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ANALYSIS OF METALS IN PLANT PARTS OF SELECTED
CHINESE HERBS BY NEAR INFRARED SPECTROSCOPY
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ABSTRACT
Some of the medicinal herbal products may not be required to demonstrate efficacy, safety or quality. Little is
known about the relative safety of medicinal herbs compared to synthetic drug treatments, although, for some
medicinal herbs the risk may be less than conventional
drugs. The toxic effects may show due to heavy metal
poisoning. Measurement of metal content in the herbs by
standard conventional wet chemical methods usually requires numerous reagents, skilled labor and expensive
analytical equipment. The objective of this study, therefore,
is to study the ability of near infrared spectroscopy (NIRS)
to determine the concentrations of lead and zinc in Chinese
herbs. The reference values for the Chinese herbs were obtained by atomic absorption spectroscopy (AAS). The samples were scanned using a FOSS-NIRSystem (Model 6500)
Spectrophotometer from 400-2500 nm. Partial least squares
(PLS) and multiple linear regression (MLR) statistics were
applied to analyze the data. Coefficient of determination
(R2) and Standard error of calibration (SEC) from MLR
were Zn (0.74, 0.08), Pb (0.92, 0.04) and from PLS for Zn
(0.63, 0.10), Pb (0.90, 0.05), respectively. This preliminary
study showed that NIRS is a feasible analytical method
for prediction of metal content in various parts of Chinese
herbal plants.
KEYWORDS: Chinese herbs, near infrared (NIR), Zinc, Lead,
multiple linear regression (MLR), partial least squares (PLS)

INTRODUCTION
Phytotherapy, which is healing with plant, is old and
has become as increasingly popular as the history of humanity and botanical medications. Medicinal herbs not only
are very commonly used in Asia but are also widely consumed all over the world [1]. The use of Chinese herbs for
the treatment or prevention of various diseases is increasing
world wide. The traditional usage of these herbs involves
soaking of one or more herbs and boiling the herbs before
drinking the resulting decoction [2].

Traditional medicine plays an important role in the general state of health of a population. It is important to have
good quality control for medicinal herbs in order to protect consumers from contamination. Many medicinal herbs
and their mixtures can present a health risk to humans due
to the presence of toxic elements such as lead, cadmium,
aluminium, mercury and chromium. The toxicity depends
on the oxidation state of the elements and their concentration levels [3-5]. Medicinal herbs may be easily contaminated during growing and processing. An important link
in the transfer of trace elements from soil to man is plants.
The level of essential elements in plants is conditional, the
content being affected by the geochemical characteristics of
a soil and by the ability of plants to selectively accumulate
some of these elements. Plants readily assimilate through the
roots such elements, which dissolve in water and occur in
ionic forms. Additional sources of these elements for plants
are rainfall, atmospheric dusts, plant protection agents
and fertilizers, which could be adsorbed through the leaf
blades [6].
Several studies have been carried out to determine the
metals by using atomic absorption spectrometry (AAS), inductively coupled plasma-mass spectrometry (ICP-MS), inductively coupled plasma-atomic emission spectrometry
(ICP-AES) and electrochemical methods [7-9]. The standard
conventional wet chemical methods that are mentioned
above which are used for trace metal determination are accurate but they need a large quantity of reagents, skilled labour and time for analysis including pre-treatment. For these
reasons, there is a need of fast analytical control methodology, based on spectrometric data of untreated samples for
trace metal determination.
Near-infrared (NIR) spectroscopy, a rapid non-destructive, cost effective technique, has been used for qualitative
and quantitative analysis in the fields of food [10, 11], agriculture, textile and pharmaceuticals [12].
NIRS has been applied to the analysis of metal contents
in the environmental field. Various authors have reported
the analysis of heavy metals in lake sediments [13], studies concerning the chemical characterization of soils [14]
and the determination of heavy metals, minerals and arsenic in plants by NIRS [15-17]. The literature shows evi-
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dence that NIRS in reflectance mode with wavelength range
from 400 to 2500 nm has been successfully used to determine the concentration of heavy metals, and macro and
micro minerals of plants. To date, there has not been any
study reported, to differentiate metal content in the plant
parts of Chinese herbs by NIRS. This preliminary study,
therefore, has been done to determine the contents of zinc
and lead in plant parts of Chinese herbs that are commonly used as teas by the general public in Australia and other
countries.
MATERIAL AND METHODS
Samples

Samples of dried Chinese herbs were purchased from
local importers of Chinese herbs. Detailed description of
these herbs is presented in Table 1.
TABLE 1 - Herbs analysed and their Chinese medicinal use [18]
Chinese herbs
Leaves

English Name

Bo He

Mentha, field mint

He Ye
Lian Zi Xin

Lotus leaf
Lotus plumule

Sang Ye

White mulberry leaf

Zi Su Ye
Flowers
Jin Yin Hua

Perilla leaf

Mo Li Hua

Honeysuckle
flower,
lonicera
Chrysanthemum flower
Rosebud, bud of Chinese rose
Jasmine flower

Seeds
Bai Guo

Ginkgo nut

Ju Hua
Mei Gui Hua

Jue Ming Zi
Mu Hu Die
Pang Da Hai

Cools and clears the eyes and
head, soothes the throat
Clears heat
Clears heat from the Heart and
Pericardium
Cools and drains the Lungs and
Liver
Revives the spleen
Disperses heat, resolves toxicity, cools the blood
Cooling and tonifying the Liver
Harmonizes the Liver, Spleen,
and Stomach
Treat canker sores, dysentery,
and blood accumulated in
bruises

Treats Phlegm-heat cough and
wheezing
Cassia seeds, foetid Nourishes the Liver and Kidcassis seeds
ney yin
Oroxylum seeds
Frees the flow of Liver qi
Sterculia seed
Cools and moistens the throat
and Intestines

Roots
Gan Cao

Licorice root

Hong Da Ji

Knoxia root

Ren Shen

Ginseng root

Fruits
Guo Qi Zi

Lycium fruit, Chinese
wolfberry
Long Yan Rou Flesh of the longan
fruit, longan
Nu Zhen Zi
Ligustrum, Pivet fruit
Sang Shen Zi

Key Characteristics

Mulberry, morus fruit

Moistens the Lungs, moderates
toxicity
Powerfully drives pathogenic
fluids downward
Tonifies the primal qi of the
five organs, revives from
collapse, stops heavy bleeding
Nourishes the Liver blood,
mildly tonifies the kidney yang
Nourishes the blood
Tonifies the Liver and Kidney
yin
Nourishes and cools the blood
and yin

Reference Analysis

To prepare the samples for elemental analysis, 1g of
powdered herb was accurately weighed. Next, 6ml of concentrated nitric acid (Trace SELECT, 69%) was added
and left overnight. The mixture was then heated on a hot
plate for 2 hours. After cooling, the sample solutions were
quantitatively transferred into 25ml volumetric flasks and
made up to the mark with deionised water (with a specific
sensitivity of 18 MΩ from Millipore Milli-Q purifier system).
Before analysis all the solutions were filtered through
Teflon 1.45µ filters. All the samples were done in duplicates. The total concentration of Zinc and Lead were
determined by Varian SpectroAA-400 Atomic Absorption
Spectrophotometer (Varian Inc., Mulgrave, Australia) under
optimized conditions using suitable hollow cathode lamps.
Metal standards (1000ppm) for zinc and lead were purchased from Merck Pty Ltd, Australia.
NIRS Analysis

All the powdered herb samples were scanned using the
near infrared Spectrophotometer (Foss-NIRSystems Model
6500, Inc., Silver Spring, MD, USA) in the reflectance
mode, acquiring spectra over a wavelength range from 400
to 2500 nm (visible and near infra red regions). A reference
scan was taken before each sample scan. Chemometric
analysis was performed with the Vision 2.1 software.
The absorbance values (log 1/R, where R is reflectance)
were registered at 2nm intervals. The calibration equations
were computed using the raw optical data (log 1/R) or first or
second derivative of log 1/R data, with several combinations
of segment (smoothing) and derivative (gap) sizes. The use
of derivative spectra instead of raw optical data to perform
calibrations is to solve those problems associated with
overlapping of peaks and baseline correction [19].
Partial least squares (PLS) and multiple linear regression (MLR) statistics were applied to analyze the data. The
coefficient of determination (R2) relates to the NIRS predicted value regressed with the reference value obtained
by analysis using the conventional method; the standard
error of calibration (SEC) refers to the standard error of
this regression.
RESULTS AND DISCUSSION
Reference data for the herbs, obtained by atomic absorption analysis are shown in Table 2. The mean concentration of zinc is slightly higher than that of lead. It can be
observed from Figure 1, the following herbs that are leaves:
Bo He, He Ye, Su Ye and Zi Su Ye have significantly
higher concentrations of Zn and Pb. It can also be seen that
Lian Zi Xin has the highest Zn concentration while He Ye
has the second highest Zn concentration and the highest
Pb concentration (mg/L). In contrast, the other herbs that
were flowers, seeds, roots and fruits have lower concen-
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trations of Zn and Pb. Figure 2 presents the raw spectra of
powdered herb samples from NIR in the range of 4002500 nm. This shows that the diversity of the samples
agrees with the atomic absorption data in Figure 1.
TABLE 2 - Total concentration of
metals in the herbs by AAS analysis.
Metal
Range (mgL-1)
Mean
Zn
0.04-0.69
0.26
Pb
0.02-0.49
0.20
No of samples = twenty; SD: Standard deviation

SD
0.18
0.16

The pre-treatment of the spectral data that operates on
purified spectra, either fully or partially eliminates the
systematic error that can be caused by various factors.
The application of the second derivative to the raw spectra (Log 1/R) (Figure 2) resulted in substantial correction
(Figure 3) of the baseline shift caused by differences in
particle size and path length variation. Peaks and troughs
in Figure 2 correspond to the points of maximum curvature in the raw spectrum, and it has a trough corresponding to each peak in the original. The increase in complexity of the derivative spectra resulted in a clear separation
of peaks, which overlap in the raw spectra.

Atomic Absorption (Metal Analyses)
0.8

0.6
0.5
Zn

0.4

Pb

0.3
0.2
0.1

He
He
Li
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Sa e n
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Concentration (mgL-1)

0.7

Herbs

FIGURE 1 - Concentration of Zn and Pb in mgL-1 of powdered herb samples

FIGURE 2 - Raw spectra of powdered herb samples, in the range of 400 to 2500 nm
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FIGURE 3 - Second derivative spectra of the raw optical data of powdered herb samples in the range of 400 to 2500nm

chemical value and the NIR predicted metal concentration,
it is considered as the best prediction calibration model.
TABLE 3 - MLR calibration data for Zn and Pb.
MLR
R2
SEC
Zn
0.74
0.08
Pb
0.92
0.04
R2: Coefficient of determination in the calibration; SEC: Standard error
of calibration
TABLE 4 - PLS calibration data for Zn and Pb.
PLS
R2
SEC
SECV
RPD
Zn
0.63
0.10
0.14
1.28
Pb
0.90
0.05
0.08
2.0
R2: Coefficient of determination in the calibration; SEC: Standard error
of calibration; SECV: Standard error of cross-validation; RPD: ratio SD
to SECV.

Predicted (mgL-1 )

Predicted (mgL-1 )

As presented in Tables 3 and 4, the multiple linear regressions (MLR) and partial least squares (PLS) methods
were applied to develop a best calibration model between
the NIR spectral data and the atomic absorption data. Generally, the most important statistical parameters of the developed calibration equations were the standard error of
calibration (SEC) and the coefficient of determination (R2).
The R2 values for Zn from PLS and MLR were 0.63 and
0.74 respectively, also the R2 values for Pb from PLS and
MLR were 0.90 and 0.92 respectively (Tables 4 and 3).
The SEC values for Zn from PLS and MLR were 0.10
and 0.08 respectively, also the SEC values for Pb from PLS
and MLR were 0.05 and 0.04 respectively (Tables 4 and 3).
Lower SEC and higher R2 are considered better and more
accurate. As the calibration model (MLR) for Zn and Pb
gave higher R2>0.70 and lower SEC<0.09 between the

a

1

b

1

Laboratory (mgL- )

Laboratory (mgL- )

FIGURE 4 - (a) MLR Cross-Validation scatter plot for Zn (b) PLS Cross-Validation scatter plot for Zn
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a

1

b

1

Laboratory (mgL - )

Laboratory (mgL - )

FIGURE 5 - (a) MLR Cross-Validation scatter plot for Pb (b) PLS Cross-Validation scatter plot for Pb

When a cross-validation is performed on the calibration
set, NIR prediction error is defined as the standard error of
cross-validation (SECV). The relation of the NIR-predicted
and the reference values for determining the metal content
is shown in Figures 4 and 5. For evaluation of the NIRS
calibration models, standardization of different SECVs is
required. So, the relative percent difference (RPD), which
is the ratio of SD to SECV, was estimated for each equation. As shown in Table 4, the calibration equation for Lead
(2.0) exhibited higher prediction ability than Zinc which
agrees with the higher RPDs reported for Pb (1.72) in
plants from the literature [15]. Acceptable correlations have
been obtained between predicted and laboratory values
for the metals studied.
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RPDs reported from the literature for Pb of different
kinds of plants varied from 1 to 1.72 and for Zn from 0.87
to 1.48 [20, 21]. The RPDs reported for Chinese herbs in
this work for Pb are higher than those obtained for Pb in
literature but for Zn are within the range.
As elements are present in relatively low concentrations in the plant tissues, the NIR absorptions due to the
presence of these elements are difficult to detect. The ability of NIRS for determining the metal content in plants is
associated with organic or hydrated molecules that are detected and measured by NIRS.
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ABSTRACT
Increasing evidence suggests that the use of a single
bioassay will never provide a full picture of the quality of
the environment. Only a test battery composed of bioassays
of different animal and plant species from different trophic
levels will reduce uncertainty, allowing an accurate assessment of the quality of the environment. In the present study,
a multitrophic assessment approach was applied to characterize the toxicity of sediments collected from Portman
Bay (SE Spain), polluted by mining activities.
Elutriate toxicity tests (Vibrio fischeri) and whole sediment toxicity tests (plant species Sorghum saccharatum,
Lepidium sativum and Sinapis alba and the crustacean Heterocypris incongruens) were evaluated and results suggested
that all the leachate samples were non-toxic for Vibrio
fischeri bioassay. However, sediments were toxic for plants
and ostracods, showing the highest toxicity in S1 and S6.
Correlation analysis results showed that toxicity was positively correlated with total Pb and Zn contents, and with
soluble As.

KEYWORDS:
sediments, microtox, phytotoxicity, ostracods, heavy metals.

INTRODUCTION
Sediments can absorb and accumulate pollutants and
act as a contamination source, even long after the pollution
has been abated. Exposure of pollutants contained in sediments to aquatic organisms is very much affected by the
physico-chemical characteristics of the sediment and the
bioavailability of pollutants. It is apparent that, to control
and to regulate the discharge of pollutants, assessment based
only on chemical criteria is not sufficient or adequate. To
estimate the risk of contaminants, chemical methods need
to be complemented with biological methods [1, 2]. Therefore, ecotoxicological testing may be a useful approach for
assessing the toxicity as a complement to chemical analysis [3]. Any strategy for assessing properties, potentially

hazardous to the environment, used in a classification system should include test organisms of different trophic levels representing both the terrestrial and aquatic compartments.
Sediment toxicity assessment should involve an integrated approach, which considers contaminant concentrations and biological effects [4-6]. Since there is no universal sensitive test species that can reliably predict the potential hazards associated with contaminated sediments, a
multitrophic battery of tests, which incorporates a number
of different test species, is, therefore, advocated to reduce
uncertainty in sediment quality assessment [7]. In addition,
a test strategy which includes the assessment of multiple
exposure phases affords a more detailed evaluation of
potential sediment toxicity.
The aim of this study was to develop a battery of bioassays for the ecotoxicological screening of areas polluted
by mining activities. Particularly, the toxicity of sediments
and their leachates was evaluated by using three assays:
bacteria, plants and ostracods. Moreover, the possible relationship between observed toxicity and results of chemical
analysis was studied.
Bacteria play a vital role as decomposers in aquatic
systems and, hence, there is justification for their inclusion
in a test battery for assessing sediment toxicity. Vibrio
fischeri was chosen to assess the acute toxicity of sediment pore-water and water samples. Plants are particularly
important components in ecosystems since they are the
primary food producers, and so it is important to identify
the magnitude of the toxicity results in these organisms
[8, 9]. Finally, the crustacean bioassay with Heterocypris
incongruens was selected as a representative test of a herbivorous invertebrate species for screening sediment samples.

MATERIAL AND METHODS
Studied area

For this study, sediment samples were collected from
Portman Bay (Murcia, SE Spain). Portman bay is situated
close to the mining region of La Unión (Fig. 1). The entire
area around the bay was subject to mining from the time
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FIGURE 1- Sample distribution in the studied area.

of the Roman Empire to 1991 when the activity ceased [10].
Since 1957, the wastes from mining operations were discharged directly into the sea in the inner part of the bay,
but later on, they were also discharged to sea at a distance
of the shore. These wastes mainly consisted of ore materials (sulphides, such as galena, pyrite and sphalerite), phylosilicates, such as chlorite and muscovite, in addition to
siderite, iron oxides and sometimes alteration products,
such as jarosite, alunite, kaolinite and greenalite [11]. These
materials have suffered a concentration process by flotation with sea water and, as a result of the discharges, the
whole of the bay has filled up with wastes which also extend into the Mediterranean itself [12]. The coast line has
been extended up to about 800 m, gaining 70 ha of land
from the sea. In the sea, a sedimentation process happened,
fine particles were transported while the sand fraction remains filling the bay. Moreover, discharges were also
made directly in the bay surface. These wastes showed a
high fine-particle content, and a supergenic alteration process and oxidation reactions happened. The current beach
is sandy black with a high content of metals. In summary,
in this bay we can find mining substances with unalterated materials, other materials which had suffered supergenic alteration, and materials under reducing conditions.
Sample preparation and chemical analysis

The sampling points were chosen considering previous studies of sediment deposit dynamics in Portman Bay,
which is conditioned by sea currents.

Composite samples were studied. A composite sample
is made from a number of discrete samples which have been
collected from the studied area and combined into a single
sample with the intention that this single sample is representative of the collected material. Thus, the composite sample represents the average conditions of sampled material.
In this study, 6 points were selected and discrete samples
correspond to 200 g of 5 sediments collected at different
depths. After collection, samples were mixed in 5 cycles
using a FTLMV-02 laboratory mixer. Finally, 200 g of
mixed sample were used for chemical analysis and bioassays
application.
The use of such composite samples allows a toxicity
screening of Portman Bay. In addition, 6 leachates were
obtained [13].
Sediment samples were air-dried and sieved through
a 2-mm screen for general analytical determinations. The
pH was determined in a 1:5 (w/v) suspension of sediment
in Milli-Q quality water, and in a 1M KCl solution [14]
using a Crison GLP21 pH-meter. Electrical conductivity
(EC, mS cm-1 at 25 ºC) was measured with a Crison GLP31meter in the extracts obtained by filtering the 1:5 suspensions through a 0.45-µm cellulose acetate disk filter. Textural analysis was performed after dispersion of the fine
sediment, and by combining extraction by Robinson pipette and sieving.
A semiquantitative estimation of the mineralogical composition of the samples was made by X-ray diffraction
(XRD) analysis using Cu-Kα radiation with a PW3040

140

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

Philips diffractometer. X-powder software was used to
analyse the X-ray diffraction diagrams obtained by the
crystalline powder method [15]. The powder diffraction
file (PDF2) database was used for peak identification,
taking into account that the determination of minerals
from soils by XRD analysis is not accurate below a limit of
5% of the total weight in a sample (depending on the crystallinity of individual minerals).
To determine the Pb, Cd and As contents, sediments
were first ground to a fine powder using an agate ball mill.
Sediment sample aliquots (0.1 g) were placed in Teflon
vessels and 5 ml of concentrated HF, 200 µl of concentrated HNO3 and 5 ml of water were added. When digestion was complete (15 min at 1000 W in a Milestone
ETHOS PLUS microwave), the samples were transferred
to a volumetric flask and brought to 50 ml. The Zn and Fe
content was determined by flame atomic absorption spectrometry (FAAS) using a Perkin-Elmer 1100B Atomic
Absorption Spectrophotometer. The Pb, Cd and Cu contents were determined by electrothermal atomization atomic
absorption spectrometry (ETAAS) using an Unicam 929
AAS spectrometer. The As content was analysed by atomic
fluorescence spectrometry using an automated continuous
flow hydride generation (As-AFS) spectrometer (PSA
Millenium Merlin 10055 for As). The reliability of the results was verified by analysing a standard reference material
(SRM 2711 Montana Soil).
Finally, acid volatile sulphides (AVS) and simultaneously extracted metals (SEM) were determined, and SEM/
AVS ratio was calculated, which has been proposed as an
indicator of metal toxicity in sediments. If the SEM level
is higher than AVS, then the sediment is considered toxic,
but if this SEM:AVS ratio is less than one, it is deemed to
be non-toxic.
Toxicity tests
Microtox bioassay®

The Microtox® bioassay is based on the inhibition of
the bioluminescent marine bacteria Vibrio fischeri activity,
and was applied to water and pore-water samples according to the protocol [16]. The bioluminescence emitted by
the bacteria is reduced in the presence of polluting agents,
and this reduction is directly related to the toxicity of the
sample [17]. Toxicity is expressed as the agent concentration which produces a 50% reduction of the initial luminescence (EC50) after 15 min of contact time. Bioluminescent responses were measured using a Microtox Model 500
analyser. A basic test was conducted with the reference
standard for each fresh vial of bacteria opened to ensure the
validity of the test method [16].
Phytotoxkit® method

The Phytotoxkit® test measures the decrease in (or
the absence of) seed germination, and of the growth of the
young roots after 3 days of exposure of seeds of selected
higher plants to a contaminated matrix compared with the
controls germinated in a reference soil [18]. It is recom-

mended [19] that, at least, one monocotyledon and one dicotyledon species should be used in these tests. The plants
selected for the Phytotoxkit® microbiotest were the monocotyl Sorghum saccharatum (Sorgho) and the dicotyls Lepidium sativum (garden cress) and Sinapis alba (mustard). The Phytotoxkit® makes use of flat and shallow transparent test plates composed of two compartments, the lower
one of which contains sediment saturated to the water holding capacity. Ten seeds of each species were positioned at
equal distance near the middle ridge of the test plate on a
filter paper placed on top of the hydrated sediment. After
closing the test plates with their transparent cover, they
were placed vertically in a holder and incubated at 25 ºC
for 3 days in darkness. At the end of the incubation period,
a digital picture was taken of the test plates with the germinated plants. The analyses and the length measurements
were performed using the Image Tool 3.0 for Windows.
All reported values are the average of triplicate experiments
[20]. The percent inhibitions of seed germination (SG) and
root growth inhibition (RI) for each plant were calculated
with the formula
SG/RI = (A-B/A) x 100
where A is the mean seed germination or root length
in a control soil, and B is the mean seed germination or
root length in the investigated substrates. The control soil
is analogous to the artificial soil recommended by OECD
(Organization for Economic Cooperation and Development)
for soil toxicity tests which is composed of sand, kaoline
and peat, anpH-adjusted with calcium carbonate [21].
Ostracodtoxkit® test

Toxicity determination of the sediment samples was
performed in a short-term contact test using an Ostracodtoxkit® test [22]. Cysts (Heterocypris incongruens)
were transferred into a Petri dish filled with 10 ml standard fresh water (US EPA medium hard reconstituted water), and were incubated at 25 ºC with permanent illumination (approximately 3000–4000 lux). Pre-feeding was
performed with the algae (spirulina-powder) contained in
the test kit. Ostracods started to hatch after approximately
38 h and were immediately used for testing. The method
consists of placing freshly hatched ostracod neonates in
multiwell cups (10 organisms per test well in six replicates) in 2 ml synthetic freshwater (US EPA formula for
moderately hard water), with 300 µl sediment and 3x107
algal cells (Selenastrum capricornutum, renamed Raphidocelis subcapitata and, more recently, Pseudokirchneriella subcapitata) as complementary food. Calibrated
reference sand is used as a control sediment [22]. After 6
days of incubation at 25 ºC in darkness, the mortality of test
organisms was determined. The measurement of length was
carried out by means of a micrometric strip placed on the
bottom of a glass microscope plate [23]. Growth inhibition
(GI) of H. incongruens was calculated as follows:
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where A is the increase of the ostracods in the reference soil, and B the increase of the ostracods in the investigated substrates. The reference soil was that recommended
by OECD for soil toxicity tests with invertebrates.

express the spatial variation, and allows a variety of map
outputs, including predictions, standard errors prediction
and probability, and at the same time minimizes the errors
of predicted values [25]. To minimize errors, the 6 nearest-neighbor method was applied.

Statistical analysis

Descriptive statistics were studied using MINITAB
software v15. A correlation matrix analysis was made for
the variables, and Pearson’s product moment correlation
coefficient was used.

RESULTS AND DISCUSSION
Chemical analysis

Table 1 summarizes the main sediment properties and
trace element content of samples studied.

Geographic information system (GIS) methodology.

The sampling points, precisely defined by GPS, were
integrated to create a database in which the coordinates
and the value of the analytical characteristics for each
point were included [24]. Spatial interpolation and GIS
mapping techniques were employed to produce spatial
distribution maps for the observed metal. For this purpose, ArcGIS v.9 software was used. To make distribution maps, Kriging interpolation was chosen, owing to its
several favourable properties. In ArcGIS, Kriging can

Sediment samples showed a mean pH value of 7.5.
The electrical conductivity (EC) varied from 3.03 to 11.51
mS cm-1, with a mean value of 8.42 mS cm-1.
Heavy metal content in sediment samples was high,
as it corresponds to materials originated by mining activities. The order of heavy metal content in sediment samples was as follows: Zn>Pb>As>Cu>Fe>Cd.

TABLE 1 - Chemical characteristics and heavy metal content of sediment samples.
pH
H2 0
S1
S2
S3
S4
S5
S6
Mean
Standard deviation

7.67
7.39
7.42
7.50
7.57
7.44
7.50

Eh
mV
132
150
155
137
133
140
141

EC
mS cm
3.03
5.33
10.2
9.68
11.51
10.95
8.42

Pb

Cd

-1

2517
975
602
889
1043
1211
1206
673

21.1
22.2
15.2
15.1
20.3
42.1
22.7
10

As
mg kg
307
220
224
177
308
470
284
105

Zn

Cu

Fe

7929
4585
5970
3458
4762
5440
5357
1520

68.5
48.1
57.2
46.1
68.2
67.3
59.3
10

%
41.5
37.8
37.7
37.2
40.8
47.3
40.3
4

-1

FIGURE 2- Total Pb content distribution (mg kg-1).
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ΣSEM/AVS
0.16
0.32
0.28
1.75
0.11
0.21
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FIGURE 3- Total Cd content distribution (mg kg-1).

FIGURE 4 - Total As content distribution (mg kg-1).

Average Zn concentration was 53 mg kg-1 and variability among samples was high. Spatial distribution of this
element is plotted in Fig. 2. Highest concentrations of Pb
were found in soundings 1 and 6, and average content was
1206 mg kg-1 (Fig. 3). Average arsenic concentration in
sediment samples was 284 mg kg-1, being the highest value
in S1 (Fig. 4). Copper and cadmium were less abundant,
mean values were 59 and 23 mg kg-1, respectively. Spatial
distribution of Cu and Cd is shown in Figs. 5 and 6. Finally, sediments show high Fe content, and average concentration was 40%. Fe content is plotted in Fig. 7, the maximum value 47% being obtained in S6.
Sediments are the result of sedimentation of mining
residues discharged into the sea and affected by the circu-

lating currents of the bay. The sterile material discharged
into the sea has undergone a sorting process, whereby the
finest fractions have been lost, while the sand fraction
remained.
As a result of the currents in the bay and of the wind,
this fraction slowly filled the bay and formed the most
superficial layer, which is principally composed of black
medium-fine sand. The residues directly discharged onto
the beach are composed of finer materials.
S1 and S6 present highest concentrations of heavy
metals. S1 was collected near to a dumping point of mining wastes, and S6 is located in an area which obtains fine
materials from sea currents. Sediments S2 to S5 have also
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FIGURE 5- Total Zn content distribution (mg kg-1).

FIGURE 6- Total Cu content distribution (mg kg-1).

FIGURE 7- Total Fe content distribution (%).
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TABLE 2 - Average mineralogical composition of sediment samples.
S1
12.4
8.2
4.6
6.3
32.1
1.1
0.5
0.4
5.7
3.1
11.7
9.6
4.3

Quartz
Pyrite
Magnetite
Hematite
Siderite
Akaganeite
Janggunite
Alunite
Gypsum
Jarosite
Chlorite
Muscovite
Greenalite

S2
14.1
7.1
5.2
5.1
36.3
2.0
1.0
0.3
3.1
1.1
12.5
8.4
3.8

S3
17.0
6.7
3.9
4.6
30.5
1.9
0.7
0.3
4.0
2.1
12.6
11.4
4.3

suffered a grain-selection process, fine material being
washed, and the most reactive fraction has disappeared.
Then, their heavy metal concentration was lower.
The addition of a strong acid solution to a sediment
sample containing heavy-metal sulphides allows acid-volatile sulphides (AVS) and simultaneously extracted metals
(SEM), including cadmium, zinc, lead, iron and copper.
Because metals bind with AVS, it has been proposed that
the SEM/AVS ratio serves as an indicator of metal toxicity in sediments. In our samples, only S4 showed a SEM/
AVS ratio higher than 1 (Table 1).
Average composition is characterized by high quartz,
siderite, chlorite and muscovite content. The samples also
present pyrite, magnetite, hematite, greenalite, jarosite, gypsum and, finally, in a low content, akaganeite, janggunite and
alunite (Table 2).

S4
17.5
7.4
3.9
5.4
29.9
1.1
0.6
0.2
4.4
0.9
12.2
12.7
3.8

S5
17.8
7.7
3.9
4.4
26.5
0.7
0.5
0.2
3.6
0.9
17.0
13.7
3.1

S6
13.9
8.6
4.8
5.3
29.2
0.8
0.5
0.5
3.5
1.1
17.2
11.1
3.5

TABLE 3 - Textural analysis results of sediment samples.
S1
S2
S3
S4
S5
S6

<2 µm
1.1
0.2
0.9
0.0
0.0
0.9

2-50 µm
8.4
3.0
1.4
2.5
3.5
10.5

50-2000 µm
90.5
96.8
97.7
97.5
96.5
88.6

Table 4 summarizes chemical characteristics and
heavy metal content in the leachate samples. The leachates
showed a mean pH of 7.53. The electrical conductivity
varied from 2.53 to 11.21 mS cm-1, with a mean value of
8.05 mS cm-1. The mean values for Pb, Zn and Fe were
2.2, 0.11 and 0.6 mg L-1, whereas those for Cd, Cu and As
were 17, 5.6 and 3.7 µg L-1, respectively.
Microtox® bioassay

Sediments S3, S4 and S5 showed high percentages of
quartz. On the other hand, sediments S1 and S6 had high
siderite, hematite and other iron oxide percentages. Generally, all sediments present resistant minerals, affected by
alteration processes.

All the leachate samples were non-toxic for Vibrio
fischeri bioassay (Table 4). Vibrio fischeri is typical of
marine environments, and high salt content can decrease
mortatily of this organism.

The particle size distribution defines the origin of the
sediment, fine textures corresponding to unwashed. All
samples showed sandy texture, but S1 and S6 showed higher
clay and loam percentages, confirming that these sediments
present fine and reactive materials (Table 3).

Phytotoxicity bioassay

As regards the phytotoxicity test, an influence on seed
germination was observed in sediment samples. In S4, S5
and S6 no seeds germinated for any plant species. In samples S1 and S2, mortality ranged from 0 to 50%, but in S3
from 70 to 100% (Fig. 8).

TABLE 4 - Chemical characteristics and heavy metal content of leachates.
pH
S1
S2
S3
S4
S5
S6
Mean

7.57
7.49
7.32
7.60
7.77
7.44
7.53

Eh
mV
139
153
166
114
127
129
138

EC
mS cm-1
2.53
4.83
9.72
9.88
11.21
10.15
8.05

Pb
mg l-1
6.3
<dl
<dl
<dl
<dl
7.2
2.2

Cd
µg l-1
6.4
10.4
22.1
35.6
21.8
5.5
17.0
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As
µg l-1
3.8
4.3
3.6
3.6
3.4
3.7
3.7

Zn
mg l-1
0.1
0.2
0.1
0.1
0.1
0.1
0.11

Cu
µg l-1
2.5
2.8
5.1
5.3
15.6
2.3
5.6

Fe
mg l-1
0.5
0.5
0.5
0.6
0.7
0.6
0.6

EC50
Non-toxic
Non-toxic
Non-toxic
Non-toxic
Non-toxic
Non-toxic
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TABLE 6 - Correlation analysis for heavy metal content in leachate
samples, general characteristics and toxicity results (*p-value<0.05).
S.saccharatum
mortality
L. sativum
mortality
S. alba
mortality
H. incongruens
mortality

Variable
As
EC

r
0.746
0.967

p-value
0.039
0.002

EC

0.772

0.042

EC

0.987

0.008

As
EC

0.799
0.905

0.047
0.013

FIGURE 8 - % Inhibition of seed germination.

When root growth was evaluated, a significant inhibition was noticed. In the case of S4, S5 and S6, inhibition
was 100%. In the cases of S1 and S2, growth inhibition
ranged between 4-39% and 25-80%. Finally, the inhibition percentage in S3 was in the 75-100% range (Fig. 9).
Correlation analysis showed that mortality percentage in
the plant species was positively correlated with total Pb
and Zn content for L. sativum and S. alba, and also positively correlated with electrical conductivity in the studied
plant species (Table 5). In addition, the correlation analysis between plant mortality and heavy metal content in
leachates showed that mortality was positively correlated
with electrical conductivity. Moreover, mortality was positively correlated with arsenic content in S. saccharatum
(Table 6). Low electrical conductivity decreased mortality,
as could be expected, since plants are not resistant to saline
conditions.

FIGURE 10- Mortality and growth
inhibition percentage of H. incongruens.
Ostracod bioassay

The mortality data for H. incongruens for the 6 sediment samples are plotted in Fig. 10. It is clear that S1 and
S2 induced 100% mortality in the ostracods. For S3, S4,
S5 and S6, mortality ranged from 40% in S5 to 75% in
S3. The percent of growth inhibition for the ostracods in
the studied samples, with mortalities lower than 100%,
showed a significant effect. Sample S4 showed the highest growth inhibition percentage (95%) and S6 the lowest
one (55%). Correlation analysis showed that mortality percentage in the ostracods H. incongruens was positively correlated with electrical conductivity (Table 5).
The highest mortality percentage was found in sediments located close to the dumping point (S1 and S2), and
in S6, which received fine fractions from sea currents.

FIGURE 9 - % Inhibition of root growth.
TABLE 5 - Correlation analysis for heavy metal content in sediment
samples, general characteristics and toxicity results (*p-value<0.05).

L. sativum
mortality
S. alba
mortality
H. incongruens
mortality

Variable
Pb
Zn
EC
Pb
Zn
EC

r
0.954
0.829
0.990
0.795
0.630
0.982

p-value
0.003
0.041
0.001
0.048
0.018
0.001

EC

0.907

0.013

Correlation analysis between ostracod mortality and
heavy metal content in leachates showed that mortality
was positively correlated with electrical conductivity and
with arsenic content (Table 6). Low electrical conductivity values decreased mortality because H. incongruens is a
fresh-water organism. Finally, high soluble arsenic content increased ostracod mortality.
CONCLUSION
In this study, three environmental toxicity methods were
compared for different contaminated sediments from polluted sites. The various bioassays showed different sensitivities
to the target metals. Of the bioassays employed, the Mi-
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crotox® luminescence inhibition assay showed less sensitivity to the sediment toxicants than phytotoxicity and ostracod bioassays. According to our results, it is highly advisable to complement chemical analyses with environmental toxicity testing to characterize the risks presented
by contaminated sediments.
The application of a test battery allows the identification of contamination sources and non-contaminated areas,
corresponding to decreasing toxicity values.
These methods satisfy the requirements of environmental toxicology in their reliability, sensitivity, reproducibility, rapidity and low cost.
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ABSTRACT

INTRODUCTION

Sunlight is known to produce toxic effects in humans.
Adverse biological effects of UV radiation can be enhanced
by some chemical compounds which additionally absorb
UV energy and are known as photosensitizers. A number of
light-absorbing pharmaceuticals are known to cause photoirritation, phototoxic or photo-allergic effects, and several
guidelines on photo-safety testing of drugs have been published. However, there is still a need to develop a battery of
tests for fast and reliable assessment of photogenotoxicity
of pharmaceuticals.
In this study, photogenotoxicity of chlorpromazine, a
UV-absorbing compound, was investigated using two shortterm bacterial tests: the SOS Chromotest and the umu-test.
The aim was to develop a new protocol for these screening
tests to enable rapid initial evaluation of genotoxic properties of pharmaceuticals after UV irradiation.
Chlorpromazine was not genotoxic under standard
short-term bacterial testing conditions, i.e. in tests carried out
without exposure to light. As intermediates formed after
UVA irradiation are short-lived ones, standard testing procedures were modified. The tested compound and the bacterial strains were irradiated concomitantly during the test
procedures. Genotoxicity of chlorpromazine was demonstrated after UVA irradiation, but not after UVB irradiation which indicates that UVB does not cause the formation of genotoxic intermediates. Genotoxic properties
of chlorpromazine after UVA and UVB irradiations
were evaluated in agreement with published data which can
indicate the convenience of our rapid tests as a first screen
for preliminary assessment of photogenotoxicity in vitro.
Chlorpromazine could be a positive control in the SOS
Chromotest and the umu-test carried out under UVirradiation conditions while the standard compounds used
in these tests as positive controls are photo-labile.
KEYWORDS: genotoxicity, pharmaceuticals, photodegradation,
short-lived intermediates, SOS Chromotest, umu-test.

Many chemicals can cause adverse effects after they
have been exposed to sunlight. In particular, they can trigger photogenotoxic effects or increase mutagenicity caused
by UV irradiation itself [1]. Compounds able to absorb
solar light within the UV-Vis spectrum can act as photosensitizers through the direct reaction of the photo-activated
molecule with DNA, or through the formation of highly
reactive non-persistent degradation products (active oxygen species or other radicals) [2]. Such photoproducts are
often free radicals and they appear more toxic than parent
compounds. Particularly, they may be genotoxic and consequently act as carcinogens. A number of commonly used
pharmaceuticals including quinolone antibiotics, psoralens,
sulfonamides and tetracycline are photosensitizers [3].
Therefore, photodegradation of pharmaceuticals and their
photosensitizing properties have become a subject of great
scientific interest.
Photodegradation of chemicals can take place in the
human body effecting cancer induction in the tissues exposed to UV irradiation (skin, retina), or in the drug formulation during storage or transport. The most evident result
of drug photo-decomposition is loss of potency and therapeutic efficacy. Also toxic photoproducts can be formed
with the consequent change in the physicochemical properties of the drug. Such photoproducts are considered to be
contaminants which may be responsible for adverse effects of the drug [4].
The process of photodegradation can occur not only
in drug formulations and the human body, but also in the
natural environment through transformation initiated by
sunlight. This process of photodegradation may be one of
the most important natural processes by which residual
chemicals are transformed in the environment [5]. The
occurrence of pharmaceutical residues including hormones,
steroids, antibiotics and fibrates has been reported in the
aquatic systems. Their fate and effects on the aquatic ecosystems should be of environmental concern and under
continuous monitoring [6-12].
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The assessment of the photogenotoxic potential of new
drugs which absorb light energy is required by the regulatory authorities: European Agency for the Evaluation of
Medicinal Products (EMEA), European Center for the Validation of Alternative Methods (ECVAM) and the FDA [1315] as part of the safety evaluation procedure.
Methods, currently used for evaluation of genotoxic
properties of chemicals need to be adapted to assess photogenotoxicity of drugs irradiated by UV-Vis. Development of standard in vitro methods instead of animal studies to evaluate photogenotoxicity is promoted by the EMEA
[13] and ECVAM [15]. There is a need to establish a battery of tests to perform fast and reliable assessment of photogenotoxic properties of pharmaceuticals [16]. A short-term
in vitro bacterial test modified for evaluation of the UV-Vis
irradiation impact on genotoxic properties of drugs seems
to be appropriate for such a battery.
The aim of this study was to develop a new protocol
for the SOS Chromotest and the umu-test to be used in
determining genotoxic properties of chemicals after UV
irradiation. Both bacterial tests are often used to evaluate
genotoxicity of a wide range of mutagens as well as environmental samples, such as water sewage and sediments
[17, 18].
Chlorpromazine, a neuroleptic agent widely used in
human and veterinary medicine, is known to absorb UV light
energy and induce photomutagenic effects, and was employed in our experiments. Photochemistry of this compound is well explained and examined. Chlorpromazine
forms free radical intermediates via photodechlorination
after long-wavelength UV irradiation. The promazyl radical easily binds to guanosinemonophosphate (GMP) and,
in consequence, is able to bind covalently to DNA. At shortwavelength UV irradiation, a photo-ionization product (radical cation) is formed which is not involved in the photosensitization reaction [19, 20].
Furthermore, in order to evaluate the flexibility of the
new protocol, the modifying effect of humic acids (natural
organic matter) and potassium nitrate on genotoxic properties of chlorpromazine was investigated. Humic acids and
potassium nitrate are natural surface water constituents. It
is well-known that natural organic matter plays an important role in sunlight-induced photochemical processes
[5]. It can act as an inner filter of radiation, a radical scavenger and a precursor of reactive species (singlet oxygen,
solvated electrons, superoxide anion, hydroxyl radicals).
These reactive species are able to degrade organic compounds. Photo-activated organic matter can also react directly with pharmaceuticals found in the environment [21,
22]. Influence of nitrates on the photodegradation process
depends on the character of the examined substance. Nitrates can undergo photolysis generating hydroxyl radicals
or singlet oxygen decreasing the half–life period of a
pharmaceutical. Nitrates photolysis strongly depends on
radiation intensity in the solution [23].

MATERIALS AND METHODS
Chemicals

Chlorpromazine (CPZ) (SIGMA) stock solution was
prepared in deionized water. Humic acids (HA) (Aldrich
Chemie) and potassium nitrate (PN) (POCh) solutions were
prepared in deionized wate, and final concentrations in the
microplate were 50 and 100 mg/L, respectively. 4-Nitroquinolone 1-oxide (4NQO) (SIGMA) or 2-aminoanthracene
(2AA) (SIGMA) were used as positive controls in the tests
performed without or with metabolic activation, and stock
solutions were prepared in dimethylsulfoxide (DMSO).
Genotoxicity testing, test principle
Tester strains

Escherichia coli PQ37: The strain was received from
Institute Pasteur, Paris France. The genetic markers of the
tested strain are sfiA::Mud(Ap lac) cts, lacΔU169, mal+,
uvrA, galE, galY, PhoC, rfa, F-, thr, leu, his, pyrD, thl,
trp::Muc+, srl300::Tn10.
Salmonella typhimurium TA1535/pSK1002: The strain
was provided by Deutsche Sammlung von Organismen und
Zellkulturen GmbH, Germany.
Two short-term bacterial tests were performed, the
SOS Chromotest and the umu-test which are based on the
same principle. DNA-damaging agents trigger in bacteria
a set of functions known as the SOS repair system. The
bacterial strains used in the tests were genetically engineered. Salmonella typhimurium TA1535/pSK1002 used
in the umu-test carried the lacZ gene joined to the umuC
gene, and Escherichia coli PQ37 used in the SOS Chromotest carried sfiA:lacZ fusion. SfiA and umuC are genes
involved in the SOS repair system, and lacZ is a structural
gene for β-galactosidase. Because the normal lacZ region
is deleted, β-galactosidase activity strictly depends on sfiA
or umuC expression. Activity of β-galactosidase was measured by a colorimetric assay which indicates the level of
the SOS system induction. The assay is quantitative and
the dose-response curves present a linear region [24].
Test protocol

The umu-test was carried out in 96-well micro plates
according to the ISO guideline [25]. The SOS Chromotest
was performed following the procedure described by Quillardet and Hofnung [24, 26], and adapted to the microplate
version by Bonislawska [27]. The culture of Escherichia
coli PQ37 was stored in 50% glycerol suspension at -80 ºC.
The overnight culture was grown in LB-medium supplemented with 20 mg/L ampicillin for 16 h at 37 ºC, then
diluted 50-fold with fresh LB-medium with ampicillin,
and incubated for about 2 h to reach optical density of the
culture of at least 0.4 (OD600≥0.4). After that period, the
culture was diluted 10-fold with fresh LB-medium with
ampicillin (test without metabolic activation), or with
S9mix (29 mg NADP, 38 mg glucose-6-phosphate, 0.5 ml
– 1.65 Mol/L KCl + 0.4 Mol/L MgCl2. 6 H2O, 6.25 ml 0.4
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M/L Tris buffer - pH 7.4, 16.83 ml LB-medium, 0.17 ml
ampicillin solution, 0.5 ml distilled water, and 0.75 ml S9
fraction) (test with metabolic activation). Then, in the 96well microplate, samples of the tested compound and the
bacterial diluted culture were incubated for 2 h at 37 ºC.
At one microplate, four concentrations of one sample were
examined, each concentration at 18 replications/wells. At
the same microplate, a negative control (12 replications),
a positive control (3 replications), a solvent control (3 replications) and a blank control (6 replications) were also
placed. After 2 h of incubation in 2 new 96-well microplates,
the enzymatic activities of alkaline phosphatase and βgalactosidase were quantified.
Both tests were carried out in two ways: with or
without the metabolic activation. S9 fraction was prepared
from livers of male B10 A mice pretreated with Aroclor
1254 (500mg/kg) 5 days before the isolation.

by UVA, B and C was carried out at 360 nm (0.2 mW/cm2),
312 nm (1.0 mW/cm2) and 254 nm (0.9 mW/cm2), respectively. Then chlorpromazine solution with the tester strain
was incubated in the microplate in darkness for 2 h.
Modified procedure. To examine short-lived photoproducts, the standard procedure was modified. Chlorpromazine solutions were irradiated concomitantly with the
bacterial strains in the microplate during the first 2 h of
incubation. Because radiation from UVC range was too
toxic for the tester strain (it almost completely inhibited
bacterial growth during incubation), we used only UVA
and UVB range (0.2 mW/cm2 UV-A and 0.2 mW/cm2
UV-B). In a parallel test, non-irradiated chlorpromazine
solutions were examined according to the standard testing
procedure in darkness.

RESULTS AND DISCUSSION

Data analysis

Genotoxicity of the tested compound is expressed as
the increasing β-galactosidase activity in comparison to
the negative control. The normalized values which allow
comparing different experiments and samples are the
induction factor IF (SOS Chromotest) and the induction
ratio IR (umu-test).

IR =

G – growth inhibition factor
A420T – absorbance of a sample at 420 nm
A420N – absorbance of a negative control at 420 nm
A420B – absorbance of a blank control at 420 nm

Modified protocol

R(c)
R(0)

R(c) – specific activity of β-galctosidase for sample
R(0) – specific activity of β-galctosidase for negative
control
The tested compound was considered to be an SOS
repair system inducer when IF or IR was higher than 1.5
with regard to the negative control, and the β-galactosidase
activity was significantly higher in the tested sample than
in the negative control. Additional toxicity assessment was
performed by measuring alkaline phosphatase activity (constitutively synthesized by E. coli) in the SOS Chromotest,
and by evaluation of bacterial growth inhibition expressed
as the growth factor in the umu-test. When toxicity of the
tested compound was too high, the genotoxicity data were
not acceptable.
Irradiation conditions
Standard procedure. Solutions

Non-irradiated solutions of chlorpromazine not exposed
to light, with or without the metabolic activation were
examined. Both bacterial tests did not demonstrate genotoxic properties for any of the chlorpromazine (CPZ)
concentrations in the range 1.25-30 mg/L.
Similarly, for the CPZ solutions pre-irradiated with
UVA, UVB and UVC for 60 min before the test, no genotoxicity was reported at any of the concentrations in the
same range as above. The IF and IR values were below 1.5
in all samples, and the activity of β-galactosidase was at
the negative control level.

1 A420T − A420 B
×
G A420 N − A420 B

IF (c) =

Standard protocol

of chlorpromazine (1.2530 mg/L) were preirradiated separately for 60 min, and
then examined in tests carried out in darkness. Irradiation

As the photo-intermediates of chlorpromazine are shortlived [19], it was necessary to modify the testing methodology. The investigated compound had to be irradiated together with the bacteria to enable immediate contact of the
tested strain with unstable short-lived photoproducts. In
the experiment, UVA and UVB lamps were used and chlorpromazine (CPZ) concentrations ranged from 1.25 to
10 mg/L. A higher concentration of the CPZ, combined
with UV irradiation, was too toxic for E. coli and S.
typhimurium, and almost completely stopped the growth
of the bacteria and the results were not acceptable.
As it is well-known that UV irradiation itself can have
a genotoxic effect, the effect of UVB and UVA without
chlorpromazine on β-galactosidase activity in the tested
bacterial strains was assessed (Table 1). Also, potential
UV light toxicity for bacteria was assessed by measuring
the activity of alkaline phosphatase in Escherichia coli and
the growth inhibition factor of Salmonella typhimurium
under irradiation conditions (Table 1).
As shown in Table 1, the activity of β-galactosidase
was higher under UV irradiation than in darkness. UVB
had a much stronger genotoxic effect than UVA. The values of U GAL after UVB irradiation increased as much as
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TABLE 1 - The effects of UV irradiation on the bacterial strains used in SOS Chromotest and umu-test.
SOS Chromotest: Escherichia coli
umu-test: Salmonella typhimurium
UGAL
UAP
UGAL
G
+S9
647
1812
0.40
1.00
DARKNESS
-S9
551
3246
0.49
1.00
+S9
8381/
1458
0.861/
1.00
IRRADIATION 360 nm
-S9
13741/
3314
1.261/
1.00
+S9
58092/
1835
6.822/
1.00
IRRADIATION 312 nm
-S9
73192/
20351/
6.952/
1.00
UGAL – activity of β -galactosidase; UAP – activity of alkaline phosphatase; G – growth inhibition factor.
1/
All means were statistically different from darkness samples (P< 0.05) (Student’s t-test)
2/
All means were statistically different from darkness samples (P< 0.01) (Student’s t-test
Negative control

7-fold in the SOS Chromotest and 6-fold in the umu-test
compared to UVA irradiation. No toxic effect of UV light
on Salmonella typhimurium was observed. In the SOS
Chromotest, a decrease in alkaline phosphatase activity by
39% could be observed only after UVB irradiation in a
test without the addition of S9 fraction. Nevertheless, data
obtained in the test with UVB irradiation were acceptable
because the decrease in alkaline phosphatase activity was
not higher than 50% compared to controls.
Although UV irradiation obviously increased the activity of β -galactosidase, calculation of the induction factor
(ratio) allows to demonstrate the genotoxic potential of the
tested compound alone. IF/IR value is always calculated as
a ratio of β-galactosidase activity in the tested sample to
that of β-galactosidase in the negative control (see Materials and Methods). As negative control is placed on the
same microplate as the tested sample and exposed to the
same UV irradiation, β-galactosidase activity of the reference is elevated. Accordingly, the value put in the denominator of the formula is higher compared to the test carried
out in darkness. The calculated IF/IR value reflects genotoxicity of the examined photoproducts only, and not photoproducts together with UV radiation.
After irradiation of chlorpromazine at 360 nm, genotoxic properties in the umu-test were observed for samples
with initial drug concentrations of 2.5; 5 and 10 mg/L in
both assay variants - with and without S9 fraction. The in-

duction ratio increased with increasing concentrations of
chlorpromazine reaching values of 4.35 and 5.85 in tests
with and without metabolic activation, respectively (Table
2).
In the SOS Chromotest, genotoxicity was found in the
assay performed without the metabolic activation for solutions with initial CPZ concentrations of 5 and 10 mg/L. In
the experiment with addition of S9 fraction, only the solution with the highest examined CPZ concentration
demonstrated an IF value slightly higher than 1.5. The
data in-dicate that the umu-test is a more sensitive assay
for chlorpromazine photoproducts than the SOS Chromotest (Table 2).
Data from Table 2 indicate that the metabolic activation is not necessary to reveal genotoxic properties of chlorpromazine photoproducts. In both tests, the variant without
S9 fraction was more sensitive i.e. the IF and IR values
were higher compared to the test with S9 fraction (with the
exception of the umu-test for CPZ solution 10mg/L). It is
possible that S9 fraction could neutralize - to some extent
- the genotoxic action of chlorpromazine photoproducts.
After irradiation with UVB at 312 nm, no genotoxic
effect was found for any of the examined chlorpromazine
solutions. The activity of β-galactosidase was at the same
level as in the negative control, and IF or IR values never
exceeded 1.5 in both tests (Table 2).

TABLE 2. Induction Factor (IF) and Induction Ratio (IR) values for
chlorpromazine photoproducts depending on the UV irradiation wavelength.
IRRADIATION

INITIAL CPZ CONCENTRATION [mg/l]
0
1.25
2.5
5
SOS CHROMOTEST WITHOUT METABOLIC ACIVATION
360 nm
IF
1.00
1.17
1.41
2.05
312 nm
IF
1.00
1.00
0.96
1.09

10
2.91
0.99

SOS CHROMOTEST WITH METABOLIC ACIVATION
360 nm
IF
1.00
0.99
312 nm
IF
1.00
1.29

0.97
0.88

1.06
0.79

1.55
1.09

umu-TEST WITHOUT METABOLIC ACTIVATION
360 nm
IR
1.00
1.29
312 nm
IR
1.03
0.97

1.81
1.01

3.13
1.11

4.35
1.11

umu-TEST WITH METABOLIC ACTIVATION
360 nm
IR
1.00
312 nm
IR
1.06

1.63
1.04

2.71
1.33

5.85
1.25

1.38
1.04
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TABLE 3 - Induction ratio (IR) for 4-nitroquinolone 1-oxide (4NQO) and 2-amino-anthracene (2AA) (positive controls) in the umu-test carried out in darkness and under UV irradiation.
Irradiation on the micro plate
312 nm
average IR
IR range
1.45
1.25 – 1.72
1.54
1.51 – 1.67

Darkness
average IR
2.94
1.90

4-NQO (-S9)
2-AA (+S9)

IR range
2.48 – 3.56
1.62 – 2.19

Genotoxicity of positive controls was determined for
each microplate in SOS Chromotest and umu-test to confirm that the tests were performed correctly and all tests
conditions were satisfied. 2AA and 4NQO are used commonly in tests with and without metabolic activation, respectively. These compounds which are known to be strong
mutagens are also photo-labile. When tests are carried out
under UV irradiation conditions, positive controls may be
decomposed and not performing their function anymore,
i.e. they do not give a positive response (Table 3).
In such a situation, compounds which are potentially
photogenotoxic would be more preferable. Chlorpromazine
could be used as a positive control for the development of a
photomutagenesis assay according to Gocke [19]. Struve
et al. [28] applied chlorpromazine as the positive control
in the development and validation of a new protocol for
the photo comet assay. Chlorpromazine gives a high positive response in the umu-test and a weaker, but sufficient
one in the SOS Chromotest. So, it can be used as a positive control in these tests to assess other substances with
unknown photogenotoxic action. However, it must be emphasized that CPZ may serve as a positive control only in
experiments using UVA.
Evaluation of potential influence of humic acids and potassium nitrate on genotoxicity of chlorpromazine

For the evaluation of the new SOS Chromotest and
umu-test protocols, the influence of 50 and 100 mg/L of

In the umu-test, HAs acted as protective agents and
decreased IR values established for chlorpromazine solutions at concentrations of 5 and 10 mg/L in tests performed
with or without metabolic activation (Fig. 1). Such relationship was not observed in the SOS Chromotest.
The effect of potassium nitrate was inconsistent. Values
of the induction ratio in the umu-test were boosted but only
at the highest concentration of chlorpromazine (10 mg/L) in
a test without the addition of S9 fraction. On the other
hand, a decrease in the IF value was seen at that concentration in the SOS Chromotest (Fig. 2). In case of other
concentrations, genotoxicity was not modified at all.
The data indicate that genotoxicity of the sample
strongly depends on the constituents present in the solution.
Initial concentrations of the pharmaceuticals, and presence
of other substances (particularly organic matter), affect the
photochemical degradation of the pharmaceutical and can
diversify types and properties of products generated in the
solution [5]. HAs absorbing solar radiation can act as inner
filters and decrease photodegradation of other organic compounds present in the solution [21]. On the other hand,
they may serve as donors of reactive species which may
cause indirect photolysis of the tested compounds. In such
a situation, reaction of the dissolved chemical is the result
of chemical or electronic excitation transfer from lightabsorbing humic species into the natural water [29].

INDUCTION RATIO UMU TEST+S9
IRRADIATION 360nm
CPZ

6,50

CPZ + HUMIC ACID
CPZ + KNO3

6,00

CPZ + HUMIC ACID
CPZ + KNO3

6,00

5,50

5,50

5,00

5,00

4,50

4,50

4,00

4,00

3,50

3,50

IR

IR

7,00

CPZ

6,50

IR range
1.55 – 2.06
1.17 – 1.76
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FIGURE 1 - IR value for chlorpromazine (CPZ) and CPZ with addition of humic acids (HA) and KNO3 in umu-test (IR values (≥1.5) above the
dashed line indicate photogenotoxicity of UVA-irradiated CPZ; +/ Means are statistically different from CPZ samples (P< 0.05; Student’s t-test)).
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ABSTRACT
A total of 249 different Streptomyces strains were isolated from different sites of the North Cyprus habitats for
their antimicrobial potential. Out of these, 66 isolates exhibited inhibitory activity against at least one of the tested
microorganisms. Approximately, 51% isolates produced
antibacterial substances against Gram-positive bacteria, 6%
against Gram-negative bacteria, and 23% against both Gramnegative and Gram-positive bacteria, whereas 18% of isolates showed antifungal activity. According to the spectrum
of broadness, the two most active isolates were selected,
and designed as KGG13 and KVK11. A great variety of
morphological, physiological and biochemical features of
selected strains were determined for their taxonomic position, and obtained data strongly suggested that these strains
belong to the genus Streptomyces, confirmed by their antimicrobial activity in batch culture. In order to standardize
the antibiotic production, some cultural conditions, such as
the effect of different temperatures, nature of carbon sources,
pH value, and time incubation in h, were determined. The
highest antimicrobial activities were obtained when glucose
and glycerol at 1% (w/v) was used as sole carbon source,
at pHs 7.3 and 7.5 for the strains KGG13 and KVK11,
respectively.

KEYWORDS: Antimicrobial activity, fermentation, isolation, North
Cyprus, Streptomyces.

INTRODUCTION
In recent decades, natural-product screening programs
devoted an enormous effort for discovering new microbial
secondary metabolites with interesting biological activities. Microorganisms produce some of the most important
drugs, such as antibiotics, which are the source of lifesaving treatments for bacterial and fungal infections (e.g.,
penicillin, erythromycin, streptomycin, tetracycline, van-

comycin, amphotericin), cancer (e.g., daunorubicin, doxorubicin, mitomycin, bleomycin), transplant rejection (e.g. cyclosporin, FK-506, rapamycin), and high cholesterol (e.g.,
statins such as lovastatin and mevastatin) [1]. The genus
Streptomyces of actinomycete group, common in soil and
relatively easy to isolate, has long been recognized as the
prolific source of industrially useful metabolites, notably
antibiotics, and continues to be screened for new bioactive
compounds [2].
Over the past 60 years, antibacterial drug development was generally focused on two main strategies: (i) the
discovery of compounds from natural sources (in particular actinomycetes and fungi) and (ii) the development of
synthetic antimicrobial molecules. Most of the antibiotics
including β-lactams, aminoglycosides, macrolides, aminocoumarins, tetracyclines, ionophores, glycopeptides and
their semi-synthetic derivatives used today were discovered in the middle of the last century. These natural products represent the building blocks for the majority of clinically and agriculturally applied antibiotics and are the foundation of modern anti-infective chemotherapy. However, the
rate of discovery of new antibiotic classes has been remarkably decreased over the past 35 years [3].
The discovery of novel antibiotics from natural sources
became more important, in particular from soil bacteria.
Soil is the most common habitat for streptomycetes. After
the initial few decades of intensive screening, a number of
new streptomycete strains that generate active compounds
have been isolated from novel sources, such as rhizosphere
of plants [4, 5], desert habitats [6], marine [7, 8], agricultural
soils [9, 10] and feces of wild animals [11]. These facts
clearly indicate that valuable streptomycetes can be isolated
if soil is screened using the appropriate sample.
Presently, there is no documented information on antimicrobial activity of Streptomyces sp. in the North Cyprus
soils, and their potential as a novel source for the discovery
of new bioactive compounds. In screening for microorganisms able to produce bioactive compounds, the exploration
of new habitats has been recommended. Such unexplored
environments may be critical for new strains of strepto-

157

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

mycetes being wild types representing a rich source of useful metabolites. Therefore, the study reported herein was
undertaken to determine the Streptomyces flora of North
Cyprus soils and taxonomy of the antibiotic-producing
selected isolates as well as fermentation optimization of
produced compounds.
MATERIALS AND METHODS

and Industrial Microbiology section, Department of Biology, Faculty of Science, Ege University (İzmir/Turkey).
Bacteria were cultured on nutrient agar plates and incubated at 37 °C for 24 h. A few colonies from log phase
culture were inoculated into Mueller-Hinton broth (Oxoid)
and incubated at 37 °C for 24 h to obtain final inoculum
[1.0 x 106 colony forming units (cfu) ml-1]. Fungi were
cultured on yeast extract malt extract broth at 30 oC for 48 h,
and maintained on potato dextrose agar (PDA, Oxoid).

Sampling, isolation and maintenance of Streptomyces strains

Screening of antagonistic strains

15 soil samples were collected from various locations
of the North Cyprus and its surroundings. Soil samples
were taken as a mixture of depths ranging from 10 to 30 cm
into sterile plastic bags, to avoid external contamination.
Soils were air-dried to encourage proliferation of Streptomyces, and 1% of CaCO3 was added before preincubation at
30 oC for 2 days. Isolation of streptomycetes was performed
by soil dilution plate technique using different media, such
as glycerol yeast extract agar [12], glycerol-asparagine agar
(ISP 5), yeast malt extract agar (ISP 2), nutrient agar, and
casein starch agar as previously described [12, 13]. To
minimize the growth of fungi and undesirable Gramnegative bacteria, nystatin (50 µg ml-1), cycloheximide
(50 µg ml-1) and nalidixic acid (10 µg ml-1) were added to
the isolation media [12]. Sample of each soil was firstly
mixed and 10 g of dried soil was taken into 90 ml of sterile distilled water and agitated vigorously on a rotary shaker
(200 rpm, for 30 min). Logarithmic dilutions of up to 6 different suspensions were prepared, and 1 ml from each of 10-5
and 10-6 dilutions applied onto plates before adding 20 ml
of melted medium at around 45-50 oC. After gentle rotating, the plates were incubated at 27–30 °C for 1–2 weeks,
or longer for the slow-growing streptomycetes. Streptomyces strains were picked based on their characteristic morphology (forming well-developed, discrete and floccose,
powdery or velvety colonies). Selected colonies of streptomycetes were transferred from mixed culture onto respective ISP agar slants (ISP2 and ISP4) and incubated at
28 oC for 7–14 days. Slants containing pure cultures were
stored at 4 oC until isolation procedure was finished. Spore
suspensions of streptomycetes in 15% glycerol were deposited at –20 °C in the culture collection of Biology Department, Celal Bayar University, Manisa Turkey.

The screening of the antimicrobial activity of pure
streptomycetes was carried out with the conventional crossstreak method. Briefly, streptomycetes were streaked near
the periphery of a plate in straight line on Mueller-Hinton
agar (MHA, Oxoid) for bacteria, or PDA for fungi, and incubated at 28 oC for 6 days. After incubation time, the test
organisms were inoculated by a single streak at a 90o
angle, but not in contact with streptomycete strains. The
plates were incubated at 37 oC for 24 h and at 30 oC for 48 h,
respectively, for bacteria and fungi. The antimicrobial activity was observed by determining the distance of inhibition
between tested microorganisms and streptomycete colony
margins. According to spectrum of broadness, highly active
2 streptomycete isolates were selected and subjected to
fermentation studies.

Test microorganisms and culture conditions

Antimicrobial activities were tested against some
pathogenic bacteria (Staphylococcus aureus ATCC 6538-P,
Klebsiella pneumoniae CCM 2318, Bacillus subtilis ATCC
6633, Bacillus cereus ATCC 7064, Kocuria rhizophila
ATCC 9341, Escherichia coli, Pseudomonas fluorescens,
Serratia marcescens CCM 583, Staphylococcus epidermidis ATCC 12228, Enterococcus faecalis ATCC 29212,
Salmonella typhimurium CCM 5445, methicillin-resistant
Staphylococcus aureus ATCC 95047) and against some
fungi (Candida albicans ATCC 10231, Saccharomyces
cerevisiae, Yarrowia lipolytica and Geotrichum penicillatum). All microorganisms were obtained from the Basic

Identification of Streptomyces strains
Cultural and morphological observations

Cultural and morphological features of streptomycete
colonies were characterized following the directions given
by the International Streptomyces Project (ISP) [13] and
the Bergey’s Manual of Systematic Bacteriology [15, 16].
Aerial mass color (ISP3 and ISP4), substrate mycelial color
and diffusible soluble pigments (ISP5) and melanin production (ISP6 and ISP7) were observed using a reference
color key [14] at 27 oC after 21 days. Cultural characteristics of pure isolates in various media (ISP 2–7) were recorded after incubation at 27 oC for 7–14 days. Morphology
of spore-bearing hyphae with entire spore chain was observed in ISP media (ISP 3–6) using cover-slip method [16].
After incubation for up to 2 weeks, microscopic observations were performed at 400X and 1000X. Morphological
aspects of the mycelium, including presence of spore chains,
mycelium fragmentation and aerial mycelium, were observed.
Physiological and biochemical characteristics

Carbon utilization was determined on plates containing ISP basal medium 9 supplemented with different carbon sources to a final concentration of 1.0%. Spot-inoculated
Streptomyces strains on plates were incubated at 27 oC and
growth was recorded after 7, 14 and 21 days, using glucose as positive control and using carbon source-free medium as negative control. The ability to utilize nitrogen
sources was determined in a basal medium containing:
glucose 10 g, MgSO 4.7H 2O 0.5 g, FeSO 4.7H 2O 0.01 g,
K2HPO4 1.0 g, NaCl 0.5 g, agar 3.0 g and distilled water
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200 ml; after 15 days. Ability to grow in the presence of
different antibiotics (the discs were placed on the surface
of MHA medium plates previously seeded with a loopful
(1.0 x 106 spores ml-1) of 3-days ISP2 broth culture of
strains and inhibition zones observed at 27 oC after 2 and
5 days of incubation) and different concentrations of chemical inhibitors (4, 7, 10 and 13% NaCl (w/v), 0.01% sodium azide, 0.1% phenol, 0.001% potassium telluride and
0.0001% crystal violet) were determined in Bennet’s agar
after 7, 14 or 21 days. Hydrolysis of hippurate, gelatin,
starch as well as nitrate reduction were examined as described by Williams et al. [15]. Degradation of elastin, arbutin, tyrosine and xanthine, the ability to produce H2S,
urease, DNase, caseinase, xylanase, chitosanase and carboxy
methyl cellulase were also determined. Other physiological
and bio-chemical characteristics were determined using the
method described by Williams et al. [15]. All tests were
performed at 27 oC.
Chemotaxonomic analysis

For determination of the isomers of diaminopimelic acid (LL-DAP or meso-DAP) and whole cell sugar patterns, a
colony of streptomycetes was scraped from the ISP2 medium and processed by the method of Lechevalier and Lechevalier [17] using thin layer chromatography (silica gel
plates 20x20 cm, 60 F254, Merck, Darmstadt, Germany).
Taxonomic analyses

For identification of unknown strains, a total of 46 tests
based on morphological, physiological and biochemical
data [15, 18] were analyzed by Minitab-PC software package (version 13.20, Minitab Inc., 2000) with the simple
matching coefficient (SSM). A dendrogram was constructed
by comparison of the unknown isolates with major clusters
using the complete linkage method. The Willcox probability was used to assign an identity to an unknown where
scores of 0.8 and above indicated a positive identification;
otherwise, strains were considered to be unidentified.
Standardization of production conditions and fermentation

pension containing 1.0 x 106 spores ml-1 and cultivated
under agitation (150 rpm) at 28 °C for 2 days. After optimization of the fermentation parameters, 2 ml (5.0%, v/v) of
spore suspension containing 1.0 x 106 spores ml-1 was
transferred to 40 ml of the fermentation medium containing carbon source 10.0 g, meat extract 3.0 g, yeast extract
1.0 g, bacteriologic peptone 5.0 g, CaCO3 1.0 g, K2HPO4
1.0 g, KH2PO4 1.0 g, trace element solution [13] 1 ml, and
distilled water 1 L. The pH was adjusted to 6.95–7.50
with 0.1 N NaOH or 0.1 N HCL prior to sterilization. The
inoculated flasks were incubated with agitation (150 rpm)
at 28 °C for 120 h.
Determination of the antimicrobial activity

The antimicrobial activity of fermentation broths of
KGG13 and KVK11 were tested against S. aureus, E. coli
and C. albicans at 12-h intervals. For this purpose, the
cell-free supernatant of fermentation broth was harvested
by centrifugation at 8000 rpm for 10 min and subjected to
antimicrobial activity by the well diffusion method [19].
Shortly, bacterial strains grown on nutrient agar at 37 oC
for 24 h were suspended in a saline solution (0.85% NaCl)
and adjusted to a turbidity of 0.5 McFarland standards. 50 µl
(1.0 x 106-cfu ml-1) inoculum was used to inoculate 90-mm
diameter Petri plates containing 25 ml MHA, with a sterile
non-toxic cotton swab on a wooden applicator. Small wells
(6 mm diameter, 2 cm apart from each other) were punched
in the medium and filled with 50 µl of clear supernatant.
The dishes were preincubated at 4 °C for 2 h to allow
uniform diffusion of possibly produced compound(s) into
the agar. After preincubation, agar plates were incubated at
37 °C for 24 h. The antibacterial activity was evaluated by
measuring the inhibition zones diameter (mm) observed.
Negative controls included only liquid culture media. Each
experiment was repeated three times and the mean of inhibitory zones recorded.
RESULTS
Isolation of Streptomycetes and their antimicrobial activities

The effect of carbon sources (glucose, glycerol,
starch or sucrose), different incubation temperatures (20,
25, 28, 30, and 37 oC), pH values (6, 7, 7.3, 7.5, 8 and 9)
and time incubation in h (24, 48, 72, 96 and 120 h) were
studied to standardize the antibiotic production. During
fermentation, the pH was measured with a digital pH-meter
(Hanna pH 211). Growth was monitored by determining
the dry cell weight (DCW). Fermentation broth was taken
aseptically, and the cells were separated from the culture
filtrate by centrifugation at 8000 rpm for 10 min, and dried
at 100 °C for 24 h. DCW was calculated by the difference in the weights.
For fermentation studies, selected isolates were inoculated in ISP2 medium that was used for development of
inoculums. The seed culture was prepared in 250 ml Erlenmeyer flasks containing 40 ml of medium (same with
fermentation medium) by inoculating 2.0 ml of spore sus-

A total of 249 different mesophilic Streptomyces isolates were isolated from 15 North Cyprus soil habitats.
These isolated strains were tested for microbial sensitivity
using different strains of bacteria and fungi, which were
described in Materials and Methods, by the cross streak
method. The primary antimicrobial screening assay showed
that 27% (66 of 249) of isolates was active against one or
more of the test microorganisms (data not shown). The
highest percentages of active isolates were obtained against
S. aureus, K. rhizophila and B. cereus; while the lowest
percentage was exhibited against Gram-negative bacteria
and fungi. Most of isolates repressed the growth of S.
aureus, K. rhizophila and B. cereus in a significant extent,
but they were not active against Gr(-) pathogenic bacteria,
such as P. fluorescens, K .pneumoniae and E. coli (3, 7 and
11 of active isolates, respectively) (Table 1). The most antibacterial activity was 14% (34) strains on S. aureus and
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some of them had weak activity (10–19 mm). Some isolates expressed antifungal activity against S. cerevisiae Y.
lipolytica and G. penicillatum (9, 20 and 5 of active isolates,
respectively). 7% (17) strains possessed activity against
Candida albicans. The results showed that only 8 isolates
were found exhibiting a better antimicrobial activity. The
selected strains suppressed, in different degree, the test
microorganisms with inhibition distances ranging from 6
to 30 mm (Table 2). Among 8 isolates, strains KGG13 and
KVK11 were selected for fermentation based on prominent antimicrobial activity.

Taxonomic characterization of selected strains

Aerial and substrate mycelia of selected strains were
different in color; KGG13 produced yellow to grey aerial
mycelia when grown on the various nutrient media. Streptomyces KGG13 strain did not produce any diffusible pigment; while KVK11 strain produced pale brown pigments
on ISP7 and glucose-asparagine agar (Table 3). Sporebearing hyphae type of the strain KGG13 showed rectiflexibiles or rectinaculiaperti on ISP 5 (Fig. 1a) and spore-bearing
hyphae type of KVK11 was rectiflexibile (Fig. 1b). The
number of spores was higher than 20 referring to the long

TABLE 1 - Total number of active and passive Streptomyces isolates against test microorganisms.

Test Microorganisms

++++* +++ ++
+
Passive Total active Active(%)
S. aureus
0
2
24
8
215
34
14
K. pneumoniae
0
1
4
2
242
7
3
B. cereus
2
1
9
16
221
28
11
K. rhizophila
2
7
18
3
219
30
12
E. coli
0
1
6
4
238
11
4
P. fluorescens
0
0
2
1
246
3
1
C. albicans
1
1
12
3
232
17
7
S. cerevisiae
0
0
7
2
240
9
4
Y. lipolytica
0
6
8
6
229
20
8
G. penicillatum
0
0
5
0
244
5
2
*The inhibitory effect of the strains (mm): ++++, ≥30 mm - highly active, +++, 20-29 mm - moderately active; ++, 10-19 mm - weak active; +, 10
mm > slightly active.

TABLE 2 - Antimicrobial activity of selected strains.
Test microorganisms
Streptomyces
*
SA
KP
BC
KR
EC
PF
BS
STYP
SM
SE
EF
MRSA
CA
SC
YL
GP
strains
a
KMY3
10
6
10
15
10
14
8
8
KGG13
14
16
8
26
16
20
14
16
18
12
18
KVK11
10
30
15
25
10
26
20
15
18
14
KVK30
12
16
10
18
15
20
15
20
KVK35
15
8
16
12
10
16
10
KEH30
6
10
10
8
6
KEH47
10
24
15
16
14
12
10
KAK35
16
30
10
14
16
*SA, Staphylococcus aureus; KP, Klebsiella pneumoniae; BC, Bacillus cereus; KR, Kocuria rhizophila; EC, Escherichia coli; PF, Pseudomonas
fluorescens; BS, Bacillus subtilis; STYP, Salmonella typhimurium; SM, Serratia marcescens; SE, Staphylococcus epidermidis; EF, Enterococcus
faecalis; MRSA, methicillin-resistant Staphylococcus aureus; CA, Candida albicans; SC, Saccharomyces cerevisiae; YL, Yarrowia lipolytica; GP,
Geotrichum penicillatum. a Inhibition distance in mm; -, negative.

FIGURE 1 - Sporulating aerial mycelium of active streptomycete strains (on ISP 4 medium): (a) KGG13 (400X), (b) KVK11 (400X).
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TABLE 3 - Cultural features of selected Streptomyces isolates on different media.
Medium
Growth*
HMC
SMC
DP
Yeast malt extract agar (ISP2)
++++
Yellow / white
Yellow
+/Oat meal agar (ISP3)
++++
Orange
Cream
+/Inorganic salt-starch agar (ISP4)
+++
White
Yellow
KGG13
Glycerol-asparagine agar (ISP5)
++
Yellow
Yellow
Peptone yeast extract iron agar (ISP6)
+++
Cream
Cream
Tyrosine agar (ISP7)
+++
White / grey
Grey
Starch-asparagine agar
++++
White
Yellow
Glucose- nitrate agar
++
Orange
Cream
Glucose-asparagine agar
+++
Grey
Green
Yeast malt extract agar (ISP2)
++
Grey
Grey
Oat meal agar (ISP3)
++
Pale brown
Yellow
Inorganic salt-starch agar (ISP4)
+++
Grey
Cream
+/KVK11
Glycerol-asparagine agar (ISP5)
++
White
Yellow
Peptone yeast extract iron agar (ISP6)
+++
White /grey
Cream
Tyrosine agar (ISP7)
+
Grey
Pale brown
Pale brown
Starch-asparagine agar
++
Pale brown
Yellow
Glucose- nitrate agar
+
Pale brown
Pale brown
Glucose-asparagine agar
++
Cream
Cream
Pale brown
*HMC = aerial mycelium color, SMC = substrate mycelium color, DP = diffusible pigments other than melanin, + = sparse growth,
++ = poor growth, +++ = moderate growth, ++++ = abundant. +/- = variable, - = negative.
Isolates

lyzed cell mixtures of selected strains were clearly exhibiting a spot at the same position with LL type on a silica
gel TLC plates. Cells contained no diagnostic sugar components.
The taxonomic status of the 2 streptomycete isolates
was in the Streptomyces genus according to morphological
observations and LL-DAP determination. However, additional results obtained from morphological, physiological,
pigmentation and biochemical tests could not place them
under the already known species (Fig. 2) [15]. Molecular
analyses based on 16S rDNA and DNA-DNA hybridization with related species has to be determined to find out
their exact taxonomic position.
Fermentation studies and antimicrobial activity

FIGURE 2 - Dendrogram showing relationships based on 46 phenotypic characters of selected soil isolates and type strains [15].

chain of spores. On the other hand, the vegetative hyphae
of both isolates were branched but not fragmented. Verticils, synnemata, sclerotia, or sporangia were not detected.
The compositions of DAP and sugar components from
the whole-organism hydrolysates were determined. Hydro-

Different incubation temperatures, carbon sources, pHs
and incubation times in h were examined in order to
standardize the antibiotic production. The maximum yield
of the cell growth of Streptomyces sp. KGG13 (1.4 g 100
ml-1 in a medium containing glucose) was obtained at 30 ºC
after 72-h incubation (Fig. 3a). In addition, this medium
gave higher antibacterial activity (18 mm) (Fig. 3b). Of all
examined carbon sources, glycerol was suitable for the
maximum yield of cell growth (1.4 g 100 ml-1, at 28 ºC
after 84-h in-cubation) (Fig. 4a) and suitable for the maximum antibiotic production (18 mm) by the strain Streptomyces sp. KVK11 (Fig. 4b). Higher spectra of broadness were ob-served after 108-h incubation (12, 12 and
14 mm against S. aureus, E. coli and C. albicans, respectively). Nevertheless, after 108 h of fermentation, the
diameter of the inhibition zone dropped slowly (data not
shown). Strains were cultivated at different initial pH
values (6–9) and temperatures (20–37 oC) in shake-flask
cultures. Our results indicated that biomass and antibiotic
production was affected by initial pH and temperature of
the medium. The highest antibiotic production was observed when initial pH of culture medium was set at pHs
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7.3 and 7.5 for KGG13 (Fig. 3c) and KVK11 (Fig. 4c),
respectively. Consequently, the optimal temperatures for
maximum antimicrobial effects were found to be 30

(Fig. 3d) and 28 °C (Fig. 4d) for KGG13 and KVK11,
respectively.

FIGURE 3 - Effect of different carbon sources on biomass yield of Streptomyces sp. KGG13 (a), and antimicrobial activity of this strain based
on nature of carbon sources (b), initial pH of fermentation medium (c), and different temperatures (d).
*Test organism: S. aureus, test medium: MHA, inhibition zones not including well diameter (6 mm)
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FIGURE 4 - Effect of different carbon sources on biomass yield of Streptomyces sp. KVK11 (a), and antimicrobial activity of this strain based
on nature of carbon sources (b), initial pH of fermentation medium (c), and different temperatures (d). *Test organism: S. aureus, test medium: MHA, inhibition zones not including well diameter (6 mm).
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The antimicrobial activity of fermentation broth of
KGG13 and KVK11 from 4 kinds of medium were tested
against S. aureus, E. coli and C. albicans at 12-h intervals.
The obtained results confirmed their antimicrobial activity.
The highest antimicrobial production of KGG13 occurred
from fermentation medium 1 (FM1) including glucose, after
64 h, and a wide spectrum was observed at 72 h, whereas
strains did not produce antimicrobial compounds on fermentation medium 4 (FM4) including sucrose (Figs. 3b
and 4b). Culture broths of KGG13 were not active against
E. coli and C. albicans. KVK11 showed high antimicrobial
activity with a medium (FM3) including glycerol against
these microorganisms after 96-h fermentation (data not
shown).

DISCUSSION
Streptomycetes are natural inhabitants of soil in which
they appear predominantly as spores. They are most important in ecological function and probably constitute the
largest actinomycete group in soils. In most terrestrial
habitats, actinomycetes are important in maintaining environmental stability and degrading of organic matter, such
as oxalate [20] and lignin [21]. Members of the genus
Streptomyces also have attracted considerable scientific
interest due to their ability to produce a range of industrially important bioactive metabolites including antibiotics,
herbicides and insecticides [22, 23]. It is conservatively
estimated that this genus has the potential to produce over
150 000 different bioactive compounds [24].
Results of the primary screening suggested that 66 of
249 (27%) of isolated strains exhibited antimicrobial activity against the 10 test microorganisms. Barakate et al. [4]
reported that 83% of 131 streptomycetes recovered from
Moroccan habitat soils were active against one or more of
the organisms tested. However, in this study, the percentage of isolates active against tested microorganisms seems
to be lower than their findings. 34 of 66 strains (52%) were
active against only Gr(+) bacteria, 4 strains (6%) active
against only Gr(-) bacteria and 15 strains (23%) active
against both types of bacteria. These findings could be attributed to the differences of sensitivities of Gr(+) and Gr(-)
bacteria, to the inhibiting effects of antibiotics, the differences in the structure and composition of their cell walls.
Gr(+) bacteria have cell walls consisting of several peptidoglycan layers. In contrast, G(-) bacteria possess a unique
outer membrane, a thinner peptidoglycan layer and a
periplasmic space between the cell wall and the cell membrane [8]. However, this hypothesis did not concur with the
findings of Jeffrey [10] who observed that the antimicrobial
activity against the Gr(-) bacteria was much higher than the
Gr(+) ones. This agreed with the findings of the study done
by Ceylan et al. [25]. They indicated that isolated streptomycete strains from different fields in Muğla (Turkey)
were active and showed a broader spectrum of antibacterial
activity against various strains of bacteria. On the other

hand, our results showed similarity with previous observations [26–28]. In our study, the ability of isolated strains to
inhibit the growth of fungi was 18%. Only limited antifungal activity (2%) was seen against G. penicillatum.
Saadoun et al. [29] reported that only 3 strains of 139
streptomycetes recovered from the driest habitats of Jordan were active against pathogenic Pseudomonas. Similar
inhibitory activity against P. fluorescens (1%), which is
known to be multi-resistant to most of the antibiotics, was
obtained in our study. 30 of 249 (12%) strains exhibited
antibacterial activity against K. rhizophila, and this was
lower than the findings of Anibou et al. [30]. They reported
that 37 of 136 (27%) streptomycetes recovered from Moroccan habitats were active to K. rhizophila.
73% (183) of the streptomycete isolates did not show
any inhibitory activity towards the test microorganisms on
MHA and PDA as media of antibiotic production. However, it is probable that they produce other useful compounds that were not screened in this study.
Out of 249 Streptomyces isolates subjected to the preliminary antimicrobial screening, only 8 were selected for
further screening to verify their consistent activity. KGG13
and KVK11 showed inhibitory activity against MRSA in
the screening (18 mm and 14 mm, respectively). KVK11
had the largest mean of inhibition zone against B. cereus
(30 mm). Their antimicrobial activity from culture broths
including the different carbon sources in a basal medium
was determined for testing maximum secondary metabolite production. Culture broths of KGG13 were not active
against E. coli and C. albicans. The highest antimicrobial
production of KGG13 occurred from FM1 including glucose at 64 h against S. aureus. KVK11 showed high antimicrobial activity against these microorganisms with a
basal medium including glycerol after 96-h incubation.
The fermentation studies indicated that better growth of
the 2 strains occurred between 25–30 ºC, and maximum
growth was obtained at 30 ºC and 28 ºC for KGG13 and
KVK11, respectively. Ranges of pH for maximum antibiotic production were nearly similar, 7.3 and 7.5 for KGG13
and KVK11, respectively. Amongst the 4 kinds of carbon
sources, sucrose was not suitable both for growth and antimicrobial metabolite production by the strains. Therefore,
glucose and glycerol were selected as carbon sources for
KGG13 and KVK11 antibiotic production media, respectively. Differences of antimicrobial activity between the
solid media and the broth media indicated that probably
selected streptomycetes had some biological activities, if
conditions were properly adjusted for culturing of these organisms. On the other hand, the strains may produce a few
different antimicrobial compounds being water-insoluble. In
addition, produced antibiotic(s) would have been more diluted in the supernatant than the agar plates, and, consequently, causing a larger inhibition zone.
Secondary metabolites are produced by the actinomycetes in order to overcome competition with other soil
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microorganisms for killing or destroying them. Their environment, especially influenced by the chemical characteristics of soil [28, 31], directly affects production of secondary metabolites by streptomycetes. According to Oskay et
al. [9], diversity of actinomycetes may be influenced by
the different plants species grown on particular soil. They
also noted that different plants produced different metabolites, which may be useful for the microbes around it or
vice versa. Nutritional requirements such as carbon and
nitrogen sources, are the most important impact factors during the metabolite synthesis process of Streptomyces [32].
Nkanga and Hagedorn [33] stated that the antimicrobial
activity of freshly isolated actinomycetes in liquid culture
could be insufficient because of their initially low production of antibiotics. In order to detect an inhibition, the produced antibiotics must be concentrated. This same mechanism might be responsible for the lower concentrations of
antibiotics, which were detected in liquid cultures of selected strains.

tural elucidation of some bioactive molecules produced by
two active Streptomyces strains, are under investigation.
Determination of additional characteristics of the strains and
further detailed analysis of the synthesized antimicrobial
compounds probably will reveal their taxonomic position
as well as the nature of the substances.
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Taxonomic affinities of the Streptomyces that have
been determined mainly based on morphological and biochemical criteria resulting in the arrangement of strains into
cluster groups [15]. Analysis of morphological, cultural
characteristics and DAP isomers of the two isolates which
have highest inhibitory activity, indicated their probable
taxonomic classification to the genus Streptomyces [15]. 46
tests of the biochemical and physiological characteristics
(data not shown) of the strains were analyzed by computer
programs for hierarchical clusters, but could not be identified. Similarities between selected strains and a number of
Streptomyces type strains are shown in Fig. 2. These strains
are also phenotypically distinct from each other and from
the major cluster groups of streptomycetes. We confirmed
KGG13 as a strain of Streptomyces, and named it as Streptomyces sp. KGG13. KVK11 was proposed to be designated as strain Streptomyces sp. KVK11 [34–36].
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ABSTRACT

INTRODUCTION

Changes in growth and carbohydrate content have
been investigated in leaves of two cucumber cultivars
from Turkiye, Beit Alpha 434 (B. 434) and Cengelkoy
(C.M.C), under water stress and during subsequent recovery periods, following the restoration of normal water supply. Significant differences were found between these cultivars in their growth responses to and tolerance of stress
treatments and in their carbohydrate metabolism. Soluble
sugars and starch contents, detected under moderate (MS)
and severe (SS) stress by enzymic methods, were compared
with values from unstressed control plants (C). Hexoses
were the major sugars in unstressed levels but no significant differences were detected in the amounts of individual hexoses from Control, MS and SS conditions. Sucrose
(SU) contents were surprisingly low, even in unstressed
levels and showed little change with stress, whereas the
substantial amounts of starch in leaves of both cultivars,
decreased rapidly with increasing stress. Two days after
rewatering (2d), glucose (G) was the major sugar and appeared to increase slightly in previously stressed plants but,
four days (4d) after return to normal watering, still remained
significantly lower than in control plants of B. 434. The
metabolic interpretation of there observations is discussed.

KEY WORDS:
Sugars, starch, water stress, cucumber.

ABBREVIATIONS:
B. 434: Cultivar Beit Alpha 434, C.M.C: Cultivar
Çengelköy Mısır Çarşısı, C: Control, MS: Moderate water
stress, SS: Severe water stress, MES: 2-[N-Morholino]
ethanesulfonic acid, G: Glucose, SU: Sucrose, F: Fructose,
ST: Starch

Plant adaptations to dry environments can be expressed
in phenological or developmental features and in physiological or metabolic responses, the least known and understood of which are the biochemical changes involved [1].
Among the major metabolic effects in wheat are those involving carbohydrate metabolism, with the accumulation of
sugars [2] and of a number of other organic solutes (e.g.
free amino acids, sugar alcohols, quaternary ammonium
compounds), proline and other amino acids, polyamines
and glycinebetain [3] as well as inorganic ions (e.g., K+,
Na+, Ca2+, Mg2+,Cl-, nitrate, sulphate and phosphate) [4].
Some of these may, in turn, may attract into cells and
maintain turgor [5], by means of osmotic adjustment, which
is an important drought adaptation mechanism in many crop
plants [6]. Alteration of the content of soluble sugars and
other carbohydrates and solutes in the leaves of waterstressed plants may act as metabolic signals in the response
to stress [7-9]. However, the role of sugars in this signalling which is affected variously by stress intensity, either
in accumulation or decrease in concentrations of soluble
sugars, is not entirely clear [10].
Many other examples of increase in sugar content in
response to water stress, have been recorded, such as accumulation of total soluble sugars in desiccation-tolerant
South African grasses [11], and in the root nodules of
alfalfa [12]. There are also reports of stable or decreasing
levels of total sugars or of individual soluble sugars [13]
under water stress, e.g. reducing sugars in the grain of
water-deficient maize [14], and sucrose in cotyledons of
soybean [15], and of “marked effects on carbohydrate metabolism” in Citrullus lanatus (Thunb.) Matsum. & Nakai
[16]. In the green leaf tissues of variegated coleus (Coleus
blumei Benth.), decreases in levels of stachyose and oligosaccharides of the raffinose family and of non-structural
carbohydrates (galactinol, sucrose, hexoses and starch, were
reported to decrease under water stress, whereas drought
had little effect on the soluble carbohydrate content in the
non-photosynthetic white leaf tissues [17]. Decreased fructose levels in wilted (incubated) leaves, relatively to tur-
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gid leaves, as well as depletion of starch concentrations,
was observed in plants of bean exposed to drought stress
[18, 19].
The family Cucurbitaceae has about 90 genera and
750 spp., almost equally divided between the old and New
World tropics, with 7 genera common to both hemispheres
[20], includes 30 species of annuals and herbaceous perennials of the Old World tropics and warm-temperature
regions [21]. Among Turkish agricultural products, in this
family, only Citrullus, Cucumis and Cucurbita have been
planted nearly all over the country [22].
From the above survey, it is clear that a wide range of
morphological and physiological responses have been
correlated with differences in drought tolerance in various
crop plants. Since cucurbits have been less studied in this
respect, it is of interest in the present work, to examine
the water-stress responses of two cultivars of cucumber,
representing this important family.
MATERIALS AND METHODS

Determination of water potential and water deficits

The pot weights corresponding to soil moisture contents after 8d (52.4%) and 18d (37.3%), i.e. the periods of
drying which induced MS and SS of cucumber plants in
the preliminary experiment, were calculated according to
the equation of Paquin and Mehuys (1980) [25].
Water potentials of leaves were determined, using the
pressure chamber method and recommendations [26-28].
The young expanded leaves from each plant were excised
and examined by following procedure. Values were converted to MPa (1 MPa = 10 bars).
Water deficit from the two cucumber cultivars was determined by following methods [29-35]. The fresh weight
of 10-15 leaf segments (1cm2) was determined and the
tissue immediately put into petri dishes containing distilled
water at room temperature (20 °C) for 12 h. The segments
were then drained on blotting paper, quickly weighed
to determine the turgid weight and finally dried in oven
at 75 °C for 12 h for dry weights. Relative water content
was determined as follows:
Relative water content =

fresh weight −dry weight
x100
turgid weight − dry weight

Growth of plants and applyication of water stress

The research was conducted under growth room conditions at the Department of Animal and Plant Sciences,
University of Sheffield, U.K. and revised in 2006 at Marmara University, Istanbul, Turkey. Cucumber (Cucumis
sativus L.) cultivars B. 434 (Beit alpha 434) and C.M.C
(Cengelkoy Misir Carsisi -untreated seed) from Turkey
were selected. Seeds of cucumbers were germinated in trays
containing compost for between 10-17 days, then transplanted singly into pots (9 cm diam, 7 cm height) containing equal amounts of compost (85 g) and grown under
fluorescent tubes giving an irradiance of 4000-5000 lux
16/8 hrs day and night periods, temperature of 22 + 2°C
respectively and relative humidity 43-56%. The following
investigation examined the effects of water loss on the biomass and morphology of the different parts of plants, based
on their fresh and dry weights, according to methods of
Roberts et al. [23] and Beadle [24]. The parameters analysed included: Plant height (PH), number of leaves (nl),
leaves fresh weight (lfw), leaves dry weight (ldw), stem
fresh weight (stfw), stem dry weight (stdw), shoot fresh
weight (sfw), shoot dry weight (sdw), root fresh weight
(rfw), root dry weight (rdw), total leaf area (LA), water
potential of leaves (ψ l); and relative water content
(RWC) of leaves of the two selected cucumber cultivars.
After their first leaves were fully expanded, the plants were
exposed to different stress levels, as determined from a
previous experiment which had been carried out with
and without plants, following the equation of Paquin and
Mehuys (1980) [25]:
Water holding capacity= (W1-W2)x/100 where;
W1 is the soil weight when water-saturated, W2 is
the soil dry weight
x/100 is the desired level of moisture.

Determination of rewatering stages

The effect of two different levels of water stress and of
subsequent recovery periods, following rewatering were investigated. While half of the stress treated plants were
watered with full water supply, as two days recovery stage
(2d), the other sets were left in stress treatments until watered, two days later (4d) to determine the soluble sugars
and starch of the two cucumber cultivars. Since field and
greenhouse experiments indicated that races may respond
differentially to water stress [36], all treatments; water
stresses (MS, SS), recovery1 (2d) and recovery2 (4d) periods were compared with their own control plants and evaluated statistically as individual experimental groups.
Extraction procedure

The weighed tissue was plunged into 5 ml 80% ethanol at 70 °C in universal vials (25-30 ml capacity) and kept
in the water bath in for 15 minutes. The extract was transferred to another clean vial, by means of a Pasteur pipette.
The process was repeated twice more. In green tissue, the
removal of all remaining colour is an indication of the
removal of all ethanol-soluble constituents, including carbohydrates.
Enzymatic method for estimation of soluble sugars

Sucrose (SU), Glucose (G) and Fructose (F) were
measured using the method of Scholes et al. (1990) [37]
using samples of undeionised sugar extract prepared as
above. The procedure involves sequential addition of enzymes to samples, suspended in buffer with ATP and NAD,
in small wells of a microWell plate 96 from a plate reader
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HT III (Anthos Labtec). This allows the change in absorbance at 340 nm with reference filter at 405 nm, to be
recorded after each enzyme reaction. 10 µl extract was
placed in a well with 200 µl buffer, 10 µl each of NAD,
ATP, glucose-6-phosphate dehydrogenase (Glu6Pdh) 0.5
units per assay. 10 µl hexokinase (0.5 units per assay) was
added to the wells for G determination. For F estimation,
10 µl of phosphoglucose isomerase (0.4 units per assay)
was dispensed into each of the wells and read at the same
wavelength and the results again recorded. Sucrose was
determined by adding 10 µl invertase (8 units per assay) to
the wells and the absorbance change recorded. The same
procedure was followed for the standard solutions on the
same plate.
Starch estimation

The residue obtained during preparation of soluble
sugars, was suspended in 10 ml distilled water and 300 µl
of each residue dispensed in Eppendorf tubes, autoclaved
15 minutes to break the ST granules and left in the freezer
over night. 100 µl from each sample was added to 100 µl
MES buffer, 50 µl each of α-amylase and amyloglucosidase. The mixture was incubated at 37 °C for 4 h. then
cen-trifuged at 14.000 rpm for 5 minutes. 10 µl aliquots
of supernatant were dispensed into the wells and measured
as for G.
RESULTS AND DISCUSSION

Both MS and SS significantly reduced leaf numbers in
C.M.C but this occurred only under SS in B. 434. As with
leaf numbers, leaf fresh weight was significantly decreased
at both levels of stress in C.M.C but only by SS in B.434.
However, LDW was significantly decreased only by SS in
both cultivars. Like LDW, leaf area was significantly decreased only by SS, in both C.M.C and B. 434. Stem fresh
and dry weights were not significantly affected by MS or
SS in C.M.C, whereas both parameters showed a significant reduction under SS in B. 434. In C.M.C, rfw and rdw
were significantly reduced by MS as well as SS but in B.
434, these values decreased significantly only under SS
cucumber cultivars. Under MS, the RWC of C.M.C was
unchanged from the control value but it decreased significantly under SS. The RWC in control leaves of B. 434,
which was lower than that of C.M.C controls and only
slightly higher than in SS leaves of C.M.C, decreased significantly under SS. In MS conditions, the RWC of B.
434 was not significantly different from either of these.
In both cultivars, leaf water potential (Ψ l) significantly
decreased under SS treatments. The water potential in
SS leaves of C.M.C differed significantly compared to
C (-0.76, -0.56 MPa respectively), however, in B. 434,
there were further significant reductions in both MS (-0.67
MPa) and SS (-0.82 MPa) treatments compared to water
potential of control leaves (-0.53 MPa). In the same cultivar, the water potential of SS treatment was significantly
different from MS level.

The effect of water stress on vegetative growth

Total sugars and starch under stress treatments

The growth responses of these two of cucumber cultivars, which are suitable for greenhouse and field conditions, were compared under control, MS and SS conditions
(Table 1). In unstressed control conditions, values for PH,
nl, lfw, ldw, stdw and rdw were similar in both cultivars.
Both MS and SS significantly decreased PH in C.M.C but
the effect of the two levels of stress were similar, while B.
434 showed a significant decrease in height only under SS.

The amounts of sugars detected under stress treatments
in leaves of the cucumber cultivars are recorded in Table 2.
No significant differences in amounts of individual sugars
from control, MS and SS conditions were detected, using
one-way analysis of variance (ANOVA). C.M.C and B. 434
showed some small differences in their responses to MS and
SS levels. G tended to increase with water stress in leaves
of C.M.C, but not significantly. At all times, amount of SU

TABLE 1 - Summary of responses of growth parameters to water stress in two greenhouse and field cucumber cultivars under control (C),
moderate (MS) and severe stress (SS) conditions.

Growth parameters
Plant height (cm)
No of leaves
Leaves fresh weight (g)
Leaves dry weight (g)
Stem fresh weight (g)
Stem dry weight (g)
Root fresh weight (g)
Root dry weight (g)
W.p (-MPa)
Leaf area (cm2)
Relative water content (RWC)

C
54.3 a
11.9 a
8.1 a
0.7 a
6.5 a
0.4 a
3.2 a
0.5 a
0.56 a
46.7 a
85.9 a

C.M.C
MS
33.0 b
9.3 b
5.0 b
0.4 ab
6.8 a
0.3 a
0.9 b
0.1 b
0.63 a
38.0 ab
83.6 a

SS
22.7 b
7.4 b
4.0 b
0.4 b
2.7 a
0.2 a
1.2 b
0.3 b
0.76 b
21.4 b
71.0 b

C
52.8 a
11.8 a
8.5 a
0.7 a
8.3 a
0.5 a
2.3 a
0.4 a
0.53 a
54.9 a
75.5 a

B. 434
MS
46.1 ab
12.1 a
10.5 a
1.1 a
9.7 a
0.7 a
1.7 a
0.3 ab
0.67 b
44.4 a
66.4 ab

SS
25.1 b
8.4 b
3.6 b
0.3 b
2.8 b
0.2 b
0.6 b
0.2 b
0.82 c
18.3 b
57.6 b

No of replicates varied with the parameter measured as indicated below:
RWC: Means of two replicates (10 leaf discs from each) PH: C.M.C >8, B. 434 >9; other parameters: >5 for each cultivars; W.p: C.M.C >5, B. 434 >; LA: >4 for both
cultivars.
Within each cultivar, means with same superscript letter are not significantly different.
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TABLE 2 - Soluble sugars and starch (mg/g dwt) of leaves cucumber cultivars, grown under control (C), moderate (MS) and severe (SS)
stress conditions. *= significantly different from C (Means of 6 replicates ± s.e.)

SUGARS
F
G
SU
ST

C
2.0 ± 0.5
2.6 ± 0.8
0.28 ± 0.1
115.7 ±16.4

C.M.C
MS
4.7 ± 1.2
4.4 ± 1.3
0.21 ± 0.0
87.2 ± 33.9

SS
3.1 ± 0.4
8.3 ± 2.4
0.16 ± 0.1
22.7*± 5.4

C
3.9 ± 1.1
5.2 ± 2.2
0.21 ± 0.0
202.7 ± 49.4

B. 434
MS
3.9 ± 1.1
4.7± 1.1
0.16 ± 0.0
59.2*± 13.6

SS
3.2 ± 0.4
6.4± 1.2
0.20 ± 0.0
18.6*± 5.9

TABLE 3 - Soluble sugars and starch (mg/g dwt) of leaves cucumber, after 2d recovery period with full water supply following
growth under control (C), moderate (MS) and severe (SS) stress conditions. **= significantly different from MS. (means of 3 replicates ± s.e.)

SUGARS
F
G
SU
ST

C
4.0 ± 1.1
2.8 ± 0.9
0.27 ± 0.1
48.5 ±13.9

C.M.C
MS
2.9 ± 0.4
4.0 ± 1.9
0.19 ± 0.0
63.4 ± 13.4

SS
2.8 ± 1.6
1.8 ± 0.6
0.17 ± 0.0
10.7**± 3.0

B. 434
MS
3.1 ± 1.1
1.9 ± 0.7
0.16 ± 0.0
32.1 ± 8.6

C
3.5 ± 0.1
1.6 ± 0.3
0.28 ± 0.1
156.4 ± 76.8

SS
3.9 ± 1.1
3.5 ± 2.2
0.16 ± 0.1.
34.6 ± 23.8

TABLE 4 - Soluble sugars and starch (mg/g dwt) of leaves cucumber, after 4d recovery period under full water supply, following growth under
control (C), moderate (MS) and severe (SS) stress conditions. * = significantly different from control treatments. (means of 3 replicates ± s.e.)
C.M.C
SUGARS
F
G
SU
ST

C
2.7 ± 1.4
3.1 ± 0.9
0.20 ± 0.1
93.9 ± 56.4

MS
2.9 ± 0.9
2.1 ± 1.4
0.16 ± 0.0
96.1 ± 26.8

B. 434
SS
2.8 ± 1.6
2.7 ± 1.1
0.22 ± 0.0
17.5 ± 2.9

remained lowest, among the soluble sugars assayed from
these cultivars, but showed no significant changes with
water stress in which the amount of SU slightly decreased in
MS and SS leaves of C.M.C and B. 434.
Since no clear changes in individual sugars were detected, and since the very low SU values suggested that some
breakdown of sucrose may have occurred, it was decided to
examine the effects of stress treatments on total sugar recorded in this analysis. In C.M.C a slight but non-significant
increase in sugar content with increasing stress was indicated. The other cucumber cultivar B. 434 showed no
change in its total sugar content in response to water stress.
Unstressed control leaves of C.M.C, B. 434 contained
relatively large amounts of ST (Table 2) which, in both
cultivars, became significantly depleted with increasing
water stress, particularly in C.M.C, and decreased significantly under SS, compared to control plants. The amount
of ST also decreased significantly in B. 434 under MS.
Total sugar and starch changes after recovery phases

After 2d of recovery conditions, there was no significant difference in total sugar content between previously
stressed and control plants of the two cucumber cultivars
(Table 3). On the other hand, SU decreased slightly in previously MS plants of C.M.C and B. 434 but not significantly.

C
3.3 ± 0.9
8.9 ± 2.4
0.18 ± 0.1
140.7 ± 5.8

MS
3.4 ± 0.6
1.4*± 1.1
0.18 ±0.0
53.9 ± 39.9

SS
4.3 ± 2.2
0.9*± 0.4
0.24 ± 0.1
14.7 ± 1.43

Two days after rewatering the ST content was significantly lower in previously SS leaves of C.M.C, and B. 434,
from SS treatments than in controls and in C.M.C was
lower than when under stress (Table 3). In both cultivars,
ST content of leaves of previously stressed plants remained
at much lower levels than in the corresponding control
plants.
After 4d of full watering, total sugar content did not
show any significant differences between leaves of previously stressed and unstressed plants of the cucumber cultivars but glucose content in leaves of previously stressed B.
434 was significantly lower in previously MS and SS
C.M.C than in controls.
The G content of the leaves of previously SS plants
tended to decrease below the levels found under SS treatments, after 4d of normal water supply. The G content of
leaves from B. 434 plants, previously under MS and SS
treatments was significantly lower than that in controls
(Table 4). At this stage of recovery, total sugar content did
not show any significant differences between leaves of
previously stressed and unstressed plants of the cucumber
cultivars but, in B.434, glucose content of leaves from
MS and SS plants was significantly lower than in controls.
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The common feature of ST changes in plants of both
cultivars, was the continuing of ST in less from MS and
SS treatments, after 4d of recovery with full water supply.
Previously MS plants showed differing responses after the
4d recovery period. The ST content in leaves of previously
MS C.M.C, was equal to that in unstressed controls but, in
previously stressed B. 434, considerably lower than in controls (Table 4).
DISCUSSION
Among the physiological and metabolic mechanisms
which are considered to favour the survival of plants exposed to water stress, those involving accumulation of compatible solutes, such as sugars, which have been intensively
investigated in cereals, and of inorganic ions, have been of
particular interest. Sugar changes are frequently among the
responses of plants to stress conditions. However these aspects have received less attention with respect to cucumber
and other crop plants of the family Cucurbitaceae. The G,
F, SU and ST contents of the selected cucumber cultivars in
control conditions, under water stress treatments and after
recovery from stress, following rewatering, were here
compared, in relation to their tolerance of water stress.
The growth data recorded in the above study are supported by the widely held view that water shortage significantly affects extension growth and the root-shoot ratio at
the whole plant level [38, 39]. Sharp and Davies (1989)
[40], pointed out that “biotechnological improvement of
crop performance cannot be achieved until the genes, and
gene products, responsible for drought tolerance have been
identified” and that “this requires a through understanding
of the biophysical, biochemical and physiological perturbations induced by a restricted water supply”. According to
Rambal and Debussche (1995) [41], changes in plant conductance under water stress are attributable to effects on the
roots and xylem.
Many cases of increases in sugar content in response
to water stress, have been recorded, such as accumulation
of total soluble sugars in durum wheat [2], total sugars and
oligosaccharides increasing in two sesame cultivars [42],
SU accumulation in drought tolerant wheat varieties [43],
increased sugar concentration in reproductive tissues of
maize [44], marked hexose accumulation (G and F) in all
organs in maize [45], as well as ST and SU accumulation in
stress-adapted leaves of cotton [46], in which SU and ST,
rose significantly [47, 48]. Pline et al. (2003) [49] suggested that a general decrease in leaf carbohydrate content with
increasing levels of water stress, reduced the levels of fructose and starch in cotton bolls.
The above examples illustrate the diversity of responses
triggered by water stress in different plants and the difficulties in their interpretation. The cucumber seedlings, exposed
here to moderate and severe water stress, showed differing
responses. Moderate water stress (52% moisture content in
85 g compost in pot) was not as effective as severe stress

(37% moisture content in 85 g compost in pot) in causing
significant morphological and physiological changes. However, even moderate stress affected some growth parameters and revealed significant correlations between relative
water content, changes in water potential, and growth responses (Table 1). Both cultivars showed changes in leaf
area, shoot growth, leaf, stem and root fresh and dry
weight and shoot/root ratio.
The contribution of compatible solutes to osmotic adjustment and physiological adaption, allowing plants to
maintain growth and survive environmental stresses, such
as aridity, is well documented. However, the actual role of
sugars in the metabolic changes remains to be established
[50, 51].
Leaves of Cucumis sativus L. and other species of the
Cucurbitaceae contain, besides the main soluble sugars,
also oligosaccharides such as raffinose, stachyose and verbascose [52-55]. In the present study, G was the major sugar, in both stressed and unstressed conditions, but did not
change significantly with stress or between cultivars. SU
was always present only in small amounts, in all conditions,
in contrast to the very large amount of ST, found in the
leaves.
The dramatic decrease in ST, the major carbohydrate
reserve, detected in leaves of cucumber seedlings, during
exposure to MS and SS, and continuing in the recovery
periods after re-watering, in both cultivars, may have contributed to the observed losses of fresh and dry weights of
leaves, after SS in both cultivars. However, the rate of breakdown of this carbon source may also provide evidence of
other metabolic processes, accompanying ST mobilisation,
and of important changes in carbon partitioning, relating to
the initiation of biosynthetic pathways, leading to repair of
stress-induced cell membrane damage during post-stress
recovery processes, including the re-establishment of the
photosynthetic system.
CONCLUSION
Starch, which was present in cucumber leaves in much
greater amounts than soluble sugars, throughout the experiment, and was clearly the major carbohydrate reserve in the
leaves, declined rapidly with increasing water stress and
this continued throughout the four day recovery period. The
rate at which this occurred strongly suggests, a metabolic
diversion of products of starch breakdown to biosynthetic
pathways involved in repair of cell damage, resulting from
stress, as well as possible changes in partitioning of new
photosynthates during the slow early stages of recovery.
Decreases in total sugars, starch, and, in some cases, lipid
reserves [56], may contribute to the carbon requirements
of slow recovery periods, following severe stress. Recovery periods of the length investigated here, do not appear
to have been sufficiently long to follow the carbohydrate
metabolism of the seedlings through successive stages of
recovery.
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The results obtained, after analysis of sugar and starch
content of cucumber, and of control seedlings exposed to
MS and SS levels of water stress, can be summarised as
follows:
1. Glucose was the sugar present in highest proportion in leaves of all cultivars, under all treatments, accompanied by lower levels of fructose.
2. Although sucrose might be expected to be the major sugar in young leaves of these plants, only small
amounts of sucrose were detected in stressed and unstressed
plants of both cultivars investigated.
3. Although there were no significant changes in total
sugars during water stress, a tendency to increases in hexoses was detected in some cases, in C.M.C but not in B.
434, which had appeared more tolerant of water stress.
4. In recovery periods, neither in 2d nor in 4d rewatering stages of both cultivars, total content of sucrose,
glucose, fructose and starch did not raise to the same or
closer levels of those found in the seedlings grown under
water stress.
5. It would be of interest to carry out a second version
of this experiment, which could permit a longer period of
seedling growth, before exposure to water stress, as well as
longer recovery periods, in which the metabolic changes
taking place, during stress development and successive
stages of recovery could be examined more closely.
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ABSTRACT
During the survey, we measured the contamination levels with a broad variety of pesticides in soil samples collected from Central Romania. Organochlorine, triazine, carbamate, phenoxy acid and organophosphorus pesticides were
analyzed. Among the most detected pollutants, we found
pesticides prohibited in the European Union, such as isomers of hexachlorocyclohexane (HCHs) and DDT, together
with their metabolites. In step two, we modelled the complexation phenomenon of pesticides with cyclodextrines,
with the aim of obtaining new forms which are less sideeffected, more stable and more soluble. We followed the
variation of the steric energy during the complexation, computing different structural and energetic factors of the interactions using self-developed formula and software. Water
molecules negatively affected the inclusion process because guest molecules must extrude them; consequently the
formulation process requires higher energy. We computed
mathematical correlations between dates referring to stability of the complexes and steric, respectively, hydrophobic
parameters. The complexation phenomenon was relatively
good for all pesticides. However, we observed partial inclusion as well. Additionally, we made investigations on
insects and observed considerable higher acceptance level
of pesticides combined with cyclodextrines in comparison
with pure pesticides. This was attributed to the changes in
the physical properties and taste of the complexes suggesting that they could be applied in lower concentration.

KEYWORDS: Cyclodextrines, inclusion complexes, molecular
modelling, pesticides

INTRODUCTION
Approximately 8,000 tons (100% use of active ingredients) of pesticides are sprayed annually in Romania onto

approximately 15 millions hectares area of agricultural land
(63% arable land) [1]. In spite of the rigorous controls, numerous banned pesticides (DDT, technical HCH – prohibited in Romania since 2003, lindane – forbidden since
2007 [2]) are still illegally applied, and can be found in
relatively high concentrations in environment. Compared
to other European countries, only limited research on distribution, occurrence and fate of pesticides has been performed in Romania. Selected persistent organochlorine pollutants (POPs), including polychlorinated biphenyls (PCBs)
and organochlorine pesticides such as DDT and hexachlorocyclohexane (HCH) isomers, were shown to be present
sometimes in concentrations higher than Romanian soil
limits in surface soils collected from rural and industrial
areas located in the South of Romania [3], and in surface
soils and sediments from Eastern Romania [4].
Cyclodextrins are macrocyclic oligosaccharides most
commonly composed of 6, 7, or 8 glucosidic units. Other,
usually smaller molecules (called “guests”) can enter their
cavity, forming inclusion complexes with these “hosts”.
The great importance of cyclodextrins both in research
and applications lies in their ability to selectively form inclusion complexes with other molecules, ions, or even radicals and, in this case, they are ideal for pesticide neutralization and/or elimination from the environment [5-8]. Cyclodextrin inclusion complexes are of interest for scientific research, because they exist in aqueous solution and can be
used to study the hydrophobic interactions which are so
important in biological systems [2]. The α-, β- and γ-cyclodextrins are natural or semi-synthetic cyclic oligosaccharides, being generally non-toxic and biodegradable; βCDs and certain derivatives, such as hydroxypropyl-β-cyclodextrin (HP-β-CD) and sulfobutyl ether-cyclodextrin, are
particularly preferred for applications.
Although many authors investigated the interactions
between cyclodextrins and pesticides [9, 10], pesticide formulation using CDs [11, 12], molecular modelling and
pesticide encapsulation using CDs are still rare in scientific literature. In pest management, the application of βcyclodextrins may have importance because of their higher
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cavity diameter in comparison with the α-isomer, that
makes possible better molecular encapsulation or “sandwich” molecules formation, by capturing the guest molecule between two cyclodextin molecules [13-16]. Complex
formation changes the properties of both host and guest,
allowing one to monitor the process by several experimental techniques. Atomistic computer simulations are an
established tool to investigate host-guest compounds [17,
18].
In the present work we aimed to determine the pesticide residues from soil in central parts of Romania, and
study the complexation with β-CDs in order to obtain more
stable complexes. We also compared the acceptance of pesticides with and without β-CDs by potato beetles.
MATERIAL AND METHODS
Soil samples (n = 20) were collected from agricultural
fields in Central Romania, with an area of 6,714 km², a
population of approximately 600,000 and the population
density of 86.5 inhabitants per km2. Samples included apple
orchards, vineyards, arable lands (maize, soybean, wheat,
potatoes fields), but also greenhouses. Samples were taken
from 50 cm depth following the recommendation of the
Wessling laboratory. The surface above 50 cm might not
be enough homogeneous because of different management
systems and rainfall. The limits of quantification (LOQs)
for all pesticides were 10 µg/kg.
A number of 484 measurements were made using
GC/MS and GC-ECD analyses, and the following compounds were detected above the LOQ: HCHs, DDTs, dieldrin, diazinon, 2,4-D, atrazine and dichlorvos. The analyses
were performed in WESSLING Hungary Ltd. (Budapest,
Hungary). A Hewlett Packard (HP 6890) gas chromatograph with dual column and two ECD detectors (GC-ECD/
ECD) was used for the organohalogen derivatives, and a
HP GC coupled to a mass spectrometer system (MS 5973)
(GC/MS) for other pesticides.
For studying the complexation processes between CDs
and pesticides, computer simulation and steric energy calculation were performed. The molecular modelling software
was the 10.0 version of Chem3D Ultra.
Molecular dynamics simulations of complexation between β-cyclodextrin and different pesticide molecules were
performed at a temperature of 300 K over a period of 20 ps.
In its broadest sense, molecular dynamics were concerned with simulating molecular motion. Chemical reactions, hormone-receptor binding, and other complex processes are associated with many kinds of intra- and intermolecular motions. The MM2 method of molecular dynamics simulation uses Newton's equations of motion to
simulate the movement of atoms.
The molecular dynamics computation consisted of a
series of steps which occurred at a fixed interval, typically

about 2.0 fs (femtoseconds, 10-15 seconds). The Beeman
algorithm for integrating the equations of motion, with improved coefficients B. R. Brooks was used to compute new
positions and velocities of each atom at each step. In the
equation, each atom (i) is moved according to the following formula:
xi = xi + vi⋅Δt + (5ai – ai old)⋅(Δt)2 / 8
Similarly, each atom was moved for y and z, where xi,
yi, and zi are the Cartesian coordinates of the atom, vi is the
velocity, ai is the acceleration, ai old is the acceleration in the
previous step, and Δt is the time between the current and
the previous step. The potential energy and derivatives of
potential energy (gi) were then computed with respect to
the new Cartesian coordinates.
New accelerations and velocities were computed at
each step according to the following formulas (mi is the
mass of the atom):
ai veryold = ai old
ai old = ai
ai = –gi / mi
vi = vi + (3ai + 6ai old – ai veryold)⋅Δt / 8
Different orientations of the molecules in the cavity
were also considered. Along with conformational parameters, the formation of hydrogen bonds has been monitored
during the whole simulation time.
Steric energy was calculated for the formed complexes
between β-CDs and the most frequent pesticides present in
Central Romanian soils together with six commonly commercialized other pesticides. The constituents of the steric
energy are the followings: stretch, bend, combined stretchbend, torsion, Non-1,4 VDW, and 1,4 VDW.
We used the “dry friction” methods to obtain complexes between deltamethrine and β-CDs at 3CD + 1 deltamethrine molar proportion for insect experiments. We
compared the acceptance rate between the obtained β-CDs
+ deltamethrine and pure deltamethrine by potato beetles
(Leptinotarsa decemlineata) using 50 individuals for both
substances, and the time-dependent mortality rates were
measured during 135 min. The experiment was carried
out under laboratory conditions at 25 °C, and 50 individuals of potato beetles were placed in a 40 x 30 cm plastic
dish, and a complex of β-CDs + deltamethrine was added
(100 mg). The same experiment was repeated with pure
deltamethrine.
RESULTS AND DISCUSSION
Pesticide detection in Romanian environment

The most common pesticides in soil were γ-HCH, 1,1′(2,2,2-trichloroethylidene)bis(4-chlorobenzene) (DDT) and
its degradation product, 1,1'-(2,2-dichloroethenylidene)bis
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(4-chlorobenzene) (DDE). Other frequently detected pesticides were dieldrin [rel-(1aR, 2R,2aS,3S,6R,6aR,7S,7aS)3,4,5,6,9,9-hexachloro1a, 2,2a, 3,6,6a,7,7a-octahydro2,7:3,6- dimethanonaphth[2,3-b]oxirene], diazinon [O,Odiethyl
O-[6-methyl-2-(1-methylethyl)-4-pyrimidinyl]
phosphorothioate], 2,4-D [(2,4-dichlorophenoxy)acetic
acid], atrazine [6-chloro-N-ethyl-N′-(1-methylethyl)-1,3,5triazine-2,4-diamine], dichlorvos [2,2-dichloroethenyl dimethyl phos-phate] (Table 1).
TABLE 1 - The description of the studied
inclusion complexes and their chemical formula.
Host molecule

Guest molecule

β-cyclodextrine
β-cyclodextrine
β-cyclodextrine
β-cyclodextrine
β-cyclodextrine

γ-HCH (insecticide)
2,4-D (herbicide)
atrazine (herbicide)
brodifacoum (rodenticide)
carbaryl (insecticide, growthregulator)
DDT (insecticide)
deltamethrin (insecticide)
diazinon (acaricide,
insecticide)
dichlorvos (acaricide,
insecticide)
dieldrin (insecticide)
fenthion (insecticide)
parathion (insecticide,
acaricide)
permethrin (insecticide,
acaricide)
rotenone (insecticide)

β-cyclodextrine
β-cyclodextrine
β-cyclodextrine
β-cyclodextrine
β-cyclodextrine
β-cyclodextrine
β-cyclodextrine
β-cyclodextrine
β-cyclodextrine

Chemical formula
of guest molecules
C6H6Cl6
C8H6Cl2O3
C8H14ClN5
C31H23BrO3
C12H11NO2

For steric energy evaluation, a new calculation was performed. Let note with Ds, the percentage decrease of the
complexes steric energy (Ek) in comparison with the sum
of the host’s (ECD) and guest’s energy (Ev).
Ds = 100 −

ECD = 108.1388 kcal/mol for β-CD. We can observe
than the higher the decrease of these energies, the formed
complex is more stable. Pesticides as DDT, 2,4-D, diazinon, carbaryl and fenthion formed the most stable
complexes, and these could be easily eliminated from environment with β-CD (Table 2).
TABLE 2 – Ds, the percentage decrease of the complexes steric energy
(Ek) in comparison with the sum of the host’s (ECD) and guest’s
energy (Ev).
Guest

C14H9Cl5
C22H19Br2NO3
C12H21N2O3PS

γ-HCH
2,4-D
atrazine
carbaryl
DDT
diazinon
dichlorvos
dieldrin
fenthion
parathion
permethrin
rotenone

C4H7Cl2O4P
C12H8Cl6O
C10H15O3PS2
C10H14NO5PS
C21H20Cl2O3
C23H22O6

The DDT and DDE concentration in soil varied between 50 µg/kg (apple orchards) and 20 µg/kg (arable agricultural fields). The detection of DDT suggests that it may
still be used in Romania. The HCHs for soil samples were
under LOQs, which is in concordance with other similar
studies reporting much lower concentrations in the Western and Eastern part of Romania compared to the South.
This shows the use for certain agricultural purposes of HCH
mixtures in parallel with the DDT mixture. Moreover, the
distribution of HCH isomers indicated a mixed use of technical HCHs versus pure lindane [3]. Dieldrin was also detected in soil samples, especially in agricultural lands.
DDT concentrations in surface soil from agricultural
land were significantly higher at rural sites, and only few
samples (3 out of 48) exceeded the official European norms
[3]. The relatively high p,p’-DDT may prove the presence
of an aged DDT mixture. Samples from individual farms,
located in areas where pesticides were not used or used
only sporadically, showed concentrations below LOQs. The
detection of DDT by other authors can be attributed to the
more recent use in Romanian agriculture compared with
Western Europe (DDT was banned in 1985 in Romania)
and to a very slow degradability with a half-life in soil of
2000 days [4].
Complexation process of pesticides with β-cyclodextrin

Ek
⋅ 100
ECD + Ev

Ds (%)
22.36
32.72
18.63
33.69
37.03
33.85
23.92
9.88
30.72
26.99
13.66
16.31

Ek
(kcal/mol)
114.58
77.84
93.14
70.39
73.17
76.97
83.64
334.16
74.49
85.42
201.62
116.96

Ev
(kcal/mol)
39.38
7.51
6.27
-2.04
8.01
8.15
1.74
262.59
-0.66
8.79
125.33
31.56

ECD + Ev
(kcal/mol)
147.57
115.70
114.46
106.15
116.21
116.35
109.94
370.79
107.52
116.99
233.53
139.76

We calculated the Van der Waals volume (V), the octanol-water partition coefficient (log P), and the surface of
the guest molecules (S). We defined with Dk the difference
between the components` steric energy and the complex’s
steric energy: (ECD+Ev)-Ek. (Table 3).
TABLE 3 - The Van der Waals volume (V), octanol-water partition
coefficient (log P), the surface of the molecules (S) and the difference
between the component’s and the complex’s steric energy (Dk).
Guest
γ-HCH
2,4-D
atrazine
carbaryl
DDT
diazinon
dichlorvos
dieldrin
fenthion
parathion
permethrin
rotenone

V (Å3)
602.01
575.40
688.94
186.10
830.67
895.90
566.93
774.44
781.37
783.06
1073.89
1091.33

log P
4.65
-0.30
3.29
0.41
3.38
3.50
1.38
2.67
1.20
-0.37
3.04
-2.00

S (Å2)
371.46
378.78
447.26
369.28
502.48
528.95
377.40
450.47
486.36
486.10
627.45
638.9

Dk
32.99
37.86
21.32
35.76
43.03
39.38
26.29
36.62
33.03
31.57
31.90
22.80

Considering the obtained parameters, we computed
mathematical correlations between values of Ds, Ek and Dk
(dates referring to stability parameters of the complexes)
and steric (V, S), respectively, hydrophobic interactions
(logP). The above presented multiple regression equations, the multiple correlation coefficients R2 and the F
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values were calculated with the least square method, using self-developed software (Regress - © L. Ferencz).
Ds = 31.684 + 1.914 ⋅ 10 −2 ⋅ S − 2.111⋅ 10 −2 ⋅ V − 4.379 ⋅ 10 −2 ⋅ log P

R 2 = 0.1755; n = 13; F = 0.638

Ek = 83.988 − 0.173 ⋅ S + 0.139 ⋅ V + 4.500 ⋅ log P

R 2 = 0.1038; n = 13; F = 0.347
Dk = 34.191 + 3.710 ⋅ 10 −3 ⋅ S − 6.675 ⋅ 10 −3 ⋅ V + 0.746 ⋅ log P

R 2 = 0.0839; n = 13; F = 0.275
The multiple correlation coefficient (R2) values are relatively low, so the independent variables (S, V, log P) determine the dependent variables (Ds, Ek, Dk) only in 17.55,
10.38 and 8.39 %. Because of the hydrophobic cavity of
the β-CDs, the molecules with high log P values, such as
DDT, atrazine, diazinon, dieldrin, HCH, permethrin and diphacinone, can form stable complexes with β-CDs, but
only if they could enter into this cavity (Fig. 1). Therefore,
the correlation is also low with the surface (S) and volume
(V) of the guest molecules.

FIGURE 1 -The complex with atrazine

Molecules that “hang up” on the outer part of β-CDs,
form complexes with their hydrophilic parts (dipole-dipole,
and hydrogen bonds), however, in reality guest molecules
are “distributed” between the interior and exterior surface,
or they form “sandwich” complexes. For testing this hypothesis, we computed the complexation processes with
β-CDs of two widely used pesticides in Central Europa,
deltamethrine (insecticide) and brodifacoum (rodenticide).
Because the β-CD used in our experiments contained
12-14% water, we examined the accommodation of the
water molecules in cavity and outside the cavity. Pushing
out these molecules by guest molecules is an energy wasting process. Therefore, it is most probable that in some
cases only exterior complexes are produced. Other studies
demonstrated that the most favourable orientation in binding corresponds to the hydrophobic heterocyclic residue
of diazinon being pulled deepest into the CD cavity, in
agreement with the experimentally determined order of
binding constants [19].
Deltamethrine, a pyrethroid-ether ((1S,3S)-3-(2, 2-dibromo-vinyl)-2,2-dimethyl-cyclopropane-carboxylic acid
(R)-cyano-(3-phenoxy-phenyl)-methyl ester) producing the
inclusion complexes with β-CDs. Different modalities can
be expected to produce inclusion complexes with β-CDs,
different fraction of the deltamethrine molecules can be
incorporated in the cavity of the host molecule, and external physical interactions can also have an important role in
complex configuration and stabilization. Because the inclusion complex formation is not always “preferred”, we
tested the complexation phenomena under different molar
ratios, assuming that external and sandwich complexes
are also good choices. The resulting complexes present a
high variety and extremely diverse formulations, and are
stabilized by a number of intermolecular interactions not
only between the host and guest molecules but also between two or more CDs (Figs. 2a, 2b, 2c).
The brodifacoum (3-[3-[4- (4-bromophenyl) phenyl]1,2,3,4-tetrahydronaphthalen-1-yl]-2-hydroxychromen- 4one) is a very efficient rodenticide, the inclusion complexes formed with β-CDs in 1:1, 3:1, 1:2, 1:3, 3:4 molar
ratios are the following (Figs. 3a, 3b, 3c, 4a, 4b, 4c).
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FIGURE 2 a, b, c - Partial inclusion of deltamethrine in β-cyclodextrin cavity.

FIGURE 3 a, b, c - Alternatives for the inclusion of brodifacoum in β-cyclodextrin cavity.

FIGURE 4 - Brodifacoum’s complex with β-cyclodextrin „filled” with 60 molecules of water (a), brodifacoum „sandwich”
with 3 molecules of β-CD (b), 6 hosts and 6 guests, possible structure of the brodifacoum’s complex with β-CD in 1:1 mole ratio (c).

As the steric energy decreases, the formed complex is
more stable. We considered that stable complexes could
result by 50% steric energy decrease. Both pesticides used
in simulation formed stable complexes with β-CDs but
mostly with the external hydrophilic faces of the CDs. All
complexes presented good stability parameters (Table 4).
In similar studies, other authors showed that the effective
stability and solubility of the investigated pesticides as
HCHs were substantially increased in the presence of βCD [20]. Other studies revealed that β-CDs are suitable

surrogates for estimating the bioaccessibility of hydrophobic chemicals in soil. If one uses a 3.5 times higher
amount of β-CDs than soil, effective and reproducible
extractions can be achieved within 48 h. Data indicate
that, with increasing hydrophobicity, the affinity of organic chemicals to β-CD does not increase to the same degree
as to soil organic matter. Therefore, a higher surplus of βCD is necessary to provide a sufficient extraction capacity
in biomimetic extractions [21, 22].
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TABLE 4 - The steric energy decrease (Ds %) of the inclusion complexes in case of deltamethrine and
brodifacoum (D1…D8 and B1…B9 represent different orientations of the guest molecules relatively to host).
Ek
(kcal/mol)

Molecules (system)
deltamethryne
CD + D1
CD + D2
CD + D3
CD + D4
CD + D5
CD + D6
CD + D7
CD + D8
2CD + 1 deltamethryne
3CD + 1 deltamethryne
3CD + 2 deltamethryne
CD + 60 water + 1 deltamethryne

Ds
(%)

Observations

27.73
24.38
28.01
35.08
31.69
36.96
31.86
36.00
41.48
94.03
48.84
-5.712

instable complex
instable complex
instable complex
instable complex
instable complex
instable complex
instable complex
instable complex
instable complex
stable complex
relative stable
increase

Ek
(kcal/mol)

Ds
(%)

Observations

39.85
73.57
71.92
56.63
70.62
45.37
50.74
48.78
57.36
12.89
-854.36
-1324.67
113.00
128.85
120.92
45.17
68.74

63.63
32.86
34.37
48.32
35.55
58.59
53.69
55.48
47.65
88.53
-8.086
49.46
48.09
60.77
62.89
86.32
89.54

stable complex
instable complex
instable complex
relative stable
instable complex
stable complex
stable complex
stable complex
relative stable
stable complex
increase
relative stable
relative stable
stable complex
stable complex
stable complex
stable complex

101.17
105.87
100.78
90.88
95.62
88.25
95.39
89.59
145.20
210.24
198.56
-803.45
TABLE 4 -continued

Molecules (system)
brodifacoum
CD + B1
CD + B2
CD + B3
CD + B4
CD + B5
CD + B6
CD + B7
CD + B8
CD + B9
1CD + 3 brodifacoum
1CD + 60 water + 1 brodifacoum
1CD + 180 water + 1 brodifacoum
2CD + 1 brodifacoum
3CD + 3 brodifacoum
3CD + 1 brodifacoum
3CD + 4 brodifacoum
6CD + 6 brodifacoum

β-CDs + Deltamethryne
Deltamethryne

100
90

Mortality rata (%)
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FIGURE 5 – Time-dependent mortality rates of the potato beetles (Leptinotarsa
decemlineata) by consuming β-CDs + deltamethrine and pure deltamethrine.
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Testing the acceptance rates of insecticides with and
without CDs, we observed considerable differences between the acceptance rate and, consequently, the mortality
rate of insects by consuming the two substances. Consuming β-CDs + deltamethrine, a 50% mortality rate of potato
beetles was observed after 45 min, and a 90% mortality
rate after 60 min. By consuming pure deltamethrine, the
50% mortality rate was observed only after 65 min, and
that of 90% after 130 min. This can be explained with
changes of some important properties of the complexes
with CDs - as the most acceptable taste, partially disappearance of repulsive odors, earlier absorption and better
water solubility – all supplying the pesticide effects. These
changes in pesticide properties suggest that they could be
used in much lower concentration (Fig. 5).
CONCLUSION
An inclusion complex formation using β-cyclodextrin
(β-CD) as the host molecule and deltamethrine as guest
molecule was a first step towards improvement in conventional insecticide formulations [23]. In our studies, the hydrophobic surface of the CDs determined that the molecules with high log P values, such as DDT, atrazine, diazinon, dieldrin, HCH, permethrin, or diphacinone formed
stable complexes with CDs, if they could enter into these
cavities, and, consequently, they could be easily eliminated
from soil. In similar studies, the effect of CDs on the solubility of norflurazon in solution was considered as a way
of modifying its behaviour in the soil environment. The
results obtained showed that CDs greatly increased the
removal of norflurazon previously adsorbed, proving the
potential use of these CDs for in situ remediation of pesticide-contaminated soils [24, 25].
We can conclude that the complexation phenomena
were relatively good for all pesticides, but partial inclusions were also observed. Because the modelling and the
inclusion dynamics were studied mostly in vacuum, further calculations are necessary to describe this phenomena
in watery solution. On the basis of the values of the stability constants of the inclusion complex obtained in this research, it can be concluded that both simulation and the
laboratory experiment suggest the formation of stable complexes with high acceptance level by insects. As a consequence, these widely used insecticides in Romania (and
nevertheless in Europe) could be used in much lower concentration and could be easily eliminated from soil together with β-CDs.
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UTILIZATION OF THE SLUDGE FROM A
ZINC SMELTER IN MANUFACTURING OF BUILDING BRICKS
Yinian Zhu*, Xuehong Zhang, Honghu Zeng, Huili Liu, Yanpeng Liang and Dan Wang
College of Environmental Science and Engineering, Guilin University of Technology, Jian-Gan Road 12, Guilin 541004, P.R. China

ABSTRACT
A brickmaking process was utilized to stabilize the arsenic, zinc, lead and cadmium in sludge from a zinc smelter
in this study. The results indicated that the appropriate percentage of sludge content for producing quality bricks was
in the range of 0-4% by weight with 20-16% addition of
fly ash into a clay and coal mixture prepared in brickmaking. Under this optimum mixing condition, the compressive
strength of bricks made could meet the requirements of the
national standards of China for fired common brick: 10.0
MPa for a MU10-class brick. After the leaching in rainwater for 31 days, the concentrations of As, Zn and Pb
leached from the bricks could not only meet the demands
of the integrated wastewater discharge standard of China
and the identification standard for hazardous wastes - identification for extraction toxicity of China, but also satisfy
the requirement of the Class III of the national environmental quality standards for surface water of China, i.e.,
As<0.05mg/L, Zn<1mg/L and Pb<0.05mg/L, respectively.
There was no obvious difference in leaching Cd concentrations among the bricks with and without addition of
toxic sludge and fly ash in brickmaking.

KEYWORDS: brickmaking; compressive strength; leaching;
sludge; toxic element.

INTRODUCTION
In neutralizing acid wastewater that contains toxic elements from metal finishing and electroplating industries,
large quantities of toxic waste sludge containing As, Zn,
Pb and Cd are produced because of the formation of hydroxide precipitates, which can become a potential secondary pollution source when the sludge is not disposed
in a right way [1-5]. Toxic sludge produced from the
sequence of flocculation, pH adjustment, and alkaline
precipitation in zinc smelters are often regarded as hazardous material. The toxic sludge contained metal ions
and insoluble metal hydroxide. It is therefore of great

significance to find a proper way to dispose toxic sludge to
avoid secondary pollution. The disposal of toxic element
rich sludge generated from the treatment processes is one
of the issues that have received more and more attention
[1]. But no proper disposal method for the highly toxic
sludge waste has been developed yet. Uncontrolled disposal of the toxic sludge may lead to the pollution of the
surface water and ground water system and create serious
problem for the environment.
As environmental regulations become more stringent
and volume of sludge generated continues to increase, traditional sludge disposal methods are coming under increasing pressure to change. There is a strong demand for environmentally safe reuse of and effective disposal methods
for iron and toxic element contaminated sludge due to the
increasing amount of sludge generated. It would be desirable to provide a process which would eliminate long-term
risks and substantially reduce the cost of disposing of the
toxic waste contaminants by converting them to safe useful
products. A possible long-term solution appears to be recycling of the sludge and using it for beneficial purposes. One
technique that is available to treat hazardous waste is solidification that stabilizes and solidifies components of waste.
The solidified product is disposed off to a secure landfill
site or it can be recycled as construction material like bricks
if it meets the specific strength requirement and can be
shown to leach toxic pollutants within acceptable limits.
Traditional ceramics, such as bricks, roof and floor
tiles, generally feature high heterogeneity due to the wide
range of the composition of natural clays used as raw materials in their fabrication. Thereby, there is a high tolerance
for incorporating large amounts of suitable wastes as raw
materials. This recycling technology has unambiguously
beneficial environmental and economical impact, while
high temperature firing can turn hazardous wastes into inert
and safe for the health products [6,7]. Utilization of sludge
as an addition to construction and building material including building bricks is a win-win strategy because it not only
converts the wastes into useful materials but it also alleviates the disposal problems. The prospective benefits of
using sludge as the brick additive include immobilizing
toxic elements in the fired matrix [8]. The construction sector
is the best target market for absorbing and consuming prod-
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ucts made of recycling solid wastes which are produced at
large amounts and expensive both economically and environmentally to be disposed, especially when it is labeled as
hazardous waste [7]. Rouf and Hossain [9] reported that
arsenic and iron sludge could be used for brick making.
They also indicated that the sludge proportion was one of
the key factors determining the quality of brick. Metal
immobilization in brickmaking is assured by firing at
reasonably high temperatures, since intimately contact
and/or reaction between residue and clay particles is promoted but also due to formation of insoluble metal oxides
that rest unreactive towards clay grains [10]. The degree of
effectiveness of the solidification/stabilization products is
defined basically by two parameters strength and the leach
resistance [11].
The official statistic quantity of industrial hazardous
waste (IHW) in China was about 15200 million tons in
2006. 9260 million tons of IHW was recycled and 13.03
million tons of IHW is discharged to the environment without any controlling measures annually [12]. Mining and
processing of nonferrous metal ores was the second generator. In South West China, the large quantity of IHW
generation was due to primitive and traditional production
techniques, companied with mass but inappropriately mining and dressing for metals and other natural resource. In
past and recent years, a large quantity of toxic sludge is
mixed in brickearth as a final dispose method, especially in
the remote west area of China. Determining mobility and
availability of toxic elements in bricks with addition of toxic
sludge and fly ash is an environmental concern. The main
concern is whether it is safe to use building bricks made
with sludge containing toxic elements [13]. Although toxic
sludge has been mixed into clay to make building bricks
for many years, yet no research in detail has been made to
evaluate the environmental safety of using the toxic waste
sludge in brickmaking.
Admixing waste materials with common raw materials in brick production is a promising treatment technology to overcome contamination problems, because inorganic
contaminants are thought to be immobilized [14]. During
their use in constructions and after the use as part of the
demolition masses bricks can be leached by runoff waters.
To investigate the potential leaching and the resultant leaching of toxic elements, bricks were examined in several
batch experiments using rainwater. Sludge generated from
a zinc smelter is highly complex due to the presence of
metal ions and other inorganics, which pose serious problem on disposal. Hence the present study was carried out
with an aim to use the toxic waste sludge containing high
concentration of arsenic, zinc and other metals from a
zinc smelter in brickmaking and to assess the mechanical

stability of bricks and the chemical leachability in rainwater.
The influence of sludge proportion in the raw materials and
using fly ash as additives in brickmaking on the metal
leachability was investigated in this study.
MATERIALS AND METHODS
Materials

Toxic sludge was collected from the wastewater treatment plant of a zinc-ware industry in Guangxi province,
China. In the wastewater treatment, lime is firstly added
to adjust the pH of contaminated fluids. And then, iron coprecipitation is the process by which an iron salt (ferrous
sulfate) is added to contaminated water and the pH is adjusted to induce the precipitation of iron oxyhydroxides. A
GORE membrane filtration system is finally added to the
system to help ensure that effluent concentrations are below the discharge standards. Upon collection, the sludge
sample was air dried for a week in summer.
Clay, collected from Xing’an brick manufacturing area
near Guilin, China, is observed to be red, silty clay, high
plastic and with no organic compound. It contains kaolinite, quartz, illite and chlorite. The experimental clay had
been mixed with 4% coal before brick making.
Fly ash generated during the combustion of coal for energy production is one of the industrial by-products. Utilization of fly ash as a resource has been studied for decades in many areas, such as in building products. The fly
ash in this study was taken from the Xing’an thermal power
plant near Guilin.
Groundwater from Xing’an Brick manufacturing area
was used in brick making and the collected rainwater (pH
6-6.5) was used in leaching.
To determine the elemental composition of sludge, clay
and fly ash, the samples were oven dried for 24 hours at
105oC and then digested with a mixture of HNO3 and HCl
(v/v=1:3). The Zn and Fe concentrations were determined
by a flame atomic absorption spectrophotometer (Perkin
Elmer Analyst 700). The As, Pb and Cd contents were
measured by a graphite furnace atomic absorption spectrophotometer (PerkinElmer Analyst 700). The detection
limits for As, Pb, Cd, Zn and Fe were 1.0 µg/L, 2.5 µg/L,
0.5 µg/L, 0.05 mg/L and 0.3mg/L, respectively. Two environmental soil standard samples (ESS1-4) were also applied in digestion and analysis process to control analytical quality. The analytical results are presented in Table 1.
The wastewater treatment sludge contains high amount of
Zn, As, Cd, Pb and Fe, which is considered as potentially

TABLE 1 - Concentration of toxic elements in sludge and mixture of clay and coal (mg/kg).
Component
Sludge (dry)
Mixture of clay and coal
Fly ash

As
1100
19
12

Pb
550
1
68

Zn
9100
110
115

185

Cd
1060
30
11

Fe
11000
4200
43470
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TABLE 2 - Mix proportion of raw materials in brickmaking (%).
Brick sample
Sludge
Mixture of clay and coal
Brick sample
Sludge
Fly ash
Mixture of clay and coal

G1-1
0
100
G10-1
0
20
80

G1-2
2
98
G10-2
2
18
80

G1-3
G1-4
G1-5
4
6
8
96
94
92
G10-3
G10-4
4
6
16
14
80
80

hazardous due to possible leaching of toxic element constituents. The presence of iron influences the color of the
samples. The large amounts of Fe in the toxic sludge are
attributed to the usage of lime and ferrous sulfate in
wastewater treatment. Toxic elements were not detected
in the ground water and rainwater.
Brickmaking

Building bricks are usually made of a mixture of clay
and sand, which are mixed and molded in various ways,
after which they are dried and burned. A total of 17 brick
samples were prepared in the Xing’an brick manufacturing
plant. A clay only mixture sample was prepared as a reference specimen. Sludge, clay+coal and fly ash were firstly
mixed in varying proportion (Table 2), and then an adequate amount of water was added into the mixture to make
bricks by hand according to the standard building format
(11.5×23×5 cm3). After 7-day air-drying, the raw bricks
were laid into a brick kiln to be fired at 950-1050oC for
4 days.

G1-6
10
90
G10-5
8
12
80

G1-7
12
88
G10-6
10
10
80

G1-8
14
86
G10-7
12
8
80

G1-9
16
84
G10-8
14
6
80

tinuously and slowly agitated with an electrical motor in
the first day and after that stirred by hand every 12 hours.
After leaching for 5min, 10min, 20min, 40min, 60min,
80min, 160min, 1d, 3d, 7d, 15d, 23d and 31d, 10mL leaching solution was sampled. After each sampling, the sample
volume was replaced with an equivalent amount of rainwater. The required corrections could be made by mass
balance [21]. The water samples were filtered using 0.45 µm
pore diameter membrane filters, and then diluted and stabilized with 0.2% HNO3 in 100mL volumetric flasks. Toxic
element concentrations were analyzed by graphite furnace
atomic absorption spectrometry using electrodeless discharge
lamps or flame atomic absorption spectrometry (Perkin
Elmer Analyst 700). In all cases, linear calibration curves
obtained from measurements on standard solutions of similar concentration as the samples were used. The electrical
conductivity (EC), pH, dissolved oxygen (DO) and redox
potential (Eh) were measured using glass or metal electrode methods at the same time of water sampling.
RESULTS AND DISCUSSION

Compressive strength of bricks

Compressive strength of bricks was determined according to the national standards of P.R. China - test methods for wall bricks (GB/T2542-2003) [15], which is essentially similar to the test methods prescribed by the European
Specification for clay masonry units (BS EN 771-1) [16]
and Australian/New Zealand Standard (AS/NZS 4456.4)
[17].
Leaching

An appropriate way to examine the effectiveness of
the immobilization of the contaminants is to perform leaching tests [18]. Leaching is a process used to determine if a
contaminant is transferred from a stabilized matrix to a liquid
medium. Therefore, the leaching test plays a leading role
in assessing the environmental impact of a specific way of
disposal [13]. Leach tests can be used to evaluate the effectiveness of solidification/stabilization process [19].
Leaching test of all brick samples was carried out by
consulting “Identification standard for hazardous wastes Identification for extraction procedure toxicity (GB5085.32007)” [20]. The bricks were leached with rainwater in a
solid-liquid volume ratio of 1:10. For each test, a brick
sample was kept in a polypropylene box. 13.2 L rainwater
was added to the box. The room temperature was maintained at 21±2°C during the experiments. The box was con-

Compressive strength of bricks

The surface textures of the bricks are smooth with tiny
visible pores. The bricks with 14% sludge addition developed bloated surfaces and cracks respectively. The firing
color is an important criterion for the classification of a
clay bearing material. The chemical and mineralogical compositions of the raw materials affect the firing color to a
certain extent [22]. The color changes from bright red brown
to dark red brown as the sludge proportion increases.
The compression test is the most important test for assuring the engineering quality of a building material. Test
methods for strength were applied in bricks to check the
suitability of addition of sludge and fly ash to ordinary brick
clay. The results of the compressive strength test on the
bricks made from clay, sludge and fly ash mixtures are
shown in Table 3. The data indicate that the strength is
greatly dependent on the amount of sludge and fly ash in the
brick.
Table 3 indicates that strength of the samples increases
with increasing addition up to 8% sludge added to the
bricks. Beyond that, the strength decreases with increasing
sludge addition. It was also reported that as the sludge ratio
in the solidified blocks increased, compressive strength decreased [23]. With 8% sludge added to bricks, the highest
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TABLE 3 - Compressive strength of bricks.
Brick sample
Compressive strength (MPa)
Brick sample
Compressive strength (MPa)

G1-1
7.2
G10-1
13.1

G1-2
10.2
G10-2
12.6

G1-3
G1-4
G1-5
G1-6
12.1
13.5
14.6
10.2
G10-3
G10-4
G10-5
11.9
11.0
10.3

strength of 14.6 MPa was achieved, i.e., the optimum
mixing ratio at which the maximum compressive strength
occurred was 8% sludge in the bricks. The compressive
strength of brick made from sludge-clay mixtures (2-10%
sludge) can meet the requirements of the National Standards of P.R. China for Fired Common Brick: 10.0 MPa for
a MU10-class brick (GB5101-2003) [24]. It is concluded
that sludge can be blended with clay in different proportions
to produce a good quality brick at a certain mixing ratio.
Usually, additives are added into clay to change the
properties of bricks. In this research, fly ash was added to
modify the original clay characteristics. As the amount of
fly ash was increased, compressive strength also increased.
The brick with 20% by weight of fly ash having a compressive strength of 13.1 MPa was reduced to 9.3MPa when
the ratio of fly ash was reduced to 6% in brickmaking. However, the bricks with 0-12% by weight of sludge and 20-8%
by weight of fly ash in 80% clay+coal mixture could meet
the requirements of the national standards of P.R. China for
fired common brick: 10.0 MPa for a MU10-class brick
(GB5101-2003) [24]. Addition of fly ash increased the compressive strength of the system. Compressive strength of
bricks increases gradually with increasing addition of fly
ash up to 20% in the bricks. It seems that the fly ash added
building bricks show reasonably good properties and may
become competitive with the conventional building bricks.
Use of fly ash as a raw material for the production of building bricks is not only a viable alternative to clay, but also
a solution to a difficult and expensive waste disposal problem [25].
Change of toxic element concentrations with leaching time

The results of different brick samples subjected to
batch leaching test for 31 days are shown in Figs. 1-4, in
which the concentrations of As, Zn, Pb and Cd in rainwater, at the end of each leaching period, are plotted as a
function of time. Variation in leachability as a function of
leach time shows that in the initial phase of the batch test,
most of the brick samples have similar leachability trend.
The leaching of toxic elements (especially for lead
and cadmium) from burnt bricks is high at initial stage of
5 minutes. However, the leaching from brick samples may
decrease or continue to increase further as duration of
leaching progresses. As duration progresses, the leaching
rate leads almost to negligible value and maintains a steady
state.
Obvious elimination of toxic elements from the bricks
was observed during the first few days and then toxic element contents appear to reach a plateau. However, the pro-

G1-7
9.1
G10-6
10.2

G1-8
7.9
G10-7
10.2

G1-9
7.2
G10-8
9.3

cess appears to slow down significantly with time, under
the experimental conditions followed in this study. The
initial part of the plots show a sharp rise in toxic element
concentrations leached from the brick samples. This may be
attributed to the mass transfer controlled processes in the
initial stages whereas diffusion becomes predominant at
the later stages [19,26]. The rainwater mobilizes contaminants within the bricks by dissolving the contaminant. Dissolution results from a combination of chemical and physical mechanisms, including bulk dissolution of mineral
phases in bricks, wash off of surface contaminants, desorption of contaminants and changing chemical parameters
such as pH and Eh, both of which are known to greatly
affect arsenic and have the possibility of dissolving a formerly insoluble phase [27,28]. Within the solid waste form,
transport of the contaminants can occur by convection or
diffusion. As the bricks have relatively low permeability,
diffusion is normally the principle process operating. Assuming that the solid is in chemical equilibrium when
leaching begins, diffusion is driven by the difference in the
chemical potential (constituent concentration) between the
solid and the rainwater. The chemical gradient thus created
causes constituents to migrate from the solid to the leaching
solution [28-30]. The leaching of the contaminants, namely
arsenic and other toxic elements, from all of the brick matrices was also found to be largely diffusion based in this
study.
Similar results were also reported by former researchers. During the solidification-stabilization arsenic solid waste
using Portland cement, there was no applicable change in
leachability after 1 year or 3 years of cure, compared with
28 days of cure [31]. In a preliminary survey of an arsenic
contaminated site from an abandoned copper smelting facility and feasibility study of using solidification/ stabilization (S/S) process to treat the contaminant waste, it was
found that after 200 h leaching, the As and Pb concentrations were relatively stable. Thus, there should be no long
term stability problems [32]. In the investigation of the
effectiveness of the solidification/stabilization formulations
using sequential batch leaching tests, the arsenic masses
leached for each of the various S/S formulations reached
stable within the successive 18-h leaching [32].
Arsenic

The As leaching concentration in rainwater varied
with the leaching time, and the variation trend was related
to the ratio of raw materials in brickmaking (Fig. 1).
When the content of sludge was lower than 8% (Samples G1-1 ~ G1-5), the As concentration increased with
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time in the first day only up to 14-17 µg/L and then decreased slowly as the increasing of the leaching time. When

FIGURE 1 - Concentration of As
leached from bricks as a function of time

FIGURE 2 - Concentration of Zn
leached from bricks as a function of time

FIGURE 3 - Concentration of Pb
leached from bricks as a function of time.
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When the ratio of sludge in bricks was higher than 10%,
the Zn concentration in leaching solution was lower than
50µg/L throughout the 31d leaching experiment (Samples
G1-6 ~ G1-9).
By adding 16-20% fly ash in brickmaking (Samples
G10-1 ~ G10-3), the Zn concentration in rainwater increased also gradually with time in the first period of leaching, and then the Zn concentration decreased slowly with
time. With 6-14% fly ash in the brickmaking, the Zn concentration increased up to 50-60µg/L in the first hour and
then stayed almost stable (Samples G10-4 ~ G10-8).
Lead

The Pb leaching concentration in rainwater was lower
than 50µg/L in the 31d leaching experiment and its variation with time was not obviously (Fig.3). Iron oxide and
clay have strong adsorption ability to Pb, which results in
low leachability of Pb out of bricks. This means that
brickmaking can better stabilize Pb in sludge than other
toxic elements.
Cadmium

FIGURE 4 - Concentration of Cd
leached from bricks as a function of time

the ratio of sludge in brickmaking was enhanced to 10-16%,
the As concentration in leaching solution increased with
time rapidly in the first 15days, and then became stable
(Samples G1-6 ~ G1-9). The decrease in As concentration
appeared to be was related to the formation of Fe(OH)3
sedimentation in leaching solution. It was observed in the
experiment that some yellow floccules of Fe(OH)3 existed
in the leaching solution, which could adsorb arsenic and
lower its aqueous concentration.
The addition of fly ash can affect the arsenic leaching
concentration obviously. With 0-4% sludge and 20-16%
fly ash in the brickmaking (Samples G10-1 ~ G10-3), the
arsenic in the leaching solution increased up to 20-35
µg/L in the first day and then stayed stable. With 6-10%
sludge and 14-10% fly ash in the brickmaking (Samples
G10-4 ~ G10-6), the arsenic in the leaching solution increased gradually up to 165-190 µg/L in 15 days and then
decreased slowly. With 12-14% sludge and 8-6% fly ash
in the brickmaking (Samples G10-7 ~ G10-8), the arsenic
in the leaching solution increased steadily up to 360-425
µg/L in the whole experimental period.
Zinc

The dependence of the Zn leaching concentration in
rainwater on time is shown in Fig.2. When the ratio of sludge
in bricks was lower than 8%, the Zn concentration increased gradually with time in the early period of the experiment and then decreased slowly (Samples G1-2 ~ G1-5).

The variation in the Cd leaching concentration in rainwater with time was obvious (Fig.4). For all bricks, the Cd
concentration could reach 40µg/L within the first day of
leaching. When the ratio of sludge in bricks was lower than
8% (Samples G1-2 ~ G1-5), the Cd concentration increased
slowly with time. With addition of 10-16% sludge in brickmaking (Samples G1-6 ~ G1-9), the Cd concentration became almost stable after leaching for a few hours. By adding fly ash in brickmaking, the Cd concentration in the
leaching solution in creased very slowly and became stable
after leaching for 23 days.
Effect of the sludge amount on leaching of toxic elements
from bricks

The leaching concentrations of As, Zn, Pb and Cd
were strongly affected by the mixing amount of sludge in
brickmaking (Fig.5).
After the leaching for 31 days, the concentrations of Zn,
Pb, As and Cd in the leaching solution could meet the demands of the integrated wastewater discharge standard of
China (GB8978-1996) [33] and the identification standard
for hazardous wastes - identification for extraction toxicity of China (GB5085.3-2007) [20] (Fig.5, Table 4).
The leaching arsenic concentrations increased dramatically upon the addition of sludge up to 16% (Fig.5). For the
addition of sludge of 0-8% in brickmaking, the As concentration in the leaching solution was 1.1-37.1 µg/L, which is
lower than 50 µg/L, the Class III of the national environmental quality standards for surface water of China
(GB3838-2002) [35]. For the addition of sludge of >8% in
brickmaking, the As concentration in the leaching solution
was >100 µg/L, which is higher than 50 µg/L for the
Class III of the national environmental quality standards
for surface water of China (GB3838-2002) [35].
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This indicates that the addition of sludge of 0-4% in
the ordinary brickmaking had no significant influence on
the leaching concentration of toxic elements from bricks.

FIGURE 5 - Effect of the sludge amount on leaching of toxic elements from bricks
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TABLE 4 - Limit values for some toxic elements in the national standards of China (mg/L).
Toxic elements
Zn
Standards for drinking water quality (GB5749-2006) [34]
1
Class I
0.05
Class II*
1
Environmental quality standards for surface water
Class III**
1
(GB3838-2002) [35]
Class IV
2
Class V
2
Integrated wastewater discharge standard (GB8978-1996)[33]
5
Identification standard for hazardous wastes - Identification for extraction
100
toxicity (GB5085.3-2007) [30]
*
Class II is applicable to first class of protected areas for centralized sources of drinking water;
**
Class III is applicable to second class of protected areas for centralized sources of drinking water.

The leached toxic element contents are less than hazardous concentration limit (Table 4). With 0-4% sludge mix
in the ordinary brick making process, the quantities of toxic
elements leached from burnt brick are almost equal to
those from in the brick without sludge mix.
Elimination of arsenic could be directly and positively
correlated with the pH variation of the leaching solutions.
On the contrary, the leaching of Zn and Cd appears to be
negatively related to the pH variation of the solutions. The
decreasing pH values result in the low leaching of As and
high leaching of Zn and Cd from the bricks (Samples G12 ~ G1-5) (Fig.5). In the leaching solution, the concentration of arsenic is normally in negative correlation with the
Cd concentration. Fig.5 shows that the leaching concentration of Zn and Cd ions increased with the decreasing
pH values and the increasing Eh and EC values. This was
contributed to the higher mobility and leachability of Zn
and Cd at lower pH. The decreasing pH from 7.75-7.83 to
4.51-5.43 was thought to be responsible for the increasing
of Zn and Cd leachability during the experiment (G1-2 ~
G1-5 in Fig.2 and Fig.4).
Toxic element co-precipitate with iron occurs during
water treatment. The higher ratio of sludge in bricks could
also enhance the Fe(OH)3 amount in bricks (Table 1 and
Table 2). The metal form (Fe) in the sludge can be converted
to oxides during heating at high temperature. The decrease
in the leaching concentrations of toxic elements from brick
samples may be attributed to the conversion of metal species that could affect the adsorption onto iron oxyhydroxides in bricks, which was related to the solution pH.
Arsenic speciation and solubility were affected by pH
and redox potential (Eh) of the leaching solution. Under
oxidizing conditions, As solubility was low; under moderately reducing conditions (0-100 mV), As solubility significantly increased due to dissolution of iron oxyhydroxides.
Soluble As was maximum at a neutral pH value and decreased under both more acidic and alkaline concentrations [36]. As the pH increases, hydroxyl ions replaces arsenic on the sorption sites and arsenic is released into solution. Furthermore, the increasing negative surface charge
with increasing pH facilitates desorption of arsenic ions
[37]. Dissolution of iron oxyhydroxides upon reduction and
subsequent release of adsorbed As would lead to increased

As
0.01
0.05
0.05
0.05
0.1
0.1
0.5

Cd
0.005
0.001
0.005
0.005
0.005
0.01
0.1

Pb
0.01
0.01
0.01
0.05
0.05
0.1
1

5

1

5

dissolved As concentrations. Therefore, in bricks under highly reduced conditions, As solubility increases significantly.
Similar kinetics has been cited in a number of studies [38,
39].
Effect of the sludge and fly ash amount on leaching of toxic
elements from bricks

Ash from coal combustion is typically handed to the
construction industry [40]. Utilization of fly ash as a resource has been studied for decades in many areas. Still,
there are only a few detailed works of the utilization of
fly ash in building brick making [25]. The study of brick
manufacturing with fly ash from many coals showed that
fly ash can be used advantageously without any significant
effect on quality of produced bricks [25]. The potential for
utilization of alkali-activated pulverized fly ash (PFA) as
solidification binder for the treatment of electroplating
sludge and the possibility of partially substituting cement
raw meal with sludge obtained from the chrome plating
for cement production were also investigated [23,41].
Fig.6 illustrates the effect of fly ash and its dosage.
Using of the sludge in brickmaking combined with the
addition of fly ash could effectively stabilize the toxic elements in bricks. Fly ash efficiently decreased the leaching
concentration of toxic element ions in bricks.
Brick products formed with the addition of fly ash resulted in reduction of Cd and Zn leachability (Fig.5 and
Fig.6). The Cd leaching concentrations in rainwater varied
between 51-157 µg/L, which is not only higher than 5 µg/L
of the Class III of the national environmental quality standards for surface water of China (GB3838-2002) [35], but
also higher than 10 µg/L of the Class V of the standards.
i.e., the water in contact with the bricks is not suitable for
agricultural use and landscape requirement.
Notable reduction in Cd mobility with the addition of
fly ash was observed. The addition of fly ash in brickmaking has obviously affected the leaching of Cd and Zn
from the brick matrices as more leaching was observed in
case of G1-1 ~ G1-9 than G10-1 ~ G10-8. With the addition of fly ash in brickmaking, the Cd concentration in the
leaching solution was <50µg/L, which was obviously lower
than the leaching Cd concentration without addition of fly
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ash (As>50µg/L). In the leaching of Cd from brick samples,

clay+coal mixture) is similar to that from the ordinary brick
sample G10-1 (0% sludge, 20% fly ash and 80% clay+coal
mixture). The results of the 31d leaching tests from Fig.1Fig.4 also indicate that leaching of Pb, Cd, As and Zn from
the brick samples G10-2 and G10-3 increased no more with
time at the end of the test. Toxic element (Zn, Pb, As) release
will be negligible in the environment if the bricks come in
contact with rainwater and stagnant water, such as ponds
or large water bodies.
CONCLUSION
Use of sludge and fly ash as raw materials for the production of building bricks is a viable alternative solution to
a difficult and expensive waste disposal problem. Sludge
can be blended with clay in different proportions to produce
a good quality brick at a certain mixing ratio. The results of
compressive strength tests on the bricks indicate that the
strength is greatly dependent on the amount of sludge and
fly ash in bricks. The compressive strength of bricks made
from the sludge-fly ash-clay mixtures (0-12% sludge, 208% fly ash, 80% clay-coal mixture) could meet the requirements of the national standards of China for fired common
brick: 10.0 MPa for a MU10-class brick (GB5101-2003)
[24].

FIGURE 6 - Effect of the sludge and fly ash
amount on leaching of toxic elements from bricks.

it is observed that the rates of increase of leaching from
the bricks with addition of fly ash are much lower than
those without of fly ash.
On the contrary, the addition of fly ash in brickmaking has less influence on the leaching of Pb and As from
the bricks. But the leaching of As from the bricks increased
significantly with the increasing amount of sludge mixed in
brickmaking. The arsenic concentration in the leaching
solution increased with the increasing ratio of sludge mixed
in brickmaking with or without addition of fly ash. Higher
leaching of arsenic (>100µg/L) was observed in case of brick
samples having composition of >10% sludge and <90%
clay+coal mixture or having composition of >6% sludge,
<14% fly ash and 80% clay+coal mixture. To maintain the
leaching As concentration lower than 50µg/L, the maximum
addition of the sludge should be <8% without the addition
of fly ash or <4% with the addition of fly ash. Minimum
amount of leaching (<3µg/L) was observed in the case of
mould containing sludge and clay in the weight ratio 2:98
~ 6:94.
There was no obvious difference in the leaching Pb
concentrations among the bricks with the addition of fly
ash and the bricks without the addition of fly ash (Fig.5
and Fig.6).
The leaching of Pb, Cd, As and Zn from the brick
samples G10-2 (2% sludge, 18% fly ash and 80% clay+
coal mixture) and G10-3 (4% sludge, 16% fly ash and 80%

Batch leach tests were performed to evaluate the rainwater leachability of As, Zn, Pb and Cd from the bricks
made of the mixing of sludge and fly ash into clay. The As,
Zn and Cd leaching concentrations in rainwater increased
with time in the early stage of the experiment, and then
the As concentration became stable and the Zn and Cd concentrations decreased gradually. The Pb leaching concentration was lower than 50µg/L in the leaching experiment.
The leaching of As, Zn and Cd was related to the sludge
ratio in bricks. With the increasing amount of sludge, the
As leaching concentration increased. The Zn and Cd concentrations increased also with the increasing ratio of sludge
in bricks when the sludge was lower than 8%. But when the
sludge ratio in bricks was between 10% and 18%, the Zn
and Cd concentrations in leaching solution were low.
Using of the sludge in brickmaking combined with the
addition of fly ash could effectively stabilize the toxic elements in the brick samples. Fly ash efficiently decreased
the leaching concentration of toxic element ions in bricks.
After the leaching for 31 days, the leaching concentrations
of Zn, Pb, As and Cd in rainwater could meet the demands
of the integrated wastewater discharge standard of China
(GB8978-1996) [33] and the identification standard for
hazardous wastes - identification for extraction toxicity of
China (GB5085.3-2007) [20].
Especially for the addition of 0-4% sludge and 2016% fly ash in brickmaking, the concentrations of As,
Zn and Pb leached from the bricks by rainwater could
meet the requirement of the Class III of the national environmental quality standards for surface water of China,
i.e., As< 0.05mg/L, Zn<1mg/L and Pb<0.05mg/L, re-
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spectively (GB3838-2002) [35]. Although the Cd leaching
concentration varied around 50 µg/L, which is higher than
5 µg/L of the Class III of the national environmental quality standards for surface water of China (GB3838-2002)
[35], there was no obvious difference in Cd leaching concentrations among the bricks with and without addition of
sludge and fly ash in brickmaking. This study showed that
sludge could be used as brick material. Only small amounts
of As, Zn, Pb and Cd would be expected to leach into the
environment.
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ABSTRACT
The typical cultivars of water spinach (Ipomoea
aquatica Forsk.) with different Cd-accumulating abilities
(two Cd-PSCs, cv. Qiangkunliuyeqinggu (QLQ) and cv.
Qiangkunliuyebaigu (QLB), and one non-Cd-PSC, cv. Taiwan 308 chunbailiuye (T308)) were used to investigate Cd
and Pb accumulations under different soil conditions. Variations of biomasses (DW) of both shoots and roots from
cultivars were significant (p < 0.001). Average Cd concentrations in shoots in both the first and second harvest were
in the order of T308 > QLB > QLQ, while those in roots
of cv. QLQ and cv. QLB were mostly high. The average
shoot Cd concentrations in the Cd-PSCs were always lower
than in the non-Cd-PSCs unrelated to soil conditions and
harvest timings, indicating that the variation in Cd accumulation among cultivars is genotype-dependent and less
affected by soil properties. The average values of Cd TRs
and TFs were lower in the Cd-PSCs than in the non-CdPSC, suggesting that Cd accumulation in different cultivars
is associated with the ability of Cd uptake from soil to plant
as well as translocation from root to shoot. Variation of shoot
Pb concentration in cultivars was not significant (p > 0.05)
for both the first and second harvests, indicating that the
variations in Pb accumulation among the tested cultivars
are much smaller than those in Cd accumulation. It was
found that among the detected soil variables, soil pH, soil
CEC and total and available P could be raised as the crucial factors affecting Pb accumulation in shoots of water
spinach.

KEYWORDS: water spinach (Ipomoea aquatica Forsk.); cadmium (Cd); lead (Pb); multiple soil contamination; pollution-safe
cultivar (PSC)

the detrimental effects on human health due to soil-to-plant
and plant-to-human transfer [1, 2]. Cd is one of the most
noteworthy toxic heavy metals for its readily taking up by
plants [3, 4]. Based on the natural variation in the uptake of
heavy metals among plant cultivars, the concept of pollution-safe cultivars (PSCs) has been put forward and applied
[5]. There have been many studies on the selection of lowCd cultivars [6]. Researchers have placed great emphasis
on staple crops, while there have been only several reports
on vegetables [7-9]. However, vegetables, especially leafy
vegetables, usually accumulate more Cd from soil than
other crops [10].
Variations in Cd accumulation and distribution depend
not only on plants, but also on growing conditions, such as
soil properties, so an understanding of the consistency and
variation of the low-Cd trait under different conditions is
very important [3, 4, 6, 11, 12]. It was reported that the
genotypic variations of Cd uptake and accumulation among
cultivars under varying soil conditions were consistent in
some species [4, 6, 13]. Moreover, the contamination of
agricultural soils with heavy metals is usually multiple [1416]. We know very little about the uptake and accumulation of other toxic heavy metals such as Pb, needless to
say the case of accumulating Cd and Pb simultaneously.
Water spinach (Ipomoea aquatica Forsk.) is a major
leafy vegetable in southern China, whose Cd concentration
in edible parts, i.e. its shoots and leaves, tends to be medium
among 33 leafy vegetables [17]. We have obtained stable
typical low Cd cultivars (Cd-PSCs) and high Cd cultivars
(non-Cd-PSCs) in a previous study [17]. In the present
study, the typical cultivars were used to investigate Cd and
Pb accumulations in plants under different soil conditions.
MATERIALS AND METHODS
Tested cultivars of water spinach

INTRODUCTION
Heavy metal contaminations in agricultural soils tend to
be increasingly serious all over the world, which enhances

Three water spinach cultivars, cv. Qiangkunliuyeqinggu
(QLQ), cv. Qiangkunliuyebaigu (QLB) and cv. Taiwan 308
chunbailiuye (T308), with different Cd accumulating abili-
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ties and tested in our previous study [17], were used in the
present study. When they were grown on soil contaminated with 0.593 mg kg-1 Cd, Cd concentrations in shoots
(FW basis) of cv. QLQ and cv. QLB were 0.082-0.084
mg kg-1 and 0.085-0.093 mg kg-1, respectively, while they
were 0.253-0.282 mg kg-1 for cv. T308. Thus, cv. QLQ
and cv. QLB were defined as typical Cd-PSCs, and cv. T308
as a typical non-Cd-PSC. The average differences between
the two types were more than 3 times [17].

100-mesh sieve for chemical analysis. Cd and Pb concentrations of the samples for each experimental pot were determined by AAS analysis following HNO3:H2O2 (5:2)
digestion in a microwave decomposition device (Microwave
digestion MDS-6, manufactured by Shanghai Sineo Microwave Chemistry Technology Co., Ltd. China). Certified
Reference Material (CRM) of plant (GBW-07603, provided
by the National Research Center for CRM, China) was
used to control the precision of the analytical procedures.

Soil sampling and preparation

Data statistics

The experimental soils were collected from 6 different
locations in Heshan County, Guangdong province, China.
They were selected from vegetable farms based on not
only soil Cd and Pb concentrations, but also the variations
of soil pH and concentration of phosphorus (P), because
they were reported frequently to be major factors affecting metal uptake and accumulation of plants [18-20].

The data were analyzed by using a statistical package
SPSS version 11.0. Two-way variance analysis (ANOVA)
was carried out and followed by the LSD test. Partial correlation analyses were conducted.
To estimate Cd translocation to shoot, translocation
rate (TR) [27] and transfer factor (TF) [28] were calculated as follows:

The collected soils were air-dried, ground and sifted
through a 2-mm sieve for analyzing their chemical and
physical properties. Soil pH and Eh values were determined
by a pH-meter (PHS-3C, Shanghai, China) in a soil/water
ratio of 1:2.5, and soil electric conductivity (EC) was determined by an EC-meter (DJS-1C, Shanghai, China) [21].
Organic matter content was determined by wet digestion
[22]. Total N was determined by titration of distillates after
Kjeldahl sample preparation and analysis [23]. Available
P was measured by molybdenum blue colorimetry [24].
Available K was measured by atomic absorption spectrophotometry (AAS, Hitachi Z-5300, Japan) [21]. Total soil
metal concentrations were also determined by AAS analysis (Hitachi Z-5300, Japan) following mixed acid digestion
(HNO3-HClO4-HF) [25]. DTPA (diethylenetriamine pentaacetic acid)-extractable Cd and Pb concentrations were
measured following the method of Lindsay and Norvell
[26].

TR (%) = total Cd in shoot ⁄ total Cd in the whole
plant (DW basis).

Experimental design

Aliquots (3 kg per pot)) of each of the 6 collected soils
(soils A-F) were filled into 12 plastic pots (15 cm top diameter and 20 cm height), and seeds of each tested cultivar
of water spinach were sown into 3 replicating pots at the
rate of 10 seeds per pot on July 18, 2006. The total 54 pots
were arranged in a randomized complete block design at
an experimental garden of the Institution of Agricultural
Science of Heshan, Guangdong, China. After germination,
seedlings were gradually thinned until 3 plants were left
per pot. Plants were watered daily.
Sampling and chemical analysis of plant samples

The first and second harvests were carried out on August 15, 2006 and September 2, 2006, respectively. Shoot
samples in the first harvest as well as shoot and root samples in the second harvest were collected and washed 3 times
with deionized water and dried at 70 °C to the constant
weight. Fresh (FW) and dry weight (DW) of shoot and root
samples was measured as average of 3 plants grown in the
same pot. The dried samples were ground to pass through a

TF = (shoot Cd in first harvest (FH) + shoot Cd concentration in second harvest (SH))/2/Cd concentration in
soil.
RESULTS AND DISCUSSION
Properties of the tested soils

Properties of the tested soil are shown in Table 1. Soil
pH ranked from low to high in the order of F, E, B, D, A
and C. Soil F had especially low EC and cation exchange
capacity (CEC) values, which were significantly lower than
those in other soils (p < 0.05). Concentrations of total P
and available P varied from 0.26 g kg-1 to 1.15 g kg-1 (F <
C < B < D < A < E) and from 19.6 to 475.8 mg kg-1 (F <<
B < C < D < A < E), respectively, and they were significantly lower in soil F than in other soils (p < 0.05). Differences in organic matter, available K and total N among
the tested soils were not as large as those in total P and
available P. The highest soil concentrations of total Cd was
observed in soil A, significantly higher than in the other
soils (p < 0.05), and the lowest one in soil F, significantly
lower than in other soils (p < 0.05). Soil E as well as soil
A contained total Pb being higher than in the other soils
(p < 0.05), and soils B and C had lower total Pb. According
to the Farmland Environmental Quality Evaluation Standards for Edible Agricultural Products of China (HJ3322006), the maximum level (ML) of Cd for leafy vegetable
is 0.3 mg kg-1, and the ML of Pb is 50 mg kg-1. Thus, soil
A was contaminated by both Cd and Pb, and soils A and
E by Pb. The proportion of the DTPA-Pb in total Pb and
the proportion of DTPA-Cd in total Cd were positively
correlated (r = 0.929, n = 6, p < 0.01), indicating that the
availability of the two metals was influenced by the same
factors. Levels of Cu, Zn and Ni, which were also restricted
by the HJ332-2006, were under the MLs for all the tested
soils.
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TABLE 1 - Properties of the tested soils.
	
 
Soil A
Soil B
Soil C
pH
6.84b
6.10c
7.30 a
EC (mS cm-1)
0.55ab
0.59a
0.50ab
Eh (mV)
0.67b
36.7a
-23.0 b
CEC (me 100 g-1)
27.54a
9.10c
16.26b
-1
Organic matter (g kg )
26.7b
26.7b
38.3a
Total N (g kg-1)
1.61a
1.17c
1.58ab
Total P (g kg-1)
1.14a
0.86c
0.73d
Available P (mg kg-1)
458.1a
251.8c
400.1b
Available K (mg kg-1)
131.7b
45.2c
179.0a
Total Cd (mg kg-1)
0.55a
0.24b
0.15c
-1
DTPA – Cd (mg kg )
0.108a
0.050b
0.049b
Total Pb (mg kg-1)
58.11a
22.25d
25.34d
DTPA - Pb (mg kg-1)
0.659de
0.779d
1.567b
Total Cu (mg kg-1)
33.51a
31.15a
27.43b
-1
Total Zn (mg kg )
118.04a
69.80b
65.62b
Total Ni (mg kg-1)
13.83a
14.09a
10.89b
Total Mn (mg kg-1)
139.64a
131.71ab
102.41abc
-1
Total Fe (mg kg )
20788a
11923b
19292a
Total Ca (mg kg-1)
5323a
2955bc
3183b
Total Mg (mg kg-1)
1012c
1261a
1191b
Note: Different letters within the same row indicate significant difference at p < 0.05 level.

Soil D
6.25c
0.37b
35.7a
10.77c
25.3b
1.19c
1.06b
418.6b
45.1c
0.15c
0.031c
43.79b
1.182c
20.33d
70.93b
6.58c
69.61bcd
10769b
2155c
892d

Soil E
6.04c
0.39b
39.3a
14.49b
25.8b
1.52b
1.15a
475.8a
43.2c
0.15c
0.017c
61.83a
0.406e
24.51c
66.79b
7.66c
61.21cd
18303a
2951bc
1269a

Soil F
5.39d
0.13c
63.3a
7.32d
26.3b
1.37c
0.26e
19.6d
39.1c
0.083d
0.030c
33.03c
3.657a
16.24e
46.99c
10.2b
29.96d
12457b
1015d
1268a

TABLE 2 - Biomasses (DW, g pot-1) of shoots and roots of water spinach grown in different soils (mean ± SD).
Soil A

Soil B

Soil C
Soil D
Soil E
Soil F
Shoot biomass in the first harvest (FH)
QLQ
1.734±0.160 c
1.814±0.400 b
1.844±0.266 b
2.252±0.194 c
1.968±0.288 b
0.760±0.072 c
QLB
2.391±0.060 b
2.732±0.642 a
2.248±0.200 b
2.596±0.128 b
2.778±0.408 a
1.082±0.120 bc
T308
3.141±0.268 a
2.773±0.186 a
2.920±0.422 a
3.432±0.082 a
2.931±0.082 a
1.339±0.150 ab
Mean
2.422 A
2.440 A
2.337 A
2.760 A
2.559 A
1.060 B
Shoot biomass in the second harvest (SH)
QLQ
2.804±0.352 b
2.091±0.568 b
2.293±0.296 c
1.983±0.406 b
1.622±0.466 b
0.860±0.174 b
QLB
2.952±0.320 b
3.369±0.826 a
3.273±0.212 b
1.942±0.196 b
3.311±0.198 a
1.813±0.124 a
T308
4.078±0.340 a
3.292±0.126 a
3.844±0.338 a
2.611±0.102 a
3.324±0.816 a
1.445±0.344 ab
Mean
3.278 A
2.917 A
3.137 A
2.179 AB
2.752 A
1.373 B
Root biomass
QLQ
0.537±0.096 b
0.403±0.162 b
0.357±0.102 b
0.567±0.070 c
0.487±0.090 b
0.140±0.026 b
QLB
0.953±0.058 a
1.073±0.370 a
0.933±0.110 a
0.817±0.056 b
1.203±0.114 a
0.360±0.010 a
T308
1.150±0.066 a
0.917±0.210 a
1.263±0.326 a
1.050±0.062 a
1.180±0.168 a
0.330±0.044 a
Mean
0.880 A
0.798 AB
0.851 AB
0.811 AB
0.957 A
0.277 B
Note: Different small letters indicate significant difference (p < 0.05) within the same column; different capital letters indicate significant difference (p < 0.05) within the row.

Biomass of water spinach

Variations of biomasses (DW) of both shoots and roots
from cultivars were significant at p < 0.001 level. The
average biomasses (DW) of shoots in both harvests and
roots in the SH were all in the order of QLQ < QLB <
T308 (Table 2). The correlation between the biomasses of
shoots in the two harvests was positively significant at p
< 0.001. Dry weight of shoots in the SH was higher than
in the FH, except in soil D. In most cases, biomasses of
the two Cd-PSCs were remarkably lower than that of the
non-Cd-PSC, and cv. QLQ had always the lowest biomass among the tested cultivars. Variations of the biomasses (DW) of both shoots and roots from soils were
also significantly different at p < 0.001 level. Shoot biomasses in the FH in soil F were much lower than those in
soils A-E (p < 0.001). Similar trend was also observed in
both shoots and roots in the SH, indicating that the soil F
was not favorable to growth of water spinach, and it

might be mainly attributed to the much lower availability
of P.
Cd concentration in plant tissues

Two-way ANOVA results showed that the effects from
both cultivar and soil on shoot Cd concentration were significant (p < 0.001), but only the effect from soil on root
Cd concentration was significant (p < 0.001). The effects
from the interaction of the two factors (cultivar × soil) on
both shoot and root Cd concentrations were not significant (p > 0.05).
Cd concentrations in shoots and roots of the tested cultivars are shown in Table 3. Average Cd concentrations in
shoots of both harvests were in the order of T308 > QLB
> QLQ, and concentrations in the shoots of cv. QLQ were
always the lowest, except for SH in soil E. The average Cd
concentrations in the shoots of cv. T308 were the highest,
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TABLE 3 - Cd concentration (mg kg-1, FW basis) in shoots and roots of water spinach grown in different soils (mean ± SD).
Soil A

Soil B

Soil C
Soil D
Soil E
Soil F
Mean
Shoot Cd concentration in the first harvest (FH)
QLQ
0.025±0.004 b
0.022±0.005 a
0.008±0.002 b
0.013±0.005 b
0.013±0.001 b
0.042±0.004 b
0.020 a
QLB
0.034±0.008 ab
0.027±0.004 a
0.008±0.001 b
0.020±0.003 ab
0.013±0.002 b
0.060±0.004 ab
0.027 a
T308
0.043±0.004 a
0.035±0.011 a
0.014±0.004 a
0.026±0.004 a
0.022±0.003 a
0.073±0.011 a
0.036 a
Mean
0.034 B
0.028 BC
0.010 D
0.020 BCD
0.016 CD
0.058 A
Shoot Cd concentration in the second harvest (SH)
QLQ
0.043±0.008 b
0.062±0.016 b
0.021±0.007 a
0.021±0.004 b
0.038±0.005 b
0.052±0.003 b
0.039 b
QLB
0.061±0.017 ab
0.077±0.007 b
0.027±0.006 a
0.028±0.004 b
0.035±0.010 b
0.058±0.008 b
0.047 ab
T308
0.078±0.013 a
0.105±0.006 a
0.036±0.013 a
0.048±0.012 a
0.051±0.001 a
0.088±0.018 a
0.068 a
Mean
0.061 AB
0.081 A
0.028 C
0.032 C
0.041 BC
0.067 AB
Root Cd concentration
QLQ
0.285±0.167a
0.178±0.010a
0.116±0.024a
0.172±0.024a
0.168±0.038a
0.082±0.009ab
0.167 a
QLB
0.259±0.048a
0.178±0.012a
0.096±0.008ab
0.122±0.015b
0.160±0.004ab
0.091±0.001a
0.155 a
T308
0.207±0.041a
0.176±0.057a
0.069±0.008b
0.118±0.008b
0.123±0.005b
0.072±0.004b
0.128 a
Mean
0.250 A
0.177 B
0.094 CD
0.137 BC
0.151 B
0.082 D
Note: Different small letters indicate significant difference (p < 0.05) within the same column; different capital letters indicate significant difference
(p < 0.05) within the same row.

and concentrations in different soils were significantly
higher than all the observations from cv. QLQ (p < 0.05),
except for SH in soil C. In roots, however, the average Cd
concentration in cv. T308 was the lowest, indicating that
the cultivar has high Cd-transporting ability from root to
shoot. Oppositely, average Cd concentrations in the root
of cv. QLQ and cv. QLB were high and similar to each
other, except in soil D, indicating that low Cd accumulation in the Cd-PSCs relies on low Cd-transporting ability.
The difference of the average shoot Cd levels between the
two harvests was not significant (p>0.05), but they were
significantly positively correlated to each other (r = 0.691,
n = 54, p < 0.001).
Within each cultivar and for both harvests (FH and SH),
the variation in shoot Cd concentrations from soils were
significant (p < 0.01). In the FH, the average shoot Cd
concentration in soil F was the highest, followed by soils
A, B, D, E, and C, while the order was B > F > A > E > D >
C in shoots and A > B > E > D > C > F in roots of the SH.
The average shoot Cd concentrations were always lower
in the Cd-PSCs (cv. QLQ and cv. QLB) than in the nonCd-PSCs (cv. T308), unrelated to soil conditions and harvest timing. This finding provided an undeniable evidence
to prove that Cd accumulation is genotype-dependent, genetically stable and less affected by soil properties, which
was also advocated by some other researchers for other
crops, such as rice (Oryza sativa L.) [5, 13, 29], durum
wheat (Triticum durum) [30, 31], soybean (Glycine max)
[13], sunflower (Helianthus annuus) [4], asparagus bean
(Vigna unguiculata subsp. Sesquipedalis L., family Fabaceae) [7], and tomato (Lycopersicon esculentum) [32].
The fact will become a dependable support for the attempts
to screen or breed the Cd-PSCs to minimize Cd accumulation of crops.
According to the ML of Safety Qualification for Agricultural Product-Safety Requirements for Non-Environmental Pollution Vegetable (GB18406.1-2001, China) for
Cd (≤ 0.05 mg kg-1), most observations in shoot Cd con-

centration of the Cd-PSCs were higher than the ML, except those of cv. QLQ and cv. QLB in soils B and F in the
SH as well as cv. QLB in soil F in the FH and soil A in
the SH. For the non-Cd-PSC, most of the observations in
the SH exceeded the ML. The results proved that water
spinach is a high Cd-contamination risky species, which
has been reported by Wang [17].
Pb concentration in plant tissues

Two-way ANOVA indicated that variation of cultivar
root Pb concentration was significant (p < 0.01), while it
was not significant in shoots of the FH as well as the SH
(p > 0.05). However, the effect from soil on shoot Pb in
both harvests was significant as well as that on root Pb (p
< 0.01). The interactions from cultivar × soil were significant on shoot Pb concentrations in the SH and root Pb concentrations (p < 0.05), but that on the shoot Pb concentrations of the FH was not significant (p > 0.05). The results
indicated that the variation in Pb accumulation among the
tested cultivars was much less than that in Cd accumulation, and the screen of Pb-PSCs of water spinach may be
more difficult than that of Cd-PSCs.
Pb concentrations in shoots and roots of the tested
cultivars are shown in Table 4. In the FH, the highest average Pb concentration in shoots of the cultivars occurred in
soil F, which was significantly higher than in the other soils,
except soil C (p < 0.05). In the SH samples, however, the
highest one was detected in soil C, which was significantly
higher than in most of the other soils (p < 0.05), except soil
B and F, and the lowest one was observed in soil E which
was significantly lower than those in soils B, C and F (p <
0.05). The average Pb concentrations in roots in different
soils exhibited a D > F > E > B > A > C ranking, quite
different from those in the shoots. That in soil D was significantly higher than those in other soils, except soil F, and
that in soil C was significantly lower than those in other
soils, except soils A and B (p < 0.05).
It seemed that Pb accumulations of the tested cultivars responded to different soil conditions quite compli-
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catedly. For example, the two Cd-PSCs accumulated less
Pb than the non-Cd-PSC in soils A, B and E, while Pb
concentrations in the Cd-PSCs were higher than in the
non-Cd-PSC in soil C during the FH. In the SH, the responses of Pb accumulations of the cultivars to different
soils altered disorderly, too. The differences between the
averages of shoot Pb concentrations in the Cd-PSCs (cv.
QLQ and cv. QLB) and the non-Cd-PSCs (cv. T308) in
the two harvests were not significant (p > 0.05). Shoot Pb
concentrations of the 3 tested cultivars in the two harvests
were all lower than 0.2 mg kg-1, the ML of Pb allowed by
the GB18406.1-2001, even though soils A and E had higher

Pb values than the ML (≤ 50 mg kg-1) for leafy vegetables
according to the HJ332-2006. The result implied that water
spinach is a low Pb accumulator which may be creditable to
the much lower transfer rate or translocation factor for Pb
compared to many other species [33]. The fact that Pb
accumulation of water spinach did not exhibit an opposite
tendency with the Cd accumulation enhanced the feasibility
to use the PSC strategy to solve the Cd and Pb multiple
contamination in soil. However, to confirm the understanding, investigations of Pb accumulation in more cultivars
and under more Pb-exposing conditions are needed.

TABLE 4 - Pb concentration (mg kg-1, FW basis) in shoots and roots of water spinach grown in different soils (mean ± SD).
Soil A

Soil B

Soil C
Soil D
Soil E
Soil F
Mean
Shoot Pb concentration in the first harvest
QLQ
0.064±0.017 a
0.036±0.018 a
0.050±0.034 a
0.078±0.003 a
0.027±0.019 b
0.114±0.054 a
0.062 a
QLB
0.067±0.016 a
0.029±0.019 a
0.135±0.131 a
0.053±0.014 a
0.063±0.013 a
0.134±0.029 a
0.080 a
T308
0.073±0.001 a
0.067±0.025 a
0.044±0.025 a
0.070±0.042 a
0.076±0.001 a
0.116±0.005 a
0.074 a
Mean
0.068 B
0.044 B
0.076 AB
0.067 B
0.055 B
0.121 A
Shoot Pb concentration in the second harvest
QLQ
0.090±0.027 a
0.053±0.008 c
0.105±0.033 a
0.041±0.014 a
0.030±0.002 a
0.105±0.020 a
0.071 a
QLB
0.045±0.024 b
0.078±0.001 b
0.101±0.025 a
0.043±0.028 a
0.026±0.001 a
0.098±0.021 a
0.065 a
T308
0.026±0.002 b
0.089±0.003 a
0.090±0.052 a
0.067±0.007 a
0.047±0.020 a
0.070±0.019 a
0.065 a
Mean
0.054 BC
0.073 AB
0.099 A
0.050 BC
0.034 C
0.091 A
Root Pb concentration
QLQ
0.697±0.405 a
1.147±0.230 a
0.467±0.105 a
1.478±0.263 a
0.520±0.151 b
1.138±0.041 a
0.908 a
QLB
0.619±0.081 a
0.620±0.092 b
0.330±0.086 a
1.033±0.225 b
0.978±0.129 a
1.058±0.061 a
0.773 a
T308
0.651±0.168 a
0.545±0.088 b
0.400±0.140 a
1.038±0.160 ab
1.040±0.028 a
0.721±0.054 b
0.732 a
Mean
0.656 BC
0.771 BC
0.399 C
1.183 A
0.846 AB
0.972 AB
Note: Different small letters indicate significant difference (p<0.05) within the same column; different capital letters indicate significant difference (p<0.05) within the same row.

TRs and TFs

root to shoot. The higher TRs and TFs in soil B were
associated with its poor available P which was lower than
in the other soils tested, except soil F.

The average values were in the trend of QLB < QLQ
< T308 for Cd TRs and QLQ < QLB < T308 for Cd TFs
(Table 5), suggesting that the abilities for Cd uptake
from soil to plant tissues as well as Cd translocation from
root to shoot were lower in the Cd-PSCs than in the nonCd-PSC. The Cd TRs and TFs presented the trend of
soils F > B > C > A > D> E and soils F >> B > E > D > C
> A, respectively, indicating that Cd in soil F, which had
the lowest pH value, was not only most easily absorbed
by the plant, but also the most easily transported from

Pb TFs were much lower than Cd TFs (Table 5). The
highest Pb TR and TF were detected in soil C, which was
characterized by the highest organic matter, the highest
available K and the second lowest total Pb. The lowest Pb
TR and TF values were observed in soil E, accompanied
with the lowest DTPA-Cd, the highest total Pb, the second lowest organic matter and available K.

TABLE 5 - Cd and Pb translocation rates (TRs ) and transfer factors (TFs ) for the tested cultivars grown in different soils (DW basis).
Soil A

Soil B

QLQ
QLB
T308
Mean

0.662
0.589
0.714
0.655

0.758
0.687
0.770
0.738

QLQ
QLB
T308
Mean

0.633
0.389
0.369
0.464

0.345
0.396
0.530
0.424

Soil C Soil D Soil E
Cd translocation rates (TRs)
0.670
0.504 0.556
0.621
0.601 0.521
0.719
0.720 0.690
0.670
0.608 0.589
Pb translocation rates (TRs)
0.726
0.303 0.323
0.703
0.275 0.234
0.553
0.352 0.294
0.661
0.310 0.284

Soil F

Mean

Soil A

Soil B

0.833
0.820
0.886
0.846

0.664
0.629
0.750

0.930
1.380
1.693
1.334

2.522
3.156
3.983
3.220

0.451
0.413
0.475
0.446

0.464
0.402
0.429

0.020
0.014
0.013
0.016

0.029
0.035
0.048
0.037
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Soil C Soil D Soil E
Cd transfer factors (TFs)
1.289
1.638
2.266
1.663
2.416 2.455
2.610
3.596 3.619
1.854
2.550
2.780
Pb transfer factors (TFs)
0.042
0.019
0.006
0.064
0.017 0.011
0.041
0.022 0.014
0.049
0.019
0.010

Soil F

Mean

6.934
7.792
12.871
9.199

2.597
3.144
4.729

0.041
0.046
0.037
0.041

0.026
0.031
0.029
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Soil factors affecting Cd and Pb accumulation of plant and
translocation from soil to plant

According to the results of multiple regression analysis and step-wise regression analysis (Table 6), all the
tested soil factors did not significantly affect Cd accumulation in shoots for all the tested cultivars. It seemed credible that Cd or Pb metal concentration as well as their availability in soil is not the most crucial factor deciding Cd or
Pb accumulation in edible parts of water spinach. Cd concentrations in root of cv. QLB were significantly multi-

ple-correlative (r= 0.979, p < 0.01) with total soil Cd
concentration (positively) and pH (negatively). Only total
soil Cd concentration was positively correlated with Cd
concentration in roots for cv. T308 (p < 0.05). According
to Pearson’s correlation analysis, TR of Cd was significantly negatively correlated to total soil P (p < 0.05) and
available soil P (p < 0.001), and the TF of Cd was significantly correlated to soil EC, total and available P (negatively, p < 0.01), soil pH and total Ca (negatively, p <
0.05) and DTPA-Pb (positively, p < 0.01) (Table 7).

TABLE 6 - Results of multiple regression and step-wise regression analysis for soil factors
affecting significantly Cd or Pb concentration in shoot or root (DW basis) of the tested cultivars.
Independent variable (y)
Multiple regression equation
r-value
F-value
Cd in root in cv. QLB
y = 3.6984 + 4.7702A** - 0.4694B**
0.979**
35.1**
*
*
Cd in root in cv. T308
y = 0.7780 + 3.1631A
0.855
10.9*
Pb in shoot in cv. T308
y = 1.1000 - 2.7758C** - 0.0156D** + 0.0524B**- 0.0002E*
1.000**
279057.8**
Pb in root in cv. QLQ
y = 29.0582 - 0.0012F*
0.894*
16.0*
Pb in root in cv. QLB
y = 49.1727 - 6.2848B**
0.919**
21.7*
Pb in root in cv. T308
y = 6.6672 + 0.0714G*
0.817*
8.1*
Notes: r-value, multiple correlation coefficient; F-value, F-test for multiple regression equation; A, total Cd in soil; B, soil pH; C, total phosphorus in soil; D, soil CEC; E, total Mn in soil, F, total Fe in soil; G, soil Eh; *, significant at p < 0.05 level; **, significant at p < 0.01 level.

TABLE 7 - Correlations of TR and TF of Cd and Pb with soil factors (n=6).
Independent variable
(y)
TR of Cd
TR of Cd
TF of Cd
TF of Cd
TF of Cd
TF of Cd
TF of Cd
TF of Cd
TR of Pb
TR of Pb
TF of Pb
TF of Pb

Soil factor (x)

Regression equation

Correlation coefficient

Significance

Total P
Available P
pH
EC
Total P
Available P
Total Ca
DTPA-Pb
Organic matter
Available K
Total P
Total Pb

y = -0.2484x + 0.9087
y = -0.0005x + 0.8758
y = -3.4613x + 25.365
y = -0.1478x + 9.7446
y = -7.27x + 9.7901
y = -0.0153x + 8.638
y = -0.0016x + 8.0918
y = 2.1567x + 0.524
y = 0.0238x - 0.2395
y = 0.0019x + 0.2799
y = -0.0362x + 0.06
y = -0.0009x + 0.0639

r =-0.838
r =-0.936
r =-0.803
r =-0.854
r =-0.860
r =-0.927
r =-0.774
r =0.893
r =0.882
r =0.837
r =-0.782
r =-0.918

p < 0.05
p < 0.001
p < 0.05
p < 0.01
p < 0.01
p < 0.01
p < 0.05
p < 0.01
p < 0.01
p < 0.01
p<0.05
p<0.01

Similar results have been frequently reported on other
crops [18-20]. Application of P decreased Cd concentration in spinach (Spinacia oleracea) shoot by limiting
availability of Cd in the soil through immobilization [18].
These studies proved that Cd uptake was negatively related to soil P concentration or its availability, while the
observation of the present study indicated that soil P concentration related negatively not only to Cd uptake, but
also to Cd translocation from root to shoot. Potential mechanisms to explain that soil P acts on Cd transfer from root
to shoot are worth to probe.
Concentration of total soil P was the most important
factor affecting Pb concentration in shoot (negatively, p <
0.01) for cv. T308, followed by soil CEC (negatively, p <
0.01) and pH (positively, p < 0.01). Total Mn in soil also
correlated significantly (negatively, p < 0.05) with shoot

Pb concentration of T308. Root Pb concentration was significantly influenced by Fe concentration (negatively, p <
0.05), soil pH (negatively, p < 0.01) and soil Eh (positively,
p < 0.05) for cv. QLQ, QLB and T308, respectively
(Table 6). The Pearson’s correlation analysis showed that
Pb TR was significantly positively correlated to soil organic matter and available soil K (p < 0.01), and the Pb TF
was significantly negatively correlated to soil total P (p <
0.05) and total Pb (p < 0.01). Soil fertility seemed quite
relevant to Pb translocation. Among the detected soil variables, soil pH, soil CEC as well as total and available P
could be raised as the crucial factors affecting Pb accumulations in shoots of cv. T308 (Table 7).
It was also reported that Pb accumulation in spring
wheat (Triticum aestivum L.) was significantly negative
correlated with soil P [34]. Effect of soil P on the trans-
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formation and bioavailability of Pb in soil was also reported by Tian and Zhang [35]. They found that the concentrations of Pb in the exchangeable fraction, carbonate
fraction, Fe/Mn oxide bound fraction and organic fraction
were all decreased by applying P, and concentration of Pb
in cabbage was decreased obviously. It was also found
that non-residual fractions of soil Pb were transformed to
the residual fraction by adding different P compounds,
which resulted also in decrease of Pb concentrations in
both root and shoot of Brassica olerace [36].
Soil pH, CEC and organic matter are frequently reported as important soil factors relating to heavy metal
uptake and accumulation by plants, which is in accordance
with our investigation for water spinach. Pb concentration
in leaves of tea tree (Camellia sinensis) was multiple correlated with soil total Pb (positively), pH value (negatively)
and content of organic matter (negatively) [37]. The decrement in Cd uptake accompanied with increased soil pH
and CEC [19, 38-40] was suggested to be relevant to the
effects of pH on Cd sorption and desorption by affecting
Cd2+ hydrolysis, Cd2+ - H+ exchange, sorption surface
patterns and surface charge [40].
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ABSTRACT

INTRODUCTION

Water quality problems caused by eutrophication processes, cyanobacterial blooming and cyanotoxin production
are common around the world. This paper reviews the occurrence of potentially toxic cyanobacterial blooms and the
level of microcystins in freshwater ecosystems in Vojvodina region (northern Serbia). The appearance of cyanobacterial mass growth was monitored in 16 different freshwater bodies during the period autumn 2005-summer 2006.
The concentration of microcystins in water samples was
measured by a protein phosphatase inhibition assay (PP1).
The results have shown that more than 50% of all examined fresh waters in Vojvodina region are sites with frequent
cyanobacterial proliferation. Massive occurrences of some
potentially toxic species that belong to the cyanobacterial
genera Microcystis, Aphanizomenon, Anabaena, Oscillatoria and Planktothrix were detected. During the period of
investigation, the toxins were permanently present in almost all investigated ecosystems. The concentrations of microcystins, calculated as microcystin-LR equivalents, were
within the 0.95-603.61 µg L-1 range. This is the first reported finding of microcystins in that region of southeastern Europe. This paper also reviews microcystin contents
in some bloom-causing cyanobacterial strains, and the
values detected ranged from 0.19 to 9.16 µg microcystinLR equivalents mg-1 dry weight (dw). This study demonstrates a high prevalence of microcystin-producing cyanobacterial strains in Serbian freshwaters and, therefore, regular monitoring is highly desirable in order to minimize
health risks associated with the usage of the investigated
freshwaters.

KEYWORDS: cyanobacterial blooms; cyanotoxins; freshwaters;
microcystins; Serbia; Vojvodina

Cyanobacteria in freshwater habitats periodically exhibit significantly increased reproductive rate, resulting in
a large biomass production known as “bloom” [1]. Cyanobacterial blooms are classified as “harmful algal blooms”
(HABs) if linked with negative environmental impacts,
such as organism mortality, the loss of submerged aquatic
vegetation, decrease in ecosystem stability, and/or the production of highly active toxic compounds [2]. These water blooms rarely appear under natural conditions, more
commonly, they are recognized as a consequence of human activity [3, 4]. Investigations have shown that almost
half of the bloom-forming cyanobacteria exhibits toxic production ability [5, 6]. Cyanobacterial strains that belong to
the genera of Microcystis, Anabaena, Planktothrix, Phormidium and Nostoc are recognized as potent producers of
this toxin group [14-16]. Toxic cyanobacteria and their secondary metabolites, cyanotoxins, pose a health hazard for
humans, domestic animals, wildlife and plants [7, 8]. Cyanotoxins are grouped according to their modes of toxicity into
hepatotoxins, neurotoxins, dermatotoxins and lipopolysacharide endotoxins (LPS) [9, 10]. In fresh waters, the
most common cyanotoxins are cyclic peptide hepatotoxins
(microcystins and nodularins) [11]. Currently, there are
more than 70 variants of microcystins described with different levels of toxicity [12, 13]. At the molecular level,
microcystins irreversibly bind to serine/threonine protein
phosphatases 1 and 2A, causing their inhibition [17, 18].
The degree of inhibition can, therefore, be used as a level of
toxin concentration. The World Health Organization
(WHO) has addressed health hazards presented by cyanotoxins as a part of the WHO Guidelines for Drinking
Water Quality. The WHO Guideline Value (GV) for total
microcystin-LR in drinking water is 1 µg L-1 microcystinLR equivalents [19], a limit that is already used in some
countries (e.g. Australia, UK) [20].
Contrary to many countries in Europe where cyanobacterial blooms have been monitored rigorously [16], in
Serbia including Vojvodina region, there is still no regular
monitoring and, therefore, no data of toxic cyanobacterial
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blooms and cyanotoxin occurrence in drinking and freshwater ecosystems. Moreover, no specific regulations and
legislation on the maximum permitted levels of cyanotoxins in water have yet been introduced. The aim of the study
was to determine the trophic level and examine the extent
of presence of potentially toxic cyanobacterial forms in
freshwater ecosystems in Vojvodina region, since some of
these represent valuable water resources and important
water networks with the neighboring countries. The second
aim was to examine how much intracellular hepatotoxic
microcystins the water masses contain, to determinate
seasonal toxin variations, to evaluate the potential risk that
the toxins impose to the biota, and to investigate if there is
a correlation between the toxin levels and the amount of
algal biomass/chlorophyll a. Finally, the results would be
the first report on the presence of microcystins in Serbian
fresh waters.

hydro system Danube-Tisza-Danube, lakes, and, finally,
relict small wetland habitats extremely important as biodiversity "hot" spots. Water samples were collected in
duplicate at the shoreline sites from four lakes, three water
reservoirs, five rivers and four canals of the Danube-TiszaDanube hydro-system. The size of the investigated lakes
varied from 800,000 m2 to 3300,000 m2, with the average
depth of about 2 m. The lake bottoms are muddy and characterized with intensive deposition of organic and mineral
sediments. Some parts of lakes are covered with aquatic
vegetation with dominance of species Lemna minor, Pota-

MATERIALS AND METHODS
Study area

Hydro-geological conditions in the investigated area
provide the possibilities for a permanent exchange of surface and ground waters. Northern Serbia has only a few
small natural lakes, but there are several man-made reservoirs and canals. Continental climatic conditions caused a
deficit in water budget of the investigated area. Considering this, the importance of transit surface waters, such as
large rivers like the Danube, Tisza and Tamis, are crucial
hydrological components in the investigated region [21].
For this study, 16 different freshwater ecosystems in Vojvodina region, used for recreation, aquaculture and irrigation, were chosen for sampling in October, February, May,
and August 2005-2006 (Fig. 1). These freshwater ecosystems represent quite a large variety ranging from large rivers (Danube, Tisza, Tamis or Begej) to the channel network

FIGURE 1 - Freshwater ecosystems monitored during 2005–2006 in
Vojvodina (sampling sites: 1. Palic Lake, 2. Ludos Lake, 3. MrtvaTisa Lake, 4. Tavankut Reservoir, 5. Zobnatica Reservoir, 6.
Krivaja River, 7. DTD- Becej, 8. DTD- Srpski Miletic, 9. DTDBacko Gradiste, 10. Borkovac Reservoir, 11. DTD-Vrbas, 12.
Jegricka River, 13. Koviljski rit , 14. Tisa River, 15. Begej River, 16.
Tamis River; Lakes n; Flows «; Accumulation l).

TABLE 1 - The main physico-chemical parameters of the investigated fresh waters.
Type of water
bodies

T ( °C)
autumn

winter

spring

summer

autumn

winter

spring

summer

autumn

winter

spring

summer

O2 (mg L-1)

LOCALITIES

pH

Palic
Ludos
Mrtva Tisa
Tavankut
Zobnatica
Krivaja
DTD-Becej
DTD-S. Miletic
DTD-B.Gradiste
Borkovac
DTD-Vrbas
Jegricka
Koviljski rit
Tisa
Begej
Tamis

Lake
Lake
Lake
Reservoir
Reservoir
River
Canal
Canal
Canal
Reservoir
Canal
River
Lake
River
River
River

9
9
11
13
9
11
10
12
12
9
11
9
9
10
12
11

2
2
3
2
6
7
2
6
1
4
1
4
4
2
2
3

20
20
17
13
17
16
17
16
18
17
18
16
16
16
16
16

27
27
27
26
26
27
27
26
27
21
26
22
23
25
23
23

9.8
9.7
8.3
6.9
8.3
8.2
8.9
7.3
8.5
8.5
7.6
8.3
8.2
7.2
7.2
7.2

7.3
6.9
8.1
7.0
7.4
7.3
8.1
7.7
8.2
8.2
7.6
7.1
7.5
7.5
7.5
7.9

9.5
9.3
8.0
7.8
8.1
8.0
8.3
7.9
8.5
7.4
8.2
7.4
6.9
8.1
6.5
6.7

9.6
9.7
7.6
7.2
8.3
7.7
7.5
7.4
7.9
7.2
7.9
7.6
6.6
7.7
7.0
6.3

8.8
8.5
3.8
5.3
8.5
7.5
7.7
4.8
4.7
4.9
5.1
6.7
7.8
6.5
3.3
5.2

5.4
6.2
4.0
4.5
4.3
2.7
3.5
2.5
6.4
4.2
4.3
4.5
4.3
3.5
2.9
3.6

9.5
9.7
4.7
3.4
3.8
1.2
4.7
8.3
6.9
4.1
4.3
3.9
3.7
10.9
2.1
9.3

7.9
8.7
2.6
4.3
5.4
2.5
3.9
4.6
4.8
4.3
3.5
2.8
5.2
4.9
2.8
4.6
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mogeton trichoide, Ceratophyllum demersum, and Phragmites communis. The investigated reservoirs are from
400,000 m2 to almost 2500,000 m2 in size, with maximum
depths from 5 to 10 m and volumes of up to millions of
cubic meters. The canal network Danube-Tisza-Danube is
the largest canal network in the Pannonian Basin, and it
represents a unique hydro-engineering system with a total
area of about 12,700 km2 , covering the northern part of
Serbia. The total length of the main canals is about 700 km.
The bottom sediments of investigated rivers and canals consist of sand, mud or pebbles. The main physico-chemical
parameters, such as temperature, oxygen content and pH
values of the investigated fresh waters, are presented in
Table 1.
Phytoplankton analysis, detection of chlorophyll a concentration and microcystin measurements

With the purpose of only qualitative phytoplankton
analyses, samples were collected from the surface layer
(0.3 m depth) using a plankton net (10 µm mesh). The samples were preserved with formaldehyde at a 4% (v/v) final
concentration immediately after collection. The composition of cyanobacterial phytoplankton and potentially toxic
cyanobacterial taxa were determined using a light microscope (Olympus BX51, Tokyo, Japan). Dominant cyanobacteria were identified according to Komárek [22, 23].
Water samples were collected for chlorophyll a (chl a)
determination from water depth of 0.3 m, mixed and concentrated by filtering 0.5 L of water through a 0.45-µm
nitrocellulose membrane filter (Sartorius). The filters were
wrapped in clean 15-ml centrifuge tubes, covered with
aluminium foil and stored for 24-48 h at −20 °C until the
chl a on the filters was extracted with 90 % acetone overnight at 4 °C. The extracts were centrifuged at 1500 g for
10 min and measured spectrophotometrically [24]. These
measurements were done in duplicate and results are expressed as mean values. Water quality assessment by this
parameter was used for trophic state determination and
the evaluation of eutrophication of the investigated water
ecosystems.
Detection of microcystins was done by colorimetric
protein phosphatase 1 (PP1) inhibition assay [25]. The activity of recombinant PP1 enzyme expressed in E. coli (Sigma,
Aldrich) was determined by measuring the rate of color
production from the liberation of p-nitrophenol (pNP) from
substrate p-nitrophenyl phosphate (pNPP) (Fluka), using the
microtiter plate reader MULTISCAN EX (Thermo Labsystems). The assay was performed by the adding 10 µl test
solution to 10 µl enzyme in a 96-well microtiter plate. After
preincubation for 5 min, 180 µl of substrate was added. The
assay was carried out at 37 ºC for 2 h. The rate of pNP
production was measured at 405 nm. The values of microcystins calculated as microcystin-LR equivalents were
determined according to a standard inhibition curve with
pure microcystin-LR (Sigma, Aldrich). All enzyme assays
were conducted in triplicate.

The water samples for toxin analyses were collected
from the surface layer (0.3 m depth), mixed well, and
cyanobacterial cells were physically separated from the
water phase by filtration through a 0.45-µm nitrocellulose
membrane filter (Sartorius). The volume of filtered water
ranged from 0.1 to 0.5 L. The filters were dried at 45 ºC
over-night, biomass was measured and extracted with 75%
(v/v) aqueous methanol [26]. The extracted samples were
sonicated (3 times for 1 min) to ensure cell lysis and release
of toxins into the solution. The extracts were centrifuged
at 10 000 g for 10 min and triplicate aliquots of each sample then analyzed by the PP1 inhibition assay for intracellular microcystin concentrations. Results are presented as
mean values for each extract.
Some potentially toxic cyanobacterial species were
isolated from freshwater samples using a method of isolation applicable for water cyanobacterial strains [27]. Eleven
strains were isolated from different water bloom samples
and cultivated for analysis. Cultures were incubated in a
liquid nutrient medium (BG 11) with or without nitrogen
in Erlenmeyer flasks (0.5 L) at 20-25 ºC under continuous
illumination by cool white fluorescent light (50 µmol m-2
s-1). The strain Microcystis PCC 7806 was purchased from
Pasteur Culture Collection (http://www.pasteur.fr/bio/PCC).
Cyanobacterial biomass was concentrated by filtering using
a 0.45-µm nitrocellulose membrane filter (Sartorius). Culture cells were air-dried at 45 °C overnight, biomass measured and then extracted with 75 % (v/v) aqueous methanol. After sonication (3 times for 1 min), the extracts were
centrifuged at 10 000 g for 10 min, and analyzed for microcystin content by the PP1 inhibition assay.
Statistical analysis of data

The correlation test was used to determine significant
differences (p<0.05) between two parameters – microcystin
concentrations (calculated as microcystin-LR equivalents)
and chlorophyll a concentrations. Statistical data analysis
was made with the STATISTICA 7.1. package. The results
were fitted using linear regression analysis.
RESULTS
Cyanobacterial “blooms” in freshwater ecosystems of Vojvodina region

Microscopic examination of water samples showed
that cyanobacteria dominated in phytoplankton communities in the investigated fresh waters almost throughout the
monitoring period. Filamentous cyanobacteria occurred
more frequently than colonial ones (Fig. 2). Among the
cyanobacteria, species of the genera Oscillatoria (Fig. 3 a),
Phormidium (Fig. 3 b) and Planktothrix (Fig. 3 c) were the
most abundant during the period of investigation. Aphanizomenon (Fig. 3 d) and Anabaena (Fig. 3 e) were very
important heterocystous filamentous genera during the
summer period, and their presence has been recorded in
more than 50% of the investigated water ecosystems. The
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species of the most extensive, potentially toxic colonial
genus Microcystis (Fig. 3 f) were found in about 50% of
the water samples during the autumn, spring and summer
seasons. Microcystis, Planktothrix and Anabaena strains

were dominant in water-bodies such as lakes and reservoirs, while Oscillatoria and Phormidium often predominated in flowing waters.
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FIGURE 2 - The seasonal variations in presence of predominant cyanobacterial genera in the investigated fresh waters.

FIGURE 3 - The most abundant cyanobacterial genera found in the investigated fresh waters (a – Micrograph of Oscillatoria genus, b –
Micrograph of Phormidium genus, c – Micrograph of Planktothrix genus, d – Micrograph of Aphani zomenon genus, e – Micrograph of Anabaena genus, f – Micrograph of Microcystis genus).
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During the monitoring period, water blooms of various intensities were observed in almost 60% of the investigated water ecosystems. In most cases, blooms are manifested by formation of dense or slimy surface scums, biomass agglomerations, production of unpleasant odours,
water discoloration and decreased transparency. Dominant
cyanobacterial species that caused blooms included Anabaena flos- aquae, A. circinalis, Microcystis flos-aquae,
M. aeruginosa, Planktothrix agardhii and Aphanizomenon
flos-aquae. In case of P. agarhii species, filaments were homogeneously dispersed throughout the surface water layer,
while Microcystis, Anabaena and Aphanizomenon species
formed stable scums. Apart from these potentially toxic
cyanobacterial species, microscopic examination of the
phytoplankton samples showed the coexistence of M.
wesenbergii, Anabaena spiroides, A. planctonica, Oscillatoria chlorina, O. princeps, Lyngbya sp., Phormidium
spp. and Nostoc spp. Heavy cyanobacterial blooms were
almost always attributed to the predominance of the Microcystis, Planktothrix, Aphanizomenon and Anabaena species.
In the autumn of 2005, the cyanobacterial blooming
was detected at 5 localities (Ludos Lake, Palic Lake,
Borkovac reservoir, and DTD canal at two localities).
Dominant species that proliferated heavily in the water
reservoir were Anabaena flos-aquae and Aphanizomenon
flos-aquae. Cy-anobacterial blooms in the lakes and the
DTD canals were caused by different taxa from the genera
Microcystis and Planktothrix (M. aeruginosa, M. flosaquae, M. wesenbergiii and P. agardhii) in various proportions. Water blooms of the investigated lakes also contained a potentially toxic cyanobacterial species, Anabaena
flos-aquae, as subdominant one. Additionally, blooms were
recorded at 6 localities (Palic, Ludos, Krivaja, Mrtva Tisa,
DTD-Backo Gradiste, DTD-Becej) in the spring of 2006.
These blooms were caused by excessive growth of Microcystis aeruginosa, M. flos-aquae and Aphanizomenon
flos-aquae. Besides these toxic species, Anabaena circinalis and Planktothrix agardhii were present at lower
levels. Importantly, cyanobacterial blooms were detected
in the highest number of freshwater ecosystems (8) in the
summer of 2006, indicating that warmer weather contributed to the frequency of blooms. The summer blooms were
also caused by the proliferation of the species Microcystis,
Anabaena, Aphani-zomenon and Planktothrix. Winter was
the only season when cyanobacterial blooms were not detected.

Figs. 4-7. During the period of investigation, microcystins
were confirmed in all the investigated freshwater bodies.
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FIGURE 4 - Variation of the microcystin content and chlorophyll a
concentrations in investigated fresh waters during autumn of 2005.
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concentrations in fresh waters during winter of 2006.

Microcystin levels in freshwater ecosystems in Vojvodina
region

The microcystin levels in freshwater samples from
Vojvodina region were screened using the PP1 inhibition
assay. This method was used because it is rapid, inexpensive, sensitive enough for routine monitoring, with good
correlation to the ELISA and HPLC methods for quantification of microcystins [5]. The results of microcystin
concentrations (calculated as microcystin-LR equivalents)
detected in the investigated fresh waters are presented in
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M. wesenbergii), major microcystin producers, were most
abundant during the summer period of 2006 (Fig. 7). High
microcystin concentrations were also detected in autumn
2005 at the localities Ludos Lake (362.68 µg L-1) and DTD
canal (346.85 µg L-1) (Fig. 4). Also, during the spring season, the highest concentration of microcystins was detected
in a water bloom sample from Ludos Lake (268.07 µg L-1 )
(Fig. 6). In the winter of 2006, the highest toxin concentration of 26.06 µg L-1, detected in the reservoir Borkovac, was much lower than the maximum concentrations
observed during the other seasons (Fig. 5).
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FIGURE 6 - Variation of microcystin content and chlorophyll a
concentrations in investigated fresh waters during spring of 2006.
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Levels of microcystins, found in fresh waters, were
positively correlated with chlorophyll a concentration during almost entire investigated period. The correlation coefficients were calculated and the highest values were obtained
for spring (r=0.85, p<0.05) and summer seasons (r=0.77,
p<0.05). Furthermore, a positive correlation was also found
in autumn 2005 (r=0.61, p<0.05). It is noteworthy that there
was no correlation between microcystin concentrations and
chlorophyll a concentrations (r= -0.16, p>0.05) in winter.
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The results have also shown seasonal variation in microcystin concentrations (Figs. 4-7). In autumn, concentrations of microcystins higher than 10 µg L-1 were observed
in 62% of the investigated fresh waters (10 out of 16). In
spring, these toxin levels were found in 75% of the freshwater ecosystems (12 out of 16), whereas in summer, microcystin concentrations higher than 10 µg L-1 were detected
in 87% of the fresh waters (14 out of 16). The lowest microcystin levels were observed during winter season, and
in 94% of the examined water ecosystems they were below 10 µg L-1 (Fig. 5).
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Sampling sites

Intracellular microcystin concentration of cyanobacterial
strains isolated from the investigated fresh waters.
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FIGURE 7 - Variation of microcystin content and chlorophyll a
concentrations in investigated fresh waters during summer of 2006.

The concentration of toxins in the water samples was
within the range of 0.95–603.61 µg L-1 microcystin-LR
equivalents. The highest amount of microcystins was found
in water blooms of Ludos Lake (603.61 µg L-1), where the
M-crocystis species (Microcystis aeruginosa, M. flos-aquae,

Eleven strains belonging to the Anabaena (2 strains),
Microcystis (2 strains), Aphanizomenon (1 strain), Nostoc
(2 strains), Oscillatoria (2 strains) and Phormidium (2
strains) genera were isolated from different fresh waters of
Vojvodina region and analyzed for microcystin content. The
concentration of microcystins in cyanobacterial strains
ranged between 0.19-9.16 µg mg-1 dw (Fig. 8). The highest
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FIGURE 8 - The content of microcystins in cyanobacterial strains isolated from natural freshwater bloom samples.
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toxin content was found in case of a laboratory-grown
strain Microcystis PCC 7806 (9.16 µg mg-1 dw). Among
the isolated cyanobacteria, strains Microcystis spp. L1 and
Microcystis spp. P2 had toxin concentrations higher than
the other strains (3.96 and 3.10 µg mg-1 dw) (Fig. 8). Besides the Microcystis strains, the Anabaena spp. P1 strain
also had a high toxin content of 1.78 µg mg-1 dw. Similar
intracellular microcystin concentration was found in Nostoc
spp. BG1 and Oscillatoria spp. K3, 1.47 µg mg-1 dw and
1.45 µg mg-1 dw, respectively. Other tested strains had
toxin concentrations below 1 µg mg-1 dw, and the lowest
content was detected in Anabaena spp. MT1 strain (0.19
µg mg-1 dw).
DISCUSSION
Eutrophication and water blooming are considered to
be significant health and environmental (aquatic) pollution problems in most developed countries. In Serbia, an
alarming 70% of water ecosystems have been recorded to
"bloom" over the last 25 years [28], indicating that the
growing eutrophication problem could place Serbia among
countries with the worst surface water quality. In our study,
almost 60% of the investigated water ecosystems in northern Serbia were found blooming, with the prevalence of
cyanobacterial species. The highest number of these fresh
waters was found in a cyanobacterial blooming state during
the spring and summer seasons. It is in agreement with the
note that, in the temperature zone that Serbia belongs to,
cyanobacteria predominate mostly in fresh waters and usually form blooms in the late spring and summer [29]. Our
data showed that depending on the season, the blooms
occurred in the waters where the values of chlorophyll a
were high and usually above 100 mg m-3 (eutrophic or polytrophic level). The trophic levels were not significantly
different compared to those detected in previous investigations [30], indicating that there has been a continuing deterioration in water quality. The determined trophic states
and occurrences of cyanobacterial blooms in fresh waters
of the agricultural region in northern Serbia likely represent an indirect effect of agricultural fertilizers and sewage pollution due to high supplies of inorganic nutrients,
particularly phosphorus and nitrogen. Although, some of
the investigated fresh waters have a relatively small size,
it should be emphasized that determined ecological status
is based on shore-line samples which cannot adequately
represent the ecological conditions of the pelagic system.
The risk assessment of water quality is based on the
determination and quantification of cyanobacterial biomass
and/or chlorophyll a concentration [31]. Previous investigations have shown that cyanobacterial presence, even in concentrations above 1 µg L-1 of chlorophyll a, with dominant
cyanobacterial species, poses a potential hazard with toxin
concentrations possibly harmful to biota [11]. In the present study, positive correlations between toxin levels and
chlorophyll a concentrations were found almost through-

out the investigation period. The positive correlations showed that toxic cyanobacterial species were dominant in the
total phytoplankton biomass in autumn, spring and summer, resulting in a higher toxin production. A similar correlation between chlorophyll a and microcystin concentrations was found in some Czech fresh waters [32]. High
correlations between the same parameters have been reported also by Kotak et al. [33] and Oh et al. [34]. The negative correlation found in the winter may indicate a growing
contribution of non-toxin producer algae (cyanobacteria and
eukariotic algae) with higher biovolumes. Besides this, the
destiny of microcystins in water depends on temporal and
spatial environmental factors at the time of sampling. Therefore, much more investigations are needed for adequate understanding of the real state of the investigated fresh waters.
Jähnichen et al. [35] also found a similar negative relationship between cyanobacterial presence and microcystin concentrations when they investigated some German lakes.
In Greece, from 1987 to 2000, hepatotoxic cyanobacterial blooms were observed in 9 out of 33 fresh waters
examined [31]. Survey of the cyanotoxin situation in Hungary (neighboring country) showed that 50 of 79 water
samples contained cyanobacterial blooms and 33 were toxic
[31]. In the present study, almost 60% of the investigated
freshwater ecosystems were found in a toxic cyanobacterial
blooming state. These blooms often appear in late spring,
summer, and early autumn, indicating that higher water
temperature is an important factor determining cyanobacterial growth. Furthermore, cyanobacterial blooms were almost always detected in waters, such as lakes, reservoirs
and slow-moving parts of canals and rivers. A stable water
column, warm water and high nutrient concentrations are
advantageous conditions for the high development of cyanobacteria [36]. Due to the frequent cyanobacterial occurrences, all investigated water samples contained microcystins, even when toxic cyanobacteria were not dominant.
The frequency of microcystin-positive samples found in this
study is one of the highest among similar surveys [37].
These results are more or less expected, since Simeunovic et
al. [30] have shown that cyanobacteria are the most abundant
among phytoplankton in the water ecosystems in northern
Serbia, and water blooms in these fresh waters are often
caused by potentially toxic species. Moreover, this study
confirmed that all cyanobacterial forms isolated from natural blooms of investigated fresh waters can produce microcystins. The highest content of microcystins was found in
species belonging to the genus Microcystis, and thus seemed
to be the most toxic strains isolated. The Microcystis species have already been reported as dominant microcystin
producers in fresh waters worldwide [37-39]. In the analysis of 23 cyanobacterial strains for microcystin concentrations using PP1 assay, Ward et al. [40] found 12 (52%)
strains to contain microcystins. Similar to our results, a high
microcystin content (0.07-2.99 µg mg-1 dw) was detected in
Microcystis strains compared to Anabaena, Aphanizomenon, Gleotrichia, Oscillatoria, Nostoc, Phormidium
and Synechococcus strains (not detected-0.73 µg mg-1 dw)
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[39]. Rohrlack et al. [41] isolated 22 Microcystis strains
from two German lakes and found much dissimilarity with
regard to the microcystin content, ranging from strains
with no microcystin to strains containing 4000 µg g-1 dw.
Fastner et al. [42] concluded that the microcystin content
can be quite variable among species, and even among different genotypes within the same species. The differences
in toxin amounts of tested cyanobacterial strains found in
this study seem to corroborate that microcystin production
represents a strain-specific feature.
Intracellular microcystin concentrations typically range
from 1 to 100 µg L-1 in the open water during enhanced
cyanobacterial growth, but total concentrations up to 25 mg
L-1 in cell accumulations have also been observed, and
may be even higher in the presence of clones with higher
cellular microcystin contents [43]. Most of the investigated
fresh waters in Vojvodina region contained intracellular
microcystin concentrations between 1-100 µg L-1. The highest toxin levels were always associated with either the formation of or the accumulation of dense blooms at the sampling sites. These blooms were caused by the most common taxa, Microcystis, Anabaena and Planktothrix, indicating that the toxic species of these genera are probably
dominant producers of microcystins in the investigated Serbian fresh waters. The concentrations of microcystins detected in this survey were similar to those described for
natural blooms in some countries [32, 33, 37, 44, 45], but
much lower than those reported in Denmark [46], Algeria
[47] and Australia [48]. The highest microcystin levels
were detected in two investigated lakes that were eutrophic,
during almost the whole investigation period. This is in
agreement with the note that nutrient-rich conditions favor
the growth of toxic over non-toxic strains, generally resulting in a higher microcystin production [49, 50]. Microcystins usually occur largely within or bound to the cyanobacterial cells, and only a few percent of the total pool are
found to be dissolved in water [43]. Our data reveal that
there is substantial seasonal variability in the intracellular
concentration of microcystins, with unpredictable peaks significantly exceeding the limits of total microcystin content
for drinking (1 µg L-1) and recreational waters (10 µg L-1)
[19, 51]. Although the data about microcystin concentrations do not represent the total content of toxins as WHO
guide values refer, intracellular microcystins occurred in
investigated waters in concentrations relevant to public
health, and they provide significant information for risk
assessment. Variation in water toxin concentrations is usually attributed to changes in the species composition of
cyanobacteria, as well as to changes in the genotype composition within the same species [37]. The microcystin dynamics found in the investigated fresh waters may be caused
by changes in abundances of toxic and non-toxic strains in
cyanobacterial community, and also by different environmental conditions in water [52]. Proliferation of cyanobacteria and microcystin production were affected especially
by temperature. In order to fully understand these relationships, a further study of Serbian fresh waters is needed.

Considering all known cyanobacterial toxins, hepatotoxins represent the greatest concern to human health
because of a potential risk of long-term exposure to low
toxin concentrations [11]. Risk assessment of microcystins
indicates that a level of 1 µg L-1 should be considered as
maximum allowed concentration based upon an adult consumption of 2 L per day [13]. Also, Chorus and Fastner
[43] estimated that, for an averagely sensitive 10-kg child,
an acutely lethal dose could be reached by ingestion of 12 L cyanobacterial suspension of “pea soup” consistency,
which contained 25 mg L-1 of microcystin (at an LD50 of 5
mg kg-1 body weight). The WHO expert group [51] developed a guideline value (GV) of 20,000 cyanobacterial cells
per ml, or 2-10 µg L-1 microcystin, as a health hazard value
in recreational waters. According to the results presented in
this study, this GV is met in most of the examined waterbodies of Vojvodina region, even though they were collected seasonally and outside "blooming" events. Nevertheless, the detected concentrations of mycrocystins can
expose human populations and animals to harmful doses
of toxins. As these important findings suggest, removal of
cyanobacterial cells and toxins from waters is highly recommended in order to reduce the health risk. The investigated freshwater ecosystems with high toxin concentrations present serious health hazards and, therefore, their
usage as sources for recreation, irrigation and aquaculture
should be restricted. However, it is important to introduce
strict regulations for cyanotoxins and establish a systematic monitoring of cyanobacterial blooms in Vojvodina
region, using the obtained data as a starting point.

CONCLUSION
This study is an ecological one of freshwater quality
associated with toxic cyanobacterial blooms and hepatotoxins (microcystins). The results presented in this paper clearly indicate that surface waters in northern Serbia have undergone an intensive anthropogenic pressure, basically
manifested through accelerated eutrophication and proliferation of toxic cyanobacterial species. Almost 60% of the
investigated fresh waters were found in the state of high
trophy, ranging from eu- to polytrophic conditions, and
followed by a massive cyanobacterial development. Only a
small number of the investigated ecosystems were found in
the state of "good" water quality in the meaning of Water
Framework Directive [53], showing a slight decrease of
basic eutrophication parameters over time. Having in mind
that the observed algal blooms were in almost all cases
dominated by cyanobacteria, particularly those species which
are well-documented toxin-producers, the overall environmental quality of the investigated water ecosystems fundamentally limits their designed exploitation patterns and
poses a significant threat to human or domestic animal
health. During the period of investigation, microcystins
were confirmed in all the investigated freshwater bodies,
and most of these ecosystems contained microcystin in
concentrations between 1-100 µg L-1, which is above the
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WHO limit for this cyanotoxin. Also, the results have
shown that all the cyanobacterial strains isolated from natural blooms in northern Serbia can produce microcystins.
These findings confirm the need for monitoring of cyanobacterial blooming and cyanotoxins alongside the other
water quality parameters, as well as the need for implementation of the EU Water Framework Directive [53] as
the basic legislative method for preserving and improving
the water quality in Serbia.

ACKNOWLEDGMENTS
We are grateful to Prof. Radmila Kovacevic, PhD
Nebojsa Andric and MSc Bojana Stanic from the Department of Biology and Ecology in Novi Sad for their support and assistance in the biochemical analyses.

REFERENCES
Fleming L.E., Rivero C., Burns J., Williams Ch., Bean J.A., Shea
K.A. and Stinn J. (2002) Blue green algal (cyanobacterial) toxins,
surface drinking water, and liver cancer in Florida. Harmful algae,1, 157–168.

[2]

Carmichael W.W. and Falconer I.R. (1993) Diseases related to
freshwater blue-green algal toxins, and control measures. In: Falconer I.R. (Ed.) Algal toxins in seafood and drinking water.
Acad. Press, London, pp. 187–209.

[3]

Moss B. (1988) Ecology of Fresh Waters. Oxford: Blackwell.

[4]

Rapala J., Sivonen K., Lyra C. and Niemela S.I. (1997) Variation
of microcystins, cyanobacterial hepatotoxins, in Anabaena spp.
as a function of growth stimuli. Appl. Environ. Microbiol., 63,
2206–2212.

[5]

Rapala J. and Lahti K. (2002) Methods for detection of cyanobacterial toxins. In: Palumbo F., Ziglio G., Van der Beken A. (Eds.)
Detection methods for algae, protozoa and helminthes in fresh
and drinking water. Chichester, West Sussex, England: J. Wiley
& Sons , pp. 107–132.

[6]

Hisbergues M., Christiansen G., Rouhiainen L., Sivonen K. and
Börner T. (2003) PCR-based identification of microcystin producing genotypes of different cyanobacterial genera. Arch. Microbiol., 180, 402–410.

[8]

[9]

[12] Sivonen K. (1996) Cyanobacterial toxins and toxin production.
Phycol., 35 (Suppl. 6), 12–24.
[13] Carmichael W. (1997) The cyanotoxins. Advan. Botan. Res., 27,
211–256.
[14] Sivonen K. and Jones G. (1999) Cyanobacterial toxins. In: Chorus I., Bartram J. (Eds.) Toxic cyanobacteria in water: A guide to
their public health consequences, monitoring and management.
WHO E&FN Spon, London, pp. 41–111.
[15] Bartram J., Carmichael W.W., Chorus I., Jones G. and Skulberg
O. (1999) Toxic Cyanobacteria in Water. In: Chorus I, Bartram J
(Eds.) A guide to their public health consequences monitoring
and management, WHO E&FN Spon, London, pp. 1–14.
[16] Metcalf J.S. and Codd G.A. (2004) Cyanobacterial toxins in the
water environment. A Review Current Knowledge FR/R0009.
Foundation for Water Research, Allen House, UK.
[17] MacKintoch C., Beattie K.A., Klumpp S., Cohen P. and Codd
G.A. (1990) Cyanobacterial microcystin-LR is a potent and specific inhibitor of protein phosphatases 1 and 2A from both mammals and higher plants. FEBS Letters. 264, 187–192.
[18] Bell S.G. and Codd G.A. (1994) Cyanobacterial toxins and human health. Rev. Medical Microbiol 5, 256–264.

[1]

[7]

[11] Chorus I. and Bartram J. (Eds) (1999) Toxic Cyanobacteria in Water: A Guide to their Public Health consequences, monitoring and
management. WHO E&FN Spon, London, p. 416.

Falconer I.R. (1998) Algal toxins and human health. In: Hrubec J.
(Ed.) The Handbook of environmental chemistry, 5 part C Quality and treatment of drinking water II Heidelberg. SpringerVerlag, Berlin, pp. 55–82.
Carmichael W.W., Azevedo S.M., An J.S., Molica R.J.,
Jochimsen E.M., Lau S., Rinehart K.L., Shaw G.R. and Eaglesham G.K. (2001) Human fatalities from cyanobacteria: chemical and biological evidence for cyanotoxins. Environ. Health
Perspect., 109, 663–668.
Carmichael W.W. (1992) Cyanobacterial secondary metabolitesthe cyanotoxins. J. Appl. Bacteriol., 72, 445–459.

[10] Codd A.G., Ward C.J. and Bell S.G. (1997) Cyanobacterial toxins: occurrence, modes of action, health effects and exposure
routes, In: Seiler J.P., Vilanova E. (Eds.), Applied Toxicology:
Approaches Through Basic Science, Archives of Toxicology
Supplements. Springer, Berlin, pp. 399-410.

213

[19] WHO (1998) Guidelines for safe recreational-water environments: coastal and freshwaters. Draft for consultations, World
Health Organization, Geneva.
[20] Codd A.G. (2000) Cyanobacterial toxins, the perception of water
quality, and the prioritization of eutrophication control. Ecological Engineering, 16, 51–60.
[21] Markovic S.B., Svircev Z., Krstic S., Plavsa J. and Gaal F.F.
(2007) Water resources of the border regions of Vojvodina Province, Serbia, in the scope of WFD implementation. Geophysical
Research Abstracts, 9, 9045.
[22] Komárek J. (1996) Determination of planktonic cyanobacteria.
In: Maršálek B., Keršne V., Marvan P. (Eds.) Cyanobacterial water blooms. Nadatio Flos Aquae, Brno, pp. 34–69.
[23] Komárek J. and Anagnostidis K. (2005) Cyanoprokaryota 2. Teil:
Oscillatoriales. In: Büdel B., Gärtner G., Krienitz L., Schagerl M.
(Eds) Süsswasserflora von Mitteleuropa 19 (2), Elsevier/Spektrum Akademischer Verlag, Heidelberg, p. 1–759.
[24] APHA-AWWA-WPCF. (1995) Standard methods for the Examination of Water and Wastewater. Washington: APHA, USA.
[25] An J.S. and Carmichael W.W. (1994) Use of colorimetric protein
phosphatase inhibition assay and enzyme linked immuno sorbent
assay for the study of microcystins and nodularins. Toxicon, 32,
1495–1507.
[26] Fastner J., Flieger I. and Neumann U. (1998) Optimized extraction of microcystins from field samples – a comparison of different solvents and procedures. Water Research. 32, 3177–3181.
[27] Rippka R. (1988) Isolation and purification of cyanobacteria.
Methods in enzymology, 167, 3–27.
[28] Svircev Z., Simeunovic J., Subakov-Simic G., Krstic S. and Vidovic M. (2007) Freshwater cyanobacterial blooms and cyanotoxin production in Serbia in the past 25 years. Geograph. Pannonica, 11, 32–38.
[29] Wetzel R.G. (2001) Limnology: Lake and River Ecosystems, Academic Press, San Diego, p. 1006.
[30] Simeunovic J., Svircev Z., Krstic S. and Lazic L. (2005) Occurrence of cyanobacterial blooms in Vojvodina water ecosystems.
Geograph. Pannonica, 09, 13–19.

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

[31] Chorus I. (2005) Current approaches to cyanotoxin risk assessment, risk management and regulations in different countries.
Fed. Environ. Agency, Berlin, Germany.
[32] Znachor P., Jurczak T., Komarkova J., Jezberova J., Mankiewicz
J., Koštovska K. and Zapomelova E (2006) Summer changes in
cyanobacterial bloom composition and microcystin concentration
in eutrophic Czech reservoirs. Environ. Toxicol., 236–243.
[33] Kotak B.G., Lam A.K.Y., Prepas E.E., Kenefick S.L. and Hrudey
S.E. (1995) Variability of the hepatotoxin microcystin-LR in particulate matter and dissolved lake water. J. Phycol. 31, 248–263.
[34] Oh H.M., Lee J.L., Kim J.H., Kim H.S. and Yoon B.D. (2001)
Seasonal variation and indirect monitoring of microcystin concentrations in Daechung Reservoir, Korea. Appl. Environ. Microbiol. 67 (4), 1484–1489.
[35] Jähnichen S., Petzoldt T. and Benndorf J. (2001) Evidence for control of microcystin dynamics in Bautzen Reservoir (Germany) by
cyanobacterial population growth rates and dissolved inorganic carbon. Arch. Hydrobiol., 150 (2), 177–196.
[36] Zurawell R.W., Chen H., Burke J.M. and Prepas E.E. (2005)
Hepatotoxic cyanobacteria: A review of the biological importance of microcystins in freshwaters environments. J. Tox.
Environ. Health, Part B, 8, 1–37.

[48] Jones G.J. and Orr P.T. (1994) Release and degradation of microcystin following algicide treatment of a Microcystis aeuriginosa
bloom in recreational lake, as determined by HPLC and protein
phosphatase inhibition assay. Water Res. 28, 871–876.
[49] Vézie C., Rapala J., Vaitomaa J., Seitsonen J. and Sivonen
K. (2002) Effect of nitrogen and phosphorus on growth of
toxic and nontoxic Microcystis strains and on intracellular
microcystin concentrations. Microb. Ecol., 43, 443–454.
[50] Kardinaal W.E. and Visser P.M. (2005) Dynamics of cyanobacterial toxins. In: Huisman J., Matthijs H.C.P., Visser P.M. (Eds.)
Harmful cyanobacteria. Springer, Netherlands, pp. 41–63.
[51] Falconer I., Bartram J., Chorus B., Kuiper-Goodman T., Utkilen
H., Burch M. and Codd G.A., (1999) Safe levels and safe practices. In: Chorus I., Bartram J. (Eds.) Toxic cyanobacteria in waterA guide to their public health consequences, monitoring and
management, London: WHO E&FN Spon, pp. 155-178.
[52] Xing, W., Huang, W.M., Shen, Y.W., Li, D.H., Li, G.B. and Liu,
Y.D. (2007) Environmental mechanism of change in cyanobacterial species composition in the northeastern part of Lake Dianchi
(China). Fresen. Environ. Bull., 16, 82–90.
[53] WFD 2000/60/EC – Water Framework Directive. Official Journal
of EU Communities, 21.12.2000.

[37] Chorus I. (2001) Cyanotoxins: occurrence, causes, consequences.
Springer-Verlag, Berlin, Heidelberg, New York, p. 357.
[38] Sivonen K., Himberg K., Luukkainen R., Niemela S.I., Poon
G.K. and Codd G.A. (1989) Preliminary characterization of neurotoxic cyanobacteria blooms and strains from Finland. Toxic
Assesment., 4, 339–352.
[39] Kagalou I., Papadimitriou T., Bacopoulos V. and Leonardos I.
(2008) Assessment of microcystins in lake water and the omnivorous fish (Carassius gibelio, Bloch) in Lake Pamvotis (Greece)
containing dense cyanobacterial bloom. Environ. Monit. Assess.,
137,185–195.
[40] Ward C.J., Beattie K.A., Lee E.Y.C. and Codd G.A. (1997) Colorimetric protein phosphatase inhibition assay of laboratory
strains and natural blooms of cyanobacteria: comparisons with
high-performance liquid chromatographic analysis for microcystins. FEMS Microbiol. Lett., 153, 465–473.
[41] Rohrlack T., Dittmann E., Börner T. and Christoffersen K. (2001)
Effects of cell-bound microcystins on survival and feeding of
Daphnia spp. Appl. Environ. Microbiol., 67, 3523–3529.
[42] Fastner J., Erhard M., Carmichael W. W., Sun F., Rinehart K. L.,
Rönicke H., Chorus I. (1999) Characterization and diversity of
microcystins in natural blooms and strains of the genera Microcystis and Planktothrix from German freshwaters. Arch. Hydrobiol.,145, 147–163.

Received: June 29, 2009
Revised: August 17, 2009
Accepted: September 03, 2009

[43] Chorus I. and Fastner J. (2001) Recreational exposure to cyanotoxins, In: Chorus I. (Ed.), Cyanotoxins, occurrence, causes, consequences. Springer-Verlag, Berlin, pp. 190–199.

CORRESPONDING AUTHOR

[44] Vasconcelos V., Sivonen K., Evans W.R., Carmichael W.W. and
Namikoshi M. (1996) Hepatotoxic microcystin diversity in cyanobacterial blooms collected in Portuguese freshwaters. Water
Res., 30, 2377–2384.
[45] Almeida V.P.S., Cogo K., Tsai S.M. and Moon D.H. (2006) Colorimetric test for the monitoring of microcystins in cyanobacterial culture and environmental samples from southeast Brazil. Brazil J. Microbiol. 37, 192–198.
[46] Christoffersen K. (2000) Are cyanobacteria a problem in Danish
lakes? Vand og Jord., 3, 104–109.
[47] Nasri B., Bouaïcha N. and Fastner J. (2004) First report of a microcystin-containing bloom of the cyanobacteria Microcystis spp.
in Lake Oubeira, eastern Algeria, Arch. Environ. Contam. Toxicol., 46, 197–202.

214

Jelica Simeunovic
Department of Biology and Ecology
Faculty of Natural Sciences
University of Novi Sad
Trg Dositeja Obradovica 2
21000 Novi Sad
SERBIA
Phone: +381-21-4852680
Fax: +381-21-450-620
E-mail: simjelica@ib.ns.ac.yu

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

FEB/ Vol 19/ No 2/ 2010 – pages 198 - 207

215

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

MINERALOGICAL, GEOCHEMICAL, AND ISOTOPIC
(Sr, O, S) EVIDENCE FOR MULTIPLE FLUID SOURCES FOR
THE HASKÖY BARITE DEPOSITS, SE ANATOLIA, TURKEY
Mustafa Kumral*
Istanbul Technical University, Department of Geology, Ore Deposits and Geochemistry Division Istanbul/Turkey

ABSTRACT
Barite mineralization occurs in recrystallized dolomitic
limestone of the Devonian Meydan Formation in the Hasköy, Azıklı, and Elmabulak districts of Muş region, southeast Anatolia, Turkey. Mineralization presents as veins in
fractures and faults in the host rock. Mineral assemblages
consist of barite, pyrite, chalcopyrite, sphalerite, galena,
chalcocite, covellite, malachite, azurite, haematite, limonite
and quartz. Barite concentration ranges from 31 to 55 wt.%
in mineralized veins and from 8 to 46 wt.% in host rock. δ
34
SCDT values of barites range from 26.3 to 42.10‰, suggesting formation by bacterial reduction of Silurian-Devonian
seawater (δ34S approx 23–24‰) sulfate. 87Sr/86Sr isotope
ratios of barite are between 0.711204 and 0.714088 and
host rock ratios are between 0.71186 and 0.712683. 18O
isotope values are range from 12.3 and 14.7‰ for host
rocks and from 14.7 and 19‰ for barites. The barite mineralization formed as a result of circulation of sea water
was heated by granite intrusion along fractures in a continental shelf environment. 34S enrichment of sea water sulfate by bacterial activity and leaching of Ba and Sr from
continental host rocks contributed to the production of the
barite mineralization. Post-mineralization metamorphism
resulted in barite recrystallization and remobilization as well
as the production of other sulfide phases.

deposits in the Alanya Metamorphic Massif, the Attepe
(Adana, eastern Mediterranean) deposits in the Alanya
Massif, and the Hasköy (Muş, SE Anatolia) deposits in
the Bitlis Metamorphic Massif. Although the deposits in
the Muş district are some of the largest and most economically important barite reserves, they are poorly known,
and no scientific study has been conducted on their mineralogy, formation, and origins. They lie in a line trending
NW–SE within the northern part of the Bitlis Metamorphic Belt (Fig. 1). Recent geochemical and isotopic studies on other Anatolian barite deposits show that seawater,
hydrothermal fluids with metamorphic origin, and fluid
interaction with Precambrian and Cambrian intrusive
rocks played a significant role in their origin. Sedex-like
barite formations have also been suggested by Cengiz and
Kuşçu [2].
This study focuses on detailed geological, ore petrographic, geochemical, and isotopic (Sr, O and S) data from
the Hasköy barites to better understand their formation
conditions and overall genesis. Comparative assessments
have also been made with other important barite deposits
(e.g. Isparta-Şarkikaraağaç, Antalya-Gazipaşa, AdanaAttepe, and Konya-Hüyük) both in Anatolia and worldwide.
MATERIALS AND METHODS

KEYWORDS: multiple source barite, stable isotopes, origin of
barite, Muş, SE Anatolia, Turkey

INTRODUCTION
Turkey is one of the most important barite producers
in the world. Turkish barite deposits (e.g., [1-4]) occur in
a variety of tectonic settings throughout the entire country. They occur in different host rocks including the
Şarkikaraagac (Isparta, SW Anatolia) and Hüyük (Konya,
central Anatolia) deposits in the Sultandag Metamorphic
Massif, the Gazipaşa and Karalar (Antalya, SW Anatolia)

Samples were collected from the deposits and host
rocks in the Hasköy area. Pulverized samples were sent to
ALS-CHEMEX laboratories for major oxide (lithium
metaborate fusion method) and trace element analysis
(lithium borate ICP-MS). Sr isotope analyses were performed at the University of North Carolina, Department of
Geological Sciences using NBS-987. δ18O isotope analyses were per-formed at the Louisiana State University
Department of Geology & Geophysics. The TCEA method, 1450 oC standard deviation +/– 0.5‰ per mil correction
was made based on multiple in-house standard BaSO4
(LSU-BaSO4), which was calibrated against NBS127 (an
assigned δ18O value of 9.3 ‰ per mil VSMOW). Sulfide
and sulfate δ34S analyses were performed using a method

216

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

modified from Yanagisawa and Sakai [5]. Samples were
finely ground with V2O5, SiO2, and elemental Cu, packed
with quartz wool into quartz glass tubes and reacted under
vacuum at 1050 oC. SO2 was extracted using a conventional vacuum line equipped with a variable temperature
trap. Purified SO2 was analysed on a Finnigan MAT 252
mass spectrometer. Standard reference materials IAEA-S1
(δ34S = –0.3‰) and NBS–123 (δ34S = +17.1‰) or NBS127 (δ34S = +20.3‰) were prepared and analysed with
each batch of samples. Sample isotopic results are reported relative to VCDT.
The barite samples and wallrocks have been sent to
the ALS CHEMEX Labs for the chemical analyses in Canada. For the majoroxide the ICP-MS method (ME-ICP06)
[2] and for the trace elements Lithium Borate fusion system
with the ICP-MS ( ME-MS81) [2] has been used.
REGIONAL GEOLOGY
The Hasköy (Mus) deposits investigated present in
Bitlis Metamorphic Massif, which is an extensive area of
allochthonous metamorphic rocks in SE Turkey, 300 km
long and 40 km wide. Bitlis Metamorphics and the overlying non-metamorphic rocks are called by the common
name of “Bitlis Metamorphics Belt” [6]. This belt is bounded
by Muş Tertiary Basin from the north. Şaroğlu et al. [7]
indicated that the contact relations of both units are in fault.
Reconstructed stratigraphic sections of the Bitlis Massif
usually differentiate between old basements composed of
gneiss and amphibolite of pre-Devonian and probably Precambrian age and a Palaeozoic–Mesozoic cover of marble,
phyllite, and metabasite with low-grade Alpine metamorphism [6, 8-16]. Metamorphic rocks in the massif overlie,
with an intervening tectonic zone of ophiolite and Tertiary
flysch, the Palaeozoic to Tertiary shelf sequences of the
Arabian Platform [17-20]. The southward post-Eocene
thrusting of Bitlis Massif has resulted in internal imbrication. Consequently Bitlis Massif now consists of a large
number of northward dipping slices of gneiss, amphibolite, metagranite, micaschist, marble, and metabasite (Pzba).
The rocks are exposed over an area of approximately
250 km 2, and form the largest exposed acid magmatic
body within the Bitlis Metamorphics [21-23]. These acid
intrusive rocks are emplaced within the Bitlis Metamorphic
Belt, especially to the south of Bingöl, southwest of Muş,
south of Mutki, and around the Hizan area (Fig. 1).
Mutki Group forms the metamorphic cover represented
by Palaeozoic–Mesozoic aged shelf sediments. This unit
constitutes Meydan Formation containing metaclasts and
carbonates with barite deposits, Çeşme Formation containing
metafelsic rocks, Çırrık and Malato limestones consisting
of Hekim carbonates, and Tütü Formation consisting of
volcano-sediments. It takes part in the Hizan Group as unconformable. Mutki Group rocks reflect the shelf environment between the Early-Palaeozoic–Middle Triassic period

and the depleted continental margin conditions of the postMiddle Triassic period [6-7].
Meydan Formation (Pzbu1)

The Meydan Formation is comprised of schist, quartzite, and recrystallized limestone. The quartzites are violet,
yellow, white, or brown coloured, thin to medium-bedded,
cross-stratified, and laminated. At the microscopic scale,
the quartzites are composed of quartz, muscovite and rarely
albite. Haematite and specularite occur in some samples as
clasts. Quartz with undulatory extinction is common, and
oriented parallel to foliation. As the modal ratios of calcite,
feldspar, and muscovite increase relative to quartz, a transition from quartzite to quartz-albite-muscovite schist occurs
and these lithologies appear to grade into one another. Grey
coloured quartz-albite-muscovite schists are fine-grained
and have well developed foliations. Quartz and albite porphyroblasts occur in a matrix of muscovite and graphite
cement. Together with quartzites, albite-clinozoisite-chlorite
schists and albite-actinolite-chlorite schists can also be
present.
In the upper part of the Meydan Formation, albitechlorite schist, sericite-quartz schist, actinolite schist, and
chloritoid schist occur. The transition to the overlying metatuff Çeşme Formation with increasing thickness has been
observed. Albite-chlorite schist is fine-grained, green, and
lacks well-developed lamination. It is composed predominantly of albite porphyroblasts in a chloritized matrix. Actinolite schist is fine- to middle-grained and light green
coloured. Dolomite and dolomitized limestone are common
in the Meydan Formation. Dolomite is white, medium
bedded, brecciated, and contains coral and algae as well as
minor quartz. Dolomitized limestone is grey to bluish grey
on fresh surfaces, medium bedded, and contains fractures
filled by calcite. Calcite and dolomite are present in the
outcrops.
The central Hasköy, Elmabulak, and Azıklı barite occurrences from the Hasköy district occur predominantly in
recrystallized dolomitic limestones intercalated with schists
and quartzites of the Meydan Formation. The thicknesses of
the barite ore, occurs in the dolomitic limestones, ranges
from 1 cm to 1 m. They are generally observed to be conformable with bedding, and are rarely observed as fissureand space-fillings. Due to the continuing active tectonics
of the region and proximity to the Bitlis suture zone, intense tectonic and metamorphic fabrics are common in all
geological units as well as the barite ores. Tectonism has
extensively fractured the rocks and the resulting fractures
are filled by iron- and silica-bearing solutions, similar to the
occurrence of barites in the Konya–Hüyük area in western
Anatolia [24].
MINERALOGY AND PETROGRAPHY OF ORE
DEPOSITS
Central Hasköy Barites
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The barite occurrences in the central Hasköy district
occur as conformable layers, within recrystallized limestone of the Meydan Formation (Pzbu1), and as cross-
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FIGURE 1 - Tectonic units and tectono-stratigraphic column section of the Bitlis
Massif (SE Anatolia), and geological map and barite locations of the Hasköy (Muş) district.
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cutting veins within the same unit. Petrographic studies
show that the barite mineralization is accompanied by chalcopyrite, bornite, and malachite. Subsurface and other field
observations reveal multiple fracture fillings of iron and
barite ores. Barite is cross-cut by early haematite and then
later stage haematite and limonite. Petrographic relations and
mineral paragenesis (Fig. 2) suggest that barite was followed
by fracture-filling pyrite and then later stage chalcopyrite
(Figs. 3 and 4).
Barite in Azıklı

Small scale barite occurrences have been discovered
for the first time near Azıklı village. The occurrences are
similar to the central Hasköy barites in that the barite is
commonly cross-cut by haematite and limonite and contains several sulfide phases. Azıklı barites are formed from
barite, chalcopyrite, and malachite minerals, resembling
those of other barite occurrences (Fig. 5). Barite was followed by at least two phases of chalcopyrite, which are
then followed by sphalerite. Chalcopyrite and sphalerite are
then partly replaced by later stage bornite, covellite, and
chalcocite (Fig. 6). Haematitization and limonitization
are commonly seen in this district. Based on the ore-petrographic determination of sample 147, chalcopyrite (first
phase) substituted by sphalerite, bornite, covelline, and small
amounts of chalcosine minerals have been determined in the
sample. Afterwards, the occurrences of first and second
phases of chalcopyrites followed by sphalerite are decomposed into bornite, covelline, and chalcosine which appear
from the boundaries towards the minerals (Figs. 6, 7, and 8).

FIGURE 2 - Mineral paragenesis and succession of Hasköy barite

P
Cp

Barite in Elmabulak

The barites at Elmabulak occur as veins ranging in
thickness from 1 to 10 cm. The mineralization and gangue
is composed of barite, malachite and small amounts of
haematite and limonite (Fig. 9,10). Paragenetically early
pyrite occurs in fractures and voids of both ore and wall
rocks and is followed by slightly later chalcopyrite which
also occurs in the same spaces and voids as well as in frac-

FIGURE 3 - The pyrite mineral (in the centre) mantled
by secondary chalcopyrite (P: pyrite, Cp: chalcopyrite)

Cp

FIGURE 4 - The development of chalcopyrite along with cracks
(Cp: chalcopyrite)
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FIGURE 5 - The vein type Hasköy barite
occurrences cutting to metamorphic host-rock.
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Cp
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Ch
FIGURE 6 - The replacement of chalcopyrite by the sphalerite, bornite, covelline, and chalcosine
Bo: bornite; Co: covelline; Ch: chalcosine)

(Cp: chalcopyrite; Sf: sphalerite;

Cp

Sf

Bo
Sf
Cp

FIGURE 7 - The replacement of chalcopyrite (second phase) from sphalerite and barite (first phase)

Cp2

Cp1
Bo

Cp2

Sf2
Sf2

Co
FIGURE 8 - The erosion texture of chalcopyrite (second phase) from the sphalerite (second phase), barite, and covelline. (Cp1:
chalcopyrite (first phase); Cp2: chalcopyrite (second phase); Sf: sphalerite; Bo: bornite; Co: covelline).
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FIGURE 9 - The observation of the barite vein with limonite and
malachite in Elmabulak district

tured early pyrite. Chalcopyrite is replaced by bornite,
covellite, and chalcocite, which are followed by late-stage
chalcopyrite. Figure 2 shows the mineral paragenesis in
detail.
RESULTS AND DISCUSSION
Major, trace, and REE geochemistry

Major and trace element analyses of Hasköy barites
and wall-rocks are shown in Tables 1 and 2. MHG2-1,
MHYK-1, MHYK-1-1, and MHG-1-YK are wall rocks and
the other are barite samples. In the wall rocks, SiO2 values
ranged from 4.51 to 8.45 wt.%, Al2O3 ranged from 0.11 to
0.22 wt.%, Fe2O3 ranged from 0.62% to 1.92 wt.%, CaO
values were between 13.7% and 34.9 wt.%, Na2O weight
percent ranged from 0.2% to 0.35 wt.%, and in general,
K2O, Cr2O3, TiO2, MnO, and P2O5 contents appeared to
be lower than 0.01 wt.%. Relatively high BaO values (up
to 45.7 wt.%) in wall rocks may suggest the possibility of
formation of Hasköy barites from carbonate wall rocks.
SrO values change between 0.51 wt.% and 1.47 wt.%, and
high values of Sr are due to Sr and Ba having similar
atomic radius sizes.
In barite samples, SiO2 ranges from 0.2 wt.% to 8.52
wt.% except for one sample, which is located near the
quartzite, which contains 18.25 wt.% SiO2. Fe2O3 values
change between 0.16 wt.% and 3.37 wt.%. The average
Na2O values are 0.3 wt.%, however, in some samples contents are lower than 0.01 wt.%. K2O, Cr2O3, TiO2, MnO,
and P2O5 contents appear to be lower than 0.01 wt.%.
High values of BaO (31.3-55.2 wt.%) are found in barites
in relation to those of wall-rocks (8.5-45.7 wt.%). These
ratios are close to those of other Turkish barite deposits,
such as Adana–Attepe (44–46 wt.% BaO; [4],
Sarkikaraağaç–Isparta (45–48 wt.% BaO; [2], and Hüyük
–Konya (43–48 wt.% BaO; [24]).

FIGURE 10 - The barite veins in the recrystallized limestone
(rarely dolomitic)

With respect to trace element concentrations, among
the barite samples, high Cu concentration was determined
in only one sample, reaching 5370 ppm Cu. Pb and Zn
values are not very high, with the ranges being 5–256 ppm
Pb and 30–137 ppm Zn. Ag contents are lower than 1 ppm.
Th (0.05–0.68 ppm) and U (0.05–1.09 ppm) are also low.
Light rare earth element (LREE) patterns in barite can
help determine depositional environments because of variations in LREE behaviour in different marine environments
[25, 26]. Negative Ce and Eu values are typical of seawater
while positive Eu anomaly values are typical of hydrothermal solutions [25-27]. The REE patterns of the Hasköy
barites show negative Ce and positive Eu anomaly (Fig.
11). Comparison of Ce-Sm-Yb values when plotting Ce/Sm
against Ce/Yb (Fig. 12) shows that Hasköy barites reflect
a gradual transition between seawater and continental values [25, 28]. These results also suggest that the Hasköy
barites are similar to the Antalya–Gazipaşa [3] and Adana–
Attepe [4] barite deposits in terms of Ce/Sm and Ce/Yb
diagrams (see Fig. 12).
Stable Isotope Geochemistry

In terms of the δ34S, δ18O, and 87Sr/86Sr isotopic compositions of Hasköy barites reported in Table 2, δ18O ratios
range from 12.3 to 14.7‰, 87Sr/86Sr ratios from 0.711204
to 0.714088, and δ34S ratios from 26.3 to 42.10‰. The
average δ18O value of wall rocks hosting the Hasköy barites and associated minerals is 17.5‰, while the average
δ18O value of barites is 13.3‰. For comparison, the δ18O
of seawater sulfates of Permian and Tertiary age is about
7–12‰ [29], the δ18O of active hydrothermal barites is
7‰ [30], the δ18O of stratiform barite from the IglesienteSulcis mining region (Italy) is between 12.7 and 15.6‰
[31] , and the δ18O values of Red Dog bedded barite range
from 16.2 to 25.7‰ [32]. For comparison with other Turkish deposits, the δ18O values of barite from the Adana–
Attepe deposits vary between 12.2 and 14.7‰ [4]. Although
the Hasköy values are similar to the Adana–Attepe and
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Iglesiente-Sulcis deposits’ values, they are higher than those
of most hydrothermal barite values. Overall, the δ18O data
TABLE 1 - The results of major (wt.%) and trace (ppm) elements analyses of Hasköy ore barites
Majoroxides (%)
MH-1
MH-3
MHGA-1
MHYK-1
MHYK-1-1
MHG 1/3
MHG 2-1
MHG 2-2
MHG-1
MHG-1
MHG-1-2
MHG-1-2-1
MHG-1-3-1
MHG-1-YK
MHG-8
N0.123
NO. 144
N0.146
N0.147

SiO2

Al2O3

Fe2O3

CaO

MgO

Na2O

K2O

Cr2O3

TiO2

MnO

P2O5

SrO

BaO

LOI

Total (%)

3.4
4.35

0.16
0.2

0.16
0.56

0.12
0.36

< 0.01
0.16

0.48
0.58

< 0.01
< 0.01

< 0.01
< 0.01

< 0.01
< 0.01

0.01
0.04

< 0.01
0.02

1.99
1.75

44.8
53.7

0.37
0.77

51.5
62.5

2.85
8.45
3.92

0.2
0.21
0.22

0.09
1.92
0.91

0.16
13.7
7.8

0.03
8.67
5.03

0.25
0.26
0.35

0.04
0.04
0.02

< 0.01
< 0.01
< 0.01

< 0.01
0.01
0.01

< 0.01
0.18
0.09

0.01
< 0.01
0.03

2.5
1.04
1.47

47.3
31.4
45.7

0.35
19.85
11.3

53.8
85.7
76.9

0.13
8.51
0.87

0.14
0.24
0.14

0.05
2.55
0.08

0.03
24.6
0.09

< 0.01
17.8
0.02

0.29
0.16
0.32

< 0.01
0.1
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
0.01
< 0.01

< 0.01
0.25
< 0.01

0.01
< 0.01
< 0.01

2.37
0.41
2.21

42.3
8.35
40.5

0.16
36.9
0.22

45.5
99.9
44.5

5.55
0.21
0.13

0.14
0.15
0.12

3.37
0.22
0.05

19.45
0.04
0.03

3.71
< 0.01
< 0.01

0.32
0.48
0.3

0.02
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

0.32
0.01
< 0.01

0.03
< 0.01
< 0.01

0.78
2.24
2.28

31.3
55.2
47.7

18.9
0.31
0.23

83.9
58.9
50.8

0.33
0.36
4.51

0.13
0.28
0.11

0.05
0.18
0.62

0.11
0.02
34.9

< 0.01
< 0.01
2.58

0.43
0.45
0.2

< 0.01
< 0.01
0.04

< 0.01
< 0.01
< 0.01

< 0.01
0.02
< 0.01

< 0.01
< 0.01
0.11

< 0.01
0.01
< 0.01

2.36
2.34
0.51

47.3
49.1
19.6

0.17
0.28
29

50.9
53
92.2

5.13
2.68

< 0.01
< 0.01

3
0.15

12.3
1.06

5.24
0.01

< 0.01
< 0.01

< 0.01
< 0.01

< 0.01
< 0.01

< 0.01
< 0.01

0.29
< 0.01

< 0.01
0.02

1.02
2.16

40
48.2

14.6
1.03

81.6
55.31

1.41
0.2
18.25

0.02
< 0.01
0.45

0.13
0.22
2.36

0.06
0.02
1.53

0.01
< 0.01
0.04

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

0.01
0.01
0.03

< 0.01
< 0.01
0.03

< 0.01
0.01
0.05

2.75
1.93
1.38

49.3
51.1
49.8

0.21
0.17
1.54

53.9
53.66
75.46

Cs

Cu

Trace elements
(ppm)
Ag
MH-1
<1
MH-3
<1
MHGA-1
<1
MHYK-1
<1
MHYK-1-1
<1

Ce

Co

>10000
>10000

Ba

< 0.5
1

< 0.5
0.6

Cr
20
20

< 0.01
0.02

126
88

< 0.05
0.17

Dy

< 0.03
0.08

Er

Eu
3.75
4.89

Ga
0.2
0.2

Gd
1.47
2.07

Hf
0.3
0.3

< 0.01
0.02

Ho

La
2
2.7

Lu
0.19
0.24

Mo
<2
<2

Nb
< 0.2
< 0.2

Nd
0.7
1.5

>10000
>10000
>10000

0.5
2.6
1.4

< 0.5
< 0.5
< 0.5

20
20
30

< 0.01
< 0.01
< 0.01

121
296
188

< 0.05
0.33
0.19

< 0.03
0.13
0.08

3.31
3.55
5.19

0.1
0.3
0.3

1.24
1.8
2.09

0.9
0.3
0.4

< 0.01
0.05
0.03

1.6
2.3
2.4

0.16
0.17
0.22

<2
<2
<2

<0.2
< 0.2
< 0.2

0.5
2.4
1.6

MHG 1/3
MHG 2-1
MHG 2-2

<1
<1
<1

>10000
>10000
>10000

0.5
3
< 0.5

< 0.5
1.1
< 0.5

10
20
10

< 0.01
< 0.01
< 0.01

160
721
203

< 0.05
0.45
< 0.05

< 0.03
0.19
< 0.03

3.85
0.96
3.5

< 0.1
0.6
0.1

1.5
0.94
1.44

0.4
0.3
0.3

< 0.01
0.06
< 0.01

2.4
1.5
2.1

0.2
0.06
0.19

<2
<2
<2

< 0.2
0.2
< 0.2

0.5
2.5
0.6

MHG-1
MHG-1
MHG-1-2

<1
<1
<1

>10000
>10000
>10000

6.2
0.5
0.6

< 0.5
< 0.5
< 0.5

10
10
< 10

< 0.01
< 0.01
< 0.01

245
181
162

0.78
< 0.05
< 0.05

0.29
< 0.03
< 0.03

4.03
4.82
2.76

0.3
0.1
0.1

2.64
1.78
1.08

0.3
0.4
0.2

0.11
< 0.01
< 0.01

3.2
2.3
1.7

0.2
0.22
0.12

<2
<2
<2

< 0.2
< 0.2
< 0.2

6
0.7
0.4

MHG-1-2-1
MHG-1-3-1
MHG-1-YK

<1
<1
<1

>10000
>10000
>10000

< 0.5
0.8
7.7

< 0.5
0.5
0.6

10
10
10

< 0.01
< 0.01
< 0.01

113
208
47

< 0.05
0.08
0.59

< 0.03
0.04
0.23

3.66
4.61
2.63

< 0.1
0.1
0.2

1.42
1.98
1.78

0.3
0.5
0.3

< 0.01
0.01
0.08

1.9
2.8
3.8

0.17
0.24
0.11

<2
<2
<2

< 0.2
< 0.2
< 0.2

0.5
0.8
5

MHG-8
N0.123
NO. 144

<1
<1

>10000
>10000

5.6
0.8

1.4
0.5

30
< 10

< 0.01
0.05

120
12

0.68
0.26

0.25
0.18

4.1
9.34

0.5
0.2

3.76
0.52

0.4
0.2

0.09
0.05

5.2
1.6

0.36
0.12

<2
<2

< 0.2
0.5

6.4
0.9

<1
<1
1

>10000
>10000
>10000

0.6
< 0.5
3.7

0.9
0.5
2

< 10
< 10
10

0.04
0.03
0.31

<5
32
5370

0.05
0.07
0.62

0.04
0.05
0.37

8.07
9.67
25.6

0.2
0.1
1.1

0.31
0.37
1.4

< 0.2
< 0.2
0.5

0.01
0.01
0.13

1.7
1.4
5.3

0.09
0.11
0.33

<2
<2
<2

0.3
0.4
0.9

0.4
0.4
3.1

Sn

Sr

N0.146
N0.147
Trace
elements(ppm)
MH-1
MH-3
MHGA-1
MHYK-1
MHYK-1-1
MHG 1/3
MHG 2-1
MHG 2-2
MHG-1
MHG-1
MHG-1-2
MHG-1-2-1
MHG-1-3-1
MHG-1-YK
MHG-8
N0.123

Ni

U

V

0.04
0.18
0.03

0.3
0.5

1.15
1.59
0.88

< 1 >10000
< 1 >10000
< 1 >10000

0.3
0.4
0.2

0.05 < 0.05
0.08
0.06
0.04 < 0.05

< 0.5
< 0.5
< 0.5

0.02
0.04
0.02

0.09
0.05
0.07

<5
<5
<5

1
1
<1

1.6
3
1.5

0.54
0.62
0.42

58
87
50

3.7
3.1
30.4

<5
<5
<5

42
0.42
278
0.22
83 < 0.03

0.7
0.7
< 0.2

1.5
1.66
1.04

<1
8890
< 1 >10000
< 1 >10000

0.3
0.4
0.3

0.11
0.11
0.1
0.09
0.05 < 0.05

< 0.5
< 0.5
< 0.5

0.03
0.03
0.02

0.6
0.51
0.07

<5
<5

1
4
<1

3.2
2.7
1.5

0.49
0.6
0.48

58
69
58

5.5
7.3
6.2

<5
<5
<5

46
0.47
49 < 0.03
39
1.14

1.2

0.95
1.06
2.53

<1
3370
< 1 >10000
<1
7210

0.1
0.3
0.3

0.09
0.14
0.05 < 0.05
0.21
0.05

< 0.5
< 0.5
< 0.5

0.02
0.02
0.04

1.09
0.11
0.33

6
<5
5

5
1
1

3.5
1.7
6.6

0.24
0.49
0.58

35
56
65

6.7
4.5
5.4

<5
<5
<5

212
0.03
256
0.03
242 < 0.03

0.2

1.25
0.77
0.98

< 1 >10000
< 1 >10000
< 1 >10000

0.4
0.2
0.2

0.07 < 0.05
0.03 < 0.05
0.04 < 0.05

< 0.5
< 0.5
< 0.5

0.02
0.08
0.01 < 0.05
0.02 < 0.05

<5
<5
<5

<1
1
2

1.9
1.2
1.4

0.55
0.35
0.44

72
40
52

5
3.5
4.4

<5
<5
<5
9

247
47
9
5

0.2
0.2
0.3
0.2

1.44
1.84
2.84
0.39

1 >10000
<1
4610
<1
10000
< 1 >10000

0.4
0.2
0.6
1.1

0.06 < 0.05
0.14
0.08
0.21 < 0.05
0.04
0.38

< 0.5
< 0.5
< 0.5
< 0.5

0.03
0.03
0.09
0.04

<5
<5
7
5

1
1
8
2

2.5
5.2
6.5
2-4

0.63
0.37
1.03
0.42

72
39
73
34

11.6
6.9
1.5
2

<5
<5
<5

Pb

Pr
54
52
45

0.06
1.1
0.88
0.13

Rb

0.3

Sm

Ta
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Tb

Th

Ti

Tm

0.09
0.16
0.3
0.19

W

Y

Yb

Zn

Zr
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NO. 144
N0.146
N0.147

<5
<5
14

9
6
5
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0.06
0.03
0.5

0.5
< 0.2
5.6

0.2
0.24
1.21

< 1 >10000
< 1 >10000
1 >10000

0.3
0.8
1

0.01
0.02
0.14

0.13
0.26
0.68

< 0.5
< 0.5
< 0.5

0.01
0.02
0.09

0.05
0.14
0.53

<5
<5
14

<1
2
<1

1
1.2
5.9

0.27 30
0.33 31
0.99 137

2
<2
7

TABLE 2 - δ34S, δ18O, and 87Sr/86Sr isotopic results of the Muş-Hasköy barites
Sample
14011
14211
MHYK1
11611
12311
MH12
14012
14212
11612
12312
MHG2-1
MHG1-2
MGH1-3
MH2
MHGA-1
MHG1
MHG2-2
MGH 1-1
Hasköy 139-1
147-1
146-1
144-1

δ 18O
17.9
18.6
14.7
19.0
17.3
13.0
12.4
14.7
13.1
13.2
13.3
13.1
12.4
12.3
13.1
13.0
12.4
12.4
13.0
13.4
13.3
13.2

87

Sr / 86Sr

δ 34S Explanation

0.713716
0.711861
0.713597
0.713822
0.712683
0.714090
0.713663
0.711204
0.713926
0.712311
0.713426
0.712412
0.714088
0.713767
0.713340
0.712312
0.713828
0.712393
0.712794
0.712898
0.713390
0.712994

38.87
36.50
26.32
40.52
41.49
39.30
40.82
40.65
39.75
40.74
39.79
41.40
31.48
35.41
42.09
36.90
36.94

Hasköy dolomitic limestone
Elmabulak limestone with iron oxide
Hasköy dolomitic limestone
Hasköy altered limestone
Azıklı limestone
Hasköy barite
Hasköy barite
Elmabulak barite
Hasköy barite
Azıklı barite
Hasköy barite
Hasköy barite
Hasköy barite
Hasköy barite
Hasköy barite
Hasköy barite
Hasköy barite
Hasköy barite
Hasköy barite
Azıklı barite
Elmabulak barite
Elmabulak barite

FIGURE 13 - Comparison of sulfur isotope data from barite
deposits in Muş, China, Nevada barites, and volcanic hosted barite
deposits (Barite Hill, Kuroko) (modified from [54]).

FIGURE 12 - The Ce/Sm vs. Ce/Yb variation diagram, indicating
the role of seawater during barite formation (+ Salton Sea, [53]*
Seawater, [25])

from Hasköy are most similar to those of the Red Dog
barite deposit.
The δ34S values of barites (26.3–42.1‰) collected from
the study area are higher than contemporaneous seawater
sulfate values like other stratiform barite deposits (e.g.,
from Nevada, 20.9–56.3‰, [33]; from China, 22.1- 71.8‰,

[34-36] and show extremely heavy sulfur enrichment. Sulfur isotope ratios of Barite Hill (South Carolina, USA) barites (20–27‰; [37, 38], which are volcanic-rock-hosted
barite deposits, and the Kuroko deposits of Japan (18–28‰;
[39] ) have a narrow range of δ34S values close to that of
coeval seawater sulfate (Fig. 13).
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Enrichment of the heavy isotope of sulfur in sedimenthosted deposits is attributed to the action of sulfate-reducing
bacteria [33, 40, 41], such as the modern Desulfovibrio
desulfuricans, which are active only in anoxic environments.
Sulfate-reducing bacteria metabolize isotopically light sulfate
more rapidly than isotopically heavy sulfate to produce
sulfide, which leaves the residual dissolved sulfate enriched in heavy sulfur relative to its starting composition
[38]. Thus the enrichment in the heavy isotope of sulfur is
interpreted to reflect the formation of barite in nearly
closed basins where exchange with open-ocean water was
limited.
According to Rao [42], covariance in seawater depends
on bacterial sulfate reduction at different degrees during the
convection under the floor. It was observed that covariance between δ18O and δ34S values of barites existing in
the studied area follow this pattern.
The median δ34S value of barite from Hasköy is 38.2‰;
this value is similar only to barite values from the Red Dog
deposit, and is higher than those of all other barite deposits worldwide. Silurian and Devonian seawater δ 34S values range from 23–24‰ [29]. δ34S ratios of mid-Devonian
aged barites from the Meggen deposit in Germany range
from 20 to 26‰ [43]. δ34S values of barite from the midDevonian Liegendes Grauerz occurrence (Rammelsberg
district) range from 27.4 to 36.7‰, while δ34S values of
barite range from 18.3 to 23.5‰ for the Altes Lager bed;
from 16.0 to 27.6‰ for the Grauerz Körper bed, and from
19.0 to 28.8‰ for the Neues Lager deposit [1]. δ34S values of barite from the upper Devonian Chaud Fontaine

deposit range from 26.1 to 30.5‰ [44]. δ34S values of Red
Dog barite samples range between 18.8 and 49.0‰ [32].
δ34S data from other Turkish barite deposits show similarly elevated values, including (on average) 29.6‰ for barites
from the Konya Huyuk region [24]; the δ34S ratio of Adana–Attape barite deposit is 35.5‰ [4], and 29‰ for the
barite deposits in Isparta Cariksaraylar [2]. Figure 14 shows
a compilation of δ34S ratios from various deposits.
The isotopic composition of Sr, which exists in crystal lattices of barites in small amounts along with Ba, may
indicate a resource of Ba and Sr in barites [45-47]. If it is
thought that barites in the investigated area were produced
by seawater, strontium in barites should indicate seawater
or marine sediments produced by seawater (marine evaporation or carbonate). An isotopic value higher than these
values evidences continental Sr interference [47].
Stratiform barite deposits are divided into two groups
according to the palaeotectonic environment by using Sr
isotope ratios such as the following: Cratonic rift type and
continental margin type (small ocean occurrences lying
down between the subduction zone and passive continental margin [46, 48]. 87Sr/86Sr isotope values will indicate
the interaction between the liquids which produced barite
and the rocks affecting them (oceanic or ground) and they
will be different from the values for contemporaneous
seawater. As a result, because the effects of continental
crust are dominant in barite beds produced under a cratonic rift environment, Sr in barites will be more radiogenic
compared with barites found in the beds at continental
margin [46].

225

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

FIGURE 14 - Comparison of the Hasköy barites with some different media (from [49])
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Comparison of 87Sr/86Sr values of the Muş barites
(0.7112–0.7140) with data for coeval seawater sulfate are
more radiogenic than those for coeval seawater. Sr isotopic compositions are similar to those of barite in sedimenthosted stratiform deposits in cratonic-rift settings, such as
Meggen, Rammelsberg [47] , and more radiogenic than
those of Nevada [49-50]and China [34] ; Figure 15).

FIGURE 15 - Comparison of strontium isotope data from barite
deposits in Muş, China, Nevada, Meggen, and Rammelsberg regions
(modified from [54])

The average 87Sr/86Sr ratio in the carbonate rocks of
the Italy-Iglesiante-Sulcis deposit is 0.7096 [31] and within
the range 0.717169–0.718601 in the Adana–Attepe occurrence [4]. Despite the similarities of Hasköy barites (average 87Sr/86Sr ratio 0.713417) with the Adana-Attepe
and Italy-Iglesiante-Sulcis deposits, they are higher than
those observed in modern hydrothermal barites.

meantime, because these bacterial activities occurred at
different degrees and due to the interaction with continental crust, sulfates’ 18O amounts increased compared with
their initial values. Furthermore, Sr values became more
and more radiogenic compared with contemporaneous seawater depending on the interaction between hydrothermal
liquid and the continental crust. During this time, hydrothermal liquid dissolved more Ba and Sr, which are among
the characteristic minerals of continental crust, from the surrounding rocks, and absorbed them. In the relatively deeper
part of the region (corresponding to the carbonate settlement), the surfaced liquid came into contact with the settling carbonates and made its Ba+2 and SO4–2 contents settle
as barite is contemporaneous with the surrounding rock and
concordant with layering.
According to the tectonic evolution of the region,
Neotetis closed completely at the end of the early Miocene. The sequence, which had been formed in the Devonian, folded during these tectonic movements and metamorphised. Some of the barites were recrystallized under
the conditions of metamorphism. The others were moved
to upper zones in a stratigraphic way due to the effect of
metamorphism and folding and emplaced into the fissures
and gaps formed depending on regional tectonism. Minerals such as pyrite, chalcopyrite, sphalerite, and galena were
included in paragenesis and accompanied barite during
this remobilization. Opening fissures and the concordance
barite veins in study area support this scenario. The other
barite formations were combined with the effects of tectonic
movements depending on young basin formations. The investigated area is still under the effect of active tectonism
continuing even today.

ORIGIN

CONCLUSIONS

The sequence in the region starts with Middle-Devonian
clastic materials and carbonates. The carbonate sequence,
observed at the lower-Permian, upper-Permian, and middleTrias, shows the development of the shelf environment in
the region. Carbonates are followed by upper-Triassic tuff
and volcanics along with the formation of micritic limestones, radiolarites and mudstones indicating the coeval
development of the volcanic activity and initiation of deepening of the shelf in the medium. These processes suggest
that the region became a continental margin subsidence due
to collapse of continental crust in the upper-Trias and later
and deepening of the shelf ending in the middle-upperDevonian [6]. This period is indicative for the opening of
Neotethys. A granite intrusion (known as Muş metagranite
[21, 51, 52]) in the study region is also contemporaneous
with these units.
It is proposed that, seawater entered into a hydrothermal cycle inside the continental crust along the discontinuities under the shelf medium. The granite, which emplaced during this time, acted as a heater. Sulfates of the
seawater, which went into interaction with continental crust,
were enriched in 34S by the bacteria, reducing sulfur. In the

This paper presents the first specific (mineralogical,
geochemical and isotopic) study on barite deposits from
Hasköy (Muş) district, eastern Anatolia, Turkey.
Barite deposits in the region are observed within middle-upper Devonian-aged re-crystallized dolomitic limestone in the form of veins concordant with layering but discordant in some places. Mineral assemblages consist of
barite, pyrite, chalcopyrite, sphalerite, galena, chalcocite,
covellite, malachite, azurite, haematite, limonite, and quartz.
In general, major and trace element ratios of Muş barites
are close to those of other Turkish barite deposits (e.g.,
Adana-Attepe [4]; Sarkikaraağaç-Isparta [2] and HüyükKonya [24]. In terms of the δ34S, δ18O, and 87Sr/86Sr isotopic compositions of Hasköy barites, δ18O ratios range from
12.4 to 19‰, 87Sr/86Sr ratios from 0.711204 to 0.714090,
and δ 34 S ratios from 31.48 to 42.09‰. δ 34 S (26.3 to
42.10‰), δ18O (12.3 to 14.7‰), and 87Sr/86Sr (0.711204
and 0.714088) analyses results are higher than those for
contemporaneous seawater (δ34S 23–24‰; δ18O 7–12‰;
87
Sr/86Sr 0.7080). It is proposed that the δ34S values were
increased by the bacteria reducing sulfate soon after sea-
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water had entered into a hydrothermal cycle heated by a
granite insertion into the region. δ18O also increased compared with the initial values during the cycling and reduction. 87Sr/86Sr values became more radiogenic compared
with the initial values as the interaction of the solutions
caused ore formation with continental crust. According to
this data, Devonian seawater went into a cycle inside the
continental crust and entered into interaction with the continental crust in the meantime. Then, it dissolved Ba and Sr
from the crust, and surfaced. This resulted in ore formation
of sedimentary barite from multiple fluid sources, produced
contemporaneously with limestone. However, more detailed
studies including fluid inclusion and Pb isotopes are required to determine the origin and formation mechanism
of the barites in the region.
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ABSTRACT

only about 25% [2]. Most of fly ash still pollutes the environment through various ways without any beneficial use.

A huge amount of fly ash was always produced by
coal-fired power plants every year. Arsenic and selenium
were absorbed and accumulated in fly ash during the combustion process of coal, but would be released into the environment again when/if fly ash was disposed. To better understand the mobility and bioavailability of arsenic and selenium in fly ash, one sequential extraction procedure was
applied to characterize the species of As and Se. Both in
fly ash were divided into 5 fractions: water extractable fraction (F1), acid soluble fraction (F2), reducible fraction (F3),
oxidable fraction (F4) and residual fraction (F5). The fly
ash samples from both the conventional pulverized coal
(PC) and the circulating fluidized bed (CFB) combustor
were analyzed. The results demonstrated that 71-84% of As
and about 96% of Se were present in the extractable fractions (F1+F2+F3+F4) indicating that both in fly ash from
coal-fired power plants have high mobility and bioavailability.

Arsenic and selenium in fly ash may be leached out
again when fly ash is disposed, or even beneficially used. So
it was very necessary to evaluate their mobility and leachability in fly ash being associated with their bioactivity
and bioavailability. Chemical fractions were often used to
evaluate migration of elements in solid phase [3-5]. The
sequential extraction procedure was the most popularly used
procedure for chemical fraction characterization [6, 7]. The
environmental toxicities of elements in fly ash not only
depend on total amount but also on their chemical fractions existing [8, 9].
The purpose of this paper was to use the sequential
extraction method for characterization of arsenic and selenium fractions in fly ash, to perform a primary study on investigating both species in fly ash from 2 different types of
combustors (PC and CFB boilers).
MATERIALS AND METHODS

KEYWORDS: fly ash; arsenic and selenium; leaching; sequential
extraction; bioavailability

INTRODUCTION
During the coal consumption process, As and Se would
be evaporated and then transported into fly ash. Coal is the
major resource for power generation in the world, and this
will be continued for the next several decades. During the
process of power generation, always a huge amount of fly
ash was produced, especially by China, Russia and USA
[1], causing many environmental problems. The fly ash
materials can be beneficially used in construction, waste
stabilization, and even as soil amendment for agriculture.
However, the global utilization rate of produced fly ash was

Reagents

Deionized (DI) water supplied by EASYpure LF System (18 MV; Model D7382-33, Barnstead Thermolyne,
USA) was used throughout the experiments. Nitric acid,
hydrogen peroxide, hydrofluoric acid and acetic acid, hydroxylamine hydrochloride and ammonium acetate (analytical-grade, Beijing Chemical Factory, China) were used
for extraction and wet digestion. Calibration solutions were
prepared in DI water from stock solutions (Agilent Co.).
Instrumentation

Inductively coupled plasma-mass spectrometry (ICPMS, Agilent 7500 cs, Agilent Co., USA) was applied for
the determination of As and Se. A horizontal rotator shaker
was used for extraction, and extracts were ultra-centrifuged
after measuring their pH values with a pH-meter. All the
glass containers used were soaked in 50% HNO3 (v/v) and
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rinsed with DI water. The extracts from the samples were
stored in PTFE tubes and stored at 4 ºC before analysis.
Sampling and sample pretreatment

The coal fly ash was collected from one coal-fired
power plant in North China. To investigate the different
distribution patterns of chemical As and Se fractions in fly
ash, the samples were obtained from 2 different combustors, pulverized coal (PC) boiler and circulated fluidized
bed (CFB) boiler. The samples were collected behind the
electrostatic precipitator of the boilers. For PC combustion,
the fine coal was put into the combustor and fired directly
by reaction with air. However, limestone was always added
into cycling fluid bed during the circulating combustion
process. The combustion temperature in CFB boiler was
always lower than that in the conventional PC boiler. The
ash samples were put into polyethylene bags and transported directly to the laboratory. About 1.0 kg fly ash was
obtained for each sample, homogenized, sieved through an
80 mesh sieve, and stored in plastic containers in the dark
until use.
Sequential extraction procedure and characterization of
operational fractions

Five-step extraction procedure was modified from our
previous reports [3, 4] and adopted in this experiment. The
chemical fractions were divided into water-extractable fraction (F1), ion-exchangeable and carbonate fraction (F2), FeMn oxide fraction (F3), organics + sulphides binding fraction (F4), and residual fraction (F5). The compositions of
extracting solutions and experimental conditions are shown
in Table 1.
Step one, water extractable fraction (F1): 1.0 g sample
was weighed and transferred into a 50-ml glass centrifuge
tube, and 20 ml DI water was added. The solution was ultrasonically mixed for 2 h at ambient temperature. The
extract was then separated from the solid residual by centrifugation at 3000 r/min for 15 min, and the supernatant
was transferred by a pipette. The solid residual was retained
for the next step.
Step two, acid soluble fraction (F2): The residual from
step one was added to 20 ml of acetate CH3COOH at pH
2.85, and shaken for 16 h. Then, the supernatant was transferred after centrifugation. The residue was left for the next
step.

The solid residue
from the above step was treated with 20 ml of 0.1 mol/L
Step three, reducible fraction (F3):

hydroxylamine hydrochloride (NH2OH·HCl) adjusted by
CH3COOH to pH 2. The samples were shaken for 16 h.
The supernatant was stored for measurement, and solid
residual was retained for step four.
Step four, oxidable fraction (F4): To obtain the residual
fraction, 5 ml of 30% H2O2 (adjusted to pH 2 with HNO3)
was added and heated at 85 °C. The sample was digested
for 1 h by centrifugation, and evaporated to a small volume
(1–2 ml). After that, 20 ml of 1.0 mol/L CH3COONH4 was
added. It was then shaken for 16 h, centrifuged, and the
obtained supernatant was analyzed by ICP-MS.
Step five, residual fraction (F5): The F4 residue was
transferred into a PTFE container, and 3 ml HF and 5 ml
aquatic acid were added for total microwave digestion. After
ramping to 160 ºC within 5 min and holding for 10 min, the
microwave system was ramped to the preset temperature
(180 ºC) and kept for 30 min. Then, it was cooled down to
room temperature within 30 min. The digestion solution was
transferred into polyethylene bottles and filtrated (0.45-µm
filter) for analysis.
Total digestion of fly ash

Fly ash samples (0.2 g aliquots) were transferred into
PTFE containers for microwave digestion. The procedure
was the same as in F5. The certified reference material
(CRM; GBW08302) was treated in the same way.
Sample analysis by ICP-MS

ICP-MS was tuned every day before sample analysis of
arsenic and selenium in extraction and digestion samples.
RESULTS AND DISCUSSION
Total As and Se in fly ash

The contents of As and Se were 9.47 and 12.8 µg/g in
PC sample, as well as 19.6 and 25.1 µg/g in CFB sample,
respectively (Table 2). As and Se in CFB were higher by
207 and 197%, with regard to PC sample. To make sure
that the analytical process was reliable and precise, the
CRM (GBW08302) was applied and recovery rates for
the two elements were from 84 to 109%.
Species of arsenic and selenium in fly ash

The contents of As and Se in each fraction were determined by ICP-MS after extraction. The results are listed
in Table 2. The distributions of different species of As

TABLE 1 - Five-step sequential extraction procedure used in this experiment
Extraction step
1
2
3
4
5

Fraction
F1
F2
F3
F4
F5

Extraction procedure
H2O, ultrasonication, 2 h
0.11 mol/L CH3COOH, pH 2.85, 16 h
0.1 mol/L NH2OH·HCl, pH 2, 16 h
5 mL H2O2, 85°C, 2h, 1 mol/L CH3COONH4, pH2, 16h
5 ml aquatic acid (1:3 HNO3:HCl), 3 ml HF, microwave
digestion, 160°C 10 min 180°C 30 min
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Fraction
Water extractable
Acid soluble
Reducible
Oxidable
Residual

Fraction description
Extractable by water
Exchangeable ions and carbonates
Iron–manganese oxides
Sulphides/organics
Metals bound in lithogenic minerals
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TABLE 2 - The contents of As and Se in each fraction (µg/g, n=3).
Sample

Element
F1
F2
As
0.67±0.05
2.03±0.16
PC sample
Se
4.15±0.13
0.80±0.05
As
0.49±0.05
2.70±0.17
CFB sample
Se
2.46±0.19
1.07±0.06
a
Recovery = Sum/Total Sum of F1+F2+F3+F4+F5

F3
3.73±0.11
0.92±0.05
11.1±1.2
1.69±0.09

F4
0.80±0.06
7.13±0.58
0.87±0.06
22.4±1.8

F5
2.93±0.26
0.56±0.08
2.91±0.08
1.29 ±4.9

Total
9.47±0.71
12.8±1.5
19.6±0.81
25.1 ±0.97

Recoverya
107%
106%
92%
115%

actions, were included in this operational fraction. The
water-soluble elements in fly ash could be transported to
the environment very easily when fly ash was rinsed by
rain water or other water flows. So, this fraction was always regarded to be the most active part to pose environmental risks to humans.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Exchangeable ions and carbonates (F2) in fly ash

As
F5

The contents of As and Se in the acid-soluble fraction
of PC sample were 2.03 µg/g and 0.8 µg/g, respectively,
accounting for 20 and 6% of the total amount, whereas that
in CFB sample were 2.7 µg/g As (15%) and 1.07 µg/g Se
(4%). As and Se occurring in this fraction were always
thought to be present as carbonate minerals strongly adsorbed on the dust surface. The elements in this fraction
were labile to pH for dissolving of carbonates or other
dissolvable salts. As and Se could be easily exchanged into
the water-body by ion-exchange process when conditions
were disturbed by pH or Eh changes. As and Se in the exchangeable fraction played a very important role in the
environment because of their high mobility.

Se
F4

F3

F2

F1

FIGURE 1 - The species distribution
patterns of As and Se in PC fly ash.
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FIGURE 2 - The species distribution
patterns of As and Se in CFB fly ash.

and Se in PC and CFB samples are shown in Figs. 1 and
2, respectively.
Water-extractable elements (F1) in fly ash

In F1 of PC sample, 7% (0.67 µg/g) of total As and
31% (4.15 µg/g) of total Se were found, but only 3%
(0.49 µg/g) of total As and 8% (2.46 µg/g Se) in F1 of
CFB sample. The high Se level in the water-extractable
fraction indicated that Se in fly ash is very easily to be
taken up by plants and animals, because this fraction always represents the most labile part of Se in fly ash. Usually the weakly-adsorbed forms, particularly those retained
on the dust surface by relative weakly electrostatic inter-

It has been established that iron and manganese oxides existed as nodular concretions in fly ash cement, or
simply as a coating on particles during the production process of fly ash in the boilers. A lot of toxic elements were
possible to be pooled into the reducible fraction when the
particles were cooled down in flue gas. These oxides could
probably act as excellent scavengers for trace elements, and
were thermodynamically unstable under the anoxic conditions. In this experiment, 0.1 mol/L NH4OH·HCl (pH 2.0)
was used to extract the elements in this fraction. In the PC
sample, 3.73 µg/g As and 0.92 µg/g Se were detected, which
accounted for 37% and 7% of the total amount, respectively. In the CFB sample, 11.1 µg/g As and 1.69 µg/g Se
were found in this fraction representing 61% and 6%, respectively. Althoug the amount of Se in CFB sample was
higher than that in PC sample, the proportions were similar. The results also indicated that more As and Se could be
formed as Fe-Mn oxide complex in CFB than in PC boiler.
Organic and sulfide fraction (F4)

Although almost all organics were burned during coal
combustion process, there was always still some organic
material left in fly ash because of the partial combustion.
As and Se in the oxidable fraction were more stable, and
difficult to take part in the geochemical cycling because
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of their low mobility. But they would become labile when
oxide-reduction conditions were changed. Under oxidizing conditions, the organic materials and reducing sulfur
compounds could be destroyed, and the trace metals associated with them would be leached out into the environment. As and Se in this fraction always acted as a sink
and reservoir for pollutants. In F4 fraction of PC sample,
0.8 µg/g (8%) As and 7.13 µg/g Se were found as well as
0.87 µg/g As and 22.4 µg/g (78%) Se in that of CFB
sample. For As, the amounts in both PC and CFB sample
were similar. However, the amounts of Se were obviously
different. Only 7.13 µg/g Se was detected in PC sample,
but 22.4 µg/g (78% of total Se) was present in CFB sample, possibly resulting from the lower temperature of CFB
combustion which benefits the abundant formation of Se
in this fraction.
Residual fraction (F5)

When the coal was fired in the combustor, As and Se
were evaporated and released into flue gas as elemental
forms or simple compounds. At the same time, the coal
would be melted and the original crystalline structures
were further broken. When the broken dust was cooled
down and agglomerated again, the metals were redistributed
into the fly ash as various forms. Some of them were present in the crystalline structure. The residual fraction normally meant the safest species of elements to our environment because of the lowest mobility and bioavailability. The metals in the crystalline lattice constituted the bulk
of this fraction. Leaching of the elements in this fraction
was very difficult, because the structure of the crystalline
lattice had to be destroyed sufficiently by very strong
acid or alkali treatment. In this experiment, this aim was
achieved by using the strongly acidic mixture of HF and
aquatic acid and digesting the mixture pool by microwave.
From our results, 29% and 16% of total As was present in
the residual fractions of PC and CFB sample, but 4% of
Se in both residual fractions of PC and CFB sample.

the existing forms of As and Se in fly ash, it still helped
us to evaluate the environmental risk of fly ash under real
conditions. From the results, more than 80% of As and
90% of Se were present in the extractable fractions (F1+
F2+ F3+F4) documenting that both are present in fly ash
with high mobility and bioavailability to be easily taken up
by plants and animals. The results also indicated that the
fraction distribution of As and Se in fly ash was probably
affected by different combustion processes. However, the
mechanism for that was not clear and needs to be studied
in the future.
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ABSTRACT
The main objective of the present work is the study of
suspended particulate matter temporal evolution in the
greater Athens area (GAA). Towards this aim, the time
series of the particulate matter with an aerodynamic diameter less than 10 µm (PM10) recorded in six monitoring stations located in the GAA, for a seven-year period 20012006, is analysed.
The analysis leads to useful results concerning PM10
levels that exceed the European Union limit values. It appears that the different characteristics of each measuring
site affect the number of exceedances.
The major findings of this study are: (a) The mean seasonal variation of the examined air pollutant concentration,
in peripheral stations, presents a maximum during the warm
period of the year and a minimum during the cold period.
On the contrary, in the traffic related stations, there is no
clear seasonal variation of PM 10 concentration. (b) The
analysis shows that the PM10 levels remain higher than
the corresponding thresholds for human health protection
set by the European Union, in the majority of the examined monitoring sites, during the examined period. (c) The
number of the days when the mean daily value of PM10
exceeded the threshold of 50 µg/m3 is appreciably higher
than the permitted violations of 35 days per year that is
assigned by the EU Directive.

KEYWORDS: Urban air pollution, time series analysis, PM10,
Athens, Greece

INTRODUCTION
Several epidemiological studies have shown an association between particulate air pollution and health effects
[1-6]. Suspended particulate matter, among other environ-

mental factors [7], is considered as one of the most harmful forms of air pollution, especially the inhalable particulate matter with aerodynamic diameter less than 10 µm
(PM10) that appears to cause respiratory health effects and
heart diseases [8-9]. PM10 can get deep into the lungs and
they may trigger asthma exacerbation [10-12]. The mechanism that is responsible for these health effects remains
largely unknown. Furthermore, the pathogenic component
of particles has not been identified, since they are made of
partially inert carbon which is not considered to have bioactive properties. Fine particles also contain transition metals, gases such as polycyclic aromatic hydrocarbons, and
biological components, such as endotoxins. All these gases
are known to cause inflammation when cultured with lung
cells [13].
The main objectives of this work are: (i) the assessment of the recorded levels in monitoring stations of different characterizations for a 7-year period of measurements, prior to the stage of EU PM10 standard implementation, and (ii) the statistical investigation of the temporal
variation of PM10 concentrations in order to examine the
major factors contributing to those observed in the GAA.
MATERIAL AND METHODS
Study area

The city of Athens is located in an area of complex
topography within the Athens basin (∼450 km2). Mountains surround the city with heights ranging from 400 to
1500 m at the west, north and east sides (Fig. 1). Openings between these mountains exist at the northeast and
west of the basin, while the sea extends southwards (Saronikos Gulf). The Athens basin has a southwest to northeast major axis and is bisected by a cluster of small hills.
The prevailing winds in the Athens basin blow from N
and NE in late summer, fall and winter, but from SSW
and SW in the spring and early summer. The NE and SW
directions coincide with the major geographical axis of
the basin. The ventilation of the basin is poor during the
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prevalence of local circulation systems, such as sea/landbreezes along the major NE-SW geographical axis of the
basin [14].

TABLE 1 - List of stations and related information.
ID Station

Altitude
(m -amsl)

1

290

2
3
4
5
6

Abbreviated Area
station
name
Agia Paraskevi
AGP
Suburban Background
Aristotelous
ARI
Urban - Traffic
Lykovrissi
LYK
Suburban - Traffic
Maroussi
MAR
Suburban - Traffic
Thrakomakedones THR
Suburban Background
Zografos
ZOG
Suburban Background

95
210
145
550
245

All data analyses in this paper are based upon the hourly averaged data from which mean pollutant’s concentrations were averaged for each day, month, and year during
2001-2007.
RESULTS AND DISCUSSION
Particulate matter levels
FIGURE 1 - Map of the GAA, along with the sites of PM10.

The GAA, like most metropolitan areas in the world,
has significant air pollution problems. These problems are
the result of high population density and the accumulation
of major economic activities in this region. There is also a
significant contribution of the intense sunshine to the high
levels of photochemical air pollution, especially during
the summer months. The air pollution problems are often
exacerbated by factors that favour the accumulation of air
pollutants over the city, such as topography (basin surrounded by mountains), narrow and deep street canyons
and adverse meteorological conditions, such as temperature inversions, low wind speed, high temperature, extensive periods of dryness [15].

Summary statistics for PM10 concentrations by site are
displayed in Table 2. The average concentrations for the 7year period are ranged between 30.1-58.7 µg/m3. All concentrations are considerably higher than those reported by
studies presenting PM10 data from continuous monitoring
networks operating across large European Metropolitan
areas [16-20].
Annual variation

Air pollution data

Concerning the PM10, the EU Directive 1999/30 [21],
which begun on 1st January 2005, states that during the
first stage of its implementation the mean daily value of
PM10 concentration should not exceed 50 µg/m3, and the
number of days this value is exceeded should be no more
than 35 per year; also, the annual average value of PM10
concentration should not exceed 40 µg/m3.

In this work, PM10 concentration measurements for a
seven-year period (2001-2007) are used. Air quality data
have been obtained by the network of the Greek Ministry
of the Environment, Physical Planning and Public Works
(GMEPPPW). A detailed description of the GMEPPPW network is found in relevant publications, e.g. [15]. The six
PM10 monitoring stations and their characteristics are being
displayed in Table 1.

Figure 2 shows the temporal evolution of annual averages of PM10 concentrations for the period 2001-2007 at
all the monitoring sites of the GMEPPPW network. It can
be seen that the annual average values of PM10 consistently
exceed the annual limit of 40 µg/m3 specified by the EU
Directive [21], especially at ARI and LYK, and to a lesser
degree at MAR. The PM10 violations (annual averages over
40 µg/m3) are strongly associated with the local sources of

TABLE 2 - Descriptive statistics for PM10 daily concentrations (µg/m3) in different measuring sites over the GAA.

Mean (µg/m3)
SD (µg/m3)
Median (µg/m3)
Minimum (µg/m3)
Maximum (µg/m3)
CV
Skewness
Kurtosis

AGP
37.7
22.7
32.0
5.8
396.0
60.2
3.9
36.4

ARI
54.9
23.5
50.1
10.8
386.0
42.8
2.9
24.1
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LYK
58.7
27.0
53.8
8.8
438.0
46.1
2.5
21.0

MAR
48.3
27.9
44.0
4.3
331.0
57.8
2.1
11.2

THR
30.1
21.9
25.9
3.4
441.0
73.0
6.6
87.4

ZOG
31.8
18.2
28.3
3.0
387.0
57.1
5.2
69.7
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FIGURE 2 - Temporal evolution of annual averages of PM10 concentrations
at all the measuring sites (2001-2007; the horizontal line indicates EU limit).

PM10. Concentration levels were similar with those reported by studies presenting PM10 data from continuous monitoring networks operating in Greek cities [22-24].
Seasonal variation

Figure 3 depicts that the mean seasonal variation of
PM10 concentrations were not uniform across the six monitoring sites, with average cold period concentrations
being higher at three of them, and warm period concentrations being significantly higher at the rest three sites.
The stations under examination may be characterised
as traffic and background stations depending on the location of the monitoring site and the sources of the pollutant
under examination (Table 1). There is no clear seasonal
variation in the traffic stations, while the mean levels
during the warm period of the year are higher than the
corresponding ones during the cold period in the 3 background (peripheral) stations.

It should be noticed that in the peripheral stations,
where local anthropogenic sources do not obviously affect
the PM10 levels [25], the soil erosion and the secondary
aerosol, which is being formed in the atmosphere as a
result of various physicochemical processes by natural
biogenic emissions, are not negligible parameters for the
seasonal variation pattern [26-27].
Daily averages of PM10 over 50 µg/m

3

The data analysis carried out shows that the mean
daily PM10 concentration values are higher than 50 µg/m3.
Figure 4 shows that the number of days, when the mean
daily value of PM10 exceeded the limit of 50 µg/m3, is
considerably higher than the permitted exceedances of 35
days per year, specified by the EU Directive [21].
Figure 4 depicts the existence of violations for three
of the measuring sites (ARI, LYK and MAR); the levels
of PM10 remain at these sites above the EU limit values
[21] for the whole part of the examined period.
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FIGURE 3 - Interannual variation of mean monthly averages of PM10 levels at all the measuring sites (2001-2007).
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FIGURE 4 - Temporal evolution of annual exceedances of mean daily PM10 concentrations at all the measuring sites (2001-2007; the horizontal line indicates EU limit).
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According to information in scientific literature, the
annual exceedances of mean daily PM10 concentrations remain above the international air quality standards, not only
in mega-cities like Athens [18, 22, 24, 28-29] and Thessaloniki [26] but also in medium-sized cities like Kozani
[23-24, 31] and Volos [32-33]. The percentage of sampling
days when PM10 concentrations exceeded the mean daily
limit (50 µg/m3) in the GAA ranged from a low 9% (background stations) to a maximum 57% (traffic stations) [29].
Grivas et al. [28] reported that most of the GAA’s measuring sites surpassed the allowed percentage of exceedances
(9.6% by the EU air quality standard) of the daily limit
value for the period 2001-2004. Percentagewise values
ranging from 23% in urban to 56% in industrial measuring sites are reported for Kozani [24]. Two studies for
the city of Volos, covering the periods January 2001–
December 2003 [32] and January 2001–December 2007
[33], presented values ranging from 38 to 40%.

[2]

Dockery, D.W., Pope, C.A., Xu, X., Spengler, J.D., Ware,
J.H., Fay, M.E., Ferris, B.G., Spizer, F.E. (1993). An association between air pollution and mortality in six US cities. New
England Journal of Medicine, 329, 1735–1759.

[3]

Seaton, A., MacNee, W., Donaldson, K., Godden, D. (1995).
Particulate air pollution and acute health effects. Lancet, 345,
176–178.

[4]

Pope III, C.A. (2000). Epidemiology of fine particulate air pollution and human health: biological mechanisms and who's at
risk? Environmental Health Perspectives, 108, 713–723.

[5]

Grigoropoulos, K.N., Natos, P.T., Ferentinos, G., Gialouris,
A., Vasiliou, T., Mavroidakos, J., Avgeri, D., Kalabokis, V.
and Saratsiotis, D. (2008). Spatial distribution of PM1 and
Sinus Arrhythmias in Athens, Greece. Fresenius Environmental Bulletin, 17(9b), 1426-1431.

[6]

Nastos, P.T. (2008). Weather, Ambient Air Pollution and
Bronchial Asthma in Athens, Greece. Advances in Global
Change Research (AGLO), M. C. Thomson et al. (eds.), Seasonal Forecasts, Climatic Change and Human Health. ©
Springer Science + Business Media B.V. 2008 ISBN 978-14020-6876-8 e-ISBN 978-1-4020-6877-5, DOI 10.1007/9781-4020-6877-5, Library of Congress Control Number:
2007942723, 173-188.

[7]

Nastos P.T. and Matzarakis A. (2006). Weather impacts on
respiratory infections in Athens, Greece. International Journal of Biometeorology, 50(6), 358-369.

[8]

Bartzokas, A., Kassomenos, P., Petrakis, M., Celessides, C.
(2004). The effect of meteorological and pollution parameters on the frequency of hospital admissions for cardiovascular and respiratory problems in Athens. Indoor and Built Environment, 13, 271-275.

[9]

Pope III, C.A., Burnett, R.T., Thurston, G.D., Thun, M.J.,
Calle, E.E., Krewski, D. and Godleski, J.J. (2004). Cardiovascular mortality and long-term exposure to particulate air
pollution. Epidemiological evidence of general pathophysiological pathways of disease. Circulation, 109, 71–77.

CONCLUSIONS
The hourly PM 10 concentrations obtained by the
GMEPPPW were examined in order to study the mean
seasonal variation. From this analysis, the following conclusions can be outlined:
(i) The mean seasonal variation of the examined air
pollutant concentration in peripheral stations presents a
maximum during the warm period of the year and a minimum during the cold period. On the contrary, there is no
clear seasonal variation of PM10 concentration in the traffic-related stations.
(ii) The analysis shows that the PM10 concentration
levels remain higher than the corresponding thresholds for
human health protection set by the European Union, in the
majority of the examined monitoring sites during the examined period.
(iii) The number of the days when the mean daily value
of PM10 concentration exceeded the limit value of 50 µg/m3
is appreciably higher than the permitted exceedances of
35 days per year that is assigned by the EU Directive.

[11] Dockery, D.W., Pope III, C.A. (1994). Acute respiratory effects of particulate air pollution. Annual Review of Public
Health, 15, 107-132.
[12] Galán, I., Tobías, A., Banegas, J.R. (2003). Short-term effects
of air pollution on daily asthma emergency room admissions.
European Respiratory Journal, 22, 802-808.
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ABSTRACT
In this work, degradation of 6-aminonaphthalene-2sulfonic acid (6AN2SA) under microaerophilic conditions
by means of a selected mixed bacterial culture (SMBC) was
investigated. Experiments were performed with a consortium
based on six bacteria belonging to the genera Pseudomonas (2 strains), Flavobacterium (2 strains), Corynebacterium (1 strain) and Bacillus (1 strain), isolated from activated sludge treating wastewater of the chemical industry.
Complete degradation of 6AN2SA at the initial concentration of 500 mg L-1 was achieved within 5 days. The degradation was coupled with an accumulation of sulfate, ammonium and 58 mg L-1 of the remaining total organic carbon. COD reduction of 80% was achieved. UV-VIS and IR
spectrophotometry as well as HPLC-MS and HPLC-FLD
analyses confirmed the degradation of 6AN2SA. During
the degradation, the SMBC formed pellet-like agglomerations.

KEYWORDS:
6-aminonaphthalene-2-sulfonic acid, xenobiotic, biodegradation,
selected mixed bacterial culture, microaerophilic conditions

INTRODUCTION
Naphthalenesulfonic acids and their substituted analogues have a wide application in various industrial processes [1-3]. They occur in wastewaters generated by the
production of naphthalenesulfonic acids, azo dyes, drugs,
food, cosmetics, detergents, leather-processing and textile
industry [2, 4, 5], in landfill leachate [6], water, soil and
sediments [2, 6-9]. Naphthalenesulfonates have been reported as compounds with limited biodegradability, especially the more polar ones. Unsubstituted monosulfonated
aromatic compounds or compounds with an additional

methyl group are readily degradable. However, the presence of a nitro, hydroxy, amino, or an additional sulfonate
group causes the aromatic sulfonate to become difficult to
degrade [10]. Poor biodegradation of these compounds is
due to their stable molecular structure or direct toxicity to
microorganisms [11, 12]. The 6AN2SA (Bronner's acid) is
the organic naphthalene-structured aromatic compound
substituted on position 2 with an amino-group and on position 6 with a sulfo-group. The sulfo-group in the structure
of naphthalenesulfonic acids accounts for their polarity
and good water solubility as well as for their xenobiotic
properties [1, 7, 10, 11, 13, 14]. 6AN2SA is an intermediate for acid, reactive and direct dyes production. Microbial
degradation of naphthalenesulfonic acids was investigated
under aerobic conditions using individual strains of Pseudomonas sp. [13, 15-17], Arthrobacter sp. [18], Pigmentiphaga sp. [19], Sphingomonas sp. [20, 21], Moraxella sp. [22] and Comamonas sp. [18] as well as mixed
bacterial cultures [23-25]. The available references [1, 26]
describe the activity of the adapted activated sludge as a
mixed microbial culture capable of a partial degradation
of naphthalenesulfonic acids. Degradation of 6AN2SA was
investigated at aerobic conditions by means of two different mixed microbial cultures [24, 25]. Also, the azo dye
degradation with 6AN2SA in its structure was successful
only under anaerobic conditions for reduction of the azo
bond, but aerobic conditions for 6AN2SA degradation [27].
The aim of this work was to investigate the biodegradation
of 6AN2SA under microaerophilic conditions in laboratory
batch experiments. The results could indicate the possibility
of using a mixed microbial culture in 6AN2SA degradation, for example, in wastewater as well as in azo dyes with
6AN2SA present in their structures.

MATERIALS AND METHODS
Culture media

The mineral salt medium (MM) was prepared by dissolving (g L-1): KH2PO4 (0.5), FeCl3×6H2O (0.01), MgCl2×
6H2O (0.01) and 6AN2SA (0.5) in water (mixing on a magnetic stirrer). The pH of the medium was adjusted with 2M
NaOH to 7.2-7.4. The medium was autoclaved at 121 °C
for 30 min, and after that it was kept in a bottle wrapped
with an aluminium foil to protect it from light. 6AN2SA
of 88 % purity with the appearance of a grey powder was
obtained from Bayer AG, Leverkusen, Germany. Other
chemicals were products of Kemika, Zagreb, Croatia. All
chemicals were of analytical or equivalent grade.
Selected mixed bacterial culture (SMBC)

The microbial consortium of SMBC was obtained
from activated sludge treating wastewater of the chemical
industry by an enrichment culture technique using MM with
6AN2SA as the sole carbon source (under gradual increase
of 6AN2SA concentration from 30 to 70 mg L-1) under
microaerophilic conditions. The experiments were carried
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out in serum bottles (500 ml) containing 250 ml MM at
30 oC under static conditions. Once a day, the flasks were
quickly shaken (for a short period). The biomass was then
inoculated on a nutrient agar (Biolife) plate supplemented
with MM containing 100 mg L-1 6AN2SA. Among the
grown colonies, six predominant bacterial strains were used
to prepare SMBC. Approximately equal parts of the biomass of individual bacterial strains were used to prepare
suspensions of individual bacterial strains with a sterile
saline solution. By mixing suspensions of the individual
bacterial strains, the SMBC suspension was prepared. The
SMBC suspension was centrifuged (at 6000 rpm and 5 °C
for 10 min) and washed with a sterile saline solution (twice),
and then used as the inoculum. In addition, 12 subcultivations on MM with 100 mg L-1 6AN2SA under microaerophilic conditions were performed in such a way that after
6AN2SA degradation the supernatant was decanted, and
on the remaining suspension of SMBC (30-50 ml) fresh
MM was added. The inoculation of SMBC on the nutrient
agar (Biolife) supplemented with MM (100 mg L -1
6AN2SA) caused the growth of 6 bacterial strains. Conventional morphological and biochemical tests were performed to identify the bacteria belonging to genera [28].
Individual strains of SMBC were kept at 4 oC on the nutrient agar (Biolife) supplemented with MM (100 mg L-1
6AN2SA).
Experimental conditions

6AN2SA degradation under microaerophilic conditions by means of SMBC was performed as thermostated
(30.0±0.5 °C) static culture in 1-L serum bottles of 500 ml
working volume. The serum bottles were equipped with
rubber stoppers to be opened for sample collection, and
wrapped in aluminium foil in order to protect them from
light. Uninoculated serum bottles were used as controls.
Serum bottles were shaken once a day. Experiments were
performed in triplicate. The data were means ± standard
deviation for triplicate experiments.
Analytical methods

During the biodegradation, samples were taken in regular intervals. The concentration of 6AN2SA was determined
spectrophotometrically, at its maximum absorbance wavelength (242 nm) with filtered (0.45 µm filter paper) samples diluted with distilled water in 1:100 ratio and by
HPLC. The UV-VIS spectra of the filtrates were scanned
using a Helios Beta spectrophotometer (Pye Unicam, Cambridge, UK). The degradation of 6AN2SA was investigated using HPLC-FLD (Agilent 1100 system) and HPLC-MS
instruments equipped with auto-sampler SIL-10Advp,
thermostated column oven, degasser and LCMS-2010,
single quadrupole mass spectrometer with electrospray
probe (ESI) Shimadzu Corp. (Kyoto, Japan). For HPLCFLD analysis, a Synergy Polar-RP column (3 mm x 150 mm
x 4 µm; Phenomena) and 0.2 % formic acid/acetonitrile
10/90 with high-pressure isocratic mode and flow-rate of
0.5 ml min-1 were used. The concentration and purity of
6AN2SA samples were determined at 222 nm for excita-

tion and 480 nm for emission. For HPLC-MS analysis, a
SB C18 EC column (2.1 mm x 150 mm x 3 µm; Agilent
Technologies Bellefonte, PA 16823, USA) and water/
acetonitrile high-pressure solvent gradient with flow-rate
of 0.2 ml min-1 were used. The solvent gradient was as
follows: from 0 to 1 min, the mobile phase consisted of
80 % water and 20 % acetonitrile; from 1 to 12 min, a linear
solvent gradient was applied with a final composition of
5% water + 95% acetonitrile and held for 2 min; from 14
to 30 min, a linear solvent gradient was applied with a
final composition of 80% water + 20% acetonitrile. The
injection volume was 10 µl for standards and samples, and
column temperature was maintained at 35 °C. UV-DAD
was set at the range of 200-400 nm and elution was monitored at 280 nm. All samples were diluted with distilled
water in 1:40 ratio. The electrospray negative ionisation was
used prior to selected ion monitoring (SIM) MS detection
of selected m/z and scanning in the range m/z 80-400. The
interface parameters were: temperature of negative ion
electrospray probe (ESI(-)) = 250 oC, curved desolvation line (CDL) temperature or temperature of the heated
capillary = 150 oC, the nebulizer drying gas was N2 with
flow-rate 1.5 L min-1, and the block temperature was set
at 150 oC. Mass spectra were acquired in selective ion
monitoring mode (SIM) with 1 s of scanning interval with
the scan speed of 1000. The detector gain was settled on
2.5 kV, the probe high voltage on -3.5 kV, the CDL voltage on -20.0 kV, and the Q-array voltage on gain for
scanning 0.0/-25.0/-30.0 V for both scanning and SIM
mode. The IR-spectrophotometer (type Bomem FTIR MB
100) was used for the qualitative monitoring of structural
changes in 6AN2SA during degradation. COD was determined with the closed reflux colorimetric method, TOC
with TOC-analyzer (Analytik Jena AG TOC/TN analyzer
multi N/C 3000), and ammonium nitrogen (N-NH4) photometrically (Merck Spectroquant® Vega 400) with Merck
standard kits. The sulfate concentration (SO42-) was determined by ion chromatographic method (ion chromatograph
Dionex-120). Biomass concentration was determined by
dry weight analysis and expressed in g L-1. Values of pH
and DO were determined by WTW 320 and WTW oxi320 electrodes (WTW, Germany), respectively. All measurements were performed according to Standard Methods
[29]. Light microscope Olympus Bx50F equipped with a
camera Olympus PM-10 M-3 was used to monitor the
microbiological quality of SMBC.
RESULTS AND DISCUSSION
Naphthalenesulfonates, including 6AN2SA, are distinguished as sparingly biodegradable compounds and are
classified as xenobiotics [1, 6, 7, 11, 24]. It is believed
that aerobic conditions are more favourable for xenobiotic
degradation, and all references about degradation of naphthalenesulfonic acids [1, 7, 13, 15-17, 22, 24, 25] refer to
aerobic degradation. This paper reports on the results of
6AN2SA degradation under microaerophilic conditions.
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During all experiments, the DO concentration was below
2 mg L-1, and microaerophilic conditions were obtained
by performing experiments as static cultures [14]. All experiments were performed in a way that after 6AN2SA
degradation the supernatant was decanted, and to the remaining suspension of SMBC (30-50 ml), fresh MM (under gradual increase of 6AN2SA concentration) was added.
This is why in each further experiment a degraded medium
was present in a small portion. It has been reported that,
for the productive breakdown of substituted naphthalenesulfonates, the relevant enzymes had to be induced by
sub-strates or metabolites [17]. It is known that some metabolites induce the catabolism of naphthalenesulfonic
acids [17]. The resistance against toxic metabolites must
also be developed [17, 24, 25]. In the light of these facts,
the possibility of degraded MM as the inducer of microbial activity was investigated. Experiments were performed with a washed biomass of SMBC, and with a
suspension of SMBC biomass and degraded MM. For
every studied 6AN2SA concentration (100 to 500 mg L-1),
three consecutive experiments were performed. Experiments with the suspension of SMBC biomass and degraded MM revealed the degradation without the accommodation period. In the same experiments with washed biomass, the accommodation period was long. The 8-10 days
accommodation period was probably the period of activation of enzymes. Single strains of SMBC were also investigated for 6AN2SA bio-degradation with washed biomass, and with biomass and degraded MM, under microaerophilic conditions. In both cases, single strains showed a
poor or none activity for degradation of 6AN2SA with a
long period of accommodation (data not shown). Thus, it
could be presumed that each strain in SMBC participates
in 6AN2SA degradation process as well as degraded MM
could activate catabolic activity of microorganisms in
SMBC for 6AN2SA degradation. The advantage of a
mixed microbial culture as synergistic bacterial community in xenobiotic degradation has been pointed out [23-25,
27]. Therefore, next experiments were carried out with a
suspension of SMBC and degraded MM in a volume portion of around 10%. The results of 6AN2SA degradation,
at initial concentration of 500 mg L -1 and biomass concentration of 1.0 g L-1, are shown in Fig. 1.

FIGURE 1 - Concentrations of 6AN2SA (in sample and control), NNH 4 and sulfate, COD and TOC determined during 6AN2SA
degradation (initial concentration of 500 mg L-1) by means of the
SMBC under microaerophilic conditions. (The data are means ±
standard deviation for triplicate experiments. When the error bar is
not visible, it is within the data point).
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FIGURE 2 - UV-absorbance curves obtained during 6AN2SA degradation at the initial concentration of 500 mg L-1 by means of
SMBC under microaerophilic conditions.

Biodegradation of 6AN2SA (500 mg L-1) was achieved
during 5 days (Fig. 1). TOC value decreased from 319 to
58 mg L-1. The fact that 81.8 % of TOC was removed
showed that SMBC metabolized most of the organic carbon. COD reduction of 80 % was achieved. At the end of
the process, 58 mg L-1 of TOC and 182 mg L-1 of COD
remained. In the control test, 6AN2SA concentration did
not change. Degradation was accompanied by accumulation of sulfate and ammonium, which was the proof of desulfonation and deamination. Other authors [1, 11, 24, 25]
also reported about these processes occurring during
the degradation of naphthalenesulfonic acids. Thus, two
mixed microbial cultures under aerobic conditions degraded
6AN2SA generating sulfite (which spontaneously turns
into sulfate), remaining dissolved organic carbon (100 mg
L-1) [23], and nitrate [24]. During 6AN2SA biodegradation
under microaerophilic conditions, the pH slightly dropped
from 7.2 to 6.95, probably due to desulfonation. The determination of UV-absorbance curves in 190-320 nm wavelength range showed a decrease and a loss of the absorbance maximum at 242 nm (characteristic of 6AN2SA). At
the end of 6AN2SA degradation, a low intense absorbance
maximum at 222 nm can be seen (Fig. 2).
After 5 days of 6AN2SA degradation, aromatic C-C
stretching bands at 1342.69, 1508.76 and 1629.11 cm-1
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disappeared in IR spectra (Fig. 3) suggesting that 6AN2SA
was ring-cleaved.
The degraded MM was analyzed by HPLC-MS. The
mass chromatograms were obtained by parallel recording

in total ion current mode (TIC) and selected ion monitoring mode (SIM). Mass spectra of 6AN2SA were characterized by a base peak at m/z 222 for a parent ion [M-H]-.
In the spectrum of the degraded 6AN2SA (Fig. 4), the
molecular peak at 222 was indistinguishable from the
background, while several peaks, at lower masses, were
much more intense. The presence in the mass spectrum of
an ion of m/z 115 is a characteristic of the solvents, ion of
m/z 80 is [SO3]-, ion of m/z 143 indicates that it arises
from 6AN2SA degradation. However, the structure of this
compound with a molecular weight of 144 is unclear and
subject to further investigation. It can be assumed that it is
responsible for much of the TOC (58 mg L-1) remaining
after 6AN2SA degradation, and also for the low intensity
of UV absorbance maximum at 222 nm at the end of
6AN2SA degradation. Also, after aerobic degradation of
6AN2SA and other naphthalenesulfonic acids, residual
dissolved organic carbon in small concentration was pre-

FIGURE 3 - IR-spectra of 6AN2SA (500 mg L-1) before degradation (A) and
after 5 days of degradation by means of SMBC under microaerophilic conditions (B).
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FIGURE 4 - Negative ion ESI-MS mass spectra of degraded 6AN2SA (scanned in the range m/z 80-400).

sent [18, 24]. The residual organic carbon is probably due
to persistence of intermediates formed during the biodegradation [18]. By IR analysis, it could be assumed that the
degraded product might be some kind of sulfonated hydrocarbon.
The disappearance of 6AN2SA has also been proven
by HPLC-FLD analysis. There are no other compounds detected in degraded MM by HPLC-FLD. During the study
of 6AN2SA degradation under microaerophilic conditions,
the SMBC biomass was formed and maintained as pelletlike agglomerations (Fig. 5). Such a formation of microbial
biomass, and its good settling ability, enabled the decanting of the degraded medium from the biomass.

SMBC for 6AN2SA degradation. Its identification will be
the subject of future investigation. SMBC during degradation formed pellet-like agglomerations and could be easily
separated from the degraded medium. Microaerophilic
conditions mean saving energy and, therefore, low cost
of treatment.
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BIODEGRADATION OF 3-METHYLINDOLE BY Pseudomonas
putida LPC24 UNDER OXYGEN LIMITED CONDITIONS
Ping Li, Lei Tong, Kun Liu and Yanxin Wang*
MOE Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences, Wuhan 430079, PR China

ABSTRACT
3-Methylindole (3-MI) was degraded by an isolated
strain Pseudomonas putida LPC24 under oxygen limited
conditions. According to the results of HPLC and GC/MS
analyses, this bacterial strain could degrade 2.0 mM 3-MI
in 30 days; Three intermediates were detected and identified as 3-methyloxindole, N-(2-acetylphenyl)formamide and
2-aminoacetophenone. 3-MI was postulated to be oxidized
firstly at C2, hydroxylated and dehydroxylated at C2 and
C3, and then decarboxylated at C2-position sequentially
after the cleavage of the pyrrole ring between 2- and 3positions, a new degradation pathway different from those
in previous studies.

other hand, in our previous study, one Pseudomonas putida
strain capable of 3-MI degradation was isolated from an
upflow anaerobic sludge blanket (UASB) reactor treating
swine wastewater with high concentration of 3-MI. Because
the O2 flux into the reactor may be low, it is imperative to
study the 3-MI degradation under oxygen-limited conditions.
Therefore, the major objectives of this study are to elucidate degradation efficiency and potential metabolic pathway of 3-MI oxygen-limited conditions by Pseudomonas
putida LPC24, the indigenous bacterium isolated from an
UASB reactor for piggery wastewater treatment.
MATERIALS AND METHODS

KEYWORDS: biodegradation, 3-methylindole (3-MI), metabolic
pathway, oxygen limited conditions, Pseudomonas putida.

INTRODUCTION
3-MI (or skatole) is one of the main toxic recalcitrant
nitrogenous heterocyclic compounds (NHCs) occurring in
wastewaters of chemical industry, pharmaceuticals, cosmetics and agrochemicals [1, 2]. High concentrations of 3MI are detected in fecal slurries and swine wastewater of
rumen and monogastric animals [3, 4]. The environmental
fate of this toxic chemical is of great concern because it
may seriously contaminate the aquatic environment. 3MI is
a kind of pneumotoxin [5]. Some data proved that elevated
plasma levels of estrone sulfate were correlated with levels
of 3-MI [6, 7]. Moreover, 3-methylindole is also toxic to
many microorganisms. It has a fairly broad bacteriostatic
effect and is toxic to rumen ciliated protozoa [8]. Microorganisms play a vital role in influencing the fate of this heterocyclic organic pollutant in the environment. In previous
studies, 3-MI was indicated to be degraded through different pathways under aerobic and anaerobic conditions [8-10].
There are many reports that reluctant organic pollutants can
be removed effectively under oxygen-limited conditions
[11, 12]. However, information about the degradation of
3-MI under oxygen limited conditions is limited. On the

Microorganism source and medium

Bacterium P. putida LPC24, with the GenBank accession number EU443617, was isolated from activated
sludge collected from a lab-scale UASB reactor treating
raw piggery wastewater with 10-30 mg/L 3-MI. 3-MI was
undetectable in the effluent of the reactor, indicating that
this compound was degraded effectively.
The ingredients of minimal salt medium (MSM) were
(mg/L): NaNO3, 85; K2HPO4, 79; KH2PO4, 20; CaCl2, 5;
MgCl2, 5; FeCl2, 1, with pH of 7.2. The medium was autoclaved at 121 oC for 15 min. Different concentrations of 3MI were added after the medium was cooled to 45 oC.
3-MI biodegradation

To start the biodegradation experiment under oxygen
limited conditions, 1.0 ml substrate-depleted active culture
was used to inoculate 100 ml pre-sterilized MSM containing the initial concentration of nitrate (1.0 mM) and different initial concentrations of 3-MI (0.5-3.5 mM) in Erlenmeyer flasks incubated on a shaker operating at 120 rpm
and 30 oC. The flasks were purged with pure nitrogen and
sealed with butyl rubber stoppers under aseptic condition
quickly after autoclave sterilization. The initial dissolved
oxygen concentration was about 2.5-4.8 mg/L. In the whole
degradation process, no oxygen was supplied. Samples for
measurements were taken from the bottles periodically with
a syringe. Actual dissolved oxygen concentrations were
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measured in replicate flasks with a dissolved oxygen-meter
(HACH sensION8, USA). All experiments were run in triplicate, with uninoculated flasks serving as controls. The concentrations of samples were expressed as the average of
those obtained from triplicate flasks. The 3-MI degradation was assessed by comparing the supernatant concentration.

creased. These results implied that the organic compound
3-MI, the sole carbon source for the bacterial strain LPC24,
was used as an electron donor, while the limited oxygen
and nitrate were used as electron acceptors under oxygenlimited conditions.

Analysis of substrate compounds and their metabolites

For the analysis of 3-MI and its metabolites, cultures
were harvested at different time intervals, quantitatively
analyzed and identified by HPLC (Agilent 1100) and GCMS (HP6890/5973). In preparation for HPLC analysis, culture samples were centrifuged (4000 rpm) and filtered
through a 0.45-µm PTFE membrane syringe filter. Methanol-water was used as the mobile phase for analysis of substrates and possible intermediate metabolites, by running a
linear gradient (methanol from 15 to 100 %, v/v) in 50 min
at a flow-rate of 0.6 ml min-1. Substrate compound and its
metabolites were detected and quantified at 225 nm [10]. Liquid/liquid extraction method was applied using 10-100 ml
of dichloromethane twice, and the filtrates were extracted
with methylene chloride. The methylene chloride extracts
were evaporated to dryness in a flash evaporator under
vacuum. The residue was transferred to a small glass vial
in N2 atmosphere to avoid oxidation in the air, and dissolved in approximately 50 µl hexane. GC-MS temperature program with a DB-5MS capillary was as follows:
kept at 85 °C for 3 min, then programmed at ramp rates of
10 °C min-1 to 130 °C and 3 °C min-1 to 300 °C, and finally
held for 15 min. Chemicals in the samples were quantified
or identified by comparison with external standards: 3methylindole and 3-methyloxindole were bought from Fluka,
2-aminoacetophenone and other standards from Aladdin,
China. NO3--N, and NO2--N were measured using standard methods [14].

FIGURE 1 - 3-Methylindole (3-MI) degradation by Pseudomonas
putida strain LPC24 (initial concentrations of 3-MI were 0.5, 1.0,
1.5, 2.0, 2.5, 3.0 and 3.5 mM, respectively).

RESULTS AND DISCUSSION
3-MI biodegradation

3-MI was effectively degraded when the initial concentration was lower than 2.5 mM, and 2.0 mM 3-MI could
be degraded within 30 days (Fig. 1). When the concentration increased to 3.5 mM, only 28 % 3-MI was degraded
after 30 days. The strain grew best in medium with low concentrations of 3-MI. There was neither evident degradation
nor bacterial colony formation on the agar plates when
initial concentration of 3-MI was more than 4.0 mM. No
appreciable loss of 3-MI was observed in the controls.
The biodegradation was performed under oxygenlimited conditions with nitrate. The concentration of nitrate
was decreased with those of 3-MI, and increasing nitrite
levels were detected in degradation process (Fig. 2). This
implied that nitrate was converted to nitrite under the oxygen-limited conditions. At the end of biodegradation, concentrations of dissolved oxygen were also found to be de-

FIGURE 2 - Experimental profiles of nitrate, nitrite and 3-MI in 3MI degradation by Pseudomonas putida strain LPC24 (initial concentrations of nitrate, nitrite and 3-MI were 1.0, 0 and 0.5 mM,
respectively).
3-MI degradation metabolites

In previous studies, Gu et al. [8] reported the metabolic pathway 3-methyloxindole /α-methyl-2-amino benzeneacetic acid by marine anaerobic microorganisms under
sulphate-reducing conditions (Fig. 3 (1)). In 2006, Yin and
Gu [10] demonstrated that the metabolites were indoline-3carboxylic acid/indoline-3-ol/formylanthranilic acid by P.
aeruginosa Gs under aerobic conditions (Fig. 3 (2)). How-
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ever, except 3-methyloxindole, the metabolites in their
list were not detected in 3-MI degradation by strain LPC24.
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FIGURE 3 - Proposed pathway of 3-MI degradation by marine anaerobic microorganisms under sulfate-reducing conditions (1) [8], and
proposed pathway of 3-MI degradation by Pseudomonas aeruginosa Gs under aerobic conditions (2) [10].

During the degradation of 3-MI, at least three peaks
of intermediates were observed with HPLC at retention
times of 22.8, 24.0 and 24.8 min, in addition to those of the
solvent (R.T. 2.2 min) and parent compound (R.T. 33.1 min).
The primary GC-MS analysis showed that 3-methyloxindole, N-(2-acetylphenyl)formamide (formylaminoacetophenone) and 2-aminoacetophenone were detected in the
culture filtrate. One of the three intermediates was identified as 3-methyloxindole with the authentic standard on
the basis of HPLC retention time (22.8 min) and mass spectral analysis (m/z 147 as well as fragment ions at 132, 119,
104, 91, 77, 65, 59 and 51). Another metabolite was identified by comparison with an authentic standard, 2-aminoacetophenone, on the basis of HPLC retention time (24.8
min) and mass spectral analysis (m/z 135 as well as fragment ions at 120, 106, 92, 77, 65 and 52). The other metabolite with HPLC retention time 24.0 min was identified

as N-(2-acetylphenyl)formamide by comparison of mass
spectrum (m/z 163 as well as fragment ions at 148, 135,
120, 106, 92, 77, 62 and 52) of the peak at 16.216 min
with the library data of NIST (Fig. 4). The 3 intermediates
were obviously identified as N-(2-acetylphenyl)formamide,
2-aminoacetophenone and 3-methyloxindole, respectively,
implying that 3-MI degradation by strain LPC24 under
oxygen-limited condition with nitrate was likely to follow
a different pathway. The concentrations of the metabolites
over time indicated the disappearance of 3-methylindole
and appearance of the metabolites (Fig. 5). The disappearance of 3-methylindole or the appearance of 3-methyloxindole in the sterile controls were not observed. The
degradation pathway of 3-MI was postulated as shown in
Fig. 6, which is apparently different from those reported in
previous studies.

FIGURE 4 - Comparison of mass spectrum of the metabolite (1) isolated from Pseudomonas putida LPC24 culture for the peak at 16.216 min
with the library data of NIST (2).
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FIGURE 5 - Disappearance of 3-MI (skatole) and appearance of the possible intermediate metabolites 3-methyloxindole and 2-aminoacetophenone during growth of Pseudomonas putida LPC24 in the presence of 3-MI.

FIGURE 6 - A proposed pathway of 3-MI degradation by Pseudomonas putida strain LPC24 under oxygen-limited conditions.

DISCUSSION
Although 3-MI was one of the main toxic recalcitrant
NHCs in piggery wastewater, there are only some studies
about piggery wastewater treatment [15, 16], and limited
work has been done on 3-MI degradation mechanism. In
this study, strain P. putida LPC24, the indigenous bacterium isolated from an UASB reactor for piggery
wastewater treatment, was tested to elucidate degradation
efficiency and potential metabolic pathway of 3-MI. This
strain was capable of utilizing 3-MI as sole carbon source,
and 3-MI could be degraded effectively under oxygenlimited conditions.
The degradation pathway of 3-MI was previously proposed as follows: oxidation at C2, and then transformed to
α-methyl-2-aminobenzeneacetic acid after the cleavage of
the pyrrole ring between C1 and C2 under sulphate-reducing conditions (Fig. 3 (1)) [8]. Another degrading pathway was demonstrated by Yin and Gu [10] as shown in
Fig. 3 (2). 3-MI was firstly oxidized at the C3 position to
form indoline-3-carboxylic acid, and then transformed to
indoline-3-ol, subsequently cleavage of the pyrrole ring of
3-MI between C2 and C3 positions, forming formylanthranilic acid. In this study, the biodegradation of 3-MI
was initiated under limited oxygen conditions. This com-

pound was used as an electron donor, while the limited
oxygen and nitrate were used as electron acceptors. 3-MI
was firstly oxidized at C2. The oxidation was accomplished
finally by hydroxylation and dehydroxylation at C2 and C3,
and then decarboxylation at 2- position, sequentially after
the cleavage of the pyrrole ring between 2- and 3-positions
(Fig. 6). In previous studies, Diaz et al [16] and Yan et al.
[17] found that 3-methyloxindole and 2-aminoacetophenone
were the metabolites of 3-MI produced by pig liver microsomes. Christoph et al. [18] and Shinohara et al. [19]
have detected formylaminoacetophenone as the enzymatic
degradation metabolite in sulphurized wines and pig liver.
The results of our work are the first to report 2-aminoacetophenone and formylaminoacetophenone production due
to 3-MI degradation by a bacterium. The proposed 3-MI
degradation pathway by strain P. putida LPC24 in our work
was a new pathway to those proposed so far in other studies.
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Department of Biology, Faculty of Science and Art, Giresun University, 28049 Debboy Location, Giresun, Turkey

ABSTRACT
The aim of the present study was to investigate the radioprotective effect of Ginkgo biloba (GB) leaf extract on
gamma (γ) radiation–induced chromosomal aberrations
(CAs) in human lymphocytes. CAs were classified into
6 terms (break, dicentric, acentric, fragment, gap and ring).
The mitotic index (MI) and the number of aberrant metaphases (AMN) were also calculated.
The 6 groups of the lymphocyte culture were prepared.
Group I did not receive any γ–radiation or GB, group II
received only a 150 µg/ml dose of GB, group III received
γ–radiation at a dose of 3 Gy, whereas groups IV, V and VI
received 25, 75 and 150 µg/ml doses of GB before radiation.
The results indicated that all GB extract–supplemented
lymphocytes had a lower frequency of CAs than those in
group III. It was seen that the 150 µg/ml dose of GB was
much more protective than the other doses for CAs. Besides, MI increased and AMN decreased in a dose–dependent manner. In vitro results showed that GB is a potent
protector against CAs damages induced by γ–radiation, and
its radioprotective role is dose–dependent.

KEYWORDS: Aberrant metaphase, chromosomal aberration,
gamma radiation, Ginkgo biloba, mitotic index (MI).

INTRODUCTION
Gamma-radiation is one of the three types of natural
radioactivity, and γ–rays are the most energetic form of
electromagnetic radiation, with a very short wavelength of
less than one-tenth of a nanometer. They are used to kill
bacteria and other micro–organisms, for radiotherapy, sterilize medical devices and change the molecular structure of
plastics to modify their properties. They can penetrate
deeply into body tissues such as bone marrow, and induce

DNA lesions, gene mutations, sister chromatid exchanges,
micronucleus formation and CAs, by direct ionization or
indirect mechanisms [1–3]. Gamma–radiation is also a wellknown inducer of free radicals.
The use of certain materials may help to decrease the
genotoxicity created by radiation. The effects of radiation
can be minimized by free–radical scavengers, including
alcohols, dimetylsulfoxide and superoxide dismutase [4, 5].
Recently, leaf extracts of various plants have been used for
this purpose [6]. GB is the only surviving member of the
ginkgo family. Ginkgo is considered to be the oldest living tree species in the world, with a history dating back at
least 200 million years. Some ginkgo trees have been known
to live well over an average of 1000 or more years [7].
Ginkgo products are standardized to contain 24% of the
bioflavonoids occurring in the leaves, as well as ginkgolides and bilobilides, a complex group of compounds found
only in the ginkgo tree. GB leaf extract is commerially
available as a phytomedicinal drug in Europe, where it is
used to treat the symptoms of early–stage Alzheimer’s
disease, vascular dementia, peripheral claudication and
tinnitus of vascular origin [8]. Ginkgo leaf helps to maintain integrity and permeability of cell walls by inhibiting
lipid peroxidation of membranes. Other important effects
include a protective one on the blood–brain barrier, and
an anti–radical or antioxidant effect [9, 10].
Although there are over 150 published clinical studies
on ginkgo, unfortunately, the radioprotective role of GB
on CAs in humans has still been poorly understood. The
aim of the present study was to evaluate the radioprotective role of GB on CAs induced by γ–radiation in human
lymphocytes.
MATERIALS AND METHODS
Product and Chemicals

Ginkgo biloba (GB) was obtained from Vega Natural
Products Ilt., Ltd., Konya– TURKEY. RPMI–1640, medium with L–glutamine (cat.01-100-1), fetal bovine serum
(heat inactivated, cat.04-121-1), colcemid solution (concen-
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tration: 10 µg/ml, cat.12-004-1), phytohemaglutinin (cat.01198-1) and penicillin/streptomycin solution (cat.03-031-1)
were purchased from Zeydanli Ltd., Ankara–Turkey.
Subjects

The present study was carried out with blood samples
obtained from 10 healthy donors. All the donors were
randomly selected among healthy non–smoker persons.
Of the 10 donors being averagely 22.7±1.3 years old, 5
each were male and female. In this study, the methods and
techniques applied to donors were carried out according
to the guidelines set by the WHO (Geneva, Switzerland).
Each donor signed an informed–consent form before
participating in this study. The cytogenetical analysis was
performed on human peripheral lymphocytes exposed to
γ–radiation.
Experimental Protocol

The lymphocyte cultures were prepared from peripheral blood samples obtained from 10 healthy donors.
Group I (control) did not receive any γ–radiation or GB,
group II (positive control) received only 150 µg/ml of GB,
group III received γ–radiation at a dose of 3 Gy, and
groups IV, V and VI received 25, 75 and 150 µg/ml doses
of GB before radiation exposure, GB doses were chosen
favourably to daily consumption amount, recommended
by practitioners of nutritional medicine, to support optimal health.
Ginkgo Biloba Treatment

GB was added to whole–blood samples at 25, 75 and
150 µg/ml levels, and the samples were kept at room
temperature (22 °C) for 1 h before radiation exposure. An
effective dose for the antioxidant role of GB was 150
mg/kg body wt. [8].

in the first cell division. After 53-h incubation at 37 oC,
the cultured cells were treated with a hypotonic (100 mM)
KCl solution for 15 min at 37 oC and fixed in methanol–
acetic acid (3:1). Air-dried slides were made under warm
and humid conditions. The slides were stained for 30 min
in a Coplin jar containing Giemsa stain (5%) and observed
under a light microscope at a magnification of 500X.
Analysis of Cells
Mitotic Index: MI was determined as the percentage of
dividing cells among 1000 nucleated cells in each culture.
The Number of Aberrant Metaphase: AMN was counted
as the number of damaged metaphase cells among 100
metaphases in each culture.
Chromosomal Aberration Analysis: From control, positive control and treatment groups, 100 metaphases were
counted for CAs, such as break, fragment, dicentric, acentric, gap and ring, and considered to be equal. CAs were
scored under a binocular light microscope (Japan, Olympus
BX51) according to scoring criteria of Testard et al. [12],
Buckton and Evans [13], Kilbey et al. [14] and Poddar et
al. [15].
Statistical Analysis

The statistical analysis was carried out using SPSS for
Windows version 10.0 (SPSS Inc, Chicago, USA). Statistically significant differences between the groups were compared using one–way analysis of variance (ANOVA) and
Duncan’s test. The data are displayed as means ± standard
deviation (SD), and p–values less than 0.05 are considered to be statistically significant.
RESULTS

Radiation Treatment

Whole–blood samples were irradiated (ATC Cobalt
60 instrument, focus center distance 60 cm) with a 3 Gy
single dose rate for 20 min in air at room temperature
after GB administration into the culture. This dose was
chosen because it induces an increase in the frequency of
CAs which is needed to evaluate the radioprotective role
of GB [11].
Lymphocyte Culture and Slide Preparation

For the analysis of CAs, 10 ml of venous blood was
obtained from each donor, evacuated into heparinized
tubes and transported to the laboratory on the same day.
After γ–radiation treatment, blood culture was prepared
according to Monobe et al. [6]. Briefly, 1.0 ml (approx.
1.0x106 cells/ml) of irradiated whole–blood was cultured
in 9 ml of a RPMI 1640 medium supplemented with 20%
(v/v) heat–inactivated fetal bovine serum, 300 U/ml penicillin–streptomycin, 90 µg/ml PHA and 0.05 µg/ml colcemid. Colcemid was added to the medium at start of
culturing in order to obtain enough cells at the metaphase

The protective effect of GB against γ-radiation inducing
CAs damage in cultured lymphocytes is shown in Table 1.
Lymphocytes treated with 3 Gy dose showed a significantly
higher CAs frequency than those of control and positive
controls (p<0.05). The highest MI and lowest AMN values
were also observed in these 2 groups compared to the other
ones. But, no significant differences in the number of CAs
and AMN were observed between control and positive
controls (p>0.05). Chromsome–type aberrations, such as
breaks, rings, dicentrics, acentrics, fragments, gaps and
rings, were found in γ–irradiated lymphocytes. The number of fragments was significantly higher than the other–
types of CAs. The incidence of CAs was found to be in
the order fragment>break>acentric>gap >dicentric>ring.
The number of CAs and AMN in group III exposed to
γ–radiation alone were found to be higher than those in
the groups supplemented with GB. The MI levels were
also lower than those in the supplemented groups, and the
differences were statistically significant (p<0.05). Detailed
information about MI and AMN is shown in Table 2.
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TABLE 1 - The distrubition of the different types of CAs observed in human lymphocyte cells pretreated with GB (25, 75 and 150 µg/ml)
alone, or in combination with 3 Gy γ–radiation.

*One-hundred cells were analysed per donor (10 donors/group, for a total of 1000 cells/treatment) for CAs. Values are presented as mean±SD (n=10).
Statistical significance between means was performed using one-way analysis of variance (ANOVA) followed by Duncan as a post ANOVA test
(P<0.05). Means denoted with different superscripts within the same column are statistically significant (P<0.05).

TABLE 2 - The percentage of MI and AMN observed in human lymphocyte cells pretreated with GB (25, 75 and 150 µg/ml) alone or in
combination with 3 Gy γ–radiation.

*One-hundred cells were analysed per donor (10 donors/group, for a total of 1000 cells/treatment) for AMN. The MI has been calculated by analyzing
1000 cells/donor (for a total of 10000 cells/treatment) and percentage of MI calculated for each treatment group. All values are means±SD (n=10).
Statistical significance between means was performed using one-way analysis of variance (ANOVA) followed by Duncan as a post ANOVA test
(P<0.05). Means denoted with different superscripts within the same column are statistically significant (P<0.05).

DISCUSSION AND CONCLUSION
In recent years, genetic monitoring of populations exposed to potential mutagens is an early warning system
for genetic diseases, such as cancer [16]. The formation of
CAs and micronuclei is widely used and accepted as genetic end–point of genotoxicity [17–19]. In the present study,
the levels of radiation–induced genotoxicity were determined
using as an indicator the CAs test in human lymphocytes.
The experimental data showed that the frequency of CAs
induced by γ–radiation in human lymphocyte cells was
significantly affected by the presence or absence of GB.
The number of CAs was decreased with increasing doses
of GB (25, 75 and 150 µg/ml). The maximum levels of
CAs were observed at 3 Gy, but GB significantly reduced
these levels when the lymphocytes were exposed to this
irradiation dose. Generally, GB showed a dose-dependent
protective effect against γ-radiation in cultured lymphocytes. Higher efficiency was observed at 150 µg/ml of GB
pretreatment.

Our results are found to be in close agreement with previously published data. Researchers have shown that γ–
radiation is genotoxic and causes genetic mutations, DNA
damage, micronuclei formation, sister–chromatid exchanges,
increasing frequency of abnormal cells, decrease in density of MI and CAs, such as chromosome breaks, dicentrics,
centric rings, acentric fragments and translocations in vivo
and in vitro [20–25].
In the absence of GB, 3 Gy γ–radiation caused a significant increase in the number of CAs and AMN, but a decrease in the number of MI, whereas supplementation with
different doses of GB caused a significant decrease in CAs
and AMN, but an increase in MI (p<0.05). There was a
strong dose–effect relationship between CAs and GB doses.
For the groups supplemented with GB, the maximum effect
of supplementation was seen at 150 µg/ml dose of GB.
Consequently, supplementation with GB resulted in
beneficial effects against genotoxicity induced by γ–radiation
in human lymphocytes in vitro. It was shown that GB had
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a protective dose-dependent effect on CAs. The radioprotector effect of GB on γ–radiation-induced CAs may be
explainable with the antioxidant properties of GB. Although
it is not a general rule, antioxidants and GB share similar
mechanisms of protection against toxicity. In the body, antioxidants act as free radical scavengers and they trap the
free radicals and give up own electrons. Thus, they protect
against free radical oxidation molecules, such as proteins,
lipids, enzymes, chromosomes and DNA [26–29]. An excess availability of free radicals accompanied by a reduction in the capacity of natural antioxidant systems leads to
cellular dysfunction and death. Superoxide (O2−), and hydroxyl radical (·OH) are the predominant cellular free radicals, while hydrogen peroxide (H 2O 2) and peroxynitrite
(ONOO−), although not free radicals, aid substantially to
the cellular redox state. The cytotoxicity of free radicals is
related to the ability of these molecules to oxidize cell constituents, particularly lipids and nucleic acids [30, 31]. Researchers have shown that GB contains antioxidant properties, and are also known to be efficient in helping to treat
or prevent diseases associated with free radicals. Pharmacologically, there are two groups of substances which are
significant in GB. Flavonoids like myricetin and quercitin
give ginkgo its antioxidant action, and the terpenes help to
inhibit the formation of blood clots [32]. These compounds
have the capability of decreasing cell damage resulting from
the presence of free radicals. Besides, these compounds
scavenge and destroy free radicals and reactive forms of
oxygen, such as O2−, ·OH and lipid peroxides [30]. Human
laboratory tests and animal studies have shown that ginkgo
contains antiradical or antioxidant properties. For example,
Sener et al. [33] investigated the possible beneficial effect
of GB against the analgesic acetaminophen (AAP) toxicity
in mice. As a result, they showed that AAP caused oxidative damage in hepatic tissues, but GB extract- supplementation protected the tissues by its antioxidant effects. In a similar study, the anti–apoptotic effect of GB in gossypol–
treated human lymphocytes was investigated. As a result, it
was demonstrated that GB extract significantly reduced
gossypol–induced apoptosis in human lymphocytes [34].
In another study, the protective effects on clastogenic
factors, including CAs of the GB complete extract, in rats
treated with a radiation dose of 4.5 Gy was observed. As a
result, treatment with complete GB extract before exposure
to 4.5 Gy resulted in a significant reduction in the frequencies of clastogenic effects [35]. In a similar study, Al–
Yahya et al. [36] investigated effects of GB on reproductive, cytological and biochemical toxicity in male albino
mice exposed to an aqueous suspension of GB. For this
aim, the mice were treated with different doses (25, 50
and 100 mg/kg/day) of the aqueous suspension of GB for
90 days by oral gavage. As a result, GB long-term treatment caused significant changes in the frequency of aneuploids and the total percentage of CAs at the higher doses
(50 and 100 mg/kg/day). Besides, there was an increasing
trend in the frequencies of other aberrations (autosomal
univalents, sex-univalents, polyploids).

We concluded that GB acts as a potential antioxidant
to prevent radiation–induced chromosomal damages in
peripheral blood lymphocytes. In other words, supplementation with GB extract resulted in a beneficial effect against
CAs, and this effect was related to GB dose. From these
results, it can be concluded that GB–supplementation might
be a good candidate for the standing apart from hazardous
environmental factors such as radiation.

262

REFERENCES
[1]

Nagar, S., Smith, L.E and Morgan, W.F. (2003). Characterization of a novel epigenetic effect of ionizing radiation. Cancer. Res. 63, 324–328.

[2]

Natarajan, T.G., Ganesan, N., Carter-Nolan, P., Tucker, C.A.,
Shields, P.G and Adams-Campbell, L.L. (2006). Gamma radiation induced chromosomal mutagen sensitivity is associated with breast cancer risk in African-American women: caffeine modulates the outcome of mutagen sensitivity assay.
Cancer. Epidem. Biomar. 15, 437–442.

[3]

Ieradi, L.A., Cristaldi, M., Ermenegildi, A., La Barbera, L.,
Radicchi, L., Renzopaoli, F., Esposito, M., Aumento, F. and
Lombardi, S. (2008). Mutagenetic effects in mice exposed to
radon-222 emissions in the Latium region (Italy). Fresen.
Environ. Bull. 17, 1420–25

[4]

Orun, I and Talas, Z.S. (2008). Antioxıdative role of sodium
selenite against the toxic effect of heavy metals (Cd2+, Cr3+)
on some biochemical and hematological parameters in the
blood of rainbow trout (Oncorhynchus Mykiss Walbaum,
1792). Fresen. Environ. Bull. 179, 1242–124.

[5]

Pillai, T.G and Damodharan, D.P. (2007). Prevention of radiation-induced chromosome damage in mouse bone marrow
by aqueous leaf extract of Chicorium intybus. J. Cell. Mol.
Biol. 6, 59–64.

[6]

Monobe, M., Arimoto-Kobayashi, S and Ando, K. (2003). βPseudouridine, a beer component, reduces radiation-induced
chromosome aberrations in human lymphocytes. Mutat. Res.
538, 93–99.

[7]

Ginkgo Biloba. (1996). The extraordinary herbthat boosts
circulation and enhances brain function. Woodland Publishing, Inc., Pleasant Grove UT.

[8]

Sierpina, V.S., Wollschlaeger, B and Blumenthal, M. (2003).
Ginkgo Biloba. Am. Fam. Phys., 68, 923–926.

[9]

Sohn, M and Sikora, R. (1991). Ginkgo biloba extract in the
therapy of erectile dysfunction. J. Se. Educ. Ther. 17, 53–61.

[10] Kleijnen, J and Knipschild, P. (1992). Ginkgo biloba for cerebral insufficiency. Br. J. Clin. Pharmac. 34, 352–358.
[11] Hone, P.A., Edwards, A.A., Lloyd, D.C and Moquet, J.E.
(2005). The yield of radiation-induced chromosomal aberrations in first division human lymphocytes depends on the culture time. Int. J. Radiat. Biol. 81(7), 523–529.
[12] Testard, I., Ricoul M., Hoffschir, F., Flury-Herard, A.,
Dutrillaux, B., Fedorenko, B., Gerasimenko, V and Sabatier,
L. (1996). Radiation-induced chromosome damage in astronauts’ lymphocytes. Int. J. Radiat. Biol. 70, 403–411.

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

[13] Buckton, K.E and Evans, H.J. (1973). Methods for the analysis of human chromosome aberrations. World Health Organization, Geneva.
[14] Kilbey, B.J., Legator, M., Nichols, W and C. Ramel. (1997).
Handbook of mutagenicity test procuders. Elsevier Scientific
Publishing Company, Amsterdam.
[15] Poddar, S., Talukder, G and Sharma, A. 2004. Chromosome
damage induced by ferric chloride in human peripheral lymphocytes. Int. J. Hum. Gen. 4, 261–264.
[16] Grover, P., Danadevi, K., Mahboob, M., Rozati, R., Saleha
Banu, B and Rahman, M.F. (2003). Evaluation of genetic
damage in workers employed in pesticide production utilizing the Comet assay. Mutagenesis. 18 (2), 201–205.

[29] Shadab, G.G., Ahmad, M.E and Azfer M.A. (2006). Anticlastogenic action of vitamin C against genotoxicity of estrogenic
drug diethylstilbestrol (DES) in the human lymphocyte
chromosomes. J. Environ. Biol. 27 (1), 85–88.
[30] Ilhan, A., Gurel, A., Armutcu, F., Kamilsi, S., Iraz, M.,
Akyol, O and Ozen, S. (2004). Ginkgo biloba prevents mobile phone–induced oxidative stress in rat brain. Clin. Chim.
Acta. 340(1–2), 153–162.
[31] Cheun, B.S., Yi, S.H., Baik, K.Y., Lim, J.K., Yoo, J.S., Shin,
H.W and Soh, K.S. (2007). Biophoton emission of MDCK
cell with hydrogen peroxide and 60 Hz AC magnetic field. J.
Environ. Biol. 28 (4),735–740.

[17] Meszaros, G., Bognar, G and Koteles, G.J. (2004). Long-term
persistence of chromosome aberrations in uranium miners. J.
Occup. Health. 46, 310–315.

[32] Oberpichler, H., Sauer, D., Rossberg, C., Mennel, H.D and
Krieglstein, J. (1990). PAF antagonist ginkgolide B reduces
postischemic neuronal damage in rat brain hippocampus. J.
Cereb. Blood. Flow. Metab. 10, 133–135.

[18] Celik, A and Akbas, E. (2005). Evaluation of sister chromatid
exchange and chromosomal aberration frequencies in peripheral blood lymphocytes of gasoline station attendants. Ecotox. Environ. Safe. 60, 106–112.

[33] Sener, G., Omurtag, G.Z., Sehirli, O., Tozan, A., Yuksel, M.,
Ercan, F and Gedik, N. (2006). Protective effects of Ginkgo
biloba against acetaminophen-induced toxicity in mice. Mol.
Cell. Biochem. 283(1–2), 39–45.

[19] Mozdarani, H and Kamali, S. (1998). Antigenotoxic effects
of cimetidine against benzene induced micronuclei in mouse
bone marrow erythrocytes. Toxicol. Lett. 99, 53–61.

[34] Ergun, U., Yurtcu, E and Ergun, M.A. (2005). Protective effect of Ginkgo biloba against gossypol-induced apoptosis in
human lymphocytes. Cell. Biol. Int., 29(8), 717–720.

[20] Watson, G.E and Gillies, N.E. (1975). Radiation-induced
chromosomal aberrations in human lymphocytes after partialbody exposure to 60Co gamma-irradiation and in vitro exposure to 230 kV X-irradiation. Brit. J. Radiol. 48, 487–493.

[35] Alaoui-Youssefi, A., Lamproglou, I., Drieu, K and Emerit, I.
(1999). Anticlastogenic effects of Ginkgo biloba extract
(EGb 761) and some of its constituents in irradiated rats. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 445(1), 99–104.

[21] Liniecki, J., Bajerska, A., Wyszynska, K and Cisowska, E.
(1977). Gamma-radiation-induced chromosomal aberrations
in human lymphocytes: dose-rate effects in stimulated and
non-stimulated cells. Mutat. Res. 43(2), 291–304.

[36] Al–Yahya, A.A., Al-Majed, A.A., Al–Bekairi, A.M., AlShabanah, O.A and Qureshi S. (2006). Studies on the reproductive, cytological and biochemical toxicity of Ginkgo biloba in Swiss albino mice. J. Ethnopharmacol. 107, 222–228.

[22] Puerto, S., Ramirez, M.J., Marcos, R., Creus, A and Surralles, J. (2001). Radiation-induced chromosome aberrations
in human euchromatic (17cen-p53) and heterochromatic
(1cen-1q12) regions. Mutagenesis. 16(4), 291–296.
[23] Krishnaja, A.P and Sharma, N.K. (2004). Transmission of γray-induced unstable chromosomal aberrations through successive mitotic divisions in human lymphocytes in vitro. Mutagenesis. 19 (4), 299–305.
[24] Cavusoglu, K., Cakır Arıca, S., Bokesoy, I and Kurtman, C.
(2009). Chromosomal aberrations induced by radiotherapy in
lymphocytes from patients with lung cancer. J. Environ. Biol.
30 (1), 7–10.
[25] Cavusoglu, K and Yalcın, E. (2009). Radioprotective effect
of lycopene on chromosomal aberrations (CAs) induced by
Gamma radiation in human lymphocytes. J. Environ. Biol. 30
(1), 113–117.
[26] Feri, B. (1994). Natural Antioxidants in Human Health and
Disease. Academic Press, San Diego.
[27] Halliwell, B., Murcia, M.A., Chirico, S and Arumoma, O.I.
(1995). Free radicals and antioxidants in food and in vivo:
what they do and how they work. Crit. Rev. Food. Sci. Nutr.
35, 7–20.
[28] Siddique, Y.H., Ara, G., Beg, T and Afzal, M. (2007). Protective role of nordihydroguaiaretic acid (NDGA) against the
genotoxic damage induced by ethynodiol diacetate in human
lymphocytes in vitro. J. Environ. Biol. 28 (2), 279–282.

263

Received: July 29, 2009
Accepted: September 17, 2009

CORRESPONDING AUTHOR
Kültiğin Çavuşoğlu
Faculty of Science and Art
Department of Biology
Giresun University
28049 Debboy Location, Giresun
TURKEY
Phone: +90 (0) 454 2161255/160
Fax: +90 (0) 454 2164518
E-mail: kultigincavusoglu@mynet.com
FEB/ Vol 19/ No 2/ 2010 – pages 243 – 247

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

A COMBINED MULTI-INSTRUMENTAL APPROACH
FOR THE PHYSICO-CHEMICAL CHARACTERIZATION OF
STREAM SEDIMENTS, AS AN AID TO ENVIRONMENTAL
MONITORING AND POLLUTION ASSESSMENT
Halka Bilinski1, Stanislav Frančišković-Bilinski1*,
Marijan Nečemer2, Darko Hanžel2, Gábor Szalontai3 and Kristóf Kovács3
a

Institute “Ruđer Bošković”, Division for Marine and Environmental Research, POB 180, HR-10002 Zagreb, Croatia
b
Institute “Jožef Stefan”, Jamova 39, SI-1001 Ljubljana, Slovenia.
c
University of Pannonia, Department of Silicate and Materials Engineering, Pf. 158, H-8200 Veszprém, Hungary.

ABSTRACT
In the present study we aimed to show on selected sediments from Kupa drainage basin, the advantages of using
combined multi-instrumental approach in physico-chemical
assessment of sediment quality, with respect to inorganic
pollutants. Mössbauer spectroscopy and solid-state magic
angel spin nuclear magnetic resonance (27Al and 29Si MAS
NMR) methods are recommended in addition to commonly
applied techniques: X-ray diffraction (XRD), inductively
coupled plasma mass spectroscopy (ICP-MS), X-ray fluorescence(XRF) and grain size analysis, to characterize in
details stream sediments. It is suggested that the application of physico-chemical methods, together with a detailed
characterization of Fe and Al minerals, is useful in geochemical approach, which is complementary to biological
and toxicological tests in TRIAD approach.
From the difference in concentrations of pollutants determined by non destructive XRF and destructive ICP-MS
(in aqua regia extract), it is possible to distinguish firmly
bound elements: Cr (46-95%), As (84-97%), Pb (29-92%)
from loosely bound element Mn (0-8%), which were in
some cases above the level causing significant toxicity. The
difference is given in percentage as relative scale.
XRD method is useful to determine mineralogical
composition of sediment samples. Mössbauer spectroscopy
and solid state NMR methods can be used for poorly crystalline and amorphous phases. Quantitative information
about the relative population of the iron species together
with specific properties of the individual iron sites as oxidation states, and possible iron minerals were obtained by
Mössbauer spectroscopy. In the studied samples, the presence and the ratio of tetrahedral and octahedral Al were
determined by solid state 27Al MAS NMR. From chemical shifts in comparison with reference spectra of minerals
some aluminosilicates (muscovite and kaolinite) were confirmed by solid state 29Si and 27Al MAS NMR methods.

It is recommended that whenever possible it is better
to use the two methods (Mössbauer spectroscopy and NMR)
in sediment analysis. These methods can be used to follow
changes in Fe3+/Fe2+ ratio and changes in Al coordination,
which are significant in evaluation of precipitation and
dissolution processes, which effect pollutant distribution.
Multi-methodical approach on sediments is recommended in the initial phase aimed at identifying minerals
which can be useful sinks for pollutants that may pose risks
for ecosystems.

KEYWORDS: multi-instrumental approach, stream sediments,
physico-chemical characterization, pollution assessment, environmental monitoring.

INTRODUCTION
Stream sediments are formed from the weathering and
transport of rocks and erosion of soils. Besides mineral
components, organic matter from soils and organic matter
formed in the river can be of great importance for their
association with pollutants. A geochemical survey usually
involves the collection and analysis of numerous samples,
with the aim to reveal geochemical signatures and to detect
pollution hazards [1, 2]. Although the role of environmental
mineralogy was emphasized in the literature [3, 4] it is not
widely applied in sediment monitoring. As reported by
Förstner and Heise [5], sediments either function as sinks
for pollutants or represent a secondary source of pollution, when contaminated particles are mobilized and contaminants released in the water phase. These authors emphasized that an assessment of sediment quality is still
prone to several uncertainties and insufficient information.
An overview of the sediment quality guidelines (SQGs) in
Europe has been given [6]. In the chemical monitoring ac-
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tivity under the WFD sediments are clearly mentioned
with respect to monitoring of priority substances [7]. There
is still no decision about which sediment-monitoring approaches will be used in the course of the WFD implementation process, although a Triad approach is used in
some of EU countries [8]. In the Triad approach [9], physico-chemical, biological and ecotoxicological assessment
methodologies are used. An identical weight is assigned to
each of the three assessments. Such complex Triad sediment monitoring program is up to now used in the Netherlands and Belgium, while in some of other highly industrialized countries it is in progress. Triad approach is not yet
used in less polluted environments. An example is Kupa
transboundary drainage basin (Croatia, Slovenia, Bosnia
and Herzegovina), which is in focus of our recent studies
[10-15]. Major trends in trace elements and baseline values
have been determined [13]. Toxic substances, including
organic pollutants were highlighted [10] using the existing
criteria of SMSP and Falconbridge NC, SAS [16]. Quality
of sediments of the Kupa drainage basin was not yet assessed with respect to ecosystem and human health. Only
in preliminary work on barium contamination in Lokve,
Croatia, risks on human health were discussed [17]. As a
combination of geo-chemical, mineralogical and biological approaches is the optimal approach nowadays, first
attempts are performed on Sava River, within SARIB
project, part of FP6. Sava River is a recipient of Kupa
River. Fish (Leuciscus, cephalus, L.) was studied as bioindicator of Sava River water quality [18]. There was also
attempt to determine the chronic toxicity of river water,
organic sediment extracts and sediment pore water from the
Sava River to the algae Pseudokirchneriella subcapitata
[19]. Only a crude risk assessment identified that some of
the locations in Sava River may represent a risk to algae.
The authors have concluded that multiple bioassays and
exposure phases are required to conduct a thorough risk
assessment of Sava River sediments and surface water.
The aim of the present work

The aim of the present study was to continue our preliminary work [20] and use combined multi-instrumental
approach for detailed sediment characterization in the first
part of TRIAD approach. It is hypothesized that in addition to chemical characterization, environmental mineralogy can provide valuable information on binding phases
and as such on pollution sinks or sources in any river system. Biological and ecotoxicological tests could be independently performed when necessary for thorough risk
assessment. The results could help to establish monitoring
network and water management in accord with the European Framework Directive [21].
MATERIALS AND METHODS
Sampling of the sediments

In order to illustrate the application of complementary
multi-instrumental approach, four selected stream-sediment

samples were chosen from the large dataset of the transboundary Kupa River drainage basin of FrančiškovićBilinski [11, 13], where location map is presented. From the
chosen samples, three show various anomalies, determined
from the geochemical dataset by the box plot method [22]:
sample 23 (Nb, V, Mn, Zr); sample 24 (Sc, V, Zr, Na, Fe,
Cu, Ga, Y); sample 14R (Mn, Pb, Zn). Comparison of
anomalous concentrations of elements with lithological
back-ground values [13] shows that they are 5 – 6 times
higher for Mn, 3 times higher for Pb and Cu, 2.5 times
higher for Zn and 2.2 times higher for Fe. Sample 41 belongs to the cluster of samples without any anomaly. The
samples were air-dried in the shade for several days, after
which the material was dry sieved using standard sieves
(Fritsch, Germany). The fraction of silt + clay (<63 µm)
was subsequently analyzed using a complementary multiinstrumental approach.
Measurements and analysis

The mineralogical composition was determined using
a Philips X-Pert MPD x-ray diffractometer. The crystalline phases obtained using a computer program (X’Pert
High score 2002, Philips) were selected by comparing dvalues from the JCPDF cards listed in the Powder diffraction file [23]. Semi-quantitative mineralogical compositions
were determined by comparing the strongest intensities of
detected minerals, as described in Boldrin et al. [24].
The elements were determined in aqua regia extract at
the ACTLABS commercial laboratory, Ontario, Canada in
the fraction <63 µm, using ICP-MS (inductively coupled
plasma mass spectroscopy) and the program “Ultratrace
2”. The solution was diluted and analyzed using a Perkin
Elmer SCIEX ELAN 6100 ICP-MS instrument. For the
analyses the following reference materials were used: USGS
GXR-1, GXR-2, GXR-4 and GXR-6. Units given in ppm
represent mg/kg. Reported detection limits range at the
ngkg-1 level, or lower for most elements. Although this
digestion is not total, its use is justified because the international standard methods for determining action limits
are based on aqua regia leach [25].
The experimental set up for XRF analysis, calibration
and quantitative analysis were described by Kump et al. [26].
The x-ray fluorescence analysis system consisted of an x-ray
spectrometer, a set of annular radioisotopic excitation
sources, and spectrum analysis and quantification software.
An x-ray spectrometer with a Si (Li) detector, an integrated
signal processor (M1510, Canberra), and a PC-based MCA
card (S-100, Canberra) was utilized. A spectrometer resolution of about 175 eV at 5.9 keV was achieved. For the
excitation, the annular radioisotopic sources, Cd-109 (8
mCi), Fe-55 (10 mCi) and Am-241 (25 mCi) (Isotopes Products Laboratories, U.S.A.) were utilized. The spectrumacquisition time was 10,000 s (Cd-109), and 5,000 s (Am241 and Fe-55). The measurements of samples using Cd109 and Am-241 were performed in air. The samples analyzed with the radioisotopic source Fe-55 were in vacuum.
The pulverized and homogenized samples were prepared

265

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

by pressing them into a pellet using a pellet die and a hydraulic press. The x-ray spectra were analyzed by the AXIL
spectrum analysis program, according to the method of Van
Espen and Janssens [27]. The error evaluated from the
AXIL program included the statistical errors of the measured x-ray intensities, as well as the errors in the mathematical procedure utilized when fitting the experimental
spectral data. The overall uncertainty was, in most cases,
less than 1%. The quantification and estimation of the
combined standard uncertainty (u) was done utilizing the
QAES (quantitative analysis of environmental samples)
software developed by Kump et al. [26]. The sensitivities
were determined from measurements on standard NISTSRM-2704 River Sediment. The average values of the concentrations for the major and minor constituents were, in
most cases, within 5% of the reference data. However, the
accuracy of the trace-element determinations was worse
(10% and more). The details about NIST-SRM-2704 are
given in Certificate of analysis of National Bureau of
Standards [28].
The particle size distribution was determined in the
<63 µm fraction using an “Analysette 22” laser particle
sizer (Fritsch Gmbh) and a Mini Cell for particle sizes
<100 µm. A helium-neon laser with a wavelength of
0.6328 µm was used. According to the operating principle, when a spherical particle is illuminated, a “Frauenhofer diffraction pattern” is produced. The diameter of the
particle can be calculated. The surface area automatically
recorded represents geometric surface area.
Poorly crystalline iron minerals were studied using
Mössbauer spectroscopy at 300 and 70 K. For all the experiments a 57Co source was used with an activity of ~10 mCi
in a Rh matrix. The velocity scale was calibrated with metallic Fe, which was also used as a reference for the iso-mer
shift parameters. The speciations were computer fitted by
assuming Lorentzian or Voigt shapes for the resonance
lines. The best least-squares fit parameters were used for
the characterization of the Fe-containing phases. For each
sample Fit Summary contains number of data points, number of doublets in model, number of parameters in model,
number of refined parameters and reduced χ2. Uncertainties are calculated using the covariance matrix.
The solid-state NMR experiments on sediment samples were performed on a Varian UNITY 300 NMR spectrometer equipped with a room-temperature double-bearing
Doty XC5 probe. At 7.04 Tesla the 29Si resonance frequency, ωo/2π was -59.585 MHz. The 27Al resonance
frequency, ωo/2π was -78.172 MHz. The spectra were recorded with high-power (~100-120 W) proton decoupling.
The sample spinning speeds were typically varied between
4000 and 8500 Hz. Samples with masses of 90-120 mg
were used in 5-mm o.d. zirconium or Si3N4 rotors. The
number of scans was about 800-1800 for the 29Si spectra
(pw90o 4.6 µs) and about 512 for the 27Al spectra (pw90o
2.6 µs, only the central (+/- ½) transitions were exited).
The 29Si and 27Al MAS spectra were recorded with recy-

cling delays of 20-120 and 2-4 s, respectively. The 29Si 90o
pulse width was about 3.6 µs. In the case of silicon, for referencing purposes, kaolinite was used (δ = - 92 ppm relative
to the TMS) with the substitution method. The 27Al chemical shifts were given relative to the external Al(H2O)63+.
The MQMAS experiments and the 9.39 T 27Al spectra
were recorded on a Bruker AV400SB Instrument (pulse
sequence mp3qzfq.av) operating at 400 MHz (27Al ωo/2π 104.261 MHz). Zirconia rotors of 4 mm were used in these
cases and the rotation speed varied between 10,000 and
14,000 Hz.
RESULTS
X-ray diffraction (XRD)

A semi-quantitative mineralogical analysis was performed as described in Boldrin et al. [24]. The most predominant mineral (>30%) in all the samples is quartz (JCPDF 461045). This is followed (10-30%) by the mica group from
the phyllosilicate class (muscovite) in samples 23 (JCPDF
07-0032) and 14R (JCPDF 01-1098). The feldspar, plagioclase group from the tectosilicate class (albite, JCPDF 090466) is present in sample 24. Calcite (JCPDF 05-0586) is
present in samples 23, 24 and 41 in amounts of 5 to 10%.
Of the other minerals, baileychlore (JCPDF 42-1335), from
the chlorite group, phyllosilicate class was found in sample
24. Anorthite (JCPDF 20-0528) from the feldspar plagioclase group was found in sample 14R. Various trace minerals (<5%), suggested from XRD patterns, could not be identified with certainty. These were: dolomite, clinochlore,
anorthoclase and biotite ferrian in sample 23; muscovite,
kaolinite, microcline and dolomite ferroan in sample 24;
anorthite, illite and dolomite in sample 41; clinochlore ferroan in sample 14R.
Elemental analysis

To illustrate the advantages or disadvantages of two
techniques used for elemental analysis, the data are presented. The results obtained by the ICP-MS method are
presented in Table 1, and those from the XRF method are in
Table 2. The two multi-elemental techniques are often used
in sedimentary research as complementary methods. Salomon et al. [29] have described the practical aspects of routine trace-element analysis with the ICP-MS method. The
details of the XRF method can be found in literature [26,
27]. They provide full details on the precision and accuracy
of the analysis, which will not be repeated in the present
paper. Results of elemental analyses obtained by the two
methods will be discussed in details in the Discussion part.
Grain size analysis

The particle size distribution was measured in fraction <63
µm to obtain the amount of clay-size material. According
to Wentworth [30] the silt-clay boundary is <4 µm. Corresponding geometric surface area was automatically recorded. Sample 23 contains 12.64% of clay-size material,
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with a geometric surface area of 0.9290 m2/g. Sample 24
contains 8.31% of clay-size material, with a geometric surface area of 0.7015 m2/g. Sample 41 contains 7.41% of claysize material, with a geometric surface area of 0.6080 m2/g.
Sample 14R contains 8.00% of clay-size material, with a
geometric surface area of 0.7121 m2/g. The results are presented in Figure 1 (a-d).

Mössbauer spectroscopy

Poorly crystalline and amorphous Fe compounds can
be characterized using Mössbauer spectroscopy. The Mössbauer spectra of the studied sediment samples (f <63 µm)
were first recorded at 300 K. The deconvolution shows that
they exhibit four paramagnetic doublets in samples 23, 41
and 14R, and five paramagnetic doublets in sample 24. The
hyperfine parameters of the Mössbauer spectra are presented in Table 3; they indicate the presence of Fe2+ and Fe3+
environments in different proportions for each sample.

TABLE 1 - Concentrations of 51 element in selected stream sediments determined by ICP-MS method.
Element / sample
Ca (%)
Al (%)
Fe (%)
Mg (%)
K (%)
S (%)
P (%)
Na (%)
Li (ppm)
Be (ppm)
Sc (ppm)
V (ppm)
Cr (ppm)
Mn (ppm)
Co (ppm)
Ni (ppm)
Cu (ppm)
Zn (ppm)
Ga (ppm)
As (ppm)
Se (ppm)
Rb (ppm)
Sr (ppm)
Y (ppm)
Zr (ppm)
Nb (ppm)
Mo (ppm)
Cd (ppm)
Sn (ppm)
Sb (ppm)
Cs (ppm)
Ba (ppm)
La (ppm)
Ce (ppm)
Pr (ppm)
Nd (ppm)
Sm (ppm)
Eu (ppm)
Gd (ppm)
Tb (ppm)
Dy (ppm)
Ho (ppm)
Er (ppm)
Yb (ppm)
Au (ppm)
Tl (ppm)
Pb (ppm)
Bi (ppm)
Th (ppm)
U (ppm)
Hg (ppm)

23
2.73
2.00
2.80
0.99
0.19
0.042
0.051
0.012
20.8
0.8
4.9
45
40.5
2260
16.5
47.6
29.9
77.2
5.61
5.4
0.3
14.6
26.0
9.77
3.0
2.1
0.60
0.3
0.38
0.22
1.1
111
17.7
37.3
4.3
16.7
3.4
0.7
3.2
0.4
2.2
0.4
1.0
0.9
0.009
0.17
18.6
0.21
3.3
0.6
0.058

24
4.17
1.94
3.87
1.73
0.19
0.045
0.062
0.046
23.6
0.8
9.9
125.
44.1
1470
19.3
39.8
50.0
72.5
7.85
1.0
0.7
11.5
37.6
14.32
7.6
0.9
0.47
-0.5
-0.25
0.26
1.7
271
11.4
28.9
3.3
14.3
3.6
0.9
3.7
0.6
3.3
0.6
1.5
1.2
-0.001
0.12
15.3
0.43
2.9
0.5
0.021
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41
3.62
0.66
1.42
0.70
0.04
0.080
0.034
0.007
8.0
0.4
1.8
14
19.3
291
7.0
20.9
8.9
42.2
2.12
2.0
0.3
5.3
29.6
5.59
0.6
0.3
0.32
0.2
0.14
0.09
0.5
54
7.7
15.9
1.9
7.5
1.7
0.3
1.7
0.2
1.2
0.2
0.5
0.4
0.005
0.10
9.1
0.07
2.3
0.5
0.067

14R
1.01
1.65
3.01
0.58
0.13
0.063
0.076
0.014
23.7
0.8
2.1
20
23.3
2640
13.3
25.3
17.6
133.9
4.38
9.4
0.4
15.9
17.4
6.18
1.4
0.6
0.54
0.4
0.58
0.27
1.7
158
15.9
34.7
3.8
14.0
2.9
0.5
2.6
0.3
1.5
0.3
0.6
0.6
0.015
0.17
51.5
0.25
3.6
0.8
0.120
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TABLE 2 - Concentrations of 23 elements in selected stream sediments determined by XRF method and three sources (Fe, Cd and Am)
Element/
sample
Al (%)
Si (%)
K (%)
Ca (%)
Ti (%)
V (ppm)
Fe (%)
Cr (ppm)
Mn (ppm)
Ni (ppm)
Cu (ppm)
Zn (ppm)
Br (ppm)
Pb (ppm)
As (ppm)
Rb (ppm)
Sr (ppm)
Y (ppm)
Zr (ppm)
Nb (ppm)
Ba (ppm)
La (ppm)
Ce (ppm)

23
source Fe Source
Cd
8.58
27.8
1.91
1.97
3.67
3.65
0.515
0.594
206
3.22
75.6
2040
31.4
17.7
74.5
7.50
100
34.1
69.4
95.3
24.1
296
14.9
-

Source
Am
334
27.8
58.6

24
Source
Fe
9.64
27.6
1.24
5.39
0.620
-

Source
Cd
1.01
5.41
0.875
281
4.33
118
1330
52.2
49.3
83.2
2.28
87.1
38.8
47.1
109
28.6
418
9.06
-

Source
Am
437
19.6
47.9

41
Source
Fe
6.75
33.9
1.09
4.82
0.384
-

Source
Cd
1.01
5.07
0.651
217
1.78
380
279
27.0
25.3
60.8
2.60
115
33.2
44.9
79.0
24.3
103
13.9
-

Source
Am
227
39.4
76.4

14R
Source
Fe
11.1
29.7
2.23
1.25
0.468
-

FIGURE 1 - Grain size analysis in <63 µm fraction of sediment samples: a (sample 23), b (sample 24),
c (sample 41), d (sample 14R), performed by “Analysette 22” laser particle sizer and Minicell.

268

Source
Cd
2.19
1.31
0.595
220
3.64
99.7
2870
19.1
31.4
169
6.61
72.9
97.2
71.9
21.2
493
12.5
-

Source
Am
558
37.7
80.5
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TABLE 3 - Hyperfine parameters of the Mössbauer spectra of selected stream sediments (f <63 µm) from Kupa River drainage basin at 300 K
SubIS
QS
Site
A
Fe3+
Fe2+
Fe2+ oct.
Fe2+ tetr.
Fe3+ /
spectra mm s-1
mm s-1
%
%
%
%
%
Fe2+
du 1
0.376 (22)
0.656 (13)
Fe3+
64.5 (29)
23
du 2
0.95 (95)
0.8(19)
Fe2+
2.6 (13)
64.5
35.5
28.6
6.90
1.82
du 3
1.109 (32)
2.639 (24)
Fe2+
28.6 (24)
2+
du 4
0.607 (28)
0.925 (60)
Fe
4.3 (10)
du 1
0.393 (13)
0.554 (44)
Fe3+
35.3 (59)
du 2
0.41 (11)
0.94 (31)
Fe3+
21.1 (60) 56.4
43.6
38.9
4.7
1.29
2+
24
du 3
1.118 (13)
2.638 (27)
Fe
31.7 (18)
du 4
0.986 (24)
0.879 (46)
Fe2+
4.7 (9)
du 5
1.02 (14)
2.14 (27)
Fe2+
7.2 (16)
3+
du 1
0.370 (16)
0.557 (54)
Fe
42.8 (10)
41
du 2
0.903 (49)
1.020 (95)
Fe2+
6.5 (50)
51.1
48.9
42.4
6.5
1.04
du 3
0.349 (31)
1.032 (68)
Fe3+
8.3 (34)
2+
du 4
1.076 (30)
2.576 (60)
Fe
42.4(58)
du 1
0.3696 (52)
0.478 (37)
Fe3+
25.5 (52)
14R
du 2
1.1198 (92)
2.649 (18)
Fe2+
23.5 (87)
76.5
23.5
23.5
3.26
3+
du 3
0.360 (11)
0.767 (99)
Fe
40.6
du 4
0.48 (16)
1.14 (27)
Fe3+
10.4 (92)
a
IS/mms-1, isomer shift relative to metallic iron; QS/mms-1, electric quadrupole splitting; A/%, relative resonance area in percent of total iron
Sample

TABLE 4 - Hyperfine parameters of the Mössbauer spectra of selected stream sediments (f<63 µm) from Kupa River drainage basin at 70K
Sample
23

24

41
14R

Subspectra
du1
du2
se1
se2
du1
du2
du3
se1
du1
du2
se1
du1
du2
du3
du4
se1

IS mms-1
0.465(11)
1.270(15)
0.493(26)
0.502(47)
1.236(66)
0.477(13)
0.858(71)
0.500(58)
1.384(12)
0.294(12)
0.537(52)
0.464(14)
1.225(15)
0.446(29)
0.862(41)
0.446(36)

QS mms-1
0.770(16)
2.886(26)
-0.098(21)
-0.220(47)
2.863(13)
0.716(22)
1.760(12)
-0.210(56)
2.462(23)
0.945(23)
-0.135(52)
0.863(88)
2.966(30)
0.352(93)
1.811(80)
-0.151(35)

In sample 23 there is an indication of the presence of
two Fe3+ and two Fe2+ environments. Phyllosilicates contain
Fe2+ and Fe3+ ions at different crystallographic sites and in
different valence states. The values of the hyperfine parameters of the doublet sub-spectra (labeled) du1 and du3 suggest Fe3+ and Fe2+ in phyllosilicates, where du3 is presumably a single ferrous doublet of chlorites [31]. Similar
values were obtained for Pinal Creek samples [32].
Sample 24 appears to contain two Fe3+ and three Fe2+
environments. Here the doublets (labeled) du3 and du5 are
presumably two ferrous doublets of a 2:1 layer mineral of
the mica group.
Sample 41 appears to contain two Fe3+ and two Fe2+
environments. The doublet (labeled) du1 is interpreted as
representing Fe3+ in the octahedral sites of amorphous Fe
oxides. The doublet (labeled) du4 could represent Fe2+ in
illite.
In sample 14R there appears to be three Fe3+ and one
Fe environment. The doublet (labeled) du2 is interpreted
as representing Fe2+ in chlorite (clinochlore ferroan).
2+

Heff (kOe)
529.9(14)
468.2(39)
462.6(38)
470.1(35)
475.5(26)

Site
Fe3+
Fe2+
Fe3+
Fe3+
Fe2+
Fe3+
Fe2+
Fe3+
Fe2+
Fe3+
Fe3+
Fe3+
Fe2+
Fe3+
Fe2+
Fe3+

A%
46.1(10)
22.8(14)
13.0(15)
18.1(23)
35.4(13)
38.0(17)
5.5(19)
21.1(26)
36.4(22)
41.7(18)
21.9(36)
34.0(87)
21.2(16)
6.9(72)
2.8(14)
35.1(34)

Mössbauer spectra were also taken at 70 K. We can
offer only a tentative explanation. They show, in addition
to paramagnetic doublets, one magnetically split sextet
pattern in samples 24, 41 and 14R and two sextet patterns
in sample 23. The hyperfine parameters of the Mössbauer
spectra taken at 70 K are presented in Table 4. The two
sextets in sample 23 could be interpreted as non-stoichiometric Fe oxides present in the form of small particles, because the room-temperature spectra of the same sample
do not show any magnetic contribution. The relaxation of
the direction of magnetization in small particles slows down
with decreasing temperature. When the jump times are comparable or longer than the time window of Mössbauer spectroscopy (100ns) the averaging effect of a fluctuating magnetic field is no longer present and magnetically resolved
spectra appear. The sextet pattern (labeled se1), with an
effective magnetic field of 530 kOe, in sample 23, could be
identified as hematite, α-Fe2O3, and the sextet pattern (labeled as se2), with an effective magnetic field of 468 kOe,
could be identified as goethite, α-FeO(OH). In sample 24,
the sextet pattern (labeled as se1) with an effective mag-
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netic field of 463 kOe could be identified as goethite, αFeO(OH). The sextet patterns (labeled as se1) in samples
41 and in 14R, which probably suggest the presence of
goethite, could not be explained with certainty.
Solid-state NMR

Solid-state NMR spectroscopy, like Mössbauer spectroscopy, can be used for characterization of amorphous
and crystalline compounds. In the present work, using 29Si
MAS NMR and 27Al MAS NMR, additional information
could be obtained about Al and Si containing minerals,
which were suggested by the XRD method.
The proper reference spectra of the minerals were
taken and the chemical shifts compared. Results will be
described for each sediment sample. As an illustration the
spectra will only be presented for selected samples (41
and 14R) in Figure 2 (a, b) and Figure 3 (a, b).
Sample 23: 29Si MAS NMR: from the observed chemical shifts the presence of muscovite Q3(mAl) is likely,
what is in support to the result obtained by XRD. There are
unresolved signals at about -81, -85 and -89 ppm, but there
are additional signals at -93.5, -97.6 and -101.6 ppm, which
correspond to the literature values of microcline.

FIGURE 3 - 27Al NMR (a) and 29Si NMR (b) MAS spectra of sample
14R.

However, the low signal-to-noise ratio of the spectrum
prevents an unambiguous assignment [33]. The signal at
-107 ppm can be assigned to the α-quartz (Q4(0Al)) content of the sample. The weaker signals between -91.5 and
-98.5 ppm are evidence for the presence of phyllosilicates
(e.g., clinochlore, biotite ferrian), what is also in agreement
with XRD result.
The 27Al MAS spectrum also suggests a substantial
amount of muscovite and/or other species, which contain
both tetrahedrally and octahedrally coordinated Al atoms.
The tetrahedrally coordinated Al atoms (most likely in
AltOAlo and AltOSi environments) are clearly seen at
about 71.8 and 61.2 ppm. The reported chemical shifts are
uncorrected for the second-order quadrupole effect [34].
The somewhat stronger signal at 7.8 ppm can be assigned to octahedrally coordinated aluminium (most likely
AloOAl or AloOSi). The estimate of the ratio for four-coordinate and six-coordinate Al atoms is about 55:45.

FIGURE 2 - 27Al NMR (a) and 29Si NMR (b) MAS spectra of sample
41 recorded at rotation speeds of 8300 and 4320 Hz, respectively.
(SSB = spinning side bands)

Sample 24: 29Si MAS NMR: this sample produced the
weakest spectrum. The relatively narrow signal at –109.4
ppm can be assigned to the quartz. The broad signal between -85 and -100 ppm allows the presence of kaolinite,
what is in accord with XRD. The presence of a substantial
amount of albite cannot be confirmed, what does not support the finding by XRD.
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27

Al MAS spectrum: The tetrahedrally coordinated Al
atoms are clearly seen at 54.1 ppm. The signal at 0.0 ppm
can be assigned to octahedrally coordinated aluminium.
The estimate of the ratio for the four-coordinate and sixcoordinate Al atoms is about 55:45.
Sample 41: 29Si MAS NMR: the spectrum is similar
to that of sample 23. However, the relative ratio of the
Q4(0Al) species (– 109.4 ppm silica gel) is about twice as
large.
27

Al MAS spectra: the spectrum recorded at 7 T is also similar to that of sample 23, the estimate of the ratio
for the four-coordinate and six-coordinate Al atoms is about
1:1. In this case, there are two chemically different tetrahedral sites for the Al atoms or, alternatively, strong second-order quadrupole effects are present since the signal
at about 70.0-58.1 ppm is split. To get rid of the latter the
MQMAS spectrum [35, 36] of the sample was also recorded at 9.38 T. This clearly proved the presence of two
different environments for the tetrahedral Al atoms.
Sample 14R: 29Si MAS NMR: there is a signal at 61.7 ppm, a broad unresolved multiplet between – 80 and
- 98 ppm, and another singlet at -108 ppm. The high- and
low-frequency resonances can be assigned to the Q0 and
Q4(0Al) species, respectively. The broad multiplet in
between seems to be a mixture of the muscovite (with a
disordered Si and Al distribution) and microcline signals.
The finding of muscovite supports XRD results.
27

Al MAS spectrum: there are two resonances, a
smaller one at 69.6 ppm, which can be assigned to the
four-coordinate atoms and a larger one at about 0.6 ppm,
which can be assigned to the octahedrally coordinated
aluminium atoms. The ratio of the four-coordinate and
six-coordinate Al atoms is near to 30:70. The ratio of the
six-coordinated to four-coordinated Al atoms approximately corresponds to 2, which has been reported for
natural muscovite [37].
DISCUSSION
X-ray diffraction (XRD)

Trace minerals (<5%) belong to carbonate class (dolomite, dolomite ferroan), to tectosilicate class (anorthoclase and anorthite) and all others to phyllosilicate class.
This phyllosilicate class is significant for any discussion
of weathering of the studied region. According to Wang
and Valentine [38], weathering of phyllosilicates in an
acidic environment yields clay minerals like kaolinite,
while in an alkaline environment it yields montmorillonite. It is very possible, referring to [38] that a lowtemperature hydrothermal alteration produced the chlorites and micaceous minerals in samples 23, 24 and 14R.
In this region, which is a part of Supradinaric belt, sedimentation was under the influence of penetration of mafic
and ultramafic lavas and also of younger neutral and acid
volcanism, as described in Frančišković-Bilinski [13].

From the fact that kaolinite is present in sample 24 and
that montmorillonite was not found, as was observed in
different environment of the boreal region [39], it is probable that in the present study area the weathering occurred
in an acidic environment. The biotite ferrian in sample 23
can form as a result of the hydrothermal alteration of biotite, according to the weathering study of Wang and Valentine [38]. Presented XRD results provide insights to the
bulk mineralogy of sediments, what is important in understanding adsorption affinity to organic matter and to trace
elements, as reviewed by Brown and Parks [40]. Thus XRD
method, together with the knowledge about the adsorption
processes, can be indirectly related to sediment quality
evaluation.
Elemental analysis

According to Skoog et al. [41], a particular advantage
of XRF is that it is in contrast to most other elemental
analysis techniques, non destructive of the sample. It is
very suitable for the easy determination of major elements. The concentrations of Si and Al can be determined
with the Fe source. The concentrations of K and Ca, determined with the Fe and Cd sources are in relatively
good agreement. However, the major elements Mg and
Na could not be detected, and the concentrations of Ti, determined with the Fe and Cd sources are in poor agreement (see Table 2).
The ICP-MS method is suitable for determining major elements (Mg and Na included), however Si cannot be
measured. It is not, however, suitable for determining the
Ti concentration, which is near or below the detection
limit. For this reason it was omitted from Table 2. When
the results obtained using the two methods are compared,
the values for the major elements obtained with XRF are
higher than those obtained with ICP-MS. The reason is
that the ICP-MS method requires chemical decomposition, and the dissolution in aqua regia was incomplete.
The number of trace elements determined with available XRF equipment was limited to 17; this is small in
comparison with 43, determined with the ICP-MS. An additional standard, NIST SRM 2710 (Montana Soil), was used
to check the XRF results for minor elements. The details
about this standard are given in Certificate of analysis of
National Bureau of Standards (2002). For trace and ultratrace element analyses the ICP-MS is more suitable than
the XRF. If one compares differences in percentage as relative scale of pollutants determined by ICP-MS and XRF,
one can conclude that 95% of Cr is bound in sediment 41,
which has its highest concentration. Therefore extensive
biological and toxicological studies for Cr at this location
can be avoided. Other pollutants, like Pb and As, are almost
totally (80-90%) bound to sediments 41, 23 and 24, presumably to muscovite and biotite mica. These speculations
can be supported with literature results [42]. Only Mn in
samples 23, 24 and 14R, which is easily soluble in aqua
regia (92-100%) can be important for further biological
and toxicological studies.
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Grain size analysis

In a separate geomorphological study [43] cumulative
curves of fluvial deposits were studied in the main flow of
Kupa River. There is a general fining of grain size downstream. In the present work, only silt + clay fraction was
studied, the same one on which elemental concentrations
were determined. Because of low clay content, it can be
suggested that silt fraction contains most of trace elements.
The particle size measurements on the clay-to-sand-size
sediment are an important source of information about their
provenance, transport and depositional conditions. The surface-area determination can be used in combination with
solution data, when available, to reach a conclusion about
the trace-element adsorption capacity of the studied sediments. In the present work we used the laser-diffraction
method to study the particle size and the geometric surface
area, which is a relatively fast and simple method in comparison with classical methods. It should be noted, however, that there are various classic and more modern techniques in use, to determine the particle size [44-49]. Each
technique defines the size of a particle in a different way,
and thus measures different properties of the same material
[50]. For a particle size determination of stream sediments
any one of these methods would be satisfactory. For more
detailed research on adsorption capacity of contaminated
sediments, instead of geometric surface area, specific surface area can be determined by the BET technique [51].
Mössbauer spectroscopy

The Mössbauer spectroscopy was used to evaluate potential iron-containing sinks for heavy-metal adsorption,
like Meaz et al. [52] in their investigation of sediments in
the Great Nile. The determined sediment ratio of Fe3+/Fe2+
is consistent with a predominantly ferric rather than ferrous phase in samples 14R and 23. Oxidative precipitation, influenced by Mn oxides, is a possible explanation,
because in these two samples Mn extreme and Mn outlier
were reported by Frančišković-Bilinski [13], out of a large
data set from the Kupa River drainage basin. This finding
supports the work of Van Der Zee et al. [53], who studied
the iron redox transition of Fe2+ by Mn oxides in marine
sediments. Iron redox reactions need to be studied because
they have the potential to support a substantial microbial
population in soil and sedimentary environments [54].
Iron hydrous oxides and oxides, identified at 70 K are important adsorbents for trace elements [55] and for natural
organic matter [56]. Therefore identification of iron hydrous
oxides and oxides obtained by Mössbauer spectroscopy can
be indirectly related to sediment quality evaluation.
Solid-state NMR

The 29Si MAS NMR and 27Al MAS NMR techniques
are rather complicated and are not practical for being
adopted for a wide scale use during monitoring in all locations studied. However, their application and sedimentary
research on selected samples can be useful in comparison
with XRD results. One has to be aware that the presence
of Fe and other paramagnetic impurities seriously reduces

the quality of 29Si NMR spectra in complex mixture of sediments. The weakest 29Si NMR spectrum was obtained in
sample 24, where Fe anomaly is present [13]. However, this
method was very successfully applied when pure minerals
[57] and synthetic samples [58] were studied. 27Al MAS
NMR is more promising in sediment studies. The finding
of muscovite is significant, because of its adsorption properties for arsenite and arsenate [42]. In the chapter of elemental analysis of this paper was described that As was
totally bound to sediments. Aluminum coordination changes,
which can be studied by solid state NMR are known to be
related to aluminosilicate dissolution [59], which can be
possible secondary source of pollution with adsorbed trace
elements.
CONCLUSIONS
The described complementary multi-instrumental methods were applied on selected stream sediments out of the
large dataset to illustrate the advantages and disadvantages
of particular methods in physico-chemical assessment (first
part of TRIAD approach):
The mineralogical analysis, performed with the XRD
powder method, detected major, minor and trace minerals,
mostly from tectosilicate, phyllosilicate and carbonate class.
The composition of clay minerals, present in <5%, is less
certain and other complementary methods should be applied for amorphous and poorly crystalline phases.
The difference in concentrations of elements performed
with XRF in total sample and ICP-MS in aqua regia extract can be used to identify trace elements firmly bound to
the mineral structure. They should not be necessarily further studied by biological and toxicological studies (in this
work Cr, As, Pb). Toxic elements loosely bound in this
work (Mn) should be further studied, if the concentration
is above the level causing significant toxicity, like in
samples 23, 24 and 14R.
The grain-size analysis gives information about the
amount of clay size particles in silt+clay fraction, which
can be easily transported in downstream direction, carrying
pollutants.
The Mössbauer spectroscopy gives information about
Fe compounds, like hematite and goethite, which are known
significant sinks for trace elements. Determination of ferric
and ferrous phases is important for microbial population
[54].
The NMR spectroscopy was applied to study aluminum and silicate minerals, both crystalline and amorphous.
Important pollutant sinks like muscovite and kaolinite,
suggested from XRD results, could be confirmed by NMR.
Changes of aluminium coordinations could be related to
possible alumino silicate dissolution, according to Criscenti
et al. [59] and thus be of significance for secondary sources
of pollutants. During this process pollutants incorporated
in the structure or adsorbed on alumino silicates are released and secondary sources of pollutants can occur.
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The application of the presented complementary multiinstrumental methods can be recommended in initial stage
of stream sediment investigation. It gives information about
mixture of crystalline, poorly crystalline and almost amorphous minerals, some of which are very good adsorbents
for trace elements. Possible sinks and secondary sources
can be identified. It can be suggested that after the physico-chemical assessment is decided if and in which region
the other two steps in TRIAD monitoring are to be applied. It is aimed in the future that monitoring network and
water management can be precisely established.
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WEATHERING AND OIL SPILL SIMULATIONS
IN THE AFTERMATH OF TANKER ACCIDENTS
AT THE JUNCTION POINTS IN THE MARMARA SEA
Ersan Başar*
Karadeniz Technical University, Faculty of Marine Sciences, 61600 Trabzon, Turkey

ABSTRACT
Marmara Sea connected to the Black Sea by the Istanbul Strait (Bosporus) and to the Aegean Sea by the
Canakkale Strait (Dardanelles), is separating the continents
of Europe and Asia. The rise in the volume of maritime
traffic on the Strait and the Sea of Marmara has increased
the risk of maritime accidents, and around 700 ship accidents have been recorded since 1948. In the first stage of the
present work, the risky region of Marmara Sea was chosen
for simulation studies. It was assumed that 1000 tons of
medium crude oil may be spilled in the aftermath of a tanker
accident. The oil spill was then determined with respect to
time and space by considering two different wind directions
and scales. The simulation code GNOMETM was utilized to
generate the oil spill scenarios. Results of simulation showed
that spill did not reach the coast in the first three simulations but reached the coast in the fourth simulation. In the
second stage of the work, weathering calculations for
spilled oil were carried out by using ADIOS2. In these
analyses, oil budget, viscosity and airborne benzene were
estimated. Weathering calculations showed that more than
40 % of oil evaporates between 0 and 12 hours.

gational conditions prevail in the area. Sea of Marmara,
NW Turkey is between Europe in the north and Asia in the
south. The transit traffic consists of the goods imported
and exported by the Black Sea countries, and also at an
alarmingly increasing rate, of the oil Liquefied Natural Gas
(LNG) and Liquefied Petroleum Gas (LPG). In the past
decade, the Istanbul and Canakkale Straits, as well as the
inner Sea of Marmara between both, became a major oil
hub of the world energy transportation system.
Ship accidents in the TSS are examined mainly under
four categories: collision, grounding, fire and stranding.
Each has a distinct effect on the marine ecosystem. Collision is the dominant type of accidents in the area. It is
caused by poor visibility and strong currents which result
in navigation failure. In order to reduce accidents occurrence, a marine traffic separation system was introduced in
TSS [1, 2].

KEYWORDS: Oil Spill, Marmara Sea, Simulation, Istanbul Strait,
GNOME, ADIOS2.

INTRODUCTION

FIGURE 1 - Turkish Strait System.

The very complicated Turkish Straits System (TSS),
consisting of the Marmara Sea, Strait of Istanbul (Bosphorus) and Strait of Canakkale (Dardanelles), is connecting
the Black Sea narrow waterways of strategic and economic
importance to the Mediterranean Sea (Fig. 1). The Turkish
Straits are 164 nautical miles in length, and being located
between the Black Sea and the Mediterranean, the Turkish Straits have unique physical, geographical, hydrological and oceanographic characteristics, and complicated navi-

Ors and Yılmaz [3] modeled the current of the Marmara Sea surface water shown in Fig. 2. As seen in this figure,
surface current is approximately 1 knot at traffic separation lines.
In this study, GNOME TM and ADIOS2 models were
used to simulate the oil spill in Marmara Sea. GNOMETM
developed by NOAA was used to simulate spatial and
temporal distribution of oil [4, 5]. This software uses wind,
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FIGURE 2 - Flow field in the Marmara Sea (computational mesh, parameters, and the boundary conditions [3]).

tide, and current values to calculate the movement of oil at
the sea surface [6, 7]. The simulation code GNOMETM version 1.2.7 is utilized to generate the oil spill scenarios.
Başar et al. [8] simulated risky areas for oil spillage after
tanker accidents at Istanbul Strait.

Oil transported through the Black Sea originated from
the Tengiz fields in Kazakhstan to the Russian Novorissisk port. Properties of oil used in simulations are given in
Table 2 [14].

ADIOS2 (Automated Data Inquiry for Oil Spills) is an
oil/weathering model. ADIOS2 uses mathematical equations and information from the database to predict changes
over time in the density, viscosity and water content of an
oil or product, the rates at which it evaporates from the
sea surface and disperses into the water, and the rate at
which an oil-in-water emulsion may be formed [9]. It was
designed to make use of as little information as possible,
and to use information that can quickly be estimated or
obtained in the field, such as wind speeds, wave heights,
water temperature, and salinity or density, the type and
amount of oil or product spilled, and the rate and duration of the spill [10].

TABLE 1 – Possible scenarios.

Simulations were run for ship separation line at the
northern entrance of Marmara Sea. It was assumed that
1000 tons of crude oil is spilled in the aftermath of a tanker
accident. The oil spill is then determined with respect to
time and space by considering two different wind directions (south and west) and speeds (5 knots and 15 knots)
(Table 1). The tide is negligible at the strait, and therefore
it is not taken into account [12]. Sea surface temperature
is taken as 15 °C and salinity is 15 ppt in all simulations.
These values can be considered as annual means of Marmara Sea [12, 13].

Wind Direction

Wind Speed

Scenario 1

South

5

Scenario 2

South

15

Scenario 3

West

5

Scenario 4

West

15

TABLE 2 - Properties of Tengiz oil.
Code name

TENGIZ 482

Density at 20 oC (kg/m3)

Oil spilled on water undergoes a series of changes in
physical and chemical properties that, in combination, are
termed “weathering”. Weathering processes occur at very
different rates, but begin immediately after oil is spilled into
the environment. Weathering rates are not consistent
throughout the duration of an oil spill, and are usually highest immediately after the spill [11].
MATERIAL AND METHODS

Scenarios

784.32

2

Viscosity (mm /s)
at 20 oC
at 40 oC
Solid point (oC)

1.88
1.57
-47

Vapor pressure (kPa)
at 38 oC
at 50 oC

50.94
69.16

Scenarios were run for longitude 40°59’00” N – latitude 28°59’00” E coordinates at the Marmara Sea entrance of the Istanbul Strait (Fig. 3). It means that a tanker
is involved in an accident and 1000 tons of oil are spilled.
All simulations were run for 60 min.
In order to input straits data to GNOME, a map with
Mercator projection was digitized at 1250 latitude and
longitude points. Currents data for simulation was input
as 100 x 55 matrix with a special format. Current values
were u and v (m/s) at x and y directions, respectively. The
simulation code GNOMETM version 1.2.7 is utilized to
generate the oil spill scenarios. Some of the data was obtained from our earlier study in these scenarios [8].
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Junction Point

N N

Traffic Separation Line
Collision Point

FIGURE 3 - Tankers collision scenarios.

RESULTS AND DISCUSSION
The first simulation was run at 5 knots wind speed
and south wind direction at the Istanbul Strait entrance of
Marmara Sea. As a result of the first simulation, the oil
spills offshore of Marmara Sea (Fig. 4). Then, wind speed
was increased to 15 knots and the simulation run again.
As seen from Fig. 5, the spill was slowly moved to west /
south-west direction due to an opposite current.
The third scenario was run with west wind direction,
and oil spill affected the south side of the entrance of Istanbul (Fig. 6). As seen from the fourth scenario, the spill
reaches the coast (Fig. 7).

Simulation results showed that the spill could reach the
coast only under high-speed westerly winds. Winds with low
speed cannot push spill to the coast line due to the upper
current of the strait.
As a second stage of simulation, weathering conditions
were analyzed by using ADIOS2. The same conditions were
also used for simulations, and results are shown in Figs. 813. Figs. 8 and 9 show the oil budget change with time.
More than 40 % of oil evaporates within the first 12 h. Wind
speed increases the disperse effect at the 3rd scenario (Fig.
8). The rate of evaporation will be very rapid in the first
12 h after a spill, and then considerably slows down.

S 5 knots

S 15 knots

FIGURE 4 - Crude oil distribution (1st scenario).

FIGURE 5 - Crude oil distribution (2nd scenario).

278

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

W 5 knots

W 15 knots

FIGURE 6 – Crude oil distribution (3rd scenario).

FIGURE 7 – Crude oil distribution (4th scenario).

Oil Budget (percent)
0 Remaining

Oil Budget (percent)
0 Remaining

0 Dispersed

0 Dispersed

0 Evaporated

0 Evaporated

FIGURE 8 - Oil budget for 3rd scenario.

FIGURE 9 - Oil budget for 2nd scenario.

Figs. 10 and 11 show the change in oil viscosity. As
can be seen, the viscosity of oil changes significantly with
evaporation. If about 40 % of oil evaporates, its viscosity

increases more than 1000 times. Figs. 12 and 13 illustrate
that almost 100 % of benzene are airborne within the first
12 h.
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Oil Viscosity (cSt)

Oil Viscosity (cSt)

FIGURE 10 - Oil viscosity for 3rd scenario.

FIGURE 11 - Oil viscosity for 2nd scenario.

Airborne Benzene Concentration (ppm)

Airborne Benzene Concentration (ppm)

FIGURE 12 - Airborne benzene concentration for 3rd scenario.

FIGURE 13 - Airborne benzene concentration for 2nd scenario.
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CONCLUSION
The ever growing demand for energy in the modern
world continues to increase the risks of major oil spills
during the lengthy travel of this natural resource along global sea routes. Turkish Strait Systems is under ever increasing tanker traffic.
In the first stage, the movement of the oil spill issuing
from a tanker accident has been simulated at the Istanbul
Strait entrance of Marmara Sea by GNOME. Results of these
simulations have shown that, although oil spill did not reach
the coast in three simulations, it reaches the cost at the
fourth simulation. Therefore, necessary actions, either offshore or before oil reaches the coast, have to be undertaken
according to weather conditions. The spilled oil not reaching the coast does not mean that it will not pollute the
water (the Marmara Sea is an inland water). Accumulations of polluters may present environmental effects in the
future.
Results of weathering simulations by ADIOS2 have
demonstrated that 40% of oil evaporates within 12 h, and
viscosity of remaining oil reaches its almost 2000-fold
original value. These results imply that almost all evaporation occurs within 12 h. Therefore, the first action has to
be fast and effective, in order to reduce the sinkage effects.
The settled oil would have different negative effects on the
benthic and pelagic marine life, and the case of cleaning
these pollutants would be more time-consuming and expensive.
In order to act fast and efficiently, stocking booms and
skimmers at risky areas are advisable, and would reduce
the transportation time to the accident area, the damage and
also the cleaning cost.
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PHOTODEGRADATION INDUCED BY ALGAE
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ABSTRACT
Algae-induced photodegradation is a way of the destruction of bisphenol A (BPA) in aqueous solution. In this
work, experiments were conducted to detect the photodegradation products of BPA induced by the alga Chlorella vulgaris (CV). The results showed that four intermediate products were identified by gas chromatography-mass
spectrometry (GC-MS). The photodegradation mechanism
was inferred according to the experimental results. The
possible photodegradation mechanism of BPA was that the
hydroxyl radicals attacked the BPA molecule, which
made BPA molecule cleavage to produce phenol and 4isopro-pylphenol radicals, and the latter were formed into
4-(1-hydroxy-1,1-dimethyl)phenol in the presence of
hydroxyl radicals. 4-(1-hydroxy-1,1-dimethyl)phenol was
oxidized to 4-isopropenylphenol, which was further oxidized to 4-hydroxyacetophenone. The intermediate products would be further oxidized into innoxious materials in
the presence of hydroxyl radicals. This work provided
some information on the BPA degradation mechanism
under simulated sun-light, which was important to infer
the fate of BPA in aqueous environment.

KEYWORDS: bisphenol A, photodegradation, intermediate products, mechanism, hydroxyl radical.

effect. The research on the fate of BPA in water is important.
Many researches showed the chemical transformation
pathway and degradation products of BPA in aqueous solution [14-16]. BPA could also be degraded through the biologic pathway in water [17-19]. Some natural substances
play an important role on the decomposition of pollutants
in water, such as microalgae. It is necessary to further study
the photodegradation mechanism and pathway of BPA in
aqueous medium in the presence of microalgae.
The photochemical processes play an important role
on the degradation and transformation of organic pollutants
in natural water [20-22]. Algae-induced photodegradation
is a possible route for the destruction of organic pollutions
[23, 24], and may affect the environmental fate and ecological risk of the pollutions in aqueous solution [25]. In
our previous work, we investigated the photodegradation
of BPA induced by algae, humic acids and irons in aqueous environment [26]. In this present work, the intermediate products of BPA induced by algae during the photochemical process had been identified by GC-MS analysis.
The degradation pathway was proposed on the base of evidence of the intermediate formation. This work showed that
the main products and transformation pathway of BPA
induced by algae, which is important to evaluate the fate
of BPA in aqueous environment.

MATERIALS AND METHODS

INTRODUCTION
Recently, endocrine disrupting compounds (EDCs) had
attracted much attention for their potential to damage human and animal health [1-4]. As one of the EDCs, Bisphenol A (BPA) received much attention for its common
use [5]. The studies of Brotons et al. [6] had shown that
the BPA leaching from the lacquer coating in food cans
had obvious estrogenic activity. Many researchers reported on the strong estrogenic endocrine disrupting effect and
toxicity of BPA [7, 8]. BPA had been observed in the
wastewater, sediments, sludge, lakes and rivers [9-13],
which would approach the degree of endocrine disrupting

Chemicals and Reagents

Chemically pure BPA was purchased from Damao
Chemicals Co. (Tianjin, China) and used without further
purification. All the other reagents were of analytical grade.
Deionized water was used in the experiments.
Preparation of Algae

A freshwater alga, Chlorella vulgaris (CV), was used
in the experiments and purchased from the Wuhan Hydrobiology Institute of Chinese Academy of Sciences (Wuhan, China). Axenic medium was used for culturing and
consisted of 200 mg·L-1 (NH4)2SO4, 30 mg·L-1
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[Ca(H2PO4)2·
2H2O+CaSO4·H2O],
80
mg·L-1
-1
-1
MgSO4 7H2O, 100 mg·L NaHCO3, 25 mg·L KCl, 0.15
ml·L-1 FeCl3 (1%), 2.86 mg·L-1 H3BO3, 1.81 mg·L-1
MnCl2·4H2O, 0.222 mg·L-1 ZnSO4·7H2O, 0.039 mg·L-1
(NH4)6Mo7O24 ·6H2O, 0.079 mg·L-1 CuSO4·5H2O, and 0.5
ml·L-1 soil extract. The algae were grown in a conical flask
and covered with filter paper. The flask was placed in an
incubator box at 25 ºC under 12-h light-dark cycle and 24-h
ventilation. After the growth period, the algae were harvested from the culture by centrifugation at 3500 r·min-1
for 25 min, and washed three times for use in next experiments. The resulting algal suspension was diluted with
double-distilled water to obtain required densities of algae.
Cell counting was carried out with microscope and haemacytometer, and the density of algae (cells·L-1) was
calculated.
·

Photodegradation experiment

The irradiation experiments were carried out in a homemade cylindrical reactor (600 ml). A 250-W metal halide
lamp (Chenguang Illumination Instrument, Jinzhou, China)
with a glass-jacket was placed at the center of the reactor.
The circulating water through the glass-jacket maintained
a constant temperature of about 25 ºC. The light intensity
was 34 µW·cm-2 and measured by an irradiance-meter (FS
type, Peixian Photoelectric Instruments Co., Jiangsu, China).
The major emission wavelengths of the lamp are 365, 380,
412, 438, 452, 532 and 587 nm.

tively. The MS detector was operated in the EI mode (70
ev). The intermediate products were identified using an
identification program of U.S. National Institute of Standards and Technology (NIST) Library. Dark comparison
sample was treated and analyzed with the same method.
RESULTS AND DISCUSSION
The intermediate products
identified by GC-MS chromatograms

The photoproducts of BPA induced by algae were identified for investigating more information on the BPA degradation induced by algae. Figs .1 and 2 were GC-MS chromatograms of the silylanized compounds of dark control
reaction sample and irradiation reaction sample. The main
peaks were identified by comparisons of mass spectra with
the library data of NIST. Four intermediate products were
identified in the GC-MS chromatogram. Other peaks that
were not marked were unidentified compounds. The main
fragments (m/z) and molecular structure of these intermediate products are summarized in Table 1. The photoproducts of BPA identified in Table 1 were not observed in the
dark control experiment.

BPA+CV dark control reaction for 5h

5.00E+007

For identifying the photoproducts of BPA induced by
algae, 500 ml reactant solutions containing 20 mg·L-1
BPA and 4 × 1010 cells·L-1 algae were prepared with deionized water, and then were poured into the photochemical reactor. The reactant solutions were irradiated for 5 h
and were bubbled with air at a fixed flow-rate throughout
the experiment.

BPA

2.50E+007

0.00E+000
8

Analysis methods

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Time (min)

After irradiation for 5 h, the reactant solutions were
collected and centrifuge at 3500 r·min-1 for 25 min to separate the supernatant, which was evaporated to 5 ml by using
a rotary evaporator (RE52-99, Yarong, China) and then
transferred into a reaction vial to dry it with a gentle stream
of ultra-pure nitrogen. A 200 µl portion of derivatization
reagent (Bis(trimethylsilyl)trifluoroacetamide + Trimethylchlorosilane, BSTFA+TMCS, Supelco, USA) was
added, and the reaction vial was sealed and placed in a
heating block at 70 ºC for 1 h to obtain the silylated compounds. The silylanized compounds (1 µl) were analyzed
on a GC-MS setup (Trace DSQ, Finnigan, USA) equipped
with a DB-5MS column (30m×0.25mm×0.25m, J&W
Scientific, Folsom, CA). Helium was the carrier gas
(flow-rate 1.0 ml·min-1). The GC injection port temperature was 280 ºC. The column temperature was fixed at 40
ºC for 4 min, and then programmed from 40 to 80 ºC at 5
ºC·min-1, and from 80 to 280 ºC at 20 ºC·min-1. The final
temperature was maintained for 20 min. The transfer-line
and ion source were maintained at 170 and 180 ºC, respec-

FIGURE 1 - GC-MS chromatogram of silylated compounds from
the 500 ml reaction sample containing 4 × 1010 cells·L-1 algae and 20
mg·L-1 BPA under dark control experiment for 5 h.
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The analysis of photodegradation pathway on the base of the
intermediate products

BPA+CV irradiation for 5h
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FIGURE 2 - GC-MS chromatogram of silylated compounds from
the 500 ml reaction sample containing 4 × 1010 cells·L-1 algae and 20
mg·L-1 BPA under irradiation for 5 h.

The results showed that the intermediate products were
glycerol (peak 1), 4-isopropenylphenol (peak 2), 4-hydroxy-acetophenone (peak 3) and 4-(1-hydroxy-1,1-dimethyl) phenol (peak 4). Some of them were reported as
intermediate products for the photooxidation of BPA [14,
15].

Based on the intermediate products listed in Table 1,
the possible degradation pathway of BPA is represented
in Fig. 3. The hydroxyl radicals attacked the BPA molecule, or the energy was transferred from irradiated algae
to BPA, which made BPA molecule cleavage to produce
phenol as well as 4-isopropylphenol radicals. The latter was
formed into 4-(1-hydroxy-1,1-dimethyl)phenol in the presence of hydroxyl radicals. 4-(1-hydroxy-1,1-dimethyl)phenol was oxidized to 4-isopropenylphenol, which was further oxidized to 4-hydroxyacetophenone (pathway I in Fig.
3). 4-isopropylphenol radical could also be formed into
glycerol after a series of oxidation processes (pathway II
in Fig. 3). In addition, Katsumata et al. [15] showed that
phenol radicals might be formed into hydroquinone (pathway III in Fig. 3). Because the hydroxyl radical was strongly
oxidant, the intermediate products of BPA would be further
oxidized into harmless substances if the irradiation time
was long enough.

TABLE 1 - Intermediate products and BPA obtained from GC-MS spectra.
Peak no.
1

Retention
time(min)
15.83

Detected ions, m/z
(% abundance)
293(1),218(6),205(23),203(4),191(3),169(5),147(20),
133(12),117(30),103(20),77(16)

Molecular
weight
308

Molecular structure
O TMS
O

TMS

O TMS

2

16.64

206(60),191(65),169(20),146(52),119(28),77(68),73(100)

206

3

17.29

209(52),191(13),170(20),151(13),147(52),120(24),76(65),73(100)

209

4

17.88

296(1),283(6),282(15),281(62),265(2),
207(16),191(8),170(5),147(21),120(7),
115(4),77(17),75(18),73(100)

296

372(16),357(100),285(4),207(16),191(11),170(10),73(48)

372

5

21.55

O

O

TMS O
TMS O

285

TMS

O TMS

O TMS
O TMS

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

OH

OH
5
get energy
from algae

·OH

CH3
OH

·OH

C

CH3

· + ·C

OH

OH

CH3

4
-H2O

OH

CH3

·OH

OH

further
oxidation

2

OH
OH

OH

H2O2 other active species

OH

O

OH

OH

1
(III)

3
(I)

(II)

ring cleavage
further oxidation
CO2 +H2O
FIGURE 3 - The analysis of photodegradation pathway of BPA induced by algae.
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The analysis of photodegradation
mechanism of BPA induced by algae

The direct photodegradation of BPA could be ignored
in the experiment time. The foregoing results indicated that
the BPA degradation was mainly the effect of hydroxyl
radicals. This result confirmed the generation of hydroxyl
radicals derived from irradiated algae. In addition, the sensitive action of algae or other active species from algae had
a possible effect on the photodegradation of BPA.
Some researches showed that algae could produce active materials under irradiation, which may be one of the
protective mechanisms of algae under special conditions.
Zepp et al. [20] suggested that algae had an important influence on the environmental concentration of H2O2. Liu et
al. [23] reported on photoproduction of hydroxyl radicals
from irradiated algal solution.
Based on the findings and the analysis, the mechanism
of production of hydroxyl radicals by algae was observed.
Some of the algae could be dead and broken after prolonged irradiation. Algal photosynthetic pigments could
produce hydration electrons under light, which induced
the formation of hydrogen peroxide (H2O2). The hydrogen
peroxide could react with metal ions (Fe(II) or Cu(Ι)) in
algal cells, and then produce hydroxyl radicals inducing
photodegradation of BPA. The reactions are as follows:
algal photosynthetic pigments Light

e

−
aq

long enough. The results confirmed the production of
hydroxyl radicals rooted in irradiated algae, which induced the photodegradation of BPA. Algal photosynthetic
pigments could produce hydration electrons under irradiation, which induced the formation of hydrogen peroxide,
and then produced hydroxyl radicals. The sensitive action
of algae or other active species in solution also had possible effects on the photodegradation of BPA. In addition,
BPA could obtain the energy from algae under irradiation,
and then to be formed into organic compound radicals
which would be further oxidized.
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ABSTRACT

NH2

Melamine (MM) is an emerging contaminant which is
chemically stable and resistant to oxidation. The oxidation
of melamine in aqueous solutions by UV irradiation (15W low-pressure mercury lamp, λ = 185 nm and 254 nm) in
the presence of H2O2 was investigated in this work. The
influences of the concentration of melamine, pH, as well
as the concentration of H2O2 on the degree of oxidation and
decomposition of melamine were examined in detail. Results showed that direct UV light irradiation can destroy
MM to produce nitrate at low efficiency (22.3%), and the
production of nitrate may facilitate the further oxidation
of MM through indirect photolysis. The oxidation efficiency
of MM was enhanced by more than two times when H2O2
was added to the solution, which indicated that the cleavage of triazine cycle occurred during photooxidation. For
0.5 mg/L melamine, the oxidation efficiency of organic
nitrogen was 50.0% under optimal oxidation conditions
(33 g/L H2O2, pH 3 or 10).

KEYWORDS:
Melamine, oxidative decomposition, UV light exposure, nitrate.

INTRODUCTION
Melamine (MM, 2,4,6-triamino-1,3,5 triazine) is one
of the important chemicals containing triazine cycle which
has been widely used in wood materials, plastics, coatings,
paper-making, textiles, leather, electrics, and medicine. The
molecular structure of MM is schemed in Fig. 1 and its
properties are listed in Table 1 [1]. For its potential of toxicity, it is forbidden for food making or additives. Although
MM was regarded as low-toxic (LD50 (rat) is 3.16 g/kg), it
eventually caused the damage of reproductive and urinary
system of animals which could further induce cancer of
bladder [2]. In 2007 and 2008, pet-poisoning accidents
caused by MM in feed in the US as well as milk polluted by
MM in China made MM suddenly well-known to the public. Several death cases of infants were reported in China
probably related to the polluted milk accidents.

N
H2N

N
N

NH2

FIGURE 1 - Structure of Melamine (MM).
TABLE 1 - Properties of Melamine [1]
Properties
Formula
CAS No.
Density
pKb
Solubility
LD50(rat)
pKow

Value
C3 H6 N6
108-78-1
1.573g/cm3 (16 oC)
8
3.1 g/L (20 oC)
3.16 g/kg
1.14

Although many producers of MM declare that it is not
harmful to the environment, or the impact is minimal in the
event of emission to water, soil or air, emission to water is
better avoided. Because the biodegradability of MM in nature may be poor, its accumulation in surface water, soil or
sediment is inevitable when it is released into the environment. MM could enter the water environment through excretion by both animals and mankind who take food containing MM like wheat gluten and milk. Another potential
pathway of the source is fishery by using MM-contaminated
fish food [3]. The risks of long-term and low dosage exposures have not been clearly identified. However, at present time, it is believed that MM is an emerging contaminant after the melamine milk scandal in 2008.
MM is chemically inert which makes it difficult to destroy its molecule. It is easy to treat MM in solid products
by incineration and the energy in the products can be recovered. With the increasing attention on MM pollution, an
important question appears, i.e. how to treat MM in water.
There has been almost no publication except one about TiO2
photocatalytic oxidation concerning the issue of the treatment of MM in water [4]. Advanced Oxidation Technology
has been known as the very effective method for oxidation, and even mineralization of resistant organic contaminants [5-8]. MM has light absorption at a wavelength close
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to 200 nm, and, therefore, UV light photolysis in the presence of H2O2 was used to decompose MM in water in this
work. Some factors like pH as well as initial concentration
of both MM and H2O2 were investigated. Since the direct
detection of MM by HPLC is complicated, nitrate-N (NO3-N) was detected to indicate the oxidation efficiency of MM.
This work provides the oxidation method for MM treatment in water.
EXPERIMENTAL METHODS
Reagents

Analytical-grade MM (>98%) was purchased from
Shanghai Guoyao Co. (Shanghai, PRC) and used without
purification. H2O2 (w/w, 30%) was from Shanghai Guoyao
Co. (Shanghai, PRC), and CH3CN of HPLC-grade from
Fisher Scientific (Springfield, US). NaNO 3, NH4Cl and
other chemicals were all of analytical grade. HCl and NaOH
were used to adjust pH values of solutions. Pure water of
18 MΩ.cm resistivity was prepared with an ultra-pure water system (Liyuan Electric Instrument Co. Beijng, China)
and used throughout the experiments.

Relative Intensity (%)

Calculation

The oxidation efficiency of MM in the solution was
represented by the transformation efficiency from organic
nitrogen to nitrate ions (detected as NO3--N) which was
calculated according to Eq. (1):

254 nm

100

E(%) =

80

40
185 nm

0
160

200

C NO- − N
3

0.667CMM

× 100

(1)

Where E(%) is the oxidation effciency, CNO3--N is the
concentration of NO3--N (mg/L) after oxidation of MM,
CMM is the initial concentration of MM (mg/L), and 0.667
is the factor of nitrogen content of MM. The background
of the concentration of NO3--N from MM before oxidation was less than 1%.

60

20

[9]. NH4+-N was detected by Nessler's reagent colorimetric method [10]. UV absorption of MM solution was recorded with a 1600 UV-VIS Spectrometer (Shimadzu, Japan). The characteristic absorbance peaks were at 208 and
234 nm, respectively. HPLC method was used to detect
MM in water (Shimadzu LC-10A LC system with Shimadzu-ODS-C18 column (4.6×150 mm, 5 µm) at a flowrate of 1.0 ml/min and UV absorbance detection at 210
nm). The mobile phase was a CH3CN/H2O (0.72 g citric
acid and 0.81 g sodium octylsulfonate in 375 ml water)
mixture (25/75, v/v). The injection volume was 20 µl.
Measurements were made twice in each experiment with
errors less than 5%. In order to monitor the oxidation process, the pH value and electrical conductivity of the reactant solution were measured before and after an experiment
by using a Mettler Delta 320 pH-meter (Shanghai, China)
and a conductivity meter DDS-11 (Shanghai, China), respectively.

240

280 320
λ (nm)

360

RESULTS AND DISCUSSION

400

Direct photolysis of melamine (MM) under irradiation at 185 nm

FIGURE 2 - Irradiation spectrum
of UV light used in the experiment.
Oxidation reaction

Irradiation under UV light was performed with a 15W
low-pressure mercury lamp (Yuelu Illumination Instrument
Co., Changsha, PRC). The irradiation spectrum of the lamp
(Fig. 2) shows two main radiation wavelengths of 185 and
254 nm. The lamp was directly inserted into the reaction
tank containing 500 ml MM reaction solution at a constant
stirring rate of 300 rpm. During illumination, temperature
was maintained constant at 20±1 oC. The desired pH values of the reactant solutions were adjusted with HCl or
NaOH. During the course of radiation, MM and NO3--N
concentrations were determined.
Analysis

Fig. 3 shows the UV absorption spectra of melamine
in aqueous solutions indicating that MM almost had no
light absorption at wavelengths above 250 nm. MM solution (0.5 mg/L) at pH 4 had an absorption of 0.035 at
254 nm and irradiation from low-pressure mercury lamp
could not be used for direct photolysis of MM, whereas
radiation at 185 nm could be used effectively in this work.
Fig. 3 also shows that the absorbance in the band over the
range of 190-400 nm in the absorption spectra increased
significantly with increasing irradiation time from 0–4 h.
For instance, absorbance at 254 nm was increased by 3 times
(from 0.035 to 0.103). This result indicated the production
of nitrate (200–350 nm) or nitrite (200–400 nm) [11].
Moreover, nitrate and nitrite ions can undergo photolysis to
produce OH radicals according to reactions (2) – (4) [12],
which, in turn, facilitated the oxidation of MM in water.

Nitrate ion was detected spectrophotometrically with
phenol disulfonic acid (detection range of 0.02-2.0 mg/L)
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NO3- + hν → NO2 + O-

(2)

NO3- + hν → NO2- + O(3P)

(3)
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NO2- + hν → NO + O-

O + H2O → OH + OH

(4)
-

for acidic or alkaline wastewater. Considering the element
composition of MM, it is obvious that the triazine cycle
starts to get broken if the degradation efficiency is higher
than 33%. Therefore, in the presence of UV/H2O2 at acidic
or alkaline pHs, melamine was partly decomposed by losing the nitrogen atoms and producing more nitrate ions.

(5)

0.24
0.20
4h

0.12

60

0h

50

0.08

E(%)

40

0.04
0.00
200

250

300
λ (nm)

350

30
pH=3.0
pH=7.5
pH=10.0

20

400

10

FIGURE 3 - UV absorption spectra of melamine (0.5 mg/L) in aqueous solutions at pH 4.0 and different irradiation time (1, 2, 3 and 4 h).
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FIGURE 4 - Oxidation efficiency of melamine at different initial
concentrations (0.5, 1.0 and 2.0 mg/L) in aqueous solutions at different pHs (3.0, 7.5 and 10.0). Irradiation time was 4 h.
Photochemical oxidation of melamine in the presence of H2O2
Effect of dosage of H2O2 and pH

As shown in Fig. 5, addition of H2O2 increased the MM
oxidation efficiency from about 22% to more than 30% at
acidic or alkaline pH, while at neutral pH, the direct photolysis was inhibited to less than 10%. The degradation efficiency increased with increasing dosage of H2O2. From
the pH effect results, it could be suggested that direct
photolysis is suitable for the treatment of wastewater containing MM at neutral pH and UV/H2O2 is more suitable
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FIGURE 5 - Oxidation efficiency of melamine (0.5 mg/L) in aqueous
solutions at different initial pH values (3.0, 7.5 and 10.0) under UV
irradiation in the presence of different H2O2 concentrations (0, 9.9,
16.5 and 33.0 g/L). Irradiation time was 4 h.
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Degradation efficiency of MM in aqueous solution
under UV light decreased with increasing the initial concentration of MM in the range of 0.5-2.0 mg/L at pHs 4.0,
7.5 and 10.0 (Fig. 4). Lower pHs benefit the direct photolysis of MM, while at alkaline pHs, the degradation efficiency
was significantly decreased. The variation of pH values
during the photolysis was recorded and no significant change
was found.
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mg/L melamine solution at pH 10.0 during photochemical oxidation
under UV light in the presence of H2O2.

HPLC was used to directly detect the concentration of
MM. Fig. 6 shows the variation of concentration and conductivity of MM solution during irradiation. The increasing
conductivity during the photooxidation was in accordance
with the production of nitrate ions, which confirmed the
mineralization of MM. According to the results of HPLC,
43.5% of MM were oxidized which was very close to the
nitrogen transformation ratio (42.0%). This result indicated
that oxidation of MM and transformation of nitrogen in MM
molecule occurred at similar rates, and the oxidation of MM
before nitrogen transformation decided the whole mineralization reaction of MM.

291

© by PSP Volume 19 – No 2. 2010

Fresenius Environmental Bulletin

No NH4+-N was detected during the processes of direct photolysis or photochemical oxidation in the presence
of H2O2. Bozzi et al. [4] found the oxidation products of
melamine including ammeline, ammelide, and cyanuric acid
in UV/TiO2/H2O2 system. The results of this work differed
from that of Bozzi in the cleavage of the triazine cycle
and, finally, the mineralization of MM. Our findings indicated that indirect photolysis of MM in the presence of
H2O2 of high concentration was capable of destroying the
stable triazine cycle.
CONCLUSIONS
Advanced Oxidation Technology can be used to decompose melamine which is believed to be chemically stable and
resistant to ordinary oxidation at room temperature. The
oxidation of melamine in aqueous solutions by UV light
irradiation (15 W low-pressure mercury lamp, λ = 185 nm
and 254 nm) in the presence of H2O2 was effective in the
oxidation and destruction of the triazine cycle of melamine. The concentrations of melamine, pH values, and the
concentrations of H2O2 have effects on the degree of oxidation and decomposition of melamine. Although direct UV
light irradiation can destroy MM to produce nitrate, addition of H2O2 achieved much higher oxidation efficiency
and broke the triazine cycle in greater extent. Further work
is needed to identify the intermediates and reveal the oxidation reaction pathway of melamine in water.
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