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SEASONAL DISTRIBUTION AND COMPOSITION
OF BENTHIC MACROINVERTEBRATE COMMUNITIES
IN MENDERES CREEK, ÇANAKKALE, TURKEY
Mehmet Akbulut1*, Ekrem Şanver Çelik1, Deniz Anıl Odabaşı1,
Hasan Kaya1, Kahraman Selvi1, Naime Arslan2 and Serpil S. Odabaşı1

2

1
Canakkale Onsekiz Mart University, Faculty of Fisheries, 17100 Canakkale, Turkey
Eskişehir Osmangazi University, Faculty of Sciences and Arts, Department of Biology, 26480, Meşelik Eskişehir, Turkey

ABSTRACT
Seasonal changes of proportional distribution, biotic
indices, abundance, and frequency of benthic macroinvertebrate communities in Menderes Creek were investigated
at 5 stations between November 2005 and July 2006. The
fauna included a total of 87 taxa belonging principally to
Insecta (52 taxa, especially Chironomidae), Oligochaeta
(12 taxa), Mollusca (11 taxa), Hirudinae (7 taxa), and Malacostraca (5 taxa). Mean density was estimated to be 778
individuals m–2 for the 87 taxa. Mollusca (38.5%) and Insecta (39.9%) are the dominant groups among the macroinvertebrate assemblages. Average Shannon-Wiener diversity
index was calculated as 1.41, average Margalef's richness
index was 1.27, and average Pielou index was 0.61. The
results of one-way analysis of similarity (ANOSIM) indicated that macroinvertebrate compositions were significantly different between sampling sites (p< 0.05). ANOSIM
and similarity percentage analysis (SIMPER) revealed significant differences and a high degree of community dissimilarity within and between the sampling stations.

KEYWORDS: Benthic macroinvertebrate, Menderes Creek, Çanakkale, species diversity

system conditions [2]. Environmental conditions associated
with community structure include discharge, substrate, dissolved substances, turbidity, riparian vegetation, land-use,
temperature, altitude, and latitude [3-6]. The potential use of
biological and ecological traits of macroinvertebrates was
studied as indicator systems of quality conditions in freshwater ecosystems [7].
Menderes Creek originating from Ida Mountains and
discharging to the Dardanelles strait through Kumkale Delta
at the Troia National Park plays an important role for drinking, irrigation and fishing of the Biga Peninsula, Turkey.
But, recently it is under the threat of pollution originating
from domestic and industrial discharges as well as from
agricultural activities.
Recently, studies on lotic benthos biodiversity of creeks
in Turkey have been carried out [8-16], whereas studies on
Menderes Creek are very limited [17-18]. Although few researchers have studied the water quality and fish fauna of
Menderes Creek [19-20], no study on the benthic macroinvertebrate diversity of Menderes Creek has been
conducted. The main purpose of this study was to determine the diversity and abundance of macroinvertebrates
in the Menderes Creek.
MATERIALS AND METHODS

INTRODUCTION

Study Area

Benthic macroinvertebrate assemblages are very important for the lotic system’s food chain and may serve as
biological indicators of various environmental stresses on
aquatic ecosystems [1]. Knowing the quality and quantity of
benthic community along the rivers is useful from a lot of
perspectives. The changes that occur in macroinvertebrate
communities in relation to pollution are key issues for impact assessments, and form the basis of many biomonitoring methodologies used in lotic systems. Invertebrate communities are also trustworthy indicators of water and eco-

Menderes Creek, which has a length of 110 km, rises
from Ida Mountain and discharges to Dardanelles in
Kumkale Delta in Çanakkale, Turkey (Fig. 1). The structure of bottom and habitat in Menderes Creek changes
along the creek body. The details of sampling sites are
given in Table 1.
Macroinvertebrates were sampled seasonally using a
Hess sampler covering a surface of 900 cm2, between November 2005 and July 2006, To better estimate the creek’s
diversity and abundance in the area, 5 stations were.
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TABLE 1- Details of sampling sites of Menderes Creek.
Sampling site
Coordinates
Bottom structure
Aquatic vegetation
Depth (cm.)

1
39º 44' 39.05" N
26º 48' 34.65" E
sand, gravel, stones
no
35

2
39º 46' 47.09" N
26º 42' 09.79" E
fine sand, sometime muddy
yes
50

3
39º51'22.31"N,
26º17'57.77"E
sand, and muddy
no
75

4
39º59' 29.60" N, 26º
12' 32.79" E
sand, muddy
yes
60

5
40º 00' 17.47" N,
26º 12' 56.10" E
sand
yes
70

FIGURE 1 - Sampling stations of the Menderes Creek.

chosen from the upstream parts to the downstream of the
Creek. Two random hauls of bottom sediment were taken
from each sampling site. Samples were fixed in 4 % formaldehyde solution after sieving with 500-µ mesh size.
Benthic macroinvertebrate organisms were identified and
counted under a binocular microscope. Taxa were classified
as Oligochaeta, Bivalvia, Gastropoda, Hirudinae, Malacostraca and Insecta [21]. Temperature, conductivity, pH,
dissolved oxygen and salinity were measured in situ with
YSI pH-meter and YSI D50 oxygen-meter

Shannon index, Margalef's richness index (H), Pielou
(Evenness) index and Bray Curtis similarity index based
on UPGMA (Unweighted Pair Group Average) algorithm
as well as Bray-Curtis measurements were calculated using
PAST 1.75b [24].
Margalef's richness index:
(S-1)/ln(n), where S is the number of taxa, and n is
the number of individuals,
Margalef's richness index (H):

Sampling
Statistical Analysis

Bellan-Santini’s (1969) quantitative dominance index
[22] of a certain species was estimated by
Di = Ni/Nt x 100, where Ni = number of individuals of
species i; and Nt = total number of macrobenthic specimens. Soyer’s frequency index [23] of a particular species
was estimated by
f = m/M x 100, where m = number of stations where
the species was found and M = total number of stations x
total number of seasons.

H =-sum((ni/n)ln(ni/n)), where n is the total number
of individuals
Analysis of similarity (ANOSIM) was used to statistically test whether there was a significant difference between
two or more groups of sampling sites. The ANOSIM statistic
R is based on the difference of mean ranks between groups
(r_B) and within groups (r_W):
R = (r_B - r_W)/(N (N-1) / 4)
The divisor is chosen so that R will be in the interval of
-1 and +1, value 0 indicating completely random grouping.
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The contribution of specific taxa to the differences in
community assemblages among sites was examined using
SIMPER analysis (similarity percentage-species contribution). ANOSIM and SIMPER were conducted using Past
Statistical software, version 1.75b [24].
A multiple correspondence analysis was made on the
number of individuals in 1 m 2 (ind/m 2) data of benthic
groups using SPSS 15.0 software package in order to explore
relationships between abundance, site and seasons [25, 26].

RESULTS AND DISCUSSION
A total of 15,552 individuals were counted, belonging
to 87 species of Oligochaeta, Mollusca, Insecta, Hirudinae,
and Malacostraca. Taxonomic composition of zoobenthos
differed significantly among the studied stations and sites
(Table 2). The average number of macroinvertebrates was
778 ind/m2 from November 2005 to July 2006 in Menderes
Creek.

TABLE 2 - Taxonomic list of the benthic macro-invertebrate species determined in the
Menderes Creek during the study, with their dominancy (D %) and frequency (F %) values.
Taxon
MOLLUSCA (total)
Gastropoda
Melanopsis praemorsa (Linnaeus, 1758)
Physella acuta (Draparnaud, 1805)
Valvata pulchella (Studer, 1820)
Bithynia tentaculata (Linnaeus, 1758)
Gyraulus sp.
Planorbis planorbis (Linnaeus, 1758)
Radix ovata (Draparnaud, 1805)
Bivalvia
Pisidium sp.
Mytilus galloprovincialis Lamarc, 1819
Cardium edule (Linnaeus, 1758)
Sphaerium sp.
OLİGOCHAETA (total)
Tubifex tubifex (Müller, 1774)
Dero digitata (Müller, 1773)
Nais communis (Piguet, 1906)
Nais bretscheri (Michaelsen, 1899)
Potamothrix hammoniensis (Michaelsen, 1901)
Paranais frici (Hrabe, 1941)
Nais elinguis (Müller, 1773)
Psammoryctides albicola (Michaelsen, 1901)
Nais variabilis (Piguet, 1906)
Limnodrilus hoffmeisteri (Claparede, 1862)
Limnodrilus udekemianus (Claparede, 1862)
Limnodrilus sp.
HIRUDINAE (total)
Hirudo medicinalis Linnaeus, 1758
Dina lineata (O. F. Müller 1774)
Placobdella costata (Fr. Müller, 1846)
Erpobdella octaculata (Linnaeus, 1758)
Glossiphonia complanata (Linnaeus, 1758)
Glossiphonia sp.
Helobdella stagnalis (Linnaeus, 1758)
INSECTA (total)
Chironomidae
Procladius (Holotanypus) sp.
Polypedilum nubeculosum (Meigen, 1804
Einfeldia carbonaria (Meigen, 1804)
Endochironomus tendens (Fabricius, 1775)
Paratanytarsus lauterborni Chernovsky (1949)
Eukiefferiella sp.
Chaoborus sp.
Brillia modesta (Meigen, 1830)
Dicrodentipes nervosus (Staeger, 1839)
Paralauterborniella nigrohalteralis (Lenz, 1941)
Ablabesmyia aequidensi (Sahin, 1987)
Tanytarsus sp.
Dicrotendipes tritomus K.
Hemiptera
Corixa sp.
*
Species with a dominance value lower than 0.01 %

D%
38.52

F%
16.6

0.91
0.53
29.9
3.6
*
0.91
0.60

2.7
1.1
2.7
3.3
5
1.1
1.6

0.84
*
*
0.84
2.76
*
*
*
0.12
0.33
*
*
0.81
*
0.62
0.46
*
1.79
0.31
0.31
*
0.35
0.28
0.56
*
39.93

1.6
0.5
0.5
0.5
13.3
0.5
0.5
1.1
1.1
1.6
1.1
0.5
3.3
0.5
1.6
0.5
0.5
6.11
1.1
1.1
0.5
1.1
1.1
0.5
0.5
55.5

5.96
3.30
1.49
3.42
1.43
1.04
*
0.56
3.19
1.47
*
1.16
1.15

3.3
1.6
1.1
2.2
1.1
0.5
0.5
2.2
1.1
1.6
0.5
0.5
0.5

*

0.5

Taxon
Ephmeroptera
Caenis macrura Stephens, 1835
Habrophlebia lauta (Eaton,1884)
Paraleptophelbia sp.
Baetis vernus (Curtis, 1834)
Edyonurus sp
Baetis muticus (Linnaeus 1758)
Ephemeralla ignita Poda, 1761
Baetis buceratus (Eaton, 1870)
Habrophlebia sp.
Centroptilum pennulatum Eaton, 1870
Baetis rhodani (Pictet, 1843)
Trichoptera
Nemotaulius hostilis Hagen, 1873
Chimarra sp.
Beraea fontana (Wiggins, 1954)
Neureclipsis bimaculata (Linnaeus, 1758)
Brachycentrus sp.
Psudolimnophila sp.
Hydropsyhe morosa Hagen, 1861
Dolophilodes distinctus (Walker, 1852)
Ecynomus sp.
Pedomoecus sierra Ross, 1947
Coleoptera
Dolophilodes distinctus (Walker, 1852)
Optioservus sp.
Gyrinus sp.
Sepeden sp.
Atherix sp.
Plecoptera
Leuctra sp.
Isoperla sp.
Isoperla signata (Banks, 1902)
Odonata
Coenoagrion sp.
Cordulegaster boltonii (Donovan, 1807)
Agrion splendens (Haris, 1782)
Onychogomphus forcipatus (Linnaeus, 1758)
Platycnemis pennipes (Pallas, 1771)
Orthetrum cancellatum (linnaeus, 1758)
Libellula depressa Linnaeus 1758
Aeschna sp.
Lestes sp.
MALACOSTRACA (total)
Amphipoda
Gammarus pulex pulex (L.1758)
Gammarus aequicauda (Martynov, 1931)
Orchestia sp.
Isopoda
Asellus aquaticus (L.)
Decapoda
Potamon ibericum (Silberstein, 1808)
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D%

F%

1.34
0.39
0.14
0.84
0.68
0.82
0.21
0.32
0.07
0.16
3.90

2.22
1.1
0.5
2.2
1.6
1.1
0.5
0.5
0.5
0.5
2.2

*
*
0.72
0.14
0.14
*
0.49
*
0.14
*

0.5
1.1
0.5
0.5
0.5
2.2
0.5
0.5
0.5

*
*
0.14
*
*

0.5
0.5
0.5
0.5
0.5

0.28
0.28
0.28

0.5
0.5
0.5

0.56
1.02
1.14
0.56
0.21
0.35
0.14
*
0.28
15.33

1.66
2.22
1.1
1.6
1.1
1.1
0.5
0.5
1.6
8.8

12.77
6.42
0.84

2.22
1.66
1.1

1.15

1.66

0.21

1.66
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We found that the Menderes Creek’s zoobenthos was
dominated by insect larvae. Insecta were composed of a
high number of species (represented by 53 taxa belonging
to Chironomidae, Ephemeroptera, Odonata, Trichoptera,
Plecoptera, and Coleoptera which are typical of many freshwater systems), and most of them attained a considerable
percentage at all stations. The second most abundant group
was Oligochaeta, consisting of 12 taxa. The other groups
were Mollusc, Hirudinae, and Malacostraca, representing
11, 5, and 5 taxa, respectively (Tables 2, 3).
Insecta had the highest abundance with 39.93% and a
frequency of 55.5%. Procladius (Holotanypus) sp. belonging to this class had the highest abundance and frequency
(D = 5.96 %, F = 3.3 %), followed by Baetis rhodani
(3.42%) and Endochironomus tendens (3.42%). Number of
taxa belonging to the Insecta group was highest at station 2
in winter 2006 and at station 5 in autumn 2005 (Table 2).
Chironomidae, such as Procladius, Tanypus, and Chironomus spp., have worldwide distributions [27-29]. Procladius (Holotanypus) sp. was the Tanypodin species common in the study area (Table 2). Chironomus spp. and particularly Procladius and Tanypus have been 1995 reported
as tolerant chironomid genera by Hare and Shooner [29].
Our results supported this knowledge. We found that Procladius (Holotanypus) sp. had the highest dominancy
(5.96) and frequency (3.3) belonging to Tanypodinae subfamily. Especially the mud or silt substrate bottom of
Menders’s Creek was inhabited by high quantities of Procladius (Holotanypus) sp. The second and third chironomid
species, which showed the highest dominancy, were Polypedilum nubeculosum (3.30) and Endochironomus tendens (3.42).
It is known that all members of the subfamily Chironominae, mostly Tanypodinae (with the exception of some
Pentaneurini) but very few Orthocladiinae, possess larval
hemoglobins [30]. A high concentration of hemoglobin is
one of the most obvious adaptations that can enable species to cope with unfavorable oxygen conditions. Although
water of the studied creek is not heavily polluted, it is not
a surprise that three chironomid species have the highest
abundance.
The second abundant groups were Oligochaeta in this
study. Oligochaeta had a 2.76 % dominancy value. The

dominant oligochaete species, Psammoryctides albicola
(13.3%), showed different seasonal patterns and were most
abundant in summer and autumn while most of the tubificid species were more abundant in spring, and some of
them in winter. The second and third dominant species
were Limnodrilus hoffmeisteri (0.62), Limnodrilus udekemianus (0.46) and Potamothrix hammoniensis (0.33).
All of these oligochaete species are known to live in a
range of water-bodies, including eutrophic waters [30]. The
four most abundant tubificids in Menderes Creek are
known as widespread colonizers of much different environments. Some naidin species show clear correlations
with specific substrate types (Nais communis and Nais
bretscheri to coarse and sandy substrates, Nais elinguis,
Nais variabilis and Dero digitata to fine substrates with
an organic component) [31, 32].
Molluscs represented by 11 taxa had the third-most
abundance with 38.52% and the second-most frequency
with 16.6%. Valvata pulchella had the highest abundance
(29.9%), followed by Bithynia tentaculata (3.6%), the most
frequent taxa with 3.3% of molluscs. Moreover, V. pulchella
was peaked up with 3256 ind/m2 at station 4 in summer
2006. During the study, no mollusc taxa were found at the
first station.
Çabuk et al. [33] reported that Valvata pulchella can
tolerate a high level of NO3-N and high pH values. This
also supports our results.
The least dominant groups were Malacostraca and Hirudinae. Gammarus pulex pulex belonging to Malacostraca
was found at station 1 in summer 2006 (D = 12.77 %; F =
2.22 %). Glossiphonia sp. belonging to Hirudinae was
found at station 3 in summer 2006 (D =0.56 %; F = 0.5 %)
Temporal variations in numbers of individuals or species, as well as Raman Margalef, Shannon-Wiener and
Pielou (Evenness) index values at all stations are given in
Figs. 2 and 3a, b, c. Average Shannon Wiener index in
Menderes Creek was found to be 1.41. At station 2, in
autumn 2005, it was determined to have the highest diversity, while station 4 in autumn 2005 was found to have the
lowest diversity (Table 3; Fig. 3b).
The poorest species composition (between 2-9 taxa)
was recorded at sampling site 4. This sampling site is still

TABLE 3 - Distributions of benthic macroinvertebrates in Menderes Creek in the period of
investigations from November 2005 to June 2006 as numerical values per m2 (temporally and spatially).
Month
Autumn 2005
Winter 2006
Spring 2006
Summer 2006
Average individuals
Number of taxa

Station 1
289
722
253
1631
723
36

2

3

4

5

Total
individuals

44
545
1266
154
502
34

88
716
1084
121
503
34

1042
175
1056
3635
1477
34

410
209
1221
891
682
41

1873
2367
4880
6432
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Average
Number of Shannon
individuals taxa
Wiener
Index
375
41
1.66
473
38
1.51
976
45
1.43
1286
31
1.03
778
1.41

Raman
Margalef
Index
1.42
1.20
1.43
1.03
1.27

Pielou
(Evenness)
Index
0.70
0.61
0.61
0.53
0.61
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According to Raman Margalef index, taxa richness was
found as 1.27, on average in the study. Station 5 had the
highest value (2.61) in autumn 2005, while station 4 had the
lowest (0.58) one in winter 2006 (Table 3 and Fig. 3a).
There were highly temporal fluctuations at the stations in terms of number of species and number of ind./
m2 (Fig. 2). With respect to number of individuals, station
4 in summer 2006 had the highest value as 3635 ind./m2,
but station 2 had the lowest individual number as 44 ind./
m2 in autumn 2005. Besides, in terms of number of taxa,
while station 5 had the highest taxa number (14 taxa in
summer 2006), station 2 had the lowest value with 4 taxa
in autumn 2005.

A utumn

15

being strongly influenced by continuous agricultural effluents. As for the number of species, Gastropoda, especially
Valvata pulchella and Bithynia tentaculata, represent the
richest group at these sampling sites. These species play a
dominant role in the abundance and biomass of macrozoobenthos [34].

5
S ummer

FIGURE 2 - Temporal fluctuations in the number of individuals (a)
and number of organisms (b) of the stations.

FIGURE 4 - Number of organisms’ different five benthic macroinvertebrate groups according to stations (a) and seasons (b).

Bray-Curtis similarity index calculated based on UPGMA algorithm in stations 2 and 3 were most similar to each
other in autumn 2005 and summer 2006, while at stations
3 and 1 were the most different values for the dynamics of
benthic macroinvertebrates (both numbers and species) in
Menderes Creek in winter 2006 and spring 2006 (Fig. 5).

FIGURE 3 - Temporal fluctuations of diversity indices ((a)
d=Margalef’s richness, (b) H' = Shannon Wiener index, (c ) J' =
Pielou’s Evenness values) of sites in Menderes Creek.

Average Pielou (evenness) index was found to be 0.61
at all stations. Station 2 was determined to have the highest value (1.00) in autumn 2005, while station 1 had the
lowest value (0.20) in summer 2006 (Fig. 3c, Table 3). Temperature, dissolved oxygen, electrical conductivity, pH and
% dissolved oxygen saturation are given in Table 4.
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Benthic macroinvertebrates found in this study were
classified into 5 categories (Insecta, Mollusca, Malacostraca,
Oligochaeta, Hirudinae). According to spatial and temporal
changes, numbers of organisms in terms of 5 different categories are given in Figs. 4a and b. In terms of spatial fluc-

tuations, molluscs were the richest group at station 4 with
a total of 5181 individuals. With regard to temporal changes,
that of molluscs was the richest group with 4103 individuals during the study (Figs. 4 a, b).

(a)

(b)

FIGURE 5 - The dendogram of similarity of stations (a) and seasons (b) in Menderes Creek
with respect to benthic macroinvertebrates (UPGMA algorithm, Bray-Curtis measurement)
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TABLE 4 - Some physical parameters of the water in Menderes Creek from November 2005 to June 2006 in terms of season and stations.
Season

Water
Temperature (ºC
11.12
11.86
19.78
21.16

D.O.
(mg L–1)
6.72
9.03
6.51
5.18

Salinity (‰)

% D.O.

Autumn- 2005
0.40
67.48
Winter- 2006
0.32
82.82
Spring -2006
0.28
51.02
Summer- 2006
0.28
64.14
Station
1
12.47
0.15
7.60
74.55
2
17.95
0.20
7.68
85.65
3
19.05
0.30
6.13
63.97
4
17.42
0.55
6.62
59.25
5
17.60
0.40
6.53
64.15
E.C.=Electrical Conductivity; D.O.=Dissolved Oxygen; % D.O.=Percent of Dissolved Oxygen’s saturation

E.C.
(S cm–1)
324
482
456
521

7.57
7.99
8.26
8.01

200
306
396
713
693

8.20
8.22
8.25
7.77
7.72

pH

Insecta had the highest frequency value (90%), and the
least frequent group was Hirudinae with 30%. In respect to
frequency of the taxa, the common species were
Psammoryctides albicola, Melanopsis praemorsa,
Valvata pulchella, Bithynia tentaculata, Procladius (Holotanypus) sp. and Gammarus pulex pulex. The other taxa
were rarely found in this study (Table 2).
Multiple correspondence analyses of benthic groups
according to sites and seasons revealed that Malacostraca
were determined at station 1 in summer-2006, Mollusca at
station 4 in autumn 2005, Oligochaeta at station 5 in spring
2005, and Insecta at stations 2 and 3 in spring 2006 (Fig. 6).

FIGURE 6 - The plot of Multiple Correspondence Analyses of
Benthic Groups according to sites and seasons.

Non-metric MDS indicated the separation of sites and
seasons in the 5 main groups, while station 4 in winter2006 and station 2 in autumn-2005 discriminates alone
(Fig. 7). Inside Group C, station 1 during all seasons was
similar to each other and discriminates to the other 4 stations. Inside Groups A and D, it was seen that stations 2
and 3 were also similar to each other. Inside Group B,
except station 5 in summer 2006, station 5 was similar to
each other. Inside Group E, station 4 in autumn, spring, and
summer 2006 as well as station 5 in summer 2006 were
similar to each other.

FIGURE 7 - Non-metric multidimensional scaling, based on Bray-Curtis Similarity index, calculated from root transformed numerical
abundance data of benthic macroinvertebrates in Menderes Creek.
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CONCLUSIONS

mer 2006 at station 4, followed by a strike decline in autumn and winter at the same station (Fig. 2).

Some studies about Menderes Creek were carried out
until now about nutrients, phytoplankton and chlorophylla [17], ecology and distribution freshwater fish fauna of the
Menderes Creek and its tributaries [20], pesticides of the
Menderes Creek [18], and trace elements of the creek [19].
In Menderes Creek sites 3 and 4, water was more polluted than at sites 1 and 2, but there biodiversity was relatively higher with species, such as malacostraca, ephemeroptera and trichopteran species that inhabit mainly clean
and cold waters. At sites 3 and 4, biodiversity was relatively lower with species, such as oligochaeta, chironomidae and Hirudinean species representing polluted and
euroform dominant groups.
There were no studies about the benthic macroinvertebrate fauna of the creek. Analysis on benthic samples
showed that the investigated area has a diverse benthic
fauna with a total number of 88 taxa. So, the determined
taxa are the first record for Menderes Creek.
Temporal and spatial dynamics of benthic macroinvertebrates in streams were reported to be influenced by the
availability of food, presence of predators, current speed
and velocity of water, richness of biotopes, pollution conditions of waters, vegetative zone of the edge, turbidity and
physicochemical parameters of water [34]. In the present
study, a clear temporal and spatial trend was observed in
the abundance of benthic organisms with peaks during sum-

Station 1 in spring 2006 had a lower number of individuals than the other stations. The main reason for the
difference might be the drifting effects on the benthic fauna
due to high velocity in spring. Among the crustaceans,
amphipods and isopods also have been reported in the drift
[35]. Gammarus pulex pulex was the dominant species in
station 1. But due to drifting effects of the current, this
taxon was drifted to downstream regions in spring 2006.
One-way ANOSIM verified that the difference in community composition was statistically significant among all
sites (global R = 0.69969, P=0.001), except at stations 2
and 3 (Table 5).
TABLE 5 - The result of ANOSIM analysis of benthic macroinvertebrates of 5 sites in Menderes Creek (p and global R values).
R/p
values
St1
St2
St3
St4
St5

station 1
0.6771
0.5469
1
1

station 2
0.0265
0.1354
0.7865
0.8698

station 3
0.03
0.3425
0.6146
0.5677

station 4
0.0295
0.0312
0.0284
0.6875

station 5
0.0291
0.0298
0.0268
0.0305
-

The taxa contributing to the dissimilarity between the
5 sites were identified through SIMPER analysis for the
first, second and third taxa (Table 6).

TABLE 6 - The results of SIMPER Analysis of benthic macroinvertebrate in Menderes Creek.
Stations

Overall average dissimilarity (%)

1- 2

91.16

1- 3

95.36

1-4

100

1-5

98.00

2-4

97.64

2-5

98.03

3-4

98.44

3-5

97.05

4-5

89.15

Taxa
Gammarus pulex pulex
Procladius (Holotanypus )sp.
Melanopsis praemorsa
Gammarus pulex pulex
Baetis rhodani
Baetis muticus
Valvata pulchella
Gammarus pulex pulex
Bithynia tentaculata
Gammarus pulex pulex
Endochironomus tendens
Polypedilum nubeculosum
Valvata pulchella
Procladius (Holotanypus)
Bithynia tentaculata
Endochironomus tendens
Procladius (Holotanypus)sp.
Gammarus aequicauda
Valvata pulchella
Bithynia tentaculata
Limnodrilus hoffmeisteri
Endochironomus tendens
Polypedilum nubeculosum
Dicrodentipes nervosus
Valvata pulchella
Endochironomus tendens
Polypedilum nubeculosum
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Contribution (%)
17.01
7.999
4.249
17.18
4.584
4.082
17.46
14.57
6.201
14.6
7.629
6.639
19.09
8.489
6.589
8.568
8.474
7.342
18.93
6.764
4.806
8.415
7.247
7.103
15.7
7.205
6.27

Cumulative (%)
18.66
27.44
32.1
17.9
22.68
26.93
17.46
32.03
38.23
14.76
22.47
29.18
19.55
28.24
34.99
8.741
17.38
24.87
19.24
26.11
31
8.671
16.14
23.46
17.62
25.7
32.73
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The major differences were that stations 1 and 4 had
higher number of gastropods, Valvata pulchella, Bithynia
tentaculata and amphipod Gammarus pulex pulex (contributing 17-38 % dissimilarity), while stations 4 and 5 had
minor differences dominating gastropod V. pulchella, chironomid E. tendens and P. nubelicosus (contributing 15.732.73 % dissimilarity).
Macroinvertebrate community composition also varied
among sites. The variation in abundance of invertebrates
among sites is partially related to different biotopes, water
quality, and current speed at each site. Invertebrate diversity is also related to biotope diversity, such as sandy,
muddy, stony, debris, and aquatic plants.
In conclusion, there have been various effects, such as
pollution from agricultural, settlement and industrial areas,
on benthic invertebrates of Menderes Creek. The density
(778 individuals/m2) for 88 taxa and the diversity (1.13)
showed that similar monitoring studies should be carried out
periodically in Menderes Creek for the future of the creek.
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PHOSPHORUS LOSS POTENTIAL OF LOWLAND
RICE SOIL IN LIAOHE RIVER PLAIN OF NORTHEAST
CHINA UNDER EFFECTS OF PHOSPHOROUS FERTILIZATION
Muqiu Zhao1, 2, Xin Chen1*, Yi Shi1 and Caiyan Lu1
1

Key Laboratory of Terrestrial Ecological Process, Institute of Applied Ecology, Chinese Academy of Sciences, 110016 Shenyang, China
2
Graduate School of Chinese Academy of Sciences, 100049 Beijing, China

ABSTRACT

INTRODUCTION

Phosphorus (P) loss potential of agricultural soils is
one of the limiting factors of water-body eutrophication,
while inappropriate P fertilization could increase this potential. In the Liaohe River Plain of Northeast China,
lowland rice soil has been applied with chemical P fertilizer at a rate of 50 kg P hm -2 for a longer time. To
approach whether a long-term P fertilization with this
rate could increase the P loss potential of this soil, a field
experiment with three treatments, i.e., no P fertilization
(P0), P fertilization at a rate of 50 kg P hm-2 (P50, routine), and at a rate of 250 kg P hm-2 (P250, simulation of a
longer-term P fertilization with 50 kg P hm-2 per year),
was conducted at a representative site in the lower reaches
of the plain. Basal application of chemical P fertilizer increased the total dissolved P (TDP) concentration in soil
surface water and in the soil leachate down to a depth of
60 cm during the early growth period of lowland rice, especially at its turning green stage. This TDP concentration
was higher than the critical value for eutrophication, suggesting that the soil surface water run-off and soil leaching
in this growth period could cause soil P loss, and threaten
the quality of the water-bodies nearby. The Olsen-P and
CaCl2-P in surface soil layer had significant positive correlations with the TDP, suggesting their great contributions
to the TDP, and the Olsen-P content was much higher than
the CaCl2-P content, illustrating its more important role in
the TDP storage. There was a significant difference in the
surface soil Olsen-P content among the treatments, being
the highest in P250, followed by P50, and P0, while less
difference was observed in the CaCl2-P content, indicating that P fertilization mainly affected soil Olsen-P. In the
lower reaches of Liaohe River Plain, a long- term fertilization with 50 kg P hm-2 could increase the P loss potential
of lowland rice soil.

P loss potential of agricultural soils is one of the limiting factors of water-body eutrophication, while chemical
P fertilization, over-fertilization in particular, can affect this
potential to a certain degree. From 1983 to 2005, the consumption of chemical P and P-containing complex fertilizers in China increased from 3.5 and 0.9 million tons to
7.4 and 13.0 million tons, respectively, while the farmland
area in this country only increased from 98.4 million hm2
to 122.1 million hm2 [1]. This increasing P fertilization on
per unit area farmland in China results in the increase of P
concentration in soil solution. Sharpley [2-3] reported that
dissolved P constitutes 10-40 % of P transported from most
cultivated soils to water-bodies through runoff and leaching, and a concentration of above 0.02 mg P L-1 in soil
solution generally accelerates eutrophication. Many Chinese
farmland soils, due to P over-fertilization, had much higher
P concentration in their solution. The researches about the
P loss from the paddy fields in Taihu Lake region of Southeast China [4-7] indicated that under current fertilization
and irrigation practices, the mean annual P export from
the paddy fields in the region reached about 0.75 kg hm-2,
and increased to 5.49-17.68 kg hm-2 when the surface runoff occurred a few days after P application coupled with
heavy rainfall [8].
Liaohe River is one of the largest rivers in Northeast
China. 40.5% of its sections having a water quality of Grade
V in 2007, and agricultural non-point source pollution contributed more than point source pollution [9]. The lowlands in Liaohe River Plain are mostly planted with rice,
and the P application rate is 50 kg P hm−2 or more. To approach whether a long-term P application with this rate could
affect the P loss potential of lowland rice soil in the plain, a
field experiment was conducted on a representative site.
MATERIALS AND METHODS

KEYWORDS: soil phosphorus loss potential, lowland rice soil,
Liaohe River Plain.

Study site and trial management

Field experiment was conducted at the Shenyang Experimental Station of Ecology, Chinese Academy of Sci-

2147

© by PSP Volume 18 – No 11a. 2009

Fresenius Environmental Bulletin

ences, in 2007. This Station is located in the lower reaches
of Liaohe River Plain (41°31´N，123°22´E) (Fig. 1), with
the soil classified as aquic brown soil (pH 6.5, organic
matter 17.21 g kg-1, total N 1.03 g kg-1, total P 0.42 g kg-1,
clay 21.21%, and bulk density 1.39 g cm-3), and having
grown rice for about 17 years.

Soil and water samples collection and analysis

Soil samples from 0-20 cm layer were collected at the
1st, 3rd, 8th, 15th, 24th, 34th, 45th, 69th, 92nd, and 118th day
after P application, and those from 0-10, 10-20, 20-30,
30-40, 40-50, 50-60, and 60-90 cm layers were taken after
harvest by using a 3 cm diameter soil auger. All the samples were air-dried and ground to <2 mm prior to analysis.
Olsen-P and CaCl2-P were determined by the methods of
Olsen [10] and Schofield [11], respectively, and the extract P was analyzed colorimetrically by the method of
Murphy and Riley [12].
Soil surface water and leachate samples were taken at
the same days of 0-20 cm soil samples` collection layer.
All the samples were filtered through 0.45-µm millipore
membrane, and stored at 4 °C in the dark prior to analysis.
The total dissolved P was determined colorimetrically by
the method of Murphy and Riley [12] after Kjeldahl digestion [13].

RESULTS AND DISCUSSION
Total dissolved P in soil surface water and leachate

FIGURE 1 - Sketch diagram of study site.

Three treatments of P fertilization (0, 50, and 250 kg P
hm-2) were installed, among which, 50 kg P hm-2 was the
routine P application rate, while 250 kg P hm-2 was a simulation of longer-term P fertilization with 50 kg P hm−2 per
year. Superphosphate was applied as basal, urea (N content 46%) was applied as basal (50 kg N hm−2), and topdressed at turning green stage (50 kg N hm−2) and heading
stage (100 kg N hm−2), and potassium chloride was applied as basal (70 kg K hm−2) and top-dressed at heading
stage (30 kg K hm−2). All basal fertilizers were broadcasted
before soil harrowing on May 16. Rice (Oryza sativa) seedlings were transplanted on May 17, and harvested on October 12. Each treatment was tri-replicated and arranged in a
randomized block design. A total of nine plots (10 × 6 m2)
were laid out, each being isolated with plastic film driven
to a depth of 40 cm along the inner edge of the field ridge
to prevent lateral water movement due to either leakage or
permeable lateral flow. To monitor the soil solution P in
leachate, nine vertical leachate collectors were installed at
the depths of 30, 60, and 90 cm, with three replicates in each
plot. The leachate collector was a porous clay cup connected
to a PVC pipe, and the porous clay cup and PVC pipe were
surrounded with fine quartz sand and dried clay powder,
respectively, to prevent the flowing-down of soil water from
upper layers along the pipe wall into collection cup.
According to the conventional irrigation-drainage practices, the plots were irrigated to an average depth of 138 mm
during rice growth season, with a total irrigation amount of
431 mm by 19 times, and only a 40 mm- draining was conducted on July 21.

Figure 2 shows that in soil surface water, the total
dissolved P (TDP) concentration in treatment P250 reached
a maximum (1.422mg L-1) at the 1st day after P application,
but decreased dramatically and maintained at a relatively
low level after then, while the TDP in treatments P50 and
P0 had a lesser fluctuation during the experiment, and was
lower than that in P250 in the first 40 days after P fertilization. During the early growth period of rice, especially
at its turning green stage, the TDP concentration in soil surface water in treatments P250 and P50 was higher than
the critical value for eutrophication, suggesting that the soil
surface water runoff in this growth period could cause soil
P loss, and threaten the quality of the water-bodies nearby.
It was reported that there was a close relationship between
soil P loss and rainfall [7, 14], but in the Liaohe River Plain,
rainfall is concentrated in June-August, the period the TDP
had no significant difference among the treatments, suggesting that in this plain, rainfall period was not the most
critical time for soil P loss.
As for the leachate TDP concentration at the soil
depths of 30 and 60 cm, its temporal variation was similar
to that in soil surface water, being higher than the critical
value for eutrophication in treatment P250 down to the
depth of 60 cm at the 1st day after P fertilization, and at
the depth of 60 cm in the first 30 days of P fertilization.
The leachate TDP concentration at the depth of 90 cm had
no significant difference in its variation trend among the
treatments P250, P50 and P0, and was always below the
critical value for eutrophication. All of these suggested
that the soil dissolved P in treatment P250 could leach to
a soil depth of 60 cm at the 1st day after P fertilization,
and this dissolved P had loss potential in the early growth
period of rice.
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FIGURE 2 - Total dissolved P concentration in soil surface water and leachate (The bar at each datum point represents standard error).
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FIGURE 3 - Olsen-P and CaCl2-P in 0-20cm soil layer (The bar at each datum point represents standard error).

TABLE 1 - Correlation coefficients (r) of Olsen-P and CaCl2-P in 0-20cm soil layer with TDP in soil surface water and leachate.
TDP in soil surface water
Olsen-P
0.653**
CaCl2-P
0.776**
** significant at 0.01 level (2-tailed)

TDP in leachate
at depth 30 cm
0.435**
0.592**

2149

TDP in leachate
at depth 60 cm
0.311**
0.514**

TDP in leachate
at depth 90 cm
0.060
0.020

© by PSP Volume 18 – No 11a. 2009

10

Olsen-P (mg kg-1 )
20
30
40

50

0.00

60

0

0

10

10

20

20

Soil depth (cm)

Soil depth (cm)

0

Fresenius Environmental Bulletin

30
P250

40

P50

50

CK

CaCl2 -P (mg kg-1 )
0.05
0.10
0.15

30
40

P250

50

P50
CK

60

60

0.20

70

70

80

80
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Olsen-P and CaCl2-P in soil profile

The Olsen-P and CaCl2-P contents in 0-20 cm soil layer
had similar variation trends being significantly positively
correlated to the TDP concentration in soil surface water
and leachate at the depths of 30 and 60 cm (Fig. 3, Table 1).
Many studies reported the significant positive correlations
between the two soil P forms and the dissolved P in simulated runoff at lab and field scales [15, 16], but few reported
the correlations of the P forms with the leachate dissolved P
at different soil depths.

critical value for eutrophication, being able to induce the
deterioration of water-body quality.
Both Olsen-P and CaCl2-P in surface soil layer had significant positive correlations with the TDP in soil surface
water and in the leachate down to a depth of 60 cm, suggesting their great contributions to the TDP, and, comparing with CaCl2-P, Olsen-P had much higher content and
was much more affected by P application rate, playing a
more important role in the TDP storage.

The Olsen-P and CaCl2-P values in the soil profile had
similar vertical distribution pattern, i.e., decreased with the
depth above 30 cm and fluctuated slightly below 30 cm
(Fig. 4). Comparing with CaCl2-P, Olsen-P had a much
higher content in the soil profile, and its decrement with the
soil depth above 30 cm was much larger. The Olsen-P content in 0-20 cm soil layer was the highest in treatment P250,
followed by P50 and P0, with significant differences among
the treatments, while the CaCl2-P content in 0-20 cm soil
layer had no significant difference among the treatments.

Applying P with 5 times of its routine application rate
had more obvious effects on the TDP concentration and its
temporal variation in soil surface water and leachate, illustrating that longer-term P fertilization with a rate of 50 kg
P hm-2 could increase the P loss potential of lowland rice
soil in the study area.

The above-mentioned results suggested that the OlsenP and CaCl2-P in surface soil layer made great contributions to the TDP in soil surface water and leachate, and soil
Olsen-P, owing to its much higher content than soil CaCl2P and being much more affected by P application rate, which
played a more important role in the TDP storage.
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FOREST FIRES POLLUTION IMPACT
ON THE SOLAR UV IRRADIANCE AT THE GROUND
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ABSTRACT
Measurements of the solar ultraviolet radiation in the
wavelength region 295-385 nm were carried out at the
Athens basin in summer 2007 and 2008 to study the influence of the air pollution, aerosols and forest fires on the
UV doses reaching the ground. For comparison reasons, a
recently developed theoretical algorithm for the calculation
of the UV irradiance at the Earth’s surface was also employed. Two forest fires took place in the greater Athens
area in the summer 2007 and a decrease in UV irradiation
was observed for a few days after the date the fires had
broken out. Additionally, this study showed that the increased presence of NO2 in the lower troposphere of an
urban area resulted in a decrease in the UV radiation on the
ground while the attenuation of UV radiation increased as
the aerosol optical thickness increased.

KEYWORDS: solar ultraviolet radiation, air pollution, aerosols,
forest fires, total ozone

INTRODUCTION
It is general knowledge that the ozone layer in the stratosphere (about 90% of ozone is located in the stratospheric
layer between approximately 10 and 50 km above the
Earth’s surface, which is called the ozone layer) protects life
on the Earth from the Sun’s destructive ultraviolet (UV)
radiation [1-4]. The UV radiation that reaches the Earth’s
surface can be arbitrary divided into two sub-regions: UVB (280- 315 nm), which is strongly absorbed by ozone;
and UV-A (315-400 nm), which is only weakly absorbed
by ozone. Less than 2% of the extra-terrestrial solar energy falls within the UV-B range, and only a small fraction
of this reaches the surface. The amount of the UV radiation
reaching the ground depends on many factors, such as the
atmospheric ozone variability, the time of the day, the
latitude, the season, the cloud cover, the meteorological
conditions, the aerosol and gases concentrations [5-16].
The interplay between solar ultraviolet irradiance at the
Earth’s surface and the air quality has been exposed in a
number of publications [17-21].

The atmospheric constituents produced by the human
activities in an urban area have a significant impact on the
ultraviolet radiation levels reaching the ground. Certainly,
this impact is getting stronger when air pollution episodes
take place.
In general, there is a variety of substances that absorb
UV radiation in the troposphere (e.g. ozone, sulfur dioxide,
nitrogen oxides, some bromine and chlorine compounds,
many organic species and others) but the amount of most of
these tropospheric absorbers is not large enough to produce
measurable effects on UV radiation reaching the ground,
except in polluted areas near the sources of emission, or
during natural hazards, like forest fires and volcanic eruptions (Note that Uyeda et al. [22] showed very recently
that the occurrence time of major volcanic-seismic activities can be estimated upon using precursory variations of
the electric field of the earth [23, 24] and employing natural time analysis of the subsequent seismicity [25]). In some
cases, these reductions in UV may counterbalance the enhancements produced by stratospheric ozone depletion [26].
For example, Chubarova [27] reported a reduction of UV-B
irradiance due to nitrogen dioxide of up to 6% for Moscow,
while the UV reduction due to nitrogen dioxide during extremely high pollution episodes caused by forest fires near
Moscow in 2002 was about 11-14%. Varotsos [28] also
reported an increase in solar ultraviolet irradiance of 4.3 ±
0.1% km-1 for altitudes ranging from the ground to 6.2 km
using measurements of the distributions of the aerosol
characteristics and UV irradiance derived from instrumentation flown on an aircraft over the entire Greek area from
the sea level up to the middle troposphere.
Nowadays, as referred in Scientific Assessment of
Ozone Depletion: 2006 [26], one of the remaining questions
and uncertainties is the better understanding and quantification of the effects of the various pollutant gases and aerosols on surface UV radiation.
The present paper attempts to study the correlation between the solar ultraviolet irradiance and the air quality
related not only with high concentrations of NO2 and aerosols, but also with a big forest fire. In the summer 2007 two
fires took place in the greater Athens area. The first one
happened on 28 June 2007 at Parnitha and the second one
on 27 August 2007 at Imittos. Parnitha and Imittos are the

2152

© by PSP Volume 18 – No 11a. 2009

Fresenius Environmental Bulletin

two of the three mountains round the basin of Athens,
Greece.
MATERIALS AND METHODS
For the purpose of this study, solar ultraviolet radiation (SUVR) was measured by the Total Ultraviolet Radiometer (TUVR) which was installed on the roof of the
building of the University of Athens near the centre of Athens, Greece (Panepistimiopolis-37.59°N, 23.44°E). The
theoretical measurements were taken by UV-CALC program at the Laboratory of Upper Air, University of Athens.
The Total Ultraviolet Radiometer is a rugged, relatively simple detector for the measurement of solar UV
radiation. Ease of operation combined with performance
accuracy comparable with pyranometers intended for the
recording of the total short-wave radiation (295-385 nm)
make this instrument attractive for UV measurements.
UV-CALC is a modeling program that enables to calculate the solar ultraviolet irradiance in W m-2 at the surface of the Earth for any location and time. It may be used
to check the UVB-1 pyranometer data or as a standalone
research tool for users interested in fluxes of solar ultraviolet radiation (both UV-A and UV-B) reaching the ground.
UV-CALC is made up of two sets of mathematical routines.
One set performs astronomical calculations for a given geographical location and time on Earth surface and determines
the position of the sun in the sky at any time during that
day. The calculated solar zenith angle, observer altitude,
ozone layer thickness, aerosol layer thickness and other
parameters are then input into the second set of routines,
which calculate the transmission of solar ultraviolet radiation through the atmosphere. The output of the transmission
routines are ultraviolet spectral irradiances (W m-2-nm) at
various times during the day. The spectral irradiance is multiplied by the erythemal action spectrum and integrated over
wavelength to obtain the erythemal dose rate, (W m-2)eryth.
Similarly, the spectral irradiance is multiplied by the UVB-1
pyranometer response function and integrated to obtain the
predicted UVB-1 pyranometer output. Finally, the erythemal dose rate is integrated over time to calculate the daily
erythema dose, (Joules m-2)eryth. UV-CALC calculates the
expected UV-B erythemal dose rate and the predicted corresponding irradiance measured by the UVB-1 pyranometer. The calculations can be performed for any geographical location on earth for any date. In addition, by modifying a UV-CALC input file, you can calculate the dose rate
for an arbitrary action spectrum between 280 and 400 nm.
The theoretical UV-CALC program used total ozone
(TOZ) measurements, which were made at the Athens
ozone station by the well-maintained ground-based Dobson
spectrophotometer No. 118. This instrument uses a quartz
double monochromator. One monochromator is used to
disperse radiation and the second to reject interfering
scattered radiation. Operation of the instrument is based

on taking TOZ measurements in the Huggins bands by
measuring the difference between the intensity of solar
radiation at certain wavelength pairs [29-34].
In addition, solar ultraviolet radiation measurements
at 312 and 365 nm were carried out by using a VLX-3W
(Vilber-Lourmat, France) radiometer equipped with two
sensors (CX-312 and CX-365).
We have also used the measurements of nitrogen dioxide concentration for the periods 19-21 June 2007, 2628 June 2007 and 24-26 July 2007, taken at a monitoring
station (Patision) of the local air pollution monitoring network (National Service for Air Pollution Monitoring) located in the central part of the Athens basin. Nitrogen dioxide measurements were made with conventional analyzers,
while the selection of the above mentioned monitoring
station was made on the basis that its location gives a representative picture of the urban area.
Finally, the Aerosol Optical Thickness (AOT) at 340,
380, 440, 500, 675, 870, 1020 and 1640 nm over Athens,
Greece provided by the AERONET (AErosol RObotic
NETwork) station in Athens (National Observatory of
Athens- 37.99°N, 23.78°E). The AOT is the vertical integral of the aerosol concentration weighted with the effective cross-sectional area of the particles intercepting (by
scattering and absorption) the solar radiation at the wavelength of interest.
Map 1 presents the Athens, Greece area where the locations of the monitoring stations and the mountains Parnitha and Imittos -places of the two forest fires in the
summer 2007- are shown.
RESULTS AND DISCUSSION
Intercomparison between calculated and measured UV values during the two forest fires in Athens, Greece.

In this section the intercomparison between UV calculated (at 280-320 nm) and measured (at 295-385 nm)
values during summer 2007 is presented. The UV radiation intensities reaching the ground at clear days were estimated by employing the theoretical algorithm UV-CALC.
The measured values as well as the estimated values were
expressed as percentage differences from their average
values (dUV).
Figure 1 shows the march of the percentage deviation
of the noontime UV values from the mean monthly noontime UV values during the period from June to September
2007, measured with the TUVR at the Panepistimiopolis
station, as well as the calculated ones. According to Figure 1, a downward shift in UV is observed for a few days
after the date when the fires broke out (28 June 2007 and
27 August 2007). The observed variation between measured and calculated UV values is attributed to the fact that
SUVR is filtered most probably by air pollution. These
parameters provide strong filtering of the solar UV radiation [35].
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MAP 1 - Athens area, locations of the observation stations and the mountains Parnitha and Imittos where the two forest fires took place in
the summer 2007.
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FIGURE 1 - Comparison of dUV (%) calculated values (from UV-CALC model at 280-320 nm) and the measured ones (derived from Total
Ultraviolet Radiometer at 295-385 nm), at local noon during 1 June 2007-14 September 2007, over Athens, Greece. The dashed lines correspond to the days when the two fires took place.

For comparison reasons, the UV measurements derived from Total Ultraviolet Radiometer at 295-385 nm and
VLX-3W (Vilber-Lourmat, France) radiometer at 312 nm
during the period 1 June 2007-14 September 2007 over
Athens, Greece are presented in Figure 2. The measured
values were expressed as percentage differences from their
average values (dUV). There can be clearly seen the shift
in UV measurements obtained by both the aforementioned
instruments during several days after the fires broke out
(28 June 2007 and 27 August 2007).

Pollution effect on SUVR reaching the Earth’s surface.

In this section the effect of air pollution on the solar
ultraviolet radiation reaching the ground is investigated.
Nitrogen dioxide concentration values from Patision station were applied in order to distinguish the polluted and
non-polluted days during the three periods 19-21 June 2007,
26-28 June 2007 and 24-26 July 2007. For each group of
three days only the middle day is the one with high concentration in NO2 (concentration of NO2 higher than 250 µg
m-3). In the following, we compare the calculated UV val-
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ues with the measured ones at local noon at the Panepistimiopolis station during the aforementioned periods (Figure 3). The results of the comparison above, that were performed only for clear days, in order to overcome the cloudiness factor, show a fairly good agreement for days with
low pollution levels, but significant discrepancies for days
with high pollution levels (20 June 2007, 27 June 2007
and 25 July 2007).
From Figure 3 it is evident that the observed differences between measured and calculated dUV values are

higher on polluted days compared with the non-polluted
ones.
Figure 3 also depicts the hourly maximum of NO2
values (µg m-3) and the measured UV values expressed
as percentage differences from their averages (dUV), for
the 9 selected polluted and non-polluted days. A negative
correlation (-0.62) is observed between dUV and the NO2
levels for all days. We found that the increased presence of
NO2 in the lower troposphere of an urban area may result
a decrease in the UV radiation on the ground.
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FIGURE 2 - Percentage differences from their average values (dUV) in UV measurements derived from Total Ultraviolet Radiometer (295385 nm) and VLX-3W radiometer (312 nm), at local noon during 1 June 2007-14 September 2007, over Athens, Greece. The dashed lines
correspond to the days when the two fires took place.
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Changes of UV irradiance according to ozone and Aerosol
Optical Thickness (AOT) variations.

In order to explain UV variability it is necessary to
analyze the variations of ozone and aerosols in the air. The
daily UV measurements deduced from the TUVR that was
located at the University of Athens. TOZ measurements
were made at the Athens ozone station and the available
Aerosol Optical Thickness (AOT) measurements were
taken from the AERONET station in Athens for the period 11 May- 9 July 2008.

Figure 4 presents the variation of Aerosol Optical
Thickness at various wavelengths for the period 11 May9 July 2008 over Athens, Greece and TOZ, while Figure 5
illustrate the temporal march of UV and TOZ during the
same period over Athens.
An inspection of Figure 4 shows an anticorrelation
between AOT and TOZ measurements. In addition, the
modulus of the anticorrelation increases as the wavelength
is getting shorter. The comparison between AOT380,
AOT500, AOT1020 and TOZ gave correlation coefficients
of -0.38, -0.33, -0.15, respectively [36].
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FIGURE 6 - Daily averages of AOT at 380, 500, 1020 nm and the UV measured values at local noon expressed as percentage differences from
their averages (dUV), for the period 11 May-9 July 2008 over Athens, Greece.

It is interesting to investigate the relationship between
UV radiation and AOT at different wavelengths for the
aforementioned period (Figure 6). The correlation coefficients between AOT380, AOT500, AOT1020 and UV was
found to be -0.48, -0.52, -0.45, respectively. Therefore, a
negative correlation between the above-mentioned parameters appears to be present. This equivalently means that the
attenuation of UV radiation increases as the AOT increases.
CONCLUSIONS
Measurements of the solar ultraviolet radiation in the
wavelength region 295-385 nm at the Athens basin, Greece
in summer 2007 and 2008 are presented and discussed. For
comparison purposes, a theoretical algorithm for the calculation of the UV irradiance at the Earth’s surface was also
employed.
In the summer 2007, two forest fires took place in the
greater Athens area. A decrease in UV irradiation was observed for a few days after the date when the fires broke
out. This decrease is due to the fact that during the forest
fire event the concentrations of various air pollutants like
carbon monoxide, nitrogen oxides and ozone as well as
aerosol density largely increase [37, 38].

means that the increased presence of NO2 in the lower troposphere of an urban area may result a decrease in the UV
radiation on the ground.
Finally, the comparison between aerosol optical thickness at various wavelengths and the UV radiation reaching
the ground in Athens, for the period May-July 2008,
showed an anticorrelation between the above-mentioned
parameters, which implies that the attenuation of UV radiation may increase as the aerosol optical thickness increases.
From the discussion above, it is evident that the effects
of the various pollutant gases and aerosols on surface UV
radiation, especially during forest fires, need further investigation.
ACKNOWLEDGEMENTS
The authors would like to express their gratitude to
the Ministry of Environment (Directorate of Air and
Noise Pollution) and the National Observatory of Athens
for kindly providing us with data from their stations.

The effect of air pollution on the solar ultraviolet radiation reaching the ground was investigated. The comparison between measured and calculated UV values, reveal a fairly good agreement for days with low pollution
levels, but significant discrepancies for days with high
pollution levels. In addition, a negative correlation was observed between the UV measurements at the ground and
the concentration of NO2 in the lower troposphere, which
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BIOACCUMULATION OF HEAVY METALS FROM THE SECONDARY TREATED MUNICIPAL WASTEWATER BY Lemna gibba L.
Erdal Öbek
Department of Environmental Engineering, Firat University, Elazig 23119, Turkey

ABSTRACT
Since aquatic plants are effective in removing heavy
metals from polluted waters, they are generally accepted as
heavy metal bioaccumulators. They may have different
accumulation capabilities and exhibit dissimilar tolerances
of heavy metals. Among them, Lemna gibba was examined
as a bioaccumulating plant in this study. The aim was to
determine its heavy metal accumulating capability in secondary treatment effluent. Lemna gibba was collected from
a natural lake in Elazığ, Turkey, and then adapted to the
effluent in-situ. The experiments in the present study showed
that Lemna gibba accumulated high levels of Cr, Cu, Zn,
Pb, Cd and Ni in the first few days, but then some decreases
in the accumulation levels were recorded, most probably
due to its saturation level. It can be concluded that Lemna
gibba (duckweed) shows promise for the removal of Cr,
Cu, Zn, Pb, Cd and Ni from contaminated wastewaters,
since it accumulates high concentrations of these elements.

KEYWORDS: Bioaccumulation, Lemna gibba L., heavy metal,
secondary treated municipal wastewater

INTRODUCTION
Heavy metals are released into the environment by a
wide range of natural and anthropogenic sources. The influx rates of these heavy metals into the environment exceed their removal by natural processes. In this sense, soils
and waters contaminated with heavy metals are the most
important problems in many parts of the world [1]. Therefore, the accumulation of heavy metals is a must for healthy
environments. Over the past decades, research efforts have
been directed towards wetlands in order to search for alternative low-cost means of removing heavy metals from domestic, commercial, mining and industrial discharge of
wastewater. The goals of such efforts were to discuss the
potential of heavy metal removal mechanisms in wetlands
through reactions involving sedimentation, flocculation,
absorption, co-precipitation, cation and anion exchange,
complexation, precipitation, oxidation/reduction, microbiological activity and plant uptake [2].

Complex treatment processes to prevent or control pollution in wastewater have been developed. The principle
objective in wastewater treatment is to eliminate or reduce
contaminants to levels that cause no adverse effects on humans or the receiving environment [3]. A common method
of removing heavy metals from wastewater is to mix it
with sewage, where conventional primary, secondary and
tertiary treatment would then remove them. However, secondary and tertiary processes require high input of technology, energy and chemicals [4]. Since the conventional
clean-up technologies used in the prevention of heavy metal
pollution are either inadequate or too expensive for some
countries, cheaper and efficient treatment technologies are
being sought. In this context, aquatic plants have been used
as suitable alternative for destructive clean-up technologies.
Plant accumulation has been exploited as a biological cleanup technique, known as the phytoremediation technology,
for pollutant metals from soils, effluents and drainage waters. Therefore, both naturally and artificially grown aquatic
plants are agreed to have competent capacities to purify
wastewater containing heavy metals [5-7]
Due to the advantages of aquatic plants including low
investment and low operating costs and no external energy
input, they have been suggested as an option for the purification of wastewater and production of plant biomass [810]. Since aquatic plants have high rates of growth, they are
able to take up large quantities of both nutrients and heavy
metals, and may serve, partially at least, as a practical
method of wastewater treatment [11-13].
In the case of aquatic plants, Denny [14] reported on
some categories (emergent, surface floating, rooted leaves
and submerged macrophytes). Several of the submerged,
emergent and free-floating aquatic macrophytes are known
as accumulators of heavy metals [15]. Denny [14, 16] further noted that the main route of heavy metal uptake in
aquatic plants was through the roots in the case of emergent and surface-floating plants, while euhydrophytes (plants
that have completely submerged leaves or both floating
and submerged leaves) take up heavy metals through leaves
and roots. Free-floating macrophytes are not attached to the
substrate. Emergent macrophytes generally anchored to the
substrate [17]. Bioaccumulation of essential and nonessential metals by aquatic macrophytes is well-documented in the literature [18, 19]. This property of bioaccumu-
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lation was found out to be useful in monitoring and ameliorating the water-bodies [20, 21].

water samples from the container were taken every day
and stored at 4.0 oC.

The extent of metal accumulation within aquatic macrophytes varies significantly among species [22]. Some
macrophytes can tolerate high concentrations of several
metals in their body mass without showing negative effects on growth [20]. With regards to these deliberations, it
can be proclaimed that the efficiency of bioaccumulation
totally depends on the uptake and accumulation processes
as well as the growth rate of aquatic plants. Careful plant
selection is, therefore, crucial for the success of the phytoremediation technology.
Therefore, the purpose of the present research study is
to review and evaluate the capacity of Lemna gibba for
removing heavy metals from contaminated wastewater in
natural suroundings. This study is one of the specific investigations in which the efficiency of different wetland plant
species on the accumulation of elements from contaminated
waters has been determined. Moreover, the specific point
of this present study is that it was carried out in natural
environment instead of artificial or laboratory settings. Such
an approach can then be used to test other plant species in
order to compare them effectively.
MATERIALS AND METHODS
In this study, the plant Lemna gibba was examined as
a heavy metal accumulator in the secondary clarifier. This
plant was chosen for the study because it is fast-growing
and commonly found in wetlands, adapts easily to various
aquatic conditions, and plays an important role in the extraction and accumulation of heavy metals from waters. It
is agreed that a plant with relatively high biomass may have
a greater metal uptake capacity, due to lower metal concentration in its tissues because of the growth rate that exceeds
its uptake rate [23].
FIGURE 1 - Map of the study area and flowsheet of the
Elazığ Municipality Wastewater Treatment Plant (MWTP).

Preparation of samples
Plant samples and water samples

In the research process, instead of laboratory settings,
the experimental study was carried out in natural environmental settings. During the preparation process of the
plants, Lemna was collected from a natural lake in Elazığ,
Turkey. After collecting the plant samples, within 15–
20 min, 1.12 kg of the selected plant samples were placed
in an open container (45×75×35 cm) placed in the final settling tank effluent of Elazığ Municipality Wastewater Treatment Plant (conventional activated sludge process treating
municipal wastewater). The effluent from the Elazığ-City
treatment facility is discharged to Keban Dam Lake (Fig. 1).

Method

The container was covered with tulle to keep materials
in it and completely immersed into the wastewater. The
plants were kept in the container for seven days, and approximately 150 g of the plant samples were taken each
day and dried under atmospheric conditions, whereas the

All samples were analyzed by using inductively coupled plasma mass spectroscopy (ICP/MS - Perkin-Elmer
ELAN 9000) technique at ACME Analytical Laboratories
Ltd., Canada [24]. ACME is currently registered with ISO
9001:2000 accreditation. The operation conditions as rec-

After being dried under atmospheric conditions, the
plants were dried in a steam oven at 103 oC for 24 h and
then ashed at 480 oC for 4 h. The ashed samples (1.21 g
ash from approximate 3.80 g of dried plant) were taken by
using hand mortars, labeled and sent to Canada for analysis. The ashed samples were digested in HNO3 for 1 h,
followed by a1/1/1 mixture of HCl/HNO3/H2O for 1 h (6 ml
of mixture for 1 g of ashed sample) at 95 oC.
Acid was added to the water samples in the laboratory,
and samples were filtrated using 0.45 µm pore size filters.
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ommended by the manufacturers (Elan 9000, 2001) are
given in Table 1.
TABLE 1 - Operation conditions for ICP-MS analysis.
Inductively coupled plasma
PerkinElmer Elan 9000
Nebulizer
Crossflow
Spray chamber
Ryton, double pass
RF power (W)
1000
-1
Plasma gas flow-rate (L min )
15
Auxiliary gas flow-rate (L min-1)
1.0
Carrier gas flow-rate (L min-1)
0.9
-1
Sample uptake rate (L min )
1.0
Detector mode
Auto
_________________________________________________

Physicochemical analysis of the samples was conducted
according to Standard Methods for the Examination of
Water and Wastewater [25].

RESULTS AND DISCUSSION
In this study, the physiochemical analysis results of secondary-treated municipal wastewater and natural water in
which Lemna gibba was growing are displayed in Table 2.
TABLE 2 - Physiochemical characteristics of
secondary-treated municipal wastewater and natural water.

One significant result of the experiment was that the
accumulation values varied from metal to metal. The accumulation order of the metals was determined to be Cr >
Cu > Zn > Pb > Cd > Ni. However, all metals in the plant
body began to release into the water environment after
6 days showing the saturation level of Lemna gibba for
metal accumulation (Table 3, Fig. 2).
Aquatic plants are generally accepted to have the ability of accumulating heavy metals in water, which are essential for their growth and development [26]. The ability both
to tolerate elevated levels of heavy metals and to accumulate them in very high concentrations has evolved both
independently and together within different plant species
[27]. Different studies have shown that Lemna gibba (duckweed) can accumulate high concentrations of various heavy
metals and trace elements [11, 28-30]. Metal availability
and bioaccumulation is governed by several environmental
factors, viz. chemical speciation of the metal, pH, organic
chelators, humic substances, presence of other metals and
anions, ionic strength, temperature, salinity, light intensity,
oxygen level and other prevailing electrochemical functions
[31]. Our research results confirm those studies.

The results indicating the parameters before and after
the experimental study on a daily basis show that Lemna
gibba accumulated heavy metals efficiently from
wastewater (Table 3).
TABLE 3 - Chemical composition of Lemna
gibba L. grown before and after the treatment.

As indicated in Table 3 and Fig. 2, Lemna gibba apparently exhibited a high capability of concentrating heavy
metals from the outer medium during the first 24 h. Although the metal accumulation by Lemna gibba occurred
rapidly during the first 24 hours, except for Ni and Mn
(Table 3, Fig. 2d), no noteworthy increase in the accumulation was recorded after 144 h. The amounts of accumulated metals by Lemna gibba increased, particularly during the first and second days of treatment (Table 3 and
Fig. 2). In the following days, some increasing and decreasing values appeared, except for Zn. When Lemna gibba
grows in natural water, it is not rich in heavy metals. Therefore, in the first two days, it rapidly absorbed the needed
metals like Cu, Pb, Zn, Ni, Cd and Cr. The decreasing or increasing values after the first two days indicated the saturation level of the plant, which partly released the metals
into the water again.

Cu, Zn, and Ni are generally accepted as essential micronutrients for plant metabolism [30]. Cu has an important
role in cell function and is vital for the structural stability
of chromosomes and energy transfer processes [32]. Zn is
also vital for higher plants and involved in some metabolic
processes [33]. Ni, on the other hand, is required in traces
for plant metabolism [34], as confirmed by high levels of
Cu and Zn bot low ones for Ni in Lemna gibba.
Among the heavy metals accumulated by Lemna gibba,
the amount of Cr was the highest. However, Cr is a nonessential for plants and its compounds are toxic to the development of plants [35]. Another heavy metal accumulated
by Lemna gibba was Pb. Pb is toxic to the growth of plants,
but extremely low levels of Pb may be necessary for them
[36]. Besides, Cd concentrations found in Lemna gibba
can be accepted as not sufficient to affect the growth, and
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FIGURE 2 - Cu (a), Cd (b), Ni (c), Cr (d), Pb (e) and Zn (f) accumulations by Lemna gibba.

plants with higher Cd levels generally become stunted in
growth [37].
Moral et al. [38] reported that the concentrations of the
nutrient elements P, K, Na, Ca, and Mg in stems and
branches were significantly affected by Cr treatments (50
and 100 mg L−1) in tomatoes. In this study, as Upadhyay et
al. [30] have already stated, Cr concentration was not high
enough to affect the mineral composition of plant tissues,
except for K.
Depending on our results, it can be concluded that
Lemna gibba (duckweed) shows promise for the removal
of Cr, Cu, Zn, Pb, Cd and Ni from contaminated

wastewaters since it accumulates high amounts of those
elements. However, it became obvious that purifying
wastewater by the aquatic plant Lemna gibba can prolong for 48 h, and must, therefore, be replaced by new
ones after the first 48 h for efficient bioaccumulation of
heavy metals from secondary-treated municipal
wastewater.
CONCLUSION
Using aquatic plants for bioaccumulation of heavy metals has been widely accepted as one of the most favourable
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methods, in the sense that they are economical, efficient
and have apparently large capabilities of metal uptake and
accumulation. Among them, Lemna gibba shows a large
range of heavy metal tolerance and prevents the spread of
heavy metal contamination to the aquatic environment. The
sequence of the heavy metals accumulated by Lemna gibba
was determined to be Cr > Cu > Zn > Pb > Cd > Ni.
On the other hand, it also showed the highest concentrations of various rare and toxic heavy metals. Heavy
metal removal rates were reported to be close to 100% in
Lemna gibba. The advantages of Lemna gibba plants suggest that they are suitable as alternative for wastewater
purification. One of the greatest advantages of Lemna gibba
use for accumulating heavy metals is its lower cost than
other competing technologies. Moreover, treatment time is
the biggest advantage. In this sense, the use of Lemna gibba
to control pollution can be considered to be technologically, economically and environmentally acceptable. Moreover, Lemna gibba limits the spread of its heavy metals
accumulated. Although there are many studies on the role of
Lemna gibba in the accumulation of heavy metals in
wastewater, as cited in the literature review section of this
study, our findings cannot be directly compared with
these results achieved under artificial or laboratory conditions. In the present study, different methods were used
in natural environmental settings.
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ABSTRACT
A new TiO2 photocatalyst modified with thiophene
oligomers (TiO2-PT) was prepared and tested on the growth
inhibition of the green alga Chlorella vulgaris. Furthermore, the influence of TiO2-PT on pentachlorophenol toxicity and its effect on growth of green microalga Chlorella
vulgaris was investigated. TiO2 and modified TiO2-PT photocatalyst, both irradiated with visible light (λ >400 nm),
inhibited the algal growth. The combination of TiO2-PT
with pentachlorophenol reduced the inhibitory effect of pentachlorophenol on algal growth by photocatalytic decomposition of pentachlorophenol to less toxic products.

KEYWORDS: heterogeneous photocatalysis, Chlorella vulgaris,
pentachlorophenol, polythiophene, TiO2, toxicity

INTRODUCTION
Chloroaromates are dangerous contaminants due to their
large industrial production, significant persistence, bioaccumulation and toxicity. They may be the cause of environmental or human health damages.
Chlorophenols represent a large group of chloroaromates that has been used in agriculture and many industrial sectors for more than 50 years [1]. Some chlorophenols
were used as pesticides, others as antiseptics, disinfectants
or solvents. Domestic use of chlorophenols is in the protection of wood from fungi, impregnation of fabric textiles, as well as in paints or leather treatment. Small
amounts of this compound are produced when water is disinfected with chlorine. Degradation of some herbicides
leads to the production of chlorophenol intermediates. They
are also produced during wood pulp bleaching with chlorine in paper industry, or in domestic waste combustion [2].

Minor part of chlorophenols occurring in nature originates from natural, mainly abiogenic (volcanoes, forest
fires) and biogenic (hormones) processes.
Chlorophenols are precursors for production of highly
toxic polychlorinated dibenzodioxins and dibenzofuranes
(PCDD/PCDF) [2].
Of the 19 possible chlorophenol congeners [3], the
highly chlorinated ones (e.g. pentachlorophenol (PCP) and
tetrachlorophenols) show the greatest biological activities [4].
Toxicity of chlorophenols consists in their ability to
interrupt oxidative phosphorylation in the respiratory chain,
and to terminate the transformation of ADP to ATP, which
affects all aerobic eukaryotic life forms. Generally, chlorophenols are immunotoxic, phytotoxic, embryotoxic, but
probably less neurotoxic and teratogenic. Mutagenic and
carcinogenic effects have not been proven [2].
These compounds can be degradated using TiO2 heterogeneous photocatalysis. Titanium dioxide, TiO2, is the
most widely examined heterogeneous photocatalyst in environmental catalysis due to its useful properties (e.g. chemical compounds decomposition, super hydrophilic property, antibacterial and fungicidal properties, etc.). When
irradiated with light of suitable wavelength (predominantly
UV light) in aqueous environment, TiO2 produces ·OH
radicals which can be used for oxidative degradation of
chlorophenols [5] and/or for killing bacteria and yeasts [6,
7]. Application of TiO2 photocatalysis in water purification is still being under research [8].
However, the disadvantage of the TiO2 photocatalyst
is that it absorbs a small part of solar spectrum in the UV
region (band gap energy of TiO2 is 3.2 eV). Hence, in order
to achieve maximum utilization of solar energy, it is necessary to shift the absorption threshold towards the visible region. Dye sensitization is an alternative method in
which the dye (sensitizer) adsorbed on TiO2 surface gets
excited by absorbing visible light and affects charge trans-
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fer at sub-band gap excitation to permit photocatalytic processes [9-11].
Photocatalytic decomposition of organic pollutants in
aqueous environment using TiO2 with sunlight is cheap (i.e.
it does not require expensive oxidants), non-toxic and, at
the same time, TiO2 shows almost no catalytic deactivation for a considerable time period [12]. Thiophene oligomers (polythiophenes) are considered to be suitable sensitizers because they are cheap, almost chemically inert,
non-toxic and of natural origin [13].
Recently, several authors reported on the inhibitory
effect of TiO2 upon microorganisms (bacteria, algae and
fungi) [14-20]. It was suggested that the inhibitory mechanism of algal growth by TiO2 can have various causes:
shading effect [14]; adsorption of TiO2 particles onto the
algal cell surface [15]; clogging effect [18]; directly invoked
alterations of membranes and/or other cell structures and
molecules [18, 21], or photochemical formation of reactive oxygen species (ROS) [14, 15].
In our previous work, a novel thiophene-modified TiO2
photocatalyst (TiO2-PT) was prepared and tested on the
photodegradation of chlorophenols [22]. The goal of this
work was to demonstrate and evaluate the combined effect of pentachlorophenol (PCP), pure TiO2 and TiO2-PT
on the growth of freshwater green alga Chlorella vulgaris.
The newly prepared TiO2 photocatalyst was expected to
be more efficient in ·OH formation than the regular TiO2
photocatalyst. Secondary effects of photocatalytic ·OH formation can affect the growth of C. vulgaris interacting with
PCP [23].
MATERIALS AND METHODS
Chemicals and equipment

Analytical-grade chemicals were used: KNO3, CuSO4.
5H2O, FeSO4, ZnSO4.7H2O, MgSO4.7H2O, (NH4)6Mo7O24.
4H2O, CoCl2.6H2O (Lachema, Czech Republic), KH2PO4,
(Mikrochem, Slovak Republic), MnCl2.4H2O, CaCl2.6H2O,
Na2EDTA, H3BO3, (SLAVUS, Slovak Republic), methanol, thiophene, FeCl3, pentachlorophenol (Aldrich), TiO2
(Degussa Aeroxide TiO2 P25, ≥99.5 %, average composition 75 % anatase, 25 % rutile, average primary particle
size 21 nm and specific surface 50±15 m2.g-1). Demineralized water was used for the preparation of all aqueous solutions.
Equipment used: centrifuge K 70 D (Germany), spectrophotometer Specord UV-VIS (Zeiss, Germany), magnetic stirrer.
Preparation of modified titanium dioxide

TiO2 and 0.5 g of anhydrous FeCl3 in 50 ml of dried trichloromethane. The reaction suspension was vigorously
magnetically stirred for 48 h at room temperature. The
product was filtrated and collected on a paper filter, dispersed twice in ethanol and five times in demineralized
water to remove remaining thiophene and Fe3+ before being dried in a desiccator.
Cultivation experiments on C. vulgaris

Green algae cells of C. vulgaris were cultivated for 7
days in a stationary phase treatment (16 h light, 8 h dark) at
25 °C in a cultivation medium (20 mmol KNO3, 1.25 mmol
KH2PO4, 4.0 mmol MgSO4.7H2O, 7.0 µmol CaCl2.6H2O,
34.6 µmol FeSO4, 34.6 µmol Na2EDTA, 50.0 µmol H3BO3,
5.0 µmol CuSO4.5H2O, 5.0 µmol ZnSO4.7H2O, 5.0 µmol
MnCl2.4H2O, 1.5 µmol (NH4)6Mo7O24.4H2O and 5.0 µmol
CoCl2.6H2O per 1 L of demineralized H2O; pH 7.2) prepared according to Sidóová et al. (1992) [24]. Irradiation
was done using neon lamps (TLD 36W/33 Philips), and
the intensity of light was 80 µE.m-2.s-1 PAR. Each cultivation flask was filled with 12 ml of algal suspension containing 0.1 mg of chlorophyll per 1 L suspension (approx.
1010 cells.L-1), and appropriate amounts of the studied TiO2
or TiO2-PT photocatalyst and PCP. TiO2-PT and PCP were
added into the assays at the same time to test the effect of
the novel TiO2-PT photocatalyst on toxicity of PCP to C.
vulgaris. Algal growth was evaluated as chlorophyll content (sum of chlorophylla and chlorophyllb) proportional to
algal cell density. After 7 days, samples were refilled with
demineralized water to the original volume (compensation
for evaporated water) and homogenized with a magnetic
stirrer for 2 min. For chlorophyll content measurement, 4 ml
of each homogenized algal suspension were pipetted into
centrifugation tubes, and centrifuged for 10 min at 2800 rpm.
The supernatant liquid was drawn off, 4 ml of methanol
were added to the sediment and extracted on a shaker for
30 min until extraction was complete (i.e. the cell pellet
was pale). Chlorophyll content in the methanol extract
was evaluated spectrophotometrically according to Wellburn (1994) [25]. The control sample contained only the
original algal suspension. All experiments were performed
in three replicates. Inhibition activity of the studied complexes was expressed as 50% inhibitory concentration
(IC50), at which chlorophyll content decreased to 50%, with
respect to the control sample. The IC50 values were computed from the growth curves, i.e. from exponential decay
in the case of unmodified TiO2 or linear parts of the inhibitory curves, in all others cases.
RESULTS AND DISCUSSION

TiO2 powder, modified with polythiophene (TiO2-PT),
was prepared and characterized by a procedure described
earlier [22].

Surface of TiO2 was covered with a thin layer of thiophene oligomers (polythiophene) to obtain TiO2-PT photocatalyst. Properties of this catalyst and EPR spectra of ROS
formation were described in our previous work [22].

Polymerization of thiophene was carried out by direct
oxidative polymerization of 2 ml thiophene with 5 g of

We found out that both pure TiO2 (Fig. 1) and modified TiO2-PT (Fig. 2) inhibited the growth of C. vulgaris

2168

© by PSP Volume 18 – No 11a. 2009

Fresenius Environmental Bulletin

with IC50 = 9.41 g.L-1 and IC50 = 7.14 g.L-1 (Table 1).
According to the results presented in Figs. 1 and 2, it can
be supposed that unmodified TiO2 exhibits lower inhibitory effect on algal growth than TiO2-PT which, moreover,
stimulates algal growth in low doses. The found IC50 value
(9.14 g.L-1) for pure TiO2 nanoparticles is similar to that
found by Aruoja et al. (2009) [15], EC50 = 5.83 mg Ti.L-1
for microalga Pseudokirchneriella subcapitata, because
TiO2 used was in form of nanoparticles (size ~20 nm)
[26] and starting algal cell concentration was approximately
1000-fold higher than in Aruoja’s experiments. It can be
supposed that the inhibition effect of unmodified TiO2 is
caused by mechanisms presented in the introduction, except for the shading which can be excluded based on the
TABLE 1 - IC50 values of tested photocatalysts.
Sample
TiO2
IC50/R2 [g.L-1]
9.41/0.965
C.L.0.05
6.96 – 12.07
C.L.0.05 is 95% confidence limit

TiO2-PT
7.14/0.853
6.05 – 9.13

findings of Aruoja et al. (2009) [15]. On the other hand,
the inhibitory effect of TiO2-PT on algal growth is enhanced
by the enhanced production of hydroxyl radicals generated
upon irradiation [6, 7, 23, 27] exhibiting a deleterious effect
on living organisms.
In our previous work [23], it was found that PCP alone
inhibited algal growth injuring photosynthetic apparatus of
the algae. The IC50 value for PCP was 3.01 µmol.L-1 (R2 =
0.926). In this current work, the IC50 value for PCP was determined to be 3.14 µmol.L-1 (R2 = 0.912), which is in good
accordance with the former result.
The combined effect of TiO2-PT and PCP (both added
into algal suspension) on C. vulgaris growth is shown in
Figs. 3 and 4 as well as in Table 2. IC50 values were calculated from linear parts of these dependencies. The presence of 1.25 g.L-1 of TiO2-PT (15 mg per assay) increased
the IC50 value to 4.89 µmol.L-1 of pentachlorophenol, thus
decreasing the toxic effect on algal growth (Fig. 3).
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FIGURE 1 - Effect of TiO2 load on chlorophyll content in algae
represented as % of control.
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FIGURE 3 - Effect of pentachlorophenol on chlorophyll contents in
algae grown in the presence of 1.25 g.L-1 TiO2-PT.
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FIGURE 4 - Effect of pentachlorophenol on chlorophyll contents in
algae grown in the presence of 4.17 g.L-1 TiO2-PT.
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TABLE 2 - IC50 values of PCP in the presence of TiO2-PT.
TiO2-PT amounts
0 g.L-1
3.14/0.912
IC50 [µmol. L-1]/r2
2.72 - 3.61
C.L.0.05 [µmol. L-1]
C.L.0.05 is 95% confidence limit

1.25 g.L-1
4.89/0.905
4.01 – 6.07

http://dsp-psd.pwgsc.gc.ca/Collection/H46-2-98-211E-18.pdf
(Accessed on 25th February 2009).

4.17 g.L-1
7.71/0.919
6.83 – 8.85

[5]

Čík, G., Hubinová, M., Šeršeň, F., Krištín, J. and Antošová,
M. (2003) Photocatalytic degradation of 4-chlorophenol by
OH radicals generated by thiophene oligomers incorporated
in ZSM-5 zeolite channels. Collect. Czech. Chem. C., 68,
2219-2230.
⋅

Higher load of TiO2-PT (4.17 g.L-1) caused an increase
in IC50 value even more to 7.71 µmol.L-1 of PCP (Fig. 4),
i.e. a decrease in the inhibitory effect of PCP on the algal
growth. The decrease of PCP inhibitory effect can be caused
by enhanced production of OH radicals through irradiation
of TiO2-PT photocatalyst with visible light. This suggestion is supported by findings of our previous work, where
the production of OH radicals [22], able to degrade PCP
by its oxidation to less toxic products [27], e.g. chlorohydroquinone [28, 29], was presented.

[6]

Čík, G., Bujdáková, H., and Šeršeň, F. (2001) Study of fungicidal and antibacterial effect of the Cu(II)-complexes of
thiophene oligomers synthesized in ZSM-5 zeolite channels.
Chemosphere, 44, 313-319.

[7]

Čík, G., Priesolová, S., Bujdáková, H., Šeršeň, F., Petheöová,
T. and Krištín, J. (2006) Inactivation of bacteria G+- S. aureus
and G—E. coli by phototoxic polythiophene incorporated in
ZSM-5 zeolite. Chemosphere, 63, 1419-1426.

[8]

Zhang, L., Kanki, T., Sano, N. and Toyoda, A. (2003) Development of TiO2 photocatalyst reaction for water purification. Sep. Purif. Technol., 31, 105-110.

[9]

Chatterjee, D. and Mahata, A. (2001) Photoassisted detoxification of organic pollutants on the surface modified TiO2
semiconductor particulate system. Catal. Commun., 2, 1-3.

⋅

⋅

CONCLUSIONS
According to the presented and cited results, the new
modified TiO2-PT photocatalyst was prepared successfully,
and tested on chlorophenols degradation process. In this
work, this modified TiO2-PT photocatalyst was proven to
be more effective in C. vulgaris growth inhibition than TiO2
under irradiation with visible light (λ>400 nm). Furthermore, the inhibitory effect of PCP on algal growth was
proven to be repressed in the presence of irradiated TiO2-PT
photocatalyst, due to oxidative degradation of PCP to less
toxic products caused by photocatalytic formation of ·OH
radicals. These results correspond with our previous study
[23], where the deleterious effect of PCP on the growth of
C. vulgaris in the presence of zeolite ZSM-5 modified with
thiophene oligomers was tested.

[10] Chatterjee, D. and Mahata, A. (2001) Demineralization of
organic pollutants on the dye modified TiO2 semiconductor
particulate system using visible light. Appl. Catal., B: Environmental, 33, 119-125.
[11] Iliev, V. (2002) Phthalocyanine-modified titania—catalyst
for photooxidation of phenols by irradiation with visible
light. J. Photochem. Photobiol., A: Chemistry, 151, 195-199
[12] Hügül, M., Boz, I. and Apak, R. (1999) Photocatalytic decomposition of 4-chlorophenol over oxide catalysts. J. Hazard. Mater., B, 64, 313-322.
[13] Downum, K. R. (1992) Tansley Review No. 43: Lightactivated plant defence. New Phytol., 122, 401-420.
[14] Kahru, A., Dubourguier, H.-Ch., Blinova, I., Ivask, A. and
Kasemets, K. (2008) Biotests and Biosensors for Ecotoxicology of Metal Oxide Nanoparticles: A Minireview. Sensors, 8, 5153-5170.
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ABSTRACT
In this study, water pollutions of the Black Sea in the
Turkish costal region, particularly in the Zonguldak region,
located in the western part of Turkey (southern part of the
Black Sea), were investigated. Zonguldak province is a
highly populated and industrialized region with two iron
and steel factories, coal mining and a coal-powered energy
plant. In this study; physical, chemical and bacteriological
pollution of water, wastewater and surface water were conducted. The domestic and industrial wastewater discharges
into 7 important surface water streams were investigated,
and the effect of these discharges onto the water quality of
the streams and the Black Sea were discussed. This work
is the first study evaluating water quality and pollution in
detail in the northwest coastal region of Turkey.

KEYWORDS: Water pollution, Wastewater, Southern Black Sea,
Zonguldak, Turkey

INTRODUCTION
In marine environment, human-caused disturbances
have many forms. Owing to source strengths and pathways,
the greatest effects tend to be in the coastal zone. Waters
and sediments in such regions bear the load of industrial
and sewage discharges and are subject to dredging and
spoil dumping. Agricultural runoff may contain pesticide
residues and elevated nutrients producing eutrophication in
the water-bodies, or anoxic conditions in underlying sediments.
The Black Sea having an area of 4.2×105 km2 and an
average depth of 1240 m is the world’s largest land-locked

sea. Approximately 90% of its water mass is anoxic, representing the world’s largest anoxic water mass [1]. The
Black Sea has been suffering from extensive pollution for
the last two decades due to unmanaged fishing, unrestricted
shipping, mineral exploitation, dumping of toxic wastes,
discharge of domestic wastes from coastal cities and pollutants carried by rivers [2].
Unregulated and unplanned freshwater withdrawal for
irrigation purposes, hydro and thermal-power generation,
the use of coastal areas for several types of construction
and uncontrolled solid waste deposition fields, and the
many untreated domestic, industrial and agricultural wastes
(solids or liquids) discharged into the rivers that eventually drain into the Black Sea causing all detrimental effects
on its health. The main sources of pollution in the Black
Sea are the rivers which flow into the region discharging
huge amount of pollution (i.e. Danube pollution load is
203 km3yr-1). In addition to these major rivers loads,
especially along the Turkish and Bulgarian coast, a great
number of small rivers flow into the Black Sea causing
substantial marine pollution [3]. Data on both the levels of
pollutants and annual loads to the Black Sea from individual sources are very scarce. Although several studies
have been conducted in Turkish coasts of the Black Sea for
determination of the pollutant levels and annual loads [3,
4], more studies are needed to be carried out nationwide on
micro-scale basis for understanding the whole region`s marine pollution in detail.
West Black Sea region of Turkey with its industrial
(iron and steel complex, cement factories, 300 MW thermal power plant and hard coal exploitation and processing), domestic (no treatment plant available) and
agricultural activities is the most polluted region in the
whole Black Sea region of Turkey. In this study, surface
water pollution in the part of the West Black Sea region,
hereafter called Zonguldak region, along 40 km coastal
regions in Zonguldak city and its provinces were examined. In addition, pollution loads of domestic and indus-
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trial wastewater and their effects on surface water quality
were also in-vestigated. For this purpose, primarily, origins of surface water were evaluated and their physical,
chemical and bacteriological qualities were determined.
Secondly, pollution loads of domestic and industrial
wastewater and their effects to surface water quality were
discussed. In addition, qualities of domestic tap water and
local spring water used for drinking water sources were
also tested.

of this type of morphology. Between small sandy beaches,
alluvial deltas are present. There are 26 main river basins
in Turkey, 8 of which are in the Black Sea zone [5].
Major industries discharging loads of various pollutants are presented in Table 1. The OYKA Pulp and Paper
factories in Zonguldak and Giresun, KBI Copper Plants in

Summary of water pollution on Southern Black Sea coastal
region

The Turkish Black Sea Coast is 1,695 km long, extending from Bulgarian border in the west to the Georgia border
in the east (Fig. 1). Black Sea coasts constitute 20% of
the total coastlines of Turkey. High mountains parallel to
beaches that are not far from the sea are typical properties
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FIGURE 1 - Major Turkish rivers and Black Sea coastal towns (not in scale).
TABLE 1 - Industrial pollution loads into the Black Sea [6].
Industry

Location

Oyka Pulp & Paper
KBI Copper Fac.
Oyka Pulp & Paper
Ereğli Iron & Steel
KBI Copper Fac.
Akal Textile
Samsun Fertilizer
Entaş Poultry
Samsun Sugar Fac.
Bafay Vegetable Oil
Karsu Fish Food
EK Slaughterhouse
Köytur Poultry
Dogan Biscuit
Kebir Diary
Cargill Grain Mill
Bekar Textile
Sinop Textile
Çoroğlu Slaughterhouse
Ansan Beverage
Akova Grain Mill
Aşkin Bone Food
Dokap Grain Mill
Mankap Vegetable Oil
Asistan Ethylalcohol
Ahenk Delight
Ipek Grain Mill
Elif Grain Mill
Bul-Co Fish Food
Camadan Grain Mill
Ketaş Diary
Üstün Chandelier

Zonguldak
Samsun
Giresun
Zonguldak
Murgul
Zonguldak
Samsun
Sakarya
Samsun
Samsun
Trabzon
Sakarya
Samsun
Sakarya
Trabzon
Sakarya
Samsun
Sinop
Sakarya
Trabzon
Sakarya
Sakarya
Zonguldak
Zonguldak
Sakarya
Samsun
Giresun
Trabzon
Giresun
Samsun
Trabzon
Samsun

Flow-rate
m3/year
123,053
130
44,000,000
17,377,500
14,000,000
5,500,000
3,190,000
590,000
552,000
500,000
466,000
261,440
184,000
164,260
127,000
102,340
83,000
50,000
49,900
30,100
26,090
26,000
24,000
22,067
22,410
22,000
21,000
20,600
16,600
13,000
6,000
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BOD5
tons/year
110.27
513.30
31,000
13.38
4.32
2,490.00
51.80
494.36
83.30
232.70
24.43
33.36
48.77
37.32
94.17
14.70
45.77
6.10
41.61
75.15
37.10
30.60
36.74
36.14
1,422.00
22.89
31.91
0.30

TSS
tons/year
10.42
1,320.00
136.88
165.00
190
248,693.00
9.13
36.00
2,460.00
29.20
394.45
62.23
191.63
25.00
23.76
5.58
14.77
75.34
4.90
65.04
6.03
59.13
74.37
25.20
52.20
51.35
426.60
32.53
5.91

TKN
tons/year
418.61
1.28
34.51
6.02
4.39
6.60
0.72
0.70
-

Total P
tons/year
1,083.61
24. 65
2.60
0.37
0.47
0.34
0.05
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Capo Fruit
Mun. Slaughterhouse
Filiz Candy
Ordu Vegetable Oil
Giresun Diary
Terme Metallic Prod.
Sinop Diary
Çamsan Wood
Yildiz Resin
Yurttaş Plastic
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Sakarya
Zonguldak
Samsun
Ordu
Giresun
Samsun
Sinop
Ordu
Samsun
Samsun

Total

6,000
5,180
3,450
2,000
1,670
1,250
80
459
350
-

0.89
3.90
2.89
0.38
3.32
12.68
0.55
0.34
10.00
0.35

210,540,876

Samsun and Murgul, the Samsun Fertilizer Factory and
steel factories in Zonguldak and Karabük have been identified as Turkey’s major of industrial wastewater discharges
into the Black Sea. Together, these 7 factories account for
great amounts of the region’s total industrial wastewater
discharges into the Black Sea. The wastewaters from these
industries contain the highest TSS, TKN and total P of all
industrial emissions from the Turkish Black Sea coastal
region. Some factories have significant heavy metal discharges into the water-bodies. The Ereğli and Karabük Iron
and Steel factories are major polluters, emitting pollutants
into the air as well as discharging phenols into the Black
Sea. Some other important industries located in the region

6,119

89.70
0.82
3.64
2.38
0.48
0.55
0.15
0.09
6.50
1.17
254,401

0.45
0.08
0.05
0.36
0.02
-

0.03
0.03
0.04
0.08
-

475

1,112

discharge their wastewater indirectly into the Black Sea
via the rivers [5].
Annual discharges of pollutants by each main river or
stream at the Turkish coasts of the Black Sea region are presented in Fig. 2 and Table 2. Among the rivers and streams,
the Sakarya and Filyos rivers, which are located on the
western part of the coast, and the Kızılırmak, Yeşilırmak
and Aksu rivers, which are located on the eastern Black
Sea coast, account for more than 70% of the total annual
fluxes of most of the conventional pollutants due to their
highest annual water discharge into the Black Sea [3].

FIGURE 2 - Water quality of the rivers at the Turkish coasts of the Black Sea region [7].

TABLE 2 - Annual loads of pollutants from rivers and streams along the Turkish Black Sea coast [3].
Name
Sakarya River
Gülüç Stream
Neyren Stream
Kozlu Stream
Kilimli Stream
Çatalagzı Stream
Filyos River
Bartın Stream
Kızılırmak River
Mert Stream
Kürtün Stream

Discharge
(km3 yr-1)
3.57
1.03
0.02
0.02
0.01
0.1
3.12
0.2
7.63
0.16
0.07

COD
(t yr-1)
423300
496100
106900
1200
790
105500
321200
17900
2880000
28000
400

BOD
(t yr-1)
154500
190500
4100
1200
310
14100
85200
15100
504000
8200
2100

NO2-N
(t yr-1)
67
15
1
1
0.09
1
39
0.9
20
2.5
0.37

NO3-N
(t yr-1)
4087
971
35
11
1.1
73
3139
25
1694
94
19
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NH3-N
(t yr-1)
4035
1894
25
48
47
132
453
132
4776
552
35

Total P
(t yr-1)
140.22
390
7.5
2.4
1.1
1
2
390
36
88
29

TSS
(t yr-1)
1000000
38400
186200
1700
210
10800
103700
16200
43900
45200
3500

Cd
Cu
Pb
(kg yr-1) (kg yr-1) (kg yr-1)
110
70000
2400
250
13300
8600
3
690
460
1
290
240
1
33
3
240
139800
4400
12
350
2200
300
31100
8500
14
3100
1400
5
100
100

Zn
(kg yr-1)
110000
43400
1300
1100
150
155600
10500
231000
7300
2800
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Yesilırmak River
Miliç Stream
Civil Stream
Melet Stream
K. Güre Stream
B. Güre Stream
Aksu Stream
Sögütlüdere Stream
Tabakhane Stream
Zafir Stream
Değirmendere Stream
Çiftekavuk Stream
Melen Stream

7.17
0.01
0.01
0.97
0.01
0.01
1.18
0.6
0.02
0
0.99
0.02
0.63
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871000
2800
1900
157300
660
1100
153600
38600
9100
2800
67900
1900
89200

170000
470
750
19800
160
420
46000
5500
4900
400
26800
760
26900

56
0.09
0.09
1.7
0.03
0.03
7.0
3.35
2.25
0.21
4.9
0.27
24

5781
3.6
21
406
10
8.4
903
565
63
4.1
384
36
723

2471
5.8
8.2
445
5.8
9.1
799
115
362
59
67
9.1
585

2.1
1000
0.90.4
30
0.6
0.6
100
280
118
3.2
80
8.8
98

192000
130
430
92200
90
600
24400
25500
4100
490
256700
400
33700

190
1
1
240
1
1
74
15
3
1
150
2
130

11100
26
18
1500
22
27
2300
1100
1100
8
19800
54
7100

5800
11
12
440
11
9
1600
1300
270
24
460
61
3300

186900
290
710
50600
190
330
36800
12700
1700
220
93000
1000
40600

TABLE 3 - Pesticide discharge from main rivers and streams located along the Black Sea coast of Turkey (kg yr-1) [5].
Sakarya River
Gülüç River
Neyren Stream
Kilimli Stream
Çatalagzı Stream
Filyos River
Bartın Stream
Kızılırmak River
Yesilırmak River
Miliç Stream
Civil Stream
Melet Stream
K. Güre Stream
Aksu Stream
Tabakhane Stream
Değirmendere Stream

Heptachl.
<11200
2200
90
9.6
90
2400
740
<23000
92
310
30
500
3.9
6100
50
11

Aldrin
8400
110
22
<1
41
<1700
18
920
330
43
1.7
170
1.1
740
2.3
<500

Dieldrin
25300
680
55
3.7
<30
310
70
3500
410
13
<4
131
1.7
110
12
20

The use of POPs (persistent organic compounds) has
been controlled or totally prohibited in most countries, including Turkey, due to their high ecotoxicity. Fluxes of
pesticides by each river and stream are presented in Table 3.
The Sakarya River is by far the most important source for
almost all of the pesticides included in this river. The Sakarya River is followed by the Kızılırmak and Yeşilirmak
rivers, both of which have a high flow-rate but are located
on the eastern Black Sea coast, and their drainage area includes regions in the central Anatolia where agriculture is
not as extensive as in the north-western part of Turkey,
especially Sakarya River delta. The other streams do not
contribute much to the fluxes of pesticides and PCBs into
the Black Sea due to the lack of extensive agriculture and
industrial activity in the region [3].
Solid waste disposal and wastewater management are
the main environmental problems in the region. In the countries around the Black Sea coast, many cities discharge
their solid wastes and wastewaters into the shallow sea
waters, mostly without treatment and outfall systems. This
is also the existing case in most of the South Black Sea
cities in Turkey (Table 4) [3, 8, 9].

Endrin
112000
500
75
<3
27
200
42
53000
8700
<12
<24
940
3.2
220
15
620

p,p’DDE
21000
50
13
0.1
<24
670
29
840
170
<2
200
420
8.6
35
4.6
4

o,p’DDE
296000
610
90
7.1
<24
1200
95
14000
3400
<3
<4
700
1.7
170
16
230

o,p’DDD
105000
340
95
4.1
<30
210
24
7800
860
<2
<5
340
1.3
270
21
90

o,p’DDT
29000
750
90
9.7
<30
420
52
23300
1400
<3
<5
940
2.9
330
18
290

MATERIALS AND METHODS
Experimental Studies
Study Area and Hydrological -Geological Settings

The study area, which includes the cities Kilimli and
Kozlu, and also Zonguldak city centre, having 40 km coastline and approximately 175000 inhabitants, is located in
the West Black Sea region of Turkey (Fig. 3). In the region,
72-years observations shows that annual mean temperature
is 13.6 °C, relative moisture is also high content, and annual mean precipitation is 1235 mm [10]. Most substantial
surface waters are Çatalağzı, Kilimli, İnağzı, Üzülmez,
Kozlu, Değirmenağzı and Ilıksu streams. Their average
flow-rates are 3.170, 0.317, 0.100, 5.780, 0.464, 0.350, and
1.100 m3/s, respectively [3, 7]. There have been substantial hard coal-mining fields in Zonguldak region. These
mining fields are bound by Visean (Carbonifera)-aged
dolomitic limestones from the bottom but Aptian-Barremian
(cretase)-aged karstic limestones from the top. So, ground
water in the region flows through the karst aquifers and
forms the natural characteristics of the surface water [11].

TABLE 4 - Waste disposal applications in the southeastern Black Sea cities in Turkey (adapted from [3, 8, 9]).
Name of the city
Population
Wastewater treatment plant

Hopa
17,361
Absent

Rize
94,800
Absent

Trabzon
228,826
Absent

Giresun
89,241
Absent

Ordu
134,005
Absent

Samsun
423,859
Absent

Bafra
53,482
Absent

Sinop
34,755
Absent

Solid wastes treatment plant

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent
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Zonguldak
107,354
Absent
Founded in
December
2008
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FIGURE 3 - Location map of study area and sample points.

Sampling

In previous studies, water and wastewater pollution in
most parts of the Black Sea coastal region of Turkey were
studied excluding the Zonguldak region, which is the most
populated and industrialized region with its 2 iron and
steel plants, as well as 1 coal-powered energy plant.
In this work, there were 28 sampling points (7 samples
representing spring and tapwater sources used for drinking
purposes, 14 of them streams discharging into the Black
Sea). The rest of the samples (7) were taken from
wastewater discharge points directly flowing into the sea or
to the streams (Fig. 3). During the study, the sampling
was carried out at three different times (February, May,
and July) representing wet and drought seasons [12].

In the region, all of the surface water is generated from
karst aquifers containing mostly Ca2+ and HCO3- ions. Mg2+
and SO 42- ions were also found in deep dolomitic karst
aquifer (Visean-aged).
Piper and Shoeller diagrams presented for all samples
are given in Figs. 4 and 5. As can be seen, although surface water contains mostly Ca2+ and HCO3- ions, samples
taken from Çatalağzı and Kilimli regions (sampling points
numbered 2, 3, 7, 8, and 22) contain relatively more Mg2+
cations than the others. This phenomenon expressed that
these waters are generated from old geological series
(Visean-aged lime stones). Water sampled from Üzülmez,
Kozlu and Değirmenağzı regions (Aptian and Barremianaged karst aquifers) have had less Mg2+ cations than waters sampled from Çatalağzı and Kilimli region [12].

Laboratory Studies

Conductivity (EC), pH and temperature were measured in-situ by using portable equipments during the sampling. In the laboratory, major anions and cations (Ca2+,
Mg2+, Na+, K+, Cl-, SO4=, HCO3-, CO3=, etc.), and characteristics of wastewater (COD, BOD5, TSS, NO2-, NO3-,
total and fecal coliforms etc.) were determined according
to methods described in APHA [13].
RESULTS AND DISCUSSION
Hydrogeochemistry
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FIGURE 4 - Piper diagrams for all streams (a) and drinking water
samples (b).

0,10
Ca

As seen in Fig. 4, sample points 1 and 23 have high
Cl- concentration levels. In reality, Cl- content for original
samples taken from this region is expected at low level.
The reason of this is sea water used for cooling purposes
in the power plant and discharged into the stream just before sampling point 1. For sampling point 23 (spring water
used for drinking purpose), the high Cl- concentration may
be attributed to wastewater contamination with Cl- compounds from residential houses.

Mg

Na+ K

Cl

S O4

HC O 3

FIGURE 5 - Schoeller diagrams for all streams [(a), (b)] and drinking
water samples (c).
Industrial Waste and Wastewater Discharges

Industrial wastewaters consist of a hard coal-processing water, a power plant wastewater, a slaughter house
wastewater and wastewater from a small-scale organized
industrial region. The general characteristics of
wastewaters from the power plant (sample points 4 and 5)
and hard coal mines (sample point 13) are given in Table
5. COD and TSS were found to be very low for sample
point 13. In sampling point 4 (power plant cooling water),
EC and water temperature values were determined as very
high in respect to other sampling points causing thermal
and salinity pollution in Çatalağzı stream. At sampling point
5 (waste-water of power plant generated from the other
activities, except for cooling water), wastewater can be
characterized as low-strength domestic wastewater.
Wastewater and solid wastes (ashes) from the coal-fired
power plant (ÇATES), one of the main industrial waste
sources in the region, were directly discharged into marine environment. These ashes are collected from the electro-static filters and burners and mixed with marine water
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in a 1/10 ratio, and discharged by using 1105 m- long smallsize canals as seen in Fig. 6. Approximately 1770 tons of
ashes per day were discharged into the sea. Chemical
analysis of slag and fly-ashes are given in Table 5, indicating that main chemical components in the slag and flyash are SiO2, Al2O3 and Fe2O3.

sensing, one can observe and track pollution itself, its route,
dimension and effects in the marine environment. The polluted areas of the region were classified into three regions
having dimensions as 4.5 for the highly polluted region,
7.5 for the moderately polluted one and 30 km2 for the
less polluted region respectively. Details of the study can
be found elsewhere [16].
Domestic Wastewater Discharges

FIGURE 6 – Small-size canals for transportation of the mixture and
the waste discharging point.
TABLE 5 - Chemical analysis of slag and fly-ash [14, 15].
Components
P2 O5
SiO2
Fe2O3
Al2O3
TiO2
MgO
CaO
SO3
Na2O
K2 O
Heating Lost
Others

Slag (w/w, %)
0.11
59.58
9.53
19.05
1.25
1.94
2.71
1.30
0.75
0.85
1.43
1.50

Fly-Ash (w/w, %)
0.18
57.45
6.00
23.68
1.33
0.95
5.32
0.22
1.66
0.78
0.65
1.73

FIGURE 7 - The floating materials on the marine environment coming from wastewater discharge of ÇATES power plant.

Slag and fly-ash mixed with marine water are discharged into the marine environment causing pollution in
the region. From discharge point, the pollution was spread
out along the coast about 25-30 km, and from coast through
the sea about 8-10 km by wind and waves. Real casefloating material is shown in Fig. 7.
Since it is not easy to survey pollution over the sea by
geodetic or other ground methods, remotely sensed data
were employed for quantifying and classifying the pollution and its effects on marine environment. Using remote

In Zonguldak region, most discharges of the
wastewater came from residential areas. Some of these
wastewaters are collected and discharged into the sea or
streams by a main sewage collection system. In order to
determine domestic wastewater characteristics, samples of
wastewaters were analysed from the major sites and results presented in Fig. 8 as COD, BOD5, COD/BOD5 ratio
and TSS parameters. As seen from Fig. 8, COD and
COD/BOD5 ratio of city centre wastewater (sample point
21) are higher than Kilimli and Kozlu towns (sampling
points 6 and 20). In summer term, pollution loads of
wastewater are decreased due to increase in water usage. In
July, for sampling point 6 (wastewaters of Kilimli town),
COD levels were found to be very high. This is attributed
to slaughterhouse wastewater discharge during the sampling time. COD/BOD5 ratio is a reprinting parameter for
biological treatability of a wastewater. For Kilimli
(sample point 6) and Zonguldak city centre (sample point
21), COD/BOD5 ratio is varied between 2 and 6. These
results show that wastewater samples 6 and 21 cannot be
treated efficiently by using conventional biological treatment methods. Advanced biological treatment methods
and/or chemical treatment methods should be required
to treat this kind of wastewaters [17, 18].
Pollution loads from domestic wastewater were estimated using COD and TSS values. Average COD and TSS
values were determined to be 1075 and 210 for Zonguldak
city centre and 435 and 175 mg/L for the other town centers,
respectively. For calculating wastewater loads, 165 L/day
wastewater production per person was assumed [18-20].
In the calculations, total population of the Zonguldak region was used as 174,275 (107,354 for Zonguldak city
centre and 66,921 for the Kilimli and Kozlu towns). Hence,
the result for COD and TSS load are given in Table 6. Since
characteristics of industrial wastewater are not widely known
in the region, Table 6 is not including pollution loads coming from different industries.
Discharging wastewater into surface or directly into marine water cause microbiological pollution on the beaches,
therefore deteriorating marine water quality for swimming
and recreational activities. In Zonguldak region, the bacteriological pollutions throughout the coastal sites were examined during summertime, and the average results are
presented in Table 7. There is a substantial amount of healthhazardous fecal coliforms in recreational beaches. The microbiological pollution generated from the discharges could
be carried by waves and streams from region to region.
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Therefore, the integrated wastewater management in the
region should be taken into consideration.
6
6

20
20

21
21

Çatalağzı Stream

1500

6

Çatalağzı stream consists of two different streams coming from Muslu and Çatalağzı town centres. Both towns discharge their wastewater into these streams. Therefore, for
sampling points 2 and 3, COD (between 260-840 mg/L),
TSS (between 110-600 mg/L), NO 2- (between 0.0400.108 mg/L) and NO3- ion (between 16.7-43.9 mg/L) values were determined to be high (Table 8). Increases of the
draught values caused a decrease in water flow-rate of
Çatalağzı stream resulting in a high pollution level. Power
plant cooling water (collected from the sea) causes temperature increase in the stream up to 30 °C (measured at
sampling point 1), and its salinity level reaches marine
water level (EC>16750 µS/cm).
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FIGURE 8 - Wastewater characteristics of domestic discharges in
Zonguldak region.
TABLE 6 - Pollution loads into the Black Sea calculated from experimental results for Zonguldak region [12].
Parameters
COD (tons/year)
TSS (tons/year)

Zonguldak
city centre
6950
1358

Kilimli and
Kozlu towns
4082
1643

Total
11032
3001

TABLE 7 - Microbiological pollution in the coastal environment [7].
No

Sample Point

9 Çatalağzı Beach
13 Kilimli Beach
18 Back of the Harbour
Kapuz Municipality
21
Beach, Right Section
Kapuz Municipality
22
Beach, Mid Section
Kapuz Municipality
23
Beach, Left Section
17 Kozlu Shore
19 Değirmenağzı Beach
20 Ilıksu Beach
*NA; not analysed

is the most polluted one, followed by Kilimli, Inağzi
Uzülmez and Kozlu streams. Water quality of each stream
was evaluated in following sections.

Total
Coliforms
8
15000
8000

Fecal
Coliforms
0
12500
875

Fecal
Streptococci
NA
1000
245

1609

542

NA

1609 >

918

NA

918

918

NA

3750
575
1250

910
10
135

300
45
40

Water Pollution in the Streams

In the Zonguldak region, there are 7 important surface
water streams. Generally, domestic and industrial
wastewaters have been discharged into these streams. In
this section, the effects of this discharge onto the water
quality of the streams were investigated and results presented in Table 8. According to Table 8, Çatalağzi stream

Kilimli stream (sampling point 7) is the discharge body
receiving wastewaters from coal washery plant, shipping
construction yard and the residential houses in Kilimli
town. The rest of the Kilimli’s wastewater is discharged
into the sea via the main sewage collector. As seen in
Table 8, sampling point 7 has high levels of COD and TSS
indicating higher COD and TSS concentrations than at
sampling point 6, the Kilimli sewage system (see Fig. 8
and Table 8).
İnağzı stream (sampling point 8), in summer season
drought may happen, is coming from a small fountain.
Along the stream, there are about 100 shanty houses, directly discharging their wastewaters into the stream. Therefore, during summer, stream water mostly consists of that
from these shanty houses. During summer season, COD
value is higher than in winter season (Table 8), indicating
that most of pollution in the streams was caused by shanty
houses (COD>100 mg/L).
Üzülmez Stream

Since there are no sewage collection systems and treatment plants, Üzülmez stream is the discharge body receiving wastewater from residential houses, different industrial
sectors, mining sectors and commercial sectors in Zonguldak city centre. In this area, 6 samplings were carried out
at points 10-12 and, 14-16. Sample 13 was evaluated as
mining wastewater in section 2 (wastewater discharge).
At sampling point 10, during summer term due to droughtness, sampling could not be performed. At this sampling
point, water quality was determined to be very high because of no settlement around region.
First wastewater discharge into the Üzülmez stream
was released from sampling points 13 (coal mine wastewater) and 14 (residential house wastewaters). As seen
from Table 9, at these sampling points, COD varies be-
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tween 12-70 mg/L, TSS between 1-52 mg/L, NO2- between 0.06-0.284 mg/L and NO3- between 0-121 mg/L.

Kozlu Stream

At sampling point 16, the last sample point of
Üzülmez stream before mixing with the sea, stream water
quality was extremely low, because all kinds of wastewater
were mixed just before reaching this point. COD value
reached up to 135 mg/L, TSS 80 mg/L and NO3- 72.6
mg/L, in the summer season.

Since there is no sewage collection system, most of
the residential wastewater was discharged from this elevated point into the Kozlu stream. The main sewage collector (sample point 20) is also discharged into the stream.
Characteristics of sample point 20 are given before (see
Table 5).

TABLE 8 - Surface water characteristics of the stream samples for different seasons [12].
T(ºC)
pH
EC (µS/cm)
TSS (mg/L)
No Feb. May July Feb. May July Feb. May July Feb. May July
Çatalağzı
1 16,1 31 35,3 8,26 7,84 8,17 16750 25400 25000 102 76 192
Çatalağzı
2 9,0 21 22,2 8,12 8,40 7,91 347 941 949 111 277 600
Çatalağzı
3 9,8 21,5 22,7 8,32 8,41 8,16 988 1026 984 226 313 605
Kilimli
7 12,0 21 22,8 8,05 8,14 7,85 914 880 848 513 2282 296
İnağzı
8 10,3 22 21,7 7,78 7,74 7,65 545 656 786 27 180 110
Üzülmez
10 8,3 20,2 *** 8,16 7,70 *** 212 377 ***
6
1 ***
Üzülmez
11 10,3 27,6 28,9 8,41 8,36 8,35 392 876 754 26 94 20
Üzülmez
12 8,4 21,4 22 8,46 8,20 7,92 142 394 418 26
2
4
Üzülmez
14 11,3 22,7 23,8 8,08 7,96 7,73 478 584 597 52
3 ND
Üzülmez
15 10,8 22,4 24,5 8,80 7,95 7,91 383 851 833 39 *** ND
Üzülmez
16 10,4 19,4 25,1 8,48 8,01 7,83 426 756 815 42 85 80
Ilıksu
17 9,2 21,8 25,8 8,20 8,05 8,37 284 598 662
8
1 ND
Değirmenağzı 18 9,2 14,6 16,2 8,19 8,03 7,95 220 346 345 15 16 ND
Kozlu
19 11,5 23,3 26,6 8,27 8,06 8,05 530 935 1339 45 86 29
*** Dry stream or could not be analyzed; ND = Under or upper the detection limits
Location

Sample point 19 was the only point representing characteristics of the stream water just before mixing with the
sea. During winter season, the water quality of the stream
was worser than in summer season. For example, COD
value was about 60 mg/L in summer, but about 100 mg/L
in winter season.
Değirmenağzı and Ilıksu Streams

Not contaminated from any source around the stream,
Değirmenağzı stream is a sort of surface water resource
supplying drinking water for Kozlu town and some parts of
Zonguldak city. Its flow-rate and water quality do not
change with seasonal variation as shown in Table 8 (sampling point 18). Its COD values varied between 25-31 mg/L,
TSS 1-16 mg/L and NO3- 3.1-10.6 mg/L.
Ilıksu stream was examined as sampling point 17.
Around this stream, at the weekends, people come to the
place for recreational purposes. Therefore, especially summer season waste discharge into the stream increases. As
seen from Table 8, COD level varied between 35-60 mg/L,
apparently showing pollution level increase during the summer season.
Drinking Water Pollution in the Region

In the region, water used for drinking purposes has
been supplied from two different resources. First of the
water resources is called Ulutan dam, which was constructed on the Ulutan stream (a branch of Kozlu stream).
The reservoir has approximately 19 km3 volume of water
and supplies the drinkable water to the region. An alterna-

COD (mg/L)
Feb. May July
ND ND ND
ND 815 665
262 839 678
392 814 669
ND 51 109
ND ND ***
34 64 86
ND ND 16
12 45 70
44 38 44
ND 68 135
35 44 60
25 27 31
109 62 60

NO3 (mg/L)
Feb. May July
33,3 40,9 34,8
39,4 27,3 43,9
31,8 16,7 37,8
7,6 48,4 30,3
4,6 7,6 12,1
6,1 7,6 ***
ND 16,7 10,6
6,1 3,1 ***
ND 6,1 12,1
ND 28,8 ***
3,1 72,6 15,2
6,1 9,1 3,1
10,6 13,6 3,1
24,2 4,6 9,1

NO2 (mg/L)
Feb. May July
0,019 0,011 0,013
0,035 0,004 0,108
0,034 0,018 0,074
0,083 0,018 0,016
0,050 0,003 0,009
0,005 0,006 ***
0,027 0,004 0,230
0,008 0,017 0,016
0,036 0,006 0,284
0,027 0,008 0,081
0,045 0,036 0,005
0,008 0,005 0,002
0,006 0,004 0,004
0,031 0,008 0,142

tive water resource for the region is a small weir which
supplies the drinking water to Kozlu region and some parts
of Zonguldak city. In addition to this, there are a lot of
small-scale springs collected in small concrete tank resources used for drinking purposes without any pretreatment. In these small concrete tanks, water disinfection and
routine clarification were not applied to observe water quality for public health. In this study, sampling point 24, representing Kozlu dam water, was examined. For small-scale
spring water, sampling points 22 and 23 were examined.
Sampling points 25 and 26, located near the Ulutan stream,
and sampling points 27 and 28 water samples, located near
the Ilıksu and Değirmenağzı stream, where the other smallscale spring water samples examined.
Results of the microbiological tests of these drinking
water samples are given in Fig. 9 showing that total coliforms were found at sampling points 22, 23 and 25, as
well as total and fecal coliforms at sampling points 22 and
23. This clearly showed that there was a contamination in
a place between tank and offspring from sewage.
In Fig. 10, nitrite and nitrate concentrations of all drinking waters examined are presented. At sampling point 23,
contamination was probably near the offspring place. But, at
sampling point 22, contamination was probably near the
tank. For sampling points 24, 27 and 28, although there was
no bacteriological contamination, there were high levels of
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nitrate and nitrite from agricultural activities and/or natural organic matter decay. Similar conditions werebalso found
for sampling points 25 and 26.
)
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Although major cities have outfalls, most of their
wastewaters are disposed off directly into the sea without
treatment. Outfalls should be treated using primary and
secondary treatment plants. Wastewater collection systems
in the settlements should be renewed and suitable
wastewater treatment plants should be built for these
settlement areas and for the industrial establishments to
protect the coast from pollution.
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The domestic and industrial discharges, which are
shown to be important sources of marine pollution in major
cities along the Black Sea coast of Turkey, are important
in terms of annual pollutant loads to the Black Sea. Annual loads from industrial and domestic sources located
along the Turkish Black Sea coast account for less than
10% of the total fluxes of pollutants from comparable
sources in the reminder of the Black Sea. However, the
contributions of Turkish rivers to annual pollutant loads
are more significant.
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FIGURE 9 - Total (a) and fecal (b) coliform numbers for drinking water
samples.

• In the region, surface and drinking water are rich in
Ca2+/Mg2+ and HCO3-/SO42- due to water generation
from karst aquifers.
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25

• All streams in the region were used as discharge medium
for domestic and industrial wastewaters. For this reason, large amounts of organic matters and nutrients (nitrogen and phosphor) were discharged into the Black
Sea. Pollution loads were evaluated to be 11032 kg
COD/year and 3001 kg TSS/year.
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• All of the drinking water supplied from natural way
(without any pretreatment) was contaminated by means
of sewage leakages and agricultural activities. This problem is the results of unplanned development in the region. Especially, shanty houses in the region (comprises
80 % of the residential house) caused unmanageable
infrastructure. Recently, the local authorities of the region tried to build a main sewage system together with
a wastewater treatment plant in order to overcome these
problems.
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This work is the first study to evaluate water quality and
pollution in Zonguldak region, and the following conclusions can be drawn:

• Approximately 1770 tons of ashes per day were discharged into the sea. Uncontrolled slag and fly-ash
waste from the power plant has potential hazards in
Zonguldak region and throughout the west Black Sea
region of Turkey.
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FIGURE 10 - Nitrate (a) and nitrite (b) concentrations for drinking
water samples.

• Discharging domestic and industrial wastewater into the
marine environment cause bacteriological pollution at
the beaches. Since microbiological pollution could be
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carried by waves and streams from region to region,
an integrated wastewater management system in the
region should be taken into consideration.

[13] APHA (1981) Standard Methods for the Examination of Water and Wastewater, American Public Health Association,
15th Ed., 1134 P.
[14] Bayat, O. (1998) Characterization of Turkish fly ashes, Fuel,
vol. 77, no. 9/10, 1059-1066.
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ABSTRACT

INTRODUCTION

Agriculture is among the main land-use types in the Istanbul catchment areas occupying almost 40% of the total
surface area of the city. This study aimed to determine the
agricultural land-cover changes in 7 main watersheds of
Istanbul between 1987 and 2007 in order to evaluate the
risk of agricultural pollution in water resources. Two Landsat images from 1987 and 2007 were classified using the
maximum likelihood supervised classification method and
utilizing ERDAS IMAGINE 9.1. The study revealed that
agricultural areas have declined in all watersheds between
2.4-77.8% from 1987 to 2007. Around 8,000 hectares of
agricultural land was lost in the entire study area between
1987-2007, corresponding to 9.2% of the total agricultural
land. The study also revealed that agricultural activities
constitute a significant risk for water quality, especially in
the Büyükçekmece and Sazlıdere watersheds where agriculture accounted for 66.9% and 40.3%, respectively, of
land-use within the watersheds in 2007. In the other 5 watersheds of Istanbul, agricultural areas occupy between 212.3% and do not constitute a great risk. Overall, the study
revealed that agricultural areas account for around 24% of
the total surface area in the 7 major watersheds of Istanbul
today. Although point sources still dominate over non-point
sources in the pollution of the watersheds of the city, nonpoint sources, especially agricultural activities, are expected
to become more significant after the point sources of pollution have been controlled in Istanbul. Therefore, agricultural activities should be accorded more importance in order to have a sustainable and effective plan for the protection of water resources from point and non-point sources
of pollution in Istanbul.
KEYWORDS: Agricultural land-cover, land-cover change, watershed, remote sensing, Istanbul.

Istanbul is one of the fastest growing cities in Turkey
and the world, both in terms of population and urbanization. The city experienced a rapid population growth especially after 1950 due mainly to migration stemming from
improvements in trade and industry. The city’s population
was only about a million in 1950. However, the population
almost doubled by 1960 and became 3 million in 1970.
This increase in population continued after 1970 and Istanbul became a mega-city with over 10 million inhabitants
in 2000. According to the recent 2007 census, Istanbul has
approximately 12.5 million inhabitants [1]. Today, one person out of five in the country lives in Istanbul and 45% of
all Turkish industry is located within the boundaries of the
city [1, 2]. This rapid increase in population and accompanying urban growth has created major infrastructural
problems, such as the provision of adequate water resources
along with many other social, economic, and environmental
difficulties [3, 4].
Monitoring and management of the reservoirs and related watersheds in Istanbul are conducted by the Istanbul
Water and Sewerage Administration (ISKI) [2]. As water
demand continued to increase in the city, until the end of
the 1990s, ISKI put most of its emphasis into finding more
water resources [5]. In order to solve severe water shortage problems, the majority of ISKI revenue (between 7594%) was allocated to water supply projects for the years
1994-1996 [6]. Although new water resources have been
found, the quality of water in the existing water resources
has declined in those years due mainly to rapid, uncontrolled, and illegal urbanization within the watersheds of
Istanbul [7, 8]. This problem has forced ISKI to focus on
wastewater collection, treatment and discharge in the following years. The percentage of the ISKI revenue devoted
to wastewater collection, treatment and discharge increased
steadily since 1996, and reached around 90% in 2003 [6].
As indicated in many studies, many point and non-point
pollution sources have been found to be responsible for
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polluting water resources in the city, even though ISKI’s
efforts have improved the quality of water in reservoirs
[2, 9-12].
Protection of watersheds from point and non-point
sources of pollution is the key for preserving water resources. In Greater Metropolitan Istanbul, the watersheds
are preserved according to the Watershed Protection and
Management Regulations (WPMR) which are a revised version of the National Water Pollution Control Regulations
dated 1988 [2]. Four protection zones are defined around
water reservoirs in the WPMR, namely, absolute (0–300 m),
short-range (300–1000 m), medium-range (1000–2000 m)
and long-range protection zones (2000 m - the watershed
boundary) [9]. The WPMR defines the activities which are
either permitted or prohibited in each of these protection
zones, and also stipulates various measures for controlling
pollution in reservoirs. No permanent settlements or industrial, agricultural, and mining activities are permitted in the
absolute protection zone while residence permit is granted
for two-storey buildings to allow a population density of less
than 5 persons per hectare of land in the short-range protection zone [4]. In the medium and long-range protection
zones, residences are permitted with a density not exceeding 10 and 20 persons per hectare of land, respectively.
Agricultural activities are permitted in these zones provided
chemical fertilizers and pesticides are not used.
Measures to protect watersheds from pollution focused
mainly on point sources in Istanbul. Monitoring land-use
changes by remote sensing, prohibiting illegal houses and
industrial activities within different protection zones, and
establishing treatment facilities for industrial and domestic wastewaters, are some of the measures which are taken
by ISKI today for protection of the watersheds of the city.
However, as stated in many studies, non-point sources, especially agriculture, constitute a great risk for water quality in
existing water resources of Istanbul [13-16]. As Yazgan
and Tanık [15] indicated in their study, water catchment
areas occupy almost 40% of the city’s land and almost all
of these have agricultural areas which use fertilizers and
pesticides to cope with pests and increase crop productivity. Agricultural areas occupy between 17-65% in the watersheds of Istanbul [14]. As Tanık et al. [14] stated, the N
(nitrogen) and P (phosphorus) loads from agricultural activities constitute 40-82% and 30-58% of the total diffuse
pollution sources, respectively. Coşkun et al. [16] found
that N and P loads were a result of agricultural activities,
while Aydın and Yurdun [13] indicated that agricultural
activities, such as cereal, corn, and sunflower cropping as
well as cattle and chicken farming were the main diffusing sources of pollution around the water sources of Istanbul.
Agricultural activities are among the most significant
factors affecting water quality in fresh water resources
which supply drinking water to cities. Chemical fertilizers
and pesticides used in agricultural areas firstly pollute the
soil and then the water resources. Improperly managed
agricultural activities may also lower water storage capac-

ity of reservoirs by accelerating sediment deposition in
lakes. This constitutes a significant threat to water quality,
particularly where agricultural areas account for a great
share of the total watershed area. As Tanık et al. [14] indicated, point sources still dominate over diffuse sources in
the pollution of watersheds of Istanbul. However, as stated
by Yazgan and Tanık [15], diffuse sources, especially those
arising from fertilizer and pesticide use, are expected to
be the most significant issue after all the point sources of
pollution become controlled in the near future in Istanbul.
Although current regulations do not allow agricultural activities in the absolute protection zone and permit only
limited agricultural activities in the other protection zones
barring the use of chemical fertilizers and pesticides, present land-use practices reveal a different picture around the
water reservoirs of Istanbul. Agricultural activities begin
right at the shoreline in some water sources, such as
Büyükçekmece. The current regulations do not include detailed explanations about the type of agricultural activities
and proper cultivation methods for different crops which
can be used to reduce the effects of agricultural activities
on water reservoirs. For this reason, point and non-point
sources of pollution, especially agricultural activities, should
be considered together in order to determine a sustainable
watershed protection plan for Istanbul. Monitoring agricultural land cover changes on a watershed-scale will contribute significantly to determining the risk of pollution
from agricultural activities in different watersheds of Istanbul. Only then can correct strategies be found to reduce
the effects of agricultural pollution of the water resources
of the city. This study aimed at determining the agricultural
land cover changes in the watersheds of Istanbul between
1987 and 2007 by using remote sensing. The main research
questions of the study are as follows:
1- How has agricultural land-cover changed in the main
watersheds of Istanbul between 1987 and 2007?
2- In which watersheds do agricultural activities constitute more risk in terms of agricultural pollution?
Historical overview of Istanbul’s water supply

Finding sufficient water resources has always been a
big challenge for Istanbul throughout its history. When
the city was first established in the seventh century, water
needs were met by groundwater sources, small springs
and cisterns. Increasing population during the Roman, Byzantine, and Ottoman periods meant that new water resources had to be found for the city. Four long gravity
transmission lines, including many aqueducts to span valleys, were built during the Roman period. Apart from repairing and extending the existing water supply systems,
more than 70 covered cisterns and four open cisterns were
built during the Byzantine period [4, 17]. The total storage capacity of the four major cisterns was approximately
868,000 m3. Overall, storage capacity of covered and open
cisterns was around 1,000,000 m3 [17]. The extension of
water supply systems in the city continued during the
Ottoman period. Five new major transmission lines along
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with eight dams with a total storage capacity of 1.7 million
m3 were built by the Ottomans [4, 17]. Two additional
water resources, namely Terkos Lake, and Elmalı-I Dam,
were added to the existing water supply system in 1883
and 1893, respectively, towards the end of the Ottoman
period [11, 17].
TABLE 1 - Existing water resources of Istanbul [19].
No. Water resources

First year of
operation

Annual
capacity
(106m3)

Ratio in
total
(%)

1893-1950

15

1.3

1

Elmalı I and II Dams

2

Terkos Dam

1883

162

13.8

3

Alibeyköy Dam

1972

36

3.1

4

Ömerli Dam

1972

235

20.1

5

Darlık Dam

1989

97

8.3

6

Büyükçekmece Dam

1989

120

10.3

7

Yeşilvadi Regulator

1992

10

0.9

8

Istranca Dams (Düzdere,
Kuzuludere, Büyükdere,
1995-1997
Sultanbahçedere, Elmalıdere)

75

6.4

9

Şile Keson Wells

1996

30

2.6

10 Kazandere Dam

1997

100

8.5

11 Sazlıdere Dam

1998

85

7.3

12 Papuçdere Dam

2000

60

5.1

13 Yeşilçay Regulator

2003

145

12.3

1.170

100

Total

duced rainfall in 2006 and 2007, the total amount of water
in all Istanbul water resources dropped below 20% in the
summer of 2008. To supply sufficient water to the city, new
water resources outside of the city have been explored. As
a part of this effort, a new water supply project was initiated to draw water from streams draining to the Black Sea
over 200 km to the northwest of Istanbul. The Greater
Melen project, to be completed in stages, is anticipated to
supply Istanbul with over 1100 million m3/year [17, 18].
The first stage of the Greater Melen Project, involving
180 km of pipeline, was completed in 2008. An average
268 million m3 of water is expected to be obtained from
this first stage of the project annually.
MATERIALS AND METHODS
Landsat 5 TM images were used in this study. Images
were acquired in May 1987 and May 2007 with 30 meters
spatial resolution. Since Landsat images were delivered in
Universal Transverse Mercator (UTM) projection, no rectification process was applied to the images. Erdas 9.1 was
used to process the Landsat images, and Arcgis 9.1 to edit
the vector data.

The most significant steps towards finding new water
resources for the city were taken after the foundation of
Turkish Republic. Elmalı-I Dam and Terkos Lake, together
with remaining parts of historical water supply systems,
were sufficient to supply water to the city until the 1950s.
However, subsequent rapid population growth created an
urgent need to find new water resources in the following
years. For this reason, new dams were built on both the
European and Asian sides of the city, namely, Elmalı-II
Dam (1950), Alibeyköy Dam (1972), Ömerli Dam (1972),
Büyükçekmece Dam (1989), Darlık Dam (1989), and many
other small dams in the north-eastern part of the city. The
total capacity of water resources of Istanbul reached 1170
million m3/year in 2003, but remained the same until 2007
(Table 1). This water storage capacity is sufficient for the
current population of the city. To determine the water demands of Istanbul, domestic water need is calculated by
reckoning daily individual water consumption at 250 litres
[4]. Thus, for a population of 12.5 million [1], the expected water demand exceeds 3,125,000 m3/day, which represents a yearly demand of almost 1141 million m3. Obviously, the current supplies are only just adequate, when
groundwater resources and old, isolated spring systems are
included. However, as the population of Istanbul continues to grow, and the industrial sector of the region develops, water demand will increase, requiring more supplies
to be found. Drought is another factor urging decision
makers to find new water resources for Istanbul. Due to re-

The overall objective of image classification procedures is to automatically categorize all pixels in an image
into land-cover classes or themes [20]. There are two main
types of classification. In the supervised type of classification, representative samples of land classes called ‘training
areas’ are identified in the image by the user. Using image
processing software, spectral signatures are created from
training areas. Those spectral signatures are then used to
classify all pixels in the image. In the unsupervised classification, the user does not specify any information about
images. The image data are first classified by aggregating
them into the natural spectral groupings. The user then determines the land-cover identity of these spectral groups
by comparing the classified image data to ground reference
data. The flow chart in Fig. 1 shows the steps of the classification processes.
Normalized difference vegetation index (NDVI)

Vegetation indices allow us to delineate the distribution
of vegetation and soil based on the characteristic reflectance patterns of green vegetation [21, 22]. The Normalized
Difference Vegetation Index (NDVI) measures the amount
of green vegetation [23]. The spectral reflectance difference between NIR and red is used to calculate NDVI. The
formula is as follows:
NDVI = (NIR – red) / (NIR + red)
The pixels with highest NDVI value show the maximum
vegetation land-cover, and the lowest show bare land-cover.
The NDVI has been used widely in remote sensing studies since its development [24]. NDVI values range from
-1.0 to 1.0, where higher values are for green vegetation
and low values for other common surface materials. Bare
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Landsat TM Images

Unsupervised
Classification

NDVI Images

PCI Images

Identifying Training
Samples

Supervised
Classification

Accuracy Assessment
Using Orthophotos

Post Classification

Final LULC Maps
FIGURE 1 - Steps of classification processes.

soil is represented with NDVI values which are closest to
0 and water-bodies are represented with negative NDVI
values [20, 25, 26]. More than 20 vegetation indices have
been proposed and used at present [27]. Since NDVI provides useful information for detecting and interpreting
vegetation land-cover, it has been widely used in remote
sensing studies [28-30].
Principal Components Analysis (PCA)

As objects on the earth reflect different electromagnetic wavelengths, satellite systems contain spectral sensors. Since a color image is usually produced by combining three single spectral bands for visual presentation, all
different spectral bands cannot be combined to generate a
color image. Different spectral bands are combined to distinguish the object of interest. Principal Components Analysis (PCA) is a statistical method used to reduce the number of bands in an image while compressing information
from original data into the least number of components.
The first three components can agglomerate the majority
of the total information in the original bands.
Image data is compressed using a linear transformation.
This transforms an image into a new axe-based system.
PCA is used to measure the brightness, greenness, and
wetness of vegetation from satellite imagery [31, 32]. When
PCA is performed, a smaller number of principal compo-

nents are produced from multi-band imagery. These principal components reflect the maximum change in the original data [33]. PCA plays an important role in change detection, classification, enhancement and data reduction.
Using Landsat TM images, the Normalized Difference
Vegetation Index (NDVI) and Principal Component Analysis (PCA) were calculated to enhance geographic features.
It is assumed that the highest value of NDVI represents
the maximum vegetation and the lowest value of NDVI
represents bare soil. For both sets of Landsat images, unsupervised classification was performed to create 35 spectral classes. Since the maximum likelihood supervised classification provides superior performance in comparison with
other classification methods, maximum likelihood supervised classification was performed to classify each Landsat TM image [34]. The training areas were created with
the guidance of unsupervised classification, NDVI, PCA,
topographic maps and aerial photographs from the Istanbul Metropolitan Municipality. Seven land-cover classes
(urban, scrub/brush, forest, cropland, water, bare and open
mining) were identified in the watersheds. After performing supervised classification, all classes, except forest, urban
and agriculture, were grouped into one class, “others”.
LULC maps may contain various types of error. Accuracy assessment is required to complete LULC mapping
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[35]. Accuracy is assessed by comparing a pixel of a classified image to a pixel of a reference map, and results of this
method produce an error matrix. LULC classes of classified images are represented by rows (i) and classes of
reference maps are represented by columns (j), so diagonal cell values of the error matrix show the correctly classified cells [36]. Accuracy of a classification is defined in
terms of kappa coefficient and overall map accuracy.
Overall Accuracy is calculated as follows:
k

Overall Accuracy =

nii
∑
i =1
n

where

k = number of classes, nii= diagonal elements in the
error matrix, and n = total number of samples in error
matrix.
The kappa method has been utilized for land-cover
and land-use accuracy assessment derived from remotely
sensed data [37-39] since it was firstly proposed by Cohen [40].
Overall kappa is computed using:
k

K

=

k

focuses on the catchment basins of 7 major water reservoirs in Istanbul, 4 of which are located on the European
side and 3 on the Asian side of the city. The names of the
drinking water reservoirs in these catchment basins are
Terkos Dam, Büyükçekmece Dam, Sazlıdere Dam, and
Alibeyköy Dam on the European side, as well as Ömerli
Dam, Darlık Dam, and Elmalı Dams on the Asian side
(Fig. 2). The total surface area of these 7 catchment basins
is 260,296 hectares, and they have a total annual capacity
of 750 million m3 meeting around 65% of Istanbul’s water need (Table 3).
Agriculture is one of the most dominant land-use patterns in Istanbul, occupying 141,809 hectares of land which
makes around 26% of the total surface area of the city [42].
Grain crops (wheat, barley, oats, and corn) and sunflower
are the main agricultural products, accounting for 52% of
the total agricultural land of the city. The remaining agricultural areas are used for various fruits and vegetables including apples, hazelnuts, walnuts, grapes, watermelons,
tomatoes, potatoes, onions, etc. [42]. Animal husbandry is
another agricultural activity which is practiced in the rural
areas of the city. Grasslands occupy 10,575 hectares of land
making around 1.9% of the total surface area of Istanbul.
Over 55,000 cattle, and 61,000 sheep were raised in Istanbul, along with more than 1.2 million chickens in 2007
[42].

n∑ nii − ∑ ni+ n+i
i =1

i =1

k

n 2 - ∑ ni+ n+i
i =1

Kappa values greater than 0.75 indicate strong agreement beyond chance, values between 0.40 and 0.75 indicate fair to good, and values below 0.40 indicate poor
agreement [41]. Overall map accuracy can be computed
by dividing the total correct pixels (obtained by summing
the major diagonal of the error matrix) by the total number of pixels in the error matrix. Accuracy assessment for
each image was performed with 256 random pixels to
calculate overall accuracy and kappa values (Table 2).
TABLE 2 - Accuracy Assessment.
Image
1987 Landsat
2007 Landsat

Overall Accuracy
%
82
81

Kappa
Coefficient
0.79
0.80

FIGURE 2 - Study Area: (1) Terkos lake watershed, (2) Büyükçekmece lake watershed, (3) Alibeyköy dam watershed, (4) Sazlıdere dam watershed, (5) Ömerli dam watershed, (6) Darlık dam
watershed, (7) Elmalı dam watershed.

Study Area

Istanbul is located in northwest Turkey along both
sides of the Bosphorus strait, with the western side of the
city in Europe and the eastern side in Asia. It is located at
the 41st latitude and the 29th longitude. Istanbul Province
covers a surface area of 5390 km2 with 32 sub-provinces
administered by the Istanbul Metropolitan Municipality.
Over 95% of the water demands of Istanbul are currently
supplied by surface water from catchment basins occupying almost 40% of the city’s total surface area. This study

RESULTS
Detecting agricultural land-use by remote sensing requires careful consideration and a suitable method due to
the fact that grassland, open land, agricultural lands and
other green surfaces may be difficult to differentiate. In
this study, the NDVI method has been found an effective
tool in determining agricultural land-cover change in 7 major
watersheds in Istanbul between 1987 and 2007. As the re-
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TABLE 3 - Land-use classification in watersheds of Istanbul in 1987.
Land-use type (ha)
No

1
2
3
4
5
6
7
Total

Watersheds
European Side
Terkos Dam
Büyükçekmece Dam
Alibeyköy Dam
Sazlıdere Dam
Asian Side
Ömerli Dam
Darlık Dam
Elmalı Dam

Agriculture

Forest

Urban

Others (lake, grassland, open land etc.)
ha
%

Total

ha

%

ha

%

ha

%

9462
43,726
1235
7775

12.9
69
7.7
45.8

53,182
8401
8177
3780

72.2
13.3
50.5
22.3

358
1289
89
216

0.5
2
0.5
1.3

10,613
9947
6690
5199

14.4
15.7
41.3
30.6

73,615
63,363
16,191
16,970

5445
1130
1363
68,766

8.9
5.4
16.2
-

32,690
17,142
2818
128,554

53.7
82.2
33.3
-

710
50
309
5685

1.2
0.2
3.7
-

22,015
2543
3942
57,291

36.2
12.2
46.8
-

60,860
20,865
8432
260,296

sults clearly revealed, in 1987, agricultural areas covered
around one fourth (26.4%) of the total study area within
the 7 watersheds in Istanbul. The dominant land-use type
in the study area was forest, covering 49.4%. Only a small
portion of the study area (2.2%) was dedicated to urban
settlements, while other land-use types, including lake surfaces and all the remaining land-use classes, accounted for
22%, in 1987. Although agricultural areas constituted 26.4%
of the total land in the study area, its share varied from
basin to basin between 5.4% and 69% in 1987. Within the
Terkos watershed, the largest water basin of Istanbul with
a 73,615 hectare surface area, agricultural areas accounted
for 12.9% in 1987. However, agricultural areas accounted
for the majority of the land surface (69%) in the Büyükçekmece watershed, the second-largest water basin of Istanbul. Sazlıdere was another watershed where agricultural
areas covered almost half of the land surface (45.8%) in
1987. Agricultural areas accounted for 16.2% in the Elmalı
watershed, 8.9% in the Ömerli watershed, and 7.7% in the
Alibeyköy watershed. The Darlık watershed, which meets
8.3% of Istanbul’s drinking water demand today, had 5.4%
of its total land surface dedicated to agriculture in 1987
(Table 3).
The existence of forests is a crucial factor in protecting water basins which provide drinking water to cities.
Although forests covered nearly half of the total land surface in the study area, their share varied between 13.3%
and 82.2% from basin to basin in 1987. The Darlık watershed had the largest amount of agricultural land, accounting for 82.2% of the total surface area. The second-largest
forest area was found in the Terkos watershed with 72.2%.
Forests covered more than half of the total surface area in
two other water basins, namely, Ömerli and Alibeyköy. The
Büyükçekmece watershed is located in the south of the
study area where agriculture has been the dominant landuse type for thousands of years. The original forest cover
was cleared due to open up more agricultural space long
ago. For this reason forests are only found in small areas
located mainly in the north of the Büyükçekmece watershed. 1987, forest covered only 13.3% of the total surface
area in the Büyükçekmece watershed.

ha

One of the most effective ways to protect watershed
from pollution is to apply restrictions on urban growth.
Istanbul has witnessed a rapid urban growth, especially
since 1950. The population of the city was around 7 million, and urban areas accounted for around 6% of the total
surface area in 1987. As urban pressure was mainly felt in
the southern part of Istanbul, the watersheds located in the
south have been affected more from urbanization. Urban
land-use type varied between 0.2-3.7% in the 7 watersheds
in 1987. Urban areas covered between 0.2% and 1.2% of
the total surface area in Darlık, Terkos, Alibeyköy, Ömerli,
and Sazlıdere watersheds which are mainly located in the
north. The ratio of urban areas to total surface land was
greater in the Büyükçekmece and Elmalı watersheds which
are located in the south of the city. Urban areas accounted
for 2% of the total surface area in the Büyükçekmece
watershed, and 3.7% of the land was covered by urban
settlements in the Elmalı watershed in 1987 (Table 3).
A rapid increase in population and urban growth
caused significant land-use change in Istanbul after 1987.
The population increased by about 56% and reached 12.5
million in 2007. Urban areas which covered 6% of the total
surface area in 1987, increased to 14.3% coverage in 2007
(Table 4). This rapid urbanization also increased the pressure on natural environment, particularly on the forests.
The forest areas of the city have shrunk to 94.6% within
the period of the study. This study provides an understanding of how this rapid urbanization has affected landcover in the watersheds of Istanbul between 1987 and 2007.
Land-use classification for 2007 and land-use changes between 1987 and 2007 in the 7 watersheds of Istanbul are
displayed in Tables 4 and 5. As the results reveal, urban
areas expanded in the water basins while other land-use
classes, including agriculture and forestry, have witnessed
a slight decrease when all watersheds are considered together.
The study revealed that forest area as a whole declined
by 2.5% in study area between 1987 to 2007. The Büyükçekmece and Darlık watersheds experienced a slight increase in their forest areas while the remaining water basins
have witnessed a loss of 1.4-21.9%. Forest areas occupied
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FIGURE 3 - Land-use change in water basins in Istanbul between 1987 and 2007.

TABLE 4 - Land-use classification in watersheds of Istanbul in 2007.
Land-use type (ha)
No

1
2
3
4
5
6
7
Total

Watersheds
European Side
Terkos Dam
Büyükçekmece Dam
Alibeyköy Dam
Sazlıdere Dam
Asian Side
Ömerli Dam
Darlık Dam
Elmalı Dam

Agriculture

Forest

Urban

Others (lake, grassland, open land etc.)
ha
%

Total

ha

%

ha

%

ha

%

9049
42,668
321
6837

12.3
67.3
2
40.3

51,982
8938
7281
3336

70.6
14.1
45
19.7

610
2413
1551
1193

0.8
3.8
9.5
7

11,974
9344
7038
5604

16.3
14.8
43.5
33

73,615
63,363
16,191
16,970

2384
1103
302
62,664

3.9
5.2
3.6
-

32,075
17,347
3436
124,395

52.7
83.1
40.7
-

7668
114
3140
16,689

12.6
0.5
37.2
-

18,733
2301
1554
56,548

30.8
11
18.5
-

60,860
20,865
8432
260,296

48.1% of the total surface area in 7 watersheds in 2007.
As displayed in Table 5, forest areas increased by 6.4% in
Büyükçekmece watershed and 1.2% in Darlık watershed.
The most dramatic decline in forest cover has been experienced in the Terkos watershed. With 1,200 hectares of
loss, agricultural areas have declined 2.3% in this water-

ha

shed within 20 years. Today, agricultural areas occupy
70.6% of the total land surface in the Terkos watershed.
The Alibeyköy, Sazlıdere and Elmalı watersheds have also
experienced a dramatic decrease in their forest areas. Forest
areas have declined by 11% in the Alibeyköy watershed,
11.7% in the Sazlıdere watershed, and 21.9% in the Elmalı
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watershed from 1987 to 2007. Today, forest areas cover
45% of the total surface area in the Alibeyköy watershed,
40.7% in the Elmalı watershed, and 19.7% in the Sazlıdere
watershed. The Ömerli watershed has also witnessed a decrease in its forest areas. This water basin has lost 1.9% of
its forest areas between 1987-2007. Today, forest areas
account for 52.7% of the total surface area of the Ömerli
watershed.
Agricultural areas accounted for 24.1% of the total surface land in the study area, in 2007. Agricultural areas decreased by around 9.4% over the entire study area between 1987 and 2007. However, the changes in agricultural areas vary between 2.4% and 77.8% from basin to
basin in Istanbul. All watersheds which were examined in
the study experienced a decline in their agricultural land.
The most dramatic decline was experienced in the Ömerli
watershed with 3,061 hectares of loss in agricultural areas, representing a decrease of 56.2% between 1987 and
2007. After this decrease, agricultural land accounted for
3.9% of the total surface area of the Ömerli watershed in
2007. The second-largest loss was witnessed in the Büyükçekmece watershed with a 1,338 hectare decrease within
the same period. As this basin is very large, this decrease

reflects a 3.1% loss in the entire water basin. Büyükçekmece is the watershed where agricultural lands occupy
largest portion of the total surface area of the 7 water basins
(Figs. 3, 4). 2007, agricultural areas accounted for 67.3% of
the total surface area in the Büyükçekmece watershed. The
second-largest agricultural areas were found in the Terkos
watershed in 2007 covering 9,049 hectares. This watershed has lost 4.4% of its agricultural lands within the last
20 years. Today, agricultural lands make up 12.3% of the
Terkos lake watershed. Agricultural areas covered around
40% of the total surface area in the Sazlıdere watershed in
2007. This watershed has experienced a 12.1% decline in
its agricultural areas from 1987 to 2007. The Alibeyköy
and Elmalı watersheds also experienced a significant decline in their agricultural areas within the same time period. This decline was 74% in Alibeyköy watershed but
77.8% in Elmalı watershed. 2007, the ratio of the agricultural areas was 2% in Alibeyköy watershed and 3.6% in
Elmalı watershed. The Darlık watershed, located on the
Asian part of Istanbul, has experienced a small decline in
its agricultural areas. Agricultural areas declined from 5.4%
to 5.2% in the Darlık watershed within the 20-years period.

a

b

c

FIGURE 4 - (a) Landsat 5 image of Buyukcekmece Watershed (2007), (b) NDVI image of
Buyukcekmece Watershed (2007), and (c) PCA image of Buyukcekmece Watershed (2007).

2191

© by PSP Volume 18 – No 11a. 2009

Fresenius Environmental Bulletin

TABLE 5 - Land-use change in the watersheds of Istanbul between 1987 and 2007.

No

1
2
3
4
5
6
7
Total

Watersheds
European Side
Terkos Dam
Büyükçekmece Dam
Alibeyköy Dam
Sazlıdere Dam
Asian Side
Ömerli Dam
Darlık Dam
Elmalı Dam

Agriculture

Forest

ha

%

ha

%

ha

%

Others (lake, grassland, open land etc.)
ha
%

-413
-1058
-914
-938

-4.4
-2.4
-74
-12.1

-1200
+537
-896
-444

-2.3
+6.4
-11
-11.7

+252
+1124
+1462
+977

+70.4
+87.2
+1642.7
+452.3

+1361
-603
+348
+405

+12.8
-6.1
+5.2
+7.8

-3061
-27
-1061
-7472

-56.2
-2.4
-77.8
-10.8

-615
+205
-618
-3031

-1.9
+1.2
-21.9
-2.4

+6958
+64
+2831
+13,668

+980
+128
+916.2
+240.4

-3282
-242
-2388
-4401

-14.9
-9.5
-60.6
-7.7

The study area has witnessed a rapid urban growth
between 1987 and 2007. As Table 5 and Fig. 3 reveal, urban
areas have increased by around 240% in the 7 water basins in that period. Urban areas covered 2.2% of the water
basins in 1987, however, they accounted for 6.4% of the
total surface area in 2007. As Fig. 3 reveals in detail, urban
growth progressed at different levels in each water basin.
The Ömerli watershed, located in the Asian part of Istanbul, has witnessed the most dramatic increase in its urban
areas. Around 7,000 ha of land in this water basin have
been turned into urban areas over 20 years. Urban areas
accounted for 12.6% of the total surface area in the
Ömerli watershed in 2007. As seen in Fig. 3, the Elmalı
watershed has also witnessed a dramatic urban growth.
Around 2,800 ha of land have been converted to urban
areas in this water basin between 1987 and 2007. Urban
areas make up 37.2% of the total surface area in the
Elmalı watershed today. The Büyükçekmece and Alibeyköy watersheds are the two other water basins where a
rapid urban growth has been witnessed. Urban areas have
expanded by around 1,400 ha in both watersheds within
20 years. In 2007, urban areas accounted for 3.8% of the
total surface area of the Büyükçekmece watershed while
the same figure was 9.5% for the Alibeyköy watershed.
Urban areas do not cover much land in the Terkos and
Darlık watersheds where forests are the dominant land-use
class. Although an increase of between 70% and 128% has
been witnessed in both watersheds between 1987 and 2007,
urban areas accounted for 0.8% of the total surface area in
the Terkos watershed and 0.5% in Darlık watershed in 2007.
DISCUSSION AND CONCLUSION
Remote sensing has been found to be a powerful tool
in analyzing agricultural land-cover change, and in determining the risk of agricultural pollution in the drinking
water basins of Istanbul in this study. The remote sensing
techniques and the obtained results were sufficient to answer the research questions of the study. The first research
question of the study was how agricultural land-cover has
changed in the main watersheds of Istanbul between 1987
and 2007. As the study revealed, agricultural areas declined

Urban

in every watershed between 2.4-77.8%, from 1987 to 2007.
Around 7,500 ha of agricultural land was lost in the entire
study area between 1987 and 2007 which makes 10.8% of
the total agricultural land. This decline occurred at different levels in each watershed. The most dramatic decrease
(56.2%) was experienced in the Ömerli watershed where
3,061 ha of agricultural area were lost, due mostly to rapid
urban growth. The Büyükçekmece and Elmalı watersheds
also experienced a significant decline in their agricultural
areas in the same time period. The Büyükçekmece watershed lost 1,058 ha of agricultural land, representing a
2.4% loss of its total agricultural area between 1987 and
2007. The Elmalı watershed evidenced a 77.8% loss in the
same period with 1,061 ha of agricultural land disappearing. The Alibeyköy watershed experienced a 74% decrease
(914 ha) in its total agricultural area within 20 years. In
the Sazlıdere water basin, agricultural areas decreased by
around 12% with 938 hectares of loss in the same period.
The Terkos and Darlık watersheds did not experience as
much decline in their agricultural land-cover from 1987 to
2007 as the other watersheds. Only 27 ha of agricultural
land were lost in the Darlık watershed in this period, and
413 ha in the Terkos watershed.
The second research question of the study was in which
watershed agricultural activities possess more risk in terms
of agricultural pollution. Agricultural activities constitute
a great risk where extensively practiced. If the drinking
water basins of Istanbul are explored from this point of
view, it is clearly seen that the Büyükçekmece watershed
is the most vulnerable to agricultural pollution. Around
42,000 ha of land have been dedicated to agricultural activities in the Büyükçekmece watershed, constituting 67% of
the total surface area. As Figs. 3 and 4 reveal, nearly all
the land which surrounds the lake is used for agricultural
activities in the Büyükçekmece watershed. This violates
the Watershed Protection and Management Regulations
which prohibit agricultural activities in the absolute protection zone around the water reservoirs of Istanbul [4].
The Sazlıdere watershed is the second-most vulnerable to
agricultural pollution with 40.3% of the land used for
agricultural activities. As Fig. 3 demonstrates, agricultural
areas start right from the shoreline in many areas around
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the lake in the Sazlıdere watershed. This increases the risk
of agricultural pollution in the basin. Although the majority of its land (70.6%) is covered by forest, agricultural
activities can be considered to be a pollution risk in the
Terkos watershed. Around 9,000 ha of land are dedicated
to agricultural activities, making up 12.3% of the total
surface area in the Terkos watershed. Almost half of these
agricultural areas are located close to the lakeshore. The
eastern part of the lake was found to be more vulnerable to
agricultural pollution as agriculture is the main land-use
class. Agricultural areas cover 5.2% of the total surface in
the Darlık watershed. The majority of these agricultural areas
are located away from the lakeshore, mainly in the south
of the basin. Agriculture does not constitute a significant
risk in this basin. A similar picture is seen in the Ömerli
watershed. Ömerli Lake is surrounded by forest and the
agricultural areas, covering 3.9% of the total surface area
of the watershed, mainly scattered in the south and away
from the lake. Agriculture does not constitute a significant
risk in the Elmalı and Alibeyköy watersheds where agricultural areas account for 2-3.6%.
The overall study reveals that agricultural areas account
for 24% of the total surface area in the 7 major drinking
water basins in Istanbul. As found in many other studies,
the use of fertilizers and pesticides affect water quality in
water reservoirs [13-16]. Point sources are the main factors polluting the water resources of Istanbul today. However, as Yazgan and Tanık [15] indicated, non-point sources,
especially agricultural activities, are expected to dominate
over point sources in the pollution of watersheds of Istanbul, in the future. For this reason, more sustainable and
effective regulations need to be put in place in order to
preserve water resources from point and non-point sources
of pollutions in Istanbul. Monitoring agricultural landuse, protecting absolute protection zones around the lakes
from any kind of agricultural activities, investigating quality and quantity of fertilizers and pesticides which are used
in agricultural land, educating farmers for effective strategies to protect soil from pollution, and focusing on organic agriculture in the basins may be effective in achieving a
sustainable agriculture which will not pollute the water
resources of Istanbul.
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ASSESSMENT OF METAL AND ANTIBIOTIC-RESISTANCE IN
MARINE BACTERIA ISOLATED FROM IZMIT BAY AND BOSPHORUS ENTRANCE OF MARMARA AND BLACK SEA, TURKEY
Mine Gül-Şeker and Yosun Mater
Gebze Institute of Technology, Faculty of Science, Department of Biology, Istanbul Caddesi, No: 101, 41400, Gebze, Kocaeli, Turkey

ABSTRACT
Microbial characterization of marine habitat not only
can shed a light on chemical and/or antibiotic toxicity with
assessment of bacterial resistance, but also help us to understand the possible relationship between metal and antibiotic resistance. Therefore, this study aims to characterize the
marine bacteria purified from Izmit Bay and Bosphorus entrance of Marmara and Black Sea together with determining their metal and antibiotic resistance. The results of the
present study revealed that most of the selected isolates
belonged to the genera Acinetobacter and Bacillus which
can be referred to metal toxicity indicators with their significant resistance to Cu2+, Cd2+ and Cr3+. Majority of the
metal-resistant isolates were also resistant to at least 2 antibiotics, and incidence of metal-antibiotic double resistance
between the metals Cd2+ and Cu2+ and the antibiotics chloramphenicol and ampicillin was 100 %. High level of coexistence of metal and antibiotic resistance observed in the
isolates could possibly indicate the presence of plasmids
and/or transposons encoding genes linked to both resistances.

KEYWORDS: Acinetobacter, Bacillus, antibiotic resistance, contamination, heavy metal resistance, marine bacteria

dents [5]. All of those contaminants might have caused an
adaptation in marine bacterial populations to emerge in
those areas and, as a result of the exposure and adaptation,
heavy metal resistance could be observed in microorganisms isolated from such locations.
Up to now, most of the bioassay techniques, were aimed
to determine the pollution level of Izmit Bay and Black Sea
utilized fish, invertebrates, microalgae [1] or sediments [3,
6] as indicators. However, due to their ability to adapt to the
specific habitat conditions, microorganisms are indeed one
of the best indicators for rapid screening of toxicity. Interestingly very limited information is found in the literature in
terms of bacterial species [7] that exist in the sample sites
of the present study, and their resistance to heavy metals
and antibiotics.
Since the study sites have been reported as contaminated (especially Izmit Bay), the aims of the present study
were; i) to identify the bacterial strains recovered in Izmit
Bay, Bosphorus entrance of Marmara Sea and Black Sea,
ii) to determine the heavy metal resistance of the isolated
and purified marine bacteria, iii) to reveal the antibiotic
resistance against widely used antibiotics (i.e., ampicillin,
tetracycline, chloramphenicol) in Turkey, iv) to find out if
there is a relationship between the antibiotic and heavy metal
resistance, and v) to check whether increased heavy metal
and/or antibiotic resistance affects the expression of extracellular enzymes.
MATERIAL AND METHODS

INTRODUCTION
With the increase in industrialization and human settlement in recent years, latest reports [1-3] indicate metal
contamination in Northeastern of Marmara Sea (Izmit Bay)
and Bosphorus entrance of Marmara and Black Sea. Metal
contaminants or other pollutants introduced to those sites
through rivers or direct discharge related to not only industrial wastes, agricultural, sanitary (from hospitals) and municipal usage [1, 4], but also marine transportation (approx.
6000 vessels per year in Bosphorous), especially due to
ballast wastes in barrels and spillage of fuel oil due to acci-

Collection of Samples

Marmara and Black Sea samples were collected by researchers of rescue vessel (R/V) Arar research ship belonging to Istanbul University, Institute of Marine Sciences
and Management. Izmit Bay samples were collected by researchers of Gebze Institute of Technology, Department of
Environmental Engineering, in the frame of Turkish and
German bilateral research project entitled “Integrated Modelling of Nutrients in Selected River Basins of Turkey” [8]
during 2006-2007 with a research vessel. Position of sam-
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FIGURE 1 - Map of Turkey showing Black Sea, Marmara Sea and Izmit Bay (arrows illustrate the sampling sites).

pling sites was recorded with the help of a Global Positioning System (GPS) technology. The sea water samples
were obtained with a standard water sampler device (HidroBios, Germany) from three different depths at two different stations of Bosphorus entrance (Fig. 1); Marmara
Sea (10 m, 20 m, 100 m depth, latitudes 40º 50´ N and
longitudes 28º 56´ E) and Black Sea (30 m, 40 m and 44 m,
latitudes 41º 15´ N and longitudes 29º 14´ E). The other
stations for samples were located at the internal (22 m depth,
latitudes 40º 44´ N and longitudes 29º 54´ E), middle (35 m
depth, latitudes 40º 44´ N and longitudes 29º 43´ E) and external (44 m depth, latitudes 40º 44´ N and longitudes 28º
26´ E) regions of Izmit Bay. Immediately after collection,
samples were placed in sterile amber glass bottles, refrigerated and transported to the laboratory.
Isolation of Bacteria

The samples obtained from those 5 different stations
and 9 different depths were inoculated on 4 different media [i.e., ZoBell Agar, Luria Agar, R2A Agar [9] and
Tyrptic Soy Agar (Merck)], prepared either with marine
water at different ratios [40, 50, 75 or 100 % (v/v)] [1012] or dH2O, for isolation and maintenance of the cultures. The cultures were incubated for 24-96 h at 30 ºC,
purified and preserved at -20 ºC in sterile 80 % glycerol
(33 % v/v final volume) until use. Consequently, a total of
698 culturable marine isolates have been purified from
the sample sites during two years and three seasons.
Identification of the Purified Isolates

All of the purified 698 marine isolates were initially
characterized by means of a combination of phenotypic tests
including colonial appearance, cell morphology, Gram and
spore staining, oxidase and catalase production. Following

initial characterization, 53 out of 698 original isolates were
preselected for further investigations according to their morphological and colonial growth features that showed some
differences from others, and they were then taxonomically
characterized according to their capability to use 60 different compounds including carbon source utilization and enzymatic activities. The ability of isolates to oxidize those
compounds was determined by using the VITEK 2 Compact Automatic Identification System (BioMérieux Inc.,
France). In order to characterize isolates with VITEK 2
Compact System, selected isolates were grown on appropriate isolation medium depending on the isolate’s preference at 30 ºC for 24 h. Then, the isolates, obtained with
using a loop under sterile conditions, were transferred to
12 x 25 mm clear polystyrene tubes containing 3 ml saline
water (0.45 % w/v), and the density of the suspensions
was adjusted by DensiCheckTM turbidity-meter. The polystyrene tubes were then located in the transfer cassette.
Cards (BCL-21345 for Gram-positive spore-forming bacilli,
GP-21342 for Gram-positive cocci and non-spore forming
bacilli, GN-21341 for Gram-negative fermenting and nonfermenting bacilli) were also placed into the cassettes of
VITEK 2 Compact System, and the system evaluated each
isolate at different incubation periods and determined the
results at the species level.
Determination of the Minimal Inhibitory Concentration (MIC)
of Heavy Metals

Heavy metal resistance of the freshly cultured 53 selected isolates was determined by using Mueller-Hinton
broth (Difco) supplemented with various concentrations of
(from 12.5 µg/ml to >3200 µg/ml) 5 different heavy metals
[cadmium (Cd2+), copper (Cu2+), chromium (Cr3+), lead
(Pb2+) and manganese (Mn2+)]. All metal salts (CdCl2.2H2O,
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CuSO 4.5H 2O, CrCl3, Pb(NO 3)2 and MnCl2.2H 2O) were
added to the medium from filter-sterilized stock solutions
after autoclaving the medium at 121 °C for 20 min and
cooling it to approximately 50 ºC. Bacterial isolates [0.5
McFarland (108 cfu/ml)] were transferred to 96-well ELISA
(Enzyme-Linked Immunosorbent Assay) plates containing
the appropriate broth medium and incubated at 30 ºC for
24 h. The MIC values of each isolate were determined visually and spectrophotometrically with reading in universal
ELISA reader (ELX 800, Bio-Tek Instruments Inc., USA)
at 630 nm according to lowest concentration of heavy
metals at which no growth occurred, and they were considered as resistant if the MIC values exceeded the value of
the E. coli K-12 strain (control) [13].
Determination of Antibiotic Resistance

Antibiotic resistances of the selected 53 isolates were
revealed according to the agar diffusion method described
by Bauer et al. [14] in which Mueller-Hinton agar and
8 antibiotic discs representing 7 classes of antibiotics, i.e.,
gentamicin (10 µg), nalidixic acid (30 µg), spectinomycin
(100 µg), ampicillin (10 µg), streptomycin (10 µg), trimethoprim-sulfamethoxazole (25 µg), tetracycline (30 µg) and
chloramphenicol (30 µg) were used. Escherichia coli ATCC
25922 and Pseudomonas aeruginosa ATCC 27853, which
were recommended by NCCLS [15], were used as control
strains in order to verify the antibacterial effect of the
discs. All discs were obtained from Himedia (Italy) and
the sensitivities of isolates were determined according to
the manufacturer’s recommendation. In addition, multiple
antibiotic resistance (MAR) index values were calculated
as a/b in which “a” represents the number of antibiotics
that the selected isolate was resistant to and “b” represents
the total number of antibiotics that the isolate was tested
against [13]. A MAR index exceeding 0.2 was considered
as the isolates were exposed to high risk sources of human
or animal contamination, where antibiotic use is common.
A MAR index below or equal to 0.2 indicated that antibiotics were seldom or never used [16]
Screening of Isolates for Extracellular Enzyme Production

With regard to the presence of extracellular enzymes,
such as amylase, protease, cellulase, oxidase, catalase, nitrate reductase and gelatinase, different enzymatic agar plate
assays or tubes, detailed below, were performed on 53 isolates.
Extracellular Amylase Production

Amylolytic activity was determined by inoculating the
samples to autoclaved (at 121 ºC for 20 min) Nutrient Agar
(NA) prepared by addition of an adequate amount of sea
water, in accordance with the isolation medium, to the 1 %
(w/v) soluble starch (Fluka). Following the incubation at
30 ºC for 48 h, the plates were flooded with 0.3 % iodine
(I2)-0.6 % potassium iodide (KI) solution. The clear zone
around the colony indicated the hydrolytic activity on starch
[17, 18].

Extracellular Protease Production

The presence of proteolytic activity on plates was determined by following the method of Bora and Kalita [17].
The method consists of using NA medium supplemented
with skim-milk solution which was sterilized by autoclaving
(110 ºC for 15 min). Following incubation of 48 h at 30 ºC,
a clear zone appeared around the colony indicating the
presence of proteolytic activity [17, 18].
Extracellular Cellulase Production

Cellulase presence on plates was screened according to
Bora and Kalita [17] with using autoclaved NA media containing 1 % (w/v) carboxy methyl cellulose (CMC-Alfa
Aesar) and an adequate amount of sea-water. After incubation of 48 h at 30 ºC, Petri dishes were flooded with an
aqueous solution of Congo red (Merck) for 15 min. After
cleaning Petri dishes with 1 M NaCl solution, cellulase presence was determined by yellow zones around the colonies
[17-20].
Extracellular Oxidase, Catalase, Gelatinase and Nitrate Reductase Production

The presence of oxidase, catalase, and gelatinase in the
53 isolates was examined according to the standard microbiological methods described by Alexander and Strete
[21] whereas nitrate reductase test was carried out according to the test kit (Fluka) prospectus.
RESULTS
Isolation and Identification of Marine Bacteria

Most isolates identified by using VITEK 2 Compact
Automatic Identification System were taxonomically classified as members of the genera: Acinetobacter (21 isolates,
18 of them A. baumannii and 3 of them A. haemolyticus),
Bacillus (16 isolates, all classified as B. cereus /B.
thrungiensis), Sphingomonas (2 isolates. both were S.
paucimobilis), Brevibacillus (1 isolate identified as B. laterosporus), Bre-vundimonas (1 isolate belonging to B.
diminuta/B. vesicu-laris) and Brucella (1 isolate of B.
melitensis) (Table 1). 11 out of 53 isolates were unidentified as they were not compatible with the database of the
identification system. It is quite remarkable and sensational that they possibly represent a new species and/or
subspecies. However, these presumptions should be evidenced with using further analysis at the molecular level
(i.e., 16S rRNA analysis).
Heavy Metal Resistance

Selected 53 isolates were found to be resistant to different concentrations of heavy metals, as it can be evidenced
from their MICs ranging from 25 µg/ml to >3200 µg/ml
(Table 2). In assessing the range of MICs obtained, a
maximum of MIC (>3200 µg/ml) was observed for Pb2+,
with a minimum for Cd2+ (25 µg/ml), although only a single
isolate for each value existed, both of which were collected
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from Izmit Bay. Among the isolates, samples of Marmara

Sea showed a maximum resistance (100 %, 100 % and

TABLE 1 - The distribution of the identified / unidentified isolates according to the sample collection stations and depths.

TABLE 2 - Minimal Inhibition Concentrations (MICs) of bacteria isolated
from Izmit Bay and Bosphorus entrance of Marmara and Black Sea samples.

72.7 %) to three of the heavy metals (Cd2+, Cu2+ and Cr3+,
respectively), however, they were very sensitive (27.3 %) to
Pb2+ and did not survive at all Mn2+ concentrations exceed-

ing the MIC of E. coli K-12 strain. The trend in resistance
to heavy metals was Cd2+ = Cu2+> Cr3+ > Pb2+ > Mn2+.
Similarly, the samples of Black Sea exhibited a high re-
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Number of isolates

sistance to Cd2+, Cu2+ and Cr3+ (100 %, 92.3 % and 92.3
%, respectively) and relatively less resistance (53.8 %) to
Pb2+, and no resistance to Mn2+. Their trend of resistance
was Cd2+ > Cu2+ = Cr3+ > Pb2+ > Mn2+. Samples isolated
from Izmit Bay were that with resistance to all of the
heavy metals tested, at varying percentages, with the
resistance trend of Cu2+ > Cd2+> Cr3+ > Pb2+ > Mn2+. As it
can be seen from resistance trend, Izmit Bay isolates
showed maximum resistance (93.1 %) to Cu2+, whereas
89.7 % to Cd2+, 62 % to Cr3+ and 34.5 % to Pb2+. One
(Sphingomonas paucimobilis) out of 29 Izmit Bay isolates
also showed resistance to Mn2+. Except that isolate, Mn2+
was the only heavy metal that was found to be highly
toxic to all other isolates purified from different collection
sites. In addition, Izmit Bay isolates were also the ones
that had the highest multiple resistances to heavy metals
(Fig. 2). 10 out of 29 (34 %) of the isolates showed resistance to 4 (9 of them to Cd2+, Cu2+, Cr3+ and Pb2+ and 1
of them to Cd2+, Cu2+, Cr3+ and Mn2+) heavy metals,
whereas 7 isolates (24 %) to 3 (6 of them to Cd2+, Cu2+,
Cr3+ and 1 of them to Cu2+, Cr3+ and Pb2+), 10 isolates (34
%) to 2 (1 of them to Cd2+ and Cr3+ and 9 of them to Cd2+
and Cu2+), and 1 isolate (3.4 %) to 1 tested heavy metal
(Cu2+). From 29 isolates, 1 isolate of Sphingomonas
paucimobilis was also found to be sensitive to all of the
heavy metals used in the study. In the case of Marmara and
Black Sea isolates, relatively similar percentages were obtained for the multiple heavy metal resistance. Our results
showed that 3 out of 11 isolates (27 %) had resistance to
4 (Cd2+, Cu2+, Cr3+ and Pb2+), 5 isolates (45 %) to 3 (Cd2+,
Cu2+ and Cr3+), 3 isolates (27 %) to 2 tested heavy metals
(Cd2+ and Cu2+) in former, while 6 out of 13 isolates (46
%) showed resistance to 4 (Cd2+, Cu2+, Cr3+ and Pb2+) and
3 (Cd2+, Cu2+ and Cr3+) and 1 iso-late (Brucella melitensis,
7.6 %) to 2 (Cd2+ and Pb2+) tested heavy metals in the latter.
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B

as only a few isolates of Brevundimonas, Brucella and
Sphingomonas were isolated, the heavy metal resistance of
these isolates should be assessed by using more isolates.
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FIGURE 2 - The number of multiple heavy metal resistant bacteria
isolated from Izmit Bay and Bosphorus entrance of Marmara and
Black Sea samples (M, Marmara Sea; IB, Izmit Bay; B, Black Sea).

When the heavy metal resistance was assessed according to bacterial genera isolated from the study sites, it
could be seen that the genera of Acinetobacter and Bacillus showed multiple heavy metal resistance (ranging from
2 to 4 metals) irrespective of the sampling sites. However,

2200

© by PSP Volume 18 – No 11a. 2009

Fresenius Environmental Bulletin

Antibiotic Resistance Patterns and MAR Index

In antibiotic resistant assay, all the isolates showed resistance with varying percentages to nalidixic acid (30 µg),
spectinomycin (100 µg), ampicillin (10 µg), streptomycin
(10 µg), trimethoprim-sulfamethoxazole (25 µg) and chloramphenicol (30 µg) (Fig. 3). In general, the isolates showed
a maximum resistance to chloramphenicol, followed by
ampicillin, spectinomycin, trimethoprim-sulfamethoxazole,
streptomycin and nalidixic acid, respectively. Gentamicin
and tetracycline were the only tested antibiotics that all of
the isolates exhibited sensitivity to, irrespective of the collection sites. As it can be evidenced from Fig. 3, Izmit Bay and
Black Sea isolates showed relatively higher resistance to
spectinomycin, streptomycin and trimethoprim-sulfamethoxazole than the isolates purified from Marmara Sea. Also,
samples of Marmara Sea were found to be sensitive to
nalidixic acid and streptomycin, in addition to their sensitivity to gentamicin and tetracycline.

FIGURE 4 - The number of multiple antibiotic resistant bacterial
strains isolated from Izmit Bay and Bosphorus entrance of Marmara and Black Sea samples (M, Marmara Sea; IB, Izmit Bay; B,
Black Sea).

The presence of antibiotic resistance in the isolates
gave opportunity to calculate also the MAR index of the
samples in order to reveal if the antibiotics were used
commonly or seldomly in our collection sites. The results
showed that the MAR indexes of both samples from Izmit
Bay (0.125-0.625) and Black Sea (0.250-0.625) were higher
than those from Marmara Sea (0.250-0.375). Although the
lowest MAR index of Izmit Bay samples was 0.125, which
belongs to only one isolate (Sphingomonas paucimobilis),
MAR indexes of the majority of the other Izmit Bay samples were ranging between 0.250-0.625. As MAR indexes
of 52 samples exceed 0.2, our results clearly demostrate
that those isolates, no matter which sea they were isolated
from, were exposed to high risk sources of human and
animal contamination where antibiotic usage was common.
Interaction of Heavy Metal with Antibiotic Resistance

FIGURE 3 - The number of antibiotic resistant bacterial strains
isolated from Izmit Bay and Bosphorus entrance of Marmara and
Black Sea samples (M, Marmara Sea; IB, Izmit Bay; B, Black Sea).

As shown in Fig. 4, 4 isolates of the Black Sea (36.7 %)
exhibited resistance to 4 antibiotics while isolates of Marmara Sea and Izmit Bay were predominantly resistant [8 isolates (72.7 %) and 17 isolates (58.6 %), respectively] to 2 antibiotics. Izmit Bay and Black Sea isolates showed resistance up to 5 antibiotics, whereas those from Marmara
Sea were resistant to 3 or fewer antibiotics.
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Except one isolate of Sphingomonas paucimobilis that
was isolated from Izmit Bay, all of the other isolates were
resistant to at least 2 heavy metals and antibiotics which
evidenced that there was an interaction between multiple
heavy metal and antibiotic resistance (Table 3). Heavy
metal-resistant Marmara Sea samples also exhibited resistance against up to 3 antibiotics, namely, ampicillin,
chlor-amphenicol and spectinomycin (in the case of Acinetobacter baumannii) or trimethoprim-sulfamethoxazole
(Bacillus cereus/B. thuringiensis) while heavy metalresistant Izmit Bay and Black Sea isolates showed resistance against up to 5 antibiotics (spectinomycin, ampicillin, trimethoprim-sulfamethoxazole, streptomycin and
chloramphenicol). With all the metals tested, it was observed that the majority of the heavy metal resistant isolates, irrespective of their collection sites, were also resistant to at least 2 antibiotics (ampicillin and chloramphenicol).
Interaction of Heavy Metal and Antibiotic Resistance with
Extracellular Enzyme Production

The majority of the isolates that were capable of producing extracellular enzymes belonged to the Gram-positive
genus Bacillus (Table 4). The multiple metal and antibiotic resistant representatives of this genus had ability to
produce at least 5 of the tested enzymes (catalase, nitrate
reductase, gelatinase, amylase and protease with 43.7 % frequency). All of these isolates were amylase and protease
producers, whereas other 5 isolates were cellulase producers.
Moreover, one isolate of B. cereus/B. thuringiensis, which
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TABLE 3 - Comparison of multiple resistance to heavy metals and antibiotics
in Izmit Bay and Bosphorus entrance of Marmara and Black Sea samples.

TABLE 4 - Expression of multiple heavy metal and antibiotic resistance and extracellular enzyme activity of 53 marine isolates.
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was isolated from Izmit Bay, was able to produce all of the
tested enzymes. In addition, it was found that most of the
multiple metal and antibiotic resistant unidentified isolates
belonging to Gram-positive strain also could produce at
least 5 enzymes. Among the Gram-negative, representatives
of the genera Acinetobacter, which widely existed in the
sample sites of the present study, were predominant. The

multiple metal and antibiotic resistant Izmit Bay and
Marmara Sea isolates belonging to this genus could produce at least 2 enzymes (catalase and nitrate reductase with
61.9 % frequency). However, multiple metal and antibiotic
resistant Black Sea isolates of this genus could produce up
to 5 enzymes. Among the enzymes that had more industrial
im-portance, the number of Acinetobacter isolates that

2203

© by PSP Volume 18 – No 11a. 2009

Fresenius Environmental Bulletin

could produce protease was higher (6 isolates) than
amylase producers (1 isolate). None of those isolates was
able to produce cellulase.
DISCUSSION
In the presence of toxic compounds, microorganisms
undergo selection pressures, and the survival depends on
their ability to develop resistance [22, 23]. With this aspect,
isolates collected from contaminated Izmit Bay, Marmara
and Black Sea already had or gained resistance to conditions existing in sample sites. When the genera of the isolates were examined, it was observed that the majority of
the identified isolates were belonging to the genera of
Acinetobacter (50 %) and Bacillus (38 %). Similar to our
results, there are several reports published about the isolation of the former from the polluted River Taff in Wales
[24], and beach in Tel Aviv [25]. Also, the presence of the
Bacillus in especially metal-contaminated environments was
reported in previous studies [26-29], possibly indicating its
dominance in the communities of colony forming organisms in metal-polluted sites [29].
Metal and antibiotic resistances are the most common
features that the bacteria gain due to the bio-essentiality or
abuse of metals and/or antibiotics [30]. Among the tested
heavy metals, Cu2+, Cr3+ and Mn2+ were essential ones while
Pb2+ and Cd2+ were non-essential and toxic to biological
systems, even in traces [31]. In the present study, irrespective of the collection sites, relatively higher amount of
Cu2+> Cd2+>Cr3+ (resistant isolates) were obtained. The
result suggested that those heavy metals were highly accumulated in the sample collection sites. It was reported that
Cr3+ and Cu2+ were used as markers or tracers of metal
industries [32-34] whereas Cd2+ and Pb2+ were known as
the markers of paint industries [35, 36]. As storage tanks for
different kinds of solvents used in paint, petroleum, plastic and pesticide industries are located especially nearby
the Izmit Bay [2], and this area is affected by coal-fueled
iron and steel industries [3], our findings in respect to heavy
metal-resistant isolates were in correlation with other previously reported studies [2, 3, 6] carried out on fishes or
sediments of the Bay.
When all the samples, irrespective of the collection
sites, were examined, the highest frequency of bacterial
antibiotic resistance was found for chloramphenicol (52.8 %)
and ampicillin (50.9 %). Although usage of chloramphenicol
has serious side effects (i.e. aplastic anemia), it is still widely
used against a wide variety of microorganisms, especially in
low income countries due to its low cost. Ampicillin, belonging to penicillin group antibiotics, is the other widely
consumed antibiotic as it is used for the treatment of a wide
range of bacterial infections. Higher resistance to ampicillin
was also reported in other studies [30, 37] carried out on
different marine samples. The existence of relatively high
resistance in our isolates to antibiotics could be due to the
widespread usage of these metabolites in Turkish hospi-

tals [38] and their effluents to the sea with disposal of urban
sewage. Moreover, in accordance with this presumption,
there are reports in literature about Acinetobacter regarding
its resistance to commonly used antibiotics and its ability to
form a reservoir of antibiotic-resistant genes, particularly
in hospital environments [39].
Many recently published reports [40, 41] suggest that
the presence of metal contamination in natural environments could have a role in the maintenance and proliferation of antibiotic resistance. In the present study, the most
abundant resistance (24.5 %) of the isolates was found to
be against Cd2+ and Cu2+. In addition, the incidence of
metal-antibiotic double resistance existed between those
two metals and chlorampenicol and ampicillin was calculated as 100 %, while this percentage was relatively very
low (16.7 %, 16.7 % and 8.3 %) for the other tested antibiotics (spectinomycin, trimethoprim-sulfamethoxazole and
streptomycin, respectively).
The occurrence of multiple resistance either to metals
or antibiotics, or to both was observed in all of the sample
collection sites of this study probably by virtue of presence of plasmids and/or transposons encoding genes linked
to metal and/or antibiotic resistance [30]. For instance, where
these genes are grouped on the same plasmid, it can be
assumed that either heavy metals or antibiotics could be
served as selection pressures for populations of bacteria
hosting these plasmids [42]. Indeed, there are reports on
Acinetobacter, which was the most abundant genus in the
present study, concerning the presence of its indigenous
plasmid that is linked to the heavy metal and antibiotic
resistance [39]. In addition, except one isolate, the majority of chloramphenicol-resistant isolates also exhibited resistance to ampicillin, suggesting that chloramphenicol
resistance may be carried on a plasmid that also codes
resistance to ampicillin (like ACCoT plasmid carrying
codes for ampicillin, chloramphencol, co-trimoxazole and
tetracyline). Similar bacterial resistance to multiple heavy
metals and antibiotics was also reported not only in Iskenderun Bay [13] of Turkey, but also in Providence River and
Narragansett Bay [43], and Antarctic Marine [30].
Inhibition of growth is usually used to reveal the toxicity of a chemical or antibiotic to a microorganism, and this
measurement was utilized in the present study for the identification of heavy metal and antibiotic resistance of samples isolated from Izmit Bay, Marmara and Black Sea.
However, other features like oxygen consumption [44], ATP
level [45], or enzyme production [46] could also indicate the
toxicity of an agent to a microorganism. The last approach
was utilized in the present study, both to screen the production of enzymes in the isolates and to determine if there was
an interaction between heavy metal and/or antibiotic resistance and enzyme production. Our studies indicated
that there was a variation in the enzyme profile of the
resistant isolates. Especially, majority of Izmit Bay and
Marmara Sea isolates of Acinetobacter had less range of
enzyme activity compared to other multiple resistant isolates. However, as all of the isolates obtained in the present
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study (except two isolates of Sphingomonas paucimobilis)
showed resistance to at least 2 or more heavy metals and
antibiotics, it was not possible to compare the enzyme
production of single resistant isolates to multiple resistant
isolates.

nary Research Institute for kindly providing the possibility to use VITEK-2 Compact Device. Authors also wish
to express their appreciation to O. Asker for her assistance
and support, and to Dr. Y. Ozden-Tokatli and Dr. A.
Ozudogru for critically reviewing the manuscript.

It is worthy to mention that combined hydrolytic activities have been detected in the majority of not only genus
Bacillus but also unidentified isolates. The representatives
of Bacillus are well-known enzyme-producers and many
species of this genus are used in many industrial processes
for commercial enzyme production [47]. More interestingly,
most of the multiple metal and antibiotic-resistant unidentified isolates were capable of producing at least 5 enzymes
which make them good candidates for biotechnological
applications.
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ABSTRACT
The quality of source water for water supply is the
basic indicator of the choice of treatment technology, and
the change of that quality is one of the main causes of
worsening the quality of tap water. Having an objective to
de-fine the most adequate cultural method for determination of aerobic mesophilic bacterial count, i.e. to estimate
bacteriological load of source water for water supply, a
total of 283 samples from Ćelije Reservoir were collected. The samples were simultaneously inoculated on highnutritive PCA medium and low-nutritive R2A medium, and
incubated for 7 days at room temperature (22 °C). The
bacterial count was recorded after 48, 72, 120 and 168
hours (7 days) of incubation. The superiority of R2A medium with all durations of incubation period was established, so that this medium is recommended as that of
choice for monitoring the general microbiological quality
of source water. The most authentic picture of bacterial
load of the source is obtained after 7-day incubation, but, if
rapid results are required, the incubation period can be
shortened to not less than 72 hours.

KEYWORDS:
Reservoir, Aerobic mesophilic bacteria, Plate Count Agar, R2A

There is not a universal microbiological parameter, on
the basis of which the condition of water supply source
can be determined. However, the total count of aerobic
mesophilic bacteria is used as a basic indicator, and it significantly correlates with basic indicators of physical and
chemical quality - turbidity of water, nitrates and phosphates. Moreover, there is not a universal method for determination of the total count of aerobic mesophilic bacteria in water. It is not possible to impose a set of conditions
which enable undisturbed growth of all present bacteria [5].
The application of a method of detection of these bacteria
which will indicate the real condition of this parameter as
authentically as possible is, therefore, necessary. Considering that this parameter is monitored continually and during
a long-term period, it is important that the applied method of
detection is both economically and relatively simple to
perform. Such are cultural methods, which include inoculation of a specific medium by a water sample and incubation of the inoculated medium under certain conditions.
Regarding a medium, low-nutrient media (such as R2A
medium) have more often been favoured, mostly for investigation of purer water, such as drinking water, but also
for water richer in organic material, such as surface water
[6-13]. Depending on the geographical area, the incubation temperature ranges from 20 to 30 °C [9].
It is considered that low concentration of yeast extract,
casein hydrolisate, peptone and glucose in R2A medium
enable the growth of a wide spectrum of bacteria, during
which fast-growing bacteria do not disturb the growth of
slow-growing ones, which occurs on high-nutritive media,
such as Plate Count Agar [14].

INTRODUCTION
Ancient Greek doctor Hippocrates was one of the first
to establish the significant influence of water on people’s
health. He paid more attention to the choice of the cleanest source possible than to the purification of water from
less acceptable sources [1]. Such a point of view has, generally, been maintained until today. In order to ensure adequate protection of sources and to monitor their efficiency,
it is necessary to be informed of the quality of a water
source at every moment. Only thus, many diseases caused
by unsanitary drinking water can be prevented [2-4].

MATERIALS AND METHODS
Study Area

Ćelije Reservoir is a water supply source of the population of Kruševac, Serbia, and its surroundings. It is a typical mountain reservoir characterized by complex morphometrics. Its shape is extended, it is 10 km long and consists of 3 basins: Zlatari, Vasići and Vodozahvat (Fig. 1).
The basins have, respectively, greater and greater depth
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and volume, so that the last basin contains more than half
of the lake water [15].
The entrance part into the reservoir, Zlatari basin, in
the immediate vicinity of the mouth of the river Rasina is
swamped, with thick layers of mud at the bottom, and is
overgrown with shrubbery. It represents a natural spawning place for fish. In the length of 2-3 km that “entrance”
into the reservoir is shallow, and covered with deposits of
the Rasina. The average depth is 5-6 m, and maximal depth
is up to 10 m. The middle part of the reservoir, Vasići basin, is deeper, with maximal depth of 22-24 m. On the
part with low bank (beach), in the length of about 800 m,
sport and fishing contests are organized. The water depth
is about 2.5-4 m there. Vodozahvat basin has maximal depth
of about 42 m, while the depth at the dam is about 60 m.
From the hypolimnion of this basin, at the depth of about
29 m, the water is sent to treatment for obtaining drinking
water.

Both solutions were then taken to autoclave at 121 °C
for 15 min. After waiting until the temperature decreased
to 47 °C, both solutions were well mixed and then poured
into sterile tubes.

Sampling

Sampling of Ćelije Reservoir was conducted in all the
3 basins at 5 representative locations (Fig. 1) in 2006, once
a month. Zlatari basin was sampled at 2 locations – S1,
immediately after flowing of the river Rasina into the reservoir, at the maximal depth of 3-4 m at which 33 samples
were collected, and S2, where maximal depth is 12 m, and
50 samples were collected. Consequently, a total of 83 samples were collected from this basin. Vasići basin was sampled only at one location (S3), with the greatest depth of
23 m, at which 64 samples were collected. Vodozahvat basin
was sampled at 2 locations – S4, with maximal depth of
31 m, and S5, with maximal depth of 36 m. A total of 146
samples were collected from this basin, 73 from each point.
The samples were collected from the surface, middle and
bottom water. The samples from the middle and bottom
were collected using a device similar to the Niskin sampler
[16]. In each case sterilized, 200-ml glass bottles were used
and the space of about 1.5 cm was left in each bottle to
facilitate mixing. The samples were put into portable refrigerators at 4 °C, and transported to lab for further processing.

FIGURE 1 - Ćelije Reservoir. ZL- Zlatari basin; VA- Vasići basin;
VZ- Vodozahvat (Catchment) basin; S1, S2, S3, S4, S5- Sampling sites
Culturing

Medium preparation

The Plate Count Agar (PCA) (Merck, code 1.05463.
0500) was prepared by suspending 22.5 g of the powder in
1 L of purified water. After the powder was allowed to soak
for 10 min, the solution was swirled to mix. The final pH
of the solution was adjusted until it achieved the value of
7.0±0.2.
The Reasoner’s 2A Agar (R2A) (Merck, code 1.00416.
0500) was prepared by suspending 15.2 g of the powder in
1 L of purified water. The solution was well mixed, heated
with frequent agitation, and boiled for 1 min to completely
dissolve the powder. The final pH of the solution was adjusted to 7.2 ±0.2.

Two hundred ninety–three lake water samples were
obtained for comparison of the media (PCA vs. R2A) and
the durations of incubation (48-h vs. 72-h vs. 120-h vs.
168-h). Three dilutions were made for each sample – 10-1,
10-2 and 10-3. Inoculation was performed by pour plate
technique. Tubes with media were heated, and when the
media reached 47 °C, half of the quantity was poured into
Petri dishes. Subsequently, 1 ml of each dilution was inoculated in triplicates, on PCA and R2A media, and then
poured with the rest of the quantity of the corresponding
medium. Inoculated plates were incubated at room temperature (22 °C) since Ćelije Reservoir belongs to the lakes
of temperate climatic zones [9]. Bacterial counts were recorded after 48, 72, 120 and 168 h (7 days) using the bacterial counter BZG-30 (Windaus), through the magnifying
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glass with a magnification of 2 times the actual size. The
bacterial count was performed on plates inoculated with
the mildest dilution possible to read and the obtained count
was converted to 1 ml of the sample.
Statistical analysis

According to international standards [17], the comparison of two methods involves their parallel performance with the same water samples and statistical analysis of obtained results. By the statistical method of analysis of variance [18, 19], the significance of difference in
the count of aerobic mesophilic bacteria between investigated media and the time of incubation periods was tested. The significance of difference in bacterial count between individual basins and depths of sampling of the
reservoir was also tested. The differences were marked as
statistically significant when the calculated F value was
higher than table value α = 0.05, and as greatly significant
when the calculated F value was higher than table value α
= 0.01.

RESULTS AND DISCUSSION
The average annual count of aerobic mesophilic bacteria on individual locations and basins of Ćelije Reservoir, by application of two media and after different lengths
of incubation periods is given in Table 1. The mean bacterial count in the reservoir is represented in Fig. 2. Both
media show increase in bacterial count with the extended
incubation at all points of sampling. Generally, the count
on PCA medium between days 2 and 7 of incubation was
increased by 75%, and on R2A medium, during the same
time interval, by almost 90%.

TABLE 1 - Annual mean count of aerobic mesophilic bacteria in Ćelije Reservoir
and individual sampling sites on investigated media and at different periods of incubation.
PCA

Sampling site

S2

S3

S4

S5

Surface
Middle
Bottom
Mean
Surface
Middle
Bottom
Mean
Surface
Middle
Bottom
Mean
Surface
Middle
Bottom
Mean
Surface
Middle
Bottom
Mean

Aerobic mesophilic bacteria (CFU/ml)

S1

48h
898
445
2,861
1,401
477
604
1,848
976
340
349
626
438
229
259
602
363
194
240
589
341

72h
1,510
695
5,159
2,455
776
1,009
3,353
1,713
572
614
1,566
917
373
488
1,460
774
489
618
1,933
1,013

R2A
120h
2,025
2,032
8,244
4,100
1,118
1,538
4,929
2,528
888
972
3,076
1,645
564
808
2,646
1,339
651
991
3,450
1,697

168h
2,599
2,454
10,361
5,138
1,383
1,843
5,904
3,043
1,116
1,369
3,955
2,147
728
974
3,329
1,677
793
1,157
4,302
2,084

48h
1,615
696
4,855
2,389
702
1,051
3,437
1,730
523
553
1,153
743
314
351
868
511
275
336
719
443

72h
3,633
1,996
14,746
6,792
1,937
2,557
7,547
4,014
2,134
2,252
4,564
2,983
809
2,005
3,299
2,038
1,209
1,492
4,762
2,488

120h
6,653
3,619
28,347
12,873
3,276
4,634
13,164
7,025
3,536
4,601
11,103
6,413
1,784
4,648
6,701
4,378
2,188
2,581
8,283
4,351

10831

12000
10000
8000

7008

6000
PCA

3663

4000

2262
2000

704

1163

2818

1374

0

48

72

120

Length of incubation (h)

2210

168

R2A

168h
9,909
6,282
40,856
19,016
6,669
6,205
17,518
10,131
4,553
6,411
19,228
10,064
2,654
9,430
13,936
8,673
2,860
3,402
12,549
6,270
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FIGURE 2 - Mean count of aerobic mesophilic bacteria in Ćelije Reservoir obtained by application of two media
and after different periods of incubation (CFU - Colony Forming Units; Error bars represent ± standard deviation).
TABLE 2 - Results of analysis of variance of total count of aerobic mesophilic
bacteria on applied media and different periods of incubation in Ćelije Reservoir.
Degrees
Tabulated
Tabulated
Sum of
Mean
Calculated
of freeF-value for
F-value for
squares
square
F-value
dom
α=0.05
α=0.01
PCA
B.I.P.
1
1.79x109
1.79x109
W.I.P.
564
3.94x107
6.98x104
12.44
3.84
6.64
Total
565
1.83x109
72 vs. 120h
B.I.P.
1
4.90x109
4.90x109
W.I.P.
564
6.29x107
1.12x105
7.24
3.84
6.64
Total
565
4.96x109
120 vs. 168h
B.I.P.
1
8.80x109
8.80x109
W.I.P.
564
2.22x107
3.94x104
1.42
3.84
6.64
9
Total
565
8.82x10
R2A
48 vs. 72h
B.I.P.
1
9.86x109
9.86x109
W.I.P.
564
5.71x108
1.01x106
32.65
3.84
6.64
Total
565
1.04x1010
72 vs. 120h
B.I.P.
1
4.03x1010
4.03x1010
8
W.I.P.
564
9.47x10
1.68x106
13.26
3.84
6.64
Total
565
4.12x1010
120 vs. 168h
B.I.P.
1
1.12x1011
1.12x1011
W.I.P.
564
1.08x109
1.91x106
5.41
3.84
6.64
Total
565
1.13x1011
B.I.P.- Between Incubation Periods; W.I.P.- Within Incubation Periods; NS- Not Significant; S- Significant; GS- Greatly Significant.
Medium

Compared
incubation
periods
48 vs. 72h

Sources of
variation

Statistical
conclusion
GS

GS

NS
GS

GS

S

TABLE 3 - Results of analysis of variance of total count of aerobic mesophilic bacteria on
investigated media and different periods of incubation in Ćelije Reservoir (PCA vs. R2A).
Period of
incubation
(h)
48

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean square

B.M.
1
1.28x109
1.28x109
7
W.M.
564
1.48x10
2.62x104
Total
565
1.29x109
72
B.M.
1
1.04x1010
1.04x1010
8
W.M.
564
4.60x10
8.16x105
Total
565
1.08x1010
120
B.M.
1
3.48x1010
3.48x1010
W.M.
564
1.96x109
3.48x106
Total
565
3.68x1010
168
B.M.
1
8.62x1010
8.62x1010
W.M.
564
5.24x109
9.29x106
10
Total
565
9.15x10
B.M.- Between Media; W.M.- Within Media; S- Significant; GS- Greatly Significant.

Significantly higher bacterial count was detected on
both media between days 2 and 3 and days 3 and 5 of incubation, while significant increase of the count between days
5 and 7 was shown only by R2A medium (Table 2).
By comparison of the two media, a significantly (after
48 h) and greatly significantly (after 72, 120 and 168 h)
higher bacterial count on R2A medium was established
(Table 3).
Since the most honest bacterial count is obtained after
168 h (7 days) of incubation, those values were used for

Calculated
F-value

Tabulated Fvalue for
α=0.05

Tabulated Fvalue for
α=0.01

Statistical
conclusion

6.51

3.84

6.64

S

25.05

3.84

6.64

GS

31.79

3.84

6.64

GS

34.27

3.84

6.64

GS

comparison of individual basins, localities and depths of
Ćelije Reservoir.
Both media showed that there is not a significant difference in the bacterial counts between surface and middle
layers of the lake water, and that there is a greatly significantly higher bacterial count at the bottom compared to
the layers above (Table 4).
Zlatari basin was sampled at two localities – S1 and
S2. The locality S1 is shallower and under direct influence
of tributaries, so that higher bacterial count at this sam-
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pling point is logical. Only R2A media showed that this
count is statistically significantly higher than the count at
the other locality (Table 5). Neither of the media showed
significant difference between two sampling points of
Vodozahvat basin (S4 and S5).
Only PCA showed significant difference between
Zlatari and Vasići basins.

Statistical analysis of the results on both media did not
show significant difference between Vasići and Vodozahvat basins, although the bacterial count on R2A was higher by 26% in Vasići basin, and by 12% on PCA. Both
media showed greatly significantly higher bacterial counts
in Zlatari basin compared to Vodozahvat basin (Table 5).
The lowest bacterial count was detected on PCA medium in the surface water layer at S5 locality after 48-h
incubation (194 CFU/ml), and the highest count on R2A

TABLE 4 - Results of analysis of variance of total count of aerobic mesophilic bacteria after
168 hours of incubation on investigated media from different sampling depths in Ćelije Reservoir.
Medium

Compared
sampling
depths
S vs. M

Sources of
variation

Degrees of
freedom

Sum of
squares

Mean square

Calculated
F-value

Tabulated Fvalue for
α=0.05

Tabulated Fvalue for
α=0.01

B.D.
1
1.90x109
1.90x109
W.D.
233
1.99x106
8.55x103
0.24
3.84
6.64
Total
234
1.91x109
S vs. B
B.D.
1
3.16x109
3.16x109
8
W.D.
94
4.17x10
4.43x106
12.40
3.94
6.90
Total
95
3.58x109
M vs. B
B.D.
1
4.28x109
4.28x109
W.D.
233
9.32x108
4.00x106
50.80
3.84
6.64
Total
234
5.21x109
R2A
S vs. M
B.D.
1
4.68x1010
4.68x1010
W.D.
233
2.32x107
9.94x104
0.12
3.84
6.64
10
Total
234
4.69x10
S vs. B
B.D.
1
2.95x1010
2.95x1010
W.D.
94
5.59x109
5.95x107
17.80
3.94
6.90
Total
95
3.51x1010
M vs. B
B.D.
1
6.81x1010
6.81x1010
10
W.D.
233
1.26x10
5.40x107
43.09
3.84
6.64
Total
234
8.06x1010
S- Surface; M- Middle; B- Bottom; B.D.- Between Depths; W.D.- Within Depths; NS- Not Significant; GS- Greatly Significant.
PCA

Statistical
conclusion
NS

GS

GS
NS

GS

GS

TABLE 5 - Results of analysis of variance of total count of aerobic mesophilic bacteria after 168 hours of
incubation on investigated media between individual basins and sites within Zlatari and Vodozahvat basins.
Compared
basins and sites
Zlatari (S1+S2)
vs.
Vasići (S3)

Medium
PCA

R2A
Zlatari (S1+S2)
vs.
Vodozahvat
(S4+S5)

Vasići (S3)
vs.
Vodozahvat
(S4+S5)

S1 vs. S2

PCA

R2A
PCA

R2A
PCA

R2A

Sources of
variation
B.B.
W.B.
Total
B.B.
W.B.
Total
B.B.
W.B.
Total
B.B.
W.B.
Total
B.B.
W.B.
Total
B.B.
W.B.
Total
B.S.
W.S.
Total
B.S.
W.S.
Total

Calculated
F-value

Tabulated Fvalue for
α=0.05

Tabulated Fvalue for
α=0.01

Statistical
conclusion

3.55x109
9.99x105

5.13

3.84

6.64

S

3.41x1010
5.33x106

2.85

3.84

6.64

NS

4.66x109
1.21x106

12.27

3.84

6.64

GS

6.66x1010
1.02x107

7.21

3.84

6.64

GS

1.93x109
1.11x104

0.25

3.84

6.64

NS

5.18x1010
7.95x105

0.66

3.84

6.64

NS

3.02x10
1.98x106

3.30

3.98

7.01

NS

2.30x1010
2.35x107

5.15

3.98

7.01

S

Degrees of
Sum of squares Mean square
freedom
1
135
136
1
135
136
1
217
218
1
217
218
1
208
209
1
208
209
1
71
72
1
71
72

3.55x109
1.35x108
3.68x109
3.41x1010
7.19x108
3.48x1010
4.66x109
2.63x108
4.92x109
6.66x1010
2.21x109
6.88x1010
1.93x109
2.30x106
1.93x109
5.18x1010
1.65x108
5.20x1010
3.02x109
1.40x108
3.16x109
2.30x1010
1.67x109
2.47x1010
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B.S.
1
1.52x109
1.52x109
6
W.S.
144
1.59x10
1.10x104
0.15
3.84
6.64
NS
Total
145
1.52x109
R2A
B.S.
1
4.19x1010
4.19x1010
W.S.
144
2.28x108
1.58x106
0.78
3.84
6.64
NS
Total
145
4.22x1010
B.B.- Between Basins; W.B.- Within Basins; B.S.- Between Sites; W.S.- Within Sites; NS- Not Significant; S- Significant; GS- Greatly Significant.
[2] Anonymous (2000) Waterborne outbreak of gastroenteritis
at the bottom of S1 locality after 168-h incubation (40,856
associated with a contaminated municipal water supply,
CFU/ml) (Table 1).
Walkerton, Ontario. Canada Communicable Disease Report
26, 170-173.
A higher bacterial count was detected on R2A medium
S4 vs. S5

PCA

compared to PCA at all sampling points and in all water
layers. R2A medium also showed a higher bacterial count
after all incubation periods when the count was recorded.
In percentage, by extending the incubation period, the difference between the media becomes greater. Therefore, the
bacterial count in the reservoir, detected on R2A medium,
was higher by 39.5% after 48 h of incubation, and by
74.0% after 168 h compared to PCA. That means that bacteria need more time to recover on low-nutrient medium.
Both media indicated that the quality of lake water
gradually improves in the direction S1→S2→S3→ S4→
S5, which was expected because the locality S1 is directly
influenced by tributaries, in the shallow, beginning part of
the reservoir. Moreover, the depth increased towards locality S5, while the particles of organic material settled, and
there was less and less influence of agricultural and other
human activities on the lake banks. Greatly significant difference in bacterial counts between Zlatari basin (S1+S2)
and Vodozahvat basin was also statistically proved. The
significant difference between localities S1 and S2 was
shown only by R2A medium (Table 5).
The highest increase in bacterial count between consecutive incubation periods was recorded on R2A medium
between 48 and 72 h (68.3%), while the increase on PCA
was 48.8%.
Although R2A medium was originally designed for investigation of microbiological quality of purer water, such
as drinking water [20], it proved to be more adequate even
for water more loaded with organic material, such as surface water [10].

Mermin, J.H., Villar, R., Carpenter, J., Roverts, L., Samaridden, A., Gasanova, L., Lomakina, S., Bapp, C., Hutwagner,
L., Mead, P., Ross, B. and Mintz, E.D. (1999) A massive epidemic of multi drug-resistant typhoid fever in Tajikistan associated with consumption of municipal water. The Journal
of Infectious Diseases 179, 1416-1422.

[4]

WHO (2003) Heterotrophic plate counts and drinking-water
safety. The significance of HPCs for water quality and human health, IWA Publishing.

[5]

Curran, R. (2005) How to count bugs. Eldstrom Industries,
Inc. Eldstrom Newsletters, May 2005.

[6]

Coulibaly, H.D. and Rodriguez, M.J. (2003) Spatial and temporal variation of drinking water quality in ten small Quebec
utilities. Journal of Environmental Engineering and Science
2, 47-61.

[7]

Harino, H., Kitano, M., Mori, Y., Mochida, K., Kakuno, A.
and Arima, S. (2005) Degradation of antifouling booster biocides in water. Journal of the Marine Biological Association
of the UK 85, 33-38.

[8]

Karnik, B.S. (2005) Survival of bacteria after catalyzed ozonation-nanofiltration hybrid process. A Project Report, Michigan State University, East Lansing, Michigan-48824.

[9]

Kenzaka, T., Yamaguchi, N., Prapagdee, B., Mikami, E. and
Nasu, M. (2001) Bacterial community composition and activity in urban rivers in Thailand and Malasya. Journal of Health
Science 47, 353-361.

[10] Porter, J., Morris, S.A. and Pickup, R.W. (2004) Effect of
trophic status on the culturability and activity of bacteria
from a range of lakes in the English Lake District. Applied
and Environmental Microbiology 70, 2072-2078.
[11] Revetta, R.P., Rodgers, M.R. and Kinkle, B.K. (2005) Isolation
and identification of freshwater bacteria antagonistic to Giardia
intestinalis cysts. Journal of Water and Health 3, 83-88.

CONCLUSIONS
On basis of the presented results, R2A medium is recommended as a choice medium for investigation of general
microbiological conditions of surface water used for water supply, regardless of the length of incubation period.
The most authentic bacterial count is obtained after 7-day
incubation. If rapid results are required, the length of incubation period can be shortened to 72 hours.

[12] van Trappen, S., Vandecandelaere, I., Mergaert, J. and
Swings, J. (2005) Flavobacterium fryxellicola sp. nov. and
Flavobacterium psychrolimnae sp. nov., novel psychrophilic
bacteria isolated from microbial mats in Antarctic lakes. International Journal of Systematic and Evolutionary Microbiology 55, 769-772.
[13] Zamxaka, M., Pironcheva, G. and Muyima, N. (2004) Microbiological and physico-chemical assessment of the quality of
domestic water sources in selected rural communities of the
Eastern Cape Province, South Africa. Water SA 30, 333-340.
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ABSTRACT
The chemical and structural characterization of airborne
particulate matter (APM) is important for the evaluation
of possible risk to human health and the identification of
pollution sources. In this study, size fractionated particulate matter (PM10/PM2.5) were collected from an industrial
and an urban area of Attica, Greece for a period of two
years. Ion chromatography was used for the determination
of the water soluble ions, while scanning electron microscopy combined with energy dispersive X-ray analysis (SEMEDX) was applied for image and elemental analysis. Mineralogical investigation was performed by means of X-ray
diffraction (XRD) and Infra-Red (IR) spectrometry (FT-IR)
using Total Suspended Particulate (TSP) filters collected
in the same period and area. The obtained data highlighted
the seasonal differences in APM concentration and the proportions of different chemical species in both urban and industrial areas. Qualitative and quantitative measurements
were successfully correlated with possible compounds existing in the atmosphere and an assessment of possible emission sources was obtained from a statistical evaluation of
the ion chromatographic measurements.

KEYWORDS: airborne particulate matter; ion chromatography;
SEM-EDX; XRD; PM10 –PM2.5-10

INTRODUCTION
Urbanization and industrialization during the last decades has led to a world-wide increase in emitted airborne
particulate matter with a consequent impact on human
health. Although anthropogenic fine particulates (PM2.5)
attract interest due to their harmful influence on human
health [1, 2], it has also been stated that in addition to finer

particles (PM2.5) the coarser particles (PM10-2.5) have a considerable effect on the environment, climate and human
health [3]. A number of parameters such as size, shape,
physical properties and chemical composition of particles
are important for their environmental impact and there is
also evidence that meteorological parameters are another
crucial factor [4]. Therefore, measurements have been made
in many urban and industrial areas all over the world for
different time periods, aiming to identify elements and
compounds in airborne particulate matter (PM10, PM2.5) and
to carry out the source apportionment [5- 8]. Apart from the
determination of toxic compounds, such as heavy metals
[9, 10], arsenic species [11, 12] and polycyclic aromatic hydrocarbons (PAHs) [13, 14] present in the filters, the matrix of the particles which hosts such compounds is also of
interest due to their possible interactions and the identification of potential pollution sources [15-17]. However, these
studies are rather limited and the majority of them refer to
either PM2.5 or PM10 fraction of APM.
In this work, a systematic investigation of APM in an
urban and an industrial area of Attica, Greece, was constantly performed for a two-year period to provide qualitative and quantitative data for both coarse and fine particles matrix. It should be noted that such data are still sparse
for Athens and the Attica region in general. For this purpose, size fractionated airborne particulate matter (PM2.5,
PM10-2.5) were collected by means of a Gent stacked sampler, while for sampling of total suspended particulates
(TSP) a high volume sampler was employed. Water soluble fraction of ions, Ca2+, Mg2+, K+, Na+, NH4+, Cl-, NO3and SO42-, were determined by ion-chromatography and
their distribution in the different aerosol fractions along with
their seasonal variation in the 2 investigated areas was
studied and compared. Furthermore, filters were imaged in
a scanning electron microscope (SEM) coupled with an energy dispersive X-Ray (EDX) detector. Their mineralogical
composition was assessed using X-Ray Diffraction (XRD)
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and Fourier Transform-Infrared spectrometry (FT-IR).
Measurements were correlated with statistical factor analysis of ion concentrations, with the aim of evaluating possible matrix compounds as well as to identify potential
pollution sources.

filter, an 8 µm pore size (coarse) and the second a 0.4 µm
(fine), were placed in a stacked filter cassette equipped with
an upper-size inlet cut-off. The coarse filter collects particles with an aerodynamic diameter between 2 and 10 µm
(PM10-2.5) and the second particles < 2 µm (PM2.5) [19].
Instrumentation

MATERIALS AND METHODS
Sample collection

Sampling of airborne particulate matter was carried out
in an industrial area as well as an urban area during the
period from June 2005 to April 2007 with a sampling rate
of 1 campaign/ week. Specifically, airborne particulates were
collected at an atmospheric monitoring station of the Bureau of Pollution and Environmental Quality control of the
“Association for the Development of Thriassion Plain” [18]
in Aspropyrgos, in a coastal industrial area in the western
region of Attica called “Thriassion Plain”. This area is heavily polluted by a wide range of industries, such as steel,
cement, oil refining industries and shipyards and 2 national
roads [18]. Aerosol sampling was also carried out in the
center of Athens, in the heavy traffic loaded Patission and
Tositsa Streets. Samplers were installed at a height level
of 3 m above the ground in the case of the industrial area,
while in the center of Athens they were placed in the 5th
floor of the old building of the National Technical University of Athens. Total suspended particulate matter was
collected on glass fiber filters using a high volume sampler operated at a pump rate of 1600 l · min-1, employed for
a period of 24 h. Size fractionated, coarse (PM10-2.5) and fine
(PM2.5), aerosol samples, were collected by means of a low
volume (17 l · min-1) Gent-type stacked filter sampler [19,
20]. As preliminary studies had shown, the amount of fractionated aerosol samples collected within 24 h in that area
was less than 1 mg and, therefore, the duration of each
sampling period was prolonged to 48 h in order to collect
enough airborne particulate matter for the analysis. It should
be noted that a preliminary investigation achieved by comparison of results taken by 24h and 48h sampling showed no
artifacts for the investigated compounds. The separation of
aerosol particles into two size fractions was achieved by
subsequent filtration though two Nucleopore track-etch
polycarbonated filters (Nucleopore, Whatman) with a diameter of 47 mm each, having different pore sizes. The first

The ion chromatography system consisted of a DionexBioLC GS 50 gradient pump and a sample injector with a
25 µl loop, which were coupled to a Dionex- BioLC ED50
conductivity detector. The chromatographic parameters for
the determination of the investigated anions and cations are
presented in Table 1.
A FEI Quanta 200 scanning electron microscope
equipped with an EDX-Genesis 4000 energy dispersive XRay fluorescence spectrometer (SEM-EDX) was used for
imaging and elemental analysis. The instrument was operated in low vacuum mode at a chamber pressure of 90 Pa.
The accelerating voltage varied from 15 to 20 kV, depending on the sample. No pretreatment or coating was required
for the samples, which were secured to the specimen holder
with an adhesive conductive carbon tape.
XRD analysis was performed with a Siemens D 5000
diffractometer using CuKα1 radiation with a graphite monochromator, in the 2-theta range from 3-60o (counting time
of 1.0 s, wavelength 1.5406Ǻ). The power conditions were
set at 20 kV/ 30 mA. Patterns were evaluated using the
DIFFRAC AT Search program.
A Jasco FTIR-4200 spectrometer combined with an
Attenuated Total Reflectance device (ATR PRO 410-S with
Ge crystal) were employed for Fourier Transform- Infrared
(FT-IR) analysis of airborne particulate samples and scanning was carried out in the range from 4000 cm-1 to 500 cm1
. The evaluation of the obtained infra-red spectra was
performed by comparison with a minerals standard spectra library (Bio-Rad).
Reagents

All reagents used were of analytical grade. Working
standard solutions in the concentration range of 0.1-20 mg·l-1
were prepared from multi-element ion chromatography
standards (Ca2+, Mg2+, K+, Na+, NH4+, Cl-, NO3- and SO42-)
of 1000 mg·l-1 (No 70008, Fluka, Switzerland) by dilution

TABLE 1 - Ion chromatographic parameters for the analysis of the anions Cl-, NO3-, SO42- and the cations K+, Na+, Ca2+, Mg2+ and NH4+
Ions analyzed

Stationary phase/ Suppressor

Cl-, NO3-, SO42- IonPac AS 14 (250 x 4 mm, 9 µm particle
size) + AG 14 (50 x 4 mm) (guard column)
Suppressor: ASRS-ULTRA (4 mm)
+

+

2+

K , Na , Ca ,
Mg2+, NH4+

IonPac CS 12A (250 x 4 mm, 8 µm particle
size) + CG 12 A (50 x 4 mm) (guard column)
Suppressor: CSRS-ULTRA (4 µm)

Elution
3.5 mM Na2CO3 + 1.0 mM NaHCO3
Flow rate: 1.2 ml·min-1
20 mM methanesulfonic acid
Flow rate: 1.0 ml·min-1
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Conditions
Pressure: 1062 psi
Background conductivity:
15.95 µS
Pressure: 1090 psi
Background conductivity:
1.82 µS

Detection limits
(µg·l-1)
Cl-: 20
NO3-: 60
SO42-: 40
K+: 90
Na+: 30
Ca2+: 80
Mg2+: 70
NH4+: 20
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in high purity water (HPW, 18.2 MΩ·cm), obtained from
an Easypure RF Water Purification System (Barnstead Int.,
USA). Eluents for ion chromatography were prepared by
dissolution of appropriate amounts of Na2CO3 (≥ 99%,
Merck), NaHCO3 (≥ 99.5%, Sigma- Aldrich) and methanesulfonic acid (≥ 99.5%, Sigma- Aldrich) in HPW.
Analytical Procedure

The filters were weighed before and after sampling in
order to obtain the mass concentration of particulate matter collected. The filters were conditioned prior to
weighting in a desiccator at room temperature (25oC) for
48 hours and kept refrigerated until the analysis.
One quarter of each filter, weighed (w), was cut out using teflon paper scissors and was accurately weighed (w1)
prior to its submission for ion chromatography analysis.
The rest was used for further investigation, such as the determination of heavy metals [9] and arsenic speciation [11].
By the ratio of w1/w, the proportion of the filter used in the
analysis, was calculated. The sub-sample of the filter was
then leached in an ultrasonic bath (ULTRAsonik, NEY,
28H) with 15 ml of HPW for 30 min. The procedure was repeated with an additional 10 ml of HPW using the filter
residue. The combination of the leachates was filtered
(0.45 µm), diluted up to a final volume of 25 ml and injected into the chromatographic system. Quality assurance
and quality control (QA/QS) of the whole procedure was
achieved by using in laboratory blanks and spiked filters.
Evaluation of data

Statistical treatment of the experimental data was
achieved by using “Systat 11” (SPSS Inc., Chicago, USA)
and “Origin Pro 7.5 SR4” (Origin Lab corporation, Northampton, USA) software packages.
RESULTS AND DISCUSSION
Seasonal variation of fractionated airborne particulates

Initially, a seasonal variation study of fractionated airborne particulate matter was carried out in both the indus-

trial and urban area. The variation of PM2.5 and PM10 concentrations for the overall investigated period is demonstrated in Figure 1 for the industrial area of Aspropyrgos
and in Figure 2 for the urban area. The mean values of PM2.5,
PM10-2.5 and PM10 concentrations of the two investigated
areas are shown in Table 2. The mean value found for PM10
in the industrial area exceeded by approximately 75% the
annual threshold limit value of 40 µg·m-3. For the 84
sampling campaigns performed, about 80% exceeded the
daily guidelines of 50 µg·m-3 [21]. Concerning the PM2.5
particulates in the industrial area, a smaller deviation of the
results was found in comparison to the PM10-2.5 particles
and the mean value for the PM2.5 fraction was close to the
suggested guidelines of 25 µg·m-3 from the European
Union for the year 2010 [22]. Concerning the industrial
area the higher concentrations of airborne particulates
were found during the summer months (April to October
[15]) in comparison to winter (November to March [15]).
This can be explained on the basis of the partial removal
of pollutants by rainfall and strong winds in winter
months, taking into consideration that the industrial activity in the area is practically constant during the year. In the
case of the urban area, the mean concentration of PM10
over the investigated period exceeds about 30% the mean
threshold value of 40 µg·m-3, while the PM2.5 mass fraction was similar to those of the industrial area. In this
case, 43% of the total measurements of PM10 concentration exceeded the daily limit of 50 µg·m-3. In the urban
area, the maximum values of airborne particulate concentration were observed mainly in winter months, implying a
significant contribution from central heating to atmospheric
particulate levels as well as a higher traffic density and
the existing low temperatures (temperature inversion).
As expected, higher levels of at-mospheric particulates
were found in the industrial area compared to the center of
Athens. The enrichment in APM for both areas, though, is
not proportional for the different fractions. The coarse
fraction (PM10-2.5) was twice as high in the industrial area
compared to the urban area, while no significant difference was found in the fine fraction (PM2.5) between sites.
Such results imply the source of fine particulates (secondary aerosols) principally from urban activities, while
coarse particulates, which are predominant in
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FIGURE 1 - Seasonal variation of PM2.5 and PM10 concentration in the industrial area of Aspropyrgos.

FIGURE 2 - Seasonal variation of PM2.5 and PM10 concentration in the urban area of the center of Athens.

TABLE 2 - Concentrations of fractionated airborne particulates in
the industrial area of Aspropyrgos and in the center of Athens
(mean values, sampling period June 2005- April 2007)
Airborne particulate fraction
PM 2.5
PM 10-2.5
PM 10
PM 10-2.5 /PM 2.5

Concentration (µg· m -3 )
Aspropyrgos
Center of Athens
(industrial area)
(urban area)
27 ± 6
31 ± 10
42 ± 16
22 ± 4
69 ± 23
52 ± 14
1.5
0.7

the coastal and karstic industrial area, come also from industrial activities. This differentiation is also reflected in the
coarse to fine (PM10-2.5/PM2.5) particulate ratio of both areas
as it is shown in Table 2.
Ion chromatographic Analysis

Ion chromatography was employed in the quantitative
assessment of major anions and cations in the filters. Preliminary results of Ca2+, Mg2+, K+, Na+, NH4+, Cl-, NO3and SO42- determinations for airborne particles in Aspropyrgos in a one year period (June 2005 to May 2006) have
been previously published [15]. The mean values of Ca2+,
Mg2+, K+, Na+, NH4+, Cl-, NO3- and SO42- concentration in
fractionated particulates of both areas in the time period
June 2005 to April 2007 are presented in Table 3. For Aspropyrgos, high levels of Ca in the coarse fraction are attributed

to industrial activity. Ammonium in the industrial area is
likely to originate from the oil refineries and it is enriched
in the fine particles. The chloride factor of 2.58 is due to
coastal effect. Elevated nitrate concentration is likely to be
due to vehicle emissions. On the other hand, in the urban
area the enrichment of secondary aerosols, ammonium and
sulphates, in the fine particle fraction reflects high traffic
densities and domestic heating from the highly populated
cities. The high calcium content is attributed to road dust.
It is noticeable that maximum values of the investigated
ions were observed mainly during the winter months in the
urban area, associated with increased emissions from traffic
and domestic heating.
A statistical evaluation of the anion and cation data
using factor analysis [23] allowed an estimation of chemical compounds present during different seasons (Table 4).
Possible compounds in the urban area are complex, as a
number of different compounds are possible in the summer
and winter time in both fractions. However, in the PM10-2.5
fraction in winter time CaSO4 and in summer time CaSO4
and Ca(NO3)2 can be found. These compounds may be produced when CaCO3 dust from the karstic environment reacts with H 2 SO 4 and HNO 3 aerosols. The absence of
Ca(NO 3)2 in winter can be attributed both to its removal
by rainfalls as it is a water soluble compound and to the
competitive reaction of Ca2+ with SO42-, which is favored

TABLE 3 - Concentrations of Ca2+, Mg2+, K+, Na+, NH4+, Cl-, NO3- and SO42- in PM2.5, PM10-2.5 and PM10 particulates in
Aspropyrgos (industrial area) and in the center of Athens (urban area). (Mean values, sampling period: June 2005-April 2007)
Ion
Ca 2+
Mg 2+
K+
Na +
NH 4 +
Cl NO 3 -

PM 10
5.4 ± 2.6
0.5 ± 0.3
1.2 ± 1.5
5.3 ± 4.6
2.0 ± 1.5
5.2 ± 6.8
5.2 ± 2.9

Concentration (µg· m -3 )
Aspropyrgos (industrial area)
PM 2.5
PM 10-2.5
PM 10-2.5 /PM 2.5
PM 10
1.2 ± 0.5
4.2 ± 2.1
3.7
5.1 ± 3.0
0.2 ± 0.1
0.3 ± 0.1
1.6
0.9 ± 1.1
0.5 ± 0.8
0.7 ± 0.7
1.3
1.6 ± 1.4
2.0 ± 1.6
3.2 ± 2.9
1.6
6.3 ± 3.9
1.4 ± 1.0
0.7 ± 0.4
0.5
3.0 ± 1.6
1.5 ± 1.7
3.8 ± 5.1
2.6
3.1 ± 2.0
1.7 ± 0.9
3.5 ± 2.0
2.1
10.5 ± 10.0
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City of Athens (urban area)
PM 2.5
PM 10-2.5
1.6 ± 1.0
3.5 ± 2.0
0.5 ± 0.8
0.4 ± 0.3
0.7 ± 0.4
0.9 ± 1.0
2.7 ± 1.6
3.5 ± 2.3
2.2 ± 0.9
0.8 ± 0.7
0.9 ± 0.8
2.2 ± 1.2
3.8 ± 2.8
6.8 ± 7.2

PM 10-2.5 /PM 2.5
2.1
0.9
1.3
1.3
0.4
2.4
1.8
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3.3 ± 1.8

1.1

7.1 ± 3.6

during winter months due to the higher SO2 emissions. Aerosols containing NaCl are likely to have originated from
sea spray along with KCl and NH4Cl, as it can be seen in
factor 1 in winter time. In summer time most of these compounds are transformed to nitrates, because of reactions with
HNO3 aerosols. The correlation of Cl- with NO3- is indicated by factor 3. During the above reaction, gaseous HCl
is released, reacting with NH3 aerosols of industrial origin
to form NH4Cl.
TABLE 4 - Factor analysis of PM10-2.5 and PM2.5 fractions of the
industrial area of Aspropyrgos. Possible compounds are indicated
with bold.
Factor
Winter

1
K+ ,
Na+,
NH4+, ClK+, Na+

Summer
K+ ,
Na+,
2+
Ca , Mg2+,
NH4+, NO3Ca2+, Mg2+

2

3
Fraction PM10-2.5
Ca2+,
Cl-,
SO42NO3Fraction PM2.5
NH4+,
Mg2+
SO42Fraction PM10-2.5
NH4+,
Ca2+,
Cl ,
SO42-,
NO3NO3Fraction PM2.5
K+, Na+
Cl-,
NO3-

4

5

Mg2+,
NH4+

NH4+

NH4+,
Cl-

NH4+,
Ca2+

NH4+

SO42-

SEM-EDX, XRD and FT-IR analysis

The X-ray analysis by the SEM-EDX method was performed by means of area and spot analysis. The area analysis represents the average concentration of the elements distributed on the part of the filter shown on the SEM image,
while the spot analysis provides information of the chemical composition of a specific grain or crystal. A blank filter
was also checked but no elements besides carbon and oxygen could be detected. Approximately, 8-10 samples of
each particle size and area were checked by SEM and more
than 5 EDX analyses were performed for each one. From
spot analyses of several particles, the filters from the industrial area (Fig.3 a, b) were found to contain Al, Ca, Si,
Na, Cl and O along with trace amounts of Fe, in the fine
particulates ( Figure 3a). The urban area filters (Figure 3
c, d) contained mainly the elements carbon, calcium, silicon, sodium and traces of iron, sulfur and nitrogen. The
particles are present in different sizes, shapes and chemical composition. The chemical and morphological data obtained are of great importance in order to understand the
formation and/or the origin of the particles. According to
their chemical composition the several particles could be
classified as metal compounds (oxides or sulfates), sodium
nitrate, sodium chloride or carbonaceous particulates. Two
different groups of metal oxides were found. The first consists of iron oxides which exist mainly in the form of bright
spherules, as shown more clearly on the TSP filters (Figure 3f), where the size of grains is larger. The Fe oxides
could have originated from the metal processing industry
or the shipyards located in the area. The second group consists of calcium, aluminum and silicon oxides which ap-

5.4 ± 2.1

1.6 ± 1.4

0.3

pear in the form of angular particles (Figure 3a, b). Some
of these particles show increased contents of iron and lead
(Figure 3e). The relative intensities of elemental signals
suggest the possible existence of aluminosilicates. These
particles are probably mainly related to road or soil dust or
come from the cement industry. Sulfates are mainly present
as calcium sulfate (as it is apparent on the TSP image,
Figure 3e). It seems that Si and Al minerals are attached to
gypsum related to the near by cement industry. Sodium
nitrate was found on the urban area filters (Figure 3 c, d)
in the form of grayish crystals. The typical high brightness
cubes in backscattered electron mode with rounded edges,
found on the industrial area filters (Figure 3b) are sodium
chloride crystals, originating from sea spray. Carbon particulates were present on the fine particulates filter of the
urban area (Figure 3c) in the form of nicely shaped spheres.
Their dominating carbon composition indicates an origin related to automobile emissions or fuel combustion. The
above observations are in accordance with findings with the
same or similar techniques reported elsewhere [24-26].
Though SEM-EDX proves to be a useful tool to determine the chemical composition of the particles detected, the
determination of the mineralogy would certainly confirm
the source origin of the particulate matter in the samples.
For this purpose the filters were also analyzed with XRD.
It should be mentioned that only the TSP filters were analyzed, as the concentration of particulate matter on PM10-2.5
and PM2.5 is below the detection limit of XRD. In Figure
4a and 4b the XRD spectra of TSP filters taken from the
industrial area in winter and summer respectively are shown.
As it can be observed the main phases present are common in both spectra. The main compound in the industrial
area is calcite (CaCO3), followed by quartz (SiO2), gypsum
(CaSO4 2H2O), halite (NaCl), maghemite (Fe2O3),
aragonite (CaCO3), alumina (Al2O3) and NH4NO3. Calcite,
ara-gonite, quartz and alumina have a natural origin,
coming from soil dust and the sea salt spray, while maghemite might come from the steel industry. Gypsum, on
the other hand, is probably secondary formed by the reaction of CaCO3 with H2SO4 [15]. These results are in good
accordance with those obtained by SEM-EDX for the
industrial area. The main difference between the two
XRD spectra is that on the summer filter halite, coming
from the coast, and alumina were observed (Fig. 4b) and
in addition the presence of NH4NO3 was detected. The
NH4NO3 might be attributed to a gas phase reaction between NH3 (oil refineries) and HNO3 (fuel combustion),
forming NH4NO3 aerosols. The XRD patterns for the TSP
filters are in agreement with the results taken from the
seasonal variation study. In order to confirm the XRD
observations, FT-IR measurements were performed on
TSP films after subtracting the blank filter by using the
attenuated total reflection technique. This technique represents an attractive option for quality screening because
it is rapid, inexpensive and non-invasive [27]. As it can be
seen the presence of calcite, gypsum, alumina and dolomite
was verified (Figure 5). Additionally, the homogeneity of
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the aerosols’ distribution is shown by measuring the same
filter at 5 different positions. The mineralogical measure-

ments are in accordance with
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(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 3 - SEM images of airborne particulates showing differences in morphology with respect to the elemental composition; (a) PM2.5 in
the industrial area, (b) PM10-2.5 in the industrial area, (c) PM2.5 in the urban area, (d) PM10-2.5 in the urban area, (e) TSP in the urban area and
(f) TSP in the industrial area.

2221

© by PSP Volume 18 – No 11a. 2009

Fresenius Environmental Bulletin

(a)

(b)
FIGURE 4 - XRD spectra of airborne particulates on TSP filters in the industrial area of Aspropyrgos; (a) winter, (b) summer.

FIGURE 5 - FT-IR analysis at 5 different positions of TSP filters coming from the industrial area of Aspropyrgos in winter.
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the statistical factor analysis as it has already been mentioned.

[6]

Senaratne, I., Kellihe, F.M. and Triggs, C. (2005) Source apportionment of airborne particles during winter in contrasting, coastal cities. Aerosol Air Qual Res 5 (1): 48-64

[7]

Ilacqua, V., Hännimen, O., Saarela, K., Katsouyanni, K.,
Künzli, N. and Jantunen, M. (2007) Source apportionment of
population representative samples of PM2.5 in three European
cities using structural equation modelling. Sci Total Environ
384: 77-92

[8]

Moreno, T., Alastuey, A., Querol, X., Font, O. and Gibbons,
W. (2007) The identification of metallic elements in airborne
particulate matter derived from fossil fuels at Puertollano,
Spain. Inter J Coal Geol 71: 122-128

[9]

Ochsenkühn, K.M. and Ochsenkühn- Petropoulou M. (2008)
Heavy metals in airborne particulate matter of an industrial
area in Attica, Greece and their possible sources. Fresenius
Environ Bull 17: 455-462

CONCLUSION
Seasonal effect of atmospheric pollution with APM has
diverse influence in the investigated urban and industrial
area, because of the different outcome of competitive processes. During winter months, the increased concentrations in both particles and existing chemical species in the
urban area reflect the importance of central heating emissions, while the corresponding decreasing trend in the
industrial area implies the predominance of pollutants
removal by winds and rainfalls. The difference in PM102.5/PM2.5 ratio for the investigated areas confirmed the
differentiation of particulates from different pollution
sources. Factor analysis of ion chromatography results,
indicated the possible presence of compounds, such as
CaSO4 and Ca(NO3)2 which was confirmed by SEM-EDX,
FT-IR and XRD analysis.

[11] Tsopelas, F., Tsakanika, L.A. and Ochsenkühn- Petropoulou,
M. (2008) Extraction of arsenic species from airborne particulate filters- Application to an industrial area of Greece. Microchem J 89: 165-170
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ABSTRACT

INTRODUCTION

The analysis of ethephon (2-chloroethylphosphonic
acid) is of high interest and importance due to the deliberate use of this plant growth regulator in fruits and vegetables. The most relevant analytical techniques to analyse
ethephon residues in fruits and vegetables have been related
to gas-chromatographic techniques:
- An indirect GC method for the determination of ethephon,
on the basis of the headspace analysis of ethylene formed
from ethephon;
- a direct method for the determination of ethephon after
extraction and derivatization
Alongside the establishment of LC-MS/MS-techniques
on a routine basis, a new approach came up by using this
technique for the determination of ethephon in fruits and
vegetables as well.
Because of these different protocols and approaches,
there were some concerns about these different techniques
questioning the robustness and comparability of the analytical results, independent of applied techniques or protocols
for different commodities.
An appropriate method ring test including also a statistical evaluation of the analytical results was designed, organised and performed, in order to provide an integrated
approach to assess the validity, comparability and robustness of the applied different methods.
The statistical evaluation and critical review of the reported results indicate clearly that the analysis of ethephon
is valid and robust, independent of the used protocol and
techniques. The results are comparable and show very small
variances. The results obtained using the headspace technique show a slight tendency to higher values but are still
within an acceptable range.
KEYWORDS: Ethephon, performance assessment, method ring
test, pesticides, homogeneity testing, z-score evaluation.

The use of ethephon (2-chloroethylphosphonic acid) is
described to promote pre-harvest ripening in apples, citrus
fruits, tomatoes, etc.; to accelerate post-harvest ripening in
bananas, mangoes, etc; to facilitate harvesting by loosening
of the fruit in currants, apples, etc.; to increase flower bud
development in young apple trees, and for many other applications [1-5].
Due to the chemical and physical properties as well as
the corresponding behaviour of ethephon (phosphonic acid,
low molecular weight, well soluble in water, etc.), the analysis of this phosphonic acid is highly demanding [6].
Its analysis in fruits and vegetables was established using headspace-GC after the release of ethylene under alkaline conditions (indirect method) [7]. This method was
standardised and published in the collection of official
methods in Germany (ASU L 00.00-47).
Concerns about the suitability of this indirect quantitative method in fruit and vegetables with respect to sensitivity came up [6]. As a conclusion, a new analytical approach arose taking into consideration GC-FPD (P-mode)
or GC/MS-detection after extraction and derivatization - for
example with diazomethane [8] - into the corresponding dimethylester of ethephon.
Finally, the approaches within the field of two-dimensional LC-MS in the latest years also covered the analysis of highly polar pesticides in foods of plant origin including ethephon [9].
Due to noticeable ethephon violations of the limit value
(1 mg/kg according to Regulation (EC) Nr. 396/2005) in
conventional tomatoes as well as ethephon findings in organic tomatoes, the validity, comparability and robustness
of the applied different methods could be highly challenged.
Therefore, a method ring test was performed to work out
the impact of methodical differences on the analytical results as well as to take into account the statistical assessment of the reported results of ethephon in homogenised
tomato test material.
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MATERIALS AND METHODS
As the use of ethephon on tomatoes - promoting ripening of green vine tomatoes [2] - has been an issue, particularly in organic agriculture, tomato purée was selected for
the method ring test.
In the test material, ethephon was spiked to a purée of
organically grown tomatoes to achieve an approximate final
concentration level of 150 µg/kg (ppb). This concentration
level was derived from real-life ethephon findings in tomatoes [10].
For the preparation of test and blank material, 15 kg of
organic tomatoes were turned into purée using a blender,
and 4.6 kg of the entire homogenate were taken for the
preparation of blank material samples. This blank material
was homogenised making use of dry ice for improved homogenisation [11], and it was then dispensed into labelled
plastic bottles with at least 100 g in each.
For the test material, 8 kg of remaining tomato purée were added with an appropriate quantity of ethephon.
In order to give an approximate final concentration of
150 mg/kg ethephon, an appropriate standard solution of
ethephon - using acetone as solvent - was given as spiking
material to the purée before homogenising it again with dry
ice. Then, the spiked tomato purée was distributed into
labelled plastic bottles with at least 100g in each.

Sixteen randomly selected test materials were analysed
in duplicate for ethephon. The results and their statistical
evaluation are given in Table 1, showing sufficient homogeneity. The statistical tests check the data for discrepant
pairs using Cochran’s test [12]. Discrepant pairs were not
identified, and thus all data are subject to analysis of variance to estimate the sampling and analytical variance [13].
Aliquots (200 g) of blank and test material were sent to
each participant for analysis. All participants (15 in total)
reported their results in time within two weeks after sample reception. The laboratories decided independently of
each other which analytical protocol and technique for
ethephon determination should be applied. They were also
invited to use and report on several different methods.
The results and related recovery rates had to be reported
without consideration of the methodology, unless recovery was much lower than 70% but constant [14]. In this
case, the labs were asked to indicate clearly the way of
reporting their results. The limit of quantification (LOQ)
also had to be reported. Furthermore, the participants were
provided with a questionnaire related to analytical details
of the applied analytical ethephon method.
The statistical procedure applied for this performance
assessment is used in inter-laboratory test series to achieve
transparent and fair results. The method used follows recommendations given in the IUPAC/ISO/AOAC Interna-

TABLE 1 - Results of homogeneity tests.
Sample
LB02/09-19
LB02/09-20
LB02/09-21
LB02/09-22
LB02/09-23
LB02/09-24
LB02/09-25
LB02/09-26
LB02/09-27
LB02/09-28
LB02/09-31
LB02/09-32
LB02/09-33
LB02/09-34
LB02/09-35
LB02/09-36

Result a (conc. ethephon)
Result b (conc. ethephon)
[µg/kg]
[µg/kg]
142.4
136.0
141.6
143.8
136.7
139.1
143.7
138.2
137.1
144.2
136.7
139.6
137.8
142.4
135.6
126.9
133.7
144.3
140.0
139.1
127.7
135.6
137.4
138.9
140.0
131.9
137.0
133.3
144.3
144.8
137.4
126.7
Mean: 137.9 (32 measurements)

Target standard deviation
according to Horwitz (> 120 ppb)
29.7

Difference D ( = a - b)

Sum S ( = a + b)

D² = (a - b)²

6.4
-2.2
-2.5
5.5
-7.1
-2.9
-4.6
8.8
-10.6
0.9
-7.9
-1.5
8.1
3.6
-0.5
10.6

278.4
285.4
275.8
281.9
281.3
276.2
280.2
262.5
278.0
279.1
263.2
276.3
271.9
270.3
289.1
264.1
∑ = 4413.7

40.8
5.0
6.1
30.0
50.5
8.4
21.3
76.6
112.8
0.8
62.3
2.3
66.1
13.1
0.3
113.2
∑ = 609.7

Target standard deviation
according to Horwitz (> 120 ppb) in %
21.6

san²
19.1
san
4.4
sam²
12.8
σ² all
79.4
critical
145.5
sam² < critical
Accept
san: analytical variance; sam: sampling variance; σ: allowed standard deviation
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tional Harmonised Protocol for the Proficiency Testing of
Chemical Analytical Laboratories [15].
RESULTS AND DISCUSSION
The participants reported
- 11 results applying LC-MS/MS technique and related
protocols (Labs 1b / 2 / 4 / 5 / 7 / 8 / 9b / 12b / 13 / 14
/ 15b; marked “black/white striped” in Fig. 2),
- 5 results applying the headspace-GC technique (Labs
1a / 10 / 11 / 12a / 15a; marked “black” in Fig. 2), and
- 3 results applying GC/FPD or GC/MS technique after
derivatization of the extracts (Labs 3 / 6 / 9a, marked
“white” in Fig. 2).
The data of all 19 reported results are very close (see
Table 2).
The lowest reported concentration was at 131 µg/kg,
the highest at 195µg/kg. Using robust statistics to define
the subsequent statistical parameters [15], the robust
standard deviation (16 µg/kg) is just half of the target
standard deviation (32 µg/kg) calculated using Horwitz
[16] equation (see Table 3).

TABLE 2 - Results and z-scores.
Ethephon (assigned value 150 µg/kg)
spiked level: 150 µg/kg
result
recovery
LoQ
z-score
(µg/kg)
(%)
(µg/kg)
1a
159
110
30
0.3
1b
142
103
30
-0.3
2
136
95-100
1
-0.4
3
154
91
10
0.1
4
175
109
40
0.8
5
137
90.2
50
-0.4
6*
134
54
10
-0.5
7
150
92-96
10
0.0
8
175
100
10
0.8
9a*
144
15
50
-0.2
9b
131
102
50
-0.6
10
195
93
100
1.4
11
180
95
50
0.9
12a
152
70-110
50
0.1
12b
145
70-110
10
-0.2
13
145
105
10
-0.2
14
140
96
10
-0.3
15a
165
100.6
25
0.5
15b
135
100.6
25
-0.5
a / b: Results of the same participant but achieved by application of
different methods
*6 = corrected result to 95% recovery
*9a = corrected result to 100% recovery
laboratory
code

TABLE 3 - Assigned value and target standard deviation.
Assigned Value and Target Standard Deviation
assigned value
analyte
data points, n
robust mean, X, µg/kg
Ethephon
19
150

robust standard deviation, σ
16

target standard deviation
derived from
σp, µg/kg
Horwitz
32

uncertainty, u
3.67

1,50

1,00

z-score

0,50

0,00

-0,50

-1,00
9b

15b

2

5

14

6

1b

9a

12b

13

7

laboratory code

FIGURE 1 - z-scores.
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250

200
+25% (189)

assigned value
(150)

result (µg/kg)

150

100

-25% (113)

50

0
9b

6

15b

2

5

14

1b

9a

12b

13

7

12a

3

1a

15a

4

8

11

10

laboratory code

Black/white striped: LC-MS/MS; White: GC after derivatization; Black: Headspace-GC
FIGURE 2 - Results in µg/kg (FFP RSD)

The application of the z-score model (calculation of
the number of standard deviations above/below the mean)
showed that 18 out of 19 reported results show a score
better than 1, and only one result (lab 10) is at 1.3 - which
is still satisfying (see Fig. 1).
Fig. 2 shows an additional approach to evaluate the
results. The standard target deviation was calculated using
also a fixed FFP RSD (fit-for-purpose relative standard
deviation) which is assigned to be 25% of the assigned
value.
As a conclusion, a result is considered as “satisfying”
if it does not exceed ± 25% of the assigned value. Once
again, 18 of 19 reported results meet this requirement; just
the result of laboratory 10 is slightly outside the upper
limit.
Taking into consideration the different protocols and
applied techniques, one tendency can be identified: The
results of the headspace-GC methods are typically higher
than those obtained using the GC or LC-MS/MS methods.
Out of the 8 highest results reported, 5 are related to the
headspace methods. All results of the headspace methods
are higher than the spiked level but still very close to this
level. Therefore, this is just a slight indication that there
might exist influences increasing the values during the indirect determination of ethephon via ethylene (e.g. caused
by natural ethylene concentrations).
The analysis of ethephon seems to be valid and robust
- independent of the applied method. Differences in results of different laboratories analysing routine samples
might be caused by other sources (e.g. non homogenous
distribution of ethephon in the different pieces of the
commodities sent to the different laboratories). Finally, the

remarkable good result of this test might be a consequence
of the fact, that all participants of this test have a high
interest in the performance of reliable pesticide residue
analysis – and, particularly, in the analysis of ethephon.
CONCLUSION
The statistical evaluation and critical review of the reported results indicate clearly that the analysis of ethephon
is valid and robust, independent of the used protocol and
techniques. No significant difference between the used
methods has been identified. The results are extremely
comparable and show just very small variances.
The results obtained using the headspace technique
show a slight tendency to higher values but are still within
an acceptable range.
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ABSTRACT

INTRODUCTION

Genotoxic effects on soil samples collected in an Italian refinery were evaluated by comet assay and micronuclei tests in plant cells to describe the effects of pollutants
released into the environment by oil refinery activities. The
results by these cytogenetic short-term assays have been
compared with the results of a DNA biosensor.
In the last years, the nucleic acids application as device
for recognition and monitoring of pollutants have been increased.
Micronucleus test provides evidence of the mutagenic,
clastogenic and mitoclastic effects of agents, as well of
chemical-physical mutagenic agents. The alkaline comet
assay is ideal as short-term genotoxic test, thanks to its
simplicity and its request of few cells.
A DNA biosensor is a device based on molecular
recognition of nucleic acids of low-molecular weight
substances, like most of the environmental pollutants. The
in-teractions with these substances induce chemicalphysical modifications on DNA (immobilised on the electrodic surface), so changing its electrochemical properties.
The DNA biosensor is assembled with miniaturized electrochemical trasducers of graphite, and on its surface dsDNA is immobilised. Electrochemical trasducers are obtained by screen printing process.
This study demonstrates that the comparison of the
results obtained by different tests is a reliable approach to
provide a complete view of the interactions among the substances that may induce biochemical damage.

KEYWORDS:
Inorganic and organic pollutants, genotoxicity test, Comet and
Micronuclei tests, DNA biosensor, contaminated soils, PAHs.

Many industrial activities may produce local contamination by toxic substances, such as polycyclic aromatic hydrocarbons (PAHs) and n-alkanes. An increasing awareness
has emerged concerning the lack of knowledge of hydrocarbon contamination effects on eucaryotic organisms. An
analysis of different soil samples polluted by hydrocarbons
coming from an Italian refinery was carried out in order to
evaluate the genotoxic effects by comet and micronucleus
tests in plant cells. Previous studies have demonstrated that
plants allow to reveal the presence of genotoxic environmental pollutants, allowing the control and screening in
situ, together with traditional chemical-physical and biological analyses [1, 2].
These cytogenetic short-term assays have been compared with the results obtained with a DNA biosensor, that
reveal the possible presence of mutagenic substances. The
presence of mutagenic substances in the sample causes DNA
damage in meristemal cells of Vicia faba roots. These damages determinate a non-correct mytosis process that could
be revealed by the presence of irregular anathelophasis or
extranuclear DNA fragments called “micronuclei”, whose
dimensions are lower than 2/3 of the nucleus ones. The
Comet assay has been utilized to evaluate genetic damage in
single cells, and allows to study possible fractures of DNA
molecules (ssDNA, dsDNA, alkali-labile sites), induced
by potential mutagenic agents [3-4].
The biosensor is proposed as rapid analytical system
for screening qualitative analysis of toxic compounds with
high affinity to DNA. This method is based on an electrochemical measure of DNA-compound interaction. Commonly, a reduction of availability to oxidation of guanine
is observed. Therefore, the percent reduction (R%) of oxidation peak area of guanine, measured as peak current (differential pulse voltammetry or square wave voltammetry),
compared to a negative control, is used as genotoxicity index
of a sample [5].
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The genotoxic effects on soil samples collected in an
Italian refinery site have been evaluated.
METHODS AND MATERIALS
Sampling

Soil samples were collected by a dry rotation drilling
technique near the water-bearing stratum (C1), and on surface, at a depth of 10-50 cm (TOP), on different areas corresponding to a variety of refinery activities: gasoline production units, demineralized water production, old tanks
storage and PET-coke storage, etc. (Fig. 1).
Phytotoxicity test

Soil samples (about 500 g) were allowed in aluminum
basins. Each basin containing 50 seeds of Vicia faba was
treated with 120 ml of H2O in climatic chamber at 20±1
°C for 5 days to germinate. The seedlings were taken out,
and the primary root length of seedlings was measured in
order to study the eventual toxic effects. Phytotoxicity
was calculated by measuring the root length of Vicia faba
seedlings exposed to the polluted soil.

and set on a microscopic slide. Nuclei embedded in agarose, were lysed for 1½ h, and then the slides were placed
in the electrophoresis buffer at pH >13 for 40 min, before electrophoresis. The protocol was modified applying 300 mA, 25 V for 45 min instead of 30 V for 20 min.
Slides were stained with ethidium bromide (5µg/ml) and
comets were viewed by an epifluorescence microscope; the
image analysis of each slide was carried out using an interactive image analyzer (IAS 2000, Delta Sistemi, Rome,
Italy). The percent of DNA in the tail length was used as a
parameter of DNA damage.
The introduction of an additional step allows detection
of oxidized bases and alkylation damage. DNA digestion in
the nucleoids with lesion-specific endonucleases: Endonuclease III (EndoIII) and formamidopyrimidine glycosylase
(FPG), isolated from bacteria containing over-producing
plasmids reveal additional breaks at sites of base oxidation,
increasing comet tail intensity [8].

Comet test

FPG recognizes altered purines, the most frequently
occurring 8-hydroxydeoxyguanine (8-OHGua) and opened
ring pyrimidines, upon their removal generating a strand
break. EndoIII cuts the DNA strands at sites of oxidized pyrimidines. The breaks generated by these enzymes can be
determined and taken as a measure of base damage [8].

The comet test was performed under alkaline unwinding/ alkaline electrophoresis (A/A) protocol by Angelis et
al. [6, 7]. Briefly, root tips were chopped using a razor
blade and the suspension with released nuclei was filtered
through a 20-µm filter to remove most of the tissue debris.
An aliquot (50 µl) of the filtrate was mixed with agarose

Slides are washed 3 times in a staining jar for 5 min at
4 °C by means of 300 ml of enzyme reaction buffer consisting of 0.1 M KCl, 0.5 mM Na2EDTA, 40 mM HEPESKOH, 0,2 mg/ml bovine serum albumin having a pH close
to 8. After removing slides from last wash and dabbing
off the liquid excess with tissue, 50 µl of enzyme solution

PLANIMETRY
demineralized water
production

petrol production system
PET-coke warehouse

tanks warehouse

Sounding
Deep Sounding
Piezometer

SCALE 1:10000

Enclosure

FIGURE 1 - Soil sampling: Control Samples collected outside the refinery (BG1, BG2, BG3); C area: G1, G2; Q area: G3; P area: G4, G6; F
area: G5; B area: G7; U area: G8; V area: G9; T area: G10. TOP:10-50 cm, C1: near the water-bearing stratum.
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(or buffer alone, as control) are placed onto the gel, and
covered with 22x22 mm cover slip. Slides are incubated at
37 °C for 45 min (EndoIII) or 30 min (FPG) into moist
boxes to prevent desiccation.
EndoIII is used after a dilution of 1000 x, and FPG is
used after a dilution of 3000 x. For these dilutions, buffer
containing 10% glycerol is used. The final dilution of the
working solution will vary from batch to batch.
Each experimental data set was tested by ANOVA
with Dunnett test for comparing the difference of its mean
and standard error at 0.05 level of statistical significance
versus the control group. The statistical software package
SPSS (Chicago, IL) was used.
Micronuclei test

The genotoxic effects were evaluated by detecting the
frequency of micronucleated cells in root meristems of
Vicia faba [4]. The root tips were fixed in ethyl alcohol and
acetic acid solution 3:1 (v/v). The Feulgen method was used
for staining. Micronuclei are Feulgen-positive corpuscles,
localized within the cell wall in the cytoplasmatic area surrounding the main nucleus. They are formed by chromosomes, or chromosomal fragments not incorporated into
daughter nuclei at the time of cell division. The genotoxic
effects were evaluated by detecting the frequency of micronucleated cells in root meristems of Vicia faba [9-10].
The micronucleated cells frequency was scored from
15,000 cells (15 root tips, 1,000 cells for tip). Each experimental data set was tested by ANOVA with Dunnett test
for comparing the difference among the treated groups, and
the positive control treated with maleic hydrazide 10-5
M. The statistical software package SPSS (Chicago, IL)
was used.
DNA biosensor

The DNA-based biosensor for the detection of genotoxic compounds in soil samples was assembled by immobilising double-stranded calf thymus DNA on screenprinted electrodes. The interactions between DNA and environmental pollutants can cause variations of the electrochemical properties of DNA related to DNA damage.

The guanine oxidation peak was used as the transduction signal in systems detecting DNA interacting agents. As
a result of interaction of double-stranded calf thymus DNA
with a pollutant agent, a decrease of guanine peak (measured by square-wave voltammetry) was detected. DNA
modification was estimated by the percentage change in
the guanine peak height (signal %), which was taken as the
ratio of the guanine peak height after the interaction with a
sample (Ss), to the guanine peak height in buffer solution
(Sb): Signal % = (Ss/Sb)*100. Conventionally, if a sample had S >90 %, it was considered to be not toxic, with S
between 50-90 % as moderately toxic, and S <50% as
toxic [11-14].
Electrochemical measurements were performed with a
computerized polarograph Autolab interfaced with a PalmSens (Palm Instruments BV, Hoten, The Netherlands) with
a software package (GPES) and screen-printed electrodes
(SPE). The cell consisted of a graphite working electrode
with a diameter of 3 mm, a graphite counter electrode, and
a silver pseudo-reference electrode (Fig. 2). Details on SPE
are reported in [15]. Calf thymus double-stranded DNA
type XV was purchased from Sigma (Milan, Italy). The
experiments were performed at room temperature, according to the following sequence:
Electrode pre-treatment: The potential applied was
+1.6 V for 120 s and +1.8 V for 60 s; electrodes were in 5 ml
of 0.25 M acetate buffer containing 10 mM KCl (pH =
4.75) under stirred conditions.
DNA immobilization: Electrodes were immersed in
20 ppm calf thymus dsDNA in 0.25 M acetate buffer with
10 mM KCl, and a potential of +0.5 V was applied for
120 s under stirred conditions.
Cleaning: Electrodes were immersed in 5 ml for 30 s
under stirred conditions.
Blank or sample interaction: The incubation step was
performed by simply placing 10 µl of the sample solutions
onto the working electrode surface for 120 s. Soil samples
had been extracted and filtered before the analysis.

0.7
0.6

dt/dE (s/V)

0.5

30 mm

0.8

Bianco
........ Sample
Campione
Negative control

0.4
0.3

Counter

0.2
0.1

Working

0.0
-0.1
0.5

Reference

0.6

0.7

0.8

0.9

1.0

1.1

8 mm

1.2

E(V)

FIGURE 2 - The guanine peak height (Signal%), and the graphite working electrode with a diameter of 3 mm, a graphite counter electrode
and a silver pseudo-reference electrode.
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Cleaning: Electrodes were immersed in 5 ml for 30 s
under stirred conditions.
Measurement: A square wave voltammetric scan was
carried out to evaluate the oxidation of guanine residues on
the electrode surface. The height of the guanine peak (at
+0.95 V vs. Ag screen-printed pseudo-reference electrode)
was measured. The scan was made in 0.25 M acetate
buffer, containing 10 mM KCl using the following parameters: scan from +0.2 V to +1.35 V, step potential (estep) =
15 mV, amplitude = 40 mV, frequency = 200 Hz.
Fig. 3 shows the results obtained by 2-antramine, a
DNA intercalating agent evidencing a good linearity for the
decreasing of guanine oxidation peak, while 2-antramine
signal has increased in the range of 0-0.8 µM.
0.5
Blank

dt/dE (s/V)

0.4
0.3

2-Anthramine 0.2 µM
2-Anthramine 0.4 µM
2-Anthramine 0.6 µM

0.2

2-Anthramine 0.8 µM

0.1
0.0
0.2

0.4

0.6

0.8

1.0

1.2

E(V)
FIGURE 3 - The results obtained by 2- Antramine, a DNA intercalating agents.

Soil samples extraction

The extraction was performed with 3 different extraction solvents (ES) on 0.5 g of soil, according to the optimized procedure obtained with artificially polluted samples. The first was performed with an ultrasound probe for
2 min in 10 ml of 50 mM phosphate buffer pH 3.0 or 7.5,
followed by an equilibration for 3 min at room temperature, and a filtration. The second solvent was PBS with
EtOH (10%). Finally, in order to have suitable liquid samples for the analysis with the biosensor, PBS with hexane
(10%) buffer was used.
Statistical analysis of DNA data biosensor

One-way analysis of variance (ANOVA) was used to
compare between the different sample groups. Dunnett’s
test was used to determine the significance of differences
between the sample groups and the control (blank assay)
group. When ANOVA indicated that significant differences
existed, then Fisher’s “least-significant difference” (LSD)
multiple comparison test was used. Statistical analysis was
performed by Excel spreadsheet. Parametric tests were
preceded by tests for normal distribution per site, and for
homogeneity of variance between sites. A significance level
of P <0.05 was applied in all statistical tests.

Chemical-physical analysis

Chemical-physical analyses of samples collected near
the water-bearing stratum (C1) were provided by the refinery (Table 1).
TABLE 1 - Chemical-physical analysis of soil
samples collected near the water-bearing stratum (C1).
Chemicals
pH
C (organic)
Res105°
CEC
Skeleton (g/kg)
Sb
As
Be
Cd
Co
Cr
Cr (VI)
Fe
Mn
Hg
Ni
Pb
Cu
Se
Sn
Tl
V
Zn
Benzene
Ethylbenzene
Styrene
Toluene
Xylene
Σ organic aromatic
Benzo(a)anthracene
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(g,h,i)perylene
Chrysene
Dibenzo(a,e)pyrene
Dibenzo(a,h)pyrene
Dibenzo(a,i)pyrene
Dibenzo(a,l)pyrene
Dibenzo(a,h)anthracene
Indeno[1,2,3-c,d]pyrene
Pyrene
Σ Polycyclic aromatic (soil)
Chloromethane
Dichloromethane
Chloroform
Vinyl cloride
1,2-Dichloroethane
1,1-Dichloroethylene
1,2-Dichloropropane
1,1,2-Trichloroethane
Trichloroethylene
1,2,3-Trichloropropane
1,1,2,2-Tetrachloroethane
Tetrachloroethylene
1,1-Dichloroethane
1,2-Dichloroethylene
1,1,1-Trichloroethane
Monochlorobenzene
1,2-Dichlorobenzene
1,3 Dichlorobenzene
1,4-Dichlorobenzene
1,2,4-Trichlorobenzene
1,2,4,5-Tetrachlorobenzene
Pentachlorobenzene
Esachlorobenzene
Methylphenol (o-,m-,p-)
Phenol
2-Chlorophenol
2,4-Dichlorophenol
2,4,6-Trichlorophenol
Pentachlorophenol
Hyrocarbons C < 12
Hydrocarbons C > 12
Methyl tert-butyl ether
Total alkyl lead

uni_s

BG1

BG2

BG3

G1

G2

G3

9.16 9.33 9.23 8.52 9.52
10
%
0.4
0.4
0.4
%
86.6
75
78
89
96.3
91
meq/100g
10
8.55 7.52
g/kg
0
0
0
1
0
0
mg/kg
0.5
0.5
0.5
mg/kg
7.9
8.2
3.1
10
11
10
mg/kg
0.5
0.5
0.5
mg/kg
0.3
0.3
0.3
mg/kg
4.8
4.3
2.7
mg/kg
5.6
3.5
3.4
mg/kg
0.2
0.2
0.2
mg/kg
14100 18900 18300
mg/kg
650
450
690
mg/kg
0.1
0.1
0.1
0.1
0.1
0.1
mg/kg
7.2
6.6
4
mg/kg
8.9
8.4
5.3
6.8
6.7
3.2
mg/kg
9
9
7.7
mg/kg
0.3
0.3
0.3
0.3
0.3
0.3
mg/kg
2
2
2
mg/kg
0.3
0.3
0.3
mg/kg
11
26
18
15.2
15
11
mg/kg
22
18
19
mg/kg
0.05 0.05 0.05 0.05 0.05 0.05
mg/kg
0.05 0.05 0.05 0.05 0.05 0.05
mg/kg
0.05 0.05 0.05 0.05 0.05 0.05
mg/kg
0.05 0.05 0.05 0.05 0.05 0.05
mg/kg
0.05 0.14 0.05 0.05 0.05 0.05
mg/kg
0.05 0.19 0.05 0.05 0.05 0.05
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.01 0.01 0.01
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.05 0.05 0.05
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.02 0.01 0.02
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
0.01 0.01 0.01
mg/kg
1
1
1
1
1
1
mg/kg
39
22
40
5
5
27
mg/kg
0.005 0.005 0.005
mg/kg
0.059 0.001 0.001

G4

G5

G6

G7

G8

G9

G10

9.7

9.16

9.62

9.03

9.03

9.12

9.03

88

80

89

82

70

88

97

0
0.5
12.9
0.5
0.3
3
3.6
0.2

0
0.5
11
0.5
0.3
1.6
2.2
0.2

0
0.5
15.5
0.5
0.3
3.1
2.9
0.2

489
0.5
7.1
0.5
0.3
3.3
27
0.2

378
0.5
8.3
0.5
0.3
3.6
45
0.2

0
0.5
8.7
0.5
0.3
1.8
4
0.2

0
0.5
10
0.5
0.3
2.9
2.7
0.2

0.1
4.9
4.8
31
0.3
2
0.3
14.3
23
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.05
0.05
0.05
0.01
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
1.1
53
0.005
0.001

0.1
2.2
2
4.6
0.3
2
0.3
8.8
17
9
10.9
13.1
21
25.3
70.3
0.02
0.01
0.01
0.01
0.01
0.04
0.01
0.01
0.01
0.01
0.01
0.01
0.07
0.13
0.05
0.05
0.05
0.01
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
474
600
0.005
0.001

0.1
5.5
4
8
0.3
2
0.3
13.8
20
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.05
0.05
0.05
0.01
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
1
110
0.005
0.001

0.1
7.9
5.1
23
0.3
2
0.3
49
45
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.03
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.05
0.05
0.05
0.05
0.01
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.05
0.01
0.01
0.01
0.01
1
240
0.005
0.001

0.1
9
5
25
0.3
2
0.3
70
52
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.05
0.05
0.05
0.01
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.01
1
58
0.005
0.001

0.1
3.3
2.7
7.4
0.3
2
0.3
5.9
17
2.92
0.12
0.05
0.26
0.57
0.95
0.01
0.01
0.01
0.01
0.05
0.08
0.01
0.01
0.01
0.01
0.01
0.01
0.2
0.33
0.05
0.05
0.05
0.01
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
58.6
600
0.005
0.001

0.1
4
2.4
5
0.3
2
0.3
10.4
15.8
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.05
0.05
0.05
0.01
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
1
5
0.005
0.001

Principal component analysis (PCA)

Principal Component Analysis of the data was carried
out using the statistical package software Statistica (Statsoft
MA, USA) in order to study the similarity and dissimilarity
relationships among samples, and to analyse the parameters
that cause these differences.
Cluster analysis

Cluster analysis was performed by Statistica package
(Statsoft MA, USA) on the uncorrelated score values of
samples determined by PCA using the Euclidean distance
and the Word method as clustering algorithm.
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RESULTS AND DISCUSSION

repair enzymes EndoIII and FPG. The percentage of DNA
on comet tail was considered as genotoxicity parameter.
For each sample, media and standard errors were calculated
by ANOVA with Dunnett test significant at 0.05 level.

Phytotoxicity

Fig. 4 represents the results obtained by phytotoxicity
test of deep (C1) and top soil samples (TOP). For each sample, mean and standard errors were calculated by ANOVA
with Dunnett test significant at 0.05 level. With the exception
of G1 and G2 samples, all samples show significant statistical values of phytotoxicity.

The samples G1 (C area: tanks warehouse), G4 (P area:
tanks warehouse), G7 (demineralized water production), G9
(old tanks storage) have evidenced significant statistical
values also after treatment with enzymes, showing an oxidative damage on each nitrogen base. ANOVA with Dunnett test > positive control (MH - maleic hydrazide, DMSO
- dimethylsulphoxide), significant at 0.05 level, evidences a
significant increase only for G1 sample (Table 2).

Comet test

Fig. 5 represents the results obtained by Comet test of
deep (C1) and top soil samples (TOP), each treated with

Phytotoxicity
80
70

root (mm)

60
50
40
30

*

*

*
*

20

*

*

*

*
*

*

*

*

*

*

*

*

*

10
0

FIGURE 4 - Vicia faba root length in the phytotoxicity test (significant samples are evidenced by a marker *).

% DNA
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*
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*

*

*

*
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*
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*

0,2

*

*

* *

*
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No enzyme
Endo III

*

** *

*

G7 TOP

*
0,3

* *

*

G7 C1

0,5

Fpg I

*

H20

DMSO

MH

G10 TOP

G10 C1

G9 TOP

G9 C1

G8 TOP

G6 TOP

G6 C1

G5 TOP

G5 C1

G4 TOP

G4 C1

G3 TOP

G3 C1

G2 C1

G1 C1

B G3 TOP

B G1 C1

0

B G1 TOP

0,1

FIGURE 5 - % DNA in the tail in comet test performed with and without endonucleases EndoIII and FPG (Significant samples are underlined by a marker*).
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% MICRONUCLEI
1,8
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1
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B G1 TOP

B G1 C1

0

FIGURE 6 - Frequency of micronucleated cells in micronucleus (MN) test (significant samples are evidenced by a marker *).
TABLE 2 - Comparison between comet assay and biosensor significant results.

Comet Test
( %DNA)
H2O
BG1C1
BG2C1
BG3C1
G1C1
G2C1
G3C1
G4C1
G5C1
G6C1
G7C1
G8C1
G9C1
G10C1

0.03
0.24
0.5
0.66
0.15
0.32
0.47
0.28
0.17
0.27
0.36
0.06

Biosensor
Signal
guanine %
100±10
82±10
100±10
100±3
61±5
83±4
68±8
67±5
100±10
53±2
100±10

TABLE 3 - Comparison of the results obtained by two different
extraction methods (PBS and PBS+EtOH(10%)), and main compounds of the system (S >85% not toxic, S <85 % moderately toxic,
S <50 % highly toxic).

Extraction
solvent
vs.
Sample
B1
B2
B3
G1
G2
G3
G4
G5
G6
G9
G10

Micronuclei test

PBS

PBS+EtOH
10%

100±10
92±12
100±14
100±3
61±5
83±4.5
58±8.2
100±9
100±14
60±3.5
100±13

100±11
93±6
100±7
100±6
100±14
100±11
88±6
100±5
100±13
54±2
100±8

Use of different extraction solvents (ES)

Fig. 6 shows the results obtained by micronucleus tests
of deep (C1) and top soil samples (TOP). For each sample,
media and standard errors were calculated by ANOVA with
Dunnett test (significance at 0.05 level).
G1 (C area: tanks warehouse) and G2 (C area: tanks
warehouse) samples have evidenced significant statistical
values, showing a mutagenic damage.

Following the same procedure, samples have been extracted by PBS + hexane (10%). Fig. 7 evidenced that PBS
with hexane (10%) increased the extraction efficiency while
no significant differences have been observed between PBS
and PBS with EtOH (10%). G5 sample was moderately
toxic and G9 sample confirmed its toxicity.
Comparison between guanine and adenine peaks

DNA biosensor

After extraction by PBS and then PBS with EtOH
(10%), the results show toxicity values for G2 (moderately
toxic), G4 (moderately toxic) and G9 (toxic) samples (Table 3).

As observed in Fig. 8, there are no significant differences between the signal measured as oxidation peak of
guanine and adenine, after extraction by PBS and PBS with
EtOH (10%).
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FIGURE 7 - Results obtained with differents extraction solvents PBS, PBS with EtOH (10%), and PBS with hexane (10%).

PBS+ EtOH (10%)
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G3

G4

G5

G6
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FIGURE 8 - Signal measured as oxidation peak of guanine and adenine, after extraction with PBS and PBS + EtOH (10%).

PBS+ He xane (10%)

Adenine

Guanine
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Signal (%)

100
80
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B3

G5
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Sam ple s

FIGURE 9 - Signal measured as oxidation peak of guanine and adenine, after extraction by PBS with hexane (10%).

After extraction by PBS with hexane (10%), the reproducibility of adenine peak is lower, because it is influenced
by the nature of solvents and analysed molecules (Fig. 9).

The results after extraction by the 3 solvents show toxicity values for G2 (moderately toxic), G4 (moderately
toxic), G5 (moderately toxic), and G9 (toxic) samples (Tables 2, 3 and 4).
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TABLE 4 - Biosensor results after three different extraction methods.
Extraction
solvent
vs.
Sample
B1
B2
B3
G1
G2
G3
G4
G5
G6
G9
G10

PBS

PBS+ EtOH
10%

PBS+ Hexane
10%

100 ±10
92 ± 10
100± 10
100 ± 3
61 ± 5
83 ± 4
58 ± 8
100 ± 9
100± 10
60 ± 3
100± 10

100 ± 11
93 ± 6
100 ± 7
100 ± 6
100 ± 10
100 ± 11
88 ± 6
100 ± 5
100 ± 10
54 ± 2
100 ± 8

100 ± 11
82 ± 2
100 ± 6
100 ± 6
100 ± 10
100 ± 11
67 ± 5
100 ± 10
53 ±2
-

TABLE 6 - Loadings values from PCA analysis.
Chemicals

Interpretation of PCA results

PCA score plot (table score and plot score, Table 5
and Fig. 10) showed that samples could be clustered into
3 groups of similarity while G9 sample seems to be wellseparated. The first group, containing G7 and G8 samples,
showed that similarity depends on Ni, V, Pb, Cu, total
chromide and chlorobenzene content. This similarity can be
deduced by the corresponding loading value (Table 6).
TABLE 5 - Score values from PCA analysis.
G1
.491023
.357887
-.349549
.123456
G2
.866592
.073412
-.248216
-.136029
G3
.824790
-.219023
.261152
.150652
G4
.793478
.0344992
.082513
.382724
G5
-.236683
-.577344
.316249
.013802
G6
.858660
-.215750
-.021799
.211375
G7
.094917
.809816
.490779
-.075241
G8
.113092
.852460
.352417
.109277
G9
-.027898
-.444840
.625664
-.454454
G10
.789870
-.279277
.165161
-.250238
Expl. Var
3.741
2..216
1.143
.914
Prp. Totl
37.4
59.5
70.9
79.9
“Expl. Var” is the variance explained by each factor; “ Prp. Totl”
is the cumulative sum of each fraction of varaince expalined by any
factor ; “ G1 – G10” are the name of samples already reported in
Figure 1

FIGURE 10 - 3D-score plot resulting from PCA, explaining the 71%
of total variance of the whole data set of Table 1.
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First factor

pH
1.413826619
Res105°
1.686160161
Skeleton (g/kg)
-1.109639986
Sb
1.416956396
As
1.413456749
Be
1.416956396
Cd
0.85512811
Co
0.776850478
Cr
-1.075787313
Cr (VI)
0.574213967
Fe
0.406405092
Mn
-0.209532571
Hg
0.293299824
Ni
-0.122508901
Pb
0.406405092
Cu
-0.209532571
Se
0.85512811
Sn
5.630668542
Tl
0.85512811
V
-0.891603687
Zn
-0.995394057
Benzene
-1.342136731
Ethylbenzene
-1.075465434
Styrene
-1.068781496
Toluene
-1.079150977
Xylene
-1.089990431
Σ organic aromatic
-1.082019162
Benzo(a)anthracene
-1.068781496
Benzo(a)pyrene
0.040477095
Benzo(b)fluoranthene 0.040477095
Benzo(k)fluoranthene 0.040477095
Benzo(g,h,i)perylene
-0.906220616
Chrysene
-1.526378452
Dibenzo(a,e)pyrene
0.040477095
Dibenzo(a,h)pyrene
0.040477095
Dibenzo(a,i)pyrene
0.040477095
Dibenzo(a,l)pyrene
0.040477095
Dibenzo(a,h)anthracene 0.040477095
Indeno[1,2,3-c,d]pyrene 0.040477095
Pyrene
-1.276694494
Σ policiclic aromatic (soil)
-1.382453835
Chloromethane
0.152842752
Dichloromethane
0.152842752
Chloroform
0.152842752
Vinyl cloride
0.040477095
1,2-Dichloroethane
0.152842752
1,1-Dichloroethylene
0.152842752
1,2-Dichloropropane
0.152842752
1,1,2-Trichloroethane 0.152842752
Trichloroethylene
0.152842752
1,2,3-Trichloropropane 0.152842752
1,1,2,2-Tetrachloroethane
0.152842752
Tetrachloroethylene
0.152842752
1,1-Dichloroethane
0.152842752
1,2-Dichloroethylene
0.152842752
1,1,1-Trichloroethane 0.152842752
Monochlorobenzene
0.152842752
1,2-Dichlorobenzene
0.152842752
1,3 Dichlorobenzene
0.152842752
1,4-Dichlorobenzene
0.152842752
1,2,4-Trichlorobenzene 0.040477095
1,2,4,5-Tetrachlorobenzene
0.040477095
Pentachlorobenzene
0.040477095
Esachlorobenzene
0.040477095
Methylphenol (o-,m-,p-) 0.040477095
Phenol
-0.792114652
2-Chlorophenol
0.040477095
2,4-Dichlorophenol
0.040477095
2,4,6-Trichlorophenol 0.040477095
Pentachlorophenol
0.040477095
Hyrocarbons C < 12
-1.187903457
Hydrocarbons C > 12 -1.688436017
Methyl tert-butyl ether 0.026431388
Total alkyl lead
-0.169850521

Second factor

Third factor

-1.391566459
-1.84446249
2.48013972
0.028759309
-1.662441881
0.028759309
-0.022196259
1.728446487
2.427343789
-0.047674043
2.029161415
2.012996183
-0.073151827
2.693525956
2.029161415
2.012996183
-0.022196259
0.41092607
-0.022196259
2.548249385
2.623506097
-1.242489501
-0.979623678
-0.973232607
-0.983150557
-0.993535252
-0.985896673
-0.973232607
-0.096081833
-0.096081833
-0.096081833
-0.994166276
-0.829106864
-0.096081833
-0.096081833
-0.096081833
-0.096081833
-0.096081833
-0.096081833
-1.167135185
-1.08146315
-0.08589072
-0.08589072
-0.08589072
-0.096081833
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.08589072
-0.096081833
-0.096081833
-0.096081833
-0.096081833
-0.096081833
2.116841474
-0.096081833
-0.096081833
-0.096081833
-0.096081833
-1.088378328
-0.957381662
-0.097355722
0.674966131

0.270328031
-1.774000046
1.499436309
0.798347868
-2.183326142
0.798347868
0.376962959
-3.044621026
1.111667948
0.166270505
-2.8646549
0.557829491
-0.044421949
-1.16680643
-2.8646549
0.557829491
0.376962959
3.958734678
0.376962959
0.826600352
1.062025816
0.410750785
-0.067773829
-0.077946253
-0.062138687
-0.045455706
-0.057740293
-0.077946253
-0.234045157
-0.234045157
-0.234045157
1.301393058
1.737519697
-0.234045157
-0.234045157
-0.234045157
-0.234045157
-0.234045157
-0.234045157
1.423829826
1.528647557
-0.149768176
-0.149768176
-0.149768176
-0.234045157
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.149768176
-0.234045157
-0.234045157
-0.234045157
-0.234045157
-0.234045157
1.163684728
-0.234045157
-0.234045157
-0.234045157
-0.234045157
0.113841945
1.560704679
-0.24457978
-2.566753576
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Dendrogramma di Cluster analysis
Algoritmo Weighted pair-group average
Euclidean distances
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FIGURE 11 - Dendrogram of cluster analysis obtained by means of the score data of Table 5.

The second group, containing G1 and G5 samples,
showed a similarity depending on the values of Ni, V, Cu,
as the first group, with an additional contribution depending on Co, monoaromatic hydrocarbons (benzene,
ethylbenzene, toluene, etc.), polycyclic aromatic hydrocarbons, and on all hydrocarbons (>12C and <C 12 contents).
The third group, including G2, G3, G4, G6 and G10
samples, showed a similarity depending on the values of
specific metals, such as Sn, Se, Tl and total Cr). In particular, G2 and G4 samples showed similarities depending
also on other metals, such as Cd, As and Sb.
At last, G9 sample showed to be characterized by some
specific polycyclic aromatic hydrocarbons, such as benzoperylene, chrysene and pyrene.
The 3 main groups of similarity identified by PCA are
confirmed by the cluster analysis plot (Fig. 11) which shows
3 main clusters too.
Data interpretation

The same similarity groups evidenced by PCA were
also observed by mutagenic and genotoxic effects.
G1 sample showed genotoxic effects by Comet assay,
and mutagenic effect by micronuclei test. G5 sample showed
genotoxic effects as G1, and biosensor analyses confirm
both results.
G2 and G4 samples showed mutagenic effect by micronucleus test, and a moderately toxic signal by biosensor
analysis.
G9 sample showed genotoxic and mutagenic effects,
and a toxic signal with biosensor.

The results suggest that genotoxic effects may be more
pronounced in the case of co-exposure of heavy metals and
hydrocarbons. In metal-mediated co-genotoxicity, the inhibition of DNA repair was shown to play an important role.
Moreover, there are several reports indicating inhibition of
DNA repair by arsenic and cadmium [16, 17].
The mutagenic effects seem to be more correlated to
the content of heavy metals (particularly Cd and As) rather
than hydrocarbon content. These compounds probably induce an increase of reactive oxygen species (ROS) coupled
with a deficient antioxidant defense; these mechanisms
result in a decrease of mitotic index, with an increase of
micronuclei. Cd might delay mitosis by damaging the
transport mechanism because of high lipidic peroxidation
in Vicia faba root cells [18].
CONCLUSIONS
According to the results obtained, this study demonstrates that the comet test may be used to confirm the measurements obtained by DNA biosensor. Such DNA biosensors could be useful as early warning devices, to carry out
screening analysis in situ, in areas subjected to ecological
risk. Therefore, this kind of biosensor may represent an
easy and fast way alternative to the comet test, especially
for in-field experiments. The short-term genotoxicity tests,
for their ability to predict cancerogenesis processes, could
contribute to prevent population risks from toxic effects
of environmental substances. Furthermore, micronucleus
test, reflecting a chromosomal damage (clastogenic and
mitoclastic effects), could provide further information in the
assessment of the environmental risks (by release of these
pollutants), highlighting a damage which was detected by
comet assay.
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Finally, this study demonstrated that the comparison
of all the results obtained by different tests is a reliable and
helpful approach to provide a more complete examination
and comprehension of the interactions among the substances
that may induce biochemical damages to DNA structures.

This work was supported by a research project from
the Ministry of Health and National Institute of Occupational Safety and Prevention (ISPESL).
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SELF-ORGANISING FEATURE MAP (SOFM) ALGORITHMS
APPLIED TO MANGANESE MINERALISATION IN SOILS
CLOSE TO AN ABANDONED MANGANESE OXIDE MINE
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ABSTRACT
This paper proposes a multi-level self-organising map
(SOFM) approach in studying manganese minerals interdependence in soils close to an abandoned Mn oxides mine.
Multiple SOFM algorithms for data clustering were applied
on Mn minerals identified by X-Ray diffractometry contained in four hundred soil samples from the periphery of
the abandoned mine. Emerging structures from the Mn minerals (bixbyite, cryptomelane, ramsdellite, pyrolusite and
braunite) were analysed using SOFM and two of the minerals (cryptomelane and braunite) were found to be influential in cluster formation. The findings of the study demonstrate the suitability of data mining in characterising Mn
minerals interdependence in soils close to the abandoned
Mn oxides mine and highlight the underlying issues of
which applicants of the method need to be aware of.

KEYWORDS: braunite, cryptomelane, data clustering, data mining, data over-fitting, geostatistics, model accuracy, model reliability, X-Ray diffractometry

INTRODUCTION
Technological enhancements in the field of information and communications technology (ICT) increasingly improve methods of data collection, analysis and distribution. In the absence of information on the underlying
parameters and distributions, learning rules from data is
becoming standard practice in what is universally referred
to as data mining – a collective term for procedures and
methods used to extract knowledge from data. Typically, a
data mining algorithm “learns” about rules inherent in
data on the basis of the information available in the data
attributes. Valiant [1] provided some of the theoretical
foundations of data mining learning algorithms, Freund
and Shapire [2] focused on the practical applications of

learning algorithms from a computing perspective whereas
Hastie et al. [3] provided a very comprehensive presentation of learning algorithms from a statistical perspective.
Applications of data mining procedures in earth and
environmental sciences are still rare. Brown et al. [4] used
a multilayer feed-forward neural network to estimate the
favourability for gold deposits in New South Wales, Australia. Eriksson et al. [5] recommended using data mining
procedures in monitoring early fault detection and classification as well as in identifying relationships between
chemical compositions and biological properties. Henderson et al. [6] applied decision trees in constructing soil property predictions by accessing the Australian national soils
point database. Their study investigated properties such as
organic carbon, total phosphorus, total nitrogen, thickness,
texture, and clay content and used the resulting data-based
rules to extend predictions across Australia. However, rather
than searching for inherent rules among the data attributes
as did Ekosse and Fouche [7] or taking a labeled data approach to predict the target as in both Eriksson et al. [5]
and Henderson et al. [6], this paper searches for naturally
arising structures in data using unlabelled data. Data inputs are fed into multiple data clustering algorithms and the
resulting patterns are interpreted.
In studying contaminated soils, a wide range of data
analysis methods have been used to appropriately identify
the conditions which lead to the existence or absence of
specific minerals. Typically, they have all involved analysis of soil samples collected from confined geographical
locations as in Tombale [8] in which traditional statistical
methods were used to analyse sediments of the Jwaneng
area in Botswana. Twenty years later, Ekosse and Fouche
[11] carried out a similar study on soil samples obtained
close to an abandoned manganese oxide (MnOx) mine in
Kgwakgwe and found different levels of haematite and
goethite - none, trace, minor and major - in soils from the
study area but only haematite in soils from the control site.
Thereafter Ekosse and Fouche [7] applied mining association rules (MARs) to determine how the presence of one
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ferruginous mineral (hematite) was associated with the presence or absence of another ferruginous mineral (goethite)
within manganese contaminated soils.
Levels of soil contamination/pollution by different elements and minerals influence the usage of the soils especially in agriculture. Population expansion at Kanye has
called for the need to appraise its surrounding areas for
various land use. Although MnOx mining activities were
carried out at Kgwakgwe for over twenty years, the abandoned mine workings were neither decommissioned nor
rehabilitated. With pressing demand for usage of fallow
land, soils close to the abandoned mine are of immediate
consideration. Previous mineralogical study of 400 soil samples from Kgwakgwe area revealed bixbyite, Mn2O3; cryptomelane, K 2-xMn8O 16; ramsdellite, MnO 2; pyrolusite, βMnO 2; and braunite, Mn+2Mn6+3SiO12 present in different
proportions in the soil [9]. The study did not address tangent issues such as the presence of any one of the Mn minerals influencing the presence/absence of the other. Thus,
this paper advances SOFM as suitable interpretive tool in
elucidating on the presence of one Mn minerals influencing the presence/absence of another - information necessary in characterising Mn contaminated soils.
MATERIALS AND METHODS
Background

This paper is part of a wide study in understanding
environmental mining impact on soils close to an abandoned MnOx mine as studied by Ekosse [9] and Ekosse and
Fouche [7]. The study area, Kgwakgwe, is a 4km2 (2km x

2km) zone 4km south of Kanye township, in South-Eastern
Botswana, geographically located between latitudes 24o59'
and 25o02', and longitudes 25o17' and 25o20'. The colour of
the soils was predominantly dark brown and reddish brown
to light brown to dark reddish grey. Darker colours imparted
on the soils were a result of the MnOx ore particles from
the mine mixing up with the soils. Four hundred soil samples were collected at 100-metre intervals using both random
techniques highlighted in Jewell et al. [13] and judgmental
techniques described in Crépin and Johnson [14]. Sample
sources were depicted by their geographic coordinates (X,
Y), and their Mn mineral contents identified by X-ray diffractometry as in Ekosse [9]. The results are partially illustrated in Table 1.
Balancing model accuracy and reliability

Just as in Scheffer [15], accuracy and model reliability
are crucial parameters in this study. If we denote the overall
empirical error by ξ e and the notional theoretical error by

ξt

then obviously

ξe → ξt

as the learning set becomes

increasingly large as the former is always a random estimate of the latter. Further, if the underlying parameters
are known, then the probability P ξ e ≥ ξ t = 1 holds.

(

)

However, this probability is not guaranteed to hold if both
the data partitions and the underlying parameters are datadependent as would be the case with model validation and
testing. It is reasonable, therefore, to think of measuring
the performance of any given algorithm by the quantity E (Δ ) = E (ξ e ) − ξ t . The reliability of the model results
could therefore be measured by the quantity Var

TABLE 2 - A cross section of Mn minerals abundances and geographic
coordinates of 400 soil samples (Note: +++ = major, ++ = minor and + = trace).
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Mwitondi [16] reported that the overall empirical error for most learning algorithms could be attributed to two
types of randomness which he denoted by r1 and r2 corresponding to the randomness due to the allocation region
and randomness due to the assessment of the rule with
random training, validation and test data. Hence, to smooth
out the randomness multiple level data clustering was performed on the five variables (bixbyite, cryptomelane,
ramsdellite, pyrolusite, and braunite) thereby minimizing
elements of randomness in drawing conclusions from
learning algorithms.

denotes the change in weight and decreases to 0 as the
algorithm proceeds. Alpha can be formulated as
α = η (i, j ) = 1 when i = j and decreased with the
distance d i − d j between

i th and j th elements on the

output vector. By learning to associate input and weight
vectors without being told explicitly of the existence of
clusters at the input, the network is said to undergo a
process of "self-organised" or "unsupervised" learning. In
order to achieve this goal, the weight vectors must be
rotated around the sphere so that they line up with the
training set as graphically illustrated in Figure 2.

Data clustering by the SOFM algorithm

The approach of Kohonen [17] was adopted and applied an unsupervised learning scheme in search of naturally arising structures in data using a SOFM. Self-Organising Feature Map belongs to the data clustering family of
algorithms – a specialized branch of statistics that arises
in the absence of a priori hypotheses. Like other clustering algorithms, SOFM seeks to provide a description or a
reduction in the dimension of the data based on some rules/
criteria in such a way that the profiles of objects in the
same groups are as homogeneous as possible whereas those
of objects in different groups are as heterogeneous as possible. In this application, the SOFM algorithm was used to
map a set of finite input vectors onto a 2- dimensional discrete map forming a network of a grid of 5 inputs and a
number of output units as illustrated in Figure 1 using 16
output units scenario in a 4 by 4 grid. The algorithm was
also run on a 3 by 2 grid for 6 output units.
The algorithm works by feeding the input pattern onto each of the output units, with each of the input lines to
each output unit carrying a weight. The SOFM model
weights were initialised to small random numbers and
were updated in the course of the learning process as
follows: wi = wi + α X i − wi , where α X i − wi

(

)

(

)

FIGURE 3 - Vector rotation to line up with the training data.

The power of the network is derived from the idea of
neighbourhood, by which the network creates contour
map-like patterns in the input data with the weights adjustment moving each unit in the neighbourhood closer to
the input pattern. The only variable in the weightupdating function is the neighborhood function, a typical
2

( )

(− d −d )
i

j

2λ
example defined as: α = η i, j = e
, where
lambda in the denominator of the exponential power is the
width parameter that can gradually be decreased over
time.

FIGURE 4 - A graphical illustration of the Self-Organizing Map
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From well-chosen parameters, the final network should
capture the natural clusters in the input data. Ideally, the
patterns close to one another in the 16-input space should
be close to one another in the map. Neighbour nodes associated with patterns in the input data set are somehow 'close'
together. Consequently, not only are patterns in the data set
detected, but some useful information about the relationships among them is also displayed. To achieve optimal
results, multiple sets of SOFM models were ran.
RESULTS
A co-existence rule similar to Ekosse and Fouche [7]
was applied in analyzing the generated XRD data partially
presented in Table 1. The data attributes in the table were
coded as A through E for bixbyite, braunite, ramsdellite,
pyrolusite and cryptomelane respectively; with the subscripts 0 through 3 (representing absence, trace, minor
and major respectively) denoting the increasing quantity
levels of the mineral content in the soil sample from.
Hence, A3 and B3 denote presence of major quantities of
bixbyite and braunite respectively (Table 2). Throughout
the use of this notation, the zero subscript denotes a
whitespace and it is interpreted to imply "absence" of the

relevant attribute content. The matrix in Table 2 remotely
suggests that high quantities of braunite imply absence of
bixbyite. Up to ten combinations of this type could be
generated for the contents of the five Mn minerals in the
soil samples as summarized in Table 3. The web diagram
in Figure 3 shows the overall layout of the relationship
between the data attributes as defined above. The thicker
the line, the stronger the relationship and as shown here
the white spaces dominate which is to be expected because of the absence of the Mn minerals in several paired
samples analyzed (see Table 3).
As noted above, ten paired combinations were generated for the contents of the five Mn minerals in the soil
samples. In each of the ten panels in Table 3, the extreme
north-western cell represents a white space which we shall
ignore. Our interpretations of the five rows of the table
follow the data clustering convention (for unlabelled data):
Ignoring the white space (50%), the left panel of the
table’s first row suggests a 7% chance of traces of braunite
appearing alongside bixbyite in minor proportions while,
ignoring 67% white space, the right panel suggests that the
highest associations are between traces of bixbyite and
ramsdellite in minor proportions (8.3% of the time).

TABLE 3 - The numerical relationship between bixbyite and braunite.

FIGURE 5 - The overall layout of attribute relationships.
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•

The left panel in the second row suggests an almost
6.2% chance of traces of bixbyite and pyrolusite in
minor proportions while on the right panel traces of
bixbyite co-exist with cryptomelane in major proportions 3.6% of the time.

•

The left panel in the third row exhibits an almost 8%
chance of co-existence of minor quantities of
ramsdellite and minor quantities of braunite. Major
quantities of braunite occur with traces of ramsdellite
about 6.2% and 2.1% of the time respectively. On the
other hand, the right panel shows traces of braunite
jointly occurring with traces and minor quantities of
pyrolu-site with chances 4.6% and 4.1% respectively
while major and minor quantities of braunite jointly
occur with traces and minor quantities of pyrolusite
with chances 5.2% and 2.3% respectively.

•

Braunite and cryptomelane seem to form more interesting patterns. The left panel in row four shows that
traces of the former are associated with traces and major quantities of the latter with 3% and 2.6% chance
respectively while major quantities of braunite are as

sociated with traces and minor quantities of cryptomelane with chance 3.5% and 2.2% respectively. There
does not seem to be any strong relationships between
the minerals in the remaining three panels.
A closer look at these relationships is taken by first investigating the presence/absence of naturally arising structures in data by running data clustering algorithms. Data
clustering algorithms are known to be sensitive to a number of factors including the learning initial points and the
nature and size and training data as reported by Hastie et
al. [3]. To minimize the impact of these problems and balance the type of randomness highlighted in Mwitondi [16]
we implemented multiple level SOFM algorithms on the
data. The SOFM algorithm resulting clusters were labeled
with each described by number of records assigned to each
cluster is shown. Each cluster is described by its center,
which can be thought of as the prototype for the cluster.
In Figure 4 a graphical summary of the statistical distributions for the data attributes between clusters is given
for a 16 outputs scenario like the one in Figure 1 with
cluster sizes decreasing from left to right. The plot shows

TABLE 4 - A summary of the relationships between different mineral contents
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FIGURE 6 - A 16-output graphical illustration of a 4 by 4 map.

a cluster matrix in which the detected clusters are displayed
on the horizontal axis whereas the Mn minerals are shown
in the vertical direction. On the right hand side an overall
column is shown for all the detected clusters in the 400 sample and could be used for comparative purposes. The last
column displays the importance of the mineral to the
model – a parameter computed as 1 − p where p denotes
the test probability in measuring the importance of the
mineral – that is, the higher the importance measure, the
less likely the variation for a mineral between clusters is
due to chance. For each given cluster, summaries for each
mineral’s values for the records are tabled and cluster
interpretations are made as explained below.

membership in cluster membership. The two mineral variables clearly reflected a bi-modal pattern in the last but one
column labeled “overall” in Figure 4. Furthermore, the two
minerals were also associated with high importance levels,
implying that their variation for cluster membership was
due to some underlying features of heterogeneity and hence,
warrants further investigation. The two tables in Figure 5 are
from a 3 by 2 SOFM for the two mineral variables and
clearly show the same bi-modal patterns as picked in
Figure 4.

The ultimate goal of data clustering is to produce
groups which are as heterogeneous as possible with each
group being internally as homogeneous as possible. To interpret the results in one has to ask and gain an insight
into the following key queries:
•

Horizontally: A look is taken at each of the resulting
clusters and we try to identify its unique features. For
instance, it would be interesting to find a single cluster containing the entire major (+++) Mn minerals
and with the majority of the data contained therein.

•

Vertically: For each mineral we look at the distribution of values over all detected clusters and we try to
establish whether or not a particular level of Mn content determines membership to a cluster. More specifically, it is established whether or not a particular level
for any of the five (or a combination) of minerals impinges on the membership in one cluster or another.

Reading horizontally, shows that the category frequency
varied among clusters. For example, in Figure 4, clusters 2
and 3 for both the mineral variables braunite and cryptomelane have completely different distributions. This implies
that these two minerals are important determinants of

FIGURE 7 - Cluster samples from a 3 by
2 SOFM for braunite and cryptomelane.

DISCUSSIONS AND CONCLUSION
The human race is becoming increasingly concerned
about environmental-related issues and agricultural
productivity, to mention just a couple. Developing en-
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hanced methods of detecting and resolving such issues
have always been one of the main researcher themes
across the scientific world. This paper was motivated by
the ever-growing need to study and understand soil and
clay characteristics given their obvious link to our livelihood. In order to appropriately understand those characteristics, the adopted scientific approaches must be universally built around the following elements - data, methods
and interpretational skills. The three elements are crucial,
as while they may yield potentially useful information,
they are also the sole sources of error. Requirements for
reliable data, migrating from the conventional approaches
to data analysis and being able to keep track of the analyses and findings are crucial in the fast evolving human
interaction with the environment.
Results from this paper and from other previous studies suggest that SOFM could be applied to characterizing
and elucidating on mineral occurrences in contaminated
soils due to mining activities elsewhere in the world. However, the findings imply that comparative studies are needed
in order to arrive at more solid conclusions. For instance,
although most of the analyses of the variable pairings in
Table 3 revealed systematic patterns, some were inconclusive. One of the panels revealed that traces of braunite
jointly occurred with traces of pyrolusite 4.6% of the time
while major quantities of braunite jointly occurred with
traces of pyrolusite 5.2% of the time. Although it may be
easier to conclude that the presence of major quantities
cause the traces – the co-existence of the two traces entails
the need for more accurate measurements of the influence
on one mineral on the other/s. Hence, despite having
demonstrated in this paper that the SOFM is a powerful
data mining technique, it must always be applied with great
care. In particular, a number of reasons make picking up
structures in data using the SOFM algorithm a delicate
issue – one obvious reason being that the algorithm discovers structures in data without providing an explanation
why they exist. Another issue relates to the choice of the
grid which, like most data clustering algorithms, SOFM
requires as an input. We need to be careful because although increasing the grid size results in smaller error
function values by definition, it also increases the risk of
data over-fitting as discussed in Ripley [18]. Similar issues
are addressed in Mwitondi et al. [19], Taylor and Mwitondi
[20] and in Mwitondi [16]. Apparently, this is what Mele
and Crowley [21] also imply by suggesting that there is a
need for enhancing these techniques as the way forward
in identifying novel relationships among some of the key
properties of soils.
Closely related to the foregoing issues is the potential
problem of multiple interpretations for the same SOFM
results. Hence, in the absence of a general theoretical solution to find the optimal number of clusters for any given
data set, it is likely to remain a research issue for years to
come. Thus, to make sensible conclusions of what we see,
we need a combination of tools, techniques, data and expert
knowledge of the underlying problem domain. We adopted

a simple approach of comparing results of multiple SOFM
runs with different output units – that is, we implemented
multiple SOFM procedures prior to adopting the two 4 by
4 and 3 and 2 maps. Similar challenges manifest in previous studies, so we conclude by providing the following
brief discussion and highlighting potential future directions in understanding clay and soil characteristics.
The discussion is motivated by the universality of the
objectives of various cross-regional studies which have
applied different techniques to investigate the overall impact of soil contamination on the environment and agricultural activities. In one recent application, Mele and Crowley [21] applied the method in identifying measures of soil
biological properties in agricultural ecosystems and came
up with visual graphical outputs providing intuitive understanding of the variables. But with these developments
come challenges. For instance, the key findings of Mele
and Crowley [21] such as the mediation of soil chemical
properties through pH, inputs of fertilizers, and elevated
organic matter, came from the extracted components and,
while their approach cannot be questioned, the resulting
rules may not necessarily be applicable to clay science with
the same results.
In another study, Terrado et al. [22] applied Principal
Component Analysis to investigate the main contamination patterns of pesticides and with the method being capable of extracting as many components as there are variables,
validity of the results remain down to data and the interpretation skills. A similar study by Sun et al. [23] investigated levels of heavy metal contamination in soils modeling their spatial distribution and temporal variations using
kriging methods. One interesting feature about this study
was that it was based on two batches of soil samples collected from the same area in 1990 and in 2004 – a time
lag of 14 years. Further, consider the source of data for our
paper - a 4km2 (2X2km) abandoned MnOx mine - to that of
a very similar study by Ersoy et al. [24]. The latter, investigated the spatial distribution of pollutants in contaminated soils on the basis of 329 soil samples collected from a
100×100m area in the United Kingdom using both conventional statistics and geostatistical methods – providing
geographical, spatial and analytical variations. It is clear
from the above studies that variations in drawn conclusions are likely to arise not only from the data input variables, but also from the time and geographical differences,
space dimensions, methods employed as well as the interpretation of the results. Without archiving data and findings from studies like these and making them available to
future researchers, building a rigorous theory on mineral
interdependence will remain a distant dream. Hence, more
comparative studies are still needed if we are to arrive at
some solid and possibly universally acceptable conclusions. Achieving this goal, however, can be a rather challenging task. Hence, comparing results from different models and various data sources is fundamental to model reliability.
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In conclusion, it is important to note that although results from applications of self organizing maps and other
methods in studying soils for different purposes may still
be brought into comparison, this must be done with great
care. An interesting recent example is given by Tanevska
et al. [25] who analysed 33 samples of clays from eight
different sites in Macedonia in order to establish the origins of 50 terra cotta icons and 100 fragments from the
6th-7th century. Their dimension-reduction results from
Self-Organising Maps were in line with those from Principal Component Analysis – both identifying the source
of clay used to make the Vinica terra cotta icons. Notice
that in terms of data and time, it is an issue of 33 samples
over 15 centuries and under such circumstances it is probably worth incorporating other factors such - as geological –
into the model. Overall, with its rule-extracting feature,
applications of SOFM have become increasingly popular
among the scientific research community in recent years.
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ADSORPTION OF REACTIVE DYES FROM
AQUEOUS SOLUTION BY Chara vulgaris
Osman Gulnaz
Faculty of Education, Department of Science and Technology Education, Cukurova University, 01330 Balcalı, Adana, Turkey.

ABSTRACT
In the present study, the adsorption of reactive dyes
from aqueous solution by the aquatic macrophyte Chara
vulgaris (C. vulgaris) was evaluated. Effect of pH on dye
adsorption was determined and the maximum adsorption
capacities of C. vulgaris were determined to be 11.3, 13.2,
16.2, 24.2, 32.6, 26.2, 35.2 and 31.4 mgg-1for Reactive
Red 147 (at pH 2), Reactive Brown 19 (at pH 3), Reactive
Yellow 160 (at pH 2), Reactive Blue 220 (at pH 2), Reactive Orange 30 (at pH 3), Reactive Blue 29 (at pH 2), Reactive Blue 171 (at pH 3) and Reactive Black 5 (at pH 2),
respectively. The intraparticle diffusion model and pseudosecond order kinetic models were found to be suitable to
describe reactive dye adsorption rates. Obtained experimental findings revealed that that the adsorption was governed by more than one mechanism.
KEYWORDS: Chara vulgaris, reactive dye, adsorption, kinetic
modeling, textile dye.

INTRODUCTION
Reactive dyes are widely used in the textile industries to
dye natural as well as man-made fabrics. They have a relatively simple dyeing procedure, light and wash fastness.
Due to the fact that dye fixation rates are rather low (less
efficient) for fiber reactive dyes, they are discharged together with all other dyebath ingredients to wastewater at
relatively high concentrations. Due to the complex aromatic
structure, chemical and photochemical stability as well as
high solubility (low polarity) of these dyes, conventional
biological as well as chemical (coagulation) methods have
proven to be quite ineffective for reactive dye treatment.
Besides, the low BOD5/COD ratio of textile dyes (usually
less than 0.1) indicates their resistance to biodegradation
[1,2].
Traditional physicochemical techniques such as electrochemical treatment [3], photocatalytic oxidation [4], ozonation [5], nanofiltration [6], chemical coagulation, precipitation and advanced oxidation processes can be generally
used to remove dyes from textile wastewater to some degree [7-9]. But these methods have significant drawbacks

such as expensive equipment, high chemicals and/or energy
requirements, or the generation of toxic oxidation intermediates, sludge and/or other waste products that are not
adaptable to a wide range of dye effluents and create secondary waste treatment & disposal problems.
Adsorption is an environmentally friendly alternative
technique to remove some dye types from wastewater and
activated carbon is the most widely used adsorbent for this
purpose. In fact, the use of activated carbon for the removal of dye residuals can be expensive due to expensive
regeneration requirements.
Consequently, many researchers have explored alternative, low-cost adsorbent materials such as activated sludge
[9], bentonite [10], eucalyptus bark [11], Fungus [12], Spirogyra [13], Laminaria [14], chitosan [15].
Aquatic macrophytes are important biological materials that sorb dissolved metal ions and toxic pollutants from
aqueous solutions. The inherent advantages of the use of
aquatic macrophytes as adsorbent materials are their ease
in use and there availability. Algal biomass has been used
as efficient biosorbent due to the presence of binding sites,
such as carboxyl, sulfonate, amine and hydroxyl groups [13].
In this study colour removal of the widely used,
commercial reactive textile dyes C.I. Reactive Red 147,
C.I. Reactive Brown 19, C.I. Reactive Yellow 160, C.I.
Reactive Blue 220, C.I. Reactive Orange 30, C.I. Reactive
Blue 29, C.I. Reactive Blue 171 and C.I. Reactive Black 5
in aqueous solution using the aquatic macrophyte Chara
vulgaris as the adsorbate, was investigated. The effect of
pH on adsorption was evaluated and the Langmuir adsorption isotherm, pseudo-first, second-order and intraparticle
diffusion models were applied to describe reactive dye adsorption rates.
Theoretical

The Langmuir [16] adsorption isotherm model is a
widely used theoretical model for describing the adsorption isotherm. The linear Langmuir equation is:
Ce
1 ⎛ a L ⎞
(1)
=
+ ⎜ ⎟C e
qe k L ⎜⎝ k L ⎟⎠
where, aL and k L are the Langmuir isotherm constants and the ratio of k L / aL gives the theoretical monolayer saturation capacity of adsorbent ( q max ).
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The pseudo first-order [17], pseudo second-order [18]
and intraparticle diffusion model [19] were used to describe adsorption kinetics.

pared from the biomass free solution. All experiments were
performed at least in duplicate. Results are the means of the
duplicate experimental results.

The pseudo first-order model:
k1
t
2.303
The pseudo second-order model:

(2)

t
1
1
=
+ t
q t k 2 q e2 q e

(3)

Log (q e − qt ) = Logq e −

The intraparticle diffusion model:
qt = k i t 0,5 +C

RESULTS AND DISCUSSION
FT-IR analysis of dried biomass

(4)

where k1 is the rate constant of pseudo first-order
model (min-1), k 2 (gmg-1min) is the rate constant of pseudo
second-order model, and k i is the intraparticle diffusion
rate constant (mgg-1min0.5). q e and q t are the amounts of
dye adsorbed on the adsorbent (mgg-1) at equilibrium and
at time t, respectively.
MATERIALS AND METHODS
Adsorption Studies

Aquatic macrophtes C. vulgaris biomass were collected
from Seyhan River, Adana-Turkey. The biomass was
washed twice with distilled water. It was dried at 60°C
until a constant weight (96 h). Dried biomass was broken
into pieces and then separated into certain particle sizes
(0.1-0.5mm) by a sieve. Reactive textile dyes were obtained
from Berdan textile, Mersin, Turkey.
Adsorption study was performed as previously described [9]. Adsorption studies were conducted in 250 mL
screw top flasks using 100 mL of biomass-dye solutions
in a batch system. 0.1 g dried biomass was contacted with
80 mL of distilled water before contacting of dye solution.
20 mL known concentration of dye solution was contacted with biomass-distilled water solution and the mixture
was agitated on a shaker at 150 rpm to ensure that equilibrium was reached (300 min). Samples were taken at time
intervals for the analysis of residual dye concentration in
solution. The biomass-dye mixture was filtered by membrane filter (0.45µm) for analysis of residual dye concentrations in solutions. The unadsorbed dye concentrations
were determined spectrophotometrically. The absorbance
of the dyes were read at 540, 465, 406, 611, 403, 599, 605,
598 nm for Reactive Red 147, Reactive Brown 19, Reactive Yellow 160, Reactive Blue 220, Reactive Orange 30,
Reactive Blue 29, Reactive Blue 171, Reactive Black 5,
respectively.
The effect of pH on adsorption was determined at pH
1-6 and at 100 mgL-1 initial dye concentrations. The solution pH was adjusted by H2SO4 or NaOH. Effect of contact time on adsorption was determined at 100 mgL-1 initial
dye concentrations at 300 min. Control samples were pre-

Chara vulgaris biomass consists of complex organic
and inorganic materials such as proteins, lipids, carbohydrate polymers, Ca+2, Mg+2, etc and Chara vulgaris have
different functional groups such as carboxyl (-COOH),
phosphate (-PO4), amide (-NH2) and hydroxide (-OH). The
FT-IR spectrum and characteristic bands of Chara vulgaris
are given in Fig. 1.
The band at 3397 cm-1 is the O-H stretching of activated sludge polymeric compounds. The 2932 cm-1 represents the asymmetric vibration of CH2, while the 1799 cm-1
band represents the stretching vibration of COO, C=O and
C-N (amide I) protein peptide bonds. The 1420 cm-1 band
represents the stretching vibration of C-H of protein peptide bonds. The 1159-1033 cm-1 bands are the vibration of
carboxylic acids and stretching OH vibration phenolics and
vibration of the C-O-C and OH of polysaccharides. The
874 cm-1 band represents a Si-H bend. <800 cm-1 is the
finger print zone, which represents phosphate and sulphur
functional groups.
Effect of initial pH and Equilibrium study

pH is an important physicochemical parameter and it
plays an important role on adsorption capacity of adsorbent materials. The effect of initial pH on the adsorption
was determined at 100 mgL-1 initial dye concentration at
20°C and 300 min. Adsorption of dyes were determined at
lower pH solutions between 2 and 3. Suitable pH for Reactive Red 147, Reactive Yellow 160, Reactive Blue 220,
Reactive Blue 29 and Reactive Black 5 were determined to
be 2 and for Reactive Brown 19, Reactive Orange 30 and
Reactive Blue 171 were determined as 3. The similar
results are also reported by various articles for adsorption
of reactive dyes by activated sludge and fungal biomass
[20, 21]. Acidic conditions are suitable for the adsorption
of reactives. It may be may be explained in terms of the
electrostatic interactions between the biomass and the dye
particles [22]. Algal biomasses contain mainly carboxyl,
sulfate and amine groups [23, 24]. Functional groups on
the biomass will be protonated under acidic conditions.
Thus, the biomass will have a net positive charge and
negatively charged dye ions into solution adsorbed by positive charged biomass particles. Biosorption involves binding of pollutants to the biomass through physical adsorption,
electrostatic interaction, ion exchange, chelation and chemical precipitation [25].
Equilibrium study was determined at 100 mgL-1 initial
dye concentration at 20°C throughout 300 min. Adsorption was reached to equilibrium within 180 min and After
the equilibrium time no more dye was adsorbed (Fig 2). A
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FIGURE 1 - Characteristic FT-IR spectrum of Chara vulgaris

Adsorption isotherm

Adsorption isotherm was determined according to the
linear form of the Langmuir isotherm (Eq. 1). The Langmuir adsorption isotherm model is used to describe theoretical adsorption capacity. Langmuir adsorption isotherm
constants (aL, KL) and maximum adsorption capacity were
given in Table 1. The maximum adsorption capacities of
Chara vulgaris were determined to be 11.3, 13.2, 16.2,
24.2, 32.6, 26.2, 35.2 and 31.4 for Reactive Red 147, Reactive Brown 19, Reactive Yellow 160, Reactive Blue 220,
Reactive Orange 30, Reactive Blue 29, Reactive Blue 171,
Reactive Black 5, respectively.

35
30

-1

qt (mgg )

25
20
15
10
5

RR147
RO30

RB19
RB29

RY160
RB171

RB220
RB5

TABLE 1 - Langmuir adsorption isotherm constants at 20°C

0
0

100

200

Langmuir isotherm constants

300

Time (min)
FIGURE 2 - Comparison of adsorption equilibrium at 100 mgL
and 20°C

Dyes
-1

similar result was reported with the adsorption of Reactive
Black 5 by Brown seaweed Laminaria sp [13]. Equilibrium adsorption capacity of Chara vulgaris was determined
to be 10.31, 11.80, 15.26, 22.09, 30.10, 24.60, 34.00 and
30.30 mgg-1 for Reactive Red 147, Reactive Brown 19,
Reactive Yellow 160, Reactive Blue 220, Reactive Orange 30, Reactive Blue 29, Reactive Blue 171 and Reactive Black 5, respectively.

Reactive Red 147
Reactive Brown 19
Reactive Yellow 160
Reactive Blue 220
Reactive Orange 30
Reactive Blue 29
Reactive Blue 171
Reactive Black 5

aL

kL

q max

(Lmg-1)

(Lg-1)

( mgg-1)

0.239
0.157
0.228
0.218
0.318
0.352
0.641
0.343

2.693
2.078
3.708
5.283
10.352
9.234
22.573
10.787

11.3
13.2
16.2
24.2
32.6
26.2
35.2
31.4

r
0.999
0.997
0.999
0.998
0.999
0.999
0.999
0.999

The adsorption isotherm data is important for the design of adsorption systems. Adsorption capacity of Chara
vulgaris is low compared to other biosorbent material.
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The maximum adsorption capacity of Remazol black
13 by chitosan is 91.47 mgg-1 [26], 70.3 mgg-1 of Reactive Red 4 by coke waste [27] and 104.6 mgg-1 of Reactive Red 4 by Corynebacterium glutamicum biomass [28].
-1
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FIGURE 5 - Intraparticle diffusion kinetic results at 100 mgL-1 and
20°C (S1; first, S2 second and S3 third shape)
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TABLE 2 - The pseudo-first order kinetic constants at 100 mgL-1
and 20°C

Time (min)
FIGURE 3 - Pseudo first-order adsorption kinetic results at 100 mgL-1
and 20°C

Kinetic constants
Dyes
Reactive Red 147
Reactive Brown 19
Reactive Yellow 160
Reactive Blue 220
Reactive Orange 30
Reactive Blue 29
Reactive Blue 171
Reactive Black 5

30

20

q e exp

q ecal

k1

r

(mgg-1)

(mgg-1)

(min-1)

10.31
11.80
15.26
22.09
30.10
24.60
34.00
30.30

9.29
10.72
13.39
23.22
20.06
22.71
27.46
29.44

0.012897
0.012667
0.014739
0.017273
0.0152
0.01543
0.016351
0.016121

0.995
0.988
0.996
0.992
0.996
0.995
0.986
0.989

TABLE 3 - The pseudo-second order kinetic constants at 100 mgL-1
and 20°C
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FIGURE 4 - Pseudo second-order adsorption kinetic results at 100
mgL-1 and 20°C

Dyes
Reactive Red 147
Reactive Brown 19
Reactive Yellow 160
Reactive Blue 220
Reactive Orange 30
Reactive Blue 29
Reactive Blue 171
Reactive Black 5

q e exp

q ecal

k2

r

(mgg-1)

(mgg-1)

(min gmg-1)

10.31
11.80
15.26
22.09
30.10
24.60
34.00
30.30

11.29
12.59
16.34
24.21
32.36
26.53
36.10
32.57

0.002649
0.002652
0.002427
0.001335
0.001246
0.001402
0.00139
0.001156

0.983
0.984
0.989
0.984
0.99
0.989
0.993
0.988

TABLE 4 - The intraparticle diffusion kinetic constants at 100 mgL-1 and 20°C.
Dyes

k1
(mggmin-1)

Reactive Red 147
Reactive Brown 19
Reactive Yellow 160
Reactive Blue 220
Reactive Orange 30
Reactive Blue 29
Reactive Blue 171
Reactive Black 5

0.88
0.98
1.17
1.77
2.79
2.16
2.66
2.53

C

R

k2
(mggmin-1)

C

R

k3
(mggmin-1)

C

R

0.40
0.15
1.11
0.07
0.32
0.17
3.86
0.95

0.999
0.998
0.997
0.989
1.000
0.997
0.997
0.998

0.58
0.81
1.12
1.12
1.46
0.99
1.57
1.34

3.10
4.11
6.37
6.37
9.78
10.13
12.81
10.57

0.999
0.999
0.999
0.999
0.953
0.998
0.982
0.999

0.16
0.31
0.20
0.30
0.36
0.39
0.23
0.41

7.47
6.52
11.85
17.04
23.95
18.01
30.06
23.27

0.999
0.941
0.994
0.914
0.923
0.914
0.859
0.907
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Biosorption Kinetics

The pseudo first, pseudo second-order and intraparticle kinetic models were used to determine the adsorption
kinetics (Figs. 3-5). The adsorption kinetic constants, correlation coefficients, experimental and calculated data are
given in Tables 2-4.

els and it was shown that the sorption process controlled
more than one mechanism.

The theoretical adsorption capacity of the pseudo second order-order kinetic model is better than the theoretical adsorption capacity of pseudo first-order kinetic model. The correlation coefficients of pseudo second-order
kinetic model were high and also the q e cal values fitted
the experimental data. These suggested that the pseudo
second-order adsorption mechanism was pre dominant. The
pseudo-second-order model is based on the assumption that
the rate determining step may be a chemical sorption
involving valence forces through sharing or exchange of
electrons between sorbents and sorbate 18].
Since porous structure of biomass intraparticle diffusion kinetic model was applied to compare the mechanism
of adsorption. The plot of q t vs. t 0.5 demonstrated multilinearity. The first shape portion is the external surface
adsorption stage. The second shape is the gradual adsorption stage, where the intraparticle diffusion is ratecontrolled. The third shape is the final equilibrium stage.
When the adsorption of the exterior surface reached saturation, the dye molecules entered into the biomass particles through the pore within the particle and were adsorbed by the interior surface of the particle [29]. The plot
of q t vs. t 0.5 is given in Fig. 5. The initial portion represents the film diffusion. The subsequent second portion is
characteristic of intraparticle diffusion. Similar results
indicated by Ho et al [29]. The intraparticle diffusion
kinetic rate constants ( k i 1 , k i 2 and k i 3 ) and q e are given
in Table 4. Theoretical adsorption capacity fitted with
experimental data.
The intraparticle diffusion model and pseudo-second
kinetic models are applicable for adsorption system. The
applicability of both models showed that the adsorption
process involves more than one mechanism.
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REMOVAL OF 4-CHLOROPHENOL FROM
AQUEOUS SOLUTIONS BY CYCLODEXTRIN POLYMER
Ning Li, Zheng Mei and Sheng-Ming Chen
College of Environmental and Biological Engineering, Chongqing Technology and Business University, Chongqing, China

ABSTRACT
The removal of 4-chlorophenol (4-CP) from aqueous
solutions by β-cyclodextrin polymer (β-CDP) has been studied. The effects of contact time, pH, NaCl concentration and
initial 4-CP concentration were studied to obtain the best
experimental conditions. Results of batch experiments
showed that β-CDP exhibited high sorption capacities toward 4-CP (up to 24.4 mg/g when initial concentration of
4-CP solution was 140 mg/L at 283K). Adsorption kinetics followed a pseudo 2nd order (Ho and McKay) equation, suggesting that the rate-limiting step may be chemisorption. Freundlich isotherm gave the best correlation for
the adsorption of 4-CP on β-CDP. The regeneration capacity of β-CDP was so strong that it could be used as a kind of
recyclable adsorbent.

KEYWORDS: Adsorption; Cyclodextrin; 4-Chlorophenol; Cyclodextrin polymer.

INTRODUCTION
Adsorption techniques employing solid adsorbents are
effective methods for the removal of pollutants from wastewaters. Most commercial systems primarily use activated
carbons as the adsorbents because of their excellent adsorption abilities [1, 2]. Regeneration of the spent activated
carbons can be a costly and intensive process. This has lead
to an interest in developing alternative adsorbents for the
removal of pollutants from aqueous waste streams. These
adsorbents include organic resins [3], industrial by-products
[4], agricultural wastes [5] and natural molecules such as
chitosan, starch or β-cyclodextrin (β-CD) [6]. β-CD is glucose-based molecules and produced from the enzymatic
degradation of starch by bacteria. It is cyclic oligosaccharides consisting of 7 glucopyranose units, which are joined
together by α(1-4)linkage forming a torus-shaped ring structure (Fig.1). The compound when crosslinked with suitable crosslinker form an insoluble polymer which exhibits
specific adsorption based on inclusion complex formation
[7]. The most characteristic feature of β-CD is the ability
to form inclusion compounds with various organic mole-

cules through host-guest interactions: the interior cavity of
the molecule provides a relatively hydrophobic environment into which a non-polar pollutant can be trapped. The
other interesting features of β-CD polymer were the chemical stability of the polymer and the recyclable value.
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FIGURE 1 - Chemical structure of β-cyclodextrin.

We now report the removal abilities of cross-linked βcyclodextrin polymer (β-CDP) as an adsorbent for 4-chlorophenol (4-CP). 4-CP is a toxic and non-biodegradable organic compound that is widely used for the production of
dyes, drugs, pesticides and fungicides. 4-CP can be found
in high quantity in the wastewater from various industrial
sectors [8]. As a typical organic pollutant, 4-CP has often
been used in wastewater treatment studies [9, 10]. The
effects of experimental parameters such as initial concentration, contact time, pH, NaCl concentration, and temperature on the sorption of 4-CP were investigated. Making
clear the adsorption mechanism of β-CDP /4-CP system is
helpful to establish the kinetic model and provide a good
guide to the treatment of real wastewater.
MATERIALS AND METHODS
Reagents

β-CD was purchased from Wacker and used without
further purification. 4-CP was of analytical grade. All
aqueous solutions were prepared with deionized water that
had been passed through a Millipore Milli-Q Plus water
purification system. Other chemicals were of analytical
grade.
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Preparation of Polymer

The β-CDP has been prepared in one step by β-CD using epichlorohydrin (EPI) as crosslinking agent to obtain
insoluble polymer. A typical reticulation reaction was carried as follows. 50 g β-CD and 100 ml 20% NaOH were
added into a beaker. The mixture was vigorously stirred at
50-60 ℃ until the β-CD was dissolved. A total of 40 ml
EPI was added dropwise into this solution and β-CDP
was formed in 30 min. At end of this period, the product
was precipitated by the addition of acetone and was filtered
and washed several times with acetone and water. The
product was dried in vacuum for 24 h and then crushed
and sieved into different particles sizes. Studies were
focused on a size fraction of 150-250 µm. The polymer
was stored in a desiccator before use.
Adsorption and Determine Method

The adsorption capacity of β-CDP was determined by
the following technique: 0.1 g β-CDP was mixed with
50 mL 4-CP aqueous solution at a known concentration in
a tightly closed flask. The solution was stirred on a rotating shaker at constant temperature. The sorbent was removed by centrifugation before measurements. The stability of 4-CP solution (without adding β-CDP) was tested
under the same conditions. The residual concentration of 4CP in solution was then measured using a Shimadzu UV2450 visible spectrophotometer at wavelength 280±1 nm.
These data were used to calculate the adsorption capacity
of the adsorbent. The linear range was calibrated by using
different concentrations of aqueous solutions of 4-CP (in
10-100 mg/l range) to establish a calibration curve. Each
experiment was conducted in triplicate under identical
conditions. Initial 4-CP concentration in the solution was
varied to investigate its effect on the adsorption capacity.
Studies were also conducted for various time intervals to
determine when adsorption equilibrium was reached and
the maximum removal of 4-CP was attained. The amount
of adsorbed 4-CP was calculated by the difference of the
initial and residual amount in the solution divided by the
weight of the adsorbent used.

bents. However, the two most important factors controlling the extent of adsorption properties of cyclodextrin
polymer are hydrophilicity and the crosslink density [12].
In particular, the polymer possesses a remarkably high
swelling ca-pacity in water and, consequently, its network is
sufficiently expanded to allow a fast diffusion process for
the studied adsorbate.
The UV analysis results showing changes in maximal
absorbance were linear for 4-CP solution concentrations
(in 10-100 mg/l range; correlation coefficient, R = 0.9995)
at 280±1 nm. The concentration of 4-CP solution (without
adding β-CDP) was almost unchanged, suggested that the
4-CP solution was stable in studied range of time and the
decreasing concentration in the residual solution was due
to the adsorption of β-CDP for 4-CP.
Effect of Initial Concentration

The influence of initial 4-CP concentration on adsorption was studied from 50 to 140 mg/L at a constant β-CDP
of 0.1 g and a solution pH of 7. The volume of 4-CP solution
was 50 mL. The experiments were carried out at different
temperatures and at different initial concentrations of 4CP for 4 h. Fig. 2 exhibits that the adsorption of β-CDP for
4-CP increases with the increase of initial concentration of
4-CP. The adsorption capacity of β-CDP was only 9.8 mg/g
when initial concentration of 4-CP solution was 50 mg/L
at 283 K, while it was even up to 24.4 mg/g when initial
concentration of 4-CP solution was 140 mg/L at the same
temperature. Similar results were obtained at 298K and
303K. All the results confirmed the strong interactions between the 4-CP and β-CDP.

RESULTS AND DISCUSSION
Characterizations of β-CDP and 4-CP Solution

The prepared β-CDP particles have a hydrogel nature
with a high capacity for absorbing water (swelling capacity
in water was 5.5 cm3/g). The density of the swollen polymer gel is slightly higher than that of water. The BrunauerEmmet-Teller (BET) surface area of the particles was
measured by recording nitrogen adsorption/desorption isotherms at 77 K using a Micromeritics ASAP-2000 analyzer.
The surface area was 1.9 m2/g. The method used for the
determination of the amount of CD in the polymer (i.e.
520 mg/g) has been the determination of reducing sugars
with tetrazolium blue, as described earlier [11]. This polymeric material has an extremely low surface area compared
to that of commercially activated carbons or other adsor-

FIGURE 2 - Effect of initial concentration on 4-CP adsorption
Effect of pH

To evaluate the influence of the pH on the sorption of
the 4-CP, tests were carried out in solutions (β-CDP dose
0.1g, contact time 4h, 4-CP concentration 80mg/L) from
pH 1 to 11 at 298K. The adsorption capacities for 4-CP on
β-CDP was almost no change until pH=9 (figure omitted).
However, the adsorption capacities decreased at pH>9,
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which maybe due to ionization and hydrophilic increase
of 4-CP. It is well known that the hydrophilic guest goes
against complex with cyclodextrin. Thus all the successive
studies were performed at pH 7 due to the pH values of 4CP aqueous solutions were closer to 7.
Effect of Salt

In order to investigate the effect of electrostatic interaction, various concentrations of NaCl (in present work,
NaCl was selected as the model salt and the concentration
range was from 0 to 7mg/L) were added into the 4-CP solution, and the equilibrium adsorption capacities of 4-CP onto
β-CDP were investigated at 298K. Fig. 3 shows the influence
of the amount of NaCl on adsorption capacity of β-CDP
toward 4-CP. Addition of NaCl to aqueous solutions produced a slight increase of the performance of β-CDP. Probably, NaCl minimizes electrical charge on the surface of βCDP and increases the adsorption.

diffuse from the surface to the interior of the particle
(pore diffusion or intraparticle diffusion); and finally the 4CP reacts with an active site on the surface of material. In
previous works [7,12], it was reported that the adsorption
mechanism was complex, probably simultaneously dominated by surface adsorption (physical adsorption, hydrogen
bonding) and diffusion into the polymer network, chemisorption via the formation of an inclusion complex due to
the presence of the CD sites. CD molecules have a remarkable capacity to form inclusion complexes. These complexes
are chemical species consisting of two or more associated
molecules in which one of the molecules (the host) can
admit a guest component into its cavity, resulting in a stable encapsulation without formation of any covalent bonds
[12, 13].

FIGURE 4 - Effect of contact time on 4-CP adsorption (conditions:
β-CDP dose, 0.1g; 4-CP concentration, 80mg/L; volume, 50mL)
FIGURE 3 - Effect of NaCl concentration on 4-CP adsorption (conditions: β-CDP dose, 0.1g; 4-CP concentration, 80mg/L; volume,
50mL).
Effect of Contact Time

A simple recalculation allows plotting the dependencies
of the adsorbed amounts (qt, mg/g) as functions of contact
time (t, min,). The effect of contact time for the removal
of 4-CP by β-CDP is shown in Fig. 4. It was shown that
4-CP was rapidly adsorbed in the first stages and then the
adsorption rate decreased gradually and reached equilibrium at about 2.5 h. Thus the contact time in all successive
batch experiments was fixed at 4h in order to reach complete equilibrium.
Adsorption is faster at 303K (or 298K) than at 283K,
due to the diffusion rate of 4-CP molecules becoming more
rapid with the increase of the temperature. The process was
also uniform: the time profile of 4-CP adsorption was a
single, smooth and continuous curve leading to saturation,
suggesting the possible monolayer coverage of 4-CP on
the surface of the polymer. The adsorption process consists
of several steps: initially the 4-CP molecules migrate from
bulk of the solution to the polymer surface (bulk diffusion);
the molecules diffuse through the boundary layer to the
surface of the adsorbent (film diffusion); then, the molecules

Adsorption Kinetics

Following kinetic models, commonly used in the literatures, were applied to experimental kinetic data in
order to investigate the behaviors of 4-CP on β-CDP. The
model equations used for fitting the data were: 1st order,
Lagergren (pseudo 1st order) [14], 2nd order, Ho and McKay
(pseu-do 2nd order) [15, 16], Bhattacharya and Venchobachor [17], and Simple Elovich equation [18]. The validity of each model can be checked from the linear regression
values (coefficient of determination, R2>0.95). To find the
order of kinetics, 1st order equation was first tested but the
straight lines could not be obtained (R2<0.90), suggesting
the insufficiency of the model to fit kinetic data for the
initial concentrations examined. Except the Ho and McKay
equation, the other models were also adopted to examine
the mechanism of the adsorption process, but the straight
lines could not be obtained. Then, kinetics of 4-CP on βCDP was analyzed using the Ho and McKay model.
The pseudo 2nd order model proposed by Ho and
McKay could be represented in the following linear form
[15, 16]:
t
t
1
(1)
=
+
qt qe k 2 qe2
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where，qt and qe are the amount adsorbed at time t and
at equilibrium (mg/g), respectively; k2 is the rate constant
(g mg-1 min-1). The results showed that the adsorption system followed the Ho and McKay equation for the entire
adsorption period, with coefficients of determination higher
than 0.97 for the concentration range used in this study
(Fig. 5). Kinetics of 4-CP adsorption on β-CDP followed
the pseudo 2nd order model, suggesting that the rate-limiting
step may be chemisorption [15, 16]. This confirmed that
adsorption of 4-CP takes place probably via surface exchange reactions until the surface functional sites are fully
occupied; thereafter 4-CP molecules diffuse into the polymer network for further interactions (such as inclusion
complex, hydrogen bonding, hydrophobic interactions).

tions (such as interacting with the cavity of the cyclodextrin, i.e. inclusion complex, hydrogen bonding, hydrophobic interactions, with the polymer network) are involved
[24]. The Freundlich parameters have been determined and
they are shown in Table 1.
TABLE 1 - Freundlich parameters for 4-CP on β-CDP.
T(K)
kF (L/g)
n
R

283
0.4903
1.1340
0.9689

288
0.6254
1.2844
0.9939

293
0.8901
1.5848
0.9805

298
0.4942
1.1655
0.9911

303
0.6653
1.4318
0.9703

Our experimental data are found to fit well in the
Freundlich model in terms of correlation coefficient (R) for
4-CP on β-CDP. The values of n > 1 reflected the favorable
adsorption. The Freundlich isotherm, the earliest known relationship describing the adsorption process, is an empirical equation employed to describe heterogeneous systems.
Its application suggests that adsorption energy exponentially decreases on completion of the adsorption centers of
an adsorbent.
Recovery of 4-CP and recycle use of β-CDP

To recover the adsorbed 4-CP and reuse the adsorbent,
0.3g β-CDP, with previously adsorbed equilibrium 4-CP,
was shaken for 3h at 40℃ with 10 ml absolute alcohol.
The recovery ratio was defined as the ratio of the 4-CP
amount in alcohol to the amount previously adsorbed on βCDP. The recovery ratio (first time) of 4-CP on β-CDP
reached 90%, and nearly reached 100% after 2 times desorption.

FIGURE 5 - Ho and McKay plots for 4-CP adsorption.
Adsorption Isotherms

Adsorption isotherms describe how pollutants interact
with adsorbents and so, are critical in optimizing the use of
adsorbents. In order to optimize the design of an adsorption system to remove 4-CP from solution, it is important
to establish the most appropriate correlation for the equilibrium curve.
Four isotherms, commonly used in the literatures, were
applied in the present study, namely generalized, Langmuir
[19], Dubinin-Radushkevich [20], Temkin [21], and Redlich-Peterson [22]. Applicability of these equations was
compared by judging the correlation coefficients. However, the fits of the experimental data were poor (the straight
lines could not be obtained). Then, experimental data were
fitted to well-known and widely applied isotherm model of
Freundlich [23]. The linear equation was given below:

1
Freundlich equation: ln qe = ln k F + ln Ce
n

(2)

where, Ce is the equilibrium 4-CP concentration in solution (mg/L), qe is adsorption capacity at equilibrium
(mg/g)，kF (L/g) and n are the Freundlich constants. The
Freundlich model is basically empirical equation suitable for
multilayer, heterogeneous adsorption sites. It is expected
that the Freundlich equation will provide a well description
of the adsorption system when different types of interac-

As the regenerated β-CDP had almost equal adsorption capacity compared with the initial β-CDP, the recycle
use of β-CDP was investigated 5 times by repeating the adsorption and desorption of 4-CP. The solvent used for the
adsorption test was 100mg/ L 4-CP aqueous solution, and
that used for the release test was absolute alcohol. Even
after 5 times regeneration tests were performed, the β-CDP
maintained more than 95% adsorption ability compared with
new β-CDP. This showed that the chemical stability of the
β-CDP and recyclable value. Compared with some recent
data in the literatures [6, 24, 25], the result also revealed
the potential of β-CDP to be an effective adsorbent for
removing pollutants in the water.
CONCLUSIONS
Results of adsorption showed that β-CDP exhibited
high adsorption behavior and acceptable adsorption time
towards 4-CP. Adsorption kinetics for 4-CP at pH 7 followed the Ho and McKay model in the concentration
range studied. Equilibrium isotherm data were satisfactorily fitted by the Freundlich equation for 4-CP on β-CDP.
Furthermore, the regeneration capacity of β-CDP was so
strong that it could be used as a kind of recyclable adsorbent.
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