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EXPERIMENTAL STUDY ON THE THICKNESS OF
CHARGED DUST LAYER AT THE BACK CORONA
BREAKDOWN POINT IN ELECTROSTATIC PRECIPITATION
Wangsheng Chen1*, Xiaodong Xiang 2 and Jidong Lu 1
1

2

State Key Laboratory of Coal Combustion, Huazhong University of Science and Technology, Wuhan 430074, China;
Environmental Science and Engineering Center, Wuhan University of Science and Technology, Wuhan, 430081, China.

ABSTRACT
It is quite necessary to determine the thickness of
charged dust layer at the back corona breakdown point for
selecting the rapping periodicity and the working current
in the electrostatic precipitator (ESP) reasonably. For this
reason, a wire-plate electrode system with a fly-ash layer
covering the plane was presented. The voltage-current
characteristics of the system with the different dust layer
thickness were experimentally investigated at 50-150 °C.
The visual observations had shown that the back discharge
on the dust layer always began just below the wire electrode. The craters which were formed by the back corona
on the dust layer indicated that the ion wind emitted from
the ash layer blew off the dust from the plane electrode. The
dust re-entrainment caused by back corona was detrimental to electrostatic performance. It was found that the
connection curve of the back corona breakdown points at
the different thickness of the fly-ash layer was very smooth
and continuous. From this characteristic, a simple graphical method was proposed to determine the dust layer
thickness at the back corona breakdown point with the
help of the curves of the voltage-current characteristics.

tively low efficiency of ESP for collecting the fine particles
(sub-micron or nanometer particles) comparing with the bag
filters in the most cases. The other one is the difficulty of
removing the high resistivity dust ( ρ > 10 9 Ω • m). It has,
therefore, been an important subject for seeking the feasible methods to improve the performance of ESP for the high
resistivity dust collection.
Generally, conventional ESP has significantly inferior
collection efficiency for high resistivity dust than for moderate-to-low resistivity dust [1]. The reason for this is the
degrading effect of high resistivity dust on the ESP’s electrical operation. Because of low conductibility of the high
resistivity dust deposited on the collection electrodes of ESP,
charge accumulation may take place [2]. An additional
electrical field will be generated across the dust layer. This
electrical field can be given by [3]:

E=ρJ

(1)

Where, J is the corona current density, ρ is the resistivity.
KEYWORDS: Electrostatic precipitator (ESP); High resistivity;
Back corona breakdown point; Dust layer thickness.

INTRODUCTION
Nowadays, the electrostatic precipitator (ESP) has become one of the most widely used devices in particulate
pollutant control. However, there are two main technical
problems which have not yet been well-solved in the electrostatic precipitation application till now. One is the rela-

When the electric field exceeds the electrical breakdown threshold value of gas in the dust layer, the back
corona will happen. The particles are not well charged in
the electrical field due to the back corona. Furthermore,
the dust re-entrainment is aggravated by the back corona
from the dust layer on the collection electrode. Therefore,
the occurrence of back corona could possibly lead to a significant deterioration of the performance of ESP. In order
to avoid the back corona breakdown caused by the high
resistivity dust from the electrostatic precipitation, many
researchers have investigated the back corona phenomena
experimentally. Vereshchagin et al. [4] found from their
experiments that the back corona is a function of positive
to negative ions current densities ratio. The experimental
results of the back corona for coal fly-ash layer with 4 mm

404

© by PSP Volume 17 – No 4. 2008

Fresenius Environmental Bulletin

thickness covering the plane presented by Sekar [5] have
shown that as the dust resistivity is increased by the control of the humidity, the back corona glow becomes easier
and easier. The back corona phenomena of fly-ash were
also studied by Snyder et al. [6]. There was a large increase
in current with back corona present for all the measured
voltages when the fly-ash with a depth of 3.2 mm was
spread smoothly onto the collection plate electrode by
hand. The visual observations of back corona with the
sensitive video camera were also made in their measurements. These observations indicated that back corona had
strong effects on the current distribution. Jaworek et al. [7]
have not only given a quite comprehensive review of the
previous experimental works on the back corona in ESP,
but also investigated the electric field breakdown at different fly-ash layer thicknesses. However, the prevention
of the back-arc discharge from high resistivity dust during
the ESP operation was seldom discussed in the published
papers. In order to avoid the occurrence of back corona,
an experimental method for determining the thickness of
charged dust layer at the back corona breakdown point are
presented in this article, which is benefit for selecting the
rapping periodicity and the working current in an ESP to
maintain an effective operation performance of the ESP.

Apparatus

The wire-plate electrode system consisted of a plate
electrode and the copper wire discharging electrode. The
copper wire corona electrode of 20 cm in length and 0.5 mm
in diameter was fixed on the frame as shown in Fig. 1a.
The area of the plate electrode is 400 cm2. The experiments
were carried out in a convection oven as shown in Fig. 1b to
maintain the dust resistivity and humidity constant at a
given temperature.
The fly ash was covered uniformly on the grounded
plate electrode in a certain thickness. This grounded plate
with the fly-ash was then put into the oven. The negative
voltage was applied on the wire corona electrodes by a DC voltage generator. The voltage was increased gradually
until the back corona breakdown happens. In this way, the
voltage-current characteristics with different dust layer
thicknesses could be measured.
The experimental fly-ash with a mass median diameter of 4.7 µm was collected from a hopper of ESP used for
cleaning the coal burning boiler fume in Wuhan power
plant. The resistivity of the fly-ash varied with the temperature as shown in Fig. 2.

a)

b)

FIGURE 1 - Photo of the experimental setup (a. Wire-plate electrode frame, b. baking oven).
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FIGURE 2 - Resistivity versus temperature for fly-ash used in measurements.
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Current density J ,mA/m 2

RESULTS AND DISCUSSION
V-I characteristics

In the following back corona experiment, the temperatures were set up at 50, 100, and 150 °C in the convection
oven where a single wire corona electrode was used as indicated in Fig. 1. The dust resistivities with respect to 50,
100 and 150 °C were 0.2 x 1010 Ω m, 1.2 x 1010 Ω m, and 4.8
x 1010 Ω m from Fig. 2, respectively.
The experimental results of the variations of the V-I
characteristics with the dust layer thickness at 50, 100 and
150 °C are illustrated, respectively, in Fig. 3. It can be seen
that when the dust layer thickness is increasing, the corona
current density is reduced at a given temperature. When the
temperature goes up, it means that the resistivity becomes
higher, and the corona current density is simultaneously reduced in the same dust layer thickness. It is noticed from
Figs. 3 (a-c) that all the back corona breakdown points at
different dust layer thicknesses at the given temperature
are almost located on a straight line. This line can be called
breakdown curve as shown in Fig. 3.

Breakdown curve
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Current density J, mA/m 2
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Phenomena of back corona

The observations of back corona emission were also
made with a video camera. Our experiments showed that the
back discharge on the ash layer always began at a point
just below a glowing point on the wire electrode as shown
in Fig. 4. With increasing voltage, more visible back discharge arc points appeared on the ash layer. It could be seen
that only one of the most intensive back discharge arcs beneath the wire extended as a plume towards the wire to
cause the breakdown, if sufficient voltage was applied. This
back corona phenomenon was also described by Sekar [5].
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Further observations had shown that there were many
fairly round craters formed by arcs on the surface of the
tested layer. A small needle-like hole almost in the center of each crater could be seen on the layer. These small
holes were formed most possibly by the extensive emission of the positive ion wind when it penetrated through
the dust layer. The back corona ion wind could blow the
dust off from the layer, and resulted in excessive dust reentrainment.
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(c)
FIGURE 3 - Voltage-current characteristics of
the different fly-ash layer thicknesses at different
temperatures (a) t =50, (b) t = 100, (c) t =150°C.

Determination of breakdown dust layer thickness

The dust removal management is very important for
keeping the ESP in good working performance. According to the above study, the dust layer thickness of rapping
in ESP can be determined by the curves of V-I characteristics. For instance, the curves of V-I characteristics in
different ESP dust layer thicknesses from H1 to Hn on the
collection electrode are shown in Fig. 5.
From the above research, it is known that the curve
formed by the connection breakdown points is quite continuously. If the applied current density is Jx, the breakdown thickness of the dust layer can be obtained by the
cross point p. Then, the maximum dust layer thickness of

FIGURE 4 - Photograph of back discharge glowing on the ash layer.
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[5]

Sekar, S. (1981) Studies of corona in wire-plane electrode
system with backdischarges. Journal of Electrostatics, 10,
211-216

[6]

Snyder, T.R., Bush, P.V. and Pontius, D.H. (1987) Laboratory analysis of back-corona discharge. Journal of Electrostatics, 19, 101-114

[7]

Jaworek, A., Czech T., Rajch E. and Lackowski, M. (2006)
Laboratory studies of back-discharge in fly ash. Journal of
Electrostatics, 64, 326–337

Current density J, mA/m2

Breakdown curve

Breakdown point
Hn
Jx

p

H3
Hx

H2
H1

0

Applied voltage V, kV

FIGURE 5 - Determination of the dust layer
thickness at the back corona breakdown point from the
curves of V-I characteristics by the graphical method.

rapping under current density, Jx, is Hx. That is, the accumulated dust on the collection electrodes should be removed by rapping if the thickness gets to its maximum.
Otherwise, the back corona breakdown may take place.
CONCLUSIONS
The ion wind formed by the back corona leads to dust
re-entrainment on the collection plate. The dust reentrainment reduces the collection efficiency of ESP significantly. It can be seen from Fig. 3 that, with increasing
ash resistivity or ash layer thickness, the current density is
getting lower and lower. Therefore, the precipitator performance is deteriorated when the current density is undesirably low due to the high dust resistivity of the collected
dust layer.
It is noticed from the above experiments that the curve
connected by the back corona breakdown points at the
different dust layer thicknesses is quite smooth and continuous. From this characteristic, the dust layer thickness
of rapping at the back corona breakdown point can be
determined by a simple graphical method with the help of
the 3-5 curves of V-I characteristics of the practical ESP.
In this way, the rapping periodicity can be set up easily to
keep the ESP in an acceptable operating condition.
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THE MICROALGA Tetraselmis chuii
(CHLOROPHYCEAE) IN ECOTOXICOLOGY:
CULTURE CONDITIONS AND GROWTH MODEL
Bruno Nunes1,2*, Margarida F. Cardoso1,2, Félix Carvalho3, and Lúcia Guilhermino1,2
1
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3
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ABSTRACT
Microalgae are suitable organisms to perform ecotoxicological tests, due to their reduced size, large abundance
of species naturally adapted to varied environmental conditions, simple handling conditions, high rates of division,
versatility and applicability under diverse test conditions,
large availability, ecological relevance, and sensitivity following exposure to several chemical agents. Tetraselmis
chuii is a marine species, which is easily cultured in the
laboratory, being suitable for use in toxicity tests. The main
objectives of this work were to choose the most adequate
culturing conditions of this species for use in toxicity assays and to adjust a mathematical model to the growth of T.
chuii in standard conditions. Out of three models, Richards,
Logistic and Gompertz models, the Gompertz one was
found to be the most suitable to fit the growth of T. chuii
under the experimental conditions used. Based on this
model, the following parameters describe the sigmoid
growth curve: environment carrying capacity, 214 cells/ml;
maximum intrinsic rate, 0.26 days-1; time when growth
reached its maximum, day 6.5; and maximum sustainable
harvest, 20.5 cells.

KEYWORDS:
Culturing conditions, growth models, Tetraselmis chuii.

INTRODUCTION
In the last decades, there was a considerable effort in
ecotoxicology to standardize both culture and test conditions to decrease the variability of toxicity test results.
These efforts lead to the optimization of a large number of
assays with animals, bacteria, fungi, algae and plants. The
tendency to systematically reduce the testing scale brought

evidences pointing to a high reliability of simple methodologies involving bio-indicators, and to the proposal of
procedures considered as micro-scale protocols [1]. Under
this perspective, the present study tried to focus on several
aspects related to the unicellular green algal T. chuii culture and its growth. T. chuii complies with all the basic
requirements to be considered for a reliable and representative test organism. Its characteristics of simple
maintenance, easy and rapid growth, low nutrient demands and short life-cycle turn this species into an appropriate test organism to assess the toxicity of chemical
compounds to marine producers. In addition, T. chuii is
suitable for use as a nutrient source in laboratory conditions
to a large number of filter-feeder animals like crustaceans,
such as Artemia spp.
In spite of the above-mentioned relative high reliability, algal-based toxicity tests have not been demanded in the
same extent as acute toxicity tests with animal species [2].
Among algal species, marine species have been playing an
even minor role in ecotoxicology.
Algal standardized toxicity tests use inhibition of culture growth as indicative criteria. However, other parameters are also possible to use, including several enzymes that
have been widely used as biomarkers. For example, parameters involved in antioxidant defenses [3, 4], as well as
glutathione S-transferase isozymes involved in detoxification processes [5], have been used in several algal species
to assess chemical effects. Other parameters measurable
in algae are respiration rate and chlorophyll a content [6].
The possibility of exploration of all these parameters shows
the high versatility and ecological relevance of algae, which
may conduct them to a leading role in ecotoxicological
testing in the near future.
Knowledge of the growth pattern of T. chuii is of fundamental importance when considering its use as test-organism in ecotoxicological studies, since approved guide-
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lines require exponentially growing cultures for the correct performance of the tests. The provenience and
maintenance of cultures under laboratory conditions
(type of culture, abiotic conditions) must be accurately
standardized to assure the quality of tests results. Additionally, algal species are of high importance in aquatic
ecosystems as primary producers, and any change in
algal populations may cause significant consequences on
the whole ecosystem. Therefore, in addition to the pure
scientific interest of the subject, knowledge of the growth
pattern and the fitting of a mathematical model suitable for
describing it have also a high importance from an applied
point of view.

and simultaneously stirred. Air was previously sterilized
with filters with a pore size of 0.22 µm, and conduced
through silicone tubes until immersion in the culture medium. Sterilized rubber stoppers prevented the contamination from the external medium. Each rubber stopper had
three perforations, which allowed the insertion, in each
flask, of one glass tube for aeration, and two silicone tubes
(for air-purging and sampling).
TABLE 1 – Chemical composition of Nutrileaf 14-6-5 ®
(values expressed as mass/mass percentages).
Agrodan Nutrileaf 14-6-5 ® composition

The main objectives of the present study were to evaluate the most adequate conditions for maintenance and
growth of T. chuii cultures under satisfactory physiological conditions, in order to use them in cost-effective toxicity tests and to choose a suitable mathematical model to
describe the growth of the culture under these conditions.
MATERIALS AND METHODS
Source of the culture and water preparation

Samples of Tetraselmis chuii were kindly provided
by Dr. Francisco Amat, from the Instituto de Acuicultura
Torre de la Sal (IATS), CSIC, Castellón, Spain. Samples,
formed by a group of 10-ml sealed plastic pipettes, were
kept in the refrigerator (4 ºC) prior to the first inoculation.
All subsequent testing involved the use of treated Atlantic
seawater, which was filtered by cotton filters (mean pore
diameters of 50, 10, 5, and 1 µm) and sterilized by ultraviolet radiation. Furthermore, the seawater was filtered
through activated charcoal in order to eliminate other impurities. Salinity was comprised between 25 and 35 g L-1,
and mean salinity measured was 33 g L-1. Seawater was
subjected to an additional filtration process by a nitrocellulose filter with a pore size of 0.2 µm. Sterilization of
glass apparatuses was performed by 60-min autoclaving
periods at 121 ºC.
Solid cultures

T. chuii was initially cultured in solid medium, in order to obtain bacteria-free algal suspensions. Solid medium
was obtained after autoclave sterilization of agar-added seawater medium (proportion 1.5% m/v). Solid medium was
aseptically transferred to transparent glass Petri-dishes and
submitted to continuous incident light, and a temperature
of 25±1 ºC. After varying periods (1-2 weeks of light exposure), algal cultures were inoculated in liquid sterilized
medium in order to obtain exponentially growing cultures.
Liquid cultures

Culture recipients were 500-ml Erlenmeyer glass
flasks, and glass pipettes were used for aeration, reaching
the bottom of the Erlenmeyer flask and guaranteeing that
the downer portion of the suspension was equally aerated

Total nitrogen
Nitric nitrogen

14 % w/w (168 g/L)
0.25 %

Ammonium nitrogen
Ureic nitrogen
Phosphoric anhydride (P2O5)

0.75 %
13.0 %
6 % w/w (72 g/L, water soluble)

Potassium oxide (K2O)
Water soluble oligoelements
Copper (Cu)

5 % w/w (60 g/L, water soluble)

Iron (Fe)
Manganese (Mn)

0.10 % w/w
0.06 % w/w

Molybdenium (Mo)
B1 vitamin
Indolacetic acid

0.001 % w/w
0.01 % w/w
0.01 % w/w

0.06 % w/w

Study of nutrient demands for T. chuii growth

Growth of T. chuii in liquid medium required the use
of additional nutrient sources. The nutrient needs of T. chuii
were studied by using a commercial nutritive solution (Agrocross Nutrileaf 14-6-5®), and its composition is described
in Table 1. Due to the eventual presence of thermo-degradable components in the nutrient solution, sterilization
was preferentially performed by filtration with 0.2-µm
nitrocellulose membranes. Sterilized nutrient solution was
kept at 4 ºC for a period not exceeding two months. Definition of the more appropriate nutrients` concentration was
performed with the incubation of similar amounts of T.
chuii inoculates under different concentrations of Agrocross Nutrileaf 14-6-5®: 12.5, 25, 50, 100, 200 and 400 µl
per L of treated seawater. For the incubations, three replicate cultures of T. chuii for each concentration were used.
The cell concentration in the initial culture was quantified
using a haemocytometer. Inoculation was performed with
a volume corresponding to a concentration of 1x104 cells/
ml. Each flask was then filled with 400 ml of filtered and
sterilized seawater and supplemented to achieve the referred
nutrient concentrations. Abiotic conditions were maintained
unchanged during the performance of the test (continuous
cool-white fluorescent light (100 µE/m2/s), temperature of
20±1ºC and continuous aeration). Sampling was performed
under aseptic conditions, in which cellular suspension was
forced under positive pressure. Samples of 3 ml of the algal
suspension were withdrawn at 24-h intervals, during 12 consecutive days. Growth was monitored by cell count using
a haemocytometer. The flagellate and mobile nature of T.
chuii cells did not allow a direct observation of culture sam-
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ples for counting purposes. This problem was solved with a
previous treatment of the cell suspension by adding a
Lugol solution in a proportion of 1:5 to 400 µl of sample.
This preparation was observed using a 10x objective of a
Leica DMLB microscope.

and Logistic growth (Richards growth with p=1):

(

Y(t)=y∞ 1 + e − g (t −t0 )

)−1

(3)

where Y(t) represents the number of cells at day t and
y , g, p and t0 are mathematical parameters. The parameter
t0 corresponds to an inflection point in the curve and y is
a theoretical limiting size. In biological terms, t0 corresponds to the time where maximum growth occurs, g the
maximum intrinsic rate of the population, and y to the environment carrying capacity. Models 2 and 3 have three,
and model 1 has four parameters.
∞

Study of T. chuii growth

∞

After the determination of the most suitable concentration of nutrients to allow growth of T. chuii laboratory
cultures, the growth pattern of this species was determined.
The medium was supplemented with filtered/ sterilized
Agrocross Nutrileaf 14-6-5®, added in a final proportion of
400 µl per L seawater. Following the described procedure,
six replicates were prepared and obtained, each of them
containing 40 ml of initial T. chuii suspension, 2000 ml of
filtered/sterilized seawater, and 800 µl of Agrocross Nutrileaf 14-6-5®. Inoculation and supplementation were performed under sterile conditions using sterilized glass apparatuses (Erlenmeyer glass flasks, pipettes, cotton stoppers,
silicone tubes) as described above. After inoculation, T.
chuii cell suspensions were subjected to conditions similar to those previously described. At intervals of 12 hours,
a sample of approximately 7 ml of each of the three replicates was withdrawn from the cultures, under positive pressure. Growth was allowed during 22 days. Samples were
similarly processed, by adding Lugol solution, and the quantification of the number of cells was done with a haemocytometer.

∞

To manage a population source so that it will rapidly
replace the number of harvested cells and produce the
maximum sustainable harvest, consumption should theoretically be adjusted to the time of maximum growth rate [7].
It was assumed that the population’s growth rate is a function of population density, and that population density will
not change if members were removed at the same rate as
population increased [9]. If Y(t) is the number of cells, the
growth rate is the derivative dY/dt, and the maximum sustainable harvest can be estimated by replacing t with t0 in
dY/dt. The resulting value corresponds to the maximum sustainable harvest, i.e., the maximum number of cells that can
be harvested at time t0 without reducing sustainable yield of
the population. The maximum sustainable harvest is then:
For Richards growth:

⎛
1 ⎞
gy∞ ⎜⎜1 + ⎟⎟
p ⎠
⎝

Chemicals

Agocross Nutrileaf 14-6-5 ® was supplied by
Agrodan, SA, Almansa, Madrid, Spain.

gy ∞
e

⎛ 1
⎞
Y(t)=y∞ ⎜⎜1 + e − g (t −t 0 ) ⎟⎟
p
⎝
⎠

−p

(1)

Gompertz growth:

Y(t)=y∞ e − e

− g ( t −t0 )

(2)

(5)

and for Logistic growth:

gy ∞
4

(6)

Data analysis

The above non-linear equations (Eqs. 1, 2 and 3) were
used to fit the time trajectory of population growth. Parameter estimates were obtained by minimizing the sum of
squares:
n

2
RSS = ∑ Yˆi −Y i(ti )
i =1

where

Richards growth:

(4)

for Gompertz growth:

Models investigated to describe T. chuii growth

Several models have been developed to describe growth
of microorganisms. When the environmental resources are
finite, population growth is density-dependent and we will
face to a carrying capacity of the environment where population lives, which can be quantified in units of individual
population members. Therefore, a mathematical model is
required to follow population growth until its stabilization
when carrying capacity of environment is reached. Then,
population size has reached its maximum, resource limitation prevents population growth [7], and number of individuals remains constant if nothing interferes with this
equilibrium state. Among the models that exhibit limiting
or asymptotic growth, there are three popular ones: Richards, Gompertz and Logistic growth models [8].

− p −1

[

]

(7)

Yˆi is the number of cells observed in observa-

tion i at time ti, Yi(ti) is the corresponding number predicted by the model, and n is the total number of observations. Regardless of the model, the solution of Eq. 7 corresponds to a nonlinear programming problem (NLP) with
3 parameters for Logistic and Gompertz models and 4 parameters for the Richards model. The solution of these nonlinear least-squares regression problems was performed
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with a particular stochastic algorithm based on simulated annealing, the MSIMPSA algorithm [10-12]. The MSIMPSA
algorithm is suitable for the optimization of mixed integer
nonlinear programming problems, non-linear problems and
combinatorial problems. MSIMPSA shows good robustness
and accuracy in arriving at the global optimum of difficult
non-convex constrained functions. The residual sum of
squares (RSS) was used to discriminate among the models.

ering the environmental carrying capacity estimated with
the MSIMPSA algorithm. With the robust standard errors
estimated, calculation of confidence intervals for the time
of maximum growth was performed.

One objective of this study was to model the evolution of the cell number in T. chuii cultures over time,
which corresponds to finding the growth model that better
fits to the experimental data. After choosing the best model,
a method that takes into account the variability observed is
needed. As previously described, growth was monitored
by cell count of 6 cultures maintained in identical conditions in 6 independent flasks. Since data are collected on
the same units across successive points in time, these repeated observations are correlated over time. If longitudinal
data are modeled using regression techniques that ignore
correlation, biased estimates of regression parameter variances can occur, possibly leading to invalid inferences.
Longitudinal data require special statistical methods because the set of observations on each unit tends to be intercorrelated. Generalized Estimation Equations (GEEs) are
methods of parameter estimation for correlated data. The
GEE approach was re-invented by Zeger and Liang [13],
and is based on the multivariate quasi-likelihood theory,
which can handle the complexities of longitudinal studies.
In this model, a robust variance estimation with a first-order
autoregressive correlation structure was used. A feature of
this type of correlation structure is that outcomes close in
time are more highly correlated than those more distant
in time.

In a first phase of the study, the growth of T. chuii
cultures in the presence of different concentrations of nutrients (0-400 µl/L of Agocross Nutrileaf 14-6-5 ®) was investigated. The obtained results indicate that differences
among distinct amounts of supplement decisively influence
T. chuii growth (Fig. 1). Highest amounts of supplement
were responsible for higher algal concentrations and earlier start of the exponential growth phase. Therefore, 400 µl/
L seems to be the most suitable concentration of Agocross
Nutrileaf 14-6-5 ® to be used.

RESULTS

The mean number of cells observed over time is shown
in Fig. 2. The cultural growth was clearly dependent on
density, and after a period of exponential growth an inflection point was reached. After this point, the growth rate

Number of cells (Mean ± 2 SE)

300

200

100

Since Logistic and Gompertz population growth curves
are nonlinear with respect to time, a transformed response
variable was considered for statistical analysis, in order to
achieve a linear relationship (Eqs. 8 and 9, respectively):

ln( y∞ - Y ) - lnY = gt 0 - gt

(8)

⎛ ⎛ y ⎞ ⎞
ln⎜⎜ ln⎜ ∞ ⎟ ⎟⎟ = gt 0 − gt
⎝ ⎝ Y ⎠ ⎠

(9)
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FIGURE 2 - Number of Tetraselmis chuii cells along the
experimental period (nutrient concentration of 400µl/L, values are
the means of 6 cultures with corresponding standard error bars).

These models were fitted with the GEE method, implemented in the R package (version 1.8.1, [14]), consid-
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FIGURE 1 – Growth of Tetraselmis chuii at different concentrations of
Agocross Nutrileaf 14-6-5 ® in the culture medium (values are the means of three replicate cultures).

DISCUSSION AND CONCLUSION
During the initial stage of T. chuii growth, the cell
counts may underestimate the actual number of cells due
to low cell concentrations. Zero and near-zero values can
be found, which may generate additional errors in model
estimation. On the other hand, when the size of the culture
approaches the carrying capacity of the environment, the
quantified number of cells shows a great variability that may
be due, at least in part, to the differences of metabolic products among the replicates. Tetraselmis genera are known
to produce and excrete several toxic products that are active
against other microorganisms [15], but can also impair the
growth of its own culture. Several other studies [16, 17]
referred to the effects of toxic substances being excreted
into the external medium by other unicellular algal species,
affecting the growth of the entire culture. Therefore, for
practical purposes in this study, the initial 4 days were ignored, and only data obtained until day 17th were considered for parameter estimation of the three growth models considered.

and if replacing a with g(t-t0) according to equation (1),
the Richards growth model, we get for finite t values:
⎛ g (t − t 0 ) ⎞
⎟
lim⎜⎜1 +
p →∞
p ⎟⎠
⎝

= lim e

a
− p ln(1+ )
p

300

Gompertz Model
Logistic Model
Observed

200

100

0
4

8

⎛
a ⎞
lim⎜⎜1 + ⎟⎟
p →∞
p ⎠
⎝

−p

(12)

= e −a

20

∞

Model
g
y
Logistic
213.9
0.316
Gompertz
214.3
0.260
*
RSS- Residual sum of squares
∞

to
7.98
6.47

RSS
1.61x105
1.55x105

Given the solution of these nonlinear least-squares regression problems, with the estimation of parameters and
y , g, p and t0 (Table 2), a statistical analysis of the linearized models (Eqs. 8 and 9) was performed with the GEE
method. The robust standard errors associated with the slope
and the intercept calculated are presented in Table 3. The
∞

TABLE 3 - Estimated regression coefficients, standard errors and p-values for the linearized Logistic and Gompertz models.
Models

Slope

Standard error

24

TABLE 2 - Comparison of the calculated parameters
and the RSS from the Logistic and Gompertz models
(y - environment carrying capacity, g - maximum
intrinsic rate, t0 - time when maximum growth occurs).

where a is a real number and p is a positive integer, we
have to evaluate the limit:

Since this limit has an indeterminate form, l’Hôpital’s
rule can be applied to convert the limit to a determinate one.
With the help of this rule we found that the limit is a. Replacing this result in (10) it becomes:

16

Day

(10)

(11)

12

FIGURE 3 - The fitting of the observed
data using Gompertz and Logistic models.

p →∞

⎛ a ⎞
ln⎜⎜1 + ⎟⎟
p ⎠
⎛ a ⎞
lim p ln⎜⎜1 + ⎟⎟ = lim ⎝
p →∞
1
p ⎠ p →∞
⎝
p

(13)

− g ( t −t0 )

∞

In fact, when evaluating the limit of a function:
−p

= e −e

Therefore, the discussion will be reduced to the comparison of the Gompertz and Logistic models, fitting the
experimental data very well (Fig. 3). However, the RSS
value of Gompertz model was lower than that of the Logistic one, showing a better fit to the data (Table 2). The
environment carrying capacity estimated, y , has similar
values for both models (about 214 cells/ml). However, the
maximum intrinsic rate and the time when maximum
growth oc-curs, g and t0, respectively, attained higher values with the Logistic model. The resulting estimated maximum sustainable harvest is 16.9 cells for Logistic model
(Eq. 6), but 20.5 cells for the Gompertz one (Eq. 5).

Richards, Gompertz and Logistic growth models were
fitted to the data in order to choose the most suitable one
to describe T. chuii growth under experimental conditions
used. For the Richards model, parameter p attained very
high values, while the other two parameters converged to
the same values obtained while fitting the Gompertz model.

⎛ a ⎞
lim⎜⎜1 + ⎟⎟
p →∞
p ⎠
⎝

−p

We can then conclude that for very high values of p,
the Richards growth model converges to the Gompertz
model.

Number of cells

decreased and the size of the cultures approached asymptotically the carrying capacity of the environment. This
stabilization phase was reached around the 17th day after
inoculation.

p value

412

Intercept

Standard error

p value

© by PSP Volume 17 – No 4. 2008

Logistic
Gompertz

-0.2955
-0.2624
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0.04558
0.03401

< 0.001
< 0.001

2.2955
1.6934

0.45860
0.26699

< 0.001
< 0.001

estimated time when maximum growth occurred was day
6.5 (95% confidence interval 3.6-11.4) for Gompertz model,
and around 1.5 days later, day 8.0 for the Logistic one (95%
confidence interval 4.0-15.1), showing a wide range of
coincidence of the two intervals.
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ABSTRACT

(TCP) in an acetonitrile/water mixture could be efficiently de-

Iron(II)-tetra-(5,6-dichloro-1,4-dithin)-porphyrazine (abbreviated as FePz(dtnCl2)4) was found to exhibit a strong
absorption in the visible range when dissolved in water. It
could thus be used as a novel photocatalyst for activating
molecular oxygen in air to degrade Rhodamine B under
visible light irradiation. It showed efficient catalytic activity
in aqueous solution or supported on CG400 ion-exchanged
resin. The behavior of the supported FePz(dtnCl2)4 was
studied by UV-VIS reflectance spectroscopy and X-ray
photoelectron spectroscopy (XPS ). The specific enhanced
effect between FePz(dtnCl2)4 and CG400 resin was determined. The catalyst could be recycled and reused with little
loss in activity for 10 runs in the heterogeneous system.

KEYWORDS: porphyrazine-type compounds, visible light, photocatalyst, Rhodamine B.

graded by hydrogen peroxide in the presence of iron pathalocyanine-sulfonate (FePcS) without light irradiation. Zhao
et al. [6, 7] found that visible-light irradiation can accelerate the degradation of salicylic acid and rhodamine B in
FePcS/H2O2 system without the addition of acetonitrile. Another biomimetic catalyst is the iron complex of a tetraamidomacrocyclic ligand (Fe-TAML), which can activate
H2O2 in the dark for rapid total destruction of chlorophenols [8]. Recently, a new photocatalytic system with iron
bipyridine ([Fe (bpy)3)]2+) supported on ion-exchange resin
was successfully developed [9, 10]. This catalyst allows the
direct use of molecular oxygen dissolved in water for pollutants’ treatment with visible light. Aluminum phthalocyanine (AlPc), which was used to generate singlet molecular
oxygen for photosensitized oxidation of substituted phenols, has also been reported [11, 12].
Cl

Cl

S

INTRODUCTION
Chemical process industries, such as oil refineries as
well as petrochemical, dye and dye intermediate manufacturing and textile ones, are typical ones that dump refractory toxic organic compounds to water courses polluting
the water [1]. To overcome this, the use of advanced oxidation processes (AOPs) has been widely proposed, such
as oxidative degradation of the refractory organic pollutants by hydrogen peroxide or ozone under UV irradiation. In recent years, a renewed interest has been shown
in destroying them under mild conditions [2], with air
and sunlight. Biomimetic catalysts on the modeling of the
cytochrome P-450 have been described extensively for
their capability to activate hydrogen peroxide or molecular
oxygen at ambient temperature [3]. For example, Meunier
and co-workers [4, 5] reported that 2,4,6-trichlorophenol
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Structures of the catalyst (FePz (dtnCl2)4) and substrate (RhB)

Iron porphyrazine (FePz), a pathalocyanine-like complex, is of special interest in biomimic catalysis and photoreaction [13]. Herein, we report a novel photocatalyst, iron
(II) tetra (5, 6-dichloro-1, 4-dithin) porphyrazine (FePz(dtn
Cl2)4), as a biomimetic oxygenase to activate O2 for degrad-
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ing dye pollutants. In China, more than 1.6 ×10 9 m3 year -1
dye-polluted wastewater drains into environmental water
systems without treatment. Rhodamine B (RhB), a very
stable dye used as laser material [14, 15], was chosen as
the target pollutant in this study.
MATERIALS AND METHODS
Materials

FePz(dtnCl2)4 was synthesized and characterized in our
laboratory according to the method of Sun et al. [16]. All
reagents used in this study were of analytical grade as received. The anion exchange resin with a size of <200 mesh
was a commercial product containing quaternary ammonium groups (Amberlite CG400). The initial pH values of
the solutions were adjusted to 12 by sodium hydroxide.
Deionzed and double-distilled water were used throughout the study.
Photoreator and light source

A 500-W halogen lamp was used as light source with a
water-circulated jacket to cool the lamp. A light filter was
placed outside the Pyrex jacket to completely cut out light
below 420 nm, and guarantee irradiation with visible light.
A Pyrex glass vessel (100 ml) containing the catalyst and
substrates was positioned 10 cm beside the light source,
while the intensity of the light was fixed at 34 mW/cm2 by
an illuminometer. The reaction system was kept at ambient
temperature by a fan behind the whole system.
Homogeneous photodegradation of RhB
in the presence of aqueous FePz(dtnCl2)4

The reaction solution containing the catalyst, FePz
(dtnCl2)4·2 H2O (1 µM) and the substrate RhB with an initial concentration of 10 µM at pH 12, was magnetically
stirred in a 100-ml Pyrex glass vessel, and the photoreaction was carried out with continuous purging of air under
visible light irradiation. At specific intervals, samples (5 ml)
were taken and analyzed by the UV/VIS spectra using a
Shimadzu UV-2450 spectrophotometer. After 7 h, the reaction mixture was treated with a headspace solid-phase micro-extraction at 80 °C, and immediately analyzed by an
Agilent 6890 GC-5973 MS analyzer to determine the degraded components. The GC–MS analyses were performed
using a model 6890 N network GC system (Agilent, USA),
equipped with a 5973 quadrupole mass selective detector
(Agilent, USA) and a HP-5 fused silica capillary column.
A homemade solid-phase micro-extraction syringe with a
sol/gel-derived BMA/OH-TSO fiber [17] was used to transfer the extracted sample to the GC injection port. The GC
column temperature was programmed from 30 to 120 °C
at 8 °C min-1 and from 120 to 220 °C at 5 °C min-1.
Preparation and characterization of supported FePz(dtnCl2)4

Heterogeneous catalyst was prepared by an ion-exchange method: 1 g Amberlite CG400 resin powder was

dispersed in 100 ml water with stirring, and then 5 mg
FePz(dtnCl2)4 dissolved in 100 ml CH3OH was added dropwise. The suspension formed was stirred overnight, finally
the green resin supported catalyst was collected, washed
thoroughly with water, and vacuum-dried at 50 °C. It was
noted that the filtrate was colorless, indicating that FePz
(dtnCl2)4 was totally loaded into the resin. Therefore, the
loading quantity was FePz(dtnCl2)4/resin = 0.5 %, w/w
(i.e. = 4.6 µmol FePz(dtnCl2)4 g-1 resin). X-ray photoelectron spectroscopy (XPS) analysis was performed on a VG
Multilab2000 analyzer, with Al-Kα as the radiation source.
Heterogeneous photodegradation of RhB
in the presence of FePz(dtnCl2)4 supported on resin

The initial concentration of RhB in solution was also
10 µM at pH 12, and 50 mg support resin was added to
100 ml of the aqueous solution. The mixtures were firstly
stirred in the dark for >1 h to achieve equilibrium before
photoreaction. The above solution was irradiated and treated
using the same procedure as described in the homogeneous solution, except that 5 ml each of the samples were
centrifuged to separate the support resin before UV/VIS
analysis. Recycling experiments were performed under the
same conditions, and the catalyst was recovered by filtration, washed with a water/ethanol mixture and vacuumdried after each run before being reused.

RESULTS AND DISCUSSION
Homogeneous photocatalytic degradation of RhB

FePz(dtnCl2)4 can be used homogeneously due to its
slight water-solubility (saturated solubility at 20°C is ca.
7.9 µM). The photocatalytic activity of FePz(dtnCl2)4 was
evaluated in an aerated homogeneous aqueous solution
containing RhB under visible light irradiation at pH 12 as
shown in Fig. 1. The RhB maximum absorption peak at
554 nm decreased gradually without any wavelength shift,
and the absorption peaks at 328 nm for the degraded fragments of RhB increased gradually with irradiation time.
This result indicated that the aromatic chromophore of
RhB has been cleaved to form smaller fragments without
involving the de-ethylating process [18], reaching 72 % conversion within 7 hours. The smaller fragments were further
analyzed by GC/MS, and up to 5 compounds were detected
as possible degradation intermediates. Three of them were
identified using the NIST02.L library database as formic
acid (tR = 3.99 min), acetic acid (tR = 4.62 min) and methoxy-phenyl-oxime (tR = 9.24 min). The identified compounds were organic acids or oximes with oxidative trait
of organic carbon or nitrogen. This result shows that the oxidative degradation of RhB catalyzed by aqueous FePz
(dtnCl2)4 proceeds efficiently under visible light irradiation, which is quite different from the behavior of [Fe2+
(bpy)3]2+] without significant photocatalytic activity in homogeneous aqueous solution [9].
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The results of the control experiments are shown in
Fig. 1 as inset. Curves (a), (b) and (c) in Fig. 1 show photocatalytic oxidation of RhB in the absence of one of the
essential conditions: visible light, FePz(dtnCl2)4 and dioxygen, respectively. Without visible light or FePz(dtnCl2)4, the
degradation of RhB was negligible. When purged with
nitrogen, the slight degradation of RhB observed in curve
(c) was attributed to traces of dissolved oxygen remaining
in the solution. These results demonstrated that both molecular oxygen and visible light irradiation are necessary for
the degradation of RhB in the presence of aqueous FePz
(dtnCl2)4, and that the reaction involved the excitation of
FePz(dtnCl2)4 induced by visible light. It must be pointed
out that FePz(dtnCl2)4 was stable in visible light during the
photoreaction, as no free Fe2+, Fe3+ or Cl- ions were detected.
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same as that in the homogenous solution with ca.11% RhB
adsorbed on the resin surface around the FePz(dtnCl2)4
after equilibration. A zero-order kinetics was observed during the photodegradation of RhB with a rate constant of
kheter = -2.60×10-10 mol L-1s-1 in the heterogeneous system,
which was comparable with the rate constant of khomo =
-2.85×10-10 mol L-1s-1 in the homogeneous system. Meanwhile, curves (1) and (2) in Fig. 3 were nearly parallel, and
the only difference between them was the sorption capability of RhB on the blank resin, illustrating the lack of catalytic activity of the blank resin. Compared with the homogenous system, the presence of support often resulted in a
decline of catalytic activity because of the decrease in contact between catalysts and substrates. However, the decrease in catalytic activity of Fe Pz(dtnCl2)4 was negligible after being supported on the resin, so there must be an
additional enhancing effect between FePz(dtnCl2)4 and the
CG400 resin.
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FIGURE 1 - UV-VIS spectral changes of RhB purged with air in the
presence of aqueous FePz(dtnCl2)4 at various irradiation times (The
inset shows the degradation kinetics of RhB under different conditions: (a) without catalyst, air, visible light; (b) FePz(dtnCl2)4, air,
dark; (c) FePz(dtnCl2)4, purged with N2, visible light; and (d)
FePz(dtnCl2)4, air, visible light).
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FIGURE 2 - UV-VIS reflectance spectra of resin
supported with FePz(dtnCl2)4 (0.5%) and blank resin.

Heterogeneous photocatalytic degradation of RhB

FePz(dtnCl2)4 was immobilized on the ion-exchange
resin to form a heterogeneous catalyst. The adsorption sites
of CG400 resin are its quarternary ammonium ones and
the exchange groups are the chloride anions. Fig. 2 shows
that the visible absorbance of the blank resin decreased as
the wavelength was increased, until completely disappearing after 600 nm, but the resin-supported catalyst displayed
an intense absorption in the visible region as a result of the
FePz(dtnCl2)4 immobilized on the surface. The maximum
band was located at 612 nm, 34 nm red shifted compared
with FePz(dtnCl2)4 monomer, indicating specific interactions between FePz(dtnCl2)4 and the resin. The color of the
support resin was sap green, as predicted from the photo
absorption spectrum.
The photodegradation of RhB also proceeded efficiently in the presence of FePz(dtnCl2)4 /resin suspensions
under visible light irradiation at pH 12 (Fig. 3). The initial
RhB concentration in the heterogeneous system was the
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FIGURE 3 - Kinetic curves for the photodegradation of RhB purged with air under different catalysts: (1) homogenous blank
solution; (2) heterogeneous dispersion of blank resin; (3) homogenous solution of FePz(dtnCl2)4; (4) heterogeneous dispersion
of FePz(dtn Cl2)4-resin.
Mechanism of molecular oxygen activation
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Active oxidizing species in the homogenous and
heterogeneous catalytic processes could be detected by
quencher experiments. Sodium azide (0.5 mM), a known
scavenger of singlet oxygen, was added into the two RhB
photodegradation systems. No suppression of degradation
was observed. This shows that the photosensitization
process (type II photoreaction), induced by the photoexcitation of the substrates or FePz(dtnCl2)4, did not play a
major role. On using superoxide dismutase (0.5 mM) as
the quencher for superoxide anion free radical (O2·-), RhB
photodegradation in both systems was effectively inhibited. So electronic transmission (type I photoreaction) from
excited FePz(dtnCl2)4 to dissolved O2 must be the main
photocatalytic process, which was associated with the
electronic density of the central-coordinated metal [19] in
FePz(dtnCl2)4.
The XPS changes (Table 1) show that all the binding
energies of FePz(dtnCl2)4 were decreased after being supported on the resin, especially for the Fe2p3/2, which was
deceased by 1.11 eV from 710.85 eV to 709.74 eV, indicating the increase of electronic density in the outer shell
of FePz(dtnCl2)4. On the other hand, all the binding energies in the resin increased, such as ammonium N1s increased by 0.37 eV from 402.53 eV to 402.9 eV. The XPS
results indicate strong electron transfer from the resin to
FePz(dtnCl2)4, which could translate into enhanced tendency of electron transfer from the excited state of the
central-coordinated metal atom to molecular oxygen. This
phenomenon is similar to the “proximal effect” [20], that
there are additional promoted interactions between metalloporphyrin and nitrogenous polymers. Combining the
analysis of XPS and homogenous/heterogeneous kinetics,
we deduced that CG400 resin not only played the role of
support, but also increased the electronic transmitting ability of the excited central-coordinated metal in the catalyst
to the oxygen molecule, which compensated for the decline in contact efficiency between the catalysts and substrates in heterogeneous system. Thus, the catalytic activity of supported FePz(dtnCl2)4 was efficient as well as that
of the homogeneous catalyst.
TABLE 1 - XPS results (binding energy peak)
of FePz(dtnCl2)4, resin and FePz(dtnCl2)4-resin.
FePz(dtnCl2)4
C (1s)
pyrrole N (1s)
ammonium N (1s)
substituted Cl (2p)
anion Cl (2p)
S (2p)
Fe (2p3/2)

285.23
400.04
—
202.08
—
165.21
710.85

each, with the recycled catalyst retaining reasonable activity. The amount of RhB adsorbed on the resin gradually decreased from one run to the next, which was associated
with the gradual decline of the resin concentration (lower
than 0.1 g/L at 10th cycle run), due to samples taken for
analysis and reactivation. Although the degradation rate of
RhB began to decrease after the 6th cycle run, which could
also be attributed to the loss of catalyst, the result demonstrates that FePz(dtnCl2)4 supported on resin can be recycled and reused. Structurally similar metallophthalocyanine
complexes have already being synthesized and used for the
oxidation of mercaptans in crude oil (CoPdS). The low
costs of air and visible light enhance the potential use of
FePz(dtnCl2)4 for environmental application.

Concentration of RhB (uM)
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FIGURE 4 - Cycling runs in the photodegradation
of RhB (10 µM/run) in the presence of supported
FePz(dtnCl2)4 purged with air under visible irradiation.
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ABSTRACT
The anaerobic treatability and methane generation potential of beet molasses alcoholic fermentation wastewater
(BMAFW) were investigated. Continuous reactor experiments were carried out in a two-stage upflow anaerobic
packed bed reactor (UAPBR) with plastic balls as support
material. Experiments with alcohol distillery-wastewater
were continued for 200 days with organic loads changing
between 2.71-5.48 and 0.68-1.18 g COD L-1 day-1 for
UAPBR1 and UAPBR2, respectively. A 97 % total COD
removal in two reactors was achieved at 4.8 g COD L-1 day-1
organic load and 175 h retention time. Following the
UAPBR experiments, aerobic experiments were carried out
in the batch reactors with Penicillium decumbens, Penicillium crustosum, Aspergillus niger as well as activated
sludge. P. decumbens demonstrated maximum decolorization and COD removal with levels of up to 58% and 83%,
respectively.

KEYWORDS: Anaerobic digestion, beet molasses, sequential treatment, treatment efficiency, upflow anaerobic packed bed reactor
(UAPBR).

INTRODUCTION
In the sugar industry, many by-products, such as molasses, bagasse and fiber cakes, are produced. Molasses are
the most important among them and contain about 50%
saccharides. Therefore, it has a high commercial value due
to its use as a carbon source in various fermentation processes and a feed for domestic animals. However, after
the use of molasses as a raw material for fermentation, such
as in alcohol and amino acid production, a large amount
of colored substances remain in the fermentation as effluent after the recovery of the product [1]. These residues,
collectively called vinasse, are the major liquid wastes
which are strongly acidic (pH 4-5), and have a highorganic content (COD in the range of 50-100 g/L). Their
free disposal

presents a serious challenge to the natural ecosystem and
can cause considerable environmental problems [2].
Several treatment methods including chemical and biological ones (aerobic or anaerobic classical methods, trickling filters, lagoons, etc.), evaporation-condensation with or
without combustion, as well as direct dispersion on soil as
fertilizer have been examined for the safe disposal of vinasse. A common feature of all these methods is their relatively high cost, and sometimes simultaneous creation of
other hazardous by-products/pollutants [2,3]. Athanasopoulos [4] reported the anaerobic treatment of BMAFW in a
downflow filter and observed that removal of COD for
loadings of upto 8 kg COD/m3 day-1 varied from 55 to 85%.
Salah et al. [5] utilized spherical activated carbon (SAC)
for treatment of molasses distillery wastewater by anaerobic digestion. Results from a series of semi-continuous experiments indicated that methane production and COD removal efficiencies were found to increase with the amount
of SAC utilized in the digesters [5].
Jimenez et al. [6] worked on aerobic-anaerobic biodegradation of beet molasses alcoholic fermentation
wastewater. Experimental results have shown advantages
of combined aerobic-anaerobic processes in relation to the
single anaerobic digestion process: higher average percentage of COD removal (96.5 compared with 90.0%), and
a decrease of hydraulic retention time.
Treatment of BMAFW by an aerobic method causes a
high initial cost and a large continuing energy demand,
and produces a large amount of surplus activated sludge,
constituting a major waste-disposal problem. On the other
hand, anaerobic treatment processes appear to be ideally
suited for this type of waste as they are net energy- producing, and generally operate most efficiently at high COD
values.
Recent researches have shown that BMAFW can be effectively treated in anaerobic or aerobic environment. However, the treatment of BMAFW using anaerobic/aerobic

#

This study is based in part on a PhD thesis (Anaerobic treatability and methane production potential of high organic materials containing
wastewaters from agricultural industry in Eskişehir) completed for Eskişehir Osmangazi University in May 2006.
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sequential reactor systems has not been reported. The aim
of this study was to determine the best combination of hydraulic retention time and organic loading rate of BMAFW
in combined (anaerobic-aerobic) reactors for the removal
of COD. In addition, remaining organic content and color
removal by the aerobic process were studied.

liquid volume of 5.0 L, and was filled up to 4.3 L of volume with plastic balls, to retain the bacterial biomass on a
rough surface. The temperature of the reactors was maintained at mesophilic conditions (37 °C) via electrical heating mats. The feed was introduced through the bottom of
each reactor by means of peristaltic pumps.
Anaerobic seed sludge and anaerobic treatment

MATERIALS AND METHODS
Characterization of wastewaters

Wastewater was collected from the beet molasses alcohol distillery factory in Eskişehir, Turkey. The composition of this wastewater is given in Table 1.
TABLE 1 - Composition of wastewater used.
Parameters
pH
Chemical oxygen demand (mg L-1)
Suspended solids (SS) (mg L-1)
Total solids (mg L-1)
Volatile total solids (mg L-1)
Alkalinity (CaCO3 mg L-1)
Total phosphorus (mg L-1)
Total Kjeldahl nitrogen (mg L-1)
Fe2+ (mg L-1)
Cr3+ (mg L-1)
Ni2+ (mg L-1)
Mn2+ (mg L-1)
Al2+ (mg L-1)
Cu2+ (mg L-1)
SO2-4 (mg L-1)
Ca2+ (mg L-1)
Zn2+ (mg L-1)
Mg2+ (mg L-1)
S-2 (mg L-1)

Wastewater
5.7
27000±250
2850±200
55527±160
39743±150
6845±55
60±5
210±15
45±2
10±1
56±1
67±0.3
6±0.5
42±0.4
3400±85
740±20
13±0.8
307±10
2±0.4

A mixed mesophilic sludge (suspended solids 60 g L-1,
volatile suspended solids 38 g L-1) obtained from the anaerobic digesters of the Ankara Municipal Wastewater Treatment Plant, Turkey, was used as inoculum in the UAPB
reactors.
In our previous experiments, in order to determine the
anaerobic biodegradability and biogas production of the
BMAFW, biochemical methane potential (BMP) experiments were performed. In order to compare the supplementation of nutrients and trace metals in gas production, one
out of two sets of serum bottles was given basal medium
(BM) for wastewater. According to BMP results, higher
COD removal and methane generation were observed with
27 g L-1 BMAFW [7]. For this reason, wastewater with
27 g L-1 COD was employed at the outset of this study.
The pH of the feed solution was adjusted to 7.05±0.05 by
addition of 1 M HCl. The organic loading rate (OLR) applied to the first-stage reactor ranged from 2.71-5.48 g COD
L-1 day-1, corresponding to a hydraulic retention time (HRT)
of 239-175 h. The OLR applied to the second-stage reactor ranged between 0.36-1.18 g COD L-1 day-1 corresponding to an HRT of 239-175 h.
Aerobic cultures and aerobic treatment

Upflow anaerobic packed bed reactor (UAPBR)

This laboratory scale study was performed using two
reactor designs (Fig. 1). Each of the reactors has a total

The fungal species used for the study were Aspergillus niger NRRL 321 obtained from USDA, Penicillium
decumbens isolated from soil, and Penicillium crustosum
isolated from molasses.

FIGURE 1 - Scheme of the upflow anaerobic packed bed reactor used for anaerobic treatment of BMAFW.
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correlation was assessed with r2, which is the correlation
coefficient reflecting statistical significance between dependent and independent variables [14]. Analysis of variance (ANOVA) test was used to assess the data obtained in
reactors using SPSS 10.0.

Activated sludge was obtained from the aeration tanks
of the activated sludge units of the Eskişehir Municipal
Wastewater Treatment Plant, Turkey.
Fungal aerobic treatments were carried out in 250 ml
glass flasks placed in an orbital shaking incubator operating at 140 rpm and 25±1 ºC. Following sterilization of the
flasks, 100 ml of beet molasses were added to each of them.
Adjustment of pH was necessary as post-anaerobic treatment molasses have pH of 8.2. The pH of the medium was
adjusted to 5.5 by addition of 1 M HCl. Each one was inoculated with spore suspensions prepared in 0.1% Triton
X100 solution (107 spores per ml) [6].

RESULTS AND DISCUSSION
Anaerobic treatment

Tables 2 and 3 summarize the HRT, applied organic
loading rates, influent and effluent COD concentrations, pH,
bicarbonate alkalinity values, and effluent VFA concentrations that occurred during the anaerobic treatment process
in a reactor.

Aerobic treatment with activated sludge was incorporated into the effluent of the UAPBR after 145 days of the
test, in order to explore COD and color removal efficiency.
The aerobic system was positioned in an orbital shaking
incubator operating at 140 rpm and 25±1 ºC [8, 9].

As can be seen in Table 2, COD removal increased
from 84-89% during the first-reactor stage, while OLR increased from 2.71 to 3.57 g COD per day, and HRT decreased from 239-181 h. At an OLR of 3.81 g COD per day,
a decrease in efficiency was observed (79%). When OLR
decreased from 3.81 to 3.7 g COD per day, while HRT increased from 170 to 175 h, COD removal increased to 89 %.

Analytical methods

Measurements of pH were obtained with a pH-meter
(WTW, Inolab Level 2) and a pH-probe (BO11207-023,
WTW). COD, total solids (TS), suspended solids (SS), volatile suspended solids (VSS), alkalinity, volatile fatty acids
(VFA) and total Kjeldahl nitrogen were all measured by
following the standard methods 5220B, 2540B, 2540D,
2540E, 2320B, 5560C, and 4500-Norg B, respectively [10].

The effluent from the first-stage UAPB reactor was
fed to the second-stage one. When considering its performance, a total COD removal efficiency of 66-73 % is observable, an effluent quality which cannot be directly discharged into a receiving environment.

Color elimination was determined as a decrease in optical density at an absorbance of 475 nm by filtration through
a 0.45-µm filter. Decolorization activity was calculated by
dividing the differences between initial and final absorbance with the initial absorbance [1, 11].
2+

In parallel with COD removal, elimination of heavy
metals takes place (see Table 4). It was shown that removal of Fe2+, Cr3+, Al2+, Cu2+ and Mg2+ ions was more
than 50% out of UAPBR1, and removal of Mn2+ and SO42was 28% and 77%, respectively. The total removal values
for Mg2+, SO42-, Al2+, and Cu2+ were 92%, 84%, 83%, and
81%, respectively.

2+

Total phosphorus, Fe2+, Cr3+, Ni , Mn , Al2+, Cu2+,
SO 4, Ca2+, Zn2+, Mg2+ and S-2 were measured by the Merck
cell tests in a Cecil 4002 UV-visible spectrophotometer
(England).
2-

The pH in both reactors remained more or less constant
for all of the HRTs studied, with 7.4 and 8.4 as extreme
values (Tables 2 and 3). Similar values were obtained by
Jimenez et al. [2] and Boopathy and Tilche [15] in the anaerobic treatment of beet sugar molasses using batch and
hybrid reactors, respectively. This stability can be attributed to carbonate/bicarbonate buffering. When alkalinity is above 1000 mg L-1, the system has enough buffer
capacity

The volume of methane produced was determined daily
by a liquid displacement method, after firstly removing
CO2 by adsorption into NaOH solution [12, 13].
Statistical analysis

Regression analysis between OLR and Gas Production Rate was performed using the SPSS 10.0. The linear

TABLE 2 - Results obtained under different experimental conditions in the first-stage UAPBR.
Days

0-35
36-63
64-85
86-112
113-145
146-168
169-185
186-200

Influent parameters
HRT
(hours)
239
195
181
170
175
175
175
175

Effluent parameters

COD

SS

OLR

pH

Alkalinity

COD

SS

27000
27000
27000
27000
27000
32000
35000
40000

2800
2800
2800
2800
2800
3300
3700
3900

2.71
3.31
3.57
3.81
3.7
4.39
4.8
5.48

5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7

6800
6800
6800
6800
6800
6800
6800
6800

4400
3000
2800
5500
2900
3800
4200
8600

900
750
640
700
680
790
850
870
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Gas
Production
3.84
5.02
5.44
5.15
5.6
6.56
7.16
7.3

pH

Alkalinity

VFA

7.4
7.7
7.9
7.4
7.8
7.9
7.8
7.7

6700
9200
11700
13200
12600
12300
10500
11600

600
500
400
750
350
420
450
470

COD
Removal (%)
84
89
89
79
89
88
88
78

VFA/
Alkalinity
0.03
0.06
0.04
0.04
0.02
0.02
0.02
0.02
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COD (mg L-1); SS (mg L-1); OLR (g COD L-1 day-1); Alkalinity (mg CaCO3 L-1); VFA (mg L-1); Gas Production L CH4 L -1 day-1

TABLE 3 - Results obtained under different experimental conditions in the second-stage UAPBR.
Days

Influent parameters
HRT
(hour)

COD

SS

OLR

pH

Effluent parameters
Alkalinity

COD

Gas
Production

SS

pH

Alkalinity

0-35
900
0.44
590
0.492
239
4400
7.4
6700
1500
7.9
6100
36-63
750
0.36
420
0.458
195
3000
7.4
9200
800
7.9
5200
64-85
640
0.37
300
0.461
181
2800
7.7
11700
750
8.1
8400
86-112
700
0.77
420
0.911
170
5500
7.9
13200
1700
8.2
12100
113-145
0.39
680
350
0.493
175
2900
7.9
12600
780
8.2
11700
146-168
0.52
790
500
0.64
175
3800
7.8
12300
1050
8.3
12400
169-185
0.57
850
510
0.698
175
4200
7.9
10500
1200
8.4
11000
186-200
1.18
870
530
1.419
175
8600
7.8
11600
2500
8.3
11400
-1
-1
-1
-1
-1
-1
-1
COD (mg L ); SS (mg L ); OLR (g COD L day ); Alkalinity (mg CaCO3 L ); VFA (mg L ); Gas Production L CH4 L day-1

VFA
187
350
300
500
210
200
220
250

COD
Removal
(%)
66
73
73
70
73
72
73
71

VFA/
Alkalinity
0.03
0.06
0.04
0.04
0.02
0.02
0.02
0.02

TABLE 4 - Avarage concentrations (mg L-1) of trace metals before and after anaerobic treatment.
Cations

Influent

UAPBR1

Fe2+
Cr3+
Ni2+
Mn2+
Al2+
Cu2+
Ca2+
Zn2+
Mg2+

45±2
10±1
56±1
67±0.3
6±0.5
42±0.4
740±20
13±0.8
307±10

15±0.2
5±0.2
49±1
64±0.4
1±0.1
15±0.5
400±50
7±1
26±1

Removal
(%)
67
50
13
4,5
83
64
43
46
92

The alkalinity of the original wastewater was 6845±55 mg
L-1. Therefore, NaHCO3 was not added. The buffering capacity against possible acidification of the reactor, giving
a pH of the same order, is optimal for methanogenic bacteria. The high pH values and buffering capacity avoid an
acidification of the reactor that could be caused by its sudden overloading [6].
The VFA/alkalinity ratio can be used as a measure of
process stability. The process is considered to be operating
favorably without acidification risk when this ratio is less
than 0.3-0.4 [6]. As observed in Tables 2 and 3, the ratio
values were lower than the suggested limit value in all
HRT studies.
The values of volumetric methane production rates for
each OLR studied in the first-stage and second-stage UAPB
reactors are also given in Tables 2 and 3. The methane
yields in the first-stage UAPB reactor increased linearly
with increasing OLR, up to 5.44 L CH4 g-1 COD day-1, at
2.71-3.57 g COD L-1 day-1. When the OLR was increased
to 3.81 g COD L-1 day-1 for the first-stage UAPB reactor,
a decrease in methane production was observed (Table 2).
Besides, an increase occurred in gas production during the
OLR experiment by adding slowly, at first, and then quickly.
Methane yield seems to be a representative parameter for
process monitoring. Many authors determined the methane
yield of biofilm reactors under steady-state conditions and
reported different results depending on the substrate and the
operating conditions [16, 17]. The regression analysis indicated that the linear relationship between OLR and gas
production rate was statistically significant in first-stage

UAPBR2
12±0.5
5±0.3
44±1
46±0.5
1±0.2
8±0.6
380±40
6±0.7
25±1

Removal
(%)
20
10
28
47
5
14
4

Total removal
(%)
73
50
21
27
83
81
46
54
92

reactor (r2=0.93, P=0.001, F=79.96). In the second-stage
reactor, significant linear correlation between OLR and gas
production rate was observed (r2=0.98, P=0.00, F=315.1).
When the performance of the two-stage UPBR system
is considered, total COD removal efficiency was seen at
97 %, but effluent COD concentration was above the discharge limits (Table 3).
Aerobic treatment

This study was conducted to determine the aerobic
post-treatability of BMAFW following anaerobic treatment
in order to supply discharge standards.
Figure 2 shows the distribution of the percentage of
color removal as a function of time for the 4 microorganisms assayed. As can be seen, all microorganisms studied
decolorized BMAFW from the first day of incubation. The
highest color removal rates were achieved on the third and
fourth day of treatment, with P. decumbens achieving the
best results with 58% of the initial color removed after four
days of treatment. Similary, A. niger expressed 45% on the
5th day and P. crustosum 38% on the 4th day. This decrease
in the color of BMAFW may be attributed to the degradation or adsorption of tannins and some phenolic compounds
[6, 18]. Jimenez et al. [6] also studied color removal of
BMAFW, and of 4 different fungi, the highest percentage
(41%) showed P. decumbens. Garcia et al. [19] reported
that ratios of 66 and 70% phenol removal were demonstrated by A. terreus and G. candidum, respectively, in cane
sugar vinasses. It was also reported that color removal occurred during both adsorption and degradation.
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The variation of the COD content of BMAFW, alongside the operation time for the 3 fungi and activated sludge
studied, is given in Fig. 3. As can be seen, the reduction of
COD with a corresponding decrease in time was similar in
all cases, with P. decumbens achieving the maximum removal value of 83% at the end of the treatment. Jimenez
et al. [6] found in an aerobic addition experiment involving pre-anaerobic addition that Penicillium sp. (52.1%) and
P. decumbens (50.7%) had the highest COD expenditures.
According to the discharge standards, the removal of metals in the wastewater at the same time was below the deter-

mined values. At the time of anaerobic treatment, a determined amount of metal removal is achieved (Table 4) with
the discharge standards of some metals seen to adjust. The
highest COD and color removal results in terms of metal
removal was a trace for P. decumbens during the aerobic
refinement period, and this fungus was observed to have
an effect on metal removal (Table 5). The subject of metal
biosorption by fungi is a matter of research nowadays.
Fungi are known to have good metal adsorption capabilities, and be able to accumulate on account of the cell wall
properties.

70
P.decumbens

P.crustosum

A.niger

Activated sludge

Color removal (%)

60
50
40
30
20
10
0
0

1

2

3

4

5

6

7

8

Time(days)
FIGURE 2 - Variation of the percentage of color removal with time (days) for the four microorganisms assayed.

900

P.decumbens

800

P.crustosum

A.niger

Activated sludge

COD removal (%)

700
600
500
400
300
200
100
0
0

1

2

3

4

5

6

7

8

Time (days)
FIGURE 3 - Variation of the percentage of COD removal with time (days) for the four microorganisms assayed.
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TABLE 5
Variation of the concentration of trace metals with P. decumbens.
Cations
0
1
Fe2+
12 7
Al2+
1
0.9
Cr3+
5
4
Mn2+
46 39
2+
Cu
8
8
Sd: Standard deviation

2
7
0.8
3
39
7

3
6
0.8
3
39
6

Days
4
5
6
6
0.8
0.8
3
3
39
39
6
6

6
6
0.8
3
39
6

7
6
0.8
3
39
6

8
6
0.8
3
39
6

Sd
0.2
0.01
0.5
1
0.5

According to the results of the aerobic treatment with
activated sludge, COD dropped to a level of 300 mg L-1
on the 5th day. This value of 61% corresponds to COD removal. Furthermore, it is agreed that 27% of color removal
occurs. Most of the varieties of aerobic activity in
wastewater are successful when executed in active sludge.
It was further seen that following an anaerobic treatment of
waste-water, the COD and color removal decreased to a
lower level, in comparison to the practicality of fungi.
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Jimenez, A.M., Borja, R. and Martin, A. (2003) Aerobicanaerobic biodegradation of beet molasses alcoholic fermentation wastewater. Process Biochem, 38(9), 1275-1284.

[7]

Filik Iscen, C., Ilhan, S. and Yıldırım, M.E. (2006) Anaerobic
treatability and methane production potential of industrial
wastewaters in Eskişehir. Journal of Engineering and Architectural Faculty of Eskişehir Osmangazi University, XIX (2),
35-45.

[8]

Tezel, U., Güven, E., Ergüder, T.H. and Demirer, G.N. (2001)
Sequential (anaerobic/aerobic) biological treatment of Dalaman SEKA Pulp and Paper Industry effluent. Waste Manage,
21, 717-724.

[9]

Uzal, N., Gökçay, C.F. and Demirer, G.N., (2003) Sequential
(anaerobic/aerobic) biological treatment of malt whisky
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CONCLUSIONS
In this study, the treatability of BMAFW was examined with a sequential UAPBR and batch aerobic reactor
configuration.
The following conclusions can be drawn according to
the experimental results obtained in this study:
1.

A two-stage UAPBR configuration was efficient for
BMAFW treatment at 4.8 g COD L-1 per day-1 of OLR.

2.

In application of a sequential biological (anaerobic/
aerobic) treatment for the BMAFW, COD efficiency
was 99.5%

3.

Effluent COD concentration satisfied the effluent discharge limits after anaerobic and aerobic treatment processes.
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REGIONAL FLOOD FREQUENCY ANALYSIS
OF THE LOWER WEST MEDITERRANEAN
SUBREGION OF TURKEY WITH L-MOMENTS
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1

Pamukkale University, Civil Engineering Department, 20017 Denizli, Turkey

ABSTRACT

analysis (RFFA) involves the transfer of flood information from

In this study, a regional frequency analysis of the annual maximum series of flood data observed at 21 gauged
sites in the lower west Mediterranean river basin, Turkey
has been carried out using the index flood L-moments
method. Based on the analysis, the lower west Mediterranean river basin is shown to be possibly heterogeneous,
and Pearson Type III distribution is found to be the most
accurate way to describe the distribution of the floods
within this sub-region. For estimation of floods of various
return periods for ungauged catchments of the sub-region,
a regional flood frequency relationship has been developed using the L-moments based on the Pearson Type III
distribution. The results are evaluated on the basis of relative root mean square error, and relative bias through the
use of the Monte Carlo simulation.

KEYWORDS: L-moments, regional flood frequency analysis, homogeneity, probability distribution.

INTRODUCTION
Reliable estimates of floods remain one of the significant challenges for many hydrologists who are involved in
the hydraulic structure design when hydrological data are
limited. Floods are commonly estimated through at-site or
regional flood frequency analysis methods. The analyses
play an important role in hydrologic design and evaluation of projects of the hydraulic structures.
In case of ungauged catchments or observed flood
records of short duration, at-site flood frequency analysis cannot be used for accurate estimation of floods. Regionalization can be very helpful in pooling flood data,
like those designing flood estimations, which can be
made at ungauged basins. Regional flood frequency

gauged to ungauged sites within a specified hydrologically
homogeneous region. The RFFA was shown to yield more
accurate flood quantile estimates than at–site frequency
analysis, even for quite heterogeneous regions [1, 2].
The index-flood method (IFM), which was developed
by the United States Geological Survey [3], is commonly
used to develop flood frequency models for ungauged watersheds or gauged ones with insufficient records. Hosking
and Wallis [4] suggested an index flood procedure using
L-moments to undertake regional flood frequency analysis.
The method is considered to be robust, even in the presence of outliers in flood data. L-moment diagrams and
related goodness-of-fit procedures are useful for selecting
various distributional alternatives in a region [5-7]. Cunnane [8] evaluated several methods for regionalization and
identification of homogeneous regions. It has generally been
agreed that use of the method of probability moments
(PWMs), or equally, the L-moments method, is robust while
estimating from small samples. Moreover, Potter and Lettenmeier [9] found that better results could be acquired
with a regional GEV distribution.
The methodology has been applied successfully in
modeling floods in a number of case studies from the
United States [7, 10], New Zealand [11, 12], Southern
Africa [13, 14], India [15, 16], Australia [17], and Malaysia [18]. Some authors [19, 20] applied the method of Lmoment to identify the probability distribution type of annual streamflow in different climatic regions of Canada.
Annual maximum stream flood data observed at 14 gauged
sites on the Nile River tributaries (Blue Nile, White Nile,
and Atbara River) were investigated also by using L-moments approach [21].
While the L-moments method is increasingly being
used for determining the best probability distribution for
regional analysis, the method has not been popular among
Turkish hydrologists. This study will donate to filling such
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a knowledge gap in the studied region. With this purpose,
a regional flood frequency analysis has been carried out
based on the L-moments approach to the annual maximum
series (AMS) of flood flows from the lower west Mediterranean sub-region of Turkey. The purpose of the study is
to determine suitable regional frequency distributions for
gauged and ungauged catchments of the region by the
method of L-moment. For this purpose, various frequency
distributions, namely, generalized logistic (GLOG), general
extreme value (GEV), generalized normal (GNOR), Pearson type-III (PE3), generalized pareto (GPAR), and kappa
(KAP) are employed. This will certainly bring valuable information to determine the most suitable distribution and
understand the characteristics of floods for flood series
utilized in planning, design, and management of water resources of the region.

ordinary product moments ratio estimators of coefficients
of variation and skewness [27].
Theoretical background of the L-moments

Detailed information can be found about the theory of
L-moments and the use of L-moment diagrams for data
sets in the papers of Hosking [5], Hosking and Wallis [6]
and Stedinger et al. [24]. Here, the theory is given briefly as
follows:
Probability-weighted moments (PWMs) introduced
by Greenwood et al. [28] are defined as:

[

β r = E x{F ( x )}r

]

(1)

which can be rewritten as:
1

β r = ∫ x( F )F r dF

MATERIALS AND METHODS

(2)

0

L-Moments approach

L-moments are weighted linear sums of the expected
order statistics introduced by Hosking [5], for the purpose
of selecting a suitable probability distribution function and
modeling hydrologic variables at many sites. Recent hydrological literature on statistical theories for dealing with
annual maximum flood series [4, 5, 22, 23] have shown
that L-moments are often superior to standard estimation
techniques, particularly for regional studies. L-moments
provide simple and reasonably efficient estimators of characteristics of hydrologic data and distribution parameters
[24]. So, L-moments method is now being adopted by many
organizations worldwide [6]. The method’s superior abilities can be given briefly as below:

where F = F(x) is the cumulative distribution function (CDF) for x, x(F) is the inverse CDF of x evaluated at
the probability F, and r = 0, 1, 2, …. a non-negative integer. When r = 0, ß0 is equal to the mean of the distribution µ = E x .

[]

The rth L-moment
through

λ r is

r

related to the rth PWM [5]

⎛ r ⎞⎛ r + k ⎞

⎟⎟
λ r + 1 = ∑ β k ( −1 ) r − k ⎜⎜ ⎟⎟⎜⎜
k =0
⎝ k ⎠⎝ k ⎠

(3)

For example, the first four L-moments are related to
PWMs using

1. The L-moment estimators of location, scale, and
shape are nearly unbiased, regardless of the probability
distribution from which the observations arise [5].

λ1
λ2
λ3
λ4

2. The L-moment estimators are linear combinations of
the ranked observations and subject to less sensitive to the
largest observations in a sample than ordinary product
moment estimators, which square or cube the observations.

= β0
= 2β 1 − β 0
= 6 β 2 − 6 β1 + β0
= 20 β 3 − 30 β 2 + 12 β 1 − β 0

(4)
(5)
(6)
(7)

Hosking [5] defined the L-moment ratios as follows:

3. The L-moment ratio diagrams are particularly good
at identifying the distributional properties of highly skewed
data, whereas ordinary product moment diagrams are almost useless for this task [6, 25]. Singh [26] and Stedinger
[24] discussed that L-moments estimated from samples
have less bias than ordinary moments, and are further considered to be rather efficient estimators of the characteristics of hydrologic data and parameters of a distribution.

Data

4. The estimators, such as L-variation-coefficient, LCv, L-skewness-coefficient, L-Cs, and L-kurtosis-coefficient and L-Ck, can exhibit lower bias than conventional
product moment ratios, especially for highly skewed samples. L-moments ratio estimators of L-Cv and L-skewness
do not have bounds which depend on sample size as do the

In Turkey, 26 hydrological sub-regions (major basins) have been identified, and the lower west Mediterranean sub-region is one of them (Fig. 1). The General Directorate of State Hydraulic Works (GDSHW) and General
Directorate of Electrical Power Resources Survey and Development Administration (GDEPSD) are responsible for

L − Cv = τ 2 = λ2 λ1
L − C s = τ 3 = λ3 λ2
L − C k = τ 4 = λ4 λ2
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measurement of stream data in Turkey. The GDSHW
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FIGURE 1 - Map of the whole and lower west Mediterranean river basin.

where the first number shows the major basin for example,
08-019, while the stations operated by GDEPSD have a
three/four digit full number in which the first/or first two
digits designate the major basin for example, 802. Those
stations, whose annual flood peak series have record lengths
between 10-44 years, have been used for the analyses in
this study.
ANALYSIS AND RESULTS

development of regional flood frequency relationships for
the catchments are described below:
Screening of data using discordance measure test

The discordance measure, Di, is used to screen out the
data from unusual sites; and the test is applied by calculating the D-statistic, which is defined in terms of L-moments.
The objective of screening of data is to check that the data
are appropriate for performing the regional flood frequency
analysis.
The discordance measure for site i is [6]:
T
1
Di = u i − u S −1 u i − u
3

A fundamental assumption of regional flood frequency
analysis is that floods from each site in the region are hydrologically similar. L-moment method is composed for
each step of regional analysis: a discordance measure for
screening at-site data; a heterogeneity measure to diagnose
candidate regions; and a goodness-of-fit statistic to choose
the most appropriate probability distribution.
After the determination of homogeneous region(s), regional flood frequency analysis was performed using various frequency distributions: viz. GLOG, GEV, GNOR, PE3,
GPAR, (KAP), and five-parameter Wakeby (WAK). Parameters of the distributions were estimated using the Lmoment approach. Screening of data, testing of regional
homogeneity, identification of the regional distribution and

(

u=

1
n

S=

)

(

)

n

(11)
(12)

∑u

i

i =1

N
1
u − u ui − u
∑
(N − 1) i =1 i

(

)(

)

T

(13)

where N is the number of stations, ui is the vector of
L-moments for a site i, ū is the group average of ui, S is
the sample covariance matrix, n is the total number of sites
and T denotes transposition of a vector or matrix. If a site’s
D-statistic exceeds 3 when the number of sites in one region is greater than 15, its data are considered to be discordant from the remaining regional data.
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For the 21 sites in the lower west Mediterranean river
basin, values of discordance statistics have been computed
from Equation 11 in terms of the L-moments. It is determined that the Di values vary from 0.30 to 2.40 for all
21 sites, and less than the critical Di value of 3 (Table 1).
However, the heterogeneity measure H computed for the
whole basins (H1 = 2.76) suggested that the basin is completely heterogeneous. So, 08-018 and 807 stations that
have high discordance values, 2.72 and 2.67, respectively,
were removed from the region. Hence, as per the discordance and heterogeneity measure tests, data of all the
19 sites were utilized for carrying out the flood frequency analysis.
Homogeneity test

Regional homogeneity is an important requirement
and a critical issue in such an analysis, because basically
the RFFA analysis depends on making use of similarities
in the characteristics of floods at different sites in a region. For determining the regional homogeneity, or for
assessing whether a proposed region is homogeneous, test
statistics Hk (k=1,2,3), termed as heterogeneity measure
were proposed by Hosking and Wallis [4], who compare
the inter-site variations in sample L-moments for the
group of sites with what would be expected of a homogeneous region. These variations are called V-statistics and
calculated as:

[(

N

⎧
V1 = ∑ ⎨ni LC vi − LC vi
i =1 ⎩
N

[(

⎧
V2 = ∑ ⎨ni LC vi − LC vi
i =1 ⎩
N

[(

⎧
V3 = ∑ ⎨ni τ 3i − τ 3
i =1 ⎩

)]

2

) + (τ

N

⎫
⎬ / ∑ ni
⎭ i =1

(14)

)]

(15)

3i

−τ 3

4i

−τ 4

2

) + (τ

2 0.5

2 0.5

)]

N

⎫
⎬ / ∑ ni
⎭ i =1

2 0.5

N

⎫
⎬ / ∑ ni
⎭ i =1

The homogeneity statistics, Hk , can be calculated as:

H k = (Vk − µ vk ) σ vk

(17)

where N is the total of sites (i=1,2,…,ni ), τ3 is a
measure of skewness, τ4 is a measure of kurtosis, µvk and
σvk are the mean and the standard deviation of the simulated values of the V. The simulations are performed by
fitting a Kappa distribution with 4 parameters to the regional data set, generating a series of 500 data by numerical simulation and comparing the variability of the Lstatistics of the actual region to those of the simulated
series [4].
The H criteria established by Hosking and Wallis [14]
for assessing heterogeneity of a region indicate that the
region under consideration is acceptably homogeneous if
H<1, possibly heterogeneous if 1≥H<2, and definitely
heterogeneous if H≥2.
In this study, firstly, the heterogeneity measures H1,
H2, and H3 for the 21 site are calculated as 2.76, 1.02 and
0.53, respectively; and they indicate that the region as a
whole is completely heterogeneous because H1 is greater
than the critical value of 2. This could be because of some
discordant stations within the data set considered for the
analysis. Therefore, 8-018 and 807 sites are removed from
the region to the identified homogeneous sub-region.
The heterogeneity measures H1, H2, and H3 for the
lower west Mediterranean are calculated to be 1.52, 0.20
and 0.09, respectively; and they indicate that the region as
a whole is possibly heterogeneous as the H-statistics is
smaller than the critical value of 2 (Table 2).

(16)

TABLE 1 - Discordance statictics (Di) for the 21 sites in the sub-regions.
Site

Station

N

L − Cv

L − Cs

L − Ck

Di

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

802
807
808
809
811
812
815
818
08-001
08-009
08-013
08-018
08-019
08-028
08-049
08-054
08-055
08-058
08-060

27
10
38
44
39
37
29
23
27
30
24
37
33
36
30
33
24
12
23

0.3006
0.2809
0.4063
0.3584
0.3697
0.2861
0.4019
0.2656
0.4446
0.3454
0.3220
0.5206
0.3864
0.3390
0.3753
0.4234
0.3284
0.2790
0.4503

0.1790
0.0272
0.3111
0.3030
0.1962
0.1569
0.2555
0.1284
0.3269
0.1117
0.2901
0.3885
0.2086
0.2136
0.2562
0.3630
0.2675
0.3176
0.2517

0.1113
0.1147
0.2100
0.2321
0.0757
0.1347
0.1243
0.0907
0.0832
0.1265
0.2559
0.2301
0.0746
0.0994
0.1093
0.2485
0.1609
0.2845
0.0799

0.53
2.67
0.42
0.52
0.40
0.51
0.30
1.41
1.62
1.39
0.78
2.72
0.46
0.45
0.36
1.62
0.51
1.98
0.83
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20
21

08-061
08-070

22
28

Weighted Means

0.2892
0.4413

0.1877
0.2033

0.2465
0.0724

0.3709

0.2437

0.1498

TABLE 2 - Heterogeneity measures
for lower west Mediterranean basin.
No
1

2

3

Heterogeneity Measures
Heterogeneity Measure H1
(a) Observed standard deviation of group L-Cv
(b) Simulated mean of standard deviation of group L-Cv
(c) Simulated standard deviation of standard deviation
of group L-Cv
(d) Standardized test value H1
Heterogeneity measure H2
(a) Observed average of (L-Cv / L- Cs) distance
(b) Simulated mean of average (L-Cv / L- Cs) distance
(c) Simulated standard deviation of average (L-Cv / LCs) distance
(d) Standardized test value H2
Heterogeneity measure H3
(a) Observed average of (L-Cs / L- Ck) distance
(b) Simulated mean of average (L-Cs / L- Ck) distance
(c) Simulated standard deviation of average (L-Cs / LCk) distance
(d) Standardized test value H3

Z DIST

Goodness of fit value i
, computed for several
candidate distributions viz.: GLOG) GEV, GNOR, PE3,
and GPAR showed that the following distributions met

Values

Z DIST

0.0541
0.0410
0.0086

the criteria of being a possible candidate for having i
values less than 1.64. Tests for heterogeneity and goodness of fit measures are carried out, and the results are
listed in Table 3.

1.52
0.0789
0.0765
0.0120

distributions in the lower west Mediterranean basin.

0.20

Distribution Name

Z iDIST

GLOG
GEV
GNOR
PE3
GPA

4.51
2.56
1.78
0.34
-2.15

TABLE 3 -

0.0890
0.0878
0.0136
0.09

Selection of the best-fit distribution

A goodness-of-fit statistic based on the difference between the L-kurtosis of the fitted distribution and the regional average L-kurtosis, weighted proportionally to the
sites’ record lengths, was proposed by Hosking and Wallis [6]. The statistic is estimated by simulating a large number of kappa regions having the L-moment ratios equal to
the regional averages, and the same number of sites and
record lengths as their real world counterparts through the
Monte Carlo simulation. For the mth simulation, the regional
average L-kurtosis must be calculated (τ4DIST). After all the
simulations, the bias (ß4) and standard deviation (σ4) values from the simulation are as follows:

β4 =

1
N sim

⎡⎛ 1
σ 4 = ⎢⎜⎜
⎣⎢⎝ N sim

N sim

∑ (τ

m
4

−τ 4

m =1

⎞ ⎧ N sim m
⎟⎟ ⎨ ∑ τ 4 − τ 4
⎠ ⎩ i =1

(

)
)

2

(18)
⎫ ⎤
− ( N sim β 4 ) ⎬ ⎥
⎭ ⎦⎥

Z iDIST − statistic for various

The LWM sub-region is considered to be possibly heterogeneous as 1 <H< 2. In the goodness-of-fit test, which is
the final step of the regionalization process, the PE3 distribution fits to the LWM sub-region with the Z iDIST
value of 0.34, compared to |Zcrit| ≤ 1.64.
Assessment of the analysis

An effective approach was suggested by Hosking and
Wallis [6]. The approach involves the regional average Lmoments through Monte Carlo simulation. In the simulations, quantile estimates for various non-exceedance probabilities are to be computed. At the mth repetition, regional
growth curve and the site i quantile estimate for non-exceedance probability F being qm(F) and QM(F) are estimated. Then, at site i, the relative error of the estimated
regional growth curve as an estimator of the at-site growth
curve qi(F) is {( q̂ (F ) − qi ( F )) qi ( F )} and the relative
error of the quantile estimate for non-exceedance proba(m)
bility F is ( Q̂ (F ) − Qi ( F )) Qi ( F ) . To approximate the
(m)

0.5

2

(19)

For each distribution, the goodness-of-fit measure is
found as:

Z DIST = (τ 4DIST − τ 4R + B4 ) σ 4

1.31
1.55

(20)

{

}

BIAS and RMSE of the estimators, these quantiles can be
averaged over all M repetitions. So, the relative BIAS and
relative RMSE can be specified as percentages of the site
i quantile estimator by:

where DIST refers to a particular distribution, τ 4 is
the average L-kurtosis value from the data of a given region, ß4 is the bias of τ4, σ4 is the standard deviation of LCk values from simulation and Nsim is the number of simulated regional data sets generated using a Kappa distribution in a similar way as for the heterogeneity statistic. An
acceptable value for an adequate fit, at a confidence level
Z DIST ≤ 1.64
of 90%.is
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Bi (F ) =

1
M

⎧⎪ 1
Ri ( F ) = ⎨
⎪⎩ M

Q̂i( m ) ( F ) − Qi ( F )
Qi ( F )
m =1
M

∑

⎡ Q̂

M

∑ ⎢
m =1

1
BR( F ) =
N

(m)
i

⎣

( F ) − Qi ( F ) ⎤
⎥
Qi ( F )
⎦

2

⎫⎪
⎬
⎪⎭

(21)
0.5

(22)

N

∑B (F )
i

İ =1

(23)
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Estimation of regional growth curve

N

∑

Bi ( F )

(24)

i =1

where BR(F) and AR(F) are the regional average relative BIAS and absolute relative BIAS of the estimated quantile, respectively. Then, the regional average relative RMSE
of the estimated quantile is obtained through:
RR( F ) =

1
N

N

∑R (F )
i

(25)

i =1

In this study, the accuracy of the estimates for selected
regions is assessed, using a Monte Carlo simulation procedure. Simulated sites are assumed to have the same record
lengths as those of the sample data. The number of repetitions, M, is set to 10 000, and the number of simulations
is set to 500.

Based on the analyses, the PE3 distribution was selected as the regional distribution for the whole lower west
Mediterranean sub-region. It was then fitted to the regional
average L-moments of the sample data from the sites in the
respective region. The parameters were estimated by using
the expressions for the L-moments of the distribution in
terms of its parameters given by Hosking and Wallis [6].
The distribution's L-moments were replaced by the sample
regional average L-moments. The PE3 distribution has a
location parameter 1.0, a scale parameter of 0.674, and a
shape parameter of 1.408 for the region. The regional
quantile values at the 90, 95, 98, and 99 % levels were obtained as 1.90, 2.306, 2.824, and 3.207, respectively, in
the LWM sub-region.
TABLE 4 - Simulation results for the estimated regional quantiles
q̂ (F), their corresponding error bounds, and RMSE values.

Data generated for each site are then fitted to the sample regional distribution, and the simulated dimensionless
quantile estimates for each site and the region are computed.
It was then possible to obtain the flood estimates for each
site by multiplying the dimensionless quantiles with the
sample means of each site. Using the simulation program,
bias (BIAS) and root mean square errors (RMSE) of the
quantile estimates for each site and the accuracies of the
estimated quantiles are determined through relative BIAS,
relative RMSE, and regional average absolute relative BIAS
(RAARB), respectively. These simulated results are compared to the observed estimates, and the accuracy of the
estimated quantiles is obtained. The 90% lower and the
upper confidence levels are calculated and listed in Table 4.
Also, Table 5 presents the simulation results for the BIAS
and RMSE values within the region. The LCL and UCL are
lower and upper confidence levels, respectively, in Tables
4 and 5.

F
0.90
0.95
0.98
0.99

T
10
20
50
100

q̂ (F)
1.254
1.331
1.420
1.480

RMSE%
0.087
0.123
0.160
0.184

LCL
1.152
1.177
1.207
1.226

UCL
1.314
1.426
1.555
1.641

TABLE 5 - BIAS, RAARB, and RMSE of the estimated quantiles and t
heir corresponding quantities within the estimated growth curve in (%)
F
RAARB
BIAS
RMSE (%)
LCL
UCL

0.90
0.074
0.016
0.156
0.861
1.186

Average Quantiles
0.95
0.98
0.101
0.128
0.023
0.031
0.179
0.208
0.858
0.852
1.210
1.241

0.99
0.14
0.038
0.227
0.849
1.265

CONCLUSIONS
In this study, regional flood frequency analysis has
been carried out using the annual maximum peak flood
data of the lower west Mediterranean river basins based on
the method of L-moments. Screening of the data carried out
using the discordance measure (Di) test and homogeneity
test reveals that the data of all the 19 gauging sites are
suitable for using in regional flood frequency analysis.

0.90
0.074
0.017
0.087
0.954
1.088

Growth Curve
0.95
0.98
0.101
0.129
0.024
0.033
0.123
0.160
0.933
0.913
1.130
1.177

0.99
0.146
0.039
0.184
0.902
1.207

Various distributions, namely GLOG, GEV, GNOR,
PE3, GPAR, KAP, and 5-parameter WAK have been employed and regional parameters of the distributions have
been estimated using the L-moments approach for the region. The study reveals that PE3 distribution model provides a good fit to flood data in the region.
The results in Table 4 verify that the quantile estimates generally become less accurate at larger return periods. Table 5 points out that the RMSE values of the esti-
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mated quantiles are always greater than the RMSE values
of the growth curve corresponding to the same return periods. This is due to the fact that the RMSEs of the growth
curve contain a contribution from the variability of the estimated growth curve only, while the RMSEs of the quantiles
involve a further contribution by the variability of the estimated index flood.
The regional flood frequency method proposed by
Hosking and Wallis [6] was used in the design flood
estimation in west Mediterranean river basin for the first
time. This study should bring up new ideas for hydrologists
in Turkey, and it may also help us to obtain more reliable
design criteria for the area. We hope that the further application of the regionalization method based on L-moment
may also be made in other regions, and the considered
variables may not only be flood peaks, but also precipitation, water levels, and other hydrological quantities being
included. For future studies, one may recommend the inclusion of physiographic characteristics, besides the hydrologic characteristics, to the L-moments method. It is also
recommended to investigate the effects of different factors, such as the number of sites in a region, data record
lengths, inter-site dependence and misspecification of the
regional frequency distribution, seasonal flood flows, etc.,
in the regional analysis.
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ABSTRACT
The reuse of municipal reclaimed wastewater (MRWW)
for irrigation is a practice that is widespread in many countries, and necessitates particular importance in the Mediterranean countries. The development of wastewater biological treatment plants (WWTPs), per Prefecture and Region, can result locally in the saving of significant quantities of water for irrigation. In addition, it can address to the
problem of the use of inappropriate water for irrigation in
certain regions, thus contributing to the upgrade and environmental protection of land and aquatic recipients of municipal wastewater.

KEYWORDS:
Water reuse, environmental protection.

INTRODUCTION
Pollution of seas, lakes and rivers due to wastewaters is
one of the most important problems of modern cities, and it
becomes more complicated when we refer to coastal towns
and islands which are popular tourist destinations.
Today, the reuse of treated municipal wastewater in
land irrigation constitutes a practical method of disposal,
which is expected to contribute essentially, in the immediate future, on handling and minimization of environmental
problems arising from the disposal of wastewater effluents
on land and in aquatic systems.
Municipal wastewater from which reclaimed water is
produced at the wastewater biological treatment plant is
conveyed from a variety of sources including households,
schools, offices, hospitals and commercial and industrial
facilities. The most common water reuse applications are
the following: a) agricultural irrigation, b) landscape irrigation, c) groundwater recharge, d) industrial reuse, e) environmental and recreational uses, f) non-potable urban uses,

and g) indirect or direct potable reuse [1]. In many developing countries, the irrigation of crops and vegetables with
untreated or poorly-treated wastewater is a major source
of enteric diseases. The situation is different in the United
States and other industrialized countries where reliable
wastewater treatment and health-related water reclamation
criteria dictate the acceptability of water reuse.
Four water quality factors are particularly significant in
groundwater recharge with reclaimed wastewater: a) microbiological quality, b) total dissolved solids, c) the concentrations of stable and potentially harmful organic substances,
and d) the presence of toxic heavy metals [2-4].
The reuse of processed sewages for irrigation can be
applied under the following conditions: The monitoring of
a series of parameters related to the physicochemical characteristics of the outflows, their microbiological charge and
the analyses in the soil of application, the roots of plant
types, the leaves and, finally, the plant tissues. The control of all these parameters combined with the knowledge
of geological and climatic factors of the regions, where
the reuse is proposed, will allow for a complete planning
of safe reuse of humid urban sewages in grounds and cultivations, in regions near the wastewater biological treatment
plant, where the primary production constitutes the main
source of employment for the local societies.
The reuse of wastewater in the Mediterranean countries is in practice for the last years. Cyprus, Israel, Italy,
Spain, France, Egypt, Tunisia, Morocco, and Greece reuse
the wastewaters in agriculture and forests.
In two recent papers [5, 6], the possibility of the systematic reuse of the wastewater effluents from the Biological Treatment Plants at Agrinion and Patras, Greece,
and their effects on soils and crops, were studied. It was
shown there that the treated wastewater from the WWTP
of Patras can cover the water demand of the surrounding
to the plant areas, and the crop which is better to irrigate
with processed wastewaters, is Olea europaea and Alfalfa.
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Further to this, the effects of the municipal reclaimed
wastewater (MRWW) reuse on macro- and microelement
accumulation in soil and vegetables under greenhouse conditions have been compared with analogous results obtained using common irrigation water [7], with a view to
determine the possibility of a systematic use of MRWW in
the context of agricultural production and environmental
protection.
Finally, the safe reuse of MRWW for the irrigation of
plants, crops and soils, in Western Greece has been discussed in [8]. In particular, the combined effect of certain
parameters that may affect the local system (chemical
characteristics and mineral composition of MRWW, climatic conditions, geological and hydrological data) have
been investigated, and the concentrations of macro and
microelements in soils at the experimental areas have been
determined.
In the present paper, the effects of MRWW on irrigated soils and plants in the neighborhood of Biological
Treatment Plants at Agrinion and Messolonghi, Greece are
studied, and the results of the analysis of the processed
wastewaters and soils in the afore mentioned areas are
discussed. In particular, the reuse of humid urban sewages
for the irrigation of areas cultivated with Alium cepa and
Lactuca sativa at Agrinion is presented, and the possibility of wastewaters reuse for the irrigation of the local flora
and some of forestry species at Messolonghi, such as Pinus
maritime, Pinus sylvestris, Nerium oleander, and Myoporum
spp., is demonstrated.
MATERIALS AND METHODS
Samples of processing wastewaters and soil were taken
from the WWTPs at Agrinion and Messolonghi on two
different dates, and laboratory analyses were carried out
for each particular sample. The determination of elements
was obtained through the process of atomic adsorption

spectroscopy furnace technique (equipment: 2.100 Perkin
Elmer).
In wastewaters, the measured parameters were pH,
SAR (Mmhos/cm 25 o C), cations Ca ++ and Mg ++ , Na +
(Me/L), N, the anion Cl-, and the concentrations of Mn,
Zn, Fe, Cu, Pb, Cd, Cr, B, As (mg/L).
In the soil, the measured parameters were pH, electric
conductivity (Mmhos/cm) the organic matter (%), P (Olsen method), K, Ca, Mg and the concentrations of elements
B, Mn, Zn, Fe, Co, Ni, Cd, Pd, Cu (mg/kg). Initially, soil
samples were air-dried, in order to be ground with a pestle
and mortar, and finally dried at 50 oC for 4 h. In the next
step, replicate samples of the ground soils, each weighing
0.25g, were sieved and ground to grain size of 100 µm,
and afterwards were digested by Aqua Regia Acid
HCl/HNO3 and analyzed for the elements by inductively
compiled plasma emission spectroscopy (ICP-AES). Available values of P were determined by the method of Olsen
et al. [9] while B was extracted by boiling water and determined by the curcumin method.
Finally, chlorine concentrations in water samples were
measured directly using pocket colorimeters.
RESULTS AND DISCUSSION
WWTP in Agrinion

For the WWTP of Agrinion, both the normal irrigation water and the MRWW, were analyzed before irrigation, and the relevant analytical data are given in Table 1.
All measured values are below WHO maximum levels of
trace elements [10].
Irrigation was applied to areas cultivated with Alium
cepa and Lactuca sativa neighboured to the Biological
Treatment Plant. The territorial samples were tested for
macro and trace elements three weeks after the first application of sewages in the soil and at the end of season culti-

TABLE 1 - Chemical characteristics and mineral composition of the control and municipal reclaimed wastewater (MRWW).
Treatment (water type)
Chemical Properties
and Elements
Electrical Conductivity
µS/cm (25 0C)
pH
SAR
Ca (mg/L)
Mg (mg/L)
Na (mg/L)
Mn (µg/L)
Cu (µg/L)
Zn (µg/L)
Cr (µg/L)
B (mg/L)
Fe (µg/L)
As (µg/L) ppb

mean

s.d.

mean

s.d.

324.50

19.02

516.75

93.70

WHO (Recommended maximum concentrations in irrigation
water)
0.7-3.0 ds/m

8.06
0.34
46.39
11.73
10.38
4.29
2.90
73.00
1.05
0.18
40.00
0.20

0.02
0.03
2.64
1.73
0.92
2.83
1.04
35.00
0.92
0.23
3.00
0.20

7.89
1.72
57.45
13.00
55.25
4.15
4.60
25.00
0.00
0.36
35.00
0.10

1.01
0.55
11.32
5.54
17.18
1.81
1.86
11.00
0.00
0.19
4.00
0.20

6.5-8
0-3 meq/l
0-20 meq/l
0-5 meq/l
3.00 meq/l
0.20 mg/l
0.20 mg/l
2.00 mg/l
0.10 mg/l
0.70 mg/l
5.00 mg/l
0.10 mg/l

Control (n=29)

MRWW (n=29)

s.d. = standard deviation; n= the number of irrigations
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vations. The results for the concentrations are presented in
Tables 2-3. All results are in compliance to WHO maximum levels of trace elements [10].

-

Existence of a comprehensive plan to control the
plant, soil and climatic conditions, as well as the infrastructure of the area.

Inspection of the concentrations in outflows and grounds
reveals that:

-

Control of soil physical and chemical conditions
(drainage, aeration, pH, liming, organic matter) by
applying a rational management programme of
crops and soils.

-

Synergistic action of Cu and Zn and antagonistic
action of Fe and Mn may be examined in the plants
after wastewater irrigation. If the irrigation water
contains high concentrations of Cu and Zn, then
Cu concentrations in the tissue may increase greatly.
In plants irrigated with water rich in Mn, Mn uptake
in the plants may increase and, consequently, the
concentration of Fe in the plant tissue may be reduced considerably [10-12].

a.

Macro and microelement concentrations in dry plant
matter are analogous to the corresponding accumulation of the elements in the soil, but this relation is
modified by the extent of accumulation of nutrients
in the soil, the genotypical plant characteristics, the
soil physical and chemical properties, and antagonistic interactions between the elements.

b.

The MRWW of the wastewater biological treatment
plant in Agrinion may possibly be used extensively
for crop irrigation, when the following aspects are
taken into account:

-

Continuous control of the accumulating elements,
especially P, Mn and Zn, using (a) regular MRWW
analysis, (b) application of a rational advisory
crop fertilization programme that includes systematic soil and plant testing, and (c) application of the
basic health considerations, as they are dictated by
the respective official guidelines, set forth by the
government.

WWTP in Messolonghi

In the region near to WWTP in Messolonghi, territorial samples were received with a view to analyze their
physicochemical properties and, accordingly, choose the
proper plant types that would be less affected by the humid urban sewages whereas, in parallel, they could interfere to the de-pollution of the region in question by highly
absorbing pollutant elements from the soil.

TABLE 2 - Comparative effect of MRWW*, in relation to control, on macro
and microelement accumulation in soil cultivated with onion (Alium cepa).

Macro and Micro
Elements
P, mg/kg
K, mg/kg
Ca, meq/100g
Mg,meq/100g
Mn, mg/kg
Zn, mg/kg
Fe, mg/kg
Cu, mg/kg
B, mg/kg

3rd week
from planting
14.26
112.50
1.22
0.55
15.50
2.47
13.91
1.51
0.44

Control
End of
irrigation
24.54
135.00
1.46
0.12
21.15
3.13
11.57
0.78
0.19

Accumulation of elements in the soil
MRWW*
Percent
3rd week
End of
change
from planting
irrigation
+72.1
14.56
33.69
+20.0
112.50
137.50
+19.0
1.36
1.58
-78.0
0.38
0.19
+36.5
14.86
22.75
+26.7
2.56
3.30
-16.8
13.62
12.50
-48.3
1.54
0.90
-56.8
0.46
0.21

Percent
change
+131.4
+22.2
+16.2
-100.0
+53.1
+28.9
-8.2
-41.5
-54.4

Net effect
(%)
+59.3
+2.2
-2.8
-22.0
+16.6
+2.2
-8.0
-6.5
-2.4

* Municipal reclaimed wastewater

TABLE 3 - Comparative effect of MRWW*, in relation to control, on the
macro and microelements accumulation in soil cultivated with lettuce (Lactuca sativa).

Macro and Micro
Elements
P, mg/kg
K, mg/kg
Ca,meq/100g
Mg,meq/100g
Mn, mg/kg
Zn, mg/kg
Fe, mg/kg
Cu, mg/kg
B, mg/kg

3rd week from
planting
16.38
97.50
1.05
0.27
14.84
2.65
13.09
1.54
0.30

Control
End of
irrigation
28.26
147.50
0.93
0.19
24.94
2.70
15.30
1.45
0.45

Accumulation of elements in the soil
MRWW*
Percent
3rd week
End of
change
from planting
irrigation
+72.5
17.30
34.21
+51.3
97.50
157.50
-11.4
1.44
1.12
-29.6
0.36
0.51
+68.3
15.29
26.06
+1.9
3.13
3.47
+13.1
13.95
15.61
-5.8
1.56
1.53
+50.0
0.41
0.46

* Municipal reclaimed wastewater
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Percent
change
+97.7
+61.5
-22.2
+41.7
+70.4
+10.9
+11.9
-1.9
+12.2

Net effect
(%)
+25.4
+10.2
-10.8
+12.1
+2.1
+9.0
-1.2
-3.9
-37.8
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TABLE 4 - Physicochemical properties and concentrations of elements of wastewaters for the area of WWTP in Messolonghi, Greece.

SAMPLES OF WASTEWATERS
(n=29)
Conductivity µS/cm (25 oC)
pH
SAR
Ca (mg/L)
Mg (mg/L)
Na (mg/L)
Mn (µg/L)
Cu (µg/L)
Zn (µg/L)
Cr (µg/L)
Β (mg/L)
Fe (µg/L)
As (µg/L)
Ν (mg/L)
P (mg/L)
K (mg/L)
Cl (mg/L)

WS1

WS2

WS3

WS4

WS5

p-value

1367
7.41
4.19
71
23.40
160
97.30
4.10
100
< 1.30
1.10
210
0.60
13.50
0.42
25
320

1504
6.91
4
80
24.70
160
150
2.50
65
< 1.30
0.90
256
< 0.30
17.50
0.60
24
340

1086
8.82
3.98
92.90
17.70
160
200
3.30
205
< 1.30
1.90
20
1.38
14
0.42
13.10
203.20

982
7.86
4.10
92.80
14.90
160
30
2.20
61.80
< 1.30
1.30
120
0.97
11.50
0.46
11.60
178

1190
7.67
4.60
108
21.60
200
<20
2.20
49
< 1.30
0.90
40
0.40
6
0.18
13.60
230

0.000
0.000
0.001
0.000
0.000
0.000
0.045
0.002
0.028
0.000
0.003
0.049
0.021
0.003
0.004
0.004
0.001

WHO (Recommended maximum concentrations in irrigation water)
0.7-3.0 ds/m
6.5-8
0.3 meq/l
0-20 meq/l
0-5 meq/l
3.00 meq/l
0.20 mg/l
0.20 mg/l
2.00 mg/l
0.10 mg/l
0.70 mg/l
5.00 mg/l
0.10 mg/l
0-10mg/l
0-5mg/l
0-2mg/l
<3 meq/l

WS = Wastewater Sample; n= the number of irrigations

TABLE 5 - Physicochemical properties and concentrations of elements of soils for the area of WWTP in Messolonghi, Greece.
SAMPLES OF SOILS
Mechanics evaluation
pH
Free CaCO3
E.C. mmhos/cm 25 oC
Organic substance Ο.Ο %
Concentration of basic elements

Concentration of microelements

SS1
L
8.47
3.50
2.98
1.65
17.32
310
3.55
1.01
4.88
6.22
1.54
16.77
2.21
0.05
0
0.47
2.86

P (Olsen) mg/kg
K mg/kg
Ca me/100 g
Mg me/100 g
B mg/kg
Mn mg/kg
Zn mg/kg
Fe mg/kg
Cu mg/kg
Cd mg/kg
Co mg/kg
Ni mg/kg
Pb mg/kg

SS2
L
8.36
7.90
1.645
2.38
10.98
320
4.49
0.50
2.43
7
0.84
28.27
3.59
0.11
0.10
0.73
2.69

SS3
CL
7.85
11
49.80
0.98
26.16
390
4.75
0.98
1.43
3.92
1.92
9.27
1.88
0.11
0.08
0.07
4.94

SS4
CL
8.25
7
0.65
3.95
36.61
410
4.13
0.70
2.54
5.05
1.97
28.72
3.34
0.10
0
1.35
2.92

p-value
0.000
0.018
0.335
0.039
0.026
0.001
0.001
0.007
0.031
0.004
0.009
0.022
0.007
0.008
0.186
0.093
0.008

SS = Soil Sample

Using statistical data analysis techniques, we were able
to analyze and interpret our experimentation data. Regarding wastewaters statistics imply that there is not any significant difference among the samples of wastewaters for
conductivity, pH, SAR, Ca, Mg, Na, Mn, Cu, Zn, Cr, Β,
Fe, As, Ν, P, K and Cl at the 0.05 significance level (Table 4). This is also the case for the soil samples for pH,
CaCO3, organic matter, B, P, K, Ca, Mg, Zn, Mn, Fe, Cu,
Cd, Pb and Zn at the 0.05 significance level. However, we
observe that there is important difference among the samples of soils for Co, E.C., and Ni at the 0.05 significance
level (Table 5). In any case, the null hypothesis for comparison of the means is simply H0: there is a difference in
mean measurements ( µ WS1 ≠ µ WS2 ≠ µ WS3 ≠ µ WS4 ≠ µ WS5
and µSS1 ≠ µSS2 ≠ µSS3 ≠ µSS4 ). This implies the rejection

of the null hypothesis when p-value is smaller than the
0.05 significance level.
The estimated values of physicochemical properties
and element concentrations in wastewaters and soils for
the area of WWTP in Messolonghi, Greece, are below the
limits that WHO (World Health Organization) and FAO
(Food Agriculture Organization) [13] have set. This implies that wastewaters can be reused for the irrigation of
the local flora and some of forestry species at Messolonghi,
for example, Pinus maritime, Pinus sylvestris, Nerium oleander, and Myoporum spp.
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CONCLUSIONS

[9]

The reuse for irrigation is expected to substantially
contribute to the prevention of any future degradation by
heavy metals of the wastewater’s final receiver with the
ultimate goal of the environmental protection of the water
receivers. The detailed analysis of all parameters that have
relation with the physicochemical properties of flows, and
the soil where is proposed the reuse, but also plant types
relatively in their resistance in heavy metals, is the one
that will allow the safety reuse of humid urban sewages in
extents, aiming at the environmental protection, the restoration and appointment, but also the irrigation of plant
types.

Olsen, S.R., Cole, J.V., Watanabe, F.S. and Dean, L.A. (1954)
Estimation of available phosphorus in soils by extraction with
sodium bicarbonate, Circular 939 USDA.

[10] World Health Organization (WHO) (2006) Guidelines for the
safe use of wastewater, excreta and greywater. Volume 2:
Wastewater use in agriculture, Annex 1, Good irrigation practice, 180.
[11] Kalavrouziotis, I.K. and Drakatos, P.A. (2002) Irrigation of
certain Mediterranean plants with heavy metals. International
Journal of Environment and Pollution 18, pp.294-300.
[12] Drakatos, P.A., Kalavrouziotis, I.K., Hortis, T.C., Varnavas,
S.P., Drakatos, S.P., Bladenopoulou, S. and Fanariotou, I.N.
(2002) Antagonistic action of Fe and Mn in Mediterranean type plants irrigated with wastewater effluents following biological Treatment. International Journal of Environmental
Studies 59, 125-132.
[13] Ayers, R.S. and Westcot, D.W. (1994) Water quality for agriculture. FAO Irrigation and Drainage Paper, 29 Rev. 1
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EXAMINATION OF THE
MUTAGENIC EFFECTS OF SOME PESTICIDES
Muhsin Konuk*, Dilek Akyıl, Recep Liman and Arzu Özkara
Afyon Kocatepe University, Faculty of Science and Literatures, Biology Department, 03200 Afyonkarahisar, Turkey

ABSTRACT
In this study, the Ames plaque incorporation test was
used in order to investigate the possibly mutagenic features of 4 different pesticides (fluoroglycofen-ethyl,
fenoxanil, pyracarbolid and benodanil) used in agriculture. For this study, both test strains, Salmonella typhimurium TA 98 and TA 100, were examined in the absence and presence of S9 metabolic activation. For this, the
first three pesticides tested had concentrations of 0.1
µg/plate, 1 µg/plate, 10 µg/plate, 100 µg/plate and 1000
µg/plate, while benodanil had 0.05 µg/plate, 0.5 µg/plate, 5
µg/plate, 50 µg/plate and 500 µg/plate. They were tested
in two parallel independent experiments. In TA 98 strain,
there was no muta-genic activity with or without S9,
while only 100 and 1000 µg/plate doses of fenoxanil were
found to be muta-genic in TA 100 with or without S9.

KEYWORDS: Ames assay, mutagenicity, pesticides, fluoroglycofen-ethyl, fenoxanil, pyracarbolid, benodanil.

test systems [5, 6], which is cheap and gives the results very
rapidly [7]. In this test system, Salmonella typhimurium
mutant strains, which are obtained from Salmonella
typhimurium LT2 parental strain in vitro, are employed
[5].
The aim of the present study is to investigate and determine any mutagenic effects of four different pesticides;
fluoroglycofen-ethyl, fenoxanil, pyracarbolid and benodanil,
used widely in agriculture, by using the Salmonella/ microsome test system.
MATERIALS AND METHODS
In this study, Salmonella typhimurium TA 98 and Salmonella typhimurium TA 100 strains, obtained from Bruce
Ames, were used. While TA 98 was used for determining
the frame shift, TA 100 was used to determine the base pair
exchange type of mutations.
All the chemicals used in this study were purchased
from Fluka, Riedel and Aldrich. Some chemical properties
of the pesticides tested are given in Table 1.

INTRODUCTION
Pesticides are one of the most important environmental
pollutants due to their usage in agriculture. Especially synthetic pesticides are used widely [1]. On the other hand,
their usage is not completely controlled by the authorities.
Although pesticides reduce the loss of harvesting in crops,
they affect the mankind either directly or indirectly, and
their exposures have negative health effect on the organisms [2]. The pesticides or their derivatives accumulate in
the organisms and cause the risk of mutagenicity, carcinogenicity, or teratogenicity [3]. One of the main effects
of these compounds is mutation on the genes. Hence, it is
very important to know their effects on the DNA [4] and,
therefore, these types of studies have been carried out for
years all over the world.
Ames test, or so-called Salmonella/microsome test, is
widely used in investigating the mutagenic effect of chemicals, is also one of the most reliable short-term bacterial

Preparation of the stock Salmonella typhimurium TA98
and TA100 strains, genetical marker controls, and plaque
incorporation methods were performed as described by
Maron and Ames [5], and kept at -80 °C until use. The
stock solutions of the test materials were prepared by dissolving them in DMSO and keeping at 4 °C. The cytotoxic
doses for Salmonella strains used in this study were determined by following the method of Dean et al. [8].
S9 fractions were extracted from male Sprague-Dawley
rats’ liver as explained by Maron and Ames [5], and their
protein amounts were determined by the method of Bradford [9].
All the experiments carried out were studied in the
presence and absence of S9 fractions, and each dose was
examined with three parallel plaques, and these were replicated at different times. Positive control, spontaneity con-
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trol, and solvent controls were also carried out for every

experiment performed.

TABLE 1 - Some chemical properties of the pesticides examined.
Chemical name

Fluoroglycofen-ethyl

Carboxymethyl 5-[2-chloro4-(trifluoromethyl) phenoxy]-2-nitrobenzoate

97.7

Herbicide
(nitrophenyl
ether)

Fenoxanil

N-(1-cyano-1,2dimethylpropyl)-2-(2,4dichlorophenoxy)propanamide

99.5

Fungicide
(amide fungicide)

Pyracarbolid

3,4-dihydro-6-methyl-Nphenyl-2H-pyran-5carboxamide

99.4

Fungicide
(anilide fungicide)

Benodanil

Chemical structure

Purity
(%)

Common name

2-iodo-Nphenylbenzamide

99.5

RESULTS AND DISCUSSION
Salmonella/microsome test is one of the reliable shortterm mutagenicity-examining methods used to determine
the mutagenic potentials of chemicals in many countries.
This is due to its well standardized test parameters, and that
it employs the mutagenicity-carcinogenicity relation with
well-known certain chemicals [10-15]. Salmonella typhimurium TA 98 and TA 100 strains are used widely because their sensitivity for mutagens is higher than that of
other strains [16].
In this test system, any chemical, causing the two-fold
colony number of histidine protrophs, compared to the
spontaneous revertants, or ≤ two-fold and increasing by
concentrations, is accepted as a mutagenic compound [5].
Cytotoxic doses of the pesticides tested were determined. According to the results obtained, over 10000 µg/
plaque for the fluoroglycofen-ethyl, fenoxanil and pyracarbolid, and 5000 µg/plaque for the benodanil were determined as cytotoxic. Therefore, the doses below these values were employed in the tests.
Protein amounts of the rat liver (9,000g) were observed to be 27.8 mg/ml in average. The plaque incorporation test results of both strains of S. typhimurium TA98
and TA100, in the presence and the absence of the S9, are
shown in Table 2. It was observed that various concentra-

Usage as

Fungicide
(benzanilide fungicide)

tions of the pesticides differed from the revertant number.
The average revertant colony number for TA 98 strain
was found to be 29.66±5.9 in the presence of S9, and
26.66±8.5 in the absence of S9. These values for TA100
were 116.66±9.1, and 107.33±9.3, respectively.
As DMSO is used as a solvent for the pesticides examined, its effect was firstly determined. In the presence
and absence of S9, the colony numbers were 22 in both
conditions for TA98, and 97.66±6.8 and 88.83±5.9 for
TA100, respectively.
The pesticides and their varied concentrations affected
the number of revertant colony numbers. The average colony numbers for TA98 were 29.66±5.9 in the presence of
S9, and 26.66±8.5 in the absence of S9. For TA100, these
values were 116.66±9.1 and 107.33±9.3, respectively.
When the revertant colony numbers were compared
to the controls in the absence of S9, there was no statistically meaningful difference for TA98 in all four examined
pesticides.
Under the same conditions, for TA100 strains,
fenoxanil showed statistically significant difference at the
concentrations of 100 and 1000 µg/plaque. Thus, only
this pesticide showed mutagenic effects on the TA100
strain.
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As the experiments were repeated with S9, only fenoxanil showed mutagenic activity at 100 and 1000 µg/plaque

levels, by causing the base exchange effect, but fenoxanil
showed no mutagenic effect on TA98 strain.

TABLE 2 - Plaque incorporation test results of Salmonella typhimurium
TA98 and TA100 strains examined with pesticides in the presence and absence of S9.

Test Material

Fluoroglycofen- ethyl

Fenoxanil

Pyracarbolid

Benodanil

Dose examined
(µg/plaque
0.1
1
10
100
1000
0.1
1
10
100
1000
0.1
1
10
100
1000
0.05
0.5
5
50
500

Revertant colony number
Mean ± SD
TA 98

TA 100

S917.50±5.2
18.66±5.8
19.33±5.2
24.33±4.2
15.00±5.0
19.16±6.4
20.16±5.3
18.00±2.4
21.66±7.3
18.66±2.8
21.00±4.2
19.50±5.9
21.33±6.6
16.00±5.4
24.66±3.8
17.50±3.9
16.33±4.9
15.00±2.5
17.83±5.1
19.16±5.3
26.66±8.5
22.00±2.8

S9+
27.50±5.4
28.83±7.1
32.83±3.8
26.33±2.4
25.00±3.7
34.33±6.6
34.00±7.6
33.83±8.1
29.66±5.4
33.66±9.7
31.00±6.1
33.00±5.4
26.33±3.7
21.83±4.6
30.83±6.7
28.16±5.3
28.00±4.1
28.16±8.1
28.50±7.5
27.16±2.9
29.66±5.9
22.00±3.5

Control

10
200
200
1396.83±202.2*
0.1
17.50±5.2
1
18.66±5.8
DMSO
10
19.33±5.2
100
24.33±4.2
1000
15.00±5.0
0.1
19.16±6.4
1
20.16±5.3
Sodium azid
10
18.00±2.4
100
21.66±7.3
1000
18.66±2.8
0.1
21.00±4.2
1
19.50±5.9
2-aminofluorene
10
21.33±6.6
100
16.00±5.4
1000
24.66±3.8
0.05
17.50±3.9
0.5
16.33±4.9
4-nitro-o5
15.00±2.5
fenilendiamine
50
17.83±5.1
500
19.16±5.3
* statistically significant at p< 0.05 (one-way ANOVA test)

S985.33±7.8
93.83±9.7
102±25.9
95.33±13.7
105±11
89.66±5.8
104.50±1
170±20.9
204.66±29.4*
188.33±27.7*
94.66±1
96.50±15.9
92.66±9.0
113.66±9.5
99.83±11.1
105.5±25.0
101.66±9.7
110.16±19.5
125.83±12.4
95.66±6.4
107.33±9.3
88.83±5.9
1121.33±229.4*

S9+
96.66±8.3
104.16±8
111.00±23
105.50±14
114.5±8.4
102.16±5.8
116.00±13.8
181.66±22.2
215.00±26.9*
196.83±24.9*
107.5±10.9
104.5±10.7
101.00±13
127.33±6.4
108.66±11.1
115.5±21.5
112.83±9.6
118.66±13.4
141.00±14.29
107.5±7.7
116.16±9.1
97.66±6.8
1147.66±171.4*

85.33±7.8
93.83±9.7
102±25.9
95.33±13.7
105±11
89.66±5.8
104.50±1
170±20.9
204.66±29.4*
188.33±27.7*
94.66±1
96.50±15.9
92.66±9.0
113.66±9.5
99.83±11.1
105.5±25.0
101.66±9.7
110.16±19.5
125.83±12.4
95.66±6.4

96.66±8.3
104.16±8
111.00±23
105.50±14
114.5±8.4
102.16±5.8
116.00±13.8
181.66±22.2
215.00±26.9*
196.83±24.9*
107.5±10.9
104.5±10.7
101.00±13
127.33±6.4
108.66±11.1
115.5±21.5
112.83±9.6
118.66±13.4
141.00±14.29
107.5±7.7

950.66±245*
27.50±5.4
28.83±7.1
32.83±3.8
26.33±2.4
25.00±3.7
34.33±6.6
34.00±7.6
33.83±8.1
29.66±5.4
33.66±9.7
31.00±6.1
33.00±5.4
26.33±3.7
21.83±4.6
30.83±6.7
28.16±5.3
28.00±4.1
28.16±8.1
28.50±7.5
27.16±2.9

Udeogalanya [17] reported that benodanil has fungicidal effects when exposed to the plants in the early growing period. It also decreased the number of leaves and
shoots, but did not effect their growth.
Embriotoxic and teratogenic effects of fluoroglycofenethyl were reported on New Zealand white rabbits and
white rats only, and there were no additional data concerning this pesticide [18].

As a result of the study, we can establish that fluoroglycofen-ethyl, benodanil and pyracarbolid have no mutagenic effects, but fenoxanil has, to some extent, an effect
on the strains studied. Another test system should also be
studied to enhance our results.
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SUMMARY
This paper presents the results of air quality measurements performed during the period 1986-2006, at the
Thriassion Plain, one of the most industrialized areas of
Greece. Intense industrial activities, road traffic and the
rapidly growing activity of the local harbour of Elefsis are
the main reasons for the observed degradation of the environment. For this reason, we attempted to investigate the
spatial and temporal distribution of three key pollutants
(SO2, NO2, O3). The data were obtained from the Bureau of
Pollution Control and Environmental Quality of the Thriassion Plain (GERPPE), the Ministry of the Environment
and the Environmental Bureau of the Municipality of
Aspropyrgos (GPDA), and refer to monthly mean and
annual 98th percentile values. Data analysis suggests that,
during the past few years, there is a definite improvement regarding SO2 that is mainly due to the replacement of fossil fuels with natural gas. On the contrary,
NO2 and O3 do not vary with time, as a result of the significant NO2 emissions by the ever-growing traffic volume and the prevailing meteorological conditions that
favor the generation of photochemical pollution.

KEYWORDS:
air pollution; closed basin; industrial pollution; monitoring

INTRODUCTION
Within the context of urban, suburban and industrial
areas, the air pollutants considered as “classical” are sulphur

dioxide (SO2) and nitrogen oxides (NOx), emitted by various combustion processes and ground-level ozone (O3),
produced secondarily via chemical reactions between nitrogen oxides and non-methane volatile organic compounds, in the presence of sunlight.
During the last decades, the dominating source of air
pollution, in many cities, has changed from combustion of
high-sulphur coal and oil (causing for example elevated SO2
and smoke concentrations) to a split between combustion
of gaseous fuels in industrial processes and combustion
related to motor vehicles. Ambient concentrations of air
pollutants are quite variable both in time, following the
temporal profile of pollutant-emitting human activities, and
in space. They depend, apart from the morphological and
meteorological characteristics of the area concerned, on the
distance from dominating sources and the location within
a city [1].
Even though there are numerous studies in the literature, for the air quality of the nearby city of Athens, the
Thriassion Plain has only been considered as a pollution
source [2-4]. Very few works have been published, regarding the air quality of the whole area [5-7]. The vast majority of air quality studies for the greater Athens area have
either neglected, or briefly assessed air quality over the
Thriassion, using a single station [8-10].
This study aims to present, for the first time, the spatial
and temporal distribution of air quality over the Thriassion
Plain, in terms of SO2, NO2, and O3, as well as in terms of
two air quality indices, using the complete data set collected
by the local air-quality monitoring network, during the
period 1986-2006. This was a period of significant modi-
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fications of the air pollution sources in that area, and our
study might provide useful background information for the
environmental management and design of future activities
in the area.

since 2005, the Athens’ suburban railway). Furthermore,
there are 9 large quarries, and the 13 docks of Elefsis harbour accommodate 5500 ships per year, with a total cargo
load 2.5 times larger than that handled by the Piraeus harbour.

Description of the area

Thriassion plain is located in the southern part of Central Greece, at a distance of 20 km west of Athens. The
topography is mostly flat, with a gentle slope towards the
sea, not exceeding 3%. The basin covers an area of 500 Km2
and homes a total population of 78000 inhabitants (2001
census). The presence of several mountains in close proximity to the sea and the local climatic conditions [11] produce local regressive atmospheric circulation patterns that
greatly inhibit the capability of atmospheric self-cleaning
through dispersion and transport mechanisms [12-14].
Temperature inversion heights are especially low during the cold period of the year, frequently being lower
than the surrounding hills and comparable to the heights of
the highest chimneys of the large industrial compounds.
This means that air pollutants are trapped within a shallow
layer resulting to high (daily and hourly) pollution concentrations [15].
The Thriassion Plain exhibits the higher (a) industrial
activity concentration, (b) fuel consumption and (c) pollution related to the production processes, in Greece [16-19].
Recent data from GERPPE [20] reports at least 2200 large
and small industrial plants, including all kinds of industries, such as oil refineries, chemical and steel production,
metal and non-metal minerals’ processing, and cement industries. Apart from the industrial activities, the area is
crossed by three freeways (two national roads and since
2003, a large part of the urban freeway Attiki Odos), as
well as two railroad lines (the national railway line and

Data and methodology

The data presented herein cover the period 1986-2006
and were obtained from GERPPE, GPDA and the Ministry of the Environment. The spatial coverage of the
Thriassion plain area has not been uniform during that
period. From 1986 to 1993, air quality monitoring was
performed
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MAG S12
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S15
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S13

200m
200m

FIGURE 1 - Air quality monitoring stations
across the Thriassion plain. “S” locations were used
during the move-around campaign during 1986-1997.

TABLE 1 - Details of the air quality monitoring network of the Thriassion Plain.
Name
Municipal parking – Elefsis
Community Hall – Mandra
Appartment blocks- Mandra
Paralia Aspropyrgou
Municipal Hall – Aspropyrgos
Germanika
Goritsa
Neolaias Sq.- Elefsis
Iroon Sq.-Elefsis
Symiaka-Elefsis
Appartment blocks- Mandra
Municipal Hall – Mandra
Elefsis stadium
Paradeisos-Elefsis
Elefsis Beach
Water pumps – Elefsis
Neoktista
Customs – Elefsis
Kalymbaki – Elefsis
National Road and E. Venizelou junction
Sports Hall – Elefsis
Land fill – Mandra
Koundourioton Sq. – Mandra

Abbreviation
S20, EL-1
S05, MAG
S21, EKM
S07, P.As
S06, ASP
GER
GOR
S11, EL-2
S01
S02
S03
S04
S08
S09
S10
S12
S13
S14
S15
S16
S17
S18
S19

Type
Residential/Traffic
Residential/Traffic
Industrial/ Suburban Residential
Industrial/Residential
Residential
Suburban/Industrial
Suburban
Residential/Traffic
Residential
Residential/Traffic
Residential
Residential
Traffic/Residential
Traffic/Residential
Residential
Suburban
Industrial/Suburban
Residential/Industrial
Residential/Industrial
Residential/Traffic
Trafic/Residential
Suburban
Suburban
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Parameters
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ
AQ
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo
AQ-meteo

Managing authority
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GPDA
GPDA
MinEnv
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
GERPPE
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S22

Suburban

using a single station (S-A). Every other month, the station was moved among selected locations around the area,
in an attempt to identify areas with pollution problems.
These locations are presented in Figure 1, marked with “S”.
In 1993, the station was permanently placed in location
EL-1, while a second station (S-B) continued the movingaround measurement campaign till 1997. That second station measured pollution in three locations from 1998 to
2000, one location each year, and since 2001 it is permanently placed in location MAG. Preliminary comparisons
between the data from the earlier period and those obtained
after 1993 did not indicate significant differences in terms of
the range of the recorded values. Since 2001, the air-quality
monitoring network covers the urban areas of the 4 municipalities of the Thriassion plain with 7 permanent stations
(Figure 1). Details regarding the stations are presented in
Table 1.
All stations are equipped with automatic air quality analyzers. The measurement methods employed are UV fluorescence for SO2, chemiluminescence for NO2, and UV absorption for O3. The sampling and recording periods are
30 s and 1 h, respectively. After being submitted to quality control, the data are statistically processed and the results
are published in the form of booklets, once every three
months. A yearly booklet is printed for the total evaluation
of the measurement results.
Mean values of the air pollutants for the cold (October
to March) and warm (April to September) seasons, as well
as annual mean and 98th percentile values (the later only for
the period 1993-2006) are examined in order to assess the
long-term variation of the examined pollutants over the
Thriassion plain, both considering the area as a whole and
for each station separately. Also, the monthly and diurnal
course of the pollutants’ concentrations is examined to better
establish the links between the known polluting activities
and the observed pollution levels. Finally, the Pearson correlation coefficients between the stations were used in order
to reveal possible common dependencies.
Since NO2 and O3 levels are inter-connected through
the photochemical cycle, and NO may have a significant
impact on O3 in polluted areas, especially during the cold
period, it is common to examine Ox -namely the sum of
O3 and NO2- as well [4, 8, 21]. The parameter Ox is not
affected by the ozone titration with NO, thus it is much
more conservative than O3 and can be a better representative of the long-term changes of atmospheric oxidants. Therefore, apart from O 3 , annual mean O x values for the period 1986-2006 are also examined.
Furthermore, pollution isopleths are drawn, for the longterm mean values, using the minimum curvature interpolation, a method widely used in the earth sciences [22-24].
Minimum curvature generates the smoothest possible surface while attempting to honor the data as closely as possible, but it is not an exact interpolator. This means that it
tends to smooth out differences between neighbouring grid

AQ-meteo

GERPPE

points. The domain size was 7.5 km x 7 km, while the interpolation was performed at a 250 m x 250 m grid cell. We
considered all directions equally significant (unity anisotropy), a maximum allowed residual of 0.1% of the observed pollutant concentration range and a sufficiently large
number of iterations to ensure proper convergence of the
iterative interpolation procedure. As background we used a
1:3000 land-use map of the area, including municipality
limits, legislated industrial zones (area and point emission
sources), the main road network (line emission sources),
and the 200 m altitude contour. The temporal evolution of
the spatial distribution of each pollutant was examined by
comparing spatial distribution maps corresponding to two
periods that were thought to be representing two different
fuel consumption regimes, as will be explained in section
Sulphur dioxide (SO2). The early period (period A) includes
data from 1986 to 2000, and the latter one (period B) data
from 2001 to 2006.
Finally, we have used Air Quality Indices (AQIs) in
order to have an overall assessment of the air quality status
in the Thriassion Plain ([8, 25]. These indices have no direct
relation to the quality of living and health of people. They
indicate mainly the content of air pollution in the ambient
air, and are expressed as sums of relative pollutant concentrations:

AQI =

1 n Ci
∑
n i =1 Ri

(1)

where, n is the number of air pollutants, Ci is the timespecific concentration, and Ri is the time-specific reference
value of the air pollutant i.
Apparently, there are several combinations of pollutants, concentration aggregation levels and reference
values that could provide AQIs targeted to specific problems. In this work, we are limited by the fact that only
monthly average concentrations and annual exceedances
were available, thus we calculated two AQIs, originally
developed by the Office of Environmental Protection, Division of Urban Climate (OEP/DUC), of the city of Stuttgart
(Germany) [9]. The original indices needed to be modified
in order to be applicable to the Thriassion Plain. Benzene,
a pollutant in-cluded in the original scheme, has not been
measured in the Thriassion, and was replaced by O3, a
pollutant with special significance for the area. Furthermore, PM10 has only been measured in a couple of stations, and was removed from the equation. The AQIs
used were:
A long-term planning-related index for the evaluation
of mean annual “stress” of air pollution, AQI1:
1 ⎡ C (SO2 ) C (NO2 ) C (O3 )⎤
AQI 1 = ⎢
+
+
3 ⎣ 20
40
120 ⎥⎦

(2)

where C indicates the annual mean concentration of the
respective pollutant expressed in µg/m3, and the denomina-
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tors correspond to the Commission of the European Communities (CEC) annual limit values.
A planning Air Quality “Stress” Index (AQI2), for shortterm air pollution “stress” expressed by the relationship:
1 ⎡ N (SO2 ) N (NO2 ) N (O3 )⎤
(3)
AQI 2 = ⎢
+
+
3 ⎣ 24
18
25 ⎥⎦

resulting from residential central heaters, an industrial area
would present a smoother variation synchronized with the
industrial activity (Figure 3a). Station MAG appears to have
higher concentrations mainly transported over the area from
the industrial zone of Elefsis [20]. Figure 3b presents the

where C indicates the number of times in a year, the
respective pollutant exceeds the CEC threshold value, and
the denominators correspond to the annual number of
exceedances allowed by the CEC.

60
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SO2 [µg/m3]
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In this section, each pollutant is examined separately
in terms of its daily and monthly patterns, as well as temporal evolution and spatial distribution. Key features linking the observed patterns to known polluting activities, as
well as station interrelationships are also identified.
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The seasonal SO2 concentrations follow the declining
course of the annual mean values (Figures 2 c, d). This reduction of the pollutant’s level combined with the small
inter-seasonal differences observed at the various stations
leads to a more homogeneous distribution across the entire
area, especially during the warm season of the year. Station
EL-2 is an exception presenting consistently higher values
during the cold season, compared to the warm one, probably indicating the dominant influence of a nearby source.
The monthly variation of sulfur dioxide appears to be
fairly stable across the year reflecting the industrial character of the area. While a typical annual variation for residential areas entails higher values during the cold period,
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Sulphur dioxide concentrations have been greatly reduced since the 80’s and are now well below the limits, set
by the CEC Directive 99/30 [26, 27]. A significant reduction of mean SO2 levels was observed in the early ’90s, as a
result of the introduction of reduced sulfur-content oil [28].
A second round of reduction is observed after 1998, leading to mean SO2 concentrations constantly below 30 µg/m3
throughout the area (Figure 2a), and 98th percentile values
below the CEC limits (Figure 2b). This is due to the adoption of appropriate measures by the industrial units of the
area that were the main polluters. According to the fuel
consumption data of the Hellenic National Statistical Service, the industrial units of the area consumed more diesel,
natural gas and electrical energy, while a significant reduction was observed for oil. Especially for Paralia Aspropyrgou, a marked reduction in SO2 concentrations since
2000 is observed due to the substitution of the oil, used as
fuel by a large steel industry located in that area, by
natural gas. When oil was used, the factory emitted ~1400
tons of SO2 per year, while now that natural gas is used,
SO2 emissions are nearly null [7].
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FIGURE 2 - SO2 values over the Thriassion plain: (a) annual
mean, (b) annual 98th percentile, (c) cold season mean and (d)
warm season mean values. S-A represents the various S locations from 1986 to 1992, and S-B from 1993 to 1997.
25
EL-1
EKM

tion. The other stations have less intense diurnal variations.
EKM has a broad maximum period starting somewhat earlier than for EL-1 and MAG, while P.As has the weakest
variation with a maximum observed even earlier, around
09:00, possibly associated with early morning traffic rush
hours.
During the period 1986-2000, the higher concentrations of this pollutant were observed in the industrial zones
of Mandra and Elefsis, in the west, and to the east in the
industrial zone of Paralia Aspropyrgou (Figures 4 a, b) with
the later also representing the higher values of the 98th percentile due to the large concentration of industrial activities
in the area. SO2 levels were greatly reduced, across the
whole area, during the latter period, 2001-2006. This reduction is much larger in the eastern part (P.As.) as already
discussed. MAG is the only station where CEC limits are
still exceeded, a few times per year [20].
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FIGURE 3 - Mean (a) monthly and (b) diurnal
SO2 variation over the Thriassion plain (2001-2006).

40
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diurnal variation of SO2 for selected stations of the area,
over the period 2001-2004. Stations EL-1 and MAG present marked, almost bell-shaped variations with clearly
defined maxima around noon. Unlike the industrial zone of
Paralia Aspropyrgou, natural gas covers only a minor portion of the fuel consumption in the industrial zones of
Mandra and Elefsis. The large amounts of SO2 emitted in
the morning hours, when the maximum of the local industrial activities occurs, are transported inland by the local sea
breeze producing the aforementioned bell-shaped SO2 varia-
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FIGURE 4 - Spatial distribution of mean SO2 values
across the Thriassion plain: (a) 1986-2000, (b) 2001-2006.

Table 2 presents the cross-correlation results. Stations
EKM and MAG located at the outer limits of the Indus-
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trial zone of Mandra are well correlated. This is also
true for other groups of stations located near but not inside the industrial zones, like EKM, EL-1 and EL-2. We
note that P.As is located inside the industrial zone of Aspropyrgos with significant industrial SO2 sources throughout
the year.
Nitrogen dioxide (NO2)

TABLE 2 - Pearson correlation coefficients between air
pollutant concentrations at the stations of the Thriassion Plain.

S-A
S-B
EL-1
MAG
EKM
P.As
EL-2
GER
GOR
S-A
S-B
EL-1
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EKM
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EL-2
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S-B
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GER

GOR
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10
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The meteorological conditions favor the development of
high NO2 concentrations over the area [29, 30]. Nitrogen
dioxide concentrations remain at almost the same levels
throughout most of the examined period, while a small decreasing trend can be observed during the past few years.
High values, out of the general trend, were recorded only in
EL-1 and for a few, sporadic, years (Figures 5 a,b). Even
though, in certain occasions, the concentrations recorded
exceeded the limit adopted by CEC Directive 99/30, the
overall levels are much lower than those limits, and in any
case much better than the situation in the Athens area, according to the annual reports of the Ministry for the Environment.

The monthly variation of NO2 concentration is presented in Figure 6a. The year is divided in two periods with
monthly values almost stable till August when there is a
sharp decrease in most stations. Afterwards, NO2 remains at
reduced levels till December when there is a more or less
sharp increase. Evidently, road traffic volumes through the
highways crossing the area play a significant role in the
formation of the observed pollution levels, with the minimum of August being a prominent feature corresponding to
the reduced traffic volumes of the greater Attica area during the summer vacations. This inference is also supported
by the diurnal variation of the pollutant (Figure 6b). Two
maxima can be identified. The first occurs in the morning
and is clearly associated with the elevated emissions of
both the traffic rush and the onset of industrial activities.
The second, of almost equal magnitude, occurs during late
night hours and is probably an artifact. NO2 emissions remain the same throughout the day, yet photochemical de-
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As for SO2, the course of the seasonal time series of
NO2 is similar to the annual one, and differences either between stations or seasons, are generally small (Figures 5 c,
d). Station EL-2 is again differentiated, with relatively
higher values during the cold season. The nearby national
road intersection of Magoula during the cold season is frequently congested, while during the warm season, the traffic flow is much better due to summer vacations.
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FIGURE 6 - Mean (a) monthly and (b) diurnal
NO2 variation over the Thriassion plain (2001-2006).

EKM

struction of NO2 during the daytime hours, generates the
observed reduction and, consequently, the illusion of a
second maximum during night, when the photochemistry dies out.
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FIGURE 5 - NO2 values over the Thriassion plain: (a) annual
mean, (b) annual 98th percentile, (c) cold season mean and (d)
warm season mean values. S-A represents the various S locations from 1986 to 1992, and S-B from 1993 to 1997.
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The spatial distribution of NO2 indicates that, during the
first period (1986-2000) high values are observed over the
urban area of Elefsis-Mandra-Magoula to the west and
over the city of Aspropyrgos to the east, as well as over
the industrial zones of Mandra and Paralia Aspropyrgou
(Figure 7a). The mixed urban and industrial area of ElefsisMandra represents the higher concentrations indicating
that both industrial activities and traffic are significant for
this pollutant (Figure 7b). The traffic-related character of the
observed NO 2 levels is also evident from the fact that
during the latter period (2001-2006) the levels appear elevated in the area north and northeast of Elefsis. That area,
formerly characterized by low NO2 concentrations, now
hosts a large part of Attiki Odos, the new closed-type highway of Attica, along with the elevated traffic volume of the
older National Roads [31]. On the other hand, similarly to
SO2, the eastern part of the Thriassion area, represented by
P.As station, has reduced concentrations possibly as a result
of the already mentioned change of fuel at the steel industry located near P.As, thus also indicating the industrial
dependence of NO2 levels over the area.
Table 2 suggests that NO2 concentrations at most stations are fairly well correlated, indicating common sources
and similar pollutant dispersion conditions. Indeed, the road
axes crossing the entire area seem to be the dominant NO2
sources as can also be seen in Figure 7b.
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In the examined area, there is an increase of ozone levels till 1990 with several exceedances of both CEC and
national limits [36]. From 1991 to 1995, the mean concentrations tend to decrease, afterwards there was a new increase till 1999, while from 2000 on, the values are decreasing again but with CEC limit exceedances always present
(Figure 8a). The 98th percentile values present a similar
temporal evolution at least since 1995, when data were
made available (Figure 8b).
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Surface ozone levels have long been a problem for the
entire eastern Mediterranean Basin [4, 8, 32-35], as a result
of the climatic and meteorological conditions that favor
the appearance of elevated concentrations. Ozone pollution is of special importance for the Thriassion plain area
since, apart from the human health factor, there are also
adverse effects on the, still significant, agricultural production of the area.
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FIGURE 8 - O3 values over the Thriassion plain: (a) annual mean,
(b) annual 98th percentile, (c) cold season mean and (d) warm season
mean values. S-A represents the various S locations from 1986 to
1992, and S-B from 1993 to 1997.

Ozone levels are significantly higher during the warm
season, as a result of the increased energy, available for
photochemical reactions. The concentrations during the
warm season also seem to determine the amplitude of the
annual variation, since differences in O3 concentrations at
the various stations are rather small during the cold season, but become significantly larger during the warm
months (Figures 8c, d). Stations EL-1, EL-2, and MAG
present higher seasonal variation reflecting the higher
ozone production and the ozone transported by the sea
breeze during the summer months. On the other hand,
stations located further away (GER) or very close to the
sea (EKM, P.As) have lower ozone levels during the warm
season either due to reduced local photochemical ozone
production or to enhanced ventilation that reduces ozone
levels. As for SO2 and NO2, ozone levels are diminishing
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during the last 3 years (2004-2006), leading to more homogeneous spatial distribution, both for the cold and the
warm season of the year.
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The climate of the Thriassion Plain is characterized by
high insolation (about 2800 h of sunshine per year) and
air temperature (mean value for summer months 27.8 °C),
conditions that benefit the formation of photochemical
pollution. Ozone, due to its photochemical nature, shows a
strong seasonal dependence following the variations of
solar irradiation (Figure 9a). The summer average ozone
concentrations in all stations are much higher than the
winter levels. Throughout the area, the diurnal variation
of ozone presents a minimum around 9:00, as a result of
traffic-related elevated NO2 concentrations combined with
relatively low irradiance levels. Accordingly, there is a
maximum of ozone around 17:00 consistent with the photochemical activity cycle (Figure 9b).

0

FIGURE 10 - Spatial distribution of mean O3 values
across the Thriassion plain: (a) 1986-2000, (b) 2001-2006.

Ozone, as a secondary pollutant cannot be directly
linked to specific sources either industrial or traffic related.
In general, O3 has a spatial distribution similar to that of
the respective NO2 values (Figure 10). As in the case of
the Athens Basin, the most important parameter affecting
the spatial distribution of ozone is the orientation of the
Plain and the local sea-breeze circulation [12, 15, 20, 37,
38], which combined, result in ozone being accumulated
towards the central part of the Thriassion Plain.
All stations present very similar patterns and these are
reflected in the very high correlation coefficients listed in
Table 2. Only the suburban stations of GOR and GER
present somewhat different behavior, as a result of their
greater distance from pollution sources. This can also be
observed in the ozone spatial distribution (Figure 10b).
The Ox annual values suggest a relative stability over
the examined period, with an overall average value of
80 µg/m3. The cross-examination of Figures 8a and 11 allows the assessment of the relative importance of local oxi-

455

Fresenius Environmental Bulletin

dant sources over the transportation mechanisms. Thus,
stations that, compared to the rest, present high Ox yet normal or even low O3 values, are characterized by high NO2
concentrations, and, therefore, the contribution of local
sources is dominant. On the contrary, when the rank of a
certain station in terms of Ox and ozone concentrations is
comparable, NO2 levels are low, and, therefore, the
transport mechanisms dominate the oxidants levels. In that
respect, station EL-2 has the highest O x values, and this
is mainly due to the very high NO2 contribution, emitted
by the nearby road axes.

routed traffic through the city of Elefsis causing this extreme air quality conditions. For the period 2001-2002,
AQI2 values are off-scale, namely due to a very large number of O3 exceedances.
1.4

S-A
P.As

1.2

S-B
GER

EL-1
GOR

MAG
EL-2

EKM

1.0
0.8

AQI1

© by PSP Volume 17 – No 4. 2008

0.6
140

0.4

120

0.2

Ox [µg/m3]

100

0.0
1986

80

1990

1992

1994

1996

1998

2000

2002

2004

2006

YEAR
2.8

60

EL-1
P.As

2.4

40
20

1988

S-A
P.As

S-B
GER

EL-1
GOR

MAG
EL-2

1990

1992

1994

1.6
1996

1998

2000

2002

2004

AQI2

1988

EKM

2

EKM

0
1986

MAG
EL-2

2006

YEAR

1.2
0.8

FIGURE 11 - Annual mean Ox values over
the Thriassion plain. S-A represents the various
S locations from 1986 to 1992, and S-B from 1993 to 1997.

0.4
0
1995

Air Quality Indices

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

YEAR

The AQI1 and AQI2 values calculated using equations
2 and 3 are presented in Figure 12a and b, respectively.
The assessment of air quality based on AQI1 and AQI2
values is presented in Table 3. Index AQI1 is characteristically determined by the high SO2 concentrations up to
1991, while later on, the pollutant, that determines the air
quality status of the area, is O3. NO2, on the other hand,
was important only during the period 1998-2000, leading
to an overall degradation of the air quality of the area due
to the increased traffic volume caused by the construction
and improvement works of the major road axes. Notably,
during the last 6 years all stations present a decreasing trend
of the AQI1, even though these are still high values (between 0.6 and 0.7) indicating the air quality problems of
certain areas in the industrial zones as well as in the city
center Also, the AQI1 rises at station GOR illustrating the
increasing role of O3 in the air quality status of the
Thriassion Plain.
AQI2, on the other hand, suggests that there are no excessive exceedances in the Thriassion, therefore the problem is the overall elevated pollution levels and not the
frequent occurrence of extremely high values. The only
exception is station EL-1 for which AQI2 values during
the period 1999-2000 are off-scale due to a very high
number of NO2 exceedances. This is a result of the public
works on the major road axes during that period that re-

FIGURE 12 - Air quality indices for the Thriassion
plain: (a) AQI1 (1986-2006) and (b) AQI2 (1995-2006).

TABLE 3 - Assessment of air quality
based on AQI 1 and AQI 2 values.
Level
I
II
III
IV
V
VI

Description of Stress Category
Very low
Low
Moderate
Distinct
Strong
Extreme

Indices Value
AQI1, AQI2 <0.2
0.2<AQI1, AQI2 <0.4
0.4<AQI1, AQI2 <0.6
0.6<AQI1, AQI2 <0.8
0.8≤AQI1, AQI2
Independent of AQI1 and
AQI2

Even though, the overall picture is rather encouraging,
especially in terms of exceedances (pollution episodes), the
combination of the two indices suggests that the air quality problem is quite different from that of Athens. Whereas
in Athens exceedances seem to be the major problem, in
Thriassion the problem is the elevated average pollution
levels, and this might be more difficult to tackle.
CONCLUSIONS
This work presents the air quality problem of the
Thriassion Plain – the largest industrial area of Greece –
in terms of SO2, NO2, and O3. The pollutants considered
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in this study present a predominantly industrial profile
across the whole area. Nevertheless, road traffic also seems
to be playing a significant role. Summarizing the remarks
presented above we can conclude that:
• Sulphur dioxide concentrations, once significant, gradually decrease over the years, as a result of fuel improvement. Both the monthly and the diurnal variation
of sulfur dioxide support the theory of industrial origin
of this pollutant. The industrial zones of Mandra and
Elefsis, in the west, and Paralia Aspropyrgou to the
east, represent the higher SO2 levels, while a great reduction across the whole area is evident from the comparison of the former (1986-2000) and latter (20012006) periods that is more pronounced for the eastern part.
• Nitrogen dioxide concentrations remain almost the same
during the examined period with, perhaps, a small decreasing trend during the last few years. The levels
recorded are less than those observed in the Athens area, and below CEC limits. NO2 proved to be a good
tracer of the significant changes in the spatial distribution of traffic-related sources during the examined period. The diurnal variation of the pollutant indicates intense photochemical activity.
• Ozone levels present a sinusoidal fluctuation with a
period of almost 10 years. From 2000 on, the values
are decreasing, yet CEC limit exceedances are always
present. In general, O3 spatial patterns resemble those
of NO2, yet the most important parameter affecting
ozone spatial distribution is the orientation of the Plain
and the local sea–breeze circulation resulting in ozone
being accumulated towards the central part of the
Thriassion Plain.
• Ox levels remain steadily high throughout the examined
period, with an average concentration of 80 µg/m3 indicating the severe photochemical pollution problem of
the area.
• Local circulations, like sea breeze, may prove either
beneficial for an area by effectively ventilating it, or
harmful by transporting significant amounts of pollutants emitted upstream.
• Finally, AQI1 has high values suggesting the existence
of an air quality problem in the Thriassion. Plain. It also
indicates a shift of the main contributor from SO2 to O3
during the last decade.
The study of the spatial and temporal evolution of air
pollutants as a result of certain pollution abatement
measures and policies, along with a careful consideration
of the dispersion conditions and the knowledge of the
particular contribution of each source category to the
aggravation of pollution across the area, could help in the
development of abatement strategies for the industrial environmental impact, and thus act as a useful tool for residential planning adopting environmental criteria.
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ABSTRACT
Aerosol samples were collected for about one year from
the industrial area of Aspropyrgos (Attica, Greece), using
a stacked unit filter sampler, which separates the airborne
particulate matter into a coarse (PM10-2.5) and a fine (PM2.5)
fraction. The determination of Zn, Pb, Cd and Cu in filter
samples was carried out using anodic stripping voltammetry
in square wave mode, after an appropriate leaching and pH
adjustment procedure. The method showed that it is possible to determine these heavy metals simultaneously in the
ng/m3 range in aerosol samples of a few mg-size. The analytical procedure was applied to study the variation of the
concentration of these elements during summer and winter time in the period from June 2005 to May 2006. Furthermore, the influence of the wind direction to the elements’ levels was investigated using the time-weighted
mean concentration roses of the elements. The study indicated a nearby located steel industry as main source for
Zn, Cd and Pb, while the presence of Cu can be attributed
to the abrasion of the cables of the railroad line, electrified a short time ago. Cd and Zn can also have their origin
in the metal treatment at the shipyards of the region.

KEYWORDS: Anodic stripping voltammetry; airborne particulate
matter; PM10-2.5; PM2.5; industrial area; concentration roses.

INTRODUCTION
The investigation of heavy metals in airborne particulate matter has been greatly associated with the study of the
atmospheric pollution and its effect on human health. Indeed, metals associated with respirable particles have been
shown to increase lung or cardiopulmonary injuries caused
by particulate air pollutant exposure [1]. Among others, the
determinations of Zn, Cd, Pb and Cu in airborne particu-

lates are of high interest [2], due to their abundance in the
environment and their toxicity, as especially Cd and Pb
are of no function to human metabolism.
A wide range of analytical methods, capable to determine traces of metals has been used, such as graphitefurnace atomic absorption spectrometry (GFAAS) [3], inductively coupled plasma-atomic emission spectrometry
(ICP-AES) [4], mass spectrometry (ICP-MS) [5], while nondestructive methods, among others X-ray fluorescence
(XRF) [6] and instrumental neutron activation analysis
(INAA) [7-11], have also been applied. However, all these
techniques require expensive instrumentation followed by
high running cost. On the other hand, voltammetric techniques, mainly in the form of stripping analysis, are inexpensive, sensitive and selective [12], succeeding in the determination of trace metals, but they have seldom been
applied for the determination of metals in airborne particulate matter [13]. Furthermore, a comparison performed between ICP-AES, INAA and anodic stripping voltammetry
(ASV) showed the lower detection limits for Cd, Pb and
Zn achieved by ASV [14]. However, only a small amount,
about 100 µl, of the filters` leachate can be used for the
voltammetric analysis, as the buffer-capacity of the electrolyte solution was not able to keep the solution in a certain
pH range.
Therefore, the transformation of the leaching solution
directly into an electrolyte solution for the voltammetric
determination of Zn, Cd, Pb and Cu, in order to overcome
the buffer-capacity problem and to increase in that way
once again the detection limit for the analysis, has to be
developed. Based on this analytical technique, the distribution of the heavy metals Zn, Cd, Pb and Cu in the different fractions (PM10-2.5, PM2.5) of airborne particulates
from the industrial area of Aspropyrgos in the Attica
basin, Greece was investigated, as well as their seasonal
variation from June 2005 to May 2006. Finally, by study-
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ing the metals’ time-weighted mean concentration in
connection to the wind directions, the possible emission
sources of Zn, Cd, Pb and Cu in the investigated area
could be estimated.
MATERIALS AND METHODS

had shown, the amount of aerosol sampled within 24 h in
that area was often less than 1 mg. Therefore, the duration
of each sampling period was prolonged to 48 h, starting at
midnight, to collect enough airborne material for the analyses. Meteorological data during sampling dates were recorded at the meteorological station of the sampling point.
During the investigated period, altogether 84 samples (coarse
and fine) were collected during 42 sampling campaigns.

Sample collection

Sampling of airborne particulate matter was carried out
at an atmospheric monitoring station of the Bureau of Pollution and Environmental Quality Control of Association
for the Development of Thriassion Plain [15] in Aspropyrgos, a coastal industrial area of Elefsis in the Attica
basin, Greece. Size-fractionated aerosol samples were
collected during the period from June 2005 to May 2006
using a Gent-type stacked filter unit [16-18] with a sampling rate of 17 L·min-1 and a frequency of one sample/week. The sampling station is close to the old and
narrow exit road from Athens to Corinth. In a small distance from the sampling station, in southeastern direction, a steel industry (scrap recycling) exists. Furthermore, in south and western direction, two cement companies are located, in western direction a big steel company
can be found, while mainly in eastern and southern direction, 2 refineries exist.

Reagents

The leaching procedure was carried out using conc.
HCl (30%, Suprapure, Merck). The pH value of the leachate
was adjusted to 3 using conc. NH3 (25%, Suprapure, Fluka
Chemika) and 0.1 M HCl, prepared by dilution of conc.
HCl with high-purity water (HPW), obtained from a Water
Purification System (Millipore, Simplicity). As pH indicator (pH 3.0-4.6), a solution of 0.05% of Bromophenol Blue
in HPW was used. Standard solutions of Zn2+, Pb2+, Cd2+
and Cu2+, at a concentration of 1000 mg·L-1 each for Atomic
Absorption Spectrometry (AAS), were supplied from Aldrich.
Instrumentation

Anodic stripping voltammetry (ASV) measurements
were performed using a polarograph 747 VA Stand
(Metrohm) connected to a 746 VA Trace Analyzer
(Metrohm) microprocessor. The working electrode was a
multimode mercury electrode, used as a hanging mercury
drop electrode (HMDE), whereas the reference one was an
Ag/AgCl electrode filled with 3 M KCl in HPW, and the
auxiliary one was a Pt-electrode. The analysis was performed in the square wave mode, using the following measuring parameters: drop size: 4, measuring period: 20 ms,
sweep rate: 20 mV·s-1, and voltage amplitude: 20 mV. The
pre-electrolysis was performed at -1400 mV with slow
stirring for 180 s.
Analytical Procedure

FIGURE 1 - Map of the Aspropyrgos area along with
the sampling station and the location of different industries.

For the collection of the particulates, Nuclepore tracketch polycarbonate filters (Whatman) of 47 mm diameter
were used, because of their very low trace element content.
The separation of the aerosol particles into two size fractions was achieved by sequential filtration through a stacked
filter cassette, with an 8-µm pore size to collect the coarse
(PM10-2.5) fraction, while the fine (PM2.5) fraction was collected on a 0.4-µm pore size filter. As preliminary studies

The filters were weighed before and after sampling to
obtain the mass concentration of the particulate matter. Each
filter was cut into quarters for the determination of different species with different analytical techniques. One quarter of the airborne particulate-loaded filter was leached,
under stirring, with 8 ml conc. HCl at 60 oC for 30 min.
After its cooling to room temperature, the obtained solution was filtered (0.45 µm), the non-dissolved filter was
washed 2 times with 0.1 M HCl, and the solutions were
kept together. The filtrate was then transferred into a 25ml volumetric flask, which was filled up with HPW. 4 ml
of this solution were transferred into a polarographic cell
and, after adding 1 drop of bromophenol blue indicator,
conc. NH3 was dropwise added under stirring, until the
color of the indicator changed. The adjustment to pH 3 was
performed in the 2nd step, where the solution was backtitrated with 0.1 M HCl. Thus, the voltammetric analysis was
carried out after the de-aeration of the solution for 5 min
using N2. The calculation of the concentration was carried
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out using the standard addition method for each element.
As blank, an unused sampling filter was applied, treated
and analyzed as mentioned above.

analysis in less than 10 min. If a series of samples can be
leached in parallel, the developed procedure can be used
for routine analysis.

Evaluation of data

When the polarogram is demonstrated at a scaling of
200 nA, peaks at –920 mV, -390 mV and –190 mV can be
observed, attributed to Zn, Pb and Cu, respectively, while
at a scaling of 20 nA, a further peak at -610 mV becomes
visible, originating from Cd. In some cases, a fifth peak at
–0.05 V could be found, which belongs to Sb (Fig. 2).

For the evaluation and demonstration of the experimental data, “Systat 9” (SPSS Inc., Chicago, USA) and
“Origin Pro 7.5 SR4” (Origin Lab corporation, Northampton, USA) software packages were used.
RESULTS AND DISCUSSION
Adjustment of pH value of the leachate Application of Square Wave Anodic Stripping Voltammetry

The leachate of airborne particulate filters cannot be
directly measured by voltammetric techniques due to their
strong acidity. Therefore, an increase of pH value has to be
carried out prior to analysis. On the other hand, attention
should be given that pH increase did not cause any precipitation of hydroxides. Preliminary results showed that the
analysis of Zn, Cd, Pd and Cu by ASV was optimized at
pH 3. However, the regulation of the pH of the leachate
using a glass electrode has to be avoided, due to the possible absorption of trace elements from the solution. The approach of evaporating the solution prior to voltammetric
analysis and dissolving the obtained residue in an appropriate electrolyte with the suitable pH value [13, 19] is timeconsuming, and it cannot be suited to routine analysis.
In the present work, the adjustment of leachate-pH was
achieved directly using a color indicator and a simple
titration. Therefore, this approach is simplified, leading to
the preparation of the sample solution for voltammetric

Based on the background deviation, under the working
conditions, the detection limits per cell volume were found
to be 19.4 ng for Zn, 2.1 ng for Cd and Pb, and 2.3 ng for
Cu. The whole procedure was applied to filter samples of
PM10-2.5 and PM2.5 fractions coming from the industrial
area of Aspropyrgos, and the results were compared with
those obtained by ICP-AES in the same leaching solutions.
The results showed that the sensitivity of ICP-AES does
not allow the quantification of Cd in these samples.
Seasonal effect to the composition of airborne particulates

As seasonal variations can influence the composition
of the particulate matter, the obtained data were evaluated
in dependence of the summer (June 2005-October 2005 and
April, May 2006) and the winter period (November 2005March 2006). In Table 1, the heavy metal concentrations of
the coarse (PM10-2.5 ) and fine (PM2.5) fractions for summer
and winter periods of the investigated area are demonstrated, as well as the corresponding mass fractions. In
all cases, the coarse fraction was enriched towards the
fine fraction.
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FIGURE 2 - Polarogram of a leaching solution with voltammetric peaks for Zn, Cd, Pb, Cu and Sb.
TABLE 1 - Seasonal variation of the mean, minimum and maximum values of PM, Zn, Pb, Cd and Cu.
Summer time period (June 2005-October 2005 and April, May 2006)
PM10-2.5 [µg/m3]
Zn [ng/m3]
Pb [ng/m3]
Mean
33.25
298
173.3
Minimum value
6.6
41
13
Maximum value
84.6
912
413
PM2.5 [µg/m3]
Zn [ng/m3]
Mean
31.7
187.2
Minimum value
24.8
12
Maximum value
48.8
535
Winter time period (November 2005-March 2006)
PM10-2.5 [µg/m3]
Zn [ng/m3]
Mean
39.4
342.3
Minimum value
24.6
42
Maximum value
75.2
791

Mean
Minimum value
Maximum value

PM2.5 [µg/m3]
28.8
21.2
38.2

Zn[ng/m3]
256.6
63
958

The particulate matter PM10 (PM10-2.5 + PM2.5) shows,
over the investigated period, a mean value of 66 µg m-3,
which exceeds by 66% the annual threshold limit value of
40 µg m-3 [20]. In Table 2, the winter/summer ratios (Rws)
of the mean values of the elements Zn, Pb, Cd and Cu are
demonstrated.
TABLE 2 - Winter/summer ratios (Rws) of the
mean values of the elements Zn, Pb, Cd and Cu.

Rws

PM 10-2.5
Zn[ng/m3]

Pb[ng/m3]

Cd[ng/m3]

Cu[ng/m3]

1.15

0.98

1.42

1.61

Rws

Cd [ng/m3]
1.47
0.27
3.47

Cu [ng/m3]
57.5
8
135

Pb [ng/m3]
95.9
12
188

Cd [ng/m3]
0.72
0.15
2.1

Cu [ng/m3]
30.7
4.0
67

Pb[ng/m3]
169.6
33
386

Cd[ng/m3]
2.09
0.42
6.0

Cu[ng/m3]
92.6
20
362

Pb[ng/m3]
74.2
10
146

Cd[ng/m3]
1.09
0.65
1.89

Cu[ng/m3]
45.1
12
130

PM 2.5
1.37

0.77

1.45

1.47

Assuming that all ratio values within the range of 1 ±
0.2 do not differ significantly, the comparison of seasonal
variation in the mean concentrations of the investigated
elements showed higher levels for Cd and Cu in both
fractions in winter period, as well as for Zn in the fine
fraction, while Pb was slightly increased in summer time.
In the case of Cd, Cu and Zn, a reduced industrial activity can be assumed for the summer holidays, while in
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winter, under normal production conditions, a relatively
higher emission of these elements could be observed.
Investigation of possible emission sources

To investigate a more specific possible origin of the elements Cd, Cu, Pb and Zn, factor analysis was applied. As
the number of variables is small, and basically not so much
characteristic for certain sources, the data of the watersoluble compounds of the PM matrix, measured on the same
filters, were also used for this evaluation [21]. In Tables 3
and 4, the results of the factor analyses are shown.
The evaluation showed that the investigated metals had
no connection to the water-soluble matrix compounds, such
as the cations K, Na, Ca, Mg and NH4+, as well as the anions chloride, nitrate and sulfate. Therefore, it can be assumed that the metals are in the form of a metal or metal
oxide dust, and for that reason their origin could be metalprocessing industry, such as the steel industries or the shipyards located in the investigated area.
TABLE 3 - Factor analysis of Cd, Cu, Pb and Zn,
and the water-soluble compounds for the summer time.

Cd
Cu
Pb
Zn
K
Na
Ca
Mg
NH4
Cl
NO3
SO4

Factor PM 10-2.5 fraction
1
2
3
0.912
0.688
0.693

4

5

6

0.922
0.799
0.714
0.668
0.902

0.609
0.930
0.843
0.773
0.843

Factor PM 2.5 fraction
Cd
Cu
Pb
Zn
K
Na
Ca
Mg
NH4
Cl
NO3
SO4

-0.897
0.840
0.890

0.789
0.756
0.938
0.729

TABLE 4 - Factor analysis of Cd, Cu, Pb and
Zn, and the water soluble compounds in winter time.

Cd

4

0.922
0.921
0.854
0.960
0.784
0.967
0.950
Factor PM2.5 fraction
0.698
-0.867
-0.989
-0.906
0.869
0.645

0.641
0.745

0.866
0.904
0.891
-0.797
0.877

The factor analysis correlates in the coarse fraction in
summer time the elements Cd, Cu and Pb (factor 2) and in
winter time Cd, Pb and Zn (factor 3). In the fine fraction,
only in winter time a correlation of Cu and Zn (factor 3)
can be found. No further correlations resulted for the investigated elements, leading to the assumption that they
are emitted from different sources.
Therefore, the study of possible connections of the
investigated elements to wind directions will be of interest, in order to find out any local sources for Cd, Cu, Pb
and Zn in the vicinity of the sampling station. The relationship between the concentration measured and the wind
direction was investigated using time-weighted concentration roses (TWMC) with regard to the summer or winter
season [22]. These wind direction-depending data were
investigated for similar structures. Three groups of structures can be found in that way.

II) Another group can be described as rectangular to
pear-shaped. Here not only one, but also other main directions are possible.

0.878
0.898

Factor PM 10-2.5 fraction
1
2
3
0.930

Cd
Cu
Pb
Zn
K
Na
Ca
Mg
NH4
Cl
NO3
SO4

0.932
0.643
0.879

I) This group shows a circular to ellipsis-like distribution, which is basically unspecific for a certain direction.
Therefore, only those distributions were taken into account, for which the difference between highest to lowest
value was larger than 25 %.

0.629
0.937

0.902

Cu
Pb
Zn
K
Na
Ca
Mg
NH4
Cl
NO3
SO4

5

III) A third group is characterized by a halve cyclelike distribution.
Examples of the three groups are shown in Figure 3:

6
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FIGURE 3 Groups
of timeweighte
d mean
concentration
roses
and
their
simplified
demonstration.
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FIGURE 4 - a) Element-wind direction demonstrations for the PM10-2.5 fraction in summer time, b) PM2.5 fraction in summer
time, c) PM10-2.5 fraction in winter time, d) PM2.5 fraction in winter time, and e) for Cu in the PM10-2.5 fraction in winter time.

In Figures 4a-4e, the found element-wind directions
for the investigated elements in the PM10-2.5 and PM2.5
fractions for summer and winter time are demonstrated in
the map of Aspropyrgos area.
As it can be seen in Figs. 4a, 4b, and especially 4c,
there is a transport of Zn or Pb-Zn or Pb-Zn-Cd from the
E or SE direction to the sampling station. It is obvious that
the source in all the cases is the nearby steel company,
which exists in that direction. The question is, if the Cd
traces from NW in Fig. 4a have any connection to another
steel industry in western direction. A special case is the
distribution of Cu traces. In Figs. 4a and 4d, the Cu traces
arrive from NW direction to the sampling station, whereas
Fig. 4e shows that Cu comes from the whole area from NW
to N to SE, possibly originating from the railway track.
This line was electrified a short time ago, thus Cu traces
were likely to be produced by the abrasion of the electric
overhead cables by railway traffic [23]. This would explain
that in the curve, where a train, coming from SE direction,
has to turn to SW direction or reversed, a small increased
abrasion of Cu can be observed.
The origin of Cd for the cases in Fig. 4a and, especially,
4d, can not be explained clearly. A possible source for Cd
seems to be the shipyards. It is known that Cd in drinking
water has its origin in the composition of corroded iron
pipes, which contain traces of Cd [14, 25]. Now, in the
south of the sampling station, a large shipyard can be found,
where large amounts of iron surfaces are treated. For exam-

ple, nowadays the use of sandblasting technology is very
common for the cleaning of ship hulls. Therefore, it cannot be excluded that Cd is a part of the iron or iron-oxide
dust produced during the cleaning process of the ships.
Furthermore, Cd can also be associated with ship-breaking
activities at the shipyards, as it was shown for the world
largest ship-breaking yard, Alang-Sosiya, in India [26].
Another large shipyard can be found in western direction.
In this case, the question of the origin of Cd traces is more
difficult, as it could arrive from this shipyard, but also from
the steel industry existing in front of the shipyard. Partly,
Zn follows the same directions as Cd. Therefore, the shipyards have to be assumed not only as sources for Cd, but
also for Zn.
CONCLUSIONS
The slightly acidic environment (pH value about 3) of
the leachate, obtained by a proposed simplified procedure
using conc. NH3, 0.1 M HCl and bromophenol blue as indicator, is a pre-requisite of the successful stripping voltammetric analysis of Zn, Pb, Cd and Cu. All the investigated
metals are enriched in the coarse fraction (PM10-2.5), compared to the fine (PM2.5) one of airborne particulates. The
higher concentration levels for Cd and Cu found in both
winter fractions are attributed to increased industrial activity during winter months. The obtained results associated
with wind directions, demonstrated as TWMC roses, led to
the identification of steel industries, shipyards and electric
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overhead cables of the railway traffic as sources for all of
the investigated elements.
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A STUDY ON THE MUTAGENICITY OF
DIFFERENT TYPES OF PESTICIDES BY USING
THE Ames/Salmonella/Microsome TEST SYSTEM
Muhsin Konuk, Ahmet Barış, Recep Liman and Dilek Akyıl
Afyon Kocatepe University, Faculty of Science and Literatures, Biology Department, 03200 Afyonkarahisar, Turkey

ABSTRACT
In this study, the mutagenic effects of 4 different pesticides (piperophos, fenchlorphos, dioxacarb and promecarb), used widely in agriculture, have been investigated by
using short-time bacterial mutagenicity test system, namely,
Ames/Salmonella/Microsome test. In this study, Salmonella typhimurium TA 98 and TA 100 strains were employed. Therefore, both test strains were tested in the absence or presence of S9 metabolic activation. For piperophos, 10 µl/plate, 1 µl/plate, 0.1 µl/plate, 0.01 µl/plate and
0.001 µl/plate concentrations, and for other test compounds, 100 µg/plate, 10 µg/plate, 1 µg/plate, 0.1 µg/plate
and 0.01 µg/plate concentrations were investigated, in two
parallel independent experiments. In absence and presence
of S9, sodium azide (NaN3) was used as a positive control
for TA 100. In absence of S9, 4-nitro-o-phenylenediamine,
and in presence, 2-aminofluorene was used as a positive
control for TA 98. DMSO solution and spontaneous control groups were used as a negative control. Results of experiments were compared with positive and negative control groups’ data. Consequently, among these four pesticides, only 0.01 and 0.001 µl/plate doses of piperophos
were found to be mutagenic in TA 98 with S9.

tivity of pesticides is not so well-developed as might be
hoped for, non-target species are frequently affected because they possess similar characteristics to those of target
organisms [2-3]. The pesticides or their derivatives accumulate in the organisms and cause the risk of mutagenicity, carcinogenicity, or teratogenicity. One of the main effects of these compounds is mutation on the genes. Hence,
it is very important to know their effects on the DNA, and,
therefore, these types of studies have been carried out for
years all over the world [4-7].
Ames test, or the so-called Salmonella/microsome test,
is widely used in investigating the mutagenic effects of
chemicals. It is one of the most reliable short-term bacterial test systems [8-9]. It is also cheap and results very rapidly
[10, 11]. In this system, Salmonella typhimurium mutant
strains, obtained from Salmonella typhimurium LT2 parental line in vitro, are employed [12].
The aim of the present study was to determine any
mutagenic effect of four different pesticides (piperophos,
fenchlorphos, dioxacarb and promecarb) used widely in
agriculture, by using Salmonella/microsome test system.
MATERIALS AND METHODS

KEYWORDS: Ames test, mutagenicity, piperophos, fenchlorphos,
dioxacarb, promecarb.

INTRODUCTION
Pesticides constitute a heterogeneous category of chemicals specifically designed for the control of pests, weeds, or
plant diseases. Their application is still the most effective
and accepted means for the protection of plants from pests,
and has contributed significantly to enhanced agricultural
productivity and crop yields [1]. Synthetic pesticides are
among the most widely used chemicals in agriculture. Many
of them have significant effects, as the target species selec-

Chemicals

The pesticides were purchased from Sigma Aldrich
(97.7-99.5% purity). Some chemical properties of these
pesticides are given in Table 1. K2HPO4, MgSO4.7H2O,
NaHNH4PO4.4H2O, L-histidine, HCl, D-biotin, ampicillin
trihydrate, D-glucose 6-phosphate, and β-NADP were purchased from Fluka, whereas citric acid monohydrate, sodium hydroxide, KCl, NaCl, and dimethyl sulphoxide
(DMSO) were purchased from Riedel. Bacto agar, nutrient
broth no.2 (Oxoid) and 3-methylcholanthrene were purchased from Sigma Aldrich. Sodium azide was purchased
from Riedel, but 2-aminofluorene and 4-nitro-o-phenylenediamine were purchased from Fluka. All other chemicals
used were obtained from Merck.
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TABLE 1 - Some chemical properties of the pesticides examined.

Chemical name

Piperophos

S-2-methylpiperidinocarbonylmethl
o,o-dipropyl phosphorodithioate

97.7

Fenchlorphos

O,O-Dimethyl-O(2,4,5-trichlorophenyl)
phosphorothioate

99.5

Insecticide

Dioxacarb

2-(1,3-dioxolan-2-yl)
phenyl methylcarbamate

99.4

Insecticide

5-methyl-m-cumenyl methylcarbamate or 3-isopropyl-5-methylphenyl
methylcarbamate

99.5

Insecticide

Promecarb

Chemical structure

Purity
(%)

Common name

Salmonella/microsome mutagenicity test

Salmonella typhimurium strains TA 98 and TA 100
were obtained from Bruce Ames. While TA 98 was used
for determining the frame shift, TA 100 was used to determine the base pair exchange type of mutations.
Preparation of the stock Salmonella typhimurium TA98
and TA100 strains, genetic markers, controls, and plaque
incorporation methods were performed as described by
Maron and Ames [8], and kept at -80 °C. The stock solutions of the test materials were prepared by dissolving
them in DMSO and keeping them at 4°C. The cytotoxic
doses for Salmonella strains used in this study were determined by the method of Dean et al. [13].

Usage as

Herbicide

amined by three parallel plaques, replicated at different
times. Positive control, spontaneity control, and solvent
controls were also carried out for every experiment performed. The results were analyzed statistically by using
SPSS for Windows, and one-way ANOVA test was performed in the statistic program used.
RESULTS AND DISCUSSION

S9 fractions were extracted from male Sprague-Dawley
rats’ liver as explained by Maron and Ames [8], and their
protein amounts were determined by the method of Bradford [14].

Salmonella/microsome test is one of the reliable shortterm mutagenicity examining methods used to determine
the mutagenic potentials of chemicals in many countries.
This is due to its well-standardized test parameters, and that
it employs the mutagenicity-carcinogenicity relation with
well-known certain chemicals [15-19]. Salmonella typhimurium TA 98 and TA 100 strains are used widely, because their sensitivity for mutagens is higher than that of
other strains [20].

All the experiments carried out were studied in presence and absence of S9 fractions, and each dose was ex-

In this test system, any chemicals, either causing the
two-fold colony number of histidine protrophs, compared

470

© by PSP Volume 17 – No 4. 2008

Fresenius Environmental Bulletin

to the spontaneous revertants, or if the fold number is less
than two and increasing with concentration, is accepted to
be a mutagenic compound [8].

sius, Ictalurus punctatus, Oncorhynchus mykiss and Poecilia
reticulata species were found to be 8 µg/L after 48-h and
5 µg/L after 96-h applications [21].

Cytotoxic doses of the pesticides tested were determined firstly. According to the results obtained, more than
10 µg/plaque for piperophos, but 100 µg/plaque for the
others were determined as cytotoxic. Therefore, the doses
below these values were employed in the tests.

Melting point of fenchlorphos is 41 °C, and it smells
mildly. The substance is toxic to aquatic organisms. Bioaccumulation of this chemical may occur in fish, and LC50
values for Oncorhynchus mykiss and Poecilia reticulata
species were 9 µg/L after 48-hours and 5 µg/L after
96 hours of application [22].

Protein amounts of the rat liver (9,000g) were observed to be 27.8 mg/ml in average. The plaque incorporation test results of both strains of S. typhimurium TA98
and TA100, with and without S9, are shown in Table 2. It
was observed that various concentrations of the pesticides
differed from the revertant number. The average number of
revertant colonies for TA 98 strain was found to be 25.5±2.7
in presence of S9, and 26.83±2.9 in absence of S9. These
values for TA100 were 147±6.9, and 116±5.5, respectively.

Dioxacarb and promecarb have moderate toxicity.
Symptoms of poisoning in humans are malaise, muscle
weakness, dizziness, sweating, headache, salivation, nausea, vomiting, abdominal pain, and diarrhea. LC50 values
for Cyprinus carpio, Oncorhynchus mykiss and Poecilia
reticulata species were found to be 23 µg/L after 48-h and
25 µg/L after 96-h applications for promecarb. Minimum
toxic dosage was found to be 19 µg/L, whereas the maximum tone was 33 µg/L for the above species [23].

As DMSO is used as a solvent for the pesticides examined, its effect was firstly determined. In the presence of
S9, the colony numbers were 21.66±2, and in the absence
of S9, they were 22.66±2.2 for TA98, but 131.5±6.9 and
97.5±4.9 for TA100, respectively.

For all the pesticides, 5 different concentrations were
used in order to establish a dose-response relationship. No
induced revertants were observed along the dose range
tested in either absence or presence of S9 mix, with both
strains.

Piperophos, which is a cholinesterase inhibitor, indicates toxic effect especially to aquatic organisms, when it
is used at high dosages. LC50 values for Carassius caras-

Revertant colony numbers in both strains have increased when S9 was added. These results showed that
four pesticides’ metabolites which occurred after meta-

TABLE 2 - Plaque incorporation test results of Salmonella typhimurium TA98
and TA100 strains examined with pesticides in the presence and absence of S9.

Test Material

Piperophos

Fenchlorphos

Dioxacarb

Promecarb

Revertant colony number
Mean ± SD

Dose examined
(µg/plaque)
10a
1a
0.1a
0.01a
0.001a
100
10
1
0.1
0.01
100
10
1
0.1
0.01
100
10
1
0.1
0.01

TA 98
S921±1.7
27.33±1.5
21.83±1.4
24±0.8
27.16±0.7
24.33±1.7
24±1.7
19.5±2
22.83±2.2
19.33±0.8
20±2
21.66±2.1
22.16±2.1
22.66±1.3
19±1.4
20.33±2.6
23±4
23.83±1.7
21.66±2.6
19.16±5.3
26.83±2.9
22.66±2.2

Control
DMSO
Sodium azide
10
2-aminofluorene
200
4-nitro-o-phenylenediamine
200
850.5±95.1*
* statistically significant at p< 0.05 (one-way ANOVA test); a = µl/plaque
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TA100
S9+
28.5±2.5
32.8±2.9
27±3.2
36.33±4.9
44.33±5.3
31.16±2.8
32±4.1
33.16±3.1
24.5±3.3
31.33±2.2
22.83±2.4
20.5±4.9
28.83±1.6
25.66±3.5
33.83±3.7
22.5±5
22.16±3.7
28.33±4.7
28.66±3.2
23.66±2.7
25.5±2.7
21.66±2
1343.5±58.2*

S996.16±3.4
102.83±7.9
88.16±4
93.33±4.5
119±3.7
82.83±4.9
120.5±5.3
103±5.2
93.66±6.4
103.33±8.1
95±8.1
121.66±4.5
103.16±8.1
94.66±4.3
94.33±5.5
118.83±6.
99.5±6.8
104.33±5
95.16±4.6
102.66±7.7
116±5.5
97.5±4.9
1032.83±6*

S9+
166.16±8*
200.66±3.8*
238.16±4.2*
233.83±7.8*
224.66±5*
141±7
146.33±10.2
179.16±5.7*
218.33±9.3*
240.66±6.6*
152.33±11.5*
198±7.9*
177±15.5*
187.83±10.6*
220±15.7*
141±7.7
168.33±10*
192±6.9*
198.16±9.6*
196.33±9.6*
147±6.9
131.5±6.9
1300.33±13.5*
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bolic reactions in living bodies, slightly enhanced DNA
interactions.
As a result of the study, we can establish that fluoroglycofen-ethyl, benodanil and pyracarbolid have no mutagenic
effects, but fenoxanil has an effect, to some extent, on the
strains studied. Consequently, among these four pesticides, only 0.01 and 0.001 µl/plate doses of piperophos
were found to be mutagenic in TA 98 with S9. It is, therefore, necessary to use further examination assay systems
in order to affirm their mutagenic effects.

[14] Bradford, M.M. (1976) A rapid and sensitive for the quantitation of microgram quantitites of protein utilizing the principle
of protein-dye binding. Analytical Biochemistry. 72:248-254.
[15] Watanabe-Akanuma, M., Ohta, T. and Sasaki, Y.F. (2005) A
novel genotoxic aspect of thiabendazole as a photo mutagen
in bacteria and cultured human cells. Toxicol. Letters.
158:213-219.
[16] Reid, K.A., Maes, M.A., Staden, J.V., Kimpe, N.D., Mulhollve, D.A. and Verschaeve, L. (2006) Evaluation of the
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J. Ethnopharm. 106:44-50.
[17] Mathur, N., Bhatnagar, P., Nagar, P. and Bijarnia, M.K.
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ADSORPTION AND ON-LINE PRECONCENTRATION OF Cu(II),
Cd(II) AND Pb(II) IONS FROM AQUEOUS SOLUTION
USING PROCION RED MX-3B IMMOBILIZED
POLY(EGDMA-HEMA) MICROBEADS
Ebru Büyüktuncel1, Nuray Şatıroğlu2,*, Adil Denizli2, and Sema Bektaş2
a

İnönü University, Faculty of Pharmacy, Department of Analytical Chemistry, 44280, Malatya, Turkey
Hacettepe University, Faculty of Science, Department of Chemistry, 06532 Beytepe, Ankara, Turkey

b

ABSTRACT

INTRODUCTION

The adsorption and preconcentration studies of Cu(II),
Pb(II) and Cd(II) were investigated on Procion Red MX3B attached poly(ethylene glycol dimethacrylate-hydroxyethyl methacrylate) [poly(EGDMA-HEMA)] microbeads.
The effects of various experimental parameters were investigated using a batch and column technique. The adsorption data followed Langmuir, Freundlich and DubininRadushkevich (D-R) isotherms, but the Langmuir model is
better to represent the adsorption process. Procion Red
MX-3B- poly(EGDMA-HEMA) microbeads were used as
packing material for the minicolumn in an on-line preconcentration system for Cu(II), Pb(II) and Cd(II) determination. Metal ions were sorbed in the minicolumn, from which
it could be eluted directly to the nebulizer-burner system
of the flame atomic absorption spectrometer (FAAS). Elution of all metal ions from minicolumn can be made with
0.2 mol L-1 HNO3. For a preconcentration time of 2 min,
the preconcentration factors were 51, 55 and 48, and the
detection limits 1.25, 0.5 and 10 µg L-1, for Cu(II), Cd(II)
and Pb(II), respectively. When using 10 min preconcentration time for Pb(II), the preconcentration factor and detection limit were found to be 273 and 1.1 µg L-1, respectively.
The influence of diverse ions on the microbeads performance was also investigated. The accuracy of the method
was tested by analyzing certified reference water (SPSSW2– Surface Water and LGC 6010 – Hard Drinking Water) and spiked tap water samples. These results proved
that the procedure can be applied satisfactorily for lead,
copper and cadmium determination in water samples.

KEYWORDS: On-line preconcentration, Cu(II), Pb(II), Cd(II),
poly(EGDMA-HEMA), FAAS.

Heavy metals are present in natural water and industrial wastewater. Due to their mobility and toxicity, the
presence of heavy metals in surface water and groundwater poses a major inorganic contamination problem. Inspite
of the great improvement in sensitivity due to modern
analytical detection systems, conventional separation/ preconcentration methods, such as precipitation, liquid-liquid
extraction, ion-exchange and solid phase extraction, are
frequently used to overcome interferences from matrix
elements as well as to improve detection limits through
preconcentration of the metal ions.
Solid phase extraction (SPE) has become popular because of numerous advantages over other methods, such
as its simplicity, rapidity, and ability to attain a high preconcentration factor [1]. In addition, SPE can be interfaced
on-line with analytical techniques, such as liquid chromatography (LC) [2-4] or atomic absorption spectrometry (AAS)
[5-9]. Until now, activated carbon [10-14], alumina [15-19],
XAD resins [20-24], and various chelating polymers have
been used as solid-phase material [25-29]. A large number
of chelating resins incorporating a variety of ligands (e.g.
dithiocarbamate, diethyldithiophosphate, 2-nitroso-1-naphthol, dichloroquinone, sulfonic/carboxylic acid groups) have
been prepared and their analytical properties have been investigated [18, 28-33].
Procion Red MX-3B attached poly(EGDMA-HEMA)
microbeads were prepared for removal of Cu(II) ions from
aqueous media in our earlier study [34]. No work has yet
been reported for on-line preconcentration of copper, lead
and cadmium on Procion Red MX-3B attached poly(EGDMA-HEMA) microbeads. These metal ions were
selected due to their importance for environmental pollution control. Different adsorption isotherms have been investigated, and an on-line preconcentration system was developed for the determination of copper, lead and cadmium
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ions in water samples using a minicolumn. The presented
method was applied to determine lead, copper, and cadmium contents of tap water and two reference standard
waters. The purpose of our study is to demonstrate the
feasibility of using Procion Red MX-3B attached poly(EGDMA-HEMA) microbeads as a solid-phase for preconcentration of copper, lead and cadmium, found at trace level
in water samples.

(Merck) and Cd(NO3)2.4H2O (Merck) in deionized water.
The working metal solutions were freshly prepared by stepwise dilution from standard solutions. The pH of solution
was adjusted with diluted HNO3 (Carlo Erba) and NaOH
(Merck). All solutions were prepared by using Milli-Q
water with 18 MΩ cm.
Adsorption procedure
Batch method

Adsorption of Pb(II), Cu(II) and Cd(II) ions from aqueous solutions was investigated in batch experiments. The
effects of the initial metal ion concentration (2-60 mg L-1),
adsorption time (5-120 min) and pH (2.0-7.5) on adsorption capacity of microbeads were studied. The sample solution (20 ml) containing metal ions was transferred to a flask,
and the pH was adjusted to the optimum for metal ions. The
dye attached poly(EGDMA-HEMA) microbeads (0.1 g)
were added and the mixture was stirred magnetically at
100 rpm and room temperature. After desired incubation
periods, the aqueous phase was separated from the polymer by centrifugation (3500 rpm, 5 min), and the concentration of metal ions in aqueous phase was determined by
FAAS. The amount of adsorption per unit mass of microbeads was evaluated by using the following expression:

MATERIALS AND METHODS
Apparatus

A Perkin Elmer model AA 800 flame atomic absorption spectrometer equipped with a deuterium background
corrector was used. Hollow cathode lamps of Pb, Cu and
Cd (Perkin Elmer) were used as the light sources. The analytical line and working currents employed were 228.8 nm/
10 mA for Pb, 324.8 nm/15 mA for Cu, and 283.3 nm/
4 mA for Cd. The recommended flame conditions were
employed. Peak height of the absorption signal was used
for quantification. A Fisher Scientific Accumet Model 15
pH-meter was used to measure pH values.
A schematic diagram of the flow system used for preconcentration and determination of lead, copper and cadmium is shown in Fig. 1. It was adapted directly to the
burner nebulizer system of the spectrometer. The flow system consisted of a peristaltic pump (Alitea S2-Mini-peristaltic pump, Sweden) furnished with tygon tubes, one
four-way valve and a minicolumn (35 mm x 2.5 mm i.d.)
packed with Procion Red MX-3B immobilized poly(EGDMA-HEMA) microspheres.

Q = [(C0 - C) x V ] / m
where, Q is the amount of metal ions adsorbed onto
unit mass of the microbeads (mg g-1); C0 and C are the concentrations of the metal ions in the initial solution and in
the aqueous phase after adsorption, respectively (mg L-1); V
is the volume of the aqueous phase (L); and m is the amount
of the polymer (g).

Reagents

Column method

All chemicals were of analytical-reagent grade.
Standard solutions of 1000 mg L-1 Pb(II), Cu(II) and
Cd(II) were prepared from Pb(NO3)2 (Merck),
Cu(NO3)2.3H2O

A Pyrex glass mini-column with 2.5 mm i.d. was
packed with 65 mg of dye-attached poly(EGDMA-HEMA)
(35 mm column length). A small amount of glass-wool was
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FIGURE 1 - Schematic diagram of continuous flow system (E: eluent; S: sample; V: four-way valve; W: waste; C: column).

was placed to prevent any loss of the polymer beads during sample loading. A solution of metal ions was passed
through the column (under optimum conditions), after that
metal ions were eluted with 0.2 mol L−1 nitric acid. The
effects of flow-rate, column diameter and interfering ions
were evaluated. In step 1, the sample solution was pumped
through the minicolumn for 120 s with a flow-rate of 5.0
ml min−1. Then, metal ions were retained on the minicolumn, and the sample matrix was sent to waste. In step 2,
the blank solution (deionized water) was pumped through
the minicolumn for 60 s with a flow-rate of 5.0 ml min−1
to remove sample matrix. In step 3, by switching the valve,
a stream of 0.2 mol L−1 nitric acid flowing with 5.0 ml min−1,
displaced the metal ions. This eluate was taken directly to
the nebulizer-burner system of the FAAS. Signals were
measured as peak heights by using the instrument software.
At the end of each cycle, the minicolumn was reconditioned
by deionized water for 60 s.

RESULTS AND DISCUSSION
Structure of the Procion Red MX-3B
attached poly(EGDMA-HEMA) microspheres

Poly(EGDMA-HEMA) microbeads were produced by
a modified suspension polymerization method. Details of
the preparation and characterization of the poly(EGDMAHEMA)- Procion Red MX-3B microspheres was reported
elsewhere [34]. A dye ligand Procion Red MX-3B was
covalently attached to the poly(EGDMA-HEMA) microspheres. The chemical reaction between Procion Red MX3B and poly(EGDMA-HEMA) microbeads is shown in
Fig. 2. The covalent coupling of Procion Red MX-3B to
the poly(EGDMA-HEMA) microbeads results from the formation of an ether linkage between the reactive triazine ring
of the dye and the hydroxyl groups of the HEMA. The dyeattached microbeads were filtered, and washed with methanol and distilled water several times until all the unbound
dye was removed.
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FIGURE 2 - The chemical reaction between Procion Red MX-3B and poly (EGDMA-HEMA).

Elemental analyses of the plain and Procion Red MX3B-attached poly(EGDMA-HEMA) microbeads were performed, and the attachment of the Procion Red MX-3B
was found to be 8.95 µmol g-1 from the nitrogen and sulphur stoichiometry. Note that poly(EGDMA-HEMA) does
not contain nitrogen and sulphur, and amount determined
by elemental analysis comes only from immobilized Procion Red MX-3B groups into the polymeric structure.
The Procion Red MX-3B attached poly(EGDMAHEMA) and poly(EGDMA-HEMA) were also characterized by FT-IR spectroscopy. The FT-IR spectra of dye attached poly(EGDMA-HEMA) have some absorption bands
different from those of poly(EGDMA-HEMA). The predominant IR bands of the Procion Red MX-3B attached
poly(EGDMA-HEMA) observed at 3400 cm-1, 1670 cm-1,
and 640 cm-1 are due to the N-H stretching, N-H bending
and S-O stretching, respectively. The color of the poly(EGDMA-HEMA) microbeads becomes light-blue, when
the microbeads are swollen in water. After the Procion Red
MX-3B attachment, the size of the swollen microbeads did
not change, but the color became dark-red, which is a clear
indication of the incorporation of Procion Red MX-3B
molecules into the structure of the microbeads.
Batch System Performance
Adsorption capacity of Procion Red MX-3Battached poly(EGDMA-HEMA) microbeads

The adsorption capacity of the Procion Red MX-3Battached poly(EGDMA-HEMA) microbeads was obtained
using different initial concentrations of metal ion solutions
at pH 5.5. The adsorption capacities of Procion Red MX-

3B attached poly(EGDMA-HEMA) microbeads are presented as a function of the initial concentration of metal
ions within the aqueous adsorption medium (Fig. 3). The
amount of metal ions adsorbed per unit mass of the polymer increased with the initial concentration of metal ions,
then reaching a plateau value. If initial metal ion levels in
the solution were less than the maximum adsorption capacity of the polymer, the equilibrium adsorption capacity would increase as the initial concentrations of metal
ions increased. The maximum adsorption capacities were
72.4, 49.7, 37.4 µmol g-1 polymer for Cu(II), Pb(II) and
Cd(II), respectively.
An important factor for interactions between metal
ions and ligand is the pH value. In acidic medium, a weak
adsorption occurs, this is explained by competition between
metal ions and hydrogen ions for the adsorption. On the
other hand, increasing the pH increases the number of
negatively charged sites available for metal ion-binding and,
consequently, increases the metal ions adsorption. The
effect of solution pH on lead, copper and cadmium adsorption was investigated within the range of 2.0-7.0. The pH
values were chosen below 8 because these metal ions could
be precipitated by OH- to form metal(II) hydroxides. The
adsorption capacities increased with increasing pH, reaching plateau values at around pH 5.5. Therefore, pH 5.5 was
chosen throughout the subsequent experiments, considering
that, at lower pHs, adsorption will be incomplete. The pH
dependence of metal ion preconcentration onto the microbeads was also investigated for an on-line preconcentration system, and similar results were obtained, as expected.
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FIGURE 3 - Adsorption capacities of Procion MX-3B attached poly(EGDMA-HEMA) microbeads for Cu(II), Pb(II) and Cd(II) ions at pH 5.5.
TABLE 1 - Langmuir, Freundlich and D–R constants of Procion Red MX-3Battached poly(EGDMA-HEMA) microbeads for Cu(II), Pb(II), and Cd(II).

Metal
Cu
Pb
Cd

Qm
(µmol g-1)
70.9
54.3
39.7

Langmuir
b
(L mol-1)
0.121
0.120
0.109

Freundlich
R

2

0.998
0.998
0.997

Kf
(µmol g-1)
12.682
19.157
11.792

To determine the loading rate of metal ions on Procion Red MX-3B-attached poly(EGDMA-HEMA) microbeads, batch experiments were carried out at regular
time intervals (5-120 min). At the beginning of adsorption
process, very high adsorption rates were observed, and
then plateau values (i.e., adsorption equilibrium) were completely reached in about 5-10 min. The batch system studies showed that equilibrium time was significantly high.
By taking into account these results, Procion Red MX- 3Battached poly(EGDMA-HEMA) microbeads could be used
for on-line systems as column material.
Adsorption isotherms

The effects of metal ion concentrations on microbeads
were analyzed in terms of the Langmuir (Ce/Qe = 1/bQm +
Ce/Qm), Freundlich (log Qe = log Kf + 1/n log Ce), as well
as Dubinin-Radushkevich (D-R) (ln Qe = ln Xm − βE2) and
E = RT ln[1 + (1/Ce)]) equations, where Ce is the amount of
metal ions in liquid phase at equilibrium (mmol L-1), Qe the
equilibrium capacity of metal ions on the adsorbent (mmol
g-1), Qm the monolayer adsorption capacity of the adsorbent (mmol g-1). Qm, b, Kf, n, Xm and β are Langmuir,
Freund-lich and D–R constants, respectively [35-37]. The
Langmuir, Freundlich and D–R constants were evaluated
from the slope and intercept of linear plots. The isotherm
constants and the correlation coefficients are presented in
Table 1. As seen from Table 1, the values of the correlation coefficients indicate that the adsorption data fit
Langmuir isotherm model.
In Langmuir isotherm, adsorption of different species
can also be determined according to the value of b [38]. A
higher binding association constant (b) has been related to
specifically adsorbed metal ions at surfaces with low dissociation constant; while smaller b values correspond to a
weaker binding affinity. Therefore, it was concluded that
the Procion Red MX-3B-attached poly(EGDMA-HEMA)
microbeads appeared to have a weaker binding affinity to
Cd(II) than Cu(II) and Pb(II). The essential characteristics
of the Langmuir equation can be expressed in terms of a
dimensionless constant separation factor RL, which is defined as RL = 1/1+bC0, where C0 is the highest initial metal
ion concentration (µmol L-1) and b is the Langmuir constant. The value of RL indicates the shape of the isotherm
to be either unfavourable (RL >1), favourable (0< RL >1),
linear (RL = 1) or irreversible (RL = 0) [39]. The RL values,

2

1/n

R

0.303
0.208
0.288

0.876
0.811
0.845

Xm
(µmol g-1)
199
208
72.1

D–R
E
(kJmol-1)
14.7
14.4
18.9

R2
0.995
0.994
0.999

calculated from the highest initial metal ion concentration,
for Cu(II), Pb(II) and Cd(II) were 0.009, 0.028 and 0.017,
respectively. The values were between 0 and 1 indicating
favorable adsorption on dye-attached microbeads.
The experimental data were also fitted to Dubinin–
Radushkevich isotherm to evaluate the nature of sorption.
If the numerical value of mean adsorption energy (E) is
between 8 and 16 kJ mol-1, the adsorption process proceeds by ion exchange, while for values of E < 8 kJ mol-1,
the adsorption process is of physical nature [40]. The value
of E (kJ mol-1) was evaluated from the slope (β, mol2 kJ-2)
of the D-R plot using the equation E = 1 / − 2β . The
values E are given in Table 1. The results show that these
metal ions are adsorbed on Procion Red MX-3B-attached
poly(EGDMA-HEMA) microbeads predominantly by
ion-exchange.
Competitive adsorption

To obtain the selectivity of Procion Red MX-3Battached poly(EGDMA-HEMA) microbeads, competitive
adsorption of Cu(II)/Cd(II) and Cu(II)/Pb(II) from their
binary solutions was investigated. Solutions containing
50 mg L-1 of metal ions were treated with 100 mg of the
dye-attached poly(EGDMA-HEMA) microbeads for 15 min
at pH 5.5. Under these conditions, adsorption of Pb(II) and
Cd(II) was inhibited by the presence of Cu(II). In competitive adsorptions, the ratio of adsorption capacity of Cu(II)
to that of Cd(II) and Pb(II) can be expressed as selectivity
coefficients SCu/Cd and SCu/Pb. The competitive adsorption
capacities (Qc) and S values are given in Table 2.
TABLE 2 - Competitive adsorption capacities and selectivity.
Metal ions
Qc (µmol L-1)a
Cu (II)
64.8 ± 1.9b
Pb(II)
2.5 ± 0.3
Cd (II)
2.3 ± 0.4
a
Each experiment was repeated three times.
b
The same value was obtained all the experiments.

SCu/Pb, Cd
25.9
28.2

Continuous Flow System Performance
Effect of pH

The pH values of the sample solutions were adjusted
with HNO3 and NaOH. For this purpose, 100 µg L-1 of
Pb(II), 25 µg L-1 of Cu(II) and 10 µg L-1 of Cd(II) solutions
at different pH values were pumped through the column at
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a flow-rate of 5.0 ml min-1 (10 ml sample/2 min pumping
time). As can be seen from Fig. 4, the maximum amounts

of lead, copper and cadmium adsorbed by Procion Red
MX-3B-immobilized poly(EGDMA-HEMA) microbeads

0,08
100 µg/L Pb(II)
25 µg/L Cu(II)
10 µg/L Cd(II)

Absorbance

0,06
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0,02

0
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FIGURE 4 - Effect of pH on the preconcentration of Cu(II), Pb(II) and Cd(II).
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FIGURE 5 - Effect of sample flow-rate on preconcentration of Cu(II), Pb(II) and Cd(II).

were achieved at pH 5.5. Therefore, pH 5.5 was chosen
throughout the subsequent experiments.
Effect of sample solution flow rate

High sample-loading flow-rates are important for an
efficient preconcentration as well as high sample through-

put. In the proposed system, 10 ml of a solution containing
100 µg L−1 Pb(II), 25 µg L−1 Cu(II) and 10 µg L−1 Cd(II)
was pumped into the system at flow-rates from 1.0 to
7.0 ml min−1. No degradation in sorption efficiency was observed up to a loading flow-rate of 7.0 ml min−1 for the
studied ions (Fig. 5). It is well-known that higher flow-rates
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permit high sample volumes which increase the preconcentration factor. A flow-rate of 5 ml min-1 was selected as a
compromise between high sensitivity and low sample consumption.

in the Cd(II) signal, and was tolerated only up to 50 µg L-1.
On the other hand, Pb(II) did not present any effect on
Cd(II) signal, even when tested at 3500 µg L-1 level.

Effect of the eluent concentration and eluent flow-rate

Reusability of the Procion Red MX-3B
immobilized poly(EGDMA-HEMA) microbeads

The desorption rates of Cu(II), Pb(II) and Cd(II) ions
from the minicolumn were investigated by using HNO3
solution at different concentrations (0.1-0.5 mol L-1). The
analyte was eluted from the minicolumn, after loading
10 ml of samples (100 µg L−1 Pb(II), 25 µg L−1 Cu(II) and
10 µg L−1 Cd(II)). It was observed that the elution was
complete at 0.2 mol L-1 HNO3 concentration. In all cases,
the recovery obtained was higher than 98.5 % for all these
metal ions. The effect of the eluent flow-rate was also investigated within the range of 3.0-6.0 ml min-1, and best
results were obtained at 5.0 ml min-1. At lower flow-rates,
the analytical signal considerably decreased, probably due
to incompatibility between elution and nebulization flowrates. Finally, 5.0 ml min-1 was selected because it was
compatible with the high nebulizer’s free uptake.
Effect of the column dimension

The effects of the minicolumn height (35, 50, 70 mm)
and inner diameter (2.5 and 3.5 mm) on the preconcentration of metal ions in the continuous flow system were examined for a fixed preconcentration time period of 120 s.
For 35 mm and 50 mm-long columns (2.5 mm i.d.), very
similar AAS signals were obtained for lead, copper and
cadmium. When a 70 mm x 3.5 mm i.d. minicolumn was
used, the AAS signal decreased and broadened because of
long elution time. Inner diameters <2.5 mm caused a problem in terms of sample flow resistance, due to swelling of
the polymer, so back pressure within the column was observed. Therefore, a minicolumn, 35 mm x 2.5 mm i.d.
(containing 65 mg microbeads), was chosen for further
analyte preconcentration studies.
Effect of interfering ions

The tolerance for coexisting metal ions was examined
by adding relatively high concentrations to 100 µg L -1
Pb(II), 25 µg L-1 Cu(II) and 10 µg L-1 Cd(II). A set of
10-ml solutions containing varying amounts of interfering
ions and the metal ion of interest was taken, and the same
adsorption/elution procedure was applied. The tolerance
limit is defined as the ion concentration causing a relative
error smaller than ±5% related to the preconcentration and
determination of analytes. The results are given in Table 3.
In these experiments, 100 µg L-1 Cu(II) caused variation

The reusability of the resin was tested by loading metal
ions several times on a minicolumn from solutions with 250 µg L-1 at a flow-rate of 5 ml min-1, and then adsorbed
ions were eluted by the recommended procedure. It was
found that the adsorption capacity after 30 cycles of adsorption and desorption does not vary more than 3 %.
Therefore, these microbeads are suitable for repeated use
without considerable loss of adsorpton capacity.
Analytical features

The performance data of the on-line column preconcentration FAAS method for the determination of copper,
lead and cadmium are summarized in Table 4. Peak height
absorption signals were used for the calculation of calibration curve and precision of the method. The calculation
of the preconcentration factor was based on the ratio of the
slopes of the calibration curves [41, 42], obtained with and
without preconcentration, using FAAS. The slopes without
preconcentration were 4.7 x 10-5, 6.6 x 10-6, 1.4 x 10-4 µg L-1
for copper, lead and cadmium. The limits of detection
(LOD) were calculated by three times the standard deviation of the blank (n = 10). The precision of the proposed
method was evaluated by 10 successive retention and elution cycles with 50 µg L-1 of Pb, 10 µg L-1 of Cu and 5 µg
L-1 of Cd, in 10 ml sample solutions.
In order to decrease the LOD of Pb(II), the sample volume was increased. When 50 ml lead solution was used
(10 min of preconcentration time), the linear equation for
lead was A= 0.0016 [Pb µg L-1] + 0.0005 (R2 = 0.9987, n
= 5). In this case, preconcentration factor and LOD were
found to be 237 and 1.1 µg L-1 for lead, respectively.
Accuracy of the method

In order to evaluate the accuracy of the proposed procedure, the following certified reference water samples
were analyzed: SPS-SW2 Batch108 – Surface Water and
LGC 6010 – Hard Drinking Water. The obtained results
are given in Table 5. The values given represent the average and standard deviation of 3 determinations of each
sample. For 3 degrees of freedom, the table value of t at 95%

TABLE 3 - Influence of interfering ions on preconcentration of Cu(II), Pb(II) and Cd(II).
Interfering ions
Pb(II)
Cu(II)
Cd(II)

Ratios
Cu(II):ions
1:320
1:180

Pb(II):ions
1:4
1:70
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Cd(II):ions
1:350
1:5
-
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Fe(III)
Na(I)
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1:50
1:40
1:40
1:30
1:40
1:70
1:5000
1:8000
TABLE 4 - Analytical performance data for on-line preconentration
FAAS method of copper, lead and cadmium with a sample-loading time of 2 min.

Parameter
Preconcentration time, min
Enrichment factor
LOD (3 s), µg L-1
Precision RSD, n = 10, %
Linear range, µg L-1
Regression equation,
n = 5; [M] µg L-1
Correlation coefficient, r

1:40
1:40
1:80
1:7000

Copper (II)
2
51
1.25
7.1
0 - 50
A=0.0024[Cu]+0.0005

Metal ions
Lead (II)
2
48
10
4.8
0 - 200
A=0.0003[Pb]+0.0007

Cadmium (II)
2
55
0.5
5.6
0 - 20
A=0.0078[Cd]+0.0005

0.9986

0.9985

0.9992

TABLE 5 - Determination of lead, copper and cadmium in certified water samples.
Samples
SPS-SW2 Batch108

LGC 6010

Certified value
µg L-1
25.0 ± 0.1
100 ± 1.0
2.50 ± 0.02
95 ± 3
-

Metal ion
Pb(II)
Cu(II)
Cd(II)
Pb(II)
Cu(II)
Cd(II)

Found
µg L-1
24.36± 0.81
98.85 ± 0.65
94.49 ± 0.56

Recovery
%
95.3
98.9
99.5

Sample volume 10 mL

TABLE 6 - Results from the analysis of spiked tap water samples for lead, copper and cadmium.
Metal ion
Pb(II)
Cu(II)

Cd(II)

Added (µg L-1)
5
10
5
10
-

Found (µg L-1)
BDL
4.97 ± 0.18
9.75 ± 0.31
BDL
5.12 ± 0.26
9.86 ± 0.43
BDL

5

4.85 ± 0.36

10

9.92 ± 0.47

Recovery (%)
99.5
97.5
102
98.6
97.0
99.2

BDL, below detection limit.

confidence level is 3.18. Since the calculated values for t
are less than 3.18, there is no significant difference between the results achieved by the proposed method and
certified values. The recoveries of Pb(II) and Cu(II) were
in the acceptable range, but Cd(II) could not be determined in SPS-SW2 Batch108 – Surface Water. This may
be due to the presence of 100 µg L-1 Cu(II) in that sample.
Because Cu(II) was found to interfere at concentrations
5 times higher than that of Cd(II) (see section Effect of interfering ions).
The preconcentration method was used for lead, copper and cadmium determinations in tap water samples.
Different amounts of interested ions were added to 10 ml
of tap water. Five replicates of each sample were performed by combining preconcentration system with FAAS
detection. The results are given in Table 6. Recoveries of

spike additions (5 and 10 µg L-1) to water sample were
quantitative (97–102 %). All the experimental results show
that preconcentration of the metal ions onto the dye-attached poly(EGDMA-HEMA) microbeads is not affected
by matrix interferences, and the proposed method can be
applied satisfactory for lead, copper and cadmium determination in water samples.
A comparison of the proposed system with other online preconcentration procedures using several sorbents is
given in Table 7. The proposed on-line preconcentration
system shows good enrichment factors with reasonable
preconcentration time over other on-line preconcentration
methods. Consumptive index (CI) is another efficient way
to evaluate the performance of peconcentration system [40].
CI is expressed by volume of analyte solution (V, ml) and
the EF ratio (CI = V/EF), thus indicating the necessary
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volume to obtain one unit of enrichment factor. As seen
from Table 7, the detection limit for the proposed method
is comparable to those given by many methods in the
table. In addition, enrichment factor can be improved by

using larger sample volumes. It is important to emphasize
that CI values obtained in the present study are lower than
that of the most procedures.

TABLE 7 - Comparative data for on-line preconcentration of lead, copper,
and cadmium using chemically modified sorbents and detection by FAAS.
Metal

Sorbent

Phosphoric acid functionalized Cellex P
BTAC loaded polyurePb
thane foam
Functionalized
Cu
styrene-divinylbenzene
DHMP-loaded
Cu, Ni, Pb, Co
activated carbon
Pb, Cu, Ni,
Functionalized
Co, Cd
Silica gel
Cu
Calmagit loaded XAD-2
Pb

Cu, Cd, Co,
Pb, Zn, Mn
Cd, Cu
Pb, Cu, Cd

Quinalizarin functionalized XAD-2
2-aminothiophenol
functionalized XAD-2
Procion Red MX-3B
functionalized
poly(EGDMA-HEMA)

Sample
Volume
(ml)

Enrichment
factor

LOD
(µg L-1)

P.T. (min)

CI (ml)

Ref

5.1-25.5

47-197

1.8

1

0.11-0.13

43

7.0

26

1.0

1

0.27

44

13.2-26.4

21-43

1.1-0.93

2-4

0.63-0.61

29

1300

260

2.9/3.5/8.4/3.4

-

5.0

13

25-100

-

22.5/1.0/2.9/0.95/1.1

6.25-25

-

45

13.5

32

0.15

1000/50/40/
50/100/65

2.0/1.3/5.0/
15.0/1.0/1.6

0.42
10/20/25/
20/10/15.4

23

1000

3
8.5/5.3/
10.2/15/
7.4/14.1

5/8/
14/24

28/14/
74/35

0.89/1.31/
0.14/0.54

1

0.18/0.57

47

48/51/55/
237

10/1.25/0.5/
1.1

2
10

0.21/0.19/0.18
0.21

present
work

10
50 for Pb

CONCLUSION
Adsorption of Cu(II), Pb(II) and Cd(II) ions onto Procion Red MX-3B-attached poly(EGDMA-HEMA) microbeads can be explained with an ion exchange process. The
adsorption behavior of all metal ions fitted the Langmuir
adsorption model.
In the column method, the obtained results showed that
Procion Red MX-3B-attached poly(EGDMA-HEMA) microbeads were suitable as a solid-phase for the on-line preconcentration and determination of Cu(II), Pb(II), Cd(II)
at µg L-1 levels, by FAAS. The proposed method could be
applied successfully for the preconcentration and determination of Cu(II) and Pb(II) in surface water, hard drink
water and tap water samples. This polymeric sorbent is a
potential column material determining lead, copper and
cadmium from water samples using on-line preconcentration procedure. Lifetime of the Procion Red MX-3B-attached poly(EGDMA-HEMA) column and simplicity of the
system are also advantages of this procedure.
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ABSTRACT
The aim of this study is to detect the DNA sequences
for the PAH-dioxygenase gene, the key enzyme of the aerobic catabolic for polycyclic aromatic hydrocarbon degradation, in soil microorganisms by using extraction of total
DNA, PCR amplification PAH-dioxygenase sequences, and
detection with colony hybridization. To determine whether
bacteria containing PAH-dioxygenase gene actually exist in
environments contaminated by crude oil or not, the genomic DNA was purified using a genomic DNA purification kit. Purified genomic DNA was then amplified with a
thermal cycler, and the PCR products were separeted by
agarose gel electrophoresis. Pseudomonas sp. strain ARP
26, which is capable of degrading phenanthrene, was used
as target for colony hybridization. It was confirmed that
Pseudomonas sp. strain ARP 26 demonstrated DNA sequence homology to the digoxigenin-labeled DNA probes
used.

KEY WORDS: Polycyclic aromatic hydrocarbon, Pseudomonas,
PAH dioxygenase, colony hybridization

INTRODUCTION
Polycyclic aromatic hydrocarbons (PAH) are widespread important pollutants in the environment with known
or suspected toxic, mutagenic and carcinogenic properties
[1]. Some PAHs, especially the higher molecular weight
compounds, are toxic to living organisms, and this toxicity
is enhanced by their intrinsic chemical stability and resistance to many forms of degradation [2]. Therefore, there
is great interest in developing strategies to remove PAHs
from contaminated sites. The biodegradation of PAH has
been intensively studied and many bacterial strains have
been isolated for their ability to degrade and use PAH as
source of carbon and energy [1].

Bacteria from different genera are able to catabolize
polyaromatic hydrocarbons [3]. Aromatic compound-degrading bacteria are of the greatest concern, because aromatic compounds are frequently a major category of pollutants at sites requiring remediation [4]. The genus Pseudomonas has been the subject of much research regarding
its ability to degrade PAHs [5,6]. Bacterial degradation of
PAHs under aerobic conditions begins with the addition
of both molecules of molecular oxygen to the aromatic ring
by a dioxygenase system. The initial PAH dioxygenases of
the upper pathway are the key enzymes for various bacteria and enable them to attack aromatic ring structures. They
are multimeric and comprise several subunits: a reductase
subunit, a ferredoxin subunit, a large and a small iron sulfur
protein. These enzymes could be suitable targets for genetic
screening strategies to detect bacteria with PAH-catabolizing potential [7].
Various methods are used to characterize hydrocarbondegrading populations in soil. Soil biological investigations, such as measurements of soil respiration, enzyme
activities, and microbial counts, can give information about
the presence of viable microorganisms the impact of environmental stresses, such as hydrocarbon contamination, and
the metabolic activity of soil [8]. Direct, non-cultivationbased molecular techniques for detecting microbial pollutant-degrading genes in environmental samples are also
powerful tools for studying the structure and functions of
complex microbial communities. Catabolic gene probes that
are designed from specific genes involved in key enzymatic
steps in the microbial degradation pathways for environmental pollutants can be used to examine both pristine
and contaminated environments to determine the presence
of organisms having specific functional capacities [9,10].
PCR is being applied more often to the assay of microorganisms in the environment, including soils. The simplicity of this technology, together with its potential to detect
small numbers of target organisms without a need for cell
cultivation, easly makes this technique an important one
for monitoring pathogens and indicator bacteria [11].
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Nucleic acid hybridization techniques have been developed to detect and select specific DNA sequences in
bacterial colonies. DNA-DNA colony hybridization should
be a useful and sensitive tool for the nonselective detection of specific DNA sequences against the background of
an environmental community. Such applications would
make it possible to detect low frequencies of degradative
bacteria or catabolic genes within natural or wastewater
populations [12].
The aim of this study was to specifically detect the
DNA sequences for the PAH-dioxygenases gene, the key
enzyme of the aerobic catabolic pathway for polycyclic
aromatic hydrocarbon degradation, in soil without prior
cultivation of microorganisms by using extraction of total
DNA, PCR amplification of PAH-dioxygenase sequences,
and detection with specific gene probes.
MATERIALS AND METHODS
Chemicals and equipment

Taq DNA polymerase and all PCR reagents, solvents,
and oligonucleotides were purchased from Roche (Roche
Diagnostics GmbH, Germany). DNA isolation kits were
purchased from Epicentre Biotechnologies (USA) and Fermentas (Canada) respectively. All reagents and solutions
for colony hybridization were also purchased from Roche
(Roche Diagnostics GmbH, Germany). PCR assays were
performed in an Eppendorf MasterCycler (Eppendorf Corp,
Germany). The other organic compounds were purchased
from Sigma (USA).
Collection of soil samples and enumeration of bacteria

Soil samples, contaminated with crude oil, were collected in sterilized jars from a petroleum refinery (36̊ 48'
37.37" N, 34˚ 42' 11.11" E ) in Mersin city, Turkey. The
samples were transported and stored on ice until further
treatment. The garden soil was used as a control for DNA
extraction studies. Enumeration of viable aerobic heterotrophs was performed by standard plate count procedures
on Nutrient Agar (Merck). Plates were incubated at 30 °C
and CFU were determined at 48 h.
PAH-degrading bacteria

Bacterial strain Pseudomonas ARP 26, which was
characterized in our previous study [13], used as target
source for colony hybridization. This strain was also isolated from the same region in Mersin, by growth on phenantherene as a sole source of carbon, and was identified as
Pseudomonas sp. ARP26. Bacteria were grown at 37°C in
Luria-Bertani (LB) medium; Tryptone 10g/l, Yeast extract
5g/l and NaCI 5 g/l.
Direct extraction of DNA from soil

Genomic DNA was purified from soil samples using
Epicentre SoilMaster DNA Extraction Kit (SM02050). The
garden soil was used as a control. 250 µl of Soil DNA Ex-

traction Buffer and 100 µg of Proteinase K were added to
100 mg of soil followed by the addition of 50 µl of Soil
Lysis Buffer. The sample was vortexed, heated to 70 ˚C for
10 minutes, vortexed again, and soil matrix was spun down.
Protein precipitation reagent (60 µl) was added and the
sample was held on ice. The proteins were spun down and
the supernatant was spun through an Inhibitor Removal
Spin Column to remove enzymatic inhibitors from the soil
DNA. The genomic soil DNA present in the column flowthrough was precipitated with DNA Precipitation Solution,
and washed twice with Pellet Wash Solution. The DNA
was resuspended in 300 µl of TE Buffer [14]. To confirm
that DNA had been successfully extracted from the soils,
the soil DNA extracts were analyzed by agarose gel electrophoresis for observable chromosomal DNA bands.
Genomic DNA extraction

1g soil sample was mixed with 250 ml of LB broth and
incubated at 30˚C overnight in an orbital shaker at 250 rpm.
Biomass was centrifuged at 7500 rpm for 10 min, and
pellet was dissolved in 200 µl TE buffer. DNA was isolated
and purified using standard procedures using Fermentas
Genomic DNA purification kit (K0512). 200 µl sample was
mixed with 400 µl Lysis Solution and incubated in a 65˚C
water bath for 5 min. Then 600 µl chloroform was added
and gently emulsified by inversion. The mixture was centrifuged at 10,000 rpm for 2 min. Upper aqueous phase containing DNA was transferred to a fresh tube, added 800 µl
of precipitation solution, and mixed at room temperature
for 1-2 min. The mixture was centrifuged at 10,000 rpm
for 2 min and removed supernatant completely. The DNA
pellet was dissolved in 100 µl 1.2 M NaCI solution. DNA
was precipitated by addition of 300 µl of ice-cold ethanol
and incubation at -20˚C for 10 min. The samples were centrifuged for 3-4 min at 10,000 rpm, the ethanol was decanted, and the pellets were washed once with 70 % cold
ethanol. The DNA was dissolved in 100 µl water, nuclease-free. The DNA extracts were analyzed by agarose gel
electrophoresis for observable chromosomal DNA bands.
PCR amplification

DNA extracts were screened by PCR to detect catabolic gene that encodes enzymes involved in a variety of
known bacterial hydrocarbon degradative pathways: PAHdioxygenase. The digoxigenin (DIG) labelled partial sequence of Pseudomonas fluorescens PAH ring-hydroxylating dioxy-genase α subunit-like gene was used as a
primer (GenBank accession number DQ192657, position
86-101).
PCR amplification was performed in a total volume
of 50 µl in 0.5 ml Eppendorf tubes by using a programmable DNA thermal cycler (Eppendorf MasterCyler). Each
reaction mixture contained 1 µl of dNTP stock solution
(containing 10 mM of each dNTP), 0.1-0.6 µM of primer,
0.1-0.25 µg/reaction of template DNA, 5 µl of Taq PCR
buffer (10X) and 0.25 µl Taq DNA polymerase (5 U/µl)
in sterile, double distile water. The PCR was performed by
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using an optimized PCR protocol for 30 cycles according
to the following protocol: denaturation at 95˚C for 2 min,
annealing at 55˚C for 30 s, extension at 72 ˚C for 60 s and
a final extension step at 72˚C for 7 min.
Electrophoresis

The products from PCR were separeted by agarose
gel electrophoresis. Agarose gel electrophoresis through a
horizontal slab gel of 0.8% agarose submerged in TBE
(Tris-HCl, Boric Acid, EDTA) runnig buffer at 80 V for 2 h
were performed. DNA bands were stained with Ethidium
Bromide for 15 min and visualized on a UV transilluminator. Molecular weight of the DNA bands were determined
by using Gel Documentation System (UVP).
Colony hybridization

Hybridization studies with PCR products of DIG labelled primer set with positive and negative control DNA
were performed to confirm specifity. Hybridization followed the instructions of the DIG application manual (Dig
application manual, Roche Diagnostics) The agar plates
containing colonies were pre-cooled at 4˚C for 30 min. A
82 mm nylon membrane (Roche) disc was carefully placed
onto the surface of precooled plate and leaved for approximetely 1 min. The colonies on nylon membrane disc
was lysed by placing the disc (colony side up) on a 1 ml
puddle of Denaturation Solution (0.5 M NaOH, 1.5 M
NaCl) on plastic film for 15 min. The membrane disc was
then blotted briefly on filter paper (Whatman 3MM) and air
dried. The membrane disc was transferred to the new
plastic film containing Neutralization Solution (1.5 M NaCl,
1.0 M Tris-HCl, pH:7.4) and incubated for 5 or 15 min.
The membrane disc was then blotted briefly on filter paper
(Whatman 3MM) and air dried. The membrane disc was
then placed to the new plastic film containing 2x SSC
(0.3 M NaCl, 30 mM sodium citrate, pH:7,0) and incubated for 10 min. The disc was illuminated with UV light
for approximately 30 s to 5 min at a distance of 15 cm. To
remove cell debris, the membran disc was treated with
proteinase K for 1 h at 37˚C. The membrane disc was
prehybridized by placing in a heat-sealable plastic bag
(Roche) containing the appropriate Prehybridization Solution (Roche). The sealed bag was then incubated for 1 h at
42 ˚C. The Dig-labeled DNA probe was denaturated by
boiling for 5 min at 95-100 ˚C and rapidly placed on ice.
DIG Easy Hyb (Roche) containing 25 ng DIG-labeled DNA
probe/ml were injected into the sealed bag. Bag was incubated for 2 h at 42˚C. The membrane disc was then removed from the bag and washed twice with Low Stringency Wash Buffer (2x SSC + 0.1%SDS) for 5 min at
room temperature. This was followed (with agitation) by
two High Stringency Wash Buffer (0.5x SSC + 0.1% SDS)
for 15 at 68 ˚C and then by Washing Buffer (0.1 M Maleic
acid, 0.15 M NaCl pH: 7.5, 0.3 % Tween 20) for 1-5 min at
room temperature. The membrane disc was then blocked in
40 ml Blocking Solution (Roche) for 30 min and incubated
in 15 ml of dilute antibody solution for 30 min. The membrane disc was washed twice with 40 ml of Washing Buffer

(Roche) for 15 min and equilibrated with 20 ml of Detection Buffer (Roche) for 2-5 min, covered with 4 ml of Color
Substrate Working Solution (Roche) and incubated in the
dark. Reaction were stopped by incubating in 50 ml TE
Buffer (10 mM Tris HCl, 1 mM EDTA, pH:8). The hybridization signals were documented by photographing the wet
membrane.

RESULTS AND DISCUSSION
Various methods are used to characterize hydrocarbondegrading populations in soil. The aim of this study was to
use a molecular technique for the general detection of aromatic compounds-degrading bacteria at the selected site.
The DNA sequences for the PAH-dioxygenases gene was
specifically detected by using PCR amplification, because
of the simplicity of this technology, together with its potential to detect small numbers of target organisms without a
need for the culturing of cells. Microbial ecologists, systematicist, and population geneticist have become increasingly interested in methods for complete, unbiased isolation of DNA and RNA from soils and sediments because
such procedures promise to make the genomes of uncultured indigenous microorganisms available for molecular
analysis [15]. The application of DNA extraction methods
to environmental samples can obviate the need for cell cultivation, since cell cultivation has the disadvantage of obtaining only a very small proportional of the total microbial community [16]. Enumeration of the PAH-degrading
bacterial population in contaminated soils using traditional
microbiological methods can take an inordinate length of
time, and often underestimates numbers as a result of our
ability to cultivate the majority of soil organisms [17]. Several newly emerging methods for monitoring specific microbial genotypes in environmental samples and for analyzing microbial community structure at the genetic level,
which do not require the culturing of the microorganisms
from the samples, depend upon the efficient recovery of
DNA as an essential part of the procedures [18].
We attempted to extract DNA from contaminated soil
by using commercial extraction kit. The efficient recovery
of DNA is essential part of the procedures. Most DNA
extraction methods have been tested on a limited number
of soil types, so that their general applicability is unknown
for comparative ecological studies. In our study, Epicentre
SoilMaster DNA extraction kit was used to extract and
purify the DNA from the soil contaminated with crude
petroleum. The garden soil was used as a control. The DNA
extracts were analyzed by agarose gel electrophoresis for
observable chromosomal DNA bands. However, the chromosomal bands were detected at only garden soil used as
a control (Fig. 1A). These findings indicated that DNA
extraction kit did not work at heavily contaminated soil
like this region. Nucleic acid extraction methods suffer from
compounded inefficiencies in the individual component
steps, including DNA sorption to soil surfaces, coextraction
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FIGURE 1 - A) Separation profiles of total genomic DNA’s extracted from crude oil contaminated and garden soils by using Epicentre SoilMaster Kit. Lane 1, 2; crude oil contaminated samples, Line 3; Marker (Mass Ruler DNA ladder, High range, Fermentas), Line 4, 5; garden
soil samples. B) Separation profiles of total genomic DNA from crude oil contaminated soil biomass after enrichment in LB Broth by using
Fermentas Genomic DNA purification kit. Lane 1; Marker (Mass Ruler DNA ladder, High range, Fermentas), lane 2 and 3; Genomic DNAs.

of enyzmatic inhibitors from soil, and loss, degradation, or
damage of DNA. Volossiouk et al. [11] reported that contaminants in the DNA extracts which inhibit PCR amplification and loses of DNA by degradation or adsorption had
proven to be the major limitations. Humic substances coextracted during DNA retrieval is big problem because it
greatly inhibits the enzymes involved in manipulating DNA
[19]. The main reason why humic acid substances are so
difficult to remove from soil DNA is probably the similar
molecular structure of two materials. Both are long chain
molecules and carry negative charge. Humic substances
contain many carboxyl and hydroxyl groups [20] and their
physical-chemical characteristics are similar to the phosphate groups of the sugar-phosphate backbone of DNA
[19]. Recently different commercial DNA extraction kits
provide reliable and simple method for producing PCRready DNA from soil and sediment samples. But it was
reported that these popular commercial kits are unable to
overcome this problem completely [19]. On the other hand,
it seems to be very difficult to extract DNAs from crude oil
contaminated soils because of its high level long-chained
hydrocarbon contents. Sei et al. [4] developed a DNA extraction method applicable to oil-amended sea-water samples. They used isopore polycarbonate membrane filter to
trap the microorganisms. But there is not enough data about
direct DNA extraction from crude oil contaminated soils.
There has been only one report on the direct detection of

bacteria by the PCR of DNA from crude oil [21]. They
performed DNA extraction from crude oil contaminated
seawater by the method using zirconia beads and a QIAamp
DNA Stool Mini Kit (Qiagen Inc., Valencia, CA, USA)
[21]. But, this method does not seem to be applicable to
soil samples. We found that Epicentre SoilMaster kit is not
successful in crude oil contaminated soils. There are some
possible explanations for this situation. First, the bacteria
embedded in hydrocarbon sludges might be protected from
effects of lytic agents of the commercial kit. Second, if so,
in this region where microorganisms biomass is not enough,
this might perhaps lead not to extract DNA from soil.
Therefore, we enumerated total viable aerobic heterotrophs
of crude oil contaminated soil sample by standard plate
count procedure and it was found to be 38 x 105 CFU g/ml
approximately. For this reasons we attempted to extract
DNA from microbial biomass enriched in LB broth. To
obtain genomic DNA, soil samples were inoculated to LB
broth and incubated at 30 ˚C overnight in an orbital shaker.
Total genomic DNA was isolated and purified from the
biomass using standard procedures Fermentas Genomic
DNA purification kit. This kit is designed to isolate double-stranded DNA from fresh or frozen human or animal
blood, cell cultures, various tissues (mammalian or plant),
and Gram-positive and Gram-negative bacteria. The DNA
extracts were then analyzed by agarose gel electrophoresis
(Fig. 1B). According to the electrophoretic analysis, suf-
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ficient DNA preparations were obtained for PCR experiments from soil biomass after enrichment in LB Broth by
using this kit.
The ideal detection systems for PAH-degrading environmental isolates should include probes from isolated
genes which encode PAH-degradative enzymes or a PCR
assay depending on these genes. Generally, the first enzyme of the pathway is a dioxygenase, which converts the
aromatic hydrocarbon to the corresponding cis-dihydrodiol
[22]. Bacterial dioxygenase is an enzymatic system consisting of ferrodoxin, ferrodoxin reductase, and a terminal
ring-hydroxylating dioxygenase composed of α and β subunits [3]. The α subunit of the terminal dioxygenase is
more conservative than other components and is thought
to be critical for substrate recognition [23]. Evaluating the
particular gene expressing this subunit could improve our
understanding of the genetics of PAH-degrading bacteria
and assist in monitoring active microbial communities during bioremediation [24, 25]. So, the partial sequence of PAH
ring-hydroxylating dioxygenase α subunit-like gene was
used as primer in PCR experiment. PCR of the total ge-

nomic DNA as template with this primer produced a DNA
fragment of 350 bp. (Fig. 2). This fragment was used as a
probe for hybridization. Bacterial strain, named Pseudomonas sp ARP 26 which was isolated and identified as a
potential phenanthrene degrader strain in our previous study
[13] was used as control/target organism for colony hybridization experiments. Strong hybridization signals were
observed in all colonies of this strain. Typical results from
digoxygenin-labeled hybridization studies with this strain
are shown Fig. 3. Zhou et al. [26] were used several primers to detect sequences of the α subunit of PAH ring-hydroxylating dioxygenase in some Sphingomonas, Pseudomonas and Mycobacterium strains isolated from mangrove
sediments. It was reported that the sequences of 317 bp
were similar to the ring-hydroxylating-α domain. In this
study, gene accession number of the primer sequence which
was used in PCR amplification of total genomic DNAs as
template is DQ192657. This sequence is located between
86-101 nucleotides of the PAH ring-hydroxylating dioxygenase α subunit-like gene in Pseudomonas fluorescens
[26]. This sequence is also located between 2505-2521 nucleotides of the PAH dioxygenase (GenBank AB004059) in

FIGURE 2 - Results of PCR with PAH-dioxygenase-specific primer. Line 1; Marker (Mass Ruler DNA ladder,
High range, Fermentas), Line 2, 3; Negative controls, Line 4 and 5; PCR products of PAH dioxigenase-specific primer.
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FIGURE 3
Colony hybridization with the dig-labelled PAH dioxygenase probe. A) The colonies of the Pseudomonas sp. ARP 26
on Nutrient Agar. B) Hybridization signals of Pseudomonas sp ARP 26 with the DIG labeled PAH-dioxygenase probe.

Pseudomonas putida [27]. In hybridization experiments,
strong hybridization signals were detected all colonies on
plates means that the PCR products (350 bp fragments)
belongs to PAH dioxygenase gene family. Best studied
PAH dioxygenases is napthalene dioxygenase from Pseudomonas putida NCIB 9816-4 [23,28] encoded by the NAH
plasmid pDTG1 [29]. The nah genes have been found in a
wide variety of bacteria and geographic locations [30, 17,
31]. Other more distantly related PAH degradation genes
have also been described. Burkholderia sp. strain RP007,
which was isolated from a PAH-contaminated site in New
Zealand based on its ability to degrade phenanthrene, contains a suite of PAH catabolic genes, the phn genes, which
are only distantly related to the DNA and amino acid level,
while possessing an activity similar to that of the nah genes
[32]. Competitive PCR studies also showed that the Pseudomonas-type nah genes are not always dominant in the
environment and that the phn-type genes can have a greater
ecological significance than the nah-like genotype [32].
The results of this study demonstrated that molecular
genetic techniques can provide an accurate and rapid method
to detect microorganisms capable of polycylic aromatic hydrocarbon biodegradation in soil contaminated with crudeoil. Similarly, Sayler et al. [12] investigated TOL and NAH
plasmids in soil by using a hybridization technique. Haman et al. [1] isolated twenty different strains of Pseudomonas, Mycobacterium, Gordana, Sphingomonas, Rhodococcus and Xanthomonas which degrade PAH and characterized in respect to genes encoding degradation enzymes
for PAH. Genomic DNA from these strains was hybridized
with a fragment of nodB, coding for the large iron sulfur

protein (ISPα) of the napthalene dioxygenase from a Pseudomonas putida strain. Some of the naphtalene degrading
Pseudomonas strains showed strong hybridization with
the nodB probe. It was reported that the gene for naphtalene dioxygenase iron sulfur protein from Pseudomonas
putida hybridized to 45% of culturable naphtalene degrading bacteria of classical nah type, which is isolated from
contaminated soils. It was also reported that glutation Stransferase (GST) encoding gene of Sphingomonas paucimobilis were associated with culturable phenanthrene degrading isolates and hybridized to 29% [17]. Such applications would make it possible to detect low frequencies of
degradative bacteria or catabolic genes within soil or wastewater populations in contaminated ecosystems. Overall, our
study suggests that the contaminated environments such as
petroleum refinery soils can harbour PAH dioxygenase
genes, allowing for succession of different dioxygenase
gene populations in response to exposure to different PAHs.
While the primer used in this work proved to be very
satisfactory for detecting phenanthrene degrading bacteria, more studies must be done in order to fully realize the
potential of molecular genetic methods as tools for monitoring biodegradation. The specificity of molecular genetic
techniques provides critical information about the in situ
microbial community of the polluted environments. Additionally, the importance of catabolic gene sequences in
total DNA extracts from the polluted environment could
then be analysed and compared with the diversity of the
culturable part of the microbial community for the genes in
question. Finally, such studies would allow investigation of
the microbial ecology of petroleum-contaminated sites to
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determine the roles of currently known catabolic pathways
in bioremediation in the field.

[14] Meis, J. and Chen, F. (2002) Extract PCR-ready soil DNA in
less than an hour with the new SoilMaster DNA exraction kit.
Epicentre Forum 9(2), 1-3.
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ABSTRACT

INTRODUCTION

Dried Chlorella vulgaris cells were magnetically modified by contact with water-based magnetic fluid stabilized
with perchloric acid in order to prepare a new type of magnetically responsive biocomposite material. This procedure
enabled a simple separation of modified cells by means of
strong permanent magnets. The prepared material was used
as a new inexpensive magnetic adsorbent for the removal of
water-soluble dyes.

Different types of dyes are used in many industrial
processes to color the products. A considerable amount of
colored wastewaters is produced which enters the aquatic
environment. Many dyes are not easily biodegradable and,
in addition, many of them are also toxic for the aquatic
environment. The removal of dyes from colored effluents,
particularly in textile industries, is currently one of the
most interesting problems [1, 2].

Magnetically modified cells were characterized by
means of magnetic and microscopic methods. Both isolated
magnetic nanoparticles and aggregates of particles were
present on the cell surface. The prepared material displayed
a super-paramagnetic behavior at room temperature, with
a transition to a blocked state at TB 200 K for the applied
magnetic field H = 50 Oe.

Many procedures have been described for the removal
of dyes from dye-containing industrial effluents [1]. The
conventional methods for treating dye-containing
wastewaters include flocculation, coagulation, oxidation,
membrane filtration, and adsorption. Such methods are
often very expensive and cannot be used on a large scale.

Six dyes (aniline blue, Bismarck brown, congo red,
crystal violet, safranin O and Saturn blue LBRR) were used
to study the adsorption process. The dyes` adsorption
reached equilibrium in approximately 30–120 min. Langmuir isotherms were successfully used to fit the experimental data. The maximum adsorption capacities ranged
between 24.2 (Saturn blue LBRR) and 257.9 (aniline blue)
mg of dye per g of dried magnetically modified cells.
Change of pH can significantly increase the adsorption of
some dyes. Ferrofluid-modified Chlorella vulgaris cells
represent an interesting material for further study and
potential applications.

KEYWORDS:
Chlorella vulgaris, magnetic fluid, magnetic iron oxide nanoparticles, magnetically modified cells, magnetic separation, dyes.

Recently, numerous approaches have been studied for
the development of cheaper and more effective dye adsorbents. Many non-conventional low-cost adsorbents, including natural materials, clay materials, zeolites, siliceous material, biosorbents and waste materials from industry and agriculture, have been proposed by several
workers [2]. Also, several types of algae or seaweed, such
as Pithophora sp. [3, 4], Azolla filiculoides [5], Chlorella
vulgaris [6], Caulerpa lentillifera [7], Spirogyra sp. [811] or Enteromorpha prolifera [12, 13] have been tested
as possible bioadsorbents for the removal of various dyes;
some of these materials exhibited high adsorption capacity for specific compounds.
It has been shown recently that magnetic adsorbents
represent an extremely interesting group of materials, which
can be manipulated by an external magnetic field. Magnetic techniques enable relatively simple separation of
magnetic materials from difficult-to-handle samples,
including wastewater [14, 15]. There is only limited information on the combination of inexpensive biosorbents
with magnetic procedures for dye removal [16]. In this
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paper, we describe the magnetic modification of Chlorella
vulgaris cells, detailed magnetic characterization of the
prepared biocomposite material, and subsequent study of
this material for dye adsorption.

at 600 °C. Ultrathin sections exhibiting silver and gold interference colours were made on Reichert ultramicrotome,
stained with uranyl acetate and lead citrate, and observed
using a transmission electron microscope (Jeol 1010).
Adsorption of dyes on
ferrofluid-modified Chlorella vulgaris cells

MATERIALS AND METHODS
Materials

Dried Chlorella vulgaris cells were obtained from Dr.
J. Kopecky, Department of Autotrophic Microorganisms,
Institute of Microbiology, Academy of Sciences, Trebon,
Czech Republic. Commercially available congo red (C.I.
22120), Bismarck brown Y (C.I 21000), safranin O (C.I.
50240), crystal violet (C.I. 42555), Saturn blue LBRR 200
(C.I. 34140), and aniline blue, water soluble (C.I. 42755),
were used as model dyes. Water-based ionic magnetic fluid,
stabilized with perchloric acid, was prepared using the
standard Massart procedure [17]. The ferrofluid was composed of magnetic iron oxides nanoparticles with diameters
ranging between 10 and 20 nm (electron microscopy
measurements). The relative magnetic fluid concentration
(25.8 mg/ml) was given as the iron(II,III) oxide content
determined by a colorimetric method [18].
Preparation of ferrofluid-modified Chlorella vulgaris cells

The dried Chlorella vulgaris cells were washed six to
eight times with excess 0.1 M acetic acid. 1 ml of ferrofluid was added to 3 ml of the suspension of washed
cells in acetic acid, then mixed and incubated at room
temperature for 1 h on a Dynal MX1 sample mixer (Invitrogen, USA). The residual ferrofluid was removed by
washing with 0.1 M acetic acid and then by repeated
washing with water, until the supernatant was clear. The
magnetized cells were captured using an appropriate magnetic separator. The resultant magnetic adsorbent was
stored in a water suspension at 4 ºC. The dry weight of 1 ml
of sedimented, magnetically modified Chlorella vulgaris
cells was 132.9 mg.

The suspension of magnetically modified Chlorella
vulgaris cells (0.2 ml; the settled volume of the adsorbent
was 0.05 ml) was mixed with 4.8 ml of water in a 15-ml
test tube. Then, a 0.01-3.0 ml portion of stock solution of
a tested dye (1-2 mg/ml) was added, and the total volume
of the suspension was made up to 10 ml with water. The
suspension was mixed for 3 h at room temperature. Then,
the magnetic Chlorella vulgaris cells were separated from
the suspension using a magnetic separator (Dynal MPC-1
or MPC-6, Invitrogen, USA), and the clear supernatant
was used for spectrophotometric measurement. The concentration of free (unbound) dye in the supernatant (Ceq)
was determined from a calibration curve. The amount of
dye bound to the unit volume of the adsorbent (qeq) was
calculated using the following formula:
qeq = (Dtot – 10 Ceq) / 50 (g/L or mg/mL)

(1)

where Dtot is the total amount of dye used in the experiment. Using the measured value of dry weight, the
value qeq was expressed in mg of adsorbed dye per 1 g of
adsorbent.
To study the pH dependence of dyes adsorption, 0.1
ml of the dye solution (concentration 1 mg/ml) was mixed
with 9.7 ml of buffer solution and 0.2 ml of magnetic
Chlorella vulgaris cell suspension. The following buffers
were used: glycine-HCl (pH = 2.2), acetate (pH = 4.16),
phosphate (pH = 7.4) and borate (pH = 9.5).
Equilibrium data processing

Equilibrium adsorption data were fit to Langmuir and
Freundlich adsorption isotherms using SigmaPlot software.

Magnetic characterization of
ferrofluid-modified Chlorella vulgaris cells

RESULTS AND DISCUSSION

Static magnetic measurements were performed over a
wide temperature range of 2–300 K using an extraction
magnetometer MagLab 2000 System (Oxford Instruments
Ltd.). Thermal dependencies of magnetization in the zero
field cooled – field cooled (ZFC-FC) regime were recorded
in an applied magnetic field of 50 Oe. Magnetic hysteresis
loop measurements were performed at selected temperatures in an applied magnetic field ± 3 kOe.
Microscopic characterization of
ferrofluid-modified Chlorella vulgaris cells

Chlorella vulgaris cells were fixed in a mixture of 2%
glutaraldehyde and 2.5% formaldehyde (both EM grade) in
0.1 M phosphate buffer (pH 7.2) at room temperature.
After washing in 0.1 M phosphate buffer, they were dehydrated in a series of ethanol solutions (50%, 75% and
96%), embedded into Spurr resin, and polymerized for 26 h

Magnetically responsive Chlorella vulgaris cells were
prepared by the simple treatment of a cell suspension with
perchloric acid-stabilized magnetic fluid. Repeated extraction of dried cells with 0.1 M acetic acid before the ferrofluid treatment was necessary to remove the majority of
extractable compounds, which were otherwise responsible
for non-specific precipitation of magnetic fluid. After thorough washing, however, a specific precipitation of magnetic nanoparticles on the outer surface of Chlorella vulgaris cells occurred. The adsorption of magnetic iron oxide
nanoparticles onto the Chlorella vulgaris cells was fast,
with the majority of nanoparticles being adsorbed within
several min. The magnetically modified Chlorella vulgaris
cells could be easily separated using commercially available magnetic separators or strong permanent magnets. This
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biocomposite material was stable, even after 1-year storage of the suspension at 4 ºC.
A transmission electron micrograph of the original
preparation of dried Chlorella vulgaris cells is presented in
Fig. 1. The drying process caused damage to the cell walls,
often followed by the release of the intracellular components. In some cases, cell aggregates were observed.
Magnetic modification mainly influenced the whole cells
and cell aggregates, and not the cell fragments, as observed in optical micropraphs of the prepared magnetic
composite material.

FIGURE 1 - Transmission electron microscope picture of
original dried Chlorella vulgaris cells (bar line corresponds to 1 µm).

The presence of both individual magnetic nanoparticles and agglomerates of particles on individual Chlorella
vulgaris cell surfaces is depicted in Fig. 2. The outer cell
surface preferentially accumulated magnetic nanoparticles,
even in the case of ruptured cells; only negligible binding
of magnetic nanoparticles on the inner cell wall surface was
observed. The same situation was observed for cell aggregates.
Magnetization measurements were performed in order
to characterize this material. Fig. 3 shows temperature dependencies of magnetization obtained in the zero-field
cooled – field cooled (ZFC – FC) regime at an applied
magnetic field H = 50 Oe. It is seen that the ZFC-FC
curves are separated at T <200 K, and coincided with each
other above this temperature, indicating the existence of
irreversible processes. The observed behavior is reminiscent of a blocking process of small single domain particles, which turn into a super-paramagnetic state with increasing temperature. The maximum of the ZFC curve is
very broad and clear. Curie-Weiss law behavior is not observed above the blocking temperature TB = 200 K. This
indicates the existence of magnetic dipole-dipole interactions between the iron oxide particles, and thus a wide
distribution in particle size ranging from ultrafine isolated
particles up to particle aggregates. The magnetization in
the FC curve is almost independent of temperature, which
also reveals the presence of non-negligible dipole-dipole
interactions between the particles. At T ~ 260 K, a kink is
seen in both ZFC and FC curves which is associated with
the melting point of the solution.

FIGURE 2 - Transmission electron microscope pictures of magnetically modified Chlorella vulgaris
cells (bar lines correspond to 2 µm and 200 nm).
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FIGURE 3 - Temperature dependencies of
magnetization at the applied magnetic field of 50 Oe.

The field dependent hysteresis loops were measured
at selected temperatures both below and above the blocking temperature, and the exemplary curves at 4.2 and 300 K
are shown in Fig. 4. The magnetization at 4.2 K displays
hysteresis and confirms that the iron oxides particles are
ferrimagnetic below the blocking temperature. The room
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temperature magnetization curve shows the superparamagnetic behavior indicated by the absence of hysteresis.
At T = 4.2 K, the remanence-to-saturation ratio, R = MR/
MS = 0.37, is smaller than the expected R = 0.5 value for
non-interacting, randomly oriented particles with uniaxial
symmetry [19]. It is an additional confirmation for the
existence of inter-particle magnetic dipolar interactions.
The results are very promising from the point of view
of using the ferrofluid-modified Chlorella vulgaris cells
as the magnetic affinity adsorbent in the magnetic separation techniques. Their magnetic behavior is dominated by
the superparamagnetic relaxation of isolated single domain
iron oxides particles, although a certain amount of aggregates of particles coupled by magnetic dipole-dipole interactions is also present. However, these aggregates are
sufficiently small to show, at static conditions, the superparamagnetic behavior at room temperature.
Magnetically modified Chlorella vulgaris cells were
used as an adsorbent to study the binding of six watersoluble dyes belonging to different dye classes. These dyes
exhibited the highest adsorption during preliminary experiments with more than 20 dyes. The tested dyes comprised
crystal violet and water-soluble aniline blue (triphenylmethane group), congo red, Saturn blue LBRR, Bismarck
brown Y (azodyes group) and safranin O (safranin group).
Commercially available dyes were used during the experiments. These were dissolved in distilled water without buffering the solution. Preliminary experiments also showed
that adsorption properties of Chlorella vulgaris cells were
not significantly influenced by magnetic modification.
The adsorption of the tested dyes reached equilibrium
in approximately 30–120 min. In order to achieve equilibrium during the adsorption process, an incubation time of
3 h was used for all adsorption experiments.

200
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FIGURE 5
Equilibrium adsorption isotherms of the tested dyes using magnetically modified Chlorella vulgaris cells as adsorbent (Ceq: equilibrium
liquid-phase concentration of the unadsorbed (free) dye (mg/L); qeq:
equilibrium solid-phase concentration of the adsorbed dye (dye uptake) (mg/g); (■) Saturn Blue LBRR; (●) Bismarck brown; ( )
safranin O; (□) congo red; (○) crystal violet; (∆) aniline blue).

The Langmuir model is valid for monolayer adsorption onto a surface with a finite number of identical sites.
The well-known expression for the Langmuir model is
given by

q eq =

Qmax bC eq
1 + bC eq

	
 	
 

(2)

where qeq	
  (expressed in mg/g or mg/ml) is the
amount of the adsorbed dye per unit mass or sedimented
volume of magnetically modified biomass, and Ceq (expressed in mg/L) is the unadsorbed dye concentration in
solution at equilibrium. Qmax is the maximum amount of
the dye per unit mass or sedimented volume of biomass to
form a complete monolayer on the surface bound at high
dye concentration, and b is a constant related to the affinity of the binding sites (expressed in L/mg).
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are usually used for experimental data analysis in order to
study the adsorption of target analytes from water solutions.
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where KF and n are the Freundlich constants characteristic of the system. KF and n are indicators of adsorption capacity and adsorption intensity, respectively.

FIGURE 4 - Field-dependent hysteresis
loops measured at 4.2 and 300 K.

The equilibrium adsorption isotherms for the un-buffered aqueous solutions of the tested dyes are shown in
Fig. 5. These isotherms represent distribution of dyes between the aqueous and solid phases as the dye concentration increases. Langmuir and Freundlich isotherm equations

Non-linear regression calculation is currently the preferred way to calculate the constants (Qmax, b, n, KF). The
results are presented in Table 1. As can be seen, the highest Qmax was found for aniline blue (258 mg/g), while the
lowest Qmax value was obtained for Saturn blue (24 mg/g).
The values of regression coefficients indicate that Langmuir isotherm can be used for the description of adsorp-
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tion of all the tested dyes. In some cases, however, Freundich isotherm can be used, as well (e.g., for congo red and
Saturn Blue LBRR).
TABLE 1 - Isotherms used for the description of dyes adsorption on
magnetic Chlorella vulgaris cells and calculated adsorption (KF,
Qmax, b, n) and correlation (R2) coefficients. Qmax represents the
maximum adsorption capacity calculated per dry mass of the adsorbent (mg/g). All the constants were determined by means of nonlinear regression calculation using SigmaPlot software.

Dyes

Aniline blue
Bismarck
brown
Congo red
Crystal violet
Safranin O
Saturn Blue
LBRR

qeq = K F Ceqn
KF = 9,65
n = 0,575
R2 = 0,924
KF = 10,41
n = 0,526
R2 = 0,950
KF = 18,38
n = 0,390
R2 = 0,990
KF = 7,67
n = 0,342
R2 = 0,968
KF = 25,48
n = 0,289
R2 = 0,834
KF = 7,41
n = 0,231
R2 = 0,908

	
 

Langmuir isotherm

q eq =

Qmax bC eq

Dyes adsorption (%)

Freundlich isotherm

solution the Chlorella vulgaris cell surface became more
negatively charged, due to the presence of negatively
charged groups, while crystal violet and safranin O keep
the positive charge, leading to an increase of electrostatic
interactions. This phenomenon can be confirmed by the
described dependence of the Chlorella vulgaris cells zeta
potential on the pH value, since the cells become more
negative at higher pH [20].

1 + bC eq

Qmax = 257,89
b = 0,0129
R2 = 0,962
Qmax = 201,93
b= 0,0171
R2 = 0,986
Qmax = 156,73
b = 0,0298
R2 = 0,946
Qmax = 42,91
b = 0,0706
R2 = 0,968
Qmax = 115,75
b = 0,0909
R2 = 0,974
Qmax = 24,25
b = 0,1255
R2 = 0,896

80
60
40
20
0
0

2

4

6

8

pH
FIGURE 6 - Dependence of crystal violet (○) and
safranin O (▲) adsorption on the pH value of the dye solution.

The value of pH can influence the adsorption of some
dyes. Fig. 6 shows the dependence of the adsorption of
crystal violet and safranin O on the pH value of the dye
solution. The increasing adsorption capacity with increasing pH can be explained by the fact that in the alkaline

The maximum adsorption capacity values Qmax obtained for magnetically modified Chlorela vulgaris cells
were compared with literature data for other similar adsorbents (in non-magnetic form; see Table 2). It can be
seen that the described magnetic biosorbent exhibits similar adsorption properties as algae and seaweed-based adsorbents, when these values for the studied dyes are compared. Magnetic modification enabling simple magnetic
separation makes the described biosorbent superior to other
materials.

TABLE 2 - Comparison of maximum adsorption capacities (expressed in
mg/g) of studied Chlorella vulgaris cells with these of other algae found in the literature.
Dyes
Acid Blue 15
Acid Blue 290
Acid Blue 324
Acid Red 274
Acid Red 88
Acid Green 3
Acid Orange 7
Aniline blue
Bismarck brown
Congo red
Crystal violet
Malachite green
Safranin O
Saturn blue
LBRR

Magnetic
Chlorella vulgaris
[this paper]

Spirogyra
rhizopus
[10]

Pithophora sp.
[4]

Azolla filiculoides
[5, 21]

Azolla rongpong
[22]

116.3

76.3

123.5
137.0
109.6

81.3
83.3
76.9

Enteromorpha
prolifera [12]

1356.6
367
244.0

257.9
201.9
156.7
42.9
117.6
115.7
24.2
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CONCLUSION
Treatment of Chlorella vulgaris cells with magnetic
fluid led to the formation of magnetically responsive material with affinity for water-soluble dyes. Comparison with
similar materials of biological origin demonstrates the relatively high adsorption capacity of the studied biosorbent.
Due to the presence of magnetic nanoparticles, this biosorbent belongs to the group of “smart” materials, exhibiting response to external stimuli (in this case to magnetic
field). This is an important characteristic, because this biosorbent can be used for work with biological samples,
where the contaminating accompanying molecules and
particulate matter exhibit diamagnetic properties.
Summarizing, magnetically modified algal cells represent an interesting magnetic biosorbent, which may be
subsequently used for the removal of both organic and
inorganic xenobiotics. The measurements are in progress
and more detailed results will appear in forthcoming papers.

[6]

Aksu, Z. and Tezer, S. (2005) Biosorption of reactive dyes on
the green alga Chlorella vulgaris. Process Biochem. 40,
1347-1361.

[7]

Marungrueng, K. and Pavasant, P. (2006) Removal of basic
dye (Astrazon Blue FGRL) using macroalga Caulerpa lentillifera. J. Environ. Manage. 78, 268-274.
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EFFECTS OF LITTER LAYER ON SOME
EXCHANGEABLE CATIONS IN BELGRAD FOREST, TURKEY
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ABSTRACT
The paper presents a synthesis of a set of experiments,
implemented to investigate the acid buffering mechanism
of Belgrad Forest soils. Previous studies carried out in the
region, pointed out the exposure of Belgrad Forest ecosystems to acid deposition. Between 1999 and 2001, we performed a set of supplementary studies, focusing on the
hydrogen buffering part of the issue. Ceramic cup lysimeters were installed to various soil depths, and the soil water
ionic composition was monitored to determine the main
buffering zones among the horizons. The upper 20 cm,
litter layer and Ah horizon, were identified to have the main
exchange mechanisms, decreasing the hydrogen ion activity from 22.82 µeq L-1 to 0.56 µeq L-1. To identify the role
of litter layer, a litter removal parcel study was employed.
After the litter removal, soil samples were taken bimonthly
from two depths (0-12 and 12-20 cm) for a 1-year period of
time, to determine changes in soil properties. Organic matter content and pH were slightly higher in the upper 12 cm.
Finally, the exchange capacities of single-valenced base
cations, Na+ and K+ were compared with a retention curve
experiment in laboratory. The cation retention capacities of
the soil samples rich in organic matter were lower than the
ones with less organic matter. The results of the three experiments revealed that, even though the upper soil horizons were responsible of hydrogen buffering in the region,
the litter layer or humus layer did not have a particular role.

KEYWORDS: Acid deposition, soil buffering system, soil water,
cation exchange.

This paper intends to address the buffering mechanism
of these forest ecosystems giving the emphasis on the soil
horizons. To do this, a set of experiments were added to the
mentioned studies in 2000s, particularly to find out the most
effective buffering compartment of the ecosystem decreasing the H+ activity 100-folds from rainfall to runoff. The
assessment of the acidic deposition and its effects on the
ecosystem attributes are outside the scope of this paper. Instead of identifying the soil system thoroughly with a conceptual model like NuCM [5-7], we employed the basic
systems approach, as explained by Müftüoğlu [8, 9]. System
analysis is a widely used approach in hydrology, particularly in constructing black box models. It gives the advantage to focus on just the input and output, and literally eliminates dealing with complex system operations. It
may be expressed as follows:
y(t) = H(x(t))
where the system operator (H), converting the input
(x) into output (y) at time t, represents all complex processes with a single system behaviour.
In this study, a set of ceramic cup soil lysimeters was
installed under the forest canopy to monitor the soil solution without changing forest floor structure. This experiment was coupled with a litter layer removal study, and,
finally, the base cations with single valence, Na+ and K+
were compared with a syringe procedure to investigate the
relation between soil horizons and cation retention. This
retention experiment was not done towards identifying
cation adsorption isotherms, but for investigating the actual
input-output situation.

INTRODUCTION

MATERIALS AND METHODS

The acid deposition phenomenon in the Belgrad Forest region was reported in a limited number of studies [1,
2]. Significant amounts of hydrogen, and acidic compounds
including sulphur and nitrogen were detected in the precipitation water in one of them [2]. The findings were also
consistent with the records of a long-term ecological and
hydrological research carried out in the region [3, 4].

Experimental sites

The experimental sites were located in Belgrad Forest
(41° N, 28° E), an old-growth oak-beech natural forest
near Istanbul (Fig. 1), and chosen in close proximity to
maintain parent material and soil homogeneity. The litter
removal site was in Atatürk Arboretum, while lysimeters
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were located on a gentle slope inside the forest, away
from human intervention. Both sites were facing north.
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mobilization and leaching of base cations. The base cation
pool of the soil is simply provided by decomposition, mineralization and atmospheric deposition [13]. However, the
retention and leaching mechanism of the base cations in
the various ecosystem compartments are specific and
sparse.
Sodium is known to be the least biologically relevant
cation [14]. Significant amount of Na+ deposition was
measured (660.4 eq ha-1 yr-1) around Belgrad Forest owing to its proximity to the sea both vertically and horizontally. Potassium, on the other hand, had slightly less deposition (529.96 eq ha-1 yr-1) [2].
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FIGURE 1 - Location of the study area.

The climate of the watersheds and surrounding area
according to Thornthwaite classification system is humid,
mesothermal oceanic with a moderate soil-water deficit in
summer. Long-term annual precipitation and temperature
are 1050 mm and 12.8 °C, respectively. A great portion of
the precipitation falls from October to March. Parent materials mainly consist of carboniferous clay schists and Neogene loamy, gravelly deposits. The vertic Xerochrept soils
are usually shallow to deep, gravelly, loamy clay in texture, and rich in organic matter with medium-to-good permeability rates. Soils have high erodibility potentials with
no carbonate reaction. The mull type forest floor has an
average depth of 5 cm [10]. Subsurface flow is the dominant flow component feeding the streams in the region
[3]. Topography is generally not steep, and mean elevation is around 140 m. Dominant vegetation includes oak
(Q. frainetto Ten., Q. cerris L.) and beech (F. orientalis
L.) tree species mixed with varying amounts of Carpinus
betulus L., Castanea sativa Mill., Populus tremula L., Alnus
glutinosa L., Acer trautvetteri Med., Acer campestre,
Ulmus campestris L., and Sorbus torminalis Crantz. with
normal crown closure [10]. The stands are mostly dominated by oaks at the overstory, and beeches and hornbeams
at the understory.

Cations are immobilized by negative charges of aluminium silicate clay minerals and organic matter in the soil
with changing degree of strength related to their valence. If
they are ranked according to the immobilization strength
(liotrophic series) [14],
Al+3 > Ca+2 = Mg+2 > K+ = NH4+ > Na+
aluminium is clearly the most strongly held cation by the
negative surfaces in the soil matrix, followed by Ca2+ and
Mg2+. A mechanical vacuum extractor, modified from Coweeta Hydrologic Laboratory Wetlab Manual [15], was
used in a simple cation retention experiment, to extract exchangeable cations from soil samples (Fig. 2).
Stepwise concentrations of Na+ and K+ solutions were
prepared as extractants with a very sensitive Orion Ionmeter
using ion selective electrodes. Vacuum was not applied
during the experiment to maintain natural conditions.
upper syringe
reservoir
middle
syringe

soil sample
filter pulp

lower
syringe

Cation retention experiment

Most forest ecosystems exposed to acidic deposition
show a net output of base cations [11, 12] Introduction of
H+ ions to the soil system both form atmospheric sources
or inner dynamics (i.e. decomposition) can promote the

extractant

FIGURE 2 - The mechanical vacuum
extractor used in syringe experiments [15].

Some properties of soils samples taken from humic
(Ah), A, AB and B horizons to be used in this experiment
are given in Table 1.

TABLE 1 - Basic properties of the soil samples used in the syringe experiment (mean values of 3 samples from each horizon).
Sampled horizons

Soil properties
pH
EI

1:5 H2O
(µS cm-1)

Ah

A

AB

B

5.66
117.67

5.06
69.67

5.23
54.33

5.35
63.00
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(%)

Soil depth
(cm)
Litter
O1
0-20
20-60
60-90

pH
1:5 H2O
5.41
5.40
4.51
4.80
4.85

11.81
5.59
TABLE 2 - Soil properties at lysimeter site.
Organic
matter

EC
-1

(µScm )
151
450
128
95
176

8.5
3.6
3.2

Particle fraction
2+

Sand
(%)

Clay

Ca

72.9
74.6
76.7

16.6
19.7
15.5

20.61
7.98
6.38
2.55

Lysimeter experiment

Ceramic cup lysimeters are simple but very useful devices for monitoring the soil solution [16]. The manufacturer of the lysimeters we used provides the details and
application principles. Nine lysimeters were installed at
3 soil depths; 20, 60 and 90 cm (boundaries of horizons).
Soil solution was extracted with a vacuum pump and analyzed for the major ions in the laboratory of I.U. Watershed
Management Department after each precipitation event
(20 events sampled in 8 months). Soil properties at the
lysimeter site are determined on 50 g aliquots of soil samples and given in Table 2. Exchangeable cations extracted
by NH4Cl were analyzed with Orion Ion Selective electrodes as mg/L and converted into meq/L.
Litter layer removal experiment

The forest management practices that affect the vegetation structure have also a potential to change soil properties, such as organic matter [13]. The organic matter content
of a forest soil -almost hundred percent- is provided by
the decomposition of litter on the forest floor. The duration
of this process is a function of driving climatic variables,
mostly temperature and humidity [14].
The objective of this experiment was to find out the
importance of litter decomposition and learn if upper soil
horizons were capable of maintaining their basic properties during a 1-year period without the litter layer organic
matter supply. It would also provide us to evaluate the
role of litter layer in the ion exchange process during the
infiltration of rainwater into the soil. The anticipated scenario was an accelerated leaching of the base cations in
the litter-removed sites to cause an increase in hydrogen
activity to affect the soil properties in the mid term.

3.15

2.85

Exchangeable equivalents
(NH4Cl extraction)
Mg2+
K+
Na+
-1
meqL
8.98
7.15
22.59
22.39

14.65
13.56
13.32
13.71

0.51
0.58
0.46
0.45

Al3+

0.13
1.64
5.57
3.53

matter content was determined by wet digestion with the
Walkey and Black method. Total nitrogen was determined
by Kjeldahl method, particle size distribution by using the
hydrometer method, pH and electrical conductivity in
water (1:5 H 2O) on air-dried soil by using a Multiline
F/Set-3 glass electrode system (WTW) [17].
RESULTS AND DISCUSSION
Cation retention

The Figs. 3, 4, and 5 show the retention curves of Na+
and K+. To reveal the role of organic matter, we presented
the results of the samples taken from Ah and B horizons
which have 11.81 % and 2.85 % organic matter contents,
respectively, and have very similar, coarse textural compositions (70-75 % sand) (Fig. 3). Besides its high mobility in the soil system, the retention potential of Na+ is not
influenced by organic matter content of the soil significantly, as seen on Figs. 3 and 4. However, the slightly
higher slopes of the lines for the Ah and A horizons on
Fig. 4 suggest that organic matter in the soil might have a
limited negative effect on Na+ immobilization. Potassium
retention, on the other hand, is inversely related with the
organic matter content of the soil. The outflux concentration pattern of the soil solution sample from Ah horizon is
quite different from B horizon soil sample as seen in Fig.
3. For the Ah horizon soil sample, outflux Na+ concentration increases with increasing influx level with a roughly
linear and proportional trend, but the B horizon apparently
stores a considerable amount of the given K+ and releases
at always a lower steady concentration (Fig. 5).

Square-shaped 9 permanent plots adjacent to each
other within 1-m distance were determined, and the litters
over them were removed carefully not to damage Ah horizon. Another adjacent 9 plots in the same pattern were kept
as the control. Soil samples were taken bimonthly from
2 depths (0-12 and 12-20 cm.) and analyzed for pH, electrical conductance, organic matter and total nitrogen. The
depths of litter layer and O1 were 7-12 cm and 2-3 cm,
respectively. Samples collected from soils were air-dried
and passed through <2 mm and 0.5 mm sieves. Organic
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still suggest some hydrogen activity below 20 cm by looking at the mobilization of cations and the slightly increasing
soil pH, parallel with depth (Table 2). This apparent H+

Ah-Na

Outflux (meqL -1)

Ah-K
3

B-Na
B-K

2
1
0
0

1

2

3

4

5

6

7

-1

Influx (m eqL )
FIGURE 3 - Influx and outflux Na+ and
K+ concentrations of soil samples from Ah and B-horizons.

-1

Outflux (meqL )

5

H

A

AB

B

4
3
2
1
0
0

1

2

3

4

5

Influx (meqL-1)

6

7

FIGURE 4 - Influx and outflux Na+ concentrations
of soil samples from all horizons under consideration.

-1

Outflux (meqL )

4

H

A

AB

B

3
2
1
0
0

1

2
Influx (m eqL -1)

3

4

FIGURE 5 - Influx and outflux K+ concentrations of
soil samples from all horizons under consideration.

Even though K and Na are closely located in the
lyotrophic series, they certainly have a totally different
behaviour in cation exchange.
Lysimeters

The mean values of all measurements throughout the
monitoring period are given in Table 3. The results show
that most ion exchange is occurring in the above 90 cm of
the soil profile. The electrical conductivity which is an indicator of ionic activity increases shortly after infiltration and
starts decreasing somewhere over 90 cm, indicating that
immobilization starts over this depth. Hydrogen ions also
decrease sharply at 20 cm depth, implying the fact that
most H+ buffering activity has already been taken place in
this relatively thin vertical soil column. However, we can
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flux also supports the assumption that surface runoff does
not constitute a significant portion of streamflow. We would
measure a higher H+ activity in stream water if surface runoff was a significant flow type. In reference to Tables 2
and 3, it can be stated that most of the trivalent cations
mobilized in the first 20-cm layer were immobilized (exchangeably held) in a zone over 60 cm depth. It is also
verified that considerable hydrogen is introduced into the
upper soil horizons to detach 3 charged cations. However,
the proportion of these acidic cations is very low compared
to the basic ones. Other cations carrying one or two charges
are more abundant, and have higher tendencies for leaching. Particularly, Na+ shows a very large, more than tenfold increase in concentration from precipitation to the
stream water (Table 3). The increase in Mg2+ is also considerable, but K+ appears to be very stabile indeed, consistent with the results of syringe experiments. In the
interpretation of the levels of extractable cations in Table
3 the concentration effect should be kept in mind. The
runoff ratio in the region is around 20 percent [18] and,
thus, a five-times increase in the concentration of an ion
would likely be happening in case of no interaction in
the soil system. Therefore, if the stream concentration of
a nutrient is roughly the same as the precipitation, then we

can definitely assume it as a conservative or biologically
de-manded ion.
The cation exchange process in the soil should be assessed together with anion activity, because equivalent
amount of cation immobilization has actually the same
neutralization effect with the equivalent amount of anion
mobilization [14]. Additionally, sulphate and nitrate are
known to be one of the main mechanisms of cation leaching. Johnson et al [5] detected a considerable amount of
decrease in cation mobilization due to 50 % decrease in
the exposure of these anions. Anions, particularly SO42-, are
abundant in the upper soil because of higher organic matter content, as expected by Johnson et al. [7], but the
sudden increase around 90 cm is still a mystery. Nitrate is
a more demanded anion biologically, and does not seem
to be much involved in cation exchange as SO42-. It is also
hard to say anything about the source of anions in the soil
solution. Serengil [2] found that SO42- deposition in the
region is 50 %, and 200 % over those of PO4 and NO3-,
respectively. However, the contribution of litter layer to the
anion and cation pools of the soils is quite variable depending on both ecological factors and also tree species [19, 20].

TABLE 3 - Mean ion concentrations of precipitation, soil solution and stream water.
H+

EC

PO4-

Fe2+

Fe3+

SO42-

-1

Precip.
20 cm
60 cm
90 cm
Stream

µS cm
42.80
119.75
124.57
91.78
221.17

22.82
0.56
0.29
0.19
0.08

74.53
168.24
186.43
84.88
109.26

7.17
14.46
11.82
14.29
19.35

µeq L
108.22
164.48
127.90
206.29
155.46

8.60
12.28
0.00
0.61
25.27

Litter layer removal experiment

Forestry treatments have a potential to affect both litter layer and upper soil properties, and therefore many
studies have been performed to identify these complex
cause-effect relationships. Besides, even if forest floor properties including i.e. litter layer have been found to be affected due to implementation of a treatment (harvest, burn
etc.), soil properties may still remain intact. Knoepp and
Swank [13] examined the effects of harvest on the soil N
and C pools, and found that north-facing sites were more
responsive to treatments due to the readily available soil
moisture conditions. However, even after prescribed burning treatments on north-facing slopes, it may not be possible to detect a change on the soil properties. Elliot and
Vose [16], for example, could not detect any difference for
10-months post treatment mean concentrations of pH,
phosphate and base cations in soil solution between burned
and control sites. The samples they worked on were from
30 and 90 cm depths.
Our experiment was a direct removal of litter layer
which can actually be considered as a more drastic impact,
compared to a stand-thinning treatment. The H+ activities

Mg2+

Al3+

NO3-

K+

Na+

70.78
268.79
243.00
227.17
284.77

0.39
69.91
2.00
1.60
0.53

32.26
23.23
40.40
30.69
43.55

52.69
172.89
176.73
92.07
57.54

65.65
231.59
218.84
180.72
760.87

-1

of the soils tended to decrease with depth in the whole soil
profile (Table 2), while this situation was reversed in the
samples taken from A horizon (Tables 1, 2). Litter layer
and Ah horizons had lower H+ activities. An explanation
to this might be the introduction of dry deposited or mineralized (decomposition) base cations to the upper soil system [21].
The depth interval 0-12 cm represented the Ah, while
12-20 cm the rest of the A soil horizon in Fig. 6. All soil
parameters were similar in the early months of the experiment, while lower soil horizon had more consistent values.
The difference between the treated (T) and control (C) plots
in this zone was quite stable during the one-year post treatment period.
The differences between the C and T plots varied particularly in the vegetation period, but were never statistically
significant according to t test (p<0.05). Hydrogen activity
started to increase slightly at the upper soil (0-12 cm), possibly related with decreasing N content. The organic matter contents of both plots, T and C, were almost the same
for the lower horizon (12-20 cm), but different for the up-
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per. However, the difference between the organic matter
contents of the T and C plots was quite stable. It did not
increase in time. EC values were almost similar throughout the experiment, not affected from litter removal.

0-12 C

0-12 T

12-20 C

12-20 T

Total N (mg L-1)

4,0

The soils of the Belgrad Forest neutralizing the acidity of precipitation water more than 100-folds were under
investigation with 3 experiments based on system logic.
The interpretations of the input and output variables provided information only to some extend about this complicated structure.

3,0
2,0
1,0
0,0

Organic matter (%)

The equivalent load of the H+ entering the forest ecosystems of the region has been considerably variable in
both seasonal and annual scale. It was 4.72 kmol ha-1 in
1999-00 and 1.70 kmol ha-1 in 2000-01 hydrologic years
[22]. Considering the other driving mechanisms and factors in nutrient supply (annual precipitation, changes in
origin of the pollution etc.), it can be stated that the nutrient input to the Belgrad deciduous forest ecosystems is
quite unpredictable and highly variable. One significant
result of H+ deposition was cation leaching which is still a
complicated process driven by seasonal and ecological
factors including stand dynamics. The soils, however, had
high cation exchange and base saturation values. The A
horizon (0-20 cm) had 42.34 meq kg-1 of effective cation

Oc
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Fe
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Months

Ju

Au

Oc
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Fe
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Ju

Au

9,0
6,0
3,0
0,0
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0
Oc

De

Fe

Ap

Ju

Au

Oc

De

Fe

Ap

Ju

Au

5,4
5,2
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4,4
4,2

FIGURE 6 - Temporal variation of N, organic matter,
electrical conductivity and pH at different depths
under in litter-removed (T) and control (C) plots.

exchange capacity, almost all coming from base saturation
(98.48 %). The ECEC dropped to 32.45 meq kg-1 at B
horizon (20-60 cm) with a base saturation percentage of
83.36, and increased to 38.20 meq kg-1 at C horizon with
a base saturation percentage of 86.42 [23]. The stream nutrient concentrations and loads representing the output, on
the other hand, were stable, changing between upper and
lower limits of a narrow range. As an example, pH always
remained in 6.5 to 7.0 ranges throughout the year.
This regulating mechanism lying under this phenomenon is a total ecosystem process, but the lysimeter study

506

© by PSP Volume 17 – No 4. 2008

Fresenius Environmental Bulletin

shows that there may still be major compartments. The
upper horizons of the soil profile are responsible for most
of the buffering, and there is not much remaining to be
neutralized below A horizon, according to the results. It
appears that, at the infiltration front, pH of the soil water
rises over to that of soil itself, and this progression goes
down to the stream. The stream pH level would possibly
be lower if the main flow-type was surface runoff. Some
Al3+ ions are mobilized in the upper horizons, but no
evidence of harm was detected on the trees so far. The Ah
horizon having the highest organic matter content was a
detachment horizon of cations. This statement can also be
verified with the cation retention experiment. The less organic matter, the more cation immobilization was achieved.
However, this cannot be generalized to all cations, particularly not to Na+. Sodium is not a biologically demanded
cation like Ca2+ or K+, thus having the greatest leaching
potential among all cations due to H+ deposition consistent with Johnson et al. [6], while K+ still has a high
immobilization ratio. Therefore, apparently the place of
both cations in the lyotrophic series is individually a significant factor itself. Furthermore, it has been demonstrated that if the litter layer samples were removed for a 1year period, the soil properties would not be affected significantly under the conditions of Belgrad forest. However, this statement might not be valid for erodable slopes.

[6]

Johnson, D.W. Susfalk, R.B. and Swank, W.T. (1998) Simulated effects of atmospheric deposition and species change on
nutrient cycling in loblolly pine and mixed deciduous forests.
The Productivity&Sustainability of Southern Forest Ecosystems in a Changing Environment, Springer-Verlag, pp.503524.

[7]

Johnson, D.W. Susfalk, R.B. Brewer, P.F. and Swank, W.T.
(1999) Simulated effects of reduced sulfur, nitrogen and base
cation deposition on soils and solutions in southern Appalachian
forests. Journal of Environmental Quality, 28: 1336-1346.

[8]

Müftüoğlu, R.F. (1984). New models for nonlinear catchment
analysis. Journal of Hydrology, 73: 335-357.

[9]

Müftüoğlu, R.F. (1991) Monthly runoff generation by nonlinear models. Journal of Hydrology, 125: 277-291.

[10] Özhan, S. (1977) Variation in some hydrologic properties of
forest floor as related to certain environmental factors in Ortadere watershed of Belgrad forest. Istanbul University Press,
publication no. 235.
[11] Baumler, R. and Zech, W. (1999) Effects of forest thinning
on the streamwater chemistry of two forest watersheds in the
Bavarian Alps. Forest Ecology and Management, 116: 119128.
[12] Ukonmaanaho, L. and Starr, M. (2002). Major nutrients and
acidity: budgets and trends at four remote boreal stands in
Finland during the 1990s. The Science of the Total Environment, 297: 21-41.
[13] Knoepp, J.D. and Swank, W.T. (1997) Forest management
effects on surface soil carbon and nitrogen. Soil Science Society of America Journal, 61: 928-935.
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Second Circular and Call for Papers
Background

Concepts of sustainability have become important in
all fields of Sciences during the last decade. According to
challenging problems such as increase of population of the
world, global climate changes and decrease of resources
new perspectives must be identified and realized. One attempt will be to use the new concepts of Green Chemistry. The event will cover all these new aspects and will
also address the questions of ethics and policy by distinguished speakers.
Topics

•
•
•
•
•
•

Environmentally Benign Processes and Products
Renewable Resources
Advances in Catalysis
Chemicals, Health and Ecotoxicology
Scores and Measures
Ethic Concepts

Aims

1. To provide an opportunity to environmental chemists,
toxicologists, biologists, and medical scientists to share
their knowledge in all aspects of Green Chemistry with
a focus on Environment and Health.
2. To strengthen understanding of environmental and
health problems leading to ways of solving them.
3. To strengthen and/or to initiate the collaboration between scientists on a global basis.
The Symposium is organized by Helmholtz Zentrum
München German Research Center for Environmental
Health in collaboration with SECOTOX (Society of Ecotoxicology and Environmental Safety), DBU (Deutsche
Bundesstiftung Umwelt), GDCh (Gesellschaft Deutscher
Chemiker), TUM (Technische Universität München)
Invited Speakers

F. Kühn, Germany: Principles of Catalysis
S. Böschen, Germany: Concepts of Ecological Chemistry
F. Faulstich, Germany: Renewable Resources and Waste
A. Griesbeck, Germany: Photochemistry for Synthesis
W. Hölderich, Germany: Heterogenous Catalysis
M. Scheringer, Switzerland: Keynote Green Products and
Processes
B. Jastorff, Germany: Ecotoxicology: Inherent Safe Products
B. Kamm, Germany: Biorefinery Technology
B. König, Germany: Green Chemistry in Education
J. Metzger, Germany: Renewable Resources and Feedstocks
B. Ondruschka, Germany: Microwave Synthesis
P. Tundo, Italy: Safer Reagents
G. Jiang, PR China: Global Eco-Environmental Studies
K. Vogt, Germany: Keynote Ethics

K. Kümmerer, Germany: Keynote Pharmaceuticals and
Health
S. O. Hansson, Sweden: Keynote Risk and REACH
A. Liese, Germany: Green Enzymes
Organizing Committee

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

C. Blaise, CA
T. Collins, USA
H. Fiedler, SW
P. Fochtman, PL
J. Giesy, CA
I. Holoubek, CZ
B. Jastorff, DE
G. Jiang, CN
A. Kahru, EE
A. Kungolos, GR
T. Kusui, JP
J.-P. Lay, DE
A. Lerf, DE
K. Hungerbühler, CH
W. Koch, DE
L. Manusadzianas, LT
D. Nugegoda, AU
O. Okay, TR
H. Parlar, DE
G. Persoone, BE
P. Sutthivaiyakit, TH
J. Torres, BR
K. Wadhia, UK
P. Vasseur, FR

Venue and Date

The conference will be held at the Helmholtz Zentrum
München - German Research Center for Environmental
Health, a member of the Helmholtz association of German
national research centers under the auspices of Prof. Dr.
Günther Wess, CEO, Helmholtz Zentrum München.
Fee

Standard: 150 € (after July 31, 2008: 200 €)
SECOTOX and GDCh Members: 120 € (after July 31,
2008: 160 €)
Students 60 € (after July 31, 2008: 100 €)
Programme

The international symposium will extend over three
and a half days and include plenary lectures, short oral
presentations, posters and an excursion.
Call for papers

We are looking forward to receiving your abstracts
for oral and poster presentation.
Notifi cation of acceptance of presentation will be before August 1, 2008.
Please follow the the instructions for the preparation
and the submission of the papers on our website:
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http://www.helmholtz-muenchen.de/greenchemistry
Selected papers will be published either in Chemosphere or Fresenius Environmental Bulletin after peer review.
Important Deadlines

Deadline for abstracts submission: June 1, 2008
Notifi cation of acceptance of abstract: June 30, 2008
Payment of reduced fee: July 31, 2008
Please notify, that there are only limited numbers of participants.
General Information and Accommodation

INTERPLAN
Congress, Meeting & Event Management AG
Albert-Rosshaupter-Str. 65
81369 Munich, Germany
Tel: +49 (0)89 54 82 34-0
Fax: +49 (0)89 54 82 34 44
E-mail: greenchemistry@interplan.de
www.interplan.de/reg/greenchemistry08
Scientific Secretariat

Dr. K.-W. Schramm, Dr. D. Lenoir
Helmholtz Zentrum München
Institute of Ecological Chemistry
Ingolstädter Landstraße 1
85764 Neuherberg, Germany
Tel: +49(0)89-3187-3147 or +49(0)89-3187-2960
Fax: +49(0)89-3187 3371
email: greenchemistry@helmholtz-muenchen.de
Registration and further information please see:
www.helmholtz-muenchen.de/greenchemistry.
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