcentration and elimination of chromium
by Cnesterodon decemmaculatus (Pisces, Poeciliidae)
in a chronic assay under controlled experimental conditions.
MATERIALS AND METHODS
800-L PVC tanks placed outdoors and protected by a
plastic cover were used. An artificial sediment, composed
of sand, kaolinite and turf , was placed in each tank, with
the addition of potassium dichromate, at concentrations of
3 and 6 mg Cr/L, and dechlorinated water, using two
replicates per concentration and control. Five days after
stabilization, 125 specimens (1.7-2.8 cm total length) of
Cnesterodon decemmaculatus (“madrecita”) from our own
cultures were randomly distributed in each tank. Fish were
daily fed ad libitum with a commercial balanced food.
Water, sediment and fish (10 specimens pooled as a
whole body tissue) samples were taken at 1, 7, 14 and 28
days during the accumulation phase. After this stage, the
organisms were transferred to containers with clean water
to analyze the depuration or elimination phase, and sampled at 1, 7 and 14 days to evaluate the concentration of
residual chromium. In both phases, daily temperatures and
dissolved oxygen were measured with a YSI 55 model oxymeter; daily conductivity, pH and salinity were taken with
a U 110 Oriba equipment; and weekly hardness of water
and ammonium concentration were measured by DRELHACH.
For the determination of total chromium in water,
samples were treated according to 200.2 EPA regulations
[15], and analyzed by flame atomic absorption spectrometry (F-AAS). For the determination of total chromium in
sediment, samples were treated according to 200.9 EPA
regulations [16], and analyzed by electrothermal atomization in STPF conditions. Fish tissue samples were digested
according to EPA 200.3 regulations [17], and analyzed by
electrothermal atomization and F-AAS. In all cases, a Perkin Elmer Analyst 800 spectrophotometer was used.
Chromium concentration in fish and sediment was expressed as µg g-1 dry wt. and in water as µg ml-1.

The bioconcentration factor (BCF) was calculated as
the quotient of Cr concentration in tissues and water [18],
subtracting the Cr concentration in blank or control fish to
the Cr concentration in tissues [19].
Data are expressed as means ± standard error (S.E).
Analysis of variance (ANOVA), followed by Tukey test,
was used to compare mean values (P ‹0.05).
RESULTS AND DISCUSSION
The values of the principal chemical parameters of water used in the chromium uptake and depuration experiments were oxygen (mg/L): 9.8 (± 0.8) and 7.7 (± 0.4) respectively; temperature (°C): 17.6 (± 2.4) and 21.4 (± 1.2);
conductivity (µScm1): 1,251 ( ± 71) and 1,634 ( ± 108); pH :
8.3 ( ± 0.2) and 8.5 (± 0.1); ammonium (ppm): 1.28 (± 0.68)
and 0.62 (± 0.25) and hardness (mg CaCO3/L): 301.4 (±
41.7) and 333.1 (± 58.9), respectively.
No mortality occurred during the exposure and depuration periods.
Chromium content in Cnesterodon decemmaculatus
(µg/g dry wt) in the concentration and depuration phases
is presented in Fig. 1. Cr concentration increased rapidly in
the 6 mg/L treatment, reaching the maximum value after
7 days: 7.11 µg/g dry w (± 3.24), while in the 3 mg/L
treatment the highest value was obtained after 28 days:
3.25 µg/g dry w (± 1.27).
It is generally accepted that heavy metal uptake occurs mainly from water, food and sediment. However, the
efficiency of metal uptake from contaminated water may
differ in relation to the ecological needs, the metabolism,
and the contamination gradients of water, as well as in
relation to other factors, such as salinity, temperature and
interacting agents [20].
Table 1 shows the relationship between Cr concentrations in the medium (water) and the sediments. It is known
that heavy metals, such as chromium, are persistent environmental contaminants. Therefore, they tend to accumulate in sediments resulting in higher concentrations than in
aquatic organisms [21, 22].
The results revealed that there were no significant differences (p=0.019) between the control and the assayed concentrations in the accumulation phase. On the other hand,
the Tukey test did not show significant differences between
the control and the 3 mg/L concentration (p = 0.24), although
there were significant differences between the control and
the 6 mg/L concentration (p= 0.015).
On the other hand, the BCFs calculated in this study
were very similar for both treatments until day 7 with values
of 8.84 (± 3.90) and 8.80 (± 0.66) for 3.00 and 6.00 mg/L,
respectively (Fig. 2). At days 14 and 28, an inverse relationship was observed between the concentration factor and
the exposure concentrations. The maximum value obtained
was 23.11 (± 12.89) at day 28 of the exposure period with
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the lowest chromium level. The calculation of the BCF has
two major purposes: firstly, to evaluate how much Cr is
accumulated with respect to the aqueous exposure concentration and, secondly, to estimate the ability of fish to accumulate metals [23].

Concentración Cr (ug/g)

During the depuration phase, chromium concentration
in all fish decreased immediately, following the end of the
exposure period. The elimination rates at the end of the

depuration period were 100% for 3.00 mg/L, with values
of Cr concentration very similar to that of the control, and
66% for 6.00 mg/L.
Freshwater fish are able to excrete a higher than normal proportion of their metal intake under contaminated
conditions and, thus, maintain trace metal concentrations
in the body at a normal level [21]. Many factors influence
the elimination of metal from the tissues, like temperature,

12
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8
6

3 mg/l

4

6 mg/l

2
0
1

7

14

28
Days

7

14

FIGURE 1 - Uptake and elimination of chromium in “madrecita” fish exposed to different
concentrations during 28 days, followed by transfer to clean water for an additional 14 days.

TABLE 1 - Chromium concentration in water and
sediment during the exposure and depuration experiment.
Day

3 mg/L

6 mgL

Water
(Cr mg/l)

Sediment
(Cr µg/g)
Uptake period
0.20 ± 0.21
15.44 ± 1.39
0.26 ± 0.01
21.23 ± 0.62
0.35 ± 0.23
20.47 ± 0.20
0.11 ± 0.00
23.06 ± 9.96
Depuration period
0.10 ± 0.00
2.80 ± 0.42
0.04 ± 0.04
2.00 ± 0.14

1
7
14
28
7
14

Water
(Cr mg/l)

Sediment
(Cr µg/g)

0.94 ± 0.59
0.78 ± 0.45
0.35 ± 0.56
0.16 ± 0.04

29.78 ± 6.84
38.87 ± 4.45
50.26 ± 11.0
31.53 ± 9.47

0.16 ± 0.04
0.04 ± 0.05

2.35 ± 1.06
2.05 ± 0.21

Bioconcentration Factor
40

BCF

30

3 mg/l
6 mg/l

20
10
0
7

14

Time (Days)
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FIGURE 2 - Bioconcentration factor (BCF) during the uptake phase.

interacting agents, age of fish, metabolic activity and
biological half-life of metals [10, 24]. In our study, a rapid
tendency to elimination of the accumulated toxicant was observed when the animals were transferred to clean water.
Passive elimination may occur across the gills, kidneys and
integument, and, although differences in detoxification
systems occur among species, the detoxification route depends on the physicochemical properties of the metal.
Significant differences in metal bioaccumulation are
expected for different trophic levels and among species of
the same trophic level. Further research is needed to improve the understanding of the processes that control the
active uptake and elimination of chromium, and to know
how best to represent these processes in bioaccumulation
models.
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ABSTRACT
The genotoxic potential of sodium hypochlorite
(NaOCl) was examined in peripheral blood erythrocytes
of Achanthalburnus microlepis endemic to the basin of the
Kura-Aras river, by using a micronucleus test. The fish
samples were exposed to different concentrations of NaOCl.
A set of 10 ﬁsh specimens was exposed randomly to a particular dose containing different concentrations of chemicals
used in the experiment, and no ﬁsh was used more than
once. Five different concentrations of NaOCl were used for
bioassay, and 2 replications were practised for each set. The
96-h LC50 values of NaOCl were determined, as well as the
safe levels. The LC 50 value for NaOCl calculated by
Finney’s method and SPSS software was found to be
0.6343 mg/L after 96-h exposure. The LC50 values obtained
by SPSS and Finney’s method do not differ significantly.
It is observed in the positive control group that the frequencies of micro-nucleated erythrocytes increased in all
treatment groups when compared to the negative control
after 36 hours. Death rate was zero in the negative control
group.

KEYWORDS: Sodium hypochlorite, Acanthalburnus microlepis,
LC50 value, micronucleus, genotoxic, probit analysis.

INTRODUCTION
Environmental pollution has been a major concern in
the world for several decades. The dramatic increase in food
production using advanced technology and a rise in industrial output have led to the expansion of toxic waste released
into the environment [1], and contaminants cause water,
food and soil pollution. There has been an increasing cognition concerning the impacts of air and/or water pollution
and disposal of toxic waste on public health [2, 3]. This
toxic waste also has a dramatic effect on ecosystems, such

as forests, wetlands, coral reefs and rivers. Toxic chemicals
have been concentrated in food webs, the interconnected
food chains that circulate energy through an ecosystem [4].
These toxic chemicals strongly affect species close to
the top of the food chain. Water pollution, contamination
of streams, lakes, underground water, bays or oceans by
wastage are harmful to living things. The increased level
of pollution has left many species in danger of extinction.
Contaminated water causes epidemic diseases like typhoid
fever, hepatitis A, polio and cholera besides diarrhoea. To
prevent these kinds of waterborne diseases, chlorinating
of water has been efficiently used for almost 100 years.
Studies showed that consumption of the chlorinated water
has harmful effects on proliferation and the growth system, resulting in urinary and gastric cancer [5–7].
Since disinfection causes considerable environmental
pollution, it is necessary to check disinfected water in terms
of toxic and genotoxic effects [8]. Certain difficulties may
occur while conducting chemical analyses, long-term carcinogenicity tests and epidemiological studies. Compared
to the others, short-term mutagenicity tests, including the
AMES test, are faster and cheaper ones that can predict
carcinogenic activity. Short-term mutagenicity tests, mainly
the AMES test, are widely adopted in chlorine-containing
drinking water [9]. However, it is particularly important to
carry out this examination with tests in vivo [8]. Especially
micronuclei tests are quite sensitive indicating the genotoxity
and quality of water at studies in situ. The measurement of
micronuclei frequency in the tests in vivo, made in aquatic
animals and plants for this aim, is extensively used as an
indicator of the clastogenic effects of water [9].
When sodium hypochlorite is added to water or wastewater, it reacts with biological materials containing nucleotide bases and proteins, and generates many volatile and
non-volatile disinfection products, which are usually lipophilic, stable and toxic for the aquatic environment [10, 11].
These components are known to be mutagenic and carcino-
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genic, originating from the interaction of NaOCl with organic materials, such as humic and fulvic acids, that exist
in surface water [10, 12]. GC/MS analyses showed that the
DBP generation is at very high levels in NaOCl-disinfected
water. It has been observed that water disinfected by chlorine-containing disinfectants exhibits genotoxic activity in
plants, mussels and fish [9].
The aim of this study is to determine the LC50 values
using SPSS and Finney’s method. Acute toxicity and micronucleus tests were used in circulating erythrocytes of
A. microlepis exposed to water containing NaOCl. Blood
samples of fish grown up in an aquarium were taken at
the 36th hour and 6th day. The experiments took place in
May and November 2006.
MATERIALS AND METHODS
The fish species used in this study, A. microlepis, popularly known as blackbrow bleak [13], belongs to the family of Cyprinidae. The fishes were caught by electrofishing
from the Kura-Aras river basin (lat. 38° 35'E, long. 48°
49'N) in the Lake Cildir region, Eastern Turkey. Endemic
to the Kura-Aras basin [13], A. microlepis comes in a bright
white color and is too much flattened on the sides, in terms
of its body shape. On each side of its body, a wide black
band exists, starting from its head and ending at its tail. The
free ends of the dorsal and caudal fins are generally black
in color. Other fins are mostly grey or sometimes red in
color [14].
Determination of LC50 Value

Sixty fishes were grown up for a week in a 500-L tank
with well-aerated water at 18–20 oC. They were fed every
two days with appropriate pelleted food, which was withdrawn 24 h before the experiments. The fishes were divided
into 5 test groups. Each group was transferred to a 30-L
aquarium, and 1 L of water was added for each g of fish.
Temperature was kept in the range of 18–20 oC during
the experiment. The pH of the water was in the range of
7.2–7.3, slightly higher than the pH of natural water. Dissolved oxygen was 8–9 mg/L, and total hardness (CaCO3)
of the test water was 150–170 mg/L.
Each set of 10 fish specimens was exposed to different
concentrations of NaOCl (0.25, 0.37, 0.50, 0.75 and 1 mg/L)
for 96 h. No fish was used more than once for a given experiment [15]. The negative control group was kept in nonchlorinated tap water at the same conditions [15–17]. The
experiment was replicated under the same conditions, with
exposure times of 24, 48, 72 and 96 h, and mortality was
recorded from the start of the experiment. Mean mortality
from a particular dose and its replicate were calculated.
LC50 values were found using the data obtained in acute
toxicity bioassays, by Finney’s method of “probit analysis”
[17] and SPSS software.

Micronucleus (MN) Test

Thirty-five fish were used to determine MN frequency.
Different amounts of NaOCl (0.25, 0.37, 0.50, 0.75 and
1 mg/L) were added to 15-L aquaria containing 5 specimens. The negative control group was placed in a 15-L
aquarium of non-chlorinated tap water, and blood samples
were taken after the 24th, 36th, 48th and 96th hour and the
6th day. Benzene was used as a positive control at a concentration of 10 mg/L [16].
Blood samples for the smears were collected from a
caudal vessel at the 24th, 36th, 48th and 96th hours, and 6th
day after treatment with NaOCl [18]. Five fine blood smears
were prepared for each fish. They were fixed with pure
ethanol during 20 min on the slides. The prepared slides
were left to be dried in the open air, and then stained for
15 min with the Giemsa solution diluted (1:10) in phosphate buffer [15, 16, 19].
Slides were examined under a light microscope with
immersion oil. A total of 1000 erythrocytes were analyzed
for each set. The frequency of micronucleated cells per
1000 erythrocytes was determined for each fish. The number of MN was expressed as per thousand of erythrocytes
[20].
Particles, being separate from the main nucleus and
having a rounded structure in erythrocytes, with a regular
nucleus in the preparation, are evaluated as micronuclei.
MN could provide this differentiation and the nucleus
could be controlled by microscrew, so as not to confuse
dye particles and MN.
The statistical significance of the differences in average values between the treatment and control groups was
determined with the ANOVA test [21].
RESULTS
The average value of LC50 NaOCl (95% confidence
limit) for A. microlepis was calculated as 0.6343 mg/L at
96th hour. The mortality rate of the control group was zero
(Table 1).
The results showed that NaOCl is highly toxic to A.
microlepis specimens. Figure 1 shows the relationship between the concentration of NaOCl and the percentage of
fish mortality with probit analysis methods [17]. It is clear
from Figure 1 and Table 1 that fish mortality proportionally increases with the concentration of NaOCl.
The micronucleus test was used to determine genotoxic
effects of NaOCl. It is proven to obtain micronucleus values of the negative control group of 0.6, 0.8 and 1.4 in an
average number of 1000 erythrocyte cells at the 36th and
72nd hours, and the 6th day, and micronucleus values in
blood samples collected from aquaria of test groups starting from the lowest assigned (mg/L) values, are 1 at the
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FIGURE 1 - Plot of adjusted and predicted regression line of NaOCl in A. microlepis.

TABLE 1 - Acute 96-h toxicity of NaOCl in A. microlepis specimens.
Point
Concentrations (mg/l)
95%ConfidenceLimits
LC10
0.4416
0.3947-0.494
LC20
0.5001
0.4554-0.5493
LC30
0.5475
0.5038-0.5949
LC40
0.591
0.5473-0.6381
LC50
0.6343
0.5892-0.6828
LC60
0.6808
0.6324-0.7328
LC70
0.7348
0.6804-0.7936
LC80
0.8044
0.739-0.8756
LC90
0.111
0.8237-1.008
Observation used=3 Chi-squared=7.,467
G= 0,04534
Control group (theoretical spontaneous response rate) = 0.0000

SE log LDx
0.02486
0.02077
0.01841
0.01701
0.01633
0.01631
0.01705
0.01879
0.02234

TABLE 2 - Frequency of micronucleated erythrocytes (MN) in A. microlepis exposed to diverse concentrations of NaOCl (36 h–6 days).
Treatment
Negative control
Positive Control (10 mg/L Benzene)
0.05 mg/L
0.1 mg/L
0.25 mg/L
0.37 mg/L
0.50 mg/L
0.75 mg/L

MN frequency (Mean ±St. Dev.)
After 36 h
0.6±0.8944
7.6±1.1402*
1±0.7071 ns
1.8±0.8367 ns
2.2±0.8367 ns
2.4±0.5477 ns
2.8±1.3038*
3.6±1.1402*

36th, 1.2 at the 72nd hour, and 6 on the 6th day. In the
aquarium in which 10 mg/L benzene is added for positive
control, 7 micronuclei were found in fish erythrocytes.
MN figures and standard deviation values on micronuclei formations calculated by using NaOCl are shown
in Table 2. MN results obtained from test groups with
0.50 and 0.75 mg/L NaOCl dosages were used, and found
to be statistically significant at the 36th hour, 72nd hour
and 6th day (p <0.001). MN values obtained from the group,
in which benzene is used for positive control, show statistically significant changes at all sample-taking times, when
compared with other groups.

After 72 h
0.8±0.837
8.6±1.140*
1.2±0.447 ns
1.6±1.140 ns
2.4±1.342 ns
2.6±0.548 ns
3.2±1.483*
3.4±1.517*

After 6 days
1.4±1.140
8.2±0.837*
1.6±1.140 ns
1.4±0.894 ns
3±1.225 ns
3.2±0.837 ns
4.2±1.304*
4.8±1.304*

No significant change was observed in each dosage,
when compared with the period of sampling. However, a
constant increase could be seen for 0.05 mg/L, 0.25 mg/L,
0.37 mg/L and 0.50 mg/L dosages of NaOCl at the 36th
hour (Table 2). In addition, mortalities were observed in
0.50 mg/L and 0.75 mg/L micronucleus test groups within
the first 24 hours.
DISCUSSION
It is quite important to evaluate water samples via biotests. Pollution and contaminants are formed due to re-

302

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

lease of partially treated or non-treated wastes formed
following residential, agricultural and industrial activities
[5]. Except a cement factory, the Kars region, from which
the fish samples were obtained, is not a highly industrialized environment. Hence, aquatic areas within this region
are contaminated and polluted due to agricultural activities
and urban wastages. It is understood that chemical disinfectants used due to urban activities and toxic products
formed in their disintegration have many side effects on
living organisms resident in aquatic environments [22]. In
order to study and analyze the interactivity and the effects
of several environmental contaminants, like carcinogenic
and mutagen materials, it is required to determine toxic
values of such materials for a particular living organism.
Studies about the toxic values of the widely used disinfectant NaOCl were scarcely found. Göksu et al. [23]
determined the 24-h acute LC50 value of NaOCl in Pincdata
radiata as 1.75 mg/L, which was much higher than the
values found in this study. The reason for this discrepancy
might be the ability of developing a defence system of the
oyster against these kinds of chemicals, and the shortness
of the time used.
Recently, fast and cheap short-term mutagenic tests
have started to predetermine carcinogenic activity due to
the difficulty of applying chemical analysis, epidemiologic
studies and long-term carcinogenicity tests. It is shown that
chlorinated water has a genotoxic effect when the Salmonella/microsome (AMES) test is applied, and such activity
is generally thought to emerge because of interaction of
chlorinated disinfectants with some materials naturally
residing in water (such as humic and fulvic acids). Monarca et al. [9] studied the genotoxic effects of various disinfectants that exist in surface potable waters by using Salmonella mutagenicity, microtax and mutatox tests. When
Guzella et al. [12] treated lake water with several different
disinfectants after applying sedimentation and filtration
procedures, they observed a slight decrease in biological
activity existing in water affected by paraacetic acid (PAA),
and an increase of genotoxicity in waters disinfected by
NaOCl and ClO2. A study carried out by Crebelli et al. [10]
analyzed genotoxicity of malathion by using the Allium
cepa anaphase aberration test and Tradescantia/MNC test.
They found negative results. Eventually, they showed that
NaOCl and PAA do not play a major role in genotoxicity
of contaminated water.

study, also benzene was used as positive control matter,
which is a major water contaminant hydrocarbon. On the
6th day, maximum dosage of NaOCl resulted in a lower
MN frequency than that of benzene. Although there is a
direct correlation between the dosage increase and MN
frequency, such a relation is only found to exist in control dosage groups of 0.05mg/L, 0.25 mg/L, 0.37 mg/L
and 0.50 mg/L between time and MN frequency. Hidalgo et al. [24] observed that a sitotoxic effect emerges when
human fibroblast culture’s interactivity period with
NaOCl is longer, and, in parallel to this occurrence, a
concentration of 0.025–0.25% has antibacterial activity,
and 0.5% NaOCl has a bactericidal effect [24].
Monarca et al. [9] determined that all disinfectants, and
especially ClO2 and ozone, cause bacterial mutagenesis. Arkhipchuk and Garanko [20] determined an increase in micronucleus rate in epithelial cells of fish fins in a study
where heavy metals were applied.
Gustavino et al. [18] determined that significant cytogenetical damage occurred in erythrocytes of Cyprinus
carpio left to interactivity in well waters disinfected by
PAA, ClO2 or NaOCl. Since some of the chemicals causing water pollution are carcinogenic and have mutagenic
and genotoxic effects, the importance of cytogenetical and
sitotoxic studies made on chemicals that cause pollution
increases considering the negative effects of pollution on
current and future generations [18].
CONCLUSIONS
In this study, the genotoxic effect on A. microlepis
erythrocyte nuclei was examined by examining LC50 value
and applying micronucleus tests, to determine the toxic
effect of NaOCl used for various purposes. According to the
results obtained in this study, there is an increase in micronucleus and double nucleus formation together with increasing material dosage. Since the dosage of NaOCl also
increases abnormality formation within the cells, it may be
concluded that this material may have genotoxic effects.

In recent years, researchers have started to use the micronucleus (MN) test as an alternative way to traditional
chromosomal aberration analysis. It is efficient in monitoring contamination in water due to environmental contaminants. Cavas et al. [16] studied the genotoxic effect of metronidazole by using acridine, being a fluorescent dye, and
using cyclophosphamide as the positive control matter, as
well as tap water as negative control matter, and determined the increase in MN rate occurring due to the dosage and time. Cavas and his group determined that metronidazole has both sitotoxic and genotoxic effects [16]. In this
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ABSTRACT
In this study, 10 Bacillus cereus strains were isolated
from different soil samples. Selective isolation of the strains
was carried out on MYP agar medium. Biochemical identification was also confirmed by fatty acid methyl ester
(FAME) analysis and ribotyping. Strains were analysed
phenotypically by sensitivity to common antibiotics, diarrhoeal enterotoxin production by BCET-RPLA, SDSPAGE analyses of whole cell proteins. Genotyping included automatized ribotyping by Eco RI enzyme.
Antimicrobial substance production of the B. cereus
strains against a panel of microorganisms was tested by
well-diffusion assay. Five of the B. cereus strains, 1A, 4a,
6A, 9A and 10B, had moderate activity against diverse
Gram-positive bacteria and certain Gram-negative bacteria. The most striking result was that most of the strains
tested, particularly B. cereus 10B, were effective against
Candida glabrata, C. albicans, Geotrichum candidum and
Botrytis cinerea.

KEYWORDS: Bacillus cereus, antimicrobial activity, FAME,
ribotyping, BCET-RPLA

INTRODUCTION
Bacillus cereus is found frequently as a saprophyte in
soil, water, vegetation and air, from where it is easily transferred to food, either from the original raw material or
during food-processing [1]. The colonization of different
ecological niches is enabled by its extremely good adaptability and resistance to various influences. B. cereus produces different types of toxins, hemolysins and phospholipases. Three types of diarrheal enterotoxins have been
dis-covered so far, with the most research done on haemolytic (HBL) and non-haemolytic diarrheal enterotoxin
(NHE). The emetic syndrome is a consequence of
emetic toxin formation in food [2].

B. cereus and some closely related species from the
genus Bacillus have several features including the production of various biologically active metabolites, i.e. antibiotics, proteinases and bacteriocins. It is well-known that
most, if not all, bacterial species are capable of producing
a heterogeneous array of molecules in the course of their
growth in vitro (and presumably also in their natural habitats) that may be inhibitory to other bacteria [2]. The Bacillus species that produce antibiotics are B. subtilis, B. polymyxa, B. brevis, B. licheniformis, B. circulans and B.
cereus. The majority of studied antibiotics produced by
Bacillus strains are polypeptides of low molecular weight
that are synthesized by ribosomal or nonribosomal mechanisms [3]. Polypeptide antibiotics produced by Bacillus
that are used in medical treatments are bacitracin, gramicidin S, polymyxin, and tyrotricidin [4].
Characterisation of B. cereus strains, namely, biochemical [5-8] and toxin analysis [9-12], antimicrobial
resistance [13, 14], SDS-PAGE analysis of whole cell proteins [15], fatty acid methyl ester (FAME) analysis [1618] and ribotyping [19, 20], were done on food and industrial isolates. However, there is no detailed study for the
characterization of soil isolates of B. cereus.
Representatives of the Bacillus genus and biologically
active metabolites produced by them, in addition to their
practical application in various branches of the economy,
have been widely studied in scientific literature [21]. This
confirms that continued comprehensive research on them
is advisable. The aims of this study were to reveal phenotypic and genotypic properties of Bacillus cereus strains
isolated from soil and to investigate their potential to produce bioactive molecules.
MATERIALS AND METHODS
Isolation and Identification B. cereus strains

Soil samples were taken from 10 different locations at
Anadolu University Campus. Ten g of soil sample was seri-
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ally diluted in sterile peptone water and dilutions were surface-plated on mannitol egg yolk polymyxin (MYP) agar
[22]. The plates were incubated at 30°C for 24 h. Typical
colonies of B. cereus were then transferred to nutrient agar
slants and identification was confirmed by microscopic and
biochemical characterization including Gram-staining, lecithinase production, acid production from mannitol, anaerobic utilization of glucose, reduction of nitrate, VogesProskauer test, motility, endospore formation and haemolysis, as suggested by Shinagawa [23], Pirttijärvi et al. [16]
and Nout et al. [24].
Phenotypic and genotypic characterization
Sensitivity to the antibiotics

Bacillus isolates were cultured on Nutrient Broth (NB)
(Merck 1.5443) medium and incubated at 37 °C for 24 h,
and a suspension containing 108 CFU/ml for each isolate
was prepared. 100 µl of each suspension was spread on
the plates containing Mueller-Hinton agar (MHA) (Sigma
M-9552) medium (15 ml). Antibiotic discs, namely, erythromycin (15 µg), sulbactam (20 µg), ampicillin (10 µg), cefotaxime (30 µg), kanamycin (30 µg), tetracycline (30 µg),
chloramphenicol (30 µg), and vancomycin (30 µg) (Bioanalyse LTD, Turkey), were placed on MHA plates and
diameters of inhibition zones formed following 24- h incubation at 37 °C were measured [25]. Interpretation of the
response of B. cereus to these antibiotics was presented as
resistant, intermediate or sensitive, based on the size of the
inhibition zones for individual antibiotics according to the
instructions given in the manufacturer’s manual.
Diarrheal toxin production

Culture filtrates of the strains were prepared in Brain
Heart Infusion (Oxoid CM 225). After incubation at 32 °C
for 18 h, the culture was centrifuged at 4000 g for 10 min
at 4 °C [26]. The production of diarrheal toxin was monitored using BCET-RPLA (Oxoid TD950) test according to
the recommendations of the manufacturer.
SDS-PAGE of whole cell proteins

The method of Gargallo-Viola and Lopez was applied
for the preparation of whole-cell proteins [27]. SDS-PAGE
was performed in vertical slab gels and electrophoresis was
performed at 80 V and 120 V for the stacking gel and the
resolving gel, respectively, using a Tris-Glycine electrophoresis buffer (0.25 M Tris, 1.92 M Glycine, pH 8.5). The
gel was stained with a 0.25% (w/v) Brilliant Blue R solution in 40% (v/v) methanol and 7% (v/v) acetic acid at room
temperature for 2 h. Gel was digitally recorded by using gel
documentation system (Uvitec), and protein profiles were
compared by using Uviband gel analysis software.
Fatty acid composition

Cellular fatty acids were extracted and derivatized to
their fatty acid methyl esters (FAME) as described by
Sasser [28]. FAMEs were separated by the MIDI (Microbial Identification System) (Microbial ID, Inc. Newark,

Del.) utilizing an Agilent Technologies 6890N gas liquid
chromatograph with G2614A autosampler and 6783 injector. After flame ionization, FAME peaks were analysed by
using MIDI Microbial Identification System, software version TSBA 50. Cluster analysis techniques were used to
produce unweighted pair matching based on fatty acid composition.
Ribotyping

The automated ribotyping by Eco RI enzyme was performed using a robotized instrument (RiboprinterTM Microbial Characterization System, Qualicon, Du Pont, Wilmington, DE, U.S.A.) and the RiboprinterTM System Data Analysis Program.
Determination of antimicrobial ctivity

Antimicrobial activity of B. cereus strains isolated from
soil against 27 microbial genera including 19 bacteria,
2 yeasts, and 6 mould species, was tested. The microorganisms tested and their origins are given in Table 3. All
chemicals and media used for determination of antimicrobial activity were provided from Merck (Darmstadt, Germany), Sigma (Steinheim, Germany) and Oxoid (Hampshire, England).
B. cereus strains were grown in 300-ml Erlenmeyer
flasks containing 50 ml SG medium, with a rotary shaker
at 160 rpm and at 37 °C. SG medium consisted of 2%
glycerol and 2% peptone in tap-water, pH 7.5 [29]. After
allowing maximum biomass formation for 4 days in SG
medium, the cultures were centrifuged, and then the each
supernatant was adjusted to pH 4 with 6N HCl and extracted with the same volume of ethyl acetate. The organic
layer was concentrated in vacuo and dissolved in 1 ml dimethysulphoxide (DMSO). Extracts from sterile media were
prepared in the same manner and used as control to exclude compounds originating from the medium, and to determine metabolites which were exclusively produced by
the endospore-forming bacilli. The extracts were concentrated to dryness and then dissolved in 1 ml DMSO. All
extracts were maintained at +4 °C until be used for agar
well diffusion method.
The determination of the inhibitory effect of the extracts from isolates on test microorganisms was carried out
according to the agar well diffusion method. All bacteria
were cultured on NB medium and incubated at 37 °C for
24 h. MHA medium (15 ml) was poured into each sterile
Petri-dish. A suspension (100 µl) containing 108 CFU/ml
for bacteria, 107 CFU/ml for yeasts, or 105 spores/ml for
moulds was spread on the plates of MHA, or Sabouraud
dextrose agar medium, respectively. Suspensions (100 µl)
of target strain cultured for 24 h were spread on the plates,
and wells of 10 mm diameter were punched in the agar
with a sterile steel borer. Extracts (100 µl) were poured
into the wells and the plates were incubated at 37 °C for
24 h for bacterial strains, 48 h for yeasts, and at room
temperature for 72 h for fungi. Bacitracin (10 µg) and
vancomicin (30 µg) for bacteria and amphotericin B (1 µg/
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TABLE 1 - Phenotypic and genotypic properties of Bacillus cereus strains isolated from soil.
Antibiotic sensitivity

EnteroSDSFAME
Ribo
toxin
PAGE
group
group
activity
group
B. cereus 1A
R
R
R
R
S
I
S
S
+
A
5
B
B. cereus 2A
R
I
R
R
S
S
S
S
+
A
7
B
B. cereus 3A
S
I
R
R
S
S
S
S
+
B
8
A
B. cereus 4A
S
R
R
R
S
S
S
S
+
C
8
A
B. cereus 5A
I
I
R
R
S
S
S
S
+
C
7
A
B. cereus 6A
I
S
R
R
S
S
R
I
+
B
3
A
B. cereus 7A
I
S
R
R
S
S
S
I
+
B
4
C
B. cereus 8A
S
S
R
R
S
S
S
S
+
C
5
C
B. cereus 9A
S
I
R
R
S
S
S
I
+
C
6
C
B. cereus 10B
S
I
R
R
S
I
S
S
+
A
8
C
R, resistant to drug; I, intermediate to drug; S, sensitive to drug; E15, Erythromycin; SAM20, Sulbactam; AM10, Ampicillin; CTX30,Cefotaxime; K30,
Kanamycin; TE30, Tetracycline; C30, Chloramphenicol; VA30, Vancomycin
E15

SAM20

AM10

CTX30

K30

TE30

well) for yeasts and fungi were used as positive control.
The tests were carried out in triplicate. Antimicrobial activity was evaluated by measuring zone of inhibition (mm)
against the test organisms [25, 30].

C30

VA30

ever, clustering with homology coefficient 2% (UPGMA)
created 3 groups, namely A, B and C (Fig. 2). Strains 4A,
5A, 6A and 3A were in cluster A, while strains 1A and
2A in cluster B. Cluster C included the strains 8A, 9A, 7A
and 10B.

RESULTS
Isolation and identification

The use of MYP agar for the detection of B. cereus
is based on a double diagnostic system: non-fermentation
of mannitol and lecithinase production. Polymyxin B sulfate was included as a selective agent to inhibit Gramnegative organisms [31]. The B. cereus colonies appeared
as a dry-rough surface, red-purple in colour, and with a
white precipitate on MYP agar. Anaerobic utilization of
glucose, reduction of nitrate, positive Voges-Proskauer
test, motility, endospore formation and haemolysis tests
confirmed the identity of the isolates as B. cereus. Table 1
shows the strains isolated in this study.
Phenotypic and genotypic tests
Sensitivity to the antibiotics

FIGURE 1 - SDS-PAGE profiles of strains tested.

As seen in Table 1, all B. cereus strains were sensitive
to kanamycin, but resistant to ampicillin and cefotaxime.
Susceptibility to erythromycin, sulbactam, tetracycline,
chloramphenicol, and vancomycin at different levels was
observed.
Diarrhoeal enterotoxin production

BCET-RPLA test, a reversed passive latex agglutination kit for the detection of Bacillus cereus diarrhoeal type
enterotoxin, was carried out according to the recommendations of the manufacturer. Ten isolates characterized as B.
cereus were tested for diarrheal enterotoxin production, and
all of the strains (% 100) were positive with the BCETRPLA test (Table 1).
SDS-PAGE analysis of whole cell proteins

B. cereus strains gave a similar banding pattern with
SDS-PAGE analysis of whole cell proteins (Fig. 1). How-

FIGURE 2 - Dendogram of SDS-PAGE protein
profiles with homology coefficient 2% (UPGMA).
Fatty acid methyl ester (FAME) profiles

Ten strains were identified as B. cereus with the Sherlock Microbial Identification System. Fatty acid composition varied for all B. cereus strains, with 58 different fatty
acids being detected. All strains contained 12:0, 13:0 ISO,
13:0 ANTEISO, 14:0 ISO, 14:0, 15:0 ISO, 15:0 ANTEISO,
16:1 w7c alcohol, sum in feature 2 (12:0 ALDE?, un-
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known), 16:0 ISO, 16:1 w11c, sum in feature 3 (16:1
w7c/15 iso 2OH), 16:0, ISO 17:1 w10c, 17:1 ANTEISO
A, 17:0 ISO, 17:0 ANTEISO and 18:0 fatty acids. Grouping of B. cereus isolates by fatty acid composition suggested the existence of 3 groups, namely groups A, B and C
(Fig. 3). The relative percentages of each major fatty acid
occurring in each group (A-C) are shown in Table 2. Minor
fatty acids, which were present at lower values (< 1%) were
omitted.
Ribotyping

Automated riboprinting was applied to the 10 strains
of B. cereus to asses the genetic similarity of the strains
isolated from different soil sources. A total of six different banding patterns were obtained among the isolates (Fig.
4). Ribotype 5 was represented by B. cereus strain 1A and
8A, ribotype 8 by 3A, 4A and 10B, ribotype 7 by 2A and
5A, ribotype 3 by 6A, ribotype 4 by 7A, and ribotype 6 by
9A. A dendogram showing the similarity percentage of the
isolates by ribotyping is given in Fig. 5.

FIGURE 3 - Relationship among strains of B. cereus
on the basis of cellular composition in fatty acids (The
letters represent the designated groups for the cluster).

TABLE 2 - Proportion of major (>1%) fatty acids in clusters (groups A-C) of Bacillus cereus strains.
Fatty acids

A
12:0
1.42 (1.10)
13:0 ISO
12.20 (1.10)
13:0 ANTEISO
2.40 (0.08)
14:0 ISO
5.31 (0.70)
14:0
5.80 (0.30)
15:0 ISO
27.60 (3.30)
15:0 ANTEISO
6.10 (0.40)
16:1 w7c alcohol
0.80 (0.06)
sum in feature 2
1.60 (0.10)
16:0 ISO
5.50 (0.30)
16:1 w11c
0.80 (0.07)
sum in feature 3
9.90 (0.30)
16:0
6.02 (0.30)
ISO 17:1 w10c
1.60 (0.20)
17:1 ANTEISO A
0.60 (0.03)
17:0 ISO
4.10 (0.50)
17:0 ANTEISO
1.20 (0.06)
18:0
0.90 (0.50)
sum in feature 2: (12:0 ALDE?, unknown); sum in feature 3: (16:1 w7c/15 iso 2OH)

Mean percentage (SD) groups
B
0.80 (0.20)
9.20 (0.70)
1.50 (0.10)
4.00 (0.50)
5.06 (0.40)
27.90 (2.20)
5.60 (0.40)
0.90 (0.09)
0.80 (0.04)
5.80 (0.60)
1.71 (0.30)
0.60 (0.10)
9.20 (0.30)
2.80 (0.40)
0.38 (0.01)
6.50 (1.03)
1.80 (0.10)
2.40 (2.10)

C
1.06 (0.60)
8.70 (1.04)
1.83 (1.04)
4.10 (0.50)
4.80 (0.50)
23.70 (2.20)
6.50 (0.60)
0.70 (0.16)
1.00 (0.50)
5.20 (0.60)
1.10 (0.50)
3.50 (3.10)
7.01 (0.80)
1.70 (0.30)
0.40 (0.10)
5.10 (1.10)
1.70 (0.20)
3.60 (0.50)

FIGURE 5 - Dendogram showing the relationship among
B. cereus strains obtained by Eco RI macrorestriction patterns.
Determination of antimicrobial activity

FIGURE 4 - Ribotypes from B. cereus strains isolated from soil
(ribogroup numbers are given by automatic ribotyping system).

This study examined the antimicrobial activity of 10
Bacillus cereus strains against 19 bacteria, 2 yeasts, and 6
mould species. Some strains showed antimicrobial activity, but other strains did not. The inhibitory effect of strains
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against the bacteria and fungi tested is presented in Table 3.
Most of the isolates showed inhibitory effects against M.
luteus, P. syringae pv. phaseolica, and P. syringae pv.
tabaci, while neither isolates showed inhibitory effects
against S. faecium, E. coli, P. aeruginosa, P. maltophilia, P.
syringae pv. syringae, P. syringae pv. tomato, and S. typhimurium. The greatest inhibition zone (22 mm) was against P.
syringae pv. phaseolica by B. cereus 8A strain. The highest activity against the resistant strains was shown by B.
cereus 6A strain against MRSA.

cies: B. cereus, B. thuringiensis, B. anthracis, B. mycoides,
B. pseudomycoides and B. weihenstephanensis [32, 33]. Although the MYP medium is selective for B. cereus, other
bacilli may be found, therefore, it is necessary to confirm suspected colonies by other biochemical tests [16,
18, 34]. In this study, presumptive B. cereus isolates were
considered to be positively identified when they were
shown to be motile and haemolytic. However, FAME identification with TSBA 50 library confirmed these traditional
tests.

In our study, it was found that all B. cereus strains
were effective against almost all fungal test strains used. C.
glabrata, G. candidum, and C. albicans were the most sensitive strains against B. cereus isolates examined. The greatest inhibition zone (36 mm) was against C. glabrata by B.
cereus 10B strain.

Resistance to antimicrobial agents by bacteria is a
world-wide problem. Food animals have been suggested as
a possible reservoir of both resistance and resistant genes
that could be transferred to humans either directly via the
food chain, or as a result of spread of animal waste on the
fields. Concern as to spread of resistance from indigenous
environmental bacteria to pathogenic organisms has been
raised [13].

DISCUSSION
Identification

The B. cereus group has a very homogenous cluster
within the Bacillus genus, and comprises 6 recognized spe-

A small (2.9 Mda) plasmid was reported to be responsible for resistance to tetracycline in Bacillus cereus
by Bernhard et al. [35]. Ombui et al. [36] reported that all
B. cereus isolates were resistant to ampicillin, susceptible
to streptomycin, and resistance to gentamicin was about

TABLE 3 - The means of inhibition zone diameters (mm±SD, n=3) of active
metabolites produced by Bacillus cereus strains against test microorganisms (well Ø 10mm)
8A
18±1.1
11±1.5
22±2.1
12±1.1
8A

9A
12±0.8
12±0.9
14±1.0
12±1.1
13±1.1
16±1.1
12±1.2
12±1.0
12±1.1
9A

Antibiotics
10B
B*
VA*
12±1.2
25±1.3
25±1.1
12±1.3
19±1.5
16±1.4 15±1.2 24±1.4
18±1.2
14±1.1
13±1.1
20±1.0
25±1.5
16±1.0
13±1.2
21±1.2
12±1.0
11±1.1
20±1.2
10B
AMB

Aspergillus flavus NRRL 1957**
14±1.1
15±1.2 14±1.1 12±1.1 15±1.1 12±1.1 12±1.0
Geotrichum candidum (wild type) ****
21±1.2 20±1.4 22±1.1 23±1.2 24±1.0 21±1.2 20±1.2 20±1.2
Aspergillus parasiticus NRRL 465**
12±1.0 13±1.2
20±1.3 18±1.3 14±1.2 12±1.3 14±1.2
Botrytis cinerea AU 9492
22±1.1 22±1.4 20±1.3 25±1.2 25±1.1 23±1.1 20±1.0 21±1.3
Fusarium graminearum (wild type) ****
12±1.1 16±1.1 15±1.0 17±1.2 14±1.2 12±1.5
Fusarium solani (wild type) ****
15±1.2 12±1.4 12±1.0 12±1.0
16±0.9 14±1.0 11±1.1
Candida albicans NRRL Y-12983**
12±1.3 12±1.1 11±1.2 14±1.1 15±1.1 12±1.2 11±.1.0 11±1.1
Candida glabrata (clinic isolate) ****
25±1.4 24±1.2 12±1.2 24±1.2 26±1.2 13±1.0 24±1.0 14±.1.0
*
Antibiotic discs Ø 6 mm; B : Bacitracin (10µg/disc); VA : Vankomycin (30µg/disc); AMB, Amphotericin B (1µg/well)
**
from USDA, Agriculture Research Service, Peria, II, USA
***
from Department of Microbiology Medical Faculty Eskişehir Osmangazi University, TURKEY
****
from Department of Biology Faculty of Science Anadolu University, TURKEY
*****
from Department of Biology Faculty of Science and Arts Eskişehir Osmangazi University, TURKEY

12±1.2
21±1.2
12±1.3
22±1.0
12±1.2
13±1.1
11±1.2
15±1.4

12±1.2
20±1.1 14±0.9
12±1.0
20±1.2
12±0.6
13±0.8
15±0.9
36±1.0 20±0.9

Bacterial strains
Bacillus cereus NRRL 3711**
Bacillus subtilis NRRL B- 209**
Enterococcus fecalis ATCC 29212****
Micrococcus luteus NRRL B-1018**
Streptococcus faecium NRRL B-3502**
Enterococcus faecium (resistant clinic isolate) ***
Esherichia coli ATCC 25922***
Proteus vulgaris NRRL B-123****
Pseudomonas aeruginosa ATCC 10145***
Pseudomonas gingeri 3146****
Pseudomonas maltophilia (clinic isolate) ****
Pseudomonas syringae pv. syringae****
Pseudomonas. syringae pv. phaseolica T1599****
Pseudomonas syringae pv. tabaci 8****
Pseudomonas syringae pv. tomato 32****
Salmonella typhimurium ATCC 14028****
Staphylococcus aureus ATCC 25923***
Staphylococcus aureus (MRSA, clinic isolate) ***
Yersinia enterocolitica****
Fungal strains

1A
12±1.1
12±1.3
16±1.0
12±1.5
20±1.5
12±1.2
13±0.9
1A

2A
12±1.1
11±1.1
12±1.5
11±1.2
2A

3A
12±1.4
12±1.4
13±1.0
12±0.8
11±0.5
3A

Bacillus cereus strains
4A
5A
6A
7A
12±1.2
14±1.2
13±1.0
12±1.3
14±1.5 14±1.5 21±1.1 20±1.4
12±1.2
12±1.3
12±1.5
12±1.2
12±1.2
13±1.1 16±1.4 21±1.4 20±1.4
13±1.1 12±1.0 13±1.2 12±1.3
12±1.2
12±1.0 12±1.1 13±1.1 12±1.0
12±1.2
13±1.1
4A
5A
6A
7A
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7%. Jensen et al. [13] investigated the antimicrobial resistance among B. cereus group isolates from Danish
agricultural soil, and recorded the resistance to bacitracin
and erythromycin. In this study, all the isolates were resistant to ampicillin and cephotaxime, but susceptible to
kanamycin. However, differing degree of susceptibility
and resistance was observed for other antibiotics tested.
It was also reported that since most Bacillus species
populate the same ecosystems as Streptomyces and other
antibiotic producers, they might have acquired resistance
to antibiotics produced under natural conditions.
Characterization of soil strains for enterotoxin production by BCET-RPLA test showed that all of the strains
(100 %) were able to produce the toxin in culture and,
therefore, contamination of food products by these strains
presents a potential health risk for the consumers.
Fatty acid analysis is a useful tool for identifying new
bacterial species including Bacillus [37-39]. Pirttijärvi et
al. [16] examined a cheese dairy and biomaterial-based industrial process by a commercial library, and a group of
isolates were not recognized as B. cereus. However, all of
the strains tested in this study were recognized as B. cereus by the TSBA 50. Haque and Russel [40] grouped B.
cereus collected from Bangladeshi rice by the fatty acid
composition, and our results agree that the predominant
fatty acid group is 15:0 ISO.
Ribotyping has long been considered to be a useful
technique [41], but difficulty of performance has limited
the widespread application of this method. The automated
ribotyping with Riboprinter TM Microbial Characterization
System has simplified the method [19]. Pirttijärvi et al. [17]
analysed 11 cereulide-producing B. cereus strains and found
that all shared a single specific ribopattern. Andersson et al.
[19] found that B. cereus strains isolated from dairies were
very heterogeneous. However, they concluded that the
method can be used in tracing contamination routes or
epidemiological studies of Bacillus cereus.
Apetroae et al. [42] compared the cereulide-producing
strains of B. cereus and found 3 ribotypes among 24 strains
of B. cereus. In this study, 6 ribotypes were obtained
among 10 isolates of the bacterium. It must also be noted
that Eco RI ribotyping can be a useful tool to identify
strains of the bacterium. The use of this polyphasic approach to taxonomy has enabled all the B. cereus strains
to be distinguished from each other.

and that these antibiotics generally affect Gram-positive
bacteria. Oscariz et al. [46] identified and isolated a bacteriocin-producing strain of Bacillus cereus from a soil sample. The compound, cerein 7, was active against most Grampositive but not Gram-negative bacteria. In our study, 1A,
4A, 6A, 9A and 10B strains of B. cereus had moderate activity against diverse Gram-positive bacteria and certain Gramnegative bacteria. However, it was found that most strains,
particularly B. cereus 10B strain, were effective against
pathogenic fungi tested, namely, C. glabrata, G. candidum,
B. cinerea, and C. albicans. The Bacillus species have a
wide range of antimicrobial activities and are also used as
anti-fungal as well as antibacterial agents. Silo-Suh et al.
[47] have reported that Bacillus cereus UW85 produces
two antibiotics, zwittermicin A and antibiotic B (kanosamine) that contribute to its ability to suppress certain plant
diseases. Zwittermicin A is highly active against the oomycetes and their relatives, the algal protists, and had moderate activity against diverse Gram-negative bacteria and
certain Gram-positive bacteria, as well as against a wide
range of plant pathogenic fungi [48]. Kanosamine is highly
inhibitory to growth of plant-pathogenic oomycetes and
moderately inhibitory to certain fungi and inhibited few
bacterial species [49].
Some authors have suggested that the use of antimicrobially active species and strains of the genus Bacillus,
or use of their metabolites, may be an alternative or supplementary method to chemical plant protection. Many of
these bacilli are generally soil-inhabiting bacteria or exist
as epiphytes and endophytes in the spermosphere and
rhizosphere. For this reason, Bacillus species are ideal candidates for use as biocontrol agents against soil-borne
pathogens.
These results provide us with novel tools for antimicrobial therapy, which is particularly urgent at a time when
many Gram-positive pathogens have developed resistance
mechanisms to almost all antibiotics known. In addition,
there is a need to develop an antifungal agent with fewer
side effects, since serious fungal infections such as invasive aspergillosis, increased dramatically in recent years.
Amphotericin B and itraconazole are two of commonly used
antifungal drugs to cure it, but their side effects and poor
response rate limit their use. In this study, B. cereus 10B
strain was more effective against pathogenic fungi tested.
Therefore, future studies should be conducted to reveal
chemical structure of the antimicrobial active substance(s).

Antimicrobial activity

Up to now, many antibiotics of B. cereus have been
isolated and identified [3, 43-45]. Due to the fact that Bacillus species have produced antibiotics in the soluble protein structure and that these antibiotics have been found to
be cheaper and more effective in studies conducted to date,
these microorganisms are preferable for commercial production. It was reported that members of the species Bacillus generally produced polypeptide-type bacteriocins,
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ABSTRACT
In this study, the acute-toxic effects of citric acid, a
food preservative, were histopathologically investigated on
the liver and kidney tissues of mice. A LD25 (480 mg/kg
body weight) dose of citric acid was given by intraperitoneal injection, and after ten days several necrotic changes
were observed in both tissues by light and electron microscopy. Citric acid treatment caused loosing and combining
of hepatocyte membranes; cytoplasmic vacuolization in
hepatocytes; picnotic nuclei; mononuclear cell infiltration
in small areas, and degeneration of blood vessel endothelium in liver; damaging of cell membrane; picnotic nuclei
and hypertrophy of lining epithelium of tubules; disappearing of basal membrane and fusing of tubules in kidney. It
also caused a decrease in numbers and volume of mitochondria and increase in secondary lysosomes, disorganization and loss of mitochondrial cristae in both tissues, invagination of nucleus membrane in liver, disorder of basal
infoldings, swelling in endoplasmic reticulum sacs and
loss of junctional complex as well as partial separation of
tubule cells in kidney. The results suggest that citric acid
dose level has toxic effects in mice, and additional toxic
properties must be examined in detail.

KEYWORDS:
citric acid, food additive, kidney, liver, histopathology

INTRODUCTION
Food additives offer substantial benefits not only by
preserving and increasing palatability of food, but also by
affording protection against pathological effects of reactive oxygen species associated with cancer, cardiovascular
disease and ageing [1]. Nevertheless, there have been problems identified concerning the safety of some food additives [2]. Because of their widespread use, the potential
toxicity of some food additives have been investigated [311]. Citric acid is used as a flavoring agent and preservative in food, especially in biscuit, cake, prepared soup,
cheese and cheese products, baby food, chewing gum, fizzy

lemonade, margarine, meat, fish, and beverages, especially
soft drinks [12]. The toxic effects of many food preservatives on living organisms have been studied using many
parameters [8-10, 13-17]. However, there is limited information concerning the effects of citric acid on mice tissue.
It was reported that citric acid caused a loss in body weight
gain and survival time in mice and these effects were related
with chelating ability of citric acid. In addition, sodium
citrate and citric acid solutions have a direct irritating effect
on oral mucous membranes. It was also notified that sodium citrate and citric acid solutions may cause ulcerative
lesions. [12]. Previously, we noticed a significant decrease
in body weight gain and several degenerative effects occurring by the effects of citric acid in liver by light microscopic examinations in mice [18, 19].
Citric acid is also an antioxidant food preservative and
used as a synergist to enhance the effectiveness of antioxidants [12]. The peroxides of saturated fats and their secondary oxidation products can be toxic and have lower
food quality [20]. Antioxidants are an extremely important
group of compounds used extensively to prevent the oxidation of fats and oils in foods, thereby, they prevent rancidity during distribution and storage. It seems likely that at
low dosages, antioxidants reduced the likelihood of tumor
formation, remaining perhaps to be a protective effect
against free radical damage [21]. But at high dosages, they
may become oxygen donors and enhance the carcinogenic
process [22]. Thus, despite their economic importance, they
can have negative effects on living organisms. With the
increase of processed food consumption, it is a reality that
the humans face probably chronic toxic effects of the food
preservatives [15, 16, 18, 19]. Because of this reason, we
aimed to evaluate the effects of single toxic doses of citric
acid on the mouse liver and kidney tissues by electron microscopy.
MATERIALS AND METHODS
In this study Bulb/C albino male mice, weighing 25–
30 g, were used. The animals were maintained at 24-26 oC,
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with a relative humidity of 50-70%, on a 12-h light/dark
cycle, with complete air change of 10 times per h. Five mice
were used as control group, and 10 mice as citric acidtreated one. Animals were fed by pellet baits and water.
LD25 doses (480 mg kg-1 b.w.) of citric acid (Merck; in
physiological saline) were injected intraperitoneally to experimental mice, and the same amount of physiological
saline to control group-mice. Ten days after the injection,
the mice were deceased by cervical dislocation, the livers
and kidneys dissected out, weighed, and separated for
microscopical examination. For the light-microscopical investigation, tissue samples were fixed in formalin (10%
solution) for 24 h, and then embedded in paraffin wax.
Sections of 5 µm thickness were cut and stained with hematoxylin/eosine. The liver and kidney tissues used for
electron microscopic studies were fixed in 4% glutaraldehyde (in phosphate buffer pH 7.2–7.3) for 2 h, and embedded in Epon 812 following post-fixation in 1% OsO4
(in phosphate buffer pH 7.2–7.3) for 2 h. Thin sections were
cut and stained with uranyl acetate and lead citrate, and
examined using a JEOL 1010 transmission electron microscope (TEM) at Trakya University, School of Medicine,
Department of Histology & Embryology, Edirne.
RESULTS
The results of light- microscopic investigation showed
that liver and kidney of mice treated with asingle toxic dose
of citric acid had necrotic changes, compared to the control group (Figs. 1a, 2a). Loosing and combining of
hepatocyte membranes, cytoplasmic vacuolization in
hepatocytes (Fig. 1b) and degeneration of blood vessel
endothelium (Fig. 1c), picnotic nuclei (Figs. 1b, 1c, 1d) and
mononuclear cell infiltration in small areas (Fig. 1d) as
degenerative changes in liver could be observed. Damage
in cell membrane and hypertrophy of lining epithelium of
tubules (Figs. 2b, 2d), loss of basal membrane and fuse of
tubules (Fig. 2c) and picnotic nuclei (Figs. 2b, 2c, 2d)
were determined in kidney, compared to the control
group. By TEM evaluation, decrease in numbers and volume of mitochondria (Figs. 3b, 4b) and increase in secondary lysosomes (Figs. 3e, 4c), disorganization and loss of
mitochondrial cristae (Figs. 3d, 3c, 4b, 4d) were determined in both tissues, invagination of nucleus membrane
in liver (Fig. 3d), disorder of basal infoldings (Figs. 4b,
4d), as well as swelling in endoplasmic reticulum sacs, loss
of junctional complex and partial separation of tubule cells
were observed in kidney (Fig. 4e).

DISCUSSION AND CONCLUSION
In this study, single doses of citric acid were given intraperitoneally to mice and after 10 days several changes
were observed in both tissues by light and electron microscopy. In our previous study, the effects of citric acid
on body weight, organ weights, blood profiles and liver

FIGURE 1 - (a): The liver of control group, c, central vein; h,
hepatocytes; s, sinusoids. (b): The liver from citric acid, v, vacuolization; loosing and combining hepatocyte membranes (*). (c): The
liver from citric acid, c, central vein; p, picnotic nuclei; degeneration of blood endotelium (*). (d): The liver from citric acid, m;
mononuclear cell infiltration; p, picnotic nuclei; v, vacuolization.
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FIGURE 2 - (a): The kidney of control group, gl, glomerulus; pr,
proximal tubule; d, distal tubule. (b): The kidney from citric acid
group, gl, glomerulus; p, picnotic nuclei; tb, degenerations of tubules.
(c): The kidney from citric acid group, p, picnotic nuclei; fusing of
tubules (*). (d): The kidney from citric acid group, p, picnotic nuclei; damaging of cell membrane (*); v, vacuolization.

315

FIGURE 3 - (a): The liver of control group, N, nucleus; m, mitochondria, er, granular endoplasmic reticulum; cm, cell membrane. In citric acid group, (b): Decreasing numbers and volume
of mitochondria. (c): Disorganization and loosing of mitochondrial
cristae. (d): iv, invagination of nucleus membrane. (e): L, lysosome, increasing of secondary lysosomes.
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histopathology were also investigated, and cytoplasmic
vacuolization, nuclear membrane invagination and picnotic nuclei were also reported [18, 19]. In the present
study, in addition to these previous findings, loosing
and combining of hepatocytes membranes, degeneration
of blood vessel endothelium (Fig. 1b-c) and mononuclear
cell infiltration in small areas (Fig. 1d) were obtained.
These findings obtained by light microscopy can be explained as signs of necrotic changes that occurred by the
effects of citric acid. Similarly, butylated hydroxytoluene
(BHT) has been shown to induce reversible liver hypertrophy in short-term feeding studies with mice [6]. In chronic studies, it was reported that BHT caused hepatocellular
degeneration [20]. It was also reported that phenolic
antioxidants, BHT and butylated hydroxyanisole (BHA)
may cause tissue damage, and that toxic effects could be
due to the production of phenolic radicals [6, 22, 23].
Furthermore, they indicated that those radicals reacted
with macromolecules of other essential targets, which
modify vitally important cellular activities. In shortterm feeding studies with mice, Na- benzoate [3, 7]
citric acid and benzoic acid [18] have been shown to
produce necrosis of hepatocytes. Furthermore, mononuclear cell infiltration in small areas obtained in liver can be
expressed as a protective response that happened against
degenerative effects of citric acid.
Damage in cell membrane and hypertrophy of lining
epithelium of tubules, disappearance of basal membrane
and fuse of tubules and picnotic nuclei were determined in
kidney (Fig. 2b-d). These findings were also established
as signs of necrotic changes that occurred by the effects of
citric acid in kidney. It is indicated that damage in cell
membrane, disappearance of basal membrane and fuse of
tubules caused loss of integrity, and significant reduction
in kidney functions.

FIGURE 4 - (a): The kidney of control group, N, nucleus; m, mitochondria. In citric acid group, (b): bi, basal infoldings, disordering
of basal infoldings, decreasing numbers and volume of mitochondria. (c): Disorganization and loosing of mitochondrial cristae. (d):
bi, basal infoldings, disordering of basal infoldings (e): ger, granular
endoplasmic reticulum, loosing of junctional complex and partial
separation of tubule cells (*).

Ultrastructurally, consecutive results of light-microscopic observations were found in liver and kidney. It is indicated that decrease in numbers and volume of mitochondria, loss of mitochondrial cristae in both tissues caused
reduce of ATP and deficiency of metabolism, in general.
Similarly, it was reported that citric acid and benzoic acid
[18], as well as Na-benzoate [7] cause mitochondrial disintegrations and cristae losses. Parallely, it was revealed that
propyl-paraben (propyl ester of p-hydroxybenzoic acid,
antimicrobial preservative)-induced cytotoxicity is associated with ATP depletion via mitochondrial dysfunction
[4]. Increase in the numbers of secondary lysosomes in
liver and swelling in endoplasmic reticulum sacs in kidney can be explained as a response towards citric acid effects. Invaginations of nucleus membrane are able to be
accepted as negative changing of nucleus structure and
function in liver. It is indicated that disorder of basal infoldings, loss of junctional complex and partial separation
in apical face of tubule cells are caused by fracturing
transport activity in kidney. In contrast to our observation,
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it was reported that there is no significant change in kidney by the effect of BHT [24].
According to the findings of the present study, it can
be concluded that citric acid has harmful effects, and control of the consumption of foodstuffs containing food preservatives is important for human health.
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SYNERGISTIC AND ANTAGONISTIC EFFECTS OF
SDS, IODIDE AND CITRIC ACID ON SOIL REMEDIATION
Neylan Dirilgen, Naz Zeynep Atay*, Melis Cagdas and Hanife Tunc
Bogazici University, Department of Chemistry, Faculty of Arts and Sciences, Bebek, 34342, Istanbul, Turkey

ABSTRACT
Efficiency of soil remediation from cadmium (Cd) was
studied in a laboratory-scale batch method. Anionic surfactant SDS and ligands iodide (I-) and citric acid (C6H8O7),
either alone or together, were tested at varying concentrations. Soil samples, artificially polluted with Cd, were
placed into contact with aqueous remediation solutions. In
the combined studies, SDS was paired with either one of
the ligands. The remediation solution was then studied with
a three-electrode cell system using Differential Pulse Anodic Stripping Voltammetry (DPASV) to determine supernatant Cd. Method parameters were optimized in terms of
cathodic deposition potential, deposition time, stirring rate
and pH of the analyte cell. With a remediation solution containing SDS, maximum desorption was 10% just above its
critical micelle concentration (CMC), but increased to 60%
with 100 mmol L -1 SDS. Although ligand iodide was a
better remediation reagent for Cd than SDS, the highest
desorption observed did not exceed 75%. The combined
effect of SDS and iodide was synergistic, and up to 95%
desorption was observed. Although citric acid, too, had a
greater remediation power (up to 75%) than SDS alone,
their combined effect was antagonistic.
For a given volume to mass (V/m) ratio, efficiency of
soil remediation was in the following order: (SDS+iodide)
> citric acid > iodide > SDS > (SDS+citric acid). Desorption of Cd increased as V/m ratio increased. In this study,
DPASV proved to be a useful method for the determination of heavy metal-soil and heavy metal-soil-surfactant
interactions.

KEYWORDS:
voltammetry; cadmium; soil remediation; surfactant; ligand.

diation techniques based on desorption of heavy metals by
organic surfactants and biosurfactants have been reported
[12-16]. Surfactant-enhanced soil remediation is known to
depend on solubilization of metal ions by micelles. Above
the critical micelle concentration (CMC) of the surfactants,
micelles easily dissolve hydrophobic organic chemicals
(HOCs) [17, 18]. Anionic surfactant sodium dodecyl sulphate (SDS) has been reported to be the most suitable for
the solubilization of both hydrophilic and hydrophobic
contaminants [19].
Some surfactants remove heavy metals from soils when
coupled with a ligand. The metal-ligand complex has increased hydrophobic character, so its solubility is enhanced
in the micellar phase with respect to the aqueous phase,
promoting soil remediation [20-22].
Natural organic biodegradable chelators, such as citric,
tartaric, oxalic, formic, fumaric, humic and fulvic acids,
can mobilize the heavy metals [23, 24]. Up to 85.9% Cd
removal has been reported with citrate concentrations of
20 mmol L-1 [25].
The objectives of this study were to evaluate the efficiency of a) SDS, b) ligands iodide and citric acid, and c)
SDS combined either with iodide or citric acid to desorb Cd
from the artificially contaminated soil samples, and to assess
the type of Cd-surfactant-ligand interactions as synergistic,
antagonistic, or additive. This was done by statistical testing.
In this study, an electro-analytical methodology was
used, and the anodic stripping waves of Cd were investigated by DPASV, which is a very sensitive analytical tool
for the determination of soluble, electrochemically labile
metal species, and those bound to particles and colloids in
trace quantities [26, 27].

INTRODUCTION

MATERIALS AND METHODS

Various physiochemical and biological methods have
been studied for metal removal from polluted soil [1-9].
Metal extraction depends on the extraction procedure,
source of pollution, and nature of soil [10, 11]. Soil reme-

Materials

Soil samples were taken from northwestern-Anatolia
Trace. Air dried samples were processed by a mechanical
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sieve (No. 60 sieve, 0.25 mm) and used in the desorption
experiments, to optimize the reaction surface area.
Reagents were supplied from Merck, except SDS (99%
purity) which was purchased from Sigma Chemicals Company. Various test concentrations of CdNO3 were prepared
from a 1000 mg L-1 stock solution in deionized water,
FeSO4(aq), CaCl2 (aq), BaCl2 (aq) and ferroin indicator
were used for soil characterization experiments.

Convective transport was achieved by stirring the solution. Peak height (current) increased linearly as the stirring rate was increased from 1600 to 2400 rpm. A mid value
of 2000 rpm was chosen for further experiments.
1200

1100

1000

Current (nA)

Acetate (pH 4.6-4.8), phosphate (pH 6.94) and carbonate (pH 10.03) buffer solutions were prepared from
reagent-grade chemicals in deionized water.
Instrumentation and methods

A WTW Inolab pH/Cond 720 pH-meter was used.
Two mechanical shakers (MRC Water Bath Shaking BT350 and Memmert WB 14) were used to equilibrate the soil
and the reactants.
Voltammetric measurements were carried out by using a Metrohm 757 VA Computrace Voltammetric Analyser with a three-electrode cell system (hanging drop
mercury electrode (HMDE) as working electrode, glassy
carbon and Ag/AgCl electrodes as auxiliary and reference
electrodes, respectively). A KCl solution (3 mol L-1) was
used as the supporting electrolyte. The analyte cell and the
glassware used during the experiments were kept in 10%
HCl solution between the runs.
The analytes for the voltammetric measurements were
prepared by mixing 10 ml of the diluted sample solution
with 0.5 ml of acetate buffer and 0.1 ml of 3 mol L-1 KCl.
All dilutions were done with deionized water.
Calibration solutions of 0.1 ml of 30 mg L-1 Cd were
prepared daily and used in ‘standard-addition’ method for
DPASV applications.
Optimization of method parameters for voltammetry

For the quantitative voltammetric determinations of Cd
content, method parameters were set by optimizing the
deposition time, stirring rate and deposition potential.
The pHs of the media were adjusted by using acetate
buffer solution, and the dependency of the oxidation peak
for Cd(Hg) → Cd2+ on the deposition potential was examined. The results are given in Fig. 1. The maximum increase in peak height (current) characterized the formal
potential of the Cd/Cd2+ redox system in the electrolyte
used. A further shift in the deposition potential from an
experimentally determined optimum value of -1.2 V did
not improve the sensitivity of the Cd determination.
When deposition times were tested, the peak height
(current) showed linear dependency on deposition time at
low metal concentration (cf. 4 mg L-1), and short deposition times (cf. <90 s). However, with longer deposition
times (cf. >120 s) and relatively higher Cd concentrations
(cf. 8 mg L-1), the increasing amalgam content of the Hg
counteracted any further enrichment, and deviations from
linearity were observed.

4 mg/L Cd
6 mg/L Cd
8 mg/L Cd

900

800

700

600

500

400
-1.4

-1.2

-1

Deposition Potential (V)

FIGURE 1 - Effects of deposition
potential at various Cd concentrations.

Apart from the acetate buffer, phosphate and carbonate buffer solutions were tested with a standard Cd
solution of 4 mg L-1. The registered concentration values
under the optimized conditions were 3.97 ± 0.45, 3.62 ±
0.75 and 3.27 ± 0.54 mg L-1 in acetate, phosphate and
carbonate buffer solutions, respectively. In the literature, it
was reported that Cd solubility in soils decreased as pH
increased [28]. The precipitation of CdCO3 occurred in
sandy soils with low CEC and low content in organic matter [29]. In our test solutions, the lowest values obtained
with respect to initial Cd concentration were observed
with carbonate buffer. However, precipitation of CdCO3
was not observed. As a result, acetate buffer solution was
chosen to adjust the pH of media in the test sets. It had the
closest pH value to that of the soil, and it was more accurate in the quantitative measurements of Cd in the solution.
The optimized method parameters were tested for 4, 6
and 8 mg L-1 Cd of standard solutions at given conditions
shown in Table 1 (only 4 mg L-1 Cd was used for pH experiments).
Soil analysis

Soil pH was determined in soil solution by two different methods [30]. Method 1 was carried out at 1:5 soil:water
ratio, and method 2 at 1:5 soil:0.01 mol L-1 CaCl2 suspension ratio. Organic matter content (OMC) [31], cation-exchange-capacity, CEC [32], water content [33], sand, silt
and clay, and gravel contents of the soil sample [30] were
determined. Average values for the replicate soil analysis
results are listed in Table 2. X-ray diffraction analysis
results of the soil have shown the presence of a high SiO2
(quartz) quantity, but very low calcite/dolomite content
(<1%).
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Original heavy metal contents of soil samples were de-

termined by wet-ashing process with HNO3 [34]. Digested

TABLE 1 - Working conditions for voltammetric experiments.
Parameters tested
pH

Values tested for
Optimum conditions
acetate buffer (pH = 4.76)a
acetate buffer
phosphate buffer (pH = 6.92)a
(pH = 4.76)
a
carbonate buffer (pH= 10.03)
Deposition time (s)
60, 90, 120, 140
90
Cathodic deposition potential (V)
-1.0, -1.2, -1.4
-1.2
Stirring rate (rpm)
1600, 1800, 2000, 2200, 2400
2000
Note: a Experimentally determined half-wave potential (E1/2) values of Cd for acetate, phosphate and carbonate buffer solutions were -0.596, -0.609
and -0.645 V, respectively.

TABLE 2 - Characteristics of soil sample.
pH
5.12 ± 0.13

OMC (%)
2.73

CEC (cmol kg-1)
22.8

H2O (%)
2.39

Sand (%)
85.7

Silt & Clay (%)
3.33

Gravel (%)
10.9

TABLE 3 - The initial heavy metal content in the soil sample.
Soil
1
2
3

Zn (mg kg-1)
0.120 ± 0.010
0.100 ± 0.011
0.105 ± 0.008

Cd (mg kg-1)
0.011 ± 0.001
0.012 ± 0.003
0.013 ± 0.003

samples were analyzed by DPASV. The average results for
three sets of soil samples are given in Table 3.
Soil-Cd interaction and the desorption experiments

Test concentrations for the cadmium solutions were
chosen according to soil pollution parameters taken from
Turkish Ministry of Environment and Forestry [35].
Batch experiments were carried out using 2-g soil
samples. The soils were initially in contact with 80, 120
and 160 mg kg-1 Cd at a volume-to-mass (V/m) ratio of
20 ml g-1, with 120, 180 and 240 mg kg-1 Cd at V/m of 30
ml g-1, and with 160, 240 and 320 mg kg-1 Cd at V/m of
40 ml g-1. Test sets were kept at 25 ± 2 0C on a shaker.
The soil-solution contact period was changed between 272 h for each set of experiment. The equilibrium time for
soil pollution was established at 48 h for each Cd concentration, at each V/m ratio.
In the desorption experiments, the soils were firstly
polluted for 48 h as described above, then filtered with
0.45-µm membrane, and the remaining “polluted” soil
was air-dried overnight. Three types of remediation sets
were prepared and the experimental set for each testing
scheme consisted of three replicates. The first set contained SDS concentrations below, at and above the CMC,
which is 8 mmol L-1 [36]. The second set contained aqueous solutions of iodide with concentrations varying between 50-400 mmol L-1, and the third one was made up of
solutions of 0.5-10 mmol L-1 citric acid. Polluted soil
samples were placed in contact with these remediation
solutions for 25 h on a shaker.

Pb (mg kg-1)
0.125 ± 0.010
0.117 ± 0.012
0.119 ± 0.015

Cu (mg kg-1)
0.073 ± 0.002
0.034 ± 0.004
0.041 ± 0.002

Similarly, the remediation studies with ligands and
micellar solutions were carried out by placing the initially
polluted soil samples in contact with a solution of varying
concentrations of surfactant and ligand. The method of
analysis was the same as described above.
The concentration of supernatant Cd was measured
by DPASV. The amount of Cd taken up by the soil was
then calculated by subtracting this amount from the initial
Cd concentration.
RESULTS AND DISCUSSION
Cd-soil interaction

During the DPASV experiments, pulse amplitude of
0.05 V, pulse time of 0.04 s, voltage step time of 0.1 s,
anodic stripping start potential of -1.1 V, and end potential of 0.05 V were employed. The experimental halfwave potential, E1/2 value, for Cd was registered as -0.596
V. Each experiment was repeated three times.
An example of the voltammogram of supernatant Cd
in one of the test sets is given in Fig. 2. The first curve
represents the sample, and the second and third ones are
the standard addition curves. The results of Cd adsorption
on soil are given in Table 4.
It is clear from the results in Table 4 that the percent
metal uptake by the soil decreased as the initial Cd concentration in the pollutant solution increased for a given
V/m. When the adsorbed amount of Cd for 160 mg kg-1
system was compared for V/m 20 and 40 ml g-1, a decrease
was observed when V/m ratio increased. The Cd-uptake

321

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

was changed only by 5% over a period of 5 days. Therefore, the remaining experiments were carried out over a

48-h period.

FIGURE 2 - Soil polluted with 160 mg kg-1 Cd at V/m = 20 ml g-1 for 25 hours.

and with 160 mg kg-1, only 120 mg kg-1 was adsorbed by
1 kg soil.

TABLE 4 - Cd taken up by 2-g soil samples
at different V/m ratios after 48 hours.

20

30

40

Initial Cd concentration in
mg, used to pollute 1 kg soil
80
120
160
120
180
240
160
240
320

a)

% Cd taken up by
the soil
89
84
75
83
66
57
67
47
45

100

80mg/kg Cd

90

120 mg/kg Cd
160 mg/kg Cd

80
70
%Cd desorbed

V/m (ml g-1)

60
50
40
30
20

Effect of SDS and iodide: separate and combined

10

The polluted soils were interacted with 6-100 mmol
L SDS solutions. The results of Cd desorption with SDS
only are given in Figs. 3a and 3b.

0
6

-1

8

10

50

100

[SDS]/mmol L-1

b)
100
160 mg/kg Cd
90

240 mg/kg Cd
320 mg/kg Cd

80
70

%Cd desorbed

As seen from Fig. 3a, V/m = 20, the Cd desorption was
<1% below the CMC. At the CMC, Cd-uptake by the solution went up to 2% only, and just above the CMC, maximum desorption was 5%. There was no obvious difference
between the “blank runs” (i.e. solutions with no SDS) and
the cleansing action of SDS at these concentrations. Desorption went up to 27-36% and 24-45%, only when 50 mmol L-1
and 100 mmol L-1 SDS were used, respectively.

60
50
40
30

The Cd concentrations indicated in these plots are the
corresponding ones in the initial polluting solutions. It was
already shown in Table 4 that the higher the initial Cd concentration, the lower was the percent adsorption on the soil.
Although adsorption increased with increasing initial Cd
level, the relative amount of Cd taken up by the soil was
less. In the 80-mg case, 71 mg was taken up by 1 kg of soil,
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FIGURE 3 - Percent Cd removed by SDS at
varying [SDS] for V/m = a) 20 ml g-1 and b) 40 ml g-1.

the single charged Na+ ones of the surfactant counter ions
on the micellar surface.

Higher desorption values in Fig. 3b, with respect to results in Fig. 3a, are not surprising. Since heavy metals adsorb onto soil sites of highest binding energies, soils with
lower metal concentrations are known to be harder to remediate [12, 37]. Although overall desorption was again very
low at low SDS concentrations (5% at the CMC and 10%
just above the CMC), percent remediation values went up to
44-56% and 60-50% for 50 mmol L-1 SDS and 100 mmol L-1
SDS, respectively.

Secondly, the polluted soils were interacted with 50400 mmol L-1 iodide solutions. The results of Cd desorption with iodide only are given in Figs. 5a and 5b.
a)
100
80 mg/kg Cd
90

120 mg/kg Cd
160 mg/kg Cd

80

%Cd desorbed

70

To observe the effect of V/m ratio on Cd desorption, the
results of soil contaminated with 160 mg kg-1 Cd at V/m =
20 and V/m = 40 were compared and shown in Fig. 4.

60
50
40
30
20
10

100
V/m=20

90

V/m=40

0
50

100

80

400

b)

70
60

100

50

90

40

80

30

70

20

60

160 mg/kg Cd
240 mg/kg Cd
320 mg/kg Cd

%Cd desorbed

%Cd desorbed

200
[iodide]/mmol L-1

10
0
6

8

10
[SDS]/mmol L

50

50
40

100
30

-1

FIGURE 4 - Percent Cd desorbed with
SDS from soil, initially contaminated with
160 mg kg-1 Cd, with solutions of different V/m ratios.

20
10
0
50

The results in Table 4 indicated that soil contamination with 160 mg kg-1 Cd was 8% higher at lower V/m
(i.e. 20) than at V/m = 40. As shown in Fig. 4, desorption
increased with increasing V/m at each SDS concentration.
In fact, the highest difference observed was for 100 mmol
L-1 SDS, with a difference of 20% in Cd desorption.
Hence, the V/m ratio of the desorption solution proved to
be important.
Although there was a pronounced increase in the remediation of soil when SDS increased to ≥50 mmol L-1,
overall Cd-desorption was still highly ineffective and did
not exceed 60% at most. The anionic surfactant SDS
tends to adsorb itself onto the soil through hydrophobic
interactions at relatively low concentrations. This leads to
significant reduction in its effectiveness to remove contaminants from the soil. Therefore, after the soil active sites
become saturated, adsorption of new SDS molecules become difficult, and, as also observed by Rodrigez-Cruz et
al. [38], adsorption decreases with increasing SDS concentration. At high concentrations (≥50 mmol L-1), micellar SDS starts to solubilize Cd ions, probably by a metalion exchange be-tween the double charged Cd2+ ions with

100

200

400

[iodide]/mmol L-1

FIGURE 5 - Percent Cd desorbed by
iodide for V/m = a) 20 ml g-1 and b) 40 ml g-1.

Results in Fig. 5 show that the cleansing effect of the
ligand iodide gradually increased with increasing iodide
concentration in the remediation solution. For a given iodide level in solution, iodide’s power in taking up the metal
ions showed a slight decrease, as the soil was more heavily contaminated with Cd, especially for V/m of 40 ml g-1.
Hence, a soil polluted with 160 mg kg-1 Cd initially, was
more readily cleansed with regard to that initially polluted
with 320 mg kg-1 Cd. For the soil contaminated with 160 mg
kg-1 Cd at iodide concentration of 400 mmol L-1 with low
V/m values, remediation was around 40-50% (Fig. 5a). On
a similar system, but with V/m = 40, desorption of Cd observed was 75%. Therefore, the release of Cd from the soil
was observed to depend on the V/m ratio. This was also in
agreement with the trend observed for pollution effects for
V/m = 40 (Table 4). Both percent pollution and percent
remediation decreased with increasing Cd concentration.
Percent remediation of the samples with higher V/m values reached 61-75% at 200-400 mmol L-1 iodide (Fig. 5b).
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When the desorption results were compared, iodide
seemed to be a better remediation reagent for Cd than SDS.
The negatively charged iodide will not be adsorbed on the
soil active sites, and will form iodo-cadmium complexes,
such as CdI+, CdI2, CdI3-, and CdI42- in aqueous solution.
However, the highest desorption percent observed with
iodide did not exceed 75%, showing that ligand iodide
alone was not the best remediation agent for Cd. This observation led to a search for another system, such as SDSiodide in combination.
Combined effects of SDS and iodide were studied at
50 mmol L-1 and 100 mmol L-1 SDS concentrations, while
that of iodide varied between 50-400 mmol L-1 for each
case.

power of 27-36% or 23-47%. The combination of both
clearly showed an enhanced remediation effect.
As shown in Fig. 6b, when the same experiments
were repeated with V/m= 40 ml g-1, again the Cd release
increased up to 97% with increasing iodide concentration for soil samples initially contaminated with 160 mg
kg-1 Cd. For the less polluted soil samples, remediation
was in the range of 65-80%. This again was higher than
the remediation observed for SDS or iodide alone.
The results for SDS concentration of 100 mmol L-1
are given in Figs. 7a and 7b.
a)
100

The results of 50 mmol L-1 SDS concentration for
V/m = 20 ml g-1 are given in Fig. 6a.
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FIGURE 7 - Percent Cd desorbed by iodide at
[SDS] = 100 mmol L-1 for V/m = a) 20 ml g-1 and b) 40 ml g-1.
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FIGURE 6 - Percent Cd desorbed by iodide at
[SDS] = 50 mmol L-1 for V/m = a) 20 ml g-1 and b) 40 ml g-1.

The Cd uptake by the remediation soil increased from
approx. 60% to 95%, as the iodide concentration was increased from 50 to 400 mmol L-1. Experiments indicated
that 50 mmol L-1 SDS or iodide alone had remediation

For these systems, when V/m was 20, the trend was the
same for all iodide levels used. Almost up to 65% Cd desorption was observed for soils contaminated with 80 mg
kg-1 Cd, whereas 30% desorption was observed for those
contaminated with 160 mg kg-1 Cd. For the more heavily
contaminated soils with V/m = 40, although the same trend
was applicable, an increase in Cd desorption up to 70-80%
could be clearly achieved.
The results for metal ion desorption with both anionic
surfactant SDS and anionic ligand iodide obviously showed
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that there was an increase in the remediation power when
both were together, with respect to either reagent alone.
Thus, the interaction of the two is classified as synergistic.
Statistical significance was tested by ANOVA [39]. The
percent value of desorbed Cd was the dependent variable,
whereas concentrations of surfactant and ligand either
alone or together were the independent ones, and the initial
Cd concentrations of the polluted soil were used as the
categorical variables. The values of F3,20 = 262 and Fcritical =
3.098 (P =0.05) showed that the combined effects of SDS
with ligand iodide were statistically important. In SDS micellar solutions, CdI3- and CdI42- are known to be formed
exclusively. Then, these charged complexes are known to
form ion pairs with the Na+ counter ions in the solution,
such as Na2[CdI4], and the neutral complexes are readily
solubilized in the hydrophobic core of the micelles [22].
This favourable solubilization in the micellar phase is supported with a larger negative enthalpy (-15 kJ mol-1), compared with the formation in aqueous solution, where ΔH is
-5 kJ mol-1.
Effect of citric acid: alone and combined with SDS

Organic acids such as citric acid are known to remove
Cd effectively at a wide pH range. Since it is environmentally friendly, the strong complexing agent citric acid is
preferred. This acid is easily biodegradable, and does not
leach macronutrients from the soil in large quantities, i.e.
80% less, compared to EDTA [37].
Results for Cd desorption with citric acid are given in
Figs. 8a and 8b.
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FIGURE 8 - Percent Cd desorbed by citric
acid for V/m = a) 20 ml g-1 and b) 40 ml g-1.

As seen from the V/m = 20 ml g-1 system in Fig. 8a,
at low citric acid concentrations (0.5 and 1.0 mmol L-1), Cd
desorption from the soil was less than 18%, but with increasing acid level, up to 75% desorption was observed.
At low acid concentrations, the more contaminated soils
(those contaminated with 160 mg kg-1 Cd) were cleansed
more, but this trend seemed to change above 5 mmol L-1
acid. As the citric acid concentration further increased, the
less-contaminated soil with 80 mg kg-1 Cd was more readily cleaned. A similar observation was made for the V/m =
40 ml g-1 systems in Fig. 8b. Again, as citric acid level
was increased from 2.5 to 10 mmol L-1, 60-75% Cd desorption rates were observed. Also, the less polluted soil was
more readily remediated at a given citric acid concentration. As before, when V/m ratio was increased from 20 to
40 mg L-1, the metal ion desorption increased at each citric
acid concentration. It has been reported that citrate at
160 mmol L-1 removed 96% of Cd at pH 2.3-7.3 for loam,
and the removal efficiency was 100% for sandy clay loam
within the same pH interval [37]. Initially, the loam type
was contaminated with 1821 mg kg-1 Cd, and the sandy
loam had 794 mg kg-1 Cd. Increased efficiency of Cd extraction in comparison to our results was most probably
due to the use of citric acid ammonium salt, which was
found to improve the soil structure by forming stable aggregates with the soil particles. It is a well-known fact that
soils contain mineral and humic constituents with hydroxyl
or carboxylic functional groups, so the surface plays an important role in metal retention. In order for a ligand to be
effective in soil remediation process, it should overcome
the competing reactions including metal precipitation as
hydrous oxides or carbonates, and surface complexation
on soil particles. The mechanism for Cd removal has been
proposed by the rapid desorption and dissolution of weakly
coordinated Cd-soil surface complexes, and further by chelation or reduction-chelation reactions [40, 41].
When the effects of iodide and citric acid alone on soil
remediation were compared, citric acid seemed to be the
more effective one in metal desorption at low V/m (i.e. less
contaminated soils), but their effects were comparable at
high V/m values (i.e. more contaminated soils.)

325

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

Combined effects of SDS and citric acid were studied
at 50 mmol L-1 and 100 mmol L-1 SDS concentrations,
while the acid concentrations were varied between 0.5-10
mmol L-1 for each case.
The results of both SDS systems are given in Figs. 9
and 10, respectively.
Overall percent desorption of Cd decreased with the
introduction of 50 mmol L-1 and 100 mmol L-1 SDS into
the citric acid system. Maximum Cd desorption observed
a)

was 25-35% with 10 mmol L-1 citric acid for all soil samples (Figs. 9 and 10). The trend at given acid concentrations was similar to citric acid system alone, and the more
polluted soil was more readily remediated. When the results obtained at different V/m ratios were compared, there
was no significant change in soil remediation.
It was concluded that although ligand citric acid alone
enhanced soil remediation, its combinations with SDS did
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FIGURE 9 - Percent Cd desorbed by citric acid at
[SDS] = 50 mmol L-1 for V/m = a) 20 ml g-1 and b) 40 ml g-1.

FIGURE 10 - Percent Cd desorbed by citric acid at
[SDS] = 100 mmol L-1 for V/m = a) 20 ml g-1 and b) 40 ml g-1.

not promote the release of Cd from contaminated soil, indeed, it was decreased. The combined effects of SDS with
ligand citric acid were classified as antagonistic. The experimental results were tested statistically [39], and the
values of F3,20 = 315 and Fcritical = 3.098 (P = 0.05) supported the significance of the data.

the amount of polluting Cd increased from 80 to 320 mg
kg-1. The volume of the polluting solution was also observed to be important in this process.

CONCLUSION
When the soil samples were artificially contaminated
with a solution containing varying amounts of Cd, percent
pollution was observed to change from 89% to 45%, when

Anionic surfactant SDS, below, at and just above its
CMC, was rather ineffective in desorbing Cd from contaminated soil. When SDS was increased to 50 and 100 mmol
L-1, desorption went up to 27-36% and 24-45% at low
V/m, but 44-56% and 60-50% at high V/m values. Thus,
the V/m ratio proved to be very important in desorption
process.
Ligand iodide alone was a better remediation reagent
for Cd than SDS. However, the highest desorption rate
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observed with iodide did not exceed 75%. The results for
Cd desorption with surfactant SDS and ligand iodide together showed that the combined effect was synergistic,
since there was an increase in remediation power (up to
95% at most), with respect to either reagent alone.
Although ligand citric acid alone had a greater remediation power (up to 75 % at most) than SDS, the combination of both decreased the amounts of Cd desorbed.
Thus, the combined effect of SDS with ligand citric acid
was classified as antagonistic.
At both V/m 20 and 40 ml g-1, efficiency of soil remediation was in the following order: (SDS+iodide) > citric
acid > iodide > SDS > (SDS+citric acid). In all tested systems, desorption of Cd increased with the V/m ratio.

[11] Moral, R., Gilkes, R.J. and Moreno-Caselles, J. (2002) A
comparison of extractants for heavy metals in contaminated
soils from Spain. Commun. Soil Sci. Plan., 33(15-18), 27812791.
[12] Doong, R., Wu, Y.W. and Lei, W. (1998) Surfactant enhanced
remediation of cadmium contaminated soils. Water Sci. Technol., 37(8), 65-71.
[13] Deshpande, S., Shiau, B.J., Wade, D., Sabatini, D.A. and
Harwell, J.H. (1999) Surfactant selection for enhancing ex
situ soil washing. Water Res., 33(2), 351-360.
[14] Deshpande, S., Wesson, L., Wade, D., Sabatini, D.A. and
Harwell, J.H. (2000) Dowfax surfactant components for enhancing contaminant solubilization. Water Res., 34(3), 10301036.
[15] Mulligan, C., Yong, R.N. and Gibbs, B.F. (2001) Heavy metal removal from sediments by biosurfactants. J. Hazard. Mater., 85, 111-125.

ACKNOWLEDGEMENTS
We thank Bogaziçi University Research Fund (Project No: 05B506 and 05HB501D) for financial support.
REFERENCES

[16] Lin, S.H. and Juang, R.S. (2002) Heavy metal removal from
water by sorption using surfactant-modified montmorillonite.
J. Hazard. Mater., 92(3), 315 -326.

[1]

Bradl, H.B. (2004) Adsorption of heavy metals on soils and
soil constituents. J. Colloid Interf. Sci., 277(1), 1-18.

[17] Liu, Z., Laha, S. and Luthy, R.G. (1991) Surfactant solubilization of polycyclic aromatic hydrocarbon compounds in
soil-water suspensions. Water Sci. Technol., 23(1-3), 475485.

[2]

Martinez, C.E. and Motto, H.L. (2000) Solubility of lead,
zinc,and copper added to mineral soils. Environ. Pollut., 107,
153-158.

[18] Edwards, D.A., Adeel, Z. and Luthy, G. (1994) Distribution
of non-ionic surfactant and phenanthrene in a sediment aqueous system. Environ. Sci. Technol., 28 (8), 1550-1560.

[3]

Hansen, H., Ottosen, L.M., Kliem, B.K. and Villumsen, A.
(1997) Electrodialytic remediation of soils with Cu, Cr, Hg,
Pb, and Zn. J. Chem. Tech. Biot., 70(1), 67-73.

[19] Hirner, A.V., Pestke, F.M., Busche, U. and Eckelhoff, A.
(1998) Testing contaminant mobility in soils and waste materials. J. Geochem. Explor., 64 (1-3), 127-132.

[4]

Peters, R.W. (1999) Chelant extraction of heavy metals from
contaminated soils. J. Hazard. Mater., 66(1-2), 151 -210.

[5]

Wasay, S.A., Barrington, S. and Tokunaga, S. (2001) Organic acids for the in situ remediation of soils polluted by heavy
metals: soil flushing in columns. Water Air Soil Poll., 127(14), 301- 314.

[20] Shin, M., Umebayashi, Y., Kanzaki, R. and Ishiguro, S.
(2000) Formation of copper (II) thiocyanato and cadmium
(II) iodo complexes in micelles of nonionic surfactants with
varying poly (ethylene oxide) chain length. J. Colloid Interf.
Sci., 225(1), 112-118.

[6]

[7]

Shin, M., Barrington, S.F., Marshall, W.D. and Kim, J.W.
(2004) Simultaneous soil Cd and PCB decontamination using
a surfactant/ligand solution. Environ. Sci. Heal., A, 39(1112), 2783- 2798.
Conte, P., Agretto, A., Spaccini, R. and Piccolo, A. (2005)
Soil remediation: humic acids as a natural surfactants in the
washings of highly contaminated soils. Environ. Pollut.,
135(3), 515–522.

[21] Umebayashi, Y., Shin, M. and Ishiguro, S. (2001) Thermodynamics of [Co(NCS)42- at poly (ethylene oxide) and octylphenyl moieties in micelles of nonionic surfactants. J. Colloid Interf. Sci., 237(2),167-173.
[22] Shin, M., Barrington, S.F., Marshall, W.D. and Wang, L.
(2005) Complexation of a ligand with a surfactant micelle for
soil heavy metal desorption. Soil Sediment Contam., 14(4),
357-372.
[23] Tan, K.H. (1986) Degration of Soil Minerals by Organic Acids. (In Huang, P.M. and Schnitzer, M. (Eds), Interactions of
Soil Minerals with Natural and Microbes, Soil Science Society of America, Special Publication No.17, Madison, Wisconsin, U.S.A., pp 1-27.

[8]

Shin, M. and Barrington, S. (2005) Effectiveness of the iodide ligand along with two surfactants on desorbing heavy
metals from soils. Water Air Soil Poll., 161(1-4), 193-208.

[9]

Moutsatsou, A., Gregou, M., Matsas, D. and Protonotarios,
V. (2006) Washing as a remediation technology applicable in
soils heavily polluted by mining-metallurgical activities.
Chemosphere, 63(10), 1632-1640.

[24] Meers, E., Lesage, E., Lamsal, S., Hopgood, M., Varvaeke,
P., Tack, F.M.G. and Verloo, G. (2005) Enhanced phytoextraction: I. Effect of EDTA and citric acid on heavy metal
mobility in a calcareous soil. Int. J. Phytoremediation, 7(2),
129-142.

[10] Khodadoust, A.P., Reddy, K.R. and Maturi, K. (2005) Effect of
different extraction agents on metal and organic contaminant
removal from a field soil. J. Hazard. Mater., 117(1), 15-24.

[25] Gao, Y., He, J., Ling, W., Hu, H. and Liu, F. (2003) Effects
of organic acids on copper and cadmium desorption from
contaminated soils. Environ. Int., 29(5), 613-618.

327

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

[26] Goncalves, M.D.S., Sigg, L., Reutlinger, M. and Stumm, W.
(1987) Metal-ion binding by biological surfaces - voltammetric assessment in the presence of bacteria. Sci. Total Environ., 60, 105-119.
[27] Palmqvist, U., Ahlberg, E., Lövgren, L. and Sjöberg, S.
(1997) In situ voltammetric determinations of metal ions in
goethite suspensions: Single metal ion systems. J. Colloid Interf. Sci., 196 (2), 254- 266.
[28] Street, J.J., Sabey, B.R. and Lindsay, W.L. (1978) Influence
of pH, phosphorous, cadmium, sewage sludge, and incubation-time on solubility and plant uptake of cadmium., J. Environ. Qual., 7(2), 286-290.
[29] McBride, M.B. (1980) Chemisorption of Cd2+ on calcite surfaces. Soil Sci. Soc. Am. J., 44(1), 26-28.
[30] Rayment, G.E. and Higginson, F.R. (1992) Australian Laboratory Handbook of Soil and Water Chemical Methods. Inkata
Press , Melbourne, Australia.
[31] Bartlett, G.N., Craze, B., Stone, M.J. and Crouch, R. (Eds.)
(1994) Guidelines for Analytical Laboratory Safety, Department of Conservation and Land Management. (Sydney, Australia).
[32] Gao, B., Wang, X.R., Zhao, J.C. and Sheng, G.Y. (2001)
Sorption and cosorption of organic contaminant on surfactant-modified soils. Chemosphere, 43(8), 1095-1102.
[33] Hausenbuiller, R.L. (1985) Soil Science: Principles and Practice, 3rd. Ed. Wm. C. Brown Publishers, Dubuque, Iowa,
U.S.A.
[34] USEPA (United States Environmental Protection Agency)
(2001). USEPA test methods. SW-846 manual. USEPA,
Washington, DC, U.S.A.
[35] Turkish Soil Quality Control Act. (Date: 31.05.2005). No:
25831.
[36] McCash, E.M. (2001) Surface Chemistry. Oxford University
Press, New York, U.S.A..
[37] Wasay, S.A., Barrington. S.F. and Tokunaga, S. (1998) Remediation of soils polluted by heavy metals using salts of organic acids and chelating agents. Environ. Tech., 19(4), 369379.
[38] Rodriguez-Cruz, M.S., Sanchez-Martin, M.J. and SanchezCamazano, M. (2005) A comparative study of adsorption of
an anionic and a non-ionic surfactant by soils based on physicochemical and mineralogical properties of soils. Chemosphere, 61(11), 56-64.
[39] Wilkinson, L. (1996) SYSTAT: The system for statistics. Evanston, IL..
[40] Abumaizar, R.J. and Smith E.H. (1999) Heavy metal contaminants removal by soil washing, J. Hazard. Mater., 79(12), 71-86.
[41] Yuan, S., Xi, Z., Jiang, Y., Wan, J., Wu, C., Zheng, Z. and
Lu, X. (2007) Desorption of copper and cadmium from soils
enhanced by organic acids. Chemosphere, 68(7), 1289-1297.

328

Received: August 27, 2007
Accepted: October 24, 2007

CORRESPONDING AUTHOR
Naz Zeynep Atay
Bogazici University
Faculty of Arts and Sciences
Department of Chemistry
Bebek, 34342 Istanbul
TURKEY
Phone : +90 212 359 64 40
Fax: + 90 212 287 24 67
E-mail: zatay@boun.edu.tr
FEB/ Vol 17/ No 3/ 2008 – pages 316 - 325

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

PERTURBATION DISTRIBUTION COEFFICIENT DEFINITION
Fatih Külahcı1* and Zekâi Şen2
1

2

Fırat University, Faculty of Science and Arts, Department of Physics, Elazığ, 23169, Turkey
Istanbul Technical University, Civil Engineering Faculty, Hydraulics and Water Resources Department, Maslak 34469, Istanbul, Turkey.

ABSTRACT
In general, the classical distribution coefficient (KD)
is defined as the ratio of the element concentration in the
sediment to that of the same element in water. The definition implies a ratio rather than a distribution, which requires a set of data for its validity. Although it is possible
to calculate the value of KD at a set of given sites individually, provided that deep sediment and water concentrations
are available, one cannot make spatial deductions about the
regional features of the same concentrations. Besides, each
concentration includes uncertainties, even though it is
measured in the field or laboratory. In order to account for
the spatial behavior of the concentrations, calculated KD
values are treated with perturbation method, which is applied to find the regional average population character of
KD. It is proven that not only averages, but also variances
and the correlation coefficient of the concentrations, play
significant roles in the spatial distribution of the KD values. The application of the methodology is presented for
137
Cs element in Keban Dam reservoir, Turkey, through
40 sampling sites that are irregularly scattered in the reservoir.

KEYWORDS: distribution coefficient, spatial distribution, perturbation method, lake, cesium.

INTRODUCTION
In any effluent measurement program, it is necessary to
control the discharge of radioactive material generated by
the nuclear installations. Radioactive nuclei can contribute to the liquid source, such as the water storage of dams,
lakes, etc. Especially after the Chernobyl nuclear event,
many surface water storages might be exposed to nuclear
pollution and, therefore it is necessary to continue measurements of radioactive elements in surface and groundwater resources.
Cesium (Cs) exists in the environment in the +1 oxidation state. Stable cesium is ubiquitously found in the environment with concentrations in soils ranging between 0.3

and 25 mg/kg. The only stable isotope of cesium is 133Cs.
Fission products include 4 main cesium isotopes, but of
these, only 134Cs (half life t½ = 2.05 years), 135Cs (t½ =
3 × 106 years), and 137Cs (t½ = 30.23 year) are at significant
concentrations, 10 years after separation from nuclear fuels.
Contamination includes cesium-containing soils and cesium
dissolved in surface and groundwater.
When lakes, rivers etc. are contaminated, it is important to understand how the contaminant moves in the
subsurface. Proper understanding of the contaminant fate
and transport is necessary in order to characterize the risks
associated with the contamination and to develop, when
necessary, emergency or remedial action plans [1]. KD is
one of the most important parameters used in estimating
the mi-gration potential, the distribution ranges etc. of
contaminants present in aqueous solutions in contact with
surface, subsurface, suspended solids and deep sediments.
At the risk assessments due to radionuclides spreading
to the environment from nuclear power stations, KD is used
in order to obtain basic information on the migration of
uranium in freshwater streams [2]. KD appears as a function
of pH and temperature [3]. For the determination of heavy
metals migration into soil, it is often used to predict the
sorption behavior of an element in soil [4]. Besides, it is also
employed in the works that deal with the transfer of a radioactive tracer from water to sediments [5], including determination of the desorption ranges of heavy metals in
agricultural soils [4] and the distribution of radioactive
elements [6]. It can be understood from these applications
of KD, that very limited knowledge is available about the
uncertainty properties of this coefficient, and in many practical studies only the averages are considered without the
variance and correlation coefficient.
Two different questions can be asked about the spatial
behavior of KD, both of which imply the spatial characteristics of the radionuclide concerned. These are,
[i]

how can one represent possible uncertainty components
numerically in the calculation of KD by considering the
statistical parameters of the available data set?

[ii]

what is the regional joint behavior of radionuclides in a
given area, again based on a set of measurement data?
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The perturbation approach yields the average KD estimation based on the statistical basic parameters, such as the
means, standard deviations and correlation coefficient between the deep sediment concentration, CS, and water concentration, CW, measurements.
In this paper, perturbation approach is presented for KD
based on 137Cs concentration measurements, both in deep
sediment and water in the impoundment of Keban Dam,
Turkey. It is the application of the perturbation method to
the classical KD values at a set of sites. The implementation of the methodology is presented for the Keban Dam
storage, which lies in the southwestern part of Turkey.

where CS and C W are the arithmetic averages of CS
and CW measurements, respectively. It is important to consider that both errors, es and ew, have plus and minus values, and their averages are equal to zero by definition
( e s = e w = 0 ). It is possible to rewrite Eqs. (2)-(4) as follows:

⎛
e ⎞
C S = C S ⎜⎜1 + s ⎟⎟
⎝ C S ⎠
⎛
e
C W = C W ⎜⎜1 + w
⎝ C W

Perturbation method

The classical distribution coefficient, KD, is defined
as the ratio of the total element concentration, CS, in the
solid phase to total element concentration, CW, in solution
(water in most of the cases):

KD =

CS
CW

(5)

⎞
⎟
⎟
⎠

(6)

⎛
e ⎞
K D = K D ⎜⎜1 + k ⎟⎟
⎝ K D ⎠

(7)

Their substitution in Eq. (1) yields to
⎛ e ⎞
C S ⎜1 + s ⎟
e ⎞
⎛
⎝ C S ⎠
K D ⎜1 + k ⎟ =
⎝ K D ⎠ C ⎛1 + e w ⎞
⎟
W ⎜
⎝ C W ⎠

(1)

Generally, CS >CW and, consequently, KD >1. It is determined experimentally using a variety of measurement
techniques under specific conditions [7-10]. There are various environmental factors that can affect the measurements
in the nature. It is, therefore, necessary to carry out experiments on samples under laboratory conditions by considering temperature, pH, sediment mass/water volume ratio,
and the main ions found in the Keban Dam water storage.

which can be expressed after the Binomial expansion
of the denominator after the ignorance of second and higher
order terms as follows:

In practical applications, Eq. (1) is employed directly
to the measurements and, consequently, a set of KD's are
obtained without any further interpretations. In the classical
calculation methodology, the following points are missing:

If the average (expectation operator in statistics) is applied on both sides of this expression then the equality does
not change and the result becomes as follows:

1)

2)

3)

It is assumed that there are not uncertainties in the
measurements of CS and CW values. However, in actual
work they include errors, which are shown notationally
herein as es and ew, respectively,
Classical K D definition in Eq. (1) does not consider
possible regional dependence between CS and CW measurements in the study area. Of course, it is possible that
there are dependences between the radionuclide measurement at a given site and the surrounding sites.
Classical definition does not consider any statistical
parameter of CS and CW measurements.

In order to establish the perturbation approach basis,
it is necessary to consider each measurement and calculation of KD as the fluctuating variable around its mean value
as follows:

CS = CS + e s

(2)

CW = CW + e w

(3)

K D = K D + ek

(4)

e ⎞ C S ⎛ e s ⎞⎛ e w ⎞
⎛
K D ⎜1 + k ⎟ =
⎜1 +
⎟⎜1 −
⎟
⎝ K D ⎠ C W ⎝ C S ⎠⎝ C W ⎠

KD =

CS
CW

⎛
ee
⎜1 − s w
⎜ CS C W
⎝

⎞
⎟
⎟
⎠

(8)

If the radionuclide concentrations (CS and CW) are
distributed according to the Gaussian probability distribution, then, by definition, the correlation coefficient, rsw, between the error terms is expressed as follows:
rsw =

ese w
SSS W

(9)

where SS and SW are the standard deviations of CS and
CW, respectively. The substitution of Eq. (9) into Eq. (8)
leads to:
KD =

C S ⎛ SSS W
⎞
rsw ⎟
⎜1 −
C W ⎝ C S C W
⎠

(10)

This is the most general distribution coefficient expression, which takes into consideration simple statistical parameters of the deep sediment and water radionuclide measurements in any study area. It can be reduced to the classical KD definition if the following assumptions are valid.
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If there is no correlation between the deep sediment
and water radionuclide measurements, then rsw = 0, and,
consequently, Eq. (10) takes the form of Eq. (1).
If any or both of the standard deviations are equal to
zero, then the same expression reduces to Eq. (1) again.
This implies that the radionuclide distribution in the study
area is homogeneous and isotropic, i.e. there is no regional
variation.

are 40 sampling stations (Table 1, Figure 1), located in the
150 km2 basin of the dam lake. Surface water (at ≈ 20 cm
depth) and deep sediment samples were taken during September, October 2006. The Keban Dam was the first of the
large dams to be built on the Euphrates River, completed in
1974. It resulted in the flooding of the Euphrates for 50 km
north of the dam, and 100 km of the Murat river valley to
the east. The Murat joined the Euphrates, some 7 km north
of the dam.

Study Area

The area of the research field in the Uluova region, at
the Keban Dam Lake is approximately 250 km2, its volume is ≈ 31 × 109 m 3, and lies in Eastern Turkey. There

Determination of

137

Cs

The concentration of 137Cs is determined directly from
collected samples by gamma spectrometry. Water and a

FIGURE 1 - Study area and sampling stations.
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small percentage of the soil, sediment, and biota samples
require preconcentration of 137Cs and measurement by a
ß-counting system [11].
The water samples are collected into sterilized clean
2-L polyethylene bottles for subsequent preparation and
analyses. 0.5 ml 3N nitric acid is added to prevent precipitation and absorption of the sample on the container walls.
Each sample is divided into three equal parts. Each part
is evaporated at low temperature (about 60 °C) until a
small amount of water remained. The residue is poured
into 4.6 cm3 aluminum planchette and dried. The result is
given as the arithmetic mean [12]. In order to determine
137
Cs radioactivity, gamma spectrometry is used, which
consists of a 2''×2'' Na(TI) well-type detector. It is housed
in a cylindrical lead-shield of about 13.7 and 15.5 cm in
diameter and length, respectively. The lead-shield thickness is about 3.5 cm, and this is suitable for limiting the
gamma background. The detector entrance window consists of 0.50 mm thick aluminum. The energy calibration is
performed by using 60Co (1 µCi) and 226Ra (10 µCi) point
sources. The photopeak efficiency of NaI(TI) detector is
24%. The determination of 137Cs activity concentrations in
water samples is based upon the detection of 661.7 keV
gamma rays emitted by 137Ba. The counting time for each
sample is 40 000 s. The activity concentrations are calculated according to the following equation:
A137

Cs

(Bq/l, Bq/kg ) =

C

R e =100

TABLE 1 - Radionuclide measurements and statistical parameters.
Stations
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
Average
Std. Dev.

(11)

where C is the counting rate of gamma rays (counts per
second), ξ is the detectors efficiency of the specific γ-ray, P
is the absolute transition probability of γ-decay and MS is
the mass of the residue in kg or L. In order to determine
137
Cs radioactivity, ß-spectroscopy is used which has been
performed by a low background plastic β-scintillation system supported by a plastic β-scintillator (2059) and a photomultiplier tube through a SR8 dual radiation counter from
NE Technology Inc. [13]. Lead-shielding is used for both
systems for the protection against external radiation. The
precision at the 95% confidence level is 10% and 15% for
the two sets of paired samples.
γ

APPLICATION

Comparison of K D and K D , on the basis of relative percentage error, Re, leads to:

(12)

KD

The substitution of the relevant values into this expression yields about 70% difference. This means that the
perturbation method estimation has 70% underestimation
compared to the classical distribution coefficient estimation.

ξ × Pγ × Ms

Table 1 indicates 40 measurements at different stations
in the reservoir of Keban Dam, Turkey. The necessary statistical parameters are also included in the last three rows
for implementation of Eq. (10). The average KD value from
the calculations is given in the last column of Table 1, which
is equal to KD = 1.21. The substitution of necessary parameters in Eq. (10) from Table 1, leads to K D = 0.713325 .

KD −KD

CS
Deep Sediment
(Bq/g)
0.0001
0.0025
0.0023
0.0007
0.0005
0.0004
0.0005
0.0003
0.0003
0.0003
0.0009
0.0015
0.0006
0.0001
0.0001
0.0003
0.0003
0.0003
0.0006
0.0001
0.0005
0.0001
0.0001
0.0001
0.0001
0.0001
0.0005
0.0005
0.0005
0.0015
0.0015
0.0015
0.0001
0.0001
0.0001
0.0002
0.0001
0.0001
0.0019
0.0001
5.62x10-4
6.41x10-4

CW
Water
(Bq/L)
0.0008
0.0015
0.0008
0.0003
0.0002
0.0002
0.0002
0.0002
0.0002
0.0009
0.0002
0.0004
0.0004
0.0004
0.0011
0.0004
0.0009
0.0002
0.0002
0.0002
0.0002
0.0004
0.0016
0.0001
0.0035
0.0028
0.0005
0.0005
0.0005
0.0007
0.0004
0.007
0.0079
0.0155
0.0001
0.0064
0.0004
0.0004
0.0045
0.0034
1.66x10-3
2.99x10-3

KD

Re

0.125
1.667
2.875
2.333
2.5
2
2.5
1.5
1.5
0.333
4.5
3.75
1.5
0.25
0.091
0.75
0.333
1.5
3
0.5
2.5
0.25
0.063
1
0.029
0.036
1
1
1
2.143
3.75
0.214
0.013
0.006
1
0.031
0.25
0.25
0.422
0.029
1.21
1.22

82.48
133.69
303.04
227.06
250.47
180.38
250.47
110.28
110.28
53.32
530.85
425.71
110.28
64.95
87.24
5.14
53.32
110.28
320.57
29.91
250.47
64.95
91.17
40.19
95.93
94.95
40.19
40.19
40.19
200.42
425.71
70.00
98.18
99.16
40.19
95.65
64.95
64.95
40.84
95.93

In the last column, Re values are calculated from Eq.
(12), and it is evident that the relative error differences
between the proposed and the classical approaches reach
at few sites more than 200 percent.
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CONCLUSION
In practical studies, the distribution coefficient, KD,
concerning any radionuclide gives the ratio of solid (deep
sediment) to water concentrations. This simple definition of
KD yields a set of experimental values, which are considered independently from each other, although the whole
concentration phenomenon takes place in the surface waterbodies, such as lakes or reservoirs behind a dam. The question is how to generalize from a set of measurements at
irregularly scattered measurement sites to the population
value of KD. For this purpose, the perturbation methodology is applied to the classical definition of KD and, finally,
the average population value (expected value) of this coefficient is expressed in terms of the simple statistics (means,
standard deviations) of the radionuclide distribution in the
dam reservoir. The application of the methodology is
achieved for Keban Dam reservoir, Turkey, sampled at
40 different sites both for deep sediment and water radionuclide measurements.
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DETERMINATION OF SIX MEMBERED RING SULFONAMIDES
USED IN VETERINARY MEDICINE IN MANURE, SOIL AND SOIL
LEACHATES USING LC-ESI MASS SPECTROMETRY
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ABSTRACT
Sulfonamides are one of the most prescribed groups
of veterinary antibiotics in the European Union and most
of these substances are six-membered ring sulfonamides.
Sulfonamides occur in liquid manure, soils and soil interstitial water due to excretion with and land application of
contaminated manure. Hence, trace level analysis of contaminations by sulfonamides in several mixed soil-manurewater substrates is demanded. A simple extraction method
for sulfanilamide, sulfadiazine, sulfapyridine, sulfadimidine,
and sulfadimethoxine from soil, manure, and soil-manure
mixtures with methanol, and from soil leachates with solid
phase cartridges, is proposed yielding a mean recovery rate
of 72% in all these matrices. Additionally, a fast, selective
and sensitive method was tailored for the trace-level determination of the sulfonamides by LC-ESI-MS/MS. Adjusting the offset voltage and, especially the ion source capillary temperature individually for each sulphonamide, improved the sensitivity of the MS/MS. Combined with the
use of matrix-matched external standards for quantification, this resulted in limits of determination ≤1.1 µg mL-1.
The analytical procedure was applied to contaminated samples. Experiments with manure that was separated in its
liquid and solid phase showed that a considerable fraction
(13–91 % of the applied amount) of sulfonamides remained
in the liquid phase. Results from field experiments indicated a high leaching potential of sulfonamides to groundwater by exceeding the limit values, though the total
amount of leached sulfonamide was low.

KEYWORDS:
veterinary antibiotics; liquid manure; groundwater contamination

fadiazine and sulfamethazine represent the majority of their
applied amount. Following medication, large amounts of
the dosage applied are excreted from the treated organism
and end up in animals excrements [1, 2]. Sulfonamides
reach soils, directly by excretion from grazing livestock and
outdoor intensive animal husbandry, or indirectly by using
contaminated excreta as fertilizers. In soils, sulfonamides
are poorly degraded [3], exhibit low sorption coefficients [47] and, consequently, may be leached from soil to groundwater. Maximum detected concentrations reached up to
499 mg kg-1 in liquid manure [8-11], 11 µg kg-1 in soil [4,
9] and 240 µg L-1 in groundwater [9, 12]. These concentrations indicate that liquid chromatography-mass spectrometry (LC-MS) is essential for the simultaneous trace
level determination of multiple sulfonamide residues in
liquid manure, soil and soil leachate [13]. LC-MS methods
exist for the determination of sulfonamides from various
single matrices [10, 12, 14-30], or for the combined determination of selected sulfonamides and other antibiotics in
liquid manure, soil and soil leachates [9, 31, 32]. In most of
these studies, compromise parameters for the mass spectrometric detection of all substances are used, which causes
an enhancement of signal intensity for one and a decrease
in sensitivity for the rest of the analytes. The aim of the
present study was to develop a sensitive method that is
specifically optimized for the extraction and cleanup of 5 of
the most prescribed six-membered sulfonamide antibiotics
and sulfanilamide from liquid manure, soil and soil leachate,
and their determination by LC-MS and LC-MS/MS under
consideration of quality criteria for a proper identification
of each substance.
MATERIALS AND METHODS

INTRODUCTION

Chemicals, standards and solutions

Sulfonamides are the second-most prescribed veterinary antibiotics in numerous European countries and North
America [1], and the six-membered ring sulfonamides sul-

The sulfonamides sulfadimidine (SDM, sulfamethazine,
4-amino-N-[4, 6-dimethyl-2-pyrimidinyl]-benzenesulfonamide), sulfapyridine (SPY, 4-amino-N-[2-pyridinyl]-ben-
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zenesulfonamide) and sulfadimethoxine (SDT, 4-amino-N[2, 6-dimethoxy-4-pyrimidinyl]-benzenesulfonamide) were
obtained from Sigma-Aldrich (Steinheim, Germany). Sulfanilamide (SAA, 4-amino-benzenesulfonamide) and sulfadiazine (SDZ, 4-amino-N-[2-pyridimidinyl]-benzenesulfon-amide) were purchased from Riedel-de Haën (Seelze,
Germany). Molecular structures and selected physicochemical parameters of the sulfonamides are shown in Table 1. The purity of all sulfonamides was >99%. Gradient
grade water and methanol (MeOH), and analytical grade
salts and acids were purchased from Carl Roth (Karlsruhe,
Germany).
Stock solutions of the single substances and as a mixture of all sulfonamides, containing 100 µg mL-1 of each
SAA, SDZ, SPY, SDM and SDT, were prepared in both
water and MeOH. Additionally, SAA was dissolved in a
9:1 (v/v) mixture of HPLC solvents A:B [33].
The aqueous and methanolic sulfonamide stock solutions were ultrasonicated and diluted with the particular
solvent, depending on the used extraction method, to obtain
calibration standards at concentrations of 0.02, 0.05, 0.1,
0.2, 0.5, 1, 2, 5, and 10 µg mL-1. Additional standards were
prepared at concentrations of 0.001, 0.002, 0.005 and
0.01 µg mL-1 for the determination of the limit of quantification (LOQ). To account for matrix effects, matrix-matched
standards were prepared by adding the 5 sulfonamides to
extracts from blank samples of soil, liquid manure, soilmanure-mixtures and soil leachate, respectively, [34]. Spiked
concentrations of 0, 0.5 and 10 µg mL-1 were obtained by
adding of 10 µL of MeOH, or of the corresponding standard.

Sample preparation
Manure, soil and soil-manure-mixtures

Liquid pig manure (designated as manure in the following) was obtained from the Leibniz Research Institute
for the Biology of Livestock (Dummerstorf, Germany), and
had a dry matter content of 4.0% and a pH of 4.8. Livestock
was not treated with antibiotics, and manure was thus free
from sulfonamides [7]. Manure was sampled in a 10-L PE
bucket, and stored at -15 °C. Prior to further experiments, a
2-L subsample was sieved to <63 µm and kept at 4 °C. To
obtain spiked manure samples with a concentration of
76 µg g -1 of each sulfonamide, 10.3 g of manure were
weighed into 75-mL glass centrifuge tubes and contaminated with methanolic sulfonamide standard with a concentration of 400 µg mL-1. Samples were agitated on a Vortex
shaker for 30 s, prior to extraction of the sulfonamides. All
samples and the unamended controls were prepared in
triplicate.
Topsoil samples, taken from the unfertilized plot of
the long-term ‘Eternal Rye Cultivation Experiment’ of the
Martin-Luther-University Halle-Wittenberg (Germany) in
October 2003, were air-dried, sieved (<2 mm) and homogenized. The soil is characterized as loamy sand with
10 g kg-1 organic C, pH of 7.1 and a cation exchange capacity of 110 mmol kg-1 [35]. For spiking of soil material
with sulfonamides, 10-g soil samples were weighed into
75-mL glass centrifuge tubes and mixed either with 2 g of
water or 2 g of manure. The latter resulted in the soilmanure mixture. The amount of manure corresponded to
35 Mg ha-1, which is in accordance with fertilization recommendations. Water and liquid manure were left unspiked, or were previ-

TABLE 1 - Molecular structures and selected physico-chemical parameters of the investigated sulfonamides.
Physico-chemical properties from experimental data and molecular estimates from [47] and [48].
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ously spiked with SAA, SDZ, SPY, SDM and SDT at the
same concentration used for the recovery experiments with
single manure (76.0 µg g-1), each. After mixing of manure
or water to soil, this resulted in a total concentration of
14.8 µg g-1 of each sulfonamide in the mixture. Sulfonamides
addition to the samples was calculated to resemble environmental concentrations [10, 11]. All samples were prepared in triplicate.
Soil leachates

Soil leachates were collected from three gravitation
lysimeters (1 m2 surface, depth of 1.25 m, uniformly filled
with sandy loam) located at the experimental station of
the Helmholtz Centre for Environmental Research Leipzig/Halle (Falkenberg, Germany). The OC (g kg-1) and pH
was 11 and 5.8 in the topsoil (0-30 cm) and 2 and 5.6 in
the subsoil (30-100 cm), respectively. Each of the three
lysimeters was loaded with 3 L of liquid manure, which
was contaminated with SAA, SDZ, SPY, SDM and SDT,
each at a concentration of 25.0 mg L-1, on May 5, 2003.
Natural rainfall resulted in 82 daily collected leachate
samples until April 30, 2004, with volumes ranging between 0.3 and 24.5 L, and cumulated leachate volumes of
each of the three lysimeters ranging from 66.6 to 94.7 L.
Sample aliquots of 200 to 550 mL were stored at 6 °C in
amber glass bottles prior to sample preparation, which
was realized within one week after sampling.
To determine the recovery rate of the SPE procedure
used for clean-up of the lysimeter leachates (see section
Aqueous samples), 500 mL of aqueous sulfonamide standards, containing all 5 sulfonamides at concentrations of
0.0001, 0.001, 0.01, 0.1 and 0.2 µg mL-1, were used.
Sulfonamide extraction and cleanup
Aqueous samples

For extraction of the sulfonamides from spiked water
samples and soil leachates, solid phase extraction (SPE)
with Oasis HLB cartridges (0.2 g, 6 mL; Waters, Eschborn,
Germany) was used. The SPE cartridges were conditioned
with 3×3 mL MeOH followed by 3×3 mL water. Subsequently, the aqueous samples were percolated through the
cartridges at a flow-rate of 5 mL min-1. Cartridges were
rinsed with 20 mL of water and dried with N2 prior to sulfonamide elution with 5 mL MeOH. Eluates were evaporated, dried with N2 and redissolved by ultrasonication for
30 s using 1 mL of the HPLC eluent (9:1 mixture of solvents A and B).
Extraction of manure, soil and soil-manure mixtures
from samples of recovery experiments

Contaminated manure-samples were centrifuged at
1700×g for 30 min, and the aqueous supernatant was
transferred into 10-mL glass centrifuge tubes. For subsequent further extraction of the total desorbable fraction of
sulfonamides, MeOH at a sample-to-solution ratio of 1:2.5
(v/v) was used and samples were agitated for 16 h in an
end-over-end shaker [7, 36]. Subsequently, each sample
was centrifuged at 1700×g for 30 min, and the supernatant
was transferred to a 10-mL glass centrifuge tube. From the
aqueous supernatant or MeOH extract, 0.9 mL was transferred into separate amber glass HPLC-vials. To account
for matrix effects, 100 µL of MeOH or sulfonamide
standard, dissolved in MeOH, was added, to receive final
con-centrations of 0, 0.1, 0.5 and 1 µg mL -1. These
samples were analysed by LC-MS.
Analytical conditions
Chromatography

An HP 1050 HPLC-system (Agilent Technologies,
Böblingen, Germany) was used for separation of the sulfonamides. A Nucleosil 125×3.0 mm, 100-5 µm reversed-
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phase column (Macherey-Nagel, Düren, Germany) thermostated at 22 °C served as stationary phase. The mobile
phase consisted of water with 20mM HCOOH and 1mM
NH 4 OAc (solvent A) and MeOH containing 20mM
HCOOH (solvent B), delivered in a gradient program
(Table 2) at a flow-rate of 0.3 mL min-1. The injection
volume was 10 µL for samples and standards dissolved in
MeOH, while 20 µL were used for aqueous samples and
samples redissolved in 9:1 mixtures (v:v) of solvents A and
B.

the most intensive fragment ions of each sulfonamide at
their optimum offset voltage. Six external standard mixtures that contained all 5 sulfonamides, each at 0.02, 0.05,
0.2, 1, 5 and 10 µg mL-1 and dissolved in both MeOH or
matrix-matched solutions (preparation see section Extraction of manure, soil and soil-manure mixtures from samples of recovery experiments), were used for identification
and quantification of the sulfonamides.

TABLE 2 - Linear gradient program for the chromatographic
separation of five sulfonamides with a Nucleosil C18 125x3.0 mm,
100-5 µm RP column, using water with 20mM HCOOH and
1mM NH4OAc (solvent A) and 20mM HCOOH in MeOH (solvent B) at a flow-rate of 0.3 ml min-1
Time
(min)
0.00
3.50
8.50
12.50
20.00
25.00
26.00
27.00

Solvent A
(%)
100
90
85
85
0
0
100
100

Solvent B
(%)
0
10
15
15
100
100
0
0

Step
elution of
analyte

column wash
re-equilibration

Mass spectrometry

A Finnigan MAT TSQ 700 mass spectrometer (Finnigan Electron, Dreieich, Germany) equipped with an API
ESI source was connected to the HPLC. The ICIS2 software (Finnigan Electron, Dreieich, Germany) and the
Xcalibur 1.3 software (Finnigan-Thermoquest, Bremen,
Germany) were used for the control of the mass spectrometer and data evaluation, respectively.
The ESI system was operated at 5 kV spray voltage in
positive and negative ion mode, respectively. Sheath gas
was N 2 at 276 kPa, and the auxiliary gas was shut off.
Argon was used as collision gas in the MS/MS mode. The
manifold temperature of the system was 70 °C at a pressure of 3.75×10-7 Pa. For analysis, the voltage of the conversion dynode was -15 kV and the scan-time was 0.5 s.
The multiplier voltage was 1.2 kV in the MS mode and
1.4 kV in the MS/MS mode.
To maximize the ion intensity of each sulfonamide in
MS and MS/MS mode, the capillary temperature and offset
voltage were optimized. For this purpose, single sulfonamide standard solutions were injected into the MS by a
syringe pump (Syringe Pump 22, Harvard Apparatus, Edenbridge, United Kingdom) at a concentration of 100 µg mL-1
and a flow-rate of 5 µL min-1. Both parameters were separately raised stepwise by programmed instrument control
language (ICL) procedures, and mass spectra between m/z
0 -1000 were recorded in fullscan mode.
Quantification of sulfonamide concentrations

The analysis of extracts from manure, soils, soilmanure mixtures and soil leachate was done in the MS/MS
selected reaction monitoring mode (MS/MS SRM), using
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RESULTS AND DISCUSSION

tion patterns of SDZ and SPY and an overlapping of the
MSPY+1+H-molecule with the protonated SDZ-molecule.

Chromatographic separation

Fig. 1 shows the chromatogram of SAA, SDZ, SPY,
SDM and SDT after chromatographic separation with the
gradient program listed in Table 2. With this gradient
elution, SAA eluted with a short retention time of 6.2 min
as a broad signal, as described in the literature [20, 33]. The
signal could be narrowed by an earlier addition of solvent
B to the mobile phase, which led to a co-elution of SDZ
and SPY. This was not suitable due to similar fragmenta-

As described in the literature [33], SAAs maximum
signal intensity in the chosen solvents was not obtained
from the protonated precursor ion, but from an adduct of
SAA and NH4+ originating from NH4OAc. The resulting
MSAA+NH4+ instead of had a mass to charge ratio of 190
instead of m/z 173, known for MSAA+H+. This was confirmed, since no adduct formation was observed, when SAA

SAA

SDZ

SPY

SDM

SDT

6.1

14.9

17.4

19.2

20.9

100

Relative abundance

80

60

40

20

0
0

2

4

6

8

10

12

14

16

18

20

22

24

26

Time (min)
FIGURE 1 - Reconstructed parent ion chromatogram of five sulfonamides recorded on a Finnigan MAT TSQ 700 mass spectrometer, operated in MS SIM mode. Chromatographic separation was done using a Nucleosil 125×3.0 mm, 100-5 µm reversed-phase column, the gradient
program listed in Table 2 and the instrumental parameters listed in Table 3. Sulfonamide concentration was 10 µg mL-1 for each compound.

was introduced into the MS dissolved in pure MeOH and
absence of NH4OAc (data not shown)
Conditions for mass spectrometric detection
Capillary temperature

The ion intensity of the sulfonamide molecules in the
TSQ 700 strongly depended on the temperature of the
heated capillary, which connects the ion source with the
mass analyzer in order to evaporate solvent residues. Tem-

perature ranges that resulted in ≥90% of maximum ion intensity varied among the 5 sulfonamides and ranged from
160 (SDZ) to 230 °C (SPY, SDM, SDT; Table 3). The retention-time-dependent variation of the capillary temperature was achieved by ICL procedures for MS and MS/MS
mode, each. The required cooling phase of the heated capillary, needed for the analysis of SAA in the next sample,
was combined with the re-equilibration of the chromatographic column. In the literature, constant ion source tem-
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peratures are described for the analysis of sulfonamides by
LC-MS that vary from 150 to 400 °C [9, 10, 14, 16, 27,
29-31, 37]. These results imply that the optimal desolvation
temperature inside the mass spectrometer strongly depends
on the source design. Thus, the transferability of method
parameters between different types and manufacturers of
mass spectrometers is limited.
Offset voltage

Figure 2 shows the intensity of the SDM precursor
ion and fragment ions (Fig. 2A), as well as selected frag-

mentation patterns (Figs. 2B and C) in dependence on the
offset voltage. The positive ion mode was selected for the
analysis of the sulfonamides by LC-MS, because ion intensity was smaller in negative ion mode by a factor of 104
(data not shown). When the offset voltage was varied in
the positive ion mode from -10 to -66 V, the precursor ion
intensity was maximum at -14 V, while two maxima in
fragment ion intensity of SDM were observed (Fig. 2A).
The limits of 90% of the corresponding maximum ion intensity of the first maximum were at -18 and -24 V. Ion intensities of the diagnostic fragment ions (Table 3) were at
least two times larger at the second maximum that occurred
at offset voltages between -32 and -39 V. Two such maxima
in fragment ion intensity were determined for all investigated sulfonamides, and the corresponding ranges in offset
voltage are given in Table 3. At both maxima in ion intensity, different fragmentation patterns were observed for
all sulfonamides, e.g. SDM (Fig. 2B, 2C). The range of
maximum fragment ion intensity of SDZ was very small
and dropped to <90% with variation of the offset voltage
of ±1 V (Table 3).
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213.3
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279.3

100

92.4
108.3
124.4
156.1
186.3
204.3
213.3

(a)

140

Relative abundance (%)

Cumulative ion intensity in 30 s (106 counts)

The fragment masses of the sulfonamides, determined
in the present study, were previously described in the
literature (see Table 3). The fragmentation patterns of SDM
reported in the literature at offset voltages of -25 V [27]
and -34 V [30] correspond to those obtained in the present
study (Figs. 3B and C), and thus confirm the occurrence of
two different maxima in fragment ion intensity of SDM. In
contrast to the other 4 sulfonamides, SDT yielded much

100
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m/z

300

0
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-40
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FIGURE 2 - Intensity of the SDM parent ion (m/z 279) and the most abundant daughter ions obtained in MS/MS full scan mode of the
mass spectrometer in dependence on the offset voltage used (A). Corresponding mass spectra determined at an offset voltage of –20 V
(B) and –32 V (C), respectively. SDM was injected by a syringe pump at a concentration of 100 µg mL-1 and a flow-rate of 5 µL min-1.
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TABLE 3 - Ranges and optimized values of instrumental parameters for the identification and
quantification of five sulfonamides by HPLC coupled to a Finnigan TSQ 700 ESI mass spectrometer.

Antibiotic

Precursor
ion
(m/z)

SAA

190.0d

Capillary
temperature
Rangea
Usedb
(°C)
(°C)
165/
180
185

MIIc

(m/z)

92
0.59
108
0.59
156
1.17
SDZ
251.2
160/
205
92
0.56
210
108
0.47
156
0.47
SPY
250.3
215/
215
95
22.3
230
108
54.4
156
60.3
184
28.5
SDM
279.3
205/
220
92
96.5
230
108
110
124
128
156
31.0
186
39.1
204
30.6
SDT
311.1
205/
220
92
85.0
230
108
101
156
200
a
Minimum/maximum parameter settings to achieve ≥90% of maximum ion intensity.
b
Parameter settings used in proposed method.
c
Maximum ion intensity (MII; 106 counts in 30 sec) achieved.
d
Adduct of SAA with NH4+ from NH4OAc [33].

larger ion intensity for the fragment ion at m/z 156 compared to the other fragment ions (MII in Table 3). Thurman et al. [38] explained this with the isobaric fragmentation of the molecule (m/z 311), which results in two fragment ions of m/z 156. In accordance with Thurman et al.
[38], the ratio of m/z 156 to m/z 108, which are the two
most abundant fragment ions at an offset voltage of -32 V,
was 2.
To identify an analyte in environmental samples, it is
recommended to determine its precursor mass and two
characteristic fragment masses [39, 40]. Optimum offset
voltages were chosen to achieve this aim for the 5 sulfonamides in one chromatographic run (Table 3).
Limits of quantification

The IDL and LOD of the instrument for the sulfonamides determined in this study were based on the method
according to the guideline 2002/657/EC [40], and that procedure was described in detail by Antignac et al. [41]. In
SRM-mode, this method requires the calculation of the
LOD of two fragment ions, with the lower one representing the IDL and the higher one representing the LOD of
the method.
Values of IDL ranged from 58 to 575 ng mL-1 for MS
SIM, and 70.7 to 1122 ng mL-1 for MS/MS SRM (Table 4),
which was also obtained for spiked samples from soil,
manure and soil leachate. This was well in the range of
analytical limits reported in the literature [30, 31]. The
sensitivity of the MS/MS SRM mode was similar or larger,
compared to the MS SIM mode for the detection of SDZ,

Most abundant fragment ions
Offset voltage
Rangea
Usedb
(V)
(V)
-31/-34
-32
-31/-34
-12/-16
-33
-34
-35
-20
-25/-28
-20
-32/-35
-18/-21
-19/-22
-32/-39
-32
-32/-38
-32/-33
-21/-23
-18/-24
-19/-22
-33/-44
-32
-32/-39
-32/-33

Ion
described
by
[33]
[33]
[33]
[25, 29]
[29]
[14, 25, 29]
[33]
[33]
[14]
[29]
[10, 16, 18, 22, 33]
[16, 18, 20, 26, 33]
[16, 18, 29]
[16, 18, 25, 33]
[14, 16, 18, 25]
[16, 18, 29]
[38]
[38]
[14, 38]

SPY, SDM, and SDT (Table 4). Although the signal intensity of SAA ions in the MS/MS SRM mode was significantly improved by optimizing the MS parameters, the IDL
for SAA was considerably smaller in the MS SIM mode.
Correspondingly, an about one order of magnitude higher
sensitivity in SIM mode was confirmed by the findings of
other authors [13, 20], although the SIM mode is less selective.
Recovery experiments and matrix effects

In Table 5, the sulfonamide concentrations, recovery
rates and standard deviations thereof, determined from
manure, soil, soil-manure mixture and lysimeter leachate
samples are listed. The concentrations were calculated using
external standard mixtures or matrix matched standards.
The detected concentrations of the 5 sulfonamides ranged
for soil from 0.94 (SAA) to 16.5 µg g-1 (SDM), for manure
from 4.41 to 551 µg g-1 (both SAA), for soil-manure mixture from 0.83 (SAA) to 11.9 µg g-1 (SDM), and from 0.09
(SDZ) to 56.7 ng mL-1 (SDM) in lysimeter leachates. The
corresponding overall recovery rate was 72%. In detail,
recovery rates for SDZ, SPY, SDM and SDT were on
average (range in parentheses) 71% in manure (33.6-106%),
74% in soil (60.6-103%) and 66% in soil-manure-mixtures
(60.2-74.2%). These values are in agreement with recovery
rates reported for chemical solvent extraction from soil and
manure samples [10, 14, 16, 28]. When sulfonamides were
quantified with matrix-matched standards, the resulting
concentrations in the environmental samples were on average 17% larger, compared to those obtained from eluent
standards (Table 5). Our results corroborate that the usage
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TABLE 4 - Instrumental limits of detection (IDL) and determination (LOD) of five sulfonamides, analyzed in single ion monitoring
(MS SIM) or selected reaction monitoring (MS/MS SRM) mode using a HP 1050 HPLC with a Nucleosil 125×3.0 mm, 100-5 µm
reversed-phase column and the gradient program listed in Table 2, coupled to a Finnigan MAT TSQ 700 mass spectrometer.
Antibiotic

MS SIM
IDL
absolute
(ng)
1.7

MS/MS SRM
Daughter
IDL
IDL
IDL/
ion
absolute
relativea
LODb
(m/z)
(ng)
(ng mL-1)
SAA
92
22.5
1122
634/
108
12.7
634
1122
156
28.8
1439
SDZ
251.2
11.5
575
92
8.1
403
264/
108
6.1
304
304
156
5.3
264
SPY
251.3
1.2
57.9
95
25.6
1278
69.5/
108
1.4
69.5
74.1
184
1.5
74.1
SDM
279.1
7.4
369
108
0.9
42.9
42.9/
124
1.4
74.8
70.7
156
1.5
70.7
SDT
311.2
7.5
373
92
3.2
158
147/
108
2.9
147
155
156
3.1
155
a
-1
-1
From standards with concentrations between 5 ng mL to 10 µg mL without sample enrichment and at an injection volume of 10 µL
b
Representing the two lowest LODs, determined for daughter ions of the molecule; the daughter ion with smaller value corresponds to the IDL and
the higher one to the LOD of the method.
c
Adduct of SAA with NH4 from NH4OAc
Parent
ion
(m/z)
190.0c

IDL
relativea
(ng mL-1)
85.7

TABLE 5 - Mass concentrations (β ± SD) and recovery rates (RR ± SD; %) of the investigated sulfonamides in soil, manure, soil-manure
mixtures and lysimeter leachates, determined by LC-ESI-MS/MS and using external standards either dissolved in 9:1 mixtures of solvents A:B (Eluent) or in matrix-matched solutions (Matrix) for quantification (for LC-MS/MS conditions see Tables 2 and 3).
SAA

Soil a

Manure -liquida
Manure -solida

Soil-manure mix a

Lysimeter leachates b

SDZ

SPY

SDM
Matrix
ß
RR
16.5
103
±0.3 ±1.8

Eluent
ß
RR
0.94
5.85
±0.2 ±1.3

Matrix
ß
RR
0.95
5.93
±0.1
±0.5

Eluent
ß
RR
9.70
60.6
±0.2 ±1.0

Matrix
ß
RR
12.3
76.3
±0.2 ±1.2

Eluent
ß
RR
8.49 53.1
±0.2 ±1.3

Matrix
ß
RR
13.4
83.9
±0.3 ±2.0

Eluent
ß
RR
10.4 65.0
±0.2 ±1.2

10.3
±2.6
4.41
±0.1

13.1
±3.3
5.58
±0.1

551
±147
11.9
±0.2

698
±186
15.1
±0.2

59.5
±1.4
10.6
±0.4

75.3
±1.7
13.4
±0.5

71.6
±1.5
11.8
±0.4

90.7
±1.9
14.9
±0.5

59.6
±1.1
12.8
±0.4

75.5
±1.4
16.2
±0.5

55.3
±1.0
11.0
±0.3

70.0
±1.3
14.0
±0.4

21.9
±0.6
8.51
±0.1

27.7
±0.8
10.8
±0.1

37.5
±1.1
11.0
±0.1

0.83
±0.3

5.16
±1.7

1.59
±0.5

9.95
±3.1

9.69
±0.4

60.6
±2.7

10.6
±0.4

63.5
±2.8

10.2
±1.5

63.8
±9.1

11.0
±1.6

68.4
±9.8

10.8
±0.5

67.4
±2.9

Min
2.00

Av
7.53

Max
26.7

RRc
5.65

Min
0.09

Av
1.77

Max
19.8

RRc
82.0

Min
0.70

Av
8.03

Max
12.0

RRc
70.3

Min
0.11

Av
4.44

SDT
Eluent
ß
RR
9.75
60.8
±0.1
±0.3

Matrix
ß
RR
13.8
86.0
±0.1
±0.5

47.4
±1.4
13.9
±0.1

18.3
±0.7
8.25
±0.3

23.1
±0.8
10.4
±0.3

35.2
±1.2
15.2
±0.5

44.6
±1.5
19.2
±0.6

11.9
±0.5

74.2
±3.2

9.61
±0.3

60.2
±1.6

11.5
±0.3

71.9
±1.9

Max
56.7

RRc
79.8

Min
0.11

Av
4.08

Max
53.5

RRc
79.7

a

Mass concentration (ß) in µg g-1 soil dry weight and liquid manure (4.0% dry matter content, pH 4.8), respectively
Mass concentration (c) in ng mL-1 determined in leachate samples from three lysimeters that were sampled daily between May 2003 and April 2004.
c
Determined from spiked HPLC-grade water samples after solid phase extraction with OASIS-HLB cartridges (for details see section Aqueous
samples).
b

of matrix-matched standards for determination of sulfonamides from soil, manure and soil-manure mixtures is recommended [26, 34].
In manure, most of SDZ, SPY, SDM and SDT (23.190.7%) was recovered from the water phase and only small
amounts of 10.4-19.2% were desorbable from the solid
phase, which can be explained by the short contact time.
It must be assumed that the adsorption would increase with
increasing contact time, like shown for sulfathiazole [42].
Furthermore, the recovery rates of SDZ, SPY, SDM and
SDT from SPE water samples ranged from 70 (SPY) to

82% (SDZ), which is in the same range as published
elsewhere [27, 30, 37].
However, recovery rates were insufficient for SAA and
ranged from 5.4 to 713% in extracts from solid and liquid
substrates. This was attributed to the high polarity of the
substance, which resulted in a short retardation on the
chromatographic stationary phase during HPLC analysis
and an elution of SAA as a very broad peak, as it was
already described [14, 33]. Consequently, SAA was poorly
separated from matrix compounds, especially from manure
during the HPLC-run, which led to an overestimation of

341

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

the SAA concentration by orders of magnitude in the water
extract of manure (Table 5). The SPE for water samples
with HLB material, which is preferred for the multi-compound extraction of antibiotics [43], is not sufficient to
retain SAA, when a sample volume as large as 500 mL is
rinsed through the cartridge. This effect was also observed
by Hartig et al. [20], who used a similarly mixed polymer
phase.

from the Center for Environmental Research Leipzig/Halle for supervising and sampling of the lysimeter
experiments. We are grateful for technical support from
W. Gerdes and J. Bronn, MasCom GmbH, Bremen.

Application to environmental samples

Soil leachates were collected during one year from
three independent field lysimeters of 1.25 m soil depth.
Manure, which was spiked with sulfonamides at environmentally relevant concentrations of 25 mg L-1, was initially added to the lysimeters. The minimum, average and
maximum concentrations of SAA, SDZ, SPY, SDM and
SDT that were recovered in the 82 individual leachate
samples are listed in Table 5. In 80% of all samples, the
concentration of, at least, one single sulfonamide was
≥0.12 µg L-1. These concentrations might be environmentally relevant as they exceed limit values, such as the
European limit value for biocides in drinking water of
0.1 µg L-1 [44]. Despite the high detection frequency of
concentrations exceeding the guideline for drinking water,
only 0.1% of the total applied amount of antibiotics (between 0.004-0.25%) were cumulatively detected in leachate
samples. The results indicate a small but environmental
relevant leaching potential of sulfonamides, as it was already described by Kay et al. [45, 46].
CONCLUSIONS
A method for trace level determination of 5 sulfonamides in manure, soil, soil-manure-mixtures and soil
leachates by LC-ESI-MS/MS was developed and its suitability was demonstrated. The method was used to identify the environmental relevant leaching potential of sixmembered ring sulfonamides. For quantification of analyte
concentrations in environmental samples, the use of matrixmatched standards is strongly recommended. The potential
of expansion of the method presented here to determine
other antibiotics in manure, soil, soil-manure mixtures and
soil leachate, was already verified for tetracyclines and
macrolides.
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EFFECT OF TEMPERATURE ON CT VALUE AND BROMATE
FORMATION DURING OZONATION OF BOTTLED WATER
Manassis Μitrakas*, Athanasios Patsos, Constantinos Sikalidis and Roxani Tzimou-Tsitouridou
Department of Chemical Engineering, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece.

ABSTRACT
Laboratory-scale experiments with a good-quality bottled, natural water showed that ozone decay was an endothermic process following first order kinetics with a rate
constant, k, ranging from 0.056 to 0.36 s-1at 5 and 35 oC,
respectively. Arrhenius plot of the kinetic data revealed a
change of mechanism in ozone decay above 20 oC. Consequently, ozone exposure (CT value) was also influenced by
the temperature ranging between 5-35 oC. The conclusion
of practical importance was that, with such good-quality
bottled water, stored at room temperature (15–20 oC), an
ozone dose of 0.1 mg/L showed a lifetime of 4-5 h, corresponding to a CT value around 7 mg min/L, which was
adequate for inactivating common bacteria, viruses and
even highly resistant cysts. In addition, bromate formation
seemed not to depend on temperature and bromate levels
lower than the newly established Maximum Contaminant
Level of 10 µg/L being achieved at ozone doses equal to or
less than 0.1 mg/L in the presence of Br- up to 0.45 mg/L.

established ozone process controls and monitoring technology. Thus, they may face the challenge in applying
ozone without exceeding the newly established Maximum
Contaminant Level (MCL) for BrO3-, which is a well-known
toxic disinfection by-product (DBP). Both the European
Union and USEΡΑ have established a value of 10 µg BrO3-/
L as MCL in potable water [3, 4]. Waters containing more
than 0.1 mg Br-/L must be considered as potential candidates for bromate formation [5]. High Br- concentrations are
usually present in tap waters, and usage of high ozone dosages results in increased BrO3- concentrations [6, 7]. Bromate is formed during ozonation process from oxidation of
bromide through a combination of O3 and OH radical reactions. Its formation involves up to six oxidation states of
bromine. Because either oxidants can act simultaneously or
in sequence on various oxidation levels, the whole reaction
system is extremely complicated and highly non linear. The
main pathway for bromate formation during an ozonation
is the following [8]:
O3

OH●, CO3-●

Br- —› HOBr/OBr- ——›

KEYWORDS:
Ozone, temperature, bromate, CT value, bottled water.

O3

BrO●→ BrO2-→ BrO3- (1)

Formation of bromo-organic compounds is controlled
by the competitive reactions (2) and (3) and oxidation
of HOBr/OBr- with ozone and OH radicals through reaction (1).

INTRODUCTION
Disinfection of bottled water, based on ozonation, is
probably the most effective treatment against microbial
population that can be provided for the consumers’ protection. Ozone after disinfecting the water, bottling equipment,
as well as bottle and sealing cap, would decompose to harmless oxygen and eventually disappear without leaving any
taste or odor [1, 2]. “Ozone exposure” has been introduced
as a criterion of ozone disinfection capacity, which is equivalent to the “CT” concept developed by USEPA. CT value
is defined as the product of exposure time (min) and residual disinfectant concentration (mg/L) measured at this
time. CT values are calculated by integrating time – ozone
concentration curves.
Despite the fact that it is relatively easy to perform
ozonation, many bottlers face problems in applying well-

HOBr/OBr- + NOM → Br-NOM
HOBr/OBr- + NOM → NOMox-Br

(2)
(3)

Ratios of ozone to bromide ion, natural organic matter (NOM) to bromide ion and pH significantly affect production of bromate and bromo-organic by-products [9].
Bromate formation during surface water treatment [1012], as well as that in bottled water [2], can be controlled by
ozonation at acidic pH values. There are many methods
aiming in destroying BrO3- [13], but none of them can be
applied to the airproof-sealed bottle, while the addition of
chemical substances, in order to inhibit BrO3- formation
[14, 15], conflicts with the expected excellent quality characteristics that bottled water must exhibit. Therefore, strict
conditions for ozone treatment are necessary, when Br- is
present in the source water, which, in addition, should be
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predicted by bottling water in laboratory-scale runs [2]. A
careful ozone control can ensure such a CT value that would
be adequate for water disinfection, but leading to bromate
concentrations lower than MCL. Finally, this would result
in a better quality of bottled water. Bromate, however, is
gradually formed during ozone lifetime, and its formation
might depend upon storage temperature. Since ozone lifetime as well as bromate formation last more than 6 h for
ozone doses around 0.1 mg/L, commonly used in bottling
industry [2], storage conditions influence bottled water
temperature, which, in turn, may influence the potential
bromate formation and ozone exposure.
The objective of the present work was the identification
of the temperature effect on CT value and bromate formation in laboratory-scale experiments, to establish finally
its influence on bottled water quality.
MATERIALS AND METHODS
Water source: Samples from underground natural water, used for bottling, were daily collected during summer
of 2005. The quality parameters of this water, during the
period of the study, are presented in Table 1. Water samples were filtered through a 0.45 µm pore-size membrane
filter, bottled and kept in a cabinet at a selected temperature.

An Ozonia® Triogen Model Compact TOGC2A ozone generator was used. Ozone stock
solution was prepared batch-wise by bubbling ozone through
organic-free deionized water in 1-L cylinder-shaped vessels equipped with a porous glass diffuser. Ozone was
generated from 99.5% pure oxygen. The deionized water
was adjusted to pH<3 with H2SO4 to prevent ozone decomposition. Ozone concentration in stock solution (typically
about 18 mg/L) was measured by the iodometric method
[16]. An aliquot of the ozone stock solution (10-30 mL)
was mixed with 1.5 L of water sample.

Ozone exposure (CT value): It was calculated by integrating the curvilinear concentration-time function.
Ozone determination: The indigo method was used
[16]. Ozone concentration measured 2 min after ozone
addition is referred to as ozone dose, henceforth.
Analytical Methods

Metal concentrations were determined by using a Perkin Elmer AAnalyst 800 atomic absorption spectrophotometer either with flame or graphite furnace. Bromide, chloride, nitrate, nitrite, sulfate, phosphate and ammonium in
water were determined according to Standard Methods,
namely, 4500-Br- B, 4500-Cl- F, 4500-NO3- C, 4500-NO2B, 4500-SO42- B, 4500 P C and 4500 NH4 C, respectively
[16]. Bicarbonate content was determined by titration according to the Standard Method 2320 B [16]. DOC was
determined with a Shimadzu TOC-5000A analyzer, pH with
a Metrohm 744 pH-meter, and conductivity with a Metrohm
712 conductivity-meter.
Bromate determination: The analysis was carried out by
using a Dionex 4500i Ion Chromatograph under the
following conditions:

Column:
Eluent:
Flow rate:
Detection:
Range:
Injection volume:
Cl- removal:
Ag+ removal:

Ozonation procedure:

Water samples after ozonation were
maintained at the selected temperature in air-proof bottles.
Samples handling:

IonPac®AS9-HC 4mm (Dionex)
9 mM Na2CO3
1 mL/min
Suppressed conductivity
25 µS
200 µL
OnGuard-Ag cartridge (Alltech)
OnGuard-H cartridge (Alltech)

Bromate concentration was determined after complete
ozone decomposition. The linear regression equation of the
calibration curve, in the range of 5-100 µg/L, was:
Ypeak area = 289Xconc- 188

(R2 = 0.998)

with a detection limit of about 5 µg/L. The method
showed poor repeatability at BrO3- concentration lower
than 10µg/L. An overlap of bromate by chloride in natural
water samples was observed. This overlap was attributed

TABLE 1 - Typical chemical analysis of the water used in this study.
Physicochemical
parameters
pH
Conductivity, µS/cm
TDS1, g/L
Total hardness, oF
DOC2, mg/L

Cations
7.6
700
0.37
30.9
<0.5

+

mg/L

Na
20.2
K+
1.3
Ca2+
42.8
Mg2+
49.1
Li+
0.0
Sr2+
0.2
NH4+
0.0
1
Total Dissolved Solids; 2 Dissolved Organic Carbon

(4)

Anions
-

Cl
HCO3SO42NO3NO2PO43Br-

346

mg/L
25.2
369
12.8
9.2
0.0
0.0
0.45

Trace elements, µg/L
Al
Ag
As
Ba
Cd
Co
Cr

<5
0.3
<2
71
<0.1
<1
35

Cu
Fe
Mn
Ni
Pb
Se
Zn

4
5
2
<1
<1
<1
120

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

to the high injection volume, since bicarbonate content of
samples significantly influenced the ratio of (HCO3-/CO32-)
in the eluent, which, in turn, decreased retention time of
chloride. This overlapping was overcome by converting
HCO3- of the natural water samples to CO32- with the addition of an equivalent amount of 1N NaOH (meq OH- =
meq HCO3-).
RESULTS AND DISCUSSION
Ozone concentration in bottled water decreased curvilinearly approaching zero at some time (Fig. 1) and therefore, CT values were calculated by integrating time- concentration curves. As long as CT value equals or exceeds
a specific value set by USEPA for a microorganism, inactivation of a certain percentage of these microorganisms is
ensured. Ozonation, however, results in the formation of
bromate ions as DBP.
Bromate formation and CT values in laboratory experiments were determined using various levels of ozone
dose at different temperature conditions. These experiments
were an attempt to assess ozone’s disinfection efficiency at
different temperatures, ranging from 5 to 35 oC, taking also
into account the restriction of bromate formation. Water
bottled under laboratory conditions gave bromate concentrations and CT values closely related to those obtained in
full-scale runs at room temperature [2]. Therefore, results
obtained and presented in the following sections, could be
used to predict ozone disinfection efficiency and bromate
formation under full-scale runs, and serve as a basis for
adjusting industrial conditions and installations.
Ozone Lifetime – Ozone Exposure

Significant losses of ozone were observed upon unsealing the bottles and, therefore, a different bottle of sample

was unsealed for each ozone determination. This means
that at least 30 bottle-samples of bottled water were used
during each ozone lifetime experiment. Ozone concentration through time was gradually decreased, resulting in
ozone decay curves shown in Fig. 1, depicting a representative example of ozone lifetime dose at various temperatures for an initial ozone dose of 0.2 mg/L.
Two things became apparent from Fig. 1. The first was
that the shape and location of these curves suggest that
ozone decay is an endothermic process following first order
kinetics, in agreement with the findings of other researchers [17]. When the first order rate equation (lnC vs time)
was applied to the data, a high correlation could be found
(R2> 0.98), resulting in a reliable estimation of the rate
constant (k, s-1). The rate constant ranged from 0.056 to
0.36 s-1, at 5 and 35 oC, respectively. The influence of the
temperature on the reaction rate was expressed by applying the Arrhenius equation:
log k = log A – (E/2.303 RT)

where A is constant (frequency factor), E is the activation energy of the reaction (Jmol-1K-1), R=8.3 Jmol-1K-1
and T is the temperature (K).
Plotting log k vs T-1 should result in a straight line
from the slope, of which (E/2.303RT) activation energy of
the process could be calculated. Data, however, did not conform to the Arrhenius plot over the entire range of temperatures tested (Fig. 2). Instead, two distinct linear segments were evident, one up to 20 oC and the second from
20 to 35 oC. This implies a change in mechanism of ozone
decay at higher temperatures with a consequent change in
activation energy. This was verified by calculating activation energies corresponding to the two linear parts of the
graph from the linear regression equations shown in Fig. 2.
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FIGURE 1 - Dependence of ozone lifetime on temperature (ozone dose = 0.2 mg/L).
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FIGURE 2 - Relationship between log k and 1/T for ozone decay data.
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FIGURE 3 - Dependence of CT value on temperature at several ozone doses.

TABLE 2 - Correlation of ozone dose (0.1 – 0.3 mg/L)
vs CT at a given temperature of bottled water.
Temperature, oC
Regression equation
5
CT = 420 [O3] - 29
10
CT = 300 [O3] - 19
15
CT = 250 [O3] - 16
17
CT = 220 [O3] - 15
20
CT = 205 [O3] - 14
25
CT = 140 [O3] - 10
30
CT = 70 [O3] - 2.7
35
CT = 45 [O3] - 2.3
CT (mg min/L), [O3] dose (mg/L)

R2
0.993
0.997
0.998
0.995
0.995
0.985
0.993
0.996

Activation energies amounted to 23 kJ mol-1 K-1 and
63 kJ mol-1 K-1 in temperature ranges 5-20 oC and 20-35 oC,
respectively. The higher activation energy in the range 2035 oC indicates the stronger dependence of ozone decay
on temperature as the latter increases.
The second thing was that ozone lifetime decreased as
temperature increased (e.g. compare the location of curves
at 5 and 35 oC in Fig. 1), and the lower the ozone doses
the shorter the lifetime (data not shown). When CT values
were calculated, it was found that they correlated strongly
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with the ozone dose in the range 0.1-0.3 mg/L studied in
this work (Table 2). In addition, CT values decreased with
an increase of temperature in a fashion resembling Fig. 2.
That is, two linear parts are discernible, one from 5 to 20 oC,
and the second from 20 to 35 oC (Fig. 3). In practical
terms, this means that storage of the water, before or after
ozonation, at temperatures higher than 20 oC should be
avoided, since this may seriously impair ozonation efficiency.

conclusion that bromate ion and bromo-organic compound
formations are favored. The general consensus, however,
supports the idea that bromo-organic compounds are of
minor importance [21], and that this formation requires
DOC or ozone concentrations higher than 1 mg/L [9, 10].
Consequently, the low DOC of the bottled water of this
study, coupled with ozone doses lower than 0.3 mg/L,
eliminated bromo-organic compounds` formation and
minimized bromate ions` concentration.

However, with such good-quality water used in this
study, at its natural temperature 17±1 oC and pH 7.6, an
ozone dose of 0.1 mg/L, reportedly common in water bottling industry, showed a lifetime of 4-5 h. The corresponding integral CT value, which can be calculated from the regression equation of Table 2 (fourth row) was around 7 mg
min/L. This value ensures inactivation by greater than 4
logs of common bacteria used as microbial indicators of
waterborne diseases, as well as of viruses and Giardia
lamblia [18, 19]. It also ensures inactivation by greater than
2 logs of high-resistant to ozone Protozoan cysts like Cryptosporidium parvum [20].

The mean bromate concentration, at the temperature
range studied, was closely correlated (R2 = 0.996) with the
ozone dose, resulting in the following regression equation:

Bromate Formation

As it was mentioned, ozonation can result in bromate
ion and bromo-organic compound formations, particularly
in waters having high bromide ion and DOC concentrations, high pHs, and when high ozone doses are used.
Water characteristics in our case (relatively high Br- concentration of 0.45 mg/L and high pH 7.6) could lead to the

[BrO3-, µg/L] = 179 [O3, mg/L] – 11.9

(6)

Equation (6) shows that using an ozone dose of 0.1 mg/
L resulted in a BrO3- concentration of 7±1 µg/L, safely
lower than the MCL of 10 µg/L, and remained constant
at all studied temperatures (Fig. 4). However, when using
0.2 and 0.3 mg/L ozone doses, BrO 3- concentrations of
23±2 µg/L and 42±2 µg/L, respectively, were observed
(Fig. 4). These findings suggest that great care must be
taken when using ozone doses greater than 0.1 mg/L, and
bromate formation should be checked with waters having
more than 0.45 mg Br-/L. One point, also evident from
Fig. 4, is that bromate formation is independent of temperature, in agreement with the results of Zhang et al. [22]. This
independence assumes that ozone reaction rates of pathway (1) increased accordingly to the temperature increase,
resulting in a decrease of ozone exposure.

50
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FIGURE 4 - Bromate formation as a function of ozone dose [-○- 0.3 mg/L, □- 0.2 mg/L, -◊- 0.1 mg/L] and temperature in laboratory-bottled water samples at pH 7.6.

CONCLUSIONS
Ozone decay was an endothermic process following
first-order kinetics. Activation energies amounted to 23 kJ
mol-1 K -1 and 63 kJ mol-1 K -1 in temperature ranges 5-

20 oC and 20-35 oC, respectively. By increasing the temperature from 5 to 35 oC, a decrease by almost an order of
CT value was observed, concluding that ozone exposure
was inversely related to temperature. Bromate formation
closely correlated with the ozone dose {[BrO3-, µg/L] = 179
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[O3, mg/L] – 11.9}, while it was found not to depend on
temperature. An ozone dose of 0.1 mg/L, at the water’s
natural temperature and pH, resulted in bromate concentrations safely lower than the MCL of 10 µg/L, and in a CT
value around 7 mg min/L. Consequently, ozonation is one
of the most effective processes that water-bottling industry
can provide for the protection of consumers against microorganisms, but the following points need to be considered:
• Care must be taken when using ozone doses greater
than 0.1 mg/L,
• Avoid storage of bottled water at temperatures higher
than 20 oC, as this may impair ozonation efficiency,
• Check (laboratory tests) bromate formation with waters having more than 0.45 mg Br-/L.

ACKNOWLEDGEMENTS
The comments and suggestions of the two anonymous
referees are gratefully acknowledged.

ozonation of water containing bromide. J. AWWA, 85(1), 7381.
[12] Galey, C., Mary-Dile, V., Gatel, D., Amy, G. and Cavard, J.
(2001). Controlling bromate formation. J. AWWA, 93(80), 105115.
[13] Siddiqui, M., Amy, G., Ozekin, K., Zhai, W. and Westerhoff,
P. (1994). Alternative strategies for removing bromate. J.
AWWA, 88(10), 81-86.
[14] Song, R., Minear, R., Westerhoff, P. and Amy, G. (1996).
Bromate formation and control during water ozonation. Envir. Tech., 17, 861-868.
[15] Siddiqui, M., Amy, G. and Rice, R. (1995). Bromate ion formation: A critical review. J. AWWA, 87(10), 58-70.
[16] Standard methods for the examination of water and
wastewater (1992). 18th Edition, APHA, AWWA, and WEF.
[17] vonGuten, U. (2003). Ozonation of drinking water: part I.
Oxidation kinetics and product formation. Water Res., 37,
1443-1467.
[18] USEPA (1999). Guidance manual for alternative disinfectants
and oxidants. 3, 1-52.
[19] Hoff, J.C. (1986). Inactivation of microbial agents by chemicals disinfectants. USEPA /600 / 2-86/067.

REFERENCES
[1]

Bollyky, J. (2001). A brief history of the role of ozone in water bottling. Water Conditioning & Purification, 10, 62-65.

[2]

Mitrakas, M. and Simeonidis C. (2003). Conditions affecting
bromate formation during ozonation of bottled water. Ozone
Science and Enginneering, 25, 167-175.

[3]

European Union (1998). Relating to the quality of water intended for human consumption. Directive 98/83/EC.

[4]

USEPA (1998). Final stage 1 disinfectants and disinfection
byproducts rule. Fed. Reg., 63, 241: 69390.

[5]

Song, R., Amy, G., Westerhoff, P. and Minear, R. (1997).
Bromate minimization during ozonation. J. AWWA, 89(6), 6978.

[6]

Haag, R. and Hoigne, J. (1983). Ozonation of bromide-containing waters: kinetics of formation of hypobromous acid and
bromate. Envir. Sci. and Technol., 17, 61- 67.

[7]

Legube, B. (1996). A survey of bromate in European drinking
water. Ozone Sci. Eng., 18, 325-348.

[8]

vonGuten, U. (2003). Ozonation of drinking water: part II.
Disinfection and by-products formation in presence of bromide, iodide or chloride. Water Res., 37, 1469-1487.

[9]

Glaze, W.H., Weinberg, H.S. and Cavanagh, J.E. (1993). Evaluating the formation of brominated DBPs during ozonation. J.
AWWA, 85(1), 96-103.

[10] Haag, W. and Hoigné, J. (1984). Kinetics and products of the
reactions of ozone with various forms of chlorine and bromine
in water. Ozone Sci. Eng., 6(2), 103-114.
[11] Krasner, S.W., Glaze, W.H., Weinberg H.S., Daniel, P.A and
Najm, I.N. (1993). Formation and control of bromate during

350

[20] Rennecker, J.L., Marinas, B.J., Owens, J.W., and Rice, E.W.
(1999). Inactivation of Cryptosporidium parvum oocysts with
ozone. Water Res., 33(11), 2481-2488.
[21] Westerhoff, P., Song, R., Amy, G. and Minear, R. (1998).
NOM’s role in bromine and bromate formation during ozonation. J. AWWA, 89(2), 82-94.
[22] Zhang, X., Echigo, S., Lei, H., Smith, M., E., Minear, R., A.
and Talley, J.W. (2005). Effects of temperature and chemical
addition on the formation of bromoorganic DBPs during
ozonation. Water Research, 39, 423-435.

Received: November 26, 2007
Revised: February 21, 2007; May 10, 2007
Accepted: June 14, 2007

CORRESPONDING AUTHOR
Manassis Mitrakas
Department of Chemical Engineering
Aristotle University of Thessaloniki
54124 Thessaloniki
GREECE
Phone: ++30-2310-996248
Fax: ++30-2310-996228

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

E-mail: manasis@eng.auth.gr
FEB/ Vol 17/ No 3/ 2008 – pages 341 – 346

351

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

PHOTOCHEMICAL OXIDATION OF AN
ORGANOPHOSPHOROUS INSECTICIDE BY
HOMBIKAT UV-100 IN AQUEOUS SUSPENSION
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ABSTRACT
The present work was focused on the photocatalytic
oxidation of technical fenitrothion (IUPAC name: O,O-dimethyl O-4-nitro-m-tolyl phosphorothioate), C9H12NO5PS,
in a batch reactor, in presence of Hombikat UV-100 TiO2
and artificial UV light. The influence of pH on both the dark
adsorption and illuminated experiments was successfully
followed by UV spectrophotometry. According to the results, no adsorption occurred at pHs 5 and 11, whereas a
slow decrease of the concentration was observed at pHs 7
and 9. The kinetic studies showed good results in the range
of pH 5-9, with an optimum constant rate at pH 7. A further increase of pH values led to the decrease of effectiveness. A thorough mineralization of the substrate was
achieved and the inorganic ions, such as PO43− , SO42− ,
NO2− and NO3− , were monitored by ionic chromatography
to confirm the pollutant conversion. Using GC–MS technique, some intermediates have been identified and
compared to literature results. Based on the obtained
data, a possible reaction pathway was proposed.

KEYWORDS: Organophosphorous pesticides, fenitrothion, photocatalysis, titanium dioxide, kinetic study, total mineralization, byproducts analysis.

INTRODUCTION
Organophosphorous insecticides (OPs) constitute one
of the most important groups of insecticides applied in
agricultural areas as substitutes of organochlorine compounds for pest control. They include principally the nitrophenyl phosphorothioate insecticides, such as parathion,
fenitrothion, malathion, etc. [1, 2]. However, most of them
can exhibit chemical stability and resistance to biodegradation, leading to their accumulation around the zones
where they have been used [1, 3]. Their residues in natu-

ral water undergo photodegradation, resulting in the release of many toxic metabolites, some more toxic than the
parent compounds [4-6].
In this study, our interest to fenitrothion is justified by
the fact that it is a typical (OP) model of a waste photodegradable substance in water in view of its widespread consumption all over the world, but also by its broad use
through our country. In addition, Algeria lays out within
its units a considerable stock of this product, compared to
the other pesticides. Fenitrothion was firstly introduced by
SUMITOMO Chemical in 1959 as sumithion to control insects on cereals, fruits and cotton [7]. Despite its high toxicity acting on acetylcholinesterase activity [5, 7], this nonsystemic insecticide is still extensively used, with few or
no adverse effects on populations in the environment. Such
chemicals are included in several priority lists of pollutants and different groundwater monitoring programs [6, 8].
As a result, appropriate techniques for eliminating pesticides in waters are strongly required.
Recently, the so called “Advanced Oxidation Processes” (AOPs) based on the photogeneration of powerful
oxidizing agents, such as hydroxyl radicals (OH), have an
attractive attention for water detoxification [9-11]. Among
them, heterogeneous photocatalysis using TiO2 appears as
the most emerging technology for removing bio-recalcitrant
pollutants from water, such as pesticides, in the ranges of
µg/L or few mg/L [12-14]. The key advantage of this TiO2/
UV process is its non-selectivity to destroy pollutants, leading to complete mineralization of organic carbon into CO2
at ambient temperature and pressure. Moreover, TiO2 photocatalyst unlike other semiconductors is available, cheap,
non-toxic, stable to photocorrosion and suitable to work
with the sunlight as energy source [11, 15-18]. The last
point makes TiO2 photocatalysis particularly relevant for
pesticide pollution remediation in Mediterranean areas,
since both sun and intensive agriculture are present [19].
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Among the various families of pesticides treated,
organophosphorous compounds have been widely studied [20-23]. The photocatalytic degradation of fenitrothion
has also been investigated. The studies have been carried
out both over P25-TiO2 and polyoxometallate (PW12O403-)
photocatalyst to compare the identified by-products by
HPLC, GC-MS or NMR spectroscopic measurement [24,
25]. To our knowledge, there is no review dealing with the
influence of the parameters on photocatalytic efficiency, especially the pH medium, which is known to play an important role both on the TiO2 surface charge and the reaction mechanisms that can contribute to pesticide transformation [12-15].
In the present study, the photocatalytic degradation of
technical fenitrothion (95%) over Hombikat UV-100 in
aqueous suspension was examined. The main topics of this
investigation were (i)- to examine the influence of initial pH
on both the adsorption and degradation steps; (ii)- to estimate the kinetics of the substrate disappearance at various pH conditions; (iii)- to evaluate the degree of mineralization and; (iv)- to identify the eventual by-products for a
tentative proposal mechanistic pathway.

General procedure

Experiments were performed at room temperature. The
reacting mixture (0.75 L) was prepared by suspending
1 g/L of TiO2 in distilled water containing the dissolved
pollutant under its solubility level (20 mg/L). This concentration was high enough to facilitate the identification
of intermediate products. The suspension was firstly stirred
in the dark to reach an equilibrated adsorption concentration. Therefore, this time has been selected for the initial
period of UV-irradiation. In most of the experiments, the
photodegradation was continued until complete mineralization of the compound was achieved. To study the influence of pH on the photoreactivity of the process, some runs
were carried out at different initial pHs using NaOH, or
HCl, and a pH-meter type JENWAY 3305. During both the
dark and illuminated periods, appropriate aliquots of sample were withdrawn from the reactor at regular time intervals and centrifuged with a Hettich UNIVERSAL centrifuge to remove TiO2 particles. To check the reproducibility of the results, some experiments were repeated.
Analytical methods
Spectrophotometry - pH effect

MATERIALS AND METHODS
Photoreactor and light source

The process was performed in a static batch photoreactor of ca. 1 L volume, consisting of a Pyrex cylindrical
flask open to air. Constant agitation of the solution was insured by a magnetic stirrer to guarantee an oxygenation
from atmospheric air and a satisfactory mixing of the heterogeneous solution. Irradiation set was assured by artificial light (VL-115.L type, 2x15 W with filter-UV lamp),
emitting at 365 nm and placed over the photoreactor. The
mean value of flux intensity reaching the middle of the
reacting suspension, measured with a numeric Lux-meter
(mark ROLINE, RO-1332), was estimated to be 64000 Lx.
Chemicals

The catalyst TiO2-Hombikat UV-100 purchased from
Sachtleben GmbH, with a purity of ca. 99.1%, was used as
received. It is in 100% anatase crystalline form with a reactive surface (BET) area of 250 m 2/g, corresponding to a
mean particle size of ca. 10 nm nonporous structure. Technical fenitrothion, (C9H12NO5PS), 95% purity, provided
from SUMITOMO Chemical, Japon was used as received.
Its chemical structure is shown in Fig. 1. All other chemicals used in this work for pH adjustment or LLE, HPLC
and GC-MS analyses were of analytical grade.
CH3
S

NO2

OP(OCH3)2

FIGURE 1 - Structure of the insecticide fenitrothion
“O,O-dimethyl O-(3-methyl-4-nitro-phenyl) phosphorothioate”.

The influence of initial values of medium pH on the adsorption and photodegradation processes was monitored by
spectrophotometry. UV spectra of the clear solutions were
recorded on a Perkin Elmer Lambda 25 UV-Visible spectrophotometer, equipped with a microprocessor. For kinetic
studies, absorbance was measured at the wavelengths of
maximum absorption, and the concentrations were calculated according to Beer-Lambert law.
Mineralization

Evolution of inorganic anions, NO3− , NO2− , SO42− and
PO43− , was monitored by ionic chromatography (IC). 50 µl
of clear solution were injected in HPLC system equipped
with a Waters 1515 isocratic pump and a Waters 432 conductivity detector. An ICPAK A waters column (4.6 m x
50 mm; particle size: 10 µm) was used with borate/ gluconate as eluent at a flow-rate of 1.2 ml/min.
GC-MS analysis - Identification of the by-products

In order to propose an eventual mechanistic scheme for
the photocatalytic oxidation of fenitrothion, organics were
firstly extracted from aqueous phase, and then analysed by
GC-MS. Although liquid-liquid extraction (LLE) and solid
phase micro-extraction (SPME) are methods with yield accuracy and precision, LLE was used in our study because
it is simple, fast and reliable for detecting the residues of
pesticides in water up to 250 ng levels [20, 23, 26]. It is
also the cheapest method with a low consumption of solvent, and without need of specialized materials. At first,
200 ml of centrifuged sample were acidified with HCl, then
extracted twice with the mixture of petroleum ether/ diethyl ether at the ratio 1/1, followed by two successive
extractions with dichloromethane. After that, the combined
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extracts were dried on anhydrous sodium sulphate and concentrated to 1 ml, using a rotary evaporator. Identification
of intermediates was performed by injecting 2 µl of the
extract in a GC/MS system (GC HP 6890 and MSD 5972),
equipped with a combined electron impact/chemical ionization source (electron ionization 70 eV). The analytical
column connected to the system was an HP-5MS (5%
phenyl, 95% methyl siloxane) capillary column (30 m x
0.25 mm x 0.25 µm film thickness). The injector was used
in splitless mode, and injector temperature was 250 °C.
Helium was used as carrier gas at 1 ml.min−1. The oven
temperature program was as follows: 50 °C for 3 min, 6 °C/
min to 180 °C (held for 2 min), followed by a ramp of 5 °C/
min to 280 °C (held for 10 min). The detector temperature
was 280 °C. Data acquisition, processing, and instrumental control were performed by a Vectra 486/33VL HP station equipped with HPCHEM software.

tion was exposed to UV-light, in presence of TiO2, the
concentration of fenitrothion decreased markedly. About
70% of the pollutant was removed within 5 h of experiment. This behaviour indicated that the system was working in a pure photocatalytic regime.
Photocatalytic degradation of fenitrothion – Effect of pH

It is well established that pH of the medium is by far
the important parameter in photo-catalyzed degradation of
organic wastes, since it influences at the same time both the
ionization state of organic molecules and the surface state
of the semiconductor [2, 11-14]. In aqueous solution, according to the pH of the medium, titanium dioxide can be
charged positively or negatively according to the following reactions [27]:

RESULTS AND DISSCUSSION
Real nature of photocatalytic process

To control the nature of photocatalytic process, the removal of fenitrothion in aqueous medium was studied under
three different experimental conditions: (A) under UV illumination in absence of TiO2, (B) in the dark with TiO 2,
and (C) under both UV light and TiO2 suspension (Fig. 2).
The experiments were carried out at the same conditions
(initial concentration of pollutant 20 mg.L-1; [TiO2] 1 g.L-1;
pH = pHnat = 6.03; and ambient temperature).
1,2

TiOH2+

pH < pHpzc

(1)

TiOH + OH−

TiO− + H2O

pH > pHpzc

(2)

where pHpzc represents the pH of Zero Point Charge, at
which the surface of an oxide is uncharged. For TiO2, the
pHpzc is around 6.5 [28]. This amphoteric behaviour of
TiO2 and the change of environmental conditions with the
change of pH medium were expected to influence not only
the efficiency of the photocatalytic process adsorption, but
also the rest of compounds produced, thereby affecting the
reaction pathways [11]. For these reasons, our first investigation was to examine the effect of pH on both adsorption and photodegradation steps, and to determine the optimum pH to destroy the OP insecticide.
Influence of pH on the adsorption step

1,0

A

The influence of pH upon adsorption in the range from
5 to 11 is presented in Figs. 3a-d. The UV-scan spectra of
the investigated compound during the experiments are
shown. As preliminary observation, two absorption maxima
were observed in the range of 190 to 400 nm. Consistent
with the literature, the maxima observed at the lower wavelengths (193-210 nm) can be assigned to the nitro group
of the original compound, whereas that observed at the
higher wavelengths (270-276 nm) to the aromatic ring [24].

B

0,8

C/C0

TiOH + H+

0,6
C

0,4

A: UV (Photolysis)
B: TiO2 (Adsorption)
C: UV/TiO2 (Photocatalysis)

0,2
0,0
0

60

120

180

240

300

Experimental time (min)
FIGURE 2 - Time-course of fenitrothion removal at natural
pH, ambient temperature and under UV illumination (A); in
dark with TiO2 (B); and with TiO2 under UV illumination (C).

As could be seen in Fig. 2, experiments show that the
photocatalytic degradation of fenitrothion in presence of
semiconductor (TiO2) was more efficient than direct photolysis. Indeed, without catalyst, no appreciable loss of the
substrate (about 4%) was observed during 4 h of UV irradiation, but a certain decrease of pollutant (11%) took place
after 2 h of continuous stirring of TiO2 suspension in the
dark due to the adsorption phenomena. Over this time, no
appreciable change was observed. When the substrate solu-

In addition, the examination of adsorption profiles
showed that the concentration of fenitrothion in aqueous
solution did not decrease significantly in the dark, when
TiO2 was present for the pH range used. Indeed, no significant adsorption of substrate occurred at pHs 5 and 11,
whereas about 10% of adsorption was observed at pHs 7
and 9, in particular for the higher wavelengths. In some
reviews, it was reported that adsorption of organic contaminants would increase the reaction rates, but is not a
requirement for reaction, since the reactive OH radicals
and other species could diffuse into bulk solution to react
with the organic pollutants [2, 29]. According to this assumption, it could be deduced that, in our experimental
conditions, the influence of adsorption on the photodegradation kinetics is not considered to be significant.
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(a)

(b)

(c)

(d)

FIGURE 3 - Influence of the initial pH on the adsorption of the insecticide over Hombikat UV-100 (evolution of spectrophotometric scan).

Influence of pH on the photodecomposition

In the course of illumination, the effect of initial pH
on the substrate decay of fenitrothion in aqueous suspensions of TiO2 has also been followed UV-spectroscopically.
Figs. 4 a-d show the UV-spectra obtained at different irradiation time periods. The decrease in absorbance intensity
at both 206 and 273 nm followed the same trend at all pH
values examined. Both absorption maxima showed a decrease with increasing irradiation time (Fig. 4), indicating
the destruction of the pollutant. In addition, it could be noted
that the absorbance at 206 nm proceeded relatively slow,
whereas that at 273 nm presented a more rapid decline.

decay than the curve obtained at 200 nm (Fig. 5), confirming the results found previously. On the other hand, it could
be seen that, under our experimental conditions, the degradation of fenitrothion seemed to follow satisfactorily the
model of Langmuir-Hinshelwood for the pH range used.
In agreement with many workers, the photocatalytic
oxidation rates of organic contaminants (pesticides) over
illuminated TiO2 fitted the Langmuir–Hinshelwood (L-H)
kinetics models [12-14, 20, 23]. In aqueous medium, the
general (L–H) law of the reaction rate, which is proportional to the surface coverage θ, has to be expressed as
follows:

Kinetics of disappearance- efficiency evaluation

To obtain relevant information about the effect of initial pH on the efficiency of the process, the kinetic of the
substrate transformation was followed by measuring the
absorbance. To avoid any confusion, it should be pointed
out that only 200 and 273 nm were chosen to monitor the
evolution of optical density during the photocatalytic transformation of the pollutant. The results of normalized concentration vs. time are presented in Figs. 5 and 6, respectively.
A qualitative description of the profiles showed that the
kinetic curve obtained at 273 nm (Fig. 6) exhibited a faster

dC

k r K LH C

(3)
1 + K LH C
where r is the oxidation rate of the reactant (mg.L-1.min-1), kr
the constant of reaction rate (mg.L-1.min-1), KLH the equi
librium adsorption coefficient of the reactant (L.mg-1),
and C its concentration (mg.L-1) at time of illumination
(min). When the chemical concentration of pollutant (C) is
in the millimolar range, the equation could be simplified to
an apparent first-order equation [19, 22]:
C
(4, 5)
Ln ( 0 ) = K t , where k r K = K app .
app
C
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(a)

(b)

(c)

(d)

FIGURE 4 - Evolution of spectrophotometric scan during the photodisappearance of fenitrothion over Hombikat UV.
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FIGURE 6 - Evolution of normalized concentration of
fenitrothion, monitoring at 273 nm (effect of initial pH).

FIGURE 5 - Evolution of normalized concentration of
fenitrothion, monitoring at 200 nm (effect of initial pH).
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TABLE 1 - Photocatalytic degradation kinetic parameters (rate constants, correlation coefficients
and half-life) of fenitrothion in aqueous Hombikat UV-100 suspension at different values of initial pH.
λNO2 (190-206 nm)
Kapp (103) min-1
1,4
1,6
1,3
0.7

pH=5
pH=7
pH=9
pH=11

R2
0.990
0.9906
0.9901
0.9882

where C0 is the initial concentration, equal as possible to
the concentration at the adsorption equilibrium, and Kapp
the apparent first-order reaction constant. The initial degradation rate could be expressed by:

r0 = K app ⋅ C0

(6)

The plot of ln Ce/C versus illuminated time, not represented here, gave a straight line, and the slope of the
linear regression was equal to the apparent first-order rate
constant kapp. In Table 1, the values of Kapp and the linear
regression coefficients for pseudo-first-order kinetics of
the photodegradation of the studied compound are listed.
According to these values, the appropriate first-order
relationship appeared to fit well, and it could be clearly
noted that the better range of initial pH for the photocatalytic degradation of fenitrothion in presence of Hombikat
UV-100 was 7-9, with an optimum rate at pH 7. For the
continuation of our study, we will retain this value to evaluate the degree of mineralization and identify the reaction

(CH3)(NO2)-C6H3-O-P(S)-(CH3O)2 +

13
2

O2

λcycle (270-276 nm)
Kapp (103) min-1
2,9
3,5
3,0
1,9

t1/2 (min)
495
433
533
990

h ν ≤ 400nn
TiO2

R2
0.9932
0.9942
0.9941
0.9934

t1/2 (min)
239
198
231
364

intermediates during the photodegradation of the parent
compounds.
Mineralization evolution

According to many reviews, the complete degradation
of organic compounds by photocatalysis normally leads to
the conversion of all its carbon atoms to gaseous CO2 and
that of the hetero-atoms into inorganic ions [23, 28-30]. In
agreement with the total photocatalytic degradation of
organophosphorus pesticides, mineral compounds, such
as CO2, H2O and inorganic species PO43− , SO42− , NO3− ,

NO2− and NH 4+ , might progressively be formed.
By concern of assessing the degree of mineralization
of fenitrothion, prolonged illuminated experiments were
carried out at the appropriate pH. The percentage of conversion of the substrate to SO42− , H 2 PO 4− , NO3− and

NO2− species, illustrated in Fig. 7, was calculated on the
basis of the mass balance of the following equation:

9 CO2 + 3H2O +4H+ + H2PO4 + SO42- +NO3-

8

100

7,5

NO-3
NO-2

60
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80
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FIGURE 7 - Formation of inorganic ions during the photocatalytic
degradation of fenitrothion in presence of Hombikat UV-100.

FIGURE 8 - Temporal evolution of pH values during
the photocatalytic mineralization of aqueous solution
of fenitrothion in presence of Hombikat UV-100.

The evolution of pH values during the process was
also measured with the JENWAY 3305 pH-meter, and
results are shown in Fig. 8.
As could be seen from Fig. 7, the formation of sulphate ions was achieved in a stoichiometric amount. The
complete mineralization of this heteroatom was very fast

and reached within about 300 min of irradiation. The
variation of pH values in the course of degradation reflected the formation of this mineral salt (Fig. 8). The
nitrogen profiles showed that the formation of NO2− is
slightly larger than that of NO3− in the beginning of deg-
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radation, but then NO2− disappeared, while NO3− increased.
This could be explained by the fact that the nitro group
was firstly mineralized into nitrite ( NO2− ), which was progressively oxidized into nitrate ( NO3− ). Only a small percentage of nitrogen was released from the initial structure
and/or from the formed intermediates. After 400 min, only
20% of the nitrogen has been released, while the remaining
80% is still present as organic nitrogen. This is probably due
to the persistence of some stable compounds that hardly
release the nitrogen. In some works on the photocatalysis
of organophosphorous pesticides, ammonium ions were detected (2-4% with respect to nitrate) [20-22].
Concerning the phosphate ions ( H 2 PO 4− , PO43− ), they
unfortunately could not be detected in our pH conditions
(Fig. 7). As plausible explanation, phosphate ions are
known to adsorb strongly on TiO2 surface in acidic media, partially inhibiting the reaction rate [31-33]. After 7 h
of irradiation, the solution subjected to IC analysis was at
pH 5.64 (Fig. 8). The access to phosphate data required the
increase of pH to 12 with NaOH. In this way, it was proven
that desorption of phosphate ions from TiO2 will occur and
approx. 80% of the expected amount of phosphate will be
recovered [31, 33].
Identification of intermediates

The transformation products generated during the photodegradation were analyzed by GC-MS. Several compounds have been detected, but 8 of them (Table 2) could
be considered as possible degradation intermediates. Their
identification was made with respect to the mass spectra
included in NIST spectrometer library program, or by comparison with those reported in the literature.
Proposed reaction pathway

Taking into account the nature of the identified species
and literature data, we attempted to propose here a photodegradation mechanism for fenitrothion, which provided a
reasonable explanation for the identified photoproducts.
Two possible degradation pathways could be proposed.
The first one yielded substitution of the S by O in the P=S

bond, whereas the second one proceeded in the direction
of breaking the ester bond (P-O) between phenolic moiety
molecule and the dimethyl ester.
A detailed study of the mechanistic scheme (Fig. 9)
shows that oxidant attack of the •OH occurred at the P=S
bond of the phosphorothioate (P=S) pesticides, resulting
in the formation of oxon derivatives [23-25, 34] which are
considered to be the activated forms of organophosphorous compounds, but more toxic than the parent ones [20].
It was confirmed, in this manner, that there was a quick
oxidation of fenitrothion (I) to fenitrooxon (II), with the
release of sulphur atoms as sulphate ions SO42-, as a result of
this photooxidation.
The rupture of P–O bond resulted in the formation of
trimethyl thiophosphate (III), phosphoric acid trimethyl
ester (V) and phosphorothioic acid O,O,S-trimethyl ester
(IV). The latter can degrade in the direction of replacement
of the S atoms with O atoms to form dimethyl phosphate
(VI) with a release of sulphate ions (Fig. 9). This explanation was supported by authors who observed, in the case
of phosphorothioates, that oxidant attack of • OH was followed by the rupture of P–O bond, resulting in the formation of the corresponding phenols and different trialkyl
and dialkyl phosphorothioate or phosphate esters [21, 30,
35]. The continuous attack of • OH by the oxidation of the
methoxy group of dimethyl phosphate led to the formation
of formic and phosphoric acid. By a further oxidation, formic acid is decomposed into CO2 and H2O, whereas the
overall decomposition of phosphoric acid underwent the
release of phosphate anions (PO43-).
On the other hand, the formation of 3-methy-4-nitrophenol (VIII), starting from the phenolic moiety, implied
the transfer of methoxy groups from benzene, 4-methoxy2-methyl-1-nitro (VII). The progressive attack of •OH radicals on 3-methy-4-nitrophenol led to the release of nitrogen
atoms in form of nitrous acid NO3- (Fig. 9), and formation
of 2-methyl hydroquinone (IX) as intermediate [36], which
could be transformed to 2-methyl-1,4-hydro-quinone (X).
By a successive attack of OH radicals and substitution of
H atoms, the phenolic moiety of 2-methyl-1,4-hydroquinone

TABLE 2 - GC-MS-EI spectrum characteristics and retention times of the insecticide fenitrothion and its identified photo-products.
Intermediate photoproducts

EI-MS spectrum ions (m/z )

tr (min)

I- Phosphorothioic acid, O,O-dimethyl 3-methyl-4nitrophenylester (fenitrothion)
II- Phosphoric acid, dimethyl 3-methyl4-nitrophenyl ester (Fenitrooxon)
III- O,O,O-trimethyl thiophosphate
V- Phosphoric acid, trimethyl ester
IV- Phosphorothioic acid, O,O, Strimethyl ester
VIII- Phenol, 3-methyl-4-nitro
VII- Benzene, 4-methoxy-2-methyl-1-nitro
- Phenol, 3-methyl-

277, 125, 260, 109, 79, 93, 63, 47, 150, 136, 214, 30

30.245

244, 109, 261, 127, 79, 63, 51, 118, 231, 136, 150.

28.930

93, 156, 126, 63, 79, 47, 109, 141.
140, 110, 109, 95, 79
110, 156, 79, 47, 126, 141, 95, 62, 15.

9.415
10.2
12.520

136, 77,153, 53, 108, 39, 63, 27, 90, 82.
150, 167, 77, 91, 65, 51,106,122, 137, 28, 39, 18, 178.
107, 79, 90, 39, 51, 63.

23.474
20.953
11.93
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FIGURE 9 - Proposed photocatalytic degradation pathway of fenitrothion in aqueous solution, sensitized by Hombikat UV-100.

is transformed, by ring opening, to acetic acid. These intermediates and OH radical species ultimately yield CO2
and H2O via a complex series of reactions, in-cluding ring
cleavage [19, 20, 37].

CONCLUSION
The photocatalytic degradation of fenitrothion at different pHs has been examined using Hombikat UV-100
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catalyst and artificial UV-light radiation. The results obtained showed that, in our experimental conditions, the
influence of adsorption on the photodegradation kinetics is
not considered to be significant. The photodedegradation
of fenitrothion was found to be efficient in the range of
pH 5–9 with an optimum at pH 7, whereas it was weak at
pHs higher or equal to 11. The mineralization evaluation
confirmed the release of inorganic ions and the photodecomposition of parent compounds. Several transformation products were isolated by means of LLE and identified by GC–MS techniques. The great number of compounds de-tected during the degradation of fenitrothion
shows the complexity of the photocatalytic process and
suggests the existence of various degradation routes resulting in multi-step and interconnected pathways.
However, this study confirmed the potentialities of heterogeneous photocatalysis to destroy the persistent compounds contained in the wastewaters, such as pesticides
from agricultural ones.
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THE ADSORPTION OF THIOUREA ONTO ACTIVATED CARBON
AS AN ALTERNATE TO CYANIDE IN GOLD PRODUCTION
Uğur Selengil* and M. Ercengiz Yildirim
Eskişehir Osmangazi University, Faculty of Engineering and Architecture, Chemical Engineering Department, 26480 Eskişehir, Turkey

ABSTRACT
The applicability of thiourea adsorption onto activated
carbon from industrial wastewaters, especially gold mining
wastewaters was investigated. The prepared thiourea solutions were used in the experimental studies and the effects
of time, initial thiourea concentration, amount and particle
size of activated carbon and presence of FeSO4 in the medium on thiourea adsorption onto activated carbon were
examined. Coconut carbon with a particle size distribution
of 1-3 mm was used as adsorbent in the experiments. The
Langmuir and Freundlich isotherm models were tested for
their applicability.
As a result of the experiments, 74.3 % of the thiourea
in the solution was adsorbed onto activated carbon at the
end of the two hours. The presence of Fe 2+ ions in the
medium did not affect the thiourea adsorption significantly.
The adsorption of thiourea onto activated carbon from
thiourea solutions fitted Freundlich isotherm rather than
Langmuir isotherm.

dissolution, easier handling of reagents, a greater selectivity towards gold and silver, less sensitivity to the presence
of impurity metal ions and more effectivity on refractory
ores [12-16]. The major disadvantage of the thiourea
method is the higher cost due to high consumption rates
of thiourea and oxidants. For this reason no commercial
applications have been achieved up to now [5, 13, 16, 17],
but extensive investigations continue on this subject [3, 11,
13, 16-19].
The gold recovery with thiourea leaching includes
stages similar to the cyanidation process. The basic difference between these processes is the use of thiourea in
place of cyanide solution as an extracting agent for gold
recovery in leaching. A strong anionic complex formed with
cyanide is seen in alkaline solutions while a strong cationic
complex formation takes place with thiourea in acidic solutions. In cyanidation, air is enough as an oxidizing agent;
while in thiourea leaching, the use of a strong oxidizing
agent such as Fe2(SO4)3 or H2O2 is required [17-20].
In the first step of the gold recovery with thiourea
leaching, part of thiourea converts to formamidine disulphide (FDS, H2N-CNH-S-S-CNH-NH2) which acts as an
oxidizing agent in acidic media.

KEYWORDS:
Thiourea, adsorption, activated carbon.

2 H2N-CS-NH2 + 2 Fe3+ D H2N-CNH-S-S-CNH-NH2
+ 2 Fe2+ + 2H+

INTRODUCTION

(1)

+

The cyanidation process for the extraction of gold from
ores has been employed for over hundred years. The most
important disadvantages of this process are the toxicity and
disposal problems of leaching wastes to the environment
unless the necessary precautions are taken [1-5]. For this
reason, in recent years, new methods and processes have
been developed as an alternative to gold recovery by
cyanide leaching [5-11].
Although a number of gold extractants have been considered as an alternative to cyanide, the most promising
results have been obtained from thiourea (TU, H2N-CSNH2) leaching. The thiourea leaching method has many advantages over the cyanidation process such as lower toxicity, and fewer environmental impact, faster kinetics of gold

FDS forms Au(TU)2 ion by reacting with gold in ore
in the media containing excess thiourea:
H2N-CNH-S-S-CNH-NH2 + 2 H2N-CS-NH2 + 2Au + 2H+
D 2Au(H2N-CS-NH2)2+
(2)
The overall dissolution reaction equation is obtained
by adding the above two equations side by side
Au + 2 H2N-CS-NH2 + Fe3+ D Au(H2N-CS-NH2)2+ + Fe2+
(3)
FDS, formed as a result of the reversible reaction (1)
and used simultaneously in reaction (2) for the dissolution
of gold, may be oxidized to unwanted products irreversibly:
H2N-CNH-S-S-CNH-NH2 → H2N-CS-NH2 + H2N-C≡N
+S
(4)
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To prevent this, solution pH and electromotive force
(emf) must be controlled. This reaction may result in an increase in thiourea consumption in leaching process and
it may also decrease the contacting surface area due to the
coverage of the ore surface by the formed elemental sulfur [3, 16, 18, 21]. This negative effect may be decreased
by adding SO2 into the media [19].
There are several possible methods for gold recovery
from thiourea leach liquors e.g., adsorption onto activated
carbon, ion exchange resin adsorption, solvent extraction,
precipitation, and electrowinning [1, 5, 14, 22-24]. Among
these methods, the most used one is adsorption onto activated carbon because of high efficiency, relatively low cost
and purity of the product [22]. Gold is normally adsorbed on
activated carbon as gold-thiourea complex [4, 12]. Many
information has been published on the subject of gold recovery from leach liquors with adsorption on activated
carbon [4, 12, 13, 16, 19, 24-28].
Three different processes were developed depending on
the leaching technique used in solid-liquid extraction and
physical and chemical properties of ore. These are CIP (Carbon in Pulp), CIL (Carbon in Leach) and CIC (Carbon in
Column or Carbon in Clear Solution) [16, 29].
At the end of the adsorption process, gold loaded activated carbon was desorbed by an appropriate aqueous
solution. The elution of the gold-thiourea complex from
loaded activated carbon can be carried out using dilute
acidic aqueous thiourea solutions containing an alcohol [5,
14, 16]. By this, the solution is about 1000 times concentrated in gold with respect to the leachate solution. The
final recovery of gold from the elution solutions have been
accomplished via electrowinning [13, 14, 16].
As in the cyanidation, solid and liquid wastes will be
formed at the end of the gold recovery with thiourea. To
prevent the harmful environmental effects of these wastes,
concentrations of harmful contents must be diminished via
some treatments not affecting human and environment.
There will be thiourea in an excessive concentration in
the solution from the adsorption of gold-thiourea complex
onto activated carbon since the overdose of thiourea must
be used in the process [14]. The aim of this study is to investigate lowering the amount of retained thiourea without
making complex with gold. This will decrease the pollution
load to the environment. During literature survey, any work
on the adsorption of thiourea was not found. In addition, in
the CIL process in which gold leaching and adsorption of
gold-thiourea complex occur simultaneously, the recovery
of thiourea can be achieved by adding the activated carbon
loaded by thiourea into the medium [16, 25]. Thus, the total
thiourea consumption will also decrease.
MATERIALS AND METHODS
Thiourea concentration (4 g/L) and pH value (2.0) used
in the experiments were determined from the preceding

study about gold extraction from a refractory ore with thiourea [16]. The concentration of iron(II) sulphate (FeSO4)
solution was determined from the reduced quantity of
Fe3+ to Fe2+ during the gold production process [16].
Distilled water was used in all the experimental studies.
Thiourea solutions were prepared before the experimental studies. Thiourea is a water soluble organic compound and it is stable in acidic medium. The ambient pH
value must be lower than 3 in order to not decompose the
thiourea oxidation product FDS and not to hydrolyze
Fe2(SO4)3 to Fe(OH)3 when Fe2(SO4)3 is used as oxidant
in gold leaching by thiourea [16, 18]. Temperatures higher than 45 oC and a pH value above 5 also accelerates the
degradation process of thiourea [3]. Therefore, sulphuric
acid (with 96% purity and 1.84 g/cm3 density) was used
for adjusting the pH = 2.0 [16].
Coconut carbon with a particle size distribution of
1-3 mm was used as adsorbent in the experiments. Powdered activated carbon of which 83% was -0,112 mm was
also used for investigating the effects of the activated carbon
amount and the particle size [13].
The effects of time, initial thiourea concentration, the
amount and particle size of activated carbon and presence
of FeSO4 in the medium on thiourea adsorption onto activated carbon were investigated in the experimental studies.
All of the adsorption experiments were carried out in
Erlenmeyer flasks in the shaker device and at laboratory
medium temperature (22 ± 1 oC). At the end of the adsorption, the activated carbon was filtered from solution. The
remaining concentration of thiourea in the liquid phase was
determinated by potassium iodate (KIO3) titration using
starch as indicator [4, 16].
Blank tests without activated carbon were also performed in order to determine whether or not part of thiourea was converted to FDS. No significant decrease in the
initial thiourea concentration of 4 g/L was observed in the
blank tests. Therefore, there is no conversion to FDS as in
the equation 1. The same result was also obtained in the
presence of FeSO4. Thus, the only species adsorbed is
thiourea since no FDS produced during the adsorption.
The adsorbed thiourea by the activated carbon was
then calculated from the difference between the thiourea
concentrations in the beginning solution and after the adsorption. Thiourea adsorption yields were calculated using
the following equation:
Adsorption yield (%) = [(C0 – Cd) / C0] . 100

(5)

where C0 is initial thiourea concentration in the solution (g/L), and Cd is the final thiourea concentration in the
solution (g/L).
The equilibrium adsorption isotherm is of fundamental
importance in the design of the adsorption system. Langmuir and Freundlich isotherm equations are tested at 22 ±
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1 oC in this study. Langmuir equation can be expressed as
follows:
Ce/qe = 1/(qo.b) + Ce/qo

(6)

where Ce is the concentration of the thiourea solution
(g/L) at equilibrium, qe is the amount of thiourea adsorbed
at equilibrium (g/g), qo and b are Langmuir constants related
to adsorption capacity and energy of sorption, respectively.
A plot of Ce/qe versus Ce gives b and qo if the isotherm fits
the Langmuir equation. The values of qo and b were calculated from the slope and intercept of the linear plots, respectively.
The Freundlich equation can be expressed as follows:
log qe = log K + (1/n) log Ce

(7)

where K is the Freundlich capacity constant, n is the
Freundlich intensity constant, qe is the amount of thiourea
adsorbed at equilibrium (g/g) and Ce is equilibrium concentration (g/L). Values of K and n were calculated respectively
from the intercept and slope of the plots of log qe versus
log Ce [30, 31, 32].

thiourea increased rapidly with time, and the thiourea adsorption yield was obtained as 61.4% at the end of two
hours. Under the same conditions, the adsorption yield rised
to 68.6% at the end of six hours. It was concluded that
two hours adsorption time was enough for practical purposes since waiting for additional 4 hours increased the
adsorption yield only about 7%.
The effect of initial thiourea concentration

The amount of activated carbon with a particle size distribution of 1-3 mm was kept constant at 40 g/L in this part
of the experimental studies. The initial concentration of
thiourea was changed from 0.25 g TU/L to 4.00 g TU/L for
seven experiments keeping the adsorption time at two hours.
The experimental studies were carried out using 50 mL
thiourea solutions. The experimental results were given in
Figure 2.

% Adsorption yield
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RESULTS AND DISCUSSION
The results obtained from the adsorption experiments
are given below.
The effect of time

In this part of the experimental studies, the effect of
time on thiourea adsorption onto activated carbon was investigated. 4 g/L thiourea solution was used in the experiments. 50 mL thiourea solutions were added to the Erlenmeyer flasks. The amount of activated carbon with particle size distribution of 1-3 mm was kept constant at 40 g/L.
The experimental results were given in Figure 1.
80
% Adsorption yield

70
60
50
40
30
10
0
2

4

6

0

1

2

3

4

5

Initial concentration of thiourea (g/L)
FIGURE 2 - The effect of initial
thiourea concentration on the adsorption.

The adsorption yield remained constant at 88.6% upto
1 g/L initial thiourea concentration while the amount of
activated carbon and adsorption time were kept constant.
The adsorption yield decreased as initial thiourea concentration increased to the values higher than 1 g/L. This
situation showed that when initial thiourea concentration
was high, 40 g/L activated carbon in the medium was not
sufficient for adsorption.
In order to draw Langmuir and Freundlich adsorption
isotherms, the necessary calculations have been made and
the obtained adsorption isotherms were given in Figure 3.
Although R2 values were not very different, the experimental data fitted Freundlich isotherm better than Langmuir isotherm. The constants of Langmuir and Freundlich
equations were given in Table 1.

20
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100
90
80
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30
20
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Time (h)
FIGURE 1 - The effect of time on the adsorption.

TABLE 1 - Langmuir and Freundlich
isotherm constants for Figures 3 (a) and (b).

As can be seen from Figure 1, the adsorption yield of
thiourea onto activated carbon increased appreciably with
time during the first two hours. The amount of adsorbed
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Langmuir isotherm constants
qo (g/g)
b (L/g)
R2
0.0987
1.635
0.8018

Freundlich isotherm constants
K [(g/g) (g/L)n]
n
R2
0.0677
1.446
0.8656
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(a)

stead of the powdered activated carbon in the experimental
studies to avoid the difficulties in separation of powdered
activated carbon from the solution at the end of the adsorption experiment.
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FIGURE 4
The effects of amount and particle size of activated carbon.
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The Langmuir and Freundlich adsorption isotherms
obtained for both activated carbon species were given in
Figures 5 and 6. The constants of Langmuir and Freundlich
equations were given for powdered and granulated activated carbons in Table 2.
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y = 0.6913x - 1.1688
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log Ce
FIGURE 3 - (a) Langmuir isotherm, (b) Freundlich isotherm.

15
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The effects of amount and particle size of activated carbon

As can be seen from Figure 4, the adsorption yield of
thiourea onto granulated or powdered activated carbon increased with increasing activated carbon amount. However,
the adsorption yields of the powdered activated carbon were
higher than those of the granulated activated carbon for the
activated carbon amounts lower than 40 g/L. On the other
hand, the adsorption yields became closer for activated
carbon amounts higher than 40 g/L.
It was observed that the adsorption by using 60 g/L
activated carbon for 2 hours provided a higher adsorption
yield compared to the adsorption by using 40 g/L activated
carbon for 6 hours (Figure 1). Thus increasing the activated
carbon amount is advantageous. The granulated activated
carbon with 1-3 mm particle size distribution was used in-
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y = -4.2024x + 23.029
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0
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Each 50 mL part of 4 g/L thiourea solution was put in
an Erlenmeyer flask. The amount of powdered activated
carbon of which 83% was in particle size of -0.112 mm
added on 4 g/L thiourea solutions varied between 2 and
60 g/L in the experiments. Adsorption time was kept constant at two hours. The same processes were carried out for
granulated activated carbon with a particle size distribution
of 1-3 mm. The experimental results were given in Figure 4.
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FIGURE 5 - Adsorption isotherms for powdered activated
carbon: (a) Langmuir isotherm, (b) Freundlich isotherm.
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FIGURE 6 - Adsorption isotherms for granulated activated carbon: (a) Langmuir isotherm, (b) Freundlich isotherm.

TABLE 2 - Langmuir and Freundlich isotherm constants for powdered and granulated activated carbons.

Powdered activated carbon
Granulated activated carbon

Langmuir isotherm constants
qo (g/g)
b (L/g)
R2
-0.238
-0.182
0.6843
0.211
0.271
0.4777

It was observed that the experimental results fitted the
Freundlich isotherm better for both activated carbon species. This is in agreement with the previous literature results
obtained from a study on the adsorption of gold and thiourea by activated carbon. In that study, it was also observed
that the adsorption experimental results for both gold and
thiourea fitted the Freundlich isotherm better in the temperature range of 15-55 oC [27].

Freundlich isotherm constants
K [(g/g) (g/L)n]
n
0.0484
0.6222
0.0472
1.57

%Adsorption yield

100
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0

Negative values for the Langmuir isotherm constants
indicate the inadequacy of the isotherm model to explain
the adsorption process since these constants are indicative of
the surface-binding energy and monolayer coverage.
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Initial thiourea concentration (g/L)
Without iron(II) sulphate

The effect of initial thiourea
concentration in the presence of FeSO4

In the last stage of the experimental study, the amount
of activated carbon with 1-3 mm particle size and the adsorption time were kept constant at 40 g/L and 2 hours,
respectively. The amount of FeSO4 was 7 g/L (12.8 g
FeSO4.7H2O/L). The adsorption yield decreased as thiourea
concentration increased in the presence of FeSO4. The experimental results obtained in the presence and absence of
FeSO4 are shown together in Figure 7. As can be seen in
the figure, the adsorption yield was higher when the initial
thiourea concentration was high in the absence of FeSO4.
On the other hand, the 40 g/L initial amount of the activated carbon was not sufficient in both presence and absence of FeSO4.

R2
0.9453
0.8058

With iron(II) sulphate

FIGURE 7 - The effect of initial thiourea concentration
on the adsorption in the presence and absence of FeSO4 .

In a previous study, it was observed that the presence
of 50-700 mg/L Fe2+ or Fe3+ did not change the gold adsorption equilibrium onto activated carbon. However, the
presence of Cu2+ decreased the gold adsorption significantly. There were no significant Fe2+ and Fe3+ adsorption
on the activated carbon [4]. This supports the closer adsorption yield values obtained in the presence and absence
of FeSO4.
Figure 8 shows the adsorption isotherms obtained in
the presence of FeSO4. The obtained R2 values are close to
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each other for both adsorption isotherms. The constants of
Langmuir and Freundlich equations were given in Table 3
for the presence of FeSO4.
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CONCLUSION
The environmental impact must be minimized in recovering gold in a high extent by using alternative leaching agents instead of cyanides. For this reason, the purification and recovery methods diminishing the environmental
impacts of the harmful wastes from the gold leaching processes by thiourea should be investigated. In this study,
the removal of thiourea from industrial wastewaters, especially from gold mining wastes, by adsorption on activated
carbon was investigated.
A 74.3% adsorption yield was obtained in the experiments carried out by adding 60 g/L activated carbon with
1-3 mm particle size distribution on the solution, of which
the pH and the initial thiourea concentration were 2 and
4 g/L, respectively, for 2 hours. This yield would decrease
the load on the wastewater treatment plants significantly
and the decrease in the thiourea consumption would provide an important economical advantage. It was observed
that the obtained experimental results fitted Freundlich isotherm better in the adsorption of thiourea on activated carbon. The fit of data to the Freundlich equation may indicate the heterogeneity of the adsorbent surface at the
studied conditions. The presence of Fe2+ ions did not affect
the adsorption onto activated carbon significantly.
It was found that activated carbon was useful in the
treatment of diminishing the thiourea concentration in
wastewaters from gold production by thiourea method.

log qe

-1

REFERENCES

-1.5

[1]

Murthy, D. S. R., Kumar, V., and Rao, K. V. (2003) Extraction of gold from an Indian low-grade refractory gold ore
through physical benefication and thiourea leaching. Hydrometallurgy, 68, 125-130.

[2]

Wall, N. C., Hornby, J. C., and Sethi, J. K. (1987) Gold
benefication. Mining Magazine, May, 393-401.

[3]

Gündiler, I. H. and Huyhua, H. J. (1986) Thiourea leaching
of gold and silver, Proc. I. Int. Mineral Processing Symp.,
Dokuz Eylul University Press, 457-470.

[4]

Zhang, H., Ritchie, I. M., and La Brooy, S.R. (2004) The adsorption of gold thiourea complex onto activated carbon. Hydrometallurgy, 72, 291-301.

[5]

Hilson, G. and Monhemius, A. J. (2006) Alternatives to cyanide in the gold mining industry: what prospects for the future? Journal of Cleaner Production, 14, 1158-1167.

[6]

Jeffrey, M. I. (2001) Kinetic aspect of gold and silver leaching in ammonia-thiosulfate solutions. Hydrometallurgy, 60,
7-16.

[7]

Tanrıverdi, M., Mordoğan, H., and İpekoğlu, Ü. (2005) Leaching of Ovacık gold ore with cyanide, thiourea and thiosulphate. Minerals Engineering, 18, 363-365.

-2

-2.5

log C e

FIGURE 8 - In the presence of FeSO4:
(a) Langmuir isotherm, (b) Freundlich isotherm.

TABLE 3 - Langmuir and Freundlich
isotherm constants for the presence of FeSO4
Langmuir isotherm constants
qo (g/g)
b (L/g)
R2
0.078
2.529
0.9494

Freundlich isotherm constants
K [(g/g) (g/L)n]
n
R2
0.0571
1.7325
0.9651

368

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

[8]

Kuzugüdenli, Ö. E. and Kantar, Ç. (1999) Alternates to gold
recovery by cyanide leaching. University of Erciyes, Journal
of Science 15, 1-2, 119-127.

[25] Rees, K. L. and Deventer, J. S. J. (2000) The mechanism of
enhanced gold extraction from ores in the presence of activated carbon. Hydrometallurgy, 58, 151-167.

[9]

Qi, P. H. and Hiskey, J. B. (1991) Dissolution kinetics of
gold in iodide solutions. Hydrometallurgy, 27, 1, 47-62.

[26] Schmidt, R., Barbagelata, F., Rivera, H., Valencia, J., and
Moya, S. A. (1988) Adsorption of gold from acid thiourea solutions on activated carbon. Int. Journal of Mineral Processing, 23, 253-264.

[10] Abbruzzese, C., Fornari, P., Massidda, R., Veglio, F. and
Ubaldini, S. (1995) Thiosulphate leaching for gold hydrometallurgy. Hydrometallurgy, 39,1-3, 265-276.
[11] Groenewald, T. (1976) The dissolution of gold in acidic solutions of thiourea. Hydrometallurgy, 1, 3, 277-290.
[12] Dajun, L. and Guanghui, B. (1992) The kinetics of the adsorption of gold from thiourea solutions by charcoal. Hydrometallurgy, 28, 95-109.
[13] Ubaldini, S., Fornari, P., Massidda, R. and Abbruzzese, C.
(1998) An innovative thiourea gold leaching process. Hydrometallurgy, 48, 113-124.
[14] Urbanski, T. S., Fornari, P., and Abbruzzese, C. (2000) Gold
electrowinning from aqueous-alcoholic thiourea solutions.
Hydrometallurgy, 55, 137-152.
[15] Örgül,S. and Atalay, Ü. (2002) Reaction chemistry of gold
leaching in thiourea solution for a Turkish gold ore. Hydrometallurgy, 67, 71-77.
[16] Gönen, N., Körpe,E., Yıldırım, M. E. and Selengil, U. (2007)
Leaching and CIL processes in gold recovery from refractory
ore with thiourea solutions. Minerals Engineering, 20, 6, 559565.

[27] Juarez, C. M. and Oliveria, J. F. (1993) Activated carbon adsorption of gold from thiourea solutions. Minerals Engineering, 6, 6, 575-583.
[28] Vegter, N.M. (1992) The distribution of gold in activated
carbon during adsorption from cyanide solutions. Hydrometallurgy, 30, 1-3, 229-242.
[29] Gönen, N., Kabasakal, O. S. and Özdil, G. (2004) Recovery
of cyanide in gold leach waste solution by volatilization and
absorption. Journal of Hazardous Materials, B113, 231,236.
[30] Weber, W. J. (1972) Physicochemical Processes for Water
Quality Control, John Wiley and Sons, Inc., NewYork, 640.
[31] Öztürk, N. and Bektaş, T. E. (2006) Batch adsorption of dyestuff from aqueous solutions onto various adsorbents. Fresenius Environmental Bulletin, 15, 6, 489-496.
[32] Köse, T. E. (2008) Agricultural residue anion exchanger for
removal of dyestuff from wastewater using full factorial design. Desalination, 222, 323-330.

[17] Gönen, N. (2003) Leaching of finely disseminated gold ore
with cyanide and thiourea solutions. Hydrometallurgy, 69,
169-176.
[18] Li, J. and Miller J. D. (2002) Reaction kinetics for gold dissolution in acid thiourea solution using formamidine disulfide
as oxidant. Hydrometallurgy, 63, 215-223.
[19] Schulze, R. G. (1984) New aspects in thiourea leaching of
precious metals. Journal of Metals, 62-65.
[20] Bouchet, P. L., Deschenes, G., and Ghali, E. (1998) Thiourea
leaching of copper-gold ore using statistical design. Hydrometallurgy, 47, 189-203.

Received: June 26, 2007
Revised: October 04, 2007
Accepted: December 03, 2007

[21] Bruckard, W. J., Sparrow, G. J. and Woodcock, J.T. (1993)
Gold and silver extraction from Hellyer lead-zinc flotation
middlings using pressure oxidation and thiourea leaching.
Hydrometallurgy, 33, 17-41.

CORRESPONDING AUTHOR

[22] Grosse, A. C., Dicinoski,G. W., Shaw, M.J., and Haddad, P.
R. (2003) Leaching and recovery of gold using ammoniacal
thiosulfate leach liquors (a review). Hydrometallurgy, 69, 121.
[23] Juarez, C. M. and Dutra, J. B. (2000) Gold electrowinning
from thiourea solutions. Minerals Engineering, 13, 10-11,
1083-1096.
[24] Biney, R. M., Reid, K. J., and Hepworth, M. T. (1995) The
loading capacity of selected cation exchange resins and activated carbons for gold-thiourea complex. Minerals Engineering, 8, 1-2, 125-146.

369

Uğur Selengil
Eskişehir Osmangazi University
Chemical Engineering Department
Meşelik Campus
26480 Eskişehir
TURKEY
Phone: +90 (222) 239 37 50 / 3292
Fax: +90 (222) 239 36 13
E-mail: uselen@ogu.edu.tr
FEB/ Vol 17/ No 3/ 2008 – pages 357 – 363

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

DAILY OZONE FORECASTING IN AN URBAN AREA
USING METEOROLOGICAL AND POLLUTION DATA
Dimitris K. Papanastasiou1* and Dimitris Melas2
1

Laboratory of Agricultural Engineering and Environment, Institute of Technology and Management of Agricultural Ecosystems
Centre for Research & Technology – Thessaly, Technology Park of Thessaly, 1st Industrial Area of Volos, 38500 Volos, Greece

2
Laboratory of Atmospheric Physics, Department of Applied and Environmental Physics,
School of Physics, Faculty of Sciences, Aristotle University of Thessaloniki, Campus Box 149, 54124 Thessaloniki, Greece

ABSTRACT
The objective of this paper is to develop and test an
analytical model, relating the daily maximum hourly
(DMH) values of ozone concentration with various meteorological and pollution variables. The goal is to provide
quantitative 24-hours forecasts of maximum ozone concentration, based on meteorological parameter information.
The meteorological variables that are used in the present study include near-surface air temperature, relative
humidity, wind speed and wind direction. The analytical
model also incorporates the persistency in ozone levels and
includes an index for the annual variation of ozone concentration. A multiple linear regression model (MLRA) is developed to establish the relationship between the aforementioned parameters and peak ozone levels, and to forecast
ground level ozone concentrations.
The pollution and meteorological data were collected
by the air quality monitoring station that is operating in
the urban area of Volos, a medium-sized coastal city in
central Greece, during the period 2001 – 2003. The agreement between observed and predicted DMH values of
ozone concentration is very good, the correlation coefficient (R) being ~0.93. Moreover, the calculated statistical
indexes reveal that the model is capable of predicting
accurately the exceedances of a certain ozone level.

KEY WORDS: Ozone, ozone prediction, regression model, pollution, meteorology, Volos, Greece.

INTRODUCTION
Ozone is a chemical oxidant, which is one of the most
significant components of smog, and appears in the atmosphere of many cities around the world. Indeed, ozone is
noticed as a smog indicator and has serious effects on human and animal health [1, 2], vegetation [3] and materials [4].

Several authors have found that the function of respiration
is reduced proportionally to the increasing concentrations
of ambient ozone. Respiratory symptoms, such as coughing and asthma, have been associated with ozone concentrations as low as 300 µg/m3. A number of studies evaluating animals (rats and monkeys) exposed to ozone for a
few hours or days have shown alterations in the respiratory tract, in which the lowest observed effect levels were in
the range of 160 – 400 µg/m3. The exposure symptoms
were lung infections, inflammation, and morphological
alteration of the lung [5]. Additionally, ozone has a great
impact on agricultural yields and causes foliage damage.
The European Union (EU) [6] has established maximum thresholds for ozone concentration in order to avoid
its unfavorable consequences. The information and the alert
thresholds for hourly ozone values are 180 µg/m 3 and
240 µg/m3 respectively. The same Directive [6] specifies
a target value for the protection of human health, and it is
foreseen that, from the beginning of 2010, the daily maximum average (DMA) value for an 8-hours period of ozone
concentration should not exceed 120 µg/m3 on more than
25 days per year, in a 3-years period. Therefore, the development and application of a pollution forecasting model
can offer valuable assistance to environmental and health
authorities to announce public warnings and advices to the
industry.
The relationship between pollutant concentrations and
meteorological variables has been the subject of numerous
studies during the past few decades. A variety of statistical methods [7–13] has been utilized in order to develop
techniques, which will enable qualitative or quantitative
short-term forecasts. A common method [8-10, 12, 14–23]
used widely is to correlate meteorological and pollution
variables with the concentration of a certain pollutant. The
variables used in analytical modeling are chosen to represent meteorological conditions unfavorable for pollutant
dispersion and, to a certain degree, short-term variations
in emissions.
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The purpose of the present study is to investigate the
relation between ozone levels and meteorological variables,
and to develop an analytical model relating the DMH value
of ozone concentration in the urban area of Volos with
various meteorological and pollution variables. The goal is
to provide quantitative daily forecasts of maximum ozone
concentration from local meteorological variables that are
readily available.

B. OZONE LEVELS

Ozone concentration in Volos city center remains at
relatively low levels. The observed values during the examined period fulfill the conditions that EU’s Directive [6]
determines for the beginning of 2010. Statistics concerning ozone concentration are cited in Table 1.
TABLE 1 - Statistics for ozone concentration (µg/m3)
in Volos city centre, referring to the period 2001–2003.
Maximum hourly value
Mean of daily maximum hourly (DMH) values
Standard deviation of DMH values
Mean of DMH values during summers
Maximum daily maximum 8-hours value

THE STUDY AREA – DATA USED
A. DESCRIPTION

The city of Volos is located in central Greece, at the
northern coast of Pagasitikos gulf, where there is a smaller
one, the gulf of Volos (Fig. 1). The greater urban area
covers an ~50 km2 area and extends approximately 4 km
along the coast of Pagasitikos gulf. At a distance of approx.
3 km to the northeast of the city are the foothills of mountain Pelion, which extends from the north to the southeast
of the city. Its higher peaks are at 1551 m and 1471 m
a.m.s.l., which are to the northeast and the east of the city,
respectively, and at a distance of approx. 12 km from the
city. Pagasitikos gulf extends to the south of the city, and
takes out to the Aegean Sea through a channel of approx.
6 km width, which is at 30 km southern of the city. To the
northwest of the city are some hills with 500 m mean height.
From the description above, it emerges that the city
has two physical ventilation channels. The one is the gulf
and the other is the small valley surrounded by the hills
described above. The direction of this small valley is similar to the direction of sea breeze blows [24].
In the greater urban area of Volos live 118.564 people
according to the 2001’s national census, but most likely,
the population has increased since then. The roads inside
the city are generally narrow, the street layout is almost
ideal in the city center, and the traffic is fairly intense
during some hours of the day, especially when the shops
are opened. Tourism and the ports for passengers and goods
are aggravating traffic. There are two rather small industrial areas to the west of the city, and a big cement industry
to the east.

FIGURE 1 - Map of the greater Volos area.

Number of days when the daily maximum 8-hours
value is exceeding the target value of 120 µg/m3

160
85.0
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119.2
138
18 (2001),
14 (2002),
10 (2003)

C. SOURCE OF DATA

Air quality and meteorological variables are monitored
at an automatic station operated by the Department of
Environment of the Prefecture of Magnessia, located at
a distance of 1 km to the northwest of the city center (390
22’ latitude, 220 57’ longitude, 31 m altitude a.m.s.l.). The
data used in this study were collected during 2001–2003
and represent ~90% of the total days.
PREDICTORS OF POLLUTANTS’
CONCENTRATION LEVELS
The most important meteorological processes influencing the local pollutant concentrations are dry and wet
deposition, advection by the horizontal wind, vertical dilution within the boundary layer accomplished mainly by
turbulence and photochemical reactions, which occur under
the effect of solar radiation. It is thus very important that
the meteorological variables considered as predictors for
pollutant levels cover the above atmospheric processes.
Several meteorological variables were analyzed in order to identify those that account for most of the ozone’s
variability. The present analysis is limited to these variables, which were found to correlate significantly with the
DMH values of ozone concentration (Table 2). Moreover,
as some variables do not exhibit a linear correlation with
ozone concentration, relevant indexes were developed in
order to achieve the best correlation between the independent and dependent variables. Unfortunately, reliable data for
some predicting variables, such as solar radiation flux and
vehicular traffic, were not available, and, therefore, replaced by proxy parameters (see below).
Earlier studies [14, 18–20, 22, 23] have shown that
occurrence of pollution episodes is increased if the previous day’s pollution levels were higher than normal. In fact,
the DMH values of ozone concentration in Volos area are
highly correlated to the respective values of the previous
day (R = 0.90, Fig. 2).
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The basic meteorological parameters determining the
horizontal transport of air pollutants are the wind speed
and its direction. Fig. 3 shows the average DMH values
of ozone concentration and the average wind speed per
wind direction. High ozone concentrations are associated
with low wind speeds, blowing from south directions (Fig.
3). Low wind speeds are unfavourable for pollutant’s dispersion, so it is expected that ozone remains at high levels. Moreover, southern winds are associated to the frequent sea breeze systems that develop at the area during
the warm period of the year [24]. Previous studies [25]
illustrated that the sea breeze might trigger pollution episodes at coastal urban areas.
One-to-one comparison revealed that peak ozone levels show maximum correlation with wind speed and direc-

tion at 17:00 LST. This can be attributed to the fact that at
this time, during the warm period of the year, the sea breeze
is well established. Furthermore, the wind direction was
replaced by an index Y! (equation 1), which provides a
more suitable measure of the wind direction.
Υ1 = 1 + sin

( WD + 110 ) ⋅ π
180

(1)

In equation 1, WD is the wind direction at 17:00 LST.
From its definition, Y! is minimum (= 0) for southerly
winds, while Y! is maximum (= 2) for northerly ones. As
exhibited in Fig. 3, the highest ozone concentrations are
observed when the wind blows from southerly directions,
while those from the northern sector give the highest
ventilation and low concentrations.
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FIGURE 3 - DMH value of ozone concentration (⎯♦⎯)
and wind speed (⎯•⎯) per wind direction.

FIGURE 2 - Persistency of high ozone levels.
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FIGURE 5 - DMH values of ozone concentration in
relation to daily minimum values of relative humidity.
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Photochemical reactions in the atmosphere occur under
the effect of solar radiation, particularly when the magnitude of total solar radiation reaching the earth exceeds a
threshold. Also, solar radiation relates to the mixing height,
as it fuels turbulent kinetic energy, which, in turns, affects
the mixing height. When the mixing layer over the urban
area is shallow, pollutants tend to accumulate in the surface air. It is thus expected that, among other parameters,
ozone concentration depends upon the intensity of the incoming solar radiation and, therefore, upon the altitude of
the sun and the atmospheric absorption. Also, high air temperatures are associated with the slow moving high-pressure
systems, clear and sunny skies, stagnant circulation and
subsiding upper air. All these facts contribute to the production and accumulation of ozone, so temperature can be
regarded as one of the strongest predictors of ozone concentration.
Ambient humidity affects the minimum temperature
via two mechanisms. Firstly, via the absorption of longwave radiation emitted by the earth that would otherwise,
under dry and cloudless conditions, be lost to space, and,
secondly, via the release of the latent heat of condensation
as the sensible temperature falls to the dew point.
For these reasons, solar radiation flux should be estimated in calculations. Since data for the solar radiation
flux were not available, the air temperature near surface
and the relative humidity were used in the analytical model,
so as radiation flux could be entered in the calculations indirectly. High ozone concentrations are associated with high
air temperatures (Fig. 4) and low values of relative humidity (Fig. 5).
170
160

tion 2). In equation 2, Mi is a number from 1 to 12 that
refers to the month.
⎛ 2 ⋅ π ⋅ M i ⎞
Y2 = cos ⎜
⎟
⎝ 12 ⎠( 2)

FORECASTING PEAK OZONE LEVELS
A. METHOD AND MODEL DEVELOPMENT

The quantitative estimation of the next day’s DMH
value of ozone concentration is based on an analytical
expression derived by performing MLRA. The expression
of MLRA has the following form:
y = m1 ⋅ x1 + m2 ⋅ x 2 + m3 ⋅ x 3 + m4 ⋅ x 4 + m5 ⋅ x 5 + m6 ⋅ x 6 + m7 ⋅ x 7 + b

where:
y = the forecasted DMH value of ozone concentration
(µg/m3)
x1 = previous-day’s maximum daily ozone concentration
(µg/m3)
x 2 = the inverse of the hourly mean value of wind speed
(m/s) at 17:00 hours LST
x 3 = the value of index Υ1
0

x 4 = previous-day’s near surface air temperature ( C),

when DMH value of ozone concentration is observed
0
x 5 = the DMH value of near surface air temperature ( C)
x 6 = the daily minimum hourly value of relative humidity

(%)
x 7 = the value of index Y2 .
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TABLE 2 - Correlation coefficients of used
variables with y (DMH value of ozone concentration).
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The persistency of ozone levels is very high, and a
simple one-parameter model involving the previous-day
ozone concentration is sufficient to provide forecasts with
adequate accuracy (Table 2). However, the inclusion of the
other independent variables improves the quality of the
prediction of the high ozone concentrations.
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FIGURE 6 - Annual variation of
DMH values of ozone concentration.

B. MODEL VALIDATION

Ozone concentration presents a significant annual variation (Fig. 6). Its maximum values are observed during
summer, when solar radiation is strong. Solar radiation
affects ozone concentration, as it is necessary in producing
ozone from its precursors. In order to take into account
ozone’s annual variation, index Y2 was developed (equa-

Data were split into two sets, the development and the
evaluation. The development set consists of 66% of the
data, used in MLRA in order to develop the model, while
the evaluation set consists of the rest (34% of data). The
comparison between observations and predictions is shown
in Fig. 7, revealing that the agreement between both is very
good.
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The quality and reliability of the developed model are
evaluated via a number of statistical indexes that have been
used in several studies in the past [8-10]. These indexes are
the standard deviation (SD), the mean bias error (MBE),
the mean absolute error (MAE), the root mean square error
(RMSE), the systematic root mean square error (RMSES),
the correlation coefficient (R), and the index of agreement
(d). Details and values of these indexes are presented in
Table 3.

fied via several statistical indexes [26], already used in
similar studies [8-10]. These indexes are the probability
of detection (POD), the false alarm rate (FAR), the threat
score (TS), and the success index (SI). Details and values
of every index are presented in Table 4, where A is the
number of exceedances observed and predicted, B that of
exceedances observed but not predicted, C that of predicted
but not observed ones, and D that of non-exceedances.
170

The mean of observed ( O ) and predicted ( P ) values
is 85.46 and 84.37 µg/m3, respectively, revealing a minor
under-prediction of the observations (MBE is negative).
This conclusion can also be seen in Fig. 7, where the least
squares line between predicted and observed values is
plotted. The corresponding standard deviations are 31.09
and 28.31 µg/m3, respectively, which demonstrates that
the model captures the variability of the observed data to
a satisfactory degree. The MAE and RMSE values of the
prediction are found to be 10.8% and 13.8% of the mean
of the observed values, respectively. The squared correlation coefficient (R2) is 0.86, which implies that 86% of
the variance of data can be forecasted by the model. This
is also verified by the high value of the index of agreement,
which is considered to be more unbiased [10], as it is based
on squared differences between predicted and observed
values.
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The ability of the developed model to predict the exceedances of a given threshold is also examined, and veri-

FIGURE 7 - Comparison between predicted
and observed DMH values of ozone concentration.

TABLE 3 - Definitions and values of statistical indexes, used for the model’s evaluation. P , O , O , Pi and N are the means of predicted
i
values, observed values, the observed values, the predicted values, and the number of values, respectively. All refer to the evaluation set.
INDEX

D E F I
E Q U A T I O N

MBE

MBE = P − O

N

I

T

I

O

N
M E A N I N G
Defines whether a model over
( MBE > 0 ) or under ( MBE < 0 )
predicts the observations

MODEL
VALUE
-1.08

N

MAE

MAE =

∑ Oi − Pi

9.23

i =1

N
N

RMSE

RMSES

∑ ( Oi − Pi )
N

As RMSE but the predicted values are calculated by the equation
Pi = a + b ⋅ Oi , where a and b are the intercept and the slope of the least
squares line, between predicted and observed values (figure 7).

R=

N

i =1

i =1

i =1

2
2
⎡
N
N
⎛ N
⎞ ⎤ ⎡
⎛ N ⎞ ⎤
⎢ N ⋅ ∑ Oi2 − ⎜ ∑ Oi ⎟ ⎥ ⋅ ⎢ N ⋅ ∑ Pi2 − ⎜ ∑ Pi ⎟ ⎥
⎢ i =1
⎝ i =1 ⎠ ⎥⎦ ⎢⎣ i =1
⎝ i =1 ⎠ ⎥⎦
⎣

d = 1−

∑ ( Oi − Pi )
N

Represents the degree to which the
model is responsible for the failure
to achieve perfect predictions
and not the variability of the data

4.99

Reflects the extent of a linear
relationship between the observed
and the predicted values

0.93

Degree, to which the predictions
of a model are error-free

0.96

N

N ⋅ ∑ ( Oi ⋅ Pi ) − ∑ Oi ⋅ ∑ Pi

N

d

11.79

i =1

RMSE =

N

R

They illustrate the presence
of significant mispredictions

2

2

i =1

∑ ( Pi − O + Oi − O )

2

i =1
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TABLE 4 - Definitions and values of statistical indexes related to the model’s
ability to predict reliably the excedances of a certain ozone concentration (100 µg/m3).
INDEX
POD
FAR
TS
SI

DEFINITION

VALUES’
RANGE

BEST
VALUE

MODEL
VALUE

Fraction of the correct predictions
over the total exceedances

0–1

1

0.83

Fraction of the false predictions
over the total exceedances

0–1

0

0.10

Fraction of the correct predictions over the
total and the potential exceedances

0–1

1

0.76

Relation between the correct predictions of
exceedances and non-exceedances

-1 – 1

1

0.77

EQUATION

MEANING

A
A+B
C
FAR =
C+A
A
TS =
A+B+C
A
D
SI =
+
−1
A+B D+C
POD =

As it is mentioned in the introduction, ozone concentration in Volos city center remains at relatively low levels, and the observed values during the examined period
did not exceed the thresholds proposed by EU [6]. So, the
value of 100 µg/m 3 is selected as an appropriate threshold for examining the forecast quality of the developed
model. According to their definition, the values of POD
and FAR should be reasonably high and low, respectively,
in order to support that a model can predict accurately the
exceedances of the imposed limit. Indeed, the developed
model fulfills this condition, as POD and FAR values are
0.83 and 0.10, respectively. Also, the value of SI is 0.77,
demonstrating that the predictions of exceedances are wellbalanced with the predictions of non-exceedances.

developed relationship showed that its degree of successfulness is very promising.
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FERROUS ION-OXIDIZING IN Thiobacillus
ferrooxidans BATCH CULTURES: INFLUENCE OF pH,
TEMPERATURE AND INITIAL CONCENTRATION OF Fe2+
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ABSTRACT
The effects of pH, initial ferrous ion (Fe+2) concentrations and temperature on Fe+2 oxidation by Thiobacillus
ferrooxidans were examined. Ferric ions (Fe+3) increased
with increasing initial Fe+2 levels up to 2.6 g/L and, thereafter, initial Fe+2 concentrations higher than 2.6 g/L decreased Fe+3 levels. Complete Fe+2 oxidation, and also formation of higher Fe+3 amounts, could be only observed at
pH 1.5. Greater pH values gave lower amounts of soluble
Fe+3 because of the formed precipitates. The Fe+2 oxidation
rate increased with increasing temperatures up to 301 K,
and then decreased.

KEYWORDS: Thiobacillus ferrooxidans, biological oxidation,
+2
oxidation of Fe , pH, temperature

Thiobacillus ferrooxidans is an iron and inorganic sulfur compounds oxidizing agent in mine drainage water, ores
and products of mineral processes [10-13]. The oxidation
process can be harmful, as it produces sulfuric acid, which
is a major pollutant. However, it can also be beneficial in
recovering materials, such as copper and uranium [14, 15].
These bacteria obtain energy through the electrons released by oxidation [1, 4, 13]. Thiobacillus ferrooxidans can
be grown at a wide-range pH, but its optimal pH and temperature ranges are 1.5–4.5 and 25–30 °C, respectively [5].
It is well-known that many investigations on the use of
these bacteria for solubilization of iron compounds have
been done [1, 4, 6–12, 16–18]. The biological oxidation of
ferrous iron is based on the reaction:
Thiobacillus ferrooxidans

4FeSO4 + 2H2SO4 + O2
INTRODUCTION
Thiobacilli are a common group of microorganisms in
acidic mines, and active in the leaching of a range of sulfide minerals. The most important one is Thiobacillus ferrooxidans, a Gram-negative chemolithotrophic bacterium
[1-7]. The genus Thiobacillus is also known under the
name of Acidithiobacillus. Thiobacillus ferrooxidans are airborne bacteria, being used for bioleaching of heavy metals
from wastewater sludge [8, 9]. Table 1 shows the main
characteristics of Thiobacillus ferrooxidans.
TABLE 1 - Main characteristics of Thiobacillus ferrooxidans.
Conditions
Optimum growth pH
Optimum temperature
Class of bacteria
Spore formation
Shape
Nitrogen source

Characteristics
1.3-4.5
303-308 K
Gram-negative
None
Rod, 0.5-1 µm
Ammonium salts, nitrate, fixed dinitrogen

2 Fe2(SO4)3 + 2 H2O

(1)

Biological oxidation of ferrous sulfate can be defined
as an aerobic process by which a substrate containing Fe(II)
is oxidized, in acidic medium, by Thiobacillus ferrooxidans, to give Fe(III) compounds. The capacity of this microorganism to obtain energy from the oxidation of ferrous to ferric irons is exploited in various industrial processes, such as biohydrometallurgy, treatment of acidic
mine drainage and processes for removal of hydrogen
sulfide from many industrial waste gases causing environmental contamination [1].
The variables mostly influencing the metabolism of
Thiobacillus ferrooxidans are ferrous ions (Fe+2), ferric ions
(Fe+3), pH, temperature, dissolved oxygen level, carbon
dioxide concentration, and inert solids.
In this study, we aimed to investigate the effect of the
process parameters, such as initial Fe+2 concentration, temperature, and pH, on oxidation/removement of Fe +2 by
Thiobacillus ferrooxidans.
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MATERIAL AND METHODS
The iron-oxidizing bacteria (Thiobacillus ferrooxidans)
were isolated by using Manning’s method [19], with some
modifications. For this purpose, the drainage water of Murgul Copper Management, Turkey was used as source, inoculated with Loposo 10 medium [20] at a rate of 17 %,
and 100 ml of final solution (culture) in a 250-ml Erlenmayer flask was incubated at 301 K and 200 rpm using
a rotary shaker (ROSI 1000). After the color changed
from yellow to red-brown, incubation was finished.
Solid Manning`s [19] ISP agar in Petri-dishes was surface- inoculated with this culture and incubated at 301 K.
The yellow-brown colonies on the plates were chosen and
transferred again to Loposo 10 medium to be tested for iron
oxidation. The iron-oxidizing bacteria were examined microscopically and identified as Thiobacillus ferrooxidans.
Growth medium and chemicals

Thiobacillus ferrooxidans was cultured and maintained
in Loposo 10 medium as given in Table 2. Loposo 10
(without ferrous sulfate) was prepared in flask I with 700 ml
of distilled water, and medium pH was adjusted to desired
values (1.5–4.5) with 10 N sulfuric acid, prior to autoclaving.

Analytical procedures

Oxidation of ferrous ions in the presence of bacteria
was monitored by measuring the content of both ferrous
and ferric ions. The ferrous ions in liquid medium were
monitored by titration with 0.01 N KMnO4 in acid medium, whereas ferric ions were monitored using iodometric
method [21]. Initial bacterial population in the culture was
determined by direct counting using a Petroff-Hauser
chamber.
RESULTS AND DISCUSSION
Thiobacillus ferrooxidans lives in extremely acidic
conditions and, unlike most organisms, is confronted with
an abundant supply of soluble iron, oxidizing it as an energy source [22]. Thiobacillus ferrooxidans cells attach to
the surface of mineral particles, reaching very promptly an
equilibrium between suspended cells in the liquid phase
and those attached to the particles [23].
The effect of various parameters such as temperature,
pH and initial Fe+2 level on biochemical Fe+2 oxidation
have been investigated.

TABLE 2 - Composition of Loposo 10 media for growth and
maintenance of Thiobacillus ferrooxidans used in this study.
Components
NH4Cl
MgCl.6H2O
K2HPO4
KCl
CaCl2.2H2O
FeS04.6H2O
H2SO4
NaCl
Water

pH, Fe(II) concentration, aeration rate and temperature were
determined to be 1.5, 6 g, 20 ml/min and 301 K, respectively. Under these optimum conditions, the initial bacterial population was 3.3 105 cells/ml.

Amounts
0.354 g
0.085 g
0.01 g
0.01 g
0.0008 g
2-24 g
to pH 1.5
0.0123 g
1000 ml

The effect of temperature on oxidation of Fe

+2

When monitoring the effect of temperature (291-309 K)
on Fe+2 removal, initial concentration of Fe+2, pH and stirring speed were kept constant at 1.30 g/L, 1.5 and 200 rpm,
respectively. The changes of Fe+2 and Fe+3 levels with time
under the tested temperatures are given in Figs. 1 and 2.

Flask II contains various concentrations of ferrous
irons (as ferro sulfate) ranging from 6 to 24 g/L in 300 ml
of distilled water, and pH was adjusted to desired values
(1.5–4.5). Then, content of flask II is filtered through a
Millipore filter (0.22 µm pore size) in order to remove any
contaminants. Then, this filtrate of flask II is mixed with
contents of flask I.
Batch culture

Batch culture experiments were performed in a 0.7-L
jacketed cylindrical glass reactor of 0.1 m diameter. Aliquots (100 ml) of exponentially growing cells were inoculated (17% v/v) into the reactor containing 0.5 L solution
of ferrous sulfate Loposo 10 medium. The flanged cover
of the reactor contained sockets for stirrer, thermometer,
reflux condenser, air entrance, Pt electrode and salt bridge.
Independent experimental runs were conducted, at different temperatures (291–309 K), pH values (1.5–4.5), Fe(II)
concentrations and aeration rates. The stirring speed was
constant (200 rpm) during all experiments. The optimum

The most strains of Thiobacillus ferrooxidans can be
classified as mesophilic, based on range and optimum temperature (291–309 K). A decrease in pH lowers the optimum value for iron oxidation and microbial growth. It is
known that jarosite (ferric hydroxysulfates) formation is
highly dependent on pH, and below pH 1.6, jarosite precipitates have not been observed [1, 2], confirmed by our
results. Thus, the effect of temperature on Fe+2 oxidation
was investigated at pH 1.5. When substrate (Fe+2) oxidation
and product (Fe+3) formation were in progress with time,
it is clearly seen from Figs. 1 and 2 that most of Fe+2 depleted and the highest amount of Fe+3 was formed at 301 K,
taken as optimum temperature for the whole study.
The effect of pH on oxidation of Fe

+2

The pH is a significant operating parameter governing the
oxidative activity of bacteria and solubility of ferric ions.
During oxidation of Fe+2 by Thiobacillus ferrooxidans, temperature, stirring speed and initial concentration of Fe+2
were kept constant at 301 K, 200 rpm and 1.30 g/L, respectively. Complete Fe+2 oxidation was observed at pH 1.5,

378

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

The presence of some ions, such as K+, Na+, and SO4-2 in
bioleaching environments, could promote the formation of
solid products, such as ferric precipitates (e.g. K-jarosite),
which is controlled by pH [24]. Occurrence of kinetic barriers due to slow diffusion of reactants and products through
the precipitation zone, as well as blocking of pumps, valves,
pipe-work and other auxiliary equipment, are among the
negative effects of precipitates [2]. It should also be kept in

whereas complete removal was not accomplished for pH
values other than 1.5 (Fig. 3).
In Fig. 4, ferric ion formation with time is shown. It is
observed that higher amounts of Fe+3 were formed at pH
1.5, and higher pHs gave lower amounts of soluble Fe+3
because of the formed precipitates. As previously stated,
ferric precipitate formation is highly pH-dependent, and
our findings confirm pH influence on jarosite formation.
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FIGURE 1 - The change of ferrous ions versus time under different temperatures (ferrous
ion concentration = 1.3 g/L, stirring speed = 200 rpm, pH = 1.5, aeration rate 20 mL/min).
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FIGURE 2 - The change of ferric ions versus time under different temperatures (ferrous
ion concentration = 1.3 g/L, stirring speed = 200 rpm, pH = 1.5, aeration rate = 20 mL/min).
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FIGURE 3 - The change of ferrous ions versus time under different pH values(T = 301 K,
stirring speed = 200 rpm, ferrous ion concentration = 1.3 g/L, aeration rate =20 mL/min).
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FIGURE 4 - The change of ferric ions versus time under different pH values (T = 301 K,
stirring speed = 200 rpm, ferrous ion concentration = 1.3 g/L, aeration rate = 20 mL/min).

mind that microbial metabolism is directly influenced by
medium pH. The growth of Thiobacillus ferrooxidans was
found to be inhibited by pH values close to 1 and 4, and pH
4.5 could inhibit the growth of the used cultures, and decreasing growth rates could lead to decreasing substrate
removal rates (Fe+2 oxidation).

The effect of initial concentration of Fe

+2

on oxidation of Fe

+2

There are various findings of the effect of initial Fe+2
levels on oxidation of Fe+2 by Thiobacillus ferrooxidans
[25]. The change of concentrations under different initial
Fe+2 values (pH 1.5, 301 K, 200rpm) is illustrated in Fig. 5.
It can be clearly seen that more time is needed for complete oxidation at higher initial concentrations (oxidation
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of 0.45 g/L Fe+2 complete in nearly 45 h, 160 h needed for
5.20 g/L). It is known that both ferrous and ferric ions may
show inhibitory effects on growth of Thiobacillus ferrooxidans. Some researchers have found this inhibitory effect
at initial Fe+2 doses greater than 3 g/L [2]. Fe+3 levels
>2g/L have also been shown to inhibit the growth, and at

15.6 g/L of Fe+3, virtually no Fe+2 oxidation has been observed [26-29]. It can be clearly seen from Fig.6 that increasing Fe+2 concentrations upto 2.6 g/L gave increased
Fe+3 levels, but higher ones led to lower Fe+3 concentrations.
This may be due to the inhibitory effect of Fe+2 doses, according to the findings of other authors [24, 27, 29].
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FIGURE 5 - The change of ferrous ions versus time under different initial ferrous ion
concentrations (T = 301 K, stirring speed = 200 rpm, pH = 1.5, aeration rate = 20 mL/min).
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FIGURE 6 - The change of ferric ions versus time under different initial ferrous ion
concentrations (T = 301 K, stirring speed = 200 rpm, pH = 1.5, aeration rate = 20 mL/min).
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CONCLUSIONS
The influence of various parameters such as temperature, pH and initial concentration of ferrous ion (Fe+2) on
Fe+2 removal by Thiobacillus ferrooxidans was investigated in a batch operated reactor. Temperature was the
first tested parameter and its optimum value was found as
301 K. Since the pH dependence of optimum temperature
is known the effect of temperature was investigated at pH
1.5, preventing the formation of jarosites. When the various pH values were tested it was seen that higher amounts
of ferric ion (Fe+3) formed at pH 1.5 and this finding confirms those of found at literature. Inhibitory effect of Fe+2
doses has been shown in our study that concentrations of
Fe+2 greater than 2.6 mg/l, lowered the formation of Fe+3.
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ABSTRACT
Several filters of total suspended particles (TSP) were
collected from two sampling sites, situated near opencast
lignite mines and lignite-fired power plants, within the Ptolemais-Kozani region, northern Greece. Environmental Scanning Electron Microscopy (ESEM), coupled with Energy
Dispersive X-Ray analysis (EDX) was employed for the
characterisation of individual airborne particles trapped into
TSP filters. Mining activities along with lignite burning
contributed to the heavy air pollution load of one site, while
fugitive dust from power plants were the main air pollutants in the other sampling site. High TSP concentrations
have been favored due to stagnation and light surface winds.
Characteristic ESEM images of airborne particles are presented in this study. Particles were categorized as geogenic,
biogenic and anthropogenic (mainly fly ash released from
the power plants) and found to agree with the explanation
given by means of meteorology and local terrain characteristics.

KEYWORDS: Kozani-Ptolemais area, ESEM-EDX, TSP, fly ash,
lignite-fired power plants.

INTRODUCTION
Several studies have shown that the emissions from
mining activities, lignite burning and the transport of lignite
ash could cause local pollution problems [1-5]. In addition,
recent epidemiologic studies have shown that short-term
increases in airborne particle mass concentrations are associated with increased mortality and morbidity from respiratory and cardiovascular diseases [6-12].
In Greece, most of the lignite deposits are located in
the Florina-Ptolemais-Kozani basin, a large intensively exploited area, in northern Greece (Figure 1). This area is ex-

ploited by opencast mining and feeds nearby lignite-fired
power stations. The environmental impacts of the ligniteinduced air pollution in the Ptolemais-Kozani area have
been addressed by several authors [13-18]. A study of the
detrimental effects on the respiratory system of children
residing in Western Macedonia, Greece, has showed a high
prevalence of rhinitis and infectious bronchitis especially
in the city of Ptolemais, and these findings were attributed
to the heavy environmental pollution [19].
It is therefore very important to determine the nature
of the aerosol particles in such regions with heavy air pollution, since this could be helpful for the local and national
authorities or environmental organisations, in order to assess
the environmental impacts of human activities and schedule plans to enhance ecological protection and corroborate
with the air pollution problems.
In this study, airborne particulate matter has been collected proximal to an opencast lignite mining and also lignite burning area of the Ptolemais-Kozani region. Morphological, chemical and mineralogical characteristics of the
airborne particles were determined using the Environmental
Scanning Electron Microscope (ESEM). ESEM coupled
with X-ray analysis (EDX) is capable of providing fast and
accurate results on the morphology and chemical composition of airborne particles collected by filters.
MATERIALS AND METHODS
Sampling

Particulate matter was collected on a 24 hours basis by
using high volume air samplers (Graseby-Andersen Ltd) at
a flow rate of 1.1 m3/min. The sampler was installed at
Klitos and Oikismos villages and the sampling height was
2.5 m. Klitos is regarded as the most polluted area in Kozani – Ptolemais basin [20], since it is located next to a
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lignite mine (Notio Pedio) and between two lignite-fired
power plants (Agios Dimitrios and Kardia). Oikismos station is located at an elevated terrain which is mostly impacted by the nearby stack emissions from Ptolemais power
station rather than from mining operations (Figure 1).

loaded filters were weighted after being conditioned in a
desiccator at constant temperature (23-25o C) and relative
humidity (40-50%) for the gravimetric determination of the
particle mass concentration. ESEM is a special type of
scanning electron microscope that works under controlled
environmental conditions and does not require a conductive
coating on the specimen, thus providing fast results. ESEM
coupled with energy dispersive x-ray analysis (EDX) helped
us to determine the chemical composition of the airborne
particles.
Experimental

Several square centimetres of filter paper were cut
from the centre of each sample, and examined within the
ESEM without any form of preparation (i.e. no gold or carbon coating, and samples placed directly onto the ESEM
stage). Samples were placed in the corner of the ESEM
chamber, and then pumped down to 0.6 Torr. The chamber
was passed through five flooding cycles to introduce the
water vapour imaging gas (the gas preventing surface charging and enhancing the electron signal used for imaging).
Once this was finished, the sample was moved to the centre
of the chamber, and imaging and elemental analysis carried
out.

FIGURE 1 - Simplified topographical map of Ptolemais-Kozani
region, showing the lignite opencast mines (dashed line), the lignite-fired power-plants and Klitos and Oikismos sampling sites.

Sampling took place between March 2003 and February 2004 covering a whole year. One or two samples for
every season of the year were analyzed (Table 1). On the
20/11/2003 no TSP sample was collected in Klitos due to
a sampler’s malfunction. Stagnant conditions were prevailing during the selected sampling days, favour high
dust concentrations under light winds [21,22].
Total suspended particles (TSP) were collected on fibre-glass filters, which were analysed using Environmental
Scanning Electron Microscope (ESEM). Before sampling,
filters were cleaned by thermal treatment. Loaded and un-

A Philips XL30 environmental scanning electron microscope (ESEM), equipped with a LaB6 filament, was used
to image and elementally analyse the filters examined during the present investigation. The ESEM was operated in
low-vacuum mode, at a pressure of between 0.5 and 0.7
Torr under a water vapour atmosphere. Other operational
parameters were as follows: working distance 10mm, and
operating voltage 20kV. Imaging was predominantly carried out in backscattered electron mode (BSE). Elemental
analysis was carried out by energy dispersive x-ray analysis (EDX / EDS), under the same operational parameters
as for imaging. EDX analysis was carried out at each analysis point for 100 live seconds, and the elements present
were both qualitatively and quantitatively measured. The
EDX spectrum of a blank TSP filter was also obtained and
its composition was manually subtracted during the evaluation of the EDX spectra of individual airborne particles.
Special consideration was taken when dealing with ultrafine particles (<2 µm), in order to avoid interference from
the filter. It should also be noted that the majority of the
analysed airborne particles consisted of aggregates of vari-

TABLE 1 - Meteorological conditions and TSP concentrations during the selected sampling days.
Klitos sampling site
Sampling
date

Average temperature (OC)

15/4/03
11
26/6/03
24
10/7/03
22
30/8/03
22
23/9/03
24
20/11/03
10
nd=not determined

Average
humidity
(%)
65
54
46
45
45
78

Wind
speed
(m/s)
2.2
1.1
1.8
1.6
0.9
1

Wind
direction (o)

TSP concentration
(µg/m3)

290
304
13
309
99
257

152
294
204
295
387
nd
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Oikismos sampling site
Wind
speed
(m/s)
2.9
3.0
3.7
3.1
1.8
1.6

Wind
direction (o)

TSP concentration
(µg/m3)

186
187
77
188
190
167

125
135
55
175
252
235
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ous composition with a geogenic origin, and that the agglomeration of smaller particles often hindered the identification of individual particles.

RESULTS AND DISCUSSION
TSP concentrations and meteorological data

The meteorological conditions and the TSP concentrations during the selected days are shown in Table 1. The
combination of stagnant conditions in the basin with light
surface winds at both sites during the selected dates, favoured relatively high TSP concentrations. Daily average
concentrations for Klitos ranged between 152 – 387 µg/m3
and for Oikismos station between 55 – 252 µg/m3. For
Klitos the wind direction is of reduced importance if it is
considered that Klitos area is surrounded by power plant
operations and opencast mining activities (e.g. coal transfer by trucks and uncovered conveyor belts). However,
the wind direction at Oikismos station played a very important role, with high TSP concentrations when blowing
from the south sector (167-190 degrees) that favored straight
plume impingement at the station. The minimum TSP concentration at Oikismos occurred under north - west wind
due to the absence of considerable particulate matter sources
in this direction.
Particulate matter concentrations in the basin follow
the daily evolution of the atmospheric mixing layer. The
creation of night time temperature inversions with clear sky
indicates stable atmosphere. This assumes the absence of
any vertical movements that inevitably leads to the build up
of concentrations from stack emissions above inversion’s
ceiling. Then during morning due to high insolation from
the intense heating of the ground and the consequent development of intense thermal vertical movements, the vertical
mixing processes cause inversion layer break up and fumigation at ground level. Nocturnal inversions destruction
during morning hours depends on the time of the year [23].
This phenomenon is less evident during the winter due to
increased wet removal processes. In all cases TSP concentrations were higher at the Klitos station proving its adverse
location in comparison with the Oikismos site which is
mostly impacted by straight impingement of the stack
plume or, more precisely, due to fumigation effects close
to the source (i.e. fugitive ash) rather than TSP from mining activities. Moreover, stable atmospheric layer during
night traps particulate emissions from mines within the
lower atmospheric layer that mainly impacts Klitos site. It
should also be noted that, Klitos monitoring station is significantly impacted by the emissions, wear of mechanical
parts and resuspended dust from heavy trucks operating in
the mines.
ESEM characterisation of airborne particles

ESEM provides information on individual airborneparticle analysis and reveals definitive information about
elemental associations, agglomerations and variation of

composition with particle size, allowing us to extract the
origin of airborne particles [24].
Based on the images and chemical analysis of the airborne particles, using the ESEM-EDX equipment, we can
classify the airborne particles of our study in the following
three groups: geogenic particles (mineral fragments, aggregates and agglomerates of various composition derived from
soils and the mine outcrop); biogenic aerosols (organic
plant material, fungal hyphae and spores); anthropogenic
particles (mainly fly ash of various morphology and composition, coming from the nearby power plants).
Some typical views of the collected TSP filters are
shown in Figure 2. The heavy load (high TSP concentrations) of almost every collected filter is evident. Large airborne particles are found along with fine and ultrafine ones.
The agglomeration of smaller particles ia also evident, a
fact that hinders the identification of individual particles.
Aggregates of various compositions with a minerogenic (natural) origin are very common. In Fig.2e, a typical terrigenous feldpar flake is observed together with a fly ash
sphere.
Geogenic (or synonymous terms, such as minerogenic,
terrigenous and natural) are mineral particulate aerosols
derived from soils, sediments and weathered rock surfaces.
The release of natural aerosols due to extensive mining activities in the area contribute greatly to the geogenic airborne particles found in this study. Yet, it is very difficult
to distinguish between natural aerosol dust and dust derived
from the mine outcrops or transportation of sterile rocks
from opencast lignite mines. Some characteristic mineral
grains are shown in Figure 3. An euehdral quartz crystal
(SiO2) is shown in Fig.3a, a pseudo-hexagonal prism of
calcium carbonate (most likely a calcite [CaCO3]) in Fig.3b,
a subehdral feldspar crystal [(K,Na,Ca)(Al,Si)4O8], in Fig.3c,
an aggregate of iron-oxides in Fig.3d, a mica (phyllosilicate
mineral) flake in Fig.3e and a zircon crystal [ZrSiO4] in
Fig.3f. The pathological effects of prolonged exposure to
natural aerosol dust have been demonstrated by several
authors [25-29]. Some of the identified minerals are known
for health implications. For example, quartz could cause
silicosis; clay minerals refer to kaolinosis; and iron carbonate/ oxide is connected to siderosis [30]. It should also
be noted that a minute size and/or acicular morphology of
an airborne particle may exacerbate its detrimental effect
[31, 32]. Therefore, settlements like Oikismos and Klitos
situated very close to mining and lignite burning activities
face severe air pollution problems. Consequently, the
evacuation of the population of the Klitos settlement had
been decided years ago, though only now is it being realised.
Biogenic airborne particles, the so-called bioaerosols,
have also been observed. Bioaerosols are known as a wide
spectrum of dead or alive airborne particles of biological
origin, including microorganisms and fragments of all varieties of living matter (i.e. viruses, bacteria, fungal spores,
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pollen, plant debris and animal matter). Bioaerosols can
2 a)

cause adverse effects on humans, animals and plants [33,
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2 b)

2 c)
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2 d)

FIGURE 2 a)-d) ESEM images (back-scattered electrons) and EDX spectra of some typical views of various agglomerates
and aggregates of airborne particles on TSP filters, composed mainly of Si, Al, Ca, with minor amounts of Mg, Fe, Na, K, S and C.

2 e)
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FIGURE 2 e) - ESEM images (back-scattered electrons) and EDX spectra of e) a platy terrigenous (below),
composed of calcium aluminosilicates and a spherical fly ash (above), composed of calcium silicates airborne particles.

3 a)
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3 b)
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3 c)

3 d)
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3 e)

3 f)

FIGURE 3 - ESEM images (back-scattered electrons) and EDX spectra of geogenic (natural) airborne particles: a) quartz [SiO2],
b) calcite [CaCO3], c) feldspar [(K,Na,Ca)AlSi3O8], d) iron oxide aggregate, e) mica (phyllosilicates) flake, f) zircon crystal [ZrSiO4]

393

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

4 a)

4 b)

4 c)

FIGURE 4 - ESEM images (back-scattered electrons) and EDX spectra (where applicable) of biogenic airborne
particles: a) an elongated fungal hyphae covered by various agglomerates, b) a fragment of plant material, c) a fungal spore.
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34]. A characteristic fungal hyphae is shown in Fig. 4a,
organic plant debris (fibrous debris) is shown in Fig. 4b
and a fungal spore in Fig.4c. It is well known that human
exposure to airborne fungal spores might cause adverse
health effects, especially respiratory symptoms [35]. Biogenic particles tended to appear from late spring to early
autumn. It should be mentioned that we did not use any
special single stage or multistage impactors [36], that would
be necessary for analysing bioaerosols like viruses and bacteria.

Some of the above mentioned features were clearly revealed
in our study: a semisphere in Figure 5a, a plerosphere in
Figure 5b, a vesicular cylindrical particle in Fig.5c and several vesicular particles having a spherical, spheroidal or
irregular morphology (Figures 5d to 5f). Considering that
no other heavy industrial activities (e.g. refineries, steel production, blast furnaces and large-scale cement industries)
exist in the area, that could produce such airborne pollutants, these amorphous, spherical, inorganic particles are
most likely related to fly ash.

The main anthropogenic particles determined were fly
ash originating from lignite combustion. These airborne fly
ash particulates are either particles that are not captured
by the electrostatic precipitators of the power plants and
escape to the atmosphere or may originate from the fly ash
transportation using the conveyor belts or may resuspent
from the dump sites within abandoned mining areas. The
size of the fly ash particles ranges between 50µm and
1µm. The chemical composition is mainly aluminosilicates
and iron and/or calcium-rich particles. Images of fly ash
particles of the same region have been published previously
[37-39]. Moreover, characteristic features of fly ashes have
been described by numerous studies [40-44]. The terminology used herein conforms to that of Vassilev and Vassileva
[45] and include: Cenospheres (i.e. hollow spheres), plerospheres (i.e. cenospheres that capsulate other smaller preexisting aggregates, particles and agglomerates), semispheres and ferrospheres (i.e. iron-rich fly ash spheres).

Fly ash airborne particles with a diameter lower than
10 µm are taken into special consideration, since these fine
particles (PM10) are regarded as respirable and may cause
damage to the respiratory system of humans. Some typical features of fine fly ash-airborne particles are shown in
Figure 6. Observations were made of dense spherical fly
ash particles (Fig. 6a and b), cenospheres (Fig. 6c and 6d),
ferrospheres (Fig. 6e) and vesicular spheres and spheroids
(Fig. 6e), which are all typical of coal-combustion products. Fly ash particles are considered to be highly contaminating, since their high surface area gives rise to the enrichment of potentially toxic elements which condense
during cooling of combustion gases [1]. Some of the fly ashairborne particles of the present study are rich in potential
toxic trace elements or heavy metals, such as zinc in the
plerosphere of Figure 5b, titanium in the irregular particle
of Figure 5e and the fine spheres of Figures 6b and 6d, or
manganese in the spheres of Figures 6e and 6f.

5 a)
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5 b)

5 c)
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5 d)

5 e)
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5 f)

FIGURE 5 - ESEM images (back-scattered electrons) and EDX spectra of fly ash particles with a diameter
higher than 10 µm: c) a vesicular cylindrical particle, composed of potassium and calcium aluminosilicates, with
minor amounts of Fe, Mg, Na and S, d) to f) vesicular particles with different morphology, composed of calcium
aluminosilicates with minor amounts of Fe, Mg, Na, S, K and Ti (only for e) [refer to the main text for terminology]

6 a)
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6 b)

6 c)
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6 d)

6 e)
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6 f)

FIGURE 6 - ESEM images (back-scattered electrons) and EDX spectra of spherical fly ash-airborne particles with a diameter less than 10
µm: a) and b) dense spheres composed of calcium aluminosilicates, with minor amounts of Mg, K, Na, S, C, Fe and Ti (only b), c) cenosphere
composed of aluminosilicates, with minor amounts of Ca, Mg, K, Fe, Na and C, d) cenosphere composed of calcium aluminosilicates, with
minor amounts of K, Fe, Mg, Na, S and Ti, e) an iron-oxide sphere, with minor amounts of Ca, Si, Al, S, Mg, Na and Mn, f) a vesicular
sphere composed of calcium aluminosilicates, with minor amounts of K, Mg, Fe, Na, Mn and S [refer to the main text for terminology]
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FIGURE 7 - ESEM images (back-scattered electrons) and EDX spectra of peculiar anthropogenic airborne particles
(other than fly ash): a) needle-like Cu particle, b) a spongy Fe-rich particle, c) a dendritic-structured Fe-rich particle.

The morphological characteristics (i.e. absence of acicular
ultrafine particles) of the fly ash-airborne particles do not
attest potential health impacts. Nevertheless, the chemical
composition of such particles (e.g. soluble transition metals like iron or zinc in our study), their acid the electrostatic precipitators of the power plants was a minor contributor to ambient TSP. Although this could be true considering the numerous sampling sites of the former studies,
it is clearly shown in our study that fly ash airborne particles are significant contributors to the air pollution load of
settlements situated in the vicinity of power plants and
lignite mines (like Oikismos and Klitos).
Metalliferous anthropogenic particles (other than fly
ash) of probably vehicular origin were also determined in
this study. Some peculiar anthropogenic particles of the
latter are shown in Figure 7. A copper-rich acicular particle
is shown in Figure 7a. This needle-shaped particle is probably associated with motor vehicle activity, originating from
brake and tyre wear [47-50]. However, there is also a possibility that this particle comes from copper filaments present in the collector apparatus, and thus should be regarded
as an internal contaminant and not an airborne particle. A
spongy particle rich in iron is also shown in Figure 7b.
Another odd feature of probably anthropogenic origin is
the dendritic-shaped particle shown in Fig. 7c, composed
mainly of iron oxides. The origin of the latter particles could
not be identified.

CONCLUSIONS
The characterisation of airborne particles collected within an intensive lignite-mining and burning area of northern
Greece was attained in this study. Sampling took place between March 2003 and February 2004, covering all seasons of a whole year. Several filter-samples of total suspended particles (TSP) were collected from two sampling
sites (Klitos and Oikismos). The correlation of meteorological parameters with TSP concentrations revealed that
high TSP concentrations were favored under stagnation
and light surface winds. Mining activities along with lignite
burning contributed to the heavy air pollution load of the
Klitos site, while fugitive dust (fly ash) from power plants
were the main air pollutants in the Oikismos sampling site.
Environmental Scanning Electron Microscopy (ESEM),
coupled with Energy Dispersive X-ray analysis (EDX) was
employed for the characterisation of individual airborne
particles. ESEM proved to be a powerful technique, capable of providing fast and accurate results. The airborne
particles were classified as geogenic, biogenic and anthropogenic (mainly fly ash). Quartz, calcite, feldspar, mica,
zircon and iron oxide are some of the common geogenic
airborne particles observed in this study, while plant debris,
fungal spores and hyphae are some of the biogenic airborne
particles identified. Characteristic features of fly ash particles, such as spheres, spheroids, vesicular particles, plerospheres, cenospheres, ferrospheres etc. were also identified.

402

© by PSP Volume 17 – No 3. 2008

Fresenius Environmental Bulletin

Ultrafine fly ash airborne particles (PM10) are taken into
special consideration, since these fine particles are respirable and may cause damage to the respiratory system of
humans. The absence of elongated fine particles was encouraging, though potential toxic elements (like, Zn, Ti or
Mn) present within fly ash particles may be regarded as a
potential threat to human health. Some peculiar anthropogenic particles (rich in Cu or Fe) were also determined.

[9]

An, D. and Li, D.-S. (2005) Epidemiological status and countermeasures of endemic arseniasis of Guizhou Province. Chinese Journal of Endemiology 24 (2), 214-216.
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