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NATURAL EFFECT OF CLASSICAL CHECK DAMS IN THE
TORRENTS OF THE RIVER TOPLICA DRAINAGE BASIN
Stanimir Kostadinov*, Nada Dragović, Miodrag Zlatić and Mirjana Todosijević
Belgrade University, Faculty of Forestry, Department of Ecological Engineering of
Soil and Water Resources Protection, 1 Kneza Višeslava , 11030 Belgrade, Serbia

ABSTRACT
The effects of check dams for torrent control were
analysed in the river Toplica drainage basin, upstream of
the future water reservoir “Selova” in the central part of
Serbia. The effects were analysed from the aspect of bedload retention, decrease in the natural bed slope, and the
stabilisation of the torrent channel. Special analysis was
focused on the conditions and criteria of forming the
slope of siltation and the methods of its calculation in the
function of the correct determination of the distance between check dams. It was shown that some formulas for
the calculation of the slope of siltation produce results which
differ very much from the real slopes of siltation. The best
agreement with the real slopes of siltation was obtained
by the calculations based on the regional analytical dependence obtained by the statistical analysis of the dependence of the slope of siltation on natural bed slope.
The research shows that all check dams are stable and,
regardless of the retained bedload, they contributed to the
stabilisation of the torrent channel.

were introduced in torrent control practice, but still in
Serbia and even in Europe, the classical gravitation check
dams are most frequently applied.
For gully control in USA small check dams by rock
and brush, log and rock, and log, wire and rock with effective height range of 0.5 to 0.8 m were used [4].
For construction of check dams in the torrent bed the
bed load is retained in their accumulation space, forming
the siltation. The slope of the upper surface of siltation is
called the slope of siltation. It practically represents the
specific case of the equilibrium bed slope.
This paper presents the results of a research on natural effects of classical check dams for torrent control in
the river Toplica basin, upstream of the future water reservoir “Selova“. The study of check dam effects includes
the following elements: quantity of the retained bedload
(settling effect), protection against deep erosion in river
channels (stabilisation effect), length of the slope of siltation upstream of check dams, the stability and the state of
check dams regarding the damage, as well as the total
effects.
2. MATERIALS AND METHODS

KEYWORDS: check dam effects, slope of siltation, channel
stability, regional dependence

2.1. Study area

1. INTRODUCTION
The transversal structures, first of all check dams, are
some of the main elements in the construction of the system for the protection against deep erosion in the hydrographic network of torrents and the defence against torrential floods (torrent control). Classical check dams are
the structures which have been applied since the far past.
In the second half of the 20th century, several new types
of check dams were proposed, such as: Deposit (Settling
Basin) Check Dams by Prof. Rosić [1] ”Sediment Traps”
by I.I. Herheulidze [2]), functional check dams for bedload management [3], etc. The new types of check dams
* Corresponding author

The River Toplica is the largest left tributary of the
Južna Morava, both by the water flow and by the basin
area which is altogether 2,180 km2. The storage drainage
basin encompasses the east slopes of Mt. Kopaonik in the
central part of Serbia. The reservoir ”Selova”, now in the
final stage of construction will be the source of water
supply for the population of several settlements (cities and
villages). Other functions are: protection against flood, sediment storage, generation of hydro-energy, fish farming,
irrigation, tourism, etc. The structural works (rock filling)
of the dam “Selova“ on the river Toplica were completed
in the year 2008. The other accessory works were still to
be completed, after which the filling of the storage could
begin. The storage controls 346.05 km2 of the headwaters
of the Toplica drainage basin. This territory, with coordinates: latitude N (43°07'- 43°18') and longitude E (20°52'21°07'), was the subject of research.
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Upstream of the future dam and water reservoir
“Selova“, the river Toplica receives ten tributaries which
are typical torrents by their natural characteristics. In the
past, the entire river basin was attacked by intensive processes of water erosion. The consequences were very
frequent torrential floods, which caused immense damage
to local roads, agricultural areas, and also to residential
and other buildings in the neighbouring villages. Great
quantities of sediment covered the farmlands, settlements
and roads, and reached the channel of the main stem of the
river Toplica. For this reason, in late forties of the 20th
century, erosion control and torrent control works were
undertaken in this part of the river Toplica catchment. The
works were intensified when, by the middle of the fifties of
the 20th century, it was decided to build the “Selova” Dam
in order to protect the future water reservoir from silting
up. Technical works (check dam erection) were performed
in several tributaries of the river Toplica. The effects of
check dams were analysed in five tributaries of the Toplica, i.e. in: Pavaštički Potok, Mala Reka, Kačaruša (direct
left tributaries of the river Toplica), Vratnički Potok and
Struganički Potok, tributaries of the Rankovica which is
the right tributary of the river Toplica. The research was
performed in the period 2004-2007.
2.2. Subject of research

Subject of the research was the natural effects of classical check dams constructed for torrent control in the
river Toplica basin, upstream of the future water reservoir
“Selova“.
Classical check dams are being constructed in the
system in such a manner that at the end of the siltation of
a downstream check dam, the next upstream check dam is
constructed (Figure 1). In this way, the siltation of the
downstream check dam prevents undermining of the foundations of the upstream check dam and provides its stability, so that a destruction of a check dam endangers the

whole system upstream from it. The positions of the check
dams in the stream bed are determined by the calculations
of the slope of siltation.
There are many formulas for the calculation of the
slope of siltation reported by different authors, e.g. Thiery,
Valentini, Pimpirev, Novak, Lane [2 ]. The research in the
torrents in Serbia shows that, despite the theoretically
correct postulations, all these formulas produce rather
unreal results, and that the best and the most real results
are calculated by regression dependences ob-tained based
on field research of the dependence of the slope of siltation – Jz on the previous streambed slope - Jt . This method was applied for the analytical dependences of the slope
of siltation on the above parameters for the torrents in
Southeast Serbia , Jz = 0,469Jt + 0,212 [5], the river
Nišava drainage basin, Jz = 0,52564Jt – 0,7053 [6] and the
Drina drainage basin in Serbia, Jz = 0,337Jt + 2,037 [7].
The idea is that regression models are produced based on
the concrete measurements in the field on the already
constructed check dams and the formed slopes of siltation
and based on the statistical analyses. These regression
models enable the calculation of the slope of siltation with
high accuracy. However, they have a regional character,
i.e. they can be applied in the natural conditions which are
similar to the conditions in the researched torrents, i.e.
first of all the sediment particle size distribution and its
geological characteristics.
The beneficial effect of check dams is a multiple one.
There are several types of check dams and they can be
classified according to different aspects [2]. The effects of
classical check dams are very significant and their study
contributes to the design of a better and a more rational
system of torrent control. The effects (mainly partial) of
classical check dams were studied by many authors [4, 612].

FIGURE 1 - Scheme of torrent control by system of check dams.
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2.3. Method of research

The method consisted of the following phases:
1. Collection of design documentation on constructed
check dams in the drainage basin
2. Investigation of the drainage basin natural characteristics.
3. Collection of the technical documentation of constructed check dams.
4. The observation of longitudinal profiles of the created
siltations behind the check dams
5. The grain-size analysis of bedload in the siltations of
the check dams.
6. Assessment of the state of the constructed check dams.
7. Assessment of erosion intensity in the torrent beds.
8. Evaluation of the effects of the check dams.
9. Discussion of the results.
10. Conclusion.
1. At the beginning of the research, the designs used
for the construction of check dams in the basin in the
period from 1947 to 2006 were gathered and analyzed.
2. Basic morphological parameters of the basin are determined using topographic maps in the ratio of 1: 25.000
as well as satellite records using GIS technology .
3. The data on technical properties of constructed
check dams were taken from the designs used for the
construction check dams in the study area: check dam
effective height -hk, the material used for the structure
construction, natural torrent bed slope in the zone of the
check dam- Jt .
4. Accurate surveying of the longitudinal profile of
siltation (bed load sediment) was performed upstream
from check dams. The length of the siltation- L and the
slope of siltation -Jz were determined based on the longitudinal profile. Surveying was also used to determine the
mean width of silting-up area – m, upstream from each
analyzed check dam.
5. While performing filed investigation, the samples
of the bed load were taken from the siltation on each
check dam and grain-size analysis of bed load was performed in situ. Particle-size distribution curve was made
for each bed load based on the analysis, and the curve was
used to determine the typical diameter of the bed load.
6. While performing the field investigation works,
visual check of the structures was performed, i.e. whether
there were any damages or not.
7. Also, using Gavrilović’s method [2], the state of
erosion (erosion intensity) was defined in the torrent bed.
8. The evaluation of criteria and methods in the assessment of the effects of check dams for torrent control
were analysed from the aspect of their main role: bedload
retention, reduction of bed slope, length of silting-up area
and stabilisation effect.
Check dams were constructed in several torrents, tributaries of the river Toplica. This research was performed

on five torrents, which by their natural characteristics
represent all torrents in which check dams were erected,
so the study results represent the entire catchment of the
river Toplica.
The data on the check dams and the previous bed
slope were taken from the project based on which the
check dams were constructed. The slope of siltation formed
upstream of the check dams was determined by precise
levelling in the field, and the average width of the siltingup area was determined by field measurements. Also, the
state of check dams (potential damage) was assessed during
the field research, as well as the erosion in the torrent channel. Sediment samples for particle size distribution analysis
were taken in the field upstream of each check dam, and
the analysis was performed in the laboratory.
3. RESULTS
3.1. The main physico-geographical characteristics of the
drainage basin

Table 1 presents the main parameters of the drainage
basin, significant for the genesis of soil erosion processes
and sediment transport. The drainage basin parameters point
to a significant predisposition of the terrain for the development of intensive erosion processes and sediment
transport.
TABLE 1 - The main parameters of the drainage basin.
Parameters
Basin area
Basin length
Basin perimetre
Mean altitude of the basin area
Mean altitudinal difference
Mean slope of the basin area
Stream bed slope
Local erosion basis
Drainage density

Symbol
A – km2
L – km
O – km
Nsr – m.n.m
D–m
Isr – %
It – %
H–m
G – km·km2

Value
346.05
33.2
94.06
971.10
514.7
37.44
4.72
1 ,560.6
2.23

3.2. Check dams for torrent control and their effect

Table 2 present technical erosion control works in the
Toplica drainage basin upstream of the future storage
“Selova”. The works started in 1947, but very few, i.e. only
five check dams were constructed till 1968.
TABLE 2 - Technical erosion control works in the
river Toplica drainage basin upstream of the dam “Selova”.
Period
1947–1968
1968–1980
1980–1987
Total 1947–1987
1988–2006
Total 1947–2006
Average annual

Number
5
34
5
44
10
54
0,90

Check dams
Masonry [m3]
1,580.0
2,881.3
1,980.0
6,441.3
4,182.0
10,623.3
177.06

A much higher intensity of works was carried out in
the period 1968−1987. So far, altogether 54 check dams
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of different heights have been constructed, but the effective height of the majority of dams is between 3 and 5 m.
They are mainly made of stone masonry, mortarless stone
and, somewhat less, of concrete.

W - volume of the retained sediment in the silting-up
area in m3,
m - mean width of the silting-up area in m,
hk - dam effective height in m ,
Jt - natural torrent bed slope in decimal form,
Jz - slope of siltation in decimal form,

The greatest number of check dams is built of stone
(dry dams, or dams in stone masonry). Only three dams
are made of concrete. A part of the check dams have a complete construction, with apron and subsidiary dam. As for
the check dam dimensions, the check dam average height is
about 3 m, and the width of the dam mouth is 4–6 m.

The input parameters in the formula were measured
for each check dam directly in the field.
Table 3 shows that the highest quantities of sediment
were retained by the check dams of Mala Reka (most of
all, check dam No.1). This is logical when we take into
account the geometrical characteristics of the Mala Reka
valley upstream of the check dams. Compared to them, the
check dams in Pavaštički Potok retained much less sediment, first of all because of the unfavourable geometrical
characteristics of the valley upstream of the check dams: a
big bed slope and a small width of the valley.

Table 3 presents the check dams with their basic effects.
3.3. Effects of Check Dams

The quantity of the retained bedload in the slopes of
siltation depends primarily on the effective height of check
dams, the valley geometry upstream of check dams (bed
slope, width of the valley) and the slope of siltation.

Torrent bed slope affects the economy of the check
dam. Silting-up areas are shorter on steeper slopes and the
amount of trapped sediment is smaller. For this reason,
check dam construction is avoided on too steep slopes.

The quantity of the retained bedload in the slope of
siltation was calculated by the formula of Kitin [2]

TABLE 3 - The main check dams effects
Torrent

No

Јt

Јz

L
Јz/Jt
hk
m
W
m
m
m
m3
1.
Mala reka
1-SM
2,1
1,54
714,0
0,733
4,0
40,0
57 143,0
2.
Мala reka
2-SM
3,08
1,31
225,4
0,425
4,0
35,0
15 819,0
3.
Kačaruša
1-SМ
4,81
2,40
176,7
0,50
4,5
35,0
14 704,0
4.
Pavaštički potok
1-SМ
7,0
2,50
66,5
0,357
3,0
20,0
2 000,0
5.
Pavaštički potok
2-SМ
8,30
4,14
84,0
0,499
3,5
15,0
2 208,0
6.
Pavaštički potok
3.DLM
12,1
4,76
41,0
0,393
3,0
15,0
916,6
7.
Pavaštički potok
4-DLM
17,46
7,10
34,0
0,407
3,5
13,0
768,6
8.
Pavaštički potok
5-DLM
9,14
5,0
95,2
0,547
4,0
11,0
2 125,6
9.
Vratnički potok
1-SМ
6,08
3,16
171,3
0,520
5,0
18,0
7 705,5
10.
Struganički potok
1-SМ
6,94
2,24
85,0
0,323
4,0
16,0
2 723,4
SM- check dam made by stone masonry, DLM- check dam made by dry laid masonry, Jt - natural torrent bed slope in %, Jz - slope of siltation in %,
L- Length of the silting-up area in m1, hk - dam effective height in m , m - mean width of the silting-up area in m1, W - volume of the retained sediment in the silting-up area in m3,

The greatest naturally and economic (financial) effect
can be realised by the proper selection of the position for
check dam construction, type of check dam and type of
material. A significant saving in the construction can be
reached by the correct choice of the profile for check dam
construction. Also, significant effects can be achieved by
the correct choice of the check dam type and material. The
choice of check dam type can affect the formation of the
slope of siltation which was said to have a significant role
in the assessment of check dam economy.

FIGURE 2 - Check dam No 1 in the torrent Mala Reka

The constructed check dams contributed to the decrease in bed slope and in this way they lowered the destructive power of the torrential flood waves. The velocity
of water was reduced and also the transport competency
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of the stream, so although the check dams storage space
was already filled up, any further downstream transport of
coarse bedload was prevented, and the total sediment
transport was reduced. This is very important for the protection of the future water reservoir “Selova” against
silting up. The new established bed slope (slope of siltation) accounts for from 32% to 73% of the previous bed
slope.
Based on field reconnaissance it was concluded that
the check dams in these torrents contributed to the stabilisation of the river bed and banks along the section of the
channel where they were built. Some vegetation species
started to grow on the check dam slopes of siltation, the
banks did not collapse any more, which indicates that the
obtained slope of siltation has reached the value of the
equilibrium profile. In this way the study check dams, in
addition to the task of bedload retention, also realised
completely the prevention of scouring of the channel bed
and banks. Also, the retained bedload had a positive effect
on the stabilisation of the slopes along the sections, so
they attained the full stabilisation effect.
In this concrete case, as the purpose of these check
dams is to prevent bedload silting of the future water reservoir “Selova”, being a very expensive and significant
building, and also of the settlements and the regional roads,
it can be concluded without a detailed analysis of economic
effects, that these check dams have completely justified
the investment in their construction (the cost of 1m3 of the
retained sediment is in some check dams rather high –
check dams in Pavaštički Potok, and in some check dams
very low, due to favourable natural characteristics - check
dams in Mala Reka).
4. DISCUSSION
The slopes of siltation in some torrential watercourses
have been analysed behind 10 check dams. The natural

bed slopes in them ranged between 2.10% and 17.46%,
whereas the slopes of siltation ranged between 1.31% and
7.10% (Table 3).
The grain size analysis of bed load has been carried out
for each check dam. According to its grain size class, the
composition of bed-load in all the studied siltations can be
classified as coarse gravel and debris.
The results of the research have been calculated by
methods of mathematical statistics. The statistical analyses have been made for correlations of two variables (simple correlation) and the correlations of several variables
(multiple correlation). The obtained regression equations
have been checked by determining some indices of correlation confidence.
The slope of siltation is a very significant parameter
which determines the effect of check dams. Namely, if the
slope of siltation is more approximate to the natural bed
slope, i.e. if the ratio Jz/Jt is closer to one, the silting-up
area is longer and therefore the quantity of bedload to be
retained by the check dams is greater.
The greatest ratio Jz/Jt was measured for the check
dam No.1 in Mala Reka (0.733), then for the check dam
No.5 in Pavaštički Potok (0.547), and check dam No.1 in
Vratnički Potok (0.520).
Also, a longer silting-up area indicates a longer section of channel torrent which is protected from deep erosion, i.e. from channel bed scouring, so this contributes to
the stabilisation effect of check dams. The precise calculation of the slope of siltation enables an accurate definition of the distance between check dams built in the system, when the silting-up area of the downstream dam
protects the upstream check dam from scouring. All the
above facts point to the significance of the accurate calculation of the slope of siltation in the process of check dam
design.

Jz

Jz=f(Jt)
8
7
6
5
4
3
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1
0

y = 0,3834x + 0,4623
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FIGURE 3 - The dependences of the slope of siltation - Jz on the natural bedslope - Jt,

The statistical analysis was carried out for the formed
slopes of siltation behind the constructed check dams in
the torrents in the river Toplica catchment: the dependences
of the slope of siltation – Jz on the natural torrent bed
slope – Jt , Jz = f( Jt ), as the simple correlation, and the
dependence of the slope of siltation on the natural torrent
bed slope and some characteristics of sediment grain diameters in the stream (the double and multiple correlation).
The best agreement of the calculated slopes of siltation with
the measured slopes of siltation in the field, was found
with the simple correlation ( linear form y = a +bx) of the
slope of siltation and the natural torrent bed slope. The
equation for slope of siltation calculation is:
Jz =0,3834Jt + 0,4623
The correlation coefficient ( R = 0,948853), coefficient
of determination ( R2 = 0,900323), and corrected coefficient
of determination ( R2cor = 0,887863) show that there is a
high degree of dependence between the slope of siltation
and the natural torrent bed slope, therefore this simple
correlation is adopted as sufficiently accurate and simultaneously also easy to use.
The results and their statistical analysis show that the
calculated analytical dependence of the slope of siltation
on the natural torrent bed slope can be successfully applied
for the calculation of the slope of siltation in the future
projects for the study region, as well as for the torrential
catchments with similar natural bedload characteristics.
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ABSTRACT
In order to fully understand the translocation and accumulation characteristics of heavy metals in the sewageirrigated soil-wheat (Triticum aestivum) system and their
potential health risks, the concentrations of Cu, Cd, Cr,
Pb, and Zn in the soil and wheat grains were determined
from 24 sewage-irrigated sites located in the suburbs of
Beijing. The results showed that the average concentrations of Cu, Cd, Cr, Pb, and Zn in the sewage-irrigated
soil were higher than the background values of the soil in
Beijing, indicating accumulation of these heavy metals in
the soil of the sewage-irrigated fields. Concentrations of
Cu, Cd, Cr, Pb, and Zn in wheat grains followed the sequence: Zn (52.38 mg·kg-1)>Cu (6.09 mg·kg-1)>Cr (4.62
mg·kg-1)>Pb (0.17 mg·kg-1)>Cd (0.04 mg·kg-1). The
concentrations of Zn and Cr in parts of the wheat grain
samples exceeded the permissible limits in China whereas
the hazard quotient (HQ) of each metal was within its
safe interval. However, the aggregated health risk of the
five heavy metals was significant for the rural residents.
The HQ for each metal and the aggregated health risk to
all kinds of inhabitants (country children, country adults,
urban children, and urban adults) followed the same sequence: country children> country adults>urban children>urban adults. Among these heavy metals, the potential health hazards (or risks) of Cu and Zn were the
greatest, and that of Cr was the lowest.
KEYWORDS:
Health risk, sewage-irrigated soils, wheat grain, heavy metal.

1. INTRODUCTION
Heavy metals (HMs) have been used by humans for
thousands of years. Although the adverse health effects of
HMs have been known for a long time, the exposure to
them continues, and is even increasing in some parts of
* Corresponding author

the world, especially in less developing countries [1-3].
Once excessive HMs enter the soil, water or air, they may
cause hazards to human health through inhalation, ingestion, and skin contact [4].
Due to the high intake of food, especially contaminated
one, ingestion is the main heavy metal intake way relative
to inhalation, and skin contact [5, 6]. In the catalogue of
“risk assessment guidance for superfund (RAGS): volume
1: human health evaluation manual (Part A)” issued by
EPA, potential food exposure of HMs includes ingestion
of fish, shellfish, meat, dairy, eggs, and vegetables [7], but
little attention was paid to the consumption of cereal crops
[8-10]. In fact, cereal food may be one kind of food that is
taken the most in one's daily diet all around the world [11],
and is also one kind of lifetime consumption [8]. Thus, the
health risk assessment of cereal crops has practical significance.
The potential health risks of HMs can be assessed by
carcinogenic or non-carcinogenic methods. The non-cancer
risk assessment methods based on Hazard Quotient (HQ)
and Hazard Index (HI) are set by United States Environmental Protection Agency [7], which have recently been
used and proven to be valid and useful [9-12], and thus
they are also applied in this study.
In recent years, with the fast expansion of cities and
population as well as the rapid development of industry,
agriculture, transportation, domestic sewage has become
one common source of irrigation water [13, 14], especially
in suburbs and water-deficient places. The use of domestic sewage is beneficial to improve the content of nutrient
elements, such as organic matter, N, and P, but it can also
cause the accumulation of heavy metals in soils because
of the high pollutant concentrations in sewage [15, 16].
The HMs can lead to the contamination of soils and the
quality degradation of agricultural production [17]. The
southeast region of Beijing is a typical sewage-irrigated
area. Some studies have found HM accumulation in soils
and crops [18, 19]. The area is a vegetable and crop provider in Beijing, thus it is significant to estimate the
health risks of HMs through the ingestion of wheat.
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We selected 24 sampling sites in different sewageirrigated areas of Beijing for collection of soil and wheat
samples. The concentrations of Cu, Cd, Cr, Pb, and Zn in
soils and wheat grains were determined by High Resolution Inductively Coupled Plasma Mass Spectrometry (HRICP-MS). The maximum tolerance concentrations of HMs
in food, issued by Food and Agriculture Organization
(FAO), Word Health Organization (WHO) and EPA, were
adopted as reference standards. The potential health risks of
HMs through the consumption of wheat grains were assessed by the non-cancer risk assessment methods.
2. MATERIALS AND METHODS
2.1. Study site and sampling

The sampling area is located in Daxing and Tongzhou
Districts, Beijing, China. The area has a semi-humid, continental monsoon climate and four distinct seasons. The
mean annual temperature is 10.5 °C and the mean annual
precipitation is 620 mm. The sampling area is on the
Chaobai River Alluvial Plain, which is slightly tilted from
the north to the south. The surface of the area is covered
with loamy, sandy and clayey tidal soils, which are from
the river alluvium including yellow brown, yellowish brown

sandy loam, and silt loam sediment from Chaobai River.
The soil properties are homogeneous [20, 21]. According
to the Chinese Soil Taxonomic Classification, the soil belongs to Ochudic Cambisols. The water qualities of Liangshui River, Fenggangjian River and the North Grand Canal
flowing through this area are significantly different.
During the previous decades, in order to address the
problem of irrigation water shortage for further improving
the agricultural production, the crops were irrigated by the
water from the Tonghui River and the Liangshui River as
well as the Gaobeidian Wastewater Treatment Plant. These
rivers receive sewage from urban Beijing, and their water
quality is poor. The sewage-irrigated farmland is mainly
in the south of Tonghui River and the two sides of the
Liangshui River (Fig 1). Only a small amount of farmland
is in the adjacent areas of the Tonghui River due to the
rapid urbanization of Beijing. The main crops are cotton,
vegetables, winter wheat, and summer maize. Two thirds
of the irrigation water was from surface water, and the
ground water accounted for the remaining one third.
2.2 Soil and wheat sampling

24 sampling sites were selected in different wheat
fields (Fig. 1). The sampling sites covered a large area and
were far enough from the roads to avoid direct or indirect

FIGURE 1 - Location of the sampling areas.
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contamination from transportation emissions. Paired soils
and wheat grains were selected from at least five distinct
samples taken in a 10 ×10 block for each wheat field. The
selection was implemented in June 2008 before wheat harvest [22]. Topsoil samples (0–20 cm) were digged with a
stainless steel shovel to avoid contamination, and only the
soil not in contact with the stainless steel shovel during
sampling was collected. Different collected samples were
kept in different plastic bags to avoid contamination and
transported to the laboratory immediately. Wheat ears were
collected at the same time.
These soil samples were dried in a shady place at room
temperature, and the impurities, such as stones and tree
leaves, were removed. The samples were sieved to <1 mm
after drying and gently crushing aggregates without grinding sand-sized mineral fragments. Then, a fraction of samples sieved to <1mm was ground with an agate mortar to
pass through a 0.15-mm nylon sieve for determination of
heavy metals. Wheat grains were rinsed with tap and distilled water, and dried at 80 °C to constant weight. The
grains of wheat were ground in a stainless steel mill and
passed through 100-mesh sieves.
2.3. Soil and wheat grain analyses

Soil pH was measured in a soil/water suspension (1:5
w/v soil/solution ratio) with a pH-meter [22]. The soil organic matter (OM) content was determined by oxidizing a
soil solution with K2Cr2O7 and concentrated H2SO4 at 170–
185 °C, and then titrating the solution with FeSO4 [23].
CaCO3 content was determined by back-titration with 0.5
mol·L-1 NaOH of an excess of H2SO4 added to 1 g soil.
Soil particle size distribution and clay concentration were
determined by laser particle size analyzer. The results are
shown in Table 2.
Soil and dry wheat grain powder materials were digested by EPA-recommended USEPA-3050B method [24]
(0.1 g of dried soil samples was digested with a mixture
of HNO3–HF–HClO4 (HNO3 3 ml, HF 1 ml, HClO4 1 ml)
at 160 °C in a microwave unit, and 0.2 g of wheat grain
samples was digested with HNO3:HCIO4 (4:1 v/v) at 150 °C
for 4 h). Then, 1 ml HNO3 was added to the cold digestion
mixture and diluted to 10 ml with Milli-Q water. Cd, Cr,
Pb, Cu, and Zn concentrations in samples were determined
by HR-ICP-MS analysis at the Class 10000 Clean Room
of Chinese Center for Disease Control and Prevention (determination conditions: indium internal standard method,
standard solutions prepared from solutions certified by
SPEX CertiPrep, Inc., and ultrapure water (18.2 MW·cm
resistivity) prepared with Milli-Q ultrapure water purification system). The results are shown in Tables 3 and 4.
2.4. Quality assurance/quality control (QA/QC)

The quality assurance and quality control (QA/QC)
procedures were conducted by using standard reference
materials (GSS-1 (Geochemical Standard Soil), CBW08503
(wheat powder)) obtained from the National Research
Center for Certified Reference Materials of China. Duplicated samples were performed simultaneously for 20% of

the samples. In addition, blank samples were also performed throughout all the experiments. Analytical results
of the quality control samples indicated a satisfactory performance of heavy metal determinations with overall uncertainties between 5 and 15% depending on the elements
analyzed (Table 1). There were no significant differences
between determined and certified concentrations of As,
Cd, Cu, Pb, Hg, Ni, and Zn.
TABLE 1 - The QA/QC results of analytical methods for heavy
metal concentrations.
Element
D.L. (µg L−1)
Recovery (%)
R.S.D. (%)
Cu
0.03
94.1-106.7
7
Cd
0.07
95.3-103.6
7.3
Cr
0.09
86.3-109.5
6.1
Pb
0.05
96.6–104.5
9.8
Zn
0.38
97.1-103.2
3.6
D.L. = Detection limit; R.S.D. = relative standard deviation.
2.5 Statistical analysis

Statistical analyses were conducted with SPSS 16.0
(SPSS Inc., USA). The significant differences between concentrations of heavy metals were analyzed by ANOVA
(SAS Institute, 1982). Statistical significance was defined
as P≤0.05. The correlations between element concentrations were presented in the form of Pearson correlation
coefficients on the basis of the data.
3. RESULTS AND DISCUSSION
3.1 Soil physicochemical properties

The soil in the study area was slightly alkaline, its
pH ranged from 7.57 to 8.54 with an average of 8.12.
The concentration of OM varied from 4.92 to 42.51%
(average 15.90%). The concentration range of calcium
carbonate (CaCO3) was from 0.07 to 60.33 g·kg-1 with an
average of 14.44 g·kg-1. The soil was loamy or sandyloamy textured and rich in OM as well as CaCO3 in topsoil,
which not only can facilitate accumulation of HMs in surface soil but also can reduce their activity. At the same
time, it can inhibit the uptake of metals by plants [25, 26].
TABLE 2 - The topsoil (0-20 cm) characteristics in the study area.
Sample area

Soil
characteristics

Range

Mean

Standard

OM /(g·kg-1)

4.92-42.51

15.90

0.43

pH1:5
7.57-8.54
8.12
0.04
-1
0.07-60.33
14.44
1.10
24 subsamples CaCO3 /(g·kg-1 )
sand /(g·kg )
418.68-452.63 437.63
27.18
-1
slit /(g·kg )
304.38-331.56 322.26
23.54
clay / (g·kg-1)
222.50-258.49 240.11
18.67
* sand (2.0-0.05 mm); slit (0.05-0.002 mm); clay (<0.002 mm).
3.2. The concentrations of heavy metals in sewage-irrigated
soils

The concentration values of the 5 HMs in the soils are
presented in Table 3. The tolerance concentrations of different HMs as a function of soil pH were promulgated by
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Environment Protection Administration of PRC (1995) to
protect the soil environment and maintain the agricultural
product quality. Cu, Cd, Cr, Pb, and Zn levels in the sampling areas were 26.51±10.34, 0.24±0.11, 101.29±22.05,
28.04±5.98, and 85.59±18.74 mg·kg-1, respectively. Compared with the background values of soils in Beijing [21],
the concentration differences of Cd, Cr, Zn (P<0.01), and
Pb (P<0.05) were significantly, and concentrations of Cd,
Cr, and Pb in soils were 3.24, 1.49, and 1.10 times higher
than the soil background values, respectively. There were
also significant differences in the values measured between 2008 and 1985 (P<0.01) [27]. Cu, Cd, Cr, Pb, and
Zn concentrations in 2008 were 2.63, 1.82, 1.92, 2.16, and
2.02-fold those reported in 1985, indicating HM accumulation in the study area.
The coefficients of variance (CV) ranged from 0.21 to
0.46 and followed the following sequence: Cd (0.46) > Cu
(0.39) > Cr (0.22) = Zn (0.22) > Pb (0.21). Variability of
Cd and Cu concentrations was higher than that of other
HMs suggesting that the external pollutants have a remarkable effect on Cd and Cu levels. According to the
monitoring data, the water quality in different rivers in
the study area varied greatly. The quality difference of sewage may be a major cause of the uneven HM distribution.
The soil pH ranged from 7.3 to 8.4 in the study area.
The mean concentrations of the 5 HMs were all lower than
the prescribed grade II values in the Chinese Soil Environmental Quality Standard (GB 15618-1995; Cu, Cd,
Cr, Pb and Zn = 100, 0.6, 300, 300, and 300 mg·kg-1 at
pH≥7.5, respectively). However, concentrations of the
5 HMs in some samples were higher than the permissible
limits. Thus, attention should be paid to the soil health
risks.

3.3. The concentrations of heavy metals in wheat grains

The mean concentrations of Cu, Cd, Cr, Pb, and Zn in
wheat grains, the tolerance limits in Chinese standards
and the bioconcentration factors (BCFs) are listed in Table 4. The BCF is a parameter commonly used in the
study of environmental contamination [28, 29]. It is also
an important index for measuring plant’s ability to
transport and transform heavy metals. BCF is defined as
the ratio of the concentration of HMs in wheat grains to
that in soils (Eq. (1)).
Wheat
grain
soil
BCFheavy
metal = Cheavy metal / Cheavy metal

where

grain
is
Cheavy
metal

wheat grains, and

(1)

the concentration of a HM in

soil
heavy metal

C

that of HM in soils.

Cu and Zn are the essential micronutrients for crop
plants [30]. The mean concentrations of Cu and Zn were
6.09 and 52.38 mg·kg-1 in wheat grains, respectively
(Table 4), being the highest among the 5 heavy metals. In
the 24 sampling sites, Cu concentration in wheat
grains ranged from 4.21 to 12.34 mg kg−1 and that of Zn
from 30.70 to 95.72 mg kg−1. Compared with the value
reported in 1985, the value of Zn showed a significant
difference (P<0.01) suggesting Zn accumulation in
wheat grains, while that of Cu has no difference. The
mean concentration of Zn was higher than the prescribed
tolerance limits of Chinese standard. Cu and Zn levels of
4 and 52% of the soil samples exceeded the prescribed
limits, respectively, and thus attention should be paid to
Cu and Zn pollution in wheat grains, especially to Zn. The
BCFs of Cu and Zn were 0.23 and 0.61, respectively, being
significantly higher than those of Cd, Cr, and Pb. The
results were consistent with that of Wang et al. (2005)
[10] who found a high BCF of Zn in vegetables and fish.

TABLE 3 - Concentrations of heavy metals in the sewage-irrigated soils of Beijing (mg·kg-1).

Element

Range

Mean

Std

National secondary
standard (mg·kg-1)

Soil background
value (mg·kg-1)

Concentration in
1985

Cu
13.31-60.04
26.51
10.34
100
23.6
10.07**
Cd
0.01-0.42
0.24
0.11
0.6
0.074**
0.132**
Cr
64.55-166.83
101.29
22.05
300
68.1**
52.66**
Pb
19.9-42.83
28.04
5.98
300
25.4*
13**
Zn
61.59-142.52
85.59
18.74
250
102.6**
42.32**
**Correlation significant at the 0.01 level (2-tailed); * correlation significant at the 0.05 level (2-tailed); Std = standard.

Ratio of
exceeding
standard
value
0
0
0
0
0

TABLE 4 - Concentrations of heavy metals in wheat grains (mg·kg-1).
Element

Range

Mean

Std

Cu
Cd
Cr
Pb
Zn

4.21-12.34
0.007-0.095
0.22-8.95
0-0.63
30.70-95.72

6.09
0.04
4.62
0.17
52.38

1.57
0.02
2.08
0.21
13.05

Tolerance limits of
Chinese standards
10
0.1
1.0
0.2
50
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Concentration in
1985
6.3
0.015**
0.147**
0.046**
17.7**

BCF
0.23
0.17
0.046
0.006
0.61

Ratio of exceeding
standard value
0.04
0
0.93
0.37
0.52
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Cd, Cr, and Pb were the non-essential micronutrients
for plants. The absorption mechanism of these metal ions
is passive transport [25]. The concentration of Cd in wheat
grains ranged from 0.007 to 0.095 mg·kg-1 with an average
of 0.04 mg·kg-1, and that of Pb from 0 to 0.063 mg kg−1
with an average of 0.17 mg·kg-1. The mean concentrations
of Cd and Pb were lower than the allowable limits of
Chinese standards (Cd 0.1 mg·kg-1, Pb 0.2 mg·kg-1). Compared with the values in 1985, the concentrations increased
significantly, revealing accumulation of Cd and Pb in wheat
grains.
The mean concentration of Cr in wheat grains was
4.62 mg·kg-1 and4.6-fold higher than the tolerance limit.
The percentage of samples exceeding the allowable limit
was 93%, showing that Cr pollution in wheat grains becomes a more serious problem. We further analyzed the
CVs of Cd, Cr, and Pb levels and found that the distribution of the 3 HMs was non-uniform and had great spatial
variation. In the field survey, the samples with HM concentrations exceeding the allowable limits were close to the
villages, township enterprises, airport, and power transmission line indicating that HM increase was probably also
caused by the emissions of pollutants from these facilities.
With the intensive activities of industry and agriculture,
HM health risks are becoming more and more serious.
The uptake of Cd, Cr, and Pb in wheat is a passive
transport process, but the BCF of Cd was three orders of
magnitude higher than those of Cr and Pb. Therefore, the
transport ability of Cd is significantly better than that of Cr
and Pb, which is similar to Kabata’s research findings [25].
This result indicated a high bioaccessibility of Cd in the
study area supported by the observations of Usman [31]
and Wu [32] who found that high Ca, Pb, Cu, and Zn
levels were able to increase the bioaccessibility of Cd
promoting plant absorption, and various HMs were perhaps
the most significant factor increasing Cd transport.
3.4 Relationships between the heavy metals in wheat grains
and soils samples

The correlation coefficients between wheat grains and
soils are presented in Table 5. Pb concentration in soils
was correlated positively with that of Cr in wheat grains.
However, this relation presented low statistical significance for other heavy metals. The statistical significance
decreased with the following order: Cu > Zn > Cr > Pb>
Cd. In 2005, Yang et al. [19] found that the spatial distri-

bution of soil characteristics was inhomogeneous in the
study area, and no significant correlation was observed
among the soil and wheat grains. The difference of other
factors, such as soil pH, CEC, humic substances and industrial effluents, might be a major factor [19].
3.5. Health risks of consuming wheat grains
3.5.1. Daily intake of wheat grains

According to Bao et al. [33], 131.5 g wheat grains per
day were consumed by an urban inhabitant but 170 g per
day by a rural inhabitant in the study area, in 2004. The
daily wheat intake by a child (0–6 years old) was assumed
to be 1/3 of that by an adult, so those for an urban and a
rural child were 43.7 and 56.7 g per day, respectively.
Figure 2 shows that the daily intake of wheat for an adult
rural consumer (a child) was only 38.5 g (13 g) higher than
that in the urban area, revealing a relatively small difference
between both, and being related to the high living standard
in the study area.
3.5.2. Risk of individual heavy metals

The potential non-cancer risk for an individual HM is
expressed as hazard quotient (HQ) [7]:
(2)
HQ = CDI / RfDo

CDI (mg / kg • day ) =

CF × IR × EF × ED
BW × AT

(3)

where Chronic Daily Intake (CDI) is the exposure
defined as the mass of a substance contacted per unit
body weight and unit time, averaged over a long period
(lifetime, in this paper); RfDo is the oral reference dose
(mg·kg−1day−1). The units of CDI and RfDo are the same
[7]. CF is the mean concentration of HM in wheat grains
(mg·kg−1); IR is the ingestion rate of wheat grains (kg·
person −1 day −1 ), shown in Fig. 2; EF is the exposure
frequency (365 days year−1); ED is the exposure duration
(70 years for adults and 6 years for children in this study),
equivalent to the average lifetime [34]; BW is the average
body weight (61.6 kg for adults, and 18.7 kg for 0–6 years
old children [35]), and AT is the mean exposure time for

TABLE 5 - Correlation matrices between metals in soil and wheat
grain samples of the study area.
Wheat
grain Cu
0.31

Wheat
grain Cd
0.282

Wheat
grain Cr
0.291

Soil Cd

0.040

-0.037

Soil Cr

-0.181

0.201

Soil Pb

0.254

Soil Zn

-0.059

Soil Cu

Wheat
grain Pb
0.134

Wheat
grain Zn
0.351

-0.159

0.172

-0.068

0.254

-0.034

0.146

-0.033

0.438*

-0.061

0.122

0.273

0.252

0.002

0.266

FIGURE 2 - The consumption rates of wheat for urban and rural
inhabitants in Beijing.
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TABLE 6 - HQ values of individual HMs for different exposure groups of population.
Heavy metals
Urban adults
Urban children
Rural adults
Rural children

Cu
0.33
0.36
0.42
0.46

Cd
0.09
0.09
0.11
0.12

Cr
0.0066
0.0073
0.0085
0.0094

non-carcinogenic effects (ED×365 days·year−1). If the CDI
exceeds this threshold (i.e., if HQ exceeds unity), there may
be concern for potential non-cancer effects. As a rule, the
higher the value of HQ above RfDo, the greater the level of
concern.
The RfDo is an estimation of the daily exposure of
one HM to the human population that is likely to have no
appreciable risk of deleterious effects during a lifetime.
RfDo values were set at 4×10−2, 1×10−3, 1.5, and 0.3
mg·kg−1day−1 for Cu, Cd, Cr, and Zn, respectively [36].
The US EPA has not established an RfDo for Pb [37], and,
therefore, the RfDo for Pb used in this paper was set at
4.0×10−3 mg·kg−1 calculated from the tolerable weekly Pb
intake limit (25 µg·kg−1 body weight) recommended by the
FAO/WHO for adults [38].

Pb
0.09
0.10
0.12
0.13

Zn
0.37
0.41
0.48
0.53

no single metal exposure exceeded its RfDo, the risks due
to the aggregated effects of all HMs were significant for
rural children and rural adults (Fig. 3). The values of HI for
rural adults and children were 1.14 and 1.25, respectively,
indicating that it was likely for the rural exposed inhabitants
(both adults and children) to experience adverse health
effects.
HI value was 0.89 for urban adults but 0.97 for urban
children, respectively (Fig. 3), both being lower than 1.
Thus, urban inhabitants were not likely to be influenced
by HMs through consuming wheat grains. However, if we
also took into account the health risks of HMs resulting
from other food, such as vegetables and meat, often with
high concentrations of HMs [8, 10], the total HMs may
pose health risks to the urban inhabitants in this area.

HQs for the 5 HMs are shown in Table 6. For different inhabitant types (urban adults, urban children, rural
adults, and rural children), the HQs of these HMs were all
below 1, which indicated that the daily intake of an individual metal through the consumption of wheat grains
would be unlikely to cause adverse health effects on the
inhabitants in Beijing. It can also be shown from Table 6
that the HQ of an individual metal for a child is higher
than that for an adult both in the city and country, according to the results of previous studies [8, 12].
HQs of all kinds of metals for different inhabitant types
were in the same order: country children>country adults>
urban children>urban adults. There was a big discrepancy of
HQ among different HMs. The HQs of Zn were the highest,
ranging from 0.37 to 0.53, while those of Cr was the lowest,
which may be related to its high RfDo of 1.5 mg·kg−1. The
non-cancer HQ following exposure to Cr was less than
0.0002 for all population groups. Wang et al. [10] also
found that HQ of Cr in the consumption of vegetables and
fish was minimal in comparison with those of Cu, Zn, Pb,
Cd, and Hg.
3.5.3. Aggregated risks for multiple heavy metals

Due to the coexistence of many kinds of HMs, it is
necessary to further assess the overall potential of noncarcinogenic effects posed by more than one HM. A hazard index (HI) approach has been developed based on
EPA's Guidelines for Health Risk Assessment of Chemical Mixtures [39]. The HI is equal to the sum of the HQs,
as described in Eq. (4) [7]:
HI = ∑ HQ = CDI1 / RfDo1 + CDI 2 / RfDo2 + ... + CDIi / RfDoi (4)
When HI exceeds unity, there may be concern for potential health effects. It was very interesting that although

FIGURE 3 - HI values of HMs for different exposure population
groups.

The risk contribution of Cr is minimal, only accounting for 0.94%, and may be related to the high RfDo of Cr
(1.5 mg·kg−1). Wang et al. [10] also found that the contribution of Cr to HI is minimal through consumption of
vegetables and fish in Tianjin. HQ contributions of Cd
and Pb to the total HI were 9.43 and 10.38%, respectively.
Cu and Zn, the essential metals in plants, are important
constituents of several “key” enzymes, and play important
functions in physiological processes. It was reported that
most plants have active transport of Cu and Zn from soil
to plants [25]. Our results showed that contributions of Cu
and Zn to the integrated risk were the highest for different
inhabitant types, and both were more than 79% (Fig. 4).
High risks of Cu and Zn may be related to their high bio-
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availability. Thus, more attention must be paid in the
study area to diseases related to Cu and Zn. The local
government needs to take effective measures to control
the absorption and migration of Cu and Zn in plants, and
control the HM concentrations to be lower than the allowable limits for food.

drinking water, can also contain HMs. Further research
should be performed to determine their HM concentrations,
and to explore aggregated risks of these metals from all
kinds of foods.
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DIFFERENTIAL SCANNING CALORIMETRY
ANALYSIS FOR WATER-IN-OIL EMULSIONS
Ling Zhu*, Jia-Qing Chen, Yang Liu, Ying Pan and Jun-Ying Chang
Department of Environmental Engineering, Beijing Institute of Petrochemical Technology, Beijing 102617, China

ABSTRACT
In order to characterize free and interfacial water, and
to test the stability of the water-in-oil emulsion, the methods of DSC and droplet size analysis were used in this
study. For the DSC result, one exothermic peak corresponding to the interfacial water at about -40 °C can be
found when the total water content is less than 10%, and a
new significant exothermic peak attributing to the free
water present at -18 °C when water content is over 15%.
Stabilization of the 0.3W/O emulsion is decreased with
the prolonging of time placed, and peak for the crystallization of interfacial water disappears for the sample held
over 8 days. The droplet size results are consistent with
DSC tests.

KEYWORDS: water-in-oil emulsion, DSC analysis, droplet size,
free water, interfacial water

rameter to evaluate the stability of the water-in-oil emulsion. Therefore, it is significant to examine the concentration of water with different state in the emulsion quickly
and accurately.
The stability of the emulsion may be characterized by
different techniques which are generally based on the
analysis of the droplets size distribution. Most of these
techniques may be easily used for analyzing diluted oil-inwater emulsions, but unfortunately they are not adaptable
to opaque water-in-oil emulsions. That is the reason why
a rapid way to assess the stability of opaque and concentrated emulsions is still the “bottle test”, which consists in
monitoring the extent of phase separation with time [1]. In
our study, we adapted Differential Scanning Calorimetry
(DSC) technology and droplet size test technology to analyze the change of the content for two types of water in
the emulsions, and we also evaluated the stabilities of emulsions with different prepared time, based on the parameter
of free water content.
2. PRINCIPLE OF DSC TO
ANALYZE THE WATER-IN-OIL EMULSION

1. INTRODUCTION
Emulsions encountered in the petroleum industry are
generally complex opaque and concentrated water-in-oil
emulsions. These emulsions may be met at all stages in
the petroleum recovery and processing industry, such as
drilling fluids, process plant, transportation, etc., and they
are also a major issue in the treatment of accidental oil
spills [1-3]. In order to enhance the exploitation efficiency
and to increase the quality of the crude oil, the important
and difficult points to the petroleum exploitation industry
are how to demulsify the water-in-crude oil emulsion with
high-efficiency. Many demulsification methods have been
developed and used successfully, including electric demulsification, centrifuging treatment, wave irradiation, ultrasonic irradiation/demulsification, and mechanical filtration
[4]. The water concentration in the emulsion is the key
factor for selecting the suitable demulsification method and
getting a satisfactory treatment effect. Moreover, the content of free water in emulsion is the very important pa* Corresponding author

It has been confirmed that liquid water departs considerably from its average bulk behaviour when it nears
liquid interfaces. The investigation of possible interactions between water and interfaces may help to gain some
insight into the behaviour of water in the molecular-scale
processes. In this paper, water-in-oil emulsions may serve
as model systems for the investigation of water in confined spaces, since, in many cases, emulsions may be envisaged as tiny droplets of water dispersed in continuous
oil medium.
When describing the state of water in emulsion, the
distinction is usually made between free water and interfacial water. The volume of interfacial water in the emulsion is very limited, as shown in Figs. 1 and 2. Interfacial
water can be also classified as interphasal and bound water.
The latter is bound with an interfacial film by hydrogen
bonds. In most cases, compared with the concentration of
interphasal water in water-in-oil emulsion, the concentration
of bound water is very lower, and thus, the two states of
water are not studied dividedly.
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Free water present in the core of the emulsion and the
interfacial water attach at the interface of the external phases,
so free water is assumed to have physicochemical properties
not much different from those of pure water. Hence, it

should have a heat of fusion which is similar to that of ordinary water, freezing at approximately 0 °C. And it should
also have heat capacities nearly that of ice.

FIGURE 1 - Microstructure of the water-in-oil emulsion.

tallization temperature, which is determined by the properties of the two kinds of water and their corresponding
volumes. Therefore, during the cooling experiment, the
free water crystallizes before the interfacial water. The
evolution of the thermograms for the emulsions with different held times reveal mass transfer occurring between
internal and external phase, which may be used to test the
stabilities of the water-in-oil emulsions. So, it is feasible to
characterize the water-in-oil emulsion by DSC technology.
3. MATERIALS AND METHODS
3.1 Preparation of the water-in-oil emulsion

FIGURE 2 - Photo of the water-in-oil emulsion by optical microscopy (x40 magnification)

Interfacial water is the water confined within the region
separating the aqueous core from the oleic dispersing
phase. This region is considered to be finite in extent and
not just an imaginary line which is as a border between the
two phases. For the interfacial water, the presence of
surface may alter thermodynamic and kinetic properties
of the water, such as the melting point, the crystallization
temperature, enthalpy and heat capacity [5].
Thus, by means of some thermal analytic methods, it
is possible to detect the change of the amount of free
water and interfacial water [6]. For example, the signal of
DSC thermogram enables us to examine the behaviour of
the two types of water in relation to two parameters - the
temperature of crystallization and the respective enthalpies of crystallization - as an indication to the concentration of free water and interfacial water. The signal recorded from a cooling experiment makes it possible to distinguish two types of water corresponding to the crys-

The water-in-oil emulsions with different water-oilratios are prepared at room temperature according to references [7].
Kerosene is added drop by drop into the deionized
water solution in which the surfactant Span-80 has been
previously mixed, and the conductivity of the deionized
water is less than 4 µs. During the addition of kerosene,
the aqueous solution is submitted to a strong agitation
(20,000 rpm) provided by an IKA U20 mixer. Then, the
kerosene-in-water emulsion is sonicated for 10 min. The
resulting emulsion is a dispersion of kerosene in water,
named as xW/O (x is the weight concentration of water in
the emulsion, x = 0.05, 0.1, 0.15, 0.2, 0.3, 0.4). In this
system, kerosene is the external phase and water is the
internal phase. The emulsions being held for various times
at room temperature are described as 0.3W/O-t (t = 10 min,
1 day, 3 days, 6 days, 8 days).
3.2 Characterization

Q20 (TA Co., Ltd) calorimeter is employed to carry
out the thermal experiments on samples of the emulsions.
The water-in-oil emulsion samples, about 5 mg, are placed
in aluminum pans and then, the sample container is sealed
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by an upper cap. Then, the sample container is placed in
the block of measurement of the calorimeter to begin the
experiment. All the DSC experiments start at an initial
temperature of 30 °C and reach a final lower temperature
of -60 °C, then heated back to ambient temperatures. The
scanning rate is carried out at a constant rate of 1 °C/min.
3.3 Microscopic analysis

The droplet size of the emulsion is detected by a Hydro 2000MU Laser Particle Analyzer (Malvern Co. Ltd).
We set the experimental parameters for the test as follows:
the refractivity of droplet is 1.330 and the absorptivity of
it is 0.01, and pure kerosene with refractivity of 1.455 is
used as dispersing agent.

Span-80, the chemical name being sorbitan oleate and
the molecular formula being C24H44O6, is a perfect oil-inwater type surfactant. Kerosene is the mixture of hydrocarbons from C10 to C16, further refined from crude oil by
distillation method. We cannot find obvious thermal change
in the course of cooling and heating for Span-80 and kerosene. Therefore, we select the two materials as dispersing
phase and emulsifier, respectively. Thus, the phenomenon
that the fusion peak of dispersing phase and emulsifier
overlaps the peak of water can be avoided, which has
been occurred in another research [5].

4. RESULTS AND DISCUSSION
4.1. DSC analysis of pure component

At first, we will consider the case of a pure compound,
water, kerosene and Span 80.
From Fig. 3a, it can be found that a sharp exothermic
peak at about -19 °C was present during the course of cooling from room temperature to -60 °C. It is noteworthy that
ice with different weight always melts at 0 °C. On the
contrary, freezing occurs at different temperatures, depending on the water sample size. From nucleation theory, it
has been shown that the smaller the volume, the lower the
freezing temperature. For bulk water, freezing occurs at
around -14 °C for a volume of 1 cm3, and at around -24 °C
for a volume of 1 mm3, while for sized droplets (1 µm3)
freezing is found around -39 °C [8-9]. Note that the temperature at which a given sample solidifies is not unique.
In this study, the weight of the pure water used for examining is only 1.2 mg. Once the solidification occurs, the
complete process of crystallization is very fast. Therefore,
a significant amount of energy is released in a very short
time, and that is the reason why the form of the exothermic freezing peak is so sharp. In Fig.3 b, the energy absorbed during the water melting is evidenced as a peak
with perfect Gaussian shape on the obtained thermogram.
There is also no delay in the melting phenomenon, and all
the droplets melt at the same temperature, i.e. 0 °C, which
is the thermodynamic equilibrium temperature between
ice and water.
The amount of released heat for crystallizing, ΔH,
calculated by integrating the peak area, may be deviated
from the theoretical value. But in Fig.3 a, the shape of thermogram is asymmetrical because the temperature-programmed base line is disturbed by the energy released
from the water cooling, and we cannot get the functional
relation between the quantity of energy released and the
weight of pure water. This phenomenon is very common
in others’ investigation. So, we only compare the relative
content rather than accurate content of free water and interfacial water in the emulsion, which must be further investigated in a later research.

(a)

(b)
FIGURE 3 - DSC analysis of water, kerosene and
emulsifier during the course of cooling (a) and warming (b).
4.2. DSC analysis of water-in-oil emulsion
4.2.1. DSC analysis of emulsions with different amounts of
solubilized water

Compared with the DSC thermogram of Span-80 and
kerosene, the exothermal peak in the course of cooling
can be attributed to the crystallization heat of water in the
water-in-oil emulsion. Fig. 4 demonstrates the thermal behaviour of water-in-oil emulsions with different amounts
of solubilized water varying from 5 to 40wt. %.
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When the amount of solubilized water is between 5 to
10%, only one exothermal peak with symmetrical shape
can be found in the thermogram at about -40 °C, and the
crystallization peak shifts to high temperature slowly. Compared to the free water existing in the core of the emulsion,
being weakly bound to alcohol or surfactant and freezing
at temperatures close to -20 °C, the interfacial water is
strongly bound at the interface to the surfactant, and the
solidification temperature is modified depending on the
binding strength, such water will freeze at temperatures at
about -40 °C. We may say that when the total content of
water is less than 10 wt. %, all the water in the emulsion
system is interfacial water. When the total water content
reaches 15 wt. %, a new and sharp exothermal peak appears at about -20 °C and moves toward higher freezing
temperature as water concentration increases. It should be
noted that the increase in the water concentration also
leads to an increase in peak height and peak area, meaning more free water is present.

The DSC analysis of an emulsion at different times
may give precious information on the stability of the system. In order to monitor the changes of composition in the
emulsion, a sample, containing 30% water, is submitted to
a cooling experiment. The analysis by DSC is carried out
periodically and, therefore, the composition of emulsion
is different at each time. In Fig. 5, the evolution of crystallization thermograms of the emulsion sample is plotted.

FIGURE 5 - DSC analysis of 0.3W/O emulsion with different times.

FIGURE 4 - DSC analysis of water-in-oil emulsions with different
water content.

From the DSC thermogram of the water-in-oil emulsion, it can be inferred that due to the homogeneous nucleation process [10-11], a uniform emulsion is formed including water, kerosene and surfactant when the content
of water is less than 10 wt. %, and almost all the water
under this condition is present as interfacial one. With the
increasing of water concentration, the droplet size of the
internal phases is becoming large, and the amount of free
water contained in the interfacial membrane increases
consequently. At last, a new type of emulsion, oil-in-water
emulsion, is formed [3].
4.2.2. DSC analysis of emulsions with different held time
periods

When the emulsion is held for a relative long time,
the solution is broken slowly and the stability of the
emulsion is changed obviously, and finally, the solution is
divided into two parts (the photos of the emulsion with
different held times were not given in this paper), water
layer and oil layer, respectively.

The sequence in Fig. 5 shows a gradual change for
the exothermic peak. The peak attributed to the crystallization of interfacial water exhibits a progressive decrease
to the preservation time, without an apparent change of
the temperature. When the emulsion is perseverated over
8 days and the process of mass transfer is achieved completely, the cooling thermogram of the sample shows one
crystallization peak only, corresponding to the crystallization of free water.
On the other hand, the height of crystallization peak
for the free water occurs progressively and the crystallization temperature tends to increase slowly. Therefore, the
evolution of the crystallization signals makes it possible
to transfer from interfacial water to free water over time.
It must be emphasized that the sudden breakage of the
globules does not occur during the lifetime of the emulsion.
Therefore, the most likely mechanism of the progressive
mixing of internal and external phase is a mass transfer of
kerosene through the aqueous membrane [4, 7, 12].
4.2.3. Droplet size analysis of the water-in-oil emulsions

Droplet size distribution is another important point to
consider when dealing with emulsion [13]. Though no
precise definition of emulsion is given by IUPAC (International Union of Pure and Applied Chemistry), we still
can find some useful information from the state that “the
droplets often exceed the usual limits for colloidal system” and “some particles which have linear dimension
between 10-8 and 10-6 m are considered as a colloid”, and
the droplet diameter in our study is just between these
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ranges. So, the droplet size value is very useful to characterize the emulsion morphology and to compare the stabil-

ity of the emulsion.

TABLE 1 - The diameter date of droplet in the emulsion analyzed.
Sample
0.05W/O
0.1W/O
0.15W/O
0.2W/O
0.3W/O
0.4W/O
0.3W/O-3day
0.3W/O-8day

D10 (µm)
1.516
1.740
1.855
2.322
2.44
2.889
3.22
439.092

D50 (µm)
3.371
3.3854
4.357
6.331
7.012
8.962
718.082
839. 542

D90 (µm)
6.048
9.065
41.702
286.277
377.630
417.386
1335.012
1331.234

Dd (µm)
3.71
4.951
15.038
66.459
103.357
119.424
675.865
838.932

5%

10%

15%

20%

30%

40%

Droplet diameter (μm)
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FIGURE 6 - Diameter drop distribution in water-in-oil emulsion with different water concentration.

10min

3d

8d

Droplet diameter (μm)
FIGURE 7 - Diameter drop distribution in 0.3W/O emulsion with different times.

Results of diameter droplet distribution in series water-in-oil emulsion are given in Table 1, including D10,
D50, D90 and the average diameter of the droplet (Dd), and
the droplet distribution curves are shown in Fig. 6.
It is very obvious that the droplet diameter is becoming larger with increasing water concentration in the water-in-oil emulsion. On the other hand, a new diameter distribution range from 30 to 1000 µm can be found (Fig. 6)
when water concentration is above 15%. The D10 and D50
of the 0.4W/O emulsion are only about two times that of
0.05W/O and 0.1W/O, but D90 is distinct from that of
0.05W/O and 0.1W/O. It implies that these emulsions are
not homogeneous system and two types of droplet exist in
these emulsions, and, moreover, they are quite different not
only in size but also in property. The larger droplet may be
classified as free water according to the DSC analysis.
The water-in-oil emulsion system is complex, not
stable and morphology can be changed with time, especially the size change of droplet in water-in-oil emulsion.
Fig. 7 gives the droplet diameter distribution of 0.3O/W
emulsion with different placed times.
The proportion of small droplet is decreased with the
prolonging of placed time. For the 0.3W/O emulsion stored

over 3 days, the main droplet size is over 500 µm. The
average size of droplet in the emulsion placed for 8 days
is 838.932 µm, which is 8-fold that of fresh emulsion. It
may be attributed to the conglomeration of disperse phase.
Clause [10] validated that the solubility of drop is dependent on the droplet size. The larger the droplet is, the lower
the solubility is. Therefore, a possible matter transfer can
occur from the small droplet towards the bigger ones. The
process is termed as Ostwald ripening and responsible for
the growth of the bigger droplets and the disappearance of
the small ones. As shown in Fig. 1, the bigger droplets in
our water-in-oil emulsion system contain much free water. When the diameter is large enough, the droplet may
sediment from the emulsion due to gravity. So, after the
emulsion is placed for several days, the kerosene and water
may be separated from each other and an obvious separating surface can be seen in the glass container. At last, the
stability of the emulsion is broken thoroughly, and we
only can find the exothermic peak of free water. The very
small part of small droplet between 1-10 µm can be owing to the droplet in the interface between water and kerosene phase. The size result is also a reasonable confirmation for the DSC test.
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5. CONCLUSIONS

lized by sucrose esters and butanol. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 170: 1-18

With the help of the DSC data, the following conclusions are established:
(1) DSC technology is a feasible method to characterize the water-in-oil emulsion, analyzing the contents of free
and interfacial water, and evaluating the stability of the
emulsion. But due to the asymmetrical shape of exothermal peak for water in the course of cooling, further investigation still needs to be carried out for quantitative analysis and calculation.
(2) Two exothermic peaks can be found in the DSC
thermogram when the total water solubilization is more
than 10.wt%, which corresponds to the interfacial water at
about -40 °C and free water at -18 °C. The peak at higher
temperature disappears when water content is less than
10 wt%. It is also found that the higher the water content in
the emulsion, the larger the droplet size.
(3) The stabilization of the 0.3W/O emulsion placed
over 8 days is broken, the peak for the crystallization of
interfacial water cannot be found in the DSC thermogram.
Therefore, the concentration of interfacial water is also
reduced, and the area of the exothermic peak for the free
water crystallization is increased apparently. The droplet
sizes increased greatly during this process.
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ABSTRACT
This study investigated the elemental concentrations
of atmospheric particulate matter (PM10, PM2.5) and their
relationships with meteorological factors in Erzurum urban
centre, Turkey. The average elemental concentration PM10
values for Ca, Mg, Si, Al, Pb, Zn, Cu and Ni in Erzurum
city atmosphere were 2112, 184, 2134, 746, 6, 44, 38 and
2 ng/m3, respectively, and that of PM2.5 were 103, 30,
717, 86, 4, 6, 70 and 1 ng/m3, respectively. Furthermore,
during the sampling period, whilst on average 90% of
some alkali metals (Si, Ca, Al, Mg) were observed in
large size fraction, on average 55% of some elements (S,
Zn, Pb, K) were measured in fine size fraction. For the
purposes of investigating the sources of the elemental PM
concentrations measured, the widely documented crustal
enrichment factors method was used. K, Mg, Ca, Ti, Cr,
Mn were observed to be from crustal sources in coarse
fraction (PM10-2.5), but S, Cu, Zn, Pb were found to be anthropogenic. Concentrations of fine fraction (PM2.5) elements Mg, Ca, Al, Si, Ti were found to be entirely of crustal
origin (as per coarse fraction), and both crustal and anthropogenic sources were important in concentrations of
K, Cr, Mn and Ni, whereas S, Cu Zn and Pb levels were
entirely of anthropogenic origin. Moreover, fine mode fraction of PM (PM2.5) showed considerable seasonal variations of elemental concentrations which was thought to
originate from anthropogenic sources.

KEYWORDS:
Air pollution, particulate matter (PM), coarse particles, fine particles, elemental composition, enrichment factors, Erzurum.

diameters as “coarse”. The fine (PM2.5) and coarse particle
(PM2.5-10) modes, in general, originate separately, are transformed separately, are removed from the atmosphere by
different mechanisms, require different techniques for their
removal from sources, have different chemical composition,
have different optical properties, and differ significantly
in their deposition patterns in the respiratory tract [1].
Atmospheric PMs found in urban areas represent a
mixture of primary particle emissions from several sources,
such as vehicles, coal-fired power plants, oil refineries,
forest fires as well as steel, cement and paper plants [2-6],
and secondary particles from aerosols formed by chemical
reactions. Moreover, the size and composition of these particles may change through several processes, including
vapor condensation, evaporation and coagulation through
collisions due to Brownian movements produced by hydrodynamic, electric or gravitational forces. Finally, they
usually vary according to origin, chemical composition and
optical properties, leading to particular deposition patterns
in the human respiratory system [1, 6, 7].
The distribution of trace metals in atmospheric PMs
has been found to be dependent on climatic conditions [8].
It has been reported that metal contents exhibited a positive
correlation with temperature [9] but an inverse relationship with precipitation [10]. Wind speed and direction have
also been affecting the trace metal distribution in fine and
coarse particle fractions [11, 12].
The present study is for the first time carried out to
investigate the relationship between atmospheric concentration of some elements (Ca, Mg, K, Si, Al, S, Ti, Cr,
Mn, Fe, Cu, Zn and Pb) in particulate fractions (PM10 and
PM2.5) and some meteorological parameters (temperature,
wind speed and direction, precipitation) measured during
the sampling period in Erzurum urban center.

1. INTRODUCTION
2. MATERIALS AND METHODS

Particles with an aerodynamic diameter of ≤ 2.5 µm
are generally referred to as “fine”, and those with >2.5 µm

2.1. Sampling site and period

* Corresponding author

Erzurum is located in the eastern part of Turkey, and
is one of the most important winter tourism centers in the
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country (Fig. 1). It is surrounded by high mountains: the
Gavur-Dumlu Mountains (3200 m) to the north, DumanlıPalandöken (3125 m) to the south and Eğerlidağ (2974 m)
to the east. The altitude of the city is 1950 m and its population is 402,570. Since Erzurum is one of the coldest cities
of Turkey, residential heating continues for at least six
months during the year. With limited industrial activity, the
main sources of air pollution are domestic heating and urban traffic. Average wind speed is 3.3 m s-1 in summer
and 2.2 m s-1 in winter. Unfavorable topographical and
meteorological conditions result in inversions and subsequent pollution episodes in Erzurum, particularly during
long and cold winter seasons [13].
In this study, 163 daily PM samples of coarse (2.510 µm) and fine (<2.5 µm) fractions were collected from
February to October 2005, at the garden of Erzurum Regional Directorate of Highways (see Fig. 1). This sampling point was chosen by the directions of a new approach
proposed for the allocation of sampler [14].

sil fuels used in domestic heating; but also its distances
far enough away from both local pollution sources and
main roads more than 150 m at north. The site has 1955 m
altitude being closer to the average city altitude (1950 m).
In addition, the daily meteorological data is provided
from Meteorology Department of Erzurum which is 6 km
far from sampling site.
2.2. Sampling and analysis method

Teflon membrane filter with 37 mm diameter and 2 µm
pore size in an Anderson model 244 dichotomous sampler
was used for simultaneous collection of PM10-2.5 and PM2.5
fraction samples. PM10 data is obtained by calculation of
measured PM10-2.5 and PM2.5 results. The sampling flowrate used for the sampler was 1 m3/h. Firstly, the mass
concentrations of PM were found gravimetrically using a
five digit sensitive Denver 215D model balance. Later,
elemental concentration (Ca, Mg, K, Si, Al, S, Ti, Cr, Mn,
Fe, Cu, Zn, Pb) of these PM (PM10-2.5 and PM2.5) were
assessed by using ED-XRF in Turkey Atomic Energy
Center [15]. On the other hand, all statistical analyses were
performed using SPSS 11.5 software package.
3. RESULTS AND DISCUSSION
3.1. Elemental concentration findings

In this study, 14 elemental concentration distributions
of PM samples were investigated and statistical properties
were summarized (Table 1).

FIGURE 1 - Study area.

In this approach, the measurement results of smoke
concentrations from 6 monitoring stations in Erzurum were
considered for the determination of yearly (winter seasons)
mean concentration values of these stations and that of the
city. The contours of these average concentrations were
drawn in yearly intervals, and, the contours of the average
Erzurum concentrations were hatched in ±5 µg/m3 intervals by considering the Kriging method. Each point over
the hatched contours gives the expected average concentrations for Erzurum.
Consequently, the sampling location and the sampling point (in the garden of Erzurum Regional Directorate of Highways) representing Erzurum was chosen by
considering the EPA criteria from these hatched contours.
The sampling site is appropriate for the EPA criteria, and
submitted as the point reflecting the profile of the city
pollution. This is how its homogenous structure is similar
to the compositions of basic pollution sources of the city,
such as the exhausted gases and the emissions of the fos-

During the sampling season (February-October 2005),
the median concentration values of Si, Ca, Al, Mg observed
in PM10 samples were recorded to be 1177, 1129, 443 and
108 ng/m3,respectively, and that of S, Zn, Cu and Pb to be
308, 61, 29 and 5 ng/m3, respectively (Table 1). Detected
elements accounted for, on average, 23 and 9% of the
total PM10 and PM2.5 levels, respectively. Similarly, it has
been documented in literature that in Genoa/Italy, where
approximately 22 elements were analyzed, the analyzed
elements constitute, on average, 20% of the total PM10
mass but only 10% for PM2.5 and 7% for PM1 [16].
The percentages of the analyzed elements observed in
coarse and fine fractions are shown in Fig. 2. The coarse
size fraction represents, on average, 90% of some crustal
alkali metals (Si, Ca, Al, Mg), whilst some metals (S, Zn,
Pb, K) are observed to have an average fine size fraction
of 55%. However, Cr, Ni and Mn are mainly associated
with coarse size in the Erzurum atmosphere. This unexpected coarse fraction may be related to the enrichment of
surface soil with combustion particles (emitted from burning of fossil fuel for residential heating) over the years
[17]. Similar percentage proportions were reported in the
studies by Yatin et al. [17], Hueglin et al. [18] and Begum
et al. [19] carried out in Ankara/Turkey, Bern and Zurich/Switzerland and Rajshahi/Bangladesh.
During the sampling period, the PM10 and PM2.5 mass
and elemental concentrations were compared to the re-
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TABLE 1 - Statistical description of elemental concentrations of PM10 (values in parentheses pertain to PM2.5) (ng/m3).
PM10
(PM2.5)
Mg
Al
Si
S
K
Ca
Ti
Cr
Mn
Fe
Ni
Cu
Zn
Pb

Data
Number
141
(81)
162
(91)
163
(126)
163
(161)
163
(161)
163
(126)
163
(129)
152
(111)
158
(112)
142
(21)
162
(150)
158
(108)
153
(138)
142
(100)

Arithmetic
Mean
184.42
(29.55)
745.75
(85.53)
2134.19
(171.27)
456.38
(289.39)
481.58
(229.00)
2112.33
(102.82)
77.78
(5.89)
2.12
(0.89)
16.80
(2.70)
674.36
(112.19)
2.08
(0.76)
37.60
(12.06)
70.22
(43.98)
5.62
(4.07)

Standard
Deviation
257.07
(42.40)
880.88
(125.57)
2647.63
(278.27)
452.24
(311.43)
1513.60
(1505.51)
2772.32
(155.62)
86.21
(7.63)
1.93
(0.72)
20.16
(2.12)
811.89
(132.11)
2.71
(0.45)
42.08
(11.25)
54.80
(30.45)
4.48
(3.21)

Geometric
Mean
96
(15)
409
(34)
1084
(61)
324
(195)
272
(81)
962
(45)
48
(3.39)
2
(0.57)
13
(1.89)
308
(79)
2
(0.57)
30
(5.87)
66
(31)
7
(2.56)

Median

Minimum

Maximum

Skewness

107.7
(15.9)
442.9
(38.9)
1177.1
(80.2)
307.5
(181.7)
280.3
(72.9)
1129.1
(50.3)
47.1
(3.6)
1.5
(0.72)
9.6
(2.27)
404.9
(67.6)
1.7
(0.74)
29.1
(6.5)
60.6
(39.9)
4.6
(3.13)

1.01
(0.93)
29.19
(0.61)
31.74
(0.18)
38.8
(18.05)
32.5
(4.31)
11.14
(0.09)
6.14
(0.54)
0.08
(0.00)
0.61
(0.03)
0
(0.61)
0.01
(0.01)
2.19
(0.11)
0.34
(0.55)
0.07
(0.07)

1771.59
(233.75)
5969.21
(687.54)
19479.97
(1782.19)
2395.17
(1570.89)
19283.52
(19174.79)
12846.04
(1067.82)
583.95
(54.34)
12.81
(3.35)
144.77
(12.52)
4590.27
(550.43)
27.55
(2.57)
402.64
(38.07)
301.57
(159.46)
21.99
(13.83)

3.72
(3.00)
2.60
(2.67)
2.95
(3.34)
2.56
(2.45)
11.99
(12.61)
2.26
(3.73)
2.70
(3.93)
2.37
(1.07)
3.17
(1.83)
2.27
(2.32)
7.27
(0.75)
6.18
(0.60)
1.45
(1.17)
1.14
(0.81)

100
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FIGURE 2 - The percentages of the analyzed elements observed in coarse and fine fractions.

sults of published studies on various urban areas (Tables 2
and 3). Although the total PM (PM10, PM2.5) mass concentration exhibits similarities with other cities in the world, it
displays significant differences in terms of elemental concentrations (Tables 2 and 3). In particular, the concentrations of Al and Ca observed in urban areas of Spain (Albacete) and Jordan (Al-Hashimiya) which are exposed to
desert dust originating from Africa are quite high compared

to the results of the present study, which are found to be
closer to Al and Ca levels of Northern European countries
(Gothenburg, Vallila, Bern). On the other hand, K, which
is estimated to consist of combustion of biomass, pollen
and spores [20], was observed at much higher concentrations compared to other urban studies. This is due to the
emissions from logs and dried dung burnt for heating purposes in winter months in Erzurum, and the spread of pol-
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len and spores from rural areas by winds (ENE, W) in
summer. The atmospheric concentration of Pb in Erzurum
city is observed to have the lowest values at both PM10
and PM2.5 fractions compared to studies carried out both in
Turkey (Ankara) and urban areas elsewhere in the world
(Paris, Erfurt, Boston, Barcelona). The results of the study
appear to be similar with other published urban area studies in terms of Zn concentrations observed in fine mode
(PM2.5), whereas other elemental concentrations in Erzurum city atmosphere are lower than the other urban area
values.
3.2. Variation in elemental concentrations

The present study evaluated elemental concentrations
which exhibit major short-term (daily) changes in various
PM fractions depending on source profile. Whilst PM 2.5
elemental concentrations generally exhibit less daily variation, the biggest change was observed in crustal alkali
metals in the PM10 fraction. The monthly trends of selected

elements from the PM10 and PM2.5 fractions are shown in
Fig. 3.
Residential heating, which produces significant emissions in winter months, causes significant seasonal differences in elemental concentrations, especially in urban areas
where a continental climate prevails. Furthermore, unfavorable meteorological conditions (inversion, low wind speeds,
low precipitation etc.) observed in urban areas in winter
months contribute to these variations. In the present study,
the winter season (heating required) was determined as November 15th – April 15th and the remaining months
(April 15th – October 11th) were considered to be summer months (no heating required). Generally, during the
sampling period, whilst elemental concentrations of Mg,
Al, Si, Ti, Mn, Fe and Cu increase from winter months towards summer months, those of Cr, Zn, S and Pb decrease, but K and Ni do not exhibit any temporal variation.

TABLE 2 - Some worldwide measured yearly average urban PM2.5 (µg/m3) and elemental compositions (ng/m3).
City
Erzurum, Turkey
(This study, 9 months)
Wusumu, China [21]
Rajshahi, Bangladesh [19]
Bangkok, Thailand [22]
PolyU, Hong Kong [23]
Norwich, Norway [20]
Paris, France [20]
Bern, Switzerland [18]
Zurich, Switzerland [18]
Barcelona, Spain [24]
Al-Hashimya, Jordan [25]
Ankara, Turkey [17]
New York, USA [26]
Thessaloniki, Greece [27]
Vallila, Finland [28]
Boston, USA [29]

PM2.5

Al

Ni

Ca

Cr

Cu

Fe

K

Mn

Pb

S

Si

Ti

12.9

86

0.8

103

0.9

12.1

112

229

2.7

4.1

289

171

5.9

22.5
38
41.7
16.2
17.8
24.6
20.0
33.9

386
2950
119
108
141
26
48

7.0
2.0
380
8.1

618.4
116
3120
349.4
92
79
106
54
516
4239
95

6.1
4.6
130
1.6

7.3
1.67
60
17.0
3.2
10.0
8.7
6.1
49
26.18

386
114
2200
191
42
98
204
124
258
248
100
160
297
96
121

98
551
930

587

11.1
14.1

977
1081

204
321

1.9
2.6
3.9

85
98

23
3.3
1

20.4
14.7
220
42.8
13.6
15.7
30
21
120
24.3
71
7.9
127
5.8
285

924.2
1225

116
180
186
223
229
128
140

63.9
5.12
70
10.9
2.6
4.4
4.4
3.5
14
3.0
4.9

569
110
39
97
11.8

59

1.3
3.1
6
6.96
3.1
10
17
2
12

17
168
3.1
35

71
70

16
21

0.83
144

V

Zn

Mg

44

30

6.8

27.8
16.7
1090 1090
167.0
4.5
15
2.2
40.1
1.6
1.1
9
162
1.55 323.5
3.9
16
9.2
29
41
521
5
14
20
46

314
750
91
13
17
68
1008
70
25

TABLE 3 - Some worldwide measured yearly average urban PM10 (µg/m3) and elemental compositions (ng/m3).
City
Erzurum, Turkey
(This study, 9 months)
Madrid, Spain [30]
Edinburg, England [31]
Kuopio, Finland [32]
Los Angeles, USA [29]
Rajshahi, Bangladesh
[19]
Vallila, Finland [28]
Qalabotjha, South Africa
[33]
Basel, Switzerland [34]
Budapest, Hungary [35]
Barcelona, Spain [10]
Dares Salam, Morogoro
[36]
Zurich, Switzerland [18]
Barcelona, Spain [24]
Al-Hashimya, Jordan [25]

PM10
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Ni

Ca

Cr

Cu

30.8

746

2.1

2112

2.1

1920

940
847

4
3.4
3.3
5

650

9
1.6
2.4

63.6

2458

4.67

1448

13.9

25
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2.8
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90

1410
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14.2
27.2
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246
49.8
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37.6

674
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112
4.9
30
178

1930
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840
2192
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4.25

1233

9.3

616
728

693

720
272
890

348
9
2.3
7

630
386
2250

73
6

74

23

660

0.5

530

1.3

24.4
49.5

81

1.8
7
9.2

242
2258
17319

17
72
10.4

2690

474
891
1600

1128

Pb

S

Si

Ti

16.8

5.6

456

2134

22
2.9
21
63

118
14.1
10
251

1433

33.8

30.9

285

12

7.8

510
230
560

16
10.7
24

55
20.6
149

470

8.6

1.5

219
416
509

7.3
24
50

20
144
88.8

250

2900
2038

5139

Zn

Mg

77.8

70.2

184

56
3.7
64
165

93
13.3
18
293

250

350

5.8
9

156

32.8

1126

22

155

32
20
50

2.4
13
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26.4
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1.4

5.7

85
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2099

1.0
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212.3
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1363
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FIGURE 3 - Monthly variations of some selected elements in PM10 (a) and PM2.5 (b) fractions.

Winter median values of PM10 concentrations for Si,
Ca, Al, S, Zn and Pb are 698, 431, 286, 462, 94 and 8
ng/m3, respectively. The median concentrations of these
elements during the summer season are 1816, 1438, 573,
251, 48 and 4 ng/m3, respectively. The average summer
period concentrations of Si, Ca, Mg, Al, Ti, Mn, Fe and
Cu were observed to be 1.8 to 3.3 times higher compared
to the winter period. This is caused by the crustal structure of the Anatolian plateau and the scarcity of flora on
this plateau, observed at higher concentrations in summer
months due to earth surfaces being covered with snow in
winter months [17].
In contrast, S, Pb, Zn, Ni, Cr and K show higher values during the winter months (average 1.8 times higher)
compared to summer period. Combustion from residential
heating is able to enrich much of these elements in the
atmosphere during winter months [21].

The most pronounced variation in PM2.5 elemental
concentrations occurs in Cu, K and S. Whilst the median
value for Cu in winter period is 3.47 ng/m3, it increases 5fold in summer period to 15.46 ng/m3. This is thought to
be due to the increase in traffic condensation during summers. On the other hand, the S and K concentrations are 2.5
times higher in the winter period which can be due to
home heating combustions of fossil and biomass fuels in
winter.
Pearson correlation coefficients are calculated individually for PM10 and PM2.5. Whilst a highly significant
relationship in PM10 is found among soil-sourced Ca, Mg,
Al, Si, Ti and Fe, a weaker one is observed among Pb, Zn,
S and Ni for the summer period (p<0.05) originating from
different sources (road dust or traffic-sourced) and, therefore, it has a weaker correlation [37]. Yet, a lower significant relationship occurs between both crustal (PM10) and
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anthropogenic (PM2.5) elements (Ca, Mg, S, Pb, Cr, Mn
etc.), in general, in the winter period compared to summer
period (p<0.05). These elements (Ca, Mg, S, Pb, Cr, Mn
etc.) are observed in winter period to be both soil- and combustion-sourced in Erzurum urban atmosphere, butduring
summer they are only soil sourced. On the other hand, in
PM2.5 fraction of elements (Ca, Al, Si etc.), a significant
relationship was found in the summer period, whilst in
winter a significant correlation is only observed between
S, Cr, Zn and Ni (p<0.05).
3.3. The effect of some meteorological parameters on elemental concentrations

Various meteorological parameters such as temperature,
wind speed and direction and local precipitation (snow, rain)
play an important role in air-quality [10, 12, 36, 37].
Precipitation: Precipitation has a cleansing effect on
atmospheric PM (TSP, PM10, PM2.5) elemental concentra-

tions [10]. Whilst causing the coarse mode particles (Ca,
Al, Si, Mg etc.) to settle and recede from the atmosphere,
especially in summer months, rainfall also prevents the
crustal alkali metals entering the atmosphere as they cannot be blown by wind due to crustal surfaces being wet
after precipitation. Average PM mass and elemental concentrations on rainy and dry days are shown in Table 4.
As seen from the mass concentrations of PM, coarse size
PM concentrations are 2.5-fold higher on dry days than on
rainy days, and this ratio was observed to be 1-1.5 times
greater for fine size PM particles (Table 4).
The alkali earth metal levels increase gradually in the
days following precipitation due to moistness on earth
crustal surfaces, but the atmospheric loading of anthropogenic fine fraction elemental concentrations can occur
faster. The variation of selected elemental PM levels as a
result of precipitation is seen in Fig. 4.

TABLE 4 - Some elemental concentrations in different PM fractions observed on rainy and dry days.
Rainy Days (PM10)
18.22
118.20
399.68
1120.30
346.95
499.71
1188.62
43.95
1.55
8.88
356.60
1.67
31.78
57.80
5.40

Mass (µg/m3)
Mg (ng/m3)
Al (ng/m3)
Si (ng/m3)
S (ng/m3)
K (ng/m3)
Ca (ng/m3)
Ti (ng/m3)
Cr (ng/m3)
Mn (ng/m3)
Fe (ng/m3)
Ni (ng/m3)
Cu (ng/m3)
Zn (ng/m3)
Pb (ng/m3)

3)

160

Rainy Days (PM2.5)
8.58
25.27
55.35
114.59
228.69
364.81
67.62
4.30
0.76
2.26
105.02
0.73
9.33
37.78
4.02
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180
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34.14
229.35
1002.52
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467.93
2807.59
103.24
2.52
22.49
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2.37
41.77
79.65
5.76

140
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20
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15.02
32.49
101.12
201.68
333.78
129.69
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FIGURE 4 - The effect of precipitation on elemental Zn (a) and Al (b) concentrations in different PM fractions.
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Generally, in all PM fractions, atmospheric concentrations are reduced by precipitation and the lowest elemental concentrations during the study period were recorded on rainy days (Fig. 4). This was observed most
prominently in winter months but also in summer months
when wind speeds were low. In addition, the removal by
precipitation of elements measured in coarse mode (PM102.5) was more pronounced than that of elements observed
in fine mode (PM2.5).
In other words, approx. 35% of the PM (PM10, PM2.5)
samples were collected on rainy days whilst 65% of samples were collected on dry, arid days. The ratio of concentrations of crustal elements (Al, Si etc.) in coarse fraction
(PM10) on dry to rainy days was observed to be 2.5 times,
but the dry to rainy day ratio of the same elements in fine
fraction (PM2.5) was calculated to be 1,8. This supports the
finding that coarse size elements are more quickly removed
from the atmosphere by precipitation.
b) Temperature: In urban areas with a continental
climate, temperature is the meteorological parameter which
has the greatest effect on air quality. Low temperature, in
particular, increases requirement for residential heating
and, depending on the type and quality of fuel (lignite, fueloil, natural gas) used, the air quality in these areas deteriorates significantly. Combustion emissions are observed to
be a serious issue in city centers such as Erzurum, where
use of low-quality lignite is prevalent, with air pollution
being gradually reduced to acceptable levels due to the
shift to natural gas in recent years [13].
The variation of S (70% of which occurs in fine fraction) was observed to be inversely proportional to temperature, with high concentration of S being present at lower
temperatures whereas concentrations of Ca (95% of which
is observed in coarse fraction) increase with temperature
(Fig. 5). This situation indicates the possible observation
of crustal elements (Ca, Al, Mg etc.) in the city’s atmosphere with increasing wind speeds due to the soil moisture being quickly away at high temperatures.

14000

PM2.5

1600

C a	
  C o n c en tratio n 	
  (n g /m 3 )

S 	
  C o n c en tratio n 	
  (n g /m 3 )

1800

c) Wind speed and direction: Wind speed and direction, which plays an important role in the distribution and
dispersion of atmospheric PM, has been evaluated and
discussed in PM studies on urban areas [17, 29]. In urban
areas, local winds cause the dispersal of significant amounts
of pollutants from various industrial plants (oil refinery, iron
and steel factories etc.) which can be considered to be sitespecific sources to the receiver or the sampling location,
whilst also enabling the entry of coarse size elements (Ca,
Al, Mg etc.) from crustal surfaces and roadsides into the
atmosphere [26]. On the other hand, depending on its speed
and direction, wind also has an active role in the removal of
various natural and anthropogenic pollutants from the city
atmosphere.
In Erzurum city centre, low wind speeds are generally
observed in winter months when the air quality deteriorates due to residential heating. This situation reduces the
dispersion in winter months of atmospheric pollutants,
whilst in summer months increased wind speed enables
the entry of crustal alkali metals into the atmosphere.
As seen in Fig. 6, high concentrations of crustal elements (Ca, Mg, Al, Si etc.) in coarse (PM10-2.5) fraction
were recorded during times of high wind speeds, and the
levels of fine (PM2.5) fraction elements (S, Pb, K, Ca, Mg
etc.) are observed to be low. This is because mostly natural-sourced elements (coarse mode: Ca, Mg, Al etc.) enter
the city atmosphere from crustal surfaces as a result of
transportation by high wind speeds, whereas anthropogenic
elements (fine mode: S, K, Pb etc.) are removed from the
city atmosphere with high wind speeds, additionally supported by the fact that smaller particles (fine fraction) are
more easily carried away by the wind.
The dominant wind in Erzurum city is in the ENEWSW direction, whereas the secondary wind direction is
southward (S) playing also an important role in the city
atmosphere both in winter and summer after the dominant
wind direction (ENE). According to past years’ smoke
and SO 2 concentrations, the southern parts of the city
centre experience significant pollution, and it is thought
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FIGURE 5 - The effect of air temperature on S (a) and Ca (b).
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FIGURE 6 - The variation of S (a) and Si (b) concentrations with wind speed.
TABLE 5 - The effect of high frequented wind directions on elemental concentrations during sampling period.

ENE

WSW

NNW

SE

SW

N

S

SSW

W

PM10
*
PM10-2.5
PM2.5
PM10
PM10-2.5
PM2.5
PM10
PM10-2.5
PM2.5
PM10
PM10-2.5
PM2.5
PM10
PM10-2.5
PM2.5
PM10
PM10-2.5
PM2.5
PM10
PM10-2.5
PM2.5
PM10
PM10-2.5
PM2.5
PM10
PM10-2.5
PM2.5

Mg
5.83
6.11
3.11
0.29
0.28
0.41
0.60
0.62
0.44
0.05
0.05
0.008
0.28
0.24
0.63
0.20
0.20
0.20
1.29
1.25
1.64
0.46
0.38
1.19
1.14
1.15
1.05

Al
5.06
5.24
2.39
0.39
0.38
0.49
0.85
0.86
0.62
0.04
0.04
0.02
0.31
0.29
0.61
0.27
0.27
0.20
1.11
1.09
1.42
0.39
0.32
1.34
1.22
1.22
1.10

Si
5.33
5.51
2.67
0.39
0.39
0.46
0.86
0.87
0.66
0.02
0.02
0.004
0.32
0.29
0.65
0.25
0.26
0.16
1.05
1.03
1.32
0.34
0.29
1.19
1.26
1.26
1.31

S
3.46
4.08
3.10
0.69
0.57
0.76
0.75
0.78
0.74
0.18
0.13
0.21
0.42
0.31
0.48
0.37
0.41
0.35
0.92
1.00
0.87
0.28
0.27
0.29
0.79
0.84
0.75

K
3.48
5.32
1.40
0.39
0.42
0.36
0.63
0.84
0.40
0.07
0.06
0.09
0.27
0.29
0.24
0.22
0.28
0.14
0.77
1.04
0.47
0.24
0.29
0.19
0.81
1.16
0.42

Ca
5.13
5.22
2.97
0.41
0.40
0.64
1.11
1.12
0.82
0.01
0.01
0.004
0.41
0.40
0.80
0.27
0.27
0.15
1.21
1.20
1.31
0.23
0.20
0.95
0.96
0.96
1.11

Ti
5.28
5.41
3.35
0.42
0.41
0.59
0.84
0.86
0.61
0.02
0.02
0.04
0.32
0.30
0.62
0.27
0.27
0.16
1.04
1.04
1.11
0.31
0.27
0.99
1.27
1.27
1.31

Cr
4.72
5.58
2.77
0.53
0.40
0.82
0.88
0.81
1.03
0.09
0.06
0.15
0.35
0.20
0.69
0.32
0.31
0.34
1.13
1.14
1.11
0.24
0.22
0.31
0.94
1.07
0.65

Mn
4.96
5.13
3.65
0.40
0.38
0.59
0.77
0.80
0.47
0.19
0.20
0.11
0.31
0.28
0.53
0.26
0.27
0.19
0.94
0.95
0.87
0.27
0.23
0.61
1.29
1.28
1.36

Fe
5.17
5.26
1.62
0.35
0.35
0.46
0.88
0.89
0.58
0.007
0.007
0.0
0.29
0.27
1.16
0.29
0.29
0.11
1.10
1.10
1.17
0.34
0.29
2.20
1.32
1.33
0.80

Ni
4.99
5.62
3.76
0.71
0.59
0.93
0.60
0.52
0.77
0.31
0.43
0.09
0.36
0.32
0.43
0.17
0.17
0.17
0.85
0.77
0.99
0.24
0.20
0.32
1.25
1.14
1.46

Cu
6.21
6.56
4.98
0.66
0.59
0.90
0.54
0.52
0.62
0.11
0.12
0.08
0.40
0.44
0.25
0.16
0.17
0.12
0.62
0.67
0.44
0.26
0.25
0.30
1.50
1.31
2.17

Zn
4.17
5.08
3.46
0.77
0.73
0.80
0.80
0.66
0.90
0.10
0.08
0.11
0.49
0.45
0.52
0.32
0.36
0.29
1.02
0.96
1.06
0.28
0.26
0.29
1.02
1.17
0.90

Pb
3.82
4.67
3.00
0.83
1.12
0.56
0.37
0.18
0.56
0.11
0.07
0.14
0.72
0.76
0.69
0.14
0.20
0.08
1.09
0.76
1.41
0.33
0.32
0.33
1.41
1.60
1.23

*PM10-2.5 = PM10- PM2.5

that significant amounts of pollutants are distributed from
these areas by these S-winds [14].
The effects of high frequented wind directions and
speeds >3 m/s on elemental concentrations during sampling period are given in Table 5.
The dominant wind direction ENE contributes significantly to the enrichment of coarse size elements (Ca, Al,
Si etc.). The ENE side of sampling is the city’s rural area
and indicates the distribution of crustal alkali metals from
these rural areas to the sampling locations by the prevalent winds. On the other hand, the southern part of the
sampling area is in the districts of the city where high
traffic levels and air pollution were observed. It can be
seen in Table 5 that fine size elements (S, Cu, Ti etc.) are
enriched from these areas via southerly winds. Less preva-

lent wind directions were not observed to have any possible serious impact on elemental concentrations.
3.4. Enrichment factors

The elemental composition of PM in the atmosphere,
emitted by various natural and anthropogenic sources,
exhibits a spatial distribution. The enrichment factors (EF)
used in source investigations provide qualitative information regarding natural and anthropogenic components
in PMs. The enrichment factor of an element is calculated
by using Equation (1) given by Yatin [17]:

EF

c

=

(C x / C R )sample
(C x / C R )reference

(1)

In this equation, Cx represents the observed concentration of the element in the sample and reference materi-
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al, whilst CR is the reference elemental concentration in
the sample and reference material. This equation is based
on the assumption that a component will occur in the sample in the same ratio as in the reference source. In this
study, the average earth crust composition results provided by Taylor [38] were used, and in the calculation of the
crustal-origin enrichment factors (EFc), Al was chosen as
reference element [17]. The crustal-origin EFs were calculated for PM10-2.5 and PM2.5 (see Fig. 7).

and elemental concentrations of S, Cu, Zn and Pb occurring in Erzurum city atmosphere are entirely anthropogenic 7 (EFc~100) (Fig. 7).
Fine mode (PM2.5) elemental concentrations exhibit 3
types of distribution. Mg, Ca, Al, Si and Ti are observed
to be entirely of crustal origin as per coarse mode (EFc~1).
It is seen in Fig. 8 that both crustal and anthropogenic contributions are important in concentrations of K, Cr, Mn,
Ni (EFc~10), and that S, Cu Zn and Pb levels are entirely
from anthropogenic sources. Similar results were reported
by Yatin et al. [17] and Wei et al. [39].

K, Mg, Ca, Ti, Cr and Mn are observed to be of entirely crustal-origin (EF c ~1) in coarse mode (PM 10-2.5),
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FIGURE 7 - Enrichment factors of elemental concentrations in coarse (a) and fine fraction (b).

4. CONCLUSION
Particulate matters (PM10-2.5, PM2.5) of Erzurum urban
atmosphere are sampled for the first time at a representative sampling point from February to October 2005. The

elemental concentration values for Ca, Mg, Si, Al, Pb, Zn,
Cu and Ni in PM 10 of Erzurum city atmosphere were
2112, 184, 2134, 746, 6, 44, 38 and 2 ng/m3 respectively.
The same elemental concentrations in PM2.5 were 103, 30,
717, 86, 4, 6, 70, 1 ng/m3, respectively. Significant tem-

1133

© by PSP Volume 20 – No 5. 2011

Fresenius Environmental Bulletin

poral variations are observed in S and K values, with
the averaged winter season concentration for S in PM2.5
fraction being 461 ng/m 3 and reduced to an average of
170 ng/m 3 in summer season.
Elemental concentration findings exhibited a geometric distribution, in general, and were influenced by meteorological parameters, such as wind-speed and direction,
precipitation and temperature. The negative effect of precipitation in winter months on PM concentration results
was clearly observed. While low temperatures had a positive effect on combustion-originated elemental PM concentrations, generally, no similar effect was observed on elemental PM concentrations assumed to be from natural
sources. It was observed that ENE, which is the dominant
wind direction for Erzurum city, was inducing enrichment
of the concentrations of all atmospheric elements studied
within the research. During the entire sampling period, on
average, 90% of some alkali metals (Si, Ca, Al, Mg) were
observed within the large size fraction, but 55% of some
elements assumed to be combustion-originated (S, Zn, Pb,
K) were measured in fine fraction.
Annual elemental PM findings differed from the results of urban studies in other areas of the world. The
measured Al and Ca concentrations in desert dust-exposed
urban areas were found to be quite high compared to the
results of this study. The K results of the present study,
which are estimated to be due to combustion of biomass
in winter months and spores in summer months, are found
to be low. Pb and Zn, which are thought to be originating
from coal combustion and traffic, are measured to be lower
than in other urban areas previously documented.
As a conclusion, the values of the some PM (PM10,
PM2.5) elemental concentrations of Erzurum are found to
be lower than in other city centers. Previously, densely
polluted air quality of Erzurum has been improved by recent adoption of natural gases in house heating, and will
have better air quality with increased green zones and
widespread usage of natural gases in heating.
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ABSTRACT
In order to investigate the effects of NaCl on mesophilic sulfate reduction and COD removal in anaerobic
digestion processes, an up-flow anaerobic sludge bed
(UASB) was operated continuously for 190 d with a constant hydraulic retention time (24h) at different COD/SO42ratios. With an increase in NaCl concentration from 0 to 4 g
L-1, the sulfate reduction and COD removal were elevated
significantly, but the higher salinity had a negative impact
on the bioreactor performance. The maximum sulfate reduction efficiencies were obtained to be 84.66%-90.01% at
COD/SO42- ratios of 10 and 5, respectively. With NaCl
concentration enhancing, COD removal was increased from
50.23% to 75.19%, followed by a dramatic drop. At a NaCl
concentration of 50 g L-1 in the bioreactor, more than 60%
sulfate reduction and less than 30% COD removal were
achieved. Quantitative real time PCR showed that the highest abundance of SRB was obtained at a NaCl concentration of 4 g L-1, which was consistent with the results of sulfate reduction and COD removal. The result obtained suggesting that sulfate reducing bacteria (SRB) was unsusceptible to high salt than methane-producing bacteria (MPB)
and could be potentially applied in the hypersaline environments.

KEYWORDS:
mesophilic; salinity; sulfate reduction; SRB; qRT-PCR.
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economic and often accompany by secondary pollution,
thus currently more concerns are turned to the reliable and
feasible biological methods [1].
High salinity causes an increase in cell osmolarity and
inhibits the activities of microbial metabolic enzymes, thus
resulting in the fall of biodegradation capacity [3-6]. In
previous studies, the effect of sodium salt on the methanization process has been studied extensively [7], and more
concerns are focused upon salt-tolerant bacteria, since the
adap tation to salinity needs a long start-up period and salt
acclimation usually loses during the treatment of the industrial wastewaters with highly variable salinity[1].
With the organic as electron donor and sulfate as electron acceptor, sulfate reducing bacteria (SRB) can transform sulfate to hydrogen sulfide in order to achieve biodegradation of organic pollutants [7] or the metal removal [8,
9]. SRB has been extensively applied in the treatment of
various industrial wastewaters, such as: bioleaching liquors [10], mine drainage [11, 12], leachate [13], alachlor
[14], distillery-spent wash [15] and other chemical
wastewater [16, 17]. However, little information is available
about the effect of salinity on sulfate reduction in a SRB
containing anaerobic treatment system operated in a relatively short time without salt-tolerant sludge.
This study aims to investigate the influences of salinity and COD/SO42- on mesophilic sulfate reduction and organic pollutant removal in a continuous-flow UASB (upflow anaerobic sludge bed) to explore the possibility of costeffective application of SRB in salt-bearing wastewater
treatment.

1. INTRODUCTION
Chemical production, seafood processing and mine
industry produce a very large amount of saline
wastewater, rich in both NaCl and organic matter [1, 2].
When this wastewater is discharged into the environment without prior treatment, it can cause severe damage
by contamination of soil, surface and groundwater [1].
As for saline wastewater treatment, physico-chemical
processes are un-

2. MATERIALS AND METHODS
2.1. Experimental set-up

One cylindrical UASB reactor made of polymethyl
methacrylate, with an inner diameter of 80 mm, an effective
height of 600 mm and an effective volume of 3 L, was used
to investigate the effects of NaCl on mesophilic sulfate
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reduction and organic pollutant removal in the anaerobic
digestion process (Fig. 1). Both the influent and effluent
recycling were performed by peristaltic pump (BT-600C,
Huxi Co., Shanghai, China) and rotameter (LZB-2,
Jiangying, China) to keep the upflow velocity at 2 m h-1,
and the flow was dispersed using a range of hypodispersion holes. Water and sludge samples were collected at
the top and bottom of the sampling ports, respectively.
The pH in the reactor was measured with a pH electrode
(Mtetler-Toledo, LE438 pH, Shanghai) and the temperature was kept at 33 (±1 ) by the heaters in the plastic
cask and the reactor.

2.4. Chemical analyses

After the COD/SO42- and salinity regulations, water
samples were collected from both influent and effluent of
the bioreactor every 24 h. The samples were kept at 4 ℃
until analyses of COD, sulfate, sulfide, VFAs (volatile fatty
acids). Sulfate was measured by barium- chromate spectrophotometry [18] by determining the absorbance at a wavelength of 420 nm (UV-1100 spectrophotometer, Shanghai
Mapada Inc., China). COD was analyzed by potassium dichromate method [18], and sulfide was determined by iodometry [18]. VFAs were measured using gas chromatography (HP5971A, Hewlett-Packard Co., USA) according
to Weijma et al [19].
2.5. DNA extraction

The sludge samples were sampled at the end of each
sub-period with NaCl at 0, 1, 2, 4, 6, 10, 20 and 50 mg L-1
during day 1-80 and kept at 4
until analysis. Sludge
samples (750 ml each) were centrifuged at 4,000 rpm for
10 min at 4 Supernatant was abandoned, and the pellet
was used for DNA extraction with Genomic DNA Mini
Preparation Kit with Spin Column (D0063, Beyotime
Institute, China). For PCR purposes, the DNA concentration was determined spectrophotometrically (UV-1100 spectrophotometer, Shanghai mapada Inc.) according to the absorbance at 260 nm, and the concentration of each DNA
sample was adjusted to 100 ng µl-1.
TABLE 1 - Operational parameters of
the 190-d continuous-flow bioreactor.

1~80

COD/SO42pH
10(5000/500mg L-1)
7.45 ± 0.1

81~110

10(5000/500mg L-1) 7.45 ± 0.1

Period/d
FIGURE 1 - Experimental setup of the
bioreactors (up-flow anaerobic sludge bed).
2.2. Bacteria and medium

111~190

The granular sludge collected from a full-scale mesophilic reactor of internal circulation (Ruifeng Paper Industry, Henan Province, China) which used to treat paper manufacturing wastewater was cultured in the UASB. The
synthetic wastewater contains glucose as carbohydrate and
sodium sulfate as electron acceptor. The main components
are: COD 5000 mg L-1, SO42- 500~1000 mg L-1, (NH2)2CO
300 mg L-1, KH2PO4 120 mg L-1, NaHCO3 700 mg L-1,
NaCl 0~50 g L-1.
2.3. Bioreactor operation

Prior to regulation of salinity and COD/SO42-, the bioreactor was initially operated for 30 days with pH at 7.45
and a hydraulic retention time of 24 h. During this initial
start-up period, influent COD and SO42- concentrations
were 2,500 and 250 mg L-1, respe- ctively. The bioreactor
was operated continuously for 190 d, which were divided
into three periods (Table 1). During the first and the third
periods, NaCl salinity was increased gradually from 0 to
50 g L-1 and a 10-d sub-period was assigned to each of the
salinity series listed in Table 1.

5(5000/1000mg L-1)

7.45 ± 0.1

Salinity/g L-1
HRT/h
0, 1, 2, 4, 6, 10,
24
20, 50
0

24

0, 1, 2, 4, 6, 10,
24
20, 50

2.6. PCR amplification

The gene dsrAB was considered as targeting gene used
to quantify sulfate-reducing bacteria with the primers sets
of DSR1-F (5′-ACS CAC TGG AAG CAC GGC GG-3′)
and DSR1-R (5′-GTG GMR CCG TGC AKR TTG G-3′)
[20] Primers BSF63 (5’-AGGCCTAACACATGCAAGTC3’) and BSR534 (5’-ATTACCGCGGCTGCTGGC-3’) were
used to amplify a 472 base-pair hypervariable region of
the 16S rRNA gene. PCR amplifications for dsrAB and
16S rRNA were performed in a total volume of 25 µl
containing 1×Taq-Buffer, 1 U of Taq enzyme (Takara,
Japan), 1.5 mM MgCl, 100 µM dNTP, 0.1 µM each primer
and 100 ng of template DNA. Conditions of these PCR
reactions were: initial denaturation at 94 °C or 5 min,
followed by 35 cycles of 94 °C for 40 s, 54 °C for 40 s,
72 °C for 80 s, and a final extension at 72 °C for 10 min.
Duplicate PCR reactions were performed for each sample,
and sterile water was used as a negative control with
each primer set.
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Amplification product of each target gene was analyzed
by electrophoresis on 1% agarose gel with ethidium bromide in 1 × TAE buffer at 120 V for 15 min, PCR products were then purified with PCRquick spinTM PCR Product Purification Kit (iNtRon Biotechnology Co., South
Korea) and cloned using the TA Cloning Kit (Invitrogen
Co., Carlsbad, CA) carrying target gene was extracted from
white recombinants and purified using PureLink™ Quick
Plasmid Miniprep Kit (Invitrogen Co., Carlsbad, CA), and
validated by DNA sequencing using the primer set of
M13F and M13R. The plasmid carrying dsrAB or 16S
rRNA gene was used as a positive control for qualitative
PCR of each gene, and also used to generate calibration
curves for the subsequent quantitative real time PCR (qRTPCR).
2.7. qRT-PCR

The qRT-PCR of dsrAB was further performed to detect the abundance of SRB in the bioreactor after the quantitative PCRs. Each 20-µl PCR reaction mixture consisted
of 10 µl of Premix®EX TaqTM (TaKaRa, Japan), plus 0.1 µM
each primer, 1 µl of template DNA and 7µl of double distilled water. The thermal cycling and fluorescence detection were conducted on a BioRad iCycler with the software iCycler iQ version 3.0 (BioRad), and the reaction
conditions were: 30 s at 95 °C for initial denaturation,
followed by 40 cycles of 5 s at 95 °C and 30 s at 60 °C.
Each reaction was run in duplicate.
Calibration curve was run together with each measurement. Calibration curves (Ct value versus Log value of initial
target gene copy number per reaction) with five points for
each qRT-PCR were generated using tenfold serial dilution of the plasmid carrying target gene [21]. The PCR
efficiencies ranged from 97% to 105%, and R2 values were
over 0.990 for each calibration curves of both dsrAB and
16S rRNA. Based on the calibration curves, the relative expression level of dsrAB gene was normalized by subtracting the Ct value of corresponding 16S rRNA using the
ΔΔCt comparative method [22].
2.8. Mathematic statistics

Data obtained from this study were analyzed by Excel
2007 (Microsoft Co., USA). Analysis of variance (ANOVA)
was used to measure copy numbers of the target genes in
different environments.
3. RESULTS
3.1. Sulfate reduction

At a COD/SO42- ratio of 10 and influent sulfate concentration of 500 mg L-1, the reactor showed low sulfate
reduction efficiency with no addition of NaCl (Fig. 2A).
A gradual increase in influent NaCl concentration from 0
to 4 g L-1 significantly accelerated sulfate reduction in the
bioreactor. Sulfate reduction efficiency reach 84% at a
salt concentration of 4 g L-1, and decreased with NaCl

concentration further increased to 50 g L-1. Sulfate reductions were obtained to be 79.7%, 78.6%, 71.4% and 60.4%
at salt concentration of 6, 10, 20 and 50 g L-1, respectively.
Correspondingly, the sulfide concentration showed a fast
enhancement after NaCl concentration was added (< 4 g L-1),
and a subsequent decreased from 120.85 to 72.98 mg L-1
with NaCl concentration was increased from 4 to 50 g L-1
(Fig. 2C).
After influent COD/SO42- ratio was changed from 10
to 5, an increase in sulfate reduction (Fig. 2B) and sulfide
production (Fig. 2D) was observed as a result of the higher
sulfate concentration (p<0.05). Sulfate reduction was obtained to be 90.01%, 84.63%, 77% and 66.27% at NaCl
concentration of 4, 10, 20 and 50 g L-1, respectively. The
highest sulfide concentration was increased from 120.85 mg
L-1 to 265.5 mg L-1 with COD/SO42- decreased from 10 to
5. With COD/SO42- at 5, With the COD/SO42- at 5, effects
of NaCl on sulfate reduction and sulfide production in the
reactor showed a similar trend at both reaction stages (of
day 0-80 and day 111-190).
3.2. Organic compounds

Fig. 3 (A and B) illustrates COD removal performance
in the bioreactor. The COD removal increased from 50% to
75% in the day 10-40 with influent NaCl concentration
ranging from 0 to 4 g L-1, followed by a dramatic drop
after a further increase in NaCl level. NaCl played a more
significant role in removing COD than sulfate reduction at
the high salinity condition. When NaCl concentration arrived at 10 g L-1, COD removal was reduced rapidly. Average COD removal was found to be 65%, 35% and 28% at
NaCl concentration of 10, 20 and 50 g L-1, respectively,
and could not be recovered soon even though the NaCl
concentration was decreased in the bioreactor (data not
shown). The inhibition effect of NaCl on COD removal was
also found during the period with the COD/SO42- ratio at
5 (Fig. 3B).
Fig. 3 (C and D) shows constantly changing concentration of VFA in the reactor effluent during the whole
experiment period. With the COD/SO42- ratio of both 10
and 5, addition of the NaCl resulted in a fast and effective
decrease in VFA concentration within day 0-50. Afterwards VFA concentration began to increase, and finally
was nearly up to the initial level. The lowest effluent VFA
concentration was found at day 40 or 150 (NaCl 4 g L-1)
to be 592 and 783 mg L-1 at the COD/SO42- ratio of 10
and 5, respectively. As shown in Fig. 3, acetate was the
main component of the total VFA and the variation in
acetate concentration during the operation time showed a
significant correlation to that of total VFA concentration
within the whole operation time. Propionate and butyrate
accounted for small parts in the VFA.
3.3. Sulfate reduction bacteria

Based on chemical analyses, quantitative real-time
polymerase chain reaction (qRT-PCR), a relative quanti-
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fication method, was used to determine gene copy number
of dsrAB for abundance analysis of SRB in the bioreactor.

The 2-△△Ct method was used to calculate relative changes
in dsrAB gene expression [23].

FIGURE 2 - Sulfate reduction efficiency (A, B) and effluent sulfide concentration (C, D) at the COD/SO42- ratio of 10 (day 1-80) and 5 (day
111-190). Influent sulfate (□), effluent sulfate ( ), sulfate reduction efficiency (*), effluent sulfide ( ).
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FIGURE 3 - COD removal (A, B) and VFA effluent concentration (C, D) at the COD/SO42- ratio of 10 (day 1-80) and 5 (day 111-190).
Influent COD (□), effluent COD ( ), COD removal (*), total VFA (■), acetate ( ), propionate (○), butyrate (×).

Norm. Fluoro.

b

Norm. Fluoro.

a

Cycle

Cycle
FIGURE 4 - Amplification plot of dsr (a) and 16s RNA (b).

TABLE 2 - Ct value of gene 16S rRNA and
dsrAB in the UASB reactor at COD/SO42- of 10.
Sample
0 g L-1 NaCl
1 g L-1 NaCl
4 g L-1 NaCl
10 g L-1 NaCl
50 g L-1 NaCl

Ct-16S rRNA
11.34 ± 0.005
12.42 ± 0.005
10.77 ± 0.005
12.42 ± 0.005
10.52 ± 0.005

FIGURE 5 - The fold change in expression of the target gene (dsrAB)
normalized to 16S DNA in the bioreactor with COD/SO42- ratio at 10.

4. DISCUSSION

Ct-dsrAB
20.52 ± 0.005
21.11 ± 0.005
19.23 ± 0.005
21.08 ± 0.005
19.18 ± 0.005

4.1. Effect of NaCl on the sulfate reduction

Table 2 shows the Ct values of dsrAB gene and the
control gene 16S rRNA obtained by qRT-PCR in the
bioreactor and at different NaCl concentrations (with
COD/SO42- ratio of 10). After comparison of Ct values
between 16S rRNA and dsrAB genes, it was found SBRs
accounted for 0.17% - 0.28% of the total microorganisms
in the bioreactor. Fig. 5 shows the changes in expression
of the dsrAB gene normalized to 16S rRNA and relative
to the calibrator, 1.40, 1.64, 1.43 and 1.42 fold changes
were found for the amount of SRB with NaCl concentration at 1, 4, 10 and 50 g L-1, respectively. The most dsrAB
copy number was obtained under the condition of NaCl
concentration at 4 g L-1, which is consistent with the experimental results of sulfate reduction efficiency and
COD removal.

As indicated by the sulfate reduction efficiency and
sulfide production the added NaCl (0-4 g L-1) stimulated
biological activity of SRB during the experimental periods
with the COD/SO42- ratio at both 10 and 5. Several species of acetate-utilizing SRB, including Desulfobacterium
sp. and Desulfobacter sp., have been easily enriches from
brackish or marine sediment [20]. Moreover, the glucose
oxidisers showed a high tolerance to sodium [5].
Some inorganic ions, including Na+ and Mg2+, are necessary for SRB growth [8]. Relatively, the optimal NaCl
level for SRB was found to be only 4 g L-1 in this study,
and sulfate reduction efficiency began to fall after NaCl
concentration was further increased. Besides the toxic effect
of sodium on the sludge, the increase in the ionic strength of
solution imposes an energy loading on bacteria due to the
osmotic gradient that exists between the interior and exterior of bacterial cells [24, 25]. One dynamic and important property of these cells is their ability of rapidly
adapting to the change in external media [26], hence they
could consume a part of substrates to generate compatible
solutes and extracellular polysaccharides so as to survive
under high osmotic conditions [5].
Accordingly, a similar trend of fluctuating sulfide concentration was obtained with a relatively larger range during the latter part of each experimental period. Sulfate reduction determines the total sulfide production (Fig. 2C,
D), but the pH shifts the chemical equilibrium of the system related to sulfide directly [27], then changes the levels
of soluble sulfide in the solution. The stepwise increasing
of NaCl concentration caused the activity inhibition of
SRB, followed by the accumulation of total VFA (Fig. 3C,
D), then resulted in a drop in pH, and finally decreased
sulfide concentration in solution.
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4.2. Effect of NaCl on organic and acidification pathways

In comparison with sulfate reduction efficiency, COD
removal was decreased more dramatically when NaCl
increased beyond 10 g L-1, especially at the COD/SO42ratio of 10. It was impossible for COD removal to be recovered even though the saline pressure was removed. The
results showed that SRB metabolized the most of the COD
and MPB were more sensitive to high saline than SRB.
However, it was also found that mesophilic and thermophilic (up to 55 ℃) high-rate methanogenic treatment of
seafood wastewater proceeds successfully with NaCl
concentration ranging from 15 to 25 g L-1 [6]. The inconsistent results obtained in this study (sole substrate was
used) may be due to the antagonistic effects induced by the
presence of high concentrations of various cations such as
calcium, potassium and magnesium in seawater [28], or
provoking the growth of halotolerant seawater microorganisms [3].
Acetate was found to be the major component of the
total VFA in the bioreactor, and the change in acetate removal showed a significant correlation to that of total VFA.
However, the removal efficiencies of the minor components propionate and butyrate almost kept constant during
the whole experimental period. Vyrides and Stuckey [5]
indicated that the rate of biodegradation by the propionicutilizing MPB was significantly decreased in the presence
of NaCl. However, Muthumbi et al [29] reported that no
significant effect was observed for saline on the composition proportion of VFAs in the bioreactor cultured with
some acetate-utilizing SRB isolated from brackish or
marine sediments.
2-

4.3. Effect of COD/SO4 on anaerobic digestion

The decrease in the COD/SO42- ratio from 10 to 5
caused a promotion of the sulfate reduction efficiency and
an inhibition of the COD removal. One possible explanation might be that an increased concentration of SO42resulted in its diffusion deeper into the microbial granules
[29]. At the same time sulfide production increased as the
result of higher sulfate reduction efficiency, which could
be one key reasons for the susceptibility of COD removal.
No significant difference was found in quantity of total
VFA and the acidification products between the two ratios
of COD/SO42- ratios. This result is in agreement with a
previous report that COD/SO42- ratio had no effect on the
acidification pathways and the performance of thermophilic
UASB fed with sucrose at an organic loading rate of 4.5 g
COD L-1 d-1 [30]. The sludge settling velocity improved
with the increasing of NaCl.

only in a single copy within the genomes of sulfate reducers, so the observed genetic diversity probably reflects true
biodiversity [32].
In this study, 0.28% of the environmental bacteria in
the bioreactor were considered as SRB, which is similar
to the results reported by Cook et al [33]. The fold change in
expression of dsrAB target gene normalized to 16S rRNA
correlated significantly to the variations of sulfate reduction efficiency and COD removal. The difference of dsrAB
gene expression at various levels of NaCl demonstrates that
the suitable concentration of sodium ion (4 g L-1) was
essential for the growth of the SBR [6]. Too high concentration of NaCl resulted in high osmotic pressure in the
environment as well as the inhibition effects on the bacterial growth, so it was often found that some salt-tolerant
SRB was inhabited in hypersaline environments [34]. Therefore, further researches are needed to investigate the functional mechanism of the saline toleration for these bacteria.
5. CONCLUSIONS
A low level of NaCl (< 4 g L-1) could accelerate sulfate reduction and COD removal in UASB reactor, but too
high salinity presented a significant inhibition effect. Effluent VFA concentration was decreased after the addition of
a small amount of NaCl in the bioreactor, and was subsequently enhanced after the influent NaCl concentration
was further increased (higher than 10 g L-1). A higher sulfate reduction and a lower COD removal were obtained
after influent COD/SO42- ratio decreased from 10 to 5. More
concerns should be focused on the investigation of functional mechanisms of salt-tolerant bacteria including SRB,
since biological treatment of hypersaline wastewater currently is considered to be a technological challenge for
environmental engineers.
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ABSTRACT
Nitrobenzene pollution in water will freeze in winter,
remains and then be released during spring thaw. Evaluation of nitrobenzene distribution and migration patterns in
ice-water-sediment systems was undertaken through laboratory to model trends and environmental effects. Results showed that nitrobenzene distribution in ice-water
system was significantly related to the ratio of volume of
ice and water (Vi/Vw). The correlation coefficient is
0.7647 and 0.8653, when Vi/Vw was less than 1.0 and
more than 1.0, respectively. The maximum and minimum
nitrobenzene concentration appeared in water and ice,
respectively, when Vi/Vw equaled to 1.0. Both the Freundlich and Langmuir adsorption isotherm can be used to
describe nitrobenzene adsorption in sediment with a better
fit for the Langmuir adsorption isotherm compared to
the Freundlich model. Notable features of the nitrobenzene distribution in ice-water-sediment system showed
that nitrobenzene would transfer to the sediment when
frozen.

* Corresponding author

greater concern [5, 6]. Recent pollution events have brought
greater attention to potential health effects from these
chemicals [7]. For example, nitrobenzene pollution in
water has been frequently often reported in China and
abroad [8-12]. The Songhua River was severely polluted
with benzene, nitrobenzene and aniline in the winter of
2005 [13, 14].
As a result of these events, great efforts have been
devoted to toxicity studies of nitrobenzene [15, 16] and its
distribution in the environment [17-19]. Nitrobenzene in
water has been shown to remain in ice during the winter
and then released at thawing. Although studies on nitrobenzene behavior in water are relatively rare, several reports exist on different aspects of its behavior [4, 20]. The
study on nitrobenzene in water and sediment mainly focus
on biodegradation [11, 14]. A quantitative relationship of
nitrobenzene of nitrobenzene in ice-water-sediment system
has not been well studied [21].
A series of laboratory experiments undertaken to
evaluate nitrobenzene are designed, in order to find out the
distribution and migration patterns of nitrobenzene in icewater-sediment system, and to predict its variation trend.

KEYWORDS:
Nitrobenzene distribution, ice-water-sediment system, isotherm

2. MATERIAL AND METHODS

1. INTRODUCTION
In November 2005, an explosion occurred at at a petrochemical plant of the Jilin Petrochemical Corporation
petrochemical plant in Jilin Province, China. A nearby
water body was heavily polluted with a large amount of
nitrobenzene. The nitrobenzene pollution happening in
water will remain in ice during the freezing in winter, and
then be released to water during the thawing in spring.
Nitrobenzene has a long persistence and is toxic to the
environment [1], with its toxicity being well documented [24]. Nitrobenzene is an aromatic compound that is difficult to mitigate in the environmental and has become of

2.1. Sample collection

Seven sampling sites, including one upper stream site
(SHX), and six downstream ones, along the Songhua River
were selected for this study (Fig.1). Sampling sites BQ,
WKS, SY, GSG are located in Jilin Province and HEB are
located in Heilongjiang Province. Water samples were taken
from the surface layer, and stored in hexafluoropropylene
bottles at 4°C. For the sections covered with ice, water
samples were taken from the holes after the ice layer was
broken with an icebreaker. Sediment samples were collected in a grab bucket sampler and stored in stainless iron
boxes at 4°C.
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2.2. Selecting of experimental vessel

Water samples were preserved in an air-tight condition at minus 10°C during sampling and then in the dark

FIGURE 1 - Schematic map of sampling sites.

at 4°C in the laboratory in hexafluoropropylene bottles.
Sediments were kept in stainless steel containers. These
types of containers have no expansive force of water icing
and have low nitrobenzene adsorption capacity. Solutions
with nitrobenzene concentrations of 10.68 and 42.72 mg L-1
were added into the stainless steel vessels, and then the
vessels were sealed and kept for 24 hours in the dark to
analyze nitrobenzene concentration in the water and ice.

A two gram sediment sample was mixed with a 100 mL
nitrobenzene solution with a given content and then shaken
for 2 h. Subsequently, the solid phase was separated by
centrifugation and nitrobenzene concentration in supernatant solution was analyzed using gas chromatographyelectron capture detector (GC-ECD). For the isotherm experiment the concentrations of nitrobenzene solution used
were 1.00, 2.00, 4.00, 6.00 and 8.00 mg L-1, respectively.

2.3. Nitrobenzene distribution determination in ice and water

2.5. Nitrobenzene distribution experiment in water-ice-sediment
system

500 mL solutions with nitrobenzene concentrations of
0.1, 0.5 and 1.0 mg L-1 were added into the 1000 mL
stainless steel vessels and then frozen at minus 25°C for 6
to 20 hours until ice and water were separated and then
the volume of liquid phase measured. The solid phase was
kept in the vessel at 25°C until it melted. The water phase
and ice melted water were then extracted by dichloromethane, dried by anhydrous sodium sulfate and then the
nitrobenzene concentration was determined. The nitrobenzene concentration was analyzed using a gas chromatograph (GC 2010 series) equipped with an electron capture
detector (ECD) detector with a silica capillary column DB-5
used for nitrobenzene separation. Operating temperature of
the injector port and ECD was 270°C and 280°C, respectively. At noted previously Column temperature was first
increased from 70°C to 160°C at the rate of 10°C min-1
and then increased to 270°C at the rate of 40 °C min-1,
with samples eventually kept at 270°C during analyzing.
2.4. Nitrobenzene adsorption on sediments

50 g of sediment and 500 mL of nitrobenzene solution were added to the 1000 mL stainless steel vessel and
were frozen at minus 25°C. Likewise, 6 to 20 hours later
ice and water were separated from the mixture and the
volume of ice and water were measured. The sediment was
kept in the vessel at 25°C until it melted away and then
filtrated with a G4 glass sand funnel. The filtrate was transferred into water or ice phase. Solid phase of the sediment
was extracted by dichloromethane through ultrasonic application twice. Water phase and ice melted water were extracted by dichloromethane dried by anhydrous sodium
sulfate and then analyzed using GC-ECD for nitrobenzene.
3. RESULTS
3.1. Nitrobenzene adsorption on the vessels

In the treatment of organic compound by electro coagulation, the stainless steel is usually used as electrodes
[22, 23]. To avoid the absorption of nitrobenzene by organic
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materials, all equipment and tools which contact with water
and ice in the experiments are made of stainless steel [31].

0.1
0.09

TABLE 1 - The nitrobenzene adsorbed by stainless steel cup.
No.

Initial concentration
mg·L-1

Concentration at
24 h later mg·L-1

1
2
3
4

10.68
10.68
42.72
42.72

10.68
10.56
42.16
42.79

Ci/Cw

As shown in Table 1, the nitrobenzene on stainless
steel is poorly absorbed. There is little difference in concentration after 24 hours.

0.08
0.07
0.06
0.05
0.04
0.03
0.02

y = -0.0287x + 0.075
R 2 = 0.4991

0.01
0
0

0.2

0.4

0.6

0.8

1

1.2

Vi/Vw
FIGURE 3 - The relation of Vi/Vw and Ci/Cw at the initial concentration of 1.0 mg·L-1

3.2. Nitrobenzene distribution between ice and water

For the nitrobenzene concentrations of 0.1 and 1.0 mg
L-1, distribution patterns for ice and water are shown in
Fig. 2 and Fig. 3. However, when Vi/Vw ratio was higher
than 1.0, a positively correlation was observed with Vi/Vw
(Fig.4 and Fig. 5), which indicated that with the increase
of ice volume, nitrobenzene concentration in the ice presented exhibited an increasing trend, especially when the
adopted initial nitrobenzene concentration was 0.1 mg L-1
(Fig. 6).

0.09
0.08

y = 0.0286x - 0.0098
R 2 = 0.9962

0.07

Ci/Cw

0.06
0.05
0.04
0.03
0.02
0.01

Vi/Vw ratio equals to 1.0 is the turning point and nitrobenzene distribution pattern between ice and water presents differently (Fig. 7 and 8).

0
0

1

2

3

4

Vi/Vw

FIGURE 4 - The relation of Vi/Vw and Ci/Cw at the initial concentration of 0.1 mg·L-1 and Vi/Vw more than 1.0

0.06

0.6

0.05

0.5
0.4
Ci/Cw

Ci/Cw

0.04
0.03

y = 0.0537x + 0.2089
R 2 = 0.9902

0.2

y = -0.1502x + 0.1544
R 2 = 0.9674

0.02

0.3

0.1

0.01

0
0

0
0.65

0.7

0.75

0.8

0.85

0.9

Vi/Vw
FIGURE 2 - The relation of Vi/Vw and Ci/Cw at the initial concentration of 0.1 mg·L-1 and the proportion of the volume of the ice and
water with a Vi/Vw less than 1.

4

6

8

Vi/Vw

FIGURE 5 - The relation of Vi/Vw and Ci/Cw at the initial concentration of 0.5 mg·L-1 and Vi/Vw more than 1.0
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FIGURE 6 - The relation of Vi/Vw and Ci/Cw at the initial concentration of 0.1 mg·L-1

Langmuir equation

0.3
0.25

y = -0.2948x + 0.3042
R 2 = 0.5848

0.2

Ci/Cw

Isotherm model

Freundlich equation

0.15
0.1
0.05
0
0.200

0.400

0.600

0.800

1.000

Vi/Vw

FIGURE 7 - The relation of Vi/Vw and Ci/Cw at the Vi/Vw less than 1
0.7
0.6

y = 0.1061x - 0.0891
R 2 = 0.7488

Ci/Cw

0.5
0.4
0.3
0.2
0.1
0
0.000

2.000

4.000

6.000

8.000

Vi/Vw

FIGURE 8 - The relation of Vi/Vw and Ci/Cw at the Vi/Vw more
than 1.
3.3. Nitrobenzene adsorption in sediment

The isotherms obtained for the nitrobenzene adsorption
in sediment (Fig. 9). We use Langmuir and Freundlich isotherm models to assess the nitrobenzene adsorption in the
sediment (Table 2).

FIGURE 9 - Isotherms for nitrobenzene adsorption on sediment
TABLE 2 - Values for the Langmuir and Freundlich
coefficients for nitrobenzene adsorption on sediment.
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Equation parameter
Γmax（mmol g-1）
KL（mg L-1）
Correlation coefficient
KF
1/n
Correlation coefficient

values
15.3765
7.6663
0.9884
1.8232
0.7331
0.9798
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The Freundlich adsorption isotherm is represented as:
1/Γ= 1/Γmax + K/Γmax·1/C
(1)
The Langmuir adsorption isotherm is represented as:
LnΓ= Ln Kd +n·Ln C

(2)

Where Γ is the amount of nitrobenzene adsorbed at
the equilibrium concentration (C), Γmax is the maximum
adsorption capacity of the sediment, and KL and KF are
the Langmuir constant and Freundlich constant, respectively.
3.4. Nitrobenzene distribution in water-ice-sediment system

The most significant feature is nitrobenzene transfer
to the sediment during the freezing process. Ci/Cw ratio
in the water-ice-sediment system presented a similar pattern of the water-ice system. Table 3 shows the distribution
of nitrobenzene in three-phase coexistence.
4. DISCUSSION
The distribution and migration pattern of nitrobenzene
was in ice-water-sediment system, and it predicts the variation trend of nitrobenzene contamination.

4.1. Nitrobenzene adsorption on the vessels

The stainless steel containers are usually used when
experimenting with nitrobenzene [24]. The sensitivity of
nitrobenzene to contamination with iron or stainless steel
depended upon the presence of other contributing groups:
the presence of such groups as acid chlorides or chlorine/
fluorine significantly increased the effect of contamination
through decomposition of nitrobenzene [25].
Table 1 suggests little nitrobenzene absorption on stainless steel even after 24 hours.
4.2. Nitrobenzene distribution between ice and water

For the nitrobenzene concentrations of 0.1 and
1.0 mg L-1, nitrobenzene distribution patterns between ice
and water are given in Fig. 1 and Fig. 2. Nitrobenzene
distribution between ice and water were significantly (p
<0.05) related to Vi/Vw (Vi and Vw are the volume of ice
and water, respectively) under certain condition. When
Vi/Vw ratio was less than 1.0, Ci/Cw (Ci and Cw are the
concentration of nitrobenzene in ice and water, respectively) was negatively correlated with Vi/Vw. This indicates as ice volume increased, nitrobenzene concentration
decreases in ice while increasing in water. Otherwise, when

TABLE 3 - The distribution of nitrobenzene in three-phase coexistence.
Trials number
S-1
S-2
S-3
S-4

Vw
（mL）
135
68
100
114

Cw
(µg·L-1)
0.19
0.132
0.172
0.19

Vi
（mL）
365
432
400
386

Vi/Vw ratio was higher than 1.0, Ci/Cw was positively
correlated with Vi/Vw (Fig. 3 and Fig. 4), indicating when
an increase of ice volume occured, nitrobenzene concentration in ice increased, especially when the initial nitrobenzene concentration was 0.1 mg L-1 (Fig. 5).
When the Vi/Vw ratio equals 1.0 a change in nitrobenzene distribution pattern between ice and water occurs
(Fig. 6 and Fig. 7). This may be attributed to the icing experiment was carried out under a closed system. At the
early icing stage, nitrobenzene transferred to sediment
when Vi equaled to Vw, that is, when Vi/Vw=1.0, Cw increased several fold of Ci, and consequently this increase
for Ci resulted in a great reverse concentration gradient.
Certainly, at this time icing speed was higher than that of
at the early icing stage, which may cause nitrobenzene to
increase in ice. Consequently, when Vi/Vw ratio was higher
than 1.0, nitrobenzene concentration in water had gentle
variation while nitrobenzene concentration in ice increased
sharply.
In the natural environment, Vi/Vw ratio is usually
greater than 1.0 for rivers or lakes that are incompletely
frozen in winter. Hence, nitrobenzene distribution between
ice and water with Vi/Vw ratio > 1.0 could be used to de-

Ci
(µg·L-1)
0.066
0.073
0.059
0.077

quantity of sediment
(g)
28.169
31.275
14.120
19.295

Nitrobenzene concentration
in sediment (mg·kg-1)
5.314
5.075
11.233
7.681

scribe nitrobenzene contamination in these incompletely
frozen bodies of water. While nitrobenzene distribution was
more suitable for completely frozen bodies of water, most
notability when ice volume constitutes more than 50 %.
4.3. Nitrobenzene adsorption in sediment

Sediments become contaminated with organic compounds because of uncontrolled discharges of pollutantcontaining wastewater or accidental leakages [26–28]. Sorption of nitrobenzene on sediment was mainly through a
surface interaction of minerals such as clays. With the increase of ionic strength (salinity), solubility of nitrobenzene in solution would decrease [29].
The nitrobenzene sorption on the sediment corresponded well with Langmuir and Freundlich isotherm
models. Table 2 showed that both the Freundlich and
Langmuir adsorption isotherm can be used to describe nitrobenzene adsorption in sediment, which means that the
nitrobenzene adsorption in sediment has monolayer and
multilayer molecule adsorption. The isotherm fitted with
the Langmuir model was better than Freundlich model in
our study, which was similar to other investigations [29].
Nitrobenzene is a polar organic compound and has great
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affinity to organic matter in the sediment. This compound
will also interact with Fe Nitrobenzene oxides, Mn oxides
and clay minerals contributing to adsorption [30].
Sediment in the water system is an inorganic-organic
composition which contains inorganic materials which include clay minerals, iron, manganese oxides, organic materials humic acid or animalcule and so on. Sediment in the
water system is not a homogeneous phase medium. Therefore, nitrobenzene adsorption in sediment is a complex
process, including physical chemistry reactions, and it is
quite different from the process occurring in a homogeneous phase medium.
4.4. Nitrobenzene distribution in water-ice-sediment system

2. The notable features of the nitrobenzene distribution in ice-water-sediment system indicated that nitrobenzene would transfer to the sediment in the frozen process.
3. The nitrobenzene contained in ice will discharge as
liquid after the ice melt and lead to the pollution of environment.
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ABSTRACT

environmental engineers, institutional researchers, and
others who are involved in river water pollution control.

An inverse optimization method is developed for the
prediction of longitudinal dispersion coefficients in natural
streams. Based on the idea of an inverse problem, the
parameter estimation problem was converted to an extreme
problem by defining a target function according to the
observed concentration profile at a downstream section. A
golden section optimization algorithm was applied to the
extreme problem solution. As shown by two verified cases,
the predicted results indicate that the inverse optimization
method can give higher precision for tracer tests. The influencing factors, such as sampling time at the section observed, noise and number of decimal places of the measuring
instrument, are analyzed and discussed in detail. It is concluded that the match of sampling time at different observational cross-sections greatly impacts the predicted
longitudinal dispersion coefficient. Finally, a new method
for determination of reasonable matching sampling times
and intervals according to section location is proposed. By
this method, the successful calculation of the longitudinal
dispersion coefficient can be achieved. This work contributes to the determination of longitudinal dispersion
coefficients in tracer tests.
KEYWORDS: longitudinal dispersion coefficient, inverse optimization method, sampling time, tracer test.

1. INTRODUCTION
River pollution has received much attention in recent
decades. As the parameter of pollutant mixing intensity in
natural streams, the longitudinal dispersion coefficient is
of key importance in river water-quality models. Its determination also is of great interest to river managers,
* Corresponding author

The methods to determine the longitudinal dispersion
coefficients of natural streams mainly include theoretical
methods, empirical formulas and tracer tests. The longitudinal dispersion coefficient was first introduced by Taylor
[1]. Elder [2] expanded Taylor’s result and derived an
equation to compute the longitudinal dispersion coefficient
in an open channel based on the equilibrium between
longitudinal velocity shear and vertical turbulent diffusion.
Since then, many investigators have developed empirical
formulas based on experimental and field data for predicting
the dispersion coefficient [3-8]. However, the behavior of
existing formulas varies widely because they have been
based on specific assumptions and channel conditions
even for the same flow conditions and the same stream
[4]. The tracer test method, which is based on tracer concentration data, is thought to be more accurate and reliable
than other methods. Thus, a reliable method to determine
the longitudinal dispersion coefficients in rivers is experimental, using a tracer [9]. Many tracer test methods
have been published, such as a moment method [3], a
fitting method [10-13], a routing procedure [3,14], and
optimization methods [15-17]. Approaches using inverse
methods [18,19] and artificial intelligence [20,21] have
also been used to predict the longitudinal dispersion
coefficient in natural streams. The optimization method has
often been used to determine the longitudinal dispersion
coefficient of a natural river because of its advantages, such
as the small amount of sampling needed and the simple and
convenient calculation. Its optimizing process can largely
avoid the calculation error caused by the test. Nevertheless, the predicted accuracy of the longitudinal dispersion
coefficient depends not only on the calculation method,
but also on other factors, such as sampling time and observational noise of measuring instruments. When a reliable
calculation method is applied, the selection of sampling
time and sampling intervals often determines whether the
parameter prediction is successful. Until now, there have
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been very few reports on choosing a reasonable sampling
time for matching the observational cross-section location
so as to ensure the success of the tracer test in the prediction of longitudinal dispersion coefficients.
In the present study, an inverse optimization method
was developed to predict longitudinal dispersion coefficients
in natural streams. Factors influencing the method were
systematically analyzed. Then, a new approach for determination of sampling time and sampling intervals according
to the observational section location was developed. The
results provide guidance on the tracer test method for
dispersion parameter determination.
2. MATERIAL AND METHODS
2.1. Inverse optimization method

The one-dimensional Fickian-type dispersion equation
has been widely used to obtain reasonable values of
longitudinal dispersion. It is as follows:

∂c
∂c
∂ 2c
+ u = Ex 2
∂t
∂x
∂x

(1)

Where u is the cross-sectional average velocity, c is
the cross-sectional average concentration, Ex is the longitudinal dispersion coefficient, x is the direction of mean
flow, and t is time.
Under the conditions of instantaneous source and
steady flow, the concentration in an arbitrary section
downstream can be obtained when Ex is known. The tracer test method can essentially be seen as the inverse
problem of the above process. The goal is to calculate Ex
from the tracer concentration profile. The inverse problem
can be written as follows:

⎧
M
( x − ut ) 2
exp(−
)
⎪c( x, t ) =
4 Ex t
A 4 Exπ t
⎨
⎪
c( x, t ) |x = xi ,t =t j = c%( xi , t j )
⎩

(2)

calculated value and c%is the observed value. It is a nonlinear function, and its extreme value problem can be solved
by one-dimensional, non-linear optimization methods.
A golden section algorithm was used here.
The general steps of the inverse optimization algorithm
are as follows:
1) Transform the parameter estimation problem into
an extreme problem by defining a target function J.
2) Obtain observational data at the measuring section
location and other information through a tracer test.
3) Give the longitudinal dispersion coefficient Ex an
initial value.
4) Based on the current Ex, calculate the concentration
at the measuring section location by using an analytical
solution.
5) Check the distance between the calculated values
and the observed values (J) to determine whether computational accuracy has been satisfied.
6) If so, go to step 8. Otherwise continue.
7) Change Ex to decrease the value of J by the golden
section algorithm, then go to step 4.
8) Output the current value of Ex as the final parameter estimation result.
2.2. Method verification
2.2.1. Case 1

The test data have been reported [13]. The crosssectional area of the river is 20 m2, and the average velocity
is 0.5 m/s. A dye tracer in the amount of 10 kg was released
in the upper reaches of the river. Assuming that the longitudinal dispersion coefficient Ex is 50 m2/s in this case,
the tracer concentration (to three decimal places) at different times in the downstream 500 m was calculated (Table
1). Treating the data in Table 1 as observational data, they
were used to verify the reliability of the parameter estimation method.
TABLE 1 - Tracer test data for an instantaneous source

where M is the mass of the tracer, A is the cross-

sectional area, and c%
( xi , t j ) is the observed concentration

tj (min)
cj (mg/l)
tj (min)
cj (mg/l)

2
0.001
16
0.642

6
0.254
20
0.552

10
0.583
24
0.444

12
0.649
36
0.197

14
0.663
40
0.147

in the cross-section, in which the coordinate and the time
TABLE 2 - Calculated results by different methods
are xi and ti. The concentration data are usually obtained
Ex
by sampling at different times at a certain location in aCalculation method
Calculation results
Fractional error
dye tracer test. Thus, the problem of parameter identification
TABLE II.
Inversion
TABLE III.
49.98 TABLE IV.
0.04%
can be converted to a parameter inverse problem. The in-optimization method
TABLE V.
verse problem is further converted to an extreme problem
Line graphic methTABLE VI.
51.53 TABLE VII.
3.06%
od
by defining a target function J , which is defined as the
distance between calculated values and observed values
Using the inverse optimization method provided in the
m
%
Matlab
program, the target function was found to satisfy
and is written as J = min
|| c( x0 , t j ) − c( x0 , t j ) || ,
the
computational
accuracy criterion J < 0.001 after 20 iteraj =1
tions.
The
calculated
result for the longitudinal dispersion
expressed with the norm, where x0 is the coordinate of the
coefficient is shown in Table 2. This value is very close to
section, t j ( j = 1, 2,..., n) is the sampling time, c is the the given value of 50 m2/s, and the error is 0.04%. Addi-

∑
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tionally, the result is compared with the straight-line graphic
method used in the original paper [13]. The comparison
shows that the inverse optimization method has higher
accuracy.
2) Case 2

Field observation data [15] were used to determine the
longitudinal dispersion coefficient in the Minjiang River in
Fujian Province, China. Basic rhodamine toner was released
as tracer at the Shixi section. After the tracer was released,
water was sampled downstream at the Jiangjunge section
for several hours. The measured average velocity was about
0.16 m/s. The observational data are shown in Table 3.
For the investigated reach of the Minjiang River, the calculated Ex is 2.977 m2/s after 26 iterations by the inverse
optimization method, very close to the result of 2.622 m2/s
obtained by the accelerated simple algorithm [15]. For Ex=
2.977 m2/s, the computed concentrations are compared with
observational data in Fig. 1. The calculated results are in
good agreement with the observational data, as indicated
by the high correlation coefficient (R2 = 0.87).

3. RESULTS AND DISSCUSION
3.1. Analysis of factors influencing the determination of the
longitudinal dispersion coefficient

In addition to the calculation method, there are other
factors that affect the predicted value of the longitudinal
dispersion coefficient Ex in a tracer test. Influencing factors, such as sampling time, observational noise of the
measuring instrument, and the number of decimal places,
are discussed here.
3.1.1. Sampling time at the measuring section

The sampling time was taken to be the same as in
Case 1, and the measuring section location was taken to
be, successively, 250 m, 500 m, 1000 m, 1500 m and
2000 m. Taking Ex as 50 m2/s, calculated concentrations
to 4 decimal places could be obtained by analytical solutions (Fig. 2 and Table 4). The concentrations were then
assumed to be observational data, and Ex was calculated
by the inverse optimization method.
1

TABLE 3 - Observed concentrations at periodic intervals.
150
0.13
195
19.4
240
6.11

157.5
0.27
200
16.42
247.5
5.06

165
1.2
205
16.16
255
7.05

172.5
5.06
210
14.27
262.5
6.91

180
5.19
217.5
11.3
270
4.79

185
17.74
225
10.37
277.5
3.06

0.8

190
17.61
232.5
8.51
285
2.93

0.7
0.6

C(x)/mg/l

tj (min)
cj (mg/l)
tj (min)
cj (mg/l)
tj (min)
cj (mg/l)

x0=250m
x0=500m
x0=1000m
x0=2000m
x0=3000m

0.9

0.5
0.4
0.3

20

0.2

computational results
observed concentrations

18

0.1

16
0
14

C(x)/mg/l

12

5

10

15

20
t/min

25

30

35

40

FIGURE 2 - Hypothetical sampling concentration distribution

10
8
6
4
2
0
150

0

200

250

300

t/min

FIGURE 1 - Comparison of computational results and observations.

It can be concluded from Table 5 that the match of
observation section position and sampling time has a great
influence on the calculated results. The correct result was
obtained with the above sampling time series only in
position x=500 m by an inversion calculation in which
observed data corresponding to sampling time can reflect
the skewed distribution characteristic of a concentration
hydrograph. However, the sampling time and the other
sections do not match each other well, and calculated
parameters are not satisfactory. How does one choose a

TABLE 4 - Observed solutions at different cross-sections
Observarion station
x0/m
250
500
1000
1500
2000

2
0.4046
0.0006
0.0000
0.0000
0.0000

6
0.9821
0.2536
0.0001
0.0000
0.0000

10
0.7975
0.5835
0.0137
0.0000
0.0000

12
0.6835
0.6488
0.0432
0.0001
0.0000

Sampling time t (min)
14
16
0.5795
0.4888
0.6625
0.6425
0.0929
0.1574
0.0007
0.0029
0.0000
0.0000
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20
0.3456
0.5523
0.2956
0.0197
0.0002

24
0.2441
0.4443
0.4004
0.0636
0.0018

36
0.0871
0.1970
0.4229
0.2853
0.0605

40
0.0621
0.1467
0.3746
0.3376
0.1073
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TABLE 5 - Impact of cross-section on Ex

0.8

Ex (m2/s)
Calculated values
Relative error
94.4122
88.8%
50.001
0.0%
1322
2544.0%
divergence
/
divergence
/

0.7
0.6
0.5

C(x)/mg/l

Observation
location x0/m
250
500
1000
1500
2000

0.4
0.3

reasonable sampling time for matching observation crosssection location so as to ensure successful prediction of
the longitudinal dispersion coefficient in a tracer test?
This question will be further discussed later.

0.1
0

3.1.2. Noise of the measuring instrument

No matter how high the accuracy of the measuring
instruments, observation noise cannot be avoided in tracer
tests. Because the noise is usually random, some random
noise should be added in Table 1. The observational data
with noise can be expressed as:

C *j is

the true concentration, rand is a random

number between -1 and 1, and δ is the noise (disturbance) level. The other conditions are the same as they are
in Case 1. The calculated results are shown in Table 5.
The error transfer coefficient (ETC) is introduced to assess the impact of noise on the calculated value. It is as
follows:

ETC =
where,

Eout E ( Ex )
=
0.5δ
Ein

Eout is

Ein

tion of the input data.
In fact, the ETC is similar to condition number
(Cond) in mathematics, showing the relative error magnification or minimization in the calculation process. The
error is amplified when ETC >1 and reduced when ETC
<1. From Table 6, it can be concluded that the value of
the error transfer coefficient is close to 1, which means
that the error level of the calculated parameter and the
observational data are roughly equal. The computed concentrations according to the Ex at different noise levels are
compared with experimental data as shown in Fig. 3. It
can be concluded from Fig. 3 that satisfactory results can
be obtained when δ ≤ 10% .

20
t/min

Observation data

25

30

35

40

Ex

Number of
decimal
places

Mean
relative
error

Calculated
value

Relative
Error

Error
transfer
coefficient

4
3
2
1

0.01%
0.07%
0.90%
10.86%

50.001
49.980
49.788
46.137

0.00%
0.04%
0.42%
7.73%

0.557
0.471
0.711

0.200

From Table 7, it can be seen that when the observational data only have one decimal place, the relative error
of the parameter is the largest (7.725%). The ETC is
0.711 and less than 1. Therefore, the results indicate that
the number of decimal places does not adversely affect
the calculation of the longitudinal dispersion coefficient.
0.7
exact solution
4 decimal
3 decimal
2 decimal
1 decimal

0.6

0.5

Ex

δ = 1%
δ = 5%
δ = 10%
δ = 30%

15

TABLE 7 - Results obtained at different numbers of decimal places.

TABLE 6 - Error statistics of calculated values.

Error level

10

The number of decimal places of data that can be read
from the measuring instruments is now discussed. The observational data in Table 7 are taken to different numbers
of decimal places to show instrumental accuracy. The parameter estimation results obtained by the inverse optimization method are shown in the table.

(3)

is the average relative devia-

5

=1%
=5%
=10%
=30%

3.1.3. Number of Decimal places

the average relative deviation of the

output parameter, and

0

in Ĺ
in Ĺ
in Ĺ
in Ĺ

FIGURE 3 - Comparison of exact solution and computational results at different noise levels

C(x)/mg/l

where

Cδj = C*j (1 + rand *δ ) ,

exact solution
computational results
computational results
computational results
computational results

0.2

0.4

0.3

0.2

Calculated
value

Standard
deviation

Relative
deviation

49.7326

0.2674

0.53%

Error
transfer
coefficient
1.0696

51.1784

1.1784

2.36%

0.9427

52.735

2.735

5.47%

1.0940

42.0577

7.9423

15.88%

1.0590

0.1

0

0

5

10

15

20
t/min

25

30

35

40

FIGURE 4 - Comparison of observed solutions, computational
results and the exact solution.
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It can be seen that the number of decimal places has
little effect on the parameter inversion result. The computed concentrations for Ex having different numbers of
decimal places are compared with experimental data in
Fig. 4. From Fig. 4, it can be concluded that approximate
results can be obtained even with observational data with
only one decimal place.

Case 1. The results for case 1 are shown in Fig. 5 and
Table 8. They indicate that the selected sampling time
series can reflect the process of concentration curves favorably. Accordingly, the parameter estimation results using the
inverse optimization method are shown in Table 8. The
calculation accuracy and rationality of Ex have been greatly
improved with the new sampling time and time interval.

3.2. A new method for determination of reasonable sampling
time and interval

1

From the above analysis, the selection of sampling time
significantly impacts the rationality of the longitudinal dispersion coefficient estimation. Here, a new method is proposed for optimizations of sampling time and sampling interval in tracer tests. The details are as follows:

0.8
0.7

C(x)/mg/l

0.6

x
① When measuring section locations 0 are given,
the sampling number n should be considered. For larger
values of n, more observational concentration values can
be obtained. However, the sampling cost also increases with
increasing sampling number. Moreover, the concentration
at the end of sampling is usually too low to measure,
which means that higher sampling numbers do not always
lead to higher calculation precision. Generally, the value
of n is from 5 ~25 [9, 13, 15, 21].
② Capturing the peak concentrations. It should be
pointed out that the concentration of the process curve
is a skewed distribution, and the concentration of the
peak does not appear in t = x0 / u but in t = T mid =

0.5
0.4
0.3
0.2
0.1
0

0

20

40
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100

120

140
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FIGURE 5 - Different observation section sampling data distribution
TABLE 8 - Accuracy of Ex on different observation sections
Observation
section x0/m
250
500
1000

t = Tmid = ( Ex 2 + u 2 ⋅ x0 2 − Ex ) / u 2 , which is set for the middle sampling frequency of mid= round (n / 2), where round is the
integral function

1500

③Determining the sampling time scope [ T1 , Tn ],
which can reflect the range of the skewed curve.

x0=250m
x0=500m
x0=1000m
x0=1500m
x0=2000m

0.9

2000

T1 and

Sampling time
(min)
1, 2,3,5,6,11,17,23,29,35
4,6,9,11,14,21,28,36,43,50
12,17,21,26,30,40,49,58,68,
77
22,28,34,
41,47,58,68,79,90,101
33,40,48,56,63,76,88,100,1
12,124

Ex
Calculated
values
50.0018
50.0032
49.9961
49.9935
49.9934

Relative
error
0.004%
0.006%
0.008%
0.013%
0.013%

Tn can be obtained from the solution of the following
equation:

CONCLUSIONS

2

( x − ut )
M
exp(− 0
) = α ⋅ Cmax .
4 Ex t
A 4 Exπ t
The smaller root of this equation is T1 , and the other root
C ( x0 , t ) =

is Tn , where

α

is a small factor. The value 0.1 is used in

this paper.
④	
  Determining the sampling time and interval. According to the range of sampling time [ T1 , Tmid ],

Tmid −1 can

T2 , T3 …,

be obtained by linear interpolation or in other

ways with [ T1 , Tmid ]. Similarly,

Tmid +1 , Tmid + 2

…,

Tn −1

can be obtained with [ Tmid , Tn ]. Then the sampling times
from

T1 to Tn are determined.

The method is applied to determine sampling time
and interval at different observation section locations in

(1) Based on the observed concentration profile at a
downstream section, the longitudinal dispersion coefficient
estimation problem was transformed into an extreme problem by defining a target function that can be solved by the
golden section method. An inverse optimization method
was proposed in this paper. The computational results for
two cases indicate that the inverse optimization method
can give higher precision for tracer tests.
(2) The factors influencing dispersion coefficient prediction, including sampling time at the downstream crosssection, observational noise and number of decimal places
of the measuring instrument were also discussed in detail.
The reasonable sampling time for matching observation
cross-section location greatly impacts the success of the
longitudinal dispersion coefficient prediction.
(3) A new method for determination of sampling times
and time interval at observation locations was put for-
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ward. By this method, successful prediction of longitudinal dispersion can be achieved. The dispersion coefficient
estimation accuracy was also improved.
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ABSTRACT
Availability of clay and its modified forms makes them
a viable candidate for an alternative adsorbent. In this
study, kaolinite and modified kaolinites were tested to determine their suitability for removal of Ni (II) ions from
aqueous medium. Parameters, such as kaolinite type, concentration of Ni ions, time and temperature of interaction,
were investigated to evaluate the adsorption capacity, kinetics, equilibrium and thermodynamic properties of Ni (II)
adsorption. The adsorption isotherms followed Freundlich,
Dubinin-Redushkevich (D-R) and Halsey isotherms but DR isotherm was chosen due to its applicability to all adsorption isotherms. The kinetics of adsorption mechanism
of Ni (II) was tested using pseudo-first-order, pseudosecond-order and intraparticle diffusion models. The results
showed that adsorption mechanism could be perfectly
explained with pseudo-second order equation. The intraparticle diffusion of Ni (II) ions within the natural and
modified kaolinite was more likely to be governed by the
diffusion step. Adsorption mechanism for activated kaolinite was intra-particle diffusion model. Ni (II) adsorptions
on activated kaolinites were exothermic and spontaneous
in nature. The results of this study indicated that activated
kaolinite can be employed for removal of Ni (II) from industrial wastewater.

KEYWORDS:
Kaolinite, nickel, modified clay, adsorption

1. INTRODUCTION
Nickel is a hard and ferromagnetic metal which occurs naturally in five isotropic forms. It is one of the most
utilized heavy metals mainly used in the production of
* Corresponding author

stainless steels, non-ferrous alloys, super alloys, nickel–
cadmium batteries, some food supplements and electronic
products [1, 2]. Like other heavy metals, nickel is toxic
and can find its way to the aquatic environment through
wastewater discharge. The storage of nickel in the body
causes some diseases such as cutaneous nauseas, injuries,
liver and kidney diseases, infertility, apathy, chronic headaches, sleeplessness and diarrhea [3].
Nickel is predominantly present in natural water as
the Ni(H
Ni ( H22O)
O) 62 + ion at pH 5 – 9. At this pH range, its comSO 42,− HCO , Cl-, and
plexes with ligands such as OH-, SO
3

NH3 are observed to a minor degree [4]. Removal of Ni (II)
ion from aqueous medium is mainly performed to treat
surface or ground water. To remove nickel from the surface water, chemical coagulation, sedimentation, clarification and granular activated carbon filtration have been
applied and resulted in 35–80% removal of nickel [5 – 8].
In addition to these methods, chelating ion-exchange resin
is one of the most effective methods for removal of nickel
from groundwater [9]. Various adsorbents can potentially be
used for this purpose. Each treatment processes mentioned
above has their own specific disadvantages. For instance,
active carbon and ion exchange processes are expensive
and sophisticated whereas chemical precipitation and sedimentation are not suitable when the pollutants are present
in trace amounts. To overcome these disadvantages, considerable attention has been given to find low cost and
easily available adsorbents for removal of different heavy
metals when their concentrations are not very high. Recently, clay and its modified forms have been efficiently
used as adsorbents. Since clay has great specific surface
area, excellent physical and chemical stability and several
other structural and surface properties [10 – 16].
Some researchers investigated the Ni (II) adsorption
mechanism of kaolinite. For instance, Yavuz et al. [20]
used Turkish kaolinite as an adsorbent to remove copper,
nickel cobalt and manganese. They concluded that adsorption affinity was in the order of Cu > Ni > Co > Mn and
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kaolinite might be used to remove traces of heavy metals
from an aqueous solution. Recently, kaolinite and montmorillonite were used to remove Fe(III), Co(II) and Ni(II)
in aqueous medium by Bhattacharyya and Gupta [14].
They investigated the effect of different variables, as concentration of metal ions, amount of clay adsorbents, pH,
time and temperature of interaction. They determined that
the equilibrium time is 180 min for Ni(II), the processes
are conforming to second order kinetics, Langmuir monolayer capacity is 10.4 to 11.2 mg g−1 for kaolinite and
all interactions are exothermic.
In the present study, natural and modified kaolinite
were selected as adsorbents to Ni (II) adsorption due to
their abundance as soil clay mineral and their ability to
form surface precipitates on phyllosilicates at common
pH ranges of 6.8–7.5 [17 – 19]. The adsorption characteristics, and particularly driving force of adsorption of Ni (II)
onto natural kaolinite (NK), thermal activated kaolinite
(TAK) and acid activated kaolinite (AAK) were determined
and the most suitable adsorbent among them was chosen.

to desired values by dropwise adding dilute NaOH (0.5%)
or HC1 (0.1 N).
To determine the adsorption mechanism, 10 ml of
Ni (II) solutions at different concentrations (8 mg/L,
16 mg/L, 28 mg/L, 38 mg/L) were transferred into test
tubes. Then 0.1 g of the NK was added into the test tubes
and the mixtures were shaken at 110 rpm at a temperature
of 298 K, 308 K, 318 K and 325 K at different time intervals. The suspensions were centrifuged and the supernatants were filtered. Concentrations of ions in the aqueous
solutions were determined using Solaar AA M series v1,
23 Model atomic absorption spectrophotometer. The reproducibility during concentration measurements was ensured by repeating the experiments three times under identical conditions and calculating the average values. The
same procedure was followed for acid and thermal activated kaolinites. In order to check the accuracy of the
results, all adsorption experiments were triplicated.
The amount of Ni (II) adsorbed on natural and activated kaolinites, qt (mg/g.), were calculated by the mass
balance equation (1):

2. MATERIALS AND METHODS

qt =

2.1. Materials

Kaolinite used in this study as parent clay was provided from Eczacıbaşı Co. in Turkey. In order to increase
surface area of natural kaolinite and change its physicochemical characteristics, natural kaolinite was activated by
acidic and thermal modification processes which were described by Kul and Calıskan [15]. They characterized the
natural and modified kaolinite and defined that clay structure of NK and AAK were similar and TAK was transformed into amorphous meta-kaolinite. The ratio dV/dr (i.e.
the ratio of the change in volume to change in radius) increased in order of AAK > TAK > NK.
In acid activation process, pyrex glass reactor was put
onto a hotplate magnetic stirrer. 50 ml of 3 N HCl were
added slowly to 30 g of kaolinite contained in the reactor
and the mixture was stirred at 378 K for 5 hours. Then
decanted solid was washed several times to remove traces
of acid remaining in solid with distilled water. After washing process, the solid was dried at 373 K for 24 hours to
release H 2O, and then ground in an agate mortar and
sieved with 235 mesh sieve. In thermal activation process,
30 g of natural kaolinite was heated in electrical furnace
at 873 K for 24 hours then it was cooled and ground in
agate mortar. Finally the solid was sieved with 235 mesh
sieve.
2.2. Adsorption experiments

Adsorption studies were performed by batch technique due to its simplicity and reliability. Nickel ion solutions of 100 ppm were prepared from the nickel nitrate
salt; Ni(NO3)2.6H20 (Fischer, certified) in deionized double distilled water. The pH of test solutions was adjusted

(C 0 − C t )V
W

(1)

where, C0 is the initial concentration of the Ni (II) ion
(mg/L) and Ct is and liquid – phase concentration of the
Ni (II) (mg/L) at time t, V= the volume of the solution (L)
and W= the weight of the kaolinite (g).
3. RESULTS AND DISCUSSION
3.1 pH of the solution

In adsorption process, pH of solution is one of the
most important factors that affect adsorption mechanism.
Ni (II) cation has to be hydrolyzed within common environmental pH ranges (pH 3-9) [21]. Literature survey
showed that maximum adsorption values of Ni (II) were
obtained at pH values in the range of 5.0 – 8.0 and especially pH close to 7.0. At higher pH values, Ni(II) ions get
precipitated due to formation of hydroxide anions Ni(OH)2
[22, 23].
In the present study, the distributions of nickel species were determined using Visual MINTEQ (V 3.0 Beta).
The effect of pH on the concentration of nickel species
(100 mg/L) at 298 K is given in Figure 1. Hydrated precipitation of nickel, Ni(OH)2, can be formed at pH > 8
and the divalent nickel cation Ni (II) is most abundant at
pH<8. In addition, several investigations of divalent cation
(Me2+) adsorption onto kaolinite suggest that maximum
adsorptions of divalent cation were obtained when the
reaction pH was increased from pH 6 to 7.5 [24-26]. These
initial pH values were selected to enhance the number of
negative adsorption sites on the clay and to obtain the
metal ions predominantly as equated ions. At pH 6, Ni (II)
ions (100 %) are present as aqua complex and probably
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adsorbed as aqua ion [27]. For these reasons, in the present study, all adsorption experiments were carried out at
6 pH solutions.

When nickel adsorptions on the natural and activated
kaolinites were compared with each other, it was clearly
seen that acid activation enhanced the adsorption of nickel.
On the other hand, the capacity of the TAK was greater
than that of NK because of the differences between the
surface area and pore volume of the kaolinites [15, 30, 31].
Acid activation does not change the clay structure, but exchangeable cation with H+ ions and Al3+ can be replaced
and other cations are drawn away from tetrahedral and
octahedral sites [32]. This process increases the surface
area of clay minerals. On the other hand, thermal treatment also affects the surface area and adsorption capacity
of kaolinite due to the loss of water molecules and changes
the crystalline structure of kaolinite to amorphous metakaolinite [33, 34].
3.3 Adsorption Isotherms

FIGURE 1 - Distribution of nickel species in aqueous system as a
function of pH at 298 K.
3.2 Effect of initial Ni concentration on adsorption at different
temperatures.

Effect of initial Ni (II) concentration on adsorption was
investigated at different concentrations (8 mg/L, 16 mg/L,
28 mg/L and 38 mg/L) at different temperatures (298 K,
308 K, 318 K and 325 K). Figure 2 illustrates the effect of
initial Ni (II) concentration on adsorption of natural and
activated kaolinite.

Adsorption isotherms are mathematical models that
describe distribution of the adsorbate specie among liquid
and solid phases. Nickel adsorption mechanisms on the
NK, TAK and AAK were determined by Langmuir, Freundlich, D-R, Temkin, and Halsey isotherm equations.
Generally to explain the adsorption mechanism of
heavy metals, Langmuir and Freundlich isotherms have
been used extensively by many researchers. On the other
hand Dubinin-Radushkevich (D-R) adsorption isotherm
model which is a more general model than the Freundlich
and Langmuir models can also be applied. These models
are temperature independent, so Temkin model was also
applied to investigate the effect of the different temperatures on adsorption. Since, natural and activated kaolinites
were heterogeneous pore distribution [15] Halsey equation was also used [15]. As described by Rosen [35],
Halsey equation is suitable for multilayer adsorption and
can be attributed to heteroporous nature of the adsorbent.
The constant parameters of the isotherm equations which
were calculated by regression using linear form of the
isotherm equations are summarized in Table 1.
The Langmuir adsorption isotherm has been used to
explain many real sorption processes. The linearized Langmuir isotherm is represented by the following equation
[36]:

Ce
C
1
=
+ e
qe Qo b Qo
FIGURE 2 - Effect of initial Ni concentration on the adsorption of
NK, TAK and AAK at different temperatures.

As seen in Figure 2, adsorption of nickel decreased
with an increase in temperature, indicating that the process
was exothermic. The desorption process was faster than the
adsorption process. Since, nickel ions passed from the
kaolinites to the bulk solution when the temperature increased. This result is compatible with currently available
scientific data [14, 28, 29].

(2)

where Ce is the nickel concentration at equilibrium
(mg/L), qe is the adsorption capacity at equilibrium
(mg/g), b is the Langmuir adsorption constant (L/mg), and
Q0 signifies adsorption capacity (mg/g). The Langmuir
equation is applicable to homogeneous sorption, where
the sorption of each sorbent molecule onto the surface has
equal sorption activation energies. The Langmuir plots
( C e / q e versus C e ) for the nickel adsorption at different
temperatures are depicted in Fig. 3.
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TABLE 1 - Isotherms constant for the effect of temperatures on the adsorption of Ni (II) onto natural and activated kaolinites.
Isotherm
Equations
298
Langmuir
Q0 (mg/g)
b * 10-2 (L/mg)
R2
Freundlich
kf (L/g)
N
R2
D-R
qm x 10-4 (mol/g)
K' x 10-4 (mol2/kJ2)
E (kj/mol)
R2
Temkin
B1
KT (L/mg)
R2
Halsey
N
K * 10-2
R2

Natural Kaolinite
(NK)
308
318

325

Thermal-Activated Kaolinite
(TAK)
298
308
318
325

Acid-Activated Kaolinite
(AAK)
298
308
318
325

42.37
1.76
0.030

156.25
0.39
0.001

-69.9
-0.78
0.002

-7.81
-9.53
0.059

-1.038
-8.31
0.860

-0.869
-7.65
0.860

-0.999
-6.05
0.880

-1.074
-4.43
0.900

-1.878
-9.67
0.840

-1.460
-7.82
0.910

-1.302
-6.44
0.880

-1.060
-6.42
0.890

0.076
1.017
0.988

0.063
1.012
0.979

0.056
1.008
0.959

0.038
0.926
0.923

0.029
0.481
0.957

0.017
0.461
0.942

0.016
0.351
0.934

0.014
0.345
0.925

0.114
0.570
0.985

0.059
0.561
0.960

0.027
0.529
0.967

0.025
0.527
0.929

9.06
92
7.37
0.988

7.92
87
7.58
0.976

7.28
82
7.81
0.952

9.22
86
7.62
0.918

2720.69
183
5.23
0.955

3298.89
181
5.26
0.94

739.55
150
5.77
0.926

445.39
143
5.91
0.919

1036.74
149
5.79
0.986

757.44
145
5.87
0.977

1590.88
150
5.77
0.976

829.27
142
5.93
0.924

0.782
0.30
0.933

0.718
0.28
0.88

0.689
0.26
0.82

0.685
0.23
0.745

2.5925
0.30
0.88

2.5161
0.26
0.851

2.0263
0.25
0.789

1.715
0.21
0.757

2.564
0.47
0.954

2.2613
0.36
0.911

2.3731
0.28
0.796

2.0815
0.27
0.747

1.02
7.27
0.988

1.01
6.09
0.979

1.01
5.51
0.958

0.99
4.88
0.923

0.50
28.98
0.985

0.53
20.42
0.99

0.56
16.26
0.957

0.57
14.24
0.929

0.46
18.11
0.967

0.48
15.40
0.952

0.53
13.03
0.944

0.54
9.99
0.935

which have the same energy [37, 38]. According to the
explanations, there was no monolayer coverage of the Ni
ions onto the natural and modified kaolinite surface.
The Freundlich adsorption isotherms can be expressed as follows [39]:
1
(3)
log q e = log k f + log C e
n
where, kf (L/g) and n are isotherm constants indicating
the capacity and intensity of the adsorption, respectively.
The Freundlich equation is employed to describe heterogeneous systems and reversible adsorption, and it is not
restricted to the formation of a monolayer. Figure 4 shows
the linear plots of log q e versus log C e . The adsorption

FIGURE 3 - Langmuir isotherm plots for the adsorption of nickel
ions onto natural and activated kaolinites at different temperatures.

Bhattacharya and Gupta [14] investigated the adsorption mechanism of Fe (III), Co (II) and Ni (II) on kaolinite. They defined that Langmuir model was suitable to
explain adsorption mechanism since this model gave a
better fit and had a higher R2 value (0.9908). On the contrary, in the present study, this model could not be used to
define adsorption mechanism. The isotherms were found
to be non-linear (Fig. 3) and their correlation coefficients
were extremely low as given in Table 1. The lower coefficient of correlation values suggest that Langmuir model
was not appropriate to explain Ni adsorption mechanism.
Langmuir model [36] was developed assuming monolayer
coverage of the adsorbent surface, and a fixed number of
accessible sites are available on the adsorbent surface

data yielded linear Freundlich plots and gave good correlation coefficient values (R2: +0.99 to + 0.93), and that
means multilayer adsorption occurs.
In the equation, the exponent 1/n is an index of the
diversity of free energies associated with adsorption of the
solute by multiple components of a heterogeneous adsorbent. The intensity of the adsorption “n” is given in Table
1. For NK, this value is nearly equal to one indicating the
isotherm is linear and system has a constant free energy.
On the other hand, the values of n are smaller than those
for activated kaolinites. It shows that the isotherm is convex, and more adsorbate is present in the adsorbents.
The linear form of the Dubinin-Radushkevich (D-R)
equation can be expressed as follows [40]:
(4)
ln qe = ln q f − K 'ε 2
where ε (Polanyi potential) is equal to RT ln(1 + 1 / C e ) ,

q e is the amount of the nickel ions adsorbed per unit
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Heat of adsorption and the adsorbate-adsorbent interaction on adsorption isotherms were studied by Temkin
and Pyzhev [42]. The linear Temkin isotherm equation is
given as follows:

qe = B1 ln K T + B1 ln Ce

(5)

where B1 = RT / b , T is the absolute temperature in
K, R the universal gas constant, 8.314 J/mol KT is the
equilibrium binding constant (L/mg), and B1 is related to
the heat of adsorption. Temkin isotherms which were drawn
by using plot q e versus ln C e at studied temperature are
given in Fig. 6.

FIGURE 4 - Freundlich isotherm plots for the adsorption of nickel
ions onto natural and activated kaolinites at different temperatures.

qm

is the theoretical monolayer satura-

tion capacity (mol/g),

C e is the equilibrium concentration

kaolinite (mol/g),

'

of the dye solution (mol/K), is K the constant (kj/mol K)
which is related to mean adsorption energy
( E = 1 / 2 K ' ), and T is the temperature (K). The plot of

ln q e

versus

ε2

at different temperatures is presented in

Fig. 5, and isotherm constants are given in Table 1.

FIGURE 6 - Temkin isotherm plots for the adsorption of nickel ions
onto natural and activated kaolinites at different temperatures.

FIGURE 5 - D-R isotherm plots for the adsorption of nickel ions
onto natural and activated kaolinites at different temperatures.

The mean adsorption energy (E) gives information
about chemical and physical adsorption [41]. This value for
all process was calculated in the range of 5.23 – 7.81 kJ
mol-1. These values are lower than the energy range of adsorption reaction 8 – 16 kJ mol-1. Therefore, the type of Ni
adsorption on NK, TAK and AAK may be defined as combination of electrostatic interaction and physical sorption.

To explain the adsorption mechanism, most of the
equations are used and the best-fitted is selected. The
correlation coefficient (R2) is one of the most important
factors for selecting the equation. In Table 1, the values of
correlation coefficient of Temkin isotherms were lower
than the others, except that of the Langmuir equation, but
it can be in acceptable range (> 0.8). Recently, Sekar et al.
[43] explained the adsorption mechanism of Pb (II) on activated carbon prepared from coconut shell by using this
equation and claimed that heat of the adsorption (B1) increases with increase in temperature, indicating endothermic adsorption. In this study, the values of B1 decreased as
temperature increased, possibly confirming the exothermic nature of the processes involved in the system.
Halsey adsorption isotherm is given as follows:

⎡⎛ 1 ⎞
⎤ ⎛ 1 ⎞
1
ln q e = ⎢⎜ ⎟ ln K ⎥ − ⎜ ⎟ ln( )
⎣⎝ n ⎠
⎦ ⎝ n ⎠ C e

(6)

where Ce is the nickel concentration at equilibrium
(mg/L), qe is the adsorption capacity at equilibrium
(mg/g), K and n isotherm constants. Halsey isotherms are
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depicted in Fig. 7. The constant n values of Halsey equation showed same trend for all temperature and adsorbents; they slightly increased with increasing temperature,
indicating the exothermic process. Besides, the values of
n which were obtained for AAK were smaller than others.
Literature survey indicated that the adsorption increases
with a decrease in n value [44, 45]. It means that AAK
has better properties for nickel adsorption than others.
Briefly, Freundlich, D-R and Halsey models describe
the adsorption isotherms because of their high coefficients
of correlations. Especially, D-R model showed that the
type of Ni adsorption on natural and modified kaolinites
might be defined as a combination of electrostatic interaction and physical sorption. Kaolinite edges are thought to
be relatively soft Lewis bases [21]. According to the hardsoft acid base principle, soft Lewis acids tend to complex
with soft Lewis bases [46]. Ni (II) is a borderline acid, and
Ni (II) might be physically bound to hydroxylated edge
sites on kaolinite. Adsorption isotherms have a totally different background and, theoretically, the simplest one should
be chosen. Therefore, in the present study, D-R model was
selected as adsorption isotherm.

FIGURE 8 - Influence of interaction time on the amount adsorbed
per unit mass for Ni (II) on natural and activated kaolinite at different initial concentrations at 298 K.

To explain and examine the controlling mechanism of
adsorption process, time-dependent experimental adsorption data are used and several kinetic models are applied.
In the present study, three of them, namely, the pseudofirst and pseudo-second order kinetic models and intraparticle diffusion model, were used to predict the mechanism involved in the adsorption process of Ni (II) ions.
Pseudo-first order kinetic model [47] is widely used
to predict the metal adsorption kinetics. The pseudo-firstorder equation is expressed as follows [48]:

dq t
= k1 ( q e − q t )
dt

(7)

Then, this equation is integrated:

log( q e − q t ) = log q e −

k1
t
2.303

(8)

where qe and qt are the amounts of Ni (II) ions adsorbed (mg/g) at equilibrium and time t (min), and k1 is
the rate constant of pseudo-first-order adsorption (min-1).

FIGURE 7 - Halsey isotherm plots for the adsorption of nickel ions
onto natural and activated kaolinites at different temperatures.
3.4. Adsorption Kinetics

Physical or chemical characteristics of adsorbent system affect the nature of the adsorption process. Before the
application of kinetic models, the amounts of Ni (II) ions
adsorbed (mg/g) versus time plots were drawn (Fig. 8).
Figure 8 shows that 60 min was enough to reach the dynamic equilibrium between fluid and solid phase in all
studied Ni concentrations, and the amounts of Ni (II) ions
adsorbed onto natural and activated kaolinite increased
with increasing initial Ni (II) level, and adsorption capacities decreased in order of AAK > TAK > NK. This suggests that Ni (II) adsorption depends on the surface area
and pore volume.

FIGURE 9 - The pseudo-first-order adsorption kinetics of Ni (II)
ions onto natural and activated kaolinites at various initial concentrations of Ni (II) ions at 298 K.
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The charts of pseudo-first-order model were plotted
using values of log(qe-qt) versus t at various initial concentrations of Ni (II) ions at 298 K (Fig. 9).
Due to better representation of the experimental data,
most of the kinetic models of adsorbent/ adsorbate systems
have been explained by pseudo-second order kinetic model
[47]. The pseudo-second order kinetic model of Ho and
McKay [49, 50] is given as follows:

dq e
= k 2 (q e − q t ) 2
dt

al adsorption stage, where intraparticle diffusion is ratelimiting. The third step is attributed to the final equilibrium stage [52]. Finally, the intra-particle diffusion rate is
obtained from the plots qt versus t1/2. as shown in Fig. 11.

(10)

The integrated form of equation (10) is as follws:

t
1
1
=
+ t
2
qt k 2 q e
qe

(11)

where k2 is the rate constant of the pseudo-second order adsorption (g/mg min), qt is the adsorption capacity at
time t (mg/g) and h = k 2 q e2 , where h is the initial adsorption rate (mg/g min). The chart of pseudo-second
order model was drawn using (t/qt) versus t at various
initial concentrations of Ni (II) ions at 298 K (Fig. 10).
The qe and k2 values were calculated from the slope and
intercept of these plots, respectively.

FIGURE 11 - Plots of intraparticle diffusion kinetics equation for
adsorption of Ni (II) ions onto NK, AAK and TAK at various initial
concentrations of Ni (II) ions at 298 K.

All kinetic parameters for the three models are summarized in Table 2. The validity of the pseudo-first and
pseudo-second order kinetic models is checked by the
least-square determination coefficient (R2), and normalized standard deviation s (%) is given in Table 2. The s is
defined as follows:

s = 100 x
where

∑ [(q

t , exp

− q t ,cal ) / q t ,exp
n −1

]

2

(13)

q t ,exp and q t ,cal are the measured and calcu-

lated Ni(II) adsorbed at time t, respectively, and n is the
number of data points.

FIGURE 10 - The pseudo-second order adsorption kinetics of Ni (II)
ions onto NK, AAK and TAK at various initial concentrations of Ni
(II) ions at 298 K.

The rate parameter for intraparticle diffusion is determined using the following equation [51]:

qt = k int × t 1 / 2 + C

(12)

where C is the intercept and kint is the intraparticle diffusion rate constant (mg/g min1/2). A plot may present multilinearity, indicating that three steps take place in adsorption stage. The first, sharper portion is attributed to the
diffusion of adsorbate through the solution to the external
surface of adsorbent, or the boundary layer diffusion of
the solute molecules. The second one describes the gradu-

The first and second order kinetic models were compared in terms of the least-square determination coefficient values (R2) and normalized standard deviation s (%).
Pseudo-second order kinetic model had higher R2 values
and lower s values than pseudo-first order one. This indicated that adsorption mechanism could be perfectly explained with pseudo-second order equation. This is in good
agreement with [14, 20, 53]. In addition, the values of k2,
which is the rate constant of the pseudo-second order
model (g/mg min), slightly decreased in the order of NK
> TAK > AAK. In other words, Ni (II) could be adsorbed
onto AAK faster than the other adsorbents. On the other
hand, the values of the initial adsorption rate, h , (mg/g
min), show similarity for TAK and AAK, and they are
lower than the natural kaolinite. This shows that initial adsorption rate of Ni (II) onto activated kaolinite was faster
than that of natural kaolinite. It could be attributed to the
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TABLE 2 - Kinetic parameters for the effect of initial concentration
on the adsorption of Ni (II) onto natural and activated kaolinite at 298 K.
Natural Kaolinite
(NK)
Initial Concentration
(mg/L)

Thermal Activated Kaolinite
(TAK)

Acid Activated Kaolinite
(AAK)

8

16

28

38

8

16

28

38

8

16

28

38

0.34

0.71

1.12

1.63

0.44

0.99

2.10

2.87

0.57

1.21

2.39

3.42

0.32

0.94

0.41

1.25

0.82

0.83

1.47

2.41

0.80

2.75

3.78

4.20

0.097
0.912

0.137
0.916

0.124
0.94

0.146
0.966

0.060
0.715

0.061
0.904

0.061
0.938

0.099
0.84

0.076
0.929

16.77

60.71

8.46

4.20

13.55

3.82

23.10

0.130
0.828
246.0
0

0.087
0.603

0.43

0.119
0.82
115.8
2

50.43

7.72

q e (cal) (mg/g)

0.37

0.77

1.14

1.70

0.51

1.11

2.32

3.31

0.67

1.43

2.56

3.37

k 2 ( g / mg min)

0.47

0.28

0.71

0.28

0.19

0.09

0.06

0.03

0.15

0.07

0.03

0.02

0.17
0.993
1.63

0.21
0.994
1.19

0.81
0.999
0.09

0.48
0.999
0.27

0.10
0.985
4.87

0.10
0.97
2.34

0.14
0.992
1.67

0.10
0.982
3.58

0.10
0.983
4.33

0.10
0.984
5.31

0.07
0.996
0.74

0.08
0.992
0.04

0.025
0.162
0.925

0.046
0.883
0.883

0.055
0.942
0.800

0.069
1.181
0.836

0.044
0.126
0.950

0.084
0.341
0.930

0.169
0.853
0.977

0.277
0.827
0.969

0.056
0.175
0.944

0.125
0.327
0.954

0.257
0.422
0.942

0.408
0.47
0.941

q e (exp) (mg/g)
Pseudo-first-order equation

q e (cal) (mg/g)
−1

k1 (min )
R2
S (%)
Pseudo-second-order
equation

h(mg / g min)

R2
S (%)
Intra particle Diffusion
equation

k int (mg / g min 1 / 2 )
C
R2

differences between surface areas. Surface area is one of
the most important factors affecting the adsorption rate
[54]. As mentioned before, this result was expected since
kaolinite gains high surface area because of acid and
thermal activation.
Intra-particle diffusion has an important role to explain the controlling mechanism of the adsorption process. Figure 11 shows that the plots present multi-linearity
(external surface sorption (stage 1), initial linear portion
(stage 2) followed by a plateau (stage 3). The intercepts of
plots did not pass through the origin. Therefore, intraparticle diffusion is not likely to be the slow rate- determining step [14]. Like the results of pseudo-second order
kinetic model, diffusion rate of Ni (II) onto AAK was the
fastest of all. On the other hand, NK had the slowest diffusion rate. The boundary layer thicknesses (C) also supported this result. When the boundary layer thicknesses
were evaluated, these values were not close to each other
showing that the accumulation rates of Ni (II) ions onto
surface of all kaolinites were not the same. The boundary
layer decreased in order of NK, TAK and AAK. Besides,
as can be understood from Table 2, adsorption of Ni (II)
onto natural and activated kaolinites depended on the
metal concentration. The intraparticle diffusion rate increases with increasing Ni (II) concentration. This result
is compatible with the investigation on Ni (II) adsorption
onto zeolite by Surinder et al. [55].

Mass transfer effects could be defined for the first
part of the curves which is the boundary layer diffusion of
the solute molecules in 5-20 min range for natural and
activated kolinite. For NK, intraparticle diffusion rate
parameter was the slowest step indicating that intraparticle diffusion controls the sorption rate. Whereas, for activated kaolinites, diffusion rate parameters were the highest. It might be attributed to the mesoporosity which is enhanced by activation. Generally, an initial rapid reaction,
followed by a much slower one, is characteristic of heavy
metal sorption on clay and oxide surfaces [19, 23, 56].
3.5. Adsorption Thermodynamics

Effect of temperature on Ni (II) adsorption is depicted
in Fig. 12. The changes in standard free energy ( ΔG ) ,
entalphy ( ΔH ) and entropy (ΔS ) of adsorption were
calculated using the van’t Hoff equation:

ln K c =

ΔS ΔH
−
R
RT

(14)

where R is the gas constant, Kc is the equilibrium
constant, and T is the temperature. The slope and intercept
of the van’t Hoff plot is equal to - ΔH /R and ΔS /R,
respectively [48]. The Kc value is calculated from equation 15:
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where CAe and CSe are the equilibrium concentrations
of the Ni (II) ions on adsorbent (mg/L) and in solution
(mg/L), respectively.
The standard free energy ( ΔG ) is computed as follows:
(16)
ΔG = ΔH − TΔS
The van’t Hoff plot for Ni (II) adsorption is given in
Fig. 12, and the thermodynamic parameters are summarized in Table 3.

FIGURE 12 - Van’t Hoff plots of Ni(II) ion adsorption onto natural
and activated kaolinites for different initial Ni (II) concentrations.

The values of the entalphy (ΔH) for natural and activated kaolinites were negative (Table 3) indicating that
the process was exothermic. This result supports the findings obtained by studying the effect of initial Ni (II) concentration on adsorption at different temperatures. Similar
behavior of nickel ions was reported earlier [14, 28, 29].
The values of ΔH increased in the order of AAK > TAK
> NK. This showed stronger interaction between Ni (II)
ions and AAK than others. The entropy ΔS reflects affinity of adsorbent materials towards Ni (II) ions. Like ΔH,
ΔS decreased in the order of AAK > TAK > NK which
showed that clay mineral – metal ion interactions stabi-

lized the clay mineral-metal adsorption complex [14], and
values of ΔS were negative which means randomness
decreased during adsorption [57].
In the present study, the values of ΔH and ΔS
were computed as negative being very compatible with
Bhattacharya and Gupta’s [14] results.
The degree of spontaneity of adsorption process is determined by the Gibbs-free energy. The values of standard
free energy ( ΔG ) were obtained as negative ones, except
for NK. This indicates that adsorption process for activated kaolinites is feasible and thermodynamically spontaneous. Besides, the values of ΔG decreased with increasing temperature showing that nickel adsorption was not
more favorable at higher than lower temperatures. Also,
as expected, due to the exothermic nature of the adsorption process of Ni (II) onto kaolinite, the value of adsorption free energy decreased as temperature increased. Besides, the values of ΔG were calculated to be lower than
– 20 kJ mol-1 Khan and Singh [58] declared that ΔG
upto – 20 kJ mol-1 was consistent with electrostatic interaction between sorption sites and metal ions and, therefore, physical adsorption was a predominant mechanism).
As observed (Table 3), the values of standard free energy ( ΔG ) for natural kaolinite were positive indicating
the presence of an energy barrier in the adsorption process. These positive free energy values were small and
increased with temperature. This showed that the adsorption process was not spontaneous and the system required
energy from an external source. This was supported by
the results of the first part of the study including evalua
tion of effect of initial Ni (II) concentration on adsorption
at different temperatures. At that part of the study, the
average removal percentage of Ni (II) from initial solution
by natural kaolinite was calculated to be 30 %. This indicates that natural kaolinite used in the present study is not
suitable for Ni (II) adsorption.

TABLE 3 - Thermodynamic parameters of Ni (II) onto natural and activated kaolinite.

-44
-56
-57
-20

298 K
0.76
0.61
1.01
0.74

ΔG (kj/mol)
308 K
318 K
1.21
1.65
1.17
1.73
1.58
2.15
0.94
1.14

325 K
1.96
2.12
2.54
1.28

-60
-94
-90
-53

-0.50
-1.06
-2.85
-2.81

0.10
-0.13
-1.96
-2.27

1.13
1.46
-0.43
-1.37

Adsorbent

Ct (mg/L)

ΔH (kj/mol)

ΔS [j/mol(K)]

Natural Kaolinite
(NA)

8
16
28
38

-12.402
-16.068
-15.906
-5.228

Thermal Activated Kaolinite
(TAK)

8
16
28
38

-18.487
-28.945
-29.627
-18.698
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0.71
0.81
-1.06
-1.74
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Kaolinite (AAK)

8
16
28
38

Fresenius Environmental Bulletin

-29.307
-27.488
-33.377
-34.696

-91
-83
-99
-100

4. CONCLUSION

-2.15
-2.71
-4.00
-4.98

-1.24
-1.88
-3.02
-3.98

-0.33
-1.04
-2.03
-2.98

-0.31
-0.46
-1.34
-2.28
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ABSTRACT
Fe(II), Sr(II) and Cu(II) ions were enriched and removed simultaneously using benzenesulfonic acid-1-methyl
hydrazide (BSMH) on activated carbon (AC) in aqua solution. However, only Cu(II) ions were pre-concentrated and
removed by using N-(3-amino-2-hydroxypropyl) benzenesulfonamide (BSDIAP). Adsorbed metals were enriched
10-fold and determined by ICP-OES. Interferences of Ca,
Mg and K were also investigated. The proposed method
was applied to tap water and creek water of Ankara. It also
provides the removal of Cu, Fe and Sr by 99, 97 and 95%
removal from water, respectively. Detection limits of ions
were 0.34 µg/L for Fe, 0.29 µg/L for Cu and 0.36 µg/L
for Sr with BSMH ligand but 0.32 µg/L for Cu with
BSDIAP ligand. In addition, the computation of some physicochemical properties has shown good correlation between
the recoveries and removals of metals.

KEYWORDS:
Enrichment, removal, Fe, Cu, Sr, ICP-OES

1. INTRODUCTION
There are various methods for the determination of
trace heavy metals in aqueous samples. Instrumental analysis of aqueous samples is too complicated due to complex
formation, matrix effects, interferences and the limit of
detection. Enrichment may work out the low concentration problems which are near or below the limit of detection of the instrument. There are a lot of enrichment methods, such as co-precipitation, solvent extraction, electrolysis and solid phase extraction, etc. Solid phase extraction
* Corresponding author

2

has some advantages for enrichment because of lower solvent volume, solvent exposure, disposal costs and lower
time for sample preparation. Solid phase extraction has been
used for the separation and enrichment of metal ions in
water samples.
AC has been one of the most useful materials in water
treatment, and was used, in the past, mainly to remove odor
and color producing molecules from water [1]. Lately, it
has been used for the removal of inorganic chemicals [2].
AC broadly uses a trace metal collector for multi-element
enrichment in analysis of water, high-purity substances,
vegetable samples, etc. [3–8]. There are two general approaches to metal enrichment using AC, specifically from
aqueous solution by simply adjusting the pH to an adequate
value and by using a chelating agent. A literature survey
revealed that enrichment of heavy metals on AC is usually
carried out after chelating with pyrocatechol violet [9], 8hydroxyquinoline [10, 11], O,O-diethyl-dithiophosphate
[12], pyridyl azo resorcinol [13], thiourea and bromide ions
[14], ammonium pyrrolidinedithiocarbamate [15], cupferron
[16], 1,10-phenanthroline [17], ammonium salt of dithiophosphoric acid O,O-diethyl ester [18], diethyldithiocarbamate [19], ammonium pyrrolidine dithiocarba-mate [20] ,
dithiophosphoric acid O,O-diethyl ester [21], 5,5-diphenylimidazolidine-2,4-dione, 5,5-diphenylimidazo-lidine2-thione-4-one and 2-(4-methoxy-benzylidenimine) thiophenol [22], dithioxamide [23], 4,6-dihydroxy-2mer-captopyrimidine [24], and N,N’-ethylenebis(ethanesulfon-amide) [25]. There are also some studies related to
remediation of contaminated water by metal complexation
on AC [26, 27]. Some comparative studies about heavy
metals on AC after complexation with some ligands are
summarized in Table 1.
In this paper, BSMH and BSDIAP were used for enrichment and removal of metal ions from aqueous solution. Procedure was optimized and applied to tap and creek
water of Ankara.
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TABLE 1 - Relative information from some studies about adsorption of heavy metals on actived carbon after complexation.
Elements

Ligand

EF

DL (µg/L)

pyrocatechol violet

Detection
method
F-AAS

Cu, Mn, Co, Cd, Pb,
Ni ,Cr

100

Cd
Cd, Co, Hg, Ni

8-hydroxyquinoline
8-hydroxyquinoline

ICP-OES
GF-AAS

80
20000

Pb
Cu, Co, Cd, Cr, Ni,
Pb, V
Cd,Cu, Ni, Zn
Pb, Cu

O,O-diethyl-dithiophosphate
pyridyl azo resorcinol

F-AAS
F-AAS

23
200

0.025, 0.021,
0.036, 0.013, 0.048, 0.054,
0.069
0.018
0.0003, 0.007,
0.12, 0.007
3
9, 14, 3, 10, 24, 4, 14

ammonium pyrrolidinedithiocarbamate
5,5-diphenylimidazolidine-2,4-dione
5,5-diphenylimidazolidine-2-thione-,4-one
2-(4_-methoxy-benzylidenimine) thiophenole
Cu, Ni, Co,
dithioxamide
Ni, Co, Cu, Pb
4,6-dihydroxy-2-mercaptopyrimidine
Fe, Cr, Ni
N,N’-ethylenebis (ethane sulfonamide
Fe, Cu, Sr
benzene sulfonic acid 1-methyl hydrazide,
Cu
benzene
sulfonamide,
N-(3-amino-2hydroxypropyl
DLs were given according to element order, EF: Enrichment factor.

F-AAS
F-AAS

10
240

F-AAS
F-AAS
ICP-OES
ICP-OES
ICP-OES

330
260
10
10
10

2. MATERIALS AND METHODS
2.1. Reagents and chemicals

FeSO4⋅ 7H2O, CuCl2.2H2O, SrCl2.6H2O, ethyl alcohol,
dimetylformamide, EDTA and calibration standards for
ICP-OES were all of analytical reagent grade and purchased from Merck (Darmstadt, Germany). Columns were
packed with AC (surface area 980 m2/g; porosity 75.75%;
specific pore volume 1.43 cm3/g; particle size 3.7 µm),
purchased from BDH (BDH Laboratory Supplies, Poole,
England).
BSMH and BSDIAP ligands were synthesized and
characterized using a similar method [28]. NIST 1643e was
used as Certified Reference Material for trace elements in
water. All solutions were prepared with ultra-pure water of
18.3 MΩ.cm (0.055 µS/cm) resistivity obtained with a
Human Innovation Pure Water System (Seoul, Korea).
TABLE 2 - Operational parameters used
for the determination of elements by ICP-OES.
Instrumental parameters
RF generator
RF forward power
Plasma gas flow (Ar)
Aux. gas flow (Ar)
Nebulizer gas flow (N2)
Replicates
Pump rate
Viewing configuration
Studied wavelength (nm)

40 MHz
1300 W
15 L/min
0.2 L/min
0.80 L/min
3
2.0 ml/min (peristaltic pump)
Axial
Fe: 259.939; Cu: 327.393, Sr: 407,771,
Ca: 317.933 , Mg: 285.215; K: 766.490

0.020, 0.019, 0.023, 0.028
0.52, 0.37
0.65, 0.42
0.46, 0.31
0.50, 0.75, 0.80
3.5, 3.4, 2.9 , 8.4
0.38;0.31;0,06
0.34; 0.39; 0.16
0.52

Reference
9
10
11
12
13
15
22
23
24
25
This study
This study

Orion 5-Star Benchtop Multimeter (pH electrode: 8102BNU;
conductivity cell: 013005; DO probe: 081010MD). Spectrophotometric measurements of coordination complexes were
carried out with a Unicam UV2-100 spectrophotometer.
2.3. Chromatographic procedure

The enrichment procedures of iron, copper and strontium by sorption on AC with the use of BSMH and
BSDIAP were as follows:
AC powder was maintained in nitric acid (1:1) solution for 24 h so as to remove the metal ions and other impurities sorbed on it. Then, it was filtered and rinsed with
ultrapure water until it was free from acid. It was dried
in a drying oven at 110 °C. AC (500 mg) was filled into a
column (glass tube of 1 cm internal width and 30 cm
length, with a glass wool plug above the tap). Aliquots
(100 ml) of solutions containing Fe, Cu, Sr and 10-3 M
ligand (BSMH or BSDIAP) were passed through the column of 500 mg AC at a flow-rate of 0.8 ml min−1. The
metals were then desorbed from the column with 10 ml of
0.5 M HCl. Consequently, adsorbed metals were enriched
10-fold. The metal concentrations were determined with
ICP-OES.
2.4. Removal procedure

2.2. Apparatus

Determination of metals was performed with Perkin
Elmer Optima 5300DV ICP-OES (Massachusetts, USA).
The instrumental parameters are given in Table 2. Conductivity, pH and dissolved O2 of water were measured with an

Remediation of metals was investigated by using both
column and batch methods. In the column method, 100 ml
of synthetic water sample containing 1 mg/L Fe(II), 1 mg/L
Cu(II), 1 mg/L Sr(II) and 10-3 M ligand was passed through
the column containing 500 mg AC at a flow-rate of 0.8 ml
min−1. In the batch method, the same synthetic water
sample and 500 mg AC were stirred with a magnetic bar
for 2 h at room temperature. Then, the mixture was filtered
through a filter paper. The metal concentrations in the
filtrate were determined with ICP-OES.

1171

© by PSP Volume 20 – No 5. 2011

Fresenius Environmental Bulletin

2.5. Optimization studies

BSMH and BSDIAP ligands were investigated by UVVIS spectrometry for complexation with Fe2+, Cu2+, Cr6+,
Sr2+, Ni2+, Co2+, Zn2+, Pb2+, Cd2+, Mn2+, Ca2+, and Mg2+ in
pH range 1-8. BSMH formed a complex with Fe, Cu and
Sr at pH 6-6.5, but BSDIAP ligand formed a complex only
with Cu at the same pH.
To obtain quantitative recoveries of the metal ions on
AC, the enrichment procedure was optimized for the various analytical parameters, such as pH, amount of AC,
desorption solution and the stirring time.
The pH effect on the separation of metal ions was
studied in the range 1–8, keeping the other parameters
constant. The optimum pH range for complex formation
and quantitative recoveries of Fe, Cu and Sr was ranging
between 6-6.5. The effect of AC amount was examined
with 300, 500 and 700 mg.
In order to optimize desorption solution, HCl (0.1, 0.5
and 1.0 M), EDTA (0.01 M), ethyl alcohol and dimethylformamide solutions were tried, and it was obtained about
95% recovery rate with 10 ml 0.5 M HCl solution.
The stirring times (1-4 h) of the solution in the remediation studies demonstrated that the sorption of the complex was quantitative after 2 h.
3. RESULTS AND DISCUSSION
3.1. Metal complexes

Slope ratio method was used to determine the
stoichiometry of complexes. For this method, varying
amounts of ligand are added to a constant amount of
metal ions. The absorbance of each solution was measured
and plotted against the concentration of ligands as shown
in Fig. 1. λmax values of metal complexes and metal salts
are given in Table 3. Ligands have no absorption at these
wavelengths.
Concentration of metal ions of Fe(II), Cu(II) and Sr(II)
for BSMH were 2.1x10-3 M, 1.5x10-3 M and 1.5x10-3 M,
respectively. Concentration of Cu(II) for BSDIAP was
1.3x10-3 M. As shown in Fig. 1, ML2 complexes were
formed between Fe(II), Cu(II) and Sr(II) with BSMH
ligand. However, a ML4 complex was formed between
Cu(II) with BSDIAP ligand.
To be sure, a molecular mechanics study was performed using HyperChem software [29]. The energies of
some complexes having different M:L ratios using the

FIGURE 1 - Spectroscopic determination of mol ratio of metalligand complexes.
TABLE 3 - λ max of metal salts and metal complexes.
Species
Cu2+
Fe2+
Sr2+
Sr(II)-BSMH
Fe(II)-BSMH
Cu(II)-BSMH
Cu(II)-BSDIAP

λmax (nm)
771
254
205
257
317
359
622

MM+ force field were minimized considering the molecules in the gaseous state (Table 4). The geometry optimization was performed to energy convergence with a RMS
gradient less than 0.1 kcal Å-1 mol-1. As seen in Table 4,
[Cu(BSDIAP)4]2+ having 1:4 mol ratio (for M:L) is the most
stable complex. However, stoichiometries of the stable complexes are as 1:2 for BSMH complexes. Stability of the
BSMH complexes decreased in the order: Cu(II) > Fe(II)
> Sr(II).
3.2. Effect of complex formation on sorption

The efficiency of the complexation on AC column for
the sorption of metals was studied by using 500 mg of AC
in comparison with ligand complexation for enrichment
of metals in a model solution. Starting with 10 µg/L of
each metal and 10 -3 M ligand in 100 ml solution, the
quantity of unretained metals in the filtrate was determined by ICP-OES. The percentage sorption of the metals

TABLE 4 - Calculated energies (kcal/mol) of the complexes.
M
Sr(II)
Fe(II)
Cu(II)
Cu(II)

L
BSMH
BSMH
BSMH
BSDIAP

ML6
40.19
42.99
43.12
-15.98

ML4(H2O)2
21.95
19.46
18.03
-18.39

ML2(H2O)4
15.23
13.12
12.79
-19.83
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ML4
17.15
15.37
11.67
-25.98

ML2(H2O)2
8.45
7.51
5.37
-17.11

ML2
12.34
11.20
9.06
-12.79
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retained on the sorbent was calculated from the difference
between the starting concentration of each metal (µg/L)
(Ns) and the concentration of metal (µg/L) left in the filtrate
(Nf) according to Eq. (1):
Sorption (%) = (Ns – Nf / Ns) x 100

(1)

The results are shown in Table 5. The complexation
can retain all the metal ions while the untreated AC cannot quantitatively retain Fe, Cu and Sr. Evidently; the
enrichment of Fe, Cu and Sr with the untreated AC is not
suitable for metals.
TABLE 5 - Percentages of metal
sorption on untreated AC and complexed AC.
Metal

Sorption (%)
Activated carbon

Complexation on Activated carbon
BSMH
BSDIAP
Fe
40±3
95±4
Cu
36±3
99±5
100±4
Sr
38±2
86±6
Values are means ± standard deviations (n = 3)

The recoveries (%) in this section were calculated from
the concentration of metals (µg/L) in the initial solution
(Ni), and the concentration of metals (µg/L) eluted from
the column (Nl) according to Eq. 1. The results are summarized in Table 4:
Recovery (%) = Nl / Ni x 100

(2)

TABLE 6 - Recovery of Fe, Cu and Sr with various eluents.

Eluent
ethyl alcohol
dimethylformamide
0.01M EDTA
0.1 M HCl
0.5 M HCl
1.0 M HCl
Values are means (n = 3)

Recovery (%)
BSMH
Cu
Fe
56
52
62
60
66
62
82
68
99
95
99
95

Sr
45
58
60
65
85
85

BSDIAP
Cu
48
58
64
76
101
101

3.4. Detection limit of enrichment method

3.3. Desorption of metals

A suitable eluent for metal desorption was chosen by
considering the following evaluations: (a) the eluent should
desorb the metals or complexes, (b) the eluent should not
damage the sorbent, and (c) the eluent should be appropriate for the following determination method [30]. Organic
solvents and inorganic acids have been found to meet the
requirements. In this study, all metal ions form a complex
with ligands, and, therefore, the adsorption on AC and
desorption mechanisms are possibly similar (Fig. 1). In this
experiment, the standard solutions for enrichment were
10 µg/L of each metal in 100 ml of solution. The eluents
experienced were ethyl alcohol, dimethylformamide, 0.01 M
EDTA as well as 0.1 M, 0.5 M and 1 M HCl. The effectiveness of metal desorption after complexation from AC was
evaluated by the recovery rates (%) of metals given in
Table 6.

Limits of detection of the enrichment method were
calculated to be three times the standard deviation (n = 15)
of the blank. These values were based on 100 ml of blank
undergoing the enrichment to a final volume of 10 ml.
TABLE 7 - Limit of detection of the enrichment method.
Ligand
BSMH
BSDIAP

Element
Fe
Cu
Sr
Cu

LOD (µg/L)
0.34
0.29
0.36
0.32

3.5. Application of enrichment methods to real sample

The proposed method was applied for the determination of Fe, Cu, and Sr in tap water and natural water samples. The results are given in Table 8. The recoveries of the
metal ions were in the order of 73–108%. However, addition of 1 µg/L Fe revealed 73-85 % recovery, being satisfactory for these lower concentrations. In order to carry

TABLE 8 - Concentrations and recoveries of Cu, Fe and Sr in water samples.
Sample

Metal

Ligand

Concentration in sample (µg/L)
13.0±0.6

Sample dilution
factor
10

Added
Found (µg/L)
Recovery (%)
(µg/L)
Tap water
Cu
BSMH
1
2.3±0.7
100
5
6.2±0.5
98.4
Fe
200
244±7
1
2.1±0.3
94.5
5
96.8
6.0±0.7
Sr
200
1
85.7
222±8
1.8±0.2
5
78.7
4.8±0.3
Cu
BSDIAP
10
1
104.3
13.0±0.6
2.4±0.2
5
104.7
6.6±0.3
Ankara
Cu
BSMH
10
1
100
18.8±0.5
2.9±0.4
Creek water
5
98.6
6.8±0.6
Fe
100
1
92.3
164±6
2.4±0.6
5
95.5
6.3±0.7
Sr
600
608±12
1
1.7 ±0.4
85
5
4.8±0.5
80
Cu
BSDIAP
10
18.8±0.5
1
3.0±0.5
103.4
5
102.9
7.1±0.6
Values are means ± standard deviations (n = 3); Initial concentrations of metals are sum of metal concentrations in the water + additions.
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out enrichment in the water samples, they were first diluted.

of 69.8-99.6 % for Fe, Cu and Sr were obtained with the
batch method.

3.6. Interferences

3.8. Application of removal methods to real sample

The effects of representative potential interfering species (at the concentration levels at which they may occur
in the samples studied) were also tested. Therefore, Ca2+,
Mg2+ and K + could be tolerated up to at least 50000,
15000 and 20000 µg/L, respectively, in the enrichment and
removal studies.

The real water samples were passed through the column and then percent removals of Fe, Cu and Sr after
remediation were found in the range of 90-96.2 %. Removal rates of Fe, Cu and Sr were lower with batch methods (Table 10). However, Fe concentration in tap water
was higher than maximum contamination level, but Fe,
Cu and Sr values after remediation procedure were decreased to the acceptable levels.

3.7. Removal of Fe, Cu and Sr from water samples

Percent removal rates in this section were calculated
from the concentration of metals (mg/L) in the starting
solution (Ns) and the concentration of metals (µg/L) in
residual solution after being sorbed from the column, and
batch method (Nr) according to Eq. 3. Removal procedure
was applied to the synthetic and the real samples. The
results are summarized in Tables 9 and 10.
Removal (%) = (Ns – Nr / Ns) x 100

(3)

As seen in Table 7, the percent removals of Fe, Cu
and Sr after remediation were found to be about 98% for
column method. However, only removal rates in the range

3.9. Certified reference material analysis

In order to check the accuracy of the ICP-OES measurements, certified reference material (NIST 1643e) was
analyzed. As can be seen from Table 11, the accuracy of the
determination method is satisfactory (relative error about
5%).
3.10. Structure-enrichment and removal relationship

Ratio of recoveries and removals of metal ions decreased in this order: Cu(II) > Fe (II)> Sr (II), corresponding to Irwing-Williams stability order [31]. The most stable

TABLE 9 - Removal of Fe, Cu and Sr with ligands in the synthetic sample.

Sample (100 ml)

Metal

Cu
Fe
Sr
1 mg/L Cu + 10-3 M BSDIAP
Cu
Values are means ± standard deviation (n = 3).
1 mg/L Fe, Cu, Sr + 10-3 M BSMH

Column
Residual concentration
(µg/L)
15.6±0.8
25.5±0.6
42.7±0.5
2.2±0.5

Removal (%)
98.4
97.5
95.7
99.8

Batch
Residual concentration
(µg/L)
7.3±0.6
217±11
302±26
4.4±0.6

Removal (%)
99.3
78.3
69.8
99.6

TABLE 10 - Removal of metals in the tap water and Ankara Creek water samples.
Sample (100 ml)

Metal

Tap water + 10-3 M BSMH

Cu
Fe
Sr
Tap water + 10-3 M BSDIAP
Cu
Ankara creek water + 10-3M BSMH
Cu
Fe
Sr
Ankara creek water + 10-3 M BSDIAP
Cu
Values are means ± standard deviation (n = 3).

Column
Residual concentration (µg/L)
0.6±0.2
13.2±0.7
23.8±0.5
0.5±0.1
1.0±0.2
9.4±0.6
49±4
0.8±0.3

Metal concentration (µg/L)
13±1
244±7
222±8
13±1
18.8±0.5
164±6
608±12
18.8±0.5

Removal
(%)
95.4
95.0
89.3
96.2
94.6
94.3
91.9
95.7

Batch
Residual concentration (µg/L)
1.2±0.7
23.8±0.5
70.0±0.8
1.1±0.6
1.4±0.3
16±1
75±2
1.2±0.3

TABLE 11 - Analysis of Certified Reference (trace metal in water) Material.
Sample

Fe (µg/L)

Cu (µg/L)

Certified
98.1±1.4
22.8±0.3
Found
96.0±2.8
21.6±3.2
Error (%)
-2.1
-5.3
Values are mean ± standard deviation (n = 3)

Sr (µg/L)

Ca (µg/L)

K (µg/L)

Mg (µg/L)

323.1±3.6
312.5±4.6
-3.3

32000±1100
29920±1250
-6.5

2034± 29
2069±101
1.7

8037.0 ± 98
7701.3±120
-4.2
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Removal
(%)
90.1
90.2
68.5
91.5
92.6
90.2
87.6
93.6
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Cu(II) complex has shown the highest recovery and removal yields (Tables 8-10). This has suggested that stable
complexes interact stronger and are better hold on AC
surface. Some physicochemical properties (logP, hydration
energy, surface area, molecular volume, molecular refractivity, molecular weight) were also calculated using HyperChem [29] to make comparison with recoveries, removals and structure of ligands (Table 11). Log P (log of
octanol-water partition coefficient) is a measure of hydrophobicity. BSMH possessing one NH2 terminal group has
a higher logP value (and lower hydration energy) than
BSDIAP possessing both NH2 and OH groups. More hydrophilic BSDIAP prefers making interaction with aqueous
media rather than bonding to metal ions, except Cu(II),
because metal-ligand interaction plays the dominant role
in the most stable Cu(II)-BSDIAP complex. Surface area,
molecular volume and molecular weights have been used
as an expression of size effects. BSDIAP has more molecular volume than BSMH (Table 11). Recovery and removal
of metal ions may also depend on size of the metalcomplex. Cu(II)-BSDIAP complex having more size effect
holds more stronger with regard to the Cu(II)-BSMH complex.

analyses [13, 23-25]. The column method may be used for
removal of Fe and Cu in 1 mg/L water samples in order to
decrease to Maximum Contamination Level of these contaminants. Batch method may be improved by stirring time,
speed and AC amount. The methods of enrichment and remediation of some heavy metals can be used for their
separation and determination in water by ICP-OES. The
natural waters used in the remediation studies generally
have lower levels of Fe and Cu according to Maximum
Contamination Levels in drinking water (200, 1300 µg/L)
[32]. There is no MCL for strontium listed in the US EPA
Drinking Water Standards. Nonetheless, removal studies
were performed in order to show the activity of BSMH and
BSDIAP ligands in the remediation of the Fe, Cu and Sr.
ACKNOWLEDGEMENTS
This study was supported by the Gazi University
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Recoveries and removals of Cu-BSDIAP in the tap
water (104.5%, 96.2%) and Ankara Creek water (103%,
95.7%) were a little higher than that of Cu-BSMH complex (99%, 95.4) and (99%, 94.6%), respectively. In tap
and Ankara Creek water, recoveries and removals of FeBSMH has lower values (94.5%, 95%) and (95.5%, 94.3),
respectively. Recoveries and removals of Sr-BSMH in tap
and Ankara Creek water have values of (85%, 89.3%) and
(85%, 91.9%), respectively.
TABLE 12 - Some physicochemical properties of ligands.
∆Hh
SA (Ả2)
MV
MW
(kcal/mol)
(Ả3)
(amu)
BSMH
0.80
-9.56
337.81
551.89
186.23
BSDIAP
0.02
-15.70
410.98
692.86
230.28
∆Hh: hydration energy, SA: topological polar surface area, MV: molecular volume, MW: molecular weight.
Ligands
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ABSTRACT

1 INTRODUCTION

The elemental composition and UV visible spectroscopic properties of dissolved fulvic acids (FA) isolated
from salined flavo-aquic soils around Wuliangsuhai Lake in
Hetao Irrigation District were examined to evaluate humification levels of FA and salinisation processes of soils.
Composite soil samples of different depths (0-20cm, 2040cm, 40-60cm and 60-80cm) were collected from four
different halophyte communities along a saline-impact gradient around Wuliangsuhai Lake, namely, Comm. Salicornia europaea (CSE), Comm. Suaeda glauca (CSG), Comm.
Kalidium foliatum (CKF) and Comm. Sophora alopecuroides (CSA). Seven humification indices (HIX) (C/N,
SUVA, E2/E3, E2/E4, E4/E6, S275-295 and S350-400), deduced
from elemental analysis and UV visible spectroscopy of FA,
were used to assessing humification degree. Humificaiton
levels of FA from the CSA soils were the highest, followed by the CKF, CSG and CSA. There were significant
relationships between seven HIX (P<0.05), except E4/E6.
Exchangeable sodium percentage (ESP) showed good correlations with the HIX, and humification degree increased
with the decreasing ESP. Therefore the HIX can not only be
used to assessing humification levels of FA, but also be
used as a surrogate for ESP and an indicator for soil
salinisation processes.

KEYWORDS:
salined flavo-aquic soils; fulvic acids; UV visible spectroscopy;
humification; Exchangeable sodium percentage; salinisation
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Desertification usually takes places far away from desert margins, which is a subtle, dispersed and continuous
process that is impacted by several factors, including
short- and long-term climatic variations and human activities [1, 2]. Salinisation, a main type of desertification, is a
process of soil degradation. It is very widespread in arid
and semi-arid regions, and has become a major concern
throughout the world [3, 4]. Salinisation frequently occurs
as a consequence of over-irrigation caused by improper
management of irrigation facilities, poor soil internal drainage condition and unsuitable quality of irrigation water [5].
As the water table rises, salts dissolved in the groundwater reach and accumulate at the soil surface through capillary movement.
Dissolved humic substances are heterogeneous mixtures of a variety of organic compounds, consisting of
aromatic, aliphatic, phenolic and quinolic functional groups
with different molecular sizes and properties [6, 7]. It is
well known to play important roles in nutrient cycling,
interaction and transport of many toxic organic or inorganic chemicals throughout the physical, chemical and biological processes [8-10], in despite of a small fraction of
soil compositions. Exchangeable sodium percentage (ESP)
of soils may greatly affect a series of microbially mediated
processes, such as formation and transformation of humic
substances [11]. Therefore humic substances are considered
one of the most important indicators for assessing the
extent of salinisation processes in soils. Cilenti et al. [1]
had studied fluorescence spectroscopy properties of hydrophilic (HI) and hydrophobic (HO) fractions of dissolved
organic matter extracted from native soils at different degrees of salinisation. The strong decrease in fluorescence
intensity with the increasing ESP of the soils can be utilized to obtain information on the salinisation levels of
different soil substrates by comparison of fluorescent
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intensities. Yu et al. [12] investigated spectroscopic characteristics of dissolved humic substances isolated from
native soils, and suggested several humification indices
(HIX) to indicate salinisation processes of saline wetland
soil.
The objectives of this study were as follows: (1) investigate the elemental components and UV visible spectroscopic properties of dissolved fulvic acids (FA) isolated
from salined flavo-aquic soils around Wuliangsuhai Lake
in Hetao Irrigation District, (2) indicate humification levels
of FA using HIX deduced from elemental analysis and
UV visible spectroscopy, (3) compare the correlations of
ESP with HIX, and substitute HIX for ESP to assess soil
salinisation processes.
2. MATERIALS AND METHODS
2.1 Sample collection

Wuliangsuhai Lake is located in the eastern Hetao Irrigation District, western Wulateshan Mountain, southern
Yinshan Mountain and northern Yellow River in Inner
Mongolian Autonomous Region of China (40°45′-41°07′
lat. North, 108°43′ -108°57′ long. East) (Fig. 1). The altitude of the yearly average water level is 1,018.5 m. It is
the biggest fresh water lake in the Yellow River Basin
with the area of 293 km2. Lake volume ranges from 250
to 300 million m3, which mostly comes from return water
of farmland irrigation. The region has a typical temperate
zone continental climate with 224 mm of annual rainfall
and 7.3°C annual mean temperature. It is one of the most

important wetlands of northern Asia, consisting mainly
of a large marsh of about 300 km 2, with a high amount
of aquatic resources. Many kinds of fish and birds as well
as reeds, grasses and herbacious weeds are abundant.
Hetao Irrigation District, the largest irrigation district in
China, has an entire irrigation system (Fig. 1), through
which water in the Yellow River is drawn from the
Sanshenggong Dam in Dengkou County to irrigate farmlands. The return water from farmland irrigation enters
Wuliangsuhai Lake before being discharged into the Yellow River. For poor irrigation and drainage management, serious salinisation is occurring in the area.
2.2 Soil sampling and physcio-chemical analysis

Four different native halophyte communities, namely,
Comm. Salicornia europaea (CSE), Comm. Suaeda glauca
(CSG), Comm. Kalidium foliatum (CKF), and Comm. Sophora alopecuroides (CSA), located along a saline-impact
gradient around the lake, were selected for this study on
March 27, 2009 (Fig. 1). The soil was a type of salined
flavo-aquic soils. A 3×2 m2 plot was pegged out at each
sampling site, and twenty soil samples from four soil horizons (0-20cm, 20-40cm, 40-60cm and 60-80cm) at each
site were taken randomly from an area of 2 m radius in the
marked plots using a tube sampler [13]. Each soil sample
was thoroughly mixed, homogenized and sieved (<2mm),
after carefully removing the organic materials and roots.
The soil samples were immediately placed into protection
packages to preserve freshness and transferred to the laboratory on ice.
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FIGURE 1 - The location of Wuliangsuhai Lake in Hetao irrigation district of Inner Mongolia, China.

A portion of each soil sample was air-dried and sieved
(Ф=100), and the reminder was stored frozen or directly
analysed. Selected physcio-chemical indices of these soils
were presented in Table 1. Soil moisture, pH and electric
conductivity (EC) were determined using field moist soil
samples, whereas other properties were determined using
air-dried samples. Soil moisture was measured by gravimetric method. Soil pH was measured in a 1: 2.5 soil to
water slurry using a pH meter (Sartorius), while EC was
determined in a 1: 1 soil to water solution using an electronic conductivity meter (FE30, Mettler Toledo). Total Organic carbon was measured using a Shimadzu V-CPH
analyzer.
Exchangeable cations were extracted with 1 M ammonium acetate (1: 4 soil: extractant for 2 h) and Ca2+, Mg2+,
K + and Na+ in extracts were analysed by atomic absorption spectrophotometry (AA-6300, Shimadzu). Exchangeable cation concentrations were calculated as ammonium
acetate-extractable cations less soluble (saturation extract)
cations. Since all soils had a pH (water) above 8.0, the exchange acidity was not measured. Exchangeable sodium
percentage (ESP) was calculated as [13]:

was sepa-rated by acid precipitation (pH 2) with 0.5 M
H2SO4. The FA fraction was in the supernatant, while the
precipitation was the humic acid fraction. After leaving
the precipitation, the solution was filtrated with activated
carbon. The activated carbon was cleaned with 0.2 M
NaOH, and the eluate was FA fraction. The eluate was
neutralized to pH 7 using 0.5 M HCl. The powdered form
of FA was obtained after electrodialysis and freeze drying,
and it was kept in a vacuum desiccator.
2.4 Characterization methods

The elemental analysis (C, H, O, and N) was performed on freeze-dried samples of FA (0.5-1 mg) using an
elementary analyzer (Elementar Vario EL, Germany). We
analyzed each sample in triplicates. 2.5 mg freeze-dried
FA was redissolved in 125 mL 0.05 M NaHCO3, and pH
was adjusted to pH 7.0 ±0.05. UV visible spectra were performed using a 1cm quartz cuvette at 25 ℃ on a Shimadzu
UV-1700 spectrophotometer equipped with UV Probe 2.01
for data processing in the wavelength range 200-700 nm.
3. RESULTS AND DISCUSSION

⎡⎣ Na + ⎤⎦
ESP =
×100% ⋅⋅⋅⋅⋅⋅⋅ (1)
⎡⎣ Na + +K + +Ca 2+ +Mg 2+ ⎤⎦

3.1. Physcio-chemical properties of salined flavo-aquic soils

2.3 Isolation of dissolved fulvic acids

The extraction and purification of dissolved fulvic acids (FA) were carried out according to the methodology
proposed by the International Humic Substances Society [14]. Briefly, 400 g of air-dried sieved (Ф=100) soils
was added to 600 mL of 0.1 M Na2P2O7 with 0.1 M
NaOH (pH=13), and stirred (150 r min-1) over a period of
24 h at room temperature. The extract was centrifuged with
a Sigma centrifuge (9000 r min-1, 15 min), and the supernatant was then filtrated through 0.45 µm. The FA fraction

Soils collected around Wuliangsuhai Lake exhibited
substantially different physico-chemical properties among
the different halophyte communities as well as within
each soil profile (Table 1). CSE soils contained the highest moisture (21.25 to 46.36%), followed by CKF (17.82
to 26.40 %), CSG (17.06 to 21.06%) and CSA (13.58 to
19.46 %). In each soil profile, moisture increased with
depth, and it was much higher in the bottom layer than
those in the other three layers. Soil EC of the top layer
was much higher than the other three layers within CSE,
CSG and CKF soil profiles, but EC varied only slightly
within CSA soil profile. Soil pH was similar in the CSG,

TABLE 1 - Physcio-chemical properties of selected soils in the four different halophyte communities.
Sample

Geographic
coordinate

CSE

40°51'19.8"E
108°39'15.3"N

CSG

40°57'21.4"N
108°10'27.5"E

CKF

40°54'17.6"N
107°48'38.9"E

CSA

40°47'37.7"E
107°26'53.2"N

Depth
cm
0-20
20-40
40-60
60-80
0-20
20-40
40-60
60-80
0-20
20-40
40-60
60-80
0-20
20-40
40-60

Moisture
%
21.25
22.87
25.87
46.36
17.66
17.06
17.99
21.06
17.82
20.70
22.70
26.40
13.58
14.84
15.68

pH
8.67
8.83
8.87
8.78
8.47
8.71
8.50
8.41
8.47
8.71
8.50
8.40
8.40
8.42
8.39

EC
mS cm-1
13.11
5.92
4.32
4.76
7.59
3.53
3.02
4.36
7.74
2.87
3.07
2.56
2.24
2.52
2.25
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TOC
g kg-1
4.32
5.33
4.22
3.44
5.42
4.06
6.34
3.55
10.09
12.67
11.32
7.66
9.38
8.38
7.83

Ca2+
167.70
165.60
162.97
167.36
166.13
164.62
165.89
166.72
168.07
168.08
171.58
172.65
166.13
166.70
166.49

Mg2+
Na+
-1
mmol kg
11.12
100.90
11.04
117.29
10.33
116.34
11.07
90.78
10.39
90.14
9.40
35.11
10.24
31.36
9.25
48.77
10.37
33.41
10.64
51.76
10.68
39.89
11.21
41.38
10.09
13.59
10.20
19.38
10.52
16.61

K+
16.10
16.19
14.24
15.57
14.41
2.98
8.82
10.04
13.53
12.08
12.96
14.88
16.25
13.23
11.46

ESP
%
34.11
37.82
38.29
31.88
32.07
16.55
14.50
20.77
14.82
21.34
16.97
17.23
6.60
9.25
8.10
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60-80

19.46

8.39

2.32

CKF and CSA soils, but was little higher in the CSE soil
profile. CKF soil contained the highest TOC (7.66 to
12.67 g kg-1), followed by CSA (6.76 to 9.38 g kg-1), CSG
(3.55 to 6.34 g kg-1) and CSE (3.44 to 5.33 g kg-1). TOC
varied appreciably within soil profiles and there was no
trend with depth, except for the CSA where TOC decreased with depth. These variations could be attributed to
different interactions between vegetation and sediment deposition during the development of these halophyte community
soils. Exchangeable Ca2+ was similar in the four soil profiles. The trend of exchangeable Mg2+ and K+ were similar to the exchangeable Ca2+. The CSE soil profile had the
highest average value of exchangeable Na+ (106.33), followed by CSG (51.35), CKF (41.61), and CSA (16.30). The
mean of ESP in the CSE soils (35.53) was the highest,
followed by the CSG (20.97), the CKF (17.59) and CSA
(7.90), and there was obvious variation in ESP within a
given profile.
3.2 Elemental analysis of FA

The element content and atomic ratios of the FA (Table 2) were typical of this humic fraction according to the
C/N ratio [15]. The measured O/C ratios were in the upper
range of FA [16]. This was possibly related to the young
age of the dissolved humic substances [17]. FA from CSA
and CKF soil contained more nitrogen and exhibited a
lower C/N ratio than those from CSG and CSE soils. Soil
organic matter was strongly decomposed by microbiological activities, and degraded molecules became reorganized
to form more condensed compounds, richer in aromatic
components. The decomposition was measurable by the
levels of C decreased. The high microbiological mass and
low C content induced a relative enrichment of nitrogen.
Humification was linked to enrichment in aromatic
components and C/N ratios decreased with decreased particle sizes by enhanced humification levels [18]. Therefore

6.76

166.42

10.84

15.63

11.41

7.65

C/N ratio might be better suited as a HIX to assess humification degree of soil organic matter. The C/N mean
(25.57) of FA from the CSA soils was the lowest, followed
by CKF (27.40), CSG (29.55) and CSE (34.93) (Table 3).
C/N highlighted much more complex aromatic carbon
structures of FA from the CSA soils than those of the
three other samples. Further humification of FA from the
CSA soils might be associated with strong decomposition
of soil organic matter compared with the rest soil profiles.
C/N varied slightly within each profile, and there was no
trend with depth.
3.3 UV-visible absorption properties of FA

UV visible absorption spectra for all FA samples increased approximately exponentially with decreasing wavelength (Fig. 2). Absorption at 285 nm, known as a specific
UV absorbance (SUVA) was normalized to dissolved organic carbon concentration, and has been widely used as
a surrogate measurement for the abundance of aromatic
carbon in dissolved humic substances [19]. The SUVA of
FA from the selected soil samples was presented in Table 3.
A strong negative correlation of SUVA with C/N ratios
(Table 4) also validated that it could be used as a general
tracer of humification degree of FA. FA from CSA soils
contained the highest mean of SUVA (10.10), followed
by CKF (7.85), CSG (5.86) and CSE (4.38) (Table 3), indicating that humification levels of FA from the CSA soils
were the highest, followed by the CKF, CSG and CSE.
As light absorption molecules of dissolved humic
substances became higher levels of aromaticity, its absorption spectra would tend to shift toward longer wavelengths. Therefore the absorption ratio at 250 nm to 365 nm
(E2/E3) or 240 to 420 nm (E2/E4) or 465 to 665 nm (E4/
E6), largely independent of concentration of dissolved organic carbon, was correlated with the degree of condensation and molecular weight of organic materials [20, 21].

TABLE 2 - Elemental composition and atomic ratios of FA isolated from sampled soils around Wuliangsuhai Lake (mean ± standard deviation of 3 sampling dates).
Samples

CSE

CSG

CKF

CSA

Depth

C

N

H

O

cm
0-20
20-40
40-60
60-80
0-20
20-40
40-60
60-80
0-20
20-40
40-60
60-80
0-20
20-40
40-60

%
43.6
42.8
41.5
39.1
40.3
39.5
40.5
39.4
41.5
39.8
39.7
38.0
36.9
38.9
37.3

%
1.3
1.4
1.5
1.4
1.6
1.6
1.5
1.6
1.6
1.7
1.6
1.7
1.8
1.7
1.7

%
4.0
4.0
3.8
4.1
3.7
4.1
4.2
4.1
4.3
3.7
4.1
3.5
3.4
4.3
4.1

%
51.0
51.9
53.2
55.6
54.4
54.9
53.9
54.8
52.6
54.8
54.6
56.7
57.8
54.9
56.8
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C/N

C/H

C/O

Atomic ratio
38.8±2.6
36.2±2.9
31.4±1.8
33.5±2.4
30.3±2.2
28.8±1.9
31.2±2.4
27.9±2.2
27.3±2.0
27.5±2.1
29.8±1.4
25.5±1.0
23.5±1.4
26.1±1.8
25.5±2.5

Atomic ratio
0.8±0.05
0.9±0.04
0.9±0.02
0.8±0.08
0.9±0.02
0.8±0.02
0.8±0.04
0.8±0.05
0.8±0.05
0.9±0.05
0.8±0.04
0.9±0.04
0.9±0.07
0.9±0.05
0.9±0.03

Atomic ratio
1.1±0.08
1.1±0.10
1.0±0.04
0.9±0.07
1.0±0.04
1.0±0.12
1.0±0.03
1.0±0.06
1.1±0.04
1.0±0.09
1.0±0.11
0.9±0.14
0.9±0.05
0.9±0.04
0.9±0.11

© by PSP Volume 20 – No 5. 2011

Fresenius Environmental Bulletin

38.3

60-80

1.7

4.3

55.7

27.2±1.9

0.8±0.05

0.9±0.04

FIGURE 2 - UV visible spectra of FA isolated from the selected soils in different halophyte communities. 1: 0-20 cm soil layer, 2: 20-40 cm
soil layer, 3: 40-60 cm soil layer, 4: 60-80 cm soil layer.
TABLE 3 - Humification indices deduced from the UV visible spectra of FA from soil samples.

Samples

CSE

CSG

CKF

CSA

Depth

SUVA

E2/E3

E2/E4

E4/E6

S275-295

S350-400

cm
0-20
20-40
40-60
60-80
0-20
20-40
40-60
60-80
0-20
20-40
40-60
60-80
0-20
20-40
40-60
60-80

(L g C cm-1)
3.92
5.28
4.72
3.60
5.40
6.30
6.50
5.25
8.60
8.80
6.20
7.80
8.40
9.60
12.40
10.00

5.57
5.50
3.94
4.73
5.71
4.71
3.18
4.43
2.90
3.40
3.14
2.95
2.55
2.63
3.38
3.00

14.00
14.17
12.40
4.68
16.33
10.89
5.25
9.25
6.50
6.12
5.80
5.62
6.25
4.15
6.50
6.75

1.25
4.00
1.60
1.75
1.73
1.20
1.20
1.40
1.43
1.63
1.33
1.37
1.20
1.37
1.00
1.33

0.016
0.017
0.014
0.013
0.015
0.014
0.012
0.013
0.01
0.012
0.012
0.011
0.012
0.009
0.013
0.010

0.016
0.013
0.010
0.009
0.013
0.015
0.008
0.011
0.008
0.009
0.008
0.007
0.007
0.006
0.007
0.006

TABLE 4 - Pearson rank order correlations between HIX deduced from elemental analysis and UV visible spectra.
HIX
C/N
SUVA

C/N

SUVA
1

E2/E3

E2/E4

E4/E6

-0.752**

0.769**

0.598*

1

**

*

E2/E3

-0.702

-0.524

1

0.833

E2/E4

**

1

E4/E6

S275-295
0.737**

0.705**

-0.330

*

-0.670**

0.884

**

0.892**

0.831

**

0.833**

0.480
0.438
1

S275-295
S350-400
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
N=16

S350-400

0.491

-0.622

*

0.312

1

0.839**

0.530

1

E2/E3 and E2/E4 showed better correlations with C/N
than E4/E6 (Table 4). With the low concentration of FA,
the lower absorption at 665 nm as well as instrument base-

line drift might influenced E4/E6. Therefore they could be
used as HIX to assess humification degree of FA.
Among the sampled communities, FA from CSA soils
had the highest mean of E2/E3, followed by CKF, CSG and
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CSE, so was E2/E4 and E4/E6 (Table 3). These revealed
the highest humification levels of FA within the CSA
profile, followed by CKF, CSG and CSE.
While the E2/E3, E2/E4 or E4/E6 absorbance ratio relied on two fixed wavelengths only, the absorption spectroscopic slope (S), a measure of the rate at which absorption decreased with wavelengths, might reflect expanded
spectroscopic information over a broad wavelength range.
S has been proposed to estimate the molecular weight, the
composition, the source and the degree of condensation of
dissolved organic matter [22, 23]. The S formula was
defined as:

aλ = aλref e

− S ( λ − λref )

⋅⋅⋅⋅⋅⋅(2)

Where a = Napierian absorption coefficient (m-1), λ =
wavelength (nm), and λref = reference wavelength (nm).
Absorbance units were converted to absorption coefficients as follows:

a=

2.303 A
⋅⋅⋅⋅⋅⋅(3)
l

Where a = absorption coefficient (m-1), A = absorbance, and l = path length (m). The aim of the conversation
was to reduce the instrument baseline drift, temperature,
scattering, and refractive effects [24].

275–295 nm and 350–400 nm, were chosen (Fig. 3a), because the first derivative of natural-log spectra indicated
that the greatest variations in S from a variety of samples
(Soil, marsh, riverine, estuarine and coastal) occurred within the narrow bands of 275–295 nm (S275–295) and 350–
400 nm (S350–400). The spectroscopic slopes were determined by fitting the absorption spectra to a single
exponential decay function (Eq. 2) by nonlinear regression
(Sigma Plot), and calculated using linear regression of the
natural log-transformed a spectra (Fig. 3b). Variation between the log-transform linear regression and nonlinear
regression was less than 1%.
There was a good positive relationship between S275–
and C/N, so was S350–400. These also proved that the
scopes could be used as HIX to assess humification levels
of FA (Table 4). Decreasing the slope showed a higher
level of humification. The mean of S275-295 was the lowest
within the CSA soil profile, followed by the CKF, CSG
and CSE, so were S350–400 (Table 3). The results showed
the highest humification levels of FA within the CSA profile, followed by the CKF, CSG and CSE.
295

3.4 Relationship between HIX and ESP

ESP showed a good negative liner correlation with the
SUVA and positive liner correlations with the C/N, E2/E3,
E2/E4, E4/E6, S275-295 and S350-400 of FA from the salined
flavo-aquic soils (Figure 4), indicating that the humification degree of FA increased with the decreasing ESP. ESP
is a very important parameter to differentiate salinity and
sodicity. High ESP not only can deteriorate soil chemicophysical properties, but can suppress microbial activity
(enzyme activity, carbon mineralization, ammonification,
nitrification etc.) [4, 13]. For microbial activity can promote humic substances formation [11], ESP suppresses the
humification processes of soil organic matter. It was difficult to measure ESP of saline soil with abundance of calcium carbonate and/or calcium sulfate in arid and semi-arid
regions. Therefore the HIX not only can be used as a surrogate for ESP, but be indicative of soil salinisation processes.
3.5 HIX Correlation and comparison of the methods used

Pearson rank order correlations among C/N, SUVA,
E2/E3, E2/E4, E4/E6, S275-295 and S350-400 of FA from the
sampled soils were shown in Table 4. There were good
correlations between the seven HIX (P<0.05), except for
the correlations of E4/E6 with C/N, SUVA, E2/E3, E2/E4
and S350-400. The HIX not only can characterize the aromaticity of FA, but also can indicate the humification degree.

FIGURE 3 - UV visible spectroscopic corrections. (a) Absorption
coefficient correction spectra of FA isolated from the sampled soils
around Wuliangsuhai Lake. (b) Natural log-transformed absorption
spectra for the above samples.

For distinct comparison of the methods used, the seven HIX were normalized according to Kalbitz et al. [1]
method. The formula of normalization was defined as:

Higher (or steeper) slopes indicated a more rapid decrease in absorption with increasing wavelength. The ranges,
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HIX R =HIX O ×

100
⋅⋅⋅⋅⋅⋅(2)
HIX Max

(4)
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Where HIXO is original value within a humification,
HIXMax is the maximum within the humification, and
HIXR is the treated value.

1183

© by PSP Volume 20 – No 5. 2011

Fresenius Environmental Bulletin

FIGURE 4 - Correlations of ESP with C/N (a), SUVA (b), E2/E3 (c), E2/E4 (d), E2/E4 (e), S275-295 (f) and S350-400 (g) determined by elemental
composition and UV visible spectra of the FA from soils in the different halophyte communities.

FIGURE 5 - The C/N, SUVA, E2/E3, E2/E4, E4/E6, S275-295 and S350-400 are shown over a relative scale (the respective maximum value being
adjusted to 100).

The results of the various methods used were summarized in Fig. 5. The elemental analysis and UV visible spectra were useful to distinguish between all the FA originating
from the saline soils. However SUVA E2/E3, S275-295 and
S350-400 can more indistinctly differentiate the humification
degree of FA between the CSA and CKF soils, and the CSG
and CSE soils than the other HIX (Fig. 5). These methods
were rapid, not expensive and accessible for a lot of laboratories. Therefore the HIX can not only assess the humification degree of FA from the saline soils, but especially
SUVA E2/E3, S275-295 and S350-400 also can be indicators of
the salinisation process.
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Q (mg g−1) uptake
Qeq (mg g −1) adsorbed quantity of metal ions per
gram of dried biosorbent at equilibrium
Qm (mg g−1) Langmuir maximum uptake
X (g L−1)
bacterium concentration

ABSTRACT
Dichlorvos (DDVP) is a very toxic pesticide intentionally released into the environment, and its use raises
public health and environmental concerns. Nevertheless,
it is still widely used in Turkey. In this study, the biosorption of DDVP from aqueous solutions on dehydrated cells
of Rhodopseudomonas palustris NU51 was studied as a
function of pH, temperature, initial DDVP and biomass
concentration. R. palustris NU51 strain belongs to the widely
spread and the eco-friendly Rhodopseudomonas species. The
best uptake was observed at pH 6.0 and 35 °C. As the
concentration of biomass has increased, the DDVP uptake
has increased from 18.7 to 31.17%, but the concentration
of pesticide has decreased. When these results were applied
to both Langmuir and Freundlich isotherms, the adsorption
data provided an excellent ﬁt to both isotherms and showed
good agreement to Scatchard analysis. We could conclude
that R. palustris NU51 strain is an excellent bacterium for
the removal of pesticides and could be successfully used
in wastewater treatments.
KEYWORDS: Anaerobic photosynthetic bacterium; Rhodopseudomonas sp.; biosorption; dichlorvos (DDVP); pesticide.

NOMENCLATURE
As (mg g−1) saturation capacity
Ceq (mg L−1) unadsorbed metal ion concentration in
solution at equilibrium
C0 (mg L−1) initial metal ion concentration at equilibrium
Kb (L mg−1) adsorption binding constant of metal
ions
KF (mg g−1) Freundlich adsorption constant of metal
ions related to the adsorption capacity
n adsorption intensity of an adsorbent
* Corresponding author

1. INTRODUCTION
As for the removal of toxic materials, several techniques, such as sedimentation, ionic change, electrochemical methods, vaporization and membrane methods,
have been used. However, such practices are limited due
to their high costs and insufficient productivity. Today,
there are more economical methods in biotechnology for
the removal of toxic compounds, and one of these methods is biosorption. In order to remove such materials through
biosorption, bacteria, fungi, and living or non-living biomass forms from fresh water and sea algae are used [1-3].
One of the biotechnologically used bacteria is R. palustris, a purple photosynthetic anaerobic sulphur-free bacterium, specially found in water systems. The degradation
of benzoate, hydrogen production and nitrogen fixation by
R. palustris have already been examined [4-7], but since
there is no research on its biosorption ability. No photosynthetic anaerobic bacteria have been used in biosorption
studies previously conducted on dichlorvos pesticides. In
this work, we aimed to make up, to a certain extent, for
the deficiency in this field, and study the biosorption
ability of R. palustris NU51 strain against dichlorvos.
This pesticide is very toxic with a mutagenic effect, inhibiting cholinesterase in animals [8, 9] but, nevertheless, it
is still widely used in Turkey.
2. MATERIALS AND METHODS
2.1. Cultivation and growth medium

R. palustris NU51 strain was isolated from Lake Akkaya, Nigde, Turkey [10], and cultivated in order to be
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used in biosorption experiments. During the enrichment
process, the bacteria were inoculated in liquid modified
AT (MAT) medium. The MAT medium contained NaHCO3
(3.0 g L-1), MgCl2. 6H2O (0.5 g L-1), (NH4) SO4 (1.0 g L-1),
CaCl2.2H2O (0.1 g L-1 ), yeast extract (0.1 g L-1 ), NaCl (1.0
g L-1), KH2PO4 (1.0 g L-1), glucose (1.0 g L-1), trace elements and vitamin solution (1.0 ml L-1). All the substances,
except for the vitamin solution, were sterilized. The vitamin solution was filtered. An anaerobic system was set up,
and the strain was incubated for 15 days under a light of
60 watt.
2.2. Preparation of bacterium for biosorption

At the end of the growth period, the cultivations were
harvested and centrifuged at 10,000 rpm. The bacterial
pellets (biomass) were then washed three times with sterilized serum physiologic in order to remove the residues
from the media, and dried in a pasteurized oven at 60 °C
for 4 days.
2.3. Spectrophotometric analysis

UV/Vis spectrophotometric analysis of DDVP
(C4H7Cl2O4P, 550 g L-1) was conducted at 290 nm.
2.4. Biosorption experiments

A 1.0 g/L bacterium solution was mixed with 100 ml
biosorption settings containing pesticides at the desired
pH, temperature and concentrations. The experiments were
carried out in a shaking water-bath. The biosorption
analysis was conducted under four different physiological conditions:
a) pH: different pHs (2-3-4-5-6-7-8-9-10-11), constant temperature (25 °C), constant pesticide concentration (100 mg L-1), constant biomass concentration (1.0 g L-1), mixing speed (100 rpm).
b) Temperature: Optimum pH, different temperatures
(25-35-45 oC), constant pesticide concentration
(100 mg L -1 ), constant biomass concentration
(1.0 g L-1), constant mixing speed (100 rpm).

c)

Pesticide concentration: Optimum pH, temperature
25 oC, various pesticide concentrations (50-100200-300 mg L-1), constant biomass concentration
(1.0 g L-1), constant mixing speed (100 rpm).
d) Biomass concentration: Optimum pH, temperature
25 oC, various biomass concentrations (1.0, 2.0,
3.0, 4.0 g L-1), constant pesticide concentration
(100 mg L-1), constant mixing speed (100 rpm).

Samples were taken at the 1st, 5th, 15th, 30th, 45th, 60th,
120 , 180th, 240th, and 300th min, and centrifuged for 5 min
at 10,000 rpm. The pesticide concentration found in the
supernatant of the sample was centrifuged for spectrophotometric UV measurements at 290 nm, and absorbance
values were recorded.
th

3. RESULTS AND DISCUSSION
The biosorption analysis was carried out under the
4 different physiological conditions (pH, temperature,
contact time, concentrations of pesticide and biomass). The
results obtained can be summarized as follows:
• pH ranges of 2-11 were used and the adsorption of
DDVP was found to be more effective at pH values of
5-6 as shown in Fig. 1.
• Among the three different temperatures (25, 35 and
45 oC) used, the maximum adsorption was observed at
35 oC (Fig. 2).
• The biosorption of DDVP has reached an equilibrium
point within the first hour (Fig. 3).
• The DDVP concentrations have significantly affected
the equilibrium (Qeq) and biosorption yield (Ad%) as
given in Table 1.
• Four concentrations of biomass ((1.0, 2.0, 3.0, 4.0 g L-1)
were used, and the highest adsorption yield was obtained at low concentration (Fig. 4).
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FIGURE 1 - The effect of pH (C0: 100 mg L-1, X: 1.0 g L-1, temperature 25 oC, mixing speed 100 rpm).

1188

Fresenius Environmental Bulletin

Qeq

© by PSP Volume 20 – No 5. 2011

100
90
80
70
60
50
40
30

25

20

35

10

45

0
0

50

100

150

200

250

300

350
time (min)

Qeq

FIGURE 2 - The effect of temperature (C0: 100 mg L-1 , X: 1.0 g L-1, mixing speed 100 rpm, pH 6.0).
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FIGURE 3 – Effect of contact time (C0: 100 mg L-1, X: 1.0 g L-1, temperature 25 oC, mixing speed 100 rpm, pH 6.0).
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FIGURE 4 - The effect of biomass concentration (C0: 100 mg L-1, mixing speed 100 rpm, pH 6.0, temperature 25 oC).
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biomass adsorbs organic polluters more than the living
cells [15, 18].

TABLE 1 - Adsorption yields at different initial dichlorvos concentrations and the amount of adsorbed dichlorvos in equilibriuma.
Co (mg l-1)
Qeq (mg g-1)
Ad (%)
74.54
23.24
31.17
114.54
30.43
26.56
255.45
57.38
22.46
446.81
83.58
18.70
a
= biomasss concentration (X) 1.0 g L-1, temperature 25 oC, mixing
speed 100 rpm, pH 6.0

3.3. The effect of contact time

In this study, DDVP biosorption has reached equilibrium within the first hour (Fig. 3). The relationship between
biomass and the adsorbed substance often reached equilibrium within the first hour. This depends on the nature of
each biosorption and the microorganism components of
the non-living cells, which represent a passive connection
to the independent cell wall and external surface structures,
such as EPS, in a short time [19].

According to the results obtained, the adsorption yield
(% Ad) and Qeq were calculated from equations 1 and 2).
Ad % =Qeq X / C0
(1)
Qeq =C0 – Ceq / X
(2)

3.4. The effect of pesticide concentration

In the present study, the effect of pH, temperature,
pesticide and cell concentration of R. palustris NU51 strain
in the biosorption of DDVP was investigated. Generally,
non-living biomass components are preferred with regard
to living cells [11].

The initial DDVP concentration significantly affects
equilibrium (Qeq) and biosorption (adsorption) yield (Ad%)
(Table 1). When initial DDVP level increased, the amount
of DDVP retained by the bacteria has increased and biosorption/adsorption capacity of the bacterial cells has increased from 23.4 to 83.6. Percentage adsorption was calculated at different DDVP levels, and highest yield was
obtained at low concentration (minimum Ad% 18.70,
maximum 31.17%).

3.1. The effect of pH

Biosorption studies revealed that the most important
factor affecting biosorption is the pH. The adsorption of
DDVP was found to be more effective at pH values of 5-6
(Fig. 1). However, these results agree very well with those
reported earlier [12, 13] as well as those for Emericella
nidulans which was used for the adsorption of 2,4-D herbicide [14].

3.5. The effect of biomass concentration

In this study, four different concentrations of bacteria
(biomass) were used. However, when concentration of
bacteria has increased, the amount of non-adsorbed DDVP
at equilibrium has decreased (Fig. 4), i.e. the uptake has increased with the increase of biomass. These results are in
good agreement with those of Aksu [2].

3.2. The effect of temperature

Various studies using the pesticide were conducted
between 5-45 oC. However, in this study, the maximum
adsorption was reached at 35 oC (Fig. 2). Generally, the
increase in temperature decreases the biosorption capacity
i.e. adsorption is more effective at low temperatures [15,
16], and desorption occurs at higher ones. The fluidity of
cell membrane structure is considerably affected by temperature, one of the most important factors in biosorption
of organic polluters [17]. This expresses the reason why

3.6. Adsorption isotherms

In this study, several isotherms have been employed
including the Freundlich and Langmuir isotherms. Isotherm
plots, indicating DDVP concentration dependence on the
adsorptive capacity for each dilution, are presented in Fig. 5.
All isotherms are somewhat curved, and the equilibrium
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FIGURE 5 - Nonlinear isotherm for the equilibrium binding of dichlorvos on R. palustris NU51.

1190

© by PSP Volume 20 – No 5. 2011

Fresenius Environmental Bulletin

FIGURE 6 - Freundlich adsorption isotherm of dichlorvos on R. palustris NU51.

FIGURE 7 - Scatchard plots for dichlorvos adsorption by R. palustris NU51.

FIGURE 8 - Langmuir adsorption isotherm for dichlorvos adsorption on R. palustris NU51.
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is established between DDVP and the biomass. The adsorption isotherms (Figs. 6-8) show that the amounts of DDVP
adsorbed increase with their equilibrium concentration in
solution. As evident from these data, both DDVP adsorption isotherms are steep, indicating a greater affinity of
DDVP for the cells of R. palustris (Figs. 6 and 8).
To evaluate the saturation capacities of the cell towards DDVP, the adsorption isotherms were applied and
analyzed by Scatchard equation (Fig. 7) which was used
not only to determine the adjustable parameters, but also to
estimate the number of site types, and their relative affinity
for DDVp. The presence of more than one inﬂection point
on a plot based on Scatchard analysis usually indicates the
presence of more than one type of binding site on the cell.
However, when the Scatchard plot showed deviation from
linearity, Freundlich model was used to construct the adsorption isotherms of the ligands at particular concentrations in solutions. Equilibrium binding data for DDVP
gave rise to a linear plot, indicating that the Langmuir model
could be applied for adsorption process. Fig. 5 shows the
adsorption isotherms of DDVP on the cell, while Fig. 7
presents the adsorption characteristics obtained from the
Scatchard plot. Mathematical models, such as Freundlich
and Langmuir, provide excellent information on the biosorption mechanisms and surface behaviour of the biosorbent (Figs. 6 and 8). However, in order to understand

and explain the pattern of DDVP biosorption of the cell,
the mathematical models (Langmuir and Freundlich) have
been used. Freundlich isotherm ensures heterogeneous energetic distribution of active sites on the surface of biosorbent that is a reversible binding interaction type. The
following linear form of Freundlich equation can explain
this isotherm:
ln qeq = ln KF + 1/n ln Ceq
(3)
The values of k and 1/n were evaluated from the intercept and the slope, of the linear plot of ln q versus ln C
obtained from the experimental data, respectively. Due to
physic-chemical binding without transmigration of electrons, this isotherm shows monolayer irreversible binding.
The linearized Langmuir isotherm model is given as follows:
Ceq /Qeq= 1 / Kb As + Ceq / As

(4)

The adsorption constants, DDVP-binding constant,
and DDVP correlation coefﬁcients calculated from
Langmuir and Freundlich isotherms as well as Scatchard
analysis are given in Table 2. The adsorption data with
respect to the cells provided an excellent ﬁt to Freundlich
isotherm. However, when Langmuir isotherm model and
Scatchard analysis were applied to these data, a good ﬁt
for DDVP adsorption was also obtained.

TABLE 2 - Adsorption isotherm parameters for dichlorvos on R. palustris NU51 strain.
Langmuir isotherm
As (mg g−1)
Kb (L mg−1)
156.25
3.09x10-6

r2
0.97

Scatchard analysis
Kb
qm
3.3x10-3
150.03

4. CONCLUSION
Based on the results of the present study, the following conclusions may be drawn:
• Since R. palustris strains exist in nature worldwide
and havevarious metabolic pathways, they can be successfully used in pesticide removal from wastewater.
• R. palustris NU51 strain has relatively higher affinity for DDVP, and could be used successfully with both
low and high DDVP levels in wastewaters.
• When adsorption ability of the strain is applied to
both Langmuir and Freundlich isotherms, data provided
an excellent ﬁt to Freundlich and Langmuir models, and
showed good agreement to Scatchard analysis.
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ABSTRACT
This paper presents the method to detect the intensity
of change and the dimension of change using Change Vector
Analysis (CVA) method. The aim of this study is to confirm the changes in the Yıldız Mountains using proof from
natural ecosystems (natural deciduous forest, wetland and
sand dune ecosystems) and other various ecosystems
ecologically significant all over Europe and Turkey by using
the CVA technique. Two Landsat TM scenes recorded in
1990 and 2009 were used to minimize change detection
error introduced by seasonal differences. Images were geometrically and atmospherically corrected. As a result of the
ratings, it is observed that agricultural areas decreased by
17.5 and Crimean pine forests by 16.4% whereas oak forests increased by 4.1%. Ash trees, sand dunes and bare
ground reflected insignificant changes, too.
KEYWORDS: CVA analysis, change detection, remote sensing,
habitat monitoring.

1. INTRODUCTION
Land-use/land-cover change is an important field in
the global environmental change research. Inventory and
monitoring of land-use/land-cover changes are indispensable aspects for further understanding of change mechanism,
and modeling the impact of change on the environment and
associated ecosystems at different scales [1, 2].
Remote sensing is a valuable data source from which
land-use/land-cover change information can be extracted
efficiently [3]. Information derived from remote sensing
has played an important role in natural resources management and planning by providing insight into land-cover and
land use patterns and multi-temporal trends [4, 5]. The
measurements of remote sensing in visible bands and thermal infrared can be used to extract characteristics of landcover, derive biophysical parameters of vegetation, and
support many study fields including global change [6].
* Corresponding author

Landsat satellite imageries are widely used in remote
sensing. The launch of Landsat-1 in 1972 initiated a new
era of providing satellite data in digital format to users.
Efforts to develop algorithms for image classification have
continued since the 1970s. Combined with the rapid evolution of Geographic Information Systems, researchers have
quickly created computer-aided analysis tools to produce
land-use and land-cover (LULC) maps [7]. These maps have
been used to analyze the impacts of land-use change on the
environment [8], improve land-use planning and natural
resource management [5], and better understand ecological
processes on earth [9]. Change detection is the process of
identifying differences in the state of an object or phenomenon by observing it at different times [10]. Timely and accurate change detection of Earth surface features provides the
foundation for greater understanding of the relationships
and interactions between human and natural phenomena.
Different change detection algorithms have their own merits and no single approach is optimal and applicable to all
cases. In practice, different techniques are often compared
to find the most useful change detection results for a specific application [11]. These algorithms have a common
characteristic in that they all involve selecting a threshold
to determine the changed areas.
Four change detection techniques, image differencing,
image rationing, image regression and change vector analysis (CVA), are used widely in the remote sensing context.
Among them, CVA is a valuable technique for land-use/
land-cover change detection [3]. Image differencing is a
common change detection approach for forested and agricultural areas [10, 13-15]. CVA is typically applied to multispectral images acquired by passive sensors, by using all
the spectral channels that contain useful information with
respect to the considered kind of change. The CVA technique is based on three steps: (1) image comparison by
vector subtraction, (2) magnitude of the spectral change
vectors computation (sometimes also the direction of SCVs
is computed), and (3) thresholding. The first step computes
the vector difference of spectral feature vectors associated
with pairs of corresponding pixels in two images acquired
on the same geographical area at two different times, and
results in a multispectral difference image. Each pixel in
this image is associated with a multidimensional vector
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named spectral change vector (SCV). In the second step,
the magnitude of each SCV is computed. This operation
results in a 1-dimensional image usually referred as magnitude image. Finally, thresholding is applied to the magnitude image in order to obtain the desired change detection map. Due to the statistical behavior of multispectral
images, and the properties of the magnitude operator, it is
possible to assert that pixels showing a magnitude higher
than a given threshold value are changed, while pixels showing a magnitude lower than the threshold value are unchanged [10, 16, 17]. In this study, by using the CVA
technique, changes in the Yıldız Mountains are revealed.
2. MATERIALS AND METHODS
2.1. Study area

The study area includes different kinds of ecosystems
(sand dunes, wetlands, longos (flooded alluvial) forests,
deciduous forests, many streams, agricultural land) and a
wide range of biodiversity. Precipitation and temperature
are the primary climatic factors in determining the distribution of flora and the vegetation structure in the region
(Fig. 1). The study area is an unusual area in Turkey because it is formed of interlinked ecosystems [18].
As a consequence, adverse environmental effects on
one of the ecosystems will also affect others. The area includes freshwater and saline lakes, coastal dunes, freshwater and low salinity marshes, longos forests, and mixed
forests of deciduous tall trees, such as Quercus robur subsp.
robur (English oak), Q. petraea subsp. iberica (Sessile

oak), Fagus orientalis (Oriental beech), Carpinus betulus
(European hornbeam), C. orientalis (Oriental hornbeam),
Fraxinus angustifolia subsp. oxycarpa (narrow-leaved ash),
and Alnus glutinosa (black alder). Common plant vegetations are as follows:
(1) Longos forest vegetation.

The floristic compositions of Erikli Lakes Longos Forest, Mert Lake Longos Forest, and Saka Lake Longos Forest are quite similar to one another. These longos forests
resemble tropical forests in appearance, and they grow on
acidic soils with a high organic content that are completely
covered with water in winter and spring, and partly inundated though with a rather high water table level in summer and fall. The best-conserved natural longos forests in
the project area are the Mert Lake Longos, Erikli Lake
Longos and Saka Lake Longos forests. These types of ecosystems are rare in Turkey because they are very sensitive
to environmental conditions. They loose their main characteristics when the water table level decreases.
(2) Deciduous forest vegetation.

In general, deciduous mixed forest vegetation is found
in the area outside of longos forests, and these forests have
similar floristic compositions as longos forests. However,
the land where these forests are situated is rather steep;
therefore, the water table is well below the surface. One
plant community, composed mostly of mixed oak species
(Q. robur-Q. petraea–Q. frainetto communities), has been
identified in this vegetation type (General Directorate of
Nature Conservation and National Parks 2005).

FIGURE 1 - Study area
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(3) Coastal dune vegetation.

The coastal dunes and longos forests of Igneada constitute the most sensitive ecosystems in the study area.
Coastal dunes in the area are one of the few ecosystems in
Turkey that have been relatively less affected by environmental conditions. Most of the known endemic plants
in Igneada and its vicinity are found in the coastal dunes
in this region. Different plants and communities are found
in Igneada coastal dunes (Leymus racemosus – Centaurea
kilaea communities, Otanthus maritimus – Pancratium
maritimum communities).
(4) The pine communities.

These forests have been planted as a trial in the north
of Igneada. Since the habitat is not suitable for the growth
of especially P. pinea and P. nigra, some of the trees are
already dead, and some of them are in rather poor health.
Natural tree species of this area, such as Quercus petraea
subsp. petraea, Q. frainetto, Q. cerris, Q. robur subsp. robur, Fraxinus ornus subsp. ornus, Carpinus orientalis, and
C. betulus, have begun to replace the dead and dried pines
[18, 19].
The Black Sea climate prevails on eastern parts of Istranca Mountain’s facing The Black Sea. The amount of
rainfall increases from south to north. Annual average rainfall is 818 mm and average temperature is 12 °C in Demirköy County. The maximum monthly precipitation is received in December as 128.6 mm. The annual number of
days with snow cover is 10.9, and the average monthly humidity ranges between 64 and 79%. Towards the seashore,
humidity increases and the number of days with snow
cover decreases. The main wind direction is NE-SW. An
examination of the soil specifications of the study area
shows that it is limeless brown forest and alluvial soils.
The most important settlements in the study area are
Kıyıköy, İgneada and Demirköy. Within the study region,
there are three settlements that affect the area directly, and
one town and one city likely to affect the area. The population of the forest villages is 1,208, and those of the town
and the city are 2,405 and 4,855. The most prominent
income sources for the people in the villages are forestry,
fishery, and livestock breeding.
Being situated in dense forests, the study area has few
agricultural areas. Both crop and animal produces are directed to self-sustenance. The total number of farm animals
is 1,005. Apart from agriculture and animal husbandry, the
villagers of the study area are involved in following income generating activities: working for forest enterprises,
green house production, agriculture, fishery, pensioning,
and fruit sapling growth. Nevertheless, none of these activities are found to be profitable enough to sustain the families
unless they are supported by economical means and training.
Assessment of the situation with regard to possibilities
of producing more roughage with better quality showed
that the scarcity of arable areas is the major problem hindering productivity. The only forage crop grown in the

area is silage maize. Possibilities of growing forage crops
in rotation with cereals as well as an intermediate crop to
improve soil quality in popular nurseries were discussed
with villagers.
2.2. Material
2.2.1. Data specifications

Two Landsat TM images of the study area recovered
in 1990 and 2009 were used for change detection. Reference
map of 1990 was obtained from Environment and Forest
Ministry of Turkey in 1/25.000-scale. Additionally, the
European nature information system (EUNIS) habitat map
of the study area was used to produce 2009 reference
image.
2.2.2. Remotely sensed data

Landsat imageries have a great potential for monitoring the land-use/cover change because of large time series
database, available spatial (30 m) and spectral (VIS, NIR,
SWIR and TIR) resolution. Two Landsat images were used
for land-use/cover change detection. Earlier image was
taken on 7th of August 1990, and the later one was recorded
on 8th of August 2009. The main characteristics of Landsat wavebands used in this study are shown in Table 1.
TABLE 1 - Landsat spectral bands characterization used in this study.
Electromagnetic area
VIS (Blue)
VIS (Green)
VIS (Red)
NIR
NIR
SWIR

Band width
(nm)
450 – 520
520 – 600
630 – 690
760 – 900
1040 – 1250
2080 – 2350

Spectral
resolution

Radiometric
resolution

30 m

8 bit

2.2.3. Forest maps

Forest maps are produced by Environment and Forest
Ministry of Turkey regularly in 1/25.000-scale. These maps
show detailed vegetation information, such as tree species,
canopy cover, tree ages, locations of trees and additional
information about settlements, inland waters, agricultural
areas location and total areas.
2.2.4. Habitat map

The European Nature Information System (EUNIS)
habitat classification is a pan-European system, which was
developed between 1996 and 2001 by the European Environment Agency (EEA) in collaboration with experts from
throughout Europe. It covers all types of natural and artificial habitats, both aquatic and terrestrial ones. A habitat
map of the study area was produced by [30] according to
EUNIS habitat classification standards in 4-m spatial
resolution.
2.3. Methods
2.3.1. Image pre-processing

All Images and maps were geometrically corrected
and registered according to UTM WGS 84 projection
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system using a reference image. Re-sampling was performed using a nearest neighbor algorithm. The transformation had a root mean square (RMS) error of maximum
0.1 pixels in-dicating that the image was accurate to within
one pixel. In addition, atmospheric correction and haze
reduction algorithms were applied on Landsat images to
reduce unwanted effects on both images. Used bands
(bands 3 and 4) of each Landsat image in CVA analyses,
were compared with each other to detect radiometric correction necessity.
2.3.2. Reference images derivation

The 1990 and 2009 Landsat images were classified
using supervised maximum likelihood classifier (MLC) to
produce reference images. Classification results were compared with forest and habitat maps to detect misclassified
areas. Necessary corrections were applied to obtain perfect
(overall kappa >90%) reference images manually according
to higher resolution forest maps and habitat map.
Normalized difference vegetation index (NDVI) (NIR
– red/NIR + red), soil adjusted vegetation index (SAVI)
(NIR – red/NIR + red + 0.5) * (1+0.5) [21], tasseled cap
(TASSCAP) greenness and brightness images and texture
dominance index (TDI) [22] were produced from Landsat
TM/ETM images and overlaid on 6 Landsat wavebands to
derive high accurate reference images (Fig. 2).

FIGURE 2 - Reference data derivation flow diagram.

FIGURE 3 - Change vector in two band radiometric space and Euclidian distance.

2.3.3. Change vector analysis (CVA)

CVA is used widely to detect multispectral change detection, and is one of the most effective pre-classification
change detection techniques [20].
CVA is a multivariate technique, which accepts the
desired number of bands as input or spectral features from
each scene pair. For each scene pair, these bands comprise the axes of a non-dimensional space. The algorithm
is robust to both the nature and number of input bands
employed. The most critical pre-processing requirements
for CVA are the accurate geometric registration and radiometric normalization of the input data. The CVA pro-

duces two ‘channels’ of output change information: (i)
change vector direction and (ii) multispectral change magnitude. Among the more straightforward measures to quantify multidimensional change magnitude in CVA is the
Euclidean distance between vector end-points in change
space [23].
This technique is worked according to Euclidian distance to produce magnitude of change. Also it can be run
using multiple data, such as all Landsat bands, indices or
a part of multispectral bands.
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Bands 3 and 4 were used to detect magnitude of change
because of the study area characterization (Fig. 3). Red and
NIR bands are useful to define high density forest areas.
3. RESULTS AND DISCUSSION
The CVA change detection technique was applied using bands 3 and 4 of each image for monitoring the landuse/cover change in the study area. These two band specifications are very well to detect vegetation chance, and
study area is mostly covered by various forests.
3.1. Atmospheric correction and haze reduction

ATCOR 2 module was used to reduce haze effect and
atmospheric correction. ATCOR 2 is available as an extension of standard remote sensing software, like ERDAS

IMAGINE 8.7 or PCI Geomatica. ATCOR were developed
originally by Dr. Rudolf Richter [German Aerospace Center, Wessling, Germany, www.op.dlr.de/atcor; [24-26],
1997]. The company Geosystems (Germering, Germany,
www.atcor.de; Geosystems 2004) adopted the algorithms
to an ERDAS IMAGINE add-on module, but the software
is available for PCI Geomatica, and as stand-alone software based on IDL too.
Both images have been taken in humid summer time.
Water vapor, dust and airborne particles have caused the
images to be less useful. Atmospheric correction and haze
reduction have played a vital role in pre-classification change
detection. All Landsat images were corrected atmospherically and haze effect removed using ATCOR 2 module
(Fig. 4).

FIGURE 4 - (a) Non-corrected and hazy Landsat data of study area, (b) atmospherically corrected and haze removed data.
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FIGURE 5 - Produced Ancillary dataset.
3.2. Radiometric correction

Radiometric correction is sometimes not necessary if
the same sensor for change detection analyses is used. A
simple method was applied to detect radiometric correction
necessity. Unchanged areas were defined from both images. Band 3 and band 4 values were compared using regression analyses. R values for bands 3 and band 4 between
two Landsat data were detected to be 0.93 and 0.94, respectively, proving that radiometric correction was not
necessary because of high correlation of each band.
3.3. Classification with Ancillary data

Using higher resolution forest map and habitat map,
reference images of two times were produced to detect
which land-use/cover change in time Landsat images were
classified applying ML supervised classifier algorithm and
ancillary data which were produced from 6 Landsat wavebands.
NDVI, SAVI, tasseled cap greenness, tasseled cap
brightness and texture dominance index images were produced for both images as ancillary data to derive highly
accurate image classification (Fig. 5).
NDVI, SAVI and tasseled cap greenness images focus on vegetation cover, such as chlorophyll concentration, above ground biomass and vegetation density. Tasseled cap brightness image is referred to soil brightness
effect. Texture dominance index (TDI) was calculated for
each waveband separately to see dominant surface texture, and principle component analysis (PCI) was applied
to all TDI images to create 1st PCI component image.

Ancillary data was added on 6 Landsat TM wavebands, and enhanced the image was classified using MLC
algorithm to produce reference images which were used
to define which land-use/cover changed in time (Fig. 6).
3.4. Accuracy assessment

Both classified reference images were assessed using
about 500 plot data. Additionally, the 2009 habitat map
and the 1992 forest maps were used to define reference
data accuracy. Both image accuracies were obtained with
a reasonable rate of 90.2% for 1990 and 92.05% for 2009
images, respectively.
3.5. Change detection

CVA technique was used for change detection analysis. 1990 and 2009 Landsat TM bands 3 and 4 were used
as input in CVA. Threshold analysis was applied to define
changed areas on magnitude image. Threshold value was
detected according to known changed areas, such as Dam
Lake and changed agricultural areas (Fig. 7). Changed
and unchanged areas were defined as 1 – 0, and changed
areas were matched with both times using cross tab analyses to show the transformation of each land-cover/use
and net changed areas (Fig. 8).
Gains and losses are assessed in areas which have
changed dramatically in terms of water, oak forest, agriculture and grassland (Figs. 9-12).
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FIGURE 6 - 1990 and 2009 reference images.

FIGURE 7 - Threshold application
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FIGURE 8 - Calculated net change using CVA.
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FIGURE 9 - Contributions to net change in water.

FIGURE 10 - Contributions to net change in oak forest.
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FIGURE 11 - Contributions to net change in agriculture.
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FIGURE 12 - Contributions to net change in grassland.

4. CONCLUSIONS
Remote sensing data and analysis techniques are now
providing detailed information for detecting and monitoring changes in land-cover and land-use. Additionally, Geographic Information System (GIS) techniques are widely
used to analyze different characteristics of the landscape
[31]. With the availability of digital multi-spectral remotely
sensed data and the developments in digital processing, remote sensing supplies a new prospective to determine the
extent and kinds of changes in land-cover and land-use [32].
Remote sensing and GIS-based change detection
studies have predominantly focused on providing the
knowledge of how much, where, and what type of landuse and land-cover changes has occurred. This has become
increasingly apparent over the last decade. Given that contemporary change detection applications often require or

would benefit from the use of multispectral data, a fulldimensional data processing and analysis technique is frequently desirable or required to capture all changes. Change
vector analysis (CVA) is a robust approach for detecting
and characterizing radiometric change in multispectral
remote sensing data sets. Overall change detection accuracy of nearly 76% indicated that CVA was an effective
method for identifying changing ecosystems across a landscape. This accuracy was comparable to a forest monitoring
project that used CVA to perform change detection with
72% accuracy [27], and was much improved (over 58.8%
accurate wetland change detection) using image differencing [28].
Changes introduced in the study area by human activity, and their relationship with primary and secondary vegetation, were evaluated by the information obtained from
field survey about present and past land-use/land-cover
characteristics. This data was saved on a database that,
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along with the results obtained from satellite data analysis, could facilitate the understanding of the changes that
took place in the landscape.
Urban population has decreased within 19 years. The
biggest settlements in the study area are Demirköy,
Kıyıköy and İğneada. The populations of Demirköy,
Kıyıköy and Iğneada were respectively 5,203, 2,497 and
2,565 in 1990. However, in 2009, these populations fell to
3,797, 2,136 and 1,964, respectively [29]. The main reasons for the population fall in the study area were establishment and development of industrial facilities in the
neighboring cities and immigration to bigger cities, in
particular among young people.
As a result of this, agricultural areas are not farmed.
Most farmlands have been turned into semi-natural grasslands or deciduous forests like oak and beech ones. Also,
animal production has fallen. To these effects, grassland
areas and grasslands were transformed to forest areas. Crimean pine was used as afforestation tree in the study area
by the Turkish Government Forest Department. On the
other hand, deciduous trees grow faster than conifers, and
especially oak forest covered some Crimean pine areas in
time. Therefore, the availability of Pinus nigra ssp. pallasiana (Crimean pine) has decreased in study area.
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ENTROPIC DISTANCE BASED K-STAR ALGORITHM
FOR REMOTE SENSING IMAGE CLASSIFICATION
Taskin Kavzoglu1,* and Ismail Colkesen2
Gebze Institute of Technology, Department of Geodetic and Photogrammetric Engineering, Muallimkoy Campus, 41400, Gebze-Kocaeli, Turkey

ABSTRACT
Thematic maps produced through the classification of
satellite images are main resources for many applications
about the Earth’s surface. Many methods exist in the literature for remotely sensed image classification, but none is
regarded as the standard, mainly due to the underlying
assumptions on the sample distribution and requirement
of user interaction for their design and parameter selection. In this study, K-star classifier, an instance based classifier using entropic distance measure, is introduced for the
classification of remotely sensed images. The classifier has a
simple mathematical description with a single parameter
(blending parameter) taking values between 0 and 100. In
order to validate its use, classification problems are constructed using Landsat TM and Terra ASTER images, of
Gebze district of Kocaeli in Turkey. The performance of Kstar algorithm was compared with Mahalanobis distance
and maximum likelihood classifiers. Statistical significance
of classifier performances were thoroughly analyzed using
McNemar’s test on three data sets. Results confirm the
potential of the K-star algorithm in the use of remote sensing image classification.

KEYWORDS: image classification, entropic distance, instance
based learning, K-star algorithm, maximum likelihood.

1. INTRODUCTION
Land use and land cover (LULC) information about
the Earth’s surface is an essential input for various developmental, environmental and resource planning applications, and regional as well as global scale models [1].
From the launch of the first Earth observing satellite in
1972, classification of remotely sensed images has been
the most common application for acquiring LULC information. Remotely sensed image data are known for their
high degree of complexity and irregularity [2]. Pixels in
the imagery often include more than one feature or class
(i.e. mixtures of man-made and natural objects within a
* Corresponding author

scene) depending on the spatial resolution of the sensor and
the structure or texture of the area under investigation.
Therefore, classifying remotely sensed data into a thematic
map remains a challenge.
The search for methods leading to more accurate thematic maps is an important component of the remote sensing literature [3]. Many algorithms for image classification including statistical and heuristic methods have been
discussed in the literature [4, 5]. Among the classification
methods, it can be stated that the maximum likelihood
classifier has been the most popular one, mainly due to its
simplicity and mathematical soundness. It is a parametric
classifier that assumes the class signatures (i.e. pixel values of a land cover type) being in normal (i.e. Gaussian)
distribution, which is regarded as the main weakness of
the method [6, 7, 8]. Although this assumption is generally valid, it can be invalid for classes consisting of several
subclasses or classes having different spectral features [9].
In this study, K-star algorithm was suggested as a new
classifier for the extraction of land cover and land use information from satellite images. K-star is an instance based
classifier using entropic distance measure that has been recently applied to various problems [10, 11].
K-star algorithm was used in this study for the delineation of land use and land cover types of a highly urbanized
and industrialized region of Turkey using Landsat TM
(1997), Terra ASTER (2002) images. Classification performances of the K-star method for the image data sets
were compared with those of Mahalanobis distance and
maximum likelihood classifiers through overall accuracies and kappa coefficients. The statistical significance of
differences in classification results was analyzed through
the widely-used McNemar’s test in order to statistically
evaluate the classifier performances.
2. MATERIALS AND METHODS
2.1. Test site and data

The study area covers about 450 km2 of gently sloping terrain with elevations ranging from sea level to 350 m
located in Gebze district of Kocaeli province in Turkey.
Having a population of 310,815 in 2007 (www.tuik.gov.tr),
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FIGURE 1 - Location of the study area, Gebze district of Kocaeli in Turkey

Gebze is an industrial town located at the border of Istanbul, the most populated city of Turkey, on the northern
shore of the Marmara Sea (Fig.1). Many industrial constructions and organized industrial zones are located around
the Trans European Motorway that crosses the study area.

forestry maps, aerial photographs and field surveys conducted by a handheld GPS.

Landsat TM image acquired in 18.07.1997 and Terra
ASTER image acquired in 28.10.2002 were used to determine land cover and land use types. The six-band TM
image (without the thermal band) and nine bands of ASTER image (three bands in the VNIR with 15m spatial
resolution and six bands in the SWNIR with 30m spatial
resolution) used in this study. The classification accuracy
of remote sensing images is improved when multiple source
image data are combined and introduced to the processing
[12]. For this purpose, the images were merged and a 15band image was formed so as to benefit from multitemporal and multi-sensor characteristics of the spectral
bands. Sub images of 673 by 743 pixels of the three imageries (Landsat TM, Terra ASTER and the merged one)
covering the study area were extracted and geometrically
corrected to the Universal Transverse Mercator (UTM)
projection system through a first-order polynomial transformation. Well-distributed ground control points (GCPs)
obtained from 1:25,000 scale topographic maps and insitu GPS measurements were used to calculate the geometric transform. A nearest neighbor resampling method
was employed to determine new pixel values after geometric registration. The classification problem included
the detection of six land cover types; namely, water, pasture, coniferous trees, bare soil, deciduous trees and urban. It should be noted that the urban class was formed in
such a way that it included settlements, buildings and
roads. Also, water class included river, lake and sea pixels. Ground reference maps were created using diverse

Instance based learning algorithms are subset of pattern based learning algorithms that use original instances
from the training set as pattern [13]. In these algorithms,
classification of an unknown pixel in test data is executed
by comparing it to pre-classified training pixels stored in
a database. Similarities between the training and test pixels are usually defined through distance functions. These
functions try to compute distances between an unknown
pixel and its surrounding training pixels. After computing
distances, the unseen pixel is assigned to the closest predefined training class. Several distance functions (e.g.
Euclidean, Mahalanobis, Quadratic and Chi-square distances) have been suggested in the literature for this purpose. In general, these algorithms are mathematically simple and fast in the training process, but they require more
time during the allocation of a test pixel [14].
Entropic distance measure based on information theory is suggested by [15] as a distance function to compute
the distance between two instances. The instinct is that the
distance between two instances can be identified as the
complexity of conversion one instance into another. The
calculation of the complexity is performed in two steps.
First, a finite set of transformations that map instances to
instances is defined. Second, a program to transform one
instance (a) to another (b) is a finite sequence of transformations starting at a and terminating at b. K-star is an instance-based classifier; that is, the class of a test instance
is based upon the class of those training instances similar
to it, as determined by some similarity functions. It spe-

2.2. Classification methods
2.2.1. Instance Based Learning and K-Star Algorithm
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cifically considers Kolmogorov distance as the length of
the shortest string connecting two instances. The K-star
classifier computes the distance sums over all possible
transformations between two instances. In information
theory, the entropy is a measure of the distance between
the probability functions P1 and P2 of two discrete random
variables a and b, respectively [16]. The probability function P* is defined as the probability of all paths from instance a to instance b:

P∗ (b a) =

∑ p(t )

(1)

t∈P:t ( a ) = b

Then probability function P* satisfies Eq. (2) and (3).
∗
∑ P (b a) = 1

(2)

0 ≤ P * (b a) ≤ 1

(3)

b

K-star function is then defined as Eq. (4).
*

*

K (b a) = − log2 P (b a)

(4)

K-star is not strictly a distance function. For example,
K (a a) is in general non-zero and the function is not
symmetric. K-star function also has the following properties [10] in Eq. (5) and (6).

*

(5)
*

*

K (c b) + K (b a) ≥ K (c a)

(6)

The algorithm can be used to classify both real and
symbolic attributes. For the implementation of K-star classifier, optimum parameters for x0 (for real attributes) and
s (for symbolic attributes) must be selected at the beginning of the training process. In both cases, the number of
instances that are included within the probability distribution as varying from extreme of 1 (when the distribution
is nearest neighbor) to the other extreme of N when all
instances are weighted equally [15]. The effective number
of instances can be computed for any function P* using
the following equation:
2

⎛
⎞
*
⎜ ∑ P (b a ) ⎟
b
⎝
⎠ ≤ N
n0 ≤
2
*
∑ P (b a )

Mahalanobis distance classifier, which is based on instance based learning, uses Mahalanobis distance from the
pixel to class centers to determine class membership. The
classifier has the advantage of taking into account the
class-specific sample variance-covariance matrices. Thus,
it uses the frequency distribution of the pixels belonging to
training classes in n-dimensional feature space. The mean
spectral vectors and variance-covariance matrices for each
class are estimated from training datasets. Each pixel in
the test dataset is then evaluated using the Mahalanobis
distance and the label of the closest centroid is assigned to
the pixel. The Mahalanobis distance, Dk2 , is a squared
distance expressed in units of the variance for that class,
and is given by:

Dk2 = (xi − x k )T S k−1 (xi − x k )

(8)

where x i is the vector representing the pixel, xk is the

*

K * (b a) ≥ 0

2.2.2. Mahalanobis Distance Classifier

(7)

b

where N is the total number of training instances and n0
is the number of training instances at the smallest distances from a. K-star algorithm then chooses a value for x0
or s by selecting a number between n0 and N. Thus,
selecting n0 gives a nearest neighbor algorithm and
choosing N gives equally weighted instances. For convenience the number is specified by the blending parameter
(b), which varies from 0% (for n0 ) and 100% (for N),
with intermediate values interpolated linearly.

sample mean vector for class k, and S k−1 is the sample
variance-covariance matrix of the given class. The classifier is mathematically simple, computational fast and efficient. In a comparative study, it concluded that the classifier performs significantly better than that the Euclidean
distance classifier (i.e. nearest neighbour classifier) [17].
2.2.3. Maximum Likelihood Classifier

Maximum Likelihood (ML) classifier has been the
most commonly used supervised method for the classification of the remotely sensed images. ML quantitatively
evaluates both the variance and covariance of the category
spectral response patterns when classifying unknown pixel
[18]. The maximum likelihood decision rule is based on
the probability that a pixel belongs to a particular class. ML
assumes that these probabilities are equal for all classes,
and samples selected from the spectral bands have normal
distributions. In ML, the geometrical shape in feature space
of the pattern of pixels belonging to a given class is represented by an ellipsoid. The locations, shapes and sizes of
the ellipsoids are obtained from the mean vectors and variance-covariance matrices of the individual classes. A series
of concentric ellipses centered on the mean vector of a
given class is used to evaluate pixels to be classified in
terms of likelihood probabilities. Distance is not the only
criterion in ML classification for deciding whether a pixel
belongs to one class or another. The shape of the probability contours depends on relative dimensions and orientation of the axes of the ellipses [9]. In essence, the
maximum likelihood function describes ellipsoidal ‘equiprobability contours’, which can be viewed as decision
boundaries [4]. The probability P(x ) that a pixel vector x
of p elements is a member of class k is given by the multivariate-normal density:

P(x) = 2π −0.5 p Si
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denotes the determinant of the specified matrix,

S i is the sample variance-covariance matrix for class i,
y = (x − xi )and xi is the multivariate mean of class i [19].
Also, the term y ' Si−1 y indicates the Mahalanobis distance
that measures the distance of sample pixel from the class
mean considering variance-covariance matrix. A pixel is
assigned to a class for which the likelihood is the highest.
2.2.4. Statistical testing for classifier performances

Accuracy assessment through contingency matrices is
the common way of evaluating the quality of the thematic
maps produced by a classification process. Although many
accuracy measures have been introduced to the literature,
overall and individual class accuracies derived from the
error matrix have been the most popular accuracy
measures. In addition to these measures, Kappa coefficient, which measures the difference between the actual
agreement in the confusion matrix and the chance agreement, has been widely used in the literature. Kappa coefficient provides a better measure for the accuracy of a
classifier than the overall accuracy as it takes into account the whole confusion matrix rather than the diagonal
elements alone [20]. However, it should be noted that
there are some objections to this view in the literature [21,
22].
Assessing the superiority of one technique over another has been an important research agenda. Although a
variety of statistical tests are available, two tests, namely
Z-statistic and McNemar’s test, have been extensively
used for this purpose. Whilst statistical significance test of
Z-statistic is estimated from two independent Kappa values and their variances, McNemar’s test, which is based
on 2 × 2 confusion matrix, assesses the statistical significance of differences in classifier performances. After
various simulations and tests on five statistical tests, [23]
suggested McNemar’s test for the comparison of supervised classification learning algorithms. On the other hand,
Z-statistic and McNemar’s test in terms of their effectiveness in classifier performance comparison was performed
in [3]. By highlighting the inferiority of Z-statistic they
concluded that McNemar’s test was more robust, especially when high correlation exists between the error
matrices.
The number of correctly and wrongly classified pixels by two classifiers can be cross-tabulated as in Table 1.
McNemar’s test can be applied from this table (2 × 2
matrix) using the following equation.

( N12 − N 21 − 1)2
N 12 + N 21

(10)

where N12 indicates the number of pixels misclassified
by classifier 1 but not by classifier 2, and N 21 indicates
the number of pixels misclassified by classifier 2 but not
by classifier 1. The statistic is distributed as χ 2 with 1

degree of freedom including a “continuity correction”
term (-1 in the numerator). The test works well when
( N12 + N21 ) 2 > 10 [3]. If the probability estimated with
2
Eq. 10 is greater than χ1,0.95
= 3.8415 at the level of
confidence equal to 0.05, it can be stated that the two
classifiers differ in their performances. In other words, the
difference in accuracy between classifiers 1 and 2 is said
to be statistically significant.
TABLE 1 - Performance comparison for two classifiers using the
McNemar’s test.

Classifier 1
Correctly Classified
Incorrectly Classified

Classifier 2
Correctly Classified
Incorrectly Classified

N11
N 21

N12
N22

3. RESULTS
Training and test data sets for the three images were
formed using random pixel selection strategy, which guarantees the maximum variation and representativeness available for each class. All data sets were created with equal
numbers of samples for each class, which is particularly
important for the estimation of overall accuracy from the
test data set in that the number of pixels of the classes acts
as weights in the calculation. It should be noted that different training and test sites were selected in the images
since they were acquired at different dates and the LULC
types in the study area have been exposed to a conversion
during 1997-2002 period. With the above considerations,
3,900 pixels for training (i.e. 650 pixels for each class) and
2,100 pixels for testing (350 pixels for each class) were
selected for Landsat TM image classification, and a total
of 2,400 pixels for training (400 pixels for each class) and
1,350 pixels for testing (225 pixels for each class) were
chosen for Terra ASTER image classification. For the
merged satellite image 2,700 pixels for training (450 pixels
for each class) and 1,500 pixels for testing (250 pixels for
each class) were used for all classification processes conducted in this study.
After the training phase, accuracy assessments were
executed for the images using the test data sets prepared
for each image. It should be underlined that the same
training and test data sets were introduced to the classifiers with the aim of objective evaluation of the results. The
Mahalanobis distance (MD) and maximum likelihood (ML)
classifications were applied through an in-house program
written in Matlab software, and Weka software was employed in K-star applications in this study. Results of the
MD and ML classifiers for the images are given in Table 2.
With the MD classifier overall accuracies of 84.62% for
Landsat TM, 81.93% for Terra ASTER and 88.13% for
the merged image were produced. When the ML classifier
was applied after training phase, overall accuracy was
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estimated as 86.95% for Landsat TM, 88.00% for Terra
ASTER and 90.87% for the merged image using corresponding test data sets. The performance of the MD classifier for the Terra ASTER image was considerably lower
than the others. When the related error matrix was analyzed, it was observed that there were confusions between
urban and bare soil classes, and between deciduous and
pasture classes. It is thought that the urban-bare soil confusion was related to bare soil pixels in the urbanized sites
in the study area, and the deciduous-pasture confusion
was mainly associated with scattered deciduous trees in
pasture lands. These reasons could result in higher spectral similarity between these particular classes. It should
be also noted that the smaller number of samples were
collected for Terra ASTER image.
For the application of the K-star algorithm, a number
of trials were firstly conducted to determine the blending
parameter (b). The relationship between this parameter
and the classification accuracy for the data sets is shown
in Fig. 2. When values were away from 15% for the blending parameter, the performance of the K-star classifier decreased drastically. Moreover, it was found that the blending parameter between 4% and 15% could produce rela-

tively higher classification accuracies for the data sets under investigation. It was also found that the highest classification accuracies could be obtained with the blending
parameter of 10% for Landsat TM, 8% for Terra ASTER
and 15% for the merged image. With these optimum settings of blending parameters, 88.86%, 91.40% and 92.93%
overall accuracies were produced for Landsat TM, Terra
ASTER and the merged images, respectively (Table 2).
When the results of the classifiers for the data sets
were analyzed, it can be seen that for all cases the worst
performances were produced by the MD classifier and the
best performances were produced by the K-star algorithm.
Compared to the MD classifier, K-star algorithm produced higher accuracies up to 10% (for Terra ASTER
image), and when compared to the ML classifier, it produced results with 3.40% higher overall accuracy (for
Terra ASTER image). It was noticed that the MD classifier produced significantly lower results than the other
methods for the Terra ASTER image. This can be attributed to the use of fewer numbers of pixels and their
spectral characteristics in training and testing stages.
Since the classification performance showed variation
depending on

TABLE 2 - Classification performances of K-star, Mahalanobis distance (MD) and maximum likelihood (ML) classifiers.
Landsat TM
Accuracy
Kappa
(%)
value
88.86
0.86
84.62
0.82
86.95
0.84

Classifier
K-star
MD
ML

Terra ASTER
Accuracy
Kappa
(%)
value
91.40
0.89
81.93
0.78
88.00
0.86

Merged Image
Accuracy
Kappa
(%)
value
92.93
0.92
88.13
0.86
90.87
0.89

Overall Accuracy (%)

93

89
Landsat TM

85

Terra ASTER
Merged Image

81

77

73
1

8

15

40

60

80

100

Blending Parameter (b )
FIGURE 2 - Variation in overall accuracy in terms of blending parameter for the data sets.
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the method, it was important to determine whether the
differences in classification performances were statistically significant. Thus, classifiers could be objectively compared and evaluated in terms of their classification performances. In order to achieve this aim, McNemar’s test,
described earlier in detail, was conducted on 2 × 2 confusion matrices. For all data sets probabilities were estimat-

ed for classifier pairs using Eq. 10 (Table 3). It should be
noted that the values greater than χ12,0.95 = 3.8415 indicate
that differences between the classifier performances are
statistically significant, otherwise differences are not
statistically significant.

TABLE 3 - Statistical comparison of the results using McNemar’s test for
K-star, Mahalanobis distance (MD) and maximum likelihood (ML) classifiers.

Classifier Comparison
K-star vs. MD
K-star vs. ML

(a)

Landsat TM

Terra ASTER

Merged Image

χ 12,0.95

χ 12,0.95

χ 12,0.95

27.27
5.80

77.54
15.58

27.70
6.09

(b)

(c)
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FIGURE 3 - Thematic maps produced by K-star classifier for (a) Landsat TM, (b) Terra ASTER and (c) Merged image.

The McNemar’s test showed that classification performance of the K-star algorithm was statistically different compared to the MD and ML classifiers. Particularly,
the test values estimated between the K-star and the MD
classifiers were far away from the critical value of 3.8415.
All results presented here indicate that K-star algorithm
can produce significantly better classification results than
MD and ML classifiers. This verifies the robustness of the
entropic distance measure employed by the K-star algorithm for the data sets considered in this study. After
testing the performances of the classifiers, they were
applied to the subset images covering whole study area to
produce LULC thematic maps. As an example to these
maps, classification results using the K-star algorithm is
presented in Fig. 3.
From the thematic maps it can be clearly seen that urbanization was mainly located near the sea and the main
roads. Also, dense forest areas, which have been lately subject to intense degradation, are mainly located in the northeast part of the study area. Land use changes were particularly observed around the Trans European Motorway (TEM)
and in areas previously classified as pasture when the thematic maps produced for 1997 (Fig. 3a) and 2002 (Fig. 3b)
were analyzed. Analyses of the thematic maps produced
through classification show an increase of about 30% in
urban lands. When the areas turned into urbanization in
the 5-year period were examined, it was found that these
areas were degraded mainly from pasture and forested
lands.

method considering the higher accuracy achievements compared to the other classifiers. Thirdly, the experiments
showed that the user defined parameter (i.e. blending parameter) considerably affect the performance of the K-star
classifier. Cross validation evaluations on the data sets considered here showed that the K-star algorithm produced
high and stable results with the blending parameters ranging from 4 to 15. It was also observed that higher values
of the blending parameter could drastically reduce the accuracy level. In summary, this study shows the robustness of
the K-star algorithm in remotely sensed image classification. Future work with the data sets of different characteristics is surely needed to validate the drawn conclusions
in favor of the K-star algorithm.
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ABSTRACT
The bacterial strain with heterotrophic nitrificationaerobic denitrification function was screened from activated
sludge, and identified as Acinetobacter by physiological
and biochemical characteristics as well as 16S rDNA sequencing analysis. The strains were loaded with bacterial
cellulose membrane, a renewable natural fiber carrier, applied to six batches of nitrate wastewater in the sequencing batch bioreactor, thus the effectiveness of total nitrogen and CODcr removal can reach more than 90%, respectively. Immobilized bacterial strains were used to deal with
six batches of ammonium-rich wastewater, during the
course of treatment, the removal rates of NH4+-N and
CODcr could be higher than 80% and 92%, respectively.
In the continuous bioreactor, bacterial strains loaded by
bacterial cellulose membrane were used to disposal
wastewater. The removal rate of NO3--N was 80% and
CODcr removal rate was up to 90% in the nitrate
wastewater, and those of NH4+-N and CODcr were both
more than 90% in the ammonium-rich wastewater. During the experiments, bacterial cellulose membrane was
degraded hardly, indicating that it is an immobilizing
carrier with great prospect for the application.

costs, simple operation and no secondary pollution, it has
become a common nitrogen removal approach [1]. However, the traditional technology of biological nitrogen removal
was composed of a complex process because of the different requirements of different bacteria for nutrition and
oxygen in all denitrification steps, which greatly limits
practical engineering applications. Therefore, the discovery
of novel denitrification bacteria [2-5] and development of
new technologies [6, 7] have become the focus of study.
In recent years, many experiments and reports [8] have
proved the existence of the phenomenon of simultaneous
nitrification and denitrification. In this study, a bacterial
strain with heterotrophic nitrification and aerobic denitrification functions was screened from the acclimated activated sludge. Sequencing batch bioreactor and continuous
bioreactor were designed and set up to study the disposals
of bacterial strains loaded with bacterial cellulose (BC)
membrane to nitrate and ammonium-rich wastewaters. It
has not been reported that the disposal of nitrogenous
wastewaters by the strains loaded with BC membrane. As
a novel immobilizing carrier, BC membrane possesses the
characteristics of effective adsorption and no secondary
pollution to the environment.
2. MATERIALS AND METHODS

KEYWORDS:
bacterial cellulose membrane; bioreactor; heterotrophic nitrification-aerobic denitrifier; loading carrier; nitrogenous wastewater.

1. INTRODUCTION
Emissions of nitrogen compounds increased dramatically, which has attracted extensive worldwide attention.
Because biological denitrification method has great benefits in various applications, low investment and operating
* Corresponding author

2.1. Bacterial strain

The heterotrophic nitrification-aerobic denitrifier was
screened from the activated sludge, named H1 and preserved in our laboratory. The Acetobacter xylinum was preserved in our laboratory.
2.2. Wastewater and culture medium

Nitrate wastewater (g/L): KNO3 0.6, KH2PO4 1.0,
MgSO4·7H2O 1.0, sodium succinate 2.4, H2O 1L, pH 7.0;
Ammonium-rich wastewater (g/L): (NH4)2SO4 0.35,
KH2PO4 0.75, K2HPO4·3H2O 2.216, MgSO4·7H2O 0.025,
sodium citrate 1.81 and H2O 1L, pH 7.0.
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Acetobacter xylinum fermentation medium: (g/L):
glucose 50.0; peptone 5.0; yeast extract 5.0; citric acid
1.0; Na2HPO4·12H2O 2.0; KH2PO4 1.0; MgSO4·7H2O
0.25; ethanol 0.5%; H2O 1 L; pH 5.8.
The denitrifying medium (g/L): KNO3 0.6; KH2PO4
1.0; MgSO4·7H2O 1.0; sodium succinate 2.4; H2O 1 L;
pH 7.0.
2.3. Physiological and biochemical test

Cell morphology, cultural characteristics and physiological and biochemical characteristics were identified.
2.4. The PCR amplification, sequencing and homology comparison of 16S rDNA

16S rDNA was amplified from genomic DNA template.
Forward and reverse primers of amplification were a pair of
universal primers: 27F (5'-AGAGTTTGATCCTGGCTCAG3') and 1492R (5'-GGTTACCTTGTTACGACTT-3'). The
primers from Shanghai, China, Health and Engineering BioEngineering Co. Ltd. PCR reaction system (50 µL): 10×
PCR Buffer 5 µL, MgCl2 (25 mmol/L) 4 µL, dNTP 2 µL,
Primers 27F and 1492R each used 1 µL, template DNA
1 µL, Taq enzyme (10 000 U/mL) 0.5 µL, re-distilled water
35.5 µL. PCR procedures were as follows: a, 94 °C 2 min;
b, 94 °C 1 min, 56 °C 1 min, 72 °C 2 min; c, Step 2 repeated
29 times; d, 72 °C 10 min. PCR product’s purification and
sequencing were completed by the Health and Engineering in Shanghai, China Bio-Engineering Co. Ltd. The 16S
rDNA sequence of the strain H1 cells was analyzed in
GenBank nucleotide sequence database for sequence homology comparison.
2.5. Preparation of immobilized strains H1

The Acetobacter xylinum was cultured 5-7 d at 30 °C
in fermentation medium, on the surface of medium BC
membrane would be harvested. Strains H1 were cultured
in the denitrifying medium for a day, and then a large
number of BC membranes which were cut into blocks with
size of 1 cm2 were put into the wastewater and shaken for
24 h under the conditions of 150 r/min and 30 °C. As a
result of shaking incubation, strains H1 were attached to the
BC membrane blocks. After the membrane blocks were
washed with demineralized water several times, Immobilized strains H1 were gained [9]. They can be used directly
or preserved at 4 °C.
2.6. Determination of the aerobic denitrification and heterotrophic nitrification abilities of strains H1

In the aeration condition, aerobic denitrification and
heterotrophic nitrification characteristics of the bacteria
were measured, using strains H1 to deal with respectively
nitrate and ammonium-rich wastewaters.
2.7. Disposal of H1 loaded with BC membrane to wastewater
in bioreactor

In the sequencing batch bioreactor, disposal performances of the H1 loaded by BC membrane to the six
batches of wastewater were observed.

In the continuous bioreactor, H1 loaded by BC membrane disposed of nitrogenous wastewater. Bioreactor maintained a constant rate of water flow of 2 ml/min, with a
water sample taken every 4 h and the changes of water quality index were measured, such as total nitrogen (TN), NH4+N, NO3--N, NO2--N, CODcr and dissolved oxygen (DO).
2.8 Analyzing methods

Potassium persulfate oxidation-UV spectro photo metric method is applied to analyze TN; Nessler's reagent spectrophotometry method is applied to analyze NH4+-N; ultraviolet spectrophotometry method is applied to analyze
NO3--N; N-(1-naphthyl)-ethylene diamine method is applied to analyze NO2--N; Potassium dichromate method is
applied to analyze CODcr; Cell concentration is measured
by photometry at 600 nm with 721 Spectrophotometer.
Dissolved Oxygen Analyzer is applied to analyze DO.
Analyses for all analytes were done following the standard methods in SEPA [10].
3. RESULTS AND DISCUSSION
3.1. The physiological and biochemical identification of H1
and 16S rDNA sequence determination

Strains H1 are gram-negative bacteria and bacilli. The
formation of colonies shows their milky white, irregular
shapes. Physiological and biochemical characteristics are
as follows: negative for methyl red reaction, positive for
v-p reaction, negative for gelatin liquefaction, catalasepositive, oxidase-negative, oxidatable, citrate-positive, with
spores. The strains are identified preliminarily as Pseudomonadales, referring to “Berger’s Manual of Determinative Bacteriology”. By 16S rDNA sequencing analysis
and homology comparison [11], the strains are further
identified as Acinetobacter. The genetic classification
relationship is as follows: Bacteria→ Proteobacteria→ γproteobacteria→ Pseudomonadales→ Moraxellacee→
Acinetobacter.
3.2. Analysis of aerobic denitrification characteristics of
strains H1

Some recent reports showed that denitrification not
only occurred in anaerobic and anoxic conditions, but in
aerobic cases [12] as well. As illustrated in Fig 1, H1 had
denitrification capability. After a day of treatment, TN and
NO3--N were degraded synchronously. Their removal rates
both reached 70%, and reduction in the amount of TN
should be that of NO3--N. H1 grew well, and the fast removal process of NO3--N corresponded to the logarithmic
growth phase of H1. The removal of CODcr also indicated denitrification ability of H1 due to coordination of
CODcr removal and denitrification. After 1d treatment,
the effectiveness of CODcr removal reached 90.10%, indicating that carbon sources at this stage of the denitrification process were consumed heavily. That was to say,
H1 took carbon sources as electronic donor, and nitrate and
oxygen as electronic acceptor to conduct respiration under
aerobic condition.
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FIGURE 1 - Determination of the aerobic denitrification performance of H1.
In the aeration condition, strains H1 were used to deal with nitrate wastewater and aerobic denitrification characteristic of the bacteria were determined.
The changes of TN (A) and NO3--N (B), OD600 (C) and CODcr (D) of the wastewater were presented. All data are mean ± SD (n = 3).

By monitoring the concentration of DO in wastewater
throughout the experiment course, we found that the concentration of DO had hardly any changes and always
maintained at a high level, about 6 mg/L (data not shown).
That was, aeration was advantageous to denitrification process, which further clarified the strains H1 were the aerobic
bacteria.
3.3. Analysis of heterotrophic nitrification performance of H1

Many studies have shown that not only autotrophic
bacteria but also some heterotrophic bacteria can nitrify
[13]. Based on the characteristics of aerobic denitrification elaborated above, our experiments further detected
the heterotrophic nitrification performance of H1. As shown
in Table 1, NH4+-N from the initial 75.85 mg/L dropped
to 20.95 mg/L after 1 d treatment. It fell to 17.51 mg/L at
the end of the reaction, and the removal rate was up to

76.92%. Meanwhile, the consumption of organic matter
corresponded to the removal effect of NH4+-N. The effectiveness of CODcr removal was 75.10% after 1 d, and then
the removal rate increased slowly, which was consistent
with bacterial growth cycle. It was a proof that H1 had
heterotrophic nitrification performance. Its heterotrophic
nitrification process mainly occurred in the logarithmic
growth phase of bacteria, and almost remained synchronous with denitrification process. In the course of 4 d treatment, the removal rates of NH4+-N and TN remained simultaneous, and NO3--N had almost no accumulation, which
might be attributed to the synchronous denitrification of the
nitration products when heterotrophic nitrification of H1
took place. Finally, nitrogen compound pollutants in
wastewater were transformed to gas form and released [14,
15].

TABLE 1 - Determination of heterotrophic nitrification performance of H1.
Detected items
TN removal rate (%)
NH 4+-N removal rate (%)
CODcr removal rate (%)
NO3--N (mg/L)

0d
0
0
0
0.19

1d
67.31
72.39
75.10
1.49
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Disposal time
2d
71.72
72.87
85.63
0.74

3d
73.62
74.02
88.12
0.41

4d
73.30
76.92
84.29
2.78

© by PSP Volume 20 – No 5. 2011

OD600

Fresenius Environmental Bulletin

0.07
0.74
0.67
0.62
TABLE 2 - Determination of heterotrophic nitrification performance of H1 in sequencing batch bioreactor

Detected items
TN removal rate (%)
NH4+-N removal rate (%)
CODcr removal rate (%)
NO3--N (mg/L)
NO2--N (µg/L)

0d
0
0
0
0.63
1.68

1st batch
1d
67.81
68.59
68.83
0.63
0.01

2d
68.74
70.84
70.66
0.05
0.01

The reported time of heterotrophic nitrification is inconsistent in different experiments [16, 17], while the heterotrophic nitrification of H1 and the growth of bacteria
were almost synchronous in our experiment. So considering the adoption of centrifuge enrichment method, the
wastewater was replaced every three days to ensure that
nutrients were always abundant for bacteria. We disposed
of three batches of wastewater and observed the stability
of the wastewater disposal. As shown in Table 2, H1 displayed the heterotrophic nitrification feature in the disposal process of each batch. The removal rates of NH4+-N
and TN remained synchronous, and NO3--N and NO2--N
almost had no accumulation, which indicated that the
disposal effect of H1 on the wastewater can maintain at a
high level for a long time with abundant nutrients. To sum
up, it provides a possibility for synchronization of nitrification and denitrification in the same reaction unit.

0d
0
0
0
0.19
18.43

2nd batch
1d
60.62
59.50
72.66
0.02
10.05

2d
61.74
61.34
78.52
0.09
1.68

0d
0
0
0
0.19
18.43

0.59

3rd batch
1d
2d
18.20
66.70
16.11
68.04
6.35
88.29
0.086
0.31
6.7
10.05

3d
70.50
69.66
86.33
0.22
1.68

batch of disposal, and NO2--N remained at low concentration, which indicated immobilized bacteria had more obvious denitrification effect than free bacteria. The disposal
effects of H1 on wastewater improved obviously with the
increased batches, because strains H1 were gradually
acclimated and obtained a final dominant position in
competing with other bacteria. The immobilized bacteria
still possessed good activity after six batches of treatment,
which fully indicated that the bacteria loaded by BC
membrane had the advantages of easy recycling and long
service life.

3.4. Disposal of H1 loaded with BC membrane to wastewater
in sequencing batch bioreactor

As known from the above-mentioned experiments, H1
had simultaneous aerobic denitrification and heterotrophic
nitrification characteristics. However, it was not easy to
achieve solid-liquid separation and recycling of bacteria,
thus immobilization of bacteria was introduced to the
wastewater disposal. Chen et al. [18] used calcium alginate
gel bead assay and polyurethane foam adsorption to immobilize nitrite bacteria and denitrification bacteria to deal
with ammonium-rich wastewater, which showed the fact
that the NH4+-N degradation rate and NO2--N production
rate of the immobilized were higher than those of the free
bacteria. In our study, H1 was firstly immobilized by BC
membrane, a new environmentally friendly carrier, to dispose wastewater and its nitrification and denitrification
characteristics were observed.
The bioreactor was designed as shown in Fig 2. The
nitrification and denitrification reactions were conducted
in one tank. In sequencing batch bioreactor opened valve
3 and the valve 7 periodically and in continuous bioreactor valve 3 and the valve 7 kept open in the experiment.
3.4.1. Disposal of nitrate wastewater in sequencing batch
bioreactor

BC membrane blocks loading H1 were put into sequencing batch bioreactor to deal with six batches of
nitrate wastewater. As shown in Fig 3, the removal rates
of TN, NO3--N and CODcr were all up to 90% in the 6th

FIGURE 2 - Schematic diagram of bioreactor
iagram: 1.Water tank, 2. Peristaltic pump, 3. Inlet valve, 4. Aeration
pump, 5. Rotameter, 6. Aeration head, 7. Outlet valve, 8. Mud valve, 9.
Automatic timing sampler, 10. Reaction tank
3.4.2. Disposal of ammonium-rich wastewater in sequencing
batch bioreactor

Liu et al. [19] screened the strains WXZ-4, which had
NH4+-N removal rate of 60.91% in dealing with ammonium-rich wastewater. In our experiment, the disposal effect
of H1 loaded by BC membrane on ammonium-rich
wastewater increased substantially. As indicated in Fig 4,
TN and NH4+-N maximum removal rate can reach 80%,
and CODcr maximum removal rate was up to 92%. In this
process, NO3--N had little or even no accumulation, and
the number of NO2--N accumulation was scanned, which
indicated the fact that the immobilized can conduct obvious simultaneous nitrification and denitrification. BC membrane had little degradation in the course of 24 d treatment.
The results confirmed that the bacteria loaded by BC
membrane had prominent disposal capacity to the ammonium-rich wastewater and indicated great application prospect in the field of ammoniate sewage disposal.
3.5. Disposal of H1 loaded with BC membrane to wastewater
in the continuous bioreactor
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The nitrate and ammonium-rich wastewaters were dis-

posed of respectively by the immobilized bacteria in the

FIGURE 3 - Disposal effects of the strains H1 loaded by BC membrane on nitrate wastewater in sequencing batch bioreactor.
BC membrane blocks loading strains H1 were put into sequencing batch bioreactor and used to treat six batches of nitrate wastewater. The removal rates
of TN (A), NO3--N (B) and CODcr (D), and the changes of NO2--N concentration (C) were shown. All diagrams: ● - 1st batch, ■ - 2nd batch, ▲ - 3rd
batch, ▼ - 4th batch, ◄ - 5th batch, ► - 6th batch; All data are presented as mean ± SD (n = 3).

FIGURE 4 - Disposal effects of strains H1 immobilized by BC membrane on ammoniate wastewater in sequencing batch bioreactor.
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In sequencing batch bioreactor, strains H1 loaded by BC membrane blocks were used to treat six batches of ammoniate wastewater. The removal rates
of TN (A), NH4+-N (B) and CODcr (D), and the changes of NO2--N concentration (C) were shown. All diagrams:● - 1st batch, ■ - 2nd batch, ▲ - 3rd
batch, ▼ - 4th batch, ◄ - 5th batch, ► - 6th batch; All data are mean ± SD (n = 3).

continuous bioreactor whose diagram was shown in Fig 2.
During its operation, wastewater was maintained continuous flow at 2 ml/min.
3.5.1. Disposal of H1 loaded with BC membrane to nitrate
wastewater in the continuous bioreactor

Wang [20] used fixed algae bacteria ball to dispose of
wastewater, and the nitrogen removal rate was 76.79%. Our
bioreactor loading immobilized H1 ran a total of 196 h and
treated 23.5 L of nitrate wastewater. As shown in Fig 5, with
the increasing of reaction time, the removal rates of NO3--N
and TN showed a gradual upward trend. After 150 h, their
removal rates stabilized basically at 80%.
In the early stage of reaction, NO2--N had accumulation (6 µg/L), but transformed gradually to gas form with
the reaction proceeding and the final concentration was
less than 1 µg/L. CODcr removal rate increased steadily
and was up to 90%, eventually. Wang and Lan [21] used
polyvinyl alcohol as the embedding carrier, adding appropriate amount of activated carbon powder to immobilize
nitrifying sludge and deal with the wastewater that was
made from (NH4)2SO4 and glucose, and CODcr removal

rate was 80%. Compared with the embedding of polyvinyl alcohol, the loading of BC membrane for bacteria was
more efficient to the removal of organic matter in
wastewater.
3.5.2. Disposal of H1 loaded with BC membrane to ammonium-rich wastewater in the continuous bioreactor

The continuous bioreactor loading immobilized H1
ran 164 h and treated 20 L of ammonium-rich wastewater
in total. As shown in Fig 6, it demonstrated that the concentration of NH4+-N dropped from 75 mg/L to 5 mg/L
in the course of disposal, and the removal rate reached
93.33%. TN removal rate came to 91.77%, and the average concentration of NO2--N was 0.45 µg/L. Ge and Rong
[22] used nitrifying bacteria loaded by the calcium-alginate,
PVA or ACAM to deal with ammonium-rich wastewater,
and NH 4+-N removal rate was 70% under the optimum
conditions. In contrast to that, H1 loaded by BC membrane had higher disposal effect on NH4+-N in
wastewater. CODcr fell to 117 mg/L from 896 mg/L at
the beginning of reaction, and the removal rate attained
87%. This process had a large amount of consumption
of carbon sources, which were consistent with the analysis results of heterotrophic nitrification performance.

FIGURE 5 - Disposal effects of immobilized by BC membrane on nitrate wastewater in continuous bioreactor
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In the continuous bioreactor, strains H1 loaded by BC membrane were applied to treat nitrate wastewater. Bioreactor maintained a constant rate of
water flow of 2 ml/min, with a water sample taken every 4 h and the changes of water quality index, such as TN (A), NO3--N (B), NO2--N (C) and
CODcr (D) measured. All data are mean ± SD (n = 3).

FIGURE 6 - Disposal effects of strains H1 immobilized by BC membrane on ammoniate wastewater in continuous bioreactor.
BC membrane blocks loading H1 were put into continuous bioreactor and applied to treat ammoniate wastewater. Bioreactor maintained a constant rate
of water flow of 2 ml/ min. The water sample were taken every 4 h, and the changes of TN (A), NH4+-N (B), NO2--N (C) and CODcr (D) were presented.
All data are mean ± SD (n = 3).

By using H1 loaded by BC membrane to treat
wastewater in continuous bioreactor, the shortcomings
that the complex control condition and the too long reaction time in traditional dentitrication process were overcome. The simultaneous nitrification and denitrification
were realized in the same bioreactor. Furthermore, BC
membrane maintained throughout the integrity of the
shape in the course of 164 h treatment. BC membrane, as
a renewable natural fiber resource with characteristics of
being loose, porous, non-toxic, insoluble in water and
simply-manu-factured, is a new promising immobilizing
carrier.
4. CONCLUSION
Bacterial strains H1 were screened from activated
sludge, identified as Acinetobacter through physiological
and biochemical characteristics as well as 16S rDNA
sequencing analysis.

Strains H1 were determined to have the characteristics of aerobic denitrification and heterotrophic nitrification. In the course of treating nitrate and ammonium-rich
wastewaters, the effectiveness of NO3--N removal reached
70%, the effectiveness of NH4+-N removal was up to
76.92%.
In the bioreactors, H1 loaded by BC membrane, a renewable natural fiber carrier, had prominent disposal effects on nitrate and ammonium-rich wastewaters. In the
sequencing batch bioreactor, NO3--N removal rate reached
more than 90%; in the continuous bioreactor, the NH4+-N
removal rate achieved over 90%. In all bioreactors, CODcr
removal rate can all attain 92% and NO2--N had little accumulation. In the course of treatment, BC membrane was
degraded hardly and was an immobilizing carrier with great
prospect for the application.
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ABSTRACT
Previous works reported laccase production ability of
batch cultures of white rot fungi in olive oil mill
wastewater media (OOMW). Therefore, here, laccase
production ability of repeated-batch cultures of Funalia
trogii and Trametes versicolor pre-grown pellets in
olive oil mill wastewater media (OOMW) was investigated and conditions for laccase production were optimized. The results indicated that high amounts of laccase
could be obtained by using the best production conditions
such as agitation, initial pellet amounts, initial pH,
OOMW concentration and temperature. All these conditions were found to be important for laccase production.
After optimization, the effect of various supplementary
sources and inducer (glucose, malt extract, cheese whey
and copper) on laccase production ability of these fungi
and longevity of this production ability were examined
in repeated-batch process. Presence of glucose, malt extract, cheese whey and copper positively affected the
laccase production ability and longevity of the production.
The fungal pellets also partially bioremediated the
OOMW during laccase production and F. trogii pellets
removed 33 % COD from OOMW effluent whilst T.
versicolor removed 28 % in the first use.

KEYWORDS: Funalia trogii, Laccase enzyme, Olive oil mill
wastewater, Repeated-batch, Trametes versicolor

1. INTRODUCTION
In the Mediterranean area, the oil manufacturing process produces more than 3x107 m3/year of a black
wastewater called olive oil mill wastewater (OOMW) [1,
2]. The environmental impact of this wastewater is very
high with its chemical oxygen demand (COD) and biochemical oxygen demand (BOD) values as high as 220 g/L
and 100 g/L, respectively [3-5]. It is an acidic
wastewater which con-tains high concentration of organic polluting molecules

* Corresponding author

including carbohydrates, fats, tannins, polyalcohols, pectins,
lipids, mineral elements and phenols [2, 5, 6]. Its composition is variable, depending on many factors such as
method of extraction, type and maturity of olives, region
of origin, climatic conditions and associated cultivation/
processing methods [4]. OOMW is frequently dumped
either on soil or into water-courses without treatment. This
causes serious environmental problems [7-9]. The possible treatment methods for OOMW may be valorization or
degradation by biological means. There are some studies on
biological valorization of this wastewater as a fermentation medium for fungi, especially for production of biotechnologically important enzyme laccase [1, 6, 10].
Laccase which is a copper containing oxidase could be
used for removing phenolic contaminants, pesticide transformation, dye and textile wastewater decolorization, transformation of lignin-related compounds, dechlorination of
polychlorinated phenols and guaiacols, wood pulping and
pulp bleaching, enzyme immunoassay, laccase-based biosensors and for production of organic materials. Thus, laccase has drawn much attention in last decades because of
its possible biotechnological uses. White rot fungi are the
best laccase producers. Physiological differences among
fungal cultures may affect their laccase production ability.
In addition, laccase production can also be influenced by
different culture conditions. Therefore it is possible to induce their laccase production ability by carefully selecting
the optimal conditions and inducers [11-15].
Repeated-batch process is a different cultivation method
[16]. It is possible to store and reuse the pellets and also to
maintain their long-term activity in this process [17]. This
type of fermentation could be used for effective laccase
production. In this process, laccase production is performed
as a separate step from growth. The work presented here
concentrated on extracellular laccase production in OOMW
by repeated-batch cultures of pre-grown fungal pellets of
white rot fungi. Many factors affecting the laccase production ability of pellets were studied, including the effect
of agitation, initial pellet amounts, initial pH, OOMW concentration, temperature and supplementary sources. According to our literature knowledge, this is the first report
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on laccase production ability of the pellets of these fungal
strains in OOMW based media under repeated-batch
conditions.
2. MATERIALS AND METHODS
2.1. Organisms

Funalia trogii ATCC 200800 and Trametes versicolor ATCC 200801 were used in this study. These are stock
cultures at Inonu University, Art and Science Faculty,
Department of Biology, Malatya, Turkey. These fungi were
maintained at 4ºC, after sub culturing at 30ºC every 2-3
weeks on Sabouraud Dextrose Agar (SDA) plates.
2.2. Olive oil mill wastewater

OOMW used in this study was obtained from olive
mill which uses traditional three-phase continuous centrifugation process. It was autoclaved at 120 ºC for 20 min.
2.3. Production of pellets

Fungi were precultured in 250 mL flasks containing
100 mL Sabouraud Dextrose Broth (SDB). Precultures
were agitated on rotary shaker at 150 rpm for 5 days and
then gently homogenized under sterile conditions. Homogenate (7mL/600 mL SDB) was transferred into SDB medium and incubated for 5 days. After incubation, fungal
pellets were harvested and pellets which were stored at 4ºC
maximally for a week were used throughout the study.
2.4. Repeated-batch studies

During repeated-batch studies OOMW was treated
with pellets and same pellets were used for 10 times. The
cultures were conducted in 250 mL flasks containing
OOMW in distilled water. All media were sterilized at
120 ºC for 20 min.
The effect of temperature (10, 20, 30 and 40 °C), pH
(3, 4, 5, 6, 7 and 8), OOMW concentration (10%, 25%, 50%,
75% and 100%), agitation (0, 50, 100, 150 and 200 rpm) and
amount of pellets on laccase production was studied. The
incubation time used was 24 hours. The initial pH was
4.74 during the temperature studies. On the other hand the
incubation temperature was kept 30ºC during the pH studies. The effect of various synthetic and complex sources on
longevity of laccase production ability of the pellets was
also tested.
2.5. Assays

The color of OOMW was determined at 395 nm [7].
Chemical oxygen demand and total carbon was determined by Spectroquant TR 320 thermoreactor and Spectroquant NOVA 60 photometer. The amount of total and
reducing sugar was estimated using the anthrone and DNS
methods, respectively. Total, suspended and volatile solids were performed according to standard methods [18].
pH was measured by using pH meter.
Laccase (E.C.1.10.3.2) activity was determined spectrophotometrically by monitoring the increase in absorb-

ance at 420 nm. One unit was defined as the amount of
enzyme that oxidised 1 µmol of ABTS (2, 2 –azino-bis
(3-ethylbenzthiazoline-6-sulfonic acid))/minute [17].
Results shown are the means of at least three replicates.
3. RESULTS AND DISCUSSION
3.1. Composition of OOMW used

Many factors such as the geographical and climatic
conditions, age and type of olive and extraction technology used affect the composition of OOMW. The composition of OOMW used in this study was shown in Table 1.
Because of its high organic load, it may create environmental problems if it is disposed into environment without any treatment. It contains important essential elements
such as carbon and nitrogen sources and minerals for microbial growth and it can be a possible source to be valorized [1, 6]. Therefore, utilization of this wastewater for
laccase production by using the effective biotechnological
process may be a possible alternative to disposal methods.
TABLE 1 Composition of OOMW used.
Parameters
Color (A395)
pH
COD (g/L)
Total sugar (g/L)
Reducing sugar (g/L)
Total carbon (g/L)
Total solid (g/L)
Suspended solid (g/L)
Volatile solid (g/L)

Value
33.00
4.74
59.54
19.11
4.21
53.13
94.38
16.57
67.18

3.2. Optimization of the culture conditions for high laccase
production

The effect of OOMW concentration, amount of pellets, agitation, temperature and pH on laccase production
of the pre-grown pellets of F. trogii and T. versicolor was
tested. Their laccase production abilities varied with OOMW
concentration and the increase in OOMW concentration up
to 25-50% improved laccase production. However, OOMW
concentrations above 50% negatively affected the production ability of the pellets, especially for the pellets of F.
trogii (Table 2). The decrease in laccase production with
the increased OOMW concentrations (above 50%) could be
due to the presence of inhibitory compounds in OOMW
[19]. Growth inhibition effect of OOMW above 20% concentration on P. ostreatus was reported by Martirani [20].
Amount of pellet in the media was detected as an important factor for laccase production and greater pellet
amounts gave higher laccase. Pellets were also incubated
at different temperatures which 30 °C was detected as
optimum for the highest laccase production. This temperature is also the optimum growth temperature for the fungi
used. Laccase production decreased at lower (10 and 20
°C) and higher temperatures (40 °C). Agitation improves
oxygen availability. But, high agitation rates make a shear-
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ing effect on pellets. The pellets exhibited good laccase
production ability at 150-200 rpm (Table 3). These results
are similar with the previous studies [1]. High levels of
laccase enzymes were determined in media with the initial
pH values of 4 and 5. Since the pH of OOMW was 4.74,
it was used without any pH adjustments. Similar result
was re-ported by Kissi et al. [2].
3.3. Laccase production with pellets of F. trogii and T. versicolor in repeated-batch process

Phenolic and other organic compounds present in
OOMW induce laccase production [1, 21, 22]. It was reported that L. edodes produces high laccase enzyme in
OOMW media [23]. Similarly, it was pointed that addition OOMW to cultures of white rot fungi increases fungal growth and laccase activity [24]. In this study, it was
determined that high OOMW concentrations prevent laccase
production of the pre-grown pellets. The phenols and organic compounds may adsorb on pellets and reduce the
secretion of the enzyme [25]. This adsorption behavior
may also negatively affect the enzyme production stability
of the pellets in repeated-batch mode. Therefore, OOMW
of 25% concentration was used as culture media.

In order to compare the effect of OOMW alone and
OOMW supplemented with the additional sources on longevity and laccase production ability of the pellets, the pellets were incubated in repeated-batch process. The results
indicated good potential for pellets reuse. Laccase production increased significantly by the presence of supplementary sources and inducer. It was possible to produce laccase
at least 10 cycles.
Glucose was used as an additional simple carbon and
energy source in OOMW media. Pellets were able to produce laccase enzyme in all media used, but an improvement in laccase production was observed in the presence
of glucose. It is the key ingredient for laccase production
[26]. As seen in Fig. 1, when the pellets of F. trogii were
incubated with OOMW as a sole carbon source, laccase
activities between 0.65-2.77 U/mL were obtained. Addition of glucose greatly stimulated the laccase production
ability of the pellets, and about 4.74 U/mL enzyme activity
was obtained in the first cycle. The laccase production activity remained high after 4-5 cycles. Glucose also stimulated
the laccase production activity of the T. versicolor pellets
and laccase activity above 3.80 U/mL was obtained after
repeated-batch process (Fig. 2).

TABLE 2 - Effect of OOMW concentration and pellet amounts on laccase production
OOMW concentration (%)

10
25
50
75
100

Amount of pellets (g/50mL)
F. trogii/T. versicolor
0.28/0.21
0.36/0.37
0.82/0.59
0.28/0.21
0.36/0.37
0.82/0.59
0.28/0.21
0.36/0.37
0.82/0.59
0.28/0.21
0.36/0.37
0.82/0.59
0.28/0.21
0.36/0.37
0.82/0.59

F. trogii
0.63±0.02
0.85±0.03
0.97±0.01
0.57±0.03
1.25±0.10
2.20±0.18
0.56±0.02
1.29±0.07
1.61±0.13
0.00±0.00
0.00±0.00
0.00±0.00
0.00±0.00
0.00±0.00
0.00±0.00

Laccase activity (U/mL)
T. versicolor
0.86±0.08
1.23±0.05
1.24±0.17
0.65±0.02
1.05±0.11
1.16±0.17
0.55±0.07
2.48±0.20
3.73±0.42
0.08±0.01
0.50±0.02
0.96±0.09
0.38±0.02
0.72±0.04
0.98±0.03

TABLE 3 - Effect of agitation, temperature and pH on laccase production.
Parameters

Agitation (rpm)

Temperature (ºC)

pH

Values
F. trogii
0.00±0.00
0.00±0.00
0.68±0.06
2.21±0.18
2.96±0.36
0.74±0.12
1.82±0.20
2.21±0.18
0.11±0.01
1.54±0.09
2.78±0.41
2.83±0.61
2.19±0.20
2.16±0.37
1.62±0.23

0
50
100
150
200
10
20
30
40
3
4
5
6
7
8

1224

Laccase activity (U/mL)
T. versicolor
0.02±0.00
0.29±0.07
0.89±0.04
1.16±0.17
1.03±0.12
0.11±0.02
0.29±0.03
1.16±0.17
0.02±0.01
0.39±0.05
0.84±0.04
0.70±0.01
0.60±0.03
0.46±0.05
0.51±0.06
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Laccase Activity (U/mL)
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FIGURE 1 - Laccase production by F. trogii pellets in glucose-supplemented repeated-batch cultures.

Laccase Activity (U/mL)
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FIGURE 2 - Laccase production by T. versicolor pellets in glucose-supplemented repeated-batch cultures.

The effect of malt extract on laccase production of
the pellets was also tested and pellets showed high laccase
production ability in media supplemented with malt extract (Fig. 3 and 4). The presence of malt extract greatly
stimulated the laccase production of the pellets of F. trogii
and T. versicolor. For OOMW medium supplemented with
malt extract, F. trogi pellets exhibited high level of laccase
production which maximum in the first use. In this condition, pellets retained their laccase production at least
10 cycles. On the other hand, presence of 5 g/L malt extract induced the laccase production ability of T. versicolor pellets after third cycle and high laccase activity was
obtained at least 10 cycles. The results showed that the
presence of malt extract improves the stability of the
pellets.

Laccase production is sensitive to the nitrogen concentration in culture medium. T. versicolor pellets in malt
extract-supplemented repeated-batch cultures were more
effective laccase producers than pellets of F. trogii. The
inductive effect of malt extract on laccase and Mnperoxidase production was reported [27]. Malt extract is
rich in amino acids such as aromatic amino acids, tryptophan and tyrosine. Because tryptophan induces the production and stability of lignin-peroxidase of white rot fungal cultures, it may also be responsible for laccase production [28, 29]. Malt extract induces the production of
laccase in Phlebia radiata and Phlebia fascicularia cultures [30]. Its stimulation on laccase production of T. trogii
was also reported [31]. The availability of various amino
acids and other sources may be the reason of the increase
in laccase production.
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Laccase Activity (U/mL)
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FIGURE 3 - Laccase production by F. trogii pellets in malt extract-supplemented repeated-batch cultures.
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FIGURE 4 - Laccase production by T. versicolor pellets in malt extract-supplemented repeated-batch cultures.

The main limitation of enzymes for biotechnological
applications is their high cost. For this reason, high production at low cost is very important. Yesilada [1] and
Fenice [32] reported OOMW as a low cost growth medium. Cheese whey is also rich in minerals and contains
lactose and vitamins which may be used to stimulate cell
growth and product formation [33]. It is a by-product of
cheese industry and cheap substrate for biotechnological
processes [34, 35]. Because its composition and high COD
value, cheese whey represents disposal problem for this
industry. In order to investigate the possibility of using a
cheaper alternative than glucose, the utility of whey as an
additional source was evaluated. Cheese whey concentra-

tion differently affected the laccase production activity of
the different pellets (Fig 5a and 5b).
For T. versicolor, as the concentration of cheese whey
increased the extent of laccase production was also increased, but the effect was different for F. trogii. Cheese
whey above 20% repressed the laccase production of F.
trogii pellets. These pellets could produce laccase enzyme
in OOMW media without cheese whey, but laccase production activity was further increased by cheese whey
addition. It was reported that OOMW induces the laccase
production of P. sajor caju [36]. While the highest laccase activities obtained for F. trogii and T. versicolor in
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Laccase Activity (U/mL)

OOMW without cheese whey media were 2.77 and 2.61
U/mL, these values were 4.08 and 5.16 U/mL in OOMW
supplemented with cheese whey, respectively. The highest activity for F. trogii pellets was obtained in OOMW
with 5% cheese whey at the first use. Moreover, even
after ten cycles the pellets showed good stability. While,
the laccase activity of cheese whey-free control cultures
of F. trogii pellets was determined as 0.65 U/mL after ten
days, the laccase activities of 5%, 10% and 20% cheese
whey-supplemented cultures were 2.83, 3.09 and 1.67 U/mL,
respectively. On the other hand, while the laccase activity of
cheese whey-free control cultures of T. versicolor was obtained as 1.50 U/mL, laccase activities of 5%, 10 % and
20% cheese whey-supplemented cultures were detected as
2.33, 2.99 and 5.11 U/mL, respectively. Cheese whey induced the laccase production activity and stability of the
pellets. The pellets showed good stability and retained their
enzyme production activity after 10 cycles in OOMW

media containing whey. Therefore, it was possible to obtain
sustained production of laccase by using OOMW supplemented with cheese whey. Yesilada [34] reported that additional carbon source increases the stability dye and dye
decolorization performance of white rot fungal pellets. The
results showed that cheese whey which is a wastewater of
cheese industry could be used as an additional source for
laccase production.
Copper was as an effective laccase inducer [16, 37].
Here, it was used to test its possible laccase inducing
activity on white rot fungal pellets during repeated-batch
incubation in OOMW media. While the highest laccase
activities of 0.5, 1 and 2 mM Cu-supplemented cultures
were 11.31, 12.84 and 11.45 U/mL respectively, this
value for control culture was 2.77 U/mL. Copper also
induced the laccase production ability of T. versicolor
pellets. Their laccase activities increased to a maximum at
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FIGURE 5 - Laccase production by F. trogii (a) and T. versicolor (b) pellets in cheese whey-supplemented repeated-batch cultures.
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the second cycles and then decline. This may be due to
negative effect of high copper on fungal pellet metabolism. F. trogii pellets in Cu-supplemented repeated-batch
cultures were more effective laccase producers than T.
versicolor (Fig 6a and 6b). Previous studies reported that
copper is necessary for laccase synthesis rather than for
the activation of preexisting protein [15, 36]. The results
showed that cooper could also be used as an inducer in
OOMW media to induce the laccase production ability of
these repeated-batch cultures.

COD from OOMW effluent whilst T. versicolor removed
28 % in the first use.
The results showed that OOMW which provides necessary nutrients for long-term laccase production activity
of the pellets could be used as a low cost laccase production medium. These fungal pellets are able to produce
high amounts of laccase in OOMW media during repeated-batch process under optimized conditions. Cheese
whey may also be used as an additional cheap source to
stimulate laccase production and more importantly longevity of laccase production of the pellets. Because it is
possible to store/reuse the pellets and also to maintain
their long-term activity in repeated-batch process, using
of pre-grown pellets for laccase production by this process has great benefits.

Laccase Activity (U/mL)

The possible OOMW bioremediation potential of these pellets was also investigated and it was determined that
the pellets could partially bioremediate the OOMW during laccase production. F. trogii pellets removed 33 %
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FIGURE 6 - Laccase production by F. trogii (a) and T. versicolor (b) pellets in Cu-supplemented repeated-batch cultures.
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