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SEC O T O X

MESAEP
Mediterranean Scientific Association
of Environmental Protection

SECOTOX
Society of Ecotoxicolgy
and Environmenatl Safety

The 12th International Symposium on Environmental Pollution and its Impact on Life in the Mediterranean Region was jointly organised by MESAEP and SECOTOX (Society of Ecotoxicology and Environmental Safety) in Antalya, Turkey from October 4 to 8, 2003.
The objectives of this symposium are to provide opportunities for scientists of different countries to:
- exchange recent results related to the processes of pollution in the Mediterranean region
- discuss current technological and/or legal measures to avoid or to reduce the degradation of environmental elements
- present suggestions and recommendations to the regulatory authorities on environmental quality and
safety in the Mediterranean and other neighbouring countries.
362 scientific papers have been presented as oral and poster presentations by environmental scientists
from 30 countries: Albania, Belgium, Brazil, Canada, Croatia, Cyprus, Czech, Egypt, Estonia, France,
Georgia, Germany, Greece, Hungary, Iran, Israel, Italy, Morocco, Poland, Portugal, Russia, Slovenia,
Spain, Syria, Turkey, Uganda, UK, Ukraine, USA and Yemen.
The main results of the 12th symposium papers are included in four successive issues of the international journal “Fresenius Environmental Bulletin” (FEB) and they will contribute undoubtedly to the
advancement of the environmental scientific knowledge and hence, to the improvement of the Mediterranean region environment.

Dr. Kostas Nikolaou

Prof. Dr. Ivan Holoubek

President of MESAEP
Organisation for the Master Plan and
Environmental Protection of Thessaloniki, Greece

President of SECOTOX
RECETOX - TOCOEN & Associates
Brno, Czech Republic
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Proceedings of the 12th International Symposium
“Environmental Pollution and its Impact on Life in the Mediterranean Region”

TOPIC: Environmental Chemistry

FOREWORD
In less than half a century a tremendous increase in
agricultural and industrial productivity has occurred in the
entire world and especially in developed countries. The
Mediterranean Sea is a very sensitive system from the
environmental point of view. The environmental management of many countries directly or indirectly in contact
with Mediterranean Sea affects directly the present and
future of this aquatic environment.
Most inputs supplied to Mediterranean Sea are of anthropogenic origin, and arrive by rivers and industrial
and/or municipal outflows, thus affecting the water and
sediment quality and the life of organisms.
The 12th International Symposium on “Environmental
Pollution and its Impact on Life in the Mediterranean
Region” was jointly organized by MESAEP and SECOTOX with the aim to analyse the actual situation of the
Mediterranean Region as affected by different external
factors.

area of the Mediterranean Region is polluted by heavy
metals and organic chemicals of agronomic and industrial
origin. A high percentage of these contaminants are transported to the sea by different processes including leaching
and runoff through surface waters. Once these chemicals
arrive to the sea they distribute in all aquatic compartments (water, sediments, living organisms), and complex
and numerous equilibrium and non equilibrium reactions
are initiated. Most of the studies presented are related to
coastal zones (estuaris, gulfs, bays, etc.) where the contaminants concentration is normally higher than in the offshore sea.
The selected papers discuss results and present proposals providing an up-to-date picture of this area of research with the scope of contributing to a better
knowledge of the Mediterranean Region problems.

Prof. M. Bahadir
MEASEP-TU Braunschweig

Many papers were presented in oral or poster forms in
the session devoted to Environmental Chemistry, 28 of
which were selected to be published in this journal. Most of
the papers selected deal with soil and water quality using
different techniques (analytical chemical, bioassays, etc.) to
identify the contaminants and the corresponding fate in this
aquatic ecosystem. It is well known that an extended soil
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COMBINED METHODS FOR REMEDIATION
OF NITROPHENOL-CONTAMINATED SOIL
Anna Goi and Marina Trapido
Department of Chemical Engineering, Tallinn University of Technology, Ehitajate tee 5, Tallinn 19086, Estonia

Presented at the 12th International Symposium on Environmental Pollution and its Impact on
Life in the Mediterranean Region (MESAEP & SECOTOX), Antalya, Turkey, 04 – 08 Oct. 2003

SUMMARY
Ozonation and the Fenton`s treatment of sand spiked
with a mixture of nitrophenols (NPs) were studied. NPs
removal from sand with the Fenton`s method in slurry
was found to be dependent on the addition of hydrogen
peroxide and catalyst (Fe2+), as NPs could degrade only by
the addition of hydrogen peroxide. Three-phase ozonation
of NP-contaminated sand resulted in a higher NP removal
rate and required lower ozone doses than two-phase one.
The degradation rate was high at the initial stage of the
two-phase process until 40% NP degradation was achieved.
Then the reaction was definitely retarded, and further degradation took place at a slow rate. The Fenton`s treatment
and ozonation allowed improving the subsequent biodegradation of NPs. Thus, implementation of combined chemical
treatment and biodegradation provided a more efficient
way of NP-contaminated soil remediation.

Using chemical oxidation for soil cleaning is the most
recent direction in this area that aims at transforming difficult biodegradable components into better biodegradable
ones. Thus, implementation of combined chemical and biological treatment provides technically feasible, economically
acceptable and environmentally sufficient methods.
Among oxidation processes, Fenton’s reagent becomes more and more common for the treatment of soils
contaminated with hazardous organics. In its oxidation
process, hydrogen peroxide is applied with iron catalysts
generating hydroxyl radicals. Recent studies by Watts et
al. [3] have shown that the modification of the Fenton’s
reagent by using higher concentrations of hydrogen peroxide (≥ 2%) can enhance contaminant desorption and
destruction. Most degradation reactions in modified Fenton systems have been interpreted as oxidation by OH ;
however, a combined oxidation-reduction can account for
some of the transformations observed at higher H2O2 concentrations [3]. The formation of potential reductants, such
as superoxide (O2 -) and hydroperoxide (HO2-) anions, which
are formed during the propagation reactions of modified
Fenton’s system can also result in desorption and degradation of contaminants in soil [3].
•

KEYWORDS: nitrophenols, soil remediation, ozonation, Fenton`s
reagent, combined treatment, biodegradation.

•

INTRODUCTION
Nitrophenols (NPs) are among the widely utilized industrial organic compounds. They are applied as pesticides,
herbicides, insecticides, photochemicals, wood preservatives and explosives. NPs may enter the environment from
industrial discharges, spills, or possibly as a breakdown
product of certain pesticides containing NP moieties [1]. As
secondary pollution arising from aromatic hydrocarbons
and nitrogen oxide emissions by photochemical reactions
in the atmosphere, NPs have been identified in cloud and
fog water condensates as well as on airborne particulate
matter [2]. This vast number of sources results in large
quantities of NPs polluting the soil. Therefore, there is a
need to develop efficient methods for remediation of NPcontaminated soil.

The main advantages of this method over other oxidation processes in treatment of hazardous wastes [4] are 1)
there are no chlorinated organic compounds formed during the oxidation process as in chlorination; 2) both iron
and hydrogen peroxide are inexpensive and environmentally friendly (residual hydrogen peroxide decomposes into
water and oxygen in the subsurface and any remaining
iron precipitates out); 3) hydrogen peroxide can be electrochemically generated in-situ, which may further increase the economic feasibility and effectiveness of this
process for treated contaminated sites; 4) and some studies [5-7] demonstrated that iron minerals (goethite, hematite, or magnetite) contained in natural soils can catalyze
the decomposition of hydrogen peroxide and initiate Fen-
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ton-like oxidation of contaminants in soil when hydrogen
peroxide is supplied.
Compared to the other technologies, in-situ ozonation
offers several advantages [8]: 1) it is much easier to deliver ozone to a contaminated zone than aqueous oxidants;
2) in-situ ozonation often leads to an increase of hydrophilic substances, which are mostly better biodegradable
and can be degraded faster by microorganisms; 3) no volatilization of target chemicals is required and, therefore,
overcomes mass transfer limitations associated with soil
venting; 4) in-situ ozonation would likely be more rapid
than biodegradation or soil venting processes, and thus
reduces the remediation time and treatment costs.
Ozonation was found to be quite effective for remediation of soils contaminated with 2-chlorophenol [9], petroleum products [10-11] and other organics. The Fenton
and Fenton-like oxidation were successfully applied for
the treatment of pentachlorophenol-contaminated soil
[12], but also hexadecane [13], hexachlorobenzene [14],
trichloroethylene [7] and petroleum-contaminated soils [6,
15]. The above-mentioned studies have demonstrated that
such treatment techniques can be also applied for remediation of NP-contaminated soil.
Our previous studies were focused on ozonation and
the Fenton treatment of NP-polluted water [16-18]. In the
present study ozonation and Fenton’s reagent for NPcontaminated soil remediation were applied. Three-phase
ozonation (sand-water-ozone) and two-phase ozonation
(sand-ozone) of sand contaminated with NPs (4-nitrophenol, 2,4-dinitrophenol, 2-methyl-4,6-dinitrophenol) were
studied. The efficiency of Fenton`s reagent treatment with
different Fe2+/NP/H2O2 molar ratios for NP degradation
was evaluated. Combined chemical (the Fenton treatment
and three-phase ozonation) and biological treatment methodologies were also applied in order to assess the feasibility
of combined process for NP degradation in soil.

immediately after the spiking. The mixture of NPs consisted
of 4-nitrophenol (4-NP), 2,4-dinitrophenol (2,4-DNP) and
2-methyl-4,6-dinitrophenol (4,6-DN-o-CR), purchased from
Aldrich Co. (analytical grade). The initial concentrations of
4-NP, 2,4-DNP, and 4,6-DN-o-CR in untreated contaminated sand and some chemical-physical properties of them are
given in Table 1. The preliminary analyses of initial sand
did not show any content of NPs.
Sand was sieved through a 0.16-1.0 mm mesh sieve
and dried at 50 °C before the spiking. The pH of sand was
6.7. Sand contained 94.36% SiO2, 4.81% Al2O3, 0.47%
organic carbon, 4.52 g kg-1 total iron and 0.27 g kg-1 ionexchangeable Fe(II). Total iron and ion-exchangeable
Fe(II) were extracted by shaking the samples in a
Kikalabortechnik KS501 digital shaker during 7 days at
pH 7 with 5 M HCl and 1 M CaCl2, respectively, and determined with an atomic absorption (1100B Perkin-Elmer)
spectrophotometer (λ = 248.3 nm).
Ozonation

The ozonation was carried out in a three-phase ozonation system (soil-water-ozone) and a two-phase system
(soil-ozone). The three-phase ozonation of NP-contaminated sand was conducted in a semi-continuous bubble
column with 0.3 L volume (14.2 cm high and 5.2 cm in
diameter). The two-phase ozonation of dry sand was carried
out in a semi-continuous bubble column with 0.05 L volume
(29 cm high and 1.5 cm in diameter). A mixture of ozone
gas and air produced by a laboratory ozone generator was
transported to 15 g of sand or sand slurry (15 g of sand and
100 mL of water). The three-phase ozonation was conducted under vigorous magnetic-stirring to ensure a good contact between ozone and NPs. Sand was ozonated without
pH adjustment. The gas flow rate was kept at 1.0 L min-1
and the concentration of ozone in the feeding gas at 1.00 ±
0.02 mg L-1. The inlet and outlet concentrations of ozone in
the gas phase were measured using a Specord UV/VIS
(Carl Zeiss, Jena, GDR) spectrophotometer (λ = 258 nm).
The Fenton´s reagent treatment

MATERIALS AND METHODS
Soil samples preparation and chemicals

Dry sand was spiked with a mixture of NPs by adding
a NP-acetone solution to the soil. Then acetone under
continuous mixing was allowed to evaporate to dryness to
ensure NP distribution homogeneity and, hence, a better
reproducibility in repeated experiments. For NP-contaminated sand the averaged recovery rates ranged from 90 to
95%.
The initial concentrations of NPs were verified by the
analysis of at least four replicates. They were also determined 4 weeks after spiking in order to take into consideration the influence of soil ageing during the incubation on
analytical extraction efficiency. Soil ageing was measurable
as the initial concentrations were found to be the same as

The degradation of NPs in slurry during the Fenton
treatment was examined under batch conditions. The standard procedure was that slurry with 5 g of sand and 10 mL
of liquid (bi-distilled water + H2O2 solution + Fe2+ solution)
were treated in the cylindrical glass reactor with 0.2 L volume under vigorous magnetic-stirring during 24-hours. The
chemical ratios used in the Fenton`s treatment are presented
in Table 2. The slurry pH value was 3.0, which was adjusted
using 0.1 N and 1.0 N H2SO4. First, FeSO4 solution was
added and then reactions were initiated by adding H2O2 in
three steps. The pH of H2O2 and Fe2+ solutions was adjusted
to 3.0 before adding them to the slurry. The reaction was
stopped by adding 20% aqueous solution of Na2SO3 in
these experiments. After the sand treatment, the solid phase
was allowed to settle for 30 min and the supernatant was
separated by centrifugation (3 min, 6,400 rpm). All experiments were carried out at 20 ± 1°C.
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TABLE 1
Initial concentrations and some physical-chemical properties of NPs in sand.

NPs
4-NP
2,4-DNP
4,6-DN-o-CR

NPs in untreated sand
(mg kg-1)
90.4
408.8
186.3

Molecular weight
(g mol-1)
139.11
184.11
198.14

Solubility in water at 20 ºC
(g L-1)
11.8a
6.0b
0.2b

a [20], b [21]

TABLE 2
Molar (m/m/m) and weight (w/w/w) ratios of the chemicals used in the Fenton treatment.

Fe2+/NP/H2O2 (m/m/m)
0.5 : 1 : 5
1:1:5
1 : 1 : 10
1 : 1 : 15
5 : 1 : 50
0:1:5

Fe2+/NP/H2O2 (w/w/w)
0.096 : 1 : 1.6
0.19 : 1 : 1.6
0.19 : 1 : 3.2
0.19 : 1 : 4.8
0.95 : 1 : 16
0 : 1 : 0.95

Extraction and determination of NPs

Oxidation experiments were conducted using duplicates. After the Fenton treatment and the three-phase ozonation, the NPs` concentrations were measured both in
aqueous and solid phases and presented as a sum of NP
concentrations in both phases. The aqueous phase was
directly sent for HPLC analyses. Solid phase (5 g) was
extracted under vigorous magnetic-stirring during 24 h with
bi-distilled water (35 ml). The extraction of NPs from soil
with a 5% aqueous solution of NaOH was also tested [19].
When this 5% aqueous solution of NaOH was employed,
large amounts of other substances were co-extracted, increasing the background in HPLC analyses. For this reason
bi-distilled water was chosen as the extracting agent.
Then the ultrasonic extraction procedure during 3 min
was used (sonicator UZDA-A, Nauchpribor, USSR, operated at 22 ± 1.65 kHz; the double amplitude at the tip of the
standard horn (15 mm) was adjusted to 20 mm; corresponding power input was 80 W). After the extraction the solid
phase was allowed to settle for 30 min and the supernatant
was separated by centrifugation (3 min; 6,400 rpm).
The concentrations of NPs were measured with a HPLC
system (Millichrom, USSR) equipped with an UV spectrophotometer (190-360 nm). A reverse phase column (64 mm
in length and 2.0 mm in diameter) was filled with 5 µm
Separon C18 (Chemapol, Czechoslovakia). The isocratic
method with a solvent mixture of 40% acetonitrile and 0.2%
acetic acid in water with a flow rate of 100 µL min-1 was
used. The retention times were 4.3, 5.7, and 11.1 min for 4NP, 2,4-DNP and 4,6-DN-o-CR, respectively, and the detection wavelength was 280 nm. The pH of the samples was
adjusted to ≈ 2.7 before the injection in order to achieve a
better separation of the peaks. The coefficient of variation

Fe2+/sand/H2O2 (w/w/w)
0.065 : 1 : 1.1
0.13 : 1 : 1.1
0.13 : 1 : 2.2
0.13 : 1 : 3.3
0.65 : 1 : 11
0 : 1 : 0.65

for HPLC method was 1.5%. For NP-contaminated sand
samples the recovery was averaged to be 90-95%.
Biodegradation

Biodegradation of NPs followed the ozonation and
the Fenton`s reagent treatment. The duplicates of treated
samples as well as those of untreated sand were aerobically incubated without shaking at 20 ºC in darkness. The
Fenton-treated samples were neutralized to pH 6.5 ÷ 7.0.
No pH adjustment was done after the ozonation. Sterile
bi-distilled water was added to maintain soil moisture
content at ≈ 10% (w/w). No microbial inoculum was
added. NPs in the sand were analyzed after 4 weeks of
incubation as described above.
RESULTS AND DISCUSSION
Two-phase and three-phase ozonation systems were
applied for remediation of NP-contaminated sand. As can be
seen from Figure 1, the degradation rate was high at the
initial stage of the two-phase ozonation process (570 mg kg-1
ozone consumed) until 40% of NPs` degradation was
achieved, then the reaction was definitely retarded, and
further degradation took place at a slow rate. In spite of
high ozone consumption (2650 mg O3 per kg of sand) only
54% of NPs were degraded during 5 h of the two-phase
ozonation (Figure 1). A very high NP degradation degree
was achieved in the three-phase ozonation system (Figure 2).
365 mg kg-1 of consumed ozone resulted in a complete
removal of 4-NP and 4,6-DN-o-CR, and only 16% of 2,4DNP were left. It can be explained by the high solubility of
NPs in water (Table 1), which can lead to desorption and
availability of NPs for hydroxyl radical reactions.
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NP degradation with the Fenton`s treatment strongly
depended on the addition of hydrogen peroxide and the
catalyst (Fe2+). A five-fold increase of Fe2+/NPs/H2O2
molar ratio (from 1:1:10 to 5:1:50) enhanced the degradation and resulted in a complete (100%) removal of NPs in
sand (Figure 3).
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FIGURE 1
Two-phase ozonation of nitrophenol(NP)-contaminated sand.
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Degradation of NPs in sand with 24-hours Fenton pre-treatment
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FIGURE 2
Three-phase ozonation of nitrophenol(NP)-contaminated sand.

Comparing both ozonation systems, it can be concluded that the three-phase ozonation was found to be
more effective in terms of NP removal and ozone doses
consumed than the two-phase one (Figures 1 and 2). During 1 h of three-phase and two-phase ozonation 84 and
32% of NPs were degraded and ozone doses consumed
were 2.4 ± 0.5 and 7.3 ± 2.8 mM O3 per mM of NPs degraded in sand, respectively.
During sand ozonation NP degradation order was 4NP > 4,6-DN-o-CR > 2,4-DNP (Figures 1 and 2).
The degradation order of NPs in sand coincided with
that of NPs in basic aqueous media [18], where monoNPs degraded more easily than methyl-dinitrophenols,
and di-NPs were the most stable.
The influence of the Fenton treatment on the degradation of NPs is shown in Figure 3. The Fenton treatment of
sand with a molar ratio (m/m/m) of Fe2+/NPs/H2O2 = 1 : 1 :
10 resulted in 70% degradation of 4-NP, 67% of 2,4DNP, and 65% of 4,6-DN-o-CR. In general, no substantial differences in removal degrees of various NPs were
observed.

The ratio of hydrogen peroxide to the catalyst (Fe2+)
also affected the degradation of NPs in sand. The effects
observed for this degradation with constant molar ratio of
H2O2/NP = 1:1 are presented in Figure 3. An increase of
H2O2/Fe2+ molar ratio from 5:1 to 10:1 enhanced the degradation of NPs in sand from 19 to 67% (Figure 3). The
further increase of H2O2/Fe2+ molar ratio from 10:1 to
15:1 did not show any improvement and even reduced the
degradation of NPs from 67 to 41%, respectively. A possible reason can be the excess iron content providing
conditions for increased quenching of OH . Thus, the
optimal molar ratio of hydrogen peroxide to catalyst in
the Fenton treatment seemed to be 10:1.
•

NPs degraded with addition of hydrogen peroxide only can also be seen in Figure 3. H2O2/NPs = 5:1 (m/m)
resulted in 73% NP removal in sand. The reason is that
iron and some other transition metals present in soil (i.e.
Mn, Cu, Co, Zn) can catalyse hydrogen peroxide without
addition of extra Fe2+.
Biodegradation of NPs in chemically untreated sand
followed Figure 4. After 4-weeks incubation of NP-contaminated sand 49, 13 and 21% of 4-NP, 2,4-DNP and
4,6-DN-o-CR were removed, respectively. These results
showed that 4-NP was quite susceptible to biodegradation
if compared with higher-molecular weight NPs, such as
2,4-DNP and 4,6-DN-o-CR. If compared with the NP degradation by chemical treatment, NP biodegradation was
very slow and after 4 weeks of sand incubation resulted in
21% of NP removal.
Combined chemical and biological treatment was applied to increase the economic feasibility and effectiveness
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of NP-contaminated sand remediation. As the two-phase
ozonation alone was not found to be as effective as the
three-phase ozonation for NP degradation in sand, it was
decided to carry out experiments with the combination of
the two-phase ozonation and biological treatment. The
two-phase ozonation pre-treatment definitely improved the
subsequent biodegradation of NPs in sand and two-phase
ozonation combined with biological treatment was found
to be more effective for remediation of NP-contaminated
soil. Sixty min of ozonation alone (420 mg kg-1 of consumed ozone) led to 32% NP removal in sand, while
ozonation followed by 4-weeks incubation resulted in
70% of NP degradation (Figure 4). A further 90-min
ozonation (570 mg kg-1 of consumed ozone) followed by
biodegradation resulted practically in the same NP removal
(74%) as achieved by combination of 60-min ozonation
and biological treatment (Figure 4). This can be explained
by the formation of toxic by-products at the intermediate
stage of ozonation that could retard NP biodegradation.

(67%), the subsequent biodegradation for 4 weeks only
resulted in 6% of NP removal (Figure 5). The Fenton pretreatment with the molar ratio of Fe2+/NPs/H2O2 = 0.5:1:5
combined with 4-weeks biodegradation allowed improving the degradation of NPs and resulted in a supplementary NP removal of 37%. The final concentration of NPs
in sand after this combined Fenton (Fe2+/NPs/H2O2 =
0.5:1:5, m/m/m) and biological (4 weeks) treatment was
233 ± 5 mg kg-1.
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FIGURE 4
Biodegradation of NPs in untreated sand and after the
two-phase ozonation using different treatment times.

Ozonation of NP-contaminated sand prolonged to
300 min was not found very effective in terms of NP removal (54% only), when taking into account the high
ozone consumption (2650 mg kg-1), which could have
considerably enhanced the subsequent biodegradation of
NPs in sand (Figure 4). Thus, integrated two-phase ozonation (2650 mg kg-1 of consumed ozone) and biological
treatment (4 weeks) resulted in a complete removal of 4-NP
and 4,6-DN-o-CR, and only 3.5% of 2,4-DNP was left as a
residual. After the application of combined two-phase
ozonation (2650 mg kg-1 of consumed ozone) and biological treatment (4 weeks) for NP-contaminated sand remediation only 20 ± 2 mg kg-1 of NPs (2,4-DNP) were left.
Moderate doses of chemical oxidants were used in the
combinations of Fenton treatment with biodegradation.
Although the degradation of NPs by the Fenton`s treatment with the optimal molar ratio of Fe2+/NPs/H2O2 =
1:1:10 obtained in the present study was high enough

The efficiency of ozonation, Fenton`s treatment and
their combinations with biological treatment for NP-contaminated sand remediation was evaluated and compared.
In ozonation experiments the three-phase ozonation
was found to be more effective for NP degradation in
sand than the two-phase one with regard to NP removal
rates and ozone consumption. In spite of the high doses of
ozone consumed, the two-phase ozonation could not lead
to the complete removal of NPs in sand. During sand
ozonation the NP degradation order was 4-NP > 4,6-DNo-CR > 2,4-DNP. NP degradation in sand with the Fenton
treatment was found to be strongly dependent on the ratio
of H2O2/sand/Fe2+. The application of a high molar ratio
of Fe2+/NPs/H2O2 (5:1:50) resulted in 100% NP degradation. NPs could also be degraded in sand with the only
addition of hydrogen peroxide.
The Fenton treatment and ozonation allow to improve
the subsequent biodegradation of NPs. According to the
results of the present study, ozonation followed by biodegradation resulted in a higher degree of NP removal in
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soil than the Fenton`s pre-treatment combined with biodegradation. Although chemical treatment alone led to the
degradation of NPs, the combined chemical (with moderate doses of chemicals) and biological treatment would
provide a more efficient and cost-effective way of site
remediation than either single treatment methodologies.
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SUMMARY
On 25 April 1998, the failure of a tailing pond dam in
the pyrite mine of Aznalcóllar (SW Spain) released a
toxic spill of approximately 45 x 105 m3 that affected the
Agrio and Guadiamar river basins. Immediately after the
spill, the Autonomous Council of Andalucía began soilreclamation activities in order to reduce the impact caused
by leaching of the toxic heavy metals in the affected area
to a minimum. After physically removing the sediments,
the soils remained polluted by trace elements, such as Pb,
Cu, Zn, Cd, Tl, Sb and As. From October 1998 to April
2000 periodical field surveys were made at four different
locations (Soberbina, Vicario, P241 and Quema) in the
affected land to identify the metal-tolerant species that
were spontaneously growing in the soils. In previous
studies, eleven plant species were selected for their ability
to grow on the polluted soils of Aznalcóllar and for uptaking one or various toxic elements, among the ninety nine
different plant species studied. In this work, we present
field trials which have been carried out on the polluted
soils of Aznalcóllar to study heavy metal uptake by the
various species selected for their potential in remediation.

KEYWORDS: Phytoremediation, Aznalcóllar, Amaranthus blitoides, Malva nicaeensis, Polygonum persicaria, Lavatera cretica

INTRODUCTION
The break in the wall of the pool in the mine of
Aznalcóllar occurred in April 1998 and was the cause of
the most important ecological disaster in Spain in the
recent years. More than 5×106 m3 of water and mud containing a highly toxic load was poured into the rivers
Agrio and Guadiamar.

The slurry comprised of approximately 2×106 m3 of
tailing (solid phase) and 3–4×106 m3 of polluted acid
water. Soil pollution by tailings tended to diminish below
the 10-cm layer [1], but polluted water got deeper into the
soil [2]. A long strip, approximately 300–400 m wide and
40 km in length, was covered by a 2–30 cm thick layer of
toxic black sludge on both sides of the river channel [3].
An emergency soil clean-up procedure had been quickly
started after the accident, and the sludge covering the
ground was mechanically removed from most of the affected land. Despite those clean-up operations, the affected
zone continued to have a consistent level of pollution by
trace metals, with a fairly irregular distribution [2, 4].
The Regional Government has established a largescale restoration plan, `The Green Corridor', using native
trees and shrubs in the spill-affected lands [5]. Within the
Corridor, several controlled experimental plots have been
devoted to the growth of plants for potential use in phytoremediation.
The use of biological materials to clean up heavy
metal-contaminated soils has been focused as an efficient
and affordable form of bioremediation. Phytoremediation
is an emerging and low-cost technology that utilizes plants
to remove, transform, or stabilize contaminants located in
water, sediments, or soils. Vegetation growing in contaminated sites has developed a mechanism of tolerance to
the inadequate environments, therefore, a well-adapted
flora tolerant to edafoclimatic conditions can be a basic
instrument for phytoremediation [6, 7].
Hyperaccumulators, such as Thlaspi and Alyssum
species [6], emerge, at first, as an obvious way to approach the question. However, this type of plant species
have important limitations. At first, hyperaccumulators
are usually specific for one particular metal [6], and are
adapted to precise climate and soil conditions (not really
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transferable). Furthermore, they cannot be managed as a
conventional crop, have low biomass, and often a short
life cycle.
Up to now, different plant species have been tested in
terms of phytoremediator power because they have particular traits appropriate for remediation. For instance, maize
and ambrosia were used for Pb [8], Thlaspi caerulescens for
Cd [9] and a fern for As [10]. Other species assayed include pelargonium [11] and sunflower [12], which can be
cultivated as monocultures, or deep-rooted trees like poplar [13] and willow [14].
In Aznalcóllar, previous results have shown the potential of some wild plant species collected in the polluted
soils to extract some heavy metals and arsenic [7]. Among
all species studied, some have been proposed as suitable
candidates for soil phytoremediation.
The objectives of the present study were: (a) to determine the production of biomass and concentration of
trace elements in wild species plants growing in polluted
soils, and (b) to evaluate the potential use of plants in the
phytoremediation of polluted soils.

MATERIALS AND METHODS
Wild species cultivation

We selected the following wild species for the experimental cultivation: Amaranthus blitoides, Malva nicaeensis, Lavatera cretica, Anchusa azurea, Polygonum persicaria, Cynodon dactylon, Amaranthus albus, Cichorium
intybus, Anacyclus radiatus and Convolvulus arvensis.

Seeds of each selected wild species were collected directly on the polluted soils of Aznalcóllar and germinated in
Petri dishes. When the plants had reached adequate height
(8-12 cm), they were transplanted into the field (Fig. 1).
One experimental plot of approximately 1000 m2 was
set up and located in the experimental area "El Vicario"
within the Green Corridor (37º 26´21´´ N, 6º13´00´´W).
The soil was classified as Typic Haploxeralf (pH 7.8) and
fertilised with approximately 700 kg ha-1 of a complex
fertiliser, 15N–15P2O5–15K2O, before transplanting, and
during dry periods the crop was not irrigated. Transplanting was carried out in mid-February 2003.
Plant and soil analysis
Soil analysis: Soil samples were taken at 0–40-cm
depth at three points within the plot before transplanting
(total of three soil samples per plot). Soil samples were
also taken at the same point, where each plant was harvested. For chemical analysis, the soil samples were ovendried at 50 ºC for 2 days, sieved to <2 mm, and then
ground to <60 µm.

For heavy metal (Pb, Zn, Cu and Cd) analysis, soil
samples (<60 µm) were digested with concentrated nitric
and hydrochloric acid to dryness, and redissolved in 4%
nitric acid. For the determination of plant-available heavy
metal fractions, diethylenetriaminepentaacetate (DTPA)
was used as extracting agent [15]. Chemical analyses of
Zn, Cu, Fe and Mn in the extracted soil solutions were
performed using flame atomic absorption spectroscopy
(Perkin Elmer 1100B). Pb and Cd were analyzed with a
graphite furnace atomic absorption spectrophotometer (GFAAS).

FIGURE 1
Field trials of wild plant species growing in the polluted soils of the “El Vicario” plot (Aznalcóllar).
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Plant analysis: Ten plants were selected at random in
each row (making a total of ten plants per species). Selected plants were excavated to take out the root system as
complete as possible, thereby collecting the whole plant.
However, it was not possible to take out the roots of Convolvulus arvensis and Cynodon dactylon.

The collected plants were immediately transported to
the laboratory and then partitioned for analysis into roots
and shoots. Both fractions were thoroughly washed with
tap water, finally rinsed with deionized water (0.2% nonphosphate detergent solution), then oven-dried at 80 ºC for
2 days and ground. For the analysis of heavy metal contents
(Pb, Zn, Cu, Cd, Fe and Mn) the samples were digested
with concentrated nitric and perchloric acid to dryness, and
redissolved in deionized water. Then Zn, Cu, Fe and Mn
contents were determined by FAAS and G-FAAS as described above.
Statistical analyses

Duncan´s multiple range test, applied to data of heavy
metals and arsenic contents of plant species collected at
all the contaminated sites, was used to determine which
species differed significantly from the others in their
concentration of the different heavy metals and arsenic.
The aforementioned test allowed us to select the plant
species with the highest ability to concentrate each of the
pollutants analyzed. A significance level of p<0.05 was
used throughout the study. The program SPSS for Windows was used for these statistical analyses [16].

RESULTS AND DISCUSSION
Soil pollution

The soil of the experimental plot was located in the
experimental area PE-2 (close to the pyrite mine of
Aznalcóllar) and showed a significant level of pollution
by trace elements, despite the clean-up and remediation
operations of the last two years (Table 1).
Soil pollution could have been much worse if the
thick sludge layer had not been removed a few months
after the accident, in a complex and expensive operation.
However, at some sites the cleaning machinery buried
parts of the sludge, previously confined to the topsoil, and
increased the concentration of metals in the arable layer
of the soil.
The pollution levels of the top-soil for Pb, Zn, Cu and
Cd (200, 376, 95 and 3 mg kg-1, respectively) were high,
although all these elements were lower than the maximum
value allowed for agricultural soil [17].
The iron content in the sludge was also high, but no
significant differences in Fe concentration could be found
between affected and non-affected soils. Manganese was
not a polluting element in the sludge (Table 1). Two years
later, as shown in this study, the top-soil still remained
polluted.

TABLE 1 - Concentrations (mean ± standard error; n=3) of total and soluble heavy metals
in PE-2 experimental area and unpolluted soil (0-40 cm in depth; mg kg-1 dry weight).

Pb
Polluted soil
total
199.6 ± 34.6
soluble
2.8±2.5
Unpolluted soil
total
73±6.5

Zn

Element (mg kg-1)
Cu
Cd

Fe

Mn

375.7 ± 85.9
44.1±44.1

94.9 ± 13.7
15.6±5.4

3.0±1.2
0.6±0.3

31251.8 ± 2216.6
287.9±115.4

783.8 ± 150.7
31.5±0.1

96±23.5

48±20.2

0.2±0.1

25236±2141

510±103

TABLE 2 - Biomass (g dry weight) of wild plants cultivated in the polluted soils at
El Vicario, Aznalcóllar (mean ± standard error of ten samples per species, dry matter).

Species
Amaranthus albus
Amaranthus blitoides
Anacyclus radiatus
Anchusa azurea
Cichorium intybus
Convolvulus arvensis
Cynodon dactylon
Lavatera cretica
Malva nicaeensis
Polygonum persicaria

Plant biomass (g)
17.8 ± 4.7
23.9 ± 4.4
40.8 ± 4.2
48.3 ± 17.2
18.6 ± 2.1
4.9 ± 0.5
6.8 ± 0
59.2 ± 5.4
78.0 ± 9
6.6 ± 0.7

1199

biomass (g)
shoot
17.7 ± 4.7
23.3 ± 4.3
37.8 ± 4.1
42.1 ± 14.5
13.6 ± 1.5
4.9 ± 0.5
6.8 ± 0
48.5 ± 9
73.6 ± 8.7
6.3 ± 0.6

root
0.1 ± 0
0.7 ± 0.2
3.0 ± 0.4
6.2 ± 2.7
5.0 ± 0.8
10.8 ± 3.6
4.4 ± 0.4
0.3 ± 0.1
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Biomass plant

The plants reached a similar shoot and root mass in
both soil conditions, polluted (Table 2) and unpolluted
(data not shown). Only Polygonum persicaria had a lower
biomass than the plants grown at the unpolluted soil sites.
The plant dry weight was significantly higher in the
species Malva nicaeensis with a mean value of 78 mg kg-1
in comparison to the other species cultivated. Convolvulus
arvensis was the species with the significantly lowest
biomass on dry weight basis.
These results support the ability of these wild species
to tolerate soil pollution under adverse conditions (poor
soil, hydric stress, etc) and, therefore, their potential use for
phytoremediation, especially those species that reached a
high biomass.
Heavy metal accumulation

The metal concentrations in wild species cultivated in
the experimental area are presented in Table 3. Metal
contents were compared with the background values of
metals in plants growing in unpolluted soils (Table 3):
0.1–2.4 mg Cd/kg, 29-129 mg Zn/kg, 0.2–2.0 mg Pb/kg,
8–14 mg Cu/kg, 60-454 mg Fe/kg and 10-348 mg Mn/kg.
Fe

Concentrations of Fe in plants grown on polluted soils
were significantly different from those grown on non-polluted ones (Table 4). Shoots of polluted plants had higher Fe
concentration than those of non-polluted plants. Although
Lavatera cretica plants showed lower Fe concentrations
than plants grown on unpolluted soils (Table 2), these plants
did not show symptoms of chlorosis.
Tables 3 and 4 compare the ability of all species cultivated in polluted soils to accumulate Fe in shoots and
roots. Convolvulus arvensis accumulated significantly
higher amounts of Fe in shoots than the rest of species
(1007.4 mg kg-1). The concentration of Fe in roots of
Amaranthus albus (716.6 mg kg-1) was higher in comparison with the other species.
When the biomass values are taken into account, Malva nicaeensis (12338 µg/plant), Amaranthus blitoides
(13329.3 µg/plant), Anchusa azurea (9470.9 µg/plant), and
Anacyclus radiatus (13732.3 µg/plant) were more effective
in removing Fe from soil than the rest of species.
Mn

The mean concentration of Mn cultivated was higher in
wild species cultivated on polluted soil (Table 3) compared
to the non-polluted site. Only Amaranthus albus and Anchusa azurea accumulated mean concentrations of Mn significantly lower compared with the 63 mg kg-1 reported for
plants growing unpolluted.
Polygonum persicaria accumulated significantly higher
amounts of Mn in shoots (192 mg kg-1) than the rest of spe-

cies (Table 3). The Mn concentration in roots of Polygonum
persicaria was also significantly higher (64.4 mg kg-1) than
that of the other species grown on polluted soils (Table 4).
The species removing the highest amounts of Mn were
Malva nicaeensis (7470.4 µg/plant) and Lavatera cretica
(6189.2 µg/plant).
Cu

The mean concentration of Cu in shoots was significantly higher in Cynodon dactylon (19.8 mg kg-1) compared with the other species cultivated in polluted soil
area (Table 3). The mean concentration of Cu in roots was
significant higher in Amaranthus albus (18 mg kg-1) than
in the rest of the species (Table 4). All plants (in this
study) accumulated similar concentrations of Cu in both
shoots and roots.
In general, Cu contamination in plants was quite low
in comparison to that of other toxic elements, such as Zn,
Mn and Fe. The reduction of Cu accumulation in plants
cultivated in the spill-affected area has also been documented for Brassica species [18].
Malva nicaeensis was again the species that removed
higher Cu amounts (1170 µg/plant) from the polluted soil
when compared with the other species.
Zn

The increased accumulation of heavy metals in plants
was more pronounced in the case of Zn, one of the major
polluting elements in the mine sludge [1]. Zn concentration was significantly higher in polluted-grown plants (Table 3), compared with those grown on non-polluted soil.
Total Zn uptake rates were significantly higher in shoots
and roots of Polygonum persicaria (261.3 and 105.8 mg kg-1,
respectively) compared with the other species (Tables 3
and 4).
The species removing the highest Zn amounts were
Malva nicaeensis and Lavatera cretica with 20674.2 µg/
plant and 11316.4 µg/plant, respectively.
Pb and Cd

Pb and Cd are not essential for plant nutrition and can
have phytotoxic effects, even at low concentrations. Both
elements were present in the soil, however, the polluted
wild plants had concentrations lower than their detection
limits in tissues (Table 3 and Table 4).
Lead was one of the most important polluting elements in the mine spill and has well-known toxic effects
on domestic animals and humans [19]. Values of total Pb
in soil (max. 268.3 mg kg-1) were above the accepted
threshold (100 mg kg-1) for toxic effects in plants [20].
But the available Pb and Cd values in the soil were very
low (2.8 mg kg-1) and, therefore, only fractions of these
elements were taken up by most of the plants.
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TABLE 3 - Concentrations of heavy metals (mean ± standard error) in
shoots of the wild species cultivated in polluted soils (mg kg-1 dry weight).

Species
Amaranthus albus
Amaranthus blitoides
Anacyclus radiatus
Anchusa azurea
Cichorium intybus
Convolvulus arvensis
Cynodon dactylon
Lavatera cretica
Malva nicaeensis
Polygonum persicaria
Unpolluted soils (pool of 7 species)

Element (mg kg-1)
Cu
Fe
13.0 ± 1.1
401.0 ± 71.9
13.1 ± 0.4
540.9 ± 65.3
18.0 ± 0.9
348.4 ± 110.6
16.3 ± 1.8
255.7 ± 57.3
18.4 ± 1
187.5 ± 18.3
15.7 ± 0.6
1007.4 ± 239.7
19.8 ± 0
355.0 ± 0
16.2 ± 0
113.4 ± 18.8
15.7 ± 0.7
173.9 ± 16.1
14.0 ± 1.3
347.1 ± 23.3
10.8(8.5-14)
145(60-454.5)

Zn
71.6 ± 13
136.7± 12
151.6 ± 37.7
93.7 ± 13.1
95.2 ± 24.1
82.8 ± 10.5
133.2 ± 0
206.3 ± 22.8
241.6 ± 32.6
261.3 ± 75.6
44.31(29-129)

Mn
34.6 ± 14.8
92.7 ± 10.1
135.7 ± 15.6
37.6 ± 19.7
78.9 ± 5.9
102.8 ± 0.3
149.3 ± 0
128.9 ± 6.5
85.8 ± 13.2
192.0 ± 37.5
63.7(10.2-348.7)

TABLE 4 - Concentration of heavy metals (mean ± standard error) in
roots of wild species cultivated in polluted soils (mg kg-1 dry weight).

Species
Amaranthus albus
Amaranthus blitoides
Anacyclus radiatus
Anchusa azurea
Cichorium intybus
Lavatera cretica
Malva nicaeensis
Polygonum persicaria
a

Element (mg kg-1)
Cu
Fe
18.0 ± 0
716.6 ± 0
10.3 ± 0.8
163.0 ± 34.4
13.0 ± 0.5
363.7 ± 87.7
17.1 ± 2.1
361.3 ± 70.7
14.2 ± 1
81.7 ± 7.9
11.6 ± 1.1
183.9 ± 71.2
7.9 ± 0.4
97.9 ± 5.2
13.5 ± 0.5
197.1 ± 12.7

Zn
84.5 ± 0
87.6 ± 8
55.9 ± 12.2
77.6 ± 12.5
40.3 ± 1.8
99.0 ± 14.9
85.3 ± 7.3
105.8 ± 4.7

Mn
< LDa
< LDa
17.2 ± 9
< LDa
< LDa
31.3 ± 31.3
< LDa
64.4 ± 1.3

Concentration below detection limit

CONCLUSION
The main purpose of this study was to investigate the
phytoextractor potential of 10 wild plant species useful for
remediation of soils contaminated with toxic metals.
The results demonstrate that several plants have an unusual ability to accumulate heavy metals from soil. The
accumulation of Pb was very low due to previous chemical
treatments (soil amendments with calcium carbonate and
ferric oxides) used by regional authorities to fix the metals
in soil (Table 1) and diminishing the plant-available metal
amount.
The accumulation of potentially toxic elements by the
above-ground parts of the plants was high in Polygonum
persicaria for Zn and Mn, Cynodon dactylon for Cu and
Convolvulus arvensis for Fe. The results obtained in this
work indicate the genetic potential of Polygonum persicaria to clean up soils contaminated with heavy metals.
This species was not present in the polluted soils of "El
Vicario" during the periodical field surveys realized from
1998 to 2000 [7], but was collected in other polluted sites
of the river Guadiamar (experimental area PE-3), where the

highest biomass (40 g dry weight) was reached. The improvement of agronomical practices to optimize plant
growth and shoot biomass production of P. persicaria is
necessary to maximize its phytoremediation effectiveness.
When the biomass was taken into account, Malva nicaeensis and Lavatera cretica seemed to be the most promising species for phytoextraction, especially due to their
great shoot biomass production (Table 5).
In other cases of soil pollution by heavy metals, several
species have been indicated for phytostabilization [21]. We
suggest that species, such as Convolvulus arvensis and
Cynodon dactylon, that removed lower heavy metal concentrations compared with other species can be used for
remediation procedures in metal-contaminated soils. They
are fast-growing plants, which would favour soil stabilization.
On the other hand, the heavy metal contents accumulated by plants could be higher if the metal availability in
these soils is increased by maintaining a moderately acidic
pH, for example, by the use of ammonium-containing fertilizers, soil acidifiers, or chelates.
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TABLE 5 - Heavy metals removed (mean ± standard error) in shoots of wild species cultivated on polluted soils (µg/plant).

Species
Amaranthus albus
Amaranthus blitoides
Anacyclus radiatus
Anchusa azurea
Cichorium intybus
Convolvulus arvensis
Cynodon dactylon
Lavatera cretica
Malva nicaeensis
Polygonum persicaria

Zn
1071.3 ± 184.9
3551.5 ± 929.3
5258.0 ± 999.7
3749.8 ± 1017.4
1292.0 ± 378.5
410.9 ± 92.9
905.9 ± 0
10197.7 ±2950.2
20266.5 ± 5383.8
1747.7 ± 641.1

Element (µg/plant)
Cu
Fe
217.1 ± 50.8
6326.3 ± 1375.2
299.2 ± 50.2
13329.3 ± 3765.2
687.3 ± 95.1
13732.3 ± 6014.2
651.8 ± 172.7
9470.9 ± 1529.4
249.4 ± 30.8
2478.2 ± 228
77.3 ± 10.9
5055.9 ± 1678.6
134.5 ± 0
2413.8 ± 0
786.9 ± 145.8
5660.4 ± 1926.6
1170 ± 168.7
12338.0 ± 1721.2
89.9 ± 15.2
2219.5 ± 353.1
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SUMMARY
The Long Range Transport (LRT) potential of chemicals, an undesirable property of POPs (Persistent Organic
Pollutants), is due to the combination of their persistence
in the environment and their inherent tendency towards
mobility. Finding the best combination of chemical properties to minimize LRT is a multicriteria problem that can be
approached by MultiCriteria Decision-Making (MCDM)
techniques. Utility functions have been applied to two
proposed indexes, the “global persistence index” and the
“mobility index”, allowing a ranking of the studied chemicals according to their LRT potential. The “global persistence index” was obtained by Principal Component Analysis (PCA) of the half-life data in various environmental
compartments. Half-life data, commonly used as persistence indicators, are available only for a few organic
compounds, thus QSAR models were used to predict such
data starting from molecular structure information. Ordinary least squares (OLS) regression models, strongly validated for their prediction power (Q2 = 70-90%), were realised using different theoretical molecular descriptors.
Analogously the “mobility index” was obtained by linear
combination of different physico-chemical properties relevant for the LRT potential. The final application of QSAR
regression models and classification models (CART) on the
obtained MCDM scores allows a fast screening and ranking
of existing and new chemicals for their inherent tendency
towards LRT.
KEYWORDS:
POPs; LRT; persistence, QSAR; classification; multicriteria.

teria used to evaluate these properties has been recently
highlighted [1]: there is a demand for screening criteria that
will allow the priority ranking of substances needing more
detailed assessment. Persistence is a necessary precondition
for long-range transport. The half-life of organic pollutants in various compartments is among the most commonly used criterion for studying persistence. The studies
on the environmental persistence of organic pollutants are
severely hindered by the limited availability of experimental degradation half-life data, thus there is an incentive to develop reliable procedures to estimate lacking
data. The same is true for physico-chemical properties,
particularly relevant for determining mobility potential [2,
3].
One of the most successful approaches to the prediction
of chemical properties, starting only from molecular structure information, is QSAR (Quantitative Structure Activity
Relationships) modeling. Here we apply the QSAR approach
in order to predict not available data of environmental behaviour for POPs, by using a wide set of theoretical molecular descriptors and chemometric methods validated for their
predictivity. As the Long Range Transport (LRT) potential
of POPs is due to the contemporaneous influence of their
persistence in the environment and their inherent tendency
to mobility, the finding of the best combination of chemical
properties minimizing LRT is a multicriteria problem and
can be approached positively through MultiCriteria Decision-Making (MCDM) techniques [4]: procedures for combining the magnitude of several properties into a single
quantitative measure of overall quality.
METHODS

INTRODUCTION
LRT potential of chemicals is due to the combination
of their persistence in the environment and inherent tendency towards mobility, and is an undesirable property of
several pollutants of concern like POPs (Persistent Organic
Pollutants). The need for a scientific foundation for the cri-

Experimental data

The experimental data of physico-chemical properties
determining the mobility, and half-life data in different
environmental media have been taken from the literature [5,
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6]. The final data set comprises 81 chemicals of different

classes and is reported in the Table 1.

TABLE 1 - List of studied POPs.

ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Name
indane
naphthalene
1-methylnaphthalene
2-methylnaphthalene
1,2-dimethylnaphthalene
1,3-dimethylnaphthalene
1,4-dimethylnaphthalene
1,5-dimethylnaphthalene
2,3-dimethylnaphthalene
2,6-dimethylnaphthalene
1-ethylnaphthalene
2-ethylnaphthalene
acenaphthene
acenaphthylene
fluorene
1-methylfluorene
anthracene
2-methylanthracene
9-methylanthracene
9,10-dimethylanthracene
phenanthrene
fluoranthene
1,2-benzofluorene
2,3-benzofluorene
pyrene
chrysene
triphenylene

ID
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

Name
benzo[a]anthracene
benzo[b]fluoranthene
benzo[j]fluoranthene
benzo[a]pyrene
benzo[e]pyrene
perylene
7,12-dimethylbenz[a]anthracene
benzo[ghi]perylene
biphenyl (PCB-0)
2-chlorobiphenyl (PCB-1)
3-chlorobiphenyl (PCB-2)
4-chlorobiphenyl (PCB-3)
2,2'-dichlorobiphenyl (PCB-4)
3,3'-dichlorobiphenyl (PCB-11)
4,4'-dichlorobiphenyl (PCB-15)
2,4,5-trichlorobiphenyl (PCB-29)
α-HCH (alpha-hexachlorocyclohexane)
γ-HCH (gamma-hexachlorocyclohexane)
p,p'-DDT
p,p'-DDE
p,p'-DDD
2,3,7,8-tetrachlorodibenzo-p-dioxin
1,2,3,4,7,8-hexachloro-dibenzo-p-dioxin
aldrin
endrin
heptachlor
1,1,2,2-tetrachloroethane

Molecular descriptors for QSAR
modeling were computed using the package DRAGON of
Todeschini and Consonni [7]. The input files for descriptor calculation, containing information on atomic
spatial coordinates relative to the minimum energy conformation, were obtained by the molecular mechanics
method of Allinger (MM+) using the package HYPERCHEM [8]. A set of 236 molecular descriptors was used: a)
constitutional (1D-descriptors, i.e. counting of atoms and
fragments, MW and sum of atomic properties); b) topological (2D-descriptors from molecular graph); and c) WHIM
(Weighted Holistic Invariant Molecular) descriptors [9]
that contain information about the whole 3D-molecular
structure in terms of size, symmetry and atom distribution.
Molecular descriptors.

Chemometric Methods. Multiple linear regression analysis and variable selection were performed by the package
MOBY DIGS of Todeschini [10], using Ordinary Least
Squares regression (OLS) and GA-VSS (Genetic Algorithm - Variable Subset Selection). This approach was
applied to the whole set of independent variables so as to
select the most relevant descriptors giving models with the
highest predictive power. All the models were internally
validated by the leave-one-out (Q2) and leave-many-out

ID
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

Name
Hexachloroethane
Benzene
Etylbenzene
o-Xilene
m-Xilene
Chlorobenzene
1,2-Dichlorobenzene
1,4-Dichlorobenzene
1,3-Dichlorobenzene
1,2,4-Trichlorobenzene
1,2,3-Trichlorobenzene
1,2,3,4-Tetrachlorobenzene
1,2,3,5-Tetrachlorobenzene
1,2,4,5-Tetrachlorobenzene
pentachlorobenzene
hexachlorobenzene
Dicofol
Endosulfan
Pendimethalin
Dacthal
Triallate
Nitrofen
Fenthion
Pentachloronitrobenzene
Pentachlorophenol
Leptophos
Heptachlor epoxide

procedure (Q2 LMO). Exploration and linear combination of
data by Principal Component Analysis was performed by
the SCAN program [11]. The same package was used to
classify by CART (Classification And Regression Tree).
MultiCriteria Decision-Making (MCDM) strategy, particularly the utility functions, was applied to perform the POP
ranking for LRT potential.
RESULTS AND DISCUSSION
Different physico-chemical properties are of importance in determining LRT: volatility, solubility in
water, different sorption coefficients and the half-life in
different compartments, commonly used as persistence
indicators. The experimentally available data have been
used to obtain predicted data by applying theoretical molecular descriptors in validated QSAR models.
A Mobility Index is obtained from the linear combination of volatility, water solubility, Kow and Koa by Principal Component Analysis (PC1 in Fig. 1), while analogous PCA combination of half-life data in four environ-
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mental media gives a general Persistence Index [12] (PC1

in Fig. 2).
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FIGURE 1
Principal Component Analysis of partitioning properties of POPs, giving global Mobility Index.
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FIGURE 2
Principal Component Analysis of half-lives of POPs, giving general Persistence Index.
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Utility function scores for POPs, ranked according to their LRT.
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FIGURE 4
Regression line of LRT index for POPs.

FIGURE 5
CART tree for classification of POPs according their LRT potential
(nC= number of C, E1u= atomic distribution in the molecule).

The finding of the best combination of chemical properties minimizing LRT can be approached by MultiCriteria
Decision-Making (MCDM) techniques [4], procedures for
combining the magnitude of several properties into a
single quantitative measure of overall quality. The utility
function is chosen here as the best combined criteria function and applied to the most relevant properties determining the LRT, according to the following criteria, (f (x)),
all expressed as the minimum: a) the general Persistence
Index, deriving from the PCA combination of half-life in
four environmental compartments (PC1 in Fig. 2), b) the
Mobility Index (PC1 in Fig. 1), derived from the cited
physico-chemical properties, and c) the Air Half-life,
which is considered to be particularly relevant in determining LRT. The k = 3 properties, equally weighted (by
the weight λ=1) and added in the utility function, according to the reported formula, allow a ranking of the studied
chemicals according to their LRT potential, giving a LRT
index (F (x)).

The chemicals, highlighted in Fig. 3, with the lowest
utility (F(x) near 0) will exhibit highest LRT potential,
while those with (F(x)) near 1 will have lowest possibility
for LRT.
The QSAR approach is applied here in two steps:
first, to fill the gap in the experimental data of the studied
properties and then, to model the scores of the MCDM
function, the LRT index (Fig. 3)
LRT index =
-2.37 + 0.079 X2 -0.065 nX + 0.43 X2Av + 2.38 FDI
Different kinds of theoretical molecular descriptors
have been selected by Genetic Algorithm to obtain OLS
regression models (R2 = 88.5%) (Fig. 4) and CART classification models (Fig. 5) with good predictive performances (Q2LOO = 86.9%, Q2LMO = 86.2% and Misclassification Risk Cross validated = 6.2%, respectively).
CONCLUSIONS

k

F ( x) =

∑ λ ∗ f ( x)
i

i =1

i

(1)

The ranking of the studied chemicals according to their
LRT potential, obtained by the utility function of MCDM
can be proposed as an alternative approach to others based
on characteristic travel distance (CTD) [13]. The applica-
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tion of the QSAR models (both regression and classification) on MCDM scores of the utility function (defined as
LRT index) can allow a fast pre-screening of existing and
new chemicals for their inherent tendency to LRT, based
simply on the knowledge of their molecular structure. In
practice, it is possible to obtain the LRT index also for
new chemicals, even those not yet synthesized, simply by
applying the molecular descriptors selected in the proposed regression and classification models. This method
is particularly useful for the screening and prioritisation of
chemicals supposed to be POPs.

global persistence by molecular descriptors, personal communication, 9th International Workshop on Quantitative Structure
Activity Relationships in Environmental Sciences – QSAR
2000, Bourgas (Bulgaria).
[13] Beyer, A., Mackay, D., Matthies, M., Wania, F. and Webster
E. (2000) Assessing Long-Range Transport Potential of Persistent Organic Pollutants. Environ. Sci. Technol. 34, 699-703.
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DISTRIBUTION OF CADMIUM AND LEAD IN Posidonia
oceanica (L.) DELILE FROM THE MIDDLE ADRIATIC SEA
Zorana Kljaković-Gašpić, Boris Antolić, Tomislav Zvonarić and Ante Barić
Institute of Oceanography and Fisheries, Laboratory of Chemical Oceanography and Sedimentology, Split, Croatia
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SUMMARY
Concentrations of Cd and Pb were determined in various tissues of Posidonia oceanica, epibiota, and adhering
sediments collected at two locations that represent distinct
degrees of anthropogenic influence. The distribution of
metals in the components of the sea grass meadow depended on the specific component and the metal species analyzed. Cd concentrations in the tissues of Posidonia were
similar or higher in comparison to that of the adhering
sediment. In contrast, a greater fraction of Pb was bound
to the bottom sediment. Photosynthetic parts of leaves
accumulated more Cd than other tissues, while Pb concentrations in the underground parts on both sampling
stations were higher in comparison to the above-ground
parts. The results suggested that Posidonia accumulates
lead mainly from the sediment, while cadmium is accumulated mainly from the surrounding water. Lead concentration in the tissues of Posidonia was higher at the more
contaminated site, thus confirming the validity of this
plant as a biological indicator of lead.

KEYWORDS:
Adriatic Sea, biomonitoring, cadmium, lead, Posidonia oceanica.

are particularly sensitive to pollution and other stresses
linked to various coastal human activities [1].
In addition to its wide distribution throughout the
Mediterranean, P. oceanica possesses several characteristics that make it a potentially valuable bioindicator of
overall water quality [2, 3]. Based on its capability to
accumulate trace metals, this plant has been widely used
to monitor metal pollution in coastal waters during the
past 20 years [4-13].
Previous studies have demonstrated that different tissues of Posidonia, and even different parts of the same
tissue, may greatly differ in their metal content [5-7, 11,
14]. In this respect, the aim of this paper was to determine
the content and distribution of cadmium and lead in different components of the P. oceanica meadow (sediment,
epibiota and six tissues of Posidonia) collected at two
sites representing distinct degrees of exposure to various
human activities. Differences in metal concentrations
between the tissues as well as spatial differences were
examined. In addition, the suitability of P. oceanica and
its tissues as biological indicators of Cd and Pb pollution
were evaluated.
MATERIALS AND METHODS

INTRODUCTION
Posidonia oceanica (L.) Delile is an endemic sea
grass of the Mediterranean, which forms meadows from
the surface to the depth of 25-40 m, depending on the
water transparency [1]. The Posidonia meadows are one of
the most diverse marine communities, which have a crucial role in the ecology of the Mediterranean. They constitute a key focus of biodiversity, contribute highly to
coastal primary production, and play an important role in
the stabilization of soft bottoms and the protection of
shores from erosion [1]. At the same time, P. oceanica
meadows are considered as a threatened habitat, since they

Samples of Posidonia oceanica (L.) Delile and its adhering sediment for heavy metal analysis were collected by
a scuba diving in the infralitoral zone (5, 10 and 15 m) at
2 locations in the Middle Adriatic Sea (Fig. 1), in June,
July and August of 1997. Station 1 is located in the
coastal area of the town of Split, which is the largest town
in the surrounding area (~200,000 inhabitants). A significant part of untreated urban wastewater is disposed into
the channel in front of the town [15-17]. In contrast, station 2 is located in the open waters near Vis island, far
away from urban or industrial agglomerations [16]. Therefore, it has been selected as a reference station. After
sampling, the individual plants with adhering sediment
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were placed in plastic bags, and brought to the laboratory in
a transportable refrigerator. There, adhering sediment was
scraped off with a plastic knife and collected in a clean plastic dish for further analysis. The plants were then carefully
rinsed with clean filtered sea water in order to remove remaining sediment particles, and dissected into 5 parts: roots,
rhizomes, bases of death leaves, intermediate leaves (length
≥ 5 cm), and adult leaves. In addition, the adult leaves were
divided in two parts: leaf blades (foliar tissue; photosynthetic
part) and basal tissue (sheath; first 2-7 mm). Before dissection of the leaves, macroscopic material adhering to external
surfaces of plant leaves (epibiota) was carefully scrapped off
with a plastic knife and collected in a clean plastic dish for
the metal analysis. All biological samples were dried to a
constant weight at 85 °C, and stored in polyethylene containers until analysis. Sediment samples were dried for 6-8 hours
at 90 °C, until constant weight was reached. Digestion of the
biological material was carried out according to Kljaković et
al. [18], while digestion of the sediment was carried out
according to Ujević et al. [17]. The analyses of Cd and Pb
were performed using a graphite furnace atomic absorption
spectrometer Perkin Elmer 1100 B (with deuterium background corrector). All results were reported on dry weight
basis. The accuracy of the applied analytical procedure was
tested using certified reference materials (IAEA 350 and
SRM 1646). Concentrations measured in the reference materials were within -10 % (IAEA 350, Cd) to +15 % (SRM
1646, Pb) of the certified values.

FIGURE 1 - The eastern Middle Adriatic
with geographical locations of sampling sites.

The normality of the data was tested using Χ2 test.
Statistical differences between the stations were evaluated
using the non-parametric Sign test, while statistical differences between tissues were evaluated using the Friedman
test.
RESULTS
Mean cadmium and lead concentrations in the different tissues of P. oceanica, epibiota and adhering sediment
are shown in Figure 2. Data from different depths (5, 10

and 15 m) are grouped together, as there were no significant differences between the metal concentrations at the
studied depths (p>0.05).
The distribution of Cd and Pb between the sediment
and the plant tissues did not depend on the contamination
status of the area (Fig. 2). At both stations, the greatest
concentration of Pb was found in the bottom sediments
(station 1: 20.6 ± 7.4 µg g-1; station 2: 13.3 ± 2.1 µg g-1).
Significantly lower concentrations of Pb were found in all
living and detrital parts of Posidonia (station 1: from 1.78 ±
1.13 µg g-1 in the base of adult leaves to 16.7 ± 4.2 µg g-1
in the rhizome; station 2: from 0.76 ± 0.15 µg g-1 in the
base of adult leaves to 4.39 ± 0.36 µg g-1 in the rhizome). In
contrast to lead, all tissues of the sea grass, especially living
ones, contained similar or higher Cd levels (station 1: from
0.50±0.37 µg g-1 in the rhizome to 1.33 ± 0.36 µg g-1 in the
adult leaf blades; station 2: from 0.49 ± 0.07 µg g-1 in the
rhizome to 1.93 ± 0.47 µg g-1 in the adult leaf blades) than
the adhering sediment (station 1: 0.50 ± 0.45 µg g-1; station
2: 0.37 ± 0.12 µg g-1). In distinction from the tissues of Posidonia, cadmium and lead concentrations in epibiota at both
stations (CdS1: 0.46 ± 0.26 µg g-1, CdS2: 0.21 ± 0.05 µg g-1;
PbS1: 23.05 ± 7.56 µg g-1, PbS2: 13.35 ± 3.51 µg g-1) were
similar to the values in the adhering sediment.
Distribution patterns of Cd and Pb among the tissues of
Posidonia were different. The obtained data showed that
the photosynthetic parts of leaves (intermediate leaf and
adult leaf blade) have accumulated more cadmium than the
roots, leaf bases, rhizome or epibiota (Fig. 2). The opposite behavior was observed for Pb. Lead concentrations in
the underground parts (rhizome and roots) on both stations were higher in comparison to the above-ground parts
of P. oceanica (Fig. 2).
Concentrations of metals in different leaf tissues and associated epibiota were not homogenous. For example, cadmium and lead levels in photosynthetic parts of adult leaves
(CdS1: 1.33 ± 0.36 µg g-1, CdS2: 1.93 ± 0.08 µg g-1; PbS1:
5.65 ± 1.17 µg g-1, PbS2: 3.12 ± 0.22 µg g-1) were 5 and
3 times, respectively, higher than in the bases of these
leaves (CdS1: 0.44 ± 0.09 µg g-1, CdS2: 0.51 ± 0.04 µg g-1;
PbS1: 1.78 ± 1.13 µg g-1, PbS2: 0.76 ± 0.15 µg g-1) (Fig. 2).
Moreover, Pb values in epibiota (PbS1: 23.05 ± 7.56 µg g-1,
PbS2: 13.35 ± 3.51 µg g-1) were 4-6 times higher than in the
leaves (rangeS1: 0.65-6.82 µg g-1, rangeS2: 0.61-3.34 µg g-1),
while Cd values in epibiota (CdS1: 0.46 ± 0.26 µg g-1,
CdS2: 0.21 ± 0.05 µg g-1) were 2-3 times lower than in the
leaves (rangeS1: 0.35-1.69 µg g-1, rangeS2: 0.48-2.01 µg g-1)
(Fig. 2).
The analysis of variance revealed significant differences (p<0.05) between the lead concentrations measured
in P. oceanica from different meadows. Thus, lead concentrations at station 1 were, depending on the tissue examined, from 1.7 to 3.8 times higher in comparison to the
reference station. On the contrary, in most cases there were
no significant differences between Cd content in tissues of
P. oceanica from the different meadows. As an exception,
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FIGURE 2
Mean cadmium and lead concentrations (µg g-1 d.wt.) in different tissues of Posidonia oceanica, epibiota and
adhering sediment. *Data for average trace metal content in top 5 cm of sediment are from Zvonarić and Odžak [16].

epibiota from the coastal area contained 2 times higher
cadmium concentrations (CdS1: 0.46 ± 0.26 µg g-1) in comparison to the control station 2 (CdS2: 0.21 ± 0.05 µg g-1).
Surprisingly, cadmium concentrations in the photosynthetic
parts of leaves from the reference area were somewhat
higher in comparison with those of the coastal area (Fig. 2).
However, these differences were of low amplitude.
DISCUSSION AND CONCLUSION
Cadmium and lead concentrations in the tissues of Posidonia, which were determined in this study, fall within the
range of values recorded in other coastal areas with low
levels of heavy metal contamination [5-7, 11, 13, 14].
The patterns of Cd and Pb distribution in the different
compartments of the sea grass meadow depended more on
the specific component and the metal species analyzed
than on the contamination status of the studied area [16,
17]. Whereas by far the greatest fraction of Pb was bound
to the bottom sediments, significantly smaller amounts
were found in all living and detrital parts of Posidonia
itself. In contrast, most organs of the sea grass, especially
living ones, contained higher cadmium levels than the
adhering sediments or epibiota. The differences observed
in cadmium and lead accumulation between the bottom
sediment and the plants agree with findings of SchlacherHoenlinger and Schlacher [11].
In addition, the distribution patterns of Cd and Pb
among different tissues of Posidonia also differed. The

photosynthetic parts of leaves have accumulated more
cadmium than the other tissues, while lead concentrations
in the underground parts at both stations were higher in
comparison to the aboveground parts. Other authors reported similar Cd and Pb distributions for Posidonia [5, 6,
11, 14] and other sea grass species [19-21] from different
locations. This suggests that, at least in this study, the
relative distribution of the metals in the plant compartments depends more on the sea grass physiology than on
the environmental factors. In other words, the different
behavior of Cd and Pb in Posidonia indicates the existence of different uptake and distribution routes of these
elements in the plant.
The principal uptake routes of metals into sea grass
are the sediment-to-root/rhizome and water-to-leaf/ epiphyte pathways [11]. Both accumulation routes may be
operative in the same plant. Lyngby and Brix [21], who
analyzed heavy metal concentrations in Zostera marina,
ambient water and sediment, have shown that concentrations of Pb, Cu and Zn in above- and below-ground parts
of the sea grass are significantly correlated with those of
these metals in the sediment. Sanchiz et al. [22] also
found a significant correlation between Pb concentration
in the rhizomes of Posidonia and Pb content in the sediment. The uptake of Pb from contaminated sediments by
the roots of two freshwater macrophytes, Potamogeton
foliosus and Najas guadalupensis, was also reported by
Knowlton et al. [23] under laboratory conditions. These
results suggest that submerged macrophytes, or in this
particular case Posidonia, take up lead mainly from the
sediment by rhizomes and roots.
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Higher concentration of Cd in the photosynthetic tissues of Posidonia in comparison to other plant tissues leads
to the hypothesis of a preferential uptake of Cd from water
to the photosynthetic tissue. The results of some laboratory
and field studies provided evidence to support this hypothesis. Lyngby and Brix [21] showed that Cd concentrations
in tissues of Zostera marina are more related to the Cd
concentrations in the ambient water than in the sediment.
Sanchiz et al. [22] also have not found any significant correlation between Cd concentrations in Posidonia and the
sediment. Catsiki et al. [7] attributed higher concentrations
of Cd in the photosynthetic tissues of Posidonia to the
increase of metabolic activity in these tissues during periods of growth. Results of Faraday and Churchill [24] with
the sea grass Z. marina also provide evidence to underline
this hypothesis. In laboratory experiment the authors measured Cd uptake in the root-rhizome compartment and in the
leaves. Although their results showed that both compartments were active sites of Cd uptake, the rate of Cd uptake
by the leaves was more than three times higher in the comparison with the root-rhizome compartment under the same
experimental conditions.
The transport of metals ions after the absorption is
likely to occur, and it should not be neglected when discussing trace metal levels in different compartments of
the plant. Generally, the intensity of the acropetal
transport (from roots to leaves) or the basipetal transport
(from leaves to roots) of metal ions in the plant varies
with the metal and the plant species studied. For instance,
the results of the laboratory experiments with Z. marina
demonstrated that cadmium transport from the leaves to
roots and rhizome in Zostera is more important (faster)
than the reverse transport [24, 25]. Since Posidonia and
Zostera have similar physiology, differences between the
intensity of basipetal and acropetal transport could be an
additional cause of the high Cd concentration observed in
the leaves of P. oceanica. Knowlton et al. [23] found no
apparent internal transport of Pb from roots to leaves of
two freshwater macrophytes, P. foliosus and N. guadalupensis. Mayes et al [26] suggested that movement of Pb
from contaminated sediment to the leaves of Elodea
canadensis probably occurs through the water, and not
through the internal transport. Welsh and Denny [27] also
believe that positive correlation between lead content in
shoot and sediment probably reflects releases of Pb from
the sediment, which was caused by turbulence.
In the aboveground parts of Posidonia, Cd and Pb
concentrations decreased in the order: adult leaf > intermediate leaf > base of death leaf > base of adult leaf.
Similar field observations were made by Campanella et
al. [5]. This trend is consistent with the fact that the sea
grass leaves grow by formation of new tissues at the base.
As a result, the tip becomes the older part of the leaf,
which is, in comparison to the newly formed base, exposed for a longer period of time to metal ions in the
environment. Results of the biokinetic study of Warnau et
al. [28] also support this theory. According to them, the

leaf basal tissue always displays relatively low metal
uptake efficiency, indicating that metals are not efficiently
concentrated in this part of the plant [28]. As to the differences in trace metal concentrations between the adult and
the intermediate leaves, Warnau et al. [28] suggested that
they could be more due to a different retention capacity of
metal ions in these two types of leaves rather than to the
differences in their age.
The distribution of metals between leaves of Posidonia and adhering epibiota depended on the metal examined. Cadmium values in the epibiota were 1.5-3 times
lower than in the leaves, depending on the part of the leaf
and the contamination status of the area. Cadmium distribution is in contrast with the results of the laboratory
study of Warnau et al. [28], who showed that the concentration factor (CF) of Cd in leaf epibiota is about 2 times
higher than the CF calculated for leaves. However, our
results on the distribution of Cd between the sea grass
blades and epibiota agree with results of the field study of
Schlacher-Hoenlinger and Schlacher [11], who believe
that leaves accumulate Cd from the environment much
more readily than the epiphytes do. Unlike cadmium, Pb
concentration in epibiota was 4-6 times higher that in the
leaves. Similar distribution of Pb was observed by
Schlacher-Hoenlinger and Schlacher [11]. This observation
can lead to the conclusion that organisms that live on the
external surfaces of leaves accumulate Pb from the surrounding water much more readily than the leaves do. High
lead concentrations in the epibiota probably reflect releases
of Pb from the sediment in the form of suspended particles,
which was caused by turbulence effects, as suggested by
Welsh et al. [27]. In addition, our observations on the differences between the trace metal content in the leaves and
the epibiota lead to the conclusion that they should be carefully detached and analyzed as separate units.
Among the underground parts, Cd concentrations in
the roots were around 1.5 times higher than in the rhizome.
The opposite distribution between the root and the rhizome
was recorded for Pb, but only in specimens from the coastal
area. At the contaminated site, concentrations of lead in the
rhizome were higher than in the root. Similar distributions
of Cd and Pb between the root and the rhizome were recorded in P. oceanica from the Gulf of Naples [11]. According to Brix and Lyngby [29], higher concentrations of Cd in
root could be explained by the greater surface area of roots,
and, thereby, greater heavy metal adsorption capacity of the
roots compared to the rhizome.
An analysis of variance revealed significant differences
(p<0.05) of lead concentrations measured in P. oceanica
from the different meadows. Thus, concentrations of lead
in all tissues of Posidonia from the coastal area were
higher than those at the reference station. This is consistent with the differences between Pb content in the sediment at these stations [15, 16]. Although the mean Cd
concentration in the sediment from the coastal area is about
3 times higher in comparison to that of the open sea [15,
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16], in most cases there were no significant differences of
Cd concentration in tissues of P. oceanica from the different meadows. As the meadow at station 2 is considered
as the reference (control) site, the obtained results suggest
that the sea grass meadow in the coastal area is, despite
the contamination status of this area [16, 17], not considerably contaminated by Cd.
It is very interesting that Cd concentrations in the photosynthetic parts of Posidonia from the clean area were
somewhat higher than in the coastal area. Similar behavior
was recorded by Romeo et al. [13] for P. oceanica and by
Lyngby and Brix [19] for Z. marina. Romeo et al. [13]
attributed this to the influence of the upwelling of deep
waters rich with Cd. However, this is probably not the
case in our experiment. Most probably, higher concentrations of Cd in the photosynthetic parts from the clean area
in comparison to the coastal area can be related to differences in primary production and suspended matter concentration at the investigated stations. Primary production in
the clean area, which is classified as an oligotrophic area
[30], is lower in comparison with the coastal (euthropicated) area [30]. At the same time, organic matter and suspended matter content in the open sea are lower when
compared to the coastal areas [31]. A lower concentration
of phytoplankton cells, which also may accumulate Cd,
and a generally lower concentration of suspended particles
in the oligotrophic area means that there is lower concentration of compounds that can form stabile complexes with
cadmium ions, and, consequently, reduce their bioavailability. Assuming that Posidonia accumulates Cd ions mainly
from the surrounding water, as observed by Lingby and
Brix [21], one can expect that the amount of Cd available
to Posidonia in the oligotrophic area will be higher in comparison to the coastal area.

P. oceanica as a biological indicator of cadmium contamination, we should have in mind that the Cd content in the
sediment from the station 1 cannot be considered as significantly elevated. Moreover, this value is similar to the
’natural content’ of the Middle Adriatic Sea [31], and
lower than values found in other coastal and estuarine
sediments that are heavily contaminated with Cd [19].
Probably, in the more contaminated areas the analysis of
Posidonia would provide a better picture of the concentration gradient, as shown by Brix and Lyngby [29] for the
Limfjord.
Although our results are limited to a small series of
measurements, they can contribute to the global
knowledge of the Posidonia meadows in the Mediterranean Sea. The obtained results allow us to estimate the bioavailability of metals in the broad part of the coastal area (up
to 40 m depth), where usual pollution indicators, such as
bivalves, are generally not present. Moreover, the analysis
of trace metal levels in tissues of P. oceanica may provide
valuable information on the transfer of potentially toxic
trace metals from abiotic compartments (water, sediments) to consumers praying on its leaves.

In conclusion, the analysis of the trace metal concentrations in the different tissues of Posidonia can be a valuable tool for the prediction of metal uptake and distribution
routes in this phanerogram. Our data imply that the lead
uptake in P. oceanica takes place mainly through the rootrhizome system, while cadmium is accumulated mainly
from the surrounding water.
Our investigation on the suitability of P. oceanica
and its tissues as biological indicators of contamination of
the coastal area with Cd and Pb did not provide unambiguous results. The use of P. oceanica for monitoring of
lead provided results comparable to those obtained by the
analysis of sediment. This was not the case with Cd. Concentrations of lead in all tissues of Posidonia were significantly higher at the sampling site moderately affected by
human activities, which confirms that P. oceanica may be
used as a biological indicator of the lead contamination.
This probably can be applied to all metals that are taken
up mainly from sediment by the root-rhizome system (e.g.
Hg). For other metal ions, which are taken up mainly from
the water or through both accumulation routes (e.g. Cd),
tissues of Posidonia seem to be a less sensitive indicator of
contamination. However, when discussing the suitability of
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SUMMARY
The fate of antibiotics used in animal farming was investigated via pig-fattening with controlled medication.
For this purpose chlortetracycline (CTC) and sulfadiazine
(SFD) combined with trimethoprim (TMP) were orally
applied. Levels of active drugs and metabolites in pig
excretions, carcass parts of the slaughtered animals and in
the resulting pig slurry during long-term storage were
measured by LC-MS/MS methods. Evidently, the epimer
e-CTC is formed in vivo and during sample preparation.
Conversion to iso-CTC and e-iso-CTC occurs predominantly in vivo. In bones and faeces traces of the degradation product anhydro-CTC and its epimer were also
found. An additional compound detected is assumed to be
a keto-tautomer of e-CTC. Two weeks after medication
concentrations of chlortetracycline and its metabolites
were below MRL-level in muscle, liver and kidney, but
high amounts were measured in bones (~ 22 mg/kg). In
slurry minute amounts of TMP were only traceable at the
beginning of storage. CTC, e-CTC and anhydro-CTC
were partly preserved for 8 months and partly converted
to the antimicrobial non-active iso-CTC and e-iso-CTC.
High amounts of SFD (~200 mg/kg) were maintained
during the whole period, whereas the level of its metabolite, N4-acetyl-SFD, decreased markedly after 2 months.
To gain further information on the environmental impact
of antibiotic residues, soil and plants sampled after fertilization with the slurry batches are presently analysed.

KEYWORDS: antibiotics, chlortetracycline, sulfadiazine, pig
farming, residues, pig slurry.

antibiotic concentrations, as excreted after antibiotic medication of both animals and humans, may cause microbial
resistance and at present increasing populations of multiple resistant bacteria are observed [1]. In particular, the
production of livestock waste coupled with drug usage is a
potentially large source of antibiotic-resistant bacteria and
antibiotics which are released into the environment [2].
Hence, tetracycline and sulfonamide resistance genes can
be found in lagoons and groundwater in the vicinity of
swine production facilities [3]. With manure slurry being
used as fertilizer also antibiotics and their metabolites are
distributed on fields and may persist in soil or will reach
the groundwater [4-6]. However, still little is known about
antibiotic stability in slurry and its effects on soil, water and
plants when applied with liquid manure [7]. After slurry
application tetracycline-resistant bacteria increased in soil
as well as in ground water, but declined again after cease of
manure fertilization to a level of non-slurry fertilized soil
within eight months [8]. In contrast to sulfonamides [9],
tetracyclines bind to soil compartments and, thus, accumulate after long-term fertilization with pig slurry. However,
transfer to groundwater has not been observed [6].
Our study aimed at more information on the fate of two
in pig production widely used classes of antimicrobials,
tetracyclines and sulfonamides. To estimate mass balance a
controlled medication was carried out. Excretion rates and
residues in various carcass parts of applied active medical
substances and their metabolites were determined as well
as their persistence in slurry during long-term storage.

MATERIALS AND METHODS
INTRODUCTION
Antibiotics are used worldwide in animal farming for
therapeutic purposes. Furthermore, they are added to animal feed to stimulate and accelerate animal growth. Low

Medication and Sample Collection: Controlled medication of animals was performed at the “Bundesforschungsanstalt für Landwirtschaft (FAL), Braunschweig-Völkenrode”. Five male castrated piglets were reared without
antibiotic medication. They were individually housed and
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FIGURE 1
Chemical structure of administered medical substances and the main metabolite of sulfadiazine (N4-SFD).

medicated twice for 10 days at an average life weight (lw)
of 71 kg and 89 kg, respectively. Medication periods were
interrupted by 11 days due to animal welfare regulations.
During medication urine and faeces were sampled daily
and afterwards united to slurry. Blood samples were taken
at the beginning and the end of each medication period
and plasma and excreta samples frozen at -30 °C until
analysis.
Chlortetracycline (CTC) (Chlortetracyclin 100®,
Belapharm, 100 mg / kg lw) and a combination of sulfadiazine (SFD) and trimethoprim (TMP) as a potentiator
(Antastmon®, Belapharm, 50 mg / kg lw) were orally
applied twice daily (Figure 1). To ensure complete uptake, the antibiotics were mixed with a small portion of
feed and administered at the beginning of each feeding.
The overall uptake of drugs was 45.0 and 56.1 g CTC,
112.6 and 161.4 g SFD, and 22.5 and 32.3 g TMP for
each medication period, respectively. One of the pigs,
“animal 95”, was slaughtered directly after medication and
the other four after a waiting period of 14 days. At slaughter plasma, liver, kidney, muscle and bone samples were
analyzed. Slurry was stored in open plastic barrels and
sampled monthly from August to the end of November
2001, and again in March 2002. Until analysis all samples
were frozen at –30 °C.
Analytical Methods

Carcass samples were assessed for their residues of
CTC and its “metabolites” (see Figure 2) by means of
HPLC-UV and LC-MS/MS. In excretions and slurry the
concentrations of CTC and metabolites, as well as those of
TMP, SFD and N4-SFD, were determined. Dry matter and
nitrogen content of slurry were analysed according to the
standard procedure (VDLUFA Book of Methods Vol. II,
11.5.1. and 3.5. 1.1).

Chemicals, Stock and Standard Solutions: All solvents
and other chemicals used were of analytical grade. CTC,
e-CTC, iso-CTC, anhydro-CTC and e-anhydro-CTC were
obtained from Acros Chimica as hydrochloride salts.
Stock solutions of these compounds (1 g/L) were prepared
in a 1:1 (v/v) mixture of methanol and mobile phase A
(see below). To obtain a stock solution of e-iso-CTC, a
standard solution of iso-CTC (100 mg/L, methanol/ mobile phase A 1:1 v/v) was heated for 90 min in a water
bath (60 °C) and then cooled to room temperature. Under
these conditions iso-CTC was partly (~ 50%) epimerized.
The exact concentrations of both epimers were quantified
by difference based on the initial concentration of the isoCTC standard. When stored at -80 °C, all stock solutions
were stable for at least six months. Standard solutions
were freshly prepared daily.

TMP and SFD were purchased from Sigma-Aldrich.
N4-SFD, not commercially available, was synthesized
(University of Paderborn) by acylation of SFD according
to common procedures. Stock solutions were prepared in
methanol and stored at 4 °C. Usually, they were diluted
with the mobile phase A (1:1 v/v) to obtain the appropriate standard solutions, e.g. in the range of 0.01 – 20 µg/L,
for external calibration.
HPLC-UV and LC-MS/MS Analysis: Samples of carcass
and excretions were analyzed at the SVUA Detmold using
the following LC-ESI-MS/MS triple-quadrupol system:
Gradient pump Alliance 2690 (Waters, Eschborn) linked
to UV-detector PDA 996 (Waters) and mass selective detector Quattro Ultima (Micromass, Eschborn). Separation
was performed on a YMC-ODS-AM column, 150 x 3 mm,
5 µm (YMC) using a binary gradient based on water / acetonitrile / formic acid (A: 89.5% / 10% / 0.5%: B: 39.5% /
60% / 0.5% (v/v)) at a flow rate of 0.4 mL/min.
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Mass spectrometric analysis (ESI positive ion mode)
was carried out by multiple reaction monitoring (MRM)
of molecular ion adducts [M+H]+ and confirming product
ions. For identification of CTC, e-CTC and iso-CTC
peaks (Figures 2 and 3) the following transitions were
evaluated, showing different characteristic intensity ratios: 479 > 462, 479 > 444, 479 > 371, 479 > 154 and for
anhydro-CTC: 461 > 444. Quantification was based on
the summarized signal intensities of corresponding transitions (TIC). In some cases UV - absorption data were also
utilized for quantitative analysis.

Aqueous extracts of plasma samples were achieved after
precipitation of proteins with HClO4 (6%, w/w). Ground
bones were extracted with diluted hydrochloric acid by
following the method of Kühne et al. [10]. A fluorescence
screening test was performed to estimate the completeness of bone extraction [16]. All extracts obtained were
centrifuged prior to clean-up procedures.
Solid Phase Extraction (SPE): Oasis HLB cartridges
(Waters) were conditioned with methanol, followed by
water. The whole extract was applied for SPE. After washing with 30% methanol (v/v) for muscle and 5% methanol
(v/v) for the other matrices, elution was performed with
pure methanol. Eluates (except slurry) were evaporated to
dryness at 30 °C and the residues were dissolved in methanol/ mobile phase A (50/50) (v/v) and analyzed.

Slurry was analysed at the University of Paderborn
using the ESI-ion trap system LCQ Advantage (Thermo
Finnigan, Egelsbach) and simultaneous UV-detection
(Spectra SYSTEM P4000, UV6000LP). In a single chromatographic run SFD, N4-SFD, TMP and the chlortetracycline compounds could be determined by using the following LC-system: Phenomenex, 250 x 2.0 mm, Synergi 4µ
Hydro-RP, mobile phase: water / acetonitrile / formic acid
gradient: A: 90% / 10% / 0.1% : B: 40% / 60% / 0.1% (v/v)
at a flow rate of 0.4 mL/min. Identification and quantification of chlortetracyclines was achieved with the ion trap
system (MS1, MS2). The fragmentation patterns observed
differ partly from those generated in the triple quadrupol.
Further transitions utilized for TMP were: m/z 291 > 123,
291 > 230, 291 > 258, SFD: 251 > 156, 251 > 174 and for
N4-SFD: 293 > 136, 293 > 198, 293 > 227.

Recoveries of chlortetracyclines determined for spiked
samples (10 and 100 µg/L or kg) were about 40 % (liver),
61 – 74 % (kidney, plasma) and 69 – 88 % (muscle). Excellent CTC recoveries (> 90%) were achieved for faeces as
well as for urine and slurry including SFD and N4-SFD.
Further validation data are presented elsewhere [14, 16].
RESULTS AND DISCUSSION
Features of Chlortetracycline Analysis

Special problems arise from the instability of CTC in
aqueous or organic solutions as it forms, depending on pH
and polarity of the solvent, different conformers, epimers,
tautomers and products of conversion and degradation
(Figure 2), designated as “metabolites”.

Liver, kidney, excretion and slurry samples were homogenized and extracted with aqueous McIlvain-buffer, pH 4, containing
0.1 mol/L EDTA, minced muscle with methanol/ McIlvainbuffer, pH 4, containing 0.1 mol/L EDTA (20/80) (v/v).
Extraction and Clean-Up Procedure:
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FIGURE 2
Selected products of conversion and degradation (“metabolites”) of chlortetracycline and its corresponding epimers.
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TIC-Chromatogram (triple quadrupol) of an incurred muscle sample showing
peaks of known CTC – metabolites and a possible keto-tautomer of e-CTC (6.70 min).

Furthermore, CTC has a high affinity towards some
metal ions, such as alkaline earth metals [7, 11, 12]. The
exceptional chemical properties of tetracycline antibiotics
have to be considered when sample preparation techniques
and quantification methods are developed. In acidic mixtures of methanol and mobile phase A (pH 2.8) CTC
epimerises rapidly between 5 and 25 °C. Isomerization also
occurs at 40 °C leading to the formation of iso-CTC and eiso-CTC, which can be clearly distinguished from the other
metabolites by LC-MS/MS (Figure 3). Practical implications result from the fact that the concentrations of binary
equimolar mixtures of dissolved CTC or iso-CTC and the
corresponding epimer maintain for a longer time compared
to solutions of the single compounds. In consequence, the
appropriate compounds (CTC, e-CTC) were dissolved in
pairs or prepared in situ (iso-and e-iso-CTC) to obtain
multi-component standard solutions. Because substituents
attached to the tetracycline-ring system markedly influence
the chemical behaviour, the application of certain derivatives as internal standard, e.g. demeclocycline (DMCTC),
cannot be generally recommended [13].
When applying the described conditions, i.e. warming
of CTC solution for several hours, an additional compound besides those already known appears in the chromatogram at 6.7 min. Based on results of LC-MSn measurements [14, 15] and extensive spectroscopic investigations and computations [12] it might be assigned to a
certain keto-tautomer of epi-chlortetracycline. As shown
in Figure 3, the probable compound was also detected in
muscle samples, indicating that the various chlortetracycline metabolites can be formed in vitro, during sample
preparation, and as well in vivo.
In order to estimate if the influence of one of these
conditions dominates, we analysed carcass samples of nonmedicated pigs, spiked with standard solutions and incurred

samples of medicated animals. Except for kidney samples,
the percentage degree of CTC-epimerisation (mean values,
n = 12) was significantly lower in spiked samples of muscle
(15 % e-CTC), liver (27 %), urine (29 %), plasma (27 %)
compared to incurred matrices, such as muscle (42 %), liver
(33%), urine (43 %) and plasma (35 %).
Antibiotic Residues in Carcass, Excreta and Slurry
Methodical Approach: Five pigs were medicated twice
for 10 days with chlortetracycline, trimethoprim and sulfadiazine according to the standard procedure. One of the
pigs, denoted as “animal 95”, was slaughtered directly after
end of medication and the others two weeks later. Faeces
and urine were separately collected from each animal,
sampled daily and then united to pig slurry. The slurry was
stored for 8 months (first medication period) and 7 months
(second medication period), respectively, and sampled
monthly. In carcass and excreta the antibiotic residues and
their metabolites were analysed by LC-MS/MS.
Carcass: The data in Table 1 result from carcass samples taken immediately after the last medication. According
to legislation the calculated sum of CTC and e-CTC reaches or exceeds MRL values presented in Table 2. Furthermore, the results support evidence for a prevailing in vivo
formation of e-CTC and iso-CTC. Amounts of iso-CTC
and its epimer are remarkable, so that the total sum of
CTC concentrations clearly exceeds MRL.

In bone samples very high amounts of CTC residues
were found, which remained at this level until the end of
the legally required waiting period for all four slaughtered
animals (Table 2). Several constituents of bone structure
seem to favour accumulation of CTC, which might even be
reversible [16, 17]. Thus, contamination of other carcass
parts may occur after the end of medication. CTC may be
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released from bone and bone meal under digestive conditions as has been shown in vitro and in vivo [10]. In consequence, bone splinters in food and bone meal in feed
might be a potential source of consistent release of small
amounts of chlortetracyclines, possibly leading to increased bacterial resistance.
In muscle, liver and kidney samples the CTC and eCTC concentrations were still traceable, but well below
MRL levels (Table 2). However, additional traces of isoCTC and e-iso-CTC were also detected (not listed).
In consequence, our data support the recommendation
of Kennedy et al. [15], which resulted from findings in
hen’s eggs: Residual chlortetracycline levels should not
be restricted to the sum of the antibiotically active CTC
and its epimer. Less active metabolites, such as iso-CTC
and e-iso-CTC, and possible toxic degradation products
should be taken into account, which can be also potent on
tetracycline–resistant bacterial strains [18, 19].
Excreta: Incorporated veterinary drugs are excreted
from animals via urine and faeces as a mixture of unchanged active substances and metabolites depending on
the pharmacology of the medical substance in concern. As
expected, no CTC could be detected in animal faeces
(Table 3) and urine (Figure 4) before oral medication.
Very high amounts of CTC reaching maximum values
from ~400 to 800 mg/kg were maintained in faeces from
day 3 to 5 of each treatment until the end of the medica-

tion periods, but declined thereafter. This is consistent
with prior findings [20].
Basal levels were reached within 11 days after drug
application. However, if metabolite concentrations are
considered, a pile-up effect is obvious, revealed by the
total sum of concentration of CTC, e-CTC and iso-CTC,
which remains high until day 31.
The profile of CTC and e-CTC amounts excreted daily through urine reflect the two medication periods as
shown in Figure 4. The levels determined in urine are
much lower than in the faeces, thus, our results support
earlier findings [21]. It becomes obvious that the excretion rates differ between the animals. At the end of the
second medication period a residual CTC level seems to
be maintained. In a further study carried out with 24 animals [16] even three months after the end of medication
CTC and metabolites were still detected in urine. Similar to
the faeces samples analyzed the relative amounts of isoCTC increased during both periods of medication. Hence,
at the end of each period iso-CTC levels were ~ 9-fold
higher than those of CTC.
Sulfonamides and their acetylated metabolites are
predominantly eliminated by renal excretion [21]. Thus,
high concentrations of sulfadiazine and its metabolite N4SFD can be found in urine [16] and in the slurry samples
collected as well.

TABLE 1
Concentrations of CTC and metabolites in carcass parts of “animal 95”, slaughtered directly after medication (mean values, n= 2).

Carcass Part
Muscle
[µg/kg]
Liver
[µg/kg]
Kidney
[µg/kg]
Bones
[mg/kg]

CTC

e-CTC

ΣCTC+e-CTC

iso-CTC

e-iso-CTC

Σtotal CTC

98.0

43.1

141.1

39.7

29.6

210.4

210.4

90.5

300.9

53.9

37.3

392.2

314.2

294.8

609.0

50.0

< LOD

659.0

43.6

11.2

54.8

1.2

0.2

56.2

LOD: Limit of Detection

TABLE 2
Concentrations of CTC (ΣCTC + e-CTC) in various carcass parts of animals, slaughtered 14 days after medication (n = 2).

Carcass Part
Muscle
Liver
Kidney
Plasma
Bone

µg/kg
µg/kg
µg/kg
µg/kg
mg/kg

93

94

96

4.2
4.2
20.0
3.2
23.9

3.4
7.1
17.0
3.0
27.9

4.0
6.8
15.6
4.0
18.5

*Maximum Residue Level according to VO (EG) Nr. 2377/90, 26.06.1990
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Animal No
97
4.3
11.6
26.0
26.3
18.7

mean

MRL*

4.0
7.4
19.7
9.1
22.3

100
300
600
-
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TABLE 3
Concentrations of CTC and metabolites in faeces (animal 95 [mg/kg]) during medication periods.

Day
0

CTC
< LOD

e-CTC
< LOD

1
2
3
4
5
6
7
8
9
10

1.4
80.9
274
253
303
308
287
276
370
281

0.9
35.9
111
103
123
137
139
131
181
157

21

n.d.

n.d

22
23
24
25
26
27
28
29
30
31

0.6
187
267
324
334
422
284
296
307
378

0.3
105
142
156
169
201
156
166
163
176

ΣCTC+e-CTC
iso-CTC
< LOD
< LOD
First Medication Period
2.3
< LOD
116
10.0
385
42.0
356
46.9
427
58.1
445
62.3
426
65.7
408
53.3
552
82.2
439
67.4
Interruption
n.d
n.d
Second Medication Period
0.9
0.4
293
25.8
410
42.6
481
61.6
504
75.2
623
71.8
441
72.4
462
76.5
470
57.4
554
66.2

Σtotal CTC
< LOD
2.3
127
427
403
485
508
492
461
634
506
n.d
1.4
318
452
543
579
695
513
539
528
620

total amount (CTC + e-CTC) in urine [mg]

n.d.: not determined
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FIGURE 4
Amounts of daily excreted chlortetracycline (ΣCTC + e-CTC) through urine during two medication
periods (1. medication: day 1 - 10, 2. medication: day 22 - 31; individual values of 5 animals).

Slurry: Since only excreta from medicated animals
were collected, concentrations of antibiotics in slurry were
very high in our study compared to samples taken from
commercial pig farming [5, 6]. Corresponding to the dry
matter content the levels of drug residues varied between
samples taken at the same day due to difficulties of sam-

ple homogenisation. During the long-term storage the
influence of different weather conditions (evaporation,
wet deposition) on slurry composition must also be taken
into account. Therefore, antibiotic mass concentration was
estimated per kg of native slurry (Figure 5) as well as per
kg of nitrogen (Tables 4 and 5).
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Considerable amounts of CTC were found in slurry of
both medication periods, but declined markedly until the
end of the 7 to 8-months storage. Rate of decline differed
between the two sampling periods even though both
batches were treated exactly alike. While CTC concentration dropped by more than 50 % within 2 months of storage and by 64 % until the end of the 8-months storage
period in the first batch, no decline was observed during

the first 4 months and the overall reduction was only
42 % after 7-months storage in the second batch. Besides
CTC, its antibiotic active metabolites e-CTC and anhydro-CTC and the non-active iso-CTC and e-iso-CTC were
detected (Table 4). Concentrations of anhydro-CTC were
low, but considerable amounts of e-CTC and iso-CTC
were found in both batches.

60
50

mg/kg

40
30

Anhydro-CTC

20

e-iso-CTC

10

e-CTC

CTC

15.Apr.

29.Nov.

iso-CTC

31.Okt.

27.Sept.

2.Aug.

0

FIGURE 5
Concentration pattern of CTC and metabolites in slurry during long-term storage (first medication period).

TABLE 4
Sum of antibiotic active (CTC, e-CTC, anhydro-CTC) and non-active residues
of CTC (iso-CTC, e-iso-CTC) and their mass ratio in slurry during storage.

Date
02.08.
30.08.
27.09.
31.10.
29.11.
12.03.

First Medication
mg/kg slurry
g/kg N
non
non
active
active
active
active
87.5
27.1
14.0
4.4
78.6
48.4
10.6
6.5
41.9
47.7
5.2
5.9
47.1
47.4
6.5
6.5
28.4
37.2
3.9
5.2
16.8
26.3
5.6
8.7

Ratio
active
non active
3.18
1.63
0.88
1.00
0.75
0.64

mg/kg slurry
non
active
active
69.1
79.7
73.6
76.3
36.0

Second Medication
g/kg N
non
active
active

33.4
43.0
50.5
66.9
52.2

10.3
11.3
14.0
15.6
7.0

5.0
6.1
9.6
13.8
10.2

Ratio
active
non active
2.06
1.85
1.45
1.13
0.69

TABLE 5
Amounts of SFD and N4-SFD in slurry during long-term storage.

Date
02.08.
30.08.
27.09.
31.10.
29.11.
12.03.

First Medication
mg/kg slurry
SFD
N4-SFD
198.5
303.7
364.0
68.7
217.4
34.8
257.1
22.2
234.9
17.4
136.4
9.6

SD
31.8
48.9
26.9
35.5
32.1
45.0

Second Medication
mg/kg slurry
g/kg N
SFD
N4-SFD
SFD
N4-SFD

g/kg N
N4-SFD
48.6
9.2
4.3
3.1
2.4
3.2

271.0
301.2
498.9
305.1
266.1
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288.4
111.1
54.6
38.2
12.5

40.4
42.7
94.3
62.8
52.1

42.3
15.8
10.3
7.9
2.5
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The rate of e-CTC decline was less than that of CTC
(57% and 23%, respectively), while the amounts of isoCTC and e-iso-CTC increased during storage. The weak
alkaline milieu of slurry may favour the formation of isoCTC and e-iso-CTC during storage, resulting in a change
of mass ratio of antibiotic active and non-active substances (Table 4).
Thus, at the end of the storage period concentrations
of non-active compounds were about 1.5 times higher
than those of the active substances. Conversion of active
to non-active substance was higher in the first slurry batch
and this may account for the faster degradation of the
active CTC under certain conditions.
A different behaviour was observed for oxytetracycline (OTC) in a simulating experiment [22]. The concentration of free OTC spiked to fresh pig-manure in an anaerobic test system decreased dramatically during the first
days. However, remaining traces could be observed for
six months, while the formation of degradation products,
such as apo-OTC, was negligible. The authors assume a
dominating influence of particle bonding.
Trimethoprim (TMP) applied together with sulfadiazine (SFD) was only detected in small amounts at the beginning of each storage period (15.8 mg/kg slurry or
2.5 g/kg N and 8.8 mg/kg slurry or 1.3 g/kg N, respectively). The considerable amounts of SFD even increased to
some extent during the first months in both batches (Table
5) and remained always on a high level until the end of
storage. Obviously the degradation of SFD proceeded very
slowly.

It is striking that after long-term storage of pig slurry
under conditions of agricultural practise the different
excreted drugs, the active compounds and their metabolites were only partly degraded. Consequently, the longterm dispersion of contaminated slurry as liquid manure
on fields may result in serious contamination. A possible
transfer of antibiotics from nutrient to plant tissue is already indicated by studies on hydroponically grown
plants [26]. Therefore, soil samples of agricultural fields
fertilized with the slurry batches collected and of cultivated plants, e.g. wheat and lettuce, are also analysed to gain
further information on exposure routes of antibiotic residues from pig production into the environment and food
chain. These results will be reported separately.
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Sulfonamides are described as rather stable [23], but
under certain farm conditions the original amount diminished to 40 to 60% within five weeks of storage [24].
In contrast to sulfadiazine, the very high initial concentrations of its metabolite N4-SFD declined drastically.
Relating to former investigations [25] deacylation of the
metabolite leading to the original active drug may cause
the intermediate increase of SFD content at the beginning
of slurry storage.
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SUMMARY

INTRODUCTION

The treated wastewater of Antalya City is discharged
to the Mediterranean Sea by a rather long and deep sea
outfall system. The monitored degrees of vertical density
stratification at the discharge point showed considerable
temporal variations. As a result, the discharged wastewater
is expected to submerge at different depths below the water
surface. A recent study has been carried out to compute the
levels of the discharged effluent dilutions due to bacterial
inactivation around the sea outfall. The bacterial inactivation rate, T90, and the sea current speeds and directions are
the most important parameters for the computations. T90 is
a highly variable parameter, which requires a careful consideration for different environmental and effluent discharge
conditions. According to the Turkish standards, the value of
T90 at the sea surface ranges from 1.5 to 5.0 hours depending on the seasons of the year. However, it is rather difficult
to estimate the value of T90 below the surface for submerged
wastewater. A practical equation, derived from Beer’s law
of light extinction, has been adopted to estimate T90 for submerged wastewater. The resultant levels of the discharged
effluent dilutions due to bacterial inactivation, shown in the
form of contour lines, exhibit high spatial and temporal
variations.

KEYWORDS:
Antalya, bacterial inactivation, dilution, sea outfall, submerged, T90 .

Antalya City is an important tourism center along the
Turkish Mediterranean coast. Until the recent years the
city faced the lack of a wastewater collection, treatment
and disposal system. The wastewaters generated by households and small industries were collected and treated in
septic tanks or cesspits. An integrated water and
wastewater project has been initiated in the year 1996 to
protect the quality of the city’s groundwater resources and
the sea environment. The collected and treated wastewater
is now disposed off into the sea by a long and deep sea
outfall system, which has started to operate in the year
2001. The length of the offshore main manifold is 2.9 km,
while the discharge depth of the treated wastewater is
around 48 m below sea surface.
The discharged effluents from the sea outfall are subject to initial or near field dilution, but also far field dilutions due to dispersion and bacterial inactivation. The bacterial inactivation rate or the so-called T90 value (time required to inactivate 90% of the coliform bacteria) is an
important parameter for predictive calculations of indicator
bacteria. Bacterial inactivation depends on factors, such as
solar radiation, predation by natural microbiota, osmotic
stress, infection by bacteriophages, turbidity, temperature
and nutrient deficiencies besides sedimentation with particulates [1]. Among these factors, solar radiation has shown
to be the dominant cause for bacterial inactivation [2].
As the intensity of solar radiation is reduced below
the water surface, the value of T90 increases considerably.
Therefore, investigating the changes of T90 and dilution
due to bacterial inactivation along the depth of the water
column bears a special interest for the design of sea outfalls
with submerged effluents, such as the Antalya sea outfall.
This paper describes the approach followed to estimate the
values of T90 below the sea surface. It also evaluates and
discusses the temporal and spatial variations of the dilution due to bacterial inactivation around the Antalya sea
outfall.
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increase of water consumption per capita in summer. However, this is not reflected in the measured initial stage-flow
rates, because the house connection to the wastewater collection system is a work still in progress.
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Locations of Antalya sea outfall
and the offshore monitoring stations.
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MATERIALS AND METHODS
Water quality monitoring around Antalya sea outfall

A monitoring program has been initiated in 1999 and
continued for four years to assess the impacts of the sea
outfall on the seawater quality [3]. Within the monitoring
program, in situ measurements of temperature, salinity,
conductivity, dissolved oxygen concentration and percent
saturation were carried out along the water depth, in addition to Secchi depth measurements at five offshore stations,
namely, U1, U2, U3, U4 and U5, as shown in Fig. 1.

The average seasonal vertical density gradient and
density of seawater at the discharge level of the treated
wastewater are calculated from the vertical density profiles given in Fig. 2. The calculated values are summarized
in Table 1 together with the wastewater flow rates measured in the initial stage (covering the years 2002 and 2003)
and those projected in the final stage (defined as the year
2020). In Antalya city, the ratio of summer wastewater flow
rate to that of winter is about 1.5, due to the high number of
local and foreign tourists visiting Antalya region and the
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The measurements were realized four times a year, one
per season. Fig. 2 shows the average seasonal depth profiles
of temperature, salinity and density, measured from 19992002 at Station U1, which is located at the discharge point
of the sea outfall. The density values have been calculated
using temperature and salinity measurements [4].
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TABLE 1
Related important results of the water quality monitoring program.

Parameter¶
dρ/dz (kg/m3.m)
ρs (SIGMA-T, kg/m3)
Qi (m3 /s)
Qf (m3 /s)

Fall
0.017
27.20
0.43
3.27

Winter
0.011
28.50
0.60
2.50

Spring
0.014
28.60
0.57
3.27

Summer
0.057
27.37
0.59
4.04

dρ/dz : vertical density gradient of seawater;
ρs: density of seawater at the discharge level
Qi : wastewater flow rate in initial program stage,
Qf : wastewater flow rate in final program stage

Determination of submergence depth
of the discharged wastewater

The vertical density profiles given in Fig. 2 show the
formation of density stratification, especially in summer
season. This implies that the discharged wastewater does
not reach the sea surface, but remains submerged below it.
The depth of submergence below the sea surface increases,
when the vertical density stratification becomes stronger.
The depth of submergence, in addition to the so-called initial dilution or near-field dilution, was calculated using the
approach of Roberts et al. [5]. This approach requires all the
data sets given in Table 1 to perform the calculations.
The resulting values of the depth of submergence below
seawater surface and initial dilution are given in Table 2. As
it can be seen, the wastewater is expected to submerge below the sea surface in all the seasons where the depth of
submergence is much higher in summer than in winter.
Moreover, the depth of submergence and initial dilution
show high seasonal variations.
The water quality monitoring program around the Antalya sea outfall included the measurements of total and
fecal coliform bacteria at the surface, mid-depth and bottom
of the offshore stations. High numbers of coliform bacteria
have been detected at mid-depth and the bottom of the stations compared to the surface. This supports the calculation
results, which show that the wastewater is submerged below
the surface. Details are given by Muhammetoglu et al. [3].
Determination of T90 values below the seawater surface

The most reliable field measurements carried out in
various parts of the world have produced T90 values varying within wide limits ranging from 0.6 to 24 hours in
daylight to values around 60-100 hours at night. Due to the
wide variability of T90 values and the almost negligible
inactivation at night, some outfall designers have chosen to
neglect bacterial inactivation and to consider only physical

dispersion [6]. However, this approach is conservative and
an alternative approach by using realistic T90 values should
be preferred [7].
The Turkish standards require a minimum T90 value
of 1.5 hours in the Mediterranean Sea and 2.0 hours in the
Black and Marmara Sea in summer. T90 in winter should
range from 3-5 hours according to the same standards [8].
These standards refer to T90 values at the sea surface,
where T90 values below the surface are not tackled. The
measurements in Marmara Sea of Turkey have shown that
the T90 value in the dark was about 45 hours, being forty
times higher than that on the surface during summer [9].
This is supported by other researchers, who show that
bacterial inactivation below the surface or in the dark is a
slow process, with T90 values being in the order of days or
even weeks [10]. Those researchers agreed with others that
the main factor on bacterial inactivation or T90 is the solar
radiation [2]. Therefore, it can be accepted that T90 values
behave according to Beer’s law for light intensity along the
water column. Beer’s law is defined as follows [11]:
Iz = I e - z

(1)

λ

where Iz is the light intensity at a given depth z, I is
the surface light intensity, λ is the light extinction coefficient, and z is the depth variable.
A similar equation can be defined for the determination
of T90 values below the seawater surface as shown below:
T90(z) = T90 eεz

(2)

where T90(z) is the T90 value at a given depth z, T90 is
the value of T90 at the surface, and ε is the rate of change
of T90 values along the depth of the seawater column, z.
The exponential term (εz) is defined as positive in equation 2, because T90 is directly proportional with the depth
of seawater column, z.
In this research study, T90 at the surface is accepted to
be 1.5 hours in summer season, and from 3.0 to 5.0 hours
in the other seasons according to the Turkish standards.
T90 value in the dark was accepted as 45.0 hours according to the measurements in Marmara Sea of Turkey [9].
Areas below Secchi depths were accepted as being dark.
Seasonal Secchi depth values were measured around the
sea outfall of Antalya during the previously mentioned
water quality monitoring program. Thus, knowing the
value of T90 at the surface and at Secchi depth enables the
calculation of ε. Afterwards, T90 can be calculated at any
depth below the seawater surface.

TABLE 2
Average seasonal depth of submergence (Ds) and initial dilution (D1) values.

Value
Ds (m)
D1

fall
27.50
193

Initial stage
winter
spring
19.00
19.85
222
201

summer
36.00
97
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fall
20.10
142

Final stage
winter
spring
15.70
16.50
200
162

summer
31.80
73
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In this study the spring conditions are considered to
calculate the variation of T90 along the depth, as an example. In this season, the averaged Secchi depth measured is
10.5 m. T90 at the surface is taken as 2.75 hours according
to the Turkish standards, while T90 at Secchi depth is accepted to be 45.0 hours. Thus, applying equation 2 produces a value of ε equal to 0.266. Subsequently, equation 2
can be used to calculate T90 at any depth from the surface
to Secchi depth. The variation of T90 from the surface to
Secchi depth is given in Fig. 3. In this case, T90 around the
middle of Secchi depth (5 m below seawater surface) is
found to be 10.4 hours.

T90 (hr)

30

dN/dt = - k N

(3)

where k is the inactivation rate constant. The concentration N at time t, Nt, is then:
Nt = No e-kt

(4)

where No is the initial indicator bacteria concentration. The rate constant, k, is conventionally expressed in
terms of T90 value by the following relation:
k = ln 10 / T90 = 2.3 / T90

(5)

The dilution due to bacterial inactivation, D3, is calculated using the equations below:

50
40

tivation is proportional to the concentration, N, of indicator bacteria as follows [6]:

T90(z) = 2.75e

0.266(z)

(6)

t=X/U

(7)

where t is the time of travel over a certain distance,
X, and U is the current velocity. According to the previous equations, the determination of T90 and the relevant
current velocities gain a particular importance for calculating the dilution due to bacterial inactivation.

20
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FIGURE 3
Variation of T90 value from the seawater
surface to Secchi depth in spring season.
Determination of dilution due to bacterial inactivation

The bacterial inactivation process is generally approximated by first order kinetics, where the rate of inac-

The sea current velocities have been continuously
measured for two months at different depths near the sea
outfall location at sampling intervals of 20 min using a
DCM 12 Doppler Current Meter in Mooring Frame 3438.
These measurements were collected and processed, and the
results are summarized in current-roses [12]. It has been
found that the sea current velocities reduce dramatically
below the seawater surface, which is an important issue for
the submerged effluents. The average current speeds measured at the surface and below it are given in Table 3.

TABLE 3
Average current speed measured along the water depth near Antalya sea outfall.

Depth (m)
Current speed (cm/s)

0.0
26.93

winter

3.5
12.44

spring

7.0
9.03

summer

Depth (m)

0

10.5
7.78

14.0
7.18

17.5
7.00

fall

Secchi depth

10

submergence depth at
initial stage

20
30

submergence depth at
final stage

40

FIGURE 4
The seasonal variations of Secchi depth and submergence depth of wastewater.
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RESULTS
The seasonal submergence depths of the discharged
wastewater below the sea surface are calculated for the
initial stage (covering the years 2002 and 2003) and the
final stage (defined as the year 2020), as presented above in
Table 2. Figure 4 depicts the calculated submergence depths
below sea surface and the averaged seasonal Secchi depth
measured. The figure shows that the discharged wastewater

0.0

is submerged in the dark, below Secchi depth, in all the
seasons. In this case, T90 is accepted to be 45 hours as discussed previously. T90 and the measured current velocities
are used to calculate the dilution levels due to bacterial
inactivation around Antalya sea outfall. Examples for the
calculated levels are given in Figs. 5-a and 5-b for the
summer and winter seasons in final program stage, respectively.

0.0

2.0 Km

2.0 Km

N

N

AO
SE
L
AL

LL
FA
UT

F
UT

AO

SE
(a)
Submerged depth below surface = 31.8 m, T90 value = 45 hours
0.0

2.0 Km

(b)
Submerged depth below surface= 15.7 m, T90 value = 45 hours
0.0

N

2.0 Km

N

A
SE
L

LL

AL

TF

FA
UT

OU

AO

SE
(c)
Discharged effluent reaches the surface T90 value = 3 hours

(d)
Submerged depth below surface = 5.0 m, T90 value = 10.4 hours

FIGURE 5
The contour lines of the dilution values due to bacterial inactivation for the considered conditions as follows:
(a) final stage, summer; (b) final stage, winter; (c) uniform density depth profile, November 2001; (d) submergence at half Secchi depth.
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The average seasonal density depth profiles, based on
the four-year measurements carried out during the water
quality monitoring program, showed that there is always
density stratification. However, the measurement session
carried out on the 3rd of November, 2001 has shown that
the temperature, salinity and density depth profiles were
exactly uniform [13]. In such a case, the discharged
wastewater rises to the surface. Consequently, T90 value is
taken as 3.0 hours according to the Turkish standards. The
resulting dilution values due to bacterial inactivation are
given in Fig. 5-c.
Another possible case represents the situation when
the wastewater remains submerged at the middle of Secchi depth. This case may happen in spring season where the
average Secchi depth is 10.5 m. The value of T90 around the
middle of Secchi depth (5 m below seawater surface) is
found to be 10.4 hours from equation 2, as explained
previously. The resulting dilution levels due to bacterial
inactivation are given in Fig. 5-d.

that, the bacteria in the discharged wastewater are subject
to physical dilution in the form of initial or near-field dilution (Table 2), and also far-field dilution due to dispersion.
The total dilution is the multiplication of the pre-mentioned
three types of dilution.
In conclusion, the bacterial inactivation rate, T90, sea
current velocity and distance from the outfall discharge
point are crucial factors for the estimation of dilution of
wastewater due to bacterial inactivation. The discharged
effluents may reach the sea surface or become submerged
at different depths depending on the level of vertical density stratification. In this case, T90 exhibits high variations
depending on the depth below the sea surface, and can be
estimated using an approach developed from Beer’s law for
light penetration. The measured current velocities showed
considerable variations with depth, and hence they affect
the level of dilution due to bacterial inactivation. As a result, bacterial inactivation of discharged wastewater is
expected to show wide spatial and temporal variations for
submerged effluents.

DISCUSSION AND CONCLUSION
The degree of vertical density stratification at the discharge point of the wastewater exhibited high temporal
variations. Consequently, the depth of submergence of the
discharged wastewater is expected to show wide differences, being sometimes at the surface, but usually below
Secchi depth. As a result, T90 values range from 1.5 hours
in summer at the surface to 45 hours, when the
wastewater is trapped below Secchi depth. Moreover, the
measured current velocities near the sea outfall showed
considerable changes at different depths (Table 3).
Changes of both T90 and the current velocities cause substantial temporal differences in the values of dilution due
to bacterial inactivation.
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Additionally, the dilution due to bacterial inactivation
increases tremendously with the increase of the distance
from the discharge point. However, this increase is not
uniform around the discharge point due to the change of
current speeds at different directions. In this case, the speed
of the currents perpendicular to the shoreline were low
leading to high dilution rates within short distances, compared with the other directions.
The contour lines of the dilution values due to bacterial
inactivation for the winter and summer seasons in the final
stage of the year 2020, presented in Figs. 5-a and 5-b, are
similar, in spite of the wide variation of the submergence
depth below the sea surface. This is due to the fact that
the discharged wastewater is trapped below Secchi depth
in both cases making the value of T90 identical. Additionally, the current velocities in this case were rather identical in the deep layers of the sea.
Figure 5 depicts the dilution values for different cases
of application. It should be noted that the presented dilution
is only the dilution due to bacterial inactivation. Apart from

1232

REFERENCES
[1]

Mitchell, R. and Chamberlin, C.E. (1975) Factors influencing
the survival of enteric microorganisms in the sea: An Overview, In Discharge of Sewage From Sea Outfalls, A.L.H.
Gameson (Ed.), Pergamon press, pp. 237-251.

[2]

Gameson, A.L.H. and Gould, D.J. (1985) Bacterial mortality,
Part 2, In Investigations of Sewage Discharges to Some British Coastal Waters, Chapter 8, WRc Technical Report TR
222.

[3]

Muhammetoglu, A., Muhammetoglu, H. and Topkaya, B.
(2003) Monitoring and Assessment of Seawater Quality
Around Antalya Sea Outfall. Fresenius Environmental Bulletin, Vol 12, No.7, pp. 718-723.

[4]

Riley, J.P. and Skirrow, G. (1975) Chemical Oceanography,
Vol. 1, 606 p., Academic Press, London.

[5]

Roberts J.W.P., Synder W.H. and Baumgartner D.J. (1989).
Ocean Outfalls. Parts: I, II and III, ASCE Journal of Hydraulic Engineering, Vol. 115, No.1, pp.1-25, 26-48, 49-70.

[6]

Wood, I.R., Bell, R.G. and Wilkinson, D.L. (1993) Ocean
Disposal of Wastewater. World Scientific Publishing Co. Pte.
Ltd., Singapore.

[7]

Bell, R.G., Munro, D. and Powell, P. (1992) Modelling microbial concentrations from multiple outfalls using time-varying
inputs and decay rates. Water Science & Technology, 25(9),
pp. 181-189.

© by PSP Volume 13 – No 11b. 2004

Fresenius Environmental Bulletin

[8]

Official Gazette (1988) Water Pollution and Control Regulation. Official Gazette, No. 19919, Ankara, Turkey, 4 September 1988. (In Turkish).

[9]

Yukselen, M.A., Kerc, A. and Saatci, A.M. (1995) Effect of
solar intensity on bacterial die-off. MEDCOAST 95, Spain,
pp. 1579-1585.

[10] Gameson, A.L.H. (1986) Bacterial mortality, Part 3. In: Investigations of Sewage Discharges to Some British Coastal
Waters, Chapter 8, WRc Technical Report TR 239.
[11] Brown, L.C. and Barnwell, T.O. (1987) The Enhanced
Stream Water Quality Models QUAL2E and QUAL2EUNCAS: Documentation and User Manual, Environmental Research Laboratory, U.S. Environmental Protection Agency,
Athens, Georgia.
[12] Muhammetoglu, H. and Abdalla, S. (1999) Antalya Sea Outfall and Its Environmental Impact. MEDCOAST 99- EMECS
99 Joint Conference, Turkey, pp. 1437-1448.
[13] Muhammetoglu, H., Topkaya, B. and Muhammetoglu, A.
(2002) Monitoring of Seawater Quality Around Antalya Sea
Outfall. Final Report, Measurements in 2001, Technical Report No. RU.00-03-15, Antalya.

Received: October 25, 2003
Accepted: February 27, 2004

CORRESPONDING AUTHOR
Ayse Muhammetoglu
Akdeniz University
School of Technology
Environmental Pollution and Control Program
07059 Kampüs, Antalya - TURKEY
Fax: +90 242 227 47 85
e-mail: muhammetoglu@usa.net
FEB/ Vol 13/ No 11b/ 2004 – pages 1225 - 1231

1233

© by PSP Volume 13 – No 11b. 2004

Fresenius Environmental Bulletin

RECOVERY OF SOILS CONTAMINATED
WITH HEAVY METALS: PRELIMINARY RESULTS
Paola Castaldi1, Laura Santona1, Claudio Cozza2, Veronica Giuliano2, Carlo Abbruzzese2 and Pietro Melis1
1
Dipartimento di Scienze Ambientali Agrarie e Biotecnologie Agro, Alimentari,
Sez. Chimica Agraria ed Ambientale, Università di Sassari, Viale Italia 39, 07100 Sassari, Italy
2

CNR Istituto di Geologia Ambientale e Geoingegneria, Via Bolognola 7, 00138 Roma, Italy

Presented at the 12th International Symposium on Environmental Pollution and its Impact on
Life in the Mediterranean Region (MESAEP & SECOTOX), Antalya, Turkey, 04 – 08 Oct. 2003

SUMMARY

INTRODUCTION

This paper assesses the heavy metal absorption capacity of a natural zeolite to evaluate whether it can be used to
reduce metal mobility and bioavailability, and also to recover polluted soil. In the experiments zeolite was artificially polluted at controlled pH and temperature values
with solutions containing increasing concentrations of three
heavy metals (Pb, Zn and Cd). The results showed that the
zeolite absorption preference for the heavy metals was as
follows: Pb > Cd > Zn. The isotherm for Pb was L-TYPE,
which is typically found when metal affinity is high in the
initial steps of the absorption. Zn and Cd were absorbed
less by the zeolites. Their isotherms were C and L-TYPE,
respectively. After contamination all samples were treated
with solutions of gradually increasing extracting capacity
(H2O, Ca(NO3)2 0.1N, EDTA 0.05N) to study the role of
different heavy metal-zeolite interaction mechanisms. The
results showed that the non-extracted Pb fraction was
constant in the different metal concentrations in solution.
By contrast, the non-extracted Zn and Cd fractions increased as the concentrations of the two heavy metals increased. Thus we conclude that the zeolite examined may
be profitably used for recovering soils polluted with Pb, Zn
and Cd, but in different amounts depending on the particular chemical species.

KEYWORDS: Natural zeolite; heavy metals; absorption; remediation technologies.

South-west Sardinia was one of the most important
mining regions of Italy for many years. The principle
minerals extracted were blende and galena (PbS and ZnS,
respectively). After active mining was stopped, there was
no effective recovery of the soils and so large regions were
polluted with mine tailings and flotation sludge containing
critical quantities of heavy metals. The polluted soils had
high concentrations of Pb, Cd and Zn, even when the samples were collected several km from the mines. Immediate
action is obviously necessary to recover these degraded
areas. Currently one of the most widely accepted methods
for recovering soils contaminated with heavy metals is
stabilisation [1-3]. Remediation of soils contaminated with
heavy metals is often expensive and difficult to achieve
[4-6]. In recent years techniques have been developed,
which provide alternatives to the complete removal of the
polluted soils. These involve the use of metal-blocking
agents, which limit their mobility and prevent them from
spreading over large areas of the surface and becoming
absorbed by the vegetation [7, 8]. However, the metalfixing agents introduced in the soils should not alter the
physical and chemical characteristics of the treated soils [9,
10]. Zeolites may be used because they can block heavy
metals [11-16]. They are a class of porous alumino-silicates
and contain alkaline and alkaline earth metal elements [17].
Structurally they consist of a three–dimensional network of
SiO4 and AlO4 tetrahedrally linked together by common
oxygen atoms [18]. The isomorphic substitution of Si by
Al causes a negative charge density in the zeolite lattice
[19, 20]. This charge is neutralized by introducing exchanged di– or trivalent cations in the structural sites of the
zeolite [21]. The mobile non-framework cations are located
in cavities of the channel walls and coordinated with the
water molecules within the channel [22]. Because of these
properties the ability of the zeolite to restrict the spread of
heavy metals was investigated [23]. Their efficiency depends on the exchange capacity and the micro-porosity of
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the zeolite, characteristics which vary widely, depending on
the origin of the materials [24, 25].
In this research we show the preliminary results on the
metal-fixing capacity of a natural zeolite [26, 27] polluted
simultaneously with solutions of three heavy metals (Pb,
Zn or Cd) and, thus, under competitive conditions.
MATERIALS AND METHODS
The natural zeolite used in the experimental tests
comes from a layer in Bonorva (near Sassari, North Sardinia, Italy). The zeolites were finely ground and sieved
to <0.02 mm. They were then washed with distilled water
to remove very fine particles prior to conditioning and
capacity measurements. The rock mineralogy was investigated by X–ray powder diffraction (Philips PW1730).
The zeolite was analyzed for pH and cation exchange
capacity (CEC). The pH values were determined in a
1:2.5 ratio of zeolite / distilled water [29]. The CEC was
determined with BaCl2–triethanolamine following the
methods usually employed internationally [29].
To evaluate the competitive effects of the three metals
examined (Pb, Zn and Cd), the zeolites sieved to <0.02 mm
were artificially polluted at controlled pH (7.50) and temperature. 75 ml aliquots of mixed solutions of nitrate salts
of the three metals were equilibrated with 3 g of zeolite and
agitated for 24 hours. The concentration range for each
metal in the solutions varied from 0.1 to 1.8 meq/l (8 tests
were conducted). The solid and liquid phases were separated by centrifuging and filtering.
After contamination the chemical forms of heavy metals bound to the zeolite were determined by a sequential
extraction procedure to study the contribution of the different interaction mechanisms [30]. A known quantity (1 g) of
each polluted sample was treated with 25 ml of distilled
H2O (pH 6.5) and agitated for 2 hours at room temperature
to extract the soluble phase. It was then treated with 25 ml
of 0.1 N Ca(NO3)2 to extract the exchangeable phase, and
25 ml of 0.05 N EDTA to extract the complexed phase.
After two hours, the samples were centrifuged and filtered
to separate the liquid and solid phases. The heavy metal
concentrations remaining in solution were analysed using
D.C. plasma atomic emission spectrometry. All the results
are expressed as mean values for three replicates.
RESULTS
Quantitative XRD analysis showed that the natural zeolite mainly consists of clinoptilolite (63% wt), with minor
quantities of feldspar (9% wt), quartz (5% wt), opal (5%
wt), smectite (3% wt), ematite (1% wt) and mica (1% wt).
The pH in H2O was 8.1 and the CEC was 160 meq100g-1.
The total quantity of heavy metals in the polluting solutions was high enough to satisfy the CEC of the zeolite.

The maximum absorption of the three metals was 73% of
the CEC. To be precise, the highest levels of absorption
achieved by zeolite for the heavy metals were 26.88% for
Pb, 22.92% for Cd and 22.52% for Zn. Thus, the results on
the metal-blocking capacity of zeolite showed that more Pb
was absorbed compared to the other metals (Fig. 1). The
isotherms for Pb–zeolite and Cd–zeolite were of an Ltype pattern. This is typical for absorbents, which show a
high rate of absorption in the first part of the curve when
the concentration of metal in the contact solution is low, a
decrease of absorption in the second part as the concentration of metal in solution increases and the gradient of the
curve decreases until a plateau is reached.
1,4
Pb

1,2

Zn

Cd

1
0,8

Me(z)
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0,6
0,4
0,2
0
0

0,1

0,2

Me(eq)

0,3

0,4

FIGURE 1 - Isotherms at 25 °C for the exchange of Pb,
Zn and Cd into zeolite. Me(z): metals adsorbed (meq/ 3 g);
Me(eq): metals in solution to the equilibrium (meq/ 75 ml).

Zn absorption rates were lower than those of Pb and
Cd. Its isotherm was C-type, typically for absorbent surfaces where absorption is always directly proportional to
the concentration of the metal in solution. The Zn–zeolite
isotherm did not reach a defined plateau in the experiment,
which led us to conclude that the zeolite could absorb more
zinc (Fig. 1).
The absorption process cannot be described completely
by the form of the isotherms. Consequently, the adsorption
results were elaborated using Freundlich’s [x/m = KC1/n]
and Langmuir’s models [x/m = KbC/(1+KC)] to discover
which parameters were physically significant (Tables 1
and 2). The logarithmic form of Freundlich’s equation
[log(x/m) = logK + (1/nlogC)] is a line which intercepts
the y-axis in log K, which provides a good index for classifying the quantity of metal absorbed by the zeolite. The
angular coefficient, by contrast, is represented by the
reciprocal of n and according to some researchers [31]
indicates the strength of the bond. Langmuir’s equation is
a line which provides a series of values where the parameters of the intersections and the angular coefficients relate,
respectively, to the maximum absorption capacity (b) and
the energy of the bonds (K).
It can be seen that the Freundlich model describes the
adsorption of all the cations studied best and the fit is excellent. The K parameter of the Freundlich equation was
greater in the Pb-zeolite, but the same in Zn– and Cd–
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zeolites, while the n parameter was higher in the Zn–
zeolite. When examining the b parameter of the Langmuir
equation, one can see that the maximum retention capacity
of the zeolite was obtained for Pb (196.08 mg g-1), followed
by Cd (147.06 mg g-1) and, finally, by Zn (72.99 mg g-1).
The maximum value of the K parameter was obtained for
Pb, followed by Zn and Cd.
TABLE 1 - Characteristic parameters and determination coefficients of the experimental data according to Freundlich equation
[logarithmic form: log(x/m) = logK + (1/nlogC)], obtained for the
zeolite with Pb, Zn, and Cd.

Equation
y = 0.9095x – 0.5419
y = 0.882x – 1.0102
y = 1.1485x – 1.0102

R
0.987
0.988
0.975

n
1.099
1.133
0.870

40

K
0.287
0.098
0.098

Pb
Zn
Cd

R2
0.520
0.137
0.315

b= mg/g
196.08
72.99
147.06

2

Cd y = 0.983x + 0.0354

5

15
10
5
0

35
30

2

25

1
0
2

3

3

4

5

6

7

8

2

3

1

2

; R = 0.912

4

0

1

The fraction extractable with EDTA was for Pb always lower than 15% of the total quantity of the metal
absorbed (Fig. 4), whereas the extraction percentages of
Cd and Zn were high at low concentrations of the metal
absorbed (samples 1 and 2), but were markedly reduced
when the concentrations of the two metals absorbed increased. The percentage of the three metals extracted with
EDTA also showed linear variance (R2>0.8). The concentration of non-extracted Pb was always higher than 80%
of the absorbed Pb, which indicated a strong interaction
between this metal and zeolite (Fig. 5). The non-extracted
fraction of Zn increased with increasing absorbed metal
concentration and was always higher than 50%. The nonextracted Cd showed the same tendency, interacting
strongly with the zeolite when the concentrations of absorbed metal were higher. The percentages of the nonextracted metal varied linearly, particularly for Pb and Zn
(R2 0.908 and 0.893, respectively), while the linear correlation coefficient was lower for Cd (R2 0.754).

4

5

6

7

8

% Extracted

% Extracted

2

Zn y = 0.6712x + 1.2296 ; R = 0.942

6

20

FIGURE 3 - Fractions extracted with Ca(NO3)2.

Pb y = -0.0145x + 1.3529 ; R = 0.043

7

2
Cd y = -3.8714x + 31.741 ; R = 0.826

25

0

K
0.0011
0.0009
0.0005

The fractions of metal extracted by zeolite behaved
differently, depending on the metal considered and the
extracting agents used. The fraction extractable with H2O
was lowest for all three metals. The percentage of Pb remained always lower than 2% of the metal absorbed. In
addition, the extraction percentages did not vary linearly, as
can be seen from the low correlation value (R2) (Fig. 2). By
contrast, the percentage of cadmium extracted with H2O
increased with the increase in the quantity of metal adsorbed, particularly after the fourth sample, and this progressive increase was linear (R2>0.9). Zn behaved like Cd
and, at the maximum concentrations of metal absorbed,
less than 8% was released into H2O.
8

Zn y = -1.2874x + 17.218 ; R2 = 0.976

30

TABLE 2 - Characteristic parameters and determination coefficients of the experimental data according to the Langmuir equation
[x/m = KbC/(1+KC)], obtained for the zeolite with Pb, Zn, and Cd.

Equation
y = 0.0051x + 4.6616
y = 0.0137x + 15.796
y = -0.0068x + 13.734

2

; R = 0.909

Pb y = 0.3132x + 0.5593

35

% Extracted

Pb
Zn
Cd

2

concentration (Fig. 3). Also the fraction of Zn remained
constant in the first five samples (never higher than 15%)
and then tended to decrease, until it reached the lowest
level in the most polluted samples. Cd showed similar
behaviour to Zn, with the fractions extracted in the first
two samples being particularly high (values greater than
25%). The percentages of the three extracted metals in
Ca(NO3)2 varied linearly, confirmed by the values of R2,
which were always superior to 0.8 (Fig. 3).

Pb

2

y = -1.2655x + 16.257 ; R = 0.953
2

Zn y = -3.6744x + 31,639 ; R = 0.829
2

Cd y = -4.0064x + 30,284 ; R = 0.806

20
15
10

FIGURE 2 - Fractions extracted with H2O.

5

The percentage of Pb extracted with Ca(NO3)2 was
very low (never superior to 3%) and constant after the
fourth sample, independently from the absorbed metal
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DISCUSSION AND CONCLUSION
The danger represented by heavy metals in soils is related to their mobility. The zeolite used in this experiment
was found to be capable of significantly reducing the mobility and bioavailability of the metals, although its success
varied with the type of metal.
Pb and Cd were absorbed better than Zn using identical
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confirmed them when comparing the isotherms, but also
allowed certain quantitative evaluations to be made. The
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being selected and adsorbed. Particularly the low R2 values
in Langmuir’s equation lead one to hypothesise the presence of different Me–zeolite interaction mechanisms,
which may be able to be seen by using more sophisticated
equations, such as Langmuir’s binary equation [32]. The
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the different localisation of the metals adsorbed on the
internal and external surfaces or to the presence of different chemical species, i.e Me2+ and MeOH+.
Since absorption is a consequence of the electrostatic
attraction between the negative charge in the zeolite lattice
and the positive charge of the heavy metals, the greatest
absorption of Pb and Cd by the zeolite surfaces under experimental conditions can be explained by the small charge
density of these ions in the hydrated form.
Insofar, Pb and Cd, because their hydration energy is
less, can draw near to the zeolites surfaces, establish more
intense electrostatic bonds, and thus exchange more difficult.
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From our results it may be hypothesized that the zeolite studied can limit the mobility of heavy metals in polluted soils.
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SUMMARY
An evaluation of the contamination level of the Kaštela Bay by chlorinated hydrocarbons was performed using
transplanted mussels (Mytilus galloprovincialis) from a clean
area. The obtained results show a significant increase of
chlorinated hydrocarbon concentration in the transplanted
mussels, indicating the contamination of the bay. The average concentration of DDTs increased from 2.9 to 6.0 ng g-1
dry wt, while the PCBs increased from 13.5 to 59.3 ng g-1
dry wt. The spatial distribution of DDTs is quite uniform,
without significant temporal changes, while the PCBs show
significant spatial and temporal changes. This is related to
different sources of contamination. Considering the fat
content in mussels, the PCB concentrations expressed on a
dry weight basis increased with an increase in the fat content, while DDTs show insignificant relation to the fat
content. However, expressed on a fat basis, PCBs and
DDTs are significantly (negatively) related to fat concentration.

KEYWORDS: Adriatic Sea, mussels, chlorinated hydrocarbons,
pesticides, PCBs.

INTRODUCTION
Inputs of anthropogenic organic matter into the sea
can have certain effects on many biological processes,
thus causing important ecological disturbances not only of
local, but also of regional importance [1, 2]. Organochlorine pollutants of anthropogenic origin, such as chlorinated

pesticides (DDT and its metabolites) and polychlorinated
biphenyls (PCBs) have become of major concern because
of their wide distribution in the environment [3, 4]. Being
highly resistant to biological, photochemical or chemical
degradation, they remain for a long period in the nature.
Beyond their persistence, one of the major features of chlorinated hydrocarbons is their liability to accumulate in fat
tissues of marine organisms. Due to the biomagnification
process [5], these chlorinated hydrocarbons represent a
serious danger for the environment and human health [6].
Filter feeders, such as mussels of the genus Mytilus
have been widely used as a biomonitor of the marine
environment because of their wide spatial distribution,
weak mobility, easy sampling, abundance and high ability
of contaminant concentration [7]. However, the degree of
organochlorine accumulation in mussels depends not only
on their concentrations in the environment, but also internal biological factors (e.g. age, size, lipid content, reproductive cycle) [8, 9].
A previous study of the coastal shelf of the Middle
and South Adriatic has shown that areas in the vicinity of
bigger towns and industrial centres were contaminated with
organic matter [10]. The Kaštela Bay is one of the most
polluted areas at the east Adriatic coast [11]. The Bay is a
recipient of most of the untreated urban and all industrial
wastewaters of the relatively densely populated area
(350,000 inhabitants). It is a semi-enclosed bay with an
average retention time of its water masses of one month
[11]. In order to evaluate the contamination level of the
Kaštela Bay by chlorinated hydrocarbons and to assess the
health risk of the consumption of shellfish species from the
Bay, a monitoring programme using transplanted mussels
from an unpolluted area was initiated in September 2000.
This paper is focused on the temporal and spatial distribution of DDT and PCB compounds.
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MATERIALS AND METHODS

was determined by evaporating a small measured volume
of the extract in a sample pan of the electrobalance.

Two-year old mussels (Mytilus galloprovincialis)
with 5 cm shell-length were transplanted to the Kaštela
Bay from a shellfish farm in the Mali Ston Bay. Taking
into account the hydrographic, chemical and biological
characteristics of the bay [11-13], four experimental stations were selected (Fig. 1). The water depth at the selected
locations was 10 m, and their distance from the shore
varied from 50 to 400 m. Eight round-type (d = 40 cm, h =
10 cm) net-like baskets, each containing 50 specimens, were
placed 1.5 m above the sea bottom. Sampling (20 specimens
at each station) was performed bimonthly in the period from
November 2000 to May 2001.

FIGURE 1 - Study area with sampling sites.

The collected mussels were scrubbed with a stainless
steel knife and dissected [14]. The shell length of every
single mussel and its soft tissue weight were determined.
The soft tissue was pooled and frozen at –20 °C prior to its
freeze-drying and then homogenized into powder using a
tissue blender. An analytical method used for the extraction, purification and quantification of the chlorinated
hydrocarbons was recommended by UNEP [15]. Briefly,
approximately 5 g of dried sample was extracted in a
Soxhlet for 8 h with 240 ml of n-hexane. The extract was
reduced by rotary-evaporation, followed by a gentle nitrogen ”blow down” to 10 ml. The n-hexane extractable organic matter (EOM), containing mainly neutral lipids (fats),

The remaining extract was subjected to clean-up with
concentrated sulphuric acid. The separation of chlorinated
hydrocarbons was performed on a column filled with
Florisil (18.5 g), which had been activated at 130 °C for
12 h and deactivated overnight with 0.5 % distilled water
extracted with methanol. The concentrated sample extract
(1 ml) was added to the top of the column and eluted with
65 ml n-hexane and then 45 ml n-hexane/dichloromethane
(70:30). The obtained eluates were concentrated to 15 ml
by rotary evaporation and finally to 1 ml by a gentle flow
of pure nitrogen gas. The final extract was analysed with a
gas chromatograph (Agilent Technologies, Model 6890N)
equipped with an electron capture detector. A fused silica
HP-5 capillary column (J&W Scientific; 30 m long, 0.32 mm
i.d. and 0.25 µm film thickness) was used for separation.
Splitless mode of injection (1 µl) was applied to all samples. The oven temperature was programmed from an initial temperature of 70 °C (2 min hold) to 260 °C at a rate of
3 °C min-1 and then maintained for 25 min. The injector and
detector temperatures were 250 °C and 300 °C, respectively. Nitrogen was used as carrier (1 ml min-1) and make-up
(60 ml min-1) gas. The concentration of the individual
chlorinated hydrocarbons was quantified relative to the peak
area of the respective external standards (p,p'-DDE, p,p'DDD, p,p'-DDT, Aroclor 1254 and Aroclor 1260). Internal
standards, PCB-29 and ε-HCH, were added to the samples
prior to the extraction to quantify the overall recovery of
the procedures. Average recoveries of the spiked standards,
PCB-29 and ε-HCH, were 85% and 78%, respectively. Procedural blanks were analysed with each set of 5 samples
and, in addition, the marine reference material IAEA-142
for a quality control of the analytical results.
RESULTS AND DISCUSSION
The mean concentration values and the ranges of concentration of chlorinated pesticides and polychlorinated
biphenyls in mussels are given in Table 1. In addition,
individual results are shown graphically as DDTs (sum of
p,p'-DDE, p,p'-DDD, p,p'-DDT) (Fig. 2), and PCBs (sum
of Aroclor 1254 and Aroclor 1260) (Fig. 3).

TABLE 1 - Mean values (in parenthesis) and concentration ranges of the chlorinated hydrocarbons in mussels from the Kaštela Bay in the period from November 2000 to May 2001.

Inavinil
Palace
Resnik
Institut

DDTs
(ng g-1 dry wt)
7.5 – 7.8 (7.6)
5.7 – 7.0 (6.2)
4.1 – 4.5 (4.4)
5.4 – 6.9 (5.8)

PCBs
(ng g-1 dry wt)
44.2 – 102.8 (78.5)
40.9 – 76.6 (60.7)
26.0 – 70.0 (51.8)
31.5 – 59.2 (45.9)

Kaštela Bay

4.1 – 7.8 (6.0)

26.0 – 102.8 (59.3)

Station
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PCBs/DDTs
10.3
9.8
11.8
7.9
9.9
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All data, both for DDTs and PCBs, are significantly
lower than previously reported for the Kaštela Bay, DDTs
(72.1 ng g-1 dry wt) and PCBs (338.5 ng g-1 dry wt) [16], as
well as for the eastern Adriatic, DDTs (23.4 ng g-1 wet wt
and PCBs 74.2 ng g-1 wet wt) [10]. A much higher concentration of PCBs (average 356 ng g-1 wet wt) in relation to
DDTs (average 7.5 ng g-1 wet wt) was found in mussels
from the middle and south Adriatic coastal waters [17].
Analyzed edible marine mussels from several areas of the
Adriatic Sea showed an increasing trend of PCBs (average
21.7 ng g-1 wet wt) and DDE (2.2 ng g-1 wet wt) concentration associated with areas under increased anthropogenic
impact [18]. A significantly higher concentration of DDTs
(mean 412 ng g-1 wet wt) in relation to PCBs (mean 31 ng
ng g-1 wet wt) was determined in mussels from the Egyptian Red Sea coast [19]. A mussel watch survey along the
Mediterranean coast [20] established a generally higher
concentration of DDTs and PCBs (average 130 ng g-1 dry
wt and 527 ng g-1 dry wt, respectively) near large harbours.
It is of importance to point out that all values obtained for
the Kaštela Bay are below the maximum permissible
levels (MPL) for chlorinated hydrocarbons in mussels for
human use, prescribed by a Croatian legislation [21].

DDTs (ng/g dry wt)

Concentration of DDTs in mussels at all stations in
the Kaštela Bay is higher than those in mussels from the
unpolluted area of the Mali Ston Bay (2.9 ng g-1 dry wt)
(Fig. 2). The lowest values were found at the station Resnik (mean concentration 4.4 ng g-1 dry wt), while the
highest values were found at the station of Inavinil (mean
concentration 7.6 ng g-1 dry wt). At the stations of Palace
and Institut similar DDT concentration values were obtained
(mean concentration 6.2 and 5.8 ng g-1 dry wt, respectively).
All values at each station, including the Mali Ston Bay,
were almost constant during the monitoring period. A rela-

tively low DDT concentration indicates that there is no
significant pollution by chlorinated pesticides in the research area.
Differently from the chlorinated pesticides, the values
of PCBs show a temporal tendency of increase at all investigated stations, excluding the Mali Ston Bay, where
the concentration was constant throughout the monitoring
period (Fig. 3). The highest increase was found at the
station of Inavinil (mean concentration 78.5 ng g-1 dry wt)
(Table 1), while the lowest increase was determined at the
Institut station (mean concentration 45.9 ng g-1 dry wt).
Regarding the PCB levels measured in mussels from the
unpolluted area (13.5 ng g-1 dry wt), the significant contamination trend at all stations in the Kaštela Bay is evident. The concentration of PCBs is significantly higher at
all stations compared to the DDTs (Table 1). A trend of
decreasing PCB concentrations from the eastern through
the western part to the entrance of the bay was established.
This spatial pattern is likely the result of local sources of
contamination, but it also follows prevailing hydrodynamic
conditions in the Kaštela Bay. As an established ratio of
mean PCBs and DDTs is significantly higher than 1 (range
7.9-11.8), we may conclude that industrial sources of contamination of the Bay predominate over agricultural ones,
particularly in the eastern part.
Due to the lipophilic nature of chlorinated hydrocarbons, they are efficiently sequestered in lipid-rich tissues of
aquatic organisms. Therefore, beyond environmental condition, the lipid content of an organism is also an important
factor, which influences the accumulation of organochlorine organic matter contents (% EOM) (hereafter referred
to as fats) are presented in Table 2.

10
9
8
7
6
5
4
3
2
1
0
Sept/00
Mali S.B.

Nov/00

Jan/01

Inavinil

Palace

Mar/01
Resnik

May/01
Institut

FIGURE 2 -Temporal distribution of DDT concentrations in mussels, presented on dry weight basis.
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PCBs (ng/g dry wt)
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FIGURE 3 - Temporal distribution of PCB concentrations in mussels, presented on dry weight basis.

TABLE 2 - Biological characteristics of the analyzed Mytilus galloprovincialis mussels.

Date of sampling

Shell length
(cm)
mean ± SD (N)

Mean tissue dry weight
(g)

Extractable
organic matter
(% on dry wt)

Mali Ston Bay

Sept/00

5.5 ± 0.5 (13)

0.39

3.2

Mali Ston Bay

Nov/00
Jan/01
Mar/01
May/01

5.8 ± 0.3 (20)
6.1 ± 0.3 (20)
6.2 ± 0.3 (20)
6.1 ± 0.3 (20)

0.41
0.45
0.32
0.30

3.6
6.9
8.3
11.1

Inavinil

Nov/00
Jan/01
Mar/01
May/01

5.1 ± 0.4 (20)
5.6 ± 0.4 (13)
6.8 ± 0.4 (20)
7.0 ± 0.3 (20)

0.42
0.54
0.54
1.23

3.8
4.4
8.4
10.8

Palace

Nov/00
Jan/01
Mar/01
May/01

5.6 ± 0.2 (20)
5.9 ± 0.2 (20)
6.8 ± 0.5 (20)
6.6 ± 0.3 (20)

0.51
0.43
0.42
0.67

4.3
3.6
8.2
10.7

Resnik

Nov/00
Jan/01
Mar/01
May/01

5.7 ± 0.2 (20)
6.4 ± 0.3 (20)
6.6 ± 0.7 (20)
6.6 ± 0.3 (20)

0.50
0.50
0.42
0.55

2.9
4.2
9.1
10.3

Institut

Nov/00
Jan/01
Mar/01
May/01

5.6 ± 0.2 (20)
5.6 ± 0.2 (20)
6.1 ± 0.4 (20)
6.3 ± 0.3 (20)

0.24
0.36
0.48
0.25

3.8
6.1
6.2
8.6

Station

An increasing trend of the fat content at all stations
was observed. However, the extractable organic matter in
mussels does not show considerable differences between
the stations. This finding could be related to the reproductive cycle of the mussels. It is well-known that the lipid
concentration increases during the development of gam-

etes, which have a relatively high concentration of neutral
lipids (fats) and decreases during and after spawning [2224]. Mussels in the Kaštela Bay were spawned twice a
year (October/November and May/June) during the 19912001 period [25].
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We have found a significant linear correlation between
PCB concentrations, expressed on a total tissue dry weight
and the fat content (N = 16, r = 0.72, p < 0.05), while DDT
concentrations were insignificantly (negatively) correlated
to the fat content (N = 16, r = - 0.10, p < 0.05). Because of
the primary partition of chlorinated hydrocarbons into the
non-polar part of the lipids (fats [23]), there is a difference
in chlorinated hydrocarbons` concentration whether it is
expressed on total tissue or fat weight basis. Moreover, as
the lipophilic organic contaminants partition differently into
various lipid classes in the tissues, the type of lipid represents an important factor, which has to be considered when
quantifying contaminant concentrations [26].

Regarding the DDT concentrations, expressed on the
fat basis, a decreasing trend was observed since November
2000, both in the Kaštela and Mali Ston bays (Figure 4). In
contrary to this, an increase of the fat content in the same
period was observed (Table 2). Accordingly, the concentrations of DDTs on fat basis and that of the fat show
significant negative linear correlation (N = 16, r = - 0.87,
p < 0.05) during the entire period. On the contrary to DDTs,
the PCBs on fat weight basis at three stations showed a
maximum in January 2001 (Figure 5).

DDTs ( g/g EOM dry wt)

0.25
0.2
0.15
0.1
0.05
0
Sept/00
Mali S.B.

Nov/00
Inavinil

Jan/01
Palace
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May/01
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PCB ( g/g EOM dry wt)

FIGURE 4 - Temporal distribution of DDT concentrations, presented on hexane-extractable organic matter basis.
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FIGURE 5 - Temporal distribution of PCB concentrations, presented on hexane-extractable organic matter basis.
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However, these PCB concentrations on fat dry wt basis are significantly (negatively) related to fat concentration (N = 16, r = - 0.55, p < 0.05), as it was for DDTs. A
similar result of strong (negative) correlation between the
fat basis-PCBs and the fat concentration was found for
Mytilus edulis mussels [23]. When the total amount of PCBs
in organisms remains constant, the negative co-relation
would create effects of a “dilution” of PCBs in the fat due
to a seasonal fat accumulation, and a concentration due to
the fat utilization. The major factor which control the uptake of PCBs in mussels appear to be the concentration of
PCBs in ambient waters, however, a lipid content, which is
associated with an annual reproductive cycle of bioindicator organisms, may have a significant impact too [23, 27,
28]. Our results, which show the different patterns of PCB
seasonal changes, are similar to data early published on a
linear correlation of PCB concentration (on a dry wt basis)
and lipid content during autumn and summer, and a negative linear correlation of PCBs (on a lipid basis) and lipid
content [24]. The observed increase of PCBs (on fat basis)
at three stations (Figure 5) is probably the result of an increased PCBs` concentration in the sea water.

CONCLUSIONS
Significantly increased values of chlorinated hydrocarbons in mussels (Mytilus galloprovincialis) transplanted from the clean area into the Kaštela Bay, show a certain
level of contamination of the bay by organic pollutants,
primarily by PCBs as the result of industrial wastewater
discharge and urban runoff. However, the contamination
level is low and mussels from the bay are safe for human
consumption concerning the studied compounds. The obtained data on the seasonal changes of PCB concentrations
confirmed that pollutant concentration in organisms depends on both the environmental concentration and the
conditions of organisms.
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SUMMARY
The coagulation-flocculation process is a versatile
method used in drinking water production, industrial and
domestic wastewater treatment, and sludge conditioning.
The process is mainly based on the use of Al(III) or Fe(III)
salts alone or in combination with calcium salts and the use
of polymers as flocculants. Coagulant dosages vary in a
wide range of 50-1500 mg/l of alum and of 1-10 mg/l of
polymer. However, residual alum and polymer in the effluent are of great concern for human health and environment.
This study aimed to evaluate the toxic effect of alum and
polymer on Daphnia magna and Selenastrum capricornutum at their possible residual concentrations simulating
coagulation-flocculation process effluent. Alum concentration varied from 0.1 mg/l to 1 mg/l. Anionic polymer was
then added as 0.5 mg/l, 1 mg/l, 1.5 mg/l and 2 mg/l to alum
solution.
The results indicated a dose-related alum and polymer toxicity in both species, however, increasing the
concentration of polymer did not affect toxicity units
(TU) in D. magna as well as in S. capricornutum.

KEYWORDS: Coagulation-flocculation, Daphnia magna, Selenastrum capricornutum, acute toxicity.

INTRODUCTION
The coagulation process is a versatile method used in
water treatment technology for the purposes of drinking
water production, industrial and domestic wastewater treatment and sludge conditioning. By this process it is possible
to obtain high removal efficiency of COD (40-70 %), BOD5
(50-85 %), SS (70-90 %) parameters as well as the removal

of microorganims (40-80 %) [1]. The process is mainly
based on the use of Al(III) or Fe(III) salts alone or in
combination with calcium salts and the use of polymers as
flocculants.
Coagulant dosages used vary in a wide range to obtain
maximum removal efficiency of pollutants by minimum
doses at optimum pH [2]. Hall and Hyde [3] reported a
wide range like 50 to 500 mg/l and 100 to 1000 mg/l of
Al2(SO4)3•18 H2O for treatment of domestic and industrial wastewaters, respectively. A 20-40 mg/l range of alum
was applied at the proper intervals for drinking water
production [4, 5].
However, residual aluminium in coagulated drinking
and wastewater effluent are of concern for human health
and the environment. Maximum contaminant level (MCL)
was referred to be less than 0.5 mg/l for residual alum [6].
Italian Official Journal indicates 1 and 2 mg/l of Al limits
in the case of sewer and the discharge end points, respectively [7].
Numerous studies have dealt with the effect of aluminium on different organism as summarized in Table 1 [8]. The
evidence on Al(III)- and Fe(III)-associated toxicity, either as
complex mixtures or salts on sea urchin embryos was observed at 10-5 M concentrations [9]. A dose of 80 µM aluminium caused rapid changes in cytoplasmic organization in
vegetative filaments of the coenocytic alga, Vaucheria longicaulis var. macounii [10]. Al-tolerant cultivar TAM202 and
Al-sensitive cultivar TAM105 of winter wheat (Triticum
aestivum L.) were exposed to 0-150 µM of Al and it was
observed that TAM105 absorbed more Al than TAM202
and its root growth (length) was inhibited more severely by
Al [11]. Excessive Al released from acidic acid-soluble
minerals inhibited survival and reproduction of the freeliving white clover-nodule rhizobia (Rhizobium legumino-
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TABLE 1
Main toxicity endpoints associated to Al(III) exposures [adopted from 5].
Organisms/Testing Objects

Mammals

Exposure Routes
Renal dialysis,
Antacid drugs
Oral or parenteral

Mammalian Cells

Medium

Other vertebrates
Birds
Frogs

Yolk sac
Medium

Humans

Invertebrates
Sea urchins
Bivalves

Medium

Plants

Medium

Endpoints
Neuro-, MyeloBone and Nephrotoxicity
Developmental defects
Neurofilamentous changes
Excess ROS formation
Membrane lipoperoxidation

Developmental defects
Cytogentic abnormalities
Transmissible offspring damage
Changes in ROS formation
Phytotoxicity
Cytological & cytogenetic anomalies
Gene induction (of cytoskeletal proteins)

sarum bv. trifolii) [12]. Calebrese and Baldwin [13] reviewed the plant and animal responses to aluminium, and
reported that at low levels there was hormetic (stimulation
on growth) effect, whereas it becomes toxic at higher
doses (> 10-5 M).
Toxicity assays are standardized and reliable compared
to biodegradability which strictly depends on the biomass
selected, and the results obtained are often of poor reproducibility [14]. D. magna and algae have been used in
testing effluent toxicity of different industrial [14] and
coagulated municipal wastewaters using Fe(III) salt [15].
According to the Italian water quality discharge limits, acute
toxicity test of an effluent must be conducted on 24 h newborn Daphnia magna without dilution of the sample. Acute
toxicity experiments may be done also using Ceriodaphnia
dubia, algae (Selenastrum capricornutum), bioluminescent bacteria or Artemia salina when the effluent is discharged to the sea [7].
This study was aimed to evaluate the toxic effects of
alum and polymer on Daphnia magna and Selenastrum
capricornutum at their possible residual concentrations in
the coagulated effluent.
METHODS
Solutions: 1 g/l of stock solution of Al2(SO4)3•18 H2O
(Merk) was prepared and then it was added to test animal
in beakers from 0.1 mg/l to 1 mg/l. An anionic polymer
(Prodefloc®) which is currently being used in S. Giovanni
treatment plant, Naples, Italy was used up to 2 mg/l concentration.

Newborn daphnids (<24-h old) were
exposed to alum and polymer combinations for 24 h.
Daphnids were grown in the laboratory at 16 h day light
and 8 h dark periods supplying a 3000 lux illumination.
They were fed by Selenastrum capricornutum (300,000
cells/ml) and baker’s yeast (Schizosaccharomyces cereDaphnia magna:

visiae, 200,000 cells/ml). All solutions were prepared in
double-distilled water at pH 8. Room temperature was
kept at 20±1 oC and minimum 6 mg/l of dissolved oxygen
was supplied by air filtered through activated carbon. In
each treatment schedule 30 daphnids were scored for their
frequencies of immobilized daphnids. Results were evaluated on the basis of immobilization percentage obtained
by dividing the number of immobilized animals by total
animals. A negative control with standard water solution
was also conducted [16, 17].
Algal growth inhibition: Unicellular algae from S. capricornutum were used to evaluate the toxic effects of
residual alum and polymer [18]. Weekly transplantations
maintained algal cultures in exponential growth, and
blank controls were cultured in a salt solution dissolved in
ultrapure water. Algal cultures were kept in Erlenmeyer
flasks at 20°C ± 1°C under light conditions of 4,000 lux
using cold-light lamps. The toxicity tests were initiated
from a 2,000 cells/ml algal concentration, and the endpoint consisted of algal growth, which was measured after
72 h in a Bürker cell counting chamber.
Statistical evaluation: The standard deviations were
calcualted using Excel for Windows 2000. EC50 values of
both species were calculated using probit analysis [19] and
later, the toxicity unit (TU) of both species was also determined for each alum and polymer combination as below:
TU = 100/EC50
(1)

RESULTS AND DISCUSSION
Immolization percentages for alum and alum + polymer combinations obtained for D. magna are summarized
in Table 2. As seen from Table 2, the aluminum toxicity
increased by addition of polymer. EC50 values calculated
according to data shown in Table 2 are illustrated in Figure 1. The increase in toxicity of aluminum displayed linearity (R=0.9968) by increasing addition of polymer.
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TABLE 2
Immobilization (%) of D.magna vs. aluminium mixed with polymer(6 replicates).
0

Polymer concentration (mg/l)
1
1.5

0.5

0±0
8.75 ± 1.5
30 ± 1.5
53.75 ± 2.7
67.5 ± 3.4
83.75 ± 2.3
100 ± 0

0±0
6.25 ± 2.8
23.75 ± 1.9
30 ± 1.5
57.5 ± 3.1
86.25 ± 1.5
100 ± 0

0±0
7.5 ± 1.5
12.5 ± 1.5
30 ± 3.3
37.5 ± 2.7
72.5 ± 1.9
100 ± 0

Aluminum concentration (µg/l)

Aluminium
(µg/l)
520
540
560
580
600
610
620
640
650
660
680
700
720
730
740
750
760
770
780
785
790

2
0±0
7.5 ± 1.9
37.5 ± 1.9
41.25 ± 1.5
72.5 ± 1.5
91.25 ± 2.3
100 ± 0

0±0
5 ± 1.5
17.5 ± 2.4
23.75 ± 3.5
78.75 ± 3.3
88.75 ± 1.9
100 ± 0

800
750

y = -97,2x + 784,8
R2 = 0,9968

700
650
600
550
500
0

0,5

1

1,5

2

polymer concentration (mg/l)
FIGURE 1
EC50 values for D.magna vs. aluminium + polymer concentration.

TABLE 3
Growth inhibition (%) of S. capricornutum vs. aluminium mixed with polymer (12 replicates).
Aluminium
(µg/l)
62.5
125
250
500

0.5
13.2 ± 2.5
24.8 ± 4.2
45.8 ± 2.8
72.1 ± 2.1

Polymer concentration (mg/l)
1
1.5
15.2 ± 2.7
17.2 ± 2.4
30.6 ± 2.2
36.4 ± 3.3
49.8 ± 3.7
53.6 ± 3.1
74.7 ± 3.3
77.2 ± 1.7

The growth inhibition test results of S. capricornutum
are shown in Table 3. According to Table 3, aluminum
concentration inhibited the growth of S. capricornutum at
lower concentrations compared to D. magna.

2
26.1 ± 1.8
51.4 ± 3.7
68.6 ± 2.5
84.5 ± 2.3

The results indicated a dose-related aluminum and polymer toxicity in both species, however, increasing the
concentration of polymer did not affect TU in D. magna as
well as TU in S. capricornutum (Figure 2).
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800
700
600
500
400
300
200
100
0

0,5

1

1,5

2

2,5

Polymer concentration (mg/l)
Selenastrum capricornutum

[7]

Official Journal Of Italy (1999) 124, 29/5/99, suppl. ord. n. 101/L.

[8]

Meric, S. (2001) Trattamento Dei Reflui Urbani Con Sali di Alluminio: Considerazioni Ecotossicologische Con Daphnia Magna
e Ricci di Mare, Ministero degli Affari Esteri İtalia.

[9]
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Daphnia magna

FIGURE 2
Toxicity unit (TU) for D. magna and S. capricornutum vs. aluminum + polymer mixture.
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CONCLUSIONS
This paper emphasizes the importance of toxic effect
of aluminium alone and its mixture complex on D. magna
and S. capricornutum, which are commonly used for standard acute and chronic freshwater biotests. According to the
results obtained from both species, the mixture of aluminum with polymer indicated a dose-related toxicity. The
growth of S. capricornutum was severely affected by
increasing polymer concentration. Both species are
strongly recommended to monitor effluent toxicity of the
coagulation process with their detected sensibility in this
study.
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SUMMARY

INTRODUCTION

The present study reports the treatment performance
and selectivity of two photochemically active materials,
namely TiO2 (1 g/L, pH = 2.8) and the heteropolyacid
H4SiW12O40 (1.44 g/L or 0.5 mM in aqueous solution, pH =
2.8) for the oxidation of phenol, isopropyl alcohol and
formic acid selected as the recalcitrant index pollutants,
using UV-C (20 W) and UV-A (125 W) light sources in two
different photoreactors. In separate experiments, the effect
of the zeolites Y (1 g/L; Si/Al = 5.2/1 and 80/1) and Beta
(1 g/L; Si/Al = 75/1) as TiO2 and H4SiW12O40 catalyst supports has also been studied under the same reaction conditions. It could be demonstrated that H4SiW12O40 is more
selective than TiO2, especially for the charge transfer type
isopropanol oxidation. It was also found that the zeolitic
supports improved the photocatalytic activity of polyoxometalates (POM) with a pronounced effect for UV-C
(short – UV) irradiation. A significantly reduced photoactivity (12.5 % for UV-A and 9.5 % for UV-C) in comparison
with TiO2–mediated photocatalysis was observed for the
combination POM + TiO2, speculatively due to the conduction band electron “short–circuit” effect of POM, i.e. ecb- +
POM → POMred .

KEYWORDS: Catalyst supports, persistent organic pollutants,
photocatalytic activity, polyoxometalates, TiO2, UV-A and UV-C
irradiation, zeolites, TOC abatement efficiency.

Several structural, electronic and photochemical features of many semiconductor metal oxides parallel those of
families of early-transition-metal polyoxometalates (POMs).
Both classes of materials exhibit rich, reversible photoinduced redox chemistry and can catalyze the photochemical modification of a range of chemicals [1, 2]. Excitation of the ligand-to-metal charge transfer band of photocatalytically active POMs with UV (λmax = 260 nm) or even
near – UV light (λ < 400 nm) generates a strongly oxidizing
excited state (POM*), that for some POMs has been estimated to possess a reduction potential in excess of 2.5 V vs.
NHE. Similar to the most active semiconductor materials
known, i.e. TiO2 [3-5], POM* can affect the oxidation of
co-solutes directly via charge transfer, H-abstraction, or
indirectly through the intermediacy of OH and HO2 radicals. The corresponding reduced POM can undergo facile
re-oxidation to its original state with electron acceptors such
as dioxygen [5, 6]. More recently, the oxidizing ability of
these compounds have been demonstrated with various
refractory, organic pollutants, such as phenols, chloroacetic acid and organochlorine pesticides [7, 8]. However, the
catalytic activities of the POMs are greatly limited due to
their low specific surface areas, hardly exceeding 10 m2/g.
In addition, for ease of separation after the purification
process it is essential to fix or incorporate the POM on or
into a suitable catalyst support, for instance on/into a highsurface area zeolitic network.
Considering the above mentioned facts, the study described herein aimed at comparatively evaluating the efficiency of POM and TiO2 in oxidizing the model pollutants
phenol, isopropyl alcohol and formic acid in the presence
and absence of the zeolitic supports Y and Beta. Treatment
efficiencies were assessed in terms of TOC removal rates
and photonic efficiencies.
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TABLE 1
Some properties of the zeolitic support materials.

Adsorbent
(product name)

Supplier

SiO2/Al2O3
Ratio

Cation
Form

Ring Sizes
(# of T atoms)

Beta (CP 811E-75)
Zeolite Y (CBV 600)
Zeolite Y (CBV 780)

Zeolyst
Zeolyst
Zeolyst

75
5.2
80

H+
H+
H+

12
12
12

MATERIALS AND METHODS
Reagents and Supplies

H4SiW12O40 hydrate (MW = 2878.29 g/mol) was obtained from Fluka and used as received. Analytical grade
sulphuric acid, phenol, isopropanol and formic acid were
all purchased from Riedel. Degussa P-25 TiO2 was supplied
by Degussa AG. It has a BET surface area of ≈ 50 m2/g and
a 70 % anatase - 30 % rutile mixed crystal structure. Three
commercial, high silicalite containing zeolite samples were
used in the experiments. One was a Beta sample and two
were zeolite Y samples with different Si/Al ratios. Some
properties of the zeolites used are given in Table 1.
Photoreactors and Light Sources

For the experiments employing short UV irradiation, a
2000-ml capacity annular Plexiglas reactor equipped with a
21 W low pressure mercury arc lamp emitting UV- C light
at 253.7 nm was used throughout the experiments. Photochemical reactions were run for 60 min and 5 ml samples
were taken from the reactor at the time intervals t = 0, 30
and 60 min for TOC analysis. The light intensity of the UVC lamp was 3.65 W/L (= 1.73 ⋅ 10-4 Einstein L-1 s-1). The
reaction solution was vigorously mixed from the reactor
bottom by means of a magnetic stirrer to provide rapid reoxidation of the photocatalyst that is proposed to be the
rate–limiting step of the polyoxometalate–mediated redox
system.
For the experiments with long–UV irradiation, a 100 ml
capacity borosilicate glass beaker with the reaction solution
was directly irradiated with a 125 W black light fluorescent
lamp emitting UV-A light in the range 300 – 370 nm with a
broad maximum light emission at 365 nm. The light intensity of the UV-C lamp was determined as 1.81 ⋅ 10-5 Einstein/L/s by ferrioxalate actinometry. The reaction solution
was vigorously mixed from the reactor bottom by means of
a magnetic stirrer for the same afore-mentioned reason.
Experimental Procedure

The operating conditions were selected so that the conversion of reactant does not acquire high values in order to
highlight even small differences in treatment performance
among the low-activity photocatalytic systems. The photocatalytic testing included the degradation of aqueous phenol,
isopropanol and formic acid solutions (TOCo = 20 mg/L)
using two different UV reactors. First, the required amount

Largest Dimensions of the Pores
(Å)
6.7, 5.6
7.4
7.4

Surface Area
(m2/g)
680
660
780

of photocatalyst and/or zeolite was mixed in previously
aerated, pH 2.8–buffered distilled, deionized water for at
least 2 hours to reach adsorption equilibrium. Thereafter,
either 2000 ml (UV-C experiment) or 100 ml (UV-A experiment) reaction solution was irradiated for 1 h in the
respective photoreactor. Certain control experiments included UV irradiation and dark adsorption only.
Analytical Procedure

5 ml sample aliquots exposed to photocatalytic treatment were first filtered through 0.45 µm - cutoff syringe
filters (Millipore) to remove the particulate matter and,
thereafter, analyzed for UV absorbance and TOC. UV
spectra of the reaction solutions were recorded on a Shimadzu UV 1200 model double beam spectrophotometer,
whereas TOC values were determined with a Shimadzu
TC -5000 model organic carbon analyzer.
RESULTS AND DISCUSSION
Absorption spectra of reaction solutions

Figure 1 displays the UV absorption spectra of aqueous solutions of 1/10 diluted POM and pollutants in phosphate buffer at pH 2.80 and the concentrations selected
for the experiments. From the figure it is evident that the
absorption spectra of formic acid and isopropanol do not
interfere with that of POM. Moreover, the molar concentration and hence absorbing fraction of POM is so high that
one may expect that practically all UV irradiation reaching
the photoreactor is absorbed by the catalyst, even in the
case of phenol.
Comparison of photocatalytic TOC abatement efficiencies

Per cent TOC abatement efficiencies obtained for the
different photocatalytic treatment systems are given in
Table 2. From this table it is evident that TOC removal is
significantly higher for TiO2 - mediated photocatalytic
oxidation. Moreover, heterogeneous photocatalysis employing TiO2 is less selective than the other photocatalytic
treatment systems. It is important to note that UV-A irradiation frequently being used in TiO2/UV experiments gave
also better results for photochemical degradation of isopropanol with POM speaking for the already observed, specific reaction mechanism for the photo-excitation of primary
and secondary alcohols in the presence of heteropoly acids:
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Photo-excitation and pre-complexation of HPA and
IsOH [10]:
SiW12O404- + (CH3)2CHOH + hν → SiW12O404- + (CH3)2CHOH)*

(1)

Charge transfer reaction of the excited HPA + IsOH
complex:
(2)

(SiW12O404- + (CH3)2CHOH)* SiW12O405- + (CH3)2CHO● + H+

A

C

B

D

FIGURE 1
Electronic spectra obtained for 1/10 diluted polyoxometalate (A), index pollutant
phenol (B), isopropanol (C) and formicA
acid (D) solutions at pH 2.8 prior to photocatalytic treatment.

TABLE 2
Comparison of per cent overall TOC abatement rates obtained for different supported and unsupported photocatalyst
materials (Sample TOCo ≈ 20 mg/L for each experiment) employing different photoreactors and UV – light sources.

Index Pollutant
Phenol
Formic Acid
Isopropanol

TiO2
50
52
53

TOC removal after 60 min irradiation with UV-A or UV-C light (%)
UV-A light irradiation
UV-C light irradiation
POM +
POM +
POM +
POM +
POM +
POM
TiO2
POM
NaY80
NaY5.2
beta75
NaY80
NaY5.2
7.7
6.5
2.3
0
4.2
2.6
0
24
0
5.5
6.01
33
0.5
5.8
-
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TABLE 3
Photonic efficiencies, ζ, obtained for the photocatalytic treatment of the selected index pollutants.

Index Pollutant

TiO2

Phenol
Formic Acid
Isopropanol

0.013
0.013
0.014

ζ values calculated for 60 min irradiation of target pollutants with UV-A or UV-C light
(mole TOC removed/mole photons absorbed)
UV-A light irradiation
UV-C light irradiation
POM +
POM +
POM +
POM +
POM +
POM
TiO2
POM
NaY80
NaY5.2
beta75
NaY80
NaY5.2
0.002
0.0002
0.00006
0.000
0.001
0.0007
0.000
0.0006
0.00000
0.00014
0.00016
0.008
0.00001
0.00016
-

Calculation of photonic efficiencies ζ for different photocatalytic treatment systems

When considering the pilot- or full-scale implementation of photocatalytic treatment units, it is more appropriate to evaluate the photonic efficiencies rather than the TOC
removal rates that may vary with respect to the reactor
configuration. The values of ζ can be calculated using the
following empirical formula [3]:
TOC removed (mol)
ζ =

(3)
Photons absorbed (Einstein)

where the photons absorbed can be taken as the incident light flux (moles of photons entering the reaction
solution) provided that the concentration of catalyst and/
or reagent is high enough to completely absorb the photons entering the reaction solution. Considering Figure 1,
where it can be seen that even the 1/10 diluted POM catalyst strongly absorbs UV–light more efficiently than the
aqueous solutions of individual pollutants, the equation is
simplified to ζ = ΔTOC/Io. Table 3 summarizes ζ values
obtained for the processes given in Table 2. From Table 3
it can be inferred that the photonic efficiencies obtained for
the photocatalytic degradation of the index chemicals via
TiO2 and POM using UV-C light irradiation are too low for
large–scale applications. Noteworthy is the high selectivity
of POM for isopropanol.

POM +
beta75
0.00014
-

irradiation. The effect of the zeolitic supports Y and Beta
on photocatalytic treatment efficiency has also been questioned for the same pollutants under otherwise identical
reaction conditions. Results have demonstrated that TiO2mediated photocatalysis was much more efficient when
UV-A light was employed, whereas the heteropolyacid is
more photoactive under UV-C light irradiation. TOC removal obtained via TiO2-mediated photocatalysis was significantly higher and less selective than the other photocatalytic treatment combinations with the exception of isopropanol photocatalysis. Isopropanol was selectively degraded
with heteropolyacid–mediated photocatalysis at a rate that
was comparable with that obtained using TiO2-mediated
photocatalysis. Pre-complexation of the alcohol- heteroply
acid hydrate enabled the use of UV-A, instead of UV-C
light, for isopropanol degradation. The zeolitic support Y
slightly improved the oxidation rate of formic acid both
under UV-A and UV-C light.
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SUMMARY
Polycyclic aromatic hydrocarbon (PAH) vertical profiles were studied in two sediment cores collected from
Elefsis bay in Greece. Total PAH concentrations ranged
between 75 and 3492 ng/g in that from the west and between 42 and 2228 in that from the east. These values are
considered as high and indicate serious pollution problems
in the area. In the western core PAH vertical distribution
was relatively uniform for the first 10 cm (1970 - today)
with a maximum in the 7-8 cm layer corresponding to the
years 1974-1978. In the eastern core the high PAH values
remained almost constant down to 17 cm and the maximum
value was recorded in the 2-3 cm layer. In order to investigate the PAH sources and inputs various diagnostic criteria
based on specific isomeric PAH ratios were applied, indicating a mixed origin, both pyrolytic and petrogenic.

a maximum depth 35 m (average depth 18 m) and it communicates with the rest of Saronikos gulf by two sills (7 m
and 10 m depth at the western and eastern part, respectively). The significant amounts of industrial effluents and
municipal treatment discharges, as well as oil spillages and
atmospheric transport, contribute to the elevated organic
pollution observed in this area and accounts for the severe
ecological stresses in the bay and the occurrence of anoxic
conditions during summer with the appearance of a peculiar black mud which covers the sea bed [4, 5]. The aim of
this work is to study the polycyclic aromatic hydrocarbon
(PAH) vertical profiles in the sediments in order to investigate the history of their inputs and fluxes in accordance
with their local sources.
MATERIALS AND METHODS

KEYWORDS:
PAH; sediments; core; Elefsis bay; Saronikos.

INTRODUCTION
PAHs represent a well-documented class of environmentally hazardous organic contaminants due to their strong
tendency for adsorption to marine particles, their persistence
in the marine environment, their bioaccumulative capability
and their proven genotoxicity [1]. The recognition of these
facts prompted the US EPA to include 16 unsubstituted
PAHs within the priority pollutant list [2]. Anthropogenic
sources such as fossil fuel combustion, forest and grass
fires, industrial fumes and oil spills contribute significantly
to the appearance of PAHs in the environment apart from
the natural sources. Each individual source is characterized
by a specific molecular pattern, which accounts for the
recognition of the source of these compounds [3].
Elefsis bay is an almost enclosed embayment located
in Northern Saronikos Gulf in Greece. It covers 67 km2 with

Two sediment cores were collected in December 2001
from two locations in Elefsis bay (Figure 1) by means of a
box corer. The cores were sectioned at 1 cm intervals. For
PAH analysis, the sub samples were frieze dried and
Soxhlet extracted for 24 hrs with dichloromethane:methanol 2:1. Before the extraction each sample
was fortified with an internal standard solution consisting
of a mixture of deuterated PAHs. The extracts were saponified with a methanolic solution of KOH and the nonsaponified material was extracted with n-hexane. The
clean-up was performed on 2 g activated silica gel and two
fractions were collected. The first one was eluted with 10
mL of n-hexane and contained the aliphatic hydrocarbons
and the second with 10 mL of n-hexane:ethyl acetate 9:1
and contained the PAHs. The PAH eluant was concentrated
to 100 µL and analysed by gas chromatography-mass spectrometry on a Hewlett-Packard 6890 GC-MS equipped
with a 30 m (0.25 mm i.d., 0.25 µm film thickness) SPB-5
MS analytical column. Oven temperature programming
conditions were from 60 oC (1 min hold) to 290 oC at 15
o
C/min and 15 min hold time. The quantitation was based
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on the internal standards added before the extraction.
Recoveries of the internal standards exceeded 80%. Organic carbon measurements were performed according to
Wakley-Black method [6].

Industrial zone

Elefsis Bay

Attika

Salamis is.

St.3
St.
K

Athens
Peiraias

St.2

St.1
St.
I

outfall

Saronikos Gulf
Aegina is.

FIGURE 1
Location of sampling sites in Elefsis Bay.

RESULTS AND DISCUSSION
Analytical results of PAH concentrations of core sediments are presented in Table 1. The depth profiles of
total PAH distribution are presented in Figures 2 and 3.
The core I collected from the eastern part of the gulf was
characterized by a ~ 17 cm thick top layer with relatively
homogeneous and elevated PAH concentrations ranging
between 1626 and 2228 ng/g and indicative of serious
pollution problems. After this highly contaminated layer a
sharp decrease from 1397 ng/g at 18 cm down to concentration levels <100 ng/g at a depth of 30 cm was observed. It is also characteristic that the highest values
were measured at the 2-3 cm sediment layer whereas surface PAH concentrations were lower, suggesting decreased
recent inputs in the area. Organic carbon (Corg) vertical
profile also revealed a decreasing trend from the surface
layer to the bottom of the core but no sharp decline at 1719 cm was observed as in the case of PAHs. In the surface
layer Corg was found to be 1.50 %, the highest value was
measured at 3-4 cm (1.59 %), and at the bottom layer Corg
value was reduced to 0.64 %.

TABLE 1
Analytical results of PAH concentrations (ng/g dw) of core sediments.
depth Ayl
cm
0-1
2.9
1-2
3.8
2-3
2.0
3-4
3.2
4-5
1.7
5-6
3.2
6-7
7.9
7-8
12.1
8-9
13.9
9-10
9.2
10-12
6.3
12-14
2.1
16-18
5.1
18-20
1.7
30-32
0.7

Ace

F

Ph

An

Fl

Py

BaA

Ch

18.2
19.7
22.9
8.6
12.5
9.7
15.2
13.7
11.7
8.0
4.2
6.5
8.6
3.1
0.8

21.6
19.5
32.4
1.7
19.9
13.5
23.1
23.5
19.9
10.9
10.7
12.0
6.6
7.1
0.6

118.7
146.9
125.4
52.8
75.9
95.2
190.4
176.0
137.8
109.1
50.5
46.2
31.5
32.7
7.3

7.7
11.1
10.4
12.4
5.9
15.6
32.7
25.7
29.6
21.2
10.0
8.3
6.8
3.3
1.3

132.5
160.8
101.9
86.7
76.0
136.5
260.2
304.3
195.2
101.6
57.2
37.5
43.9
60.4
9.3

117.0
146.8
87.7
85.2
80.4
222.2
467.7
465.8
230.1
132.2
66.8
43.8
43.5
55.6
7.4

58.3
72.9
42.1
44.9
39.8
90.3
140.4
148.9
101.1
55.3
25.1
20.6
19.3
29.2
8.9

101.1
99.0
69.2
64.9
67.0
114.4
242.2
293.8
185.1
95.0
67.6
44.5
37.0
40.8
9.0

0-1
1-2
2-3
3-4
4-5
5-6
7-8
9-10
11-12
13-14
15-16
17-18
18-19
19-20
20-21
23-25
29-31
33-35

9.4
10.4
8.7
10.0
5.6
7.8
11.3
9.8
11.2
7.4
10.4
7.2
6.7
0.9
8.6
2.4
2.3
0.2

15.6 85.8 18.2 127.5 124.2
10.9 75.0 15.1 127.6 128.4
16.2 103.3 37.5 207.0 201.2
14.4 98.1 24.1 156.7 150.9
12.6 107.4 22.8 111.5 105.4
15.1 88.1 14.8 120.6 116.7
15.1 80.1 17.7 138.3 135.7
12.9 81.0 25.4 120.1 116.0
12.7 87.6 25.1 151.3 141.2
12.8 73.9 23.7 113.0 109.3
18.4 87.3 25.2 135.0 129.6
13.8 111.7 27.8 183.4 168.8
11.2 77.9 18.7 107.6 101.8
1.7 13.9 4.4 19.2 18.4
22.5 76.3 20.9 63.7 68.6
3.2 13.6 1.8
9.9
14.3
2.4 11.6 2.7 10.6 15.5
1.0
3.3
0.3
1.9
2.5

80.6
65.4
123.3
87.6
64.9
73.3
75.7
83.3
104.5
73.6
86.9
91.2
66.5
12.4
32.4
6.6
6.4
1.7

106.0
112.6
134.4
137.7
95.0
88.9
120.4
101.1
117.0
103.7
113.3
121.9
78.9
15.3
63.2
8.2
9.0
1.7

4.5
6.0
6.5
5.2
11.4
4.6
4.0
11.4
11.2
16.5
5.0
16.8
11.1
2.2
2.1
1.1
1.2
0.3

BF
BeP
CORE K
158.4 79.0
167.5 78.3
99.5 61.2
127.4 57.6
124.1 62.8
252.5 127.4
565.2 261.8
623.7 306.4
410.8 201.0
232.6 118.1
135.3 70.4
91.7 49.0
92.9 37.7
126.2 51.0
14.8
0.3
CORE I
266.2 118.3
297.8 136.3
374.5 168.6
367.3 163.7
286.6 126.8
291.7 122.7
299.1 132.8
272.9 123.9
311.7 144.1
279.5 123.9
313.8 133.5
325.6 143.6
218.9 96.9
48.9 20.7
154.3 75.2
24.6 12.9
22.0 11.0
5.3
2.8
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BaP

Per

IP

DhA

Bghi

74.3
79.1
53.3
54.7
55.8
106.6
214.6
210.0
140.7
78.9
45.6
31.9
37.7
49.4
3.5

20.8
19.9
11.8
16.8
15.4
34.0
66.4
62.5
39.8
22.4
13.7
12.0
13.9
13
2.4

79.0
75.9
50.3
55.4
62.5
123.4
464.5
277.3
373.7
263.2
137.7
51.9
49.0
66.5
0.2

6.9
9.9
1.2
0.7
1.1
32.3
54.2
77.7
44.5
28.8
12.1
6.0
0.6
3.9
0.2

136.7
145.1
203.1
181.7
114.9
130.9
137.0
131.6
158.1
115.9
151.8
138.5
96.8
19.4
71.5
8.0
8.4
1.6

34.3
42.7
56.2
49.2
33.0
35.7
41.5
33.4
44.7
35.9
42.7
39.4
26.9
6.5
22.2
2.5
3.1
0.6

144.5
154.6
178.6
177.3
302.1
146.5
153.4
153.6
166.0
170.3
163.7
173.7
146.2
51.8
74.1
22.3
9.1
6.1

45.8
43.9
52.6
41.9
40.8
38.7
42.7
51.2
59.3
45.3
48.3
44.1
31.9
5.4
5.5
1.4
1.2
0.7

MPh

diMPh

Ret

97.0 85.6
100.4 80.3
58.1 51.9
67.3 40.5
77.7 37.2
143.2 67.8
274.2 110.8
307.4 53.0
217.5 96.0
152.2 61.6
82.8 47.2
65.4 31.7
57.4 29.2
75.7 23.3
0.4
2.8

76.8
66.6
36.7
37.6
28.9
57.3
88.9
44.6
74.8
40.4
40.6
26.7
22.4
21.8
4.4

1.2
0.4
0.9
4.2
0.9
7.8
11.4
15.6
6.6
4.0
7.5
3.4
2.1
2.2
1.1

171.9
183.1
226.4
225.4
183.8
176.8
177.2
175.4
194.1
201.6
194.1
211.4
170.3
32.5
87.1
14.8
12.9
4.1

56.8
59.5
53.1
64.0
69.9
47.4
54.9
56.2
57.4
63.5
66.2
69.8
43.2
12.9
54.6
13.8
6.8
3.6

7.0
4.2
4.1
4.4
5.1
3.7
5.6
3.2
4.0
5.8
4.9
5.6
5.6
1.2
3.7
1.2
1.4
0.4

72.4
69.8
73.1
78.6
92.6
67.9
68.5
74.0
80.7
79.1
69.8
82.2
69.1
13.5
54.2
15.0
9.0
4.1
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Ayl: Acenaphthylene, Ace: Acenaphthene, F: Fluorene, Ph: Phenanthrene, An: Anthracene, Fl: Fluoranthene, Py: Pyrene, BaA: Benzo(a)anthracene,
Ch: Chrysene, BF: Benzofluoranthenes, BeP: Benzo(e)pyrene, BaP: Pyrene, Per: Perylene, IP: Indeno(1,2,3-cd)pyrene, DhA: Dibenzo(a,h)anthracene, Bghi: Benzo(g,h,i)anthracene, MPh: methylo- phenanthrenes, diMPh: dimethylophenanthrenes, Ret: Retene.
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Various vertical profiles in core I: (a) Organic carbon and total PAHs, (b) Pyrolytic and petrogenic PAHs,
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FIGURE 3
Various vertical profiles in core K: (a) Organic carbon and total PAHs, (b) Pyrolytic and petrogenic PAHs,
(c) ⎯ n ⎯ An/(An+Ph), ⎯ ¡ ⎯ BaA/(BaA+Ch), ⎯ u ⎯ Fl/(Fl+Py), ⎯ Þ ⎯ MPh/Ph.

In core K, collected from the western part of the gulf,
Corg values were elevated in comparison with core I and
varied between 1.41 % at the bottom of the core and 4.60 %
at 10-11 cm. This is in accordance with the previous studies in the area [4] and it is attributed to the hydrological
characteristics of the bay, which seems to favour the trapping and accumulation of organic rich particulates to the
deepest point of the area located at the western part. Despite the high Corg values in core K, total PAH concentrations were generally similar to those in core I, indicating
lower PAH inputs in the western part, in agreement with
the fact that the main known pollution sources in Elefsis
gulf, are located at the north – east coasts. The PAH vertical distribution in core K was different from that in core I.
As it is shown in Figure 3, a very pronounced PAH maximum was found at 7-9 cm with total PAH values exceeding
3000 ng/g. At the sediment surface the total PAH concentration was 1257 ng/g, lower than that found in core I.
Then, the PAH values were decreased down to 640 ng/g
at 2-5 cm, and after the extremely polluted layer they were
again reduced to 890 ng/g at 10-11 cm, to continue the
decreasing trend down to 75 ng/g at 30 cm. It is interesting
to note that PAH concentrations found at the bottom of the
core cannot be considered as background values, as they
are higher than those measured in surface sediments collected from various remote marine areas such as open Aegean Sea [7, 8]. In core K and to a lesser extent in core I
PAH concentrations did not correlate well with Corg values,
suggesting different origin and/or dispersion mechanisms
between PAH and the other organic compounds.
For core K, the sedimentation rate was calculated using 210Pb measurements and found to be approximately
0.29 cm/year. According to this, the core provides information as far in time as about 1900. The sharp rise in total
PAH contamination recorded at 7-9 cm corresponds to years
between 1974 and 1981 and suggests probable pollution
events resulting in increased contaminant inputs during this
period.
The study of the compositional patterns of PAH mixtures can provide useful information regarding their sources
and transport pathways [9]. Three types of PAHs are commonly found in marine sediments: pyrolytic PAHs derived
during the combustion of all the organic materials, petrogenic PAHs which are contained in petroleum and its products, and biogenic PAHs coming from natural terrestrial or
marine sources. Pyrolytic PAH mixtures are characterized
by predominance of parent compounds with four or more
aromatic rings, whereas in petrogenic PAHs the 2-3 aromatic ring compounds are the most abundant components
and the methylated substitutes dominate over the parent
compounds. The main biogenic PAHs are retene, originated from terrestrial conifer trees, and perylene, that is diagenetically formed from terrestrial precursors, but it is also

produced during pyrolytic processes. In the samples analysed in the present study benzofluoranthenes, benzo(e)pyrene, fluoranthene and pyrene, compounds known to be
of pyrolytic origin, were always predominant. Benzo(a)pyrene, which has strong carcinogenic properties, was detected in all samples, even at the deepest ones and exhibited
similar behavior in the core profiles as that of total PAHs.
Its concentrations were always above 100 ng/g in the first
18 cm of core I, whereas in core K values below 80 ng/g
were recorded in the whole core except the highly contaminated section of the core 7-10 cm where values higher than
200 ng/g were measured. In Figures 2 and 3 the vertical
profiles of pyrolytic (compounds with MW 202, 228, 252,
276/278) and petrogenic (phenanthrene and its methylated
derivatives) PAHs are plotted. In all cases pyrolytic PAHs
were the main components of PAH mixtures and accounted
for 69-84 % of the total PAH. The predominance of pyrolytic PAHs is expected in marine sediments, as these compounds are more lipophilic and present greater resistance
towards biological and/or physicochemical degradation than
the petrogenic ones. In the sediment cores of Elefsis bay the
higher percentages of pyrolytic PAH were recorded in the
more contaminated sections of the cores indicating that land
derived PAH formed during various combustion processes,
probably in the industrial zone, were the main inputs in the
area. Retene was detected in all samples in low concentrations indicating unimportant terrestrial inputs, whereas
perylene showed strong correlation with pyrolytic PAHs
suggesting combustion and not biogenic origin.
In order to more accurately distinguish between combustion and petroleum sources various diagnostic criteria
based on specific isomeric PAH ratios can be used [10].
For molecular mass 178, values of the ratio anthracene to
anthracene plus phenanthrene (An/(An+Ph)) < 0.1 are usually taken as an indication of petroleum, while a ratio > 0.1
indicates a dominance of combustion. For mass 202 a
fluoranthene to fluoranthene plus pyrene ratio (Fl/(Fl+Py)
is used. For most petroleum samples this ratio is below 0.4,
ratios between 0.4 and 0.5 are characteristic of liquid fossil
combustion, whereas ratios > 0.5 are characteristic of grass,
wood or coal production. The ratio of benzo(a)anthracene
to benzo(a)anthracene plus chrysene (MW: 228), (BaA/
(BaA+Ch) can be also used. Values of this ratio <0.20 imply petroleum and >0.35 imply combustion. For Elefsis bay
sediments the vertical profiles for these specific ratios are
presented in Figures 2 and 3. The ratio An/(An+Ph) was
above 0.1 in all samples suggesting clear pyrolytic predominance. Fl(Fl+Py) ratio values ranged from 0.41 to 0.52 in
core I and from 0.36 to 0.54 also indicating combustion
sources. It is noteworthy that this ratio shows a negative
correlation with total PAH concentrations, especially in
core K. Its lowest values, clearly below 0.5, were recorded
in the sediment layers from 6 to 10 cm, where the highest
PAH contamination was found, and this could imply that
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petroleum related pollution largely contributed to the increased inputs entering the area during 1974-1981 as it was
mentioned before. BaA/(BaA+Ch) ratio varied between
0.34 and 0.49 in core I and between 0.27 and 0.50 in core
K, supporting the probable petroleum influence in core K.
In Figures 2 and 3, the ratios of methylo- phenanthrenes to
the parent phenanthrene against the sediment depth are also
plotted. As it can be seen the values of this ratio were always below 1, evidencing dominant pyrolytic sources [11].
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SUMMARY
The environmental behaviour and fate of chemicals is
strongly influenced by the inherent properties of the compounds, especially the basic physico-chemical ones, such as
solubility in water, vapour pressure, melting point, boiling
point, flash point and density. Knowledge of a chemical’s
physico-chemical properties is fundamental to risk assessment studies, and is a specific requirement of the EUDirective “White Paper on a strategy for a future Community Policy for Chemicals” for existing chemicals, particularly for High Production Volume (HPV) compounds. In
this paper a data set of 153 esters has been studied for the
prediction of the basic physico-chemical properties. The
Multiple Linear Regression approach is based on a variety
of theoretical molecular descriptors, selected by the Genetic
Algorithms-Variable Subset Selection (GA-VSS) procedure. The best QSAR linear models were validated internally (Q2LMO50%=78-93%) and also externally on split test
sets (Q2EXT=88-94%). Prediction reliability was checked by
the leverage approach to define a model’s chemical domain. The predictions of the class-specific QSAR models
proposed here are compared with US-EPIWIN predictions,
and always showed better performance.

KEYWORDS: QSAR, esters, theoretical molecular descriptors,
physico-chemical properties.

INTRODUCTION
More than 100,000 chemicals are currently on the
market in Europe, and included in EINECS, with new
entries each year [1]. Many of them could be harmful for
human health and the natural environment [2]. Since data
for the majority of these compounds are only partly avail-

able, even for the most common basic physico-chemical
properties, their environmental fate and behaviour or their
potential effects on human health are unknown.
This general lack of knowledge of the properties of existing substances has brought the European Commission to
adopt a “White Paper on a strategy for a future Community
Policy for Chemicals” [3]. This Directive requires, by the
end of 2005, physico-chemical and toxicity data for at least
High Production Volume (HPV) compounds, which are
substances with a production volume of 1,000 tonnes/year.
Among the HPV compounds, the esters form one of the
largest classes. Esters, for instance phthalates, are important
as they are used constantly in very high amounts, must be
regarded as being omnipresent throughout the environment,
and in recent years some have been reported to cause weak
carcinogenic and estrogenic effects [4].
Experimental testing is both costly and time-consuming,
thus the systematic determination of missing data using
laboratory experiments would place an enormous economic
burden on industry and regulatory authorities. Alternative
quantitative methods like QSARs need development; such
methods will rapidly predict organic pollutant properties,
or, at least, highlight those chemicals of highest concern
on which the experimental efforts should be concentrated
[5, 6].
The goals of this work were: a) the development of
class-specific QSPR (Quantitative Structure-Property Relationships) models for the prediction of basic physicochemical properties for a heterogeneous data set of esters,
useful for registration; b) the validation, also external, of
the proposed models; and c) the comparison of the predictions with a global package like US-EPIWIN.
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MATERIALS AND METHODS
Experimental Data. The experimental data (available on
request from the corresponding authors) of the studied physico-chemical properties (see in Table 1) were collected

from two of the most commonly used sources [7, 8]. The
data were measured at 20-25 °C and at 1 atm. Solubility and
vapour pressure data are expressed in the logarithmic scale.

TABLE 1
Data set composition, models and their performance parameters.

End-Point
Boiling
Vapour P.
Solubility
Density

N. Obj.
training (test)
63 (38)
57 (30)
66 (34)
64 (33)

Melting

71 (43)

Flash

35 (13)

R2

Equations
BP=614.–1385.2VED2–369.5MATS1e
LogVP=12.6 –2.9IVDM –9.9 Dv
LogS= -23.4 –20Mv +37.3Me –0.1ATS1v
D=0.07 +0.1AMW +0.05IVDM
MP=102.21+42.16nN –243.88SIC3162.65GATS1v+389.04GATS1e
FP=-1011.79+99.21VEp1+842.05 MAST1m
2

Q2LOO Q2LMO 50% Q2EXT RMS RMS EPIWIN

92.9
95.2
91.6
89.2

92.2
94.6
90.3
88.3

91.9
94.6
89.7
87.9

93.9
90.5
88.2
90.6

21.3
0.7
0.7

22.9
0.8
1.2

81.4

79.2

77.9

80.0

25.3

62.1

92.6

91.2

90.6

92.2

2

N. Obj. = number of chemicals in training (test) respectively, R = coefficient of determination, Q = Cross-validated explained variance by leave-oneout (LOO,) leave-many-out (LMO 50%), on external test set (EXT), RMS = Residual Mean Square

Molecular descriptors for QSAR
modeling were computed using the package DRAGON of
Todeschini and Consonni [9]. The input files for descriptor calculation, containing information on atomic
spatial coordinates relative to the minimum energy conformation, were obtained by the molecular mechanics
method of Allinger (MM+) using the package HYPERCHEM [10]. A set of 1150 molecular descriptors was
used: a) constitutional (1D-descriptors, i.e. counting of
atoms and fragments and sum of atomic properties); b)
topological and geometrical (2D-descriptors from molecular graph); and c) 3D - WHIMs [11, 12], GETAWAY
[13, 14] and other geometrical descriptors.The meaning of
these molecular descriptors and the calculation procedure
is explained in detail, with related literature references, in
the Handbook of Molecular Descriptors by Todeschini
and Consonni [15]. The constant values and the descriptors correlated pair-wise were excluded in a prereduction step (one of any two descriptors with a K correlation greater than 0.98 was removed to reduce redundant
information), thus, 422 molecular descriptors underwent
subsequent variable selection.
Molecular Descriptors.

Chemometric Methods. Multiple linear regression
analysis and variable selection were performed by the
package MOBY DIGS of Todeschini et al. [16], using
Ordinary Least Squares regression (OLS) and GA-VSS
(Genetic Algorithm - Variable Subset Selection) [17]. This
approach was applied to the whole set of independent
variables in order to select the most relevant descriptors
giving models with the highest predictive power. All the
models were internally validated by the leave-one-out procedure (Q2), applying the QUIK rule [18], and the leavemany-out (Q2LMO) Standard Deviation Error in Prediction
(SDEP), Standard Deviation Error in Calculation (SDEC)
and RMS (residual mean squares) for model comparison
are also reported in Table 1, together with the coefficient of

determination (R2). External validations were performed on
a validation set derived from the splitting of the original
data set by the Experimental Design procedure, applying
the software DOLPHIN of Todeschini and Mauri [19].
The predictive capability is calculated from Q2EXT [20].
The Williams plots, obtained by SCAN package [21], verified the presence of outliers (i.e. compounds with crossvalidated standardised residuals greater than three standard
deviation units) and chemicals that were very influential in
determining model parameters (i.e. compounds with high
leverage value (h), greater than 3p’/n [22] where p’ is the
number of model variables plus one, and n the number of
the objects used to calculated the model).

RESULTS AND DISCUSSION
The QSPR (Quantitative Structure-Property Relationships) approach was applied on the experimental data of
the selected basic physico-chemical properties for the data
set of esters, that is widely used in industrial applications.
The data set is sufficiently wide (153 chemicals) and
representative of structural heterogeneity (including acetates, benzoates, phthalates and more complex esters like
some pesticides).
The data are experimentally available in different
amounts, depending on the property (see Tab. 1, the sum
of training and test objects).
The structural representation of compounds is based
on a lot of different molecular descriptors, calculated
using the software DRAGON, in order to catch all the
possible information; thus an effective variable selection
strategy is necessary. Genetic Algorithm was applied to
the whole set of descriptors to set out the most relevant
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variables in modelling the various experimental data by
Ordinary Least Square regression.
All the models, always evaluated by optimising their
predictive capabilities, were verified for stability and
predictivity by internal validation (leave-one-out [23-24]
and leave-many-out) and the permutation of response (Yscrambling). The robustness of the proposed models and
their predictivity is guaranteed by the stability of the
Q2LMO, a procedure strongly recommended for QSAR
modelling [25], even when 50% of the training compounds are randomly left out.
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Boiling point
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Predicted Boiling

315
n-butyl carbonate
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215

benzyl benzoate

165
115
ethyl bromoacetate

65
15

training (63 obj.)
test (38 obj.)

15

65

115

165

215

265

315

365

Experimental Boiling

FIGURE 1 - Boiling Point Regression Line.

For a stronger evaluation of model applicability to
predict new chemicals, external validation (verified by
Q2EXT) is also recommended and, therefore, was performed. The splitting at 75% of the original dataset was
obtained by applying the D-optimal experimental Design
procedure [26] using the software DOLPHIN. Experimental design provides a strategy for selecting the most
informative molecular structures in a data set, guaranteeing well-balanced structural diversity in the chemical
composition of the training and validation sets; such
structures are also representative of the entire range of
response.
The performances of the best models obtained by Genetic Algorithm Variable Subset Selection for the prediction of all the studied physico-chemical properties (solubility in water, vapour pressure, melting point, boiling
point, flash point and density) are summarized in Table 1.
All the proposed models have high fitting power
(high values of R2%), are stable and robust (high values
of internal validation parameters : Q2 and Q2 LMO, even
with a strong perturbation of 50%) and, most importantly,
are really predictive being externally checked on split test
sets of chemicals, on which the models were not developed. The high value of the parameter Q2 EXT, similar to
the internal validation parameters, guarantees that the
proposed models can be used for the production of predicted data for new chemicals, at least chemicals belonging to the chemical domain of the model itself. The leverage appoach allows verification also for new chemicals.
The molecular descriptors selected in the different models
are of different kinds: constitutional (AMW, Mv, Me, nN),
autocorrelation (MATS1e, MATS1m, ATS1v, GATS1v,

GATS1e), information index (IVDM, SIC3), eigen-value
based index (VEp1, VED2), and a global atomic distribution index, the WHIM Dv.
From these models (as an example, the regression line
of boiling point model is reported in Fig. 1) it is possible to
predict the missing values for esters in our 153 chemicals`
data set and also for new esters.
Comparison with EPIWIN models. The predictions of
the proposed QSPR models, ad hoc developed on a limited data set of 153 esters and externally validated, were
compared with available US-EPIWIN predictions. All the
studied physico-chemical properties can be compared,
except for density and flash point that are not modelled by
the EPIWIN package. Table 1 shows the RMS (Residual
Means Squares) values. Our linear models are clearly
more predictive than the EPIWIN models [27] whose
training set chemicals, equations and external predictivity
are not reported. EPIWIN’s boiling point and vapour
pressure models show similar performance to ours, suggesting the reliability of the general EPIWIN models,
freely available from the web. On the contrary, on comparing the residuals for solubility and, mainly, melting
point models, the EPIWIN models show poorer predictivity performance than the “ad hoc” models. It should be
noted that the model for melting point prediction has the
worst prediction power also in our case, highlighting the
well-known difficulty in modelling this end-point. However, the high value of RMS for the EPIWIN model could
be interpreted as a difficulty for this general model to
include, in the chemical domain, some of the studied
esters (note that the training set is not available and the
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chemical domain not defined exactly); in this case local

models, like those developed here “ad hoc” appear the
best solution. The local models, with a clear definition of
chemical domain, will produce only interpolated, but not
extrapolated, predictions.
These results appear particularly satisfactory for the
quality of our “ad hoc” models, especially considering
that the EPIWIN models were obtained on considerably
bigger training sets than ours, and, thus, with much more
available information.
CONCLUSIONS
Knowledge of the physico-chemical properties of a
substance is critical to human and environmental riskassessment. This paper proposes new QSPR models developed “ad hoc” for the prediction of basic physicochemical properties, such as solubility in water, vapour
pressure, melting point, boiling point, flash point and
density of esters. These models are MLR models, based
on theoretical molecular descriptors, and were validated
both internally and externally. The “external” validation
set was obtained by splitting the original data set by Doptimal Experimental Design. The predictive performance
of the models is very satisfactory, and on this data set of
esters it was higher than that of the generally applied USEPIWIN package.
This comparison highlights which general models,
even without external validation or chemical domain
definition, can be applied reliably, and shows that in some
cases the development of local “ad hoc” models is the
safer way.
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SUMMARY
The concentrations of 27 polycyclic aromatic hydrocarbons (PAHs), including six carcinogenic PAHs, were
measured in leaves of Quercus ilex L. and surrounding
soils in order to evaluate their suitability as biomonitors
of PAH air contamination. Healthy and mature leaves and
surface soils (0-5 cm) were collected at five urban sites
and one control site in May and September 2001 and
January and May 2002. The PAHs were extracted by
sonication and quantified by GC-MS. Both leaves and
soils showed PAH accumulations at the urban sites and
spatial trends of PAH concentrations among the sites,
although no correspondence was highlighted between the
spatial trends among leaves and soil PAH concentrations.
The temporal variations in PAH concentrations were wide
for the leaves with the highest values in January, whilst
for the soils they were narrow. The 3-ring PAHs were the
most abundant in the leaves whilst the 6+7-ring PAHs
were the most abundant in the soils. The proportions of
the carcinogenic PAHs to the total were on average about
15% and 25% in the leaves and soils, respectively.

KEYWORDS:
PAH pollution, surface soil, carcinogenic PAHs, spatial and temporal trends, urban and control sites, Quercus ilex L.

areas [4-7], because the emission sources are both natural
and anthropogenic [8]. The former include volcanic emissions and fires, the latter include industrial activities,
incineration waste and vehicular traffic. Besides, PAHs
can be transported far from the emission sources reaching
places where emissions are scarce [9]. Air PAHs accumulate on soils and canopies by wet and dry depositions. The
accumulation of PAHs on canopies depends on leaf morphology. Leaves with hairs and thick layers of lipids and
waxes favour the absorption of PAHs on leaf surfaces
[10-13]. Soils without canopy cover reflect the air PAH
depositions, whereas soils below can-opies also reflect the
effect of the stem-flow and the washing of the leaves due
to rain [14]. A fundamental role on PAH soil concentrations is also played by the presence of litter or grass [15]
and microbial decomposition [16].
This work aimed to compare PAH concentrations in
holm oak leaves and surrounding soils in the urban area of
Naples (southern Italy) in order to evaluate their capacity
to accumulate PAHs. Detection of pollutant accumulation
in natural matrices, due to air deposition, allows us to
define PAH contamination gradients. Therefore, soils and
leaves could be useful low-cost monitors of air quality to
extend the number of measuring points, thus providing a
support for instrumental monitoring.

MATERIALS AND METHODS

INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants. In the atmosphere the more volatile 2- and 3-ring compounds exist in vapour phase, the
less volatile 5- and 6-ring ones bound to the particles, and
the intermediate volatile 4-ring compounds both in vapour
and particle-bound forms. The partitioning in vapour or
particle phase depends on the air temperature and the chemical-physical characteristics of each PAH [1-3]. PAHs are
widespread in the air of natural, rural, urban and industrial

The study area covered five urban sites (VA, PT, TG,
VM and VC) located in the city centre of Naples. A natural holm oak wood in the Vesuvius National Park (VS),
far from urban centres, was used as control site. Naples is
a very densely populated city, characterised by a high
traffic load. At all the urban sites the samplings were
carried out in public gardens and large flower beds. The
soils at VA and PT are compact and have little grass cover and scant litter; by contrast, at TG and VM they are
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soft and show extensive grass cover; at VC the soils are
mostly covered by lawns. Sites VA and PT are affected
by a very high traffic load; VM is also affected by intense
traffic load despite being situated in public woodland. Site
TG is along the motorway and VC is close to the seaside
in a very open windswept area.
Mature and healthy leaves of Quercus ilex L. were collected in May and September 2001 and January and May
2002 from at least ten specimens. Simultaneously, after
removing the litter, surface soils (0-5 cm) under the canopy
of the same specimens were sampled. All leaf samples
were stored at –20 °C in polyethylene bags until analysis,
while all soil samples were sieved (mesh size 2 mm) and
air-dried. All analyses were carried out on 3 sub-samples.
The extraction procedure was carried out on defrosted
leaf and air-dried soil samples. All samples (ca. 5 g wet
weight and ca. 30 g dry weight, respectively) were mixed
with equal quantities of anhydrous sodium sulphate (i.e.
ca. 5 g and 30 g for leaves and soils, respectively). A mix
of deuterated PAHs (naphthalene D8, acenaphthene D10,
phenanthrene D10, chrysene D10 and perylene D12) were
added before extraction for quantification. The samples
were extracted in a mixture of dichloromethane:acetone
(1:1, v:v) by 3 consecutive sonications (Misonix, XL2020).
After the first sonication (3 min) in 100 ml of the mixture,
the samples were recovered by vacuum filtration and the
extracts stored in a flask. The recovered samples were
sonicated (3 min) again, adding 100 ml of mixture, and
consecutively a third sonication (3 min) was carried out
adding another 100 ml of the mixture. After the third sonication, the samples were vacuum-filtered and the extracts
added to that of the first sonication. The combined extracts
were rotary-evaporated to ca. 5 ml, filtered (0.2 µm), and
gently dried under a nitrogen stream. Subsequently, they
were diluted with 4 ml of dichloromethane to be analysed.
The analyses were carried out by GC-MS (Hewlett
Packard 5890 GC with on-column manual injection, coupled to Hewlett Packard 5971 mass-selective detector,
and equipped with an HP-5MS capillary column, 30 m x
0.25 mm i.d. x 0.25 µm film thickness and a phase ratio
of 250). Oven temperature program was held at 33 °C for
1 min, then ramped at 20 °C/min to 280 °C and held for
15 min. The on-column inlet temperature was set in the
oven track, with an injector temperature 3 °C higher than the
oven temperature at all times. The SIM (selected ion monitoring) modality of acquisition was used. The carrier gas was
helium at a constant flow rate of 1 ml/min during the analysis. The calibration curve for each PAH was carried out.

Twenty-seven PAHs were quantified (naphthalene,
acenaphtylene, acenaphthene, fluorene, phenanthrene,
anthracene, fluoranthene, pyrene, 2,3-benzofluorene,
benzo(c)phenanthrene, benzo(g,h,i)fluoranthene, benzo(b)
naphtha(1,2-d)thiophene, cyclopenta(c,d)pyrene, benzo(a)
anthracene*, chrysene + triphenylene, benzo(b*+k*+j)
fluoranthene, benzo(e)pyrene, benzo(a)pyrene*, 1,3,5-triphenyilbenzene, perylene, indeno(1,2,3-c,d)pyrene*,
benzo(b)chrysene + picene, dibenzo(a,c)anthracene, dibenzo(a,h)anthracene*, benzo(g,h,i)perylene, anthanthrene,
and coronene). The sum of the 27 compounds listed above
constitutes ΣPAHs; the asterisks indicate carcinogenic
PAHs [17]. The deuterated PAHs were also quantified
and percentage recovery was included in the calculations
to quantify all the investigated PAHs.
Moreover, the soil organic matter contents were also
detected in order to evaluate the relationships between
PAH soil accumulation and organic matter. It was measured via loss on ignition at 550 °C for 2 hours.
The data were processed by statistical tests; the normality of the distribution of the data sets was assessed by
the Kolmogorov-Smirnov test. The significance of the
differences were performed by ANOVA test followed by
post hoc test (Student-Newman-Keuls test), and the correlations by Pearson’s test. The coefficients of variation
(percentages of the ratios between standard deviation and
mean values) were calculated in order to evaluate the
variations in the PAH concentrations among the urban
sites both for the leaves and soils.

RESULTS
ΣPAHs leaf and soil concentrations at each urban site
were higher than at the control site for all the samplings
(Fig. 1), and among the urban sites spatial trends were observed both for leaf and soil ΣPAH concentrations (Fig. 1).
Over the whole investigated period, at the urban sites, leaf
ΣPAH concentrations were 2- to 9-fold and soil ΣPAH
concentrations 2- to 27-fold higher than that at the control
site (Fig. 1). Among the samplings, the leaves at all the
sites showed differences in ΣPAHs with significantly
higher concentrations (at least P<0.05) in January (Fig. 1).
By contrast, the soils showed no differences. Only at VA
they were particularly high in May 2001 and 2002. Soil
ΣPAH concentrations were correlated (P<0.01) negatively
to soil organic matter contents (Fig. 1, Table 1).

TABLE 1
Mean values (± standard error) of soil organic matter contents
(% d.w.) at the control and urban sites for all the samplings.
Soil organic matter contents
Mean values
Standard error

VS
28.77
1.05

VC
9.18
0.79
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VM
26.19
1.22

VA
8.06
0.28

PT
7.63
0.72

TG
16.15
0.64
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FIGURE 1
Mean concentrations (± standard error) of ΣPAHs in Q. ilex leaves and surface soils at
the control and urban sites in May 2001, September 2001, January 2002, and May 2002.

Among the urban sites, variations in ΣPAHs were observed both for leaves and soils at each sampling time. The
coefficients of spatial variation in ΣPAH concentrations for
the leaves were narrower than for the soils (Fig. 2). Indeed,
for the leaves the calculated coefficients ranged from
6000

leaves
31.8

leaves

4000

The leaf/soil ratios of ΣPAHs were always higher
than 1 at the control site (Fig. 3), whilst they ranged from
0.2 to 4.9 at the urban sites depending on sites and sampling time (Fig. 3).
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FIGURE 2
Coefficients of variation (numbers) of ΣPAH concentrations
(circles) in the leaves and soils between the urban sites in May
2001, September 2001, January 2002, and May 2002.
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about 15% to 32% (Fig. 2) and for the soils from about
62% to 100% (Fig. 2). For the leaves, the highest coefficient of spatial variation in ΣPAH concentrations was
calculated in January, when the lowest coefficient of
variation was calculated for the soils (Fig. 2).

FIGURE 3
Leaf/soil ratios of ΣPAH concentrations at the control
(squares) and urban sites (circles) in May 2001, September 2001, January 2002, and May 2002.
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The median concentrations of 2-, 3-, 4-, 5-, 6+7-ring
PAHs showed that the main contribution to the total PAH
value of the leaves was given by the 3-ring PAHs and for
the soils by the 6+7-ring PAHs. Besides, at each site, the
less abundant leaves` PAHs were those with 5-, 6+7-rings,
whilst for the soils those with 2-rings (Fig. 4). Figure 4
reports the data concerning the sampling of May 2001,
which is representative for all the other samplings.
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The carcinogenic PAH concentrations at each urban
site, both for the leaves and soils, were on average higher
than at the control site (Fig. 5). At the urban sites, the
carcinogenic PAHs represented about 15% of the ΣPAH
values in leaves and about 28% in the soils (Fig. 5), and at
the control site the values were slightly lower. The carcinogenic PAH and ΣPAH concentrations were correlated
(P<0.001) for the soils and leaves.
DISCUSSION AND CONCLUSION
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The higher ΣPAH concentrations in Q. ilex leaves and
surface soils at the urban sites compared to that at the
control site indicate PAH accumulation both in the leaves
and soils at all the sites of the urban area of Naples, as a
consequence of the considerable air contamination [18].
Although soil is exposed to air PAH deposition for a
longer time than Q. ilex leaves, the latter often show higher PAH accumulation. It is worth-noting that also at the
control site PAH leaf concentrations were higher than
PAH soil concentrations. Q. ilex leaves retained PAHs
because of their thick layer of lipids and waxes [13], absorbing lipophilic compounds such as PAHs. The hairs of
the leaves also play a role in capturing air particulates rich
in PAHs [13, 15]. PAH accumulation in the soils, however, depends on the soil`s chemical-physical characteristics that may influence PAH retention and on microbial
activities that control PAH decomposition [16].
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T
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G
FIGURE 4
Median values of 2-, 3-, 4-, 5-, 6+7-ring PAHs at the control and
urban sites in May 2001 (2-ring PAHs: naphthalene, acenaphtylene,
acenaphthene, fluorene; 3-ring PAHs: phenanthrene, anthracene,
fluoranthene, 2,3-benzofluorene; 4-ring PAHs: pyrene, benzo(c)phenanthrene, benzo(g,h,i) fluoranthene, benzo(b)naphtha(1,2-d)thiophene, cyclopenta(c,d) pyrene, benzo(a) anthracene*, chrysene + triphenylene, benzo(b*+k*+j) fluoranthene,
1,3,5-triphenyilbenzene; 5-ring PAHs: benzo(e) pyrene, benzo(a)
pyrene*, perylene, indeno(1,2,3-c,d) pyrene*, benzo(b)chrysene +
picene, dibenzo(a,c) anthracene, dibenzo(a,h)anthracene*; 6+7ring PAHs: benzo(g,h,i)perylene, anthanthrene, coronene).
*Below the instrumental detection limit

urban sites

urban sites

control site

control site

FIGURE 5
Proportions of the carcinogenic (benzo(a)anthracene,
benzo(b+k+j)fluoranthene, benzo(a)pyrene, indeno(1,2,3c,d)pyrene, dibenzo(a,h)anthracene) PAHs (darker slices)
to the ΣPAH value both in the leaves (white) and soils
(grey) at the control and urban sites.

The spatial trends both of leaf and soil ΣPAH concentrations observed among the urban sites would suggest a
gradient of PAH air contamination. Various authors [8,
15, 18-20] observed a relationship between different degrees of air PAH contamination and soil and/or leaf
PAHs. The non-correspondence at the urban sites between
the spatial trends of leaf and soil ΣPAHs could be due to
the different exposure time of both to air PAH contamination. Leaf time exposure is about 1 year and that of soil
is longer. Besides, leaves intercept PAH air depositions,
directly reflecting PAH air contamination. Soil PAH
concentrations depend not only on deposition of air
PAHs, but also on the presence of organic matter and
microbial activities as well as site characteristics. Moreover, the surface soils collected at the base of the trees
should be enriched in PAHs with all the particles deposited on the whole tree being washed off by rainfall
[14]. The presence of organic matter in the surface soils
could also affect the PAH concentrations because the
organic soil layers adsorb the PAHs migrating downward
and seem to capture PAHs migrating upward [8, 20]. Soil
microbial activity would also seem to play a role in the
persistence of PAHs in the soils as microorganisms transform some PAHs into other organic compounds [21, 22].
Indeed, it would seem that bacterial biodegradation starts
from low-number ring PAHs. Hence, those PAHs with 5and more rings are the more abundant [16]. Our findings
fit with these considerations, showing an accumulation at
all the sites of the 6/7- ring PAHs. The higher PAH soil
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concentrations at the urban sites VA and PT, where there
was no grass cover or herbaceous species, are probably
due to direct deposition. At these sites, the scarce content
of organic matter limits microbial activity, probably resulting in a conspicuous accumulation of the deposited
PAHs, as demonstrated by the negative correlation found
between ΣPAH concentrations and organic matter contents in the soils.

[5]

Maliszewska-Kordybach, B. (1996) Polycyclic aromatic hydrocarbons in agricultural soils in Poland: preliminary proposals for criteria to evaluate the level of soil contamination.
Appl. Geochem. 11, 121-127.

[6]

Krauss, M., Wilcke, W. and Zech, W. (2000) Polycyclic aromatic hydrocarbons and polychlorinated biphenyls in forest
soils: depth distribution as indicator of different fate. Environ. Pollut. 110, 79-88.

The wider temporal variation in ΣPAH concentrations
of the leaves could be due to the briefer exposure time
with respect to the soils. Soil ΣPAHs are values coming
from the integration of PAH air contamination over a
long-time exposure. Therefore, variations in concentrations over the investigated period are not really appreciable. The highest values of ΣPAH leaf concentrations in
January may be attributable to the highest PAH air concentrations in winter because of the larger number of
emission sources, the stability of atmospheric conditions
and the presence of fewer degradation phenomena [4, 23].
In Naples, higher PAH air concentrations were measured
in winter by Caricchia and co-workers [18].

[7]

Tuháčková, J., Cajthaml, T., Novák, K., Novotný, Č., Mertelík, J. and Šašek, V. (2001) Hydrocarbon deposition and
soil microflora as affected by highway traffic. Environ. Pollut. 113, 255-262.

[8]

Migaszewski, Z.M., Galuszka, A. and Paslawski, P. (2002)
Polynuclear aromatic hydrocarbons, phenols, and trace metals in selected soil profiles and plant bioindicators in the Holy Cross Mountains, South-Central Poland. Environ. Int. 28,
303-313.

[9]

Aamot, E., Steinnes, E. and Schmid, R. (1996) Polycyclic aromatic hydrocarbons in Norwegian forest soils: impact of
long range atmospheric transport. Environ. Pollut. 92, 275280.

The correspondence between the total and carcinogenic
PAH concentrations both for the leaves and the soils at the
urban and control sites should be taken into account because emissions of PAHs in the air may be hazardous for
human health and for animals and plants [17].
In conclusion, although leaves appear to reflect seasonal deposition of PAHs and thus provide a more immediate indicator of PAH contamination, both Q. ilex leaves
and surrounding soils allow us to evaluate PAH air spatial
gradients. As biomonitors, leaves and soils might also add
useful information about the effect of PAH air contamination on organisms.

[10] Zakrzewski, S.F. (1991) Principles of environmental toxicology. Washington, DC: Am. Chem. Soc.
[11] Barthlott, W. and Neinhuis, C. (1997) Purity of the sacred lotus, or escape from contamination in biological surfaces.
Planta 202, 1-8.
[12] Neinhuis, C. and Barthlott, W. (1997) Characterisation and
distribution of water-repellent, self-cleaning plat surfaces.
Ann. Bot. 79, 667-677.
[13] Howsam, M., Jones, K.C. and Ineson, P. (2000) PAHs associated with leaves of three deciduous tree species. I – Concentrations and profiles. Environ. Pollut. 108, 413-424.
[14] Matzer, E. (1984) Annual rates of deposition of polycyclic
aromatic hydrocarbons in different forest ecosystems. Water
Air Soil Poll. 21, 425-434.
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SUMMARY
A detailed analysis on sixteen soil samples was carried
out to detect PAH content in soils with high (eight samples)
and low (eight samples) degree of atmospheric pollution.
The quantitation of PAHs was carried out by HPLC-UV.
Thirteen representative PAHs were analyzed. The results
showed substantial differences in the chromatographic
pattern between polluted and natural areas. Environmental
pollution led to an increase in the amounts of only selected
PAHs, therefore changing significantly the relative distribution found in samples originating from the unpolluted
areas. The results obtained might allow distinction among
the various possible mechanisms of formation of PAHs in
the ground. We also measured the organic carbon content
in each sample, with the aim to develop a correlation between the contents of humic substances and some PAHs.

Therefore, it has seemed interesting to elucidate such a
problem, especially as far as the evaluation of PAH pollution in the soil is concerned, in the territory of the Abruzzo
region (Italy). Abruzzo represents a territorial model that
is certainly original, due to its considerable surface designated as protected areas (about 50%) around the industrial, urban and rural areas (Fig. 1).
The objectives of this paper are firstly to investigate
the concentrations of different PAHs in soils of natural and
polluted areas of Abruzzo, to show the differences in the
relative amounts of the single PAHs and, furthermore, to
evaluate the relationship between the quantities of organic
matters detected in soils and the presence of “natural” PAHs.

MATERIALS AND METHODS
KEYWORDS: polycyclic aromatic hydrocarbons (PAHs), soil,
environmental pollution, organic matter, HPLC analysis.

INTRODUCTION
The presence of PAHs in the environment is mainly
associated with human activities, such as coal and petrol
combustions and the emissions of various industrial plants
(refineries, incinerators, furnaces) [1] as well as vehicular
activities [2, 3]. Natural sources of such compounds are,
instead, volcanoes, fires in the forests, fossilization processes and the metabolism of many types of fungi and
bacteria [4, 5 and reference cited therein].
PAHs are considered to be ubiquitous pollutants of the
biosphere. Some of them are now carefully investigated to
evaluate their toxicity and, in particular, their human carcinogenicity [6, 7]. In soils, the main mechanism of removal is represented by the microbic degradation [8]. In
addition, the photoxidation plays an important role [9].

Sampling and site characterization

Sixteen samplings were carried out, eight in uncontaminated areas (UCA) and eight in areas with probable
fall-outs (CA, contaminated areas). At every point where
the samples were taken, the first 5-7 cm of the surface layer
was removed and discarded and, digging as deep as 30 cm,
a quantity of about 1.5 kg of soil was collected. Immediately the samples were stored in a refrigerator at 4 °C.
Chemicals

HPLC grade cyclohexane, toluene and acetonitrile were
supplied by Baker (Deventer, Holland); the water necessary
for HPLC analysis was produced by a MilliQ apparatus
(Millipore, Bedford, Massachusetts, USA; resistivity 18 MΩ,
filtered at 0.45 µm). Pure PAH standards were supplied by
Fluka (Buchs, Switzerland), while aluminum oxide 90 (70230 mesh ASTM) for chromatographic adsorption analysis
according to Brockmann was supplied by Merck (Darmstadt, Germany). Before use, aluminum oxide was doped
with 3.5 % of water (in a closed glass for 24 hours at ambient temperature).
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FIGURE 1
Abruzzo map with inside-reported sample collection sites.

PAH extraction

Equipment

After sampling, first of all the soils were cleaned carefully removing all the extra-soil materials (roots, stones) in
every sample. The residual was dried at 80 °C for 15 hours
and, after cooling, crushed with a pestle and mortar, sieved
through a 1 mm mesh sieve and, finally, underwent solidliquid extraction (Soxhlet apparatus) using a quantity of
about 200 g of soil. The extraction was conducted with
300 ml of toluene (selected among various possible extraction solvents after laboratory tests) for eight hours. Once
extraction was completed, every sample was dried (vacuum
evaporation) and then redissolved in cyclohexane (5 ml) to
prepare the sample for the following chromatographic separation (purification column). The samples were then purified
on an alumina column using neat cyclohexane as eluent. The
eluate, gathered in 250 ml flasks, was finally dried (vacuum
evaporation) to then be redissolved with 5 ml of CH3CN
ready for the following analysis in liquid chromatography.
Recovery tests performed through additions of known
amounts of anthracene and chrysene on a reference soil
sample gave good and reproducible recovery values (ranging between 70 and 90%) demonstrating that the whole
procedure is largely reliable.

HPLC apparatus was composed of a pump (LC 250
binary pump, Perkin Elmer, Norwalk, Connecticut, USA)
equipped with a manual injector (20 µl loop volume,
Rheodyne, Rohnert Park, California, USA) and coupled to
a UV diode array detector (L 235, Perkin Elmer, Norwalk,
Connecticut, USA). The data were collected by means of
an integrator (4400 Integrator, Varian, Palo Alto, California, USA).
Analytical procedure

The HPLC analysis was carried out using a
Chromspher PAH column (10 cm long, 4.6 mm internal
diameter and 3 µm particle sizes; Chrompack, Middelburg, Netherlands) and as mobile phase a mixture of
H2O/CH3CN in gradient mode (50% of CH3CN for 5 min,
then 15 min to reach 100% with linear increment and,
finally, 10 min at 100 % of CH3CN) at a constant flow
rate of 1.2 ml/min. The UV spectra were recorded between 210 and 360 nm and for quantitation the chromatogram was monitored at 254 nm. In Fig. 2, an example of
HPLC chromatogram of a sample model (B) together with
a reference of 13 standard PAHs is shown. During the
chromatographic analyses the UV spectra of the tested
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samples were acquired at the apex of the peaks, so as to
facilitate identification. The quantitative analysis was
performed with an integrator using the common PAHs`
standard commercially available.

with K2Cr2O7 in conc. H2SO4. The excess of K2Cr2O7 was
back-titrated with Fe(II).
RESULTS AND DISCUSSION
Superficial organic layers of soil retain a great part of
PAHs deriving from the atmosphere. In the soil they are
submitted to i) volatilization, ii) chemical, microbial, or
fungal degradation, and iii) leaching by washing processes [10, 11]. The last mechanism justifies the presence of
low molecular weight PAHs in the mineral layer of the
soil together with small amounts of bigger PAHs depending on pollution impact. This is fully confirmed by the
pertinent literature [12].
Our idea was that the superficial layer strongly depends on human activities; we would like to demonstrate
that there is a clear discrimination between a typical PAH
family deriving mainly from the atmosphere and another
one deriving from some natural or/and chemical changes
occurring in the soil. Our goal was then to investigate the
PAH content in the examined layers (7÷30 cm) with the
aim to identify the above-mentioned PAH families.
As shown in Fig. 1, eight sampling areas were chosen
near industrial plants (two samples) or crowded ways
(four) or again in some center city flower-beds (two) and
eight in not exposed areas; among them four were taken
in protected areas like national parks and four samples
from rural uncontaminated areas.
Ranges, arithmetic means and medians of both single
PAH concentrations measured in CA and UCA soils were
considered and ΣPAHs reported in Table 1. As expected,
the soils mostly exposed to pollutants, have a PAH content significantly higher, as evidenced by T test (≤0.05),
than those not exposed (ratio upto 4÷5 times). The quantities found in the protected and agricultural areas (UCA)
are, however, significant with values between 4.99 and
39.39 µg/kg. The trends of these results are in agreement
with data previously reported in analyses carried out under
the same experimental conditions, where the values were
referred to the mineral layer [13]. The potentially lower
values of ΣPAHs could be attributed not only to the chosen
sampling strategy, where the superficial layer, the most
exposed to fall-outs, was discarded, but also to the absence
of imposing industrial plants in Abruzzo region, usually
responsible for heavy PAH emissions.

FIGURE 2
PAH content of a representative CA sample (B) versus 13 PAH
standard mixture (A) HPLC chromatograms at 254 nm; 1 Fluorene, 2 Phenanthrene, 3 Anthracene, 4 Fluoranthene, 5 Pyrene,
6 Triphenylene, 7 Benzo(b)fluorene, 8 Benz(a)anthracene, 9
Chrysene, 10 Benzo(e)pyrene, 11 Benzo(a)pyrene, 12
Dibenz(a,h)anthracene, 13 Benzo(g,h,i)perylene.

TOC analyses

TOC analyses were performed by the Official Method (Springer-Klee) published on the special issue of the
“Gazzetta Ufficiale n. 248, Serie generale, 21 ottobre
1999”. Briefly, the organic carbon was oxidized at 160 °C

Noteworthy is the meaningful qualitative difference
between the PAH distribution in CA and UCA. The more
exposed soils are, in fact, particularly characterized by
PAHs more directly referable to human activities (for example the mutagenic and carcinogenic benzo(a) anthracene), whereas the lesser exposed soils are mainly characterized by three-ring PAHs, namely fluorene, anthracene
and some other low-molecular weight hydrocarbons (four
rings), substantially omnipresent and not necessarily correlated to pollutants (Fig. 3). In fact, the statistical comparison
between the two patterns, performed by a T test, showed
that fluorene and benzo(a)anthracene amounts are signifi-
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cantly different (Table 2), while fenanthrene and fluoran-

thene presented values statistically not comparable.

TABLE 1
Range, arithmetic mean and median of PAH concentration in UCA and CA soils.
UCA soils
Range
Mean
Median
⎯⎯⎯⎯ µg kg-1 ⎯⎯⎯⎯

PAH

Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Triphenylene
Benzo(b)fluorene
Benz(a)anthracene
Chrysene
Benzo(e)pyrene
Benzo(a)pyrene
Dibenz(a,h)anthracene
Benzo(g,h,i)perylene
Σ PAHs
†
Not detectable.

1.1-4.9
0.9-6.4
0.5-4.4
nd-8.6
nd-10.7
nd-3.8
nd-1.7
nd-0.5
nd-3.3
nd
nd
nd-12.5
nd
5.0-39.4

2.6
3.5
1.7
3.6
5.8
1.4
0.2
0.1
0.7
--1.6
-21.1

2.2
3.4
1.2
3.6
5.5
0.8
0.0
0.0
0.0
--0.0
-19.3

n

8
8
8
8
8
8
8
8
8
8
8
8
8
8

CA soils
Range
Mean
Median
⎯⎯⎯⎯ µg kg-1 ⎯⎯⎯⎯
nd†-4.7
2.1-27.1
nd-6.0
1.4-112.5
4.5-79.9
nd-21.8
nd-19.6
nd-41.5
nd-52.5
nd
nd
nd
nd-11.5
13.8-365

2.5
10.8
1.9
21.6
25.3
4.2
4.0
7.2
9.9
---1.6
89.0

3.3
9.7
1.6
9.0
16.6
1.1
2.0
3.1
3.1
---0.0
52.1

n

8
8
8
8
8
8
8
8
8
8
8
8
8
8

FIGURE 3
Istograms indicating the two different patterns of UCA and CA soils.

TABLE 2
Comparison of CA and UCA samples by T test.
CA soils
__
X

Fluorene
Benz(a)anthracene
Σ 3 ring-PAHs
Σ >3 ring-PAHs
Σ PAHs‡

4.2
5.0
29.3
75.7
49.4

UCA soils
__
n
X
n
⎯⎯⎯⎯⎯⎯⎯ % ⎯⎯⎯⎯⎯⎯⎯
8
8
8
8
7

13.1
1.2
39.4
60.6
21.0

8
8
8
8
8
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⎯⎯⎯⎯⎯⎯ T test ⎯⎯⎯⎯⎯⎯
⎯⎯⎯ T values† ⎯⎯⎯
T

4.51
2.04
2.71
2.71
2.88

α=0.01

α=0.05

α=0.1

2.98
2.98
2.98
2.98
3.01

2.14
2.14
2.14
2.14
2.16

1.76
1.76
1.76
1.76
1.77
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The significant level values are highlighted.
Σ PAHs values are expressed in µg kg-1.

FIGURE 4
Trend of PAH content compared with TOC content in CA and UCA samples.

A rationalization of the results previously shown can
now be proposed. It is important to know if other mechanisms of production of PAHs are active to explain the
data for the UCA soils, since the most common opinion
about their origin is the anthropogenic pathway. The
measure of the total organic carbon (TOC) was performed
with the purpose of understanding if some organic molecules contained in soils can be suitable precursors on
PAH formation. The results indicated that UCA are richer
in organic carbon than CA soils; furthermore for the UCA
samples the increase of organic matter seems to be linearly related to the increase of the total PAH quantities (Fig.
4). On the other hand, the lower TOC values for CA samples could be due to a progressive reduction of the availability of biological carbon.
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Although other authors have clearly shown that the anthropogenic fraction is probably the most significant [14],
our interpretation is that a not well-defined amount of
PAHs is formed by transformation of some kind of organic molecules present inside the soils and, probably, the
biotic pathway is the dominant.
The direct derivation of PAHs from soils` organic
matter in the absence of pollutants for the uncontaminated
areas has to be further and in detail examined, also with
the help of speciation of organic matter and the analysis
of microbiological activities involved in the PAH synthesis/catabolism.
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SUMMARY
Aqueous solutions of tetracycline were UV-irradiated
in homogeneous and heterogeneous systems. Tetracycline
disappeared in both systems, but the presence of TiO2
accelerated the photodegradation of the antibiotic in comparison with direct photolysis. The rate of decomposition
was dependent on the concentration of tetracycline and its
degradation on the surface of TiO2 can be described by
means of a pseudo-first order kinetics. Photolysis involved
only the photodeamination of tetracycline and a partial
mineralization. Unlikely, the treatment with TiO2 and
UV-light resulted in a complete mineralization of the
antibiotic drug.

Antibiotics are pharmaceuticals largely employed for
the treatment of human infections and in veterinary medicine. Some antibiotics are used as growth promoters in
animal husbandry as well as in aquaculture and, thus, are
permanently added to the feed. Polar antibiotics excreted
by humans are not eliminated effectively in sewage treatment plants [3], thus contaminating the receiving water.
Antibiotics used for veterinary purposes are present in manure and contaminate soil and ground water as well as river
water via run-off drainage, when liquid manure is used for
top soil dressing. The most dangerous effect of antibiotics in
the environment is the development of multi-resistant bacterial strains that can no longer be treated with the presently
known drugs.

KEYWORDS: Tetracycline photodegradation, photolysis, heterogeneous photocatalysis, titanium dioxide.

The aim of this work was to study the photodegradation
of tetracycline in aqueous solutions, since this compound is
one of the most important antibiotics used for medical purposes in agriculture and farming [5]. The photooxidation of
tetracycline was carried out by irradiation with UV light in
the absence and presence of TiO2, that has been successfully
employed as a photocatalyst to oxidise many organic pollutants in aquatic environments [6].

MATERIALS AND METHODS
Tetracycline (I) was purchased from Aldrich and used
without further purification. The structural form is shown
below.
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CH3 OH

OH

CONH2
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The fate and occurrence of pharmaceutical substances
in the environment has raised increasing concern in recent
years due to the presence of these compounds in effluents
deriving from civil and industrial sites [1]. Medicinal
compounds have been largely studied in terms of human
and veterinary health, whereas their release and effects on
the environment have received only little attention. Drugs
are absorbed by the organisms, but a significant amount
of the original substances leaves the organism unmetabolized via urine or feces [2], entering raw sewage or manure. Elimination of pharmaceuticals is often incomplete
and removal percentages ranging between 60 and 90%
have been recently determined for a variety of medium
polar drugs during sewage treatments in German municipal plants [3]. Monitoring of drug residues in the aquatic
environment has revealed that many pharmaceuticals can
be found in sewage treatment plant effluents and river
water at concentrations up to several mg L-1[4].

OH
(I)
(I)

OH

O
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The irradiation experiments were carried out in a 0.5 L
Pyrex batch photoreactor with a 125 W medium pressure
Hg lamp (Helios Italquartz) placed in axial position. The
IR component of the incident beam as well as any radiation below 300 nm was eliminated by the circulation of
cooling water through a Pyrex jacket surrounding the
lamp. The photon flux emitted by the lamp, measured by
using a radiometer (UVX Digital) leaned against the external wall of the photoreactor containing only pure water,
was 8.5 mW cm-2.

tration can be fitted to a pseudo-first order kinetic law.
The initial reaction rate increased by increasing the initial
concentration (r0 = 0.45·10-8, 0.50·10-8, and 1.04·10-8 M s1
for 10, 25, and 50 mg L-1, respectively).

Initial concentrations of tetracycline ranged from 10 to
50 mg L-1 and the corresponding pH values from 6.5 to
5.6. Oxygen was continuously bubbled in the reacting
system before and throughout the 1-5 hours runs. The temperature inside the photoreactor was about 313 K during all
the experiments.
Samples for analysis were withdrawn at fixed intervals of time. The absorption spectra of the solutions were
measured in a UV-visible Shimadzu 2401 PC spectrophotometer. The quantitative determination of tetracycline was
performed by HPLC analysis using a Varian 9010 chromatograph equipped with a C-18 column (LUNA 5 micron-C18, 4.60 x 250 mm from Phenomenex). A mixture
of acetonitrile and an aqueous solution (20 mM) of potassium dihydrogenphosphate (35:65 v/v) was used as the
eluent at a flow rate of 0.8 cm3 min-1. The mineralization
of tetracycline was monitored by determining the non
purgeable organic carbon (NPOC) with a TOC Shimadzu
5000A analyzer provided with an automatic auto sample
injector ASI 5000 A.
Degussa P25 titanium dioxide (BET specific surface
area = 50 m2 g-1) was used for the photocatalytic degradation experiments. 0.4 g L-1of catalyst allowed to absorb all
the impinging photons emitted by the lamp. The suspension was magnetically stirred during the irradiation. Before analysis the samples were separated from the catalyst
by filtration through a 0.45 µm cellulose acetate membrane
(HA, Millipore).
RESULTS AND DISCUSSION
Homogeneous photodegradation

Figure 1 shows the disappearance of tetracycline irradiated with UV light. The data obtained for each concen-

CH3

FIGURE 1
Photolytic degradation of aqueous solutions
with different initial concentrations of tetracycline.

Tetracycline photodecomposes easily and is converted
into many photodecomposition products [7-12]. Hlavka
and Bitha [7] found that irradiation of a solution of tetracycline (I) in methanol with UV light resulted in a selective carbon-nitrogen bond scission to yield 4-dedimethylaminotetracycline (II).
Hasan et al. [11] photolyzed tetracycline under mildly
reducing conditions (in the presence of β-mercaptoethanol)
and identified 5a,6-anhydrotetracycline (III) as the major
product. Anhydrotetracycline was also found as one of the
principal products formed after photolysis of tetracycline
in an oil-water mixture [10].
A red compound was obtained when an aerated aqueous solution of tetracycline at pH 9 was irradiated with UV
light [8, 9]. According to Davies et al. [9], the mechanism
of photolysis in the presence of oxygen involves photodeamination of tetracycline (I), followed by a reaction with
molecular oxygen to give a hydroperoxide (IV).
In the dark, the hydroperoxide (IV) loses water, yielding the red quinone (V), identified on the basis of its chemical properties as 4a,12a-anhydro-4-oxo-4-dedimethylamino-tetracycline.
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None of the three reported photoproducts were found
by Oka et al. [12] under photodecomposition conditions
similar to a natural fish culture pond. These workers irradiated an air-saturated solution of tetracycline at pH 7 and
313 K with UV light and isolated seven different products. Only four of these compounds were identified and,
in particular, two lactones and two carboxylic acids.

surely more favoured than that of 4-dedimethylaminotetracycline (II) obtained by Hlavka and Bitha [7] in the absence
of oxygen. The removal of volatile dimethylamine quantitatively justifies the reduction of NPOC in the tetracycline
solution.

Figure 2 shows the variation of NPOC as a function
of the irradiation time. NPOC slowly decreases reaching a
steady-state value corresponding approximately to 90% of
the quantity of initial carbon. This indicates the formation
of stable photoproducts having a number of carbon atoms
not much different from that of tetracycline. The formation of anhydrotetracycline (III) can obviously be excluded, since a simple photodehydration would not change
the NPOC value. Similarly, the compounds isolated by Oka
et al. [12] are not obtained, because their presence would
involve a noticeable decrease of NPOC. Unlikely, the photodeamination, which requires the loss of only 2 atoms of
carbon with respect to the 22 atoms of tetracycline, can
explain the small variation of NPOC. Under our experimental conditions, in which a continuous supply of oxygen
was maintained throughout the irradiation, the formation of
4a,12a-anhydro-4-oxo-4-dedimethylaminotetracycline (V) is
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FIGURE 2
Variation of NPOC during the photolysis of aqueous solutions
of tetracycline: (p) 10 mg L-1, (¢) 25 mg L-1, () 50 mg L-1.
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Figure 3a shows the absorption spectra obtained before and during photolysis of an aqueous solution containing 50 mg L-1 of tetracycline. Spectrum 1 obtained before
irradiation revealed two major absorption bands at 275
and 355 nm. Absorption slowly decreased with irradiation
time and the fall in absorbance at 355 nm was accompanied by a very weak absorption in the visible region that
can be attributed to the formation of the quinone (V) [9].

sorption of tetracycline on the TiO2 surface in the dark.
UV light irradiation of the aqueous suspension caused a
decrease of absorbance with increasing time. The welldefined absorption bands disappeared after 120 min indicating that tetracycline was degraded in the presence of
TiO2 and oxygen.

FIGURE 4
Photocatalytic degradation of aqueous solutions
with different initial concentrations of tetracycline.

FIGURE 3
Changes in absorption spectra during the photodegradation of a
50 mg L-1 aqueous solution of tetracycline. (a) Homogeneous degradation: spectra 1-3 denote irradiation for 0, 120 and 360 min, respectively. (b) Heterogeneous photocatalytic degradation: spectra 4-8
denote irradiation for 0, 30, 60, 90, and 120 min, respectively.

Heterogeneous photodegradation

Figure 4 shows the disappearance of tetracycline irradiated with UV light in the presence of TiO2. The complete degradation of tetracycline was achieved in relatively
shorter times than by using homogeneous photolysis. The
photocatalytic reaction followed a pseudo-first order kinetics, as previously reported in the literature for most of the
organic substrates investigated [13-18]. The initial reaction
rates were 4-5 times higher than those obtained by simple
photolysis (r0 = 2.35·10-8, 2.68·10-8 and 4.17·10-8 M s-1 for
10, 25, and 50 mg L-1, respectively).
The temporal evolution of the spectral changes taking
place during the photocatalytic degradation of tetracycline
(50 mg L-1) is displayed in Figure 3b. Spectrum 4 was
obtained in the presence of TiO2 particles before irradiation. The absorbance (see Spectrum 1) decreased by ca.
20% after addition of TiO2, reflecting the extent of ad-

FIGURE 5
Variation of NPOC during the photocatalytic
degradation of aqueous solutions of tetracycline:
(p) 10 mg L-1, (¢) 25 mg L-1, () 50 mg L-1.

Figure 5 shows the variation of NPOC observed during
the photocatalytic degradation of tetracycline. Differently
from the homogeneous treatment, 10 mg L-1 of tetracycline
were completely mineralized after 3 h when the photocatalyst was present. After a steeper initial mineralization slope,
a slower mineralization was observed towards the end of
the process, revealing the existence of long-lived intermediates during mineralization. Obviously, the more concentrated solutions required longer mineralization times (ca. 4
and 10 h for 25 and 50 mg L-1, respectively).
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The primary step in heterogeneous photocatalysis is
the generation of electrons and holes within the TiO2
particles [19]:
TiO2 + hν → TiO2 + e-cb+ h+vb

(1)

The photocatalytic process could be applied to degrade many pharmaceuticals that cannot be completely
eliminated by biological treatment and are, therefore,
emitted into the aquatic environment.

Electrons and holes, thus separated, migrate to the
surface of the particles where they can either recombine
or participate in interfacial oxidation and reduction reactions. In aqueous solutions, the oxidation of a pollutant
has been attributed to the reaction of the positive holes
with adsorbed water or hydroxyl groups to form hydroxyl
radicals OH , which then react with the pollutant [20]:
•

H 2O + h
-

OH + h

+

+

vb

→ OH + H

vb

→ OH

•

+

(2)
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SUMMARY

INTRODUCTION

The environmental conditions along the well-indented
Croatian coast change over a short distance. The same
applies to the concentration of various pollutants in the
marine environment. In addition, numerous islands located
in front of the mainland in several lines create numerous
channels and passages, limiting the exchange of water
masses between the “inner shore” and “off shore” areas.
The aim of the present work was to determine the levels of
cadmium, lead, copper and zinc in coastal surface sediments at five stations located in the “inner shore” waters,
and at one station located “off shore”, considered as a reference station.
The comparison of the results obtained for the “inner
shore” stations with those of the reference station showed
that the station located at a river mouth in the vicinity of a
former metallurgical complex and a phosphate ores and
fertilizer terminal is significantly contaminated by Cd, Cu,
Pb and Zn. At other "inner shore" stations a slight increase
of lead was recorded, as the result of anthropogenic inputs.
The increase of copper concentration at one “inner shore”
station, which is under the impact of open waters, is most
probably the result of the weathering of source rocks. The
granulometric composition of the sediment indicated that
allochtonous fine coarse particles settle down in the “inner shore” waters, which leads to the conclusion that the
majority of terrigenous inputs would remain in the “inner
shore” areas.

KEYWORDS:
Trace metals, surface sediment, Adriatic Sea.

Marine sediments are the final repository of trace
metals, which enter the sea from various natural (as result
of source rocks` weathering) and anthropogenic sources
(as result of different human activities: industry, agriculture, traffic, etc). An average trace metal concentration in
the sediment is in the range of mg/kg [1]. The natural
concentration in coastal sediments can vary significantly
due to different metal contents in the source rocks and/or
due to different sediment grain size distribution [2].
The Croatian coast is well-indented, and the environmental conditions are changing over a short distance. The
same applies to the concentration of various pollutants in
the marine environment. In addition, numerous islands,
which are located in front of the mainland in several lines,
create numerous channels and passages, representing “inner shore” waters. This limits the exchange of water masses
between the “inner shore” and “off shore” areas. Consequently, terrigenous inputs may remain in the “inner shore”
water.
A first study of trace metals in the sediments at the
eastern Adriatic coast was done in 1977-1978 [3]. Since
1976, a program of monitoring of the quality of seawater
along the Dalmatian coast has been going on. The program, among others, includes the determination of trace
metal (Cd, Cu, Zn and Pb) concentration in the coastal
marine sediments [4].
The aim of the present work was to determine the
levels of cadmium, lead, copper and zinc in the surface
sediments at the locations along the Dalmatian coast, most
endangered with pollution, and to establish a relation between some sediment characteristics (e.g. the granulometric
composition, the organic matter and the carbonate contents)
and the trace metals content.
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STUDY AREA
The trace metal contents in the surface marine sediments were studied at six stations with different environmental conditions, located in the coastal area of Dalmatia
(Figure 1). Five stations are located in the “inner shore”
waters (estuaries, channels or bays) along the mainland
coastline, in front of towns and/or river mouths. Zadar station, 32 m deep, is located in a narrow channel in front of
the town of Zadar. The town is a center of an industrially
and agriculturally developed area with 73,000 inhabitants.
Šibenik station, 37 m deep, is located in the river Krka estuary in front of the town of Šibenik (52,000 inhabitants). The
area of the town of Šibenik hosted for a long time the production of ferro-alloys, graphite electrodes and primary
aluminium, as well as a terminal for phosphate ores and
fertilizers. Split station is located in a channel in front of the
town of Split. The channel receives approximately a half of
the town’s urban wastewater, which is discharged into the
sea without any treatment. The city area of Split is the most
populated area at the Croatian coast (250,000 inhabitants).
Ploče station is located near the town of Ploče (7,000 inhabitants), at the mouth of the river Neretva. The river
Neretva is the largest river at the Croatian coast, 218 km
long, and has 5,581 km2 of water shade surface. It drains
untreated industrial and urban wastewater, as well as an
agricultural run-off from the mainland. The most southern
station Dubrovnik, 102 m deep, is located at the open sea in
front of Dubrovnik city (30,000 inhabitants). It is under the
impact of open waters and, to some extent, of freshwaters
from an outlet of a nearby hydroelectric power station. The
“off shore” station Stončica, 103 m deep, is located close to
the Island of Vis (88.3 km2, 4,000 inhabitants). It is far
away from sources of pollution. The trace metal concentrations at this station are considered as “natural”, and, therefore, this station is used as a reference station for the Middle Adriatic Sea.

a temperature of -20 °C until further treatment. Before analysis, the sediment samples were defrosted at room temperature, sliced into 1cm long sub-samples, dried at 60 °C and
analysed after cooling at room temperature. Each of the
dried samples was divided into two parts. One part was
used to determine the granulometric composition in 5 cm
deep sediment layer. Another one was ground into powder to determine the trace metals and organic matter content in the sediment surface layer (0-1cm). The carbonate
content was determined in a 5 cm deep sediment layer.
The granulometric composition of the sediment samples was determined by sieving (> 63 µm) and hydrometric (liquid limit) Casagrande method (< 63 µm). A sediment type was determined according to the Shepard classification [5]. Granulometric parameters were calculated
according to Folk and Ward [6]. The organic matter content
was determined by H2O2 treatment of samples at 450 °C
for 6 hours. The loss of weight after this treatment was
assumed to be due to the organic matter content. The
carbonate content was determined as weight loss after the
treatment with 4 M HCl [7].
For the determination of the trace metal concentrations,
the sediment samples were digested using a mixture of HF,
HNO3 and HClO4 acids [8]. The concentration was measured using an atomic absorption spectrometer. In order to
evaluate the accuracy of measurements, standard reference
materials (1646 SRM, SD-M-2/TM) were treated and analysed in the same way as the sediment samples.
RESULTS
The obtained results are given in Figures 2 and 3. At all
5 “inner shore” stations, silt (8-69 %) and clay (21-69 %)
are predominant grain sizes in the sediment. The carbonate content varies betwen 16 and 65 %, while the
organic matter content is in the range 4.6-10.1%.
At Zadar station, the trace metals content is lower than
at the other “inner shore” stations. Cadmium content is
even lower than at the “off shore” station Stončica. The
high organic matter content (5.0-8.2%, average 6.9%) is the
result of the presence of the high fine-grained particles.
The sediment from Šibenik station shows the highest
values of organic matter and all trace metals, except Cu.
The high carbonate content is mostly of biogenous origin,
while an important part of terrigenous particles has settled
upstream in the Prokljan lake [9, 10].

FIGURE 1 - Investigated area with sampling stations.

MATERIALS AND METHODS
Surface sediment samples were taken annually during
the 1997-2002 period, by a plastic gravity corer. Immediately after sampling, the samples were frozen and stored at

Split and Ploče stations have similar average trace metals content. The carbonate content at Ploče station, lower
than at the other stations, is the result of the higher terrigenous particles` input by the river Neretva. At Dubrovnik
station, the Cu content is the highest of all the stations,
while the averaged Pb and Zn concentrations, and the organic matter content are lower than at Šibenik station, but
similar to the other stations.
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FIGURE 2 - Granulometric composition of sediments at the investigated stations.
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The reference station differs from all “inner shore”
stations in the granulometric composition (Figure 2), the
organic matter and carbonate contents (Figure 3). At this
station coarse-grained carbonate particles prevail (64-81%
sand), while the organic matter content is the lowest (1.93.7 %).

DISCUSSION AND CONCLUSION
The prevalence of the fine-grained particles (clay and
silt) in the sediment at the five “inner shore” stations
indicates that the fine grain particles, which originate
from mainland sources, have settled near the coast. This
leads to the conclusion that the exchange of water masses
between the channels/bays and the open sea is relatively
weak. Therefore, the majority of inputs from the land,
including trace metals, remain in the inner coastal waters.
The prevailing coarse-grained particles in the sediment at
the reference station are the result of the presence of relict
sediment and a slow sedimentation in the area.
The highest organic matter content is recorded at the
“inner shore” stations. Since the organic matter could be
autochthonous (from the sea as result of primary production), particularly in coastal regions with a high primary
production, and allochtonous (from the land) [11], it is
reasonable to correlate the high organic matter content
with both the input from the land and the autochthonous
origin [12, 13]. This is in accordance with the lowest
value of organic matter found in the sediment at the reference station (2.9 ± 0.8 %), where the primary production
and the contribution from the land are low.

Carbonate and flysch are predominant source rocks in
the hinterland of the “inner shore” stations. Carbonates in
the sediments are the result of both, the weathering of
surrounding limestone rocks and biogenous origin. However, the highest carbonate content, which was determined at the reference station, is the consequence of the
prevailing coarse-grained particles.
As mentioned before, the trace metals in the marine
sediments may have different origins (natural and anthropogenic). In the water column, trace metals are adsorbed
on suspended clay minerals particles, and/or bound to a
dissolved and particulate organic matter [14, 15]. The
processes of flocculation and sedimentation settle trace
metals on the seabed, where they remain trapped in the
marine sediments [16].
The results of the statistical analysis show the dependence of the trace metal concentration on the organic
matter content (except Cd) and the granulometric composition of the sediments (Table 1). A strong negative correlation between the organic matter and the content of gravel and sand indicates that the organic matter is bound to
the fine-grained particles. Also, negative correlations
between the trace metal concentrations and the gravel and
sand contents indicate the trace metals` enrichment in the
fine-grained sediments, especially in clays (correlation
with clay is statistically more important than that with silt;
Table 1). The higher trace metal and organic matter contents were found in the fine-grained sediments.
The strong correlation between Pb, Zn, and Cu concentrations in the sediment indicates their similar origin.
The strongest correlation is found between Pb and Zn.

TABLE 1 - Linear correlation coefficients between Cd, Pb, Zn, Cu concentration, the organic matter content, the gravel
(particles >2mm) content, the sand (0.063-2 mm) content, the silt (0.004-0.063 mm) content and the clay (<0.004 mm) content; n=23.

Pb
Zn
Cu
Organic matter
Gravel
Sand
Silt
Clay

Cd

Pb

Zn

Cu

Organic matter

0.438*
p=0.036
0.401
p=0.058
0.385
p=0.070
0.242
p=0.265
-0.292
p=0.176
-0.070
p=0.752
0.072
p=0.744
0.098
p=0.656

0.629*
p=0.001
0.492*
p=0.017
0.557*
p=0.006
-0.344
p=0.108
-0.216
p=0.322
0.158
p=0.471
0.274
p=0.206

0.520*
p=0.011
0.584*
p=0.003
-0.219
p=0.316
-0.475*
p=0.022
0.384
p=0.071
0.410
p=0.052

0.527*
p=0.010
-0.506*
p=0.014
-0.456*
p=0.029
0.251
p=0.248
0.66*
p=0.001

-0.496*
p=0.016
-0.782*
p=0.000
0.715*
p=0.000
0.572*
p=0.004

*strong correlation
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TABLE 2 - Trace metals concentration (mg/kg) in rocks and marine sediments from selected areas.

Cd

Pb

Cu

Zn

Shale rocks [19]

0.3

20

45

95

Carbonate rocks [19]

0.035

9

4

20

3-7.3

0.5-5.8

18.2-68

USA coast [21]

0.54

45

42

135

Norwegian coast [22]

0.25-1

30-120

35-150

150-700

Rotterdam harbour [23]

0.6-1.8

20-60

10-40

60-190

Mediterranean [24, 25]

0.035-0.56/0.15

8-60/34

10-30/15

20-85/52.5

Middle Adriatic [26]

0.23-0.26/0.245

20-27/23.5

19-23/21

76-100/88

Investigated area 1981-2002*

0.05-1.17 /0.34
0.155-0.489/
0.273

10.3-148.9 /49.6
20.56-89.03/
47.89

5-83.04 /29.32
8.85-47.73/
25.93

18.7-256.9 /100.8
43.19-184.16/
105.76

Australian Estuarine sediment [20]

Range/Average - this study
*(Pb since 1991, unpublished data)

The comparison of the results obtained for the trace
metals in the sediment at the five “inner shore” stations with
those of the reference station clearly show that only the
sediment at the station Šibenik is significantly contaminated
with all studied trace metals. As described earlier, in the
area of this station the production of ferro-alloys, primary
aluminium and carbon anodes for electro-metallurgy was
carried out for a long time. In addition, the terminal for
phosphate ores and fertilizers, which usually contain cadmium, was in operation for 15-20 years. Wastes containing
the studied trace metals from all the above-mentioned activities were deposited directly into the sea, or at the coastline. In addition, strong winds dispersed particles of phosphate ores and fertilizers from the terminal over the area.
The Cu concentration was the highest in Dubrovnik. This
may result from a geologic structure of the environment. In
this area surrounding Mesozoic carbonate rocks overcast
thick Eocene flysch beds. Fine grain particles, which were
produced by the flysch weathering, usually contain a high
level of trace metals. The copper concentration in the flysch
is 3.5-9 times higher than in the limestone [8].
Lead concentration in the sediments at the “inner shore”
stations is significantly higher than at the reference station.
It is well-known that fuel with lead additives is the dominant source of lead. Lead is the most ubiquitous metal
contaminant ever emitted into the atmosphere [17, 18].
The decrease in the use of leaded fuel was reflected in the
decrease of the lead concentration in the sediments at all
stations in 2002.
The concentration of all studied trace metals in the sediments at all stations is higher than usually that of carbonate
rocks, but similar to that in shale rocks (Table 2). The
comparison of the concentrations obtained with those in
an unpolluted Australian area [20] shows that the lead
contents in the study area are higher, whereas the Australian copper and zinc concentrations are similar to those at
the reference station.

Generally, Cd content at the investigated stations is
higher than the averaged “natural content” in the Mediterranean [24, 25], especially that at Šibenik station. At Split,
Ploče and Dubrovnik stations Cd values are similar to the
“natural content” of the middle Adriatic Sea [26]. The obtained values are lower than those reported for Rotterdam
harbour [23] and USA coastal and estuarine sediments [21],
which are considered as contaminated areas.
The average concentration of lead is similar to the reported US coast values, but higher than the averages in
the Mediterranean and the middle Adriatic. The value at
Šibenik station was even higher than those reported for
Rotterdam harbour [23] and USA coastal and estuarine
sediments [21].
The range determined for Cu concentration is wider
than in other areas. The high value recorded at Dubrovnik
station is most probably due to the high Cu concentration
in the nearby flysch rocks, while the high value at Šibenik
station is the result of contamination [9].
Zinc concentration at the investigated area, except at
Šibenik station, is similar to that for the Rotterdam harbour [23], but lower than those for the USA coastal and
estuarine sediments [21] .
The obtained results show that only Šibenik station is
significantly contaminated with Cd, Cu, Pb and Zn, as the
result of anthropogenic input. Other “inner shore” stations
show a slight increase in the lead concentration when compared to the reference station.
From the above results it may be concluded that the
middle Adriatic “inner shore” waters, in general, are uncontaminated. The contamination, if any, is restricted to the
limited areas close to the land-based sources of contamination, and is not spread into the “off shore” waters. The
channels and bays may be considered as a trap, retaining
trace metals that enter the sea from the land. The high con-
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centration of some trace metals in the sediments of some
stations (e.g. copper at Dubrovnik station) should not be
interpreted as a sign of contamination. Rather, it is the result
of the weathering of source rocks, which can contain elevated concentrations of some trace metals.
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SUMMARY
Hydro-chemical data were obtained from a shallow
and deep water station in the Turkish shelf zone of the NE
Mediterranean with approximately monthly intervals from
January to December 2002. The shallow station (0.5 miles
off the coast) is influenced directly by the small Lamas
River having high nitrate (63-121 µM) and silicate (52118 µM) values, but very low phosphate concentrations
(30-760 nM). Thus, nitrate and silicate concentrations of
the shallow station are extremely variable and much higher
than those in the upper layer (0-50 m) of the deep station.
Similarly, the phosphate concentrations, measured using
the high-sensitivity magnesium-induced coprecipitation
(MAGIC) method, fluctuate markedly between 20 and
180 nM in the shallow water, but vary little (15-30 nM) in
the deep water samples. Particulate organic matter (POM)
abundance increases markedly from the shallow to the
deep station. However, chemical composition (C/N ratio)
of bulk POM in the shelf waters ranges between 7 and 13,
displaying small temporal fluctuations at the nutrientdepleted deep station.

tive enrichment of nitrogen in the POM pool of the eastern Mediterranean, even in the cyclonic Rhodes gyre
during the spring bloom [10]. In other words, there should
be other physical and biochemical processes for maintenance of the high N/P ratio in deep waters of the Mediterranean [9-11].
Various studies carried out elsewhere indicate wide
fluctuations in nutrient and particulate organic contents,
depending on the season, nutrient flux and geographical
location [7, 11]. The increased discharges of phosphorus
from land-based sources have apparently influenced the
nutrient cycles in coastal regions during the last several
decades [11-13]. For example, elevated nutrient loads
from rivers and direct discharges of untreated domestic
and industrial wastes gave rise to severe eutrophication in
the Iskenderun and Mersin Bays of the NE Mediterranean
[14, 15]. However, there have been limited systematic data
from the Turkish coastal margin to assess temporal variations in the shelf ecosystem. This paper gives a brief evaluation of hydro-chemical data to elucidate the river effects
on the NE Mediterranean shelf ecosystem.

KEYWORDS: Nutrients, particulate organic matter, NE Mediterranean shelf, riverine input.

INTRODUCTION
The eastern Mediterranean is a typical example of oligotrophic seas as a result of the limited nutrient input to
its surface waters from internal and external sources [1,
2]. It is characterized by unusually high nitrate/phosphate
(N/P = 25-28) ratios in waters of the intermediate and
deep layers [3-7]. This has been attributed to the high dissolved inorganic nitrogen to phosphate (N/P) ratios in the
atmospheric sources (dry + wet depositions) and the Mediterranean rivers [8, 9]. However, there is indeed no selec-

MATERIALS AND METHODS
The study area and the locations of the two water stations on the Turkish continental shelf are shown in Fig. 1.
The total depths of the shallow (34o16’E, 36o34’N) and the
deep station (34o23’E, 36o30’N) were approximately 20
and 200 m. They were visited monthly during January to
December 2002 (except March) to obtain time-series data.
A Sea-Bird model CTD probe was used for in situ measurements of pressure, salinity and temperature. Water samples for chemical analyses were collected from standard or
selected depths using 5 or 30 L Niskin bottles. Sub-samples
for nutrients were transferred to acid-washed plastic (HDPE)
bottles and kept frozen or cool in the dark until analysis.
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FIGURE 1 - The locations of the shallow (¶) and deep (Δ) water stations on the shelf in front of Erdemli.

The measurements of nitrate (nitrate+nitrite), phosphate and dissolved reactive silicate in seawater and river
water samples were carried out using a Technicon model
3-channel auto-analyzer [16]. The detection limits of the
automated technique are 20 nM, 0.05 µM and 0.20 µM
for phosphate, nitrate and silicate, respectively. However,
the direct automated analysis is not sensitive enough for
precise determinations of the very low (<20-30 nM) phosphate concentration of the eastern Mediterranean upper
layer waters. Therefore, the magnesium-induced coprecipitation (MAGIC) technique recently developed by Karl
and Tien [17] for phosphate-depleted surface waters, which
is much more sensitive (detection limit 1.0 nM) than the
automated method, has also been applied for the first time
to determine these low phosphate levels.
Water samples for particulate organic carbon (POC)
and nitrogen (PON) analysis were filtered through preignited Whatman GF/F-type filters. All the filters with
particles were kept frozen (-20 ºC), then dried overnight at
about 50 ºC and stored in a vacuum desiccator until analysis. POC and PON measurements were performed by the
dry combustion technique [18], using a Carlo Erba Model
1108 CHN analyzer.

Surface water temperature displays a large seasonal variation, ranging from 16-19 °C in winter to 28-31 °C in the
July-August period (Fig. 2b).
Salinity profiles from the deep station on the shelfbreak zone, however, display a different vertical structure
in summer-autumn period (Fig. 2c). The near-surface layer
is occupied by more saline water (39.3-39.6 psu) between
July and October, due to the excessive evaporation with
respect to the water column below the seasonal thermocline
characterized by salinity of 38.9-39.1 psu. In other words,
the hydrographic properties of the outer shelf are principally dominated by the circulations in the surface mixed
layer [19]. In April-May, however, the near-surface is
occupied by less saline waters, indicating the river effects.
The December profiles show that the cooler and less saline waters of Atlantic origin [4, 10] may occasionally
occupy the intermediate depths of the NE Mediterranean
shelf by the lateral intrusions (Fig. 2c-d). In winter, when
the surface waters cool down sufficiently, the entire water
column in the shelf-break zone is homogenized thoroughly.
Thus, temperature and salinity possess vertically uniform
structure in deep parts of the NE Mediterranean.
Biochemical Properties

RESULTS AND DISCUSSION
Hydrographic Properties

The depth distributions of salinity and temperature
measured monthly in front of Erdemli in the NE Mediterranean shelf water, at the shallow and deep station, are
illustrated in Fig. 2. The salinity profiles in Fig. 2a reveal
that the shallow station (0.5 miles off the coast) is apparently influenced by the Lamas River having a volume flux
of about 2.2x108 m3 per year. The evidence for the riverine input is relatively low saline surface waters (34.4638.74 psu) overlying deep water (36.92-39.40 psu). The
two-layer hydrographic feature at the shallow station almost disappears in winter due to strong mixing events.

The shallow station is directly influenced by the small
Lamas River having high nitrate (63-121 µM; mean of
2-year data 93 µM) and reactive silicate (52-118 µM;
mean 91 µM), but very low phosphate (30-760 nM; mean
190 nM) concentrations. The highest phosphate values were
recorded in turbid river waters, implying partial dissolution
of phosphates adsorbed on suspended particles during
filtration. The nitrate to phosphate (N/P) molar ratio of the
river water is abnormally high and variable, ranging from
71 in turbid samples to 3500 in P-depleted waters, whereas
the silicate/nitrate ratio varies slightly between 0.67 and
1.22 (annual mean 1.01). Time series data from the shallow
station are depicted in Fig. 3 at the surface and 10 m water
depth, indicating prominent seasonal fluctuations in salinity, nutrients and particulate concentrations. The surface
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nitrate reached maximum values of 5.30-8.87 µM in the
rainy January-April period, when the riverine input markedly exceeds the removal by biological activities in the
sea (Fig. 3). Not unexpectedly, concurrent rises in phosphate and reactive silicate levels occurred in January. The
phosphate reached the peak values of 183 nM at surface
water and 116 nM at 10 m depth. The secondary phosphate level rise in May coincides with the particulate
maximum in the nitrate-depleted water column (Fig. 3). In
May, the near-surface layer (0-7 m) was occupied by less
saline waters, because the river-fed shallow zone also
received some rainfall before the field survey. The rainwater sampled on May 11, 2002 contained the expected
values of nitrate (66 µM) and ammonia (40 µM), but very
low silicate (0.77 µM) and abnormally high phosphate

(3740 nM) concentrations. In addition to the direct input
onto the sea surface, the rainfall with high phosphates of
the Saharan origin [20, 21] was very likely to modify the
nutrient content of the Lamas River. Thus, the phosphaterich spring rains and also the river inflow could markedly
increase the phosphate content of the near-surface water
in May. The N/P molar ratio in the shallow water fluctuates drastically with both season and depth. The surface
water ratios ranged from 3.1 to 96.7 in winter, declining to
the lowest level (2.9) during the May bloom. Then it increased again to levels of 102.6 in August and remained
almost constant between 33 and 37 by late November. The
ratio dropped again to a minimum value of 3.1 in December, when nitrates were consumed by biological activities.
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FIGURE 2 - Monthly variations of salinity and temperature with depth at the
shallow (a, b) and the deep water stations (c, d) of the NE Mediterranean shelf in 2002.
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FIGURE 4 - Monthly variations of depth-averaged nutrients, salinity and
POM concentrations in the upper layer (0-50 m) waters of the deep station.

In the dry summer-autumn period, the shallow waters
are expected to become poor in dissolved inorganic nutrients due to insufficient supply from external sources. However, during June-November, when the near-surface waters
were not mixed thoroughly, the nitrate (2.04-5.42 µM) and
silicate (4.55-7.69 µM) contents of the less saline surface
waters were apparently higher than the near-bottom values
(Fig. 3). In this period, the surface phosphate (40-77 nM)
concentrations of the shallow station were comparable to

the near-bottom values of 43-81 nM (Fig. 3). These nutrient values of the shallow zone are consistent with those
reported from other coastal margins influenced by riverine inputs [12-15, 18].
Figure 3 also illustrates the time-series POM data (in
terms of POC and PON) in the shallow zone. The annual
POC values in the surface water varied markedly from
3.47 µM in December to 114.06 µM in May. PON values
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displayed a similar temporal fluctuation, ranging from
0.57 µM to 10.49 µM, slightly exceeding the near-bottom
(10 m depth) values. POM concentrations attained pronounced peaks in January, when the nutrient concentrations
in the ambient water reached the highest levels due to increased riverine input. However, the major POC and PON
maxima were observed in May, when the short-term spring
rains supplied nutrients to the shallow waters (Fig. 3). Then
POM concentrations apparently declined to levels of 1015 µM for POC and 1-2 µM for PON in summer-autumn
season. The lowest particulate matter values were recorded
in December indicating low phytoplankton production in
the nutrient-depleted shallow waters during summer-autumn
months (Fig. 3), when the riverine input displayed a decreasing trend. Chemical composition (C/N ratio) of bulk
POM was in the range of 6-13, increasing apparently in
May, when the POM level attained a marked maximum
during post-bloom period (chl-a: 1.15 µg/L).

influence the hydrological and biochemical properties of
the shallow zone of the NE Mediterranean shelf. Therefore, the nutrient and particulate contents of the shallow
zone drastically exceed the offshore values, especially
during the rainy winter-spring period. Though the outer
shelf water is always poor in nutrients and biogenic particles, the chemical composition (C/N ratio) of bulk POM
displays small local differences on the shelf.
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Salinity and chemical data depicted in Fig. 4 are the
depth-averaged values for the upper layer (0-50 m) of the
shelf-break zone, exhibiting less temporal variations than
the time-series data of the shallow station. The annual
nutrient values were in the ranges of 0.09-0.47 µM, 0.642.26 µM, and 13.7-30 nM for nitrate, reactive silicate and
phosphate, respectively. The fluctuating nitrate values
increased slightly in July, September and October, then
dropped to the lowest levels of about 0.09-0.13 µM in
November-December. The phosphate was rather constant
during the dry period from June to November and consistent with the shallow water values. Contrary to the
shallow station, nutrient concentrations in the upper layer
of the deep station do not show any significant increase
from autumn to late winter. This possibly suggests limited
input from different sources.
Upper layer-averaged concentrations of bulk POM varied between 2.7-12.1 µM for POC and 0.32-1.18 µM for
PON, exhibiting remarkable increases in January, April and
August 2002. The winter rise was in a good harmony with
the nutrient peaks observed in the ambient waters, indicating the increased role of new production in the POM pool.
The POM rise in April was also most probably fueled by
the riverine input as supported by concurrent decreases in
the upper layer salinity. The POM showed a short peak in
August, when the salinity of the nutrient-depleted upper
layer displayed a descending trend as compared to the salinity values in July and autumn (Fig. 4), suggesting limited
input from the major Turkish rivers (Seyhan, Ceyhan).
POM concentrations reduced to a minimum level in the late
autumn, when the upper layer waters were depleted in
nutrients. These findings indicate that the outer shelf zone
received limited nutrient input from both rivers and deeper
layers during the entire year. C/N molar ratio for the shelfbreak POM varied between 7 and 13, comparable to the
ratios of bulk POM in the shallow waters fed by Lamas
River.
In conclusion, both the phosphate-depleted river inflow and spring rains with P-rich Saharan dust highly
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SUMMARY
Surface snow samples were collected in different sites
of Ankara in the winter of 2002 to investigate their concentrations of Polycyclic Aromatic Hydrocarbons (PAHs). The
collected samples were pre-concentrated by Solid Phase Extraction (SPE) and analyzed by Gas Chromatography-Mass
Spectrometry (GC-MS). Extraction procedure and analysis parameters were optimized and a sampling apparatus for
collection of surface snow samples was developed. Phenanthrene was found to be dominant at all sites examined. The
major sources of PAHs were identified as domestic heating, industrial activities and vehicle emissions. Core sampling was also performed to investigate the vertical profile
of PAHs.

KEYWORDS:
Snow, PAHs, dry deposition.

,

called nucleation scavenging. The below–cloud scavenging
of particles may be viewed as a physical process in which
falling snow flakes act like filters [4]. PAHs were originally
emitted from sources in the gas phase, adsorbed onto particulates partly resisting degradation in the environment,
and then widely distributed through atmospheric transport
mechanisms. PAHs adsorbed on aged aerosols would be
partly removed from the atmosphere by rain washout and/
or by dry deposition [5].
Snow fall has the potential to contribute significantly
to the deposition of airborne contaminants by washing out
the aerosols and sorbing the vapor. In a snow pack, the
large specific surface area of ice crystals has the potential
to sorb appreciable quantities of hydrophobic organic compounds (HOCs). Therefore, snow may be a valuable medium for monitoring contaminant levels in any region, as it is
less transient than rain [4]. Field experiments have demonstrated that below-cloud scavenging of particles by snow is
about five times more efficient than that by rain [6].
The present study was undertaken to achieve the following aims:

INTRODUCTION
Polycyclic Aromatic Hydrocarbons (PAHs) are a group
of semi-volatile organic compounds, which are emitted
from both natural and industrial sources, and most of them
have toxic and carcinogenic effects. Environmental Protection Agency (EPA) has listed 16 of them as priority pollutants. Anthropogenic activities are the dominant sources of
PAHs in urban environments due to their automobile emissions and fuel burning. PAHs are an important component
of both crude and refined oil, and are also produced during
incomplete combustion of coal, oil and wood [1, 2].
Total deposition of semi-volatile organic compounds is
the summary of rain and snow scavenging and dry deposition of vapors and particles [3]. In the case of wet deposition, pollutant removal occurs by two mechanisms, in-cloud
scavenging or rain out and below the cloud scavenging or
washout. Particle scavenging by snow is a complex process
occurring both in and below the clouds. Particles serve as
seeds for condensation nuclei in in-cloud scavenging, also

-

to optimize both sampling and experimental procedures for collection, extraction and analysis of snow
samples.

-

to determine the concentrations of PAHs in snow
samples

-

to identify the sources of PAHs in Ankara.

This work is a part of a big data set produced from an
extensive sampling of snow in Ankara city.
MATERIALS AND METHODS
Sampling

Snow samples were collected in Ankara 2 days after a
major snow fall in January 2002. The sampling sites (S1S5) are shown in Fig. 1.
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FIGURE 1
Sampling points.

Ankara (3.5 million inhabitants) is the second largest
city in Turkey. The city suffered from heavy sulfur-based
air pollution until a few years ago [7-9]. In recent years
natural gas has been widely used for heating throughout
the city, but coal burning is still common in poor neighborhoods located on the outskirts of the city.
While collecting samples, special attention has been
paid to collect surface snow from a definite depth without
disturbing the surface. A stainless steel-apparatus developed
in our laboratory was used to collect the snow (Fig. 2). It
was inserted into snow packs and the upper 3 cm snow
layer on the tray was transferred to glass bottles by aluminum shovels. The collected snow samples corresponded
to approx. 750 ml of snowmelt water.

3 cm

30cm

Reagent and materials

Since contamination is a big problem in environmental
analytical work, extreme precautions were taken to reduce
it. All the extractions were carried out under fume hood and
also chromatographic-grade solvents and standards were
used throughout the study. PAH standards were purchased
from Restek company and deuterated surrogate standards
from Dr. Ehrenstorfer, Augsburg-Germany. The PAHs analyzed in this study were naphthalene (Nap), acenapthylene
(Acy), acenaphthene (Ace), fluorene (Flu), phenanthrene
(Phe), anthracene (Anth), fluoranthene (Flt), pyrene (Pyr),
benzo(a)anthracene (BahA), chrysene (Chry), benzo(b)
fluoranthene (BbF), benzo(a)pyrene (BaP), indeno (1,2,3-cd)
pyrene (Ind), dibenzo(a,h)anthracene (DahA), and benzo(g,
h,i)perylene (BgP). Extraction disks (Envi disks) used for the
pre-concentration of PAHs were obtained from Supelco.
Preconcentration and analysis of samples

45cm
FIGURE 2
Snow sampling apparatus.

The collected snow samples were put into 5 L glass
jars, brought to the laboratory and kept cool in darkness
until analysis. Extreme precautions were taken to prevent
contamination during sampling. All glassware was rinsed
with hexane and acetone, then washed with a detergent in
hot water, rinsed with tap and deionized water and, finally, oven-dried.

The pre-concentration is an essential step prior to the
analysis of samples, since the PAH amounts are very low
(ng/L). The conventional extraction technique used for extraction of PAHs from liquid matrices is liquid-liquid extraction (LLE). However, huge amounts of toxic solvents
are used during extraction and handling of these waste
solvents is a big problem. Therefore, in this study solid
phase extraction (SPE) was used to pre-concentrate the
analytes. SPE has received great attention in recent years,
having some advantages over classical extraction techniques. For instance, the solvent volume used is usually
20-30 ml, which is one tenth of that used in LLE. Besides
that usually no clean-up is required, which reduces the
amount of contamination. The modes of SPE can be classified similarly to those of liquid chromatography as nor-
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mal phase and reversed phase. Reversed phase separations
involve a polar (usually aqueous) or moderately polar sample matrix (mobile phase) and a non-polar stationary phase.
In this study, as the samples had a polar nature, reversedphase SPE (C18, octadecyl-bonded silica) was used.
A number of analytical techniques have been developed for the determination of PAHs in complex environmental samples. Gas chromatography coupled with flame
ionization (FID) or mass selective (MSD) detectors, but
also liquid chromatography coupled with time programmed
fluorescence detector have been used for PAH analysis. In
this study, a Hewlett Packard 6890 GC - 5973 MS combination was used throughout the experiments and the instrumental parameters applied for the analysis of the samples are shown in Table 1. The oven temperature program
was optimized for complete resolution of the PAHs analyzed (Table 1).
Samples were analyzed in selected ion monitoring
(SIM) mode. For that purpose, SIM windows were constructed according to the retention times of the analytes
(Table 2). One target and 2 qualifier ions were monitored
for the identification of the PAHs, and quantification was
based on target ion responses.

RESULTS AND DISCUSSION
Recovery of PAHs from snow matrix

A Millipore filtration system was used for the extraction of the samples. SPE procedure used for the enrichment of the PAHs from snow matrix is as follows: 10 ml
dichloromethane and cyclohexane mixture was poured on
to the C18 extraction disk and required 4 min for complete
interaction with the disk. Then it was eluted, 10 ml of
methanol was added and again allowed to agitate for 4 min.
The sample was immediately added without drying the
disk and eluted at a flow rate of 10 ml/min. After complete elution, the disk was dried by further suction to
eliminate water remaining on and below it. The vacuum
was disconnected and the extraction tube was placed into
a funnel and PAHs were eluted by sequential additions of
dichloromethane and cyclohexane, always maintaining a
4-min solvent-C18 disk interaction time. The extract was
dried with Na2SO4 and volume further reduced under a
gentle stream of ultrapure nitrogen. The extraction procedure applied was adapted from Carrera’s work [10], but
modified by us. The details of the modified procedure are
published elsewhere [11]. The recovery rates of PAHs
were tested at first by using deionized water. Three solutions were prepared by adding the PAHs and their deuterated compounds at a concentration of 0.2 µg/L and extracted by the same procedure. The results are shown in
Table 3. The recovery rates of the PAHs were found to be
in the range of 42-94%, being lower for the higher molecular weight-PAHs.

TABLE 1
Instrumental parameters.

GC column
Liner
Carrier gas
Injection type
Injection port temperature
Oven temperature
Injection volume
Mass spectrometer
Mass spectrometer quadruple temperature
Mass spectrometer source temperature

30 m × 0.25mm i.d., 0.25 µm film thickness
5% phenyl methyl siloxane, HP 5MS, capillary column
Splitless glass liner with glass wool, deactivated (Agilent technologies)
Ultra-purified helium, 99.999%, 1ml/min
splitless
280 °C
70 °C (4 min), 7 °C /min to 300 °C (10 min)
1µl
electron impact, 70 eV
150 °C
230 °C

TABLE 2
SIM parameters.

Windows
1
2
3
4
5

Time period (min)
8-19
19-23
23-31
31-35.5
35.5-47

Ions monitored
128, 129, 127, 152, 151, 153, 164, 162, 165, 166, 167, 154
188, 189, 178, 176, 179, 94, 80
202, 101, 203, 228, 226, 229, 240, 120, 241, 212, 213, 236
252, 253, 126, 264, 260,
276, 138, 227, 278, 139, 279, 277
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TABLE 3
Recovery rates (%) of PAHs (n=3).

PAHs
Naphthalene (Nap)
Acenaphthylene (Acy)
Acenaphthene d10 (Ace d10)
Acenaphthene (Ace)
Fluorene (Flu)
Phenanthrene d10 (Phe d10)
Phenanthrene (Phe)
Anthracene (Ant)
Fluoranthene (Flr)
Pyrene (Pyr)
Benzo(a)anthracene (BaA)
Chrysene d12(Chr d12)
Chrysene (Chr)
Benzo(b)fluoranthene (BbF)
Benzo(a)pyrene (BaP)
Perylene d12 (Per d12)
Indeno (1,2,3-cd) pyrene (Ind)
Dibenz(a,h) anthracene (DahA)
Benzo(g,h,I)perylene (BgP)

Mean recovery rate
77.7
70.7
60.0
59.0
83.0
76.4
94.0
62.3
90.7
84.9
92.2
77.7
75.4
79.4
49.0
52.7
52.3
42.8
45.6

It is known in the literature [12] that the presence of 2propanol, which is an organic modifier, improves the recoveries. Therefore, the effect of 2-propanol on PAH recoveries were also tested. Ten percent 2-propanol (v/v) was
added to the samples prior to extraction. The average recoveries obtained with and without 2 propanol addition are
shown in Figure 3.
As can be seen from Figure 3, the addition of 2 propanol to melted snow samples did not improve the recovery of PAHs, so it was not used in extraction procedure.

compounds to each sample is necessary. In this work, surrogate compounds (acenaphthene d10, phenanthrene d10,
chrysene d12, and perylene d12) were used to evaluate PAH
recoveries in each snow sample. Acenapthene d10 was used
for acenaphthylene, acenaphthene and fluorene, phenanthrene d10 for phenanthrene and anthracene, chrysene d12
for fluoranthene, pyrene benzo(a)anthracene and chrysene, and, finally, perylene d12 for benzo(b)fluoranthene,
benzo(a)pyrene, indeno(1,2,3-cd)pyrene, dibenzo(a,h)anthracene, and benzo(g,h,i)perylene. The surrogate compounds were added prior to extraction of the samples and
the final results were corrected using surrogate recovery
rates. The extracted samples were immediately analyzed by
GC-MS.

2-propanol addition

no addition

FIGURE 3
Effect of 2-propanol on the recovery rates of PAHs.
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Extraction efficiency of PAHs may differ between the
samples because of varying amounts of particulate material in each sample. For that reason, in order to trace the
recovery of PAHs in each sample, the addition of surrogate

Std. dev.
13.3
8.94
7.71
7.84
11.3
13.5
14.1
7.80
12.8
10.7
4.63
4.86
3.40
4.46
6.35
5.73
4.75
7.44
6.16
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Evaluation of data

The concentrations of PAHs measured in snow at
each site are given in Table 4. Acenaphthylene and
acenaphthene are not detected in any of the samples.
These two compounds are the most volatile of all PAHs
studied. They are primarily subject to volatilization during
extraction. In all sites phenanthrene concentrations are
found to be considerably higher than the other PAHs.
Since all the samples were collected at the same day, rain
out cannot be the reason for the observed PAH concentration differences at the different localities of the city.
However, the local characteristics of the sites are extremely varying, so one might expect a difference in PAH
concentrations as a result of washout (below-cloud) process.
Concentration differences between the 5 sites are statistically controlled by the calculation of the coefficient of
variation (CV), which is formulated as mean/standard

deviation x 100. CV is very high for all PAHs analyzed
(Table 4). This indicates high variations of concentration
from one site to another.
There have been only few studies in the literature on
snow deposition of PAHs in urban environments. Additionally, most of them have been conducted in remote
sites and deal with the post-deposition on snow. That is
why core sampling is used in such studies. This makes it
difficult for us to find out data sets comparable with ours.
When considering sampling methodologies and sites, only
3 studies listed in Table 5 were comparable. Concentrations obtained in Finland [13] are quite high because
samples were collected there at 100 m distance from major roads. On the other hand, our results are comparable
with those of two other studies, performed at a suburban
site in Minnesota and an urban site in Switzerland.

TABLE 4
Concentrations of PAHs (ng/L) in Ankara snow samples.

PAHs
Acy
Ace
Flu
Phe
Ant
Flr
Pyr
BaA
Chr
BbF
BaP
Ind
DahA
BgP
ΣPAH

Site 1
n.d
n.d
30.7
350
n.d
70.0
62.0
65.0
63.2
74.2
51.1
38.2
n.d
39.2
843

Site2
n.d
n.d
87.0
474
n.d
50.7
51.3
56.8
31.3
36.6
36.8
18.3
n.d
12.3
855

Site 3
n.d
n.d
79.9
678
n.d
85.4
71.6
85.4
64.7
29.9
32.7
24.4
n.d
23.8
1175

Site 4
n.d
n.d
200
433
n.d
200
133
200
167
267
111
422
133
333
2600

Site 5

mean

CV

333
12100
n.d
342.9
239
142
214
115
78.0
105
n.d
89.8
134

146
2807

83.3
185

150
112
110
108
105
62
122

81.9
70.2
55.0
72.4
92.7
57.2
141

99.7

134

n.d: not detected

TABLE 5
Comparison of Ankara PAH concentrations (ng/L) with that other studies.

PAHs
Acy
Ace
Flu
Phe
Ant
Flr
Pyr
BaA
Chysene
BbF
BaP
Ind
DahA
BgP

Ankara
[This work]
n.d
n.d
(31-333)
(340-12100)
n.d
(51-343)
(52-239)
(57-200)
(31-214)
(30-267)
(33-111)
(18-422)
(12-333)

Finland
[13]a

12000
800
2800
5000
3400
1000
n.d
n.d
n.d
n.d
n.d
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Minnesota
[6]b
(0.5-5)
(3-211)
(4-364)
(57-3590)
(5-300)
(82-1890)
(60-3115)
(22-976)
(32-1420)

Switzerland
[14]c

(37-905)
(26-871)
(4.5-186)
(22-736)

19.7
58

17.6
312
460
238
30.6
145

34
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a: samples collected 100 m from roads, b: range of concentrations of 3 snow events, c: average of 5 snow events
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FIGURE 4
Percent contributions of PAHs in snow samples from each site studied in Ankara.
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FIGURE 5
Certain ratios of PAHs at the different sites of Ankara.

The pie charts in Fig. 4 show the contributions of each
PAH to the total PAH concentration (∑PAHs). When regarding the pie charts, the PAH patterns of sites 1-3 are
very similar in the relative contributions of phenanthrene,
which were 41, 56 and 57 % of ∑PAHs. This can be related to the similarity of these urban areas inhabited by middle
class families, which means that their major emissions
basically originate from domestic fuel burning. Site 4 was
located in a high-crowded mixed-use urban-type and trading area, characterized by many shops and bus stops for
public transportation. So it is not surprising to observe
heavy diesel emissions with high indeno(1,2,3-cd)pyrene
and benzo(g,h,i)perylene concentrations (16% and 13%,
resp.). Indeno (1,2,3-cd) pyrene is a marker of diesel [15]
and benzo(g,h,i)perylene of vehicle emissions [16]. Site 5
is also different because of its very high phenanthrene level
(87%). This is an area of small and medium size car repair
shops. Especially car-painting shops are quite high in number and, therefore, organic solvents are commonly used in
this area. These observations are very encouraging in terms
of the use of PAHs as markers for different sources or
source groups. The sites examined in this study can be
classified into three source areas and their differences are
reflected on PAH distributions.
Unfortunately, there are only few studies [9, 17, 18]
aimed at the status of pollution in Ankara. In a recent
study [19], the major sources of pollution in Ankara were
identified as space heating, industrial emissions and exhaust emissions by analyzing surface soil samples in the
city. Similar results are obtained in this work supporting
these previous studies.
Ratio Calculations

As discussed before, PAHs are formed as result of incomplete combustion of organic material. The same PAHs
may be generated by different sources and the practice of
using influences the PAH pattern differences at each source.
Our observations discussed above also support this finding.

1st layer

Many studies have suggested that some specific PAHs or
the ratios between PAHs may be used for source identification [15]. Therefore, we also looked at the ratios to identify source categories and two of them were used to determine the sources of PAHs in Ankara. The first, benzo(a)
anthracene/benzo(a)anthracene+chrysene was used to discriminate petroleum from combustion emissions. If this
ratio is smaller than 0.20, it is likely that the major source is
petroleum, but if it is between 0.20 and 0.35, both sources
overlap, and if it is higher than 0.35, the major source is
combustion. Another common PAH ratio used in the literature is that of fluoranthene/fluoranthene+pyrene. This ratio
is below 0.5 for petroleum samples and above 0.5 for kerosene, grass, and most of the coal and wood combustion
samples [20]. These ratios were calculated for all samples
and are shown in Fig. 5. But looking at this figure, it is
difficult to differentiate which emissions are controlling
which site. Both ratios indicate that combustion is the major reason for the PAH concentrations observed at all sites.
Vertical profile of snow

In order to observe the vertical distribution of PAHs in
snow, core sampling was performed. Core samples were
taken from a certain point by using the sampling apparatus
starting from the surface. Each time 3 cm thick snow layers
were removed from top to bottom and four core samples
were obtained. Each layer was analyzed separately by GCMS. The vertical profiles of the detected PAHs are shown
in Figure 6. Top layer (1st layer) concentrations were usually higher than the second layer ones, except for Fl and Ph.
Fl and Ph are the lowest molecular weight PAHs, and their
volatilization losses can reasonably assumed to be more
pronounced. This might be the reason for lower surface
concentrations of fluorene and phenanthrene. On the other
hand, the behaviour of PAHs in snow is very complex
when considering partitioning, adsorption, volatilization
and solubilities. Therefore, a more detailed study is needed
to explain the vertical behaviour of PAHs in snow.
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FIGURE 6
Verticle distribution of PAHs at the different sites of Ankara.

CONCLUSIONS

[9]

The major findings of this study can be summarized
as follows:
-

SPE is a proper pre-concentration technique for trace
enrichment of PAHs from snow matrix, enabling
their quantitative determination by GC-MS analysis.

-

Since below-cloud scavenging is more efficient in
snow, the local pollution can be traced by using
snow.

-

The major source of PAHs in the collected samples
appears to be combustion, which is also supported
by PAH ratio calculations.

-

Vertical distribution of PAHs needs to be investigated in more detail.

REFERENCES
[1]

MacDonald R.W., Barrie L.A., Bidleman T.F., Diamond M.L.,
Gregor D.J., Semkin R.G., Strachan W.M.J., Li Y.F., Wania F.,
Alaee M., Alexeeva L.B., Backus S.M., Bailey R., Bewers J.M.,
Gobeil C., Halsall C.J., Harner T., Hoff J.T., Jantunen L.M.M.,
Lockhart W.L., Mackay D., Muir D.C.G., Pudykiewicz J.,
Reimer K.J., Smith J.N., Stern G.A, Schroeder W.H., Wagemann R. and Yunker M.B. (2000) Contaminants in the Canadian Arctic: 5 years of progress in understanding sources, occurrence and pathways, The Science of The Total Environment, 254, 93-234

[2]

Caricchia A.M., Chiavarini S. and Pezza M. (1999) Polycyclic aromatic hydrocarbons in the urban atmospheric particulate matter in the city of Naples (Italy), Atmospheric Environment, 33, 3731-3738.

[3]

Bidleman T.F. (1988) Atmospheric processes, wet and dry
deposition of organic compounds are controlled by their vapor-particle partitioning, Environmental Science and Technology, 22, 361-367.

[4]

Wania F., Hoff J.T., Jia C.Q. and Mackay D. (1998) The Effects of Snow and Ice On The Environmental Behaviour Of
Hydrophobic Organic Chemicals, Environmental Pollution,
102, 25-41.

[5]

Sheu H.L., Lee W.J., Lin S.J., Fang G.C., Chang H.C. and
You W.C. (1997) Particle-Bound PAH content in Ambient
Air, Environmental Pollution, 96, 369-382.

[6]

Franz T.P. and Eisenreich S.J. (1998) Snow Scavenging Of
Polychlorinated Biphenyls And Polycyclic Aromatic Hydrocarbons In Minnesota, Environmental Science and Technology, 32, 1771-1778.

[7]

State Institute of Statistics (1995) Environmental Statistics:
Air Pollution. SIS report No 1737, Ankara.

[8]

State Institute of Statistics (1998) Environmental Statistics:
Personal communication.

Yatın M., Tuncel S., Aras N.K., Ölmez I., Aygun S. and Tuncel
G. (2000) Atmospheric trace elements in Ankara, Turkey: 1.
factors affecting chemical composition of fine particles, Atmospheric Environment, 1305-1318.

[10] Carrera G., Fernandez P., Vilanova R.M. and Grimalt J.O.
(1998) Analysis of trace polycyclic aromatic hydrocarbons
and organochlorine compounds in atmospheric residues by
solid-phase disk extraction, Journal of Chromatography A,
823, 189-196.
[11] Gaga E.O. and Tuncel S.G. (2003) Occurence and Distribution of Polycyclic Aromatic Hydrocarbons in Ankara Precipitation, Water, Air, Soil Pollution: Focus, Vol.3; Nos.5-6.
[12] Marcè R.M and F. Borrull (2000) Solid Phase extraction of
polycyclic aromatic compounds, Journal of Chromatography
A, 885, 273-290.
[13] Viskarie E.L., Rekila R., Roy S., Lehto O., Ruuskanen J. and
Karenlampi L.(1997) Airborne Pollutants Along A Roadside:
Assessment Using Snow Analyses and Moss Bags, Environmental Pollution, 97, 153-160.
[14] Leunberger C., Czuczwa J., Heyerdahl E. and Giger W.
(1988) Aliphatic and Polycyclic Aromatic Hydrocarbons in
an urban rain, snow and fog, Atmospheric Environment, 22,
695-705.
[15] Li K.L. and Kamens R.M. (1993) The Use of Polycyclic Aromatic Hydrocarbons as Source Signatures in Receptor Modeling, Atmospheric Environment, 27A, no 4, 523-532.
[16] Harrison, R.M., Smith, D.J.T. and Luhana, L. (1996) Source
apportionment of atmospheric polycyclic aromatic hydrocarbons collected from an urban location in Birmingham. UK.
Environmental Science and Technology 30, 825-832.
[17] Sen, O., Özmutlu M., Etik S.and Akçetin S. (1984) Ankara
air pollution. Proceedings of the National Symposium on Environment, Adana, pp 90-97.
[18] Ulug, E.S. (1993) Local effects of mobile sources in the
METU campus, Proceedings of the 1st national Air Pollution
and Control Symposium, İstanbul, 126-136.
[19] Yay O.D (2000)Changes in the Chemical Composition of soil
in Ankara due to the deposition of atmospheric pollutants,
Middle East Technical University, Department of Environmental Engineering, Ankara.
[20] Yunker M.B., Macdonald R.W., Vingarzan R., Mitchell
R.H., Goyette D. and Sylvestre S. (2002) PAHs in the Fraser
River Basin: a critical appraisal of PAH ratios as indicators
of PAH source and composition, Organic Geochemistry, 33,
489-515.

Received: February 02, 2004
Accepted: June 22, 2004

CORRESPONDING AUTHOR
Semra G. Tuncel
Middle East Technical University

1308

© by PSP Volume 13 – No 11b. 2004

Fresenius Environmental Bulletin

Faculty of Arts and Science
Department of Chemistry
Ankara - TURKEY
e-mail: semratun@metu.edu.tr
FEB/ Vol 13/ No 11b/ 2004 – pages 1295 - 1302

1309

© by PSP Volume 13 – No 11b. 2004

Fresenius Environmental Bulletin

ORGANOCHLORINE PESTICIDES IN THE
SEWERAGE SYSTEM OF KONYA-TURKEY
Mehmet Emin Aydin, Senar Ozcan and Sezen Sari
Selcuk University, Department of Environmental Engineering, Konya/ TURKEY
Presented at the 12th International Symposium on Environmental Pollution and its Impact on
Life in the Mediterranean Region (MESAEP & SECOTOX), Antalya, Turkey, 04 – 08 Oct. 2003

SUMMARY
In this research, wastewater samples were collected at
the general outlet and three different points of the main
drainage channel of the sewerage system and analyzed for
organochlorine pesticides, such as lindane, mirex, aldrin,
heptachlor, methoxychlor, o,p-DDE, p,p-DDD, p,p-DDT
and dieldrin. For determination and quantification of the
pesticide standards method 6630 was used along with
GC/ECD analysis. The recovery rates of solid phase and
liquid-liquid extraction methodologies were compared,
and changed between 35%-100% for solid phase and
70%-100% for liquid-liquid extractions.
In this work, the maximum organochlorine pesticide contents of Konya wastewater varied between 0.027.87 µg/L for lindane, 0.13-21.35 µg/L for heptachlor,
0.004-10.13 µg/L for aldrin, <0.0002-1.72 µg/L for dieldrin,
<0.01-26.13 µg/L for methoxychlor, <0.0002-1.32 µg/L for
mirex, 0.016-4.39 µg/L for o,p-DDE, <0.0002-3.93 µg/L
for p,p-DDD, and <0.01-2.28 µg/L for p,p-DDT.

KEYWORDS: Organochlorine pesticides (OCPs), sewerage,
wastewater, drainage water, Konya, Turkey.

INTRODUCTION
Konya has more than one million inhabitants and is surrounded by wide agricultural lands. Wastewater and run-off
water are collected by the sewerage system of the city and
discharged to Konya main drainage channel, which collects
also excess irrigation waters from the agricultural lands
outside the city. The drainage channel is discharged into the
salt lake, which is about 150 km away from the city.
Pesticides are carried to air, water and soil by various
mechanisms during or after their application to seeds or

plants. One part of the pesticides evaporates after application and is transferred into the atmosphere and turned to
toxic or non-toxic substances by photochemical reactions,
whereas another part is sorbed to soil causing soil pollution. In soil these pesticides are also degraded by microbiological or chemical mechanisms. A third part of pesticides is carried to rivers, lakes and ground water resources
by run-off waters. In addition, the pesticides are deposited
on leaves and fruits. When animals are fed with these contaminated plants, acute or chronic poisoning may occur, or
cause various illnesses after long-term accumulation in the
animals’ bodies. Some of the target organisms develop resistance against the applied pesticides in time. These pesticides kill harmful target organisms, but also harmless ones,
and alteration in the ecosystem occurs [2, 9].
Pesticides are used since 1965 in Turkey. According
to the ministry responsible for agricultural and rural affairs, in the recent years 30,000-35,000 tons of pesticides
are annually used in Turkey, and 1,700-3,000 tons in
Konya region [4].
Some part of the pesticides applied during various agricultural activities was carried to the sewerage system
and main drainage channel of Konya. In this work, samples were collected from 12 different points of the sewerage system (S1-S12), its general outlet (GO), and 6 different points of the main drainage channel (DC1-DC6),
which collects the general outlet of sewerage and excess
waters from farmland irrigations delivering them to the
salt lake (Tuz Gölü). Konya`s sewerage system is a combined system, which collects domestic and industrial
wastewaters as well as run-off effluents. Along its main
drainage channel these wastewaters are also used for
irrigation of farmlands.
The samples collected were analyzed in terms of organochlorine pesticides, such as lindane, mirex, aldrin,
heptachlor, methoxychlor, o,p-DDE, p,p-DDD, p,p-DDT,
and dieldrin.
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MATERIALS AND METHODS

filters, evaporated to 1 mL under a gentle nitrogen flow
and 0.1 ng/µL PCB 209 was added as internal standard.
The recovery rates of SPE and LLE methods, changing
from 35-100% for SPE and 70-100% for LLE, are given in
Figure 1.

Organochlorine pesticides were determined following
the standard method 6630 given by EPA and APHA [6, 8].
The organochlorine pesticides were extracted from
the wastewater samples by using solid phase extraction
(SPE) and liquid-liquid extraction (LLE) methods. To
optimize both, fortified samples were analyzed and compared with blank ones.

A Hewlett Packard 5890 series II gas chromatograph
(GC), equipped with 6890 series autosampler, 63 Ni-electron
capture detector (ECD), split-splitless injector and a DB-5
fused silica capillary column (30 m length, 0.25 mm i.d.
and 0.25 µm film thickness, J&W Scientific), was used for
analysis. Nitrogen was used as carrier (flow rate 1.4 mL/
min) and make-up gas (flow rate 45 mL/min). Injector and
detector temperatures were 240 °C and 260 °C, respectively, and oven temperature program was 60 °C – 40 °C/ min
– 180 °C (1 min) – 3 °C/min – 280 °C.

Bakerbond C18 octadecyl silane (ODS) SPE cartridges
were conditioned and then the fortified samples extracted.
Conditioning and elution steps were optimized with four
different solvents. At first, 5 mL acetone and 10 mL water
were used for conditioning and elution was done with ethyl
acetate. In the same way conditioning and elution were
tried with methanol, water and ethyl acetate; methanol,
water and n-hexane; and methanol, water and cyclohexane,
respectively [12].

All chemicals used were of analytical grade. The single
standards, lindane, heptachlor, aldrin, dieldrin, o,p-DDE,
p,p-DDD, p,p-DDT, methoxychlor, and mirex, were obtained from Promochem, Wesel/Germany. The solvents,
acetone, cyclohexane, n-hexane, ethyl acetate, and methanol, were purchased from Merck, Darmstadt/Germany. As
internal standard PCB 209 from Promochem was used.

LLE was carried out according to the German DEV H53 method. 250 mL sample was placed in a separatory funnel, 50 mL cyclohexane was added and the funnel was shaken for 10 min. The solvent phase was taken after 30 min of
separation and concentrated to 5 mL at 40 °C and under
slight vacuum using rotary evaporation. This concentrated
extract was filtered through 0.45 µm pore size syringe

The chromatogram of the target compounds at optimized GC conditions is given in Figure 2.

100
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60
40
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SPE (methanol/cyclohexane)

LLE (cyclohexane)

FIGURE 1 - Recovery ratios of SPE and LLE methods (%; n=2).
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FIGURE 2 - Chromatogram of the target compounds.

RESULTS AND DISCUSSION
The recovery rates for the organochlorine pesticides
were optimized until obtaining 70%-100% by LLE. The
best recovery rates of SPE varying between 35-100%
were obtained with 5 mL methanol and 10 mL water used
for conditioning, followed by 5 mL cyclohexane for elution. Therefore, the wastewater samples were extracted
with LLE method.

The GC-ECD results are given in Table 1. Mean aldrin
concentration changed from 0.0016 µg/L to 2.27 µg/L. The
samples taken from sampling points S4, S9, and S10 of
sewerage system, and DC5and DC6 of drainage channel
showed higher aldrin levels compared to the general outlet of the sewerage system.

TABLE 1 - Pesticide contents (µg/L) analyzed at the different sampling points of Konya wastewater system (n=7).
Sampling
point
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
GO
DC1
DC2
DC3
DC4
DC5
DC6

min
<0.0002
<0.0002
<0.0002
0.0310
<0.0002
<0.0002
0.0070
<0.0002
0.0410
0.0200
<0.0002
<0.0002
<0.0002
<0.0002
0.0080
<0.0002
<0.0002
<0.0002
<0.0002

aldrin
mean
0.0016
0.0100
0.0834
0.6550
0.0070
0.0023
0.0620
0.1410
0.3790
2.2700
0.0280
0.0674
0.1530
0.1390
0.0985
0.0392
0.0397
1.1200
1.7100

max
0.0040
0.0370
0.4110
2.3900
0.0140
0.0060
0.1170
0.7650
0.8040
10.1300
0.0690
0.1840
0.6450
0.4800
0.2310
0.0700
0.1120
3.3700
4.3400

min
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
0.0030
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
0.0030

dieldrin
mean
0.0002
0.0130
0.0500
0.0103
0.0180
0.0060
<0.0002
0.0247
0.0265
0.1130
0.0410
0.0042
0.0413
0.0127
0.0090
0.0102
0.0067
<0.0002
0.5770

max
0.0010
0.0580
0.1790
0.0620
0.0900
0.0230
<0.0002
0.1400
0.0680
0.3090
0.1710
0.0160
0.2430
0.0390
0.0320
0.0260
0.0200
<0.0002
1.7200

min
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002

heptachlor
mean
0.3780
0.3870
0.4570
1.4280
0.3800
0.2980
0.2960
0.5990
1.5830
4.7900
0.4390
0.5730
0.4250
0.6870
0.9340
0.6860
0.0457
2.7400
5.3800
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max
0.7200
0.8320
1.0920
5.7300
0.7150
0.6080
0.5920
1.6000
3.9670
21.3500
0.7400
0.9800
0.8720
1.8640
1.9560
1.4160
0.1290
8.2100
16.0800

min
0.0020
<0.0002
<0.0002
<0.0002
0.0020
<0.0002
0.0070
<0.0002
0.0110
<0.0002
<0.0002
<0.0002
0.0020
<0.0002
<0.0002
0.0050
<0.0002
<0.0002
<0.0002

lindane
mean
0.0492
0.0437
0.1660
0.3720
0.0430
0.0418
0.0620
0.1300
0.2910
0.5260
0.0208
0.0594
0.2040
0.1658
0.1750
0.1194
0.0067
0.7610
2.6300

max
0.1380
0.1480
0.8200
1.6600
0.1180
0.1350
0.1170
0.5650
0.5840
1.4550
0.0700
0.1760
0.8200
0.3690
0.4630
0.2170
0.0200
2.2750
7.8700

min
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100

methoxychlor
mean
max
<0.0100 <0.0100
0.0060
0.0330
0.0287
0.0910
0.0365
0.2190
0.0026
0.0130
0.1570
0.6050
<0.0100 <0.0100
0.0037
0.0220
0.1808
0.2470
5.5700
26.1300
0.0266
0.0550
0.0032
0.0160
0.0342
0.2050
0.0407
0.1200
0.0220
0.0680
0.0098
0.0300
<0.0100 <0.0100
<0.0100 <0.0100
<0.0100 <0.0100
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TABLE 1 – continued.
Sampling
point
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
GO
DC1
DC2
DC3
DC4
DC5
DC6

min
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
0.042
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002

mirex
mean
<0.0002
0.0243
0.0144
0.0248
0.0016
0.0060
0.0035
0.0092
0.0823
0.4410
0.0056
0.0104
0.0063
0.0128
0.0068
0.0076
0.0057
0.0020
0.0083

max
<0.0002
0.1080
0.0440
0.0780
0.0080
0.0240
0.0070
0.0370
0.1530
1.3200
0.0200
0.0230
0.0350
0.0410
0.0260
0.0240
0.0140
0.0060
0.0220

min
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
0.0100
<0.0002
<0.0002
<0.0002
0.0080
0.0060
0.0050
0.0100
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002

o,p-DDE
mean
0.0194
0.0245
0.4350
0.1628
0.0146
0.0240
0.1160
0.0695
1.1600
0.9140
0.1040
0.0782
0.1042
0.1153
0.0378
0.0440
0.5960
0.4520
0.0060

max
0.0710
0.0450
2.6560
0.4280
0.0640
0.0730
0.2220
0.2890
4.3900
3.0150
0.4520
0.2200
0.4260
0.3250
0.1180
0.0840
1.7850
1.3550
0.0160

min
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
0.0890
0.0060
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002
<0.0002

p,p-DDD
mean
<0.0002
0.0190
0.0176
0.0227
0.0042
0.0280
0.0010
0.0160
1.0670
0.1814
0.0092
0.0356
0.0727
0.0300
0.0023
0.0060
0.0007
<0.0002
0.2150

max
<0.0002
0.0560
0.0850
0.1140
0.0120
0.1120
0.0020
0.0850
3.9280
0.3230
0.0240
0.1640
0.2040
0.1080
0.0060
0.0140
0.0020
<0.0002
0.6450

min
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
0.2390
<0.0100
0.0140
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100
<0.0100

p,p-DDT
mean
0.3280
0.6860
0.5890
0.5650
0.2500
0.3810
0.6340
0.4840
1.4180
0.9430
0.8460
0.9190
0.7350
0.7670
0.4130
0.5880
<0.0100
<0.0100
<0.0100

max
1.5650
1.5800
1.5950
1.7000
1.2520
1.2560
1.2680
1.5600
2.2850
2.0600
1.6000
1.5550
1.5800
1.5700
1.5950
1.5650
<0.0100
<0.0100
<0.0100

min
<0.0100
0.0360
0.0680
0.0190
<0.0100
0.0120
0.2220
<0.0100
0.4000
0.3330
0.0880
0.0730
0.0410
0.0360
<0.0100
<0.0100
0.0020
<0.0100
0.0020

T-DDTs
mean
20.8000
0.7290
1.0490
0.7500
0.2690
0.4330
0.7510
0.5700
3.6500
2.0380
0.9590
1.0320
0.9120
0.9120
0.4530
0.6380
0.5970
0.4520
0.2210

max
123.00
1.5930
2.6560
2.0450
1.2620
1.2670
1.2800
1.6010
6.7700
3.7960
1.6140
1.6130
1.6130
1.8970
1.6310
1.5730
1.7850
1.3550
0.6450

Mean pesticides concentrations

25
20
15
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5
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DC
1
DC
2
DC
3
DC
4
DC
5
DC
6

S9
S1
0
S1
1
S1
2

S8

S7

S6

S5

S4

S3

S2

S1

0

T-DDTs

Heptachlor

p,p-DDT

p,p-DDD

Metoxychlor

Aldrin

Dieldrin

Lindan

Mirex

o,p-DDE

FIGURE 3 - Mean total pesticide levels measured at each sampling point (µg/L).

The mean dieldrin concentrations extremely changed
between <0.0002 µg/L and 0.577 µg/L, showing the highest values at S10 and DC6.

Lindane changed from 0.007 µg/L to 2.63 µg/L, being higher at S4, S9, S10, and DC5, DC6 compared to the
lindane values of the general outlet.

Heptachlor pollution was higher with means varying
between 0.0457 µg/L and 5.38 µg/L. At 7 sampling points
of the sewerage system and 5 of the drainage channel
heptachlor values were higher than at the general outlet of
the sewerage system.

Methoxychlor mean values were between <0.01 µg/L
and 5.57 µg/L and was found to be below the detection level
at sampling points S1, S7 and DC4, DC5 and DC6, but
highest at S10. Mirex was found in lower levels than the
other pesticides investigated and its level was also highest at
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TABLE 2 - Organochlorine pesticides (ng/L) analyzed in previous works.
OCPs
Daya Bay,
China,
August
1999
California
Gulf,
November
1996
Mısır, Giza,
May 1996
Konya
sewerage
system,
Turkey
August
2002
Küçük
Menderes
River,
Turkey,
2000-2002
Yunanistan,
1996-1998
Jiulong
River, Çin,
December
2000
Vietnam,
Hanoi,
June 1996

T-BHCs

Heptachlore

T-DDTs

T-HCHs

Methoxychlor

Dieldrine

Aldrin

Endrin

Mirex

Endosulfan

Reference

-

0.10-12.30

0.03-0.98

0.03-1.22

0.02-2.18

0.001-0.002

0.001-0.23

0.009-0.07

-

0.001-0.07

[9]

-

0.23

1.57-11.15

0.20-1.60

-

19.00

-

-

-

0.40-73.20

[3]

13.2-86.2

3.40-11.50

2.30-61.0

-

-

-

-

-

-

-

[2]

-

< DL

40-320

-

< DL

< DL

90-140

-

40-110

-

[1]

279-332

46.0-132.0

44-102

-

9.00

8.0-1712

39-1790

14.0-191

-

3-7

[7]

-

20

99-143

233-421

< DL

31-39

101-104

21

-

-

[4]

-

-

19.24-96.64

31.95-129.8

-

-

-

-

-

-

[10]

-

1.12-104

0.21-324

0.21-83.0

-

1.20-14.2

0.25-30.2

0.89-169

-

-

[5]

(T-DDTs = p,p-DDE, p,p,-DDD, p,p-DDT; T-BHCs = α, β, γ, δ-BHC; T-HCHs = α, β, γ-HCH
< DL = under detection limit

sampling point S10. T-DDTs concentrations ranged from
0.221 µg/L to 20.80 µg/L, found to be highest at S1 and
higher than the general outlet value at S9, but decreasing
along the drainage channel.

were higher, probably due to the sampling points` selection at sewer system and drainage channel including domestic and industrial wastewaters, but also rain and drainage waters from the farmlands.

The mean pesticides contents of samples at all the sampling points are given in Figure 3. The highest organochlorine levels were measured at sampling points S1, S9 and
S10 of sewer system and DC5 and DC6 of main drainage
channel (Figure 3).

Variance analyses were also carried out in order to find
out significantly different organochlorine pesticide contents
compared to those of the general outlet of the sewer system.

Heptachlor was detected at all sampling points. Higher
concentrations of heptachlor were observed at sampling
points S4, S9, S10, DC5 and DC6. Methoxychlor was only
found at S6, S9, and, in higher concentration, at S10. Lindane was found to be higher concentrated at DC5 and DC6,
whereas mirex was detected only at S10.
S1 and S10 showing higher pesticide levels receive
their wastewaters from the Meram region, which has big
gardens and green areas. Sampling point S9 receives
wastewaters from big scrapyards that collect and shred
metals. Metal pesticide containers may be processed in
these scrapyards. Therefore, this could be the reason for
elevated pesticide concentrations.
The pesticide values measured in this study were compared to previous investigations on pesticides in surface
waters of different regions (Table 2). The values of this work

Although some of the pesticides measurements were
higher than usual at the general outlet, no statistically significant difference was found between each sampling point
and the general outlet.

CONCLUSION
In this work, the analytical method for the determination of some organochlorines in wastewater samples was
optimized, achieving recovery ratios between 70% and
100% for pesticide-fortified samples.
The total organochlorine pesticide values were found
to be higher at sampling points S1, S9, S10, DC5, and
DC6, and changing from about 5 µg/L to 20 µg/L. These
sampling points were receiving wastewaters from gardens, farmlands and a scrapyard with improper disposal
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of pesticides in containers. Therefore, it is suggested to
take appropriate care for use, storage and disposal of such
chemicals, especially in containers, in order to prevent
water sources pollution.
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SUMMARY
The potential of Near-Infrared Spectroscopy (NIRS)
to determine As, Pb, Cu and Zn in soil samples from the
Aznalcóllar area was studied. The sample set (n =100)
was split into two groups (2/3 for calibration and 1/3 for an
external validation), having in both groups similar chemical
variability to that contained in the whole set. The calibration equations obtained resulted in the following ratios of
standard deviation to standard error of prediction (RPD) and
range to standard error of prediction (RER): As (RPD =
2.25; RER = 8.34), Pb (RPD = 2.13, RER = 8.77) and Zn
(RPD = 1.96, RER = 8.23). Calibration for copper exhibited the lowest accuracy. The loadings for each factor of
the different equations developed were obtained from
Modified Partial Least Squares (MPLS) regression. These
were examined in an attempt to identify the soil ligands
for the elements studied. The major wavelengths influencing the first three factors were similar for all the elements.
Regions assigned to O-H groups were significant in constructing the factors.

KEYWORDS:
Near Infrared Spectroscopy (NIRS), soil, heavy metal analysis,
calibration equations, modified partial least squares (MPLS) loadings.

toxic elements in the soil can be accumulated by living
organisms. Therefore, the Agronomy and Plant Breeding
Department of the Institute for Sustainable Agriculture
(IAS-CSIC, Córdoba, Spain) is carrying out several research projects aimed to identify the best plant species for
the remediation of this contaminated area, which implies the
performance of many soil analyses for trace metal content.
During the last 30 years Near Infra-Red Spectroscopy
(NIRS) has been widely used as a rapid method accurate
enough for qualitative and quantitative analysis of organic
matter in the fields of agriculture and food, textiles, petrochemicals and pharmaceuticals [1]. More recently, this
technique has been applied to environmental studies, including the determination of heavy metals and arsenic in plant
tissues [2-4], the analysis of heavy metals in sediments of
lakes [5], or to study some properties of polluted soils [6-8].
The objectives of this work were: i) to investigate if
NIRS technique is able to evaluate the content of As, Pb,
Zn and Cu in polluted soils from the Aznalcóllar area, and
ii) to identify those NIR wavelengths highly correlated with
each of the trace elements studied in an attempt of determining the relations with the soil components.

MATERIALS AND METHODS
INTRODUCTION
On April 25, 1998 a toxic spill occurred in Aznalcóllar
(Seville, Spain) in the proximity of the Doñana National
Park, flooding and affecting more than 4,600 ha of the
adjacent agricultural lands along the Guadiamar and Agrio
rivers. After physically removing the upper sediments, the
soils still remained polluted by heavy metals, such as Pb,
Cu, Zn, Cd, Tl, Sb, and metalloids as As. Apart from the
environmental disaster at this area, land and water pollution
represent a high risk for human health, mainly due to the
entry potential of the hazardous elements into the food chain.
This fact makes the situation of global concern, because the

About one-hundred samples of soil were employed in
the conduct of this work. Soil samples were collected at
different depths (tailings, 0-10 cm, 10-30 cm) along the
affected area. Sampling and determination of the reference
values for all elements studied were done by the Departamento de Edafología y Química Agrícola (Universidad de
Granada, Spain). The samples were digested with nitric
and perchloric acid, and then analyzed by inductively
coupled plasma atomic emission spectrophotometry (ICPAES; Perkin Elmer mod. SCIEX-Elan-5000A). A subsample (about 6 ml) of each one was placed in a ring cup
(3 cm diameter) and analyzed in its natural form after
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being air-dried to 5 % moisture content. NIR analysis was
carried out at the IAS-CSIC, using a NIRSystems mod.
6500 (Foss-NIRSystems, Inc., Silver Spring, MD, USA)
spectrophotometer in the reflectance mode, equipped with
a transport module, acquiring the spectra over a wavelength range from 400 to 2500 nm (VIS + NIR regions).
The absorbance values (log 1/R, where R is reflectance)
were registered at 2 nm intervals. The spectra and their
corresponding reference values were separated into two
groups: one for calibration (two thirds of the sample set)
and the rest for an external validation. Splitting was made
separately for each element, but in both sets exhibiting the
same chemical variability as in the whole set.

that is spectrally different from the other samples in the
population.

The calibration equations for As, Pb, Zn and Cu were
developed using the program GLOBAL v. 1.50 (WINISI II,
Infrasoft International, LLC, Port Matilda, PA, USA). Calibration equations were computed using the raw optical data
(log 1/R), or the first or second derivatives of the log 1/R
data, with several combinations of segment (smoothing) and
derivative (gap) sizes. Wavelengths from 400 to 2500 nm,
every 8 nm, were used to perform the different calibration
equations. Modified partial least squares (MPLS) was the
regression method employed to correlate spectral information and trace metal content in the samples. This regression method provides a principal component analysis for
decomposition in such a way that the reference data are
used for an optimal decomposition of the NIR data, then
performing the regression equation. Residual values are
standardized before each regression term is added to the
equation. The final objective was to reduce the huge number of spectral data points (absorbance at each wavelength)
and to eliminate the correlation of absorbance values presented by neighbouring wavelengths [9]. Standard normal
variate (SNV) and de-trending transformations (DT) were
used to correct the baseline offset due to scattering effects
(differences in particle size among samples) [10]. Crossvalidation was performed on the calibration set for determining the optimum number of terms to be used in building
the calibration equation, and to identify possible chemical
(“T”) or spectral (“H”) outliers. “T” outliers are samples
with a relationship between its reference value and its spectrum that is different from the relationship from other samples in the population; the “H” outlier identifies a sample

The soils have distinctive NIR spectra because of relatively strong absorption of the vibrational overtones and
combination modes of the O-H, sulphate, carbonate
groups [13] and organic matter. The mean soil spectrum of
the samples (Fig. 1) used in this work presents three major
absorption bands in second derivative transformation (2, 5,
5, 2; derivative order, gap, first smoothing, second smoothing) at 1412 and 1908 nm, related to O-H second overtone
and absorption of O-H groups of water, respectively.

Each of the equations obtained was validated using an
external validation group (samples not included in the
calibration set). The predictive ability of each equation
obtained was characterized by its coefficient of determination (r2), ratio of the standard deviation to standard
error of prediction (RPD) [11], and ratio of the range to
standard error of prediction (RER) [12].
RESULTS AND DISCUSSION

In addition, the band at 2206 nm is relatable to organic matter C-H overtone [14]. At longer wavelengths the
spectrum becomes more complex, since here radiation is
absorbed by many minerals. Chang and Laird [15] reported that absorption bands around 2340-2500 nm could be
related to CaCO3, and bands at 2310-2350 nm, but also
around 1700-2150 nm to humic acids. Minor bands
shown in the spectral region from 2250 to 2438 nm (Fig.
1) are consistent with those bands reported by different
authors [13, 16-18]. It has been noted that, even in the
case of soils formed under absolutely different climatic
and geological conditions, their spectra have much in
common [6]. All of them have a substantial background
absorption, which decreases from 1100 to 1800 nm and
sharply increases from 2000 to 2500 nm. In the second
derivative of the original spectrum this author reported
three small, but distinct peaks at 1412, 1916 and 2208 nm
in soils varying widely. Therefore, he concluded that in
the spectral region near 1400 nm there are absorption
bands from many free-water minerals, which supports the
idea that near this region radiation in soils is absorbed not
only by water, but also by O-H groups of micas.

FIGURE 1 - Average spectrum (2nd derivative) of the soil amples (n = 100)
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in the range 414-2498 nm (x-axis: wavelength; y-axis: absorbance).
TABLE 1 - Calibration statistics for the elements studied (values expressed in mg/kg dry weight; n=70).

Calibration
sd (a)

SEC (b)

R2 (c)

65.44

46.37

12.32

0.93

167.54

131.07

35.09

0.93

101.91

50.07

0.76

461.85

163.30

0.87

element

range

mean

As

16.30-225.40

Pb

28.20-598.10

Cu

19.40-483.80

156.36

Zn

70.50-1784.80

601.90

(a) standard deviation; (b) standard error of calibration; (c) coefficient of determination

TABLE 2 - External validation statistics for the elements studied (values expressed in mg/kg dry weight; n=30).

Element
As
Pb
Cu
Zn

range
22.90-199.50
32.50-430.90
26.90-436.40
78.60-2112.30

mean
74.49
147.67
169.22
637.67

External Validation
sd (a)
SEP (b)
47.66
21.17
96.82
45.38
95.33
59.62
484.14
246.97

r2 (c)
0.82
0.80
0.67
0.76

RPD (d)
2.25
2.13
1.59
1.96

RER (e)
8.34
8.77
6.86
8.23

(a) standard deviation; (b) standard error of performance
(c) coefficient of determination; (d) ratio of the standard deviation to SEP
(e) ratio of the range to SEP

500

a
Pb (predicted) (mg/Kg, dw)

As (predicted) (mg/Kg, dw)

250

200

150

100

50

0

0

50

100

150

200

b

400

300

200

100

0

250

0

100

As (laboratory) (mg/Kg, dw)

2500

c

Zn (predicted) (mg/Kg, dw)

Cu (predicted) (mg/Kg, dw)

500
400
300
200
100
0
0

100

200

200

300

400

300

400

500

Pb (laboratory) (mg/Kg, dw)

500

d

2000
1500
1000
500
0
0

Cu (laboratory) (mg/Kg, dw)

500

1000

1500

2000

Zn (laboratory) (mg/Kg, dw)
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FIGURE 2 - Validation scatter plots for As (a), Pb (b), Cu (c) and Zn (d). The values are expressed in mg/kg dry weight.

For all the elements studied in this work, the transformation of the original spectrum (log 1/R) to the first derivative (1, 4, 4, 1), prior to calibration, gave slightly better
results than any other combination. Tables 1 and 2 show the
composition of the calibration and external validation sets,
respectively. In the calibration, As and Pb showed the highest coefficients of determination (R2) (Table 1), followed by
Zn and Cu. For As and Pb, the 93 % of variance contained
in the data could be explained by the models. Copper presented lower correlation between spectral and chemical data
than the other elements, namely, 76 % of variance explained
by the model. Predictions of heavy metals and As by NIR
(Table 2) resulted in r2 values between reference and predicted element concentration from 0.67 (Cu) (Fig. 2c) to
0.82 (As) (Fig. 2a). The Pb equation (Fig. 2b) resulted in
r2 slightly higher than that of Zn (Fig. 2d).
The RPDs for As, Pb and Zn were close or slightly
over 2.0, and their respective RERs between 8.0 and 9.0
indicate excellent equations [11, 12]. For Cu the r2, RPD
and RER values were lower than those exhibited by the
other elements, but indicative of acceptable equations for
screening.
Similar results were reported by Malley and Williams
[5] for the determination of Pb in sediments of lakes by
NIR analysis (r2= 0.81; RPD= 2.45; RER= 10.82). However, the same authors reported predictions of Zn and Cu with
higher accuracy than those shown in this work. Two factors
that could highly influence the results of such calibrations
might be the existence of high quantities of organic matter
in the freshwater sediments (1-69% dry weight) in comparison with the soil samples used in this work (<1%), but also
high differences in time from deposition of the metal in
the sediment to analysis.
For a better understanding of the calibration mechanism and interpretation of the statistics obtained for the
trace metals considered in this work, the simple correlation
coefficient (r) between elements was obtained. While As
and Pb showed a high r value (0.93), the correlation coefficients exhibited for Cu (0.76) and Zn (0.87) were although
high, but somewhat lower than those of As and Pb. These
values reflect the existence of the metal associates As-Pb
and Cu-Zn, as has been previously reported [19]. The correlation coefficients shown by the other metal combinations were low (0.34< r <0.47) and, therefore, it can be
concluded that no chemical association exists among them
This fact is explained on the basis of the different solubility exhibited by the trace metals studied. According to
Simón et al. [20], the major part of Cu and Zn penetrated
the soil and precipitated from the solution phase of the
spill, while As and Pb were rather sedimented as part of
the pyrite-dominated solid phase. This means that Cu and
Zn were incorporated into the soil by an independent process in contrast to that followed by As and Pb, and there-

fore not directly bound to the sludge, as occurring with the
less soluble (mobile) elements. To contribute to the
knowledge of the mechanism used by MPLS to calibrate
heavy metals in soil, the first three MPLS loadings of the
elements calibrated were studied.
MPLS loadings of the calibration equations for each
element were obtained transforming the raw optical data
into the second derivative prior to calibration, because this
transformation displays the absorbance bands more clearly
than both first derivative and log 1/R. The weights for the
first three factors were plotted against the wavelength
(Fig. 3). This indicated wavelength regions where variance
was used in computing the MPLS equations. In second
derivative, the peaks pointing downwards indicate the
positive influence of absorbers on the development of the
equations, while peaks pointing upwards might indicate
negative correlations. Loading plots for As and Pb were
identical for the first three factors, which is according with
the high r values exhibited by both. Although the major
wavelengths influencing the first three factors were almost
identical for all the elements, i.e., 1412 (1420), 1908 and
2204 (2196) nm, some quantitative differences existed. For
instance, the first factor for Cu exhibited a 1908 nm band
with a higher weight than that exhibited by Zn, while the
opposite occurred with the bands at 1412 and 2204 nm.
The second and third factors had loadings almost identical
for Cu and Zn. The 1908 nm band was the most weighted
in the second and third factors. On corrected data (SNVDT and/or 2nd derivative being used) before generating
MPLS factors, the residual moisture influenced the first
factor due to the fact that particle size effects are here attenuated or practically inexistent. 1908 nm appears as a
prominent band in all the factors supporting the idea that in
this region radiation is absorbed not only by water, but also
by O-H groups of minerals and organic matter. The regions
close to 1412 (O-H groups) and 2204 nm also highly influenced these three factors.
The complexity of the soil mechanisms involved in
trace metal retention makes it difficult to interprete these
results. For instance, clay percentage in the sample is
related to residual moisture content at the time of collecting the spectra, as well as the salt content, which is highly
hygroscopic. On the other hand, little differences in mineral
composition between the top- and sub-soil levels could be
related to a specific metal concentration, as penetration
ability depends on the solubility of the element. Likewise,
the different trace metals in Aznalcóllar soils are retained
mainly by iron oxyhydroxide particles (As), sulphates
(Pb), clays and organic matter (Zn) or precipitated as
oxides (Cu), being highly dependent on the pH of the soil
at each sampling point. Thus, the ability of NIRS to predict
heavy elements in soils would depend on different factors,
such as the relationship between elements and soil organic
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matter [18], but also the elements, their texture [21] and
mineral composition.

FIGURE 3 - MPLS loading plots for first, second and third factors of
As, Pb, Zn and Cu (x-axis: wavelength; y-axis: coefficients of regression).

CONCLUSION
A high similarity has been exhibited by soil spectra
from Aznalcóllar and far geographical regions. On the basis
of the statistics obtained by external validation, calibration
equations were suitable for the determination of As, Pb, Zn
and Cu in soils from the Aznalcóllar area. They allow us to
perform acceptable determinations of the trace metal contents by NIRS, thus reducing the large number of laboratory
analysis necessary within large environmental screening

programs. In addition, the study of the loading plots of the
first three MPLS factors for the elements calibrated gave
some information about the more influencing wavelengths
at each factor, which can be assigned to a specific known
chemical group. The results obtained in this work show the
high potential of NIR reflectance for the rapid and low-cost
determination of heavy metals in polluted soils.
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SUMMARY
It was the aim of this investigation to monitor aromatic
hydrocarbons in drinking water and wastewater of Konya.
Samples were taken from the Konya Drinking Water Distribution Network, the Konya Sewerage System and the
University Campus Sewer. Water and wastewater samples
were analyzed in terms of sum parameters as well as aromatic hydrocarbons, such as ethyl benzene, chlorobenzene,
bromobenzene, 1,3-dichlorobenzene, 1,4-dichlorobenzene,
1,2-dichlorobenzene, 1,2,4-trichlorobenzene, and 1,2,3-trichlorobenzene. These substances were extracted using
liquid-liquid micro extraction method and analyzed with
GC/FID. The level of 1,4-dichlorobenzene was found to be
quite high for water samples and possible sources of this
compound are discussed.

KEYWORDS: aromatic hydrocarbons, chlorinated, brominated,
benzenes, water, wastewater, Konya, Turkey.

VOCs are used as fumigants and solvents in herbicide
and pesticide production. They are released into the environment during production, storage and distribution, emitted from point or diffuse sources. Some of these compounds may also be formed during disinfection of drinking waters. VOCs are found in relatively low concentrations in surface waters compared with ground waters
because of their volatile nature. In ground water samples
100- to 1,000-fold higher concentrations have been investigated [3].
Generally, VOCs enter ground water sources because
of leakage from fuel or solvent storage tanks and solid
waste disposal sites. Wastewater discharges and agricultural activities are also sources of VOC pollution. Volatile
halogenated hydrocarbons are formed during chlorination
in treatment plants, especially when taking water from
surface sources [4].
In this work some of the volatile aromatic hydrocarbons were monitored in the water and wastewater systems
of Konya for one year.

INTRODUCTION
Aromatic hydrocarbons are widely used as solvents
and in the production of various substances, such as pesticides, phenols, and dyestuffs. Some lower chlorinated
benzenes are formed during chlorination process in water
treatment. These compounds have deleterious effects on
health and environment. Therefore, the monitoring of these
substances is necessary.
Organic compounds with boiling points below or
equal to 100 oC and vapor pressures higher than 1 mm Hg
at 25 oC are considered to be volatile organic compounds
(VOCs) [1]. VOCs are usually classified into four groups:
volatile halogenated hydrocarbons, chlorinated benzenes,
chlorinated toluenes, and volatile aromatic hydrocarbons
and ethers [2].

MATERIAL AND METHODS
Water and wastewater systems of Konya

65 % of Konya water demand is supplied from Altınapa
Dam and 35 % from ground water sources by boreholes
opened inside the city. The dam water is treated before entering the distribution network. The treatment plant is operated
conventionally with coagulation, flocculation, clarification,
filtration, and chlorination processes. Ground water abstracted from boreholes is given into the distribution network after chlorination. Spring waters are distributed in the
city by a separate network consisting of about 600 street
fountains. Spring waters are also fed to the distribution
network after chlorination.
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Domestic and industrial wastewaters of Konya are
collected by a combined sewerage system and discharged
to Konya main drainage channel without treatment.
Sampling sites

In this work, water samples were collected from
Altınapa Dam (Dam), which is the drinking water source
of Konya, at the outlet of drinking water treatment plant
(WTP) and two points in the drinking water distribution
network. The first sampling point, Net I, is around the
middle of the network and Net II towards the end of the
network, according to the location of the drinking water
treatment plant. One additional water sample was collected from one of the street fountains (spring water). The
wastewater samples were collected from twelve sampling
points (S1-S12) selected in cooperation with water and
sewerage administration officials and considering the
various industrial and residential areas. Wastewater samples were also collected from the University Campus
sewers (UCW).
Analytical parameters

Water and wastewater samples were analyzed in terms
of characterizing sum parameters as well as aromatic hydrocarbons. These water parameters were turbidity, pH,
electrical conductivity (EC), ammonia as nitrogen (NH4N), nitrite as nitrogen (NO2-N), calcium (Ca), magnesium
(Mg), total hardness (T Hardness) and total alkalinity.
Wastewater samples were analyzed for suspended solids (SS), biochemical oxygen demand (BOD5), chemical

oxygen demand (COD), total organic carbon (TOC), total
inorganic carbon (TIC), total carbon (TC), total nitrogen
(T-N), nitrate nitrogen (NO3-N) and orthophosphate phosphorus (PO4-P).
Both water and wastewaters samples were analyzed for
aromatic hydrocarbons, such as ethyl benzene, o-xylene,
chlorobenzene, bromobenzene, 1,3-dichlorobenzene, 1,4dichlorobenzene, 1,2-dichlorobenzene, 1,2,4-trichlorobenzene, and 1,2,3-trichlorobenzene.
The analyses of the sum parameters were carried out
by standard methods and extractions of aromatic hydrocarbons by liquid-liquid micro extraction method according to DIN 38407. 500 mL aliquots of water or
wastewater sample were placed in a flask. Then 10 mL nhexane was added and the mixture stirred on a magnetic
stirrer for 2 min. A micro-separator was placed on the
flask after a few min waiting for phase separation. About
1 mL of the extract was taken from the neck of the microseparator and quickly transferred to a GC vial for analysis. Aromatic hydrocarbons were analyzed using a Shimadzu gas chromatograph GC-17 Ver.3 equipped with
split-splitless injector, flame ionization detector (FID) and
a DB-624 WB capillary column (30 m length, 0.25 mm
i.d., 1.8 µm film thickness). Nitrogen was used as carrier
and make-up gas at flow rates of 1.5 mL/min and 40
mL/min, respectively. Injector and detector temperatures
were 250 oC, while column temperature program was 40 oC
(4 min) - 4 oC/min - 130 oC - 15 oC/min - 200 oC (2 min) 25 oC/min - 220 oC. The chromatogram of a mixed standard sample under optimized GC conditions is given in
Figure 1.
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FIGURE 1 - Chromatogram of mixed aromatic hydrocarbon standard (10 mg/L).

All the chemicals used were of analytical grade. The
standards of aromatic hydrocarbons were purchased from
Riedel de Haen/Fluka.
Fortification and blank analyses (controls) were also
carried out. Water and wastewater samples were spiked
with 0.1 mg/L and 10 mg/L of a mixed standard of aromatic hydrocarbons and analyzed as described above.

RESULTS AND DISCUSSIONS
The recovery ratios of the aromatic hydrocarbonspiked water and wastewater samples are given in Figure 2
for 0.1 mg/L and Figure 3 for 10 mg/L fortification
level. The recovery rates changed from 40 % to 110 %
for 0.1 mg/L fortification level, but only between 80 %
and 95 % for 10 mg/L.
The characterizing general water quality parameters
measured are given in Tables 1 and 2 for samples taken
from the Dam and the outlet of the drinking water treatment plant, respectively.
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FIGURE 2 - The recovery rates of aromatic hydrocarbons for 0.1 mg/L fortification level.
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FIGURE 3 - The recovery rates of aromatic hydrocarbons for 10 mg/L fortification level.
TABLE 1 - General quality parameters of dam water samples (n=30).

PARAMETER
Turbidity (NTU)
pH
EC (mmhos/cm)
NH4-N (mg/L)
NO2-N (mg/L)
Ca (mg/L)
Mg (mg/L)
T. Hardness (CaCO3, mg/L)
T. Alkalinity (mg/L)

MINIMUM

MEAN

MAXIMUM

3.50
8.10
366.00
0.20
0.02
64.00
10.10
195.00
155.00

8.40
8.30
388.60
0.50
0.04
68.50
13.30
218.20
201.80

30.00
8.40
437.00
0.80
0.10
76.00
15.90
235.00
220.00

STANDARD
DEVIATION
4.90
0.10
20.10
0.20
0.02
4.80
1.90
15.50
13.90

SKKY
I.S.K.S
6.5-8.5
0.2
0.002
-

SKKY-I.S.K.S *Water Pollution Prevention Regulation - 1 st class water sources quality criteria

TABLE 2 - General quality parameters of drinking water at the outlet of the treatment plant (n=30).

PARAMETER
Turbidity (NTU)
PH
EC (mmhos/cm)
NH4-N (mg/L)
NO2-N (mg/L)
Ca (mg/L)
Mg (mg/L)
T. Hardness (CaCO3, mg/L)
T. Alkalinity (mg/L)

MINIMUM

MEAN

MAXIMUM

0.20
7.20
374.00
0.00
0.00
64.00
10.20
205.00
145.00

0.80
7.40
402.30
0.02
0.00
69.50
14.80
225.20
174.80

2.10
7.60
462.00
0.07
0.00
76.00
18.80
240.00
190.00

STANDARD
DEVIATION
0.60
0.10
23.30
0.01
0.00
4.50
2.30
12.30
10.40

TSE 266
0-5
6.5-8.5
0-650
0-0.06
0-0.1
0-100
0-30
-

*TSE 266: Turkish standards requirements for drinking waters

The results given in Table 1 show that the dam water is
in first quality waters` class according to the water sources
quality classification system. The results at the outlet of the
drinking water treatment plant (Table 2) comply with the
Turkish Standards for Drinking Waters [5]. These above

sum parameters were also measured at the general outlet
of the Konya sewerage system and in University Campus
wastewater samples (Table 3). The wastewaters of both
Konya and Campus can be classified as medium strength
domestic wastewater.

TABLE 3 - General quality parameters of University Campus (UCW)
and general outlet of Konya Sewerage System (GOS) wastewater samples.

PARAMETER
SS (mg/L)
COD (mg/L)
BOD5 (mg/L)
TC (mg/L)
TIC (mg/L)
TOC (mg/L)

MINIMUM
8.00
129.00
16.00
20.00
8.00
1.00

MEAN
54.00
169.00
108.00
59.00
40.00
19.00

GOS
MAXIMUM
197.00
178.00
147.00
83.00
81.00
33.00

STANDARD
DEVIA62.00
TION
17.00
40.00
27.00
35.00
15.00
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MINIMUM
940.00
28.10
20.20
15.80
7.11
8.65

MEAN
949.00
67.55
69.70
17.35
7.39
9.93

UCW
MAXIMUM
958.00
107.00
119.20
18.90
7.67
11.20

STANDARD
DEVIATION
12.73
55.79
70.00
2.19
0.40
1.80
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PO4-P (mg/L)

0.50
24.00
5.40
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0.90
55.00
6.40

1.60
200.00
8.20

0.40
59.00
0.90

Organic micro pollutants such as aromatic hydrocarbons are not regulated in the Turkish Standards for drinking waters. However, maximum concentrations or guidance levels for these substances in drinking waters are

2.08
7.59
0.02

2.45
8.90
0.05

2.82
10.20
0.09

0.52
1.85
0.05

established by the European Union (EU), the United States
(USA) and the World Health Organization (WHO). The
analytical results of aromatic hydrocarbons for fresh water
and wastewater samples are given in Tables 4 and 5.

TABLE 4 - Results of aromatic hydrocarbons in fresh water samples (mg/L) (n=4).

WTP
(mg/L)
-

Net I
(mg/L)
-

Net II
(mg/L)
-

Spring
(mg/L)
-

mean

0.010

0.007

0.029

0.004

-

0.030

0.098

0.007

-

0.014

0.011

0.046

0.004

-

min

-

-

-

-

-

mean

0.005

0.002

0.001

0.003

-

0.019

0.019

0.004

0.010

-

0.010

0.007

0.002

0.005

-

max
St.Dev.

-

-

-

-

-

0.001

0.010

0.008

0.008

0.012

0.005

0.030

0.025

0.030

0.027

St.Dev.

0.003

0.009

0.012

0.015

0.014

min

-

-

-

-

-

mean

0.016

0.024

0.218

-

-

max

0.063

0.072

0.866

-

-

St.Dev.

0.032

0.030

0.432

-

-

min

-

-

-

-

-

mean

0.042

0.057

0.000

0.016

2.211

2.211

0.173

-

0.060

St.Dev.

1.098

0.881

0.079

-

0.029

min

0.136

-

-

-

-

mean

0.628

0.898

1.483

0.418

0.437

1.496

1.496

4.840

1.499

1.689

St.Dev.

0.600

0.582

2.283

0.725

0.835

min

-

-

-

-

-

mean

-

0.130

0.303

0.104

0.026

-

0.302

0.904

0.287

0.072

St.Dev.

-

0.092

0.426

0.126

0.032

min

-

-

-

-

-

mean

-

0.108

0.004

-

-

-

0.296

0.016

-

-

St.Dev.

-

0.089

0.008

-

-

min

-

-

-

-

-

-

0.021

0.135

0.292

-

max

0.07

max

0.6

max

0.075

-

0.564

max

-

1,3Dichloroben- Bromobenzene
zene
1,4Dichlorobenzene

max

Σ 10

min
mean

1,2,3Tri1,2,4chloro- Trichlorobenbenzene
zene

1,2Dichlorobenzene

0.7

0.030

St.Dev.

o-Xylene

Ethylbenzene Chlorobenzene

max

MCL
(mg/L)

0.1

min

Dam
(mg/L)
-

Parameter

mean
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max

-

0.063

0.490

1.169

-

St.Dev.

-

0.019

0.238

0.585

-

- not detected, MCL: Maximum concentration level given by US EPA.
TABLE 5 - Results of aromatic hydrocarbons in wastewater samples (mg/L) (n=4).

Ethylbenzene

Chlorobenzene

Parameter
min

S2

S3

S4

S5

S6

S7

S8

S9

S10

S11

S12

-

-

-

-

-

-

-

-

-

-

-

-

GOS UCW
-

0.004

mean 0.011 0.017 0.001 0.002 0.005 0.007 0.018 0.017 0.041 0.004 0.002 0.033 0.006 0.007
max

0.038 0.031 0.003 0.007 0.013 0.029 0.054 0.063 0.160 0.014 0.005 0.080 0.012 0.010

St.Dev. 0.018 0.014 0.002 0.004 0.006 0.015 0.025 0.031 0.079 0.007 0.003 0.042 0.007 0.004
min

-

-

-

-

-

-

-

-

-

-

-

-

-

-

mean 0.039 0.025 0.003 0.001 0.018 0.013 0.019 0.011 0.008 0.006 0.009 0.014 0.008 0.009
max

0.085 0.050 0.006 0.004 0.048 0.029 0.077 0.037 0.023 0.025 0.021 0.032 0.019 0.017

St.Dev. 0.036 0.021 0.003 0.002 0.023 0.012 0.039 0.018 0.011 0.013 0.011 0.016 0.009 0.007
min

o-Xylene

S1

-

-

-

-

-

-

-

-

-

-

-

0.009

-

-

mean 0.033 0.029 0.012 0.001 0.009 0.012 0.009 0.009 0.010 0.010 0.010 0.340 0.032 0.010
max

0.076 0.099 0.023 0.004 0.033 0.033 0.025 0.024 0.038 0.022 0.035 0.974 0.117 0.019

min

-

-

-

-

-

-

-

-

-

-

-

-

-

-

mean 0.022 0.042 0.080 0.007 0.013

-

0.034 0.012 0.003

-

0.030 0.009 0.037 0.025

max

0.049 0.067 0.265 0.021 0.048

-

0.075 0.046 0.010

-

0.094 0.021 0.096 0.049

St.Dev. 0.026 0.031 0.124 0.010 0.024

-

0.039 0.023 0.005

-

0.044 0.011 0.046 0.035

1,2,3Trichlo1,2,41,21,41,3roben- Trichlorobenzene Dichlorobenzene Dichlorobenzene Dichlorobenzene
zene

Bromobenzene

St.Dev. 0.035 0.047 0.013 0.002 0.016 0.015 0.012 0.011 0.019 0.012 0.017 0.549 0.057 0.044

min

-

-

-

-

-

-

-

-

-

-

-

0.009

-

0.044

mean 0.081 0.029 0.016 0.038 0.017 0.032 0.022 0.024 0.025 1.058 0.086 0.021 2.230 0.074
max

0.266 0.079 0.051 0.150 0.033 0.106 0.042 0.068 0.082 4.232 0.168 0.036 8.847 0.103

St.Dev. 0.124 0.038 0.024 0.075 0.014 0.050 0.019 0.032 0.039 2.116 0.077 0.014 4.412 0.042
min

-

0.243 0.063

-

-

0.067

-

-

-

-

-

0.166

-

0.360

mean 0.229 2.157 0.594 0.814 0.105 0.851 0.113 0.174 0.069 14.151 0.240 1.936 0.678 1.021
max

0.690 6.813 1.093 2.745 0.213 3.198 0.359 0.553 0.192 42.816 0.682 5.395 2.207 1.681

St.Dev. 0.318 3.129 0.557 1.304 0.110 1.565 0.166 0.255 0.085 20.185 0.302 2.996 1.042 0.934
min

-

-

-

-

-

-

-

-

-

-

-

0.022

-

0.115

mean 0.236 0.108 0.101 0.018 0.138 0.050 0.020 0.059 0.011 0.020 0.031 0.043 0.149 0.704
max

0.743 0.180 0.213 0.058 0.488 0.130 0.032 0.175 0.028 0.078 0.097 0.073 0.416 1.293

St.Dev. 0.347 0.088 0.090 0.027 0.234 0.057 0.014 0.080 0.014 0.039 0.046 0.027 0.186 0.833
min

-

-

-

-

-

-

-

-

-

-

-

-

-

-

mean 0.055 0.143 0.181 0.035 0.099 0.091 0.033 0.026 0.055 3.155 0.009 0.044 0.305

-

max

0.139 0.220 0.511 0.104 0.197 0.136 0.061 0.058 0.150 9.037 0.020 0.055 1.075

-

St.Dev. 0.060 0.098 0.234 0.049 0.096 0.063 0.026 0.024 0.066 4.270 0.011 0.016 0.518

-

min

-

-

-

-

-

-

-

-

-

mean 0.025 0.139 0.155 0.125 0.067 0.464 0.021 0.088 0.030
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0.064 0.333 0.557 0.468 0.192 1.116 0.044 0.306 0.071

-

0.469 0.240 1.092

-

St.Dev. 0.031 0.167 0.270 0.229 0.091 0.515 0.024 0.147 0.036

-

0.232 0.117 0.536

-

- not dedected

The mean and maximum levels of 1,4-dichlorobenzene
in Dam, drinking water treatment plant (WTP), Net I, Net II
and spring water samples were higher than the maximum
concentration level (MCL) given by EPA national primary
drinking water standards [6]. In Net I and Net II samples
1,4-dichlorobenzene amounts were higher than in Dam and
WTP samples. Therefore, it is assumed that a part of this
compound is formed during chlorination or may enter the
distribution network by leaking or broken pipes.

should be diminished in amount and their disposal be done
properly.

There is not any discharge limit which is applicable for
the wastewaters in terms of VOCs. However, wastewaters
containing VOCs with concentrations higher than 0.4 mg/L
are considered to be high-strength wastewaters [7]. Dichlorobenzenes and trichlorobenzenes were found in higher
concentrations than 0.4 mg/L in some wastewater samples,
mainly taken from industrial areas.

REFERENCES
[1]

Golfinopoulos, S.K., Lekkas, T.D. and Nikolaou, A.D. (2001)
Comparison of Methods for Determination of Volatile Organic
Compounds in Drinking Water. Chemosphere, Vol. 45, pp. 275284.

[2]

Miermans, C.J.H., van der Velde, L.E. and Frintrop, P.C.M.,
(2000) Analysis of Volatile Organic Compounds, Using the
Purge and Trap Injector Coupled to a gas Chromatograph/
Ion-Trap Mass Spectrometer: Review of The Results in
Dutch Surface Water of The Rhine, Meuse, Northern Delta
Area and Westercheldt, Over The Period 1992-1997. Chemosphere, Vol. 40, pp. 39-48.

[3]

Golfinopoulos, S.K., Kostopoulou, M.N. and Lekkas, T.D.,
(1998) Volatile Halogenated Organics in The Water Supply
System in Athens, Greece. Wat., Res., Vol. 32, No. 6, pp.
1811-1818.

[4]

Kostopoulou, M.N., Golfinopoulos, S.K., Nikolaou, A.D.,
Xilourgidis, N.K. and Lekkas, T.D. (2000) Volatile Organic
Compounds in the Surface Waters of Northern Greece.
Chemosphere, Vol. 40, pp. 527-532.

[5]

TS 266 Turkish Drinking Quality Health Criteria, 1997.

[6]

EPA (1998) National Primary Drinking Water Regulations:
Disinfectants and Disinfection By-Products Notice of Data
Availability; Office of Ground Water and Drinking Water.
http://www.epa.gov/OGWDW/mdbp/dis.html].

[7]

Tomer, M. (1999) Quality Assessment of Water and
Wastewater. Lewis Publishers, United States of America, pp.
260.

CONCLUSION
In this work aromatic hydrocarbons were monitored in
drinking water and wastewater systems of Konya. The
classical quality parameters were also measured for both
drinking waters and wastewaters. Dam water and drinking
water treatment plant outlet water qualities are in compliance with the Turkish Regulations considering the classical
quality parameters determined. However, there is no applicable regulation in Turkey concerning aromatic hydrocarbons in drinking waters. Some levels of aromatic hydrocarbons were higher in the drinking water system of Konya
than the maximum concentration levels (MCL) given by
the EPA national primary drinking water standards. It is
suggested that these compounds may be formed during
chlorination process or may enter the drinking water systems by leaking or broken pipes. However, it should also
be suggested that the Turkish Regulations for drinking
water need to be revised to include micropollutants, such as
aromatic hydrocarbons as well as other synthetic organic
pollutants.
The classical wastewater quality parameter (SS, COD,
BOD5, TC, TIC, TOC, NO3-N, T-N, and PO4-P) measurement demonstrated that all wastewater samples investigated
can be classified as medium-strength domestic
wastewaters. However, dichlorobenzene and trichlorobenzene values were found to be higher than 0.4 mg/L in some
wastewater samples, taken from mainly industrial areas.
Therefore, these samples belonged to the high-strength
wastewater class, just because of their aromatic hydrocarbon contents. In order to reduce aromatic hydrocarbon
pollution of sewerage systems, the use of these substances
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SUMMARY

INTRODUCTION

Using compost in agriculture can cause environmental problems because it may contain toxic substances.
Particular attention should be paid to the possible presence of heavy metals in compost. However, in these cases
the severity of pollution depends on the chemical form of
the heavy metals. Studies on the environmental effects of
heavy metal levels in compost show that the amount of
pollution varies according to soil type, plant species and
compost quality. Experiments have therefore been carried
out with lettuce (Lactuca sativa L.) grown in soils amended
with different types of compost (leaves of beached Posidonia oceanica were used as a matrix), which had high concentrations of heavy metals. The total concentrations of
Pb, Zn, Cd, Cr, Ni and Cu were determined in soils samples, leaves and lettuce roots. Finally, a sequential extraction
of heavy metals in soil samples was carried out. Comparisons were made with non-amended soil. In the compostamended soil samples, there was an increase in the total
heavy metal concentration. The percentage of metals extracted by H2O was low in all the soil samples. The percentage of metals extracted by Ca(NO3)2 and EDTA was
variable, depending on the metals analysed. There was no
significant difference in the heavy metal concentrations
between leaves and roots in all the plants examined. Finally, the results achieved showed that the use of compost
obtained from leaves of beached Posidonia oceanica as a
matrix did not cause accumulation of heavy metals in lettuce plants.

Keywords: compost; heavy metals; beached Posidonia oceanica; mobility; availability.

Many of the wastes resulting from human activity,
such as sewage sludge, vegetal wastes and municipal solid
wastes, can be composted and used as organic amendments in agriculture, but also assisting in the recovery of
degraded areas [1-4]. The disposal and annual accumulation of Posidonia oceanica on Mediterranean beaches is
caused by a series of economic and environmental problems [5]. In this particular situation, the leafy deposits of
Posidonia oceanica on the beaches are considered to be
refuse usable for composting, and at present they are
transported to waste dumps. This means the loss of this
enormous mass of organic material and also creates problems for the waste dumps. An alternative system for recycling this waste in a way, which satisfies the most recent
E.U. directives, would be valuable. Posidonia oceanica
leaves can be compared in chemical terms to other vegetal
waste biomass [6] and thus they are suitable to use as a
matrix compostable in combination with other organic
wastes such as sewage sludge. However, some research has
found that Posidonia oceanica can bioaccumulate metals
from the aquatic environment [7, 8]. Thus, if it is to be used
as a matrix compostable, its chemical characteristics must
be studied carefully in order to avoid soil pollution and the
danger of introducing harmful substances into the food
chain [9-11]. Heavy metals are toxic, do not degrade in
the environment and are dangerous pollutants [12]. The
chemical form, in which such metals are present in compost, as well as the physical and chemical characteristics
of the environment where compost is used, can influence
their mobility, reactivity and availability for vegetal absorption [13-16].
The aim of this research was to study the effects of
compost on a soil system and the transfer of heavy metals
from soil to plants, bearing in mind that they were introduced into the soil by a previously composted organic matrix. Experiments were carried out on tunnel-grown lettuce
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(Lactuca sativa L.), and the effects of soils with different
composting amendments were studied and compared to a
non-amended soil.
MATERIALS AND METHODS
Experiments were carried out on lettuce plants (Lactuca sativa L.) grown in a tunnel. Soils of different composition were compared (v/v): control sample (100% control
sample); Sample 1 (25% compost 1 - 75% control sample); Sample 2 (25% compost 2 - 75% control sample);
Sample 3 (25% compost 3 - 75% control sample).
The composts used were obtained by mixing different
proportions of beached Posidonia oceanica leaves, pruning
residues and sewage sludge. Three different composts were
employed. Compost 1: Posidonia oceanica leaves (35 %
d.m.), pruning residues (10% d.m.), sewage sludge (55 %
d.m.); Compost 2: Posidonia oceanica leaves (55 % d.m.),
pruning residues (10% d.m.), sewage sludge (35 % d.m.);
Compost 3: Posidonia oceanica leaves (45 % d.m.), pruning residues (10% d.m.), sewage sludge (45 % d.m.)
Beached Posidonia oceanica leaves were collected
from Alghero beach, Sassari (Italy). Before composting the
leaves were washed in running water to eliminate sand and
salt residues. After washing, the leaves were air-dried and
then ground in a crushing machine. The pruning residues
were treated in the same way. The ground material was
between 5 to 10 cm in diameter. Three composting piles

were built on a concrete platform sheltered under a suitable
roof. The piles had a rectangular base, 3 x 1.5 m, and were
0.9 m high. The total volume of each pile was about 4 m3.
The development of the process was monitored using a
digital probe thermometer. The composting process proceeded with an initial increase in temperature to 60 °C
within 48 hours. After about a month the temperature began
to fall as oxidation by the microflora in the organic matter
slowed down. This process was influenced by the frequency
of turning, with the temperature rising steadily and then
dropping abruptly when the piles were turned. The composts obtained conformed to the norms established by the
Italian laws governing the analysis of compost (Table 1) [17,
18]. The soil samples were taken at a depth of 10 - 30 cm,
air-dried for 5 - 6 days and sieved to < 2 mm for analysis.
The soil analyses were carried out following the usual
international methods, adopted in Italy as the “Metodi
ufficiali di analisi del suolo” (Table 2) [19].
The lettuce plants were grown in the same way in all
the trials: sprinkler irrigation, fertilization with 500 kg/ha of
12–17–17 (N – P2O5 – K2O) mineral fertilizer and phytohealth treatments to meet the standard crop protection requirements.
Three randomised blocks were used, each plot consisting of ten plants. The weight of the leaves from ten plants
belonging to each plot was determined when the plants
were fully grown. The values were not shown because they
did not differ significantly at the 5% level according to
Least Significant Difference test.

TABLE 1 - Chemical parameters of composts.

pH
Humidity (%)
Salinity (me 100 g-1)
Total Organic C (% d. m.)
Total N % (d. m.)
C/N Ratio
Total Extractable C (% d. m.)
Humic and Fulvic Acids (% d. m.)
Degree of Humification (DH %)
Humification ratio (HR %)
Humification index (HI)
Total phosphorus (% d. m.)

Compost 1
7.76
44.72
27.38
22.49
1.31
17.17
8.80
7.04
80.00
31.48
0.25
1.19

Compost 2
8.10
50.00
36.50
23.35
0.93
25.10
10.51
6.71
63.84
28.74
0.57
0.96

Compost 3
7.84
50.79
32.23
23.16
1.22
18.98
10.12
7.00
69.17
30.22
0.45
1.16

TABLE 2 - Chemical parameters of the soil samples.

Humidity (%)
pH
Salinity (me 100 g-1)
Total organic carbon (% d.m.)
Total nitrogen (% d.m.)
C/N ratio
Total phosphorus (% d.m.)

Control sample
8.69
7.19
7.31
3.88
0.24
16.17
0.11
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Sample 1 Sample 2
6.71
7.29
8.18
8.47
8.86
10.68
7.61
9.03
0.93
0.88
8.18
10.26
0.28
0.30

Sample 3
9.60
8.04
8.47
7.67
0.94
8.16
0.28
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TABLE 3 - Total heavy metals concentration in composts and soil samples (mg kg-1 d.m.).

Pb
69.52a
67.14a
69.21a
39.81b
59.40c
58.15c
59.75c

Compost 1
Compost 2
Compost 3
Control sample
Sample 1
Sample 2
Sample 3

Zn
369.00a
214.29b
359.00c
48.15d
127.84e
127.92e
110.08f

Cd
2.95a
2.51b
2.79a
1.29c
1.61d
1.48e
1.69d

Cr
29.05a
24.28b
26.85a
20.09c
32.24d
29.00a
36.69d

Ni
38.09a
31.63b
32.58b
45.09c
49.40c
48.31c
48.98c

Cu
80.95a
40.82b
80.95a
20.37c
36.47d
34.23d
37.12d

Data with the same letter within the same column do not differ significantly at the 5% level according to Least Significant Difference test.

The concentration of certain heavy metals (Pb, Zn,
Cd, Cr, Ni and Cu) in composts and soil samples was
measured after mineralization with HNO3 and HCl (ratio
1/3), using a Microwave Milestone MLS 1200 (Table 3).
The lettuce leaves and roots were analysed by dissolving
the heavy metals in 2N HNO3 after the organic matter has
been incinerated in a muffle furnace at 650 °C [20]. The
solutions obtained were analysed with a Beckman plasma
emission spectrophotometer. Which metal fractions were
more soluble was established by sequential extraction in
H2O, 0.1N Ca(NO3)2 and 0.05N EDTA [21]. The concentration of heavy metals is shown as a fraction of plant dry
matter. The means of all the data measurements are
shown in Table 3.
One-way variance analysis (ANOVA) was carried out
to compare the means of the different treatments. When
significant p – values (p< 0.05) were obtained, the differences between the individual means were tested using the
Least Significant Difference test. A correlation matrix of
the data was also calculated to determine the relationship
between the heavy metal concentrations in soil, leaves
and fruits, respectively. The significant levels reported are
based on Student’s distribution.

60

RESULTS
Heavy metal concentrations were higher in soil samples amended with compost than in the control (with the
exception of Ni) (Table 3). The percentage of metals extracted with H2O was extremely low, indicating a modest
concentration of metals in a soluble form (Figures 1-4).
The quantity of metals extracted with Ca(NO3)2 and EDTA
varied according to the metals examined (Figures 1-4).
The most mobile fraction of Pb (extracted with H2O
and Ca(NO3)2) was highest in the control sample (Figure 1).
In compost-amended soil samples, the Pb fraction extracted with EDTA and the non-extractable fraction reached
values higher than 80% of total metal concentration.
Compost-amended soil samples had the highest Zn concentration (Table 3), although the mobile fraction of this element was very low in all the soil samples (more than 90%
of total metal concentration was either extracted with
EDTA or not extracted) (Figure 2). Total Cd concentration
and the mobile fraction concentration were low in all the
soil samples (Table 3, Figure 3). These results were very
interesting when considering that this element can be easily absorbed by plants, and can reach toxic levels [22-24].

Control sample
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%
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% extracted with % extracted with % extracted with
H2O
Ca(NO3)2
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No extracted
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FIGURE 1 - Pb fractions extracted from soil samples.
Values followed by the same letter within the same group do not differ
significantly at the 5% level according to the Least Significant Difference test.
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FIGURE 2 - Zn fractions extracted from soil samples.
Values followed by the same letter within the same group do not differ
significantly at the 5% level according to the Least Significant Difference test.
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FIGURE 3 - Cd fractions extracted from soil samples.
Values followed by the same letter within the same group do not differ
significantly at the 5% level according to the Least Significant Difference test.
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FIGURE 4 - Cu fractions extracted from soil samples.
Values followed by the same letter within the same group do not differ
significantly at the 5% level according to the Least Significant Difference test.
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TABLE 4 - Heavy metals concentration in lettuce plants (mg kg-1 d.m.)

Control sample (roots)
Control sample (leaves)
Sample 1 (roots)
Sample 1 (leaves)
Sample 2 (roots)
Sample 2 (leaves)
Sample 3 (roots)
Sample 3 (leaves)

Pb
3.61a
3.33a
3.48a
3.03b
3.75a
2.44c
3.53a
3.03b

Zn
34.17a
27.75b
38.92a
24.92c
30.42a
25.33c
31.00a
26.66c

Cd
0.80a
0.15b
0.34c
0.16b
0.22d
0.17b
0.38c
0.20b

Cr
1.18ab
1.08a
1.42b
0.94a
1.38b
1.20ab
1.45b
1.16a

Ni
1.00a
1.33a
1.75b
0.92c
1.75b
0.92c
1.25b
0.92c

Cu
7.25a
5.29b
7.71a
4.43c
7.57a
5.13b
7.88a
5.66b

Data with the same letter within the same column do not differ significantly at the 5% level according to Least Significant Difference test.

The percentages of Cr and Ni extracted were very low,
this means less than 20% (figures not shown). The low
concentrations of these metals in soluble and exchangeable form explains the low mobility and biological activity
of Cr and Ni [25, 26]. Cu concentration in samples
amended with compost was higher than in the control
sample (Table 3). However, in samples 1, 2 and 3 the mobile Cu fraction was small, indicating that this metal formed
highly insoluble organic matter - metal complexes and
was difficult to extract from the organic matter [27-29].
Indeed, EDTA extracted more than 50% of the total Cu
(Figure 4).

different forms of extractable Cr in the control sample were
not correlated with the content in the roots. By contrast,
correlations between the heavy metals content in the leaves
and their extractable concentration in the soil samples were
rarely found. In fact, unlike all the other heavy metals, the
Cr content in the leaves and the total and extractable Cr
concentrations were positively correlated (significant with
P<0,01).

The use of compost did not significantly increase the
heavy metal concentrations in the roots of the lettuce
plants (with the exception of Ni) (Table 4). The Cd concentration, in particular, was greater in the roots of the
control sample. All the metals absorbed by the plants
especially remained in the roots, and, furthermore, their
concentration in the leaves was lower. This indicates that
only small quantities of the heavy metals were transferred
from the roots to the leaves [30-33]. The roots, in fact,
acted as barriers, preventing heavy metals` transfer to the
vegetative system, so that the Cd, Cr and Cu concentrations in the leaves of plants grown in soils amended with
compost was not different from that of plants grown under control conditions (Table 4). The Pb, Zn, and Ni concentrations were particularly higher in the leaves of the
control sample.

The results showed that the use of compost increased
the heavy metal concentrations (with the exception of Ni)
in all the soils samples. However, the metals examined
were not present in mobile form, since their percentages
extracted with H2O and Ca(NO3)2 were very low. This
highlights the fact that the heavy metals interacted strongly
with the organic matter in the compost. Therefore, the
heavy metals` concentrations in the roots and leaves of the
lettuce plants were not significantly different in the samples
examined. In addition, only a low percentage of the heavy
metals examined was transferred to the vegetative system.

Simple correlation indices were calculated for the
concentration of each metal in the soils (for total and
H2O, Ca(NO3)2 and EDTA extractable form), the roots
and leaves, to determine the dynamics of the heavy metals
in the soil–plant system. Not any significant correlation
between the heavy metals content in the roots or leaves
and the total concentration in the soil samples was recorded. A positive correlation was found only between the Cr
and Cu content in the roots and the total concentration of
these two metals in the control sample (0.807 and 0.992,
respectively). Statistic significances and positive correlations were almost always observed between the heavy
metals content in the roots of the examined plants and the
concentration of heavy metals extractable with H2O,
Ca(NO3)2 and EDTA (significant with P<0,01). Only the

DISCUSSION AND CONCLUSION

There are certain observations to be made on the correlation between the forms of metals present in the soil
and their concentration in the lettuce plants. Depending
on the metal and the soil samples, significant correlations
could be found in some cases, indicating that the metals
studied were present in different chemical forms in each
of the soil samples, and, therefore, available in a different
form for the lettuce plants. It is interesting to observe that
the correlation between the content of heavy metals in the
roots and leaves and the total concentration in the soil
samples was not remarkable. By contrast, there was almost always a positive correlation between the different
forms of metals extractable by the soil samples and the
content of heavy metals in the roots (with the exception of
Cr). Metal adsorption by the lettuce plants did not depend
on the total concentration of heavy metals, but was rather
correlated above all to the chemical form, in which such
metals were present in soil. Indeed there was no correlation or a negative one between the heavy metal contents
in roots and leaves.
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To sum up, the total heavy metal concentrations,
while suitable for quantifying the environmental impact
of compost contaminated with different quantities of
heavy metals, was not an effective way of defining the
level of heavy metals actually assimilated by the plants.
From these observations we can state that the use of
composts containing beached Posidonia oceanica did not
cause an accumulation of heavy metals in lettuce leaves,
and so they are completely suitable for use instead of
other commercial amendments.
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SUMMARY
The objective of this study was to optimize an analytical
method for the analysis of selected chlorinated phenols (2chlorophenol [2-CP], 2,4-dichlorophenol [2,4-DCP], 2,4,6trichlorophenol [2,4,6-TCP] and pentachlorophenol [PCP])
in wastewater. Following the EPA Method 604, the optimum analytical method consisted of procedures including a
liquid-liquid extraction (LLE) (n-hexane as an organic solvent), a derivatization (according to acylation technique by
using of pentafluorobenzoylchloride (PFBCl), a clean-up
procedure (silica gel, deactivated with 2 % water, as a
sorbent material) and GC-ECD quantification. When including each of these above steps in the analytical procedure, the recovery rates of target compounds were obtained
to be > 80 % (RSD: < 10 %, [n=3]).

KEYWORDS:
chlorinated phenols, analytical method, optimization, wastewater.

extraction (SPME) technique has also become popular as
an analytical tool for the determination of phenolics in
aqueous phase. But some disadvantages of this technique,
such as 24-48 hours duration for the sorption of the target
compounds from water and wastewater samples and their
following desorption, and the need of particular instruments for qualitative and quantitative analysis, have also
been described [3].
Taking into account these disadvantages of both the
EPA standard method and the SPME technique, it was the
aim of this study to minimize time and chemical reagents’
consumption as much as possible for the GC-ECD analysis of chlorinated phenols.
MATERIAL AND METHODS
During the optimization of the analytical method, each
step was investigated in terms of the following strategy:

INTRODUCTION
All analytical methods for the analysis of chlorinated
phenols based on GC techniques and require extraction,
but also derivatization before quantification [1]. For example, EPA Method 604 deals with the analysis of phenols in wastewater using LLE, derivatization, clean-up
and GC-FID (ECD) quantification steps, respectively. LLE
is performed by using 120 ml of dichloromethane. Derivatization which takes a long period of time (24 h) is
carried out by alkylation. Clean-up is performed by column chromatography with 4 g silica gel (deactivated with
2% H2O; activation time: 16 h at 130 0C) and column
elution with 45 ml of n-hexane/toluene and 10 ml of toluene/isopropanol mixture [2]. Recently, solid phase micro-
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• Determination of optimum column clean-up conditions by using differently deactivated silica-gel samples as stationary phase and different volumes of nhexane and n-hexane/ethyl acetate (1/1, v/v) as mobile-phase (see Table 1), by using an acylated standard mix of 2-CP, 2,4-DCP, 2,4,6-TCP and PCP.
Derivatization was performed according to the acylation technique of Kolb [4].
• Determination of an optimum extraction procedure
by using LLE (n-hexane and dichloromethane as organic solvents) and SPE technique (see Table 2).
• Determination of the limits of detection (LOD) and
quantitation (LOQ) according to Taylor [5] using the
standard mix of selected phenols mentioned above.
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TABLE 1 - Details of clean-up procedure optimization.

Column type
A
B
C

Stationary phase
5 g of silica gel,
(2 % deactivated with H2O)
10 g of silica gel,
(2 % deactivated with H2O)
10 g of silica gel,
(not deactivated)

Mobile phase and cutting volume of fraction
Fraction (Fr) 1: 20 ml of n-hexane, Fr 2 : 10 ml of n-hexane,
Fr 3: 40 ml of n-hexane:ethyl acetate (1:1, V:V),
Fr 1: 40 ml of n-hexane, Fr 2 : 10 ml of n-hexane,
Fr 3: 40 ml of n-hexane:ethyl acetate (1:1, V:V),
Fr 1: 40 ml of n-hexane, Fr 2 : 10 ml of n-hexane,
Fr 3: 40 ml of n-hexane:ethyl acetate (1:1, V:V),

TABLE 2 - Details of extraction procedure optimization.

Extraction Method
LLE (n-hexane)
LLE (dichloromethane)
SPE (1g, C18 cartridge)

Volume of solvent
20 ml + 20 ml +10 ml (duration 30 min)
20 ml + 20 ml +10 ml (duration 30 min)
Elution was performed with 15 ml of ethyl acetate

LLE: liquid-liquid extraction

• Evaluation of the complete analytical methodology
using two different spike levels of the selected chlorinated phenols.
Each fraction from the Columns A, B and C was reduced to about 2 ml by rotary evaporation at 40 0C and then
adjusted exactly to 1 ml with a gentle nitrogen stream. This
reduction/concentration procedure was also used for the
organic phase during optimization of the extraction step.
Qualitative and quantitative analysis of the selected chlorinated phenols was carried out by GC-ECD.
A GC (HP 5890 Series II) equipped with 63Ni-electron
capture detector (ECD) and split-splitless injector was used
with helium as carrier gas (flow rate 1.15 ml/min) and a
DB-5 fused silica capillary column (30 m x 0.25 mm i.d. x
0.25 µm film thickness, J&W Scientific); temperature programme: 60 0C (1 min) → 20 0C/min → 170 0C → 5 0C/min
→ 280 0C (15 min); injector and detector temperatures:
280 0C and 300 0C; injection volume: 1µl; nitrogen as makeup gas (flow rate 47.1 ml/min); and integrator: HP 3396 A.
After selecting and combining the optimum clean-up
and extraction procedures, the whole analytical method was
arranged. It was tested with fortified wastewater samples of
the sewage treatment plant (STP) of Braunschweig, Germany. 200 ml of wastewater samples (BOD5: 160 mg O2 L-1
and COD: 260 mg O2 L-1, respectively) [6] were fortified
with 0.5 µg and 3 µg standard mix of the preselected chlorinated phenols.
All chemicals used were of analytical grade. 2-CP, 2,4DCP, 2,4,6-TCP and PCP (single phenol standards) were
from Supelco (Seelze/Germany). Acetone, n-hexane, ethyl

acetate, and dichloromethane were of residue grade and
purchased from Merck Co. (Darmstadt/ Germany). H2SO4,
KOH, Na2SO4 and silica gel 60 [(0.063 - 0.200 mm), (70230 mesh ASTM)] were also from Merck Co. (Darmstadt/
Germany). Pentafluorobenzoyl chloride (PFBCl) and crown
ether (dicyclo-18-crown-hexacosan) for derivatization were
from Sigma Aldrich (Steinheim/ Germany) and Merck Co.
(Darmstadt /Germany), respectively. The SPE C18 cartridge
was ordered from J&T Baker (Deventer/ Holland).

RESULTS AND DISCUSSION
Optimization of the clean-up procedure

Since a surplus of PFBCl reagent from derivatization
disturbed the ECD response, the first fractions from Columns A, B and C were discarded. The second and third
fractions of clean-up columns were analyzed by GC-ECD
and chromatograms and recovery rates of each of the
second and third fractions are given in Figures 1 a, b, and
c and Table 3, respectively
As can be seen from Figure 1, the Column B clean-up
procedure was the most convenient among all the column
types tested. It was not possible to quantify the compounds
in Fr 2 from Column A and Column C, because of the
hump in the chromatograms (Figures 1a and c). This result
was also supported by the recoveries of the target compounds in Fr 3 from each of the clean-up columns (Table 3).
It might be mentioned that some amounts of the target
compounds were found in the Fr 2 fraction of Column A,
and the elution volume of Fr 3 was not high enough to
remove the compounds of interest from Column C com-
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pletely. Therefore, it was decided to use Column B procedure for the clean-up. The eluate consisted of Fr 1 and
Fr 2 volumes, namely 40 ml of n-hexane (discarded) and
50 ml of n-hexane/ethyl acetate (1/1, v/v), respectively.

and dichloromethane as organic solvents and SPE technique are given in Figure 2.

In order to determine the most appropriate extraction
procedure, pure water was spiked with 3 µg standard mix
of the selected chlorinated phenols, pH adjusted to 2 with
H2SO4 and the extraction procedures were tested according to the details in Table 2. Then derivatization, clean-up
procedure (Column B) and quantitative GC analysis were
carried out as described above. The recovery rates of the
target compounds obtained from LLE by using n-hexane

The percent recoveries obtained using n-hexane and
dichloromethane were in the ranges of (80±2 - 83±3) and
(65±7 - 72±3), respectively. In addition, an emulsion
problem was faced when using dichloromethane for extraction and the lower recovery rates of the selected phenols could be ascribed to this effect. Although SPE technique was comparable with LLE by using n-hexane for
elution, this technique is usually not applied, especially in
the case of wastewater samples [1]. Consequently, the
hexane extraction procedure has to be performed according to LLE.

a

b

Optimization of extraction procedure

c
FIGURE 1 - The ECD chromatograms of each second fraction from the clean-up columns:
a. Column A, b. Column B, c. Column C

TABLE 3 - Recovery rates of target compounds found in Fr 3 for each column [n=3].

Column
Compound
2-CP
2, 4-DCP
2, 4, 6-TCP
PCP

5 g of silica gel,
(2% deactivated)

10 g of silica gel,
(2% deactivated)

10 g of silica gel,
(not deactivated)

61 (±5)
52 (±6)
45 (±4)
42 (±5)

75 (±4)
70 (±6)
65 (±2)
63 (±2)

55 (±6)
50 (±5)
51 (±7)
45 (±6)
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FIGURE 2 - Recovery rates of the target compounds obtained
from the different extraction procedures (LLE and SPE), [n=3].
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FIGURE 3 - Recovery rates of the target compounds obtained
from whole analytical method with two spiking levels [n=3].

Checking the whole analytical method

Combining the optimum clean-up and extraction procedures, the whole analytical method consisted of the
following steps:

The recoveries for both 0.5 µg and 3 µg spiking levels were higher than 81 % and 80 %, respectively. Therefore, the reproducibility of the method was determined to
be satisfactory (RSD < 10 %, n=3).

• Extraction (LLE, n-hexane as organic solvent).
• Derivatization (acylation technique, PFBCl as derivatization reagent).
• Clean-up procedure (10 g of silica gel, deactivated
with 2 % H2O; 40 ml of n-hexane (discarded), 50 ml
of n-hexane/ethyl acetate (1/1, v/v) representing Fr 1
and Fr 2 volumes, respectively).
• GC–ECD analysis for quantification.
Fortification experiments with wastewater samples
were carried out by using two different concentration levels
(0.5 µg and 3 µg of each of the chlorinated phenols) considering the values of LOD (between 12 and 28 pg/µl) and
LOQ (between 40 and 93 pg/µl) and calculated according
to [5] for the selected target compounds. The recovery
rates for these two spiking levels are given in Figure 3.

CONCLUSION
The overall recovery rates of the target compounds
obtained from the whole analytical methodology were in
an acceptable range (70-110 %, RSD < 10 %). That extraction cartridges were easily blocked by real wastewater
samples and this became the main problem during the
extraction procedure according to SPE technique. Using
the above-described optimized method, the time needed
for SPME techniques (adsorption/desorption process), the
activation (16 h) of column`s stationary phases and derivatization (24 h) in the EPA Method 604 could be decreased considerably. However, the solvent consumption
for the method developed in this study was nearly the
same as for EPA Method 604.
Therefore, it might be suggested that this method optimized could be applied instead of EPA Method 604.
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SUMMARY
An annular denuder sampling system coupled with
GC-MS detection has been used to separately determine
gaseous and particulate PAH in Rome ambient air. Concentrations and phase distributions were obtained for 2~6 ring
PAH. 2- and 3-ring PAH were found for more than 90%
in the gas phase, whereas PAH with more than 4 rings were
mostly associated with the particle phase. The predominant
PAH were naphthalene and methylnaphthalenes, observed
in the gas phase in the 300~3000 and 200~1000 ng m-3
concentration ranges, respectively. The other gaseous PAH
reached concentrations one or two orders of magnitude
lower.

KEYWORDS: PAH, urban environment, atmospheric concentrations, phase partitioning.

INTRODUCTION
Polycyclic aromatic hydrocarbons (PAH) in the troposphere are associated both with the gas phase and the
particulate matter [1]. Several of them show genotoxic
and carcinogenic activity in experimental systems [2,3].
The largest data base collected for a single PAH is that of
benzo(a)pyrene, which is a strong carcinogen almost entirely present in the particulate phase in air [4,5]. The cancer
potency factors of selected PAH relative to benzo(a)pyrene are reported in Table 1 [6-9]. A large number of
extensive studies have been performed, as a rule, on PAH
present in the particulate phase, while the chemical reactivity of gaseous PAH has been less investigated [10-14].
This fact was mainly due to two reasons. First, not any or
little carcinogenic potency has been attributed to light PAH

congeners, since it has been long suspected that the high
molecular weight PAH are more carcinogenic [15]. Thus,
although concentrations reached by naphthalene, fluorene,
phenanthrene and anthracene (all present in gas form in
typical ambient atmosphere) are usually orders of magnitudes higher than that of benzo(a)pyrene, they have been
considered as non-contributing to atmospheric carcinogenicity.
Secondly, the limited number of studies carried out on
the vapour phase PAH is largely due to difficulties encountered in sampling them. In fact, the most volatile PAH are
substantially lost in conventional Hi.Vol. samplings, which
make use of Teflon or quartz fibre filters to remove the
particle-bound fraction, followed by one or more polyurethane foam plugs to collect gas phase species [16]. Moreover, artefacts like adsorption of gaseous PAH on particles
on the filter or on the filter material, may occur during the
sampling operation [17]. In recent years, a number of studies on gas phase mutagens have revealed that most of the
mutagenic activity in ambient air is due to nitro-PAH and,
mainly, nitro-PAH-lactones formed by gas-phase reactions
of lighter PAH in the presence of OH radicals, O3 and NOx
[18-20]. Among the species of particular concern we can
cite a class of hydroxynitro-PAH exemplified by 3-nitropyrenol [21] and two PAH lactones, e.g., the nitrophenanthrene derivatives of 2- and 4-nitro-6H-dibenzo(b,d)pyran6-ones, which are present at relatively high levels not only
in ambient particles but also in the gas phase [22, 23].
Therefore, the most volatile PAH are responsible for a
large part of the mutagenicity of both gas and particle
phases. In a field study, whose results are presented below,
we applied the technique of annular denuder coated with
XAD-4 (a polystyrene-divinylbenzene resin) to collect
gaseous PAH in Rome ambient air, so avoiding possible
sampling artefacts. Since concurrent collection of particleassociated PAH was made, the distribution of individual
PAH between the two phases could be calculated.
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TABLE 1
Carcinogenicity of selected PAHs in ambient air expressed as cancer potency equivalence
factor relative to benzo(a)pyrene [BaPY = 1.00], according to Nisbet and Lagoy (A),
Nielsen et al. (B) and Collins et al (C) [6-8]. WHO IPCS conclusions are also reported [9].

A
(1992)

Reference
compound
napththalene
acenaphthylene
acenaphthene
fluorene
phenanthrene
anthracene
fluoranthene
pyrene
cyclopentapyrene
benz(a)anthracene
chrysene
benzo(b)fluoranthene
benzo(k)fluoranthene
benzo(e)pyrene
benzo(a)pyrene
indeno(1,2,3-cd)pyrene
dibenzo(a,h)antracene
benzo(ghi)perylene
coronene
dibenzo(a,l)pyrene
dibenzo(a,e)pyrene
dibenzo(a,i)pyrene
dibenzo(a,h)pyrene

symbol
NAP
ACL
ACE
FL
PHE
AN
FA
PY
CPP
BaA
CHR
BbFA
BkFA
BePY
BaPY
IPY
DBA
BPE
CO
DBalPY
DBaePY
DBaiPY
DBahPY

0.001
0.001
0.001
0.001
0.001
0.01
0.001
0.001
0.1
0.01
0.1
0.1
1.00
0.1
5.00
0.01

B
(1996)

0.0005
0.0005
0.05
0.001
0.02
0.005
0.03
0.05
0.05
0.002
1.00
0.1
0.1
0.02
0.01

C
(1998)

0.1
0.01
0.1
0.1
1.00
0.1
5.00
0.01
10.0
1.00
10.0
10.0

EXPERIMENTAL

WHO IPCS (1998)
cancerogenicity
genotoxicity
(?)
(?)
(?)
+
(?)
+
+
+
+
+
+
+
+
+
+
(+)
+
+
+
+

(?)
(?)
(?)
+
+
+
+
+
(?)
+
+
+
(?)
(?)
+
+
+
+

extract was filtered to remove residual XAD-4 and evaporated under a gentle stream of nitrogen to a final volume
of 500 µL.

Sample collection and handling

The denuder system adopted consisted of two coupled XAD-4 coated glass annular denuders (each 180 mm
long, 32 mm and 35 mm in annulus diameters), a polyethylene cyclone (5 µm cut-off at 6. L min-1) and a polyethylene holder accommodating a 47 mm quartz fibre
filter (provided by Supelchrom, Milan, Italy). The second
denuder acted as sampling quality control. Coating procedure has been described in detail elsewhere [24]. The
sampling unit was operated at 6 L min-1 by an electronic
device. Samplings of PAH (n = 20) were carried out inside
Villa Ada Park in downtown Rome during November 2002
to April 2003. Sunny or not very cloudy days were chosen
with average ambient temperatures varying between 4°C
and 13°C in the sampling period (9:00~15:00 h).
After sampling, denuders were extracted by sonication
at 50°C with cyclohexane. Perdeuterated internal standards
(naphthalene, fluoranthene, chrysene and perylene) were
spiked onto denuder walls just prior to extraction to account
for any losses of analytes during sample treatment. The

Quartz fibre filters were Soxhlet-extracted for 12 h
using a dichloromethane-methanol mixture (9:1). Also the
filters were spiked with the perdeuterated PAH solution
before extraction. Solvent was reduced to about 5 mL by
means of a Kuderna-Danish still, added with 0.5 mL of
cyclohexane and finally drawn to close dryness (~100 µL)
under nitrogen flow.
GC-MS analysis

PAH were separated, identified and quantified using a
HP-5890 gas chromatograph coupled to a HP-5971A
mass selective detector, both supplied by Hewlett Packard
(Palo Alto, CA, USA). 1-µL volume samples were injected in hot splitless mode, with the partitioning valve closed
for 60 s. The separation capillary column was a DB-5MS
type (L = 30 m, i.d. = 250 µm, film thickness = 0.25 µm),
provided by J&W (Supelchrom). Carrier gas was helium
(0.5 mL min-1). The oven temperature was held at 90 °C
for 1 min, then programmed at 20 °C min-1 to 170 °C,
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held for 2 min, raised to 280 °C at 4°C min-1 and finally
held for 25.5 min. Both the injection port and liner of MS
detector temperatures were set alike to 280 °C. MS detection was operated in SIM mode; for each target PAH four
ions current traces were selected, i.e. those corresponding
to M/Z ratios equal to [M], [M-1], [M-2] and [M/2]. The
use of perdeuterated congeners as internal standards allowed to obtain good response linearity (RSD better than
10%) and precision (better than 16% for gaseous PAH and
12% for the particulate ones) within the ranges corresponding to atmospheric concentrations of analytes.

RESULTS AND DISCUSSION
The arithmetic mean and maximum and minimum
concentrations of PAH found both in the gas and the particle phases are listed in Table 2. As expected, the concentrations in the gas phase decrease with conventional vapour
pressures of PAH, which cover a range of some 1010 torr,
e.g. ~8x10-2 for naphthalene and 1.5x10-12 for coronene.
Among the 2- to 4-ring PAH, mean concentrations varied
from ~700 ng m-3 of naphthalene to 18 ng m-3 of fluoranthene, but the maxima exceeding 3000 and 1000 ng m-3
were recorded for naphthalene and methyl-naphthalenes,
respectively. Furthermore, the above values were much
higher than those observed for the 5- and 6-ring particle
phase species (1~3 ng m-3, as average), although the ambient temperatures were not too high (9°C as average over

the sampling period). Anyway, mean concentrations of
individual PAH from phenanthrene to coronene never exceeded 10 ng m-3. The distribution between gas and particle
phases is known to vary with the particular compound as
well as with a number of parameters such as ambient temperature and humidity, particulate mass concentration, size
modulation and chemical composition. These characteristics, together with the volatility of PAHs, will determine
the gas/solid partitioning equilibrium [25].
Figure 1 gives the percentages of each PAH in both
phases, as they resulted from the data reported in Table 2.
It can be first and foremost seen that naphthalene, methylnaphthalenes and other volatile 2-ring PAH were
almost exclusively present in the gas phase, while 3- and
4-ring congeners exhibited different behaviours. For instance, gaseous fluorene, phenanthrene and anthracene
accounted for over 90% of total mass (gas + particle),
whereas fluoranthene and pyrene were found at 19% and
55% levels, respectively, in the particle phase. By contrast, more than 90% of the 5-ring PAH in air were associated with particles, whereas for 6-ring congeners the
entire mass was found on the aerosol filter. It is worth
noting that, due to absence of a post-filter denuder in our
sampling equipment, some losses of particle-bound PAHs
by volatilisation could occur. However, at a face velocity
of 10 cm s-1 as that adopted here, the extent of blow-off
from the quartz fibre filter was not so large to affect phase
distribution [26].

TABLE 2
Atmospheric concentrations (ng m-3) of gaseous and particulate PAH measured in downtown Rome.

compound
naphthalene
methylnaphthalenes
acenaphthylene
acenaphthene
fluorene
phenanthrene
anthracene
fluoranthene
pyrene
benz(a)anthracene
chrysene
benzo(b+k)fluoranthene
benzo(a)pyrene
benzo(e)pyrene
perylene
benzo(ghi)perylene
indeno(1,2,3-cd)pyrene
anthanthrene
coronene

symbol
NAP
MNAP
ACL
ACE
FL
PHE
AN
FA
PY
BaA
CHR
BbkFA
BaPY
BePY
PE
BPE
IPY
ATA
CO

min
250
41
7.6
6.2
4.7
9.1
1.8
7.0
3.3
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

gas phase
max
3300
1030
220
148
74
231
26
56
23
2.2
2.0
4.6
1.8
2.7
0.8
3.7
1.2
n.d.
n.d.

n.d. = below detection limit
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average
690
470
40
57
19
71
6.4
18
7.8
0.4
0.5
0.7
0.3
0.5
-0.2
----

min
4.2
2.8
n.d.
n.d.
n.d.
2.8
n.d.
n.d.
3.6
n.d
0.7
1.9
0.5
0.8
n.d.
1.1
n.d.
n.d.
n.d.

particulate phase
max
average
38
12
29
11
11
2.2
14
4.6
3.3
0.9
20
7.2
3.6
0.5
12
3.5
26
9.2
6.6
1.4
18
3.9
16
6.8
9.5
2.4
11
2.8
3.2
0.5
7.6
2.4
3.6
1.6
4.4
1.0
5.2
1.1
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FIGURE 1
Gas/particle partitioning of atmospheric PAHs observed
in downtown Rome (for PAH symbols, see Table 2).
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SUMMARY
The Mediterranean coastal zone of Turkey and, mainly
the province Antalya, is the most important region of tourism activities in Turkey. Wastewater produced in touristic
facilities and residential areas along the coastal zone is controlled by extended sewage systems, which include treatment plants. It is achieved that no untreated wastewater
flows into the sea environment. But it is rather difficult to
control the pollutants coming from catchment areas, which
are carried to the sea by the rivers. An example of such a
pollution carrier is the Duden River, which flows in the
Lara Region of Antalya Bay. The Lara Region is one of the
most important touristic places of Antalya, and has faced
incentive urbanization especially in the last ten years. Incomplete infrastructure is an important problem of the
region. In this study, the water quality of the Duden River
was examined and the results were compared with the
relevant Turkish and EU Directives.

Over the last ten years considerably high investments
are carried out to construct numerous treatment plants
along the coastal zone, in order to keep the sea environment clean. In the mean time it is achieved that the majority of the wastewater produced is treated before being
discharged to the sea. But the task is not completed yet, so
the water quality in the Antalya Bay is affected by various
pollution sources:

KEYWORDS:
Antalya, Duden River, land-based pollution.

INTRODUCTION
In the overall Turkish economy, especially of Antalya,
tourism has become a major growing sector in the last ten
years. The clean sea environment, 640 km long coastal
zone, the local topography, ancient sites, mild climate and
low prices combine to offer at least 7 month lasting tourist
season in Antalya. Parallel to the foreign tourism, an intensive domestic tourism activity takes place in the region.
Economic growth of tourism has brought benefits in terms
of foreign currency and employment; for this reason, Antalya is the most preferred destination in Turkey for immigration. As a result, the population increase rate is considerably higher than the average of the whole country [1].
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• Rivers: The main land pollutant carriers of Antalya
Bay are the rivers reaching to the sea environment.
There exist 6 rivers and creeks, which carry water all
year around. The Metropolitan Municipality of Antalya is monitoring the water qualities of these rivers
regularly. The biggest of these water resources is the
Duden River, which drains an area of approximately
100 km2 and flows into the Bay at “Lara Region”,
which is located in the close vicinity of Lara Beaches,
one of the two most popular recreational areas of Antalya. The characteristics of the catchment area of the
Duden River are the incomplete infrastructure (settlements with percolating septic tanks), animal husbandries and the agricultural areas, where excessive
usage of fertilizers is common. Due to the increasing
unplanned urbanization process, it can be seen that
almost whole of the catchment area is now within the
city area.
• Incomplete infrastructure: Sewage system of the Antalya Metropolitan Area with over 1 million residents
is under construction. The works in the most critical
parts of the city (westward of the Duden River) is already completed. A biological- chemical WWTP and
a 3 km long sea outfall are under operation. On the
other hand, the sewage produced in the remaining residential areas and in the areas eastward of the Duden
River is disposed mainly by percolating septic tanks.
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TABLE 1
Water quality classification levels [3, 4, 5].

Water Quality Parameters
DO Saturation (%)
BOD5 (mg/l)
COD (mg/l)
Nitrate- N (mg/l)
Nitrite- N (mg/l)
Total- P (mg/l)
Total Dissolved Solids (mg/l)
Total Coliforms (No/ 100 ml)
Faecal Coliforms (No/ 100 ml)
Faecal Streptococci (No/ 100 ml)

I
90
4
25
5
0.002
0.02
500
100
10
-

TR-Water Quality Classes
II
III
IV
70
40
< 40
8
20
> 20
50
70
> 70
10
20
> 20
0.01
0.05
> 0.05
0.16
0.65
> 0.65
1500
5000
> 5000
20000
100000
> 100000
200
2000
> 2000
-

EU- BWD and BF*
Guideline (G) Mandatory (I)
80- 120
500
10000
100
2000
100
-

(* BWD: Bathing Waters Directive, BF: Blue Flag)

MATERIALS AND METHODS

RESULTS AND DISCUSSION

The water quality monitoring program included both
field and laboratory analyses, which continued for 14 months
through January 2001 and February 2002. The measurements and analyses were conducted monthly according to
the Standard Methods [2] and the Turkish Water Pollution
Control Directive [3]. The sampling stations are determined
by GPS (Global Positioning System), and the State Hydraulic Works measured the flow rates of the river.
The inland water quality classifications according to
the selected parameters, following the Turkish Water Pollution Control Directive as well as the EU-Bathing Water
Directive, are presented in Table 1 [3, 4, 5]. The details of
the Turkish water quality classes are described below:
• Class I: Very clean water (requires only disinfection
in order to be used for water supply, suitable for recreational activities, trout production)
• Class II: Slightly polluted water (requires an adequate treatment in order to be used for water supply,
suitable for recreational activities, not suitable for
trout production, may be used as irrigation water if
the related standards are met)
• Class III: Polluted water (requires an adequate
treatment in order to be used for industrial supply
except food and textile industries, not suitable for
recreational activities)
• Class IV: Very polluted water (describes a poorer
water quality class being worse than the classes
mentioned above, banned for recreational activities)

The results of the water quality measurements and
analyses of the Duden River for BOD5, COD, DO-saturation, Total-N, NO3-N, NO2-N, Tot-P, Orthophosphate,
Faecal Coliforms, Faecal Streptococci and their compliance with the water quality classification levels are shown
in Figures 1-4.
As mentioned above, the main pollutant sources in the
catchment area of the Duden River are the agricultural establishments, the return water from the irrigated lands, the
fish restaurants and leachates from the percolating septic
tanks, especially during the rainy season. In case of a river
catchment like the Duden River that lies almost completely
in the residential area in which agricultural activities also
take place, these kinds of pollution sources are very common in Turkey. High increase rates of population induced
by immigration, unplanned urbanization etc. are the main
reasons for the deterioration of the catchment areas [6].
As it is seen in the Figure 1a, the Duden River water
can be classified as “Class I”, in the Turkish classification
scale, regarding organic matter expressed in terms of BOD5
and COD. It can be argued that no direct inflow of
wastewater from the residential areas takes place and the
leachate from the septic tanks, which occurs during the
season with high ground water levels, are highly oxidized.
Therefore, organic matter is not considered as a pollutant
for the sea environment. While in the framework of the
EU-Bathing Water Directive [4,5], organic matter, expressed in terms of BOD5 and COD, is not considered as a
pollutant, the saturation-% of the dissolved oxygen (DO)
plays an important role in the classification of water bodies [4]. According to the DO-saturation levels measured,
the Duden River can be classified as “Class II” (Figure
1b). According to the EU Directives that are stricter than
the Turkish classification system, the saturation level
should be between 80 and 120%. It is evident that the
Duden River does not accomplish this EU Guidelines, as
during the 14 months lasting monitoring period, the satu-

1349

© by PSP Volume 13 – No 11b. 2004

Fresenius Environmental Bulletin

ration levels of the Duden River water varied between 7080
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70

82 % (Figure 1b).
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FIGURE 1
Monthly variations of organic matter (mg/l) and DO saturation (%) in the Duden River (G: Guideline; I: Mandatory)
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FIGURE 2
Monthly variations of Total- N, Nitrate-N and Nitrite-N (mg N/l) in the Duden River.
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Monthly variations of Faecal Coliforms and Faecal Streptococci (No/100ml) in the Duden River (G: Guideline; I: Mandatory).

The nitrogen and phosphorus compounds in the river
water were also monitored. For Total-N and O-PO4 parameters, there are no existing standards both in Turkish as well
as in the EU Directives. The Total-N concentrations were
high during the whole year (Figure 2a). Regarding NO3-N
and NO2-N concentrations, the Duden River is classified as
“Class I” and “Class IV” respectively (Fig. 2 b,c).
Total-P and O-PO4 concentrations have been varied
during the investigation period. During the rainy season,
run-off and leachate from the septic tanks are assumed to

be the main source of high amounts of Total-P and O-PO4
concentrations (Figure 3 a,b).
The study shows that high numbers of microorganisms
were carried to Antalya Bay. While in the Turkish classification system, only Total and Faecal Coliforms counts
(which are in the same family of bacteria) are considered as
water quality parameters, Faecal Steptococci counts involved in the EU-Bathing Water Directive is an additional
important quality parameter (Table 1) [4]. The high Faecal
Coliform counts in the Duden River led us to classify the
river as “Class III-IV”. As seen in the Figure 4a, the stand-
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ards, considered in the EU Directives, are exceeded seriously [4]. The microbiological water quality of the Duden
River is even worse with respect to Faecal Streptoccocci
counts, that show a 70-fold exceeding of the “EU Guideline” level and more than 1000-fold with respect to the
“mandatory” level (I: FS=0) (Figure 4b), are listed in the
EU Directives1.
The ratio of the Faecal Coliforms (FC) and Faecal Streptoccocci (FS), FC/FS, can be considered as a parameter
for the origin of microbial pollution. (FC/FS) > 4 is considered as human fecal contamination, whereas by values
< 0.7 the pollution is considered as of animal origin [7].
(FC/FS) value for Duden River was calculated to be >5
during the rainy season and between 0.7-5 during the rest
of the monitoring period. It can be argued that the high
values, observed during the rainy season, is possibly
caused by the percolating septic tanks, while during the
rest of the year the majority of the pollution is caused by
the agricultural activities in the catchment area.
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CONCLUSIONS
As it can be seen from the results, the Duden River has
carried high amounts of pollutants to the Bay. This river can
be considered as the main pollution source of the sea environment in the Antalya Bay and Lara Region. The Duden
River has a wide catchment area which is subject to uncontrolled urbanization and the water quality of the river has
been affected by the uncontrolled domestic and the agricultural wastewater discharges from settlements, agricultural
land and animal husbandry fields along the river side. Due
to the relatively high amounts of plant nutrients carried by
the river, algal blooms occurred in the close vicinity of the
inflowing point. Especially Faecal Coliforms and Faecal
Strepteccocci, which have been observed in very high numbers, can cause public health problems at the receiving
environment. This 14 month-lasting-research study shows
that the total pollution loads of the Duden River increased
significantly during the heavy rainy season of 3-4 months
duration.
In order to reduce this pollution load carried into the
sea environment, the missing infrastructure system (new
sewer system) and a management plan for water and land
resources in Duden River- catchment area should be implemented. These precautions should be accompanied by
matching the existing standards with the EU Directives.
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SUMMARY
This research attempted to monitor the distribution of
two different spin probes (Tempol and Tempamine+) in
systems containing either a clay mineral (hectorite) or hectorite-humic acid complexes. Sorption isotherms, evaluated at pH 7.0 after 24 hours and 15 days of interaction,
respectively, exhibited an increase of the extent of apparent sorption with time in the presence of organic matter
and may be explained by the diffusion of probe molecules
inside the matrix of the organo-mineral complexes. The
apparent sorption of the neutral Tempol probes increased
significantly in the presence of organic matter. The interaction of Tempamine+ was more intense with hectorite
and not affected much by the incubation time. Calculation
of the apparent rotational correlation time τR of the electron paramagnetic resonance (EPR) spectra suggested that
Tempol interacted weakly with solid surfaces. The apparent τR of Tempamine+ was about 30 times larger than in
water, indicating significant interaction of the probe with
solid surfaces. Furthermore, the EPR spectra revealed that a
fraction of Tempol and Tempamine, apparently “sorbed” to
the hectorite or hectorite-humic acid complexes, were in
fact not physically sorbed at all. These percentages suggest that batch “sorption” isotherms should be interpreted
with caution.

KEYWORDS: spin probes, electron paramagnetic resonance
(EPR), organic matter, organic xenobiotic, soil contamination.

that what the traditional batch experiments consider as
sorption really qualifies as such at the molecular level,
spectroscopic techniques need to be used. For organic
compounds, the range of methods that can be used to obtain similar information is limited to microprobe two-step
laser desorption/ laser ionization mass spectrometry, e.g.,
used by Ghosh et al. [4], and to electron paramagnetic
resonance (EPR).
In model soil systems free of paramagnetic components (e.g., iron), EPR is able to provide detailed information on the molecular-scale environment of targeted
paramagnetic molecules such as nitroxide spin probes.
These are stable organic radicals available with different
chemical properties, such as polarity and charge, and are
thus able to cover the range of physico-chemical properties of common organic contaminants [5]. Spin probes
have been used in systems involving either clay minerals
[6 - 9], aluminum oxides [10] or humic acids [11]. However, much remains to be learned in more environmentally-relevant model soil systems, containing not just clay
minerals but also organic matter and metal (hydr)oxides.
In this general context, the present study is meant to
be a continuation of the research program launched by
Dumestre et al. [9]. Its key objective was to assess the
extent to which EPR is able to monitor over time the
distribution of two spin probes, one neutral (Tempol) and
the other cationic (Tempamine+), in model soil systems
involving not just a clay mineral (hectorite) as in Dumestre et al. [9], but also hectorite-humic acid complexes.

INTRODUCTION
Sorption is considered to be one of the key factors
controlling the transport and bioavailability of inorganic
and organic chemicals in soils and sediments [1-3]. Traditional sorption experiments provide some information on
the apparent extent of sorption, but unfortunately cannot
shed light on the nature of the physical or chemical processes involved. To identify these processes, and to ascertain

MATERIALS AND METHODS
Spin Probes

Two spin probes, 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (Tempol) and 4-amino-2,2,6,6-tetramethylpiperidinyloxy (Tempamine+), were obtained from Aldrich Chemical Co. and used without further purification. They both
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contain stable paramagnetic nitroxyl radicals, but differ in
the substituent at position 4 of the piperidinyloxy ring (Figure 1). Tempol is a non-ionic molecule, whereas Tempamine+ is positively charged at neutral pH. They were
dissolved in 0.005 M CaCl2 and titrated to pH 7 with HCl
or Ca(OH)2 to prepare a 10 mM stock solution.

X
CH3
CH3

Sorption isotherms

CH3
N

.

CH3

O
X=

Volumes were then brought to 1 L with deionized water,
and the suspensions were shaken continuously for 24 h.
Finally, as with hectorite, all the complexes were exchanged
with Ca2+. In their final states, the complexes contain approximately 5% by weight humic substances, a value that is
within the range typically found in soils.

NH3+ TEMPAMINE+
OH TEMPOL

FIGURE 1
Chemical structure of Tempol and Tempamine+ spin probe
(The dot adjacent to the N-O group represents an unpaired electron).

Sorption was carried out in aqueous suspensions containing 0.005 M CaCl2 (to prevent hydrolysis of hectorite),
2 mg/ml sodium azide (microbial inhibitor) and 25 mg ml-1
hectorite or hectorite-Al(OH)x-HA complexes. The suspensions were brought to pH 7 by adding Ca(OH)2 or HCl, and
equilibrated for 24 hours in order to disperse the hectorite
and organo-mineral particles. For each sorbent, sorption isotherms of the Tempol and Tempamine+ spin probes were obtained by varying their concentration in solution from 10-5
to 10-3 M. In order to monitor the evolution of the sorption
process over time, three replicate samples were subjected
to end-over-end shaking for 24 hours, and the others for
15 days. All samples were analyzed by EPR spectroscopy
and HPLC as described below.

Model soil systems

The reference smectite used in this study is the hectorite SHCa-1 from San Bernardino County (CA), obtained from the Source Clay Minerals Repository of the
Clay Mineral Society. The chemical formula, specific
surface area (468 m2/g) and CEC (46 meq/100 g) of hectorite SHCa-1 have previously been reported [12]. Hectorite SHCa-1 is known to contain carbonate impurities,
and FTIR did indeed reveal absorbance bands at 1439 cm-1
and 885 cm-1. However, these bands were not evident in
the fraction < 2 µm obtained after sedimentation. This
trioctahedral Mg-Li smectite was chosen because its low
iron content does not interfere with the EPR spectra of the
spin probe. It was saturated with Ca2+ by repeated exchange with 0.5 M CaCl2. After the last saturation, excess
salts were removed by washing twice with deionized
water. The suspension was then freeze-dried and stored at
room temperature.
Clay-humic acid complexes were synthesized using a
procedure inspired and developed by Singer and Huang [13]
and Violante et al. [14] for the formation of OH-Al-humatesmectite complexes. Humic acids (HA) were extracted from
a dark brown (10YR2/3), calcareous soil from Foresta Umbra, Italy, and purified and characterized according to the
International Humic Substances Society (IHSS) standard
procedure [15]. For the synthesis of the organo-mineral complex, 500 ml of 6 mM Al(NO)3 solution were potentiometrically titrated to pH 5 by adding CO2-free 0.25 M NaOH at a
rate of 0.5 ml min-1. Thereafter, 10 ml of 50 mg ml-1 purified humic acids, previously suspended in water at pH 7
for 24 hours, was added and the suspension was agitated
on a magnetic stirrer for two hours. After the addition of
100 ml of 100 mg ml-1 suspension of Na-hectorite, previously dispersed for 48 hours in deionized water, the suspension
was adjusted to pH 7 with 0.25 M NaOH (0.5 ml min-1).

EPR analysis

Samples for EPR analysis were obtained by plunging
the tip of a capillary tube into the gel or supernatant (obtained after centrifugation at 9,000 g for 15 min). The capillary tube was then promptly sealed with plasticine and
placed in a glass EPR tube. Room temperature (20 °C) EPR
spectra were run at 9.76 GHz (X-band) using a Bruker
ESR 200 SRC spectrometer with modulation and power
settings of 2.0 Gauss and 10 mW, respectively, to minimize signal distortion and power saturation effects. The
total spin probe concentrations in solution and the clay gels
were determined quantitatively by measuring the central
peak height (h0) of the samples relative to those of the
standard probe solutions. The probe concentrations of the
standard solutions were confirmed by HPLC analysis.
Specific determination of mobile and adsorbed probe populations in complex systems were obtained from the interpretation of the highfield (h-‐1) peak of the EPR spectra as
discussed below in the Results and Discussion section.
Another parameter used for the interpretation of EPR spectra is the apparent rotational correlation time τR used to
assess the rotational diffusion of the probe. It was calculated
from the 3-line spin probe spectra by a standard method [16]
and interpreted as the length of time over which molecules
maintain a particular orientation before random thermal
motion reorients them.
HPLC analysis

Tempol and Tempamine+ were also quantified in the supernatants using a Perkin-Elmer LC Mod. 410 pump highperformance liquid chromatograph, a column C-18 (15 cm x
3.9 mm i.d.) and a diode-array UV-VIS detector (PerkinElmer, Series 200) set at 232 nm. An isocratic elutant (40%
water - 60% methanol) at a flow rate of 1 ml min-1 was used.
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Analysis of EPR spectra

The characteristics of the spectra of Tempol and Tempamine+	
  in aqueous solution have been discussed in earlier
EPR studies [6] and need not be recounted in detail here.
Since the unpaired electron of the nitroxide molecule is
situated on the N-‐O π-orbital, the nuclear spin of 14N (I=1)
splits the EPR signal into three hyperfine lines corresponding to the MI=1, 0, -1 quantum numbers. The anisotropy of
this hyperfine splitting is averaged in non-viscous liquids
by molecular rotation obtaining three lines with similar
shape and height, but restriction of molecular motion by
adsorption or steric hindrance can alter the EPR line shape
in systems containing active surfaces. Calculation of apparent rotational correlation times of the probes in 0.005 M
CaCl2, based on the relative heights of the three peaks in
the EPR spectra, resulted in a τR value of 0.029 ns for Tempol and 0.063 ns for Tempamine+. These τR values are very
close to those previously reported for similar conditions [9].
Rotational mobilities on the order of 0.01 to 0.1 ns are expected from the Debye diffusion model applied to small
molecules in water [7]. The heights of the central peaks (ho)
in the EPR spectra of the spin probes in the supernatant
solutions can be directly converted into spin probe concentrations. Independent HPLC analyses of the supernatants
obtained after centrifugation of hectorite and organo-mineral
complexes corroborated these concentration estimates. The
amount of spin-probe sorbed to, or, at least, closely associated with solid constituents was calculated by subtracting
the amount of probe in the supernatants from the total
amount present in the system.

be combined with one or more signals arising from sorption of probe molecules, whose rotational mobility is hindered by solid surfaces. Interaction of Tempol with the
sorbents reduces the mobility of the molecules, as revealed
by the broadening of the low field (h+1) and especially the
high field (h-1) lines of EPR spectra (Figure 3).
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FIGURE 2
Sorption isotherms of Tempol by Ca-hectorite and hectoriteAl(OH)x-HA complex after interaction for 24 hours and 15 days.

Tempol

The interaction of uncharged Tempol with surfaces of
the model soil systems was very weak (Figure 2). Adsorption of the molecule to the Ca-hectorite reached an apparent
equilibrium after 24 h of interaction. The estimated Kd
values (1.58 – 1.78) were very close to those previously
reported for similar water/clay ratios [7]. In contrast, the
sorption kinetics of Tempol were very slow in the presence
of the organo-mineral complex. The observed Kd values
doubled in 15 days, from 2.41 to 4.81, suggesting that the
presence of the humic acids and the possible development
of a characteristic organo-mineral complex structure reduced diffusional processes and hindered the movement of
Tempol molecules towards sites with higher affinity for the
molecule. Such diffusional limitations could be expected,
especially when the humic acid molecules were to coat the
surfaces of the hectorite particles. The presence of organic
matter also rendered the Tempol-mineral interaction more
specific, as indicated by the L shape of isotherm curves.
EPR spectra of spin probes in gels, obtained after
centrifugation, are typically the superposition of two or
more spectra associated with different molecular-scale
environments. A solution-like signal, with characteristic
peak-to-peak line-widths for all three hyperfine lines, can
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Results of analyses of the spectra, including the fraction of the probe in solution that is in an adsorbed state, and
the apparent rotational correlation time, τR, are reported in
Table 1. The fraction of the probe in solution is underestimated because a part of the sorbed probe is actually free to
tumble. In contrast to what is expected from sorption isotherm experiments, where a pronounced positive influence
due to the presence of organic matter is evident, the τR is
higher in the presence of hectorite (0.97 ns, or approximately
32 times the τR in solution) and increases significantly with
time (1.24 ns, or approximately 43 times the τR in solution).
The lower mobility of Tempol in the absence of organic
matter can be explained by the steric hindrance of the molecule in the quasi-crystal structure of Ca-hectorite. The hindrance increases with time due to diffusion of the molecule
within the interlayers of the clay, and because with time, the
mineral evolves to a more compact structure, which reduces
the interaggregate and intraaggregate spaces [9]. The organo-mineral complex reduces the amount of Tempol in
solution, probably due to interaction with humic substances.
However, it also hinders the formation of a Ca-hectorite
quasi-crystal structure, thus, leaving a “soft” structure with
voids, in which molecular motion is less restricted. Another
explanation for the result obtained may be that the hydrophobic character of the siloxane surface of the hectorite
permits direct interaction with the hydrophobic moiety of
Tempol, thereby reducing its random tumbling.
TABLE 1
Distribution and mobility (correlation time) of Tempol
in Ca-hectorite and hectorite-Al(OH)x-HA complex,
after a sorption time of 24 hours or 15 days.

Hectorite

24 h
15 d
Hectorite24 h
Al(OH)x-HA
15 d
CaCl2 0.005 M
Tempamine

Tempol in solution
Tempol in the pellet
%
%
τR (ns)
94.20 ± 2.83
11.21 ± 2.03 0.97 ± 0.12
95.79 ± 0.74
10.24 ± 3.83 1.24 ± 0.06
89.97 ± 7.38
10.33 ± 1.00 0.70 ± 0.18
89.26 ± 1.76
9.84 ± 0.86 0.77 ± 0.19
0.029

+

As expected, Tempamine+ was adsorbed more by the
hectorite than by the organo-mineral complex (Figure 4).
The shape of the curves, with a positive concavity, is typical of sorbants that bind preferentially to themselves to
form aggregates. The extent of the interaction between

Tempamine+ and the hectorite investigated was two orders
of magnitude higher than that observed with Tempol. The
nature of the interaction between the molecule and hectorite was hypothesized to be electrostatic, coupled to a
hydrophobic interaction of the molecule with the siloxane
surface [17, 18]. Therefore, the reduced partitioning of
Tempamine+ to the organo-mineral complex, which was
observed to increase slightly over time, was most likely due
to the reduced probability of the molecule reaching the
siloxane surface, coupled to reduced diffusional processes
hindering the movement of the spin probe molecules in the
hectorite-Al(OH)x-HA complex. Such diffusion limitations
would be particularly expected if humic acid molecules
were to coat the surfaces of the hectorite particles [14].
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restricted by the higher viscosity of the surface layer of
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the intensity of the shoulder is more pronounced with hectorite than with the organo-mineral complex, and increases
with time.
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FIGURE 4
Sorption isotherms of Tempamine+ by Ca-hectorite and hectoriteAl(OH)x-HA complex after interaction for 24 hours and 15 days.

Figure 5 and Table 2 report, respectively, the EPR
spectra resulting from the interaction of Tempamine+ with
the two model soils systems, and their analyses. The increased interaction of Tempamine+ with the model soil
systems, indicated by the isotherms, was confirmed by
analysis of the EPR spectra. The signal originating from
the adsorbed probe almost completely obscured the solution-like spectrum. Since an underlying, solution-like spectra was present, indicated by a shoulder present on the
high-field side of the high-field line (see arrows in Fig. 5),
the presence of organic matter apparently reduced interactions of the molecule with the surface, even in this case. An
increase of the intensity of this solution-like signal was
observed with time. The correlation time, τR, did not change
significantly and ranged from 2.06 to 2.28 (33-36 times the
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τR in solution), with slightly higher values observed in the
presence of hectorite. The lower τR observed with the
organo-mineral complex, coupled to the presence of an
underlying solution-like signal that increased with time,
and the results obtained from the isotherms are in perfect
agreement. This confirms the hypothesis that organic matter retards the diffusion of the molecule towards the siloxane surface.

expected from the Tempamine+ mass balance. The signal
reduction could perhaps be due to a transition to the "rigid
limit spectrum". In this case, the signal does not completely disappear. Instead, the characteristic "solution" or
“adsorbed” spectrum is replaced by another, much weaker
signal. The presence of this signal has been observed in
the presence of oriented films of hectorite with low
amount of water [16-18]. Another possible explanation
that is in line with the isotherm analysis and should be
investigated further, is the formation of probe aggregates
or clusters as has been observed with other more hydrophobic spin probes [19].

CONCLUSIONS
The experimental results reported in this article indicate that longer incubation times are associated with more
pronounced partitioning of spin probes between solutions
and sorbents in the presence of organo-mineral complexes.
These findings confirm the role of organic matter in retarding sorption kinetics, due to the diffusion in the nanoporosity of the matrix, which has also been implicated in the
alleged “sequestration” of organic xenobiotics in soils and
sediments [20, 21].
EPR analysis of samples revealed different mechanisms of interaction between the two spin probes investigated, and the solid phases. Therefore, it is insufficient to
obtain information about the mechanisms involved in the
interaction xenobiotic-soil system, from the simple study of
quantitative partitioning obtained with sorption isotherms.
Indeed, the results obtained from sorption isotherm experiments of Tempol with hectorite and hectorite-Al(OH)x-HA
complexes contradict the related study of EPR spectra.
Tempol interacted more intensively with hectorite than
with hectorite-Al(OH)x-HA. Therefore, EPR spectroscopy
was able to discriminate between the different types of
molecular-scale environments, in which Tempol and Tempamine+ are found, and to quantify the fraction of probe
present in each environment.

FIGURE 5
EPR spectra of Tempamine+ in Ca-hectorite and organomineral pastes, after a sorption time of 24 hours or 15 days.

TABLE 2
Distribution and mobility (correlation time) of Tempamine+
in Ca-hectorite and hectorite-Al(OH)x-HA complex, after
a sorption time of 24 hours or 15 days.
Tempamine+
in solution
%

Tempamine+
in the pellet
%

τR (ns)

Signal
reduction
(rigid limit
spectrum)
%

24 h 32.42 ± 9.64 26.41 ± 6.09 2.28 ± 0.17
15 d 27.71 ± 5.91 30.40 ± 7.85 2.16 ± 0.25

41.17
41.89

Hectorite24 h 41.68 ± 7.50 28.74 ± 8.67 2.06 ± 0.19
Al(OH)x-HA 15 d 37.35 ± 7.94 32.48 ± 9.24 2.08 ± 0.17

29.59
30.17

Hectorite

CaCl2
0.005 M

-

-

-

0.063

Further research is being conducted to assess the usefulness of EPR spectroscopy for the elucidation of the
physico-chemical processes controlling the bioavailability
of organic xenobiotics, with different physico-chemical
properties, in subsurface environments.
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SUMMARY

INTRODUCTION

In this study mathematical modelling is used as a tool
to estimate the water quality of a creek together with its
nutrient loads transported to a lake. The study area was a
coastal lagoon system located in the southwest of Turkey.
Yuvarlakcay Creek is one of the important streams within
the selected watershed joining to Koycegiz Lake, which,
in turn, connects to the Mediterranean Sea through the
lagoon channel.
A computational framework was developed to estimate
the stream`s water quality. In the first step, data analysis
was carried out with data available on the stream (such as
flow rate and water quality) and its watershed (such as land
use) and analyzed. In the second step, the nutrient loads
from the diffuse sources to the stream were calculated. In
the third step, the appropriate mathematical models for
stream water quality simulations were selected after comprehensive surveys. QUAL2E and WASP/EUTRO models,
developed by US Environmental Protection Agency (EPA)
were found to be appropriate for steady-state and dynamic
simulations, respectively. The fourth step was the model
calibration and verification. The model can be used to
estimate both the current water quality of the Yuvarlakcay
Creek and its nutrient loads carried to Koycegiz Lake.
These data calculated can be used for developing future
scenarios. The methodology and computational framework referred in this study forms a guideline that may be
utilized for small streams.

KEYWORDS:
Mathematical modelling, nutrient loads, QUAL2E, WASP/EUTRO.

Eutrophication and oxygen depletion are among the
common principal problems addressed in water quality
studies. Depletion of dissolved oxygen and stimulation of
undesired aquatic growth due to nutrients cause severe
water quality problems. Nutrients arise especially from
the application of fertilizers on agricultural land, forest
areas, and urban surface run-off.
Mathematical modelling, which forms an integral part
of the decision-making process for water resources management, has been in use since the late 60s as a tool in environmental sciences. Models and simulations allow the rapid
evaluation of pollution in terms of cause and effect relationships. The main advantage is that they enable analyses of
different future scenarios at present.
Water quality models have been developed during the
past three decades. Jorgensen [1] states that 4,000 ecological models have been used in aquatic researches on environmental management. QUAL2E/UNCAS [2], WASP [3],
CE-QUAL-RIV1 [4], CE-QUAL-W2 [5], and EPD-RIV1
[6] are examples of models, which have been applied to
various streams in water quality studies, particularly for
nutrient modelling and TMDL (Total Maximum Daily
Load) calculations.
Koycegiz Lake, receiving the nutrients of the creek, is
13 km long, 2-6 km wide, and with its average depth of 25 m
it is a moderately sized lake within the lagoon system.
Dalyan Lagoon, which is of great importance for its ecological and economical value, is situated at the downstream
of Koycegiz Lake and ends in the Mediterranean Sea.
The lake and a part of its basin is declared as a Special
Environmental Protection Area by the Turkish Government.
Yuvarlakcay Creek is one of the most important streams
feeding the Koycegiz Lake. The location of the watershed
and boundaries of the sub-basins are given in Figure 1.
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FIGURE 4
Long-term monthly average total precipitation [8].
Koycegiz
Lake

Yuvarlakcay

The land-use in the watershed is illustrated in Fig. 5.
Most of the watershed area is covered by the typical Mediterranean forests and agricultural areas. There are small
villages in the watershed, but no significant urban settlements or industries.

Lagoon
Mediterranean
Sea

FIGURE 1
Location of Koycegiz-Dalyan watershed and the sub-basins.

MATERIALS AND METHODS
Data Analysis

Yuvarlakcay Creek is a small perennial stream with a
length of 21 km and a relatively high slope of 1/200 to
1/100. The sub-basin has an area of 117 km2.
Average monthly flow rates calculated from the daily
flow rate measurements are given in Figure 2.

Flow rate (m

3

.s-1)

6
5
4

FIGURE 5
Land use distribution at the watershed.

3
2

Soil classes and sub-soil groups of the watershed are
illustrated in Figs. 6 and 7, respectively.
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FIGURE 2
Monthly flow rates obtained from EIE, Turkey [7].

The overall watershed has a typical Mediterranean climate. Long-term monthly average air temperature and precipitation values are illustrated in Figs. 3 and 4, respectively.
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FIGURE 3
Long-term monthly average air temperature [8].

FIGURE 6
Soil classes of the watershed.
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sorbed in May, 10% in June, 64% in July, 90% in August
and October, and 27% in November. In the assumptions,
the monthly applications and crop uptake values were also
taken into account. A detailed survey on forests has not been
carried out yet. Unit polluting loads were selected from the
literature, representing and reflecting similar climatic conditions and forestries, as 2 kg.ha-1.year-1 for total nitrogen and
0.2 kg.ha-1.year-1 for total phosphorus.

OCTOBER

NOVEMBER

DECEMBER

NOVEMBER

DECEMBER

SEPTEMBER

AUGUST

JULY

JUNE

MAY

FIGURE 8
Calculated N loads from non-point source.

Annual fertilizer consumption was calculated to be
146.8 kg N.ha-1.year-1, and 54.2 kg P.ha-1.year-1, which are
almost twice the Turkey’s average. The major reaction
occurring after fertilizer application on soil is crop uptake,
which was computed as 63.16 kg N.ha-1.year-1 and
15.14 kg P.ha-1.year-1, based on the crop types. Furthermore, these two nutrients undergo reactions on soil, such as
denitrification, volatilization, adsorption etc. Surplus nutrients are transported on the soil till they reach the water
environment either through surface run-off and/or leaching.
Nitrogen and phosphorus loads in excess were estimated to
be 83.66 kg N.ha-1.year-1 and 39.06 kg P.ha-1.year-1 [9].
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Calculations for the estimation of the monthly surplus
nutrient amounts were done. The main nitrogen driving
factors were assumed to be denitrification, ammonia volatilization, surface run-off and leaching, and they control
a certain percentage of the amount remaining after crop
uptake. The soil properties of the region were considered
as suitable for high denitrification (20-40%) [10, 11].
Thus, it was assumed that nitrogen undergoes denitrification process by 15% in February, 20% in March, April,
October and November, and 25% for the rest of the
months. Denitrification was assumed to be negligible for
months with soil temperatures around 10 °C, like January
and December. The pH of the soil in the region is between
6.0-8.0, where ammonia volatilization may occur up to
20% depending on the soil temperature [10]. It was assumed that volatilization may occur by 5% in January,
February, March and December, and by 10% for the other
months. Adsorption is assumed to be the major phosphorus reaction on soil [12, 13, 14]. Depending on the soil
properties, 65% of phosphorus was considered to be ad-

OCTOBER

Estimation of Nutrient Loadings

APRIL

JANUARY

As can be seen in Figure 6, most of the watershed belongs to soil class VII, that refers to steep infertile or shallow soil. Fig. 7, presenting the sub-soil groups of the watershed indicates that the majority of the watershed has erosion potential according to internationally accepted sub-soil
group classification of the United States Department of
Agriculture (USDA).
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FIGURE 7
Sub-soil groups of the watershed.

FEBRUARY

The results of non-point source load calculations are
illustrated in Figs. 8 and 9 for nitrogen and phosphorus,
respectively.

FIGURE 9
Calculated P loads from non-point source.

Mathematical Model Selection

Yuvarlakcay Creek is a stream with a length of 21 km,
width of 8-14 m and a depth of 0.5 – 2 m according to the
flow rate. Its depth and width are quite small compared to
its length. As it has a relatively high slope, and vertical
flow velocity and rapid lateral mixing, this creek can be
assumed as a well-mixed system in the cross-section. To
verify this assumption, simple methods described by Fisher
et al. [15], Thomann and Mueller [16], and Martin and
McCutcheon [17] have been applied to the creek. The
results indicated that the one-dimensional advection dispersion equation with homogeneous concentration distribution in the stream cross section is an appropriate mathematical model to be applied for the Yuvarlakcay Creek.
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Following the mathematical model selection, a wide
literature survey has been carried out to obtain the appropriate model codes, which incorporate aquatic nutrient
cycle kinetics into the one-dimensional (longitudinal)
advection dispersion equation. USEPA [18] provides
useful key information on water quality modelling software. QUAL2E and WASP/EUTRO have been selected
for steady-state and dynamic simulations, respectively.
QUAL2E is a well-known and common stream water
quality model for the analysis of wasteload allocations
and total maximum daily loads for one-dimensional
streams [19, 20]. It is extensively used for similar stream
water quality modelling studies all over the world [2128]. There are also modifications of QUAL2E, such as
MODQUAL and QUAL2K. There are two independent
models called QUAL2K, one developed by Park and Lee
[29] for the Nakdong River (Korea) water quality model
and another one by Chapra and Pelletier [30] for the United States Environmental Protection Agency (USEPA) as a
total maximum daily load (TMDL) development tool.
QUAL2E can be run in two modes, steady-state and
quasi-dynamic. In quasi-dynamic mode, QUAL2E can
simulate diurnal variation of water quality parameters, however, it is not a completely dynamic mode. For example,
the user cannot enter dynamic loads and the model can
process steady-state river hydraulics [2]. The model subdivides a river into reaches and computational elements, as
shown in Fig. 10. The computational elements are assumed
to be completely mixed.

FIGURE 11
QUAL2E water quality constituent interactions [2].

Water Quality Analysis Simulation Program (WASP)
is a general-purpose dynamic transport model, which
solves the advection dispersion equation using a finite
segment approach. Each segment (compartment) is assumed to be completely mixed, when also assuming vertical and lateral homogeneity. It has a modular structure
and can incorporate several kinetic sub-models, such as
TOXI (toxic chemical module), EUTRO (nutrient cycle
module) and advanced eutrophication. Detailed information can be found in [3, 31, 32].
In this study, EUTRO was used as the water quality
kinetic sub-model. EUTRO is similar to QUAL2E and
incorporates eight water quality variables (Fig. 12).

FIGURE 10
QUAL2E computational network [2].

The water quality constituent interactions are illustrated
in Fig. 11. Detailed information about QUAL2E kinetics
can be found in reports of Brown and Barnwell [2], Chapra
[19] and Lung [20].
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Screening and Pre-calibration Procedures

Water quality modelling and simulation is a difficult
and complex task, especially if a dynamic mathematical
model, such as WASP/EUTRO, is used. Therefore, it is
recommended to use desktop screening methodologies or
simple mathematical models classified as Level I prior to
use higher level models as defined in USEPA [34]. These
simple models or tools are explained in more detail by
Thomann and Mueller [16], Chapra [19], Lung [20] and
USEPA [35].
However, in this study QUAL2E was selected as a
screening tool based on three reasons. First, it is a very
simple and practical tool, but powerful enough to fulfil
other tasks, such as preliminary model calibrations, simple uncertainty and sensitivity analysis or interpolation of
water quality constituent values for unknown model segments. It forms a bridge between screening procedures
and real world modelling applications. Secondly, in the
WASP/EUTRO studies results obtained from QUAL2E
can be utilized more easily, since both models bear quite
similar water quality kinetics. Finally, it is a user-friendly
software that can be applied to a variety of streams without excess computer and manpower requirement.
Yuvarlakcay Creek was divided into 4 reaches and 29
computational elements, each having a length of 800 m.
Monthly simulations were done using the average monthly nutrient loadings given in Figs. 7 and 8. Yuvarlakcay
Creek has two small tributaries with drainage areas of 16
and 31 km2, respectively. For the screening analyses,
these tributaries were assumed as point sources. Other
parts of the watershed were assumed as non-point sources
and nutrient loads from these areas were evenly distributed to each model segment. Seasonal data gathered from
Kazanci [36] were used for the calibration of QUAL2E.
The model has been calibrated for dissolved oxygen
(DO), biochemical oxygen demand (BOD), nitrogen and
phosphorus derivatives (NH4+-N, NO3--N, PO43--P). Some
of the calibration results are given in Table 1 and Fig. 13.
TABLE 1
Kinetic coefficients obtained by QUAL2E calibration.
Kinetic parameter (day-1) Minimum* Maximum* Average* Selected**
BOD Decay

0.1

1.5

0.4

0.4

Organic N Hydrolysis

0.01

0.15

0.03

0.01

Organic P Decay

0.005

0.7

0.03

0.03

Settling

0.1

0.2

NH4+-N Oxidation

0.05

0.5

0.2

0.5

5

10

7

10

-

NO2 Oxidation

* Values obtained from Bowie et al. [37]
** Calibration values of kinetic parameters for Yuvarlakcay Creek
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Carson River in Nevada, USA [33], and the Upper
Mississippi River [20] are two examples among various
receiving media, where WASP/EUTRO was applied.

PO4-P ( mg/l )
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The findings of the calibration are:
•

Interpolation of water quality parameters for each
model segment. These values can be used as initial
concentrations of relevant water quality parameters
(DO, NH4+-N, NO3--N, Org-N, PO43--P, Org-P, BOD5,
Chlorophyll-a, Salinity) for WASP/EUTRO.

•

Estimation of monthly average pollution loads to
Koycegiz Lake through Yuvarlakcay Creek and its watershed. These loads can be used as initial input data for
a simple mathematical model of Koycegiz Lake.

•

The kinetic coefficients obtained with QUAL2E can
offer a good starting point for the calibration of WASP/
EUTRO for Yuvarlakcay Creek, since both models
have similar kinetic process equations.

Water Quality Modelling

A variety of tools have been used for both creating
model inputs, such as estimated nutrient loads or hydrodynamic variables necessary for WASP/EUTRO, and running
the water quality simulations.
The first task to be fulfilled was to identify the drainage areas for model segments and the stream network.
There are various procedures for this task, as cited by
Moussa [38]. The 8-direction pour point model has been
selected as an appropriate watershed modelling method
for this case. This method is described in detail by Saunders and Maindment [39], and also Beneman et al. [40].
Watershed Modelling System 6.1 (WMS), which was used
to delineate the watershed and sub-watershed boundaries,
and to extract the stream network partly, contains special
algorithms such as the 8-direction pour point model. WMS
was also used to produce a Digital Elevation Model (DEM)
for the entire watershed. The missing parts of the watershed, which could not be obtained digitally, were delineated manually and digitized according to Ustun [41]. The
results of the first task are given in Fig. 14.
After identification of the drainage areas, GIS queries
were conducted to determine the land-use distribution for
areas, which drain into the model segments. ArcView 3.3
and ArcGIS 8.2 software were used for Geographical
Information System (GIS) operations. The results of these
queries are shown in Fig. 15 and Table 2.
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Following the land-use assessment, daily flows and
loads from the drainage basins are estimated using simple
hydrological calculation techniques. WASP needs these
results as a part of the model input. Figs. 16 and 17 illustrate the sample calculation results for one of the drainage
areas.
30

Estimated flow (m.s
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FIGURE 14
Drainage areas of Model Segments.

FIGURE 16
Estimated flows from drainage area 22.
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-1

)

200

160

120

80

40

FIGURE 15
GIS Query Results.
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FIGURE 17
Estimated NH4+-N loads from drainage area 22.

TABLE 2
Land-use distribution obtained from GIS Query.
Subbasin

06/11/1991

03/03/1991

0

Scrub

Pasture

Forest

Well irrigated

Agriculture without

(ha)

(ha)

(ha)

agriculture (ha)

fallow (ha)

2

0

19

104

0

0

3

0

31

1164

0

0

4

0

42

190

0

0

5

0

71

179

0

0

6

0

18

111

0

0

7

0

0

374

0

0

8

0

0

261

0

0

9

0

0

165

0

0

10

0

0

95

0

0

11

0

0

63

0

14

0

0

214

9

0

16

0

0

2355

240

520

17

0

0

56

32

0

18

0

0

48

85

0

19

0

0

0

81

0

20

0

0

930

32

0

21

0

0

0

48

0

22

37

9

1413

426

102

23

0

0

0

36

0

24

0

0

0

48

0

25

0

0

198

214

0

27

0

0

476

149

0

28

0

0

428

145

0

29

0

0

134

84

62

TOTAL

37

191

8956

1630

684

0

Following the estimation of boundary conditions, such
as flows and loads, the next step is estimating the hydrodynamic properties, i.e. segment depths, volumes and velocities. There are several hydrodynamic models coupled to
WASP. DYNHYD [42] is the well-known one-dimensional
hydrodynamic model, which is coupled to WASP. The
problem is that it is not applicable for small streams with
high slopes [42]. All efforts towards running DYNHYD for
Yuvarlakcay Creek failed because of numerical instabilities. Experience on solving the equations shows that convergence problems occur, when there is supercritical flow.
Many hydrodynamic codes, therefore, implement special
algorithms to deal with this situation [6, 43, 44].
In this study, it was decided to use a hydrodynamic
code, which solves the full Saint Venant equations, also
known as the dynamic wave model. Modelling softwares,
such as CE-QUAL-RIV1 [4], RIVMOD [43], BRANCH
[45], FourPt [46] and FEQ [47], solve Saint Venant equa-
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tions using the implicit four-point numerical scheme.
Among these models, only RIVMOD was coupled with
WASP. However, RIVMOD also failed during Yuvarlakcay Creek simulations because of convergence problems
caused by the singularity in the solution matrix.
Therefore, a new one-dimensional hydrodynamic code
was developed for this study. The new model, which can
create a compatible hydrodynamic output for WASP5, uses
an explicit scheme, which is fairly unstable. An improvement in stability has been obtained by considering a control
volume approach, when discretizing the continuity equations. Details on this approach are referred by Olsen [44].

Modeling Technical Support Center website of USEPA
[50].
RESULTS AND DISCUSSION
WASP 6.1 simulation results for the calibration
years (1991, 1992 and 1993) are given for DO, NH4+-N,
NO3—N and PO43—P in Figures 18, 19, 20 and 21, respectively. In these figures, segment 16 and 22 have the largest drainage areas and segment 5 represents the upstream
while segment 29 represents the downstream segment.

Results obtained from the hydrodynamic simulations
indicated that retention times in Yuvarlakcay Creek were 512 hours according to the flows. Since input data used for
simulations have a maximum resolution of 24 hours, average daily flows were used instead of doing the entire calibration work for hydrodynamic modelling. Discharge coefficients defined by WASP were used for calibrating the
segment depths and velocities. The calibration values for
the discharge coefficients a, b, c, and d were 0.7, 0.4, 0.175,
and 0.6, respectively. The new hydrodynamic code is still
under continuous development and can be used for other
studies as a tool of the computational framework.
Following the hydrodynamic modelling, WASP/
EUTRO 5.1 and WASP/EUTRO 6.1 were run for the
water quality simulations. Several programming operations were done on WASP 5.1. At first, the source code
has been ported from Lahey FORTRAN to a FORTRAN
90-compatible form. Secondly, dynamic memory allocation has been used instead of fixed array sizes to provide
the flexibility of running the program for various systems
without need of recompiling the code. The reason why a
lot of work has been carried out on the old code is that
open source software provides useful information, especially when debugging the model inputs. It is also possible to make other modifications, especially related to
kinetic sub-models for specific applications.
WASP/EUTRO 6.1 studies were started when correct
and reliable input data was prepared for water quality
simulations. WASP/EUTRO 6.1 has several advantages
compared to WASP/EUTRO 5.1. The software is under
continuous maintenance and development by USEPA.
WASP can read output files from HSPF [48] and produce
Water Resources Database – WRDB [49] compatible output for statistical post-processing. WASP 6.1 has also GIS
integration, which is very useful to visualise simulation
results. A new eutrophication sub-model, called the advanced eutrophication model, is also included in WASP
6.1. This model is under development and has several
advantages, such as extra state variables related to eutrophication. By using the new state variables it will be
possible to conduct better and more reliable TMDL studies for Koycegiz Lake. WASP 6.1 can be downloaded
free of charge from the Watershed and Water Quality
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FIGURE 18
WASP/EUTRO simulation results for NH4+-N.

FIGURE 19
WASP/EUTRO simulation results for NO3—N.

FIGURE 20
WASP/EUTRO simulation results for PO43—P.
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SUMMARY
Besides phenolic compounds olive-mill wastewater
(OMW) contains a variety of short and longer chained
carboxylic acids. Propionic, acetic, butyric and iso-valeric
acid represented the major part of short-chain carboxylic
acids and affected the germination of cress (Lepidium sativum). The major constituent of the long-chain acids was
oleic acid, which caused depression in plant development,
already in concentrations occurring in OMW. The results
show that the levels of the different acids must be taken
into account when evaluating the toxicity of OMW.

properties of the olive oil and its waste are shown in Table 1.
Another aliquot was stored for 4 weeks at roomtemperature. The longer-chain acids (fatty acids), such as oleic and
palmitic acid, were analyzed with the TMSH-method according to the standard methods of the DFG [4]. The shortchain carboxylic acids, e.g. acetic, butanoic and propanoic
acid, were analyzed according to the methods of Institut für
Technologie der Brauerei at Freising-Weihenstephan.
TABLE 1 - Fatty acid composition and some
characteristic properties of OMW and olive oil.
Olive oil [5]
Dry matter (dm)
Phenolic compounds (%dm)
Fat content (fc) (%dm)
Palmitic acid (%fc)
Stearic acid (%fc)
Oleic acid (%fc)
Linolic acid (%fc)
Other fatty acids

KEYWORDS:
olive mill wastewater, phytotoxicity, carboxylic acids.

INTRODUCTION
Annually, up to 30 Mio. m3 OMW are produced in the
Mediterranean countries. The large volumes of OMW obtained from the manufacturing process have a substantial
load of organic compounds that have antimicrobial activity [1], resistance to degradation [2] and a high potential for
phytotoxicity [3]. These properties have been mainly
ascribed to the high content of phenolic compounds ranging from 1.2 to 8.5 g/L, depending on the processing
systems used for the oil extraction. So far, the toxicity of
carboxylic acids in OMW was not reported. Therefore, in
this study these acids have been identified in OMW and
their phytotoxic potential concerning germination and plant
development was tested.

MATERIALS AND METHODS
The OMW, produced by centrifugation in an olive oil
mill near Chania, Crete was collected and stored cool (0 °C)
and dark for about four months until use. Some characteristic

11.5
2.5
75.5
7.5
3.0

OMW
13.4
7.2
6.8
10.8
2.4
67.2
5.4
14.2

The germination capacity of cress seed (Lepidium sativum) exposed to acetic, butanoic, propanoic and oleic acid
was carried out with the toxicity test according to Bertoldi
[6]. Phytotoxic effects of oleic acid on plant growth were
monitored on tomato seedlings (Lycopersicon lycopersicum) as described by Jung et al. [7].

RESULTS AND DISCUSSION
The major short-chain carboxylic acids in the OMW
were butyric, propionic, acetic and iso-valeric acid (70:20:7:3)
with a total minimum concentration of 10 mg/L. During
storage of OMW at room temperature for about four weeks
the levels of these carboxylic acids changed to those of
shorter-chain ones (0:30:70:0). This effect is well-known
from biological sewage treatment and due to β−oxidation
of carboxylic acids, which are intermediates in biological

1371
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sewage treatment. Some of them are used as substrate for
some bacterial species, but they are also well-known for
their use in food preservation, e.g. in acid conservation of
vegetables, a self-limiting process. Higher concentrations
inhibit the bacterial growth on a cellular level [8]. Their
permeation into the cells and cell organs is not inhibited by
the cell and/or compartment membranes [9]. Soussa et al.
[10] characterized a carrier system for a directed transport of
these acids. Short-chain carboxylic acids with one to six
methylene groups have a high phytotoxicity even at low
concentrations. Their levels found in OMW significantly
prevented the germination of cress seeds. The results of
these germination tests indicated a decreasing phytotoxicity
of carboxylic acids with increase of their chain length.

[8]

W.F. Fett (2002) Reduction of the native microflora on alfalfa sprouts during propagation by addition of antimicrobial
compounds to the irrigation water. International Journal of
Food Microbiology 72, 13-18.

[9]

J. Oehlmann and B. Markert (1997) Humantoxikologie,
WVG, 34

[10] M.J. Sousa, L. Miranda, M. Corte-Real and C. Leao (1996)
Transport of acetic acid in Zygosaccharomyces balii: Effects
of ethanol and their implications on the resistance of the
yeast to acidic environments. Appl. Environ. Microbiol.,
3152-3157.
[11] B. Hock and E. Elstner (1995) Schadwirkungen auf Pflanzen:
Lehrbuch für Pflanzentoxikologie. Spektrum Verlag, Heidelberg, 276-277

The total fat content of OMW was 6.8 % dry matter
and the predominant fatty acid was oleic acid with 67.2 %
of the total fat content (Table 1). The high level of fatty
acids in the OMW caused serious phytotoxic effects on the
growth of young tomato plants, whereas no effects were
observed on the germination capacity of cress. Visual
assessment of tomatoes treated with oleic acid (45 mg/L)
showed a poorer root development with regard to length
and appearance of side roots, when compared to the control plants. According to Hock and Elstner [11], oleic and
palmitic acid, both found in OWM, change the composition of the cell membranes and, in consequence, the proton gradient responsible for energy allocation cannot be
established.
The phenolic compounds are described in literature to
be responsible for the toxic properties of OMW. But the
high contents of the above acids determined in OMW
must be taken into account when considering the environmental problems caused by the direct disposal of large
OMW quantities.
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