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TRACE METAL CONTENTS IN SEDIMENTS
FROM CUITZEO LAKE, MICHOACAN, MEXICO
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ABSTRACT
Trace metals (Ba, Co, Cu, Cr, Ni, Pb, V and Zn) were
studied in sediment samples from Cuitzeo Lake to investigate pollution levels transported through the Grande River
(main water feeding the lake). Thirty sediment samples
were collected from 10 localities in the Cuitzeo Lake during 3 different field campaigns. The metal content in the
sediments show slight variations during different annual
seasons but not in different sites of sampling. Samples
collected at the mouth of the Grande River show high contents of Cu, Cr, Ni, Pb, V and Zn. This increase is especially evident during the dry season when concentration levels of Cu and Pb exceeded the accepted Guidelines provided by the Canadian Council of Ministers of the Environment. Pearson correlation analysis suggested a common
source for Cu, Pb and Zn, and all other analyzed metals
are not correlated. This quality monitoring from Cuitzeo
Lake will provide a data basis for a regular monitoring
program, to implement suitable pollution control measurements and, therefore, possible methods of remediation.

KEYWORDS:
metal pollution, lake, sediments, Cuitzeo Lake, Mexico.

Cuitzeo Lake is located in the northern part of the
Michoacan state. Grande and Querendaro rivers are influents to Cuitzeo Lake (Fig. 1) but Lerma river is not an influent. Cuitzeo basin is one of the largest lakes of the zone with
a surface area covering 3,977 km2. The weather is moderate
with summer rains (May-October) giving an average annual
precipitation of ca. 900 mm, and an environmental temperature ranging from 10 to 28 °C. The potential pollutants
at Cuitzeo Lake come from the increase in industrial, urban
and agricultural activities during the last decades in the
region. Domestic and industrial wastes have been diverted
directly to the water lake through the feeding rivers. Presently, the basin has an evident environmental deterioration due essentially to an increase in pollution coming
from the main source, the Grande river.
Pollution studies in lake sediments have been recently
reported at different parts of the world [3-8]. Higher concentration for metals in sediment samples from Lake Victoria collected from the shores within the urban area of
Mwanza were reported [9].

1. INTRODUCTION
Central Mexico is characterized by a volcanic mountain range where 14 different active volcanoes are found,
and lacustrine depressions where two of the main lakes in
the country are located: Chapala and Cuitzeo. These lakes
are part of the Lerma river basin, crossing Central Mexico
from east to west, starting in the center of the country and
reaching the Pacific Ocean in the west.
* Corresponding author

The drainage basin of Lerma river has been recognized
as one of the most polluted in Mexico due to the proliferation of industrial development as well as the use of fertilizers and pesticides in the local agricultural practices.
Recent studies of chemical, radio-isotopic and bacteriological concentration levels in different wells and springs belonging to the Upper Lerma river basin have shown that
the recharge zone is complex [1, 2].

Moderately high levels of Pb (54.6 mg/Kg) and Zn
(83.7 mg/Kg) were found. However, the highest Cd and Hg
concentration values were found adjacent to river mouths.
A geochemical and geochronological study reporting on
sediments of Oualidia lagoon, Moroccan Atlantic coast
showed a metal enrichment in sediment samples taken at
depths between 20-30 cm, and corresponding to the period between 1960-1975 characterized by setting up the
main suburbs surrounding the lagoon [10]. The impact of
Danuve River water discharge into the Danuve Delta also
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FIGURE 1 - Sampling sites at Cuitzeo Lake: Huandacareo (M1), Copandaro (M2), Cuizeo (M3), Mariano Escobedo (M4),
Queréndaro River (M5), Grande River 1 (M6), Grande River 2 (M7), La Hacienda (M8), Grande River 3 (M9), Coro (M10).

showed the seasonal influence of Pb and Cu levels on the
mobile fraction of sediments samples [11].
In general, urban and industrial detritus are an important supply of metal pollution in the aquatic environment.
However, a study of metallic pollutants reported in
sediments from Lake Balaton, Hungary, indicated that even
where high amount of metals were added by the fluvial
affluents, low concentrations of metals in the lake sediments were observed [12].
The aim of the present paper was to investigate trace
metal concentrations in sediments from Cuitzeo Lake and
the adjacent river mouths (Grande River and Querendaro
River), in order to assess the effect of municipal and industrial wastewater discharges in the aquatic reservoir of
the lake. These data will provide a base for further investigations of the metal speciation and behavior to evaluate

the potential for remobilization, transport, and biological
uptake.
2. MATERIALS AND METHODS
In the study area, 30 sediment samples were collected
from 10 localities at Cuitzeo Lake during 3 campaigns in
January, May and November 2006 (Fig. 1). Sampling sites
were selected to represent presumably different trace metal
pollution levels. The samples were obtained with a PVC
tube from an approximate depth of 1.4 m, but only the first
5 cm of sediments were kept for analysis. They were transported to the laboratory in a container at 4 °C in polyethylene bags carefully washed with 1N HNO3 and HCl. They
were dried at 60 °C for 6 hours. The dried and crushed
sediments were passed through a 2-mm mesh. The elements Ba, Co, Cr, Cu, Ni, Pb, V and Zn were determined
by WD-XRF (Siemens SRS 3000 sequential X-ray spectrometer) on about 4 g pressed pellets at the Instituto de
Geologia, UNAM [13]. The accuracy of the procedure
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was determined by analyzing the certificated reference
material NIST 2586 (National Institute of Standards and
Technology, USA). The results obtained were in excellent
agreement with the certified values (lower than 3 % RSD).
3. RESULTS AND DISCUSSION
The metal concentrations in the analyzed sediment
samples collected within Cuitzeo Lake did not vary significantly for the different sites and different seasons during
the 3 sampling campaigns (Fig. 2). Only at M9 (Grande
River mouth), an increase in all sediment metal levels is

observed during the dry season. The natural levels of the
analyzed metals in the zone are not available, but typical
ranges of metals in bottom sediment, considered to be
European background values, are (mg/Kg): Pb 2–80, Zn 10–
200, Cu 2–100, Cd 0.1–1.0, Co 1–25 and Ni 0.5–100 [14].
The metal contents obtained in this study confirm that the
anthropogenic input in these samples should be quite low.
However, samples taken at sampling stations adjacent to
Grande River mouth (M9) show very high contents for all
analyzed samples, except for Ba. Zinc seemed to be much
more enriched, and its enhancement can reach a factor of 7,
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FIGURE 2 - Concentration of trace metals in the analyzed sediment samples.
TABLE 1 - Correlation coefficients of metals in samples from locality M9 (Grande River).

Ba
Co
Cr
Cu
Ni
Pb
V
Zn

Ba
1
-0.463
-0.8452
0.9912
0.9991
0.9951
0.9543
0.9856

Co

Cr

Cu

Ni

Pb

V

Zn

1
-0.0821
-0.3416
-0.5000
-0.3733
-0.1769
-0.3068

1
-0.9085
-0.8219
-0.8938
-0.9663
-0.9233

1
0.9847
0.9994
0.9854
0.9993

1
0.9900
0.9408
0.9776

1
0.9791
0.9975

1
0.9910

1

compared with the average values found in samples from
inside the lake. Metals decrease in the following order:
Zn>Cu>Pb>V>Cr,Ni,>Ba>Co. The highest values were observed in samples that correspond to the dry season.
The evaluation of the degree of contamination in
sediments is often established by comparing the metal
concentrations with guidelines, but there are no recommended regulatory values for sediments in Mexico. Therefore, the data were compared with the guidelines provided
by the Canadian Council of Ministers of the Environment
[15]. From the analyzed metals, the Canadian Sediment
Quality Guidelines for the Protection of Aquatic Life establishes “probably effect values” for Cu, Cr, Pb and Zn,
among others. Only at M9, the recommended value for
Cu (108 mg/Kg) was exceeded in one sample and that of
Pb (271 mg/Kg) in two samples. The rest of the analyzed
samples show metal concentrations below the recommended values. The temporal variation of sediment characteristics in a flood plain lake system of The Netherlands
indicates that trace metals are more mobile and available
during rain periods than during dry conditions [16]. Inundation had a mobilizing effect due to the flux of oxygen
and re-suspension of sediments, while water table lowering
combined with organic matter decomposition led to immobilization.
Information of linear relationship between two variables
can be provided by Pearson correlation coefficients (r). The
closer r to +1 or -1 is, the stronger the linear relationship
between the variables [17]. Pearson correlation analysis for
samples taken from M9 during the three sampling campaigns is show in Table 1. Significant correlation coefficient for P<0.05 is 0.997, and at this level, Cu, Pb and Zn
are significantly correlated, suggesting a common pollution source. The positive correlation between Ba and Ni can
be related to the very low pollution input in the lake sediments, related probably to non-anthropogenic distribution.
The sources of metals at Cuitzeo Lake are mainly domestic and industrial waste discharges from the urban and
industrial zones of Morelia, capital city of the State of
Michoacan with 600,000 inhabitants. The industrial activi-

ties are related mainly to the production of iron, steel and
leather treatment.
It is interesting to notice that samples from inside the
lake seem to be unpolluted with metals. At M9, an important inflow of metal pollutants occurs from wastewater
discharge through the Grande River provoking the increase
of mainly Zn, Cu and Pb. Samples collected at the mouth
of the Querendaro River (M5) show very low pollution input from this river. Sediment samples in Mwanza Gulf,
which were recorded at sampling stations adjacent to
river mouths showed the highest concentrations of Cd
(7.0 mg/Kg), Cr (12.9 mg/Kg) and Hg (2.8 mg/Kg) [9]. The
same effect was reported for lake sediments from Balaton,
Hungary showing no metal pollution, even if fluvial sediments are highly polluted [12]. These authors explained
this fact by considering that extremely shallow water depth
presents a good condition for sedimentation of fresh suspended particulate matter carrying large amounts of trace
metals. Concentrations of metals in aquatic environments
are strongly dependent on biological processes, redox potential, ionic strength, pH, as well as activities of organic
and inorganic chelators [16].
4. CONCLUSION
This study reports on the degree of heavy metal pollution in Lago Cuitzeo. Metal contents in the sediments
show only slight variations during the 4 seasons of the year,
and also not in different sites of sampling. But samples
collected at the mouth of the Grande River show high contents of Cu, Cr, Ni, Pb, V and Zn. This increase is especially evident during the dry season when concentration
levels of Cu and Pb exceeded accepted guidelines provided by the Canadian Council of Ministers of the Environment. Despite the high pollution input from the Grande
River, samples from inside the lake seem to be unpolluted
with metals. The organic matter concentration in the analyzed samples does not present significant changes. The
values vary between 0.621 and 2.655 mg/kg showing that
the influence of organic matter in the behavior of trace
metal is homogeneous in the studied zone, and it is the
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same in the different periods of sampling. In this way, it
can be considered that the found concentrations in this
study can be compared.
The present study emphasizes the necessity to determine metal pollution impact at Cuitzeo Lake environment
(river water, lake water, aquatic organisms etc.), together
with its behavior in the aquatic environment. The assessment of the sediment`s environmental quality in Cuitzeo
Lake, in terms of metal concentrations, can be used as the
basis for a regular monitoring program for implementing
suitable pollution control measures.
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ZOOPLANKTON COMPOSITION AND
WATER QUALITY OF LAKE GÖLBAŞI (HATAY-TURKEY)
Ahmet Bozkurt1,* and Yalçın Tepe2
2

1
Faculty of Fisheries, Mustafa Kemal University, 31200 İskenderun, Hatay, Turkey
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ABSTRACT
Zooplankton composition, abundance, distribution and
some water quality parameters were investigated to determine the apparent response of the zooplankton community
to water quality conditions in Lake Gölbaşı (Hatay, Turkey) between April 2003 and March 2004. Water quality
parameters, such as pH, dissolved oxygen, temperature,
salinity, chemical oxygen demand (COD), total alkalinity
and hardness, ammonia, nitrite, nitrate, phosphate, sulphite,
sulphate, chloride, potassium, sodium and silica analyses,
were done. The highest zooplankton abundance was found
in August, whereas the lowest was determined in January.
The zooplankton composition of the lake consisted of Rotifera, Cladocera and Copepoda. Number of species of
Rotifera was higher than the other taxa. In the study, a total
of 61 taxa of Rotifera, 20 taxa of Cladocera, and 10 taxa of
Copepoda were found. Rotifera species Dipleuchlanis
propatula (Gosse, 1886) is the second record for Turkish
inland waters.
The annual mean concentration of chlorophyll a was
measured as 37.87±9.77 µg/L. The levels of nutrients
(mean values of total phosphorus and nitrate-nitrogen:
0.21±0.19 mg/L and 12.36±5.99 mg/L) were high enough
to assume the lake at eutrophic level.
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1. INTRODUCTION
Rotifera, Cladocera and Copepoda taxa in zooplanktonic groups, which are the first link in the food chain of
zooplankton grazers, are present in all kinds of freshwater
systems. They are the major food source of fish and other
aquatic animals playing an important role in freshwater
reservoirs. For this reason, the amount of these organisms
in the unit mass of water is vital for fry rates in reservoirs,
but also a characteristic indicator of water quality, eutro* Corresponding author

phication and pollution levels. The abundance and composition of both phytoplankton and zooplankton are largely
regulated by the resource base and tend to increase depending on the trophic level of lakes [1]. Therefore, studies of
zooplankton communities in freshwater environments may
be instrumental in the prediction of long-term changes in
lake ecosystems.
The short generation time and fast population renewal
of rotifers make them the most important group among
zooplankton. They are sensitive to changes in water quality
parameters but able to respond rapidly to environmental
changes compared to other zooplankton. Rotifers with their
major effect on the behavior, distribution, growth, condition and larval survival rate for all species of freshwater
fish are also one of the main biotic factors in the aquatic
environment. They play an important role as grazers, suspension feeders and predators within the zooplankton
community, and also serve as an essential food source for
invertebrate and vertebrate predators [2]. Zooplanktonic
studies are very important for inland water ecosystems.
Therefore, many studies have been performed on zooplanktonic organisms of lentic ecosystems in Turkey, but information on the zooplanktonic fauna of the south of Turkey
is scarce.
While no detailed previous water quality assessments
exist, Lake Gölbaşı is generally considered to be a pristine environment, with non-point sources of pollution by
high levels of nutrient inputs or other pollutants. However,
absence of a proper sewage treatment system and widespread use of agricultural fertilizers, high levels of recreational activity and over-fishing are the negative factors
impacting the Lake Gölbaşı. These activities along with
fishing in the lake are expected to impact the ecology, and
may have already started to impact the ecology of the
Lake Gölbaşı and its ecosystems.
Previous studies of plankton in Lake Gölbaşı were only
on the biomass and species composition of both phytoplankton [3], and zooplankton [4].
The purpose of the investigation was to determine the
detailed species composition and abundance of zooplanktonic communities along with the water quality parameters in Lake Gölbaşı.
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2. MATERIALS AND METHODS

wavelength with 90 % acetone. The chlorophyll a concentration was calculated from the following equation:

Lake Gölbaşı is located in the eastern Mediterranean
region of Turkey, 50 km north of the Antakya city (36º
29´ E, 36º 30´ N). The lake is a natural one with a surface
area of 12 km2 and an altitude of 18 m. The volume of the
lake is 8 x 106 m3, with a maximum depth of 4.3 m. Since
the lake supplies water for surrounding cotton fields, the
water level is lower in spring and summer. The lake has
no incoming or outgoing creeks and is only fed by spring
water. Water samples were collected from two stations.
Station one was located near by the village, and station
two was across station one and close to the pump (Fig. 1).

Chl-a in µg/liter = 11.9 (A665 – A 750) V / L X
1000/S
Other water quality parameters, such as chemical oxygen demand (COD), total alkalinity and hardness, ammonia, nitrite, nitrate, phosphate, sulphite, sulphate, chloride,
potassium, sodium and silica, were measured on the same
day in the Mustafa Kemal University, Faculty of Aquaculture and Fisheries Laboratories. Titration methods were
used for total alkalinity and total hardness, and the results
of both analyses were expressed as mg/L CaCO3. Chloride
(Cl2) analyses were done by titration method with Hg(NO3)2.
Chemical oxygen demand (COD) was analyzed by titration
with ferrous ammonium sulphate, basically calculating the
amount of oxygen spent to oxidize all organic matter in
water. Nitrate (NO3), nitrite (NO2-) and total ammonia
nitrogen (TAN) (NH3 + NH4+) as well as phosphate (PO43)
measurements were carried out according to standard procedures by using a Shimadzu brand UV-1601PC model
spectrophotometer. Water analyses were done according to
procedures described by Boyd and Tucker [6]. Water quality
measurement data were obtained by averaging the values from both stations.
2.2. Zooplankton Sampling and Identification

FIGURE 1 - Location map of Lake Gölbaşı and sampling stations.
2.1. Water Analyses

The study was carried out between April 2003 and
March 2004 on a monthly basis. Sampling bottles were
washed with 1-2% HCl solutions, a day before use, then
rinsed with distilled water, and dried in the drying oven [5].
Water samples were taken from 10 cm depth by holding the
bottles upward, and immediately transferred to the laboratories for analyses. Oxygen, temperature, pH and salinity were
measured directly at the field by means of digital instruments (oxygen: YSI model 52 oxygen meter; pH: Orion
model 420A pH meter; salinity: YSI model 30 salinometer).
Chlorophyll a concentration was determined spectrophotometrically. Filter papers (Type HA, 47 mm and 0.45 µ
pores) were placed on the filter holder and attached to the
funnel. Three drops of MgCO3 were added to filter paper
and, after the water sample of 100 ml was filtered through,
the filter paper was removed and its edges not coated with
residue were trimmed. Then, the filter paper was crumpled, placed in the tissue grinder, and 10 ml of 90 % acetone was added before grinding for 1 min. The contents of
the tissue grinder were transfered into a 15-ml screw cap
glass centrifuge tube and refrigerated in the dark overnight.
The acetone exract was centrifuged at 500-1000 times gravity for 10 min. The supernatant was decanted into a cuvette
and the absorbance was measured at 665 nm and again at
750 nm with a spectrophotometer set at 0.00 abs at each

Zooplankton samples were taken from the stations with
horizontal and vertical hauls by using 60 µm mesh size
plankton nets. Depths of stations 1 and 2 were 2 m and
2.5 m, respectively. After 15-min drawing and filtering
about 7 m3 water, the samples were replaced into glass
jars and fixed in 4% formaldehyde. While qualitative (systematic) analyses were made on samples obtained from
both horizontal and vertical drawings, quantitative analyses were made only on samples obtained from vertical
drawings. Vertical hauls were made from bottom to surface with a 15-cm diameter vertical plankton net, whereas
horizontal drawings were made with 30-cm diameter horizontal plankton net. Taxonomic literature [7-20] was used
to identify the zooplankton groups. Zooplankton density
(according to species) was estimated by optical inverted
microscopy according to Wetzel [21]. The density and biomass of Rotifera and Crustacea (by species) were estimated
by following the method of Edmondson [7]. Number of
organisms in 1 L was determined by counting the all vertical samples. Zooplankton biomass was defined as the sum
of the biomass of Rotifera and Crustacea.
All statistical analyses were performed by using MS
Excel.
3. RESULTS
3.1. Water Quality Parameters

Water temperature ranged from 13 ºC in December to
28.1 ºC in August (annual average 21.8±4.42 ºC) while
pH values increased from May to December ranging be-
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tween 7.19 and 7.89 (average 7.52±0.23) throughout the
study.
The highest and the lowest dissolved oxygen values
recorded in March and August were 9.72 and 3.23 mg/L,
respectively (average 5.94±2.39 mg/L, over the study period; Fig. 2).
COD was stable for 5 months at the beginning of the
study but increased month by month for the rest of the
study period up to 42.5 mg/L. Nitrate, and nitrite levels
showed similar patterns during the study period and
maximum levels were recorded in April and January
(16.35 mg/L and 0.59 mg/L), respectively. The other nitrogen derivative, ammonia, fluctuated over the year, and was
similar to nitrate and nitrite. Ammonia concentration in
July was minimum with 0.24 mg/L and increased each
month up to 0.85 mg/L in December. The mean ammonia

concentration was 0.61±0.21 mg/L at the end of the study
(Fig. 3).
Salinity, as expected, did not show important differences among months, and average value was 0.24 ppt
throughout the year. Fluctuations in total alkalinity and total
hardness were similar. The average total alkalinity and total
hardness values were 277±4.33 mg/L and 457±47.72 mg/L,
respectively. The average silica level was 10.29±2.98 mg/L;
starting with 9.05 mg/L in April; silica concentrations were
gradually decreased to 8.3 mg/L in August, and then
monthly increased to 13 mg/L until January. The maximum sodium concentration of 126 mg/L was recorded in
December and averaged 95.37±18.50 mg/L throughout the
study. Chloride concentration was 0.22 mg/L at the beginning of the study and increased gradually until October.
The average chloride concentration was 0.33±0.11 mg/L
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FIGURE 2 - Monthly variation in water temperature, dissolved oxygen, and pH.
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169

N itrite	
  a nd	
  T AN 	
  (mg /l)

50

Fresenius Environmental Bulletin

S ulfa te
C hl-‐a
P hos pha te
S ulfite

250

14
12
10

200

8
150
6
100

4

Ma r

F eb

J an

D ec

N ov

Oct

S ept

Aug

0

J ul

0

J un

2

Ma y

50

Apr

S ulfa te	
  (mg /l),	
  C hl-‐a 	
  (µg /l)

300

S ulfite,	
  P hos ha te	
  (mg /l)

© by PSP Volume 20 – No 1a. 2011

FIGURE 4 - Monthly variation of sulphate, chlorophyll a, sulphite and phosphate.

over the year. Potassium level was 1.30 mg/L in April and
increased gradually until January to 3.05 mg/L but then
decreased to 1.75 mg/L in March. The average potassium
level was 2.14±0.67 mg/L over the study period.
Phosphate, the most vital nutrient affecting productivity of natural water resources, was 0.22±0.19 mg/L, on
average. Phosphate levels increased during the summer
until August but a gradual decrease was observed after
this month. Sulphate concentration was the highest in
October with 258 mg/L, and the average sulphate
amount was 163±40.88 mg/L for the study period. Sulphite
was 5.6 mg/L in April, increased gradually up to 12 mg/L till
December, and then decreased to 6.41 mg/L. The average
sulphite con-centration was calculated to be 8.3±4.80
mg/L. Chlorophyll a ranging from 22.48 µg /L in January
to 51.1 µg /L in April was averaged to be 37.87±9.77 µg
/L (Fig. 4).
Zooplankton community

The zooplankton taxa identified in Lake Gölbaşı are
shown in Table 1. The zooplankton assemblage included
91 species. Rotifera had the highest proportion with 61
species, followed by Cladocera with 20 taxa and Copepoda with 10 taxa. Polyarthra dolichoptera Idelson, 1925,
Synchaeta sp., and S. stylata Wierzejski, 1893 were present throughout the whole study period.
Copepoda were found for 8 months. The least recorded
species were as follows: B. patulus Muller, 1786, Lecane
stenroosi (Meissncer, 1908), L. ohioensis (Herrick, 1885),
Dipleuchlanis propatula (Gosse, 1886), Notommata copeus
Ehrenberg, 1934, Notholca acuminata (Ehrenberg, 1832),
M. ventralis (Ehrenberg, 1832), Pompholyx sulcata Hudson, 1885 (rotifera); Daphnia magna Straus, 1820,
Scapholeberis kingi Sars, 1888, Alonella excisa (Fischer,

1854), Alona costata Sars, 1862, Graptoleberis testudinaria (Fischer, 1848), Pseudochydorus globosus (Baird,
1843), Dunhevedia crassa King, 1853 (cladocera); Lernea
cyprinacea Linnaeus, 1758 (copepoda). L. cyprinacea is a
parasite copepod and lives in freshwater habitats. It has
been recorded in many places around the world. It has
been found in the European inland, such as Scandinavia,
France, Italy, and Germany, all the way to Japan. The parasite is spread throughout Central Asia as well as in the
southern regions of West Siberia. The distribution of L.
cyprinacea in the northward is limited by temperature. It is
an exceptionally thermophilic organism of southern origin,
and develops successfully only at high temperatures (2330 °C) [22]. The free-swimming, juvenile female is much
smaller than the adult [23-25]. There were free-swimming
juvenile individuals in our samples. In its copepodid stages,
it has the normal body form like other copepods. Its abdomen has four or five somites. The first and second somites
are completely separated. After 4 to 16 days in the nauplius
stage, it metamorphoses into the first copepodid stage.
After this metamorphosis, no further development occurs
unless a host is found [23-26].
There were approximately the same numbers of species in both stations. In the fırst station, there were 58 species of rotifer, 19 species of cladocer and 8 species of copepod. In the second station, there were 59 species of rotifer, 15 species of cladocer and 8 species of copepod. The
first station was richer than the second one in cladocer,
but the second station richer than the first in rotifer. The
number of copepod species was roughly equivalent at both
stations.
In terms of numbers, according to monthly distribution of the groups, the highest numbers of rotifera were
found with 42 taxa in November, followed by 33 taxa
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recorded in July and February, 32 taxa in April, but only
6 taxa were determined in January. Cladocera showed the
highest number of taxa in April with 14 taxa, followed by
February with 12 taxa and November with 11 taxa. Cladocera was not found in December and January. Copepoda

showed the maximum diversity with 9 taxa in December
and January, followed by April with 6 taxa and November
with 4 taxa. Only one species of Copepoda appeared in
March.

TABLE 1 - Rotifera, Cladocera and Copepoda species in Lake Gölbaşı.
Rotifera
Brachionus angularis Gosse, 1851
B. calyciflorus Pallas, 1766
B. quadridentatus Hermann, 1783
B. patulus (Muller, 1786)
Lecane closterocerca (Schmarda, 1859)
L. stenroosi (Meissner, 1908)
L. hastata (Murray, 1913)
L. bulla (Gosse, 1851)
L. quadridentata (Ehrenberg, 1832)
L. lunaris (Ehrenberg, 1832)
L. papuana (Murray, 1913)
L. luna (Müller, 1776)
L. ohioensis (Herrick, 1885)
L. ludwigi (Eckstein, 1893)
Polyarthra dolichoptera Idelson, 1925
Hexarthra fennica (Levander, 1892)
Testudinella patina (Hermann, 1783)
Testudinella mucronata (Gosse,1886)
Cephalodella gibba (Ehrenberg, 1832)
C. forficula (Ehrenberg, 1838)
Keratella valga (Ehrenberg, 1834)
K.cochlearis cochlearis (Gosse, 1851)
K. cochlearis tecta (Louterborn, 1900)
K. tropica (Apstein, 1907)
K. quadrata (Müller, 1786)
Synchaeta sp
S. stylata Wierzejski, 1893
Trichotria tetractis (Ehrenberg, 1830),
T. pocillum (Muller, 1776)
Asplanchna priodonta Gosse, 1850
A. sieboldi (Leydig, 1854),
Lophocharis salpina (Ehrenberg, 1834)
Rotaria neptunia (Ehrenberg, 1832)
Eosphora najas Ehrenberg, 1830
Euchlanis dilatata Ehrenberg, 1832
Dipleuchlanis propatula (Gosse, 1886)
Dicranophorus grandis (Ehrenberg, 1832),
Beauchampiella eudactylota eudactylota (Gosse, 1886)
Lepadella patella (Müller, 1786)
L. ovalis (Müller,1786)
L. rhomboides (Gosse, 1886)
Anuraeopsis coelata (de Beauchamp, 1932).
Trichocerca longiseta (Schrank, 1802)
T. iernis (Gosse, 1887)
T. porcellus (Gosse, 1886)
T. stylata (Gosse, 1851)
T. elongata (Gosse, 1886)
Squatinella lamellaris (Müler, 1786).
Platyias quadricornis (Ehrenberg,1832)
Scaridium longicaudum (Muller, 1786)
Colurella adriatica Ehrenberg, 1831
C. uncinata (O. F. Muller, 1773)
Wolga spinifera (Western, 1894)
Notommata copeus Ehrenberg, 1934
Notholca squamula (Muller, 1786)
Notholca acuminata (Ehrenberg, 1832)
Mytilina mucronata(Muller, 1773)
M. ventralis (Ehrenberg, 1832)
Pompholyx sulcata (Hudson, 1885)
Monommata longiseta (Muller, 1786)
Filinia longiseta (Ehrenberg, 1834)

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
2
12
12
12
12
12
1
12
2
12
12
12
12
12
12
2
12
12
12
12
12
12
12
12

Cladocera
Diaphanosoma brachyurum (Liévin, 1848)
Bosmina longirostris (Müller, 1785)
Moina micrura Kurz, 1874
İlyocryptus sordidus (Liévin, 1848)
Ceriodaphnia pulchella Sars, 1862
Daphnia magna (Straus, 1820)
Simocephalus serrulatus (Koch, 1841)
Macrothrix laticornis (Fischer, 1851)
Scapholeberis kingi Sars, 1903
Camptocercus uncinatus Smirnov, 1971
Alonella exigua (Lilljeborg 1853)
Alonella excisa (Fischer, 1854)
Alona rectangula Sars, 1862
Alona costata Sars, 1862
Chydorus sphaericus (Müller 1776).
Graptoleberis testudinaria (Fischer, 1848)
Pseudochydorus globosus (Baird, 1843)
Dunhevedia crassa King, 1853
Picripleuroxus laevis Sars, (1862)
Pleuroxus uncinatus Baird, 1850
Copepoda
Eucyclops speratus (Lilljeborg, 1901)
Cryptocyclops bicolor (Sars, 1863)
Macrocyclops albidus (Jurine, 1820)
Megacyclops viridis (Jurine 1820)
Paracyclops fimbriatus chiltoni (Thomson, 1883)
Diacyclops bicuspidatus (Claus 1857).
Eudiaptomus drieschi (Poppe & Mrazek, 1895),
Nitocra hibernica (Brady, 1880)
Onychocamptus mohammed (Blanchard & Richard,. 1891).
Lernaea cyprinacea Linnaeus, 1758
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1: First station; 2: second station
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FIGURE 5 - Monthly variation of zooplankton abundance.

As a result of quantitative evaluation of zooplankton
samples, averages of 333±122 ind/L Rotifera, 15±6 ind/L
Cladocera, and 9±7 ind/L Copepoda were found in the
lake, respectively. Rotifera and Copepoda increased in
number from May to January, reached the highest levels
(1220 ind/L and 23 ind/L, respectively), and then decreased
until July while an increase was determined from August to
November. After then, Rotifera decreased but Copepoda
increased until January. The minimum number (60 ind/L)
of Rotifera was observed in January, and only 3 copepod
individuals were found in May, September, February and
March.
Cladocera reached the maximum number (43 ind/L)
in April, and decreased after this month until November.
Cladocera was not detected in December and January, and
only 5 individuals were found in June (Fig. 5).
Rotifera species Dipleuchlanis propatula determined
in this study is the second record for Turkish inland waters (Fig. 6), and was recorded firstly in Soysallı Pond
(Kayseri, Turkey) [27].
4. DISCUSSION
Lake Gölbaşı is a relatively small lake, and so it is
expected that a high degree of homogeneity may exist for
various physical parameters. Since there was no significant spatial variability for most physicochemical parameters, the water quality measurement data were taken by
averaging the values of two stations.
Mean dissolved oxygen concentrations were above
5 mg/L which was sufficient to support aquatic life, especially the zooplankton community. The increase in dis-

solved oxygen levels might be the result of runoffs occurring by winter rains [28].
Natural waters with high or moderate alkalinity usually have lower pH change during the day, because of the
buffering capacity afforded by the higher alkalinity [29].
The total alkalinity of the lake is quite high to buffer pH.
The carbonate system provides acid buffering by bicarbonate (HCO3-) and carbonate (CO3--). These compounds
are usually found with two hardness ions: calcium (Ca++)
and magnesium (Mg++). The mean value of chlorophyll a
was relatively high and indicated that the lake has an eutrophic character according to the trophic status [30]. The
annual mean values of total phosphorus with 0.22 mg/L also
make the lake in eutrophic class according to Wetzel [31].
Chlorophyll a showing direct relation (r2 = 0.80) with
dissolved oxygen increased with the increase in dissolved
oxygen but decreased with the decrease in dissolved oxygen [5]. Chlorophyll a was inversely correlated with sulfite (r2 = -0.59) and potassium (r2 = -0.78).
Photosynthetic oxygen production by phytoplankton
might be the reason of this direct proportion. While negatively significant correlation was found between chlorophyll a and TAN (r2 = -0.67), weak correlation was found
between chlorophyll a and nitrate (r2 = 0.26) as well as
chlorophyll a and nitrite (r2 = -0.37). In addition, TAN
showed a significantly negative correlation with phosphate
(r2 = -0.75). On the other hand, there were significantly
positive correlations between chlorophyll a and sulfate (r2 =
0.50), chlorophyll a and temperature (r2 = 0.54), whereas
a negative correlation was found between chlorophyll a
and phosphate (r2 = -0.71).
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A significant functional relationship was found between zooplankton and water quality parameters (chlorophyll a, r2 = 0.57; nitrate, r2 = 0.68; sulfite, r2 = 0.81; potassium, r2 = 0.84). A weak correlation was found between
zooplankton and other water quality parameters (phosphate,
r2 =- 0.40; nitrite, r2 = -0.27; TAN, r2 = -0.41; sulfate, r2 =
0.22; dissolved oxygen, r2 = 0.05 and temperature, r2 = 0.46).
Some researchers [32, 33] determined positive correlation between chlorophyll a and phosphate, and also between nitrogen, phosphate and zooplankton. They specially
declared increase in the number of rotifers and crustaceans with the increase in nutrient amount [32, 33].
Nitrogen does not occur naturally in soil minerals, but
is a major component of all organic matter including both
plants and animals. Decomposed organic matter releases
ammonia, which is converted to nitrate if oxygen is present
[34]. This conversion occurs more rapidly at higher water
temperatures [35]. All inorganic forms of nitrogen (NO3-,
NO2- and NH4+) can be used by aquatic plants and algae
[36]. If these inorganic forms of nitrogen exceed 0.3 mg/L
(as N) in spring, it means there is sufficient nitrogen to
support summer algal blooms. The concentrations of nitrogen forms in Lake Gölbaşı were sufficient to support summer algae blooms and zooplankton biomass.
According to Welch [37], it is well-known that annual fluctuations in phytoplankton and zooplankton biomass
occur as well as two increases in spring and autumn, but
decreases in summer and winter. Chlorophyll a was high
in spring and autumn while low in summer and winter,
parallel to zooplankton biomass.
Since there is a close relation between phytoplankton
and zooplankton because of the food chain, increases were
observed in zooplankton biomass following the phytoplankton bloom. The highest amount of Rotifera was reported in the area where phytoplankton bloom occurred, as
they consequently found abundant food sources [12, 38,
39]. Similar results were found in the present study. In
April, chlorophyll a was decreased parallel to the increase
in zooplankton. In the following months, the amount of
zooplankton was decreased with decrease in chlorophyll a
but increased with increase in chlorophyll a. Especially in
March, identical increases in the amount of zooplankton
and chlorophyll a were obviously observed.
Taxa determined in the Lake Gölbaşı, such as
Brachionus calyciflorus Pallas, 1766, B. angularis Gosse,
1851, Keratella quadrata, K. cochlearis (Gosse, 1851),
Polyarthra dolichoptera, Euchlanis dilatata, Lecane luna,
Pompholyx sulcata, Filinia longiseta (Ehrenberg, 1834),
Trichocerca species (Rotifera); Bosmina longirostris
(Müller, 1785), Chydorus sphaericus (Mueller, 1785),
Daphnia cucullata Sars 1862 (Cladocera) are also reported
as eutrophic species [40, 14].

mon cosmopolitan inhabitants in the littoral vegetation of
the lake. Alona and Chydorus (Cladocera) are also most
common forms, found on or near the bottom in weedy
littoral areas [41]. The zooplankton composition of the
lake showed the characteristics of a weedy littoral habitat.
Türkmen et al. [4] reported 23 taxa of Rotifera, and
2 taxa each of Copepoda and Cladocera, which makes a
total of 27 taxa from Lake Gölbaşı. In our study, 61 taxa
of Rotifera, 10 taxa of Copepoda, and 20 taxa of Cladocera (a total of 91 taxa) were determined from the same lake.
The differences between both studies might be the result
of different sampling and assessment procedures. Nevertheless, monthly abundances and changes of zooplankton show similarity for both studies.
Zooplankton species diversity and abundance of the
Lake Gölbaşı seems considerably rich compared with other
studies carried out on different Turkish lakes (17 Rotifera
species in Yamansaz Lake [42]; 16 Rotifera species in
Hazar Lake [43, 44]; a total of 17 species, 10 belong to
Rotifera, 5 to Cladocera and 2 to Copepoda, in Lake Burdur). Yıldız et al. [45] declared that 41 species were found
in Lake Marmara, including 29 Rotifera, 8 Cladocera, and
4 Copepoda. Bekleyen and Taş [46] had found 10 species
from Cladocera, 3 from Copepoda and 18 from Rotifera
(totally 31 species) in Çernek Lake.
According to several authors [42, 46-48, 50-57],
Dipleuchlanis propatula was firstly reported in 2007 by
Kaya and Altındağ [27] from Turkey. Therefore, D.
propatula, determined in this study, is the second record
for Turkish inland waters. D. propatula has an oval body
shape, truncate in front and rounded behind. The foot is
short, slender and three-jointed; there are no setae on the
dorsal side of the penultimate foot-joint. The toes are very
long, parallel-sided, very slender, cylindrical and slightly
swollen near their bases. The rami are triangular in ventral
view, and the unci each have ≥10 long, slender teeth,
clubbed at the tips (Fig. 6).

FIGURE 6 - Dipleuchlanis propatula (Gosse, 1886) (bar 50 µm).

Of the rotifers identified, Asplanchna, Brachionus,
Keratella, Cephalodella, Lecane, Lepadella, Monostyla,
Mytilina, Notholca, and Trichocerca are the most com-
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ABSTRACT
Nano-CoPcS/TiO2 were synthesized by the dipping
method and further characterized by X-ray diffraction
spectrogram and UV-vis spectra. We found that nanoCoPcS/TiO2 enhanced the chemiluminescene (CL) intensity of a luminol system. Sonoluminescence and optically
stimulated luminescence were equivalent; however with
the addition of nano-material into the luminol solution,
sonoluminescence intensity was higher than optically stimulated luminescence intensity. Our data suggest that the
optimized conditions for nano-CoPcS/TiO2 catalyzed CL of
luminol was at pH 12.5, under the concentration of 1.2 mM
luminol and 0.3 mg·mL-1 solid-containing content of nanoCoPcS/TiO2 solution. The possible reaction mechanisms
were also elaborated on. Chemiluminesence of luminol
catalyzed by nano-CoPcS/TiO2 resulted from the absorption
effect of the nano-CoPcS/TiO2 surface to luminol, the formation of nano active species and minimal cavitation bubble.

KEYWORDS: Nano-CoPcS/TiO2, luminol, chemiluminescene,
reaction mechanism.

1. INTRODUCTION
Chemiluminescence (CL) is an advantageous analytical method based on enhanced sensitivity, lower detection
limits, wider linear ranges and simple instrumentation. At
present, many studies have investigated diverse CL systems
and other detection methods [1]. Chemiluminescence has
been widely used in organic matter, inorganic matter, DNA
hybridization, nucleic acid analysis, and immunoassay [2,
3]. Luminol is one of the most commonly used reagents in
CL reactions and still plays an important role in the modern chemical analysis.
Nano-material possesses quantum size effect, volume
effect, surface effect, and macroscopic quantum tunneling
* Corresponding author

effect that traditional material does not have. Nano-material
has been applied in many fields and industries, such as
military, chemical engineering, biomedicine, environmental
and electromagnetics. Tuziuti et al. [4] showed that TiO2
addition enhanced the absorbance of KI aqueous solution
due to the chemically activated particle surface on the TiO2
and the increase in cavitation bubbles accelerating the
transfer of OH-radicals and other oxidants to bulk liquid
regions at collapse. Liu et al. [5] showed that the sensitization of MnO2 nano-particles in electro-chemiluminesence
(ECL) was enhanced when MnO2 nano-particles were in
either solution or on the surface of an electrode. Chen et
al. [6] reported that silver nano-particles (AgNPs) could
enhance CL intensity of a luminol-H2O2 system and found
that the catalytic reaction took place on the surface of the
AgNPs.
Sulfonated cobalt phthalocyanine (CoPcS) is a phthalocyanines derivative, which has stable chemical and physicochemical features and a maximum absorption at 675nm. It
also has two absorption bands (B band and Q band), which
can promote the photosensitivity of phthalocyanine compounds. The electron transition in the Q band is mainly
localized on the phthalocyanine ring, which is more sensitive to environmental change and especially suitable for
photosensitive material especially.
In this study, we used the dipping method to prepare
optical type composite nanometer material CoPcS/TiO2
and applied nano-CoPcS/TiO2 to catalyze the reaction of the
luminol system. The effects of pH, solid-containing content, and concentration of reactants were investigated. Possible mechanisms of the nano-CoPcS/TiO2 catalyzed luminol CL were also discussed.
2. MATERIALS AND METHODS
2.1. Materials

Sulfonated cobalt pPhthalocyanine (CoPcS) and titanium dioxide (TiO2) were purchased from the Shanghai
Reagent Corporation (Shanghai, China)and luminol was
purchased from the Fluka Corporation. Purified water was
prepared in the lab and all reagents were of analytical grade.
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The CoPcS/TiO2 were characterized by X-ray diffraction (D/MAX-PC 2500, RIGAKU), UV-vis spectrophotometer (UV2450, Thermo Spetronic). The CoPcS/TiO2 was
dispersed in an ultrasonic machine (CQ2200, HongKong)
and the CL signal was measured by a fluorescence spectrometer (F-2500, Japan Hitachi)

peaks were at 29.84°, 35.2° 37.92°, 53.24° and 60.24°
for 2θ. The peak at about 25° for 2θ perhaps was possibly from the synergistic effect of TiO2 and CoPcS.

2.2. Prepare of nano-CoPcS/TiO2

A certain amount of CoPcS was dissolved in distilled
water. Nano-TiO2 was then added and the solution was
magnetically stirred for 36 h and stood for 2 h. The supernatant was then removed, dried in a baking oven,
moved into a muffle furnace, calcined under different temperatures, and a novel composite material CoPcS/TiO2 was
obtained. The CoPcS/TiO2 was then characterized by Xray diffraction and UV-vis [7].
2.3. CL of luminol catalyzed by CoPcS/TiO2

FIGURE 1 - XRD image of sample.

Approximatelly 0.0177 g of luminol was dissolved in
100 mL NaOH (pH 12) solution, and was preserved avoiding light in a refrigerator.
A certain amount of nano-TiO2 powder and nanoCoPcS/TiO2 powder were added into a tube of 15 mL, and
diluted to 10mL by distilled water. Nano-TiO2 and nanoCoPcS/TiO2 suspension liquid were obtained by sonication
for 20min. The solid-containing content was the quality of
nano-TiO2 powder and nano-CoPcS/TiO2 powder in suspension liquid of 1mL.

To investigate their photo response, composite material samples were analyzed under different temperatures
using a UV-vis spectrophotometer. Figure 2 shows the
UV-vis diffuse reflection image of nano-TiO2 and nanoCoPcS/TiO2 under the different temperatures of 423 K,
473 K, and 573 K.
1.8
1.6
1.4

A certain amount of nano-TiO2 suspension liquid and
nano-CoPcS/TiO2 suspension liquid with 0.5mg·mL- 1 of
solid-containing content were added into a 100 mL of
luminol solution and shaken for 30 S. Taken as a blank
for the luminol luminescence system, UV-vis absorption
spectrogram of the luminol solution and mixture was determined by UV-vis spectrophotometer and photoluminescence by a fluorescence spectrometer.
Sound luminescence was excited by ultrasonication.
An ultrasonic probe was inserted into a glass dish of the
fluorescence spectrometer from a hole on the top of the
camera. The hole was then sealed to prevent extraneous
light. The incident light path of the excited light was blocked.
Fluorescence spectra were obtained using a scanning wavelength of 350 - 500 nm.
3. RESULTS AND DISCUSSION
3.1. Characterization of nano-CoPcS/TiO2

Figure 1 shows the X-ray diffraction spectrogram of
nano-CoPcS/TiO2. X-ray diffraction peaks formed at
25.56°, 37.7°, 48.0°, 54.08° and 62.92° for 2θ, which
were almostly identical to those of TiO2 with standard
type of anatase at 25.5°, 36.4°, 48.1°, 54. 4°, and 63.2°
for 2θ. This demonstrated that TiO2 modified by CoPcS
had the typical crystal structure of anatase. The strongest
peak of CoPcS was at 10.52° for 2θ, and the weakest
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FIGURE 2 - UV-vis diffuse reflection image of samples. (1: TiO2, 2:
CoPcS/TiO2 (573 K), 3: CoPcS/TiO2 (473 K), 4:CoPcS/TiO2 (423 K))

Figure 2 shows that the TiO2 absorbance peak only
appeared in the ultraviolet area. The nano-CoPcS/TiO2 had
stronger absorbance in the visible light area under 473 K
and 423 K, and had the best effect under 423 K. NanoCoPcS/TiO2 had a strong absorbance at the wavelength of
600 - 680 nm. Nano-CoPcS/TiO2 had low absorbance under 573 K in visible light area. CoPcS was decomposed
and the Pc ring was destroyed under 573 k, which resulted
in the disappearance of the Q band absorption and so
absorption was lost in visible area.
3.2. Luminol CL reaction catalyzed by nano-CoPcS/TiO2

Figure 3 shows the photoluminescence diagram of the
luminol solution and luminol-nano-CoPcS/TiO2 solution,
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with an excitation wavelength λex of 381 nm. At the peak
wavelength of 429 nm, nano-CoPcS/TiO2 enhanced the
fluorescence intensity of the luminol solution significantly,
which indicated that nano-CoPcS/TiO2 had a sensitizing
effect on luminol sonoluminescence.

[8]. The photo sensitizer CoPcS could be excited by light
when combined with the surface of TiO2. The reactants
could then further react on the ground state catalyst, thereby
enhancing fluorescence intensity.
Figure 4 and Figure 5 shows the comparison of the
sonoluminescence diagram and photoluminescence diagram
of the luminol solution and luminol- nano-CoPcS/TiO2
solution, with an excited wavelength of 381 nm.

Because the photo response range of TiO2 was limited,
and its absorbance was mainly in the ultraviolet area, it was
unable to absorb visible light, and was therefore restricted
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FIGURE 3 - Photoluminescence diagram of luminol solution and luminol-nano-CoPcS/TiO2 solution
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FIGURE 4 - Sonoluminescence and photoluminescence diagram of luminol solution (SCL: Sonoluminescence, LCL: Photoluminescence)
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FIGURE 5 - Sonoluminescence and photoluminescence diagram of luminolnano-CoPcS/TiO2 solution. (SCL: Sonoluminescence, LCL: Photoluminescence)

179

© by PSP Volume 20 – No 1a. 2011

Fresenius Environmental Bulletin

The sonoluminescence peak wavelength (394 nm) and
the optically stimulated photoluminescence peak wavelength (429 nm) of the two solutions were very similar. The
spectral ranges were also close. The sonoluminescence and
optically stimulated luminescence were equivalent. Figure 5
also showed that the addition of nano-material to the luminol solution resulted in a greater enhancement of sonoluminescence intensity than optically stimulated luminescence intensity.
3.3. Optimization of CoPcS/TiO2 catalyzed CL of luminol
3.3.1. Effect of pH on CL

The effect of pH on the CL reaction of luminol was
studied. Barni [9] reported that luminol could be greatly
stabilized by protonation, so luminol reaction under alkaline
conditions and the activity of luminol was extremely low in
acidic solution. The alkalescency of the system had a great
influence on the reaction. Luminol was dissolved in a NaOH
solution of different concentrations and the system’s pH
range was 10-14. The concentration of luminol and the
solid-containing content were 1 mM and 0.5 mg·mL- 1.
Figure 6 shows the measurement of luminescence intensity.

Intensity(a.u.)

As shown in Figure 6, when the pH of the system was
12.5, nano-CoPcS/TiO2 exhibited the strongest catalytic
ability. CL intensity increased with an increase in the pH
range of 10 – 12.5 but decreased in the range of pH 12.5-14.

3.3.2 Effect of the concentration of luminol on CL

The effect of luminol concentration on the CL reaction
was investigated. The luminol system had a pH of 12.5,
and the solid-containing content of the nano-CoPcS/TiO2
solution was 0.5 mg·mL- 1. The range luminol concentration was 0.4 – 2 mM. Figure 7 shows the measurement of
luminescence intensity.
As shown in Figure 7, when the concentration of the
luminol solution was 1.2 mM, nano-CoPcS/TiO2 exhibited the strongest catalytic ability. When luminol solution
concentration was in the range of 0.4-1.2 mM, CL intensity increased with the increase in luminol solution concentration, while CL intensity decreased in the range of that
of 1.2-2mM.
Figure 8 shows the ratio of the signal/ background
(S/B) of the CL reaction. The S/B ratio reached its highest
value when the concentration of luminol was 1.2 mM.
3.3.3 Effect of the solid-containing content of nano-CoPcS/
TiO2 solution on CL

The effect of of nano-CoPcS/TiO2 solution’s solidcontaining content on the CL reaction of luminol was investigated. The pH of the luminol system was 12.5, and
the concentration of luminol was 1.2 mM. The range of the
solid-containing content of nano-CoPcS/TiO2 solution was
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FIGURE 6 - Effect of pH on SCL.
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0.1-0.7mM. Figure 9 shows the measurement of luminescence intensity.
As shown in Figure 9, when the solid-containing content of nano-CoPcS/TiO2 solution was 0.3 mg·mL-1, nanoCoPcS/TiO2 exhibited the strongest catalytic ability. In the
range of 0.1-0.3 mg·mL-1, CL intensity increased with the
increase in solid-containing content of nano-CoPcS/TiO2
solution. Unexpectedly, CL intensity decreased in the range
of 0.3-0.7 mg·mL-1, which may due to the fact that when
the solid-containing content of nano-CoPcS/TiO2 solution
was too high, nano-particle distance would be too short, and
the interaction among particles was strong, and CL energy
was transferred among particles.
3.4 Possible catalytic mechanism of luminol CL catalyzed by
CoPcS/TiO2

The possible catalytic mechanism of luminol CL catalyzed by nano-CoPcS/TiO2 was analyzed from the absorption effect of nano-CoPcS/TiO 2 surface to luminol, the
formation of nano active species, and minimal cavitation
bubble.
The formation of nano-particles in solution can generate a hypochromic effect, fluorescence quenching, and
scattering enhancement [10]. Figure 10 shows the UV-Vis
absorption characteristic of nano-CoPcS/TiO2, luminol and
the mixture solution.

Figure 10 demonstrates that UV-Vis absorption of luminol was not simple superposition by the addition of nanoCoPcS/TiO2. Three absorption peaks of luminol were all
higher. This confirmed that nano-CoPcS/TiO2 might obtain
a bigger specific surface area through the addition of nanoCoPcS/TiO2, and the absorption to luminol could increase
the effective light-intercepting area, and enhance the absorption. In addition, nano-CoPcS/TiO2 was a semiconductor,
which could produce an electron hole pair by photo excitation, thus promoting the photo chemical oxidation of
luminol and enhancement of chemiluminescence [11].
Chen [12] reported the possible reaction mechanism
of AgNPs catalyzed by CL of luminol. It has been proven
that AgNPs enhance the CL intensity of luminol, and the CL
reaction of luminol catalyzed by nano-CoPcS/TiO2 might
have a similar reaction mechanism. As shown in Scheme 1,
electrons were transferred to H2O2 by the catalytic effect
of nano-CoPcS/TiO2. The OH radicals were generated
and stabilized on the surface of nano-CoPcS/TiO2 [13].
The OH radicals reacted with OH2- and luminol anion, generating O2- and luminol radicals. This was followed by the
reaction between O2- and luminol radicals, and generating
a luminol intermediate that could enhance CL of luminol.
Previous studies have reported that the effect of enhanced sensitivity of CL resulted from the addition of particle material and the resulting increase in minimal cavitation
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FIGURE 10 - Influence of nano-CoPcS/TiO2 on UV-Visible absorption characteristic of luminol solution. (a: nano-CoPcS/TiO2 solution; b:
luminol solution; c: theoretical superposition curve of nano- CoPcS/TiO2 solution and luminol solution; d: practical superposition curve of
nano- CoPcS/TiO2 solution and luminol solution)

area when the cavitaion bubble collapsed. Tuziuti [4] reported that the addition of particle material could increase
cavitation reaction speed twofold.
In addition, many scholars have hypothesized about the
sensitizing effect mechanism of nano material. Tuziuti [4]
demonstrated that if particle size and the dose are correct,
even for the addition of inert particle material, such as Al2O3
and SiO2, the yield of the sonochemical reaction could also
increase, because the particle material acted as a cavitation nucleus which could enhance cavitation reaction.
4. CONCLUSIONS

SCHEME 1- Possible mechanism of CL reaction catalyzed by
CoPcS/TiO2 (CoPcS/TiO2 is represented by H)

bubbles [14]. The injection of flow to particle exine and
gap impelled the production of minimal cavitation bubble.
In other words, the existence of particle exine and gap
could destroy the spherically symmetrical structures of a
big cavitation bubble. Thus the big cavitation bubble turned
into small cavitation bubble. The increase of cavitation
bubbles promoted the transfer of OH radicals to liquid

The CL intensity in a luminol system increased in the
presence of nano-CoPcS/TiO2. This result suggests that
nano-CoPcS/TiO2 catalyzed the luminol CL reaction. Possible reaction mechanisms proposed include the absorption
effect of the nano-CoPcS/TiO2 surface to luminol, the formation of nano active species and minimal cavitation bubbles Future work is needed to improve the efficiency of the
CL reaction catalyzed by nano-CoPcS/TiO2 and to determine the possible use of nano-CoPcS/TiO2 as a catalyst in
other kinds of CL reaction.
ACKNOWLEDGMENTS
This work was supported by Fujian Province National Natural Science Foundation (09f2211b30 and
Y0F2501C20).

182

© by PSP Volume 20 – No 1a. 2011

Fresenius Environmental Bulletin

REFERENCES
[1]

Roda, A., Pasini, P., Baraldini, M., Musiani, M., Gentilomi,
G. and Robert, C. (1998) Chemiluminescent imaging of enzyme-labeled probes using an optical microscope–
videocamera luminograph. Analytical Biochemistry (257),
53-63.

[2]

Dodeigne, C., Thunus, L. and Lejeune, R. (2000) Chemiluminescence as diagnostic tool. A review. Talanta (51), 415439.

[3]

Kricka, L.J. (2003) Clinical applications of chemiluminescence. Analytica. Chimica. Acta (500), 279-286.

[4]

Tuziuti, T., Yasui, K., Iida, Y., Taoda, H. and Koda, S.
(2004) Effect of particle addition on sonochemical reaction.
Ultrasonics (42), 597-601.

[5]

Liu, F., Zhou, T. and Feng, T. (2007) The Sensitization of
MnO2 Nano-Paticles in electrochemiluminescence of luminol. Chinese Journal of Spectroscopy Laboratory (24), 519523.

[6]

Chen, H., Gao, F., He, R. and Cui, D. (2007) Chemiluminescene of Luminol Catalyzed by Silver Nanoparticles. Journal
of colloid and interface science (315), 158-163.

[7]

Li, S., Yan, Y., Wu, C., Huo, P. and Chu, J. (2007) Preparation and Performances of TiO2/Potassium Titanate Photocatalyst. Journal of Petrochemical Universities (20), 28-32.

[8]

Chu, S. and Hong, C. (2008) Photocatalytic degradation of
gaseous methyl-tert-butyl ether over TiO2. Fresenius Environmental Bulletin (17), 2000-2006.

[9]

Barni, F., Lewis, S.W., Berti, A., Miskelly, G.M. and Lago,
G. (2007) Forensic application of the luminol reaction as a
presumptive test for latent blood detection. Talanta (72), 896913.

[10]

Scherba, G., Weigel, R.M. and O’Brien, W.D. (1991) Quantitative assessment of the germicidal efficacy of ultrasonic
energy. Applied and Environmental Microbiology (57),
2079–2084.

[11] Liao, M.H. and Chen, D.H. (2005) Adsorption of malachite
green by a magnetic nano-adsorbent. Fresenius Environmental Bulletin (14), 565-570.
[12] Mrowetz, M., Pirola, C. and Selli, E. (2003) Degradation of
organic water pollutants through sonophotocatalysis in the
presence of TiO2. Ultrasonics Sonochemistry (10), 247-254.
[13] Zhang, Z.Y., Berg, A., Levanon, H., Fessenden, R.W. and
Meisel, D. (2003) On the interactions of free radicals with
gold nanoparticles. Journal of the American Chemical Society (125), 7959-7963.
[14] Keck, A., Gilbert, E. and Köster, R. (2002) Influence of particles on sonochemical reactions in aqueous solutions. Ultrasonics (40),661-665.

Received: April 14, 2010
Revised: August 27, 2010
Accepted: October 15, 2010

CORRESPONDING AUTHOR
Chundu Wu
Yangzhou Vocational College of Environment and
Resources
Environment Department
Yangzhou 225127
P.R. CHINA
E-mail: wcdujs@126.com
FEB/ Vol 20/ No 1a/ 2011 – pages 175 – 181

183

© by PSP Volume 20 – No 1a. 2011

Fresenius Environmental Bulletin
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ABSTRACT
Urban landscape water has become serious social environmental problems in recent years. This study presents
the application of multivariate statistical techniques, namely,
principal component and factor analysis (PCA/FA), multiple regression analysis (MRA), cluster analysis (CA) and
discriminant analysis (DA), to classify and evaluate urban
landscape water pollution levels and possible pollution
sources in order to provide a scientific basis of prevention and remediation of urban water pollution in Shanghai. PCA evolved three principle components explaining
about 94.365% of the total variance. FA was used by principal components (PCs) extracted from the data to get three
factors which are considered to be a nutrition factor, an organic pollution factor and a phytoplankton factor in urban
landscape water, respectively. Urban landscape water is
mainly under the control of phosphorus and nitrogen pollution. PCA/FA was supported with multiple regression
analysis to determine the most important parameter in each
factor. The cluster analysis and discriminant analysis show
that the studied urban landscape water can be grouped
into three clusters i.e., the highly pollution level (HPL),
medium pollution level (MPL) and less pollution level
(LPL). The recognition capacities of the two discriminant
functions were 93.3% and 6.7%, respectively. The multivariate statistical techniques are useful tools for evaluation
and classification of spatial pollution differences in urban
landscape water and may be applicable to assessment of
other water bodies.

KEYWORDS:
Multivariate statistical techniques, Factor analysis, Cluster analysis, Discriminant analysis, Urban landscape water, Shanghai

more, it can be a landscape to appreciate. Therefore, it plays
an important part in people's lives. With the rapid economic
development of China, urban landscape water including a
number of artificial lakes and rivers is being polluted by
anthropogenic sources in many places [1]. This has been
one of the serious social environmental problems in recent
years. Therefore, water quality measurements and assessment are necessary for effective management of ULW.
Large datasets of environmental monitoring are often
difficult to analyze and interpret because the relationships
among the variables are complex [2], such as ULW datasets. The application of different multivariate statistical
techniques, such as principal component and factor analysis (PCA/FA), multiple regression analysis (MRA), cluster
analysis (CA) and discriminant analysis (DA), may help in
the interpretation of complex datasets to better understand
the pollution characteristic of the studied systems and offer
effective tools for reliable management. Currently the multivariate statistical techniques in analyzing data from multivariate observations have many successful applications, in
areas such as, assessment of geochemistry and mineralogy
[3], surface water quality [4], heavy metals [5], benthic
ecological status [6], soil quality [7], spectrum images [8]
and identification of pollution sources [9, 10]. Most of the
studies have been carried out on assessment of large scale
surface water bodies such as Guadalquivir River in Spain
[11] and Fuji River basin in Japan [12]. To the best of our
knowledge, this study is the first attempt at an exploratory
study on pollution levels and sources of ULW by means
of multivariate statistical techniques.
The present study aimed to evaluate relationships between variables, and to analyze the pollution levels of
ULW, and to find hidden pollution patterns as well as identification of possible pollution sources, and to classify ULW
in Shanghai by multivariate statistical techniques.

1. INTRODUCTION

2. MATERIALS AND METHODS

Urban landscape water (ULW) may beautify the environment, humidify and clean the atmosphere, and improve
the small regional environment climate of a district. Further* Corresponding author

2.1. Study area

Shanghai is located on the eastern coast of China at the
mouth of the Yangtze river, with a population of 19.21 million and gross domestic product (GDP) of 1490.09 billion
Yuan in the year 2009, increasing by 8.2% over the previ-
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ous year [13]. Shanghai has seen massive development over
the past decades. Today, Shanghai is an important centre of
commerce and finance. It is bisected by the Huangpu river,
a tributary of the Yangtze. Fig. 1 shows a map of studied
ULW areas distribution in Shanghai. The sampling sites
in ULW were selected on a geographic distribution basis
along the main ULW, taking into account the various type
sources of contamination as well as landscapes characteristics. ULW can play a crucial role in the urban life in
Shanghai. For example, Shanghai's parks have their characteristics including different locations, garden styles, culture
contents and water areas. The grand opening of World
Expo 2010 Shanghai China has been held on 30 April 2010.
Water is the soul of urban city and important support of
success of 2010 World Expo. World Expo 2010 Shanghai
China is a great event to explore the full potentials of urban
life, especially ULW in World Expo Park.
2.2. Monitored parameters

Water samples were collected at 14 sites in June 2008.
The monitoring stations cover main ULW sites in Shanghai including Peace Park (Site 1), Luxun Park (Site2),
Yuyuan Garden (Site 3),North Sichuan Road Park (Site 4),
Quyang Park (Site 5), Liwa River (Site 6), Sanhao Lake
(Site 7), New Hongqiao Greenbelt (Site 8), Yanzhong
Greenbelt (Site 9), People Park (Site 10), Shanghai Botanical Garden (Site 11), Changfeng Park (Site 12), Shanghai
Zoological Garden (Site 13) and Huangxing Greenbelt
(Site 14). Total nitrogen (TN), total phosphorus (TP), chemical oxygen demand (COD), ammonia nitrogen (NH4-N)
and chlorophyll a (Chl-a) were analyzed following stan-

dard methods outlined in State Environmental Protection
Administration of China [14], which units are all mg·L-1.
All reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd. China. Distilled water was used throughout this study. Mean values and Std. Deviation (S. D) of
water quality of urban landscape water in Shanghai are
summarized in Table 1.
2.3. Data treatment

The standardized skewness and standardized kurtosis
were determined to assess whether the sample came from a
normal distribution. The monitored parameters were referred
to heterogeneous units of measurements, and hence their
values were changed to non-dimensional data transformation including log-transformed [15], rank-ordered [16]
or converted to normalized data with a mean of zero
and a variance of 1 [17] prior to clustering. The z-scale
transformation method is a widely used method for transforming data in order to avoid miss classification due to
wide differences in data dimensionality [18]. In this study,
PCA, FA and CA were adopted by z-scale transformation
method, while MRA and DA were applied based on the
raw data matrix.
2.4. Multivariate statistical methods

Principal component analysis (PCA) involves a mathematical procedure that transforms a number of possibly correlated variables into a smaller number of uncorrelated variables called principal components. Factor analysis,
which includes principal component analysis (PCA) is a
very powerful technique applied to reduce the dimension-
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FIGURE 1 - Map of Shanghai showing urban landscape water location.
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TABLE 1 - Mean values and S. D of water quality of urban landscape water in Shanghai.
Parameters
COD

TP

TN

NH4-N

Chl-a

Mean
S. D
Variance
Minimum
Maximum
Mean
S. D
Variance
Minimum
Maximum
Mean
S. D
Variance
Minimum
Maximum
Mean
S. D
Variance
Minimum
Maximum
Mean
S. D
Variance
Minimum
Maximum

Site 1
27.7
2.56
6.54
24.8
29.5
0.14
0.026
0.001
0.12
0.17
3.30
0.529
0.280
2.90
3.90
2.53
0.321
0.103
2.30
2.90
2.09
0.524
0.275
1.65
2.67

Site 2
27.9
4.81
23.16
22.5
31.8
0.08
0.030
0.001
0.05
0.11
3.96
0.610
0.372
3.34
4.56
1.01
0.252
0.064
0.78
1.28
44.6
4.163
17.33
39.9
47.9

Site 3
28.7
3.12
9.75
25.2
31.2
0.16
0.036
0.001
0.12
0.19
5.83
0.635
0.403
5.10
6.20
0.74
0.067
0.004
0.66
0.78
110.6
9.625
92.64
100.6
119.8

Site 4
18.8
1.62
2.62
16.9
19.8
0.08
0.026
0.001
0.06
0.11
2.57
0.360
0.130
2.20
2.92
1.00
0.159
0.025
0.89
1.19
0.67
0.162
0.026
0.57
0.86

Site 5
62.9
6.05
36.60
55.9
66.8
0.36
0.051
0.003
0.32
0.42
6.00
0.819
0.670
5.30
6.90
0.68
0.106
0.011
0.58
0.79
2.78
0.267
0.071
2.48
2.98

ality of a data set consisting of a large number of interrelated variables, while remaining as much as possible the
variability present in data set. This reduction is achieved
by transforming the data set into a new set of variables, the
principal components (PCs), which are orthogonal (noncorrelated) and are arranged in decreasing order of importance [18, 19]. The main purpose of FA is to reduce
the contribution of less significant variables to simplify
even more of the data structure coming from PCA. Therefore, FA can describe the main pollution processes and
identify the possible sources of ULW pollution in Shanghai. In this study, FA was used by principal components
(PCs) extracted from the data to get new factors and
varimax rotation method was used for the rotation of the
retaining factors in order to achieve a “simple structure”,
which means producing as many loadings of near-zero
and high.
PCA/FA was supported with multiple regression analysis to determine the most important parameters in each
factor. It examines the relation between a single dependent
variable and a set of independent variables to best represent the relation in the each factor [19].
Cluster analysis is a group of multivariate techniques
of which the primary purpose is to assemble objects based
on the similarity characteristics they possess. Furthermore,
hierarchical agglomerative clustering is the most common
approach typically illustrated by a dendrogram. In this
study, CA based on hierarchical agglomerative clustering
was performed to identify any analogous characteristic between the different ULW sites.

Site 6
61.5
4.51
20.30
56.9
65.9
1.07
0.163
0.026
0.89
1.21
10.41
1.531
2.344
9.12
12.10
7.23
0.509
0.259
6.91
7.82
153.3
11.68
136.5
139.9
160.8

Site 7
40.3
4.37
19.06
35.7
44.4
0.28
0.045
0.002
0.23
0.32
5.14
0.222
0.049
4.94
5.38
0.83
0.078
0.006
0.77
0.92
3.7
0.353
0.125
3.4
4.1

Site 8
14.0
1.70
2.90
13.0
16.0
0.08
0.015
0.000
0.06
0.09
2.55
0.214
0.046
2.43
2.80
0.30
0.055
0.003
0.24
0.35
3.33
0.216
0.047
3.10
3.53

Site 9
12.0
2.01
4.03
10.6
14.3
0.05
0.017
0.000
0.04
0.07
2.65
0.466
0.217
2.12
2.98
0.24
0.042
0.002
0.19
0.27
6.31
0.418
0.175
5.98
6.78

Site 10
57.0
4.82
23.26
51.4
59.9
0.73
0.060
0.004
0.67
0.79
1.80
0.200
0.040
1.60
2.00
1.13
0.205
0.042
0.92
1.33
62.2
7.506
56.33
57.9
70.9

Site 11
39.0
5.19
26.89
33.5
43.8
0.31
0.035
0.001
0.28
0.35
1.91
0.157
0.025
1.77
2.08
0.98
0.149
0.022
0.87
1.15
8.9
2.113
4.463
6.7
10.9

Site 12
38.0
6.08
37.00
31.0
42.0
0.31
0.045
0.002
0.26
0.35
4.13
0.361
0.131
3.72
4.39
2.21
0.750
0.563
0.92
2.30
20.5
3.7
13.69
17.2
24.5

Site 13
20.0
3.21
10.29
18.0
23.7
0.61
0.060
0.004
0.55
0.67
9.25
0.557
0.311
8.79
9.87
8.40
0.794
0.630
7.80
9.30
31.3
2.464
6.07
28.7
33.6

Discriminant analysis is known as a multivariate statistical method for deriving discriminant functions, and
provides statistical classification of samples sharing common properties [20]. DA can be utilized to characterize and
categorize water quality into mutually exclusive and exhaustive groups on the basis of a set of independent
variables [21]. In this study, Fisher’s linear discriminant
analysis was used to derive the discriminant functions of
each classified group. In DA, a discriminant function was
built for each group, given by
n

f ( g i ) = ki + ∑ wij pij

(1)

j =1

where i denotes the number of the group gi; ki represents the constant inherent to each group; n is the number
of parameters used to classify a set of data into a given
group; and wij is the weight coefficient assigned to a given
selected parameter pij by the DA [22].
The multivariate statistical analysis was performed by
the SPSS 17.0 for Windows (SPSS Inc., USA) software
packages.
3. RESULTS AND DISCUSSION
3.1. Principal component and factor analysis

This is the first spatial assessment carried out on the
ULW using multivariate statistical techniques to evaluate
the water pollution and identify the pollution sources. The
Spearman rank correlation matrix, presented in Table 2,
shows the high interdependence between particular para-
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Site 14
14.8
2.31
5.32
12.2
16.6
0.08
0.010
0.000
0.07
0.09
1.36
0.131
0.017
1.21
1.45
0.33
0.040
0.002
0.29
0.37
1.18
0.156
0.024
1.09
1.36
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meters such as the high correlations between TP and COD,
TP and NH4-N, NH4-N and TN. The redundancy of infor-
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TABLE 2 - Spearman rank correlation coefficients on raw data of urban landscape water in Shanghai.
Parameters
COD
TP
TN
COD
1.000
0.718
0.381
TP
0.718
1.000
0.656
TN
0.381
0.656
1.000
NH4-N
0.194
0.725
0.821
Chl-a
0.447
0.665
0.614
Bold values are coefficients higher or equal to than 0.7, italic values are higher or equal to than 0.5 [20]

mation of the correlation matrix suggests the application
of the FA in order to reduce the dimensionality of the
dataset in ULW. Bartlett’s sphericity test shows the significance level was 0 (less than 0.05), indicating that the
variables were not orthogonal but correlated, therefore,
allowing to explain the data variability with a lesser number of parameters by FA. FA was used by principal components (PCs) extracted from the data to get new factors.
Scree-plot for the principal component analysis model is
presented in Fig.2.

FIGURE 2 - Scree-plot for the principal component model.

NH4-N
0.194
0.725
0.821
1.000
0.476

Chl-a
0.447
0.665
0.614
0.476
1.000

According to the criterion, only the principal components with the total variance greater than 85% are considered important. Fig. 2 shows the sorted eigenvalues from
large to small as a function of the PC number. On the basis
of cumulative variance >85%, FA yielded three factors explaining about 94.365% of the total variance.
Eigenvalues, percent of variance, cumulative eigenvalues and cumulative percent of variance for factor analysis of ULW environmental data in Shanghai are listed in
Table 3. Factor loadings based on varimax rotation are listed
in Table 4. This procedure of varimax rotation allowed parameters with strong positive and strong negative correlations
to be identified. Liu et al. [23] classified the factor loadings
as ‘strong’, ‘moderate’ and ‘weak’, corresponding to absolute loading values of >0.75, 0.75–0.50 and 0.50–0.30,
respectively.
The first factor, which is denoted as F1, quantifies the
maximum possible variation among different ULW sites.
F1 explains the largest proportion (66.342 or 53.123%) of
the total variance and has high positive loadings on TN
and NH4-N and moderate loading on TP (Tables 3 and 4),
representing TN, NH4-N and TP pollution from strong anthropogenic impacts. TN, NH4-N and TP were combined
as the nutrient effect factor. Thus, F1 is considered to be a
nutrition factor and provides information about nutrition

TABLE 3 - Extracted values of various factor analysis parameters of urban landscape water in Shanghai.
Total variance explained before rotation
Extraction Sums of Squared Loadings
Components
Initial Eigenvalues
Total
% of Variance
Cumulative %
1
3.317
66.342
66.342
2
0.921
18.427
84.769
3
0.480
9.596
94.365
4
0.251
5.029
99.394
5
0.030
0.606
100.000
Extraction Method: Principal Component Analysis.

Total
2.656
1.354
0.708

Total variance explained after rotation
Rotation Sums of Squared Loadings
Eigenvalues
% of Variance
Cumulative %
53.123
53.123
27.082
80.205
14.160
94.365

TABLE 4 - Factor loadings based on varimax rotation.
Parameters
COD
TP
TN
NH4-N
Chl-a

F1
0.080
0.602
0.804
0.963
0.296

F2
0.964
0.682
0.174
0.121
0.272
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F3
0.190
0.310
0.403
0.140
0.910
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parameters in ULW which is mainly under the control of
phosphorus and nitrogen pollution. Human activities may
contribute phosphates, nitrate and ammonia to ULW.
Many eutrophic ULW bodies have increased in the external and internal loadings of TP and TN which highly
affected the pollution state of the ULW, since phosphorus
and nitrogen are considered the limiting factor for eutrophication. Many other researchers have reported the
behavior of nutrient loading in the extreme flow conditions. Excessive nutrient loading into surface water is
considered to be one of the major factors [24], and the
ULW received pollution load both from point and nonpoint sources. Furthermore, the high density of visitors
may be one of important reasons which caused heavy
pollution. Steinhardt [25] proposed water is not just an
element of landscape but also the most important carrying
medium for all transport processes. This is in agreement
with this work. As a result of nutrient overload, ULW
becomes currently eutrophic, and algal bloom has extended
coverage and persists throughout the summer season,
which seriously affects the ULW as a service of landscape
function.
Factor 2 , which is denoted as F2, explains a significant proportion (18.427 or 27.082%) of the total variance
and has high positive loadings on COD (Tables 3 and 4).
F2 is considered to be an organic pollution factor which
may be from decay of organic matter such as litter decay
and provides information about organic pollution parameters in ULW, suggesting greater water pollution contribution from the landscape external pollution sources such as
living pollution and rainwater.
Factor 3, which is denoted as F3, explains a significant
proportion (9.596 or 14.16%) of the total variance and has
high positive loadings on Chl-a (Tables 3 and 4). F3 is
considered to be a phytoplankton factor and provides
information about phytoplankton parameters in ULW.
ULW has received less fresh water in past few years.
Factor scores were calculated by summing the results
of factor loadings and the corresponding original data
[26]. By the representation of the factor scores versus the

ULW pollution may be identified. Factor scores and pollution levels rank of ULW in Shanghai are summarized in
Table 5.
In Table 5 high factor scores correspond to high pollution in the ULW. The order of general pollution in the
ULW in Shanghai according to the factor scores was as
follows: Liwa River, Shanghai Zoological Garden, People
Park, Quyang Park, Yuyuan Garden, Changfeng Park,
Sanhao Lake, Shanghai Botanical Garden, Luxun Park,
Peace Park, North Sichuan Road Park, New Hongqiao
Greenbelt, Yanzhong Greenbelt and Huangxing Greenbelt. With the rapid development of tourist industry, dispersed pollution in the urban tourist area has increased
and has a profound effect on the water quality and ecosystem health degradation of ULW such as Shanghai Zoological Garden. The pollution of Liwa River is principally
influenced by the F1 and F3 i.e. nutrition and phytoplankton pollution, whereas that of People Park is principally
influenced by F2, that is organic matter pollution. F1 is
crucial for the pollution conditions of the Liwa River and
Shanghai Zoological Garden which are described as highly
polluted by characteristics of nitrogen and phosphorus
pollution. Liwa River is the highest level of eutrophication,
followed by Shanghai Zoological Garden, whereas factor
scores of F2 and F3 are the lowest, indicating that organic
and phytoplankton pollution of Shanghai Zoological Garden are not heavy. Tian et al. [27] proposed control planning scheme can provide theoretical basis for pollution
control of landscape river in flood season. Therefore,
Shanghai government has earnestly carried out the arrangements for protection and restoration in ULW. The local
government should take into account similar planning. A
threshold zone (12-15microg/L) of TP may be more protective for trophic levels [28], TP concentration of ULW
in Shanghai exceeded mean TP threshold concentration of
15microg/L in surface water, therefore, which may cause
eutrophication. F1 identifies Shanghai Zoological Garden
main pollution, representing the highest nutrient pollution, and F2 identifies People Park, representing the highest organic pollution, and F 3 identifies Yuyuan Garden,

TABLE 5 - Factor scores and pollution level rank of urban landscape water in Shanghai.
Urban landscape water
Peace Park
Luxun Park
Yuyuan Garden
North Sichuan Road Park
Quyang Park
Liwa River
Sanhao Lake
New Hongqiao Greenbelt
Yanzhong Greenbelt
People Park
Shanghai Botanical Garden
Changfeng Park
Shanghai Zoological Garden

F1
-0.0662
-0.3897
-0.2030
-0.4716
-0.2108
2.1631
-0.1744
-0.5902
-0.5951
-0.5205
-0.5996
-0.0073
2.4306

F2
-0.3652
-0.4672
-0.6371
-0.6843
1.6554
1.0779
0.4735
-0.8628
-1.0099
1.8575
0.6214
0.2752
-1.1914
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F3
-0.7205
0.7275
2.4796
-0.3279
-1.0250
1.4241
-0.6665
-0.0716
0.0642
0.4127
-0.5041
-0.4223
-1.2427

Total
-0.2361
-0.2305
0.0707
-0.4822
0.1912
1.6426
-0.0588
-0.5573
-0.5805
0.2849
-0.2216
0.0108
0.7925

Rank
10
9
5
11
4
1
7
12
13
3
8
6
2
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-0.7652

-0.7431
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-0.1275

-0.6257
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representing the highest Chl-a pollutant in studied regions.
Yuyuan Garden is a 400 year old classical Chinese garden. The factor score of Huangxing Greenbelt is the lowest among the all studied ULW, indicating comparatively
least polluted region in Shanghai. The reason caused this
conclusion was that Huangxing Greenbelt water body
constructed has short time opening to the outside world
which constructed artificial waterfalls, fountains, streams
and other water landscape, through the rehabilitation of
oxygen to enhance the self-purification capacity of the water
body. FA is useful for considering several related random
water environmental variables simultaneously and thus for
identifying a new, smaller set of uncorrelated variables that
accounts for a large proportion of the total variance in the
original variables in ULW system.
3.2. Multiple regression analysis

MRA models were used to determine the most meaningful parameters responsible for the ULW. When PCA/FA
and MRA were investigated together, 73.4% of parameters
in F1 were classified correctly by using NH4-N. We say
that NH4-N could explain the F1 which can be interpreted
as nutrition contamination mainly from domestic
wastewater and surface runoff. COD and Chla explain the
F1 and F2 factor. MRA models are as follows:
NH 4 -N = −1.357+2.787TP+0.567TN R 2 = 0.734 R 2Adj = 0.686 Sig = 0.001

Nitrogen pollution is the most important urban landscape water pollution which has wreaked havoc in ULW
in Shanghai.
3.3 Cluster analysis

To examine the anthropogenic impact on the water
quality, cluster analysis was applied to detect spatial similarity for grouping of ULW sites. Dendrogram of cluster-

ing of ULW using the Wards method and city block distance metric is presented in Fig.3.
Fig.3 shows that ULW can be grouped into three clusters. Cluster I formed by Liwa River and Shanghai Zoological Garden corresponds to the highly pollution level
(HPL). The cluster II formed by People Park, Quyang Park,
Yuyuan Garden, Changfeng Park, Sanhao Lake, Shanghai
Botanical Garden, Luxun Park and Peace Park corresponds
to the medium pollution level (MPL). The cluster III formed
by North Sichuan Road Park, New Hongqiao Greenbelt,
Yanzhong Greenbelt and Huangxing Greenbelt corresponds
to the less pollution level (LPL). The results of CA are in
good agreement with the results of FA.
ULW was influenced by urban residential subsistence
and tourist trade. Due to strong human impact on the ULW,
Liwa River is mainly high all parameters of COD, TP, TN,
NH4-N and Chl-a, whereas P, NH4-N and TN are among
the main pollutants in Shanghai Zoological Garden, suggesting livestock contributed significantly. The regions of
HPL and MPL located in the urban area are mainly polluted
due to human activities. Therefore, management of human
activities to preventing from landscape water pollution is
an important issue. Water quality of ULW becoming worse
may be the result of the joint effects of the intrinsic factors
and extrinsic factors. ULW place is dispersed, and which
becomes difficult to manage. ULW due to relatively closed
water body is relatively weak, and vulnerable to the impact
of the surrounding environment and human activities. CA
shows strong spatial variations of principal pollution
factors between ULW sites, which indicates that different
human activities such as tourism have different effects on
water quality. The similar result was reported by Xu et al.
[29]. The dendrogram provides a visual summary of the
clustering processes, presenting a picture of the groups and
their proximity.

Cluster-III

Cluster-II

Cluster-I

FIGURE 3 - Dendrogram of clustering of urban landscape water using wards's method and city block distance metric
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3.4. Discriminant analysis

4. CONCLUSIONS

DA was used to confirm the groups of ULW founded
by means of the CA. The discriminant functions were
calculated including original five variables. The plot of
discriminant functions for raw monitoring data in urban
landscape water is presented in Fig. 4.

FIGURE 4 - Plot of discriminant functions

The results of DA show that the all studied ULW can
be divided into three groups (i.e., LPL, MPL and HPL)
and 85.7% of original grouped cases correctly classified.
This means that the derived discriminant functions can be
used to properly classify the groups. Therefore, the results
obtained from DA are in agreement with that of CA which
confirmed that the ULW in Shanghai can be divided in
three groups. The recognition capacities of the two discriminant functions were 93.3% and 6.7%, respectively. At
least one missing discriminating variable and missing or
out-of-range group codes are both zero, which indicated
that variables were no missing. Discriminant functions of
the variables were used to assign or predict an observation
to one of the groups. Fisher's linear discriminant functions
are as follows：

In this study, different multivariate statistical techniques were successfully applied to evaluate spatial pollution variations of ULW in Shanghai. Three new factors
i.e., F1, F2 and F3 obtained from FA indicated that the
parameters responsible for water quality variations are
related to nutrition factor, organic pollution factor and
phytoplankton factor, respectively. Some sites of ULW
were mainly under the influence of highly nutrition eutrophication contamination such as Liwa River and some
others under the influence of organic pollution such as
People Park. Moreover, by applying FA it was possible to
identify main pollution sources in heavily polluted locations such as Liwa River and Shanghai Zoological Garden. ULW has received large amounts of anthropogenic
contaminants from landscape tourism and nearby urban
areas life.
MRA models were used to determine the most meaningful parameters responsible for the ULW. MRA was
applied the data, 73.4% of parameters in F1 were classified correctly by using NH4-N. Nitrogen pollution is the
most important urban landscape water pollution which
has wreaked havoc in ULW in Shanghai.
The results of CA and DA show that the studied
ULW can be grouped into three clusters i.e., highly pollution level, medium pollution level and less pollution level.
The results of CA and DA are in good agreement with the
results of FA. The regions of HPL and MPL located in the
urban area are mainly polluted due to human activities.
Multivariate statistical techniques are very useful
tools for obtaining comprehensive and hidden information
to understand ULW system and evaluating ULW pollution levels and may be applicable to analysis and assessment of other water bodies.
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ISOLATION AND IDENTIFICATION OF COPPER AND
NICKEL TOLERANT ASCOMYCETOUS YEASTS IN TURKEY
Orçun Güngör, Füsun Uçar*, H. Tansel Yalçın, Cengiz Çorbacı and Onur Akpınar
Ege University, Faculty of Science, Department of Biology, Basic and Industrial Microbiology Section 35100 Bornova-Izmir, Turkey

ABSTRACT
Twenty yeast strains were isolated from environments
containing different heavy metals and all of these isolates
were identified by phenotypic tests. Sixteen isolates detected to be higher in metal tolerance were also identified
using the genotypic test (5,8S ITS PCR). Moreover, PCR
sequence analysis fragments, which were obtained from
ITS-PCR, were accomplished. The phenotypically identified isolates were eight different species belonging to six
genera and including four isolates which were not identified by genotypic identification. According to the genotypic identification, the most widely available species was
Yarrowia lipolytica (62.5%). Other identified genera were
Pichia, Candida and Galactomyces. All the similarities
identified as result of sequence analysis were >90% with
the NCBI GenBank. Two strains (strain numbers 14 and 19)
were found to be highest tolerant to Cu2+ and Ni2+, respectively, and these results were correlated with findings of
the dry weight.

or enhance of melanin accumulation [4]. At relatively high
concentration, heavy metals act as a general protoplasmic
poison, inducing denaturation of proteins and nucleic acids
[5, 6].
The industrialization and domestic activities caused the
emission of considerable amounts of metals into the environment. Removal of heavy metal ions is done by using
chemical and mechanical methods. However, these methods are not affordable and efficient. Therefore, new procedures 'such as using heavy metal tolerance microorganisms' have been developed. Moreover, the contaminated
sites have often become the sources of metal-tolerant
yeasts. The strains of yeasts from extreme natural environment are potential ones that could be used for bioremediation of industrial waste solutions [4].
The aim of this study is to identify the yeasts isolated
from water and soil environments polluted with heavy
metals, by using phenotypic and molecular biological techniques.
2. MATERIALS AND METHODS

KEYWORDS:
yeasts, heavy metal tolerance, identification, ITS-PCR.

Yeasts were isolated from water and soil environments
which are contaminated with high amounts of heavy metals. Sampling areas are shown in Table 1.

1. INTRODUCTION
Metal ions play an important role in the life processes
of organisms. Depending on the kind of organism, their
age, physiological development phase, habitat conditions
(such as temperature or pH), physiochemical properties,
co-occurrence of other metal ions and chemical compounds, both the required and toxic contents of metals are
changeable [1, 2].
Heavy metal compounds, when present in concentrations exceeding the standard, could induce morphological
changes, such as marked curling and growth away from
the metal-containing tiles (negative fungal chemotropism),
influence of physiological properties e.g. inhibit the amylase production in soil yeast Galactomyces geotrichum [3],
* Corresponding author

2.1. Isolation of tolerant yeasts from the environment

In order to isolate heavy metal-tolerant yeasts, the isolates were incubated on PGYE (10 g/L glucose, 5 g/L peptone, 5 g/L yeast extract, 15 g/L agar) agar plates containing 10 mM CuSO4 and 2 mM NiC12. Cu2+ and Ni2+ tolerance was primarily evaluated by measuring the colony diameter after 5 days of incubation [7, 8]. Therefore, the isolates were assigned as Cu2+ and Ni2+ tolerant yeasts and
used in subsequent analysis.
2.2. Phenotypic characterization of yeast isolates

The yeasts were identified based on their physiological and morphological properties according to Barnett et al.
[9]. The following tests were included: the fermentation of
sugars, ability to use D-glucose, D-galactose, L-rhamnose,
sucrose, maltose, α,α-trehalose, Me-α-D-glucoside, cello-
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TABLE 1 - Origin of isolates; sampling places and isolate numbers.
Sample
1
2
3
4
5
6
7
8
9
10
H
12
13
14
15
16
17
18

Source
Wastewater
Soil
Waste Sludge
Wastewater
Soil
Wastewater
Soil
Waste Sludge
Waste Sludge
Soil
Soil
Soil
Wastewater
Wastewater
Wastewater
Water Sludge
Water Sludge
Soil

Location
Antalya New Industry Zone-Automotive Industry(Turkey)

İzmir -Karaburun Old Mercury Mine( Turkey)

İzmir - Yeni Foça Main Road Iron-Steel Factory (Turkey)

biose, mellibiose, cadaverine, raffinose, quinic acid, starch,
erythritol, D-mannitol, D-glucosamine, myo-inositol, methanol, and D-ribose as sole sources of carbon for aerobic
growth; ability to use nitrate as sole nitrogen source for
aerobic growth; growth at 25, 30, 35, 37 and 42 °C; growth
on 60% (w/v) Glucose Yeast Extract Agar; growth in Vitamin-Free Medium; tolerance to 0.01% cycloheximide
and urea hydrolysis [9].
2.3. Determination of lTS1-5.8S rDNA-ITS2 region size

DNA isolation was performed by the method of Liu et
al. [10]. Primers for amplification of the ITS1-5.8S rDNAITS2 region were ITS1 (5'-TCC GTA GGT GAA CCT
GCG G-3') and ITS4 (5'-TCC TCC CC GCT TAT TGA
TAT GC-3') [11, 12]. The amplification reaction was performed with an Eppendorf Gradient Thermocycler, under
the following conditions: a 25 µl reaction mixture was prepared with 0.25 U Taq DNA polymerase (Boehringer Mannheim, Germany), 0.5 µM of each primer, 0.21 mM of each
dNTP, 1.5 mM MgCl2, 50 mM KCl (buffer) and 20-50 ng
yeast DNA. The mixture was subjected to an initial denaturing cycle of 5 min at 95 °C, followed by 40 cycles consisting of l min at 95 °C, 2 min at 58 °C and 3 min at 72 °C,
and a final extension step of 10 min at 72 °C. A reagent
blank, which contained all components of the reaction mixture with the exception of template DNA (substituted with
sterile distilled water), was also included in PCR assay [12].
2.4. Analysis of PCR products

Amplification products were separated by electrophoresis in a 1.5% (w/v) agarose gel. DNA fragments were
visualized by UV transillumination and documented by
Polaroid 667 photography. DNA molecular marker VIII
(Boehringer Mannheim, Germany) was used [12].
2.5. DNA sequencing

Identified strains with ITS PCR were sent to Iontek
Laboratories for sequence analysis. 5.8S-ITS region am-

Isolate Numbers
1
2
3
4-5
6-7
8
9
10-11-20
12-13
14
15-19
16-17-18

plicons of strains were bidirectionally sequenced on an ABI
3100 automated sequencer (Applied Biosystems, Poster
City, California). Cycle sequencing conditions for all reactions involved 40-60 ng of template DNA, 3.2 pmol of
primer, 4 µl of Big Dye (Applied Biosystems), and water to
a final volume of 20 µl. 5.8S -ITS region amplicons reactions were primed with primers 1TS1 (5'-TCC GTA GGT
GAA CCT GCG G-3') and ITS4 (5’-TCC TCC GCT TAT
TGA TAT GC-3') [11]. Sequence ABI files were converted
to FASTA format by using ChromasPro vl.22 (Technelysium. Pvt. Ltd.). Nucleotide sequences of species were
downloaded from NCBI Genebank. Bio Edit sequence
alignment editor v7.0.1 (Isis Pharmaceutical Inc.) was used
for multiple sequence alignments. Maximum sequence differences were set as 0.75 and neighbor-joining tree method
was used with Mega v2.1 for phylogenetic tree constructions [13-15].
2.6. Heavy metal tolerance test

The strains were tested for heavy metal (NiCl2 and
CuSO4) tolerance as described by Vadkertikova and Slavikova [4]. In order to study their tolerance to two heavy
metals, firstly, yeasts were propagated in 25 ml of PGYE
broth at 25 °C for 24 h. After propagation, 7 µl yeast suspensions (106 cells/ml) were spotted on PGYE (10 g/L
glucose, 5 g/L peptone, 5 g/L yeast extract, 15 g/L agar) agar
plates containing CuSO4 (final concentrations 14-26 mM)
and NiCl2 (final concentrations 4-20 mM) by replica plating method, and Petri dishes were incubated at 27 °C for
5 days [7]. According to the results obtained from whether or
not the growth of strains on these media containing given
Cu2+ and Ni2+ concentrations, copper and nickel tolerances
of strains were primarily evaluated [3, 4, 16, 17]. In our
study, as a control, the strains were also inoculated onto
metal-free PGYE.
For each heavy metal which was studied for affirmation of the metal strain's tolerance, dry weight of strains
were determined in liquid media with heavy metals (14-
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26 mM CuSO4 and 4-20 mM NiCl2) and also metal-free
ones by incubating the media for 48 h at 27 °C [18]. At
the end of the incubation, 25 ml liquid was transferred to
50-ml Falcon cylinders. Biomass was obtained by centrifuging at 4,500 rpm for 5 min. These biomasses were
dried in a Pasteur oven for 24 h at 105 °C. Dry weights
were recorded on a sensitive scale system till mass stayed
stable. Dry weight graphics were drawn according to the
comparison of results with control and metal tolerance
concentration in liquid media [3, 19, 20].
3. RESULT AND DISCUSSION
Twenty yeast isolates were from environments containing the different heavy metals. Sixteen higher metaltolerant isolates were also identified using the genotypic

test (5.8S ITS PCR). It was detected that they belonged to
8 different species of 6 genera. According to the genotypic identification, the most widely available species was
Yarrowia lipolytica (62.5%). Other identified genera were
Pichia, Candida and Galactomyces.
Isolate number 14 identified as Pichia anomala, isolates
number 16 and 18 identified as Galactomyces geotrichum,
and isolate number 17 identified as Yarrowia lipolytica
phenotypically, were identified as the same species by ITSPCR (Figs. 1-3). All 9 isolates identified as Candida didensiae and isolate number 5 identified as S. cerevisiae phenotypically, were identified as Yarrowia lipolytica through
ITS-PCR (Figs. 4-5). Similarly, isolate numbers 15 and
19 identified phenotypically as Candida fennica, were
identified as Candida tropicalis by ITS-PCR (Fig. 6).

FIGURE 1 - Amplification of the ITS regions of Galactomyces geotrichum rDNA. Line l, M, DNA Marker (O’ Gene Ruler 250 bp DNA); Line
2, T5, Galactomyces geotrichum NRRL-Y 3443; Lines 3-4, G. geotrichum which were identified genotypically (strain numbers: 16, 18); Line 5,
K, negative control.

FIGURE 2 - Amplification of the ITS regions of Pichia anomala
rDNA. Line l, M, DNA Marker (O’ Gene Ruler 250 bp DNA); Line
2, T3, Pichia anomala NRRL-Y-366; Line 3, 14, Pichia anomala
which was identified genotypically (strain number: 14); Line 4, K,
negative control.

FIGURE 3 - Amplification of the ITS regions of Pichia anomala
rDNA. Line l, M, DNA Marker (O’ Gene Ruler 250 bp DNA); Line
2, T6, Yarrowia lipolytica CBS 6124; Line 3, 17, Yarrowia lipolytica
which was identified genotypically (strain number: 17); Line 4, T3,
Pichia anomala NRRL-Y-366; Line 5, K, negative control
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FIGURE 4 - Amplifîcation of the ITS regions of Yarrowia lipolytica rDNA. Line l, M, DNA Marker (O’ Gene Ruler 250 bp DNA); Lines 2-10,
Yarrowia lipolytica strains which was identified genotypically (strain numbers: 2-4, 9-13, 20); Line 11, T1, Candida didensiae CBS 6132; Line
12, T6, Yarrowia lipolytica CBS6124; Line 13, K, negative control.

FIGURE 5 - Amplification of the ITS regions of Yarrowia lipolytica
rDNA. Line l, M, DNA Marker (O’ Gene Ruler 250 bp DNA); Line
2, T6, Yarrowia lipolytica CBS6124; Lines 3 and 5, Yarrowia lipolytica which was identified genotypically (strain number: 5); Line 4, T2,
Saccharomyces cerevisiae NRRL-Y-12632; Line 5, K, negative control.

FIGURE 6 - Amplification of the ITS regions of Candida tropicalis
rDNA. Line l, M, DNA Marker (O’ Gene Ruler 250 bp DNA); Line
2, T4, Candida fennica NRRL-Y-3543; Line 3, T7, Candida tropicalis
NRRL Y-12968; Lines 4-5, Candida tropicalis which were identified
genotypically (strain numbers: 15-19) Line 6, K, negative control.

Sequence analyses of isolate numbers 2-5 and 9-20
were made by Iontec Gene Research and Biotechnology
Center. Using the approach for PCR fragment pairwise &
multiple alignments, analyses were first made using MEGA
phylogenetic software for batches which were acquired, and
for reference batches which were taken from NCBI GenBank. Results were compared to the results of phenotypic
diagnosis results. Phylogenetic tree was drawn for software.
One of these results is shown in phylogenetic tree (Fig. 7).
In addition, in order to see phylogenetic distances between
7 Yarrowia lipolytica strains, whose sequence analyses were
made, a suitable phylogenetic tree was drawn by using
genebee.msu.su data base, Basic GeneBee ClustalW 1.83
function (Fig. 8).

For 12 isolates, whose sequence analyses were made,
their accession numbers were taken and processed in literature by NCBI data base, GenBank and BankIt function. Order of accession numbers of strain numbers 2, 5, 10, 11, 13,
14, 15, 16, 17, 18, 19 and 20 were as follows: GQ466357,
GQ424046, GQ424047, GQ424048, GQ424049, GQ466356
GQ424051, GQ424052, GQ424053, GQ424054, GQ424055
and GQ424056, respectively.

All the similarities identified as a result of sequence
analysis were higher than 90% with the NCBI GenBank.
Sequence analysis of 4 of 16 strains (strain number 3, 4, 9
and 12) were not determined. Homology proportions were
91-99% for Yarrowia lipolytica, 97% for Pichia anamola,
93-92% for Candida tropicalis, and 86-96% for Galactomyces geotrichum (Table 2).

In this study, for new potential yeast strains tolerant
to heavy metals (copper and nickel, mostly used in industry) was searched, in order to see and find out the exploitation in environment health as well as their use in biotechnical industries. Isolation of yeasts was made from
environments which were high in metal pollution. For
NiCl2.6H2O, it was found that Candida tropicalis strains
(strain numbers 15 and 19) were the most tolerant till 12
mM, whereas growth of other strains was inhibited in the
presence of 10 mM NiCl2 (Fig. 9). For CuSO4.5H2O,
Pichia anomala (strain number 14) was the most tolerant
upto 23 mM, but growth of other strains was inhibited in
the presence of 22 mM CuSO4 (Fig. 10).
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FIGURE 7 - ITS1-5.8S rDNA-ITS2 region rDNA sequence based phylogenetic analysis of Yarrowia lipolytica YL-O2 strain (strain number 2)
which showed similarity to "Yarrowia lipolytica strain SWZ-10c internal transcribed spacer l" in the gene bank of NCB1 (rate of 99%).

FIGURE 8 - ITS1-5.8S rDNA-ITS2 region rDNA sequence based phylogenetic analysis of Yarrowia lipolytica strains which were isolated
from environments contaminated with high amounts of heavy metal ions (Y.lipBy-2REF: reference strain from NCBI data base, G. geotrichum-st18: reference strain to comprehend the distance of the strains).
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TABLE 2 - Comparison of the results between phenotypic and genotypic identification and sequence homologies of the strains.
Isolate No
2
3
4
5
9
10
11
12
13
14
15
16
17
18
19
20

Phenotypic Identification
Candida didensiea
Candida didensiea
Candida didensiea
Saccharomyces cerevisiae
Candida didensiea
Candida didensiea
Candida didensiea
Candida didensiea
Candida didensiea
Pichia anomala
Candida fennica
Galactomyces seotrichum
Yarrowia lipolytica
Galactomyces geotriclıum
Candida fennica
Candida didensiea

Genotypic Identification
Yarrowia lipolytica
Yarrowia lipolytica
Yarrowia lipolytica
Yarrowia lipolytica
Yarrowia lipolytica
Yarrowia lipolytica
Yarrowia lipolytica
Yarrowia lipolytica
Yarrowia lipolytica
Pichia anomala
Candida tropicalis
Galactomyces geotrichum
Yarrowia lipolytica
Galactomyces geotrichum
Candida tropicalis
Yarrowia lipolytica

Homology
99%
*
*
95%
*
98%
94%
*
94%
97%
93%
96%
91%
86%
92%
97%

* Not determined

FIGURE 9 - Growth of strains on PYGE medium containing 8 mM and 10 mM Ni2+. It is shown that strain number 15 and 19 are the most
tolerant yeast strains to NiCl2.

FIGURE 10 - Growth of strains on PYGE medium containing 21 mM and 23 mM Cu2+ (strain numbers 4 and 14 are the most tolerant yeast
strains to CuSO4).

FIGURE 11 - The result of dry weight measurement determined in accordance with the concentrations containing Cu heavy metal, and the
growth curve of the strains numbers 14 and 19.
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FIGURE 12 - The result of dry weight measurement determined in accordance with the concentrations containing Ni heavy metal, and the
growth curve of the strains number 14 and 19.

Dry weight of Pichia anomala was measured to be
0.0089 g in the medium containing 23 mM CuSO4 in 25 ml
sample. In a metal-free medium, the dry weight of P.
anomala was 25-fold that of the biomass measured with
23 mM. On the other hand, the results of the tests showed
a significant decrease in biomass with concentrations following 14 mM. Y. lipolytica (strain number 4) was also
determined to be highly tolerant to CuSO4 with the replica plate method. In the same study, with Candida tropicalis (strain number 19), it was observed that it could not
grow in media including 23 mM CuSO4 (Fig. 11). NiCl2
ions also were used for this study to determine the dry
weight of P. anomala and C. tropicalis. In Fig. 12, it is
shown that C. tropicalis is more tolerant to NiCl2 than P.
anomala. Dry weight test results confirmed the tests of
metal tolerance in solid media plates.
According to identification results, genera being high
in tolerance (Candida, Pichia and Yarrowia) were found to
have highest tolerances for working heavy metals. This is a
good situation that all those processes accrued as follows:
identification of genus and species easy recycling under
economic conditions. This kind of heavy metal expenditure
and tolerance studies were conducted mainly on bacteria
whereas eukaryotic cells were not used in a detailed way.
Applications like biosorption need to be researched by yeasts
and other fungi in order to discover new potential strains.

4. CONCLUSION
As a result of industrialization, wastes without filtering are causing a danger for human health and the environment. Although people use mechanical and chemical
methods for not mixing up the heavy metals with environmental water sources, nowadays they use microorganisms
which are more economical. In the present report, two
copper and nickel tolerant yeast strains were isolated, characterized and described which will be useful for further
investigations on the fundamental basis of their Cu and Ni
tolerance mechanisms and the practical applications for
bioremediation in contaminated environments.
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Some other studies have shown that fungi accumulate
heavy metals from dilute background concentrations [3, 2127]. Falih [3] observed that levels of Cd, Cu, Pb, Mn, Ni
and Co tolerance and accumulation achieved by the tested
soil yeasts were related to the metals which could be predicted to occur in the natural environment.
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EFFICIENT METHOD FOR MEASURING DISCHARGE IN
STEEP RIVERS USING A PORTABLE ACOUSTIC DOPPLER
PROFILER MEASURING SYSTEM AND CHIU’S THEOREM
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ABSTRACT
Most rivers in Taiwan are steep and rapid. Measuring
the flow and sediment discharge in the stages of medium
and high flow is difficult. However, such data are very
important for planning water resource and sustainable environmental management. To solve this problem, an Acoustic
Doppler Profiler (ADP) with a special flexible suspension
system is used with Chiu’s discharge theorem to measure
efficiently the three-dimensional flow velocity at two hydrological stations on the Wu River and Choshui River in
central Taiwan. The results of a preliminary field test show
that the method adopted in this study has greater potential
for measuring discharge in rivers with a steep gradient and
sediment-laden flow.

KEYWORDS: Acoustic Doppler profiler, Chiu’s discharge theorem, Discharge measurements.

1. INTRODUCTION
Stream-flow information is the basis for the planning,
design, and operation of water management and development projects. High flow discharge measurements are difficult to make - especially for rivers with steep gradients
(greater than approximately 0.1%) owing to their shallow
flow depths and extreme turbulence [1]. In Taiwan, most
of the 129 river systems are steep, rapid and unstable,
because of geographical, geological, and climatological
conditions. The mean slope of 92% of the major rivers in
Taiwan exceeds 1%. Furthermore, the flow discharge varies widely with the season. The sediment concentration is
high during high-flow seasons. Discharge measurements in
the medium and high-flow seasons are very difficult to
make. However, such data are very important to sustainable environmental management, water resource planning,
* Corresponding author

flood and pollution control, river improvement and coast
protection, irrigation and water supply, drainage improvement, and disaster prevention in many countries in the
world.
Several methods for directly or indirectly measuring
river discharge are available [2]. They include the currentmeter method, the use of an electromagnetic flow-meter,
the use of a hot film anemometer, the use of a laser Doppler velocimeter, the dilution method, and the ultrasonic
method, among others. Although conventional methods are
easy to perform, they have several disadvantages. Completing the velocity measurements of a whole cross-section takes
a long time. The upper limit of the flow velocity is generally about 3 m/s, and locating the measurement point is not
very easy. Many non-contact discharge-measuring methods
have been developed in recent years with advances in remote sensing and data processing. Particle Image Velocimetry (PIV) [3, 4], the Doppler-type (ultrasonic and microwave) current meter [5, 6], and the pulse radar system
[7-9] are three examples of technologies having seen importance advances. The non-contact feature prevents the
debris in the flow during extreme weather conditions from
damaging the equipment. However, most of these methods measure only the surface velocities of the flow. Difficulties in estimating the flow depth and mean velocity of
each vertical may limit the practicability of such estimates.
The acoustic Doppler profiler (ADP) uses the Doppler
Effect to measure the motion of water [10]. The Doppler
Effect refers to the compression or expansion of the transmitted sonar signal that is caused by the relative motion
between the ADP and the scattering material in the water
column. The ADP determines both the velocity and the
direction of the water current. The major difference between
the ADP and conventional current meters is that the ADP is
capable of measuring a water current profile through the
water column and measure the flow depth. The maximum
flow velocity that can be measured by the ADP is 10 m/s.
The ADP can be used in many ways, such as by being attached to telemetering surface buoys, fixed on stationary
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platforms, or installed in submerged vehicles. However,
most of these operations are not applicable to unsteady
flow conditions, which are associated with the entrainment
of a significant amount of sediment and debris.

was drilled in the bottom of lead fish, and the 3MHz ADP
that was installed close to the bottom of a 300 lb lead fish.
The lead fish was used to protect the ADP. Its head
usually faces upstream automatically.

Applying the concepts of probability and entropy, Chiu
[11] analyzed the relationship between the maximum and
mean velocities in open channel flows, and proposed an
efficient discharge estimation method for unsteady open
channel flows. However, he collected most of his field data
in rivers with a low slope. This study utilizes a portable
ADP flow measuring system to measure the flows in steep
rivers, and proposes an efficient method for making river
discharge measurements. This investigation is both experimental and theoretical.

2. MATERIALS AND METHODS
2.1. Acoustic Doppler Profiler
(1) Theory of measurement using ADP

The ADP transmits sound bursts into the water. Particles that are carried by the water currents scatter the sound
back to the transducer, which receives this echo. Particle
motion in the water relative to the transducer causes the
echo to change in frequency. The transducer measures this
change, the Doppler shift, as a function of depth, to obtain
the velocity of water at different depths. The Doppler shift
is proportional to the relative velocity between the ADP
and the scattering centers in the water. The equation for
the Doppler shift is as follows:

⎛ V ⎞
Fd = 2 Fs ⎜ ⎟ cos α
⎝ w ⎠

FIGURE 1 - Schematic diagram of portable ADP measuring system.

(1)

where Fd is the Doppler shift in the frequency; Fs is
the frequency of the sound when everything is stationary;
V is relative velocity between the sound source and the
sound receiver; w is the speed of sound, and α is the
angle between the beam and the water velocity.
ADP should be calibrated before the flow is measured
to confirm its reliability. Most recirculating flumes in hydraulic laboratories cannot generate high flow velocities
with a deep flow. Therefore, in this study, the ADP was
calibrated by exploiting the concept of “relative motion”
in a tow tank (150 m long, 2 m wide, and 1.6 m deep) in
the hydraulic laboratory of the Water Resources Agency,
Ministry of Economic Affairs, Taiwan. The 3MHz ADP
was installed near the bottom of the cart. The ADP measured the relative flow velocity when the cart was moved
at constant speed [12].
(2) Measuring system

Figure 1 presents the portable measuring system that
was used to measure flow velocity and depth in a river
with a steep gradient. Figure 2 shows a circular hole that

FIGURE 2 - Side view and bottom view of the lead fish (Unit: m).
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The flexible suspension system was developed to
measure flow discharge in the river using the ADP. However, for reasons of cost and ease of operation, the system
in Fig. 1 was adopted herein. This flexible suspension
system includes a 300 lb lead fish, a waterproofed cable,
and a portable PC. A truck-mounted crane was used to
adjust the height of the lead fish using a steel wire and a
5000 W, 220 V generator.
The major difference between the ADP and the conventional velocimeters is the ADP`s ability to measure a
profile of the flow through the water column to a depth of up
to 64 cells. As the Doppler effect is directional, the 3 MHz
ADP that is used in this study measures the three-dimensional velocity in each depth cell with a vertical resolution as
fine as 0.25 m, and a measuring error of +1 % of the
measured velocity.
2.2. Discharge theorem
(1) Conventional method

The observation discharge Qobs is the total volume of
water that flows through the cross-section of a river per
unit time, and can be expressed as follows:
v
v
v
(2)
Q obs = ∫∫ n ( z ) ⋅ u ( z , y )dzdy = ∫∫ u ⋅ dA = ∑ u i A i
A

v
where n is the horizontal unit vector that is normal
to the line at z; z is position on direction along an arbitrary
v
line across a river; u is the velocity vector; y is depth; A
v
represents cross-sectional area; and ui is the mean flow
velocity along an arbitrary line across the river. The integrals are taken from the surface to the bottom, and from
one side of the river to the other.
The discharge in each partial section is determined by
multiplying the average area of the partial section by the
mean vertical velocity ( ui ) in this partial section. The
total discharge equals the sum of the discharges in all of
the partial sections. The average of the velocities at twotenths (u0.2y) and eight-tenths of the depth (u0.8y) below the
water surface is very close to the mean vertical velocity
(ūi) for an open channel flow, based on several field tests.
As a result, the velocities are usually measured using a
Price or cut-type current meter by the “two-point method”.
The mean velocity can also be approximated by making a
few velocity observations, and applying a known relation
between those velocities and the mean vertical velocity. It
can be given as follows:

ui =

u 0.2 y + u 0.8 y
2

(3)

(2) Discharge rating curve

The discharge rating curve is plotted as successive
measurements of the discharge and gauge height on a graph.
The rating curve is then used to convert data on water level
(H) into flow rates (Q). The rating curve can often be represented approximately by an equation of the form:

b

Q rat = a ( H − e )

(4)

where a, e and b are parameters of discharge; H denotes flow stage, and Q rat is the flow discharge from the
rating curve.
(3) Chiu’s discharge theorem

Chiu (1995, [13]) derived a relationship between mean
flow velocity (Ū) and maximum flow velocity (Umax) of a
channel cross-section, according to the probability and
entropy theories as follows:

U
eM
1
φ=
= M
−
U max e − 1 M

(5)

in which M is an entropy parameter. Based on an
analysis of data obtained both in the laboratory and from
rivers, Chiu [13] found that the M value is almost a constant for each channel section. The ratio φ of a natural
channel can be assumed to be constant. The maximum
velocity along the y-axis (which is the vertical line that
passes through the point of maximum velocity in the
cross-section of a channel), the mean velocity (Ūest) of a
cross-section can be estimated from Eq. (6):

U est = φ ⋅U max

(6)

When combined with the estimation of cross-sectional
area Aest , Chiu’s discharge theorem can be expressed
mathematically as follows:

Qest = U est ⋅ Aest = φ ⋅ U max ⋅ Aest

(7)

in which Qest is the estimated discharge. The flow area A can be estimated by one of the following 3 methods: (1) surface width of flow B times D , (2) flow depth
at y-axis D , and (3) flow stage H . Among these 3 methods, BD usually yielded the best prediction of the flow area
[12]. Therefore, the flow area Aest is estimated as follows:

Aest = c ( B ⋅ D − m )

n

(8)

where c, m and n are the parameters of flow area; D is
the flow depth at y-axis, and B is the width of the water
surface. Hence, a simple equation (8) is applied in this
study.
(4) Highly efficient discharge measurements

During the application stage, a proper velocimeter (either conventional current meter or ADP) is placed close to
the y-axis to measure the maximum velocity Umax and the
flow depth D. The mean velocity of the cross-sectional
(Ūest) can be estimated from the ø value, and the flow area
Aest can be estimated using the empirical expression, c
(B.D-m)n. The flow discharge can then be calculated accordingly.
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In contrast to the conventional method, in which flow
depth and flow velocity measurements must be made on
each vertical in a cross-section, the proposed method requires only the measurement of the velocity profile along
the y-axis using the ADP or a current meter. This method
has the advantages of a short operation time and high
accuracy. These advantages are especially important measuring in unsteady flow.
2.3. Site description

3. RESULTS
3.1. Calibration of ADP

Figure 4 plots the relationship between the velocity
measured by the ADP and the moving cart speed. The r2
value, 0.999, is fairly high, indicating that the ADP is
very accurate under the tested conditions. The results in
Fig. 4 show the high reliability of the ADP, which is important in to the highly accurate measurement of flow
using the ADP.

The sites of this study were two hydrological stations
in the Wu River and Choshui River watersheds in central
Taiwan, as shown in Fig. 3. They are called the Nan-BeiTon Bridge station and Tzu-Chiang Bridge station, respectively. The source of the Wu River is the western Hohuan
Mountain in the Central Mountains. Its drainage area is
2,025 km2, and the total length of its main channel is
approximately 119 km. The mean slope of the channel
bed in the upstream area is around 1.7%.

FIGURE 4 - Relationship between the velocity measured by ADP
and the velocity of the cart.
3.2. Measuring flow using a conventional current meter

FIGURE 3 - Sketch of the study area with hydrological stations.

The source of the Choshui River is the eastern Hohuan Mountain. This river is the longest in Taiwan. The
drainage area of the Choshui River is 3,157 km2, and the
total length of the main river is about 187 km. The average slope of the channel bed is about 0.53%. The average
amount of sediment that is transported through the river
each year is about 63 million metric tons. The mean
amount of sediment transported per unit area is approximately 19,956 tons/km2/yr. It is about 9.15 times the
average amount of transported sediment per unit area of
the Yellow River watershed in China. The average amount
of sediment that is transported in the Yellow River is the
highest in the world. Since the sediment concentration in
the Choshui River watershed is high, measuring flow in
this area is challenging.

This section discusses the data from the Nan-Bei-Ton
Bridge hydrological station, which is located at Peikang
Creek. The creek is an upstream tributary of the Wu River,
which is one of the 26 major river systems in Taiwan. The
creek has a gravel bed with partially exposed bedrock,
and is fairly straight close to the reach of the bridge, and
has a mean slope of 4.32%. The drainage area upstream of
the bridge is 408 km2.
A preliminary analysis of the field data that were collected using the cup-type current meter by the two-point
method (by measuring the point velocities at two-tenths
and eight-tenths of the depth below the water surface) was
performed for both of the rivers in the central region of
Taiwan during the dry season (between October and the
following April).
Figure 5 plots the relationship between the mean velocity Ū and maximum velocity Umax from the data collected
at the Nan-Bei-Ton Bridge station (1995-2006). The figure
shows a very strong linear correlation between the mean
velocity and the maximum velocity. The average ratio of Ū
to Umax (ø) was 0.625, and the coefficient of determination
(r2) was 0.965. The mean value of 0.625 was lower than
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the range of Ū/Umax from the literature (such as that of
Subramanya, 1982) [14], probably because of the high
roughness of the channel with the steep gradient.

of the time. In other words, the location of the y-axis was
reasonably stable, probably because the shape of the crosssection was regular and the channel bed was relatively stable at this station. As both Umax and the location of y-axis
are nearly constant, Chiu’s discharge theorem is applicable
at this station.
3.3. Measurements of flow using a portable ADP system

In this study, the Acoustic Doppler Profiler (ADP) was
used to measure the flow discharge during several rainstorms when the flow depth of the river was higher than the
minimum required depth (about 1.0 m). The section below
discusses the results at two hydrological stations.
(1) Nan-Bei-Ton Bridge station

FIGURE 5 - Relationship between

U

and

U max

for the Nan-Bei-

Ton Bridge hydrological station, Wu River.

FIGURE 6 - Location of the y-axis vs. stage H for the Nan-Bei-Ton
Bridge hydrological station, Wu River.

Figure 6 presents the relationship between the location of the y-axis (which passes vertically through the
point of maximum velocity in the cross-section of channel) and the stage. Figure 6 also plots the mean ( y ),
standard deviation ( σ ), and the 95% confidence interval
( y ± 2σ ) for “y-axis”. As shown in the figure, the y-axis
was also fairly stable (σ = 3.0 m), and was located at
about 25 m from the left bank (facing downstream), most

The portable flow measuring system with a 3 MHz
ADP was utilized to measure the flow at the Nan-Bei-Ton
Bridge hydrological station on June 9th, 2008. The distance
between the two adjacent verticals was 1 m (see Fig. 7).
The sampling time (ensemble averaging interval) was 1 min
for each vertical. A depth cell size (the vertical distance
between two consecutive points, see Fig. 1) of 0.25 m and
a blanking area (the distance from the acoustic sensors,
where the acoustic echo from the water cannot be accurately
measured, as shown in Fig. 1) of 0.2 m were selected.
Figure 7 plots the velocity data and the corresponding
isovels measured by ADP at the Nan-Bei-Ton Bridge
hydrological station. Figure 7 also plots the location of
the “y-axis” during a medium flow. The maximum velocity from Fig. 7 was 3.54 m/s, and the y-axis was located at
about 25 m from the left bank (facing downstream), consistent with the previous analysis (see Fig. 6).
Based on actual measurements, the calculated mean
velocity of the cross section, Ū was 1.93 m/s, with a corresponding observed discharge (Qobs) of 50 m3/s, determined from Eq. (2). Equation (8) can be used to estimate the
flow area as Aest = (B.D - 0.685)0.867. The flow depth along
the y-axis, D, and the maximum velocity Umax from the
ADP are 2.00 m and 3.54 m/s, respectively. Based on the
BD value (and the fact that the top width of the flow B is
19 m, as shown in Fig. 7), the flow area can be estimated
as Aest = (19 x 2 - 0.685)0.867 = 23.06 m2. From Fig. 5, the
ø value at the Nan-Bei-Ton Bridge hydrological station
was 0.625. Since Umax = 3.54 m/s, the estimated mean
velocity of the cross-section (Ūest) was 2.21 m/s, according
to Eq. (6). The highly efficient flow discharge estimation
method, based on Eq. (7), yields a flow discharge of Qest =
Ūest - Aest = 2.21 x 23.06 = 51 cm/s. The error was about 2.0 %
by comparison with the observed value (Qobs= 50 m3/s).
Figure 8 plots the discharge rating curve for the NanBei-Ton Bridge hydrological station. Its formula is Qrat =
(H – 333.2)3.87, obtained by regression analysis, where Qrat
is the discharge estimated by the discharge rating curve
method. Based on the formula, the discharge (Qrat) of
54 m3/s from the rating curve is obtained when the
measured stage (H) was 336 m for this storm (Fig. 7). If
observed discharge (Qobs) is used as a basis, then the rela-
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FIGURE 7 - Velocity measurements and isovels using ADP for the Nan-Bei-Ton Bridge hydrological station, Wu River.

ADP was selected to conduct a field experiment at TzuChiang Bridge station.
To test the applicability of ADP for a high-concentration sediment-laden flow, the Survey Section of the
Fourth River Management Office, using the cup-type current meter, independently measured the flow discharge
immediately before the test associated with this investigation was carried out. Two-point velocities along each vertical (velocities at two-tenths and eight-tenths of the depth
below the water surface) were measured across the whole
cross-section. The mean velocity on each vertical of the
cross-section was obtained using Eq. (3). The observed flow
discharge (Qobs) through the cross-section was then calculated using Eq. (2).

FIGURE 8 - Discharge rating curve for the Nan-Bei-Ton Bridge
hydrological station, Wu River.

tive errors of Qest and Qrat are 2.0 % and 8.0 %, respectively. The results show that the error of the river discharge estimated using Chiu’s discharge theorem is less
than that estimated by the conventional discharge rating
curve method, particularly for a steep channel.
(2) Tzu-Chiang Bridge station

The Tzu-Chiang Bridge hydrological station is located on the downstream reach of the Choshui River, which
is the second largest river system in Taiwan. The drainage
area upstream of the bridge is 3,012 km2. On May 29th,
2008, the portable flow measuring system with a 3 MHz

Since ADP was used to measure the flow immediately after the measurement was made using the cup-type
current meter, the measurements have no time lag. Figures 9 and 10 plot the velocities and isovels measured
using the ADP and the cup-type current meter. The results
show that the two methods yielded the same velocity distributions. The ADP did not measure the flow field near
the pier (between 639 m and 647 m from the left bank),
because of concerns about the security of the equipment.
The mean velocity and flow discharge based on the
data that were collected using ADP (Fig. 9) were 1.32 m/s
and 295 m3/s, respectively. The mean velocity and flow
discharge that were based on the data collected using the
cup-type current meter (Fig. 10) were 1.24 m/s and 277 m3/s,
respectively. The difference between the flow discharge
measured using the ADP and that measured using the cuptype current meter was about 6.50 %. The relative error
was less than 10.0 %. ADP can be applied under high
sediment concentration.
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FIGURE 9 - Velocity measurements and isovels using ADP for the Tzu-Chiang Bridge hydrological station, Choshui River.

FIGURE 10 - Velocity measurements and isovels using the cup-type
current meter for the Tzu-Chiang Bridge hydrological station, Choshui River.

4. CONCLUSIONS
This study proposes a portable flow measuring system using an ADP and a highly efficient discharge estimation method to measure flow discharges in rivers with
steeply sloping beds in Taiwan. Based on the calibration
tests that were conducted in the tow tank and field tests,
the following conclusions are drawn.
The specially designed ADP measuring system and
Chiu’s discharge theorem have high potential for measuring discharge in rivers with a steep gradient (such as Wu
River) and those with sediment-laden flow (such as Choshui River). However, more tests under higher flow conditions (such as in the typhoon season) must be conducted.
The estimated errors in the discharge obtained using
the ADP measuring system and Chiu’s discharge theorem
were less than those in the discharge obtained using the
rating curve method. River discharge is more efficiently
estimated using Chiu’s discharge theorem than the conventional discharge rating curve method.
The errors in the estimated values of flow based on
measurements made using the portable ADP system, by

comparison with the observed flow discharges, were 2.0 %
and 6.50 % at the Nan-Bei-Ton Bridge and Tzu-Chiang
Bridge hydrological stations, respectively. These results indicate that the discharge estimated by the efficient method
was reasonable.
The efficient method yielded reasonable predictions of
the flow discharge based on the analyzed data. The proposed method requires only velocity profile measurement
along the y-axis using an ADP or current meter, with the
advantages of short operating time and high accuracy, especially for unsteady flows.
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AN INVESTIGATION OF PARAMETERS AFFECTING
SOLID-PHASE MICROEXTRACTION (SPME) FOR THE
QUANTITATIVE DETERMINATION OF NONYLPHENOL
POLYETHOXYLATE SURFACTANTS
Eleftheria E. Klontza, Elisavet E. Koukouraki and Evan Diamadopoulos*
Laboratory of Environmental Engineering and Management,
Department of Environmental Engineering, Technical University of Crete, 73100 Chania, Crete, Greece

ABSTRACT
The aim of the research was to apply the solid-phase
microextraction method (SPME) as a sample pretreatment
method for the separation and quantitative determination
of the oligomers that are present in a nonylphenol polyethoxylate commercial surfactant mixture (Imbentin-N/63).
An immersion SPME-HPLC method was used for the
analysis of commercial mixtures of surfactants. The analytes were separated and quantified by an HPLC system
equipped with an SPME-HPLC interface and a fluorescence
detector. Critical parameters that affect the extraction efficiency such as the fiber coating material and the concentration of the organic solvent were optimized. The compounds
were successfully isolated using 60 µm PDMS/DVB coating. Linearity of the SPME-HPLC method was in the range
of 0.9-200 µg L-1. The limits of detection of the SPMEHPLC method were around 0.67 µg L-1 with different values for each ethoxamer. Samples from the Chania (Crete,
Greece) Municipal Wastewater Treatment Plant were analyzed for the presence of nonylphenol ethoxylates.

KEYWORDS:
SPME, nonylphenol polyethoxylates, surfactants

1. INTRODUCTION
Nonylphenol ethoxylates (NPnEOs) belong to the category of non-ionic surfactants and they have been widely
used in domestic detergents and cleaning industry. They are
produced through the reaction of nonylphenol (NP) with
ethylene oxide [1, 2]. Nonylphenol’s ethoxylation results
in the creation of oligomers with different number of ethoxy units in the ethoxylate chain (1-100). Commercial sur* Corresponding author

factants are a mixture of oligomers with the ethoxylate chain
length following a Poisson distribution. In the cleaning
products the ethoxamers with the highest concentration are
usually those with 9 or 10 ethoxy units in their molecule [2].
Nonylphenol polyethoxylates are considered to be endocrine disrupting compounds [3-5] with estrogenic activity and toxicity increasing with the shortening of the ethoxylate chain [6]. Their biodegradation during wastewater
treatment process takes place with progressive shortening
of the ethoxylate chain. They are detected mainly in the
plant effluent, which poses a major environmental risk to
both natural and human environment [7-11].
Chromatographic separations are the only way to quantify the levels of NPnEOs in the environmental samples.
High-performance liquid chromatography (HPLC) can successfully separate the oligomers with large number of ethoxy
units (n>3) [12-14]. Reversed-phase HPLC provides information about the nonyl chain length and normal-phase
HPLC resolves the ethoxylate oligomers and provides
information about the ethoxylate chain distribution [15].
Regarding sample pretreatment the conventional methods of extraction (solid-phase extraction-SPE and liquidliquid extraction-LLE) are unable to retain the same oligomer distribution in the extract as in the original sample.
Solid-phase microextraction (SPME) is the alternative to the
traditional methods of extraction (SPE, LLE). It is a simple
and fast technique that uses limited amount of organic solvents. The analytes are adsorbed to a fiber and when equilibrium is reached, the fiber is transferred to the chromatographic system for separation and quantitation [16-18].
The main objective of this work was to apply the
SPME method as a sample pretreatment method in order
to determine the nonylphenol ethoxylates in wastewater
samples. Boyd-Boland et al. [16] developed an SPME
method for the extraction of alkylphenol ethoxylate surfactants from aqueous samples using CW/TR fiber. In the
present work a different coating material was used for the
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extraction of the analytes. All the parameters that affect
the extraction efficiency were determined and the method
was enhanced by studying the salting-out effect. Ionic
strength of the solution found out to be the most important
parameter that affected SPME efficiency. The choice of
the most appropriate fiber was based on its ability to maintain the same distribution of the compounds after the extraction with that of the commercial surfactant mixture
(Imbentin/N-63). The method was optimized further by
examining the effect of the concentration of the organic
solvent in the sample in order to obtain higher peak responses.
2. MATERIALS AND METHODS

effluent and chlorinated effluent). The samples were collected in amber glass bottles and were analyzed immediately in order to determine their quality characteristics and
the compounds of interest. In cases where preservation of
the samples was necessary, formaldehyde solution was
added (1mL/100 mL of sample) [1].
All the samples were filtered with glass fiber filters
(Whatman) and physicochemical parameters such as pH,
total suspended solids (TSS) and chemical oxygen demand (COD) were determined.
Chemical oxygen demand (COD) of the samples was
measured with MERCK COD kit (25-1500 mg L-1 COD).
The amount of total suspended solids (TSS) in the samples
was determined according to standard methods [20].
2.4. SPME-HPLC experimental setup

2.1. Surfactant commercial mixtures

Surfonic N-100 and Imbentin-N/63 (Fluka) were the
commercial nonylphenol polyethoxylate surfactant mixtures that were used as analytical standards for the development of the SPME-HPLC method and the calibration of
the instrument. The oligomer distribution is similar in all
these commercial formulations. They contain NPEOs oligomers with 2<nEO<20 and the average number of ethoxy
units is around 10. Surfonic N-100 was manufactured by
Huntsman (Austin, TX, USA) and had been already quantified by the manufacturer [19]. It was used as a quantitation standard for Imbentin-N/63.
The stock solutions were prepared monthly by weighing in ethyl acetate, at a concentration of 100,000 mg L-1.
The standard solutions were prepared by dilution weekly
or daily depending on their concentration in hexane/2propanol (90/10). For the optimization of the SPME method
a spiked Milli-Q water sample was used. A concentration
of 10 mg L-1 was chosen in order to have good peak responses for all compounds.
According to technical information provided by Fluka
for Imbentin-N/63, the critical micelle concentration (CMC)
is around 40 mg L-1. By using a concentration below the
CMC for the method development we ensure that the compounds are mainly as free monomers in the solution and
therefore can be extracted efficiently with SPME.
All the solutions were kept at 4 0C in the dark and
brought to room temperature before use.
2.2. Reagents

Hexane, 2-propanol and ethyl acetate were of HPLC
grade and were obtained from Merck. Sodium chloride was
of analytical grade provided by Fluka. Sodium chloride
was purchased from Fluka as well (analytical grade) and
heated overnight in 180 °C to remove impurities.
2.3. Wastewater collection

Grab samples were obtained from the Chania (Crete)
Municipal Wastewater Treatment Plant at different stages
of the treatment process (raw, primary effluent, secondary

2.4.1. SPME equipment-Extraction procedure

The SPME procedure was performed with an automatic SPME holder (for HPLC use). For the SPME-HPLC
analysis, PDMS/DVB (60 µm polydimethylsiloxane/divinylbenzene) fiber was used and CW/TR (50 µm carbowax/
templated resin) fiber was also tested for its performance.
The SPME fibers were purchased from Supelco. Each fiber
was conditioned before use according to the manufacturer’s
recommendations.
The sample (4 mL) was placed in a 5 mL vial containing 0.52 g of NaCl and a Teflon-coated magnetic stir
bar. The vial was sealed with Teflon-lined septum and the
sample was homogenized for 2 min in a mechanical shaker.
Then the vial was placed in a magnetic stirrer and the 60 µm
PDMS/DVB fiber was inserted in the sample. The fiber was
exposed to the sample for 60 min in room temperature with
continuous stirring (immersion SPME). When the equilibrium was reached, the fiber was transferred to the desorption chamber of the SPME-HPLC interface which had been
filled with 250 µL of mobile phase (hexane/2-propanol,
90/10). The valve was in the “load” position for two
minutes and when desorption was completed the valve
was placed in the “inject” position and chromatographic
analysis began.
2.4.2. Instrumentation- Chromatographic separation

The injector of the chromatographic system was modified using the SPME/HPLC interface provided by Supelco.
SPME-HPLC interface consists of an injection valve (Rheodyne valve) and a fiber desorption chamber, in which the
fiber is placed after the extraction. When the valve is in
the “load” position the fiber is inside the chamber in a
pressure equal to the atmospheric pressure. By turning the
valve to the “inject” position pressure is increased and the
analytes are transferred to the chromatographic column for
separation [16]. Desorption can be achieved in two ways
(static desorption and dynamic desorption). During dynamic
desorption mobile phase elutes the substances as it moves
through the desorption chamber with a flow rate according to the elution program. In the case of static desorption,
the fiber is soaked in the mobile phase or other solvent for
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a certain period of time and the analytes are desorbed from
the fiber. When the analysis begins the fiber can be removed from the interface and it is ready to be used for the
next SPME. In the current work, static desorption mode
was used.
Chromatographic analysis was performed in a Hewlett
Packard 1100 series HPLC coupled with Supelcosil LCNH2 column (25cm length X 4.6mm ID X 5µm film thickness). A Supelguard LC-NH2 pre-column was used. The
system was equipped with a fluorescence detector operating at 225nm and 295nm (emission and excitation wavelength respectively). The mobile phase consisted of A:
90/10, hexane/2-propanol and Β: 90/10 2-propanol/H2O.
The elution program was operated with a flow rate of 1.5 mL
min-1 from 3% to 53% B [16].
2.5. Quantitative analysis

The instrument calibration was executed with triplicate injections of extracted aqueous standard solutions of
NPnEOs. The solutions were prepared in Milli-Q water and
were spiked with known concentrations of the analytes.
Calibration curves were plotted for each one of the oligomers that were present in the surfactant mixture with
the external standard method and the use of linear regression. Detection limits (LOD), quantitation limits (LOQ),
linear range and relative standard deviations (RSD%) were
calculated for the validation of the method.
It should be noted that the commercial mixture contained traces of NP19EO and NP20EO that could not be
quantified. The higher homologues are presented in very
low concentrations in the original surfactant mixture. The
aqueous solubility of the compounds increases with the
length of the ethoxylate chain, thus making the compounds
having low affinity for the fiber coating. An attempt was

made in order to quantify them, yet the linear range was
very limited and their concentrations in the mixture that
were used for the calibration of the instrument were below the method’s detection limit
3. RESULTS AND DISCUSSION
3.1. Fiber choice and salt-out effect

Two commercial fibers were tested for their ability to
extract the nonylphenol ethoxylates from aqueous samples.
The fiber coating that could be considered as optimum for
the extraction of the surfactants should be the one that is
able to retain the same oligomer distribution in the extracted solution as in the original surfactant mixture [16].
In Figure 1, oligomer distribution in the commercial mixture (Imbentin-N/63) is compared with the distribution found
after extraction with two different fibers, 50µm CW/TR and
60µm PDMS/DVB. None of the fibers was able to retain
the same oligomer distribution in the extracted solution as
in the original mixture (Figure 1).
Ionic strength of the solution plays an important role to
the extraction efficiency of the analytes (salt-out effect).
Addition of salt helped in maintaining the same oligomer
distribution before and after extraction. In order to increase
the ionic strength of the solution, sodium chloride in
two different concentrations (13 and 25%) was added.
Both fibers (CW/TR and PDMS/DVB) were able to isolate the compounds, but better results were obtained
with PDMS/DVB fiber and 13% of NaCl as it is presented in Figure 2. This value (13%) that was considered
as optimum and was used in the entire study is a lot higher
than the concentrations of any other ions that contribute to
the total ionic strength of the solution.

2500

Peak Area
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PDMS/DVB

CW/TR

Imbentin- N/63

FIGURE 1 - Oligomer distribution after extraction of Imbentin-N/63 aqueous solution, with two different fibers (CW/TR and PDMS/DVB).
Comparison with direct injection of Imbentin-N/63 standard solution (50 ppm)

212

© by PSP Volume 20 – No 1a. 2011

Fresenius Environmental Bulletin

1000

2500

900

800

2000

Peak Area

700
600

1500

500
400

1000

300
200

500

100
0

0

PDMS/DVB fiber 13% NaCl

PDMS/DVB fiber, 25% NaCl

CW/TR fiber, 25% NaCl

Imbentin-N/63

CW/TR fiber, 13% NaCl

FIGURE 2 - Effect of ionic strength on the extraction of Imbentin-N/63 aqueous solution. Comparison of the distribution of the ethoxamers
after extraction with that of direct injection of Imbentin-N/63 standard solution (50 ppm).

A typical chromatogram is presented in Figure 3. The
numbers above the peaks indicate the number of ethoxy
groups in each molecule.
3.2. Extraction time and desorption time

Extraction time is defined as the time after which the
amount of the extracted analyte remains constant and corresponds within experimental error to the amount extracted
at infinite extraction time [18]. Practically, it is the time
needed for the equilibrium to be established between the
coated phase and the solution. In the equilibrium state the
system is not affected by changes in the mass transfer.
Desorption time is defined as the time necessary for the
analytes to be eluted from the mobile phase during static
desorption. The extraction time profile was studied for a
time range from 10 to 120 min. For most of the compounds
equilibrium was reached in 60 min. There was no increase
in the amount of the analytes extracted after 120 min. The
time that was chosen for the extraction was 60 min. Desorption time profile was studied for a time range from 2
to 60 min. Desorption of the compounds was complete in
the first two minutes and no carryover of the analytes was
observed. It should be mentioned that in all analyses the
fiber was kept in the in the SPME/HPLC interface with the
valve in the “inject” position for an additional 10 min period in order to ensure that the analytes had been removed
completely. Blank samples were run from time to time to
ensure the absence of contamination.
3.3. Concentration of the organic solvent

Spiked water samples that were used for the optimization of the SPME method contained small quantities of

organic solvents. Concentration of organic solvent in the
sample higher than 1% can have an effect on the value of
distribution coefficient of the compounds between the fiber
and the sample, thus resulting in decreasing the extraction
efficiency. It is suggested to keep the percentage of the
organic phase constant in the sample matrix, especially
when external standard method of quantitation is used [18].
Volumes of 2, 10 and 25 µL in 4 mL of total sample
volume (0.05, 0.25 and 0.625% respectively) were tested
and compared as it is presented in Figure 4. Higher peak
responses were observed in the cases where small volumes
of organic phase were used. Therefore, the quantity of the
organic solvent that was added in the samples was kept
constant (2 µl in 4 ml sample volume) through the entire
study.
3.4. Quantitation

Calibration curves were plotted for all the ethoxamers. All of them showed good correlation (R2>0.99) and
the method was linear over a wide range of concentrations. Qualitative characteristics of the method are presented in Table 1. Limits of detection (LOD) and limits of
quantitation (LOQ) were calculated for all the compounds. Limit of detection is defined as the concentration
that gives signal three times higher than the noise. It was
calculated by using the triplication of the average signalto-noise (S/N) at low concentrations. The quantitation
limit (LOQ) was calculated at 10 times S/N. LODs were
at the low µg L-1 level for all ethoxamers. In the SPME
method that was developed from Boyd Boland [16] the
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average detection limit of an individual ethoxamer was
1.57 µg L-1. In the
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FIGURE 3 - HPLC chromatogram of extracted aqueous solution of Imbentin-N/63 with 60 µm PDMS/DVB fiber and 13% NaCl.
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FIGURE 4 - Effect of the concentration of organic solvent in the sample during extraction of Imbentin-N/63 with PDMS/DVB fiber.
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TABLE 1 - Validation parameters for SPME-HPLC method for the analysis of nonylphenol polyethoxylate surfactants.
Compound
NP3EO
NP4EO
NP5EO
NP6EO
NP7EO
NP8EO
NP9EO
NP10EO
NP11EO
NP12EO
NP13EO
NP14EO
NP15EO
NP16EO
NP17EO
NP18EO

Retention Time
(min)
4.96
6.51
9.15
12.85
15.85
18.32
20.75
23.08
25.28
27.35
29.28
31.11
32.78
34.39
35.95
39.28

Linear range (µg L-1)

R2

RSD%

LOD (µg L-1)

LOQ (µg L-1)

2.70-135
0.85-8.45
0.98-19.50
1.71-51.38
2.49-74.70
3.16-126.40
3.44-137.40
6.51-130.2
6.02-120.30
4.77-238.50
1.72-51.68
2.06-102.75
6.15-61.50
3.53-35.25
1.68-16.75
0.9-9.00

0.9966
0.9958
0.9963
0.9986
0.9972
0.9929
0.9990
0.9981
0.9900
0.9949
0.9987
0.9981
0.9939
0.9914
0.9983
0.9967

5.15
16.46
18.28
12.60
16.20
11.12
10.74
9.14
11.78
4.88
14.24
2.75
4.37
13.18
3.52
16.06

0.83
0.26
0.30
0.32
0.34
0.68
0.87
0.67
1.10
1.15
0.50
0.57
1.02
1.10
0.51
0.37

2.64
0.84
0.97
1.03
1.09
2.16
2.76
2.12
3.50
3.65
1.61
1.83
3.25
3.50
1.63
1.19

current work the average detection limit was in the microgram per liter range with even lower value (0.67 µg L-1).
Repeatability of the method was checked and relative
standard deviations were calculated for the extraction of
samples of the same concentration in different days. Small
variations within sample volume measurements can have a
negative effect in the method reproducibility when small
sample volumes are used [18]. In the current method, reproducibility of the method which is expressed by RSD%
values can be considered good, regarding the relatively small
sample volume (4 mL). Recoveries were calculated for all
the compounds and were found to be in the range of 95102%, so the matrix effects were considered negligible.
3.5. Sample analysis

The SPME/HPLC method that was developed was applied for the analysis of wastewater samples. The physicochemical characteristics of the samples are presented in
Table 2.
TABLE 2 - Physicochemical characteristics of the wastewater samples on the date of sampling (Municipal Wastewater Treatment
Plant of Chania, Crete, Greece)
SAMPLE
Raw wastewater
Primary wastewater
Secondary effluent
Chlorinated secondary
effluent

pH
7.14
7.53
7.28
7.37

TSS (mg L-1)
180
142.5
5.5
8

COD (mg L-1)
490
502
102
109

The nonylphenol polyethoxylate surfactants were not
detected in any of the wastewater samples. Biodegradation
of the surfactants that enter the wastewater treatment plant
gives a possible explanation for the absence of NPnEOs.
Perhaps a small amount of the lower ethoxylates was present in concentrations below the detection limit. Most of
the ethoxamers that constitute the surfactant mixture are
strongly lipophilic, so sorption to sludge could be another
reason for not detecting the compounds in the liquid phase.
In a study that was conducted in the Greek region [13],

NPnEOs were detected in the influent of the wastewater
treatment plant and in the sewage sludge. Their concentration in the effluent was below the detection limit. The
quantitation was done for the sum of nonylphenolic compounds and not for each ethoxamer separately. Total
concentration of NPnEOs in sludge samples was around
2 orders of magnitude higher than the one in the liquid
samples. Usually NPnEOs’ metabolites are the compounds
that are detected in samples from Greek wastewater treatment plants [21-23]
4. CONCLUSIONS
Solid phase microextraction (SPME) was applied as a
sample pretreatment method for the determination of nonylphenol ethoxylates in wastewater samples. SPME was
applied in immersion mode coupled with HPLC. ImbentinN/63, a commercial nonylphenol polyethoxylate surfactant mixture was extracted using 60 µm PDMS/DVB coating with the addition of 13% NaCl in the sample. Addition
of NaCl increased the ionic strength of the solution and
resulted in better extraction efficiency and ability of maintaining the same oligomer distribution in the sample before and after extraction. The concentration of the organic
solvent in the samples was very low (0.05%), which increased the peak responses. Fibers were used for a large
number of analyses without having observed any carryover
problems or deterioration. The method is fast, simple and
solventless with detection limits at the low µg L-1 range.
Nonylphenol ethoxylates were not detected in the
wastewater samples that were analyzed with the present
method.
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CELLULAR FATTY ACID METHYL ESTERS
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ABSTRACT
The trans/cis ratio, calculated from the abundance of
18:1ω9 and 16:1ω9 monoenoic fatty acids in sample, was
used to evaluate the effect of starvation on the biodegradation capacity of Pseudomonas aeruginosa ATCC 10145.
The pure culture was acclimated to degrade glucose as a
sole source of carbon and energy; then, the culture was exposed to different starvation periods between 0 and 120 h.
The viability of cells was evaluated using colony forming
units and flow cytometry method. The decrease of cell
viability was observed as a consequence of starvation and
this lost was correlated with the diminution of the microbial degradation rate. Parallel to starvation, the trans/cis
ratio increased from 0.23 to 1.47 (for the 16:1ω9 acid) and
from 0.14 to 0.71 (for the 18:1ω9 acid) when bacteria
were starved from 0-h to 120-h, respectively. It was found
that the trans/cis ratio increased significantly as a result of
bacteria starvation and can be used as an indicator of
stress by starvation of P. aeruginosa.

KEYWORDS: FAME, starvation, cell viability, stress response,
Pseudomonas

1. INTRODUCTION
The biological processes used to treat wastewater are
constituted by communities of microorganisms that utilize
the organic matter as energy source. A high microbial activity in the system will result a high degradation capacity
of the pollution present in the wastewater. Therefore, it is
important to have practical tools for evaluating the physiological status of the microbial community present in biological reactors. Some bacteria in condition of prolonged
starvation may lose culturability but remain metabolically
active [1]. This phenomenon is usually described by the
* Corresponding author

term viable but non-culturable cells and can lead to underestimate results when classical enumeration methods
are used to assess the effect of starvation in biological
wastewater system process.
Fatty acid methyl esters (FAME) profiles have been
used to identify microorganisms in pure cultures [2], to
assess the microbial community in wastewater treatment
plants [3] as well as to estimate changes in microbial community structure and metabolic activity [4-7]. Specific patterns of FAME can also indicate physiological stress in
certain bacterial species [8].
In wastewater treatment processes, microorganisms
can be exposed to stress conditions as inhibition and starvation periods, especially when industrial wastewaters are
degraded. The trans/cis ratio of FAME profiles has been
proposed as an indicator of chemical stress conditions in
Pseudomonas putida [9] as well as of the acute toxicity to
hazardous chemicals [10]. Watanabe et al. [11] discussed
that starvation may produce changes in cell physiology,
including changes in cell shape and size, RNA content,
protein expression pattern, motility, and amounts of extracellular polymers. Other studies reported that the exposition of microbial population to starvation decreased the
bacterial activity and viability [12, 13]. It has been observed a negative effect on the degradation of inhibitory
compounds (chlorophenols), by an activated sludge in batch
reactors, as a consequence of relatively short starvation
periods [14]. The degradation time increased up to six
times (from 0.7 to 4.5 h) as a result of 24 h of starvation.
This loss in the microbial degradation capacity was attributed to a decline in both the enzymatic activity and the
viability of the suspended cells [14]. In an axenic culture,
Guckert et al. [15] reported that the trans/cis fatty acid
ratio significantly increased when Vibrio cholerae was exposed to a long term starvation period; however, in
wastewater treatment plants starvation periods can be
only of few hours [16]. Thus, it can be interesting to investigate whether the trans/cis ratio can describe rapid
changes in a typical microorganism present in biological
wastewater treatment plants.
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The objective of this paper was to describe the changes
in the trans/cis ratio, calculated from the FAME profile,
and its relationship with the viability of Pseudomonas
aeruginosa ATCC 10145 exposed to different starvation
periods.
2. MATERIALS AND METHODS
The effect of starvation on the biodegradation capacity, cell viability and FAME profiles of Pseudomonas aeruginosa ATCC 10145 were evaluated. Many microorganisms have been reported to degrade wastewater, including
different species of the genus Pseudomonas, as Pseudomonas aeruginosa [17]. The pure culture was obtained from
the bacterial collection of Biomedical Research Institute at
the Universidad Nacional Autonoma de Mexico. P. aeruginosa was grown aseptically in a 2-L reactor at 25°C.
Liquid broth containing peptone and meat extract (Bioxon)
was used in this propagation phase, until the bacterial concentration reached around 300 mg/L as volatile suspended
solids, VSS, and a turbidity of 150 NTU. After this period,
the source of carbon and energy was changed to glucose and
bacteria were fed once a day with 275 mg/L (110 mg dissolved organic carbon, DOC/L). For each batch 90% of the
liquid volume was exchanged. The system was aerated with
a flow rate of 1 L per minute. The substrate concentration
(as DOC) was measured taking samples and analyzing them
off-line, with a Shimadzu (TOC-5050) total carbon analyzer.
Total and Volatile Suspended Solids (TSS and VSS) analyses were determined according to Standard Methods [18].
The degradation activity was considered constant when
the percentage of carbon removal had no significant variations over time. At this point the biomass was equally distributed into 5 reactors of 1 L. The working volume was
completed to 550 mL with sterile tap water. The microorganisms were starved for periods of 0, 24, 48, 72 and 120 h.
During starvation the aeration was kept and microorganisms were maintained under endogenous condition. After
each starvation period, the biomass was fed again with
275 mg glucose/L (110 mg DOC/L), and the kinetics of carbon removal was followed to evaluate the changes in the
bacterial degradation rate. All the experiments were done by
duplicate. For statistical analysis Statgraphics Plus 5.0 (Manugistics, 2000) was used.

time the tubes were vigorously vortexed for 10 seconds
and returned to the water bath to complete the 30 minute
heating. For methylation, 2 mL of a solution containing
325 mL of 6.0N HCl in 275 mL of methanol were added
to the cooled tubes and briefly vortexed. After vortexing,
the tubes were heated for 10 minutes at 80 ± 1°C. FAME
were extracted by the addition of 1.25 mL of a mixture of
200 mL hexane and 200 mL of methyl-tert-butyl ether and
mix and gentle tumbling on a clinical rotator for about
10 minutes. The aqueous (lower) phase was discarded.
Washing was done by adding 3 mL of a solution of 10.8 g
of NaOH in 900 mL of distilled water to the organic phase
remaining in the tubes; then, the tubes were tumbled for
5 minutes. Following, about 2/3 of the organic phase was
recovered for GC analysis. Samples were evaporated under
nitrogen; then, FAME were dissolved in 10 µL of c-hexane
and 1 µL of the sample was analyzed by gas chromatography. The GC equipment was a gas chromatograph (Agilent, 6890N) equipped with a 30 m HP-5MS capillary column, Supelco/Sigma-Aldrich Co, USA (0.25 mm ID and
0.25 mm thickness), interfaced to a Mass Selective Detector (Agilent, MS 5975). The column temperature was programmed at 170–280°C at 10°C/min and maintained at
280°C for 10 min. Duplicate analyses were performed to
obtain quantitative information. The integration and identification of the profile peaks were done by applying the
ChemStation software (Agilent). A commercial standard with 26 fatty acid methyl esters in methyl caproate
(10 mg/mL total concentration) was used. Behenic acid
(22:0) and lignoceric acid (24:0) (Supelco/Sigma-Aldrich
Co, USA) were used as internal standards.
2.2. Viability of cells

The viability of the cells was evaluated by applying
two methods. The first was the heterotrophic plate count
(HPC) as is described in Standard Methods [18]. This
method allows counting only viable cells. Flow cytometry
was used to evaluate viable, non-viable and cell membrane
damaged cells. For this, 200 µL of culture sample were
dyed by adding 5 µL of 5-chloromethylfluorescein diacetate (CMFDA) and 50 µL of propidium iodide (PI). Flow
cytometry (Beckman Coulter Epics Altra) was used for
the analyses of the fluorescent intensity.
3. RESULTS AND DISCUSSION

2.1. FAME profile analysis

For each starvation experiment, changes in the FAME
profiles and viability of cells were tested. For the FAME
analysis, 10 mL of the culture were centrifuged at 3500 rpm
during 10 min. A sample of 50 to 60 mg of biomass was
taken from the pellet and transferred into sterilized test
tubes. FAME analysis was carried out using the MIDI,
Sherlock technique according to Sasser [19]. The samples
were saponified by adding 1 mL of a solution containing
45 g of NaOH, 150 mL of methanol and 150 mL of distilled
water; then, the samples were vortexed during 10 seconds
and heated in a boiling water bath for 5 minutes, at which

3.1. Effect of starvation on glucose degradation kinetics

Figure 1 presents the kinetics for the organic carbon
degradation by P. aeruginosa after exposition to different
starvation periods (0, 24, 48, 72 and 120 h). The highest
substrate consumption rate was evaluated between 0 and
10 h when the maximal degradation occurred and more
than 60% of the initial organic carbon was degraded. The
microorganisms that never were exposed to starvation
presented the highest substrate consumption rate (11.7 mg
DOC/L/h); for this case more than 80% of the initial DOC
was degraded within 35 h. When 24-h of starvation was
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applied the degradation rate decreased to 9.9 mgDOC/L/h.
In general, it was observed that the degradation rates decreased as the starvation time increased. The degradation
rates decreased to 7.3, 5.6 and 3.9 mg/L/h, when 48, 72
and 120 h of starvation were applied, respectively. It was
also observed that increasing of the starvation period
increased the residual concentration after 35 h.

FIGURE 1 - Influence of starvation periods on glucose degradation
kinetics.
3.2. Changes in cell viability during starvation

Figure 2 (A) shows the viability, as colony forming
units (CFU) of P. aeruginosa after several starvation periods. The diminution of the degradation rates previously
discussed correlated with the decrease of the viability of
cells observed after the starvation periods. The decrease
in viability of 82, 95 and 97% after starvation periods of
48, 72 and 120 h, respectively, was observed. Coello et.
al. [12] found that after 5 days of starvation in an activated sludge system (mixed culture), the percentage of active
cells decreased by 93.3% and resulting in a decrease in
respiratory and enzymatic activity.
The percentage of viable, non-viable and live but nonviable (cell membrane damaged) of P. aeruginosa evaluated by flow cytometry after several starvation periods are
present in Figure 2 (B). These results confirm a decrease in
the viability of cells due to the starvation. The fast increase

in the percentage of not viable cells (35% of the population) between 24 and 72 h of starvation was observed and,
at the same time, a decrease of 70% of the viable cells was
observed after 72 h of starvation.
A severe change in the viability of cells was observed
when 120 hours of starvation was applied. In this case, less
than 20% of the initial population was maintained viable.
As a result of the lost of viability, the degradation time
needed to remove 80% of the initial substrate, increased
from 12 hours (biomass without starvation) to more than 35
hours when starvation period of 48 h was applied (Figure 2
B).
For starvation times longer than 48 h the number of
viable and non viable cells reached a plateau; however, the
activity of microorganisms to degrade the substrate decreased, suggesting that the activity of the cells decreased
not only as a consequence of the loss of viability but also
due to the decrease in the enzymatic activity. MorenoAndrade et al. [13], found that the exposure of P. aeruginosa ATCC 10145 to different starvation periods
caused the decrease in the viability and degradation activity during 4-chlorophenol biodegradation. In that case,
after 96 hours of starvation, the amount of viable and non
viable cells stabilized, but the activity of the microorganisms to degrade 4CP continued to decrease, as it was
observed in the present study. It has been discussed that
under starvation bacteria have to oxidize their own cells
to provide energy for maintenance, this is called negative
growth of biomass and can be observed along with consumption of electron acceptors [20]. In wastewater treatment, the self-oxidation of bacteria is usually called endogenous respiration, and in a long term starvation, it is
detrimental to bacterial survival and can lead to cell death.
Various metabolic adjustments could be employed by bacteria to cope with starvation.
3.3. Changes in FAME profiles during starvation

The FAME chromatographic profile of P. aeruginosa
was determined as reference before the starvation experiments. It was observed that P. aeruginosa ATCC 10145

FIGURE 2 - Cell viability of P. aeruginosa after several starvation periods. A) Viability as Colony Forming Units (CFU); B) Percentage of
viable, non-viable and cell membrane damaged evaluated by flow cytometry.
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FIGURE 3 - Concentration of fatty acids during starvation experiments with P. aeruginosa. A) saturated fatty acids; B) Hydroxyl and cyclopropane groups.

presented the characteristic saturated fatty acids 12:0, 16:0
and 18:0, hydroxy fatty acids 12:0 2OH and 12:0 3OH, 17
and 19 carbon cyclopropane acids, 16 and 18 carbon unsaturated fatty acids and their cis and trans forms [21-24].
The concentration of the saturated (Figure 3 A) and,
hydroxyl and cyclopropane (Figure 3 B) cellular fatty
acids varied when P. aeruginosa was exposed to starvation periods of 24, 48, 72 and 120 h. The saturated fatty
acids (12:0, 14:0 and 16:0) and the hydroxyl fatty acids
(2OH12:0 and 3OH12:0) percentages decreased in the
range of 58 to 80%, except for the 18-carbon saturated
(18:0) and the concentration of 17:0 cy fatty acid increased
from 0.074 to 1.52 µg/mL. Werker and Hall [25] discussed
that in most bacteria the amount of cyclopropane fatty acid
depends on the growth conditions, and typically increases
as the growth rate decreases. They found that the levels of
cyclopropane fatty acids increased as the culture age
increased. Similarly, in this research it was observed that,
in general cyclopropane fatty acids concentration increased
as starvation time increased. For the case of 19:0 cy, the
amount increased and for long starvation (> 72 h) decreased what can be attributed to the lost of cell viability.
It was observed a direct relationship between starvation time and the trans/cis ratio. This resulted from the decrease of the cis-fatty acids concentration and the increase
of trans-fatty acids (Figure 4). The trans/cis ratio was significantly affected when 24-h-starvation periods were applied. ANOVA analysis (95% confidence) showed significant differences between non starved and starved biomass,
indicating that the starvation affected the trans/cis ratio for
16:1ω9 and 18:1ω9 acids. For 0-h-starved culture, the
trans/cis ratio, for 16:1ω9 acid, was 0.23 and for 18:1ω9
acid was 0.14. The highest trans/cis ratio was obtained
after 120 h of starvation: 1.47 for 16:1ω9 and 0.71 for
18:1ω9. These results suggest the utility of such ratio as
an indicator of stress by starvation of P. aeruginosa.
The trans fatty acids are formed by direct isomerization of the complementary cis configuration of the double

FIGURE 4 - Trans/cis ratio for 16:1ω9 and 18:1ω9 as a function of
starvation time.

bond without a shift of the position. The conversion of cis
unsaturated fatty acids to trans has been reported to be
apparently involved in the adaptation of membrane fluidity to changing chemical or physical parameters of the cellular environment [26]. Such an adaptive mechanism appears
to be an alternative way to regulate membrane fluidity when
stressful conditions are present [26]. Guckert et al. [15]
explained the change on the trans/cis ratio for 16:1ω7 by
the high turnover rates of cis-monoenoic fatty acids of
membrane phospholipids and the availability of enzymes
for the metabolism of these isomers. During starvationinduced phospholipid loss, the cis-monoenoic fatty acids
would, therefore, be preferentially utilized as an alternative substrate, decreasing the amount present in cells. The
ability to synthesize trans-monoenoic acids (which are
not easily metabolized by bacteria) or to modify the cismonoenoic fatty acid to their cyclopropyl derivatives may
be a survival mechanism which helps to maintain a functional membrane during starvation-induced lipid utilization. Webster et al. [27] found an increment in the tran/cis
ratio of 18:1ω7 fatty acid as a consequence of exposing
cells of a biofilter to acidic conditions. It would be interesting, to evaluate in further studies, if the trans/cis ratio
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of the monoenoic fatty acids can be used to monitor the
effect of starvation in complex microbial communities, as
the present in wastewater treatment systems.

[7]

Zhou, Q., Wang, F.H., Zhang, L. and Wu, Z. (2009) Characteristics of fatty acid methyl esters (fames) and enzymatic activities in sediments of two eutrophic lakes. Fresen Environ
Bull 18, 1262-1269.

[8]

Ellis, R.J., Neish, B., Trett, M.W., Best, J.G., Weightman,
A.J., Morgan, P. and Fry, J.C. (2001) Comparison of microbial and meiofaunal community analyses for determining impact of heavy metal contamination. J Microbiol Methods 45,
171-185.

[9]

Loffhagen, N., Hartig, C. and Babel, W. (2004) Pseudomonas putida NCTC 10936 balances membrane fluidity in response to physical and chemical stress by changing the saturation degree and the trans/cis ratio of fatty acids. Biosci Biotech Bioch 68, 317-323.

4. CONCLUSIONS
The trans/cis ratio calculated from the abundance of
18:1ω9 and 16:1ω9 monoenoic fatty acids was used to
evaluate the effect of starvation on the biodegradation capacity of Pseudomonas aeruginosa ATCC 10145. The
trans/cis ratio increased from 0.23 to 1.47 (for the 16:1ω9
acid) and from 0.14 to 0.71 (for the 18:1ω9 acid) when
bacteria were starved from 0-h to 120-h, respectively. It
was found that the trans/cis ratio increased significantly
as a result of bacteria starvation and can be used as an indicator of stress by starvation of P. aeruginosa.

[11] Watanabe, K., Miyashita, M. and Harayama S. (2000) Starvation improves survival of bacteria introduced into activated
sludge. App. Environ Microbiol 66, 3905-3910.
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COMPARISON OF MULTIWALLED CARBON NANOTUBES AND
ACTIVATED CARBON FOR EFFICIENT REMOVAL OF METHYL
ORANGE: KINETIC AND THERMODYNAMIC INVESTIGATION
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ABSTRACT
Commercially powdered activated carbon and multiwalled carbon nanotubes were used for the removal of
methyl orange (MO) from aqueous solutions. The effects
of solution pH, initial dye concentration, temperature and
sorption time on MO removal were studied. The equilibrium sorption isotherms have been analyzed by Langmuir,
Freundlich, Dubinin and Radushkevich (D-R), and HarkinsJura (H-J) models, and Langmuir isotherms had the highest correlation coefficients. The apparent thermodynamic
parameters were calculated, and the obtained values support the conclusion that MO molecules sorb by an entropydriven, endothermic process. The kinetic of the sorption
was analyzed using pseudo-first order, pseudo-second order,
Elovich and intraparticle diffusion kinetic models. The data
showed that the second-order equation was the more appropriate one, although intraparticle diffusion is the ratelimiting factor.

KEYWORDS: Multiwalled carbon nanotubes (MWCNTs), carbon
nanotubes (CNTs), activated carbon (AC), methyl orange (MO),
sorption, kinetic, thermodynamic, isotherm

1. INTRODUCTION
Due to high consumption of dyes in various processes
and industries (food, paper, carpets, rubbers, plastics, cosmetics, and textile), the discharge of colored wastewater
from these industries causes many significant environmental
problems [1].
Increasing environmental pollution caused by toxic
dyes due to their hazardous nature is a matter of great concern. Effluents from dye production and dying mills are
highly objectionable if discharged into open water without

*Corresponding author

any proper treatment. The presence of coloring material in
water system also reduces penetration of light, thereby
affecting photosynthesis in aquatic plankton. Dyes are also
a major component of laboratory wastes which are then
led into the soil and water-bodies [2, 3] posing ecological
risks and being toxic to aquatic life if discharged directly
into receiving waters. They may be mutagenic and carcinogenic and can cause severe health hazard to humans, such
as dysfunction of kidney, reproductive system, liver, brain
and central nervous system [4-7].
MO (a water-soluble azo dye), a well-known carcinogenic organic substance, is widely used in textile, printing, paper manufacturing, pharmaceutical and food industries but also in research laboratories as an acid base indicator due to its ability to function as weak acid [8]. Microbial succession and intestinal enzyme activities in developing rats have also been studied for MO [9], and this dye
was found to increase nitro and azo reductase activities significantly, with the appearance of anaerobes in the large
intestine. Always, this dye, entering the body through ingestion, metabolizes into aromatic amines by intestinal microorganisms. Reductive enzymes in the liver can also catalyze the reductive cleavage of the azo linkage to produce
aromatic amines, and can even lead to intestinal cancer [10,
11]. MO is a representative contamination in industrial
wastewater and shows poor biodegradability [1]. ACs and
MWCNTs as adsorbents have been widely used due to their
large surface area, micro-porous character, and adequate
porous and chemical features. CNTs have been considered
to be useful in pollution prevention strategies and are known
to have widespread applications as environmental adsorbents and high flux membranes [12], and are also potentially important for in situ environmental remediation due
to their unique properties and high reactivity [13, 14].
The objective of the present work is to investigate the
potential feasibility of activated carbon and MWCNT for
the adsorption of MO. The kinetic data and equilibrium data
were analyzed to understand the adsorption mechanism by
applying different models for the experimental data [15,
16].
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2. MATERIALS AND METHODS
2.1. Instruments and reagents

Stock solution was prepared by dissolving a required
amount of MO (E. Merck, Darmstadt, Germany) in doubledistilled water. The test solutions were prepared by diluting
stock solution to the desired concentrations (determined at
423 nm). A Metrohm 691 pH/ion-meter with a combined
glass–calomel electrode was used for adjusting pH values
of the test sample solutions.
Absorption studies were carried out on a Shimadzu
UV-Vis spectrophotometer model A-160. All chemicals
including NaOH, HCl, KCl, activated carbon (AC, analytical-grade, 20-30 mesh) were purchased from E. Merck,
Darmstadt (Germany). Multiwalled carbon nanotube
(MWCNT), with the highest purity available (>90%),
was purchased from Aldrich, Arkema Inc., France (O.D.
10-15 nm, I.D. 2-6 nm, and length 0.1-10 µm).

dye solutions (100 mg L−1) to different pH values (2.0–9.0
and/or 1-8) and agitating them with 1.4 g of AC and/or
0.04 g MWCNT for a desired time, while the initial dye
solution pHs were adjusted by addition of HCl or KOH.
Dye adsorption experiments were also accomplished to
obtain isotherms at various temperatures (25–60 °C) and
to a range of 50–200 mg L−1 MO levels. The amount of
MO adsorbed, qe (mg g−1), was calculated by the following mass balance relationship:
qe = (C0 − Ce) V/W

(1)

where C0 and Ce are the initial and equilibrium dye
concentrations in solution, respectively (mg L−1), V the
volume of the solution (L) and W is the mass (g) of the
adsorbent used.
3. RESULTS AND DISCUSSION
3.1. Effect pH on MO adsorption efficiency

2.2. Measurements of dye uptake

Concentrations of MO in solution were determined
using a calibration curve within the investigated concentration range. The dye adsorption capacities of adsorbents
were determined at certain time intervals (5-90 min for
AC and 1-35 min for MWCNT), and the equilibrium was
established after 22 min for MWCNT and 90 min for AC.
The effect of pH on adsorption was studied by adjusting

To study the effect of solution pH on MO adsorption,
50 mg L-1 of solution was agitated with 1.2 g AC after 90
min, or 0.04 g MWCNT after 25 min, at different pH
values (1.0–8.0 or 2.0-9.0) in a waterbath shaker at 25 °C,
and the results are shown in Fig. 1. The initial pH value
was written as pHi and the solution pH after adsorption
was also measured and written as pHf.
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FIGURE 1 - Effect of pH for the adsorbent of A (AC), B (MWCNT).
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SCHEME 1 - MO structure change by pH.

Under alkaline and neutral conditions, the change of
initial pH had significant effect on the adsorption of MO
onto AC and MWCNT. It was clearly observed that the removal percentage decreased as pHi of MO solution close
to neutral; however, the down-trend is not obvious over a
pH range of 3-5. It was observed that the value of pHf increased with that of pHi. The removal percentage was
around 99% when the value of pHf was 3.5 (pHi at 3.0).
Since both adsorbents show high adsorption at pH 3, all
further studies were carried out at this pH. MO has two
chemical structures, whose chromophore is anthraquinone
or an azo bond depending on solution pH, expressed according to Scheme 1.
The higher adsorption of the dye at low pH may be
due to neutralization of the negative charge at the surface
of the adsorbents. However, with increase in pH, dye protonation reduces, thereby resulting into retardation of diffusion and adsorption.
At pHi 5.8 (pHf at 6.3), the removal decreased to
89%, possibly due to the dissociation of functional groups
on the surfaces of AC or MWCNT, that repute the anionic

MO molecules, which decrease the ability of MO adsorption onto AC and MWCNT. In contrast, OH− ions caused
repulsion between the negatively charged surface and the
dye molecules [13].
3.2. Effect of adsorbent dose on dye adsorption

The adsorbent dose is an important parameter in adsorption studies because it determines the capacity of adsorbent for a given initial concentration of dye solution.
The effect of adsorbent dose on the dye removal percentage is shown in Fig. 2. It was observed that initially the
removal percentage increased rapidly with increase in
MWCNT and AC amounts till 0.04 g and 1.4 g, respectively. After this critical dose, the removal percentage almost reached a constant value. The MO removal percentage
increased from 30 to 100 %, with the increase of MWCNT
dose from 0.01 to 0.04 g and AC from 0.2-1.4 g. These
results can be explained due to increase in the surface area
of adsorbents. Three different particle sizes viz. 20-30,
30-50, 50-60 mesh of AC were selected for batch adsorption experiments, and it was found that adsorption increases
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with increase in mesh size (Table 3). The increase in the
adsorption capacity, with decrease in the particle size or
increase in mesh size, is a result of increased surface area
of the adsorbents.
The increase in dye removal percentage was due to
increased available sorption surface and the availability of
more adsorption sites. This may be attributed to the increase in the availability of surface active sites resulting
from the increased dose and conglomeration of the adsorbent. Therefore, 1.4 g and 0.04 g was chosen for later
removal studies with AC and MWCNT.
3.3. Effect of contact time and initial MO concentration

Equilibrium time is one of the most important parameters in the design of economical wastewater treatment systems. The adsorption of MO onto AC and MWCNT at
various initial concentrations was studied as a function of
contact time in order to determine the necessary adsorption
equilibrium time. Rapid uptake and quick establishment of
equilibrium time imply the efficiency of particular adsorbents in terms of usage in wastewater treatment. Fig. 3 (the
effects of contact time) show the rapid adsorption at the
initial contact time that can be attributed to the availability of the surface of MWCNT and AC, and the slow rate
of dye adsorption is probably due to the slow pore diffu-

sion of the solute ions into the bulk of the adsorbent. As
shown in Fig. 3, the contact times needed for MO solutions
to reach equilibrium were 22 min (MWCNT) and 90 min
(AC), respectively. It was also seen that an increase in
initial dye concentrations resulted in increased dye uptake.
The adsorption capacity at equilibrium (qe) increased from
351.33 to 437.86 mg/g with an increase in the initial MO
concentrations from 150 to 250 mg/L .In addition, the
curves are single, smooth and continuous towards saturation, indicating the formation of monolayer coverage of dye
molecules on AC and MWCNT surface [17, 18]. The studies involving different contact times help in determining
the uptake capacities of the dye at varying time intervals
keeping the amount of the adsorbents fixed at 30 °C. The
adsorption rate was found to decrease with increase in time
for both adsorbents. The half-life of each process was calculated and found to be 2 and 28 min for MWCNT and
AC, respectively.
3.4. Effect of temperature on adsorption capacity of AC and
MWCNT

Temperature is an important parameter for the adsorption process and batch adsorption studies were carried
out at 5 different temperatures at initial dye concentrations of and results are presented in Fig. 6. It can be seen
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that there is a slight decrease from 257.54 to 245.56 mg/g
in the adsorption capacity of MO as temperature increases,
indicating the exothermic nature of the adsorption reaction.
The reason may be that the physical bonding between dye
molecules and the active sites of the adsorbent weakened
as temperature increased whereas the solubility of dyes increased, thus enhancing the interaction forces between the
solute and the solvent.
3.5. Adsorption kinetics

One of the essential requirements for the proper interpretation of the experimental data obtained during kinetic
studies is to identify the step(s) governing overall rate of
removal during the adsorption process [19-21]. The 3 following steps are thought to be involved during the adsorption of any organic or inorganic substance over the surface of a porous adsorbent:
a. Transport of adsorbate to the surface of the adsorbent (film diffusion).
b. Transport of the adsorbate within the pores of the
adsorbent (particle diffusion).
c. Adsorption of adsorbate on the interior surface of
the adsorbent.
Out of these 3 processes, the third step is quite rapid,
and cannot be treated as rate-determining step. The rate is
governed by particle diffusion when external transport of
the ingoing ions is greater than internal transport. But,
when external transport is less than internal transport, film

diffusion governs the rate. A third possibility also arises
when external transport is almost equal to internal
transport. This results into formation of a liquid film
with a proper concentration gradient around the adsorbent
particles and, in such a situation, transport of ions to the
boundary is not possible at a significant rate. In the present
studies, Bt versus time graph exhibits linearity with
straight lines passing through the origin in the case of MO
adsorption over AC and MWCNT (Fig. 12) at different
temperatures and concentrations, thereby suggesting the
rate determining process as particle diffusion.
The kinetics of adsorption is the indicate factor controlling the efficiency of the process and the equilibrium
time, and showing the rate of adsorbate uptake on AC and
/or MWCNT. In order to identify the potential rate controlling steps involved in the process of adsorption, three
kinetic models were applied for fitting the experimental data
of the dye adsorption including pseudo first- and pseudosecond-order, Elovich kinetic as well as intraparticle diffusion models onto MWCNT and AC.
Pseudo-first-order kinetic model:
The pseudo-first-order kinetic model (Fig. 4) can be
represented by the following Lagergren rate equation [22]:
log (qe−qt) = log qe− ( k1/ 2.303 t )

where qe and qt are the amounts of adsorbate adsorbed
(mg/g) at equilibrium and at contact time t (min), respectively, and k1 is the pseudo-first-order rate constant (min−1).
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The values of qe and k1 for the pseudo-first-order kinetic model were determined from the intercepts and the
slopes of the plots of log (qe−qt) versus t, respectively (not
shown). The k1 values, correlation coefficient values and
qe values (experimental and calculated ones) are summarized in Table 3. The correlation coefficients for the pseudo
first-order model changed in the range of 0.8967–0.9406
for MO on both adsorbents. The experimental qe values,
qe,exp, were not close to the calculated ones, qe,cal, obtained
from the linear plots. It suggests that the kinetics of MO
adsorption on MWCNT and AC did not follow the pseudofirst-order kinetic model and, hence, are not diffusioncontrolled phenomena (Table 1).

corresponding correlation coefficients (R2) for the pseudosecond- order kinetic model (greater than 0.999) indicated
the applicability of the pseudo-second-order kinetic model
to describe the adsorption process of MO on AC and
MWCNT adsorbents suggesting that adsorption process
was controlled by chemisorption [21]. The pseudosecond-order kinetic parameters obtained could be used
to determine the equilibrium sorption capacity (percentage
of the removal of MO) rate constants and initial sorption
rate for a reactor design (Table 1).
TABLE 1 - Kinetic parameters for A (AC) and B (MWCNT) adsorbents.
Absorbent

3.6. Pseudo-second-order kinetic model

The pseudo-second-order kinetic model (Fig.5) can
be represented in the following form:
2

t/qt=(1/k2q e)+(1/qe)t

(8)

where k2 is the rate constant of pseudo-second-order
adsorption (g/(mg min)).
The plot of t/qt versus t is a straight line, and k2 and qe
values determined from the slopes and intercepts of the
plot are presented in Table 3, along with the corresponding correlation coefficients. This procedure is more likely
to predict the behavior over the whole range of adsorption.
The linear plot shows good agreement between experimental and calculated qe values (Table 3). Besides, the
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3.7. Elovich equation

3.8. Intraparticle diffusion model

Elovich equation is one of the most useful models for
describing chemisorption, which is expressed as follows:

Generally, intraparticle diffusion model is one of the
efficient models for evaluation of adsorption kinetics for
most processes, where uptake varies almost proportionally with t1/2 rather than with the contact time t [25]. According to this theory, the intraparticle diffusion equation
is expressed as follows:

qt =(1/β)ln(αβ) +(1/β)ln(t)
where α is the initial adsorption rate (mg/(g min)),
and β is the desorption constant related to the extent of
surface coverage and activation energy for chemisorption
(g/mg) (Fig.6). The parameters (1/β) and (1/β)ln(αβ) can
be calculated from the slope and intercept of the linear
plot of qt versus lnt. The R2 values obtained from Elovich
equation were in the range of 0.756–0.901 for MO adsorption onto AC and MWCNT (Table 3). The parameter
1/β is related to the number of sites available for adsorption while (1/β)ln(αβ) is the adsorption quantity when lnt
is equal to zero; i.e., the adsorption quantity when t is 1
min. This value is helpful in understanding the adsorption
behavior of the first step (Table 1) [24].

qt = kidt1/2 + C

(9)

where kid is the intraparticle diffusion rate constant
(mg/g min1/2) and C is the intercept. If the mechanism of
adsorption process follows the intraparticle diffusion, the
plot of qt versus t1/2 would be a straight line and kid and C
can be calculated from the slope of the plot (Fig. 7). Values of C give an idea about the thickness of boundary
layer, i.e., the larger the intercept, the greater the contribution of the surface sorption in the rate-controlling step
[26, 27].
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Fig. 8 shows the amount of dye adsorbed versus t1/2
for different initial dye concentrations. Plots are not linear
over the whole time range, which indicates that more than
one mode of sorption is involved in dye adsorption. As
already mentioned, the adsorption mechanism for any dye
removal by an adsorption process may be assumed to involve the following 4 steps: (i) bulk diffusion; (ii) film
diffusion; (iii) pore diffusion or intraparticle diffusion; (iv)
adsorption of dye on the sorbent surface [28]. It has been
demonstrated in the literature that the first step could be
“neglected” if a sufficient speed of stirring was used. For
intraparticle diffusion plots, the first portion indicates a
boundary layer effect at the initial stage of the adsorption.
The second portion of linear curve (shown in Fig. 8) is the
gradual adsorption stage where intraparticle diffusion is
rate-limiting. In some cases, the third portion exists, which
is the final equilibrium stage where intraparticle diffusion
starts to slow down due to the extremely low adsorbate concentrations left in the solutions [29]. The values of kid and
C were obtained from the second linear portion. Table 4

shows the calculated intraparticle diffusion parameters for
the adsorption process. With reference to Fig. 8, there was
a linear relationship over a period of time, but they did not
pass through the origin suggesting that intraparticle diffusion was present, but not the only rate-controlling step,
and that some other mechanism might be involved (Table 1)
[28].
3.9. Adsorption isotherms

Equilibrium data, commonly known as adsorption isotherms, describe how the adsorbate interacts with adsorbents, and give a comprehensive understanding of the
nature of interaction. It is basically important to optimize
the design of an adsorption system. The parameters obtained from the different models provide important information on the surface properties of the adsorbent and its
affinity to the adsorbate. Several isotherm equations have
been de-veloped and employed for such an analysis, and
the 3 im-portant isotherms, the Langmuir (Figs. 8-11)
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(Table 2), Freundlich (Fig. 12) and Temkin (Fig. 13)
isotherms are
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FIGURE 12 - Freundlich adsorption isotherm for the adsorbent of A (AC), B (MWCNT).
3.5

A
3
2.5

qe

2
1.5
1
0.5
0
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

1

1.5

2

2.5

Ln Ce

80

B

70
60

qe

50
40
30
20
10
0
-1.5

-1

-0.5

0

0.5

Ln Ce

FIGURE 13 - Tempkin adsorption isotherm for the adsorbent of A (AC), B (MWCNT).

236

© by PSP Volume 20 – No 1a. 2010

Fresenius Environmental Bulletin

TABLE 2 - Isotherm parameters obtained from four linear forms of Langmuir model for A (AC) and B (MWCNT) adsorbents.
Model

parameters

Langmuir-1:
Ce/qe = (1/KaQm) + Ce/Qm

Qm
(mg/g)
Ka
(L mg-1)
R2
Qm
(mg/g)
Ka
(L mg-1)
R2
Qm
(mg/g)
Ka
(L mg-1)
R2
Qm
(mg/g)
Ka
(L mg-1)
R2

Langmuir-2:
1/qe = 1/(KaQmCe) + 1/Qm

Langmuir-3:
qe = Qm – qe/(KaCe)

Langmuir-4:
qe/Ce = KaQm-Kaqe

Absorbent
A

B

3.135

88.50

1.346

0.621

0.970

0.992

2.674

77.519

1.842

0.86

0.983

0.985

2.772

84.307

1.724

0.716

0.832

0.959

2.957

85.691

1.434

0.687

0.832

0.959

TABLE 3- Isotherm constant parameters and correlation coefficients calculated . A (AC) and B (MWCNT) adsorbents.
Isotherm
Langmuir-1:
Ce/qe = (1/KaQm) + Ce/Qm
Freundlich:
ln qe = ln KF + (1/n) ln Ce
Tempkin:
qe = B1 ln KT + B1 ln Ce
Dubinin and Radushkevich (D-R):
ln qe = ln Qs –Bε2

Harkins-Jura (H-J):
1/qe2 = (B2/A) – (1/A) log Ce

parameters

Absorbent
A
3.135
1.346
0.970
0.427
1.476
0.965
0.609
18.201
0.947
2.291
5E-8
3162.278
0.876
2.227
0.911
0.914

Qm (mg/g)
Ka (L mg-1)
R2
1/n
KF (L/mg)
R2
B1
KT (L/mg)
R2
Qs (mg/g)
B
E (kj/mol) = 1/(2B)1/2
R2
A
B2
R2

applied in this study. The Langmuir isotherm is based on
the assumption that the adsorption process takes place at
specific homogeneous sites within the adsorbent surface
and that once a dye molecule occupies a site, no further
adsorption can take place at that site, leading to the conclusion that the adsorption is a monolayer process in nature (Tables 2 and 3) [30-32].
For both the adsorbents, Langmuir, Freundlich, Tempkin, Dubinin and Radushkevich (Fig. 14), and Harkins-Jura
(H-J) (Fig. 15) isotherms were studied, and their constants
were calculated. The Langmuir isotherm is based on the
assumptions that the molecules of the adsorbate are adsorbed at well-defined, energetically equal sites without
interacting with each other, and each site can hold only
one molecule [33].
The validity of Freundlich adsorption model was established using the following relation:

logqe = logKF + (1/n) logCe

B
88.50
0.621
0.992
0.464
31.952
0.976
18.525
6.895
0.985
59.531
1E-07
2236.068
0.878
476.190
-0.714
0.724

(10)

where qe is the amount adsorbed (g), Ce the equilibrium concentration of the adsorbate, and KF and n are the
Freundlich constants related to the adsorption capacity and
adsorption intensity, respectively. Fig. 12 clearly revealed
that, for both adsorbents, logCe versus log qe plots gave
straight lines. Freundlich constants derived from these
straight lines are presented in Table 3. The dimensionless
separation factor can be calculated using the method suggested by Weber and Chakrabarti [..] showing the favorability and the shape of the adsorption isotherms by applying the following equation:
r = 1/(1 + bCo)

(11)

where b signifies the Langmuir constant and Co is the
initial concentration. In both cases, all the r-values obtained (Table1) are less than unity, confirming that adsorption process is favored for both absorbents.
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FIGURE 14 - Dubinin–Radushkevich adsorption isotherm for the adsorbent of A (AC), B (MWCNT).
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FIGURE 15 - Harkins-Jura (H-J) adsorption isotherm for the adsorbent of A (AC), B (MWCNT).
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The equation of Langmuir isotherm is represented as
follows:
qe = KLqmCe /(1 + KLCe)

(12)

where Ce is the equilibrium concentration (mg/L), qe
is the amount of adsorbents sorbed per unit mass of adsorbent at equilibrium (mg/g), qm is the theoretical maximum adsorption capacity (mg/g), KL is the Langmuir isotherm constant related to the energy of adsorption (L/mg).
A well-known linear expression for the Langmuir isotherm is represented as follows:
1/qe=1/qm+1/KLqmCe

(13)

The values of KL and qm can be determined from the
slope and intercept of the linear plot of Ce/qe versus Ce.
The Freundlich isotherm is an empirical equation assuming that the adsorption process takes place on a heterogeneous surface through a multilayer adsorption mechanism
and adsorption capacity is related to the concentration of
dye at equilibrium [32]. The Freundlich equation is given
as follows:
qe = KFCe1/n

(14)

where qe is the amount of adsorbate adsorbed at equilibrium (mg/g), Ce is the equilibrium concentration of the
adsorbate (mg/L), KF is the Freundlich adsorption constant related to adsorption capacity of the adsorbent
((mg/g)(L/mg)1/n), and 1/n is the adsorption intensity. A
linear form of the Freundlich equation is generally expressed as follows:
ln qe = lnKF +(1/n)ln Ce

(15)

The values of KF and 1/n were calculated from the intercept and slope of the plot of ln qe versus ln Ce. Tempkin
isotherm takes into account the effects of indirect adsorbate–adsorbate interactions on adsorption, and suggests
that the heat of adsorption of all the molecules in the layer
would decrease linearly with coverage due to these interactions [31]. The linear form of Tempkin isotherm is
expressed as follows:
qe = B ln A + B ln Ce

(16)

Where B is the Tempkin constant related to heat of
adsorption and A is he equilibrium binding constant (L mg1
). The constants A and B can be determined by a plot of qe

versus ln Ce. MO adsorption process was exothermic. This
is consistent with the results of the effects of temperature
on adsorption. The maximum monolayer adsorption capacity, qm, has been widely used to compare the efficiency of
an absorbent (Table 3) [33].
3.10. Thermodynamics parameters

These plots proved to be helpful in calculating Langmuir constants (Table 2). Using Langmuir adsorption data,
various thermodynamic parameters of the adsorption systems, such as change in Gibb’s free energy (ΔG◦), change
in entropy (ΔS◦) and change in enthalpy (ΔH◦), were
calculated from the following relations:
ΔG◦ = −RT ln Kc

(17)

◦

ΔH = −R (T2T1/T2 − T1) × ln (b2/b1)
◦

◦

◦

ΔS =ΔH − ΔG /T

(18)
(19)

where b, b1 and b2 are the Langmuir constants at 30,
40 and 50 °C, respectively, which are obtained from slopes
and intercepts of Langmuir isotherm plots. Positive values
of entropy change and enthalpy show increased randomness and endothermic nature of the process, respectively,
whereas the negative values of free energy suggest feasibility of the process. The above values have been depicted
in Table 4. Kinetics of adsorption was determined by analyzing adsorptive uptake of the dye from aqueous solution
at different time intervals. For adsorption isotherms, dye
solutions of different concentrations (50–200 mg L−1) were
agitated with known amounts of adsorbents until the equilibrium was achieved. Batch tests were carried out to compare the adsorptive capacity and intensity of different adsorbents. In adsorption studies, both energy and entropy
factors must be considered in order to determine which
processes will occur spontaneously. The Gibbs free energy
change, ΔG0, can be determined by the following equation:
ΔG0 = −RT ln KL

(20)

where KL is the Langmuir constant, R the universal
gas constant (8.314 JK−1 mol−1), and T is the absolute
temperature (°K). The relationship between Gibbs free
energy change (ΔG0), entropy (ΔS0) and enthalpy change
(ΔH◦) is expressed as follows:
ΔG◦ = ΔH◦ −T ΔS◦

(21)

TABLE 4 - Thermodynamic parameters for A (AC) and B (MWCNT) adsorbents.
Parameters

C0 (mg/L)

kc
ΔG0 , kJ/mol
Parameters
ΔS0
( J/mol K)
ΔH0
(kJ/mol)
Ea, kJ/mol
S*

A
B
A
B

283.15
2.240
1.777
-1.899
-1.353

303.15
8.586
2.220
-5.419
-2.009

Temperature, K
313.15
10.375
4.569
-6.090
-3.955

323.15
37.605
4.435
-9.744
-4.001

A

B

174.511

71.475.

47.614

19.022

42.135
5.66E-09

-19.002
8.86E-04
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TABLE 5 - Comparison of performance of proposed method with previously reported methyl orange (MO) removal.
Absorbent

Stirring Time
(min)

Ultrafine
Coal Powder
Activated carbon derived
from Phragmites australis

Qm(mg·g-1)
at 303K

Amount of
absorbent (g)

pH

Kinetic

Isotherm

References

Freundlich

5

Tempkin

29

240

0.1

18.52

4.13

Pseudo
second-order

240

0.05

217.39

3

Pseudo
second-order

Bottom Ash

380

0.1

3.618

3

particle
diffusion

Soya oil industries

150

16.664

3

film diffusion

Nanoscale
zerovalent iron particles
Multiwalled carbon
nanotubes (MWCNT)
Activated carbon (AC)

0.05

60

9

22

0.03

88.5

4

98

0.8

3.135

2

Eq. (16) can be expressed in its linear form as follows:
ln KL = −ΔH◦/RT +ΔS◦/R

(22)

Thermodynamics parameters were calculated from
the plot of ln KL against 1/T. The plots give a straight line
of slope (1/qmax) and intercept (1/qmaxKL) as shown in Fig.
10. The results of thermodynamic parameters are shown
in Table 4. The negative values of Gibbs free energy indicate that the adsorption of MO on both adsorbents is
spontaneous. Furthermore, the values of ΔG◦ decrease
when the temperature rises, thus showing the increase in
the feasibility of the adsorption process at higher temperatures. ΔS◦ can be used to describe the randomness at the
solid-solution interface during the removal process. The
free energy of adsorption was calculated by Eq. (23):
ΔG = −RT LnK

15
15
12

Langmuir
Langmuir

Present work

The adsorption kinetics can be successfully fitted to pseudosecond-order kinetic model. The results of the intraparticle
diffusion model suggested that intraparticle diffusion was
not the only rate-controlling step [35]. Comparison of characteristics performance of proposed method with some
previous MO removal reports (Table 5) show the priority
of the method in terms of lower equilibrium time, higher
adsorption capacity etc.

(23)

where “K” is the adsorption coefficient obtained from
the Langmuir equation [36]. The values of free energy are
negative as shown in Table 4, indicating that the process
is spontaneous. The ΔG values remain constant, indicating that there is no effect of temperature on free energy of
adsorption. The heat of adsorption was calculated using
Eq. (19) by plotting a graph of ln K versus reciprocal of
temperature:
lnK = ΔS/ R − ΔH/ RT

Pseudo first
order
Pseudo
second-order
Pseudo
second-order

Langmuir
and Freundlich
Langmuir
and Freundlich
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PERFORMANCE OF A THREE-STAGE TOWER EARTHWORM
ECOFILTER FOR SIMULTANEOUS REMOVAL OF CARBON
AND NUTRIENTS FROM DOMESTIC WASTEWATER
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ABSTRACT
A three-stage tower earthworm eco-filter was designed
and constructed to remove carbon and nutrients simultaneously from domestic wastewater. The first and second stages
provided good aerobic conditions for nitrification, while the
third stage provided suitable conditions for denitrification
in the presence of external carbon (glucose). The influence
of temperature, hydraulic load (HL) and carbon to nitrogen
(C/N) ratio of tertiary influent on the performance of tower
earthworm eco-filter was investigated in this study. During
stable operation period, this system performed well on various pollutants removal, with the average chemical oxygen
demand (COD), total phosphorus (TP), nitrate nitrogen
(NO3-N), nitrite nitrogen (NO2-N), ammonium nitrogen
(NH 3-N), and total nitrogen (TN) in tertiary effluent at
17.59, 0.12, 2.79, 0.044, 0.76 and 4.08 mg/L, respectively.
All pollutants removal showed independence on temperature. It was found that the effluent concentrations of TN,
NO3-N and COD were related to HL. With the increase of
HL from 0.25 to 0.50 m/d, the average TN, NO3-N and
COD in tertiary effluent increased from 4.67 to 7.40 mg/L,
from 3.05 to 6.28 mg/L, and from 15.17 to 19.75 mg/L,
respectively. The variation in C/N ratio of tertiary influent
affected TN and NO3-N removal, and more than 95% of
TN removal occurred at tertiary influent C/N ratio in the
range of 4.76–7.41.
KEYWORDS: Domestic wastewater; earthworm eco-filter; carbon
removal; nutrients removal; nitrification; denitrification

1. INTRODUCTION
Lake Taihu is the third largest freshwater lake in
China, and plays an important role in flood control, fishery,
shipping, tourism and culture, irrigating and drink water
resources for nearby cities including Wuxi and Suzhou [1,
* Corresponding author

2]. However, in the past three decades, along with highly
accelerated economic development and population growth
in the basin, the water quality of Lake Taihu is becoming
increasingly worse [2, 3]. Rural domestic wastewater is
considered to be a major cause of water quality impairment in Lake Taihu [4]. According to the survey report of
our project in Lake Taihu, rural domestic sewage discharge
accounts for 25% of TN and 60% of TP inputs into the
lake. Consequently, seeking for a cost-effective way to remove N and P from rural domestic sewage is highly necessary to improve water quality of Lake Taihu [5, 6]. Earthworm eco-filter (or vermifilter) is viewed to be a suitable
alternative for the treatment of rural domestic wastewater
due to cost saving and ecological characteristics [7].
Earthworm eco-filter system is a relatively new technology to process organically polluted water utilizing earthworms, microorganisms, substrates and plants. It was firstly
advocated by the late Prof. Jose Toha at the University of
Chile in 1992 [7, 8]. Several studies have demonstrated that
earthworm eco-filter can be successfully used to purify a
wide variety of wastewaters including animal wastewater,
domestic sewage, municipal wastewater and sludge [7–
14]. Pollutants can be removed through physical, chemical and biological processes as well as through the behavior of earthworms and their synergetic effects with microorganisms [7]. The advantages of earthworms in synchronous treatment of wastewaters and solids have already been
highlighted [8, 10]. Through the incorporation of surface
litter, casting, burrowing, interactions with microorganisms,
and other activities, earthworms not only reduce the substrate clogging and promote carbon and nutrients transformation, but also increase the specific surface area of the
substrates that enhances the absorption capacity for organic
matter, NH3-N and P from the wastewater [10, 15]. As a
result, these activities are beneficial for pollutant removals
when wastewater is filtered through an earthworm ecofilter [8].
Although exhibiting good removal of organic substances, suspended solids (SS) and biochemical oxygen
demand (BOD), earthworm eco-filter may not adequately
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remove nutrients, causing that the concentrations of N and
P in the effluent do not always meet the first grade of
wastewater discharge standard in China (GB 18918–2002)
[7, 9, 16]. In order to enhance nutrients removal, a threestage tower earthworm eco-filter was built in a continuous
flow configuration. In the tower earthworm eco-filter, the
first and second stages provide excellent aerobic conditions for nitrification, while the third stage is designed to
provide good reducing conditions for denitrification, and
supply carbon source via adding glucose. This tower earthworm eco-filter could not only remove efficiently nitrogen,
but also increase removal rates for phosphorous and organic matter. Hence, the primary purposes of this study
are: (1) to evaluate the performance of a three-stage tower
earthworm eco-filter for domestic wastewater treatment,
especially for the removal of N and P, (2) to evaluate the
effect of temperature, HL and C/N ratio of tertiary influent on pollutants removal, and (3) to evaluate the effluent
quality by comparison with the discharge standards in
China.

2. MATERIALS AND METHODS
2.1. Construction of the tower earthworm eco-filter

Earthworm eco-filter system used for this study was
built and operated outdoors at Nanjing University, Nanjing (32°03′N, 118°47′E). It consisted of three cubic filters which were made of polyvinyl chloride and set in a
step-like configuration (Figs. 1-2). The vertical distances
between the first and second stages as well as those between the second and third stages were all 80 cm. The first
and second stages were 0.5 m long, 0.5 m wide and 0.6 m
deep. The sequential layers of substrates used in these two
stages from top to bottom were artificial soil (height 30 cm),
sand (diameter 0–2 mm, height 7 cm), gravel (diameter
5–20 mm, height 8 cm) and cobble (diameter 25–40 mm,
height 5 cm). The third stage with dimensions of 1.1 m (L)
× 0.65 m (W) × 1.2 m (D) was filled with the following
substrates from top to bottom: artificial soil (height 40 cm),
sand (height 25 cm), gravel (height 25 cm) and cobble
(height 20 cm). The top 10 cm was left free of artificial

FIGURE 1 - Schematic diagram of the tower earthworm eco-filter used in this study.

FIGURE 2 - Photograph of the tower earthworm eco-filter in May 2009.
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soil layer, which was a 99:1 (by weight) mixture of soil and
wood chips. The cobble layer served as drainage layer.
Perforated PVC pipes were installed in each stage surface
for even distribution of wastewater. Moreover, drainage
pipes were placed at the outlet to collect the treated
wastewater.
Each stage was planted with Penstemon campanulatus transplanted from the suburb of Yixing (31°21′N,
119°49′E) of southeast China. As an ornamental plant,
Penstemon campanulatus could not only enhance aesthetic
value of tower earthworm eco-filter, but also increase plant
uptake of nutrients due to its high productivity. Penstemon
campanulatus was planted in February 2009 at a density of
approximately 24 rhizomes m-2. At the same time, the first,
second and third stages were inoculated with 350 g, 350 g
and 990 g of earthworms Eisenia foetida, respectively.
After the plants and earthworms were transferred, the tower
earthworm eco-filter was immediately fed with domestic
sewage at a HL of 0.25 m/d.

ter samples were taken periodically for water quality analytical determination.
2.3. Sampling and analysis

Water samples were collected once every 3–8 days
from the inlet and the outlet of each stage, and all the samples were stored at 4 °C for less than 24 h before analysis.
The treatment performance of the system was evaluated
by comparing the water quality at the inlet with that at the
outlet of the tower earthworm eco-filter. COD, NH3-N,
NO3-N, NO2-N, TN and TP were determined according to
the respective standard methods [17], using a UV-759S
spectrophotometer (Shanghai Precision & Scientific Instrument Co. Ltd., China). Moreover, other water quality indicators, such as water temperature, pH, dissolved oxygen (DO),
and redox potential (Eh), were measured in situ using electronic devices. All measurements were done in three replicates per sample.
3. RESULTS AND DISCUSSION

2.2. Operation of the tower earthworm eco-filter

It was operated in batch mode, which favored the survival of earthworms and could supply sufficient oxygenation of substrates. The domestic sewage, mainly originating from dormitories and canteens at Nanjing University,
was intermittently fed into tower earthworm eco-filter
using a timer-controlled pump (WT600-2J, Longer, China).
The pump was daily turned on at 4 a.m. and turned off at
10 a.m., giving a fixed wetting/drying period ratio of 1/3.
Firstly, the sewage was uniformly applied in the first stage
through diffuser pipes, and passed through the first stage by
gravity flow, then flowing to the second stage. Secondary
effluent was collected through drainage pipes and drained
to a storage tank, where the C/N ratio of secondary effluent
was regulated by adding glucose. Subsequently, secondary
effluent with supplement of organic carbon was pumped
into the third stage, and tertiary effluent was discharged
from the outlet at 10 a.m. the next day, which could reserve
the wastewater long enough to provide sufficient contact
time for denitrification. At the same time, it could result
in anaerobic conditions favorable for denitrification.
From March 2009 to December 2009, a start-up run
and seven testing runs were consecutively carried out, and
the operational conditions are summarized in Table 1. Wa-

3.1. Overall performance

The removal performances of NO3-N, NO2-N, NH3N, TN, COD and TP are presented in Figs. 3–4. The tower
earthworm eco-filter was started-up without additional external carbon source. When wastewater was filtered through
the first and second stages, a majority of organic pollutants
were removed. At the same time, effluent NO3-N concentration greatly increased, resulting in low organic matter
and high NO3-N in secondary effluent. Thus, the mean
C/N ratio of tertiary influent was only 0.97. The accumulated NO3-N and NO2-N could not be removed effectively
through denitrification in the third stage due to lack of
organic carbon, resulting in a poor TN removal (Fig. 3).
Some workers suggest that denitrification depends largely
upon the amount of NO3-N and organic carbon available
[18]. In addition, other researchers have reported that the
external addition of readily degradable organic matter may
be an effective way to treat waters with high NO3-N and
low organic matter content improving NO3-N removal efficiency [19]. Therefore, for the case of reducing the export
of NO3-N, the C/N ratio of tertiary influent was adjusted
by addition of glucose after 22 days of operation, and,
subsequently, the effluent concentrations of NO3-N, NO2N and TN gradually decreased.

TABLE 1 - Experimental conditions during the whole study (March 2009–December 2009).
Runs
Start-up
1
2
3
4
5
6
7

Operating date
18 March–3 April
4 April –12 June
13 June–2 July
3 July –2 August
3 August–28 August
29 August–13 October
14 October–2 November
3 November –8 December
9 December –31 December

HL (m/d)
0.25
0.25
0.25
0.5
0.25
0.25
0.25
0.25
0.25

C/N ratio of tertiary influent
0.7 (0.20–2.40) (no glucose addition)
3.06 (2.75–3.48)
2.95 (2.63–3.22)
3.01 (2.74–3.17)
5.51 (5.2–5.93)
7.41 (7.14–7.75)
9.58 (9.32–9.84)
0.93 (0.47–1.33) (no glucose addition)
4.76 (4.49–4.91)
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Number of data points
7
13
4
4
4
6
3
5
3
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FIGURE 3 - Variations in the concentrations of NH3-N, NO3-N, NO2-N and TN during the experimental period.

FIGURE 4 - Variations in the concentrations of COD and TP during the experimental period.

245

© by PSP Volume 20 – No 1a. 2011

Fresenius Environmental Bulletin

Steady and low concentrations of NO3-N, NO2-N and
TN in tertiary effluent were achieved after around 3 months
of the start-up period. At this time, the system was considered to reach a steady state. The effluent NO2-N was
near zero value, whereas NO3-N and TN were less than
4.2 mg/L and 5.5 mg/L during the period of Run 1 at a HL
of 0.25 m/d. But when the HL was increased to 0.50 m/d
in Run 2, the effluent NO3-N and TN increased, and NO2N still remained near zero value, resulting in a decrease in
average TN removal efficiency from 90.13% in Run 1 to
84.12% in Run 2. In the later period of Runs 3, 4 and 5,
very low NO 2-N, NO 3-N and TN concentrations were
observed in tertiary effluent when the C/N ratio of tertiary
influent was adjusted to 5.2–9.84, leading to more than
94% of TN removal. Subsequently, the effluent NO2-N,
NO3-N and TN gradually started to increase, as the system was operated without additional glucose in Run 6.
However, once the glucose was added to tertiary influent
in Run 7 again, the effluent NO 2 -N, NO 3 -N and TN
sharply decreased to less than 0.08, 2 and 3 mg/L, respectively. During stable operation period, the average NO2N, NO3-N and TN values in tertiary effluent were 0.044,
2.79 and 4.08 mg/L, respectively.
As shown in Fig. 3, there was a great fluctuation in
the influent NH3-N concentration, but the NH3-N concentration of tertiary effluent kept stable during the whole
experimental period. The average NH3-N in the influent
and tertiary effluent were 47.68 and 0.76 mg/L, respectively, and the average NH 3-N removal efficiency was
98.17%.
The results regarding the removal of COD and TP
presented in Fig. 4 demonstrated that the COD concentration in tertiary effluent had small variations under different HLs and C/N ratios. The TP concentration in tertiary
effluent was consistently lower than 0.1 mg/L during the
first 7 months, and then increased slightly with time yet
still remaining below 0.5 mg/L, which could be due to the
saturation of the sorption site [20]. Moreover, the average
COD and TP values in the tertiary effluent were 17.59
and 0.12 mg/L, respectively, whereas the average TP
removal efficiency was 97.86%.
Average air temperature and rainfall data obtained
from the Nanjing meteorological bureau, as well as the
wastewater temperature, are summarized in Fig. 5. As can
be seen from Fig. 5, there was a great variation in these
climatic conditions during the whole study. The
wastewater temperature varied between -2 and 34.6 °C
with an average value of 19.96 °C, while annual average
air temperature was 18.77 °C, and annual rainfall was 894
mm. However, these climatic variations showed no influence on the removal performance of the system, since this
system exhibited good removal efficiencies of various
pollutants under the condition of sufficient carbon source,
even in cold season. These results were not in agreement
with the conclusions by Yang et al. (2009) [21], who found
that the temperature was a key factor for the earthworm
eco-filter, because the temperature had significant influ-

ence on pollutants removal, and the removal rates of various pollutants except BOD5 in winter were only about
half of those in summer under the same HL. This dispersion was possibly due to the different filter media used
in their research compared to our study.

FIGURE 5 - Variations of wastewater temperature, air temperature
and rainfall during the experimental period.

In our study, the average removal efficiencies of various pollutants were higher than values reported in literature
[7, 10, 11]. On the one hand, this difference could be attributed to relatively lower HL and different substrates in
this system. On the other hand, it was possibly because the
tower earthworm eco-filter represented a combination of a
3-stage eco-filter system in a continuous configuration,
which could improve the removals of organic pollutants,
ammonium nitrogen and phosphorus. Moreover, the first
and second stages provided good aerobic conditions for
nitrification, while the third stage provided suitable conditions for denitrification. Therefore, the combination of
nitrification-denitrification was enhanced in this study,
which was beneficial for nitrogen removal. The above results indicate that the tower earthworm eco-filter was very
effective not only for the removal of organic pollutants
but also for nutrients. Furthermore, no clogging phenomena were observed in this system during the operational
period. As expected, the tertiary effluent quality met the
wastewater discharge standards in China.
3.2. Physical and chemical characteristics profile

The profiles of pH, DO, Eh, COD, nitrogen species
and TP at each stage during the steady-state period are
summarized in Table 2. The data indicate that the profiles
of DO, Eh, NO3-N and NO2-N were different from those
of NH3-N, TN and TP. Firstly, DO and Eh consecutively
increased in the first and second stages, and then decreased in the third stage. In other words, DO and Eh
were relatively higher in effluent than influent in the first
and second stages, but lower in the third stage. Increased
DO and Eh in the first and second stages were mainly due
to intermittent feeding, earthworm burrowing and exten-
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TABLE 2 - The profiles of pH, DO, Eh, COD, nitrogen species and TP at each stage during the steady-state period (June 2009–December
2009) (n = 29, mean ± S.D.).
Parameters
pH
DO (mg/L)
Eh (range) (mV)
COD (mg/L)
NH3-N (mg/L)
NO3-N (mg/L)
NO2-N (mg/L)
TN (mg/L)
TP (mg/L)

Influent

Primary effluent

Secondary effluent

Tertiary effluent

7.08 ± 0.28
0.91 ± 0.85
(–388) –(–15)
139.44 ± 45.29
34.81 ± 9.91
0.24 ± 0.52
0.13 ± 0.20
38.40 ± 9.12
5.41 ± 1.36

7.3 ± 0.15
4.15 ± 1.40
(–195) –168
43.16 ± 14.14
20.48 ± 6.81
3.88 ± 4.10
0.74 ± 0.43
26.15 ± 7.60
4.22 ± 0.81

7.16 ± 0.16
4.60 ± 1.62
(–95) –202
25.55 ± 10.45
6.48 ± 3.26
17.39 ± 7.09
0.95 ± 0.59
25.51 ± 7.68
3.35 ± 0.74

7.06 ± 0.13
2.01 ± 0.91
(–215) –168
17.21 ± 6.33
0.65 ± 0.32
2.79 ± 3.51
0.044 ± 0.047
4.08 ± 3.74
0.17 ± 0.15

sive root systems. Intermittent feeding was beneficial for
stimulating oxygen mass transfer and diffusion from the
open air into the substrates [16, 22]. Penstemon campanulatus may improve oxygen transportation from atmosphere to the root zones. In addition, earthworm activities
in eco-filter system could enhance soil aeration and increase oxygen delivery, which can result in oxygen-rich
atmosphere in soil layer [10, 16]. On the other hand, DO
was always lower in effluent than influent in the third
stage. It was because the depth of the third stage was 1.2 m,
and the lower layer was continuously saturated with wastewater, and meanwhile, it could prolong contact time between the wastewater and substrates [23]. The variations
of DO and Eh in influent and effluents showed that the
first and second stages provided more aerobic conditions,
which should be beneficial to nitrification but inhibit
denitrification. Conversely, the third stage developed anoxic conditions which should be favorable for denitrification.
The variation trend of DO and Eh in this study was consistent with the results of Ye [24].
The concentration profiles of NO3-N and NO2-N were
in accordance with DO and Eh profiles, whereas those of
NH3-N, TN and TP exhibited a continuous decrease from
the first to the third stage. More than 81% reduction in
NH3-N occurred in the first and second stages, but greater
than 55% of TN and 58% of TP were removed in the third
stage. This discrepancy in the concentration profiles of
nitrogen species and TP may be caused by the different
removal mechanisms of N and P. In the tower earthworm
eco-filter, nitrogen was mainly eliminated by substrates
adsorption and fixation as well as nitrification and denitrification [7, 25]. Soil particle and earthworm casts were
negatively charged, whereas NH3-N was positively charged.
Thus, these substrates had strong adsorption capacity for
NH3-N, and the adsorbed NH3-N was subsequently converted to NO3-N through nitrification. The adsorption capacity
of substrates could be quickly recovered to the initial state
after nitrification [24–27]. Therefore, the substrates still
had strong adsorption capacity for NH3-N over time, and
NH3-N was firstly adsorbed in the first and second stages
when wastewater was filtered through the system. The
average NH3-N concentration rapidly decreased from
34.81 mg/L in the influent to 6.48 mg/L in the secondary
effluent. At the same time, the NO3-N concentration in-

creased from 0.24 mg/L in the influent to 17.39 mg/L in the
secondary effluent. Subsequently, accumulated NO3-N in
the first and second stages was largely removed through
denitrification in the third stage, resulting in a higher TN
removal efficiency. These results show that high nitrification occurred in the first and second stage, whereas the
denitrification was efficient in the third stage. It is wellknown that nitrification does not remove nitrogen from
wastewater, and it just converts NH3-N to NO3-N. But
denitrification can ultimately remove nitrogen from
wastewater, therefore, nitrification coupled with denitrification is considered as a major removal mechanism for nitrogen in many land systems [28]. The tower earthworm ecofilter showed high nitrogen removal efficiency in the presence of external carbon, indicating that the combination of
nitrification-denitrification was improved in this system
[24].
Phosphorus removal in this system was mainly by adsorption, precipitation and sedimentation [29, 30]. The
sorption site was gradually saturated with time, and the third
stage had a longer retention time and a greater depth than
the first and second stages. Thus, the TP removal efficiency
in the third stage was higher than that in the first and second stages (Table 2).
3.3. Effects of HL on pollutants removal

HL is a key operating parameter in wastewater biological treatment process, and has a significant effect on the
effluent pollutants concentration [31, 32]. Two different HLs
(0.25 and 0.50 m/d) were tested and compared to evaluate
the effect of HLs on pollutants` removal. The mean concentrations of COD, NH3-N, NO3-N, NO2-N, TN and TP
in influent and tertiary effluent as well as removal efficiencies with different HLs are summarized in Table 3.
The results indicate that TN increased from 4.67 mg/L at
0.25 m/d to 7.40 mg/L at 0.50 m/d, as shown by the corresponding increase in NO3-N concentration from 3.05 to
6.28 mg/L. The higher HL caused higher dilution rate of
the organic matter present in the tower earthworm eco-filter
[32]. Therefore, higher HL produced higher mean concentrations of NO3-N and TN. Moreover, the COD concentration slightly increased from 15.17 to 19.75 mg/L as the
HL increased, whereas NO2-N, NH3-N and TP levels only
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weakly changed with HL. That is to say, removal efficiencies for TN and COD were higher at lower HL than those
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TABLE 3 - Physical and chemical parameters of influent and tertiary effluent at different HLs (n = 4, mean ± S.D.).
Parameters
pH
DO (mg/L)
Eh (range) (mV)
COD (mg/L)
NH3-N (mg/L)
NO3-N (mg/L)
NO2-N (mg/L)
TN (mg/L)
TP (mg/L)

Influent
7.20 ± 0.25
0.88 ± 0.61
(–388) – (–227)
151.49 ± 64.57
43 ± 10.01
0.13 ± 0.24
0.051 ± 0.40
45.56 ± 9.08
4.56 ± 1.06

HL (0.25 m/day)
Effluent
7.07 ± 0.077
2.51 ± 0.54
(–120) –101
15.17 ± 4.53
0.46 ± 0.29
3.05 ± 1.09
0.027 ± 0.0051
4.67 ± 1.09
0.024 ± 0.023

Removal (%)
–
–
–
88.24 ± 6.38
98.98 ± 0.53
–
–
90.13 ± 2.61
99.43 ± 0.69

Influent
7.52 ± 0.17
0.91 ± 0.063
(–382) – (–15)
121.70 ± 3.92
44.21 ± 10.43
0.50 ± 0.43
0.029 ± 0.15
47 ± 7.73
5.02 ± 0.81

HL (0.50 m/day)
Effluent
7.15 ± 0.11
1.96 ± 0.54
97 –168
19.75 ± 4.26
0.49 ± 0.17
6.28 ± 1.27
0.03 ± 0.013
7.40 ± 1.35
0.055 ± 0.012

Removal (%)
–
–
–
83.84 ± 3.07
98.87 ± 0.16
–
–
84.12 ± 2.50
98.90 ± 0.15

TABLE 4 - Physical and chemical parameters of influent and tertiary effluent with different C/N ratios of tertiary influent (mean ± S.D.).
COD
NH3-N
NO3-N
NO2-N
TN
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
Run 1a Influent
151.49 ± 64.57
43 ± 10.01
0.13 ± 0.24
0.051 ± 0.40
45.56 ± 9.08
Effluent
15.17 ± 4.53
0.46 ± 0.29
3.05 ± 1.09
0.027 ± 0.0051
4.67 ± 1.09
%
–
98.98 ± 0.53
–
–
90.13 ± 2.61
167.68 ± 48.50
39.20 ± 7.90
–
0.16 ± 0.28
42.06 ± 6.82
Run 3a Influent
Effluent
15.59 ± 6.93
0.71 ± 0.20
0.32 ± 0.30
0.028 ± 0.036
1.64 ± 0.23
%
–
98.11 ± 0.80
–
–
96.04 ± 0.63
107.55 ± 28.15
29.34 ± 7.74
0.4 ± 0.98
0.049 ± 0.048
33.29 ± 7.80
Run 4b Influent
Effluent
14.08 ± 4.37
0.60 ± 0.22
0.11 ± 0.18
0.034 ± 0.032
1.01 ± 0.24
%
–
97.98 ± 0.49
–
–
96.88 ± 0.68
c
Run 5 Influent
145.57 ± 80.74
28.06 ± 4.36
–
0.051 ± 0.40
32.04 ± 1.47
Effluent
18.91 ± 8.21
1.18 ± 0.025
0.026± 0.046
0.011 ± 0.0017
1.71 ± 0.11
%
–
95.74 ± 0.75
–
–
94.64 ± 0.42
d
Run 6 Influent
159.18 ± 30.70
31.67 ± 8.64
0.19 ± 0.43
0.26 ± 0.29
33.94 ± 7.93
Effluent
17.78± 8.83
0.85± 0.26
7.92 ± 3.58
0.099 ± 0.084
9.49 ± 4.26
%
–
96.88 ± 2.09
–
–
70.76± 16.51
c
Run 7 Influent
134.15 ± 43.47
31.05± 12.81
0.38 ± 0.39
0.36 ± 0.25
36.56± 11.42
Effluent
22.33 ± 7.75
0.31 ± 0.31
0.70 ± 0.85
0.065 ± 0.016
1.55 ± 0.87
%
–
98.69± 1.35
–
–
95.30 ± 2.83
a
Data based on 4 samples; b Data based on 6 samples; c Data based on 3 samples; d Data based on 5 samples.

at higher HL, while removal efficiencies for NH3-N and TP
showed little change with the increase in HL. Yang et al.
(2008) [33] had reported that the effluent concentrations of
COD, BOD, SS, NH3-N and TP gradually increased with
increasing HLs using a single-stage earthworm eco-filter
at HLs of 2.0–6.0 m/d, whereas the effluent concentration
of TN showed less sensitivity to the variations in HL.
This difference was probably because that the operated
HL in their system was much higher than that in the tower
earthworm eco-filter.
3.4. Effect of tertiary influent C/N ratio on pollutants removal

As we know, influent C/N ratio plays a crucial role in
wastewater treatments [18]. In attempts to investigate the
effect of tertiary influent C/N ratio on pollutants removal,
C/N ratio of tertiary influent was adjusted by adding glucose to form 6 various values (2.95, 5.51, 7.41, 9.58, 0.93,
and 4.76). The removal efficiencies of TN and NO3-N can
be increased by adding glucose, but too high C/N ratio did
not seem to improve significantly the removal of TN and
NO3-N (Table 4). Substantial reductions in the concentration of TN and NO3-N occurred as C/N ratio of tertiary
influent increased from 2.95 to 5.51, leading to more than
96% of TN removal. With the further increase of C/N ratio,

TP
(mg/L)
4.56 ± 1.06
0.024± 0.023
99.43 ± 0.69
6.21 ± 1.22
0.054± 0.016
99.12 ± 0.29
5.26 ± 0.75
0.25± 0.15
96.01 ± 2.30
5.82 ± 0.63
0.20± 0.18
96.54 ± 2.88
5.74 ± 1.91
0.25± 0.12
94.93 ± 3.60
5.31 ± 2.90
0.31± 0.17
93.96± 2.61

DO
(mg/L)
0.88 ± 0.61
2.51 ± 0.54
–
0.60 ± 0.57
1.96 ± 0.94
–
0.80 ± 0.55
2.48 ± 1.08
–
0.46 ± 0.72
1.64 ± 0.88
–
0.80 ± 1.10
1.68 ± 0.51
–
2.22 ± 1.53
1.13 ± 0.17
–

TN removal efficiency at first slightly increased but then
slightly decreased, whereas the NO3-N concentration continuously slightly decreased. Subsequently, as the glucose
addition was stopped in Run 6, the concentrations of TN,
NO3-N and NO2-N in tertiary effluent gradually increased,
indicating that a low C/N of about 0.93 in tertiary influent
limited the denitrification. However, once the glucose was
added to tertiary influent in Run 7 again, TN and NO3-N in
tertiary effluent rapidly decreased. The TN concentration in
tertiary effluent was less than 5.5 mg/L at C/N ratio of 2.95,
and less than 2 mg/L at C/N ratios of 5.51, 7.41, 9.58 and
4.76. Moreover, although additional glucose was added to
tertiary influent to adjust the C/N ratio, COD concentration
in tertiary effluent was not affected by glucose addition,
suggesting that this system may provide favorable conditions for organic matter degradation. Furthermore, the concentrations of NH3-N and TP showed little variation with
different C/N ratios.
These results indicated that C/N ratio for tertiary influent showed a significant effect on the removal of TN and
NO3-N, while it had no influence on the removal of COD,
NH3-N and TP. In addition, it suggested that the tower earthworm eco-filter cannot provide sufficient carbon source
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for complete denitrification relying on only wood chips,
plants litter, and plant/root exudates. In other words, external carbon source was required to be added to this system to improve the removal of TN and NO3-N. High TN
removal efficiency was achieved with glucose addition, and
more than 95% of TN removal occurred at the C/N ratio of
tertiary influent in the range of 4.76–7.41. Although higher
C/N ratio was beneficial to the removals of TN and NO3N, in practical application, the C/N ratio of tertiary influent was only required to be adjusted around 2.95, because
the effluent TN concentration herein was below 5.5 mg/L,
which has already met the first grade discharge standard
for municipal wastewater treatment in China. For the sake
of considerable savings in cost, further research should
focus on providing available carbon sources through mixing raw domestic sewage or septic tank effluents into tertiary influent, or more addition of wood chips in the soil
[34].

practical point of view, the C/N ratio of tertiary influent
was only required to be adjusted around 2.95.
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4. CONCLUSIONS
A tower earthworm eco-filter had been used to process domestic wastewater for ten months, with two HLs
(0.25 and 0.50 m/d) and six C/N ratios of the tertiary influent (2.95, 5.51, 7.41, 9.58, 0.93 and 4.76). The following
important conclusions could be obtained from this study:
(1) During stable operation period, this system showed
very high removal efficiencies for various pollutants, which
were not affected by temperature. The average COD, TP,
NO3-N, NO2-N, NH3-N and TN in tertiary effluent were
17.59, 0.12, 2.79, 0.044, 0.76 and 4.08 mg/L, respectively,
which could meet the first A grade of discharge standard
for municipal wastewater treatment in China (GB 189182002).
(2) The profiles of DO, Eh, NO3-N and NO2-N in each
stage showed that the first and second stages provided good
conditions for nitrification, while the third stage provided
good conditions for denitrification. The concentration profiles of NH3-N, TN and TP indicate that more than 81%
reduction in NH3-N occurred in the first and second stages,
and more than 55% of TN and 58% of TP were removed in
the third stage.
(3) Increasing HL led to decreases in the removals of
TN, NO3-N and COD, whereas HL had slight effects on
the removals of NO2-N, NH3-N and TP. The average TN,
NO3-N and COD in tertiary effluent increased from 4.67,
3.05 and 15.17 mg/L at 0.25 m/d to 7.40, 6.28 and 19.75
mg/L at 0.50 m/d, respectively.
(4) An appropriate increase in tertiary influent C/N ratio resulted in considerable improvements in the removal of
TN and NO3-N, but COD, NH3-N and TP showed little
variation at different C/N ratios of tertiary influent. More
than 95% of TN removal occurred at C/N ratio of tertiary
influent in the range of 4.76–7.41. Nevertheless, from a
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ABSTRACT
Symbiotic microorganisms isolated from animals and
plants have been shown to be a potential new source for
antimicrobial substances. In this study, we screened antimicrobial activity of metabolites belonging to endosymbiotic endospore-forming bacteria isolated from various
plants and animals (11 plants and 20 animals; epiphytic,
rhizosphere, leaves and seeds, gut and feces). A total of
48 endospore-forming bacilli were investigated in two steps
by agar piece and disc diffusion methods regarding their
capacity to produce bioactive metabolites. Antibacterial
activity of endospore-forming bacilli was assessed against
methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant Enterococcus faecium (VRE) and
Acinetobacter baumanii (clinic isolate). During the first
screening, almost all of the isolates exhibited inhibitory
effects against at least one test bacterium while one of
the isolates also possessed inhibitory activity against all
3 tested organisms. As for the second screening, 19 isolates
showed activity against MRSA, VRE, and Ac. baumanii.
2PaB1 and 15AaN2 isolates showed the highest activity
against MRSA while 32AaB2 isolate showed good activity
against all of the tested bacteria.
Identification of the 7 isolates having the highest
activity at species level was achieved according to biochemical properties (VITEK) and fatty acid (FAME)
profiles. According to VITEK identification system, they
were identified as Bacillus cereus, B. subtilis, and B. amyloliquefaciens. On the other hand, FAME identification
system showed that all of the isolates from plant samples
can be B. cereus whereas isolates from animal samples
can be Paenibacillus macerans.

KEYWORDS: Antibacterial activity, Bacillus, endosymbiotic,
FAME, VITEK

* Corresponding author

1. INTRODUCTION
For many decades, antimicrobial chemotherapy has
been utilized successfully for treatment of infectious diseases. However, the widespread use of broad-spectrum antibiotics has placed enormous selective pressures on bacterial populations, forcing the evolution of resistance mechanisms. Unfortunately, over the past decade, antibiotic resistance has emerged in virtually all hospital acquired
pathogen antimicrobial agent combinations. Such multidrug resistance, arising mainly through antibiotic misuse, is
now recognized as a global problem [1]. The situation has
been exacerbated by the fact that no novel chemical classes of antibiotics have been discovered for 20 years. Although many pre-existing antibiotics have been modified
to yield new derivatives, bacteria have the potential to
mutate known resistance mechanisms to combat these [2].
Therefore, new classes of antibiotics are urgently needed.
Bacilli also produce a range of antibiotic compounds
that are inhibitory to fungi [3], bacteria and insects [4, 5].
Bacillus species that produce antibiotics are B. subtilis, B.
polymyxa, B. brevis, B. licheniformis, B. circulans and B.
cereus. The majority of studied antibiotics produced by
Bacillus strains are polypeptides of low molecular weight
that are synthesized by ribosomal or non-ribosomal mechanisms [6]. In addition, due to the fact that Bacillus species
have produced antibiotics in a soluble protein structure,
and that these antibiotics have been found to be cheaper
and more effective in studies conducted to date, these microorganisms are preferable for commercial production [7].
Members of the aerobic spore-forming genus Bacillus
are commonly isolated from many types of soil at a range
of depths and altitudes, and under various climatic conditions. Bacillus species have also been isolated from many
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other sources, such as apple leaf scars, Brassica leaves,
composts, alcoholic fermentation of sugar cane, and dried
Ndagala fish [8, 9]. B. cereus is widely reported as a soil
bacterium but also occurs in the rhizosphere of some plants.
Some strains of B. cereus produce antibiotics able to suppress fungal diseases of the rhizosphere [9]. B. subtilis
isolates have been obtained from soil and water, and there
have been several suggestions that B. subtilis is closely
associated with plant roots. Several publications have identified B. subtilis as being abundant in bacterial isolates from
plant roots, including roots from the herbaceous species
Veronica and tea bushes, and some B. subtilis isolates have
been reported to be endophytes in the internal tissue of
cotton plants [10]. Endophytic bacteria are prokaryotes that
colonize the internal tissues of healthy plants without causing symptoms of disease. Although the interaction between
endophytic bacteria and their host plants is not fully understood, many strains can promote plant growth. The
postulated mechanisms of plant growth promotion include
nitrogen fixation, and increased resistance to pathogens
and parasites [11].
The aim of this work is to screen the secondary metabolites of endosymbiotic bacilli isolated from various
sources with regard to their antibacterial activities against
multidrug resistant pathogens, and to identify the bacterial
isolates which have high antimicrobial activity.
2. MATERIALS AND METHODS
The information concerning the various sources used
in the study and the origin of bacterial isolates were summarized in Tables 1 and 2. The plant specimens were
identified at the Department of Biology of Eskişehir Osmangazi University, Turkey.
2.1. Isolation of endospore-forming bacilli

Firstly, the plants and their associated root material
were removed from soil by the help of a trowel and placed
in a plastic bag. Samples were immediately transported to
the laboratory and processed <2 h after removal from
ground.
Secondly, rhizosphere microorganisms, with the whole
portion of root plus adhering soil, were placed in a 500 ml
Erlenmeyer flask containing 300 ml ¼ ringer solution and
placed on a rotary shaker at 200 rpm and 22 ºC for 20 min,
with a sterile glass bead [12].
Thirdly, entophytic microorganisms were isolated from
internal plant tissue within four days of collection using a
surface sterilization, triturating, plating technique. Roots
(from the rhizosphere sampling) were transferred into a
500-ml Erlenmeyer flask and immersed in 2.5% (w/v)
NaOCl before being placed on a rotary shaker (200 rpm)
at 22 ºC for 10 min. The roots were rinsed 4 times with ¼
ringer solution and then triturated by hand using mortar
and pestle in a small volume of ringer solution. Crushed

root pieces were transferred into a test tube containing 10 ml
sterile ¼ ringer solution and placed on a rotary shaker
(200 rpm, 22 ºC, 30 min) [13].
Fourthly, gut microorganisms were obtained from animals under sterile conditions. Prior to dissection, the animals were submerged in 70% aqueous ethanol for 2 s in
order to avoid contamination of the isolation plates with
microorganisms attached to the outer surface of the animals. Following dissection, each sample was placed in a
microtube filled with sterile 0.9% w/v saline (250 µl) and
carefully crushed mechanically, the remainder, from which
a suspension was prepared using a vibration shaker [14].
Fifth, the obtained feces from animals were suspended
with sterile saline at a rate of 1/10 (w/v) and thoroughly
mixed with a Vortex. After being held at 80 ºC for 10 min,
about 100 µl of each suspension was spread on plates [15].
Finally, after being held at 80 ºC for 10 min, about
100 µl of each of the solutions obtained was spread on
brain heart infusion (BHI, Fluka) agar and nutrient agar
(NA, Fluka) plates, respectively. The plates were then incubated aerobically at 37 ºC. After an incubation period
of 3 days, colonies were selected for isolation [16].
2.2. Metabolite production and extraction

Bacterial strains were grown in 300 ml Erlenmeyer
flasks containing 50 ml medium (consisting of 2% glycerol
and 2% peptone in tap water, pH 7.5) and mixed with a
rotary shaker set at 160 rpm and at a temperature of 37 ºC
[14]. After allowing maximum biomass formation for 4 days
in SG medium, the cultures were centrifuged; then, each
supernatant was adjusted to pH 4 with 6N HCl (Merck)
and extracted with the same volume of ethyl acetate (Merck).
The organic layer was concentrated in vacuum and dissolved in 1 ml DMSO. Extracts from sterile media were
prepared in the same manner and used both as a control to
exclude compounds originating from the medium and to
determine those metabolites exclusively produced by the
endospore-forming bacilli. The extracts were concentrated
to dryness and then dissolved in 1 ml DMSO. All extracts
were maintained at +4 ºC until use, to enable use of the
disc diffusion method.
2.3. Antibacterial activity
2.3.1. Bacterial strains

The following test strains were used: Methicillinresistant Staphylococcus aureus (MRSA), Enterococcus
faecium (Vancomycin-resistant clinic isolate), and Acinetobacter baumanii (clinic isolate). All test strains were isolated from hospitalized patients, and a kind gift from the
Microbiology Laboratory of the Faculty of Medicine, University of Eskişehir Osmangazi Turkey. Each of the strains
was maintained on Colombia horse blood agar medium at
37 ºC and replanted every 2 weeks.
2.4. Agar Piece Diffusion Method
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After autoclaving, NA was poured into Petri dishes to
give a uniform depth of approximately 4 mm and was
allowed to cool. Isolates were then spread onto the surface
of the NA plates with loops, and plates were incubated at
37 ºC for 24 h. After streaking the bacterial biomass onto
the surface of the plates with a microscope slide, the
surfaces of the plates were subjected to UV radiation
(at 254 nm) for 30 min. 10 mm diameter agar blocks were
bored using a sterile cork borer. Test bacteria were transferred to tubes containing 4 to 5 ml Mueller Hinton broth
(Merck). The test cultures were incubated at 37 ºC until
they were visibly turbid. The density of these cultures was
adjusted to 0.5 Mc Farland (at 625 nm, 0.08-0.1 absorbance) with sterile saline. The bacterial cultures adjusted to
this standard contained approximately 108 CFU/ml. The
entire surface of the Mueller Hinton agar (Merck) plates
was inoculated by streaking with a sterile swab dipped into
adjusted suspension. The agar blocks were then placed onto
the surface of the inoculated agar plates, and the plates
were incubated at 37 ºC for 24 h [17].
2.5. Agar Disc Diffusion Method

The filter paper discs (6 mm diameter; Schleicher &
Schuell), to which 10 µl of the extracts had been applied,
were placed onto the surface of agar plates prepared and
inoculated in the aforementioned manner. After pre-incubation for 1 h at 4 ºC, the plates were incubated at 37 ºC
for 24 h [18, 19]. Standard antibiotic discs (Bioanalyse),
Vancomycin (VA; 30 µg/disc), Oxacillin (OX; 1 µg/disc),
and Bacitracin (B; 30 µg/disc) were used as positive controls. Both tests were carried out in triplicate. Antimicrobial activity was evaluated by measuring the zone (mm)
of inhibition against the test organisms.
2.6. Bacterial Identification

For identification of isolates at genus level, their morphological and some of their biochemical properties were
determined by carrying out the Gram stain, endospore stain
and catalase tests, in accordance with Bergey’s Manual of
Systematic Bacteriology [20]. Identification of the Bacillus isolates at species level was based on the biochemical
properties (VITEK) and fatty acid methyl ester (FAME)
profiles.
The VITEK Bacillus Biochemical Card (BioMerieux
Vitek, Inc., Hazelwood, Mo.) was used as an essential
method for identification of the species level. The procedure
for the performance of the VITEK Card test was in accordance with that described by the manufacturer.
FAMEs were extracted from isolates using standard
and recommended procedures for GC/FAME analysis.
Analysis was performed with a Hewlett-Packard 6890 Series Gas Chromatograph and Sherlock Microbial Identification System software (MIDI Inc., Newark, DE, USA), employing the MIDI standard method. Identification at species level was performed by comparing the fatty acid profiles to the MIDI standard library [21].

3. RESULTS AND DISCUSSION
In this paper, endospore-forming bacilli were obtained
from different sources, and these isolates were examined
for their property to produce bioactive secondary metabolites against clinic isolates. Thirty one isolates from 20 animal specimens, 11 plant specimens and 1 green alga specimen are presented in Tables 1 and 2. Bacterial isolation
from the plants was achieved from the rhizosphere, interior tissue, leaves, and seed (7 isolates from the rhizosphere, 3
isolates from epiphytic tissue of plants, 10 isolates from the
seed, and 1 isolate from (vegetative cell) alga leaves were
obtained). Bacterial isolation from the animals was
achieved from the gut and feces. 18 isolates from the gut
and 9 isolates from feces were obtained. A total of 48 endospore-forming bacilli were obtained from various sources.
The results of the Gram stain, endospore stain, and
catalase tests, as well as the morphological properties of the
isolates, revealed that all of them belonged to the Bacillus
genus. The isolation technique used is appropriate for
finding almost exclusively bacilli.
Two screening techniques were successively employed:
the piece agar and the disc diffusion methods. At the first
screening, the inhibitory activities of isolates were tested
by means of the piece agar method. This method eased the
carrying out of successful screening because direct interactions between all the metabolites and test bacteria were
clearly visible. The method used for susceptibility testing is
simple, economical and reproducible. During the second
screening, the antimicrobial activities of the Bacillus isolates were evaluated by the agar diffusion method, which is
the most widely used method for susceptibility testing.
Moreover, this standardized procedure is accepted by the
National Committee for Clinical Laboratory Standards
(NCCLS) for determining antimicrobial susceptibility
[18, 19]. However, the preliminaries of this method are
expensive and time-consuming, requiring excessive labor
due to the need for extraction and concentration of active
metabolites. Therefore, this method was exclusively applied to the isolates showing inhibitory activity against
the test bacteria used at the first screening. As seen in
Table 2, there were differences among the inhibition zone
values obtained from both methods used.
At the conclusion of the first screening from plant
isolates, 71.4%, 42.9% and 14.3% of Bacillus sp. isolates
showed an inhibitory effect against MRSA, E. faecium, and
Ac. baumanii, respectively (Table 3). As can be seen in
Table 4, 53.8%, 46.2% and 23.0% of animal isolates
showed an inhibitory effect against MRSA, E. faecium, and
Ac. baumanii, respectively. Fourteen isolates showed no
antibacterial activity against clinic isolates. Armstrong [22]
described an ecological role for epibiotic bacteria from
seaweed surfaces. Agarwhal and Shende [23] reported the
presence of microorganisms inside the roots of Brassica
species using a microscopic technique, but these bacteria
were not isolated or identified. In this study, Bacillus sp.
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was isolated from the rhizosphere of Brassica sp. Pichard
et al. [24] showed that a strain of Bacillus polymyxa (BP1)
isolated from cauliflower seeds inhibited the growth of
microbial phytopathogens. A number of antibiotics have
been isolated from microorganisms living in symbiosis
with insects. In one study, it was reported that from B.
polymyxa, an intracellular symbiotic of the oriental stinkbug Plautia stali, the peptide antibiotic polymyxin E1 was
isolated [25].
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TABLE 1 - Origin of isolates from plant samples.
Specimens

Where collected

When collected

Compartment

Isolate codes

Brassica sp.

Afyon

June 2004

Rhizosphere

2PaB1
2PaN3

Carlaria disaba

Afyon

June 2004

Root endophytic

4PbN5

Fibigia clypeata

İzmir

September 2004

Rhizosphere

8PaB2
8PaN1

Echinops ritro

Eskişehir

September 2004

Rhizosphere

9PaB4

Acantholimon acerosum

Eskişehir

September 2004

Rhizosphere

10PaN1

Xanthium strumarium

Eskişehir

September 2004

Rhizosphere

11PaB3

Root endophytic

11PbN1
11PbN2

Spirojira sp.

Eskişehir

July 2004

Vegetative cells

13PcB5

Phaseolus vulgaris

Eskişehir

December 2004

Seed

15PdN1

Urtica uremus

Eskişehir

December 2004

Seed

17PdB1
17PdB2
17PdB3
17PdN1
17PdN2
17PdN4

Vitex agnus

Eskişehir

December 2004

seed

18PdN1
18PdN2

Cucumis sativus

Eskişehir

December 2004

seed

20PdN5

TABLE 2 - Origin of isolates from animal samples.
Specimens

Where collected

When collected

Compartment

Isolate codes

Lubricus terrestris

Porsuk River, Eskişehir

April 2003

Gut

3AcN1
3Ac N2

Equus sp.

İzmir

November 2003

Feces

8AfN1

Passer sp.

Eskişehir

December 2004

Feces

9AaB4

Columba sp.

Eskişehir

December 2004

Feces

10AfN5
10AfN1

Ovis sp.

Eskişehir

February 2004

Gut

11AdB4

Boss taureus

Eskişehir

February 2004

Gut

12AdB5
12AdB3

Boss taureus

İzmir

November 2003

Feces

13AfB3
13AfB4

Arachnidae galeodes

Afyon

June 2004

Gut

14AaN1

Carabidae

Eskişehir

June 2004

Gut

15AaN2

Lepidoptera sp.

Eskişehir

August 2004

Gut

17AaB3

Arachnidae

Eskişehir

June 2004

Gut

20AaN1

Hister sp.

Eskişehir

June 2004

Gut

21AaN3

Brachycara sp.

Eskişehir

June 2004

Gut

22AaB3

Odanata sp.

Eskişehir

August 2004

Gut

26AaN1

Saltotoria sp.

Eskişehir

August 2004

Gut

27AaN3
27AaN1

Caelifera sp.

Eskişehir

August 2004

Gut

29AaN3

Engraulis encrasicolus

İstanbul

August 2004

Gut

30AaN2

Coloptera sp.

Eskişehir

December 2004

Gut

32AaB2

Struthio camelus

Bursa

January 2005

Feces

35AfB2
35AfN1
35AfB5

Hemiptera sp.

Eskişehir

December 2004

Gut

36AaB1
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TABLE 3 - Effect levels against test bacteria of 21 isolates from various plants which showed biological activity.
Isolate code

MRSA
F.s

E. faecium
F.s
S.s
11±0.2
12 ±1.1
12 ±1.5
10±1.0
11±0.2
10±1.0
11±0.2
12±0.2
13±0.2
10±1.6

S.s

Ac. baumanii
F.s
S.s

2PaN3
4PbN5
8PaB2
8PaN1
19 ±0.2
9 ±1.2
8 ±1.4
9PaB4
12± 1.1
9 ±1.1
12 ±1.1
9 ±1.1
10PaN1
12±0.2
11PaB3
11±0.2
11PbN1
8 ±1.0
9±0.1
11PbN2
11±0.2
13PcB5
15 ±1.1
10±1.6
10±1.1
9 ±1.1
15PdN1
8 ±1.5
14±0.2
10±1.3
8 ±1.4
17PdB1
16±0.2
8 ±1.7
10±1.2
8±0.2
17PdB2
8±0.2
17±0.2
8±0.2
8±0.3
17PdB3
11±0.2
8±0.2
9±0.7
12±0.2
7±0.2
17PdN1
11±0.2
17PdN2
11±0.2
17PdN4
13±0.2
9±0.2
9±0.5
8±0.2
18PdN1
11±0.2
18PdN2
12±0.2
8±0.2
11±0.4
8±0.5
20PdN5
20±0.2
8±0.2
9±0.6
8±0.1
Vancomycine (30µg/disc)
20±1.5
8±0.7
Oxacillin (1µg/disc)
Bacitracin
30 1.2
28 ±1.1
21 ±1.1
(30 µg/disc)
Values are means ± standard deviation of triplicate measurements, F.s: First screening (10 mm Ø), S.s: Second screening(6 mm Ø)

TABLE 4 - Effect levels against test bacteria of 13 isolates from various animals which showed biological activity.
Isolate code

MRSA
F.s

E. faecium
Ac. baumanii
S.s
F.s
S.s
F.s
S.s
15AaN2
20 ±1.5
14 ±1.2
16 ±1.0
13 ±1.1
21AaN3
11 ±1.0
8 ±0.0
15± 1.1
8 ±0.0
7 ±1.3
32AaB2
17± 1.0
14 ±1.1
15± 1.1
10 ±1.1
12AdB5
8 ±1.4
13 ±1.5
8 ±1.0
8 ±1.2
29AaN3
15 ±0.0
9 ±1.2
8 ±1.0
8 ±1.3
26AaN1
11± 1.1
10 ±1.1
10 ±1.0
12 ±1.1
8 ±1.2
3AcN1
8 ±1.1
8 ±1.1
35AfB2
10 ±1.2
10 ±1.4
14 ±1.2
8 ±1.0
8AfN1
13± 1.5
8 ±1.0
8 ±1.6
10AfN5
14 ±1.4
8 ±1.2
8 ±1.2
11AdB4
14 ±1.6
9 ±1.6
18 ±1.2
8 ±1.1
7 ±1.1
12AdB3
14 ±1.1
8 ±1.5
9 ±1.3
7 ±1.4
13AfB4
9 ±1.7
14 ±1.5
8 ±1.2
Values are means ± standard deviation of triplicate measurements, F.s: First screening (10 mm Ø), S.s: Second screening (6 mm Ø)

After the second screening from plant isolates,
57.1%, 47.6% and 57.1% of Bacillus sp. isolates showed
an inhibitory effect against MRSA, E. faecium, and Ac.
baumanii, respectively (Table 3). While one of the isolates (9PaB4) demonstrated inhibitory activity against all
test organisms at the first screening, 14 isolates showed it
at the second screening. The diameters of the inhibition
zones varied between 7-20 mm. With the inhibition zones
varying between 7-9 mm, 57.1% of isolates demonstrated
inhibitory effects against Ac. baumanii.
At the second screening, 13 animal isolates exhibiting
antibacterial activity were tested for the production of antibacterial substances using the agar disc diffusion method.
All of the isolates (13 in total) showed inhibitory activity
against MRSA and E. faecium with inhibition zones vary-

ing between 7-20 mm (Table 3). Nevertheless, 69.2% of
isolates demonstrated inhibitory effects against Ac. baumanii
with inhibition zones varying between 7-13 mm.
Waksman [26] viewed the Bacillus species found in
the rhizosphere of certain plants as “saprophytic organisms
whose natural habitat is the soil”. Bacillus was reported to
occur in soil as spores, germinating and becoming active
only when readily decomposable organic matter was
available [9]. Aslım [7] found that 40 strains were isolated from 6 different soil samples. As a result of the identification tests, they identified 30 strains as B. subtilis, B.
megaterium, B. firmus, B. sphericus, B. thuringiensis, B.
pumilis and other Bacillus sp. Romero Tabarez et al. [27]
has previously reported an antimicrobial activity of a
substance produced by B. subtilis (soil isolate) against
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multidrug resistant pathogenic bacteria including MRSA.
El Banna et al. [28] reported that Bacillus subtilis and B.
megaterium (air flora isolate) demonstrated no antimicrobial activity against methicillin-resistant S. aureus (MRSA)
isolated from meat samples. This is in contrast to the present
study in which all isolates showed good antimicrobial
activity against MRSA.
Identification of the 7 isolates, at species level, having
the highest activity was achieved according to biochemical
properties (VITEK) and fatty acid profiles. According to
VITEK with identification made on biochemical properties, it was concluded that 3 of the isolates were B. cereus
(2PaB1, 9PaB4, 13PcB5), 1 isolate B. amyloliquefaciens
(15PdN1,) and 3 isolates B. subtilis (8PaN1, 15AaN2,
32AaB2) (Table 5). They were chosen as the most active
strains, and thus subjected to examination of the FAME

profile. It has been well established that the total fatty acid
composition of a microorganism is an important taxonomic
characteristic and that fatty acid data can be analyzed quantitatively to provide useful taxonomic information at the
species level [29]. However, all of the plant isolates by
FAME were identified as B. cereus (Table 6) and animal
isolates were identified as P. macerans by FAME. All plant
strains contained 12:0 ISO, 12:0, 13:0 ISO, 13:0 ANTEISO,
14:0 ISO, 14: 0, 15:0 ISO, 15:0 ANTEISO, 16:1 w7c
alcohol, sum in feature 2 (12:0 ALDE?,unknown) 16:0 ISO,
16:1w11c, sum in feature 3 (16:1 w7c/15 iso 2 OH), 16:0
ISO, 17:1 w10c, 17:1 ANTEISO A, 17:0 ISO and 17:0
ANTEISO fatty acids. In this study, P. macerans 15AaN2
and 32AaB2 had anteiso-C15:0 (36.80%, 34.79%) and isoC15:0 (23.76%, 26.38%) as major fatty acids, respectively
(Table 6). A number of studies have reported that the
major fatty acid of Paenibacillus sp. is anteiso-C15:0 [30].

TABLE 5 - Identification and biochemical properties (VITEK) of 7 isolates from plants and animals showing the highest inhibition effect
against test bacteria used.
Tests

1

Negative control

-

Sucrose

-

Tetrazolium red

-

Tagatose

-

Glucose

2

3

4

5

6

7

-

-

-

-

-

-

+

+

-

+

+

+

+

-

-

-

+

-

-

-

-

-

-

-

+

+

+

+

+

+

+

Inositol

-

+

-

-

-

-

-

Galactose

-

-

-

-

-

-

-

Arabinose

-

+

-

-

-

-

-

Xylose

-

+

-

-

+

+

+

Mannitol

-

+

-

-

+

+

+

Raffinose

-

+

-

-

-

-

-

Salicin

-

+

-

-

-

+

+

Amigdalin

-

-

-

-

-

+

-

Inulin

+

+

+

+

+

+

+

Ribose

-

+

-

-

-

+

+

Maltose

+

+

+

+

-

+

+

Trehalose

-

-

-

-

-

+

+

Palatinose

-

+

-

-

-

+

+

Sorbitol

-

+

-

-

+

+

+

N-acetyl-D-glucosamine

+

+

+

+

-

+

+

Amylopectin

-

-

-

+

-

-

_

Potassium thiocyanate

+

+

+

+

+

+

+

7% Sodium chloride

-

+

-

-

+

+

+

Mandelic acid

+

+

+

+

+

+

+

Oleandomycin

-

-

-

-

-

-

-

Sodium acetate

-

+

-

-

-

+

+

Arabitol

-

-

-

-

-

-

-

Polyamide hygrostreptin

+

+

+

+

+

+

+

Nalidixic acid

-

-

+

-

-

-

-

Esculin

+

+

+

+

+

+

+

99.9%

99.9%

Similarity
Species

99.9%

99.0%

B. cereus

B.subtilis

99.9%

99.0%

B. cereus

B. cereus

1: 2PaB1, 2: 8PaN1, 3: 9PaB4, 4: 13PcB5, 5: 15PdN1, 6: 15AaN2, 7: 32AaB2
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B.amyloliquefaciens

B. subtilis

99.0%
B. subtilis
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TABLE 6 - Identification and fatty acid profiles (FAME) of 7 isolates from
plants and animals showing the highest inhibition effect against test bacteria used.
Fatty acids

1

2

3

4

5

6

7

12:0 ISO

0.50

1.00

0.58

0.66

0.57

-

-

12:0

0.35

0.56

0.73

0.60

0.37

-

-

13:0 ISO

9.63

11.29

10.65

13.87

9.56

0.35

0.48

13: 0 ANTEISO

0.90

2.15

0.98

1.33

1.02

-

-

14:0 ISO

4.06

5.51

3.47

4.05

4.64

0.65

0.68

14:0

2.76

3.27

3.91

2.94

2.98

1.78

2.22

15:0 ISO

31.55

26.82

33.40

33.46

29.04

23.76

26.38

15:0 ANTEISO

4.30

6.46

3.55

3.95

4.43

36.80

34.79

16:1w7c alcohol

0.72

0.78

0.88

0.63

0.85

-

-

Sum in feature 2

1.77

1.75

1.62

1.19

2.11

-

-

16:0 ISO

6.35

6.45

5.16

4.73

6.43

1.18

1.20

16: 1w11c

0.67

0.80

0.81

0.80

0.71

3.76

3.99

16:1w7c/15iso2OH

10.65

10.70

14.61

10.69

10.99

-

-

16:0

6.32

7.15

5.00

4.84

6.06

11.45

12.70

15:0 2OH

0.46

-

0.38

-

0.48

-

-

ISO 17:1w10c

3.21

2.53

2.97

2.33

3.44

1.77

1.60

ISO 17:1w5c

3.67

-

3.94

2.37

4.07

0.80

-

-

-

-

-

-

-

-

17:1 ANTEISO A

0.69

0.79

0.55

0.51

0.84

-

-

17: 0 ISO

10.19

7.65

5.61

9.28

9.38

8.84

8.51

17: 0 ANTEISO

1.27

1.70

0.79

1.21

1.32

8.05

6.54

18: 1w9c

-

-

0.41

-

-

-

-

18: 0

-

-

-

0.55

0.69

-

0.92

B. cereus

B. cereus

B. cereus

B. cereus

B. cereus

P. macerans

P. macerans

Sum in feature 4

Species

Sum in feature 2: (12:0 ALDE?, unknown), Sum in feature 4: 17:1 ISO I/ANTEI B, 1: 2PaB1, 2: 8PaN1, 3: 9PaB4, 4: 13PcB5, 5: 15PdN1, 6:
15AaN2, 7: 32AaB2

These strains were identified as Paenibacillus macerans
according to the fatty acid profile (Table 6). P. macerans
differs from B. subtilis in terms of its fermentative metabolism. The fermentative property of both isolates was
confirmed by anaerobic growth, and so these strains were
accepted as P. macerans 15AaN2 and 32AaB2. Haque and
Russel [31] grouped B. cereus collected from Bangladeshi
rice by the fatty acid composition, and our results agree
that the predominant fatty acid group is 15:0 ISO. Guven
[6], in a number of studies, has reported that the major
fatty acid of B. cereus is 15:0 ISO. Mohamed et al. [32]
and Roberts et al. [33] found that B. amyloliquefaciens and
B. subtilis have predominantly15:0 anteiso and 15:0 iso in
fatty acid composition. B. cereus differs from two isolates
due to its fatty acid composition. These strains were isolated from insects belonging to Carabidae and Coloptera.
There is good evidence that symbiotic microorganisms
play an important role in the nutrition of the host arthropods,
especially in the supply of nitrogen, synthesis of vitamins

and degradation of cellulose. Another function of the symbiosis of arthropods with microorganisms may be considered to be the production of defense substances [14, 34].
The peptide antibiotic polymyxin E1 was isolated from B.
polymyxa, an intracellular symbiotic of the oriental stinkbug Plautia stali. Chemical interactions between different
species of bacteria can affect the production and secretion
of antimicrobial secondary metabolites. The enhancement
of antimicrobial compound production by bacteria when
exposed to a different strain of bacteria suggests that competition for space between epibiotic bacteria may provide
for further antifouling substance production [22].
As is commonly known, MRSA is resistant to every
presently available antibiotic with the exception of vancomycin. The metabolites of the Bacillus strains inhibit
the growth of not only MRSA but also VRA. This ability to
inhibit suggests that these isolates may be producing a new
bioactive molecule. This screening study may also prove to
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be important for the production of new bioactive compounds.

[7]

Aslim, B., Saglam, N. and Beyatli, Y. (2002). Determination
of some properties of Bacillus isolated from soil. Turk. J. Biol., 26: 41-48.

[8]

Földes, T., Banhegyi, I., Herpai, Z., Varga, L. and Szigeti, J.
(2000). Isolation of Bacillus strains from the rhizosphere of
cereals and in vitro screening for antagonisms against phytopathogenic, food borne pathogenic and spoilage microorganisms. J. Appl. Microbiol., 89: 840-846.

[9]

Vilain, S., Luo, Y., Hildreth, M.B. and Brozel, V.S. (2006).
Analysis of the life cycle of the soil saprophyte Bacillus cereus in liquid soil extract and in soil. Appl. Environ. Microbiol., 72: 4970–4977.

4. CONCLUSION
With the increased occurrence of multidrug-resistant
human pathogens, the search for novel antibiotics has
gained new urgency. Our results show that symbiotic microorganisms isolated from animals and plants are a potential new source for antimicrobial substances. Symbiotic
microorganisms have become an important point of study
in the search for potential new biologically active metabolites. These isolates determined the production properties
of bioactive secondary metabolites against multidrug- resistant clinic isolates. This screening study may also prove
to be the first production of new microbial secondary metabolites.

[10] Fall, R., Kinsinger, R.F. and Wheceler, K.A. (2004) A simple
method to isolate biofilm forming Bacillus subtilis and related species from plant roots. System. App. Microbiol., 27:
372-379.
[11]. Bal, A.S. and Chanway, C.P. (2005). Isolation and identification of endophytic bacteria from lodgepole pine and western
red cedar. Fems. Microbiol. Ecol., 51: 303-311.
[12] Germida, J.J. and Siciliano, S.D. (2001).Taxonomic diversity
of bacteria associated with the roots of modern, recent and
ancient weath cultivars. Biol. Fertil. Soil., 33: 410-415.
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ITS RELATIONSHIP WITH ENVIRONMENTAL FACTORS IN
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ABSTRACT

KEYWORDS: Soil organic carbon; spatial variation; geostatistics;
farming-pastoral ecotone; Northeast China

Characterizing the spatial variability of soil organic
carbon (SOC) in relation to site properties, including topography, soil types, land-uses and other environmental variables, is important in understanding how ecosystems work
as well as in assessing the effects of future changes on
SOC. However, little attention has been given to the spatial
variance of SOC and the relationship between SOC and
related factors in the farming-pastoral ecotone of Northeast China. In this study, SOC was measured in topsoil
samples collected from 192 locations of Tongyu County,
a typical farming-pastoral ecotone in Northeast China, in
September 2006. Statistics, geostatistics, and geographical information system (GIS) techniques were applied to
explore the spatial variation of SOC and its relation with
other soil properties, topography, soil types, and landuses. SOC concentration followed a lognormal distribution,
with a mean value of 0.76%. Based on geostatistical analysis, the spatial distribution of SOC was mainly influenced
by structural factors, i.e., climate, parent material, topography, and soil type. Results revealed that SOC content increased gradually from the west to the east, and changed
in an approximate south-to-north banded gradient. Statistically significant positive correlations between SOC and
clay content, and between SOC and total N, as well as the
significant negative correlations between SOC and sand,
and between SOC and pH were found. Soils at lower
elevation were observed to contain higher SOC concentration. Aeolian soil and solonetz have lower SOC concentration than the other three soil types. There was no
statistically significant difference among the main land-use
types (i.e., cropland, grassland, and woodland) with SOC.
Most areas of the arable land in Tongyu County contained
lower SOC concentration. Therefore, the local government and scientists should devote effort and time to enhance SOC content for the improvement of soil fertility.

* Corresponding author

1. INTRODUCTION
SOC is an important source of nutrients and energy for
above- and below-ground biotic activities in terrestrial
ecosystems [1]. It plays an important role in enhancing soil
quality, sustaining and improving food production, and
mitigating greenhouse gas emissions [2-5]. Specifically,
SOC represents the largest carbon reservoir in terrestrial
ecosystems: it has been estimated to be at about 1,500 PgC
globally, or three times as large as the carbon storage in
vegetation [6], and twice as large as the global atmospheric carbon storage [7]. The loss of SOC may cause soil
degradation, which not only undermines sustainable agricultural development but also affects environmental health
[8]. Thus, measuring the quantity and spatial variation of
SOC is critical for understanding the role of soil in regional
and global carbon cycles, and for assessing the responses
of soil to natural and anthropogenic disturbances, such as
land-use change and climate change [1].
SOC varies significantly in time and space. It is particularly sensitive to a range of factors, such as parent material, climate, topography, soil texture, land-use and crop
management, drainage, and other anthropogenic conditions
[9]. The characterization of the spatial variability of SOC is
essential to achieve a better understanding of the complex
relation between SOC and environmental factors. Recently,
advances in geostatistics, geographic information system
(GIS), and precision agriculture have strengthened the research on SOC. There is a wealth of literature on the spatial
variation of SOC and the relation between SOC and influencing factors [10-13]. Parent material, climate, and geological history are considered to be the major influences
affecting SOC storage on the regional and continental scale
[14]. Landscape attributes including elevation, slope, aspect, and land-use may be the dominant factors of SOC in
an area with the same parent material and single climate

262

© by PSP Volume 20 – No 1a. 2011

Fresenius Environmental Bulletin

regime [15]. The variability of SOC has been shown to
vary with slope position in complex hills [16]. Slope position and land-use types are discriminating factors for the
variation of SOC in a typical small watershed of Northeast China [13]. Soil texture, drainage, and slope have
been reported to account for 51% of the SOC variation in
grasslands, 54% in croplands [17], and 65% in upland
forests [18]. The effect of these variables has become potentially more important within regions where climatic variation is not distinct [19]. However, most studies to date have
focused solely on small catchments scales and hill slopes
[14, 16, 20, 21]. The relationship between SOC and possible factors is not clear at the county scale and in plain areas.

ary shrub of a natural forest (Ulmus macrocarpa var.
mongolica). The predominant land-use types are cropland
(38%), salina land (27%), and grassland (13%). The main
cultivation is continuous cropping of corn and soybean.
Eluvium or deluvial of sedimentary rock is the main kind
of parent materials in this region. Different types of sandstone cover most areas of the county, contributing more to
the high sand proportion of soils. In the study area, soils
are dominated by chernozem (Haplic Chernozem, FAO),
aeolian soil (Arenosol, FAO), meadow soil (Eutric Vertisol, FAO), and some solonetz soils (Solonetz, FAO).

The farming-pastoral ecotone in Northeast China is
the transitional zone between the traditional humid- intensive cultivation area and the arid and semi-arid pastoral
grassland [22]. This region is one of the main agricultural
regions in China and plays an important role in the global
carbon budget [23]. However, it has become the most
hazardous area for soil degradation because of its unique
physical geographical environment and drastic human activities [24-27]. Aside from insufficient rainfall, frequent
droughts, and strong winds in the spring, with the rapid
growth of population, over-grazing and extensive reclamation of the grassland have caused extremely severe land
degradation, water and soil erosion, desertification processes. Much of the soil in the area has low productivity and is
a cause for worry. Our knowledge of SOC levels in the
region is mainly from either pedons representation of soil
types at different points, or from bulked core samples that
represent a mean value for the sampled area. Regional
information on the spatial variation of SOC and detailed
analyses of the relationship between SOC and environmental factors are very limited. Therefore, the objectives
of this study are as follows: (1) to investigate the spatial
variation of SOC in the surface soil of Tongyu County, a
typical farming-pastoral ecotone in Northeast China, and
(2) to analyze the relationships between SOC and other
soil properties, topography, soil types, and land-uses.

A total of 192 soil samples were taken in September
2006. The random sampling method was conducted within
the county considering spatial homogeneity. At the same
time, the distribution of sampling sites considered the different land-use types including cropland, woodland, grassland, salina land, and wetland. The locations and elevation
of the sampling sites were recorded using global positioning system (GPS). Composite soil samples (five sub-samples
per plot) were collected from a depth of 20 cm. Samples
were gently broken and air-dried. After manually removing
visibly identifiable crop residues and stones, the soil was
crushed to allow for sieving through 2-mm sieves. SOC
was determined using the Walkey-Black (Cwb) method [28].
Soil texture, total nitrogen (TN), and pH level were also
measured [29-33]. The locations of the sampling sites and
topography of Tongyu County are displayed in Fig. 1.

2. MATERIALS AND METHODS

2.2. Soil sampling and analysis

2.3 Statistical method
2.3.1 Classical statistical analysis

Descriptive statistical parameters, including mean,
maximum, minimum, median, coefficient of variation (CV),
and standard deviation (SD) of SOC and other soil properties, were calculated. One-way analyses of variance
(ANOVA) procedures were employed to compare the
significance of the mean differences among different variables. These statistical analyses were conducted with the
SPSS (Version 13.0) program.
2.3.2 Geostatistical analysis

2.1 Description of study area

Tongyu County (122°02′13″–123°30′57″E, 44°13′57″–
45°16′27″N), which is located in western Jilin Province, in
Northeast China (Fig. 1), covers a territory of 8,496 km2.
Its elevation ranges from 120 m to 180 m. This county is
characterized by a typical continental monsoon climate
with four distinct seasons. The mean annual temperature is
about 4 °C, but extreme temperatures can range from -32
to 38.9 °C. The annual precipitation amounts to 370–
500 mm, 70–80 % of which is confined to the summer
season. By comparison, the mean annual evaporation is
as high as 1,500–1,900 mm owing to an abundant supply
of solar energy. The native vegetation has mostly been
replaced by farmland crops and, currently, includes grassland (Leymus chinensis) and a small area with the second-

Spatial variation and autocorrelation of SOC were analyzed using geostatistics [34]. The semi-variogram is a basic
tool for quantifying the spatial variability of a regionalized variable, and providing the input parameters for the
spatial interpolation method of Kriging [35]. It is equal to
half the expected squared difference between the paired
data values z(xi) and z(xi+h) to the lag distance h, by
which sample points are separated [36]. For discrete sampling locations, such as the soil samples in this study, the
function is written in the following form:

γ (h)＝

1 N (h)
[ z ( xi ) − z ( xi + h)]2
∑
2 N (h) i =1

(1)

where z is the measured value for the soil property at
the location of xi, h is the lag, and N(h) is the number of
data pairs separated by h. For irregular sampling, the dis-
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FIGURE 1 - The elevation of Tongyu County and soil sampling sites, Northeast China (n=192).

tance between the sample pairs to be exactly equal to h is
rare. Thus, h is often represented by a distance interval.
The experimental variogram is calculated for different lag distances. The information about the spatial structure and the input parameters for the Kriging interpolation
was obtained from the fitted variogram model. Kriging is
regarded as an optimal method of spatial prediction,
which is a type of weighted moving average:
n

zˆ( x0 ) = ∑ λi z ( xi )

(2)

i =1

where ẑ (x0) is the value to be estimated at the location of x0; z (xi) is the known value at the sampling site xi,
λi is a weight, and n is the number of sites within the
search neighborhood around x0 used for the estimation.
The magnitude of n depends on the size of the moving
search window and user definition.
The predicted map quality of SOC was tested by crossvalidation with replacement. The comparison criteria used
were the mean error (ME) and root mean square error
(RMSE) defined as follows:
ME=

1 n
∑ [ z ( xi ) − z ( x0 )]
n i =1

RMSE=

1 n
[ z ( xi ) − z ( x0 )]2
∑
n i =1

(3)

(4)

where n is the number of validation points, z(xi), and
z(x0) are the predicted and observed values at location xi,
respectively. ME measures the bias of the prediction and
should be close to zero for unbiased methods, whereas
RMSE measures the average precision of prediction and
should be as small as possible [13].
Geostatistical analyses were carried out with GS+ (Version 3.1a demo) [12], and the maps were produced using
the ArcMap module of ArcGIS (Version 9.0).
2.4 Data collection and processing

A digital elevation model (DEM) map was produced
from the contour line of Tongyu County, which was digitalized from topography maps (1:100,000). The soil type
of the sampling sites was recognized by local experts, and
also checked with a digital soil map (1:100,000) collected
from the local government. Remote sensing images (CEBERS, 20 m resolution) taken in September 2006 were used
as the data source for the land-use/land-cover map in this
study. The supervised classification, artificial interpretation, and field survey were applied to identify the following land-use types in the study area: cropland, woodland,
grassland, water-body, built-up land, sandy land, salina
land, and wetland. Image processing and map digitalizing
were carried out with ENVI image processing software
(Version 4.0) and ArcView software (Version 3.3).
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3. RESULTS AND DISCUSSION
3.1 Descriptive statistics

The descriptive statistical parameters of SOC and other
soil properties are given in Table 1. The range of SOC
varied from 0.13% to 3.72%, with an arithmetic mean of
0.76%. CV is the most discriminating factor for describing the statistical variability of SOC concentrations. If CV
is <0.10, the variable is considered to be of low variability, whereas if it is between 0.10 and 0.90, the variable is
considered to be of moderate variability. When CV is
>0.90, the variable is considered to be of great variability
[13]. In this study, the value of CV was 0.63, which indicates that SOC is moderately variable in this region.

tion; if the ratio is higher than 0.75, it shows a weak spatial autocorrelation. If the ratio is between 0.25 and 0.75,
it indicates a moderate spatial autocorrelation. In the present study, the value of the nugget/sill of SOC was 0.30,
which indicates a moderate spatial autocorrelation within
the SOC in the surface soil of the county. It also reveals
that the spatial dependence of SOC in the county is mainly
on structural factors.
The residual sum of square (RSS) was 0.008, and the
determination coefficient (R2) was 0.845. These indicators
show that the exponential model reflects well the spatial
structural characteristics of SOC in the surface soil of
Tongyu County.
TABLE 2 - Isotropic parameters of the fitted variogram models.

TABLE 1 - Basic statistical parameters of SOC and other soil properties.
Sand
(%)
28.21
89.38
69.4
70.24
13.24
0.19

Clay
(%)
1.56
40.63
14.61
11.6
10.66
0.73

TN
(mg/kg)
123.62
2067.35
685.65
649.58
339.88
0.50

pH
7.47
10.58
9.07
8.92
0.62
0.07

Model

3.2.2. Spatial pattern of SOC

The probability distribution and significance level of
the Kolmogorov–Smirnov test for conformance to a normal distribution were analyzed for both raw data and logtransformed data of SOC concentration. The probability
distribution of raw data was positively skewed (skewness
= 2.44) and had a sharp peak (kurtosis = 10.64). The logtransformed data had a small skewness (–0.2) and kurtosis
(2.09), and passed the K-S normal distribution test at a
significance level of higher than 0.05. The results indicate
that the SOC concentration of soils in Tongyu County
generally follows a lognormal distribution.
3.2. Spatial variation of SOC
3.2.1. Spatial structure of SOC

The experimental isotropic variogram was calculated
and modeled with isotropic functions (Table 2). The optical
theoretical model of lnSOC was the exponential model.
The spatial structure of SOC in the surface soil of
Tongyu County can be described by the parameters of the
theoretical model. Nugget (C0) and structural variance (C)
express the variability caused by stochastic factors and
structural factors of SOC, respectively. Sill(C+C0) expresses the total variation of the regional variables. Stochastic factors commonly refer to human activities influencing SOC level, such as cropping management, fertilizer application, and land-uses. These factors contribute
more to the decrease in spatial autocorrelation of SOC.
Structural factors include climate, parent material, topography, and soil type, which always lead to the strong spatial
autocorrelation of SOC. The proportion of (C0/C+C0) indicates spatial autocorrelation [37]. When the ratio is lower
than 0.25, the property shows a strong spatial autocorrela-

For the spatial interpolation of the ordinary Kriging
method, the study area was stratified into a grid system of
595 columns and 613 rows with a cell size of 200 ×200 m.
The number of the nearest-neighbors for the search region
was set to 12. The log-transformed datasets were used for
the interpolation, and the predicted values were backtransformed to produce the final spatial distribution map
of SOC concentration.
Cross-validation was calculated to evaluate the effectiveness of the variogram model. Figure 2 shows a linear
relationship between the measured and the predicted data.
The range of the measured data was 0.13%–3.72% and
0.34%–1.12% for the predicted data. This is the smoothing effect of the spatial interpolation that helps identify the
general spatial patterns. The ME and RMSE were 0.005
and 0.268, respectively, which could be regarded as the
overall uncertainty level of the Kriging method. These
indices indicate that the predicted map of SOC in the surface soil of Tongyu County from the Kriging interpolation
is reliable.
2.0
SOC_Predicted (%)

Min
Max
Mean
Median
SD
CV

SOC
(%)
0.13
3.72
0.76
0.70
0.48
0.63

Nugget Sill Range Proportion R2
RSS
c0
c0+c A0 (km) c0/c0+c
lnSOC Exponential 0.285 0.965 233
0.30
0.845 0.008
Data

1.5
1.0
0.5
0.0
0.0

0.5
1.0
1.5
SOC_Measured (%)

2.0

FIGURE 2 - Result of cross-validation showing the
differences between the predicted and measured values.

The interpolation result of the Kriging method is shown
in Fig. 3. SOC concentration was reclassified into 0.3%–
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0.45%, 0.45%–0.5%, 0.5%–0.6%, 0.6%–0.65%, 0.65%–
0.75%, 0.75%–0.9%, 0.9%–1.0%, and 1.0%–1.5%. The
value of SOC increased from west to east in the study area
and exhibited the strip distribution to have a nearly north–
south orientation. The highest values of SOC were located
in the northeast part, whereas the lowest values were in
the western part of the county. The possible cause for the
spatial pattern of SOC is topography. In Figure 1, the
DEM of this study area shows a similar pattern with the
spatial distribution of SOC. This inference can be validated
by the conclusion of classical statistics. To quantify the relationship between the SOC concentration and elevation
better, the correlation coefficient was calculated in the GRID
module of ArcGIS 9.0. The spatial coefficient of -0.64 indicated the existence of relatively high negative correlation
between SOC concentration and elevation. This inference
can also be validated by the conclusion of classical statistics below.

and silt particles have positive effects on water retention
capability, vegetation growth, and protection of organic
carbon [40].
A positive relationship between SOC and the capacity
of the soil to supply essential plant nutrients including N,
P, and K is well-documented [15]. Significantly positive
relationship exists between SOC and total nitrogen (r =
0.787, p < 0.01). Nutrients are required to decompose
organic materials. The effectiveness of mineralized N
directly controls the decomposition rates of SOC, and a
residue with a high N degrades quickly and vice versa.
The relationship between SOC and pH is negative. As it is
a source of carbonic acid, organic matter degradation is
inhibited by soil microorganisms at low pH [41].
TABLE 3 Correlation coefficients between SOC and other soil
properties.
lnSOC
Sand
Clay
Total N
lnSOC
–0.505** 0.438** 0.787**
Sand
–0.934** –0.595**
Clay
0.531**
Total N
pH
** Correlation is significant at the 0.01 level (two-tailed); *
is significant at the 0.05 level (two-tailed).

pH
–0.183*
–0.311**
0.325**
–0.261**
Correlation

3.3.2 Effects of topography on SOC content

To determine the relationship between SOC concentrations and topography, we assigned the samples into four
elevation groups: 140 (130 m–150 m), 150 (151 m–160 m),
160 (161 m–170 m), and 180 (170 m–190 m). ANOVA
was applied to find whether the differences in SOC mean
values among the elevation groups were significant.

FIGURE 3 - Spatial distribution map of SOC in Tongyu County,
Northeast China.
3.3 Effects of soil properties, topography and land use on
SOC concentration
3.3.1 Relationships between SOC and other soil properties

Pearson (linear) correlation coefficients [38, 39] between SOC and the four variables (proportion of sand and
clay content, total nitrogen, and pH value) were calculated
and are presented in Table 3.
A negative correlation between SOC and sand content,
and a positive correlation between SOC and clay content
were confirmed. This is an expected result as less organic
matter can be found on sandy soils than in silty or clayey
soils, which can be explained by the characteristics of
different-sized particles. Sandy soils are well aerated and
tend to have low soil moisture, providing favorable environmental conditions for low organic matter content. Clay

ANOVA results indicated that there were significant
differences within the different elevation groups, as shown
in Table 4. SOC concentrations in the 160 and 180 elevation groups were the lowest, whereas those in the 140 and
150 elevation groups were slightly higher. Groups with
high elevation tend to contain low SOC content, which may
result from increased soil erosion, high temperature, and
decreased soil moisture. These factors tend to favor the
decomposition of humus, and thus of SOC. In the present
study, topographical factors, such as slope and aspect, were
not analyzed due to the extremely gentle slope gradient of
1/8,000 – 1/500 in this area. A credible result requires high
precision of topographical data, but is limited in this
study.
3.3.3. Differences in SOC from different soils

The mean values of SOC in the surface soil were different among soil types (Table 4). Statistically, samples
from chernozem can be concluded to have the highest SOC
concentration. This result reflects the effects of soil parent
materials on the conditions of SOC. Samples from aeolian
soil had the lowest SOC concentration value. The coarse
soil particle size and high sand content of aeolian soil could
result in the low level of soil organic matter accumulation.
The SOC concentration of wetland soil was not signifi-
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cantly higher than that of infertile soils. The soils of wetland are carbon rich, with their C retention likely to be
affected by changes in hydrology and temperature under
the predicted climate change scenarios [42]. The wetland
soil in this county suffers the greatest warming and depletion of water resource. The heterotrophic environment has
gradually disappeared, and the decomposition of organic
matter in the topsoil of the wetland was accelerated [43].
This could possibly explain the low level of SOC in wetland soils.
TABLE 4 - Results of post hoc tests in ANOVA with Duncan’s
method.
Factors
Elevation

Groups
Mean value of SOC (%)
140m
1.03a
150m
0.86a
160m
0.59b
180m
0.76b
Soil type
Chernozem
0.96b
Aeolian soil
0.55ac
Meadow soil
0.83bc
Solonetz
0.63ac
Wetland soil
0.73abc
Land-use type
Cropland
0.77a
Woodland
0.74a
Grassland
0.90a
Salina land
0.34b
Wetland
0.70ab
Means followed by the same letter do not significantly differ (p>0.05)
according to Duncan’s test.
3.3.4. Comparison of the mean values of SOC under different
land-uses

ANOVA results showed that land-use type significantly affected the SOC status (p<0.05). SOC in salina
land was the lowest, whereas wetland had no significant
difference with the other land-use types. There was no
significant difference among the main land-use types,
including cropland, grassland and woodland. Land-use
affects soil organic matter in terms of the type, amount, and
placement of the organic residues. More than 92% of
organic matters in grassland are incorporated into soils,
whereas the proportion of woodland is smaller [40]. Due to
the death and decay of roots, annual species such as grasses
tend to add organic residues not only to the surface. Moreover, the residue from annual species tends to have higher
base contents than that found from perennials. Therefore,
the SOC content in grassland is higher than that in woodland under similar environmental conditions. Cultivation
makes arable SOC exposed to the air, and may improve the
moisture and temperature conditions, stimulate microbial
activity in soil, and enhance the decomposition of organic
matter. Soils after harvest are more easily subject to erosion, and organic matter inputs decreases because of the
removal of substantive crop residues [44, 45]. Hence, the
SOC concentration of cropland was lower than that of
grassland. In this study, the main land-use types had a
similar mean value of SOC, differentiating them from other
previous studies. This could be explained by the relatively
low level of spatial heterogeneity of soil, climate, and water
environment in the research area. This also indicates that

structural factors control the fundamental spatial structure
of SOC and the functions of anthropogenic factors overlaid on the natural environmental background, altering the
levels of SOC at the micro-scale.
3.3.5 Relationship between spatial distribution of SOC and
land-use

To quantify the relationship between the spatial pattern of SOC and land-use, the distribution map of SOC
was combined with the land-use map (Fig. 4), and the
distribution of different SOC concentrations in the surface
soil on various land-use types was obtained (Table 5).
The predominant land-uses in this region are cropland
(38%), salina land (27%), and grassland (13%). Local people mainly rely on crop production and livestock raising.
The values of SOC concentration in the surface soil of
cropland mainly ranged from 0.5%–0.75%, which accounts for 79.5% of the total cropland area; the ratio for
the whole county was 35%. About 68.3% of the total
grassland had SOC concentrations between 0.5% and
0.75%, whereas the ratio for the whole county was 9.5%.
Salina land has a larger area than other land-uses, except
cropland, distributed with low level of SOC. The SOC
content in salina land was significantly lower than that in
the other land-use types. Therefore, the total level of SOC
in this county was rather low. If salina land and sandy
land were included, nearly three quarters of the arable land
would have low SOC concentration in the surface soil.
Considering the advent of new technology, salina and
sandy lands have great potential for crop productivity
improvement in this region.

FIGURE 4 - Land-use map of Tongyu County, Northeast China
(2006).
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TABLE 5 - Distribution of different SOC concentrations in the surface soil on different land-use types (km2).
Cropland
Woodland
Grassland
Sandy land
Salina land
Wetland
Total

0.3%~0.5%
440.24
100.64
258.09
21.57
346.43
72.36
1239.33

0.5%~0.75%
1123.40
301.71
343.20
54.91
668.51
84.94
2576.67

0.75%~0.9%
808.40
205.15
221.43
4.45
405.62
35.75
1680.8

The application of manure and chemical fertilizer on
agricultural land could increase soil organic matter because
of the additional supply of nutrients and organic material to
the soil. However, the amount of fertilizer applied in this
region has been reported to be lower than the average
level for Jilin Province [12]. In addition, in our study area,
the effects of fertilizer on the cropland were weakened
because of the drought and the degraded soil conditions.
The desertification and alkalization processes have appeared
to be more serious in the whole county in recent years.
The productivity of croplands has become very limited.
Thus, the improvement of SOC concentration towards
soil fertility is a pressing need in the future.

4. CONCLUSIONS
SOC concentration in Tongyu County, Northeast
China, followed a lognormal distribution, with a mean
value of 0.76%, which is a very low level in the region. The
results of the geostatistical analysis revealed that there
was a moderate spatial autocorrelation of SOC content,
and that the contribution of structural factors (e.g., climate, parent material, topography, and soil type) to the
spatial variability of SOC content was high. Based on
Kriging interpolation, the SOC content increased gradually from the west to the east, and changed in an approximate south–to–north banded gradient. Significant positive
correlations between SOC and clay content as well as
between SOC and total N were found, whereas negative
correlations existed between SOC and sand, and between
SOC and pH. The SOC content in the aeolian soil was the
lowest, whereas that in chemozem was relatively higher,
indicating the effects of soil parent materials on SOC.
High elevation tends to contain low SOC content. In our
study area, there was no statistically significant difference
among the main land-use types, and SOC concentration in
salina land was the lowest.

0.9%~1%
504.00
61.17
99.66
1.63
229.08
8.38
903.92

1%~1.2%
431.26
38.28
115.38
4.28
502.62
17.14
1108.96

1.2%~1.5%
299.60
19.74
103.33
5.08
218.59
16.89
663.23

The mean value of SOC in this area, 0.76%, was much
lower than that in the black soil region of Northeast China,
which is close to 1.5% [23]. The SOC values in cropland,
grassland and woodland were compared, but the result
obviously differed from other studies carried out in small
catchments or hill slopes in South China. The moderate
spatial heterogeneity may be the possible cause that could
result in the slight discrepancy in SOC concentration
among main land-use types. In this county, nearly three
quarters of the arable land showed very low level of SOC
concentration. Thus, a pressing need in the future is to
find ways on how to improve SOC concentration targeting
at soil fertility. Applying organic fertilizer, animal manure,
organic waste, and abandonment of arable land to give it
time to recover are some of the effective methods for
improving SOC level and soil fertility in this region. In
addition, the causes of land degradation in Tongyu County
have been identified to be excessive reclamation of grassland as cropland, over-cultivation, overgrazing and deforestation [48]. Therefore, grazing and farming should be
reduced or halted to lessen the land degradation situation in
this area.
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In Northeast China, the relationship between SOC
and environmental factors in cropland soil has been investigated only recently [12, 23, 46, 47]. In addition, most
studies have focused on the black soil region of Northeast
China concerning the relationship between black soil erosion and agricultural management practices. Tongyu County
was selected for this study because it exemplifies all the
forms of land degradation, including salinization/ alkalization and waterlogging, found in Northeast China [48].
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ABSTRACT
Black Sea is a semi-enclosed mid-latitude basin, under threat of eutrophication for the last decades due to anthropogenic activities. The problem is not only limited to
the north-western part of the basin but also can be traced
along the southern coast. Recreational use of coastal waters is generally limited by strong turbidity gradients. Total
Suspended Matter (TSM) is a major water component affecting water clarity, and one of the most important matters in
determining the optical characteristics of water. The aim of
this study is to develop a simple statistical algorithm for
operational mapping of TSM in coastal waters of the
Anatolian coast. Retrieved algorithm revealed 67% (R2)
overall accuracy in estimating total TSM concentration.
TSM distribution of major Anatolian rivers was thematically mapped. It is found that the TSM concentration is
ranging between 2-25 g/m3 for the study area based on
model calculations. Even though the results are encouraging, the proposed algorithm should be used with caution
for other parts of the basin, due to the spatial and temporal
limitations. It should be stressed that a fully general analytical algorithm is an urgent need for monitoring purposes of coastal waters of the Black Sea basin.

KEYWORDS: Black Sea, Total Suspended Matter, Water Pollution, Landsat TM

1. INTRODUCTION
Water has a vital importance for all living organisms.
While some basic life forms thrive even in polluted water,
most organisms require access to water that is relatively
clean. The suspended sediments and dissolved matters
affect the quality of surface waters by composing turbid
zones. Generally, increase in the quantities of these sub* Corresponding author

stances means poor water quality. Some of the substances
occur naturally while others originate from human activities [1]. TSM is an important factor for water quality monitoring. Its variations in coastal waters might imply problems, such as erosion of beaches, dynamics of coastline,
alteration of harbor basins and degradation of marine ecosystems. High TSM density in water leads to reduction of
available light to aquatic vegetation and provides substrate
for transportation of organic and inorganic substances, and
becomes the main material for biochemical processes [2-6].
Consequently, there is a strong relationship between TSM
concentration and water quality.
Because of the effects on water quality, obtaining nearreal time, synoptic views of suspended sediment concentrations for large regions of shelf seas would be advantageous
in many fields [7]. Conventionally, measurements of TSM
parameter require in situ sampling, expensive and timeconsuming laboratory work. Sampling of very large areas
is impossible by this technique at the same time. Therefore, the difficulty of synoptic and successive water quality sampling becomes a handicap for water quality monitoring and forecasting [8].
At present, remote sensing is used as an alternative
technique for coastal, river and lake water quality monitoring. The main advantage of remote sensing technique
is to allow near real-time monitoring of the geophysical
properties of water in very large water masses. Water color
variations have long been known to depend on the combined effects of dissolved and particulate matter [9]. It is
well-known that some quality parameters of water-body
make changes in its optical properties, which emerges with
spectral signals of remote sensing [10, 11]. The coastal
water quality results are correlated with the reflectivity to
find out the spectral characteristics, for estimating chlorophyll-a (CHL), TSM and colored dissolved organic matter
(CDOM) [2, 10-14]. Progress in these optically more complex waters has been further hampered by the complications in atmospheric correction [7, 9, 15]. Determining
water quality parameters with remote sensing mainly includes analytical and empirical methods. Empirical meth-
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ods allow the estimation of the water quality parameters
by using statistical methods between simultaneously taken
in-situ data and apparent optical properties [18]. Many
researchers have estimated the concentrations and distributions of TSM by using empirical or analytical models
[6, 7, 19-21]. Many authors have considered that remote
sensing reflectance is related to color spectra and optical
properties remotely measured above waters [22-28]. Remote sensing reflectance, Rrs (λ), is defined [29] as the ratio
of the upwelling radiance from a given nadir direction to
the down welling irradiance; both are measured at the remote platform [30]. The relation between water surface
reflectance retrieved by satellite sensors and TSM concentrations has been determined through regression analyses
[16, 17]. It is possible to integrate images with the spectrum
of samples according to the correlative theory on remote
sensing.
In this study, the most appropriate bands of Landsat
TM and their combinations were selected to develop adaptable models for estimating TSM concentration on the basis
of their spectral characteristics. The Black Sea is wellknown to be predominantly affected by the Danube,
Dnieper and Dniester discharges so that the north-western
shelf of the basin has differing characteristics. The annual
water discharge from the Danube River is 190.7 km3/yr with
51.7 Mt/yr of sediment load. On the other hand, it is reported by Panin and Jipa [31] that the annual water discharge
from the Anatolian coast is around 29.7 km3/yr with 51
Mt/yr of sediment discharge in total. Herewith, it is important to study the temporal and spatial TSM load originating from the Anatolian coast of the Black Sea for the
environmental health of aquatic production [32].
The aim of this study is to derive a simple empirical
algorithm that can be used to map TSM concentrations in
near shore waters of the Anatolian coast of the Black Sea,
and evaluate their potential impact on the overall health of
coastal waters by using multispectral images of Landsat
TM/ETM data. It is important to study TSM dynamics as
the high TSM could seriously hamper coastal productivity
by limiting Photosynthetic Active Radiation (PAR) and
visibility, and, on the contrary, the low TSM could limit

nutrients input which is also very important for the ecosystem health. Furthermore, the turbidity limits the usage
of coastal areas for recreational purposes.
2. MATERIALS AND METHODS
2.1. Study Area

In this study, southern coastal waters of the Black Sea
region were studied (Fig. 1). Coastal zone of the Southern
Black Sea region is around 1700 km, and the area is very
rich in terms of natural rivers, creeks and inland waters.
Topography is relatively step-like and almost covers up to
30 km from coast to inland areas. Therefore, coastal areas
of entire Anatolian coast are under negative effects of
densely populated zones which are also known as anthropogenic effect on coastal zone. The major TSM carrying
river into the Black Sea is Danube. For the southern coast,
Coruh (438 km), Kizilirmak (1355 km), Yesilirmak (519
km), Sakarya (228 km), Filyos (228 km), Melet (165 km),
Melen (149 km) and Bartin (107 km) rivers are the major
sources of TSM transportation in to the basin [33].
Atmospheric circulation in the Black Sea basin is influenced by synoptic cyclones which originate from North
Atlantic and move with westerly winds over Europe or the
Mediterranean Sea towards the Black Sea. High coastal
topography effects meso-scale atmospheric circulation and
its dynamic structure. Typical Black Sea climatic conditions follow coastal mountains parallel to the coastal zone.
This characteristic climate generates very high evaporation
and leads to very humid weather in all seasons. Due to its
peculiarities, the south-eastern part of the region has the
highest precipitation rates. Therefore, flooding frequency
is also high, causing land sliding and erosion in the area
which finally lead to higher TSM transport rates into the
coastal basin [34]. Due to the sediment and nutrient loads,
river discharges have distinct effects on the Black Sea,
namely, sediment loads directly affect the water properties, whereas the nutrients have an indirect effect through
algal blooms. Both processes can be evaluated through
satellite imagery [35].

FIGURE 1 - Study area.
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The Black Sea is characterized by a predominant cyclonic and strongly time-dependent basin-wide circulation
that follows approximately the continental slope around
the basin. This circulation pattern is mainly driven by the
cyclonic wind pattern and is known as Rim Current. It is a
40-80 km wide slope current locked to the steep continental slope. Intensification of coastal eddies, gyres and meandering can be observed in summer season along the
Anatolian coast [36]. Coastal current dynamics play a vital
role in transferring of coastal water masses to the inner
basin and vice-versa. Interactions of different coastal environments in the Black Sea can be considered to be a very
important issue because it is the mechanism itself carrying
mineral and plankton rich waters via turbulence flow injecting it to deeper central gyres.

(2)
(3)
where Lλ = Spectral radiance at the sensor's aperture
[W/( m2sr1µm1)], Qcal = Quantized calibrated pixel value
[DN], Qcalmin = Minimum quantized calibrated pixel value
corresponding to LMINλ [DN], Qcalmax = Maximum quantized calibrated pixel value corresponding to LMAXλ [DN],
LMINλ = Spectral at-sensor radiance that is scaled to Qcalmin
[W/(m2sr1µm1)], LMAXλ = Spectral at-sensor radiance that
is scaled to Qcalmax [W/(m2sr1µm1)], Grescale = Band-specific
rescaling gain factor [(W/(m2sr1µm1 ))/DN], and Brescale =
Band-specific rescaling bias factor [W/(m2sr1µm1 )].
TABLE 2 - In-situ data

2.2. Materials

In this study, 9 frames of Landsat TM multispectral
images with 30 m spatial resolution were used (Table 1).
The data was acquired as geo-referenced in UTM reference
system and calibrated with digital number (DN) units [37].
It is important to use calibrated values of DNs to
eliminate negative effects of environment. This methodology leads to correct interpretation of long-term remotely
sensed data, and helps to filter the data against real or artificial errors [38].
TABLE 1 - Image data (*images concurrent to in-situ data).
No
1
2
3*
4
5
6
7*
8*
9*

File Name
172r31
173r31
174r31
175r31
176r31
177r31
178r31
179r31
180r31

Date
1987/08/16
1987/09/24
1988/08/24
1987/10/08
1987/07/27
1987/07/02
1987/07/25
1987/09/18
1987/09/25

Sensor
TM
TM
TM
TM
TM
TM
TM
TM
TM

TSM values from 27 in-situ samples data scattered on
4 different Landsat TM images were used in the study.
Coinciding in-situ data is used from NATO-TU database
prepared specifically for the project [39, 40]. Details for
in-situ data are given in Table 2.
Conversion to At-Sensor Spectral Radiance (Qcal-to-Lλ) and
TOA (Top of the Atmosphere) Reflectance

First of all, calibrated DN values are converted to
sensor radiances (W/m2sr1µm1). The aim of that conversion is to eliminate artificial noise in available data and
use appropriate methods of ocean optics. Retrieval of
correct radiance values needs final correction parameters
of Landsat TM to be used during the post-processing stage.
Processing was done by homemade Matlab code according
to algorithms supplied by Chander et al. [38].

(1)

Finally, RrTOA values were computed. ESUNλ, d and θs
parameters were used from header file of each image. When
comparing images from different sensors, there are 3 advantages of using TOA reflectance instead of at-sensor
spectral radiance. First, it removes the cosine effect of different solar zenith angles due to the time difference between data acquisitions. Second, TOA reflectance compensates the different values of the exoatmospheric solar
irradiance arising from spectral band differences. Third, the
TOA reflectance corrects for the variation in the Earth–Sun
distance between different data acquisition dates. These
variations can be geographically and temporally significant.
The TOA reflectance of the Earth is computed according to
equation (4) [38]:
(4)
where RrTOA = Planetary TOA reflectance, Π = Mathematical constant equal to ~3.14159, Lλ = Spectral radiance at the sensor's aperture [W/( m2sr1µm1)], D = Earth -
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Sun distance [astronomical units], ESUNλ = Mean exoatmospheric solar irradiance [W/( m2sr1µm1)], and θs =
Solar zenith angle [degrees].
Atmospheric Correction and Conversion to Surface Spectral
Reflectance

In order to calculate surface reflectance (Rrsw) values
from RrTOA, some additional parameters regarding atmospheric and environmental conditions should be added to
the mathematical model (Eq. 5):

Matching Surface Reflectance Values and In-situ Data

In-situ data coinciding images are given in Table 1.
Seasonal approach was used for in-situ matching since the
in-situ data and Landsat images are not programmed together. Moreover, study area is suitable to use the seasonal
approach as it is always turbid for this specific time of the
year. Coordinate and projection systems were tuned between satellite images and in-situ data by using Matlab.
Each corresponding data value of TSM was matched to
surface reflectance value.
3. RESULTS AND DISCUSSION

(5)
where Rrsw is the surface reflectance; Lhaze is the path
radiance; TAUv is the atmospheric transmittance along the
path from the water surface to the sensor; TAUz is the
atmospheric transmittance along the path from the sun to
the ground surface; Edown is the down-welling spectral
irradiance at the surface due to the scattered solar flux in
the atmosphere.

Different band combinations were used to reach the
highest correlation coefficient between in-situ and image
data. Band combinations are given in Table 3.
TABLE 3 - Band combinations
Combination Number
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14
B15
B16
B17
B18
B19
B20
B21
B22
B23

For new parameters; TAUv is equal to 1.0 for Landsat
because its viewing angle is zero degree, Edown is equal
to 0 when ignoring the down-welling. After adding Lhaze
and TAUz, Eq. 5 can be rewritten as [41]:

(6)
To calculate Lhaze and TAUz, the TZB5 model by
Wang et al. [41], based on COST model of Chavez [41],
was used. TAUz was calculated from the method based on
in-situ data by using equations 7, 8, 9, 10 and 11.
(7)
(8)
(9)
(10)
(11)
where the units of TAUz and θs are percentages and
degrees, respectively.
At this stage, even though the effect of θs was eliminated, Lhaze effect is still persistent. To eliminate Lhaze effect
and get the surface reflectance values, the Band 5 approach
was used. It is based on the assumption that absorption
characteristics of water-body are related to wavelength.
Therefore, Band 5 has the highest atmospheric scattering.
In addition, the atmospheric effects at Bands 1, 2 and 3
are larger than those at Band 5 because both the Rayleigh
scattering and the aerosol scattering are inversely proportional to the wavelength [42]. Finally, surface reflectance
values for Bands 1, 2, 3 and 4 were calculated by extracting Band 5.

Formulae
TM2/TM1
TM2/TM3
TM3/TM1
TM4/TM1
TM4/TM2
TM4/TM3
(TM1+TM2+TM3+TM4)/4
(TM1+TM2+TM3)/3
(TM1+TM3)/2
(TM2+TM3)/2
(TM3+TM4)/2
(TM2+TM4)/2
(TM1+TM4)/2
(TM2-TM4)/(TM2+TM4)
(TM3-TM4)/(TM3+TM4)
(TM1*TM3)1/2
(TM3*TM4)1/2
(TM2*TM4)1/2
TM12
TM22
TM32
TM42
(TM1*TM4) ½

Each band combination is regressed with in-situ TSM
data in order to reach the highest correlation statistically.
B21 combination has given the highest R2 value after concise statistical analyses. It can be seen from Fig. 2 that the
highest B21 ratio is followed by B22 and single band of
TM3.
B21 was applied to 9 Landsat images to derive thematic maps of TSM distribution in coastal zone of the
Southern Black Sea. Processed multispectral images have
shown that TSM values are high at Anatolian coast of the
Black Sea due to riverine input. The annual TSM load of
Anatolian riverine input is almost equal to yearly load of
Danube river. River plumes with very high TSM loads,
such as Kizilirmak and Coruh, can be easily distinguished
from adjacent water-bodies. Rrsw values are also high in
these waters. Circulation character of coastal waters is
anticyclonic; therefore, plumes tend to move to right side
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FIGURE 2 - The relation between the water surface reflectance values at B21, B22, TM3 and TSM values.

of river mouths, then disperse and, finally, disappear.
Coastal areas and ecosystems are negatively affected by
high TSM loads of rivers. These areas are also important
for recreational and fisheries usage. Therefore, monitoring
of these waters is important to get instantaneous information on coastal water quality.

Guneroglu [43] has measured 2-13.5 g/m3 in-situ TSM
values in the same region which is evidently supporting
the method suggested in this study. Relatively high TSM
concentrations in this area can be related to anthropogenic
and agricultural activities as well as geomorphology in
Kizilirmak delta.

The statistical model of the current study can be used
operationally for daily monitoring of Anatolian coast of
the Black Sea but it should be stressed that this is an empirical approach and needs to be refined periodically; furthermore, it has spatial and temporal limitations. Even
though in-situ data represent almost all coastal lines of the
southern part, it would be risky to extrapolate and use the
algorithm for other Black Sea parts without in-situ validation.

For the western part of the study area, coastal turbidity was determined by Sakarya, Bartin, Ayancik and Turkeli
river plumes. 7-10 g/m3 typical values were calculated for
Sakarya river outfall and surrounding waters (Fig. 5). From

TSM distribution is also related to hydro-geological
and meteorological conditions of the region. Eastern part
of the region has the higher seasonal precipitation rates
which coincide with very high coastal TSM values. The
study revealed relatively high TSM values ranging between 2 and 25 g/m3. Previous studies have reported similar TSM values for coastal areas of the southern Black
Sea [43]. It can be spotted from Fig. 3 that Coruh river
plume TSM load is around 20-25 g/m3. Furthermore, this
area is considered to be very turbid because of some intrinsic properties related to geological structure along the
Coruh river delta. This is also consistent with the estimated
TSM concentrations of model calculations done in this
study.
In the major part of the central Black Sea coastal zone,
turbidity was determined by Kizilirmak river plume. Typical TSM values reached 3-8 g/m3 in the region (Fig. 4)
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4. CONCLUSION
Coastal water quality of the Black Sea depends on
many physical, biological and chemical properties. Today,
recreational or ecological usages of coastal regions require
very rapid information delivery techniques. Remote sensing is such a technique that can be used for this purpose.
Some water quality parameters, such as TSM, SST and
Chl-a, can be determined easily by using image processing
techniques and in-situ data sets [44]. For the water quality
issue, TSM is a major physical parameter determining the
quality of coastal waters. Water-bodies with high TSM
values are regarded as poor quality waters, possibly not
suitable for recreational or maricultural usage. Therefore,
operational broadcasting of coastal TSM load is a very important problem for the ecosystem and public health. This
study proposes a simple statistical approach for the problem.
Even though overall accuracy of coefficient R2 (0.67)
estimation is relatively low, it is still high enough to be
used operationally for the southern part of the Black Sea
both for public and private sectors.
It is well-known that maximum turbidity zone is
mainly affected by TSM load in southern Black Sea region.
These areas are also important for aquatic living organisms
that rely on highly productive and fertile peripheral of
maximum turbidity zones. Therefore, this study is important in terms of detection for boundaries of the maximum turbidity zone.
Finally, this study can be extended for historical long
period thematic mapping of water quality of the region.
Moreover, semi-analytical TSM algorithm is needed for
the coastal Black Sea. Such an algorithm would also be
supported by extensive in-situ measurements of spectroradiometric data and atmospheric correction technique.

FIGURE 4 - TSM map of Kizilirmak and Yeşilirmak rivers

FIGURE 5 - TSM map of Sakarya River.
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METALS CONTENT CHOSEN FOR ENVIRONMENTAL
COMPONENT MONITORING IN GRAVEYARDS
Katarzyna Ignatowicz*
Department of Technology in Engineering and Environment Protection, Białystok University of Technology, Białystok, Poland

ABSTRACT
Active biological substances of plant pesticides deposited in burial grounds are a source of toxic substances
threatening underground waters, surface waters, and, consequently, drinking water. The purpose of the work was to
evaluate the state of waters, soils and plants in the vicinity
of graveyards in Podlasie. The investigated material were
water samples from bored wells, dug wells, water intakes,
soils and plants from the vicinity of the burial grounds.
Heavy metals (Cd, Cu, Cr, Hg, Ni, Pb, Zn) were chosen
for monitoring. Analysis of achieved results referring to
heavy metal contamination of various environmental elements around graveyards in Podlasie region univocally revealed that soils were characterized by natural (0o) contents
of those elements. The soils can be utilized for all crop and
horticultural cultivations. Particular heavy metal concentrations in plant samples can be considered as low accumulation, and plants as not contaminated. No altered amounts of
trace elements were recorded in surface waters. However,
elevated zinc content in underground water that is used
for drinking, qualifies it for special protection, and even
requiring treatment prior to consuming by people.

KEYWORDS:
graveyard, heavy metals, pesticide, water, soil, plant

1. INTRODUCTION
Outdated or unused pesticides, including heavy metals compounds, become very dangerous wastes that, when
inappropriately stored, penetrate into the natural environment with no control, which makes a serious threat for all
life forms [1-5]. In accordance to estimations by the Ministry of Environmental Protection, the total weight of pesticide wastes in Poland may reach even 60,000 tons. Up-todate supervisions of the technical condition of graveyards
revealed that the worst situation was found in eastern Poland.
* Corresponding author

In total, there are 10 graveyards (among them 5 liquidated)
and 13 stores with pesticide wastes in the former Białystok
region, which include 42 tons of wastes underground [1, 4,
5]. Previous designing procedures did not take into account the long-term effects of the graveyard exploitation.
Stores on former PGR’s (National Agricultural Farm) are
the largest threat, because their technical condition is catastrophic. They are the source of toxins and poisons emitted
into the natural environments: soil, water, and air. Ground
and surface waters, namely, underground water reservoirs,
near graveyards are contaminated. Chambers of majority of
graveyards are leaky, confirmed by soil and water sample
analyses [4, 5]. There is also possibility to worsen the construction conditions along with the occurrence of corroding
the ferroconcrete bunkers and wells, the outdated pesticides
are deposited, and, in consequence, a toxic leakage.
In an average graveyard, mercury share is 0.7% of total
wastes, copper 4.3%, zinc 4%, and chloro-organic compounds 29.9% [1]. In the past, heavy metals were also
components of pesticides. Those compounds, as toxic ones
by definition, are cancerogenic, teratogenic, embryotoxic,
and mutagenic. They are detected in all elements of natural
environment: atmosphere, hydrosphere, geosphere, flora,
fauna, and even in man [1, 2, 4-7]. Supervising of water,
soil and air near graveyards is performed very rarely, thus
analyses of natural water samples collected near graveyards
were made to find out the opportunity of migrating the
outdated pesticides from leaky and corroded concrete containers. The paper presents results from studies upon environmental samples collected from a nearby of operating,
unsealed and corroded concrete burials localized in Podlasie region in order to find out the opportunities of heavy
metal (Cd, Cu, Cr, Hg, Ni, Pb, Zn) migrations, which are
pesticide components. It is an important issue, because
pesticides and some metals (Cd, Pb, Hg, Ni) - in accordance
to European Parliament Directive 2008/105/WE on environmental quality norms for water policies - are among
priority substances.
2. MATERIAL AND METHODS
The study was performed on selected objects localized in Folwarki-Tylwickie and Baciuty, Podlasie region,
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still working graveyards. The objects are built of containers consisting of concrete circles insulated with roofing
paper and cement. The total capacity is about 6 m3. In total,
3390 kg of outdated pesticides along with 10 kg of chemicals from the Sanitary Inspectorate in Białystok were deposited in Folwarki-Tylwickie and 8000 kg in Baciuty.
The graveyards were set on varied and medium-grain
sands that are well permeable (filtration coefficient k =
10-3-10-4 ms-1). There is no difficulty for any hazardous
substance going out from leaky containers to migrate
along with the rainfall water. The graveyards are built at
the level of about 1.6 m, while groundwater layer is localized at 2 m depth. Surface water intake is in ca. 1.5-3.5 km
distance, groundwater intake - about 1 km (the nearest
drilled well – 1 km, dug wells – 800 m). River Małynka
flows not far away (about 1.5 km). The graveyards are situated among shrubs just at the cultivated field (FolwarkiTylwickie), and in orchard (Baciuty) as well as near the
protective and dense building area.
Analyses of drinking water, soil from surrounding
cultivated fields, bottom sediments from rivers Małynka
and Narew, as well as plants from the graveyard itself and
nearest plantations were made in samples collected in a
direct vicinity of the outdated pesticide store. According
to the Decree of Health Ministry from 20 April 2010 on
drinking water quality (Dz.U. 2010 No 72 pos. 466), minimum frequency of sample collection at review survey is
once a year. Water samples were collected in a bored well
localized in a farm (12 samples), dug wells in FolwarkiTylwickie and Baciuty (12 samples from 6 wells each), and
rivers Małynka and Narew (12 samples from 6 points).
Moreover, 10 soil samples at 20 m distance from the
graveyard, 8 bottom sediment samples from rivers, and 9
plant samples (grasses, fungi, foliage) were tested. Heavy
metal concentrations that were often components of plant
protection means were determined in all samples. The material for study was collected in spring and autumn 2007.
Among the heavy metals analyzed were Cd, Cr, Cu, Hg,
Ni, Pb, and Zn. All analyses were performed in accordance to obligatory methodology. Soil and bottom sediments were mineralized using microwave system Mars 5
according to the EPA 3015 and EPA 3051 procedures.
Metal determinations – except mercury – were made by
means of ICP-AES technique, while mercury was analyzed applying CV-AAS technique in an AMA-254 analyzer [2, 8-12]. Analyses were done in the laboratory of
Voiewodship Inspector for Environmental Protection in
Bialystok which is reaching ISO/IEC 17025:2005 standards.
3. RESULTS AND DISCUSSION
Performed studies confirmed the presence of heavy
metals around waste dumps. Among various biosphere elements, soils are not only the main medium of many chemicals accumulation, but also some kind of protective filter
both for components migrating to waters, and for volatile

elements [13-15]. Artificial fertilizers and some plant protection means are a serious source of trace elements in
soils, namely in their surface layers. Long-term application and storage of pesticides led to significant concentrations of As, Cu, Hg, and Pb in soils [13, 16]. Metal contents
determined in the soil samples are presented in Table 1.
These values oscillated from 0.39 to 0.50 mg Cd kg-1 (mean
0.43), from 9.13 to 14.29 mg Cr kg-1 (mean 10.67), from
0.49 to 17.73 mg Cu kg-1 (mean 3.53), from 2.26 to 6.98 mg
Ni kg-1 (mean 4.29), from 0.10 to 2.90 mg Pb kg-1 (mean
1.44), from 0.92 to 25.87 mg Zn kg-1 (mean 10.46), as
well as from 0.011 to 0.037 mg Hg kg-1 (0.022, on average). Content of available and extractable trace elements
in soils did not exceed permissible values set in The Environment Ministry Decree from 9.09.2002 (Dz.U. 2002 No
165 pos. 1359), and the soils were classified as B group
soils (Table 2). Also according to the Decree of Agricultural and Rural Development Ministry from 21.03.2002
(Dz.U. 2002 No 37 pos. 344), studied soils were counted
to light ones, i.e. containing to 20% of the finest fraction.
Comparing the recorded heavy metal concentrations with
limit values given by Kabata-Pendias [13], it can be concluded that soils around waste dumps did not indicate elevated contents of these contaminants. Their amounts were
described as natural for A group soils with “0” contamination level. These soils can be agriculturally performed. The
situation may be explained by the fact that studied waste
dumps are localized on light sandy with low sorption capacity soils. In similar cases, trace elements are easier available. However, in general, most of them are eluted from that
type of soils and they penetrate to ground and surface waters.
No elevated heavy metal concentrations were recorded
in collected surface water samples (Table 1). According to
The Decree of Environment Ministry from 20 August 2008
(Dz.U. 2008 No 162 pos. 1008), these waters can be classified to A1 class referring to trace element contents (Table 2).
Indirect method is often used to evaluate the water contamination by heavy metals, i.e. bottom sediments are analyzed.
Most of trace elements, namely metals, are precipitated and
absorbed/adsorbed by organic and mineral fractions of those
sediments [13, 16, 17]. Such regularity was confirmed by
examinations of bottom sediments from rivers Małynka
and Narew. Concentrations of metals in sediments were the
highest, which may result not only from surface runoffs
of surrounding cultivated fields and roads, but also
leachates from leaky waste dumps. Metal contents determined in the bottom sediment samples are presented in
Table 1. These values oscillated from 0.065 to 0.077 mg
Cd kg-1 (mean 0.071), from 1.431 to 1.535 mg Cr kg-1
(mean 1.483), from 0.459 to 0.501 mg Cu kg-1 (mean
0.48), from 0.782 to 0.976 mg Ni kg-1 (mean 0.879), from
0.43 to 0.59 mg Pb kg-1 (mean 0.51), from 2.484 to 2.784
mg Zn kg-1 (mean 2.584), as well as from 0.025 to 0.031
mg Hg kg-1 (0.027, on average). Kabata-Pendias [13]
found that some amounts of Hg, Cu and As, origin of
which is associated with pesticides applied in horticulture
and fruit-culturing, can be recorded in sediments from
rivers and water reservoirs on agricultural areas.
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TABLE 1 -Chemical parameters and concentrations of chosen metals in samples.
Concentration
Parameter
Bottom sediment
pH
Conduc [µScm3]
TOC
[mgdm-3]
Cd
Cr
Cu
Hg
Ni
Pb
Zn

Soil

6.89-7.37
6.79-7.60
13.83-19.13
19.50-20.93
17.70(18.10)
21.10(20.20)
Metal [mg kg-1]
0.065-0.077
0.39-0.50
0.071(0.068)
0.43(0.41)
1.431-1.535
9.13-14.29
1.483(1.463)
10.67(9.90)
0.459-0.501
0.49-17.73
0.48(0.491)
3.53(1.30)
0.025-0.031
0.11-0.37
0.027(0.027)
0.22(0.21)
0.782-0.976
2.26-6.98
0.879(0.897)
4.29(3.76)
0.43-0.59
0.1-2.9
0.51(0.49)
1.44(1.55)
2.484-2.784
0.92-25.87
2.584(2.599)
10.46(9.75)

min-max
mean(median)

Plant
Dug well
7.43-7.94
527-682
19.41-22.46
20.19(20.52)

0.064-0.120
0.084(0.081)
0.964-2.311
1.128(0.894)
0.642-0.927
0.779(0.748)
0.021-0.041
0.031(0.035)
0.239-1.464
0.615(0.377)
0.02-0.389
0.18(0.18)
1.522-2.588
2.162(2.077)

<0.0005

Water
Bored well
7.28-7.54
477-510
17.20-20.10
18.20(18.70)
Metal [mg dm-3]
<0.0005

River
6.97-7.88
596-720
15.28-22.07
20.12(21.70)
<0.0005

<0.002

<0.002

<0.002

<0.002

<0.002

<0.002

0.0-0.0002
0.0001(0.00011)
<0.002

0.0-0.0001
0.00006(0.00006)
<0.002

0.00008-0.0003
0.000145(0.00013)
<0.002

<0.00027

<0.00027

<0.00027

0.0237-0.11858
0.1077(0.110)

0.8912-1.4257
1.245(1.278)

<0.020

TABLE 2 - Purity classification of environmental components of graveyards.
Metals

Bottom sediment

Soil

Plant
Dug well
Bored well
River
Concentration [mg kg-1] or [mg dm-3]
max
Permis1
max
Permis2
max
Permis3
max
Permis4
max
Permis4
max
Permis5
Cd
0.077
<0.5
0.50
05 (0o)
0.120
<0.15
<0.0005
0.005
<0.0005
0.005
<0.0005
0.005 (A1)
Cr
1.535
6
14.29
150 (0o)
2.311
<0.002
0.050
<0.002
0.050
<0.002
0.05 (A1)
Cu
0.501
7
17.73
100 (0o)
0.927
<20.0
<0.002
2.0
<0.002
2.0
<0.002
0.05 (A1)
Hg
0.031
<0.05
0.37
3
0.041
0.0002
0.001
0.0001
0.001
0.0003
0.001 (A1)
Ni
0.976
6
6.98
50 (0o)
1.464
<10.0
<0.002
0.020
<0.002
0.020
<0.002
0.05 (A1)
Pb
0.590
11
2.90
100 (0o)
0.380
<1.0
<0.00027
0.025
<0.00027
0.025
<0.00027
0.05 (A1)
Zn
2.784
73
25.87
350 (0o)
2.588
<50.0
0.11858
1.4257
<0.020
3 (A1)
1 – natural background; 2 – soil B Decree of Environment Ministry from 9.09.2002; 3 – IUNG Puławy – suitable for consumption; 4 – Decree of
Health Ministry from 20.04.2010; 5 – Decree of Environmental Protection Ministry from 20.08.2008

The herein recorded heavy metal concentrations in
samples of underground waters collected from dug and
drilled wells did not show increased values. Concentration
of Cd, Cu, Cr, Hg, Ni, and Pb did not exceed permissible
levels for drinking water set in Decree of Health Ministry
from 20 April 2010 on drinking water quality (Dz.U. from
2010 No 72, pos.466) (Table 2). However, zinc concentration (0.11858 mg/dm3 in dug and 1.4257 mg/dm3 in
drilled well) qualifies these waters for special protection
(Zn > 0.2 mg/dm3), even requiring treatment before consuming by people (Zn > 0.8 mg/dm3).
Plants growing on metal-contaminated soils develop
adaptation or protection mechanisms. On strongly polluted soils, those properties weaken and metal concentrations increase proportionally to their occurrence in subsoil
[13]. Besides phyto-toxic action, the excessive amounts of
trace elements make the threat of nutrition chain pollution.
The issue requires special concern in the case of elements
hazardous for animals and people. Presence of heavy metals (Table 1) was found in collected plant samples. These

values oscillated from 0.064 to 0.120 mg Cd kg-1 (mean
0.084), from 0.964 to 2.311 mg Cr kg-1 (mean 1.128), from
0.642 to 0.927 mg Cu kg-1 (mean 0.779), from 0.239 to
1.464 mg Ni kg-1 (mean 0.615), from 0.02 to 0.389 mg Pb
kg-1 (mean 0.18), from 1.522 to 2.588 mg Zn kg-1 (mean
2.162), as well as from 0.021 to 0,041 mg Hg kg-1 (0.031,
on average). According to Decree of Health Ministry from
27.12.2000 (Dz.U. from 2001 No 9, pos. 72) and limit
values given by Kabata-Pendias [13], the recorded concentrations can be considered as small accumulation and plants
as not contaminated (Table 2).
4. CONCLUSIONS
Analysis of achieved results referring to heavy metal
contamination of various environmental elements around
waste dumps in Podlasie region univocally revealed that
soils were characterized by natural (0o) contents of those
elements. The soils can be utilized for all crop and horticultural cultivations. Particular heavy metal concentrations
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in plant samples can be considered as low accumulation,
and the plants as not contaminated. No altered amounts of
trace elements were recorded in surface waters. However,
elevated zinc content in underground water that is used for
drinking purpose qualifies it for special protection, even
requiring treatment prior to consumption by people.

[14] Conesa H.M., Faz A., García G. and Arnaldos R. (2007)
Heavy metal contamination in the Semiarid area of Cartagena-la unión (SE Spain) and its implications for revegetation.
Fresenius Environmental Bulletin 16 (11) 1105-1109.
[15] Wiater J. and Łukowski A. (2010). Mobility of heavy metals
in agricultural soils of Podlasie region. Fresenius Environmental Bulletin 19 (4), 547-552.
[16] Terelak H., Motowicka-Terelak T., Stuczyński T. and Pietruch
C. (2000) Trace elements (Cd, Cu, Ni, Pb, Zn) in agricultural
soils of Poland. Biblioteka monitoringu Środowiska.
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ASSESSMENT OF ENVIRONMENTAL CHANGE
AND LAND DEGRADATION USING TIME SERIES
OF REMOTE SENSING IMAGES
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Gebze Institute of Technology, Department of Geodetic and Photogrammetric Engineering, Muallimkoy Campus, 41400 Gebze-Kocaeli, Turkey

ABSTRACT
Remotely sensed images having different spectral,
spatial, radiometric resolutions provide up-to-date and repetitive information about the Earth’s surfaces. This valuable
information is essential to determine and monitor environmental changes for decision makers dealing with environmental management. Uncontrolled and rapid urbanization has been one of the major problems faced in the
development of the countries, and has caused land degradation resulting in serious and unexpected environmental
problems. The aim of the study is to determine land use
and land cover changes in a highly industrialized and urbanized region, Kocaeli province of Turkey, using multitemporal satellite images for the period of 1984-2009.
Five dates of Landsat images from 1984, 1987, 1999, 2002
and 2009 were selected to conduct multitemporal change
detection. Based on the supervised classification method
of support vector machines algorithm, images were classified and then post classification comparison technique was
used to analyze the changes occurred during the 25-year
period. It was found that rapid urbanization occurred in
the study area with an increase of 184% in urban lands,
and forests in the region are threatened by the high-level
of urbanization especially after the year of 2002.

KEYWORDS: change detection, urbanization, support vector
machines, post-classification comparison

1. INTRODUCTION
Human activities with the rapid increasing rate in
world population have significant effects on the changes
of the Earth’s surface. The world population increased
* Corresponding author

from 2.3 billion in 1950 to 6.83 billion in 2009, indicating a
doubling that occurred over 59 years [1]. Changes in land
use and land cover are among the most important human
alterations affecting the surface of the Earth [2]. According to the 2009 revision of the United Nations (UN) world
urbanization prospects report, the urban population increased significantly from 28.85% (73 million) in 1950,
to 37.19% (1.51 billion) in 1975, to 50% (3.42 billion) in
2009. The same report projects that the world urban population likely to increase to 84% (6.29 billion) by 2050. Uncontrolled and unplanned urbanization is one of the essential factors on land use and land cover change. Urbanization negatively affects the environment in various forms,
such as degradation in basic ecosystem, global diversity,
local and regional climate conditions [3, 4].
Acquiring accurate and up-to-date information about
current conditions and trends of land use and land cover
(LULC) is crucial for the both conservation and sustainability of the environment. This information is also necessary for the decision makers to take effective measures and
produce optimal urban plans for the future. At this point,
remote sensing technologies having the capability of monitoring the Earth’s surface with different spatial, spectral and
temporal resolutions provide an important data source to
obtain LULC information. Monitoring and determining of
LULC changes have been a major research topic in the
remote sensing arena [5-9].
In the 1980s, the study area has witnessed a rapid and
uncontrolled industrialization and resulting urbanization
that lead to environmental degradation. Industrialization
activities naturally required manpower causing migration
to the region from rural areas of Turkey. Many of the newcomers chose to settle in squatter houses without providing
any permission from local municipalities. Increasing in
population and urbanization has caused unplanned land
use activities in the study area in the last three decades.
The purpose of this study is to determine the extent of land
use and land cover changes using multitemporal Landsat
images during the period of 1984-2009 and to make detailed quantitative assessment.
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2. MATERIAL AND METHODS
2.1 Test site and data

In this research, Kocaeli province of Turkey covering
approximately 3.623 km 2 was chosen as the study area
(Fig. 1). Kocaeli is highly industrialized and urbanized city
having a population of 596.899 in 1980, increasing to
1.522.408 in 2009. The rate of population growth in the city
is currently at 2.1% a year on average (www.tuik.gov.tr).
The main reason for this is that many migrants shifted to
the region due to working opportunities in recently-established industrial sites. A large number of industrial buildings
and organized industrial zones are located in the city. According to the Kocaeli Chamber of Industry (www.kosano.
org.tr), there exist 1.945 industrial enterprises operating in
ten organized industrial zones, two free zones and three
technoparks.
Kocaeli is located at the border of Istanbul, the most
populated city of Turkey. Highways (i.e. D-100 and TEM)
passing through the city are the main access roads between
the two continents Asia and Europe. Five Landsat TM
images (1984, 1987, 1999, 2002 and 2009) were used to
determine the land use and land cover changes occurred in
the study area during the 25-year period. The images were
registered to the UTM projection by applying first-order
polynomial transformation. To assign new-pixel values
after the geometric registration the nearest neighbour
resampling approach was applied.

accordance with the ground reference map using an inhouse program. All training and test data sets were created with equal numbers of samples for each class so as to
conduct an objective evaluation in accuracy estimations.
As a result, training data with 2.000 pixels per class and
test data with 1.000 pixels per class were created from the
available samples.
TABLE 1 - Definition of land use and
land cover types used in this study.
LULC Types
Water
Forest

Description
Rivers, streams, lakes, reservoirs and sea
Deciduous, coniferous and dense forests
Natural and cultivated pastures, and scrubs with
partial grassland
Uncultivated areas, soil, sand, rocks and beaches
Settlements, buildings and roads

Pasture
Soil
Urban
2.2 Methods

Classification of satellite images is a common practice to produce thematic maps representing land use/land
cover types of the specific regions. So far, many classification algorithms have been developed in the literature to
create thematic maps [10-12]. Support vector machines that
have been recently applied to classification tasks and found
effective were used in this study to produce LULC maps of
the study area. Post-classification comparison technique
was later used for the comparison of the independently produced LULC thematic maps. Thus, a quantitative assessment was performed to delineate the urbanization in the
study area.
2.2.1. Support Vector Machines

Support vector machines (SVMs) based on statistical
learning theory have been recently introduced as an effective classification algorithms in remote sensing field [1316]. The general principle of SVMs is based on the determination of the location of decision boundaries to perform
optimal separation between two classes [17]. For linearly
separable two-class problems, SVMs try to construct a
hyper plane that provides maximum margin between the two
classes, which is called the optimum hyper plane (Fig. 2).
Support Vectors
Margin

2

Support Vectors

2

Ground reference maps were created using various
forestry maps, aerial photographs and field surveys carried out using a handheld GPS. After the analysis of the
study area, it was decided that Kocaeli province can be
best represented by five general land use and land cover
(LULC) types (i.e. water, forest, pasture, soil and urban).
Description of these LULC types was given in Table 1.
Training and test data sets for the five Landsat images
were formed using random pixel selection approach in

1
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FIGURE 1 - Study area, Kocaeli province of Turkey.
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Optimum Hyper Plane

FIGURE 2 - Optimum hyper plane and support vectors for linearly
separable data.
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Optimum hyper plane maximizes the distance from the
members of each class to the hyper plane [13]. The closest
pixels to the hyper plane called support vectors determine
the margin. The problem of maximizing the margin can be
solved using optimization techniques [17].
For non-linearly separable two-class classification problems, it is not possible to have a hyper plane defined by
linear equations; then, the technique can be extended to
allow for non-linear decision surfaces [18]. In such cases,
SVMs try to find a hyper plane that maximizes the margin
and minimizes a quantity proportional to the number of
misclassification errors [19]. The user defined parameter,
known as the regularization parameter, is introduced to balance between the two competing criteria of margin maximization and error minimization. When it is not possible to
define the hyper plane by linear equations, data may be
mapped into a higher dimensional space (Fig. 3) through
some non-linear mapping functions known as kernel functions [20]. These functions are used in SVMs as mapping
functions with their capability of reducing computational
costs. Although several kernel functions are given in the
literature, radial basis function (RBF) has been the most

2
1
1

1

1

1
1

2

1

1

2

1

1

Change detection has been one of the most popular
research agendas in the remote sensing arena. Various
change detection techniques have been discussed and used
in the literature, including image rationing, image regression, image differencing and post classification comparison
[24-26]. In this study, post classification comparison (PCC)
technique is employed to determine land cover and land
use changes. Main principle of the PCC approach is to
classify multi-temporal remotely sensed image separately
to produce LULC maps and then compare the thematic
maps statistically. PCC approach has the advantages of
providing pixel by pixel analysis using change information
matrix and reducing atmospheric and environmental impacts between the images [24].

1

1
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2.2.1. Post Classification Comparison
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popular one due to the higher classification results produced
with this particular kernel [13, 21, 22]. For the RBF kernel there are two parameters (regularization parameter and
kernel width) that need to be defined by the user. Definition of these parameters is crucial as user choices may
highly affect the quality of the results [16, 23].
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FIGURE 3 - Mapping of non-linear data sets to high dimensional space with a kernel function.

3. RESULTS AND DISCUSSION
Land cover and land use changes occurred in the
Kocaeli province of Turkey were analyzed using post
classification approaches with support vector machines
(SVMs) classifier between 1984 and 2009. Radial basis
function (RBF) is selected as the kernel function in all
classification scenarios. Two user-defined parameters of
RBF kernel, which are regularization parameter and kernel width, were determined using cross validation approach. After the training process with the optimum RBF
kernel parameters presented in Table 2, performance of
the SVMs was examined using the test data sets. Overall

accuracies and Kappa coefficients calculated from contingency matrices are given in Table 2. It can be seen that
overall classifica-
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TABLE 2 - SVM classification results
depending on optimum RBF kernel parameters.

C=500; γ =2

Overall Accuracy (%)
91.94

Kappa Coefficient
0.90

1987

C=1500; γ =1

93.08

0.91

1999

C=2000; γ =2

97.00

0.96

2002

C=2500; γ =1

95.72

0.95

Image Date

SVMs Parameters

1984

© by PSP Volume 20 – No 1a. 2011

2009

C=1000; γ =1
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95.48

0.94

tion accuracies vary between 91.94% and 97.00% and
Kappa values between 0.90 and 0.96. The lowest classification accuracies were calculated for the 1984 (91.94%)
and 1987 (93.08%) Landsat TM images. This could be
resulting from the difficulties in collecting ground reference
data for old-dated images. Although the same samples
(i.e. training and test data sets) were used for all training

processes, results show that optimum kernel parameters
were varied depending on the data set. The lowest regularization parameter of 500 was determined for the Landsat TM image acquired in 1984 and the highest regularization parameter of 2500 for the Landsat TM image acquired in 2002. On the other hand, it was found that small
values of the kernel width ( γ ) gave acceptable result for
all cases.

FIGURE 4 - Thematic maps derived from the classification of satellite images acquired in a) 1984, b) 1987, c) 1999, d) 2002 and e) 2009.
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After testing the performance of SVMs and setting
the optimum parameter values, SVM models were applied
to subset images covering whole study area to produce
LULC thematic images (Fig. 4). The thematic maps show
that urbanization is largely located along the shores of the
Marmara Sea and the highways of D-100 and TEM. Also,
dense forest areas are mainly located at the north and
south sides of Kocaeli province.

and 1999 about 49.38%. However, this rate of urban expansion occurred in 12-year period. When the area estimates are evaluated yearly instead of varied durations, it
was found that average yearly urbanization rate was 8.53%
for 1984-1987, 4.12% for 1987-1999, 2.10% for 1999-2002
and 6.04% for 2002-2009 periods. It is clear that urbanization rate decreased after 1987 till 2002, and gained acceleration after 2002, today reaching over 6% urban expansion rate.

Change detection analysis was performed on the classified images (i.e. LULC thematic maps). Total coverage
of each land cover type was estimated in square kilometres
and percentage of the total study area. Then, the changes
in the 25-year period were determined by comparing the
acreages of the land use and land cover types (Table 3). It
is clear from the table that Kocaeli province is mainly covered by two land cover types, pasture and forest, by approximately 85% of the total area. Whilst the forested lands
were covering 1149.07 km2 corresponding to 32.96% of
the total area in 1984, they covered 1468.55 km2 corresponding to 42.13% of the study area in 2009. Estimations indicate that during the 25-year period forest areas
expanded by about 27% in the study area. On the other hand,
whilst pasture lands were covering 2022.67 km2 (58.02% of
the study area) in 1984, they covered 1595.78 km2 (45.78%
of the study area) in 2009. This finding shows that pasture
lands were decreased by about 21% between 1984 and 2009.

As it can be seen from Fig. 4, urbanization moved to
the north, around the Trans European Motorway (TEM)
built after 1986. Many industrial buildings and industrial
parks have been built along the motorway. At this point, it
should be noted that one of the reasons of the high urbanization in the 2000s is the 7.4–moment magnitude
earthquake occurred in the southeast Marmara region on
August 17, 1999, that highly affected the region considered in this study. As it can be expected after any destructive earthquake, intense rebuilding and rehabilitation works
were carried out in the region. When the changes in the
forest covered lands were analysed yearly, it was found
that the size of forest lands increased by 2.11% in 19841987, 1.09% in 1987-1999, 1.88% in 1999-2002 and 0.08%
in 2002-2009. Latest rates clearly show a serious pressure
on the forests, which requires an attention and new
measures for the future of the region.

For the analysis of urbanization process in the region
the thematic maps were compared in detail. These maps
showed that urban lands were covering 87.68 km2 in 1984,
110.12 km² in 1987, 164.51 km² in 1999, 174.86 km² in
2002 and 248.79 km2 in 2009. As shown in Table 3, acreages of urban covered lands increased from 2.52% to 7.14%
of the whole study area, corresponding to 161.11 km² urbanized lands in the 25-year period.

Post-classification comparisons were also performed
to assess LULC changes quantitatively using a cross-tabulation of the LULC statistics on two different dates. For this
purpose matrices of LULC changes from 1984 to 1987,
1987 to 1999, 1999 to 2002, 2002 to 2009 and 1984 to
2009 were created and presented in Table 5. From the
1984-2009 change detection matrix (Table 5e) it can be
seen that 417.91 km2 of pasture lands was converted to
forest land during the last 25 years. Moreover, it was observed that the highest rate for afforestation was within the
1987-1999 period (Table 5b).

Land cover and land use changes occurred in the study
area between the periods of 1984-1987, 1987-1999, 19992002 and 2002-2009 are shown in Table 4, indicating that
the highest urbanization was experienced between 1987

TABLE 3 - Total area estimates from the classified images.
Class
Water
Forest
Pasture
Soil
Urban

1984
(km2)
136.42
1149.07
2022.67
90.30
87.68

(%)
3.91
32.96
58.02
2.59
2.52

1987
(km2)
136.30
1221.83
1912.36
105.52
110.12

(%)
3.91
35.05
54.86
3.03
3.16

1999
(km2)
138.60
1382.63
1701.43
98.97
164.51

(%)
3.98
39.66
48.81
2.84
4.72

2002
(km2)
140.97
1460.82
1620.18
89.31
174.86

(%)
4.04
41.90
46.48
2.56
5.02

2009
(km2)
137.06
1468.55
1595.78
35.95
248.79

(%)
3.93
42.13
45.78
1.03
7.14

2002–2009
(km2)
-3.91
7.73
-24.40
-53.35
73.93

(%)
-2.77
0.53
-1.51
-59.74
42.28

TABLE 4 - Land cover and land use changes during the period of 1984-2009.
Class
Water
Forest
Pasture
Soil
Urban

1984–1987
(km2)
-0.12
72.76
-110.32
15.23
22.45

(%)
-0.08
6.33
-5.45
16.86
25.60

1987–1999
(km2)
2.29
160.80
-210.92
-6.56
54.38

(%)
1.68
13.16
-11.03
-6.21
49.38
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1999–2002
(km2)
2.37
78.18
-81.25
-9.66
10.36

(%)
1.71
5.65
-4.78
-9.76
6.30

© by PSP Volume 20 – No 1a. 2011

Fresenius Environmental Bulletin

Table 5 also indicates that increase in urban lands
(161.11 km2) was mainly resulted from the conversion of
pasture (~60%) and soil lands (~13%) (Table 5e). It is important to analyze such a high urbanization with its effects
on the environment. During the 25-year period the acre-

age of pasture lands decreased drastically by 21.10% despite the fact that 417.91 km² forest lands were degraded to
pasture during this period. It should be mentioned that slight
increase in water acreage is due to the water reservoirs built
for new dams in the study area.

TABLE 5 - Post-classification comparison results for a) 1984-1987, b) 1987-1999, c) 1999-2002, d) 200-2009 and e) 1984-2009.
1987

1984

Class
Water
Forest
Pasture
Soil
Urban
Total

Water
134.81
0.78
0.14
0.01
0.55
136.30

Forest
1.25
1107.53
110.84
0.05
2.16
1221.83

Pasture
0.08
38.92
1856.57
3.78
13.01
1912.36

Soil
0.01
0.26
17.85
83.62
3.78
105.52

Urban
0.27
1.58
37.27
2.83
68.17
110.12

Total
136.42
1149.07
2022.67
90.30
87.68
3486.13

Soil
0.09
1.85
43.58
47.73
5.72
98.97

Urban
1.22
6.84
61.71
26.10
68.64
164.51

Total
136.30
1221.83
1912.36
105.52
110.12
3486.13

Soil
0.08
2.08
24.34
52.36
10.44
89.31

Urban
0.49
3.60
29.67
17.06
124.04
174.86

Total
138.60
1382.63
1701.43
98.97
164.51
3486.13

Soil
0.07
0.37
9.44
24.39
1.68
35.95

Urban
1.85
8.59
61.07
33.57
143.72
248.79

Total
140.97
1460.82
1620.18
89.31
174.86
3486.13

(a)
1999

1987

Class
Water
Forest
Pasture
Soil
Urban
Total

Water
134.20
2.72
1.44
0.01
0.23
138.60

Forest
0.53
1096.63
278.75
0.69
6.03
1382.63

Pasture
0.27
113.79
1526.88
30.99
29.51
1701.43
(b)
2002

1999

Class
Water
Forest
Pasture
Soil
Urban
Total

Water
137.65
1.00
0.90
0.10
1.32
140.97

Forest
0.31
1267.83
188.71
0.47
3.50
1460.82

Pasture
0.08
108.13
1457.81
28.97
25.20
1620.18
(c)
2009

2002

1984

Class
Water
Forest
Pasture
Soil
Urban
Total

Class
Water
Forest
Pasture
Soil
Urban
Total

Water
135.72
1.07
0.08
0.09
0.10
137.06

Water
132.26
2.41
1.89
0.09
0.41
137.06

Forest
1.78
1314.71
148.21
0.81
3.04
1468.55

Pasture
1.56
136.08
1401.39
30.44
26.32
1595.78
(d)
2009
Pasture
1.23
94.68
1434.71
42.26
22.9
1595.78
(e)

Forest
1.14
1044.16
417.91
0.50
4.84
1468.55

4. CONCLUSIONS
Sustainable environmental management has become a
hot topic for developing countries due to the rapid urbanization and population growth. Monitoring environmental
change is an essential step to achieve this purpose. In this
respect, remote sensing technology provides valuable information about the land use land cover (LULC) changes
during specific time periods. In this study, LULC changes

Soil
0.03
0.36
18.57
15.8
1.2
35.95

Urban
1.76
7.45
149.61
31.63
58.34
248.79

Total
136.42
1149.07
2022.67
90.3
87.68
3486.13

occurred in the city of Kocaeli that witnessed a heavy industrialisation and resulting urbanization during the 1980s
were analyzed in detail using multitemporal Landsat images acquired in 1984, 1987, 1999, 2002 and 2009. Support vector machines were used to classify the images and
produce thematic maps illustrating major LULC types of
the study area. Post-classification comparison technique
was applied to compare and analyze the thematic maps in
order to determine LULC changes. Results show that sig-
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nificant LULC changes, particularly urbanization, have
taken place in the study area. A striking result is that urban
lands increased by about 184% between 1984 and 2009.
When the change was analyzed in terms of the time periods considered in this study, it was found that urbanization speeded up in the last seven years. The cross tabulation matrix produced for 1984-2009 period shows that
urban lands were mainly degraded from pasture and soil
lands. Another important finding is that a significant amount
of lands degraded from forest to pasture lands during the
25-year period. Despite this degradation total acreage of
the forest covered lands increased during the last 25-year,
which is due to the afforestation, regeneration and rehabilitation works conducted by local authorities. However,
it was noticed that the forest lands did not increase with
the same pace during the 2002-2009 period. New protective measures and environmental planning strategies are
required for the future of the region.
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