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PRODUCT QUALITY OF MUNICIPAL SOLID WASTE
COMPOST FROM PILOT AND REAL SCALE PLANTS
Gamze Varank*, Ahmet Demir, Ebru Akkaya, M.Sinan Bilgili and Bestamin Özkaya
Yildiz Technical University, Environmental Engineering Department, 34220, Esenler, İstanbul/Turkey

ABSTRACT
In this study; properties and quality of municipal solid
waste compost were investigated and compared in pilotand real-scale plants. The compost quality was determined
in terms of pH, moisture content, organic matter content,
total Kjeldahl nitrogen (TKN), total phosphorus (TP), total
organic carbon (TOC), C/N ratio, phytotoxicity, Salmonella
sp., stability index (SI), heavy metal and evaluated considering German compost quality standard (LAGA). Further,
the applicability and utility of the end products from two
aerobic pilot scale landfill reactors with (A1) and without
(A2) leachate recirculation and Istanbul Solid Waste Recycling and Composting Plant (CP) were evaluated. pH and organic content of compost products were around 7.7-8.0 and
36.5-46.5%, respectively. The compost moisture content
in A1 reactor was determined as 70%, which was the highest
value due to the leachate recirculation. Carbon to nitrogen
(C/N) ratios were 7.3, 5.3 and 12.8 in A1, A2 and CP endproducts in respective order. Heavy metal concentrations of
Cu, Cd and Cr exceeded the allowable standards values
stipulated for compost products. Salmonella sp. as a hygienic indicator did not found in the compost products.
All the end products were in the non-toxic class of the
relevant standards as per phytotoxicity tests carried out on
compost and soil mixtures of 25 and 50%, and these products were mature and stabile.
KEYWORDS: Municipal solid waste, aerobic landfilling, composting, product quality.

INTRODUCTION
The growth of population and urbanization has aggravated the problem of the management of municipal solid
wastes (MSW). The increase in the amount of global MSW
with improved living standards and technological development brings disposal problem. The selection of the treatment process suitable in a specific case results from the
financial and infrastructural framework conditions, the waste
quantities and, above all of the waste composition. The safe
and reliable long term disposal of solid waste residues is an
important component of integrated waste management.

The organic content of the waste in developing countries is generally higher [1]. For that reason, composting can
be another appropriate waste management alternative. Over
50% by weight of a municipal solid waste stream in a developing country could be readily composted [2,3]. Composting can be defined as a method of solid waste management where organic material is decomposed to a stage in
which it can be handled, stored and applied to land without
environmental impacts [4]. Composting is a process of controlled decay which enables aerobic bacteria and other microorganisms to decompose organic matter and produce a
stable end product suitable for soil dressing or for landfill
of domestic waste when crude waste material can not be
disposed of [5]. Compost is a valuable soil amendment that
improves many soil properties and decreases soil crusting,
regulates storage and release of nutrients, enhances the development of beneficial microorganisms and promotes faster
root development.
Product quality and consistency generally are considered to be the most important factors affecting the demand
for compost. High quality and mature compost has a dark
color, uniform particle size, and pleasant earthy odor. It
should contain at allowable levels of chemical residues,
heavy metals and toxic constituents and should not contain
visually identifiable contaminants (glass, metal and plastic
bits). Product quality is very important to the marketability
of compost. Therefore, this study investigates the end product quality of pilot scale reactors simulating an aerobic
landfill and Istanbul Aerobic Composting and Recycling
Plant. In this context, end product qualities were determined
by means of pH, moisture content, organic matter content,
total Kjeldahl nitrogen (TKN), total Phosphorus (TP), total
organic Carbon (TOC), C/N ratio, phytotoxicity test, Salmonella sp. test, Stability Index (SI) and heavy metal (cadmium, chromium, copper, nickel, lead, and zinc) content.
MATERIALS AND METHODS
Aerobic Landfill Reactors

The pilot-scale landfill reactors were made from 0.5 cm
polypropylene, which is resistant to high temperatures until
80 oC (Figure 1). The reactor consists of concentric cylinder having inner and outer diameters of 50 and 60 cm;
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the blank between inner and outer diameters was filled
with heat isolation material to prevent temperature redistribution from the surrounding environment. The gravel
layer height on top of the leachate collection pipes was
around 15-20 cm. Landfill gas was collected via the perforated pipes having diameter and height of 4 and 170 cm
in the center of each reactor. Temperature was monitored
by probes located at 60 and 120 cm depths from the waste
surface. Leachate was collected via 2.5 cm perforated pipes
at the bottom of the reactors; the pipes were equipped with
a discharge valve [6].

Istanbul Recycling and Aerobic Composting Plant

The flow chart of the composting and recycling plant
is shown in Fig. 2. The plant consists of two independent
lines with the same properties. Waste is transferred by conveyor belts to two rotary drum sieves, which have a diameter of 3.35 m, length of 12.47 m, 80 mm pore diameter and
2o slope. Ferrous metals within the undersize materials that
pass through the 80 mm rotary drum sieve are transferred
to the composting area, then removed by a magnetic separator and finally transferred to a scrap metal stationary compactor. Oversize materials from the 80 mm rotary drum
sieve are transferred by conveyor belt to a hand-sorting unit
in order to separate recyclable materials. MSW from the
districts that have high income and use gas or liquid fuel
were intended to be transferred to the plant. The non-source
separated waste processing facility, which utilizes mechanized sorting equipment and workers to pick recyclable
material out of the refuse, was designed according to the
recommendations in the feasibility reports. General health
and safety precautions are taken for workers, such as gloves,
vaccinations, etc. No health problems have been reported
in the plant that was directly related to waste picking [8].
The composting and recycling plant was constructed
to produce compost material for the municipality’s parks
and green areas, but not for sale. There is almost no market for compost material from solid waste; one of the reasons is the lack of compost plant in Turkey until recent
decades.
Analyses

FIGURE 1 - Aerobic landfill reactors (adapted from [6]).

The MSW added to the landfill reactors was obtained
from the Odayeri Sanitary Landfill, Istanbul, Turkey. The
MSW composition placed at almost equal quantities to A1
and A2 reactors was 44% organic, 8% paper, 6% glass, 6%
metals, 5% plastic, 5% textile, 9% nylon, 8% diaper, and
9% ash and others as average [7], which represent Istanbul
MSW. To provide aerobic conditions in A1 and A2 reactors, a total 5400 m3 air was applied with the aeration rates
of 5.04 and 5.16 L air/kg waste-h, respectively, and leachate
recirculation was started simultaneously with aeration in
A1 reactor. Thereafter, totally 29.4 L of leachate (0.35 L/
day/m3 waste) was recirculated to the A1 reactor [6].

pH, moisture content, organic matter content, TKN,
total phosphorus (TP), total organic carbon (TOC), C/N
ratio, phytotoxicity, Salmonella sp. test, Stability Index (SI)
and heavy metals (cadmium, chromium, copper, nickel, lead
and zinc) were analyzed to determine end product quality.
Solids analysis requires finely ground homogeneous samples. The samples were ground in a grinder to pass a 1.5 mm
screen after drying. Thereafter, pH, organic matter, TOC,
TKN, C/N ratio, TP parameters were analyzed according
to Standard Methods of APHA [9].
While a product may not negatively impact plant
growth in the short term, over time it could become phytotoxic due to the build-up of inorganic materials, which
could potentially lead to a reduction in soil productivity.
For this reason, plant phytotoxicity testing is used on the
finished compost. Phytotoxicity test involve measuring the
yield of plants obtained from the test compost and from
control soil. In our study, we used cress seed and grew
under suitable conditions at greenhouse for 7-10 days, thereafter, measured yield of cress seed obtained from test compost and control soil at two different percent of 25 and 50%
[10]. Then, plant suitable percents were calculated with the
following equation;
TK (25%-50%) = [TK (25%-50%) / TKOBT] * 100
(1)
where TK (25%-50%) is the weight of fresh cress plant
grown at 25-50 percent of two different ratios, TKOBT is
the cress yield as weight grown at control soil.
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MUNICIPAL WASTE
1000 tons/day ± %20

WASTE RECEIVING

LOADING UNIT
>80 mm.

1st SIEVE

STORAGE
150 tons/day ± %20

METALS

HAND SORTING OF
RECYCLABLE
MATERIALS

2nd SIEVE (for coal ash)
>10 mm.

MAGNETIC
SEPARATOR

TO LANDFILL
400 tons/day ± %20

100 tons/day ± %20

MARKETING OF THE
RECYCLABLE
MATERIALS

1st DECOMPOSITION

2nd DECOMPOSITION
1 260 tons/week ± %20

STORAGE
>15 mm.

FINAL CONDITIONING

>40 mm.

TO LANDFILL

189 tons/day ± %20

PRODUCT
(15-40 mm)
FIGURE 1 - Flow chart of Istanbul Municipal Solid Waste Recycling and Composting Plant (adapted from [8]).

Salmonella sp. as a hygienic indicator was determined
at compost products following Salmonella Rapid Test
method (Oxoid Limited, United Kingdom). The compost
sample of 10 gr taken under aseptic conditions was incubated at 35 ºC for 18 hours in nutrient broth with celenit
cystein. Then, Salmonella sp. was analyzed by Salmonella
Rapid Test method.
The stability index (SI) of the compost product was
measured using the procedure by Iannotti et al. [11]. A
sample of material was obtained and standardized for particle size (<10 mm) and moisture content (35%) and incubated (37 ºC) for 16 h under aerobic conditions to build
the microbial populations to an active standard level. A
60-g sample of the incubated material was placed in an
aerated respirometric flask at constant temperature in a
water bath (37 ºC) for 1 h. The aeration source was removed
and oxygen concentration inside the flask was monitored

every 5 min for a period of 1 h. The oxygen consumption
rate (mg (O2)/g (volatile solids)/h) was calculated from
oxygen utilization in the test flask. This rate depends on
the amount of substrate availability under standard conditions of particle size, moisture, temperature, aeration and
incubation. Greater substrate availability results in higher
oxygen demand indicating that the sample is biologically
unstable, i.e. the sample is continuing to degrade. Aerobic
organic compost with a SI less than 1.0 mg/g/h may be
considered stable and 1.0-1.5 mg/g/h moderately stable.
Aerobically unstable composts typically exhibit SI greater
than 2.0 mg/g/h [12].
The heavy metal content of end products were determined using the atomic absorption spectrophotometer (Perkin Elmer, Simaa 6000) after digestion with nitric and perchloric acids. All analytical measurements were performed
at least duplicate.
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RESULTS
One of the earliest serious investigations of compost
quality is the anonymous report from the German Waste
Association as “Quality Criteria and Application Recommendations for MSW and MSW-sludge compost” [13]. In

our study, parameters such as pH, moisture content, organic matter content, TKN and TP of compost made from
MSW are compared as per German Compost Quality
standard (Table 1).

TABLE 1 - Comparison of physical and chemical parameters of the compost
samples and end products with recommended ranges reported by LAGA [13].
Parameter
pH
Moisture Content (%)
Organic Matter Content (%)
TKN (%)
TP (%)
SI (mg/g VS/ h)

A-1
7.7
70
43
2.8
0.33
0.81

The average pH values of compost product from CP
were 7.7. Similarly, the A-1 and A-2 compost pH values
were 7.7 and 8.0, respectively, which values are quite similar. The average moisture content of CP samples was
31.8%. The moisture content of A-2 end product was 45%.
But the compost moisture content in A1 reactor was determined as 70%, which was the highest value due to the
leachate recirculation. The organic content of A-1, A-2 and
CP compost products were 43%, 46.5% and 36.5% respectively. The average TKN value of CP compost products was 1.43%, but TKN of A1 and A2 compost have
high values of 2.8% and 4.5%. The TP concentrations of

A-2
8.0
45
46.5
4.5
0.48
0.69

Compost
7.7
31.8
36.5
1.43
0.77
0.76

LAGA
7-8.3
35-50
25-45
0.8-1,5
0.4-1.0

compost samples from CP, A1, and A2 reactors were quite
low values of 0.77%, 0.33% and 0.48%, respectively. The
SI (mg O2/g VS/h) refers to the aerobic biological activity
of the compost product was determined as 0.81, 0.69, and
0.76 mg O2/g VS/h in A1, A2 and CP compost samples
respectively.
Comparison of the C/N values of end products with
the previous studies is shown in Table 2. In this study, the
average C:N INITIAL ratio for the compost products was
calculated as 23, which is below the recommended limit of
25 stipulated by the USEPA (Table 2).

TABLE 2 - Comparison of C:N ratios of the compost samples and end products with recommended ranges reported by several authors.

C/NINITIAL
C/NFINAL
C/NFINAL/C/NINITIAL

Wilkinson
et al. [22]

Epstein,
[12]

20-40
-

20-35
-

Aydın and
Kocasoy
[20]
0.55-0.7

Salmonella sp. as a hygienic indicator was not found
in all compost products. Phytotoxicity tests showed that
all the end products were in the non-toxic class (Table 3)
of the relevant standards as per phytotoxicity tests carried
out on compost and soil mixtures of 25 and 50%. In our
study, yields of cress seed were 80%, 93% and 94% for
A1, A2, CP compost products, respectively.
TABLE 3 - Toxicity classes with
regard to plant growth percentage [13].
PLANT GROWTH (%)
81-100
61-80
41-60
21-40
0-20

TOXICITY CLASS
NON-TOXIC
MODERATE TOXIC
TOXIC
HIGH TOXIC
VERY HIGH TOXIC

Jimenes and
Garcia [19]

0.49-0.85

A-1

A-2

Compost

17
7.3
0.43

17
5.3
0.31

23
12.8
0.57

The Cu concentration in A1 and A2 end-products was
125, 110 mg/kg, respectively and this value in CP product
was 321.4, which is highest Cu concentration. The other
heavy metal concentration of Zn was 397.4 mg/kg in the
CP, and Zn was 35.4 and 31.2 mg/kg in the A1 and A2
reactors, which are quite lower than that of CP end-products. The Pb concentrations were 100.7, 124 and 110 mg/kg
in A1, A2, CP end-products and these products contained
Cd concentration of 4.1, 4.3 and 5.5 mg/kg, respectively.
Ni concentrations in A1, A2 and CP were 52.6, 53.7 and
62.8 mg/kg and Cr concentrations were 291.8, 310 and
370 mg/kg, in respective order. Heavy metal concentrations of Cu, Cd and Cr exceeded the allowable values of
standards stipulated for compost products (Table 4).
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TABLE 4 - Critical limits stipulated by the EPA, the EU Bio waste Directive
and LAGA Standards and heavy metal values of compost and A-1, A-2 end products [23].

Heavy
Metals

A-1
(mg/kg)

A-2
(mg/kg)

Compost
(mg/kg)

Cu
Zn
Pb
Cd
Ni
Cr

125
35.4
124
4.3
53.7
310

110
31.2
110
5.5
62.8
370

321.4
397.4
100.7
4.1
52.6
291.8

Critical Limits for
heavy metals speciCritical
Critical
fied by the EnviCritical Limits Critical Limits for Limits for
Limits for
ronmental Protec- for heavy metals
heavy metals
heavy metals heavy metals
tion Agency in
proposed by the
proposed by the proposed by proposed by
Accordance with
EU Biowaste
EU Biowaste
the LAGA
the LAGA
Waste Licensing Directive (Class I) Directive (Class II) Standarts
Standarts
under the Waste
[23]
[23]
(Category I) (Category II)
Management Act
[23]
[23
1996. [23]
100
100
150
100
250
350
200
400
400
750
150
100
150
50
250
1.5
0.7
1.5
1.5
2.5
50
50
75
50
100
100
100
150
100
200

DISCUSSION
Composting is an important element in sustainable
waste management and could potentially have a vital role
to play in meeting the obligations of the landfill directive.
Producing high quality compost product is essential for
successful utilization of municipal compost in agriculture.
Quality criteria include a variety of parameters such as
pathogen levels, stability and maturity indexes, and heavy
metals, organic matter and total and available nutrients. In
this context, compost products from different processes are
evaluated in the present study.
The pH of any compost should be neutral to slightly
acid (6.05-7.50) and must be lowered if it exceeds about
pH 8.0. Lowering a high pH lowers ammonia volatilization and reduces odors, favoring a balanced microbial population. In a study evaluated the best combination of MSW
compost, peat and composted pine bark for growth of two
plant species in pots, pH values were determined as neutral in composted pine bark and slightly alkaline in the
MSW compost, whereas the peat substrate was acid [5].
Similarly, Demir et al. [14], concluded from their study of
aerobic composting of anise wastes that pH increases to
approximately 8.5 after stabilization. In the present study,
pH values were slightly alkaline for all end-products. In
most national standards that define pH limits, compost
should have a pH value within the range of 6-8.5 to ensure
compatibility with most plant [5].
Several national standards set an upper limit value for
moisture content to prevent selling water and the development of anaerobic conditions during storage [4]. The compost moisture content is recommended as a value of 3565% [15]. The moisture contents of CP and A2 met the
average limit value of 45%. But, end-product of A1 reactor was very high level of 75% due to leachate recirculation. Further, CP and A2 products met also minimum requirement of 35% [13] for soil improvers and growing
media.

The recommended range of organic matter content
for compost is 25-70% [16, 13]. The USEPA [17] recommended a base limit of organic matter content of 30%
for compost. The mean content of organic matter in the
compost samples found to be 36.5 was greater than the
lowest critical threshold level of 30% as specified by the
EPA and is within the recommended range by the US
Composting Council. The organic matter content of compost from A1 and A2 reactors are 43% and 46.5%, respectively, which are also over the critical limit of EPA and
within the desirable range recommended by US Composting Council and LAGA Standards.
The recommended range of TKN for compost is between 1% and 3% and TP is between 0.4% and 1.1% [18].
According to LAGA Standards desirable TKN range for
compost is 0.8%-1.5% where TP range recommended is
between 0.4%-1.0%. In the present study, the average
TKN value of compost samples was 1.43% and it can be
reported that compost samples contained adequate amounts
of TN and could be considered as having fertilizing capabilities and be used as an organic fertilizer in agriculture and
in container production of crops. The TKN content of compost from A1 and A2 reactors have high values of 2.8%
and 4.5%. None of the samples found to be in excess of
the USEPA limit which is an indication that this sample is
immature compared to the other samples. Therefore, according to the USEPA all the aerobic compost samples are most
likely to be mature. A more dependable stabilization indicator is preferred which is defined as (C/NFINAL/C/NINITIAL).
Jimenes and Garcia [19] and Aydin and Kocasoy [20]
revealed that C/NFINAL/C/NINITIAL value should be 0.49-0.85
and 0.55-0.70 respectively in stabilized compost. The average (C/NFINAL/C/NINITIAL) value for biowaste compost samples is 0.57, but in the present study, C/NFINAL/C/NINITIAL
for A-1 and A-2 reactors end products are 0.43 and 0.31
respectively which are found to be in excess of the limits.
The discussion on the comparison of heavy metal concentrations in the compost and end products of aerobic
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reactors compared to the critical limits stipulated by the
USEPA, the EU Bio waste Directive [21] and LAGA
Standards in Table 4.
The mean concentration of copper in biowaste compost samples analyzed was found to be 321.4 mg/kg, and
exceeded limit for USEPA, Class I compost, Class II compost and the limits for both LAGA Categories. The concentration of copper in A-1 and A-2 reactors end products is
found to be 125 mg/kg and 110 mg/kg, respectively, exceeding the limits for EPA, Class I compost and LAGA
Standards Category I but does not exceed the limit for
Class II and LAGA Standards Category II.
The mean concentration of zinc found in the biowaste
compost was calculated to be 397,4 mg/kg, which is below the critical limits specified by the LAGA and the EU
Biowaste Directive for Class II compost but exceeded critical limits specified by the EPA and EU Biowaste Directive
for Class I compost. Both of the end products of A-1 and
A-2 reactors have 35.4 mg/kg and 31.2 mg/kg zinc concentration respectively which are below the critical limits
specified by the EPA, LAGA and EU Biowaste Directive
for Class I and Class II compost.
On a nationwide average, biowaste compost contains
100.7 mg/kg, A-1 reactor end product contains 124 mg/kg
and A-2 reactor end product contains 110 mg/kg lead concentrations which are below the critical limits for the EPA
standard. Three of the samples have lead concentrations
over the EU Biowaste Directive for Class I and LAGA
standard for category I, but none of the samples exceeded
the limit for Class II and Category II compost. The mean
concentration of cadmium in the biowaste compost was calculated to be 4.1 mg/kg, which is over the EPA requirement for compost and over the critical limits specified by
LAGA and EU Biowaste Directive for Class I and Class II
compost. The concentration of lead in the end products
of A-1 and A-2 reactors is found to be 4.3 mg/kg and
5.5 mg/kg, respectively, exceeding the limit for EPA, EU
Biowaste Directive for Class I and Class II compost and
LAGA Standards Category I and Category II compost.
The mean concentration of 52.6 mg/kg of nickel found
in the biowaste compost samples was over the critical limits specified by the EPA and the EU Biowaste Directive
Class I and LAGA Category I. Similarly both of the nickel
concentrations of end products of A-1 and A-2 reactors was
calculated to be 53.7 mg/kg and 62.8 mg/kg, respectively,
which exceeds limits for EPA, EU Biowaste Directive for
Class I and LAGA Category II compost. No samples exceeded the limit for Class II and Category II compost.

The compost products from composting plant, A1 and
A2 landfill reactors take place in the non-toxic class of the
table given below with the values of plant growth percentage.

CONCLUSIONS
This study presents a comparison of quality criteria including pH, moisture content, organic matter content, TKN,
TP, C/N ratio, heavy metal content, stability index of aerobically composted municipal solid wastes with the following conclusions:
- There is no significant difference between the end
products’ quality.
- The pH values of A1, A2 and CP are between the recommended ranges.
- Moisture content of A1 reactor end product is over the
standards because of leachate recirculation.
- Observed organic matter content values are acceptable.
- TKN value of A1 reactor end product is lower than
TKN value of A2 reactor end product because of
leachate recirculation.
- TP values of all of the samples are below the critical
limits specified by international standards.
- C/N ratios of all the end products are acceptable in
point of maturity and stability.
- Salmonella sp. bacteria are not determined in both end
products of A1 and A2 reactors and composting plant,
in-dicating the hygienic quality of the compost product.
The results of the phytotoxicity tests show that all the
end products are in the non-toxic class of the relevant
standards.
Cr and Cd concentrations of all of the end products
are significantly over the critical limits. While Ni, Pb, Zn
and Cu concentrations of aerobic reactors end products
are calculated to be acceptable, Ni and Pb concentrations
of compost are below the limits but Zn and Cu concentrations of compost are found to be high. In these results, concentrations of most metals in compost were higher than
that in the MSW. Although in some MSW waster sheds
metals may be lower than regulated levels, we strongly
recommend that the product of each landfill aerobic bioreduction process be tested prior to use in any applications.

The mean concentration of chromium in the biowaste
samples was found to be 291.8 mg/kg. The concentration
of chromium in the end products of A-1 and A-2 reactors
was calculated to be 310 mg/kg and 370 mg/kg respectively. All of the three samples tested were over the critical limits for the EPA, EU Directive and LAGA Standards.
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ABSTRACT
Different pesticides are widely applied in agricultural
activities. To remove these toxic compounds from the
aquatic environment and to reduce the dispersion of pollutants, different clays can effectively be used as alternative
adsorbents to commonly used activated carbon. In this study
montmorillonite and bentonite clays were used to adsorb
lindane (γ-HCH) and dieldrin, by a batch equilibration technique. The study was carried out as functions of contact
time, pH, initial lindane and dieldrin concentrations, amount
of montmorillonite and bentonite and adsorption isotherms were obtained as Freundlich Isotherm. Clays were
activated by calcination and acid treatment. Adsorption was
improved after acid treatment of used clays, however calcinations of the clays up to 500 0C did not reveal any discernible effect on the adsorption.

KEYWORDS:
Adsorption, organochlorine pesticides, clay.

INTRODUCTION
The presence of pesticides in water, soil, and air has
raised concerns for the protection of the environment, in
particular for the protection of drinking water quality because of the potential health hazards associated with the
entry of these compounds into the food chain of humans
and animals [1].
Toxic effects of pesticides should ideally be specific
for each target organism. But usually pesticides are not
only effective on target organisms and hence they are
toxic for many non-target species, including human [2,3].
Especially organochlorine pesticides (OCPs), which are
widely used, are among the most important organic pollutants in the environment. Lindane is one of the OCPs and
typically contained 5-15% in HCH solutions and lindane

has been used since 1978. Use of lindane was limited by
the U.S. Environmental Protection Agency (EPA) however
it is still being used in agriculture in some countries [4].
Dieldrin is another OCP which was used for controlling
termites, textile insects and agricultural insects and its use
was forbidden in 1971 [5]. Continuing illegal use of these
pesticides results in the environment in increasing amounts
and they also occur in water media as important pollutants.
Adsorption is one of the key processes in removing
pesticides and clays are ideal materials for this purpose [6,
7]. There are various clays that can be used readily or can
be used after simple modifications. Swelling behavior, adsorption properties, colloidal and rheologic phenomena can
be optimized and adjusted to the intended uses [8]. The
study of the adsorption of pesticides on cationic clays is the
subject of numerous papers [9-11]. A regional montmorillonite was selected by Lombardi et al. [12] in 2003 according to its physicochemical properties and high degree
of tetrahedral substitution, to adsorb thiabendazole in order
to reduce toxicity to a reference value. Montmorillonite was
able to completely remove the thiabendazole concentration
found in industrial effluents. Moreover, no desorption was
detected within 30 days after adsorption. Pal and Vanjara
[6] studied the adsorption of malathion and butachlor with
kaolin, montmorillonite, bentonite clays from aqueous solution. They determined that the surfactant treatment of the
clays increased the adsorption of pesticides and tetradecyltrimethylammonium-bentonit has high adsorption capacity.
The aim of this study is to investigate the adsorption
of lindane and dieldrin using montmorillonite and bentonite
clays from aqueous solution and to evaluate the influence
of the modification on clays.
MATERIALS AND METHODS
Materials

Bentonite and montmorillonite were supplied by Eczacibaşi-Esan Co. (Turkey). General properties of the clays
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are given in Table 1. The montmorillonite and the bentonite
were dried at 105 0C for 2 hours before use.
TABLE 1 - Properties of clays.
Chemical Structure (%
by wt)
SiO2
Al2O3
Fe2O3
CaO
MgO
A.Z. (loss on ignition)

Bentonite

Montmorillonite

44.13
16.35
8.50
0.58
7.35
17.76

49.19
31.74
1.30
1.56
12.11

Chromatographic analysis

All chemicals used were of analytical grade. Solvents
used n-hexane, acetone, dichloromethane were purchased
from Merck Co. (Darmstadt, residue grade).
TABLE 2 - Properties of lindane and dieldrin.
Compound Name

Lindane

Dieldrin

Molecule formula
Molecule weight
Melting point, (0C)
Solubility in water,
(mg/L) (25 0C)
Vapour pressure,
(mmHg) (25 0C)
pKow

C6H6Cl6
290.83
112.5
7.30

C12H8Cl6O
380.91
175.5
0.195

4.2x10-5 (20 0C)

5.89x10-6

3.72

5.40

were stored in the dark at 4 oC. Lindane and dieldrin containing solutions were prepared by dilution of standard
stock solution with distilled water. General physico-chemical
properties and chemical structure of OCP compounds used
in this work are given in Table 2 [13].

The determination of OCPs was performed by gas
chromatograph (GC) coupled with a µ-electron capture
detector (µ-ECD, Agilent Technologies, CA, USA). The
features and operating conditions of GC/µ-ECD system
were as follows: GC Agilent 6890 N installed with HP-5
5% phenyl-methyl siloxane fused silica capillary column
(30 m length, 0.32 mm i.d. and 0.25 µm film thickness).
The split/splitless injector was set at 250 oC and operated in the splitless mode (purge delay 1 min, purge flow
30.1 mL min-1). Detector temperature was set at 320 0C.
Splitless injection was performed by an Agilent 7683 B
Series automatic injector. The temperature program was as
follow: initial column temperature 60 0C, 40 0C min-1 to
160 0C, 5 0C min-1 to 300 0C, hold at 300 0C for 5 min
(run time: 35.5 min). Helium (purity 99.999%) was used
as carrier gas at flow rate of 2.5 mL/min. Chromatograms
of target compounds at optimized GC conditions are given
in Figure 1.
The detector response was linear in the range of concentration between 0.01-10 ng/µL for lindane and dieldrin,
and the correlation coefficients for the studied compounds
were found as 0.999. LODs of lindane and dieldrin were
found 0.22 pg/µL and 0.83 pg/µL, respectively and relative
standard deviation lower than 4.2% was found for µ-ECD.

Chemical structure

Lindane and dieldrin were from Accustandard Co.
(USA). 1000 ng/µL concentration of stock solutions were
prepared in methanol from neat standards. All solutions

Liquid-Liquid extraction

Determination of lindane and dieldrin in water samples were carried out according to EPA Method 3510C

ECD1 B, (SENAR\21090705.D)
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FIGURE 1 - Chromatogram of target compounds.
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liquid-liquid extraction (LLE). Accordingly, 50 mL of water
sample was put in separation funnel and then 20 mL dichloromethane was added and extraction was carried out
for 2 minutes. After extraction, the extract was let stand still
for 10 minutes for solvent phase to separate from water.
Separated solvent phase was reduced to exactly 1 mL using
rotary evaporator (Buchi B-160 Vocabox, Switzerland) and
under gentle nitrogen stream and 1 µL extract was injected
to GC/µ-ECD for quantitative analyses.
Adsorption experiments

The adsorption experiments were carried out in batch
method. 100 mL water solution was prepared by spiking
the prepared stock solution to desired concentrations. pH
was adjusted to the desired level with 0.1 M NaOH or 0.1 M
HCl solutions. A known amount of clay was placed in
solution and was shaken at constant speed (220 rpm) for a
certain time. The supernatant phase was filtered using
Whatman No.1 filter paper to separate the adsorbent clays
from water and then the water was centrifuged for 10 min at
3000 rpm. 50 mL of the supernatant was taken and was
extracted and analysed by using GC/µ-ECD. The amount
of lindane and dieldrin adsorbed by clays at aquilibrium,
qe, was calculated from the following equation (1):

qe = (Co − Ce ).V / m

room temperature. Experiments were carried out by using
these clays in determined optimum adsorption conditions.
Another modification method is acid treatment. Acid
activation of clays refers to the controlled, partial dissolution of the raw materials by mineral acids, giving rise to a
mixture of protonated clays. This treatment results in an
increase in surface area and porosity of the clays [18-22].
Acid activation of the clay was carried out by treating
with 0.25 M HCl. Twenty gram of the clay was stirred
with 200 mL of 0.25 M HCl at 220 rpm at 25± 1 0C for
3 hours. The resulting activated clay was washed with
water several times until pH of 6.0 was achieved. The
resulting clay sample was dried at 105 0C to constant weight
and was used in adsorption experiments.
Adsorption isotherm

Adsorption isotherm shows the separation of adsorbed
molecules from liquid and solid surfaces in an adsorption
process in stable conditions. Adsorption isotherms were
evaluated as Freundlich isotherm [23]. The Freundlich isotherm is derived to model the multilayer adsorption and for
the adsorption on heterogeneous surfaces and Freundlich
model is given as the following equation (2):

qe = k.Ce

(1)

where qe is the amount of pesticide adsorbed per unit weight
of adsorbent (mg/g), Co is initial concentration of pesticide
(mg/L), Ce is concentration of pesticide in solution at equilibrium time, V is solution volume (L), m is clay dosage (g).
The same procedures were followed for both clays and blank
analyses. All measurements were carried out in duplicate
at room temperature.
To optimize the adsorption process, experimental parameters were studied such as initial lindane and dieldrin
concentrations, pH, adsorbent concentration and contact
time.
The initial concentration of sorbate is one of several
important parameters to be investigated, since a given mass
of sorbent can only adsorb a fixed amount of the sorbate
[14]. Solutions of 0.02-0.04-0.1-0.2-0.4 mg/L initial lindane and dieldrin concentrations were used to investigate
the effect of concentration on the removal of lindane and
dieldrin by montmorillonite. To determine optimum pH,
water samples pH was adjusted to 2, 4, 6, 8, 10 with 0.1
M NaOH and 0.1 M HCl. To determine optimum adsorbent amount, 1, 2, 4, 6, 8 g/L solutions were prepared by
using montmorillonite. To determine optimum contact time,
samples were shaken at constant speed (220 rpm) for 1, 2,
4, 6, 8, 12, 16 hours for optimum concentration, pH and
adsorbent concentration.
Modification of clays

Montmorillonite and bentonite clays were activated
by calcination to increase their adsorption capacity. For
this purpose, two of the clays were calcinated at 500 0C
for 8 hours and then put into a desiccator to cool down to

1

n

(2)

where qe is the adsorbed amount of pesticide (mg/g),
Ce is equilibrium concentration (mg/L), k is the sorption
capacity (mg/g) and n is an empirical parameter. k and n
values were calculated by using equation (2).
Matrix effect

All experiments were carried out by using distilled water. To determine the drinking water effect on adsorption
capacity, experiments were repeated by using main water
which was in drinking water quality. Optimum concentration of aldrin and dieldrin compounds was spiked in drinking water and experiments were carried out in the optimum conditions. After extraction, a quantification process
was carried out.
RESULTS AND DISCUSSION
Effect of initial lindane and dieldrin concentrations

Water samples of different initial pesticides concentrations, ranging from 0.02 mg/L to 0.4 mg/L, were used
to investigate the effect of concentration on the removal
of pesticides by clays. Effect of initial lindane and dieldrin concentration on the removal was shown in Fig.2.
The removal of lindane increased from 17% to 24% by
increasing lindane concentration from 0.02 mg/L to 0.04
mg/L. The increase of dieldrin concentration has not significant influence on the removal of dieldrin in waters. For
both pesticides, the removal percentages were slightly decreased by increasing initial pesticides concentration. Therefore, in all experiments the initial concentration of pesticides
was used as 0.04 mg/L.

913

© by PSP Volume 18 – No 6. 2009

Fresenius Environmental Bulletin

concentration: 0.04 mg/L, pH: 6.0, shaking speed: 220 rpm and
temperature: 25± 1 0C

It is seen in Fig. 4 that as solid concentration increases up to 6 mg/mL, the adsorption yield decreases and
attains equilibrium. Similar results were determined in the
study carried out by Aydin et al. [16]. They determined
that solid/liquid ratio was 8 mg/mL for aldrin removal in
water samples by using natural bentonite and montmorillonite.

FIGURE 2 - The effect of initial lindane and dieldrin concentration
on removal. Contact time: 12 h, montmorillonite dose: 1 g/L , pH: 66.5, shaking speed: 220 rpm and temperature: 25± 1 0C

Increasing amounts of clay do not change the adsorption of aldrin and dieldrin. Up to this point, pesticides are
adsorbed on montmorillonite effectively. Because of this
reason the optimum solid/liquid ratio was determined to
be 0.006 g/mL (% 0.6).

Effect of pH

Effect of contact time

The effect of pH on the adsorption of lindane and
dieldrin was shown in Fig.3. It was found that both lindane and dieldrin seem to be best adsorbed at pH 6. A
rapid decrease of the adsorption was seen at higher pH
values especially for lindane. The removal of dieldrin by
montmorillonite fluctuates very little in the pH range 2-10.
Similar results were reported for optimum pH value by Tor
[15].

The effect of contact time on the adsorption of lindane
and dieldrin is shown in Fig.5. Optimum qe value was observed at 2 hours. Adsorption decreased after 2 hours and
attained equilibrium after 6 hours. At the end of the adsorption duration of 2 hours, lindane and dieldrin removal percentages of 6 g/L of montmorillonite clay were 45% and
88% respectively.
Optimum initial lindane and dieldrin concentrations,
pH, contact time and clay concentration determined for
montmorillonite clay were used to carry out experiments
for bentonite clay to determine its capacity of pesticide
adsorption. It was determined that lindane removal efficiency of bentonite clay was 42%, when it was 83% for
dieldrin removal.

FIGURE 3 - The effect of initial pH on the adsorption of lindane and
dieldrin. Contact time: 12 h, montmorillonite dose: 1 g/L , initial lindane and dieldrin concentration: 0.04 mg/L, shaking speed: 220 rpm
and temperature: 25± 1 0C
Effect of adsorbate/adsorbent relationship

The effect of montmorillonite concentration on the
adsorption of lindane and dieldrin is shown in Fig. 4.

FIGURE 5 -The effect of contact time on the adsorption of lindane
and dieldrin. Initial lindane and dieldrin concentration: 0.04 mg/L,
montmorillonite dose: 6 g/L, pH: 6.0, shaking speed: 220 rpm and
temperature: 25± 1 0C
Modification of clays

FIGURE 4 - The effect of solid concentration on the adsorption of
lindane and dieldrin. Contact time: 12 h, initial lindane and dieldrin

Adsorption experiments were carried out using montmorillonite and bentonite clays which were activated by
calcinations and acid activation. When lindane and dieldrin
removal percentages of montmorillonite were 39% and 64%
respectively, these percentages were 33% and 61% for
bentonite clay. For two of the clays, removal percentages
were decreased after the activation process realized in 500 0C
temperature in 8 hours. Bojemueller et al. [17] calcined
Wyoming bentonite at 350–550 °C and adsorption was
decreased by calcinating bentonite under 450°C.
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Lindane and dieldrin removal percentages of montmorillonite after acid activation were 54% and 93%, respectively. The higher adsorption of dieldrin by clay compared with that of lindan is probably due to the low water
solubility (greater hydrophobicity). The sorption characteristics of organic compounds from water on organoclays
are closely related to their solute properties [6]. Removal
percentages of clay were increased after the acid activation process. Pesticides’ ability to exchange with metal ions
on the clay mineral layers depends highly on their degree
of protonation as a function of pH in solution and surface
acidity. These protons may exist on exchange sites on the
clay mineral but most important is proton transfer from
hydration water molecules around the interlayer cations [7].
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Adsorption isotherm

When k and n values of montmorillonite clay for lindane adsorption were 0.6 and 0.42 respectively, these
values were 13 and 0.26 for dieldrin adsorption. Higher k
values show higher sorption capacity. Therefore, sorption
capacity of montmorillonite for dieldrin is higher than for
lindane. This is due to the high solubility of dieldrin.
Adsorption is highly related to solute properties of adsorbate.
Matrix effect

To evaluate the matrix effect on adsorption procedure
of pesticides in water samples, experiments were carried
out with real water samples. Drinking main water was used
in the experiments and qe value decreased nearly 3% for
two of the compounds, removal percentages were determined as 52% for lindane and 89% for dieldrin. As a result
of these analyses, drinking water matrix had no adverse
effects on the efficiency of removal of lindane and dieldrin in waters.
CONCLUSIONS
Pesticides, especially chlorinated pesticides are
among the most important organic pollutants that enter
aquatic environment after various agricultural uses and industrial processes. Because of that reason, their removal
from drinking waters is quite important. In this study, chlorinated pesticides lindane and dieldrin were removed from
waters 52% and 89%, respectively by clay adsorption. The
adsorbent materials used in this study will not increase
treatment cost as they are low cost and can be used as coagulant aid in coagulation and flocculation processes in
conventional treatment.

[11] Hocine, O., Boufatit, M. and Khouider, A. (2004) Use of
montmorillonite clays as adsorbents of hazardous pollutants.
Desalination, 167, 141-145.
[12] Lombardi, B., Baschini, M. and Sanchez, R.M. (2003) Optimization of parameters and adsorption mechanism of thiabendazole fungicide by a montmorillonite of North Patagonia
Argentina. Applied Clay Science 24, 43– 50.
[13] HSDB (2006) Hazardous Substances Data Bank, National
Library of Medicine, National Toxicology Information Program, USA.
[14] Ayshar, R., Wichmann, H., Bahadir, M., Cammenga, H.K.
(2002) Equilibrium adsorption studies of activated coke towards phenol and 4-nitrophenol, Fresenius Environmental
Bulletin, 11, 270-277.
[15] Tor, A. (2006) Removal of fluoride from aqueous solutions
by using montmorillonite. Desalination 201, 267-276.
[16] Aydın, M.E., Özcan, S. and Sarı, S. (2004) Removal of aldrine by natural clays. The First Natural Environment Congress, 1, 443-449.
[17] Bojemueller, E., Nennemann, A. and Lagaly, G. (2001) Enhanced pesticide adsorption by thermally modified bentonites, Applied Clay Science, 18, 277-284.

REFERENCES
[1]

[10] Torrents, A. and Jayasundera, S. (1997) The Sorption of
nonionic pesticides onto clays and the influence of natural
organic carbon. Chemosphere, 35, 1549-1565.

Margni, M., Rossier, D., Crettaz, P. and Jolliet, O. (2002)
Life cycle impact assessment of pesticides on human health
and ecosystems. Agriculture, Ecosystems and Environment,
93, 379–392

915

[18] Gates, W.P., Anderson, J.S., Raven, M.D. and Churchman,
G.J. (2002) Mineralogy of a bentonite from Miles, Queensland, Australia and characterisation of its acid activation
products. Applied Clay Science, 20, 189-19.

© by PSP Volume 18 – No 6. 2009

Fresenius Environmental Bulletin

[19] Guerra, D.L., Lemos, V.P., Airoldi, C. and Angelica, R.S.
(2006) Influence of the acid activation of pillared smectites
rom Amazon (Brazil) in adsorption process with butyamine.
Polyhedron, 25, 2880-2890.
[20] Bhattacharyya, K.G. and Gupta, S.S. (2008) Influence of acid
activation on adsorption of Ni(II) and Cu(II) on kaolinite and
montmorillonite: Kinetic and thermodynamic study. Chemical Engineering Journal, 136, 1-13.
[21] Espantaleon, A.G, Nieto, A., Fernandez, M. and Maral, A.
(2003) Use of activated clays in the removal of dyes and surfactants from tannery wastewaters. Applied Clay Science, 24,
105-110.
[22] Chen, H., Zhao, Y. and Wang, A. (2007) Removal of Cu(II)
from aqueous solutions by adsorption onto acid-activated
palygorskite. Journal of Hazardous Materials, 149, 346-354.
[23] Freundlich, H.M.F. (1906) Über die Adsorption in Lösungen.
Zeitschrift fur Physikalische Chemie 57A, 385-470.

Received: December 10, 2007
Revised: June 30, 2008
Accepted: July 15, 2008

CORRESPONDING AUTHOR
Fatma Beduk
Selcuk University
Department of Environmental Engineering
42031 Konya

916

TURKEY
E-mail: fatmabeduk@selcuk.edu.tr
FEB/ Vol 18/ No 6/ 2009 – pages 911 -916

© by PSP Volume 18 – No 6. 2009

Fresenius Environmental Bulletin

TEMPORAL VARIATION AND DISTRIBUTION OF
SELECTED ALKALI AND ALKALINE EARTH METALS IN
THE SEDIMENT OF A MONSOONAL WETLAND IN INDIA
B. Anjan Kumar Prusty*, Rachna Chandra and PA Azeez
Environmental Impact Assessment Division, Sálim Ali Center for Ornithology and Natural History (SACON), Anaikatty, Coimbatore – 641108, India

ABSTRACT
The sediment geochemistry of a semitropical monsoonal wetland in India was studied with respect to select
ammonium acetate extractable alkali (Na and K) and alkaline earth (Ca, Li and Mg) metals on a temporal scale. The
study was undertaken at a world heritage site wetland,
Keoladeo National Park, Bharatpur, India from September
2003 to July 2005. The aim of the work was to establish
background levels of select base cations in the wetland
system and their vertical distribution. Na in the wetland
sediment was found to be in the range of 41-690 mg/Kg. K
was found to be in the range of 180-775 mg/Kg. The range
for Ca was 1247-3957 mg/Kg. Li was found to be in the
range of 5.8-29.5 mg/Kg. Mg concentration varied between
185.2 and 5147.7 mg/Kg. Principal Component Analysis
(PCA) shows that four components are contributing to
83.557% of the total variance. Alkaline earth metals (the
first component) had a highest contribution of 28.825% to
the total variance. This is evident from the higher values
for rCa (3.516), an indicative of Ca type enrichment in the
wetland system. In the present study, rCa had the highest
factor loading of -0.885. This is also supported by a very
low value of Sodium Absorption Ratio (SAR). The highest
value of SAR was 0.161. Cation Exchange Capacity (CEC)
in the present study ranged from 111.4 to 526.9, suggestive
of strong attenuating capacity for inorganic contaminants.
The four factors as a result of the PCA can be used as easyto measure indicative variables to predict nutrient enrichment in wetlands.

KEYWORDS:
alkali metals, Keoladeo National Park, sediment, wetland

INTRODUCTION
Wetlands particularly lakes with their clear-cut boundary represent one of the most versatile ecosystems on the
earth [1]. The diversity and existence of wetland plants

are very important in reducing nutrient enrichment of wetland systems [2-4]. However, because of anthropogenic
pressure of several types and magnitudes and inflow of
wastewater from several sources wetlands gradually are enriched by nutrients exceeding their assimilation and carrying capacity. The process is speeded up in the case of seasonal or monsoonal wetlands, which depend exclusively on
external surfacial input of water. Quantifying the plant
available forms of the nutrients in the bottom sediment is
important for sustainable management of these natural
systems. The fraction of metals present in the crystal lattice
of minerals is not immediately bioavailable [5]. In the
bed sediment, only metals present in water-soluble and
exchangeable forms are readily bio-available and participate
in short-term nutrient cycles, while the non-exchangeable
fraction is considered slowly available over a long period.
Bed sediment in wetlands serves as repository for macronutrients such as nitrogen, phosphorous, sulphur, potassium
and calcium from anthropogenic sources [6-7] including
those from agricultural sources. Among alkali metals, K
chiefly finds its way into wetlands as agricultural runoff.
Na in KNP largely has a sedimentary origin, as the soil and
the water in the phreatic aquifer in the Park are predominantly saline [8]. Among alkaline earth metals, Ca and Mg
are mostly of biological origin [9-11], finding their way
into water bodies from animal and other municipal
wastes that are dumped in. The level of all the above elements is likely high in the cases where wetlands receive
domestic and municipal wastewater.
Several studies in India have dealt with the assessment
of nutrient content in wetlands, lakes and other aquatic
systems [1, 6-7, 12-13]. A search of literature failed to locate many studies specifically on alkali (Na, K and Li) and
alkaline earth metals (Ca and Mg) in wetland sediments in
general and protected areas in particular. However, the
available studies dealt with only surface sediments providing little information about mobilization and distribution of
alkali and alkaline earth metals in deeper layers from the
surface downward. The present investigation was carried
out to assess variations of select alkali (Na, K and Li) and
alkaline earth metals (Ca and Mg) among close by deeper
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layers of bed sediments in the monsoonal wetland system of Keoladeo National Park, Bharatpur, India from
September 2003 to July 2005.

to 49 ºC, showing strong diurnal and seasonal variations.
More details about the microhydro-meterology of the Park
are given elsewhere [5].
Sediment Sampling, Processing and Analysis

MATERIALS AND METHODS
Study Area

The study was carried out in Keoladeo National Park
(Figure 1), Bharatpur, Rajasthan, India. The 29 Km2 Park
is located at 27º7.6' to 27º12.2'N and 77º29.5' to 77º33.9'E
and is equidistant (almost 180 km) between Delhi and
Jaipur. The India’s most famous wetland with its unique
ecology draws migratory birds from distance corners of the
globe and has become one of the important waterfowl habitats in the country existing for more than 250 years [14] and
one of the early Ramsar sites [15]. About 8.5 km2 large
central area of the Park is wetlands (the central dotted area
in the Figure 1), while the rest is covered by grassland and
woodland [16-17]. The total area of the park is segmented
into 15 blocks or compartments and are separated by earthen
dykes or mud trails, for the ease of management and tourism [8]. The present investigation was carried out in only
three central wetland blocks, i.e. D, K and L blocks that
remain in-undated most part of the year. This wetland, a
natural reservoir of excess water from Karauli district [18]
is fed by an external reservoir, the Ajan Bund, specially
meant for providing water intro the Park. This bund was
fed by normal monsoon and run off from the surrounding
basin area. The area experiences four distinct seasons;
summer/pre-monsoon (April to June), rainy/monsoon (July
to Mid-September), post monsoon (mid-September to midNovember) and winter (mid-November to March, [4]). The
area falls under semi-arid hot dry zone of India [19] and
usually the temperature in the Park varies from about 5 ºC

Bed sediment was collected from the wetland system
bimonthly using a core sampler from September 2003 to
July 2005. The sampler (dimensions: Length = 75 cm, Internal diameter = 10 cm) was made of galvanized iron with
internal (precleaned and acid treated) PVC lining and the
design is available with authors. The metal core sampler
was pushed into the bed sediments up to 20cm depth at
three randomly selected locations in each of the D, K and
L blocks of the Park. The cylindrical sediment core was
taken out of the sampler and cut into four 5cm long slices
using a thin plastic string to obtain samples from each of
0-5, 5-10, 10-15 and 15-20 cm depths. The sediment slices
packed immediately in acid-cleaned airtight plastic bags
were transferred to the laboratory for further processing
and analysis. The sediment samples were air-dried, homogenized using a porcelain mortar and pestle, and then passed
through a sieve of 2 mm mesh size to separate particles
less than 2 mm for further characterization. The processed
sediment samples from each layer (0-5, 5-10, 10-15 and
15-20 cm) collected bimonthly were pooled and homogenized. After pooling and homogenizing the sub samples
from each layer the total number of samples were 144 for
whole study period.
All these samples were analyzed for several base
cations and the protocols adopted for their estimation are
given in Table 1. As our aim was to estimate exchangeable fractions (bioavailable portion) of the metals and to
assess their seasonal variation, migration and mobilization along the depth profile, sediment

FIGURE 2 - Study area map.
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TABLE 5 - Methods used in the analysis of samples collected for the study.
Parameter
Available Sodium
Available Potassium
Available Lithium
Available Calcium
Available Magnesium
Cation Exchange Capacity
Sodium Absorption Ratio

Method
Ammonium Acetate Method
Ammonium Acetate Method
Ammonium Acetate Method
EDTA Titration Method
EDTA Titration Method
Empirical Estimation
Empirical Estimation

Reference
SubbaRao [42]
Allen [43]
Allen [43]
Allen [43]
Allen [43]
Darmody and Marlin [44]
Azeez et al. [14]

samples were extracted with 1M neutral Ammonium Acetate solution [5, 20]. The extractions were done by shaking 5 g samples of air-dry sediment with 25 ml of the
extractant for 30 minutes, filtering and storing in small
pre-cleaned acid-treated plastic vials until further analysis. Simultaneously blanks and internal standards were
also run to verify the precision of the method and accuracy.
The precision was generally > 90%. Standard addition
technique was used to reduce the matrix effects in these
analyses. The estimated detection limits of the alkali metals
in the bed sediment (µg/g) and their corresponding recovery rates are given in Table 2. Analysis of pre-analyzed
sediment samples showed an average recovery rate of
96.0%. For quality assurance throughout the experiments
and analyses, all reagents were prepared with metal free,
AnalaR grade chemicals (Qualigens Fine Chemicals Division of Glaxo-SmithKline Pharmaceuticals Limited, Mumbai) in double distilled water prepared using quartz double distillation assembly. Room temperature was around
30 ºC, while extractions were carried out. Polypropylene
bottles and storage vials were subjected to cleaning procedures prescribed by Laxen and Harrison [21]. Na, K and Li
were analyzed using a Flame Photometer (Systronics 126),
and Ca and Mg were estimated using EDTA titration.
Subsequently the cationic ratios such as Na: K and Mg:
Ca were calculated. The empirical estimation of Cation
Exchange Capacity (CEC), Sodium Absorption Ratio (SAR)
is given elsewhere [5]. The percentage ratio of Na to the
total of all the cations (pNa) was calculated as 100*Na/
(Na+K+Li+Ca+ Mg). pNa is also known as the percentage
of exchangeable Na. The ratio of Ca to the total of all other
cations (rCa) was calculated as Ca/ (Na+K+Li+Mg).
TABLE 6 - Detection limits for alkali metals
Metal
Detection level in bed sediment (µg/g)
Recovery rate (%)

Na
0.1
96.2

K
0.1
95.1

Li
0.1
96.7

Statistical Analysis

Basic descriptive statistics and two-tail Correlation
matrix were performed on the analytical data using
MEGASTAT 8.8 [22] to infer the range, distribution and
association of different metals among themselves and with
the metal ratios. Univariate tests were performed following the General Linear Model (GLM) to assess variations
of the distribution of the metals among different sediment
layers and months. When significant F-tests were obtained

Instrument/Apparatus
Flame Photometer (Systronics-128)
Flame Photometer (Systronics-128)
Flame Photometer (Systronics-128)
-------------------------

means separation was achieved using a Least Significant
Difference (LSD) test as post-hoc analysis, at the 0.05probability level. These statistical tests were performed using
SPSS 13.0 [23]. These parameters were further investigated for mutual relationships with a principal component
analysis in the SPSS ‘FACTOR’ procedure. Four factors
were retained in the analysis based on the criterion that
each retained factor had an eigenvalue >1.
RESULTS
Alkali Metals

Figures 2-4 show the vertical and seasonal pattern in
the distribution of alkali and alkaline earth metals in the
KNP wetland sediment. None of the elements showed any
consistency in the pattern across the layers during all
the months. Among the alkali metals, the lowest and highest concentration of Na was 41 and 690 mg/kg (Figure 3).
The lowest value was seen in the surface layer during the
monsoon, while the highest was seen during the summer
season, i.e. in the month of May in the year 2005 (Table 3.).
Na had an increasing trend with depth during January and
September of 2004, and July 2005. The minimum and
maximum value for K was 180 and 775 mg/kg soil with the
corresponding month being November (2003) and July
(2004) respectively. K decreased with depth during September 2004 and May 2005. Both Na and K varied significantly only among the months (GLM-ANOVA, Table 4, P
< 0.05). However, the post-hoc test (LSD) shows that the
Na level in wetland during July 2004 and May 2005 differed significantly from rest of the months (LSD, Table 5, P
< 0.05). In the case of K, there seems to be two groups of
months as far as the variation of K level in soil is concerned. September 2003 to March 2004 and July 2005, form
one group and distinct from rest of the months (LSD, Table
5, P < 0.05).
Li was seen lowest at the surface and highest at a depth
of 5-10 cm during the monsoon of 2005 and 2004, respectively. The range for Li was 1.4 to 6.9 mg/kg. Except three
months, i.e., September 20004, March 2005 and May 2005,
it did not show distinguishable trend of either decrease or
increase with depth (Figure 3). Li varied significantly
among the months (GLM-ANOVA, Table 4, P < 0.05). The
LSD test (as a post-hoc test) reveals that Li level in sediment in the month of May 2004 and July 2004 are distinctly different from rest of the months (LSD, P < 0.05).
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FIGURE 3 - Temporal variation in Sodium and Potassium.
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FIGURE 4 - Temporal variation in Lithium.
TABLE 7 - Elemental concentrations and ratios in the wetland sediment.
Element
Na*

Range
Month- Year
L = 41.0
July-05
H = 690.0
May-05
K*
L = 180.0
Nov-03
H = 775.0
July-04
Ca*
L = 1247.0
Sep-03
H = 3957.0
May-04
Li*
L = 1.4
July-05
H = 6.9
July-04
Mg*
L = 185.2
Sep-03
H = 5147.7
Nov-03
L =111.4
Sep-03
CEC**
H =526.9
Nov-03
L =2.31
July-05
C: Ca
H =59.09
Nov-03
L =0.113
July-05
Na: K
H =0.979
Jan-04
L =0.224
Mar-04
Ca: Mg
H =10.035
Sep-03
L =0.129
Sep-03
Mg: Ca
H =2.582
Nov-03
L =0.008
Nov-03
SAR
H =0.161
May-05
L =0.404
Nov-03
pNa
H =7.216
May-05
L =0.223
Nov-03
rCa
H =3.516
Sep-03
L: Low, H: High, * mg/kg, ** meq/kg, # Standard deviation

Sediment layer (cm)
0-5
0-5
10-15
0-5
5-10
5-10
0-5, 15-20
5-10
15-20
5-10
15-20
5-10
15-20
0-5
0-5
15-20
15-20
15-20
15-20
5-10
5-10
0-5
5-10
0-5
5-10
15-20

920

Mean

Stdev#

188.32

129.55

457.07

149.75

3058.06

647.00

3.07

1.20

2358.39

938.25

367.00

95.80

14.22

10.71

0.41

0.24

1.88

1.47

0.80

0.42

0.05

0.03

2.17

1.27

0.85

0.49
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TABLE 8 - Univariate Analysis of Variance of metals and their ratios
Source of variation (P value)*
Months
Soil layers
Na
0.000
NS
K
0.000
NS
Ca
0.000
NS
Li
0.000
NS
Mg
0.011
NS
CEC
0.000
NS
C: Ca
0.001
0.000
Na: K
0.000
NS
Ca: Mg
0.002
NS
Mg: Ca
0.039
NS
SAR
0.000
NS
pNa
0.000
NS
rCa
0.001
NS
*Post-Hoc test (LSD-Least Significant Difference) was performed
only in the cases with P < 0.05; NS: Not Significant
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FIGURE 5 - Temporal variation in calcium and magnesium

Alkaline Earth Metals

Metals Ratios

Among the alkaline earth metals, Ca concentrated least
(1247 mg/kg) in the sediments during September 2003 at
a depth of 5-10 cm. It concentrated highest (3957 mg/kg)
in the same layer during summer of 2004 (May). The
minimum and maximum concentration of Mg in wetland
sediment was 185.2 and 5147.7 mg/kg, respectively. The
lowest concentration was at the bottom layer during
September 2003 and the highest at a depth 5-10 cm during
November 2003. Although Mg did not show any consistent pattern along the depth, it showed a decreasing
trend during September 2003 and an increasing trend
during January 2005 (Figure 4). Similar to the alkali metals, both the alkaline earth metals (i.e. Ca and Mg) also
varied significantly only among the months (ANOVA, P
< 0.05). LSD results shows that in the case of Ca, the
level in sediment in the month of September and November 2003 is distinct from the rest. For Mg, it was only September 2003 (Table 5., P < 0.05). The variation was not
significant among the sediment layers in case of any of
these metals. Based on the highest concentration, the base
cations follow the sequence Mg > Ca > K > Na > Li.

The CEC varied widely among the months as well as
sediment layers. The lowest and highest values of CEC are
111.4 and 526.9 meq/kg (Table 3). The lowest value was
recorded at the bottom layer of the sediment core during
September 2003 and the highest at a depth 5-10 cm during
November 2003. The variation of CEC was significant
among the months only (ANOVA, P < 0.05) and the posthoc test re-sults showed that, similar to Ca and Mg, CEC
of sediments were distinct in the month of September 2003
and significantly different from other months (Table 5., P <
0.05). The carbon: element ratio (i.e. C: Ca) ranged between
2.3 and 59.1. The ratio was high at the surface of the core
and low at the bottom layer. The ratio varied significantly
among months as well as sediment layers (ANOVA, Table
4, P < 0.05). The post-hoc test revealed that the ratio in
November 2003, January 2005 and March 2005 did differ
significantly from rest of the months (Table 5., P < 0.05). As
far as the variation of C: Ca ratio in soil among layers are
concerned, the value of the ratio in upper two layers, i.e. 05 cm and 5-10 cm were significantly different from rest of
the layers. The minimum and maximum value of Na: K
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was 0.113 and 0.979 with their corresponding locations
being bottom of the core and surface layer, respectively.
Ca: Mg was in the range of 0.2 to 10.03, while Mg:
Ca was in the range of 0.1 to 2.6. Although both the values of Ca: Mg were observed at bottom layer of the core,
the minimum value was recorded during March 2004 and
the maximum during September 2003. The minimum value
for Mg: Ca was also observed during September 2003 and
at the bottom layer.
The metal ratios such as Na: K, Ca: Mg and Mg: Ca
varied significantly among the months (ANOVA, P < 0.05)
only. However, Na: K ratio in the sediment during May
2005 was significantly different from rest of the months.
Ca: Mg ratio in the sediment was distinct during September 2003 and different from rest of the months, where as
Mg: Ca ratio during November 2005 did differ significantly
from rest of the months (Table 5., P < 0.05). The value of
SAR and pNa in May 2005, July 2004 and January 2005
were different from rest of the months. However, in the
case of rCa, it was only September 2003, i.e. rCa level in
the sediment during this month was significantly different
from rest of the months during the study period.

SAR in the samples ranged between 0.008 and 0.161.
The ratio of Na to the total of all major cations under study
(Na, K, Ca, Li and Mg), i.e. pNa ranged between 0.4 and
7.2. Both SAR and pNa were seen the lowest during November 2003 at a depth of 5-10 cm and the highest in the
surface layer during May 2005. The variation of SAR was
significant only among the months (GLM-ANOVA, Table 4,
P < 0.05). pNa also varied significantly among the months.
The range of values for all other major cationic ratios and
metals with their corresponding locations are given in Table 3. pK and pCa were highest during September 2003,
where as pLi and pMg were highest during July 2004 and
November 2003, respectively. The ratio of Na to other major base cations, i.e. rNa was in the range of 0.004 to 0.08.
The ratio of Ca to other major cations, i.e. rCa ranged between 0.2 and 3.5. The lowest value was seen during November 2003 at a depth of 5-10 cm, and the highest value
during September 2003 at the bottom layer of the core. The
variation of rCa was significant among the months as observed in the case of SAR and pNa. SAR was positively
correlated only with pNa and rNa.
The Pearson’s correlation matrix (Table 6) shows that
of the cations and their ratios studied, Na was positively

TABLE 9 - LSD (Post-Hoc) tests for the alkali and alkaline earth metals and their ratios
Parameters
Na
K
Ca
Li
Mg
CEC

Source
1
2
3
4
5
6
7
8
9
10
11
12
Months
50.0 a
66.0 a
180.5 a 160.5 a 201.4 a
333.2 b
106.0 a
126.2 a
310.2 a
264.8 a
391.5 b 69.5 a
Months
260.0 b 205.5 b 324.8 b 383.3 b 562.9 a
650.5 a
526.8 a
539.3 a
602.3 a
593.8 a
509.0 a 327.0 b
Months
1675.5 b 2059.8 b 3107.5 a 3462.0 a 3577.8 a
3170.0 a 3221.0 a 3308.5 a 3663.8 a 3686.3 a 3124.0 a 2640.8 a
Months
2.7 a
2.8 a
3.5 a
3.7 a
4.6 b
5.9 b
2.2 a
2.3 a
2.5 a
2.6 a
2.8 a
1.4 a
Months
693.8 b 2887.7 a 3062.7 a 2497.8 a 2769.9 a
2915.1 a 2048.6 a 2269.1 a 2194.5 a 2945.0 a 1986.3 a 2373.6 a
Months
149.9 b 348.9 a 423.8 a 408.3 a 430.3 a
430.0 a
347.7 a
371.4 a
392.7 a
453.4 a
349.8 a 338.7 a
Months
16.9 a
24.8 c
10.9 a
17.1 a
14.5 a
16.2 a
14.2 a
15.3 a
9.4 b
8.9 b
13.9 a
13.2 a
b
c
a
a
C: Ca ratio Sediment
28.7
15.6
8.5
6.2
layers
a
a
a
Na: K ratio Months
0.2
0.3
0.6
0.4 a
0.4 a
0.5 a
0.2 a
0.2 a
0.5 a
0.5 a
0.8 b
0.2 a
Ca: Mg ratio Months
4.2 b
1.9 a
1.2 a
1.7 a
1.5 a
1.4 a
1.7 a
1.8 a
2.9 a
1.4 a
2.0 a
1.2 a
a
b
a
a
a
a
a
a
a
a
a
Mg: Ca ratio Months
0.5
1.5
1.0
0.7
0.8
0.9
0.7
0.7
0.6
0.8
0.6
0.9 a
SAR
Months
0.04 a
0.02 a
0.04 a
0.04 a
0.04 a
0.07 b
0.03 a
0.03 a
0.08 b
0.05 a
0.1 b
0.01 a
pNa
Months
1.7 a
1.1 a
1.9 a
1.7 a
2.1 a
3.3 c
1.3 a
1.4 a
3.6 c
2.6 a
4.8 b
0.9 a
rCa
Months
1.7 b
0.9 a
0.7 a
0.9 a
0.8 a
0.7 a
0.9 a
0.9 a
1.2 a
0.7 a
0.9 a
0.7 a
Source of variation: month (1, Sep-03; 2, Nov-03; 3, Jan-04; 4, Mar-04; 5, May 04; 6, July-04; 7, Sep-04; 8, Nov-04; 9, Jan-05; 10, Mar-05; 11, May-05; 12,
Jul-05); and sediment layer (1, 0-5 cm; 2, 5-10 cm; 3, 10-15 cm; 4, 15-20 cm). Within rows, means followed by the same superscript are not significantly
different at P = 0.05

TABLE 10 - Pearson’s correlation matrix for alkali and alkaline earth metals and their ratios
Na
K
Ca
Li
Mg
CEC
C: Ca
Na: K
Ca: Mg
Na
1.000
K
.454
1.000
Ca
.404
.730
1.000
Li
.258
.342
.317
1.000
Mg
.261
.063
.240
.171
1.000
CEC
.400
.314
.540
.265
.941
1.000
C: Ca
NS
NS
-.281
NS
-.225
-.290
1.000
Na: K
.811
NS
NS
NS
.314
.336
-.172
1.000
Ca: Mg
NS
NS
NS
NS
-.523
-.473
NS
-.185
1.000
Mg: Ca
NS
-.214
NS
NS
.888
.709
NS
.228
-.431
SAR
.880
.327
.179
NS
NS
NS
NS
.762
NS
pNa
.888
.325
.185
NS
NS
NS
NS
.773
NS
rCa
-.204
NS
NS
NS
-.617
-.562
NS
-.245
.972
144 Sample size, ± .164 critical value of Correlation coefficient r at P < 0.05 (two-tail), NS: Significant
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Mg: Ca

1.000
NS
NS
-.519

SAR

1.000
.996
NS

pNa

rCa

1.000
NS

1.000
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correlated with all other cations, CEC, Na: K ratio, SAR
and pNa, while negatively correlated with rCa (Table 6, P
< 0.05). K was also positively correlated with other cations
and CEC. CEC was positively correlated with all the cations.
As far as the cationic ratios are concerned, K was negatively
correlated with Mg: Ca ratio (Table 6, P < 0.05). CEC was
positively correlated with metal ratios such as Na: K and
Mg: Ca, where as negatively correlated with cationic ratios
such as Ca: Mg, rCa and C: Ca (P < 0.05). As expected Na:
K was positively correlated with SAR and pNa. PCA was
performed on the analytical data in order to synthesize the
variation patterns in those elements that are potentially
associated with the saline and alkaline nature of the soil.
Table 7 shows that the PCA resulted in four principal components that explained 83.6% of the total variance. These
components were determined based on a visual inspection
of screen plots, shown in Figure 5. Table 7 provides the
factor loadings, based on which these components are to
be interpreted.

5

4

3

Eigenvalue

2

1

0
1

2

3

4

5

6

7

8

9

10

11

12

13

Component Number

FIGURE 6 - Scree plot of principal component analysis.

TABLE 11 - PCA Factor loadings of the alkali and alkaline earth metals in the bed sediment.
Principal Components
I
III
IV
II Na/SAR
Alkaline earth metals
K/Ca/ Li
C: Ca
Na
0.172
0.902
0.335
0.087
K
-0.079
0.167
0.885
0.056
Ca
0.050
0.096
0.856
0.343
Li
0.151
0.102
0.608
-0.289
Mg
0.884
0.047
0.125
0.322
CEC
0.782
0.112
0.400
0.385
C: Ca
-0.090
-0.057
-0.057
-0.829
Na: K
0.285
0.893
-0.106
0.125
Ca: Mg
-0.834
0.011
-0.041
0.230
Mg: Ca
0.827
-0.024
-0.224
0.201
SAR
-0.149
0.965
0.140
-0.040
pNa
-0.139
0.969
0.145
-0.032
rCa
-0.885
-0.038
-0.042
0.146
Total loading*
3.747
3.549
2.283
1.283
% Variance explained
28.825
27.299
17.560
9.872
Extraction method: Principal Component Analysis, varimax rotation with Kaiser normalization (Rotation converged in 5 iterations).
*Sums of squared loadings
Parameters

The first component accounting for 28.8% of the
variance was highly correlated with sediment variables
related to the alkaline earth metals (i.e., rCa, Mg, Ca: Mg
and Mg: Ca). The second component accounted for 27.3%
of the variance and was correlated with specific alkali metals (i.e., pNa, SAR, Na and Na: K). The third component
accounted for 17.5 % of the variance and was correlated
with rest of the alkali and alkaline earth metals (i.e., K, Ca
and Li). The fourth component that accounted for 9.9% of
the variance was correlated with carbon to metal ratio (i.e.,
C: Ca). Thus the four PCA components can be characterized as ‘alkaline earth metals’, ‘Na/SAR’, ‘K/Ca/ Li’, and
‘C: Ca’ in bottom sediment, respectively.

DISCUSSION
Wide variations in the distribution of the alkali and alkaline earth metals in the wetland sediment were expected
since the hydroperiod is known to have significant influence in the system. The time, duration and quantum of water release also have crucial roles as far as the cationic distribution is concerned. Statistical analysis showed that the
variation of metals is significant only among the months
(GLM- ANOVA, Table 4, p <0.05). No significant variation
was observed among the sediment layers. All the metals /
base cations studied here are water soluble and highly mobile. Since the wetland system in KNP remains inundated
for most part of the year, it is expected to result in high
mobility of the cations among the sediment layers.
Of the cations, Na and Ca concentrated highest during
the summer months. This might be because during the dry

923

© by PSP Volume 18 – No 6. 2009

Fresenius Environmental Bulletin

period accumulation of salts on the soil surface is a
common phenomenon in aquatic bodies. Moreover, the
salts carried up by the capillary action from the underground aquifer may substantially add to this. The existence of a saline phreatic aquifer underneath [24] is probably a reason for Na increasing along the depth of the core
during certain months, although no consistency in the pattern was seen. A saline tract with brine of resistivity 2030 Ohms-1 and sodium chloride as major salt is present
underneath. The phreatic aquifer is in close interaction
with wetland water and may contribute to the alkalinity
and chloride content [5, 14]. Na is known to be one of the
critical elements that make the crust impermeable by deflocculating the soil. An excess of neutral salts of Na and
Cl that leads to alkaline condition is usually termed as soil
salinity [25]. The in-creasing pattern of Na downward
could also be associated with geochemical processes [26].
The natural sources for dissolved ions are rock weathering,
atmospheric precipitation and groundwater.
Similar to Na, Ca is also likely to have a significant
source underground. The higher levels of Ca during the dry
periods in the Park could be due to two reasons; 1) The Park
management pumps out ground water at select locations to
overcome the dry period and it adds on to the Ca concentration in sediment in the aquatic areas, and 2) during the
dry periods, the death and decay of aquatic vegetation
might also contribute to the Ca content. Ca being a structural constituent of plant (cell wall and/or chlorophyll) and
animal tissue can add to the total concentration in the
litter and ultimately in sediment considerably. The input
water also contributes Ca to the system. The release of marl
from surface of macrophytes after their death adds to the Ca
level in bottom sediment [11]. Cox et al. [26] opines that
Ca level in soil could more be attributed to the geochemical
processes rather than the biological. In wetland soil/ sediments, Ca remains in the form of CaCO3. The presently
recorded values of the base cations and their ratios were
compared with the published values from other similar
environments across the globe. In the present case, Na exceeded the values reported elsewhere, while Ca was well
with in the reported values (Table 8).
K and Li concentrated highest during the monsoon season, i.e. July. The higher values in the surface layer during

this time are an indication that these elements mostly find
their way into the KNP wetland system through the input
water. The input water to KNP is the surface water, and
runoff of a vast agricultural landscape out side the KNP. K
has an additional biogenic source also [1]. In the present
case, the chemical fertilizers extensively used in the catchment areas might have contributed to the K concentration
in the bottom sediment. However, the concentration of K
was lower than certain urban wetlands of Coimbatore [27]
that also receive run off water from their respective
catchments. In KNP, many aquatic plants such as C.
alopecuroides, H. verticillata, I. aquatica, N. oleracea, P.
distichum, P. punctatum, P. spinescens, are known to have
high K uptake rate [4, 8] and helping in lowering the K
level in the wetland system. This is probably the reason
why K was seen minimum during November. All the abovecited plants were found to have peak growth in the same
period, which results in high uptake of nutrients from the
bottom sediment. Plant uptake is considered to be more
important for the reduction of such ion concentrations in
the soil solution than the sorption of ions to particles in
the mineral soil [28].
Li (1.4 to 6.9 mg/kg) is considerably low in concentration compared to the values recorded by Haddadin et
al. [29], i.e. 10.2 to 44.9 mg/kg. High organic matter content in soil tends to show lower Li levels. The organic
matter content in the wetland bed sediment in KNP was
found to be up to 24.15%. Li is present in bed sediment
mainly as a component of silicates. The release of base
cations by weathering of the fine earth fraction (< 2 mm) is
the main determinant, rather than the skeleton [30]. Although Li is considered as one of the most mobile elements
[31], it did not vary consistently with depth, which might
be due to the free movement of the cation among the layers
as a result of inundation. Mg, as in the case of K and Li, was
also concentrated least at the bottom of the core. It concentrated highest at a depth of 5-10 cm. The surface accumulation of the salts could have resulted in the trend observed in
the present case [32-35]. Mg in the present case exceeded
the values reported elsewhere (Table 8). Most of the cations
concentrated least in bottom sediment during or immediately after monsoon could be associated with the washing up
off the salts from the soil and its subsequent percolation
down the soil column.

TABLE 12 - General concentration range for alkali metals in wetland sediments Vs recorded concentration in the present study.
Metals
Na
K
Ca
Li
Mg
CEC
Na: K
Ca: Mg
Mg: Ca

Present observation
(mg/kg)
41-690
180-775
1247-3957
1.4-6.9
185.2-5147.7
111.4 – 526.9
0.113 – 0.979
0.22 – 10.03
0.129-2.582

Concentration
range (mg/kg)
21 - 649
110 - 1042
2560 – 4350
10.2 – 44.9
1242 - 4920
14 - 145
26.5 – 53.0
2.7 – 14.4
2.7 – 3.8

Authors reported

Locations

Prusty et al. [27]
Prusty et al. [27]
Mandal et al. [13]
Haddadin et al. [29]
Prusty et al. [27]
Nair et al. [45]
Rivera-Monroy et al. [46]
Kim et al. [40]
Rivera-Monroy et al. [46]

Urban wetlands, Coimbatore, India
Urban wetlands, Coimbatore, India
North Bihar wetlands, India
Jordanian soils
Urban wetlands, Coimbatore, India
Native wetlands, North Florida
Riverine mangrove forest, San Juan River, Venezuela
Subalpine marshes, Lake Tahoe basin, USA
Riverine mangrove forest, San Juan River, Venezuela
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CEC ranged from 111.4 to 526.9 and exceeded the earlier reported values elsewhere (Table 8). Higher CEC in this
case is a good indication for the mobility and bioavailability of inorganic contaminants in the wetland system. The
attenuation of inorganic contaminants in wetlands is a function of CEC of the bottom sediment [36]. The behaviour,
mobility and bioavailability of base cations are determined
by their concentration as well as of the ratios of the base
cations in soil solution. Since Ca and Na are the major
competing cations in soil [37] and Ca is relatively less
mobile [38], we examined Na: K, Ca: Mg and Mg: Ca.
Higher values of Na: K and Ca: Mg indicate the dominance of Na and Ca in the bed sediment. The percentage of
exchangeable Na, i.e. pNa, in the present case, was at
maximum of 7.2. However, as per Hausenbuiller [39] a pNa
value in soil up to 4 is not likely to have any adverse implications on plant growth. Excess exchangeable Na is
harmful to plants because it induces undesirable physical
and chemical conditions in soils. It causes dispersion of
clay leading to breakdown of aggregates and lowers the
permeability of the soil to air and water. Dispersion also
results in the formation of dense, impenetrable surface
crusts that greatly hinder the emergence of seedlings.

variables that are expected to predict the nutrient- enrichment rates as well. However, this assumption needs to be
further tested and confirmed with a wider data set on nutrients availability and distribution in different types across
geographic realms.

Since Ca salts are less soluble in water than Na and
Mg, its lesser mobility than other base cations determines
the type of cationic enrichment in soil. The cationic ratio
< 0.05 denotes to Na type enrichment and > 1.0 refers to
Ca type enrichment [14]. The highest value for rCa in the
present case was found to be 3.516, indicating Ca type enrichment in the wetland system. This is also evident from
the highest factor loadings in the case of first component
of pCa (Table 7). In the present study, rCa had the highest
factor loading (-0.885). This is also supported by a very
low SAR. The highest value of SAR was 0.161. Generally,
freshwater wetlands have molar ratio of Mg: Ca < 3 and
higher molar ratio indicates the predominance of CaCO3
rocks as the major source [1]. The presently recorded molar
ratio is below this level (ranging between 0.1 and 2.6). All
the three cationic ratios, Na: K, Ca: Mg and Mg: Ca were
within the range reported elsewhere (Table 8). Uniform Ca
concentration and Ca: Mg ratio in the soil/sediment core indicates relatively constant input of Ca. However, in the
present study, the wide variation in the ratio (0.22 to 10.03)
suggests anthropurgic influences to a certain extent as inferred by Kim et al. [40] elsewhere. The C: Ca in the present
study also indicates net mineralization [41].
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ABSTRACT

INTRODUCTION

Current state of the art in environmental risk assessment is based on the use of static risk metrics, which fail
to account for the dynamic nature of ecological disasters.
To obtain a better estimate of toxicity we need to consider
the details of the disaster-impacted exposure conditions,
i.e. the temporal profile of pollutant speciation in the
external medium and the ability of the organism’s physiology to handle the internalised concentrations within a
given timeframe. This work presents a novel approach to
addressing ecotoxicological risk in the case of ecological
disasters, introducing biology-based concepts for assessing dose-response relationships between environmental
con-centrations of toxicants in the aquatic environment
and health effects on aquatic organisms such as muscles,
shellfish and other fishes. Our approach, which is based on
bio-logy-based dose-response modeling, takes into account
the physiological processes controlling bio-uptake and
metabolism of toxic chemical species in a dynamic time
frame. This allows for creating dose-response-time estimates of toxicity, which extend the use of conventional
“static” risk metrics. The dynamic toxicity model developed
estimates target organ concentrations and physiological
response as a function of time. This improves our understanding of the dy-namic relationships between concentration exposure and hazard to aquatic species. Furthermore, we identify appropriate biological tissues that may
serve as biomarkers sensitive to acute and transient exposure to waterborne contaminants such as heavy metals.
The implementation of the methodology is shown using the mortality of tilapia (a tropical fish species) due to
arsenic contamination as example case.

KEYWORDS: heavy metals, arsenic, ecotoxicological risk, tilapia,
biologically-based dose-response models, water pollution disaster

At the aftermath of recent pollution disasters with regional and/or worldwide consequences, the need to study
the short and long term chemical and biological status of
aquatic ecosystems following a pollution disaster has risen.
The damage to the aquatic environment following an accidental spill of dangerous substances is determined by the
intrinsic properties of the substance itself (aquatic toxicity,
persistence, bioaccumulation, solubility in water, etc.), the
fate of the substance in the aquatic environment (evaporation, sedimentation, dilution, chemical reactions, degradation, etc.), the physical conditions of the aquatic environment (flow rate, dimensions, physicochemical properties
of the water, prior pollution, etc.), and the population and
sensitivity of aquatic habitats. Exposure conditions experienced by organisms and consequently the related ecological
risk are defined by the temporal profiles of concentration
and speciation of pollutants. These profiles need to be
quantitatively linked to biological effects and finally, estimates of ecotoxicological risk. Recent examples of pollution
incidents such as the Exxon Valdez (Alaska) ([1], [2]), and
Prestige (off the Galician coast in northern Spain) ([3], [4])
shipwrecks indicate the need to take into account the dynamics of the disaster and attempt to link the fast environmental dynamics with relatively slower biological processes
in order to decide on optimal environmental management
strategies for containing the induced ecological risk.
Studies of toxicity induced in mammals have shown
that the dose-response curves are influenced by the time
length of exposure for the same level of environmental contamination [5]. In cases where not only time of exposure
varies, but also the levels of environmental contamination
depend on time (as is the case of post-accident/shipwreck
contamination of neighboring water bodies) not only do the
dose-response curves move with time. They also change
shape resulting in an altogether variant ecological risk.
The current ecotoxicological risk assessment paradigm
is based on the examination of the PEC/PNEC ratio (PEC:
predicted environmental concentration; PNEC: permissible
no effect level) with respect to unity ([6], [7]). If PEC/ PNEC
> 1 then the risk is considered unacceptable for the eco-
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system; conversely, if PEC/PNEC < 1 then the risk is considered acceptable and the environmental contamination of
no concern. This approach assumes non-dynamic exposure
to the toxicant species. PNEC is derived for chronic exposure to the substances of concern. PEC is usually derived for
steady-state concentrations of pollutants in the environmental
media examined [8].
In this study we propose a novel method for dynamic
risk assessment for environmental exposure to heavy metals and in particular to arsenic. Long-term exposure to arsenic in drinking water may induce black-foot disease as
reported by cases in the southwestern coast of Taiwan [9]
and reproductive system disorders and infant mortality as
reported based on data from a highly exposed population
in Bangladesh [10].

MATERIALS AND METHODS
The objective of this work is to develop an innovative
dynamic approach for ecotoxicological risk assessment
based on the flux of pollutant species as a key parameter
in ecosystem quality. The dynamic features of pollutant
species distributions over biotic and abiotic components will
be a basic component of a new generic dynamic approach
for any macroscopic aquatic ecosystem impacted by a pollution disaster event. This involves the integration of the dynamic features of pollutants with their macroscale transport
resulting from diffusion and flows in the water and the
body of key living aquatic organisms. One of our major
goals is to arrive at a model that includes predicted pollutant species distributions, and ensuing biological risks, in
all compartments of the aquatic ecosystem as a function of
time and space. In this particular work we focus on
ecotoxicological risk of heavy metals and, more specifically, arsenic (As) in the aquatic environment.
Field observations of aquatic biological species have
shown that metals can be accumulated at elevated concentrations in specific organs, such as the liver and intestine,
and consequently impose the toxicity of metal to the animals ([11], [12]). Several physiology-based pharmacokinetic (PBPK) models have already been developed for
aquatic species exposure to metals and organic chemicals.
Primary examples include: cadmium and paraoxon in rainbow trout ([13], [14]); zinc in abalone [15]; organic chemicals in brook and lake trout ([16], [17]); dioxin (TCDD) in
the eastern oyster ([18]). Use of sentinel species; oyster,
fish such as (rainbow) trout or tilapia [19] have been proposed for ecotoxicological risk monitoring. However, only
a few PBPK models in an aquatic animal have related toxicological effects to target organ concentrations [20].
The concept of whole body burden might not hold for
chemicals exhibiting irreversible adverse effects. Understanding the selective accumulation of As into target tissue of tilapia is important in predicting the time variable

behavior of As under various and time-transient exposure
conditions, such as the ones that characterize pollution disasters. Constructing and applying a physiologically based
pharmacokinetic (PBPK) model of As transfers in tilapia
can provide a basis for increasing this understanding. Tilapia could be used as bioindicator of the accumulation and
transformation of As in freshwater biota. Furthermore, the
PBPK model, which calculates the internal and biologically effective dose of As in different target tissue of the fish,
can be coupled to a toxicity model that links the areaunder-the-curve estimates of toxicity to specific pathology
indices. Internal dose is the amount of a substance taken
up by an organism or into organs or tissues of interest. Biologically effective dose is, however, the amount of the toxic
form of the substance that reaches the critical cellular target. For exposure monitoring, internal dose metrics could be
sufficient biomarkers. For effect and (finally) risk assessment, biomarkers of biologically effective dose are needed
since they relate to the mechanism of toxic action of the
substance in question.
Pharmacokinetic model

The pharmacokinetic model developed in this work
consists of a six-compartment system comprising blood,
gill, muscle, gut wall, alimentary canal and liver modules
(see Figure 1) that represent and mathematically describe
the physiological processes in actual anatomical units of
tilapia. For the most part, the model follows the formulation proposed by Liao et al. [20]. All tissues are supposed
to have reached complete chemical equilibrium with the
blood stream. The gill is assumed to be a well-mixed compartment into and out of which water flows; mass diffusion
is the main mechanism of chemical (metal) species and
oxygen transfer to tilapia. For the part of gill that interacts
with As in external water, an additional process was considered [21], by assuming increased surface sorption to
the gill surface. The exchange of As between internal gill
tissue and the blood was therefore set at a lower rate than
the exchange between the gill surface and the water
The rate of change in the amount of chemical in each
non-metabolizing tissue (t) is described by ordinary differential equations of the following general type:
⎛ dC
Volt ⋅ ⎜⎜ t
⎝ dt

⎞
⎟⎟ = K ⋅ Ct (t ) + B ⋅ Cw (t )
⎠

(1)

where Volt is the tissue volume; Ct (t ) is the concentration of arsenic in tissue t as a function of time; Cw(t) is
the arsenic concentration in the water medium (in the environment to which the fish is exposed); K pulls together the
constants describing the diffusion exchange rate between
the tissues considered; and B describes the exchange rate
into target organs (tissue) by considering the blood concentration of arsenic entering and leaving tissue compartments.
For each one of the six anatomical compartments considered, an equation of this type has to be written. Local mass
balance of blood flow is assumed in all compartments.

929

© by PSP Volume 18 – No 6. 2009

Fresenius Environmental Bulletin

FIGURE 1 - Block diagram of the integrated six-compartment PBPK/PD and toxicity model for tilapia.

Toxicity model

We employed an AUC-based toxicity model [22] to
estimate the internal residues of As in tilapia as a function
of few constants and variables that were verified with acute
toxicity data. The main factors are the exposure time, the
exposure concentration, the bioconcentration factor (BCF
= k1/(k2 + kG)), the depuration rate constant (k2), where k1
is the tilapia uptake rate constant of As expressed in ml g-1
d-1 and kG is the growth rate constant expressed in d-1. According to this formulation, the area-under-the-curve (AUC)based toxicity model employed in determining the timedependent median lethal concentrations (LC50(t)) can be
expressed as
LC50 (t ) =

AUCi
BCF

⎡
⎤
k2 + kG
⎢
⎥ + LC50 (∞)
− ( k 2 + k G )t
− 1⎦
⎣ (k2 + kG )t +e

(2)

where AUCi is the area under the whole body burden of
As in tilapia versus time curve (mg dg-1). Biokinetic constants and bioconcentration factors for As in tilapia are
given in a summary form in Table 1.
The growth rate was estimated by exponential fit of
experimental body weight data of tilapia as a function of
fish age ([23], [24]) and is given by

kG = 0.043e −0.012W

(3)

where W is total body weight expressed in g.
AUCi in eq. (2) is derived from the solution of a firstorder one-compartment uptake–depuration model as
AUCi =

BCF
Cw (k 2 + kG )t + e −( k2 + kG )t − 1
k 2 + kG

[

]

(4)

TABLE 1 - Physiological, biochemical
and biokinetic parameters for tilapia.
Parameters
Dry weight of whole fish
Dry weight of gill
Dry weight of liver
Dry weight of muscle
Dry weight of gut wall
Dry weight of alimentary canal
Gill–water exchange rate
Blood–gill exchange rate
Blood–liver exchange rate
Blood–muscle exchange rate
Blood–gut wall exchange rate
Blood–alimentary canal exchange rate
Gut wall–alimentary canal exchange rate
Gill sorption factor
Fraction As dissolved in blood
Partition coefficient of gill
Partition coefficient of liver
Partition coefficient of muscle
Partition coefficient of gut wall
Partition coefficient of alimentary canal
Blood volume
Egestion rate (kE)
Growth rate (kG)
Metabolic rate of As in liver (kM)
Hill coefficient
Incipient median lethal concentration (LC50(∞))
Bioconcentration factor for gill
Bioconcentration factor for liver
Bioconcentration factor for muscle
(a) [20]; (b) [27]

Value
208 (a)
10.0 (a)
5.0 (a)
154.75 (a)
5.0 (a)
12.0 (a)
0.01 (a)
0.2 (a)
3.6 (a)
2.5 (a)
7.5 (a)
0.5 (a)
1.4 (a)
8.0 (a)
0.2 (a)
0.04 (a)
5.2 (a)
5.2 (a)
8.3 (a)
4.6 (a)
0.02 (a)

Units
g
g
g
g
g
g
l d-1
-1
ld
l d-1
l d-1
l d-1
l d-1
l d-1

2.0×10-3 (a)
6.7×10-3 (a)
8.8×10-2 (a)

d-1
d-1
d-1

4.07 (a)
25.55 (b)
16.49 (b)
18.62 (b)
66.93 (b)

mg l-1
ml g-1
ml g-1
ml g-1

g l-1
l g-1
l g-1
l g-1
l g-1
l g-1
l

The AUC-based toxicity model in eq. (2) describes a
direct relationship between adverse effects and extent of inhibited molecules in the target tissue, i.e. mortality is as-
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FIGURE 2 - Validation of dose-response relationship between aquatic As concentration
and tilapia mortality. Comparison between model output and experimental data.

sumed to occur at a fixed percentage of inhibited molecules. Furthermore, the AUC-based toxicity model assumes
that the concentration of inhibited molecules in the target
tissue is constant, i.e. the percentage of lethal inhibited
molecules is related to a critical amount of occupied target sites.
Pharmacodynamic model

We have used the Hill equation to describe the link between the internal and biologically effective dose of arsenic (As) reaching target organs and mortality and morbidity metrics like LC50 and EC50 [25]. This resulted in
the following area-under-the-curve (AUC) model of toxicity passing through estimation of the internal effective
concentration in the target organs

M (t ) =

M maxCwn
LC50n (t ) + Cwn

(5)

with n = 4.07, where n is the Hill coefficient
The value of the Hill coefficient was determined through
an optimal fit of the equation (5) to the observed percent
mortality of the acute toxicity test of Tilapia-arsenic system by nonlinear regression.
The pharmacodynamic model is based on receptor theory [25] to derive dose-response relationships. With sufficient data over a suitable concentration range, it is possible
to calculate best fit values of three parameters appearing in
eq. (5) by nonlinear regression. The model was validated
using experimental data from the literature ([20], [26]).
Figure 2 shows a comparison between model prediction on
tilapia mortality for different time-integrated doses of arsenic through water contamination and actual experimental
results.

The pathology model considers health risk metrics as
a function of biologically effective dose of As for every
tissue modeled in the biokinetic model. Both the PBPK and
the pathology (toxicity + pharmacodynamic) models are expressed as a system of coupled ordinary differential equations (ODEs). By dynamically coupling the two models the
complete dose–response profiles and duration of effect can
be predicted for aquatic biota exposed to any levels of waterborne arsenic or other heavy metals with similar chemical
speciation.
RESULTS AND DISCUSSION
The main advantages of the biologically-based doseresponse model outlined in this approach are the possibilities it offers for consideration of different modes of action
and identification of early warning biomarkers. For this,
we linked the internal dose of arsenic in specific target organs of tilapia as estimated by assuming a time profile of the
waterborne concentration of arsenic to pathological expressions as measured by specific mortality and morbidity indicators. A sample of the results obtained by using the integrated physiology-based pharmacokinetic/dynamic and
toxicity models described above is given in Figure 3. In this
case we simulated the exposure to high doses of arsenic
similar to the ones that could be expected in industrial accidents and/or floods in industrial areas, involving mobilization of significant amounts of heavy metals. Using the PBPK
model, the arsenic concentration in primary target organs
such as gill, liver and muscle was estimated. The toxicity
model predicted mortality rate for tilapia as a function of
arsenic concentration in the target organs. Coupling the two
models we can reckon the mortality rate as a function of
time.
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FIGURE 3 - Derivation of organ-specific time-response relations from tissue dose vs. time and mortality vs. tissue dose curves for tilapia.

According to our results, the following observations
regarding the relative importance of internal exposure and
pathology metrics in tissue of target organs can be made:

lated, by considering the area under the concentration-time
curve; this area mathematically expresses the time integral
of the toxicant concentration in the target organs as in

Arsenic accumulates primarily in the liver and secondly
in the fish gill and muscle; when considering the accumulation curve as a function of time, however, this situation is
overturned: its concentration rises more steeply in the gill,
the liver and much more slowly in the muscle.

C∞

AUC = ∫ Cdt

(6)

0

Tilapia mortality is correlated to the concentration of
arsenic in the target organs according to the following order:
muscle > gill >> liver.
Even though mortality is more closely related to arsenic concentration in the muscle than the gill or the liver, the
steep ascent of arsenic concentration in the gill, results in
the fact that tilapia mortality increases faster in relation to
the arsenic biologically effective dose in the gill, secondly
in the liver and then the muscle of the fish.
Depicting the results in the three-dimensional phase
space we can graphically represent the dose-response-time
relationships between heavy metal (As) contamination of
the aquatic environment and lethal effects to fish population
as a function of time (see figure 4). In this way, a time-integrated biologically effective dose of the toxicant is calcu-

FIGURE 4 - Graphical representation of the dose-response-time
relationships linking mortality (%), As dose in target organs and
time.

Integrating a second time the mortality as a function of
the time-dependent biologically effective dose described by
the time-dependent AUC we obtain a metric of the volume
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delimited under the three-dimensional dose-response-time
surface in figure 4 according to the following relationship:
AUC ∞

VUC =

(7)

∫ MdAUC
0

The above integral can be solved numerically to derive a metric of the time-integrated health response as a
function of the time-varying toxicant concentration in the
target organs. The numerical results of AUV and VUC for
each target organ are summarized in Table 2.
TABLE 2 - AUC and VUC in the target organs for a constant
exposure to 80000 µ g/l of waterborne arsenic for 300 days.
Tissue
Gill
Liver
Muscle

AUC
2.9·104
4.8·104
0.3·104

VUC
7.6·103
14·103
0.1·103

By comparing the volume-under-the-curve for the arsenic accumulated in the three target organs considered,
we observed that the chronic dose of As in the liver is the
highest indicator, followed by the gill and muscle chronic
doses. During short time intervals, however, after the onset
of the aquatic environment contamination (i.e. the pollution accident) it is the gill acute dose that exceeds the one
of the liver and muscle respectively.
These results demonstrate that the observed acute dose
in the gill is the biomarker providing the most reliable early
warning of hazard (mortality) due to exposure to arsenic.
Sampling gill concentration of heavy metals such as arsenic
can provide the necessary early warning inferring potential
risk of lethal effects to the fish population in the areas affected by heavy metal contamination. The concentration
of arsenic or other heavy metals in the liver is the most
appropriate biomarker of mortality related to chronic exposure to heavy metals in the aquatic environment.

CONCLUSIONS
The dynamic ecotoxicity model outlined in this work
estimates target organ concentrations and dynamic response
to time-varying concentrations of chemical contamination
of the aquatic environment. The integrated model couples a
mathematical description of the heavy metal kinetics in the
body of the sentinel species (tilapia Oreochromis mossambicus) based on physiological considerations with a
pharmacodynamic model to estimate the biologically
effective dose (BED) of the toxicant in different target
organs. BED is then used as input to a statistically validated
toxicity model based on experimental data to estimate
potential mortality and morbidity indicators such as LC50
and EC50. This formulation relates ecotoxicological risk to
the time-varying con-centration of heavy metals in the
water medium, allowing us to identify key dose metrics in
specific target organs as early biomarkers of effect.

Biologically-based risk assessment for metal exposure improves our understanding of the dynamic relationships between concentration exposure and hazard to aquatic
species higher up in the trophic chain (e.g. tilapia). In this
context, the concentration of heavy metals at the gill may
serve as a surrogate biomarker sensitive to acute exposure to
waterborne heavy metals (e.g. As), while heavy metal concentration at the liver can be used as biomarker sensitive
to chronic exposure to the same.
In conclusion, using organ-specific concentration as the
reference dose has distinct advantages over using environmental concentrations, despite some difficulties and limitations. In referencing toxicity to target tissue residues, bioaccumulation data can be explained more meaningfully.
Bioaccumulation data themselves have little meaning beyond confirmation of exposure and bioavailability. Making a connection between accumulated dose and toxicological effects will permit better interpretation of the hazard
associated with complex exposure such as occurs with multiple exposure routes, or from matrices such as sediment
where bioavailability and exposure routes are not readily
predicted. Interpretation of field data is also expected to
be improved.
The work presented herein presents the fundamental
elements of a new approach to ecotoxicological risk assessment that links dynamic pollutant speciation (exposure)
with toxicology in line with leading scientific understanding. This approach promises to improve our biophysicochemical understanding of combined toxicological effects
of pollutant mixtures (organics and metals), at different
trophic levels, as a basis for modeling, management and
remedial action strategy formulation.
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ABSTRACT

runoff from non-point sources and wastewater from slaughterhouses and cheese dairies flow into the lagoon.

The aim of the study is to present the evolution of the
environmental state and the seasonal variations of key
environmental parameters in the water of Koutavos lagoon,
a shallow one located in Kefalonia, Greece. Nutrient concentrations in water samples and bottom sediments were
determined throughout 4 seasonal sampling periods, on an
annual basis between 1996-1997 and 2000. A significant
deterioration is observed in this 4-years period. Koutavos
lagoon restoration will be possible only through the minimization or elimination of nutrient loadings.

The purpose of the present work was to investigate the
environmental state of this lagoon as well as to consider
necessary actions. Parameters such as pH, conductivity,
salinity, dissolved oxygen, turbidity, phosphorus (total
phosphorus and ortho-phosphates), nitrogen (nitrates and
nitrites), chlorophyll levels, heavy metal ion concentrations
and bacterial counts were measured. The measurements
took place in two different years (1996-1997 and 2000) in
order to observe the long-term changes (if any) of the environmental parameters.
The fluctuation and heterogeneity of certain chemical
and hydrological parameters were examined, while, at the
same time, the environmental influence of the neighbouring agricultural region of Krania to the aquatic ecosystem
of the lagoon was considered.

KEYWORDS:
shallow lagoon, eutrophication, nutrient concentrations.

DESCRIPTION OF THE STUDY SITE

INTRODUCTION
Coastal lagoons are characterized by shallow depths
and are often nutrient-rich. Due to shallowness, light penetration at the sediment-water interface is usually high. Hydrodynamics are closely conditioned by bottom topography, and wind affects the entire water column, promoting
the resuspension of materials, nutrients and small organisms
from the sediment surface layer.

The lagoon of Koutavos is a shallow coastal lagoon
of total 1200 acres on the inner side of the gulf of Argostoli in Kefalonia, Greece (Fig. 1). There is no natural
border that separates the lagoon from the main gulf. Koutavos is separated from the main gulf by a bridge. The
bridge is supported on stone pedestals and arcs that allow
only partly the circulation of marine water in the lagoon.

Phosphorus and nitrogen inputs cause eutrophication
which is the most common environmental impact observed
in coastal waters. In Greece, the wetland sites cover about
2000 km2 [1]. Several authors have studied functions and
values of wetland sites in Greece [2-4], and have identified
the negative effects of human activities, such as extensive
agriculture.

The lagoon is surrounded by the mountains Rachi
(251 m) and Kasteli (190 m)in the northern and eastern
part, and their underground waters from their aquifers
supply the main water sources of the region. This topography influences intensely the direction of main winds,
which are in parallel to the main axis of the lagoon (NW
→SE) facilitating or preventing the entry of seawater.

Koutavos lagoon is located on the inner side of the gulf
of Argostoli in Kefalonia, Greece. It is a typical shallow
lagoon, influenced by the surrounding area that is intensively cultivated, and by human activities from about
10000 people living adjacent to the lagoon. Agricultural

Most of the lagoon is approximately 1 m deep, and
there have been numerous complaints regarding deterioration of the water quality in the recent years. The connecting channels through the bridge have been restricted over
the years, as the bridge has sedimented, leaving less free
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FIGURE 1 - Map of Kefalonia island, the Koutavos lagoon and location of the sampling stations.

space between the bridge and the water level, and water
circulation has been further limited due to a systematic
buildup of sediment on the northern side of the lagoon.
Local industries adjacent to the lagoon include one
ironsmith, 3-4 carpentries, two construction materials companies, and a cement company that is not in function any
more but has influenced the wetland for a long time, as it
occupied the greater extent of the lagoon banks on the NE
side.
Water and wastewater influxes consist of runoff waters and wastewaters from slaughterhouses and cheese dairies. This disposal of waste constitutes the main cause of
environmental deterioration. In addition, it is assumed that
fertilizers widely used in the neighbouring Krania agricultural region end up contaminating significantly the Koutavos lagoon.

MATERIALS AND METHODS
The sampling stations used are shown in Fig. 1. The
data presented in this work are from two different periods
of time. The first period was in 1996-1997 and the samples
were taken during four seasons: in February (winter), in
April (spring), in August (summer) and in November (autumn). The data from this sampling included surface water samples (30 cm from the surface) and from the seabed
sediment, while the data from the second period of measurement (2000) were of surface water samples only (30 cm
from the surface). These samples were taken in August
(summer), December (winter), May (spring) and October
(autumn). In that way, the relation between the changes of

certain hydrological and chemical parameters with the alteration of the seasons was also examined.
In August 1997, sampling measurements of physicochemical characteristics were carried out in a weekly (10,
11, 12 and 14 of August) and a daily (14 of August: 9:00,
13:30 and 18:30) base.
Moreover, in November 1996, additional sampling
measurements of physicochemical characteristics were conducted near the bridge of Drapano (St7-St12), in order to
study the effect of the reduction of depth in the communication of aquatic masses from the lagoon with those of the
main gulf.
Water pH, temperature, conductivity, salinity and dissolved oxygen were measured in situ with a Horiba Model
sonde, and samples were collected using a horizontal PVC
sample collector. The water samples were placed in 1-L
acid-washed polyethylene bottles and stored at 4 oC. Suspended solids were measured using the 2540 Total Solids
Dried at 103-105 oC method of the ‘‘Standard Methods for
the Examination of Water and Wastewater’’ [5]. The water
samples were filtered with Gelman Sciences Nominal filters (47 mm, 0.7 µm).
The concentrations of heavy metals (Fe, Cr, Cu, Zn,
Pb and Mn) were measured by atomic absorption spectrophotometry (Varian Spectr AA-10). The concentration of
nitrites, nitrates, ortho-phosphates and total phosphorus (both
organic and inorganic) were measured using the 4500-NO2
B Colorimetric Method, 4500-NO3- B Ultraviolet Spectrophotometric Screening Method and PO4 4500-B 5 persulphate digestion method and 4500-P E Ascorbic Acid Method
of the ‘‘Standard Methods for the Examination of Water and
Wastewater’’ [5].

936

© by PSP Volume 18 – No 6. 2009

Fresenius Environmental Bulletin

Sediment samples were collected using a Van Veen
grab sampler. Sediment samples were air-dried and homogenized in the laboratory. The parameters were determined
similarly to the water samples after digestion of the dry
sediment. For the determination of heavy metals in the
sediment samples, the method 3030-I (nitric acid – perchloric acid – hydrofluoric acid digestion) of the ‘‘Standard Methods for the Examination of Water and
Wastewater’’ [5] was used.
Chlorophyll-a was measured photometrically [6], while
total and fecal coliforms were determined using the multiple
tubes test according to the 9221B and 9221 C methods of
the “Standard Methods for the Examination of Water and
Wastewater” [5].
RESULTS AND DISCUSSION
Physical parameters

The pH had an average value of about 8.0. In all sampling stations there was an increase in pH during the summer. This increase is related with higher levels of chlorophyll in the same period. When the rate of photosynthesis
is high, the consumption of carbon dioxide by primary consumers may deplete the water column of CO2, causing it
to become more alkaline.
During the year, the concentrations of dissolved oxygen were within the permissible limits, with exception for
summer period and September (stations St1 and St3). In the
summer, fluctuations were observed during the day and
particularly on the seabed of the sampling stations, where
even after the photosynthetic activity ceased, small concentrations of dissolved oxygen (DO) were measured. Fig. 2
presents the daily fluctuation of DO levels at sampling stations in 1996. It can be concluded that near the seabed hypoxic conditions are dominant, especially in stations St1-3.

The highest DO concentrations in surface and seabed were
observed at early afternoon (13:30) at stations St2 and 3,
respectively, where large concentrations of benthic algae
were found. It is obvious that the daily fluctuation of the
photosynthetic process is the main factor that influences
the concentration ofDO in the regions of the lagoon that
are characterized by high concentration of photosynthetic
organisms.
Figure 3 presents the daily fluctuation of temperature
and salinity for all the sampling stations in 1996. Both parameters showed typical seasonal variation, but with different hydrological characteristics during summer. The reasonable increase of temperature is accompanied by salinity increase for all the stations of the lagoon, especially in
the surface samples.
An important change in the hydrological characteristics of surface waters from the morning until noon was observed. The morning sampling showed significant heterogeneity in the lagoon. The stations located in the northern
and eastern side are characterized by exceptionally low
salinities. The lower values were observed at station St1,
despite the fact that it is located near the bridge and communicates with the sea, while, at the same time, it is far from
the sources of brackish water influx. By noon, an intense
change is observed in the surface layers and the values of
temperature and salinity approach those of seabed, which
are more stable.
The explanation of this change is based on the fluctuation of meteorological characteristics. The topography
imposes as main direction of winds that of the main axis
of the lagoon (NW→SE). During the night and early in the
morning, the breeze pushes the salty surface masses from
the inside part of the lagoon towards the bridge and the
main gulf. During the day, the winds become SE (5-6 Beaufort) with direction from the gulf to the lagoon, and that
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FIGURE 2 - Daily fluctuation of the concentration of dissolved oxygen in the
sampling stations during a typical summer day of the first year of measurements.
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FIGURE 3 - Daily fluctuation of the temperature with salinity during a typical summer day of the first year of measurements.

changes the circulation of waters limiting the brackish waters in the SE region and allowing the entry of marine water
from the bridge. This is in agreement with the observed
high values of salinity similar to gulf waters (St 6) in stations St 1 and St 5, while stations St 2 and 3 show more
typical brackish water values, whereas St 4 always shows
intermediary behaviour. The same data implies the existence of a circular movement at the coast of the lagoon with
direction St5→St4→St3→St2→St1. The hydrologic heterogeneity appears to affect the seabed sediments but also
the observed fluctuation in chemical and biological characteristics.
From the daily temperature data of the lagoon, taken in
the summer, all sampling stations presented in the morning
hours an important thermal stratification; the biggest difference of temperature between surface and seabed reached
4.5 °C at St 2. This is remarkable considering that the lagoon has an average depth of 1 m. As the concentration of
dissolved oxygen is decreased during the night due to its
consumption (respiration), anaerobic conditions become
dominant in the seabed. Anaerobic oxidation (decay) of
the organic matter, from the dead plant organisms (algae
and aquatic plants) on the seabed, results in an increase of
the temperature in the seabed because of anaerobic reactions. This assumption is confirmed by the 3 °C (on average) higher temperature observed in the seabed of stations
St 2-4 compared with St 5 and St 1. These stations present
high concentrations of algae and, accordingly, high depositions of dead organic matter on the seabed. The differences of temperature are minimized in the afternoon (18:30).
Suspended Solids

Fig. 4 presents the measurements of suspended solids
for 1996 and 2000. An abrupt increase in concentration was
observed at all stations. During the 4-years time elapsed
between both campaign periods, an important quantity of
algae developed. Their decomposition and deposition on the
seabed caused a reduction of lake depth, followed by tur-

bidity and an important increase of the concentration of suspended solids.
During November 1996, measurements were also conducted along the bridge of Drapano (Fig. 5). Samples were
taken from the surface and the sea-bed. The depth of the
lagoon was reduced from 2.8 m at the beginning of the
bridge (St 7) to 0.4 m in St 11 accompanied by a progressive increase in temperature at each sampling station. The
observed differences in salinity and conductivity between
surface and seabed increased, despite the decrease of depth.
This phenomenon is attributed to the small depth at St 1,
which, in combination with the subsidence of the arcs of
support of the bridge, impedes the circulation of aquatic
masses between the lagoon and the gulf. The reduction of
depth in this particular region is believed to be the result
of the circular movement of aquatic masses in the lagoon
at time St5→St3→St2→St1, causing the transport and deposition of silt (inorganic and organic brought material) to the
region of station St 1.
The difference in concentration of DO between surface and seabed was related to the density of algae on the
seabed of each station. It was generally higher when depth
increased, but the mean of DO in each station increased
with decreasing of depth (higher at station St 11).
Heavy Metals

The reduction of lagoon depth along the bridge was
of interest for the quality of the water is the concentration
level of heavy metal ions and, in this study, those of Fe,
Cr, Cu, Zn, Pb and Mn were investigated.
Table 1 presents the annual fluctuation of the soluble
Fe level. Concentrations generally increased, during the
two campaigns, obviously because of the advanced erosion and dissolution of ferrous in an abandoned ship located right outside of the lagoon (recently, it was removed). In
2000, the concentrations for Fe were even greater than the
permitted 300 µg/L value for drinkable water [7].
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TABLE 1 - Annual fluctuation of soluble heavy metals (µg/L) for the four seasons during the two (1996-1997 and 2000) sampling years.
Station

Season

St1

Summer
Winter
Spring
Autumn
Summer
Winter
Spring
Autumn
Summer
Winter
Spring
Autumn
Summer
Winter
Spring
Autumn
Summer
Winter
Spring
Autumn

St2

St3

St4

St5

Fe
19961997
49
130
153
47
60
152
84
90
182
91
100
132
76
110
212

Cu
2000
152
370
256
409
144
156
257
187
477
262
355
179

253
542
354
460

19961997
39
40
0
67
30
0
0
60
19
0
0
63
32
60
0
60
24
20
0
48

Zn
2000

19961997
19
13
0
32
20
17
0
20
21
20
0
35
23
30
0
28
26
40
0
24

24
15
59
60
15
40
44
13
85
55
64
13

16
40
69
68

Pb
2000
111
869
32
69
67
31
31
23
450
33
36
18

19
117
79
65

19961997
107
320
0
250
85
240
0
195
118
300
0
248
122
360
0
238
105
410
0
312

Mn
2000
224
545
191
270
192
212
240
222
540
408
392
224

254
471
567
420

19961997
48
0
0
55
49
0
0
42
42
0
0
56
49
0
0
47
57
0
0
53

2000
47
47
85
96
47
38
45
57
43
61
58
53

59
39
102
84

TABLE 2 - Annual fluctuation of heavy metals in the silt of the lagoon during 1996-1997 (µg/g dry weight).
Station
St1

St2

St3

St4

St5

St6

Season
Winter
Spring
Autumn
Winter
Spring
Autumn
Winter
Spring
Autumn
Winter
Spring
Autumn
Winter
Spring
Autumn
Winter
Spring
Autumn

Fe
9,11
20,89
12,63
12,62
17,89
12,7
8,95
10,08
7,24
11,2
9,7
12,59
17,12
19,2
16,85
7,14

Cu
0
35
13
7
22
14
8
14
11
9
18
20
24
47
31
11

Moreover, the annual fluctuation of Fe in silt of the
seabed was measured during the first year of sampling
(1996). Table 2 presents the results observed from the
measurement in the sediment of the lagoon.
Cr is less toxic than the other heavy metals, but it is
carcinogenic in large concentrations. Fig. 6 presents the
concentration of soluble Cr for the 4 seasons of the second period of measurements (2000). The concentration
of Cr was rather increased during summer, but, in all
cases, was far above the limit for drinkable water (50
µg/L) [7].
Table 1 presents the variation of soluble Cu during the
4 seasons and for both campaigns (1996 and 2000). During spring and autumn, an increased concentration of cop-

Zn
129
112
44
63
76
53
42
46
35
59
58
72
101
150
93
35

Pb
65
114
102
68
101
117
68
85
109
61
96
119
63
154
143
109

Mn
191
188
138
122
160
126
131
133
144
102
124
145
140
225
173
131

per was observed. That might be attributed to a higher
drainage with Cu-overloaded water (agricultural use of fungicides in the winter period) into the lagoon and/or an increased solubilization of copper in the sediment, due to
the anaerobic conditions on the sea-bed of the lagoon.
The concentration of soluble Zn for the seasons during
the 2 sampling years is also shown in Table 1. Zn levels at
St 1 and St 5 (both near the gulf) are almost 2-fold that of
the other sampling stations. The smaller concentrations of
Zn and Cu measured in St 2-4 are attributed partly to the
permanent input of rain-water, as well as their adsorption
on the biomass of the ecosystem.
When comparing the concentrations of soluble Pb between the campaigns, a large increase was observed (Ta-
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ble 1) and they were found too be much higher than the
permitted values in drinkable water (50 µg Pb/L) at all
stations [7]. From all the sampling stations, St 1 and St 5
are the most overloaded ones, because they were accepting all the exhaust emissions from cars passing the bridge
as well as the petrol of the boats. That is more obvious during summer when the traffic on the bridge is even higher.
Finally, the increased value of Pb in St 5 may have been
caused from car batteries that have been dumped in this
area in the previous years.
Taking into consideration that the permissible limit of
concentrations in potable water for Mn is 50 mg Mn/L [7],
all the varying concentrations of soluble manganese measured were higher than that permitted.

Concentration of soluble Cr (µg/l)

With regard to measurements of heavy metals in seabed silt of the estuaries of the river Aa (France) [8], the port
Boulogne (France) [8], and the estuaries of rivers in Ireland
and France [9], concentrations of Fe and Zn were rather
low, that of Mn and Cu in the same levels, whereas concentration of Pb was found to be extremely higher.

Finally, heavy metals were measured in the liver of
fish captured in the lagoon (Table 3), because liver [10] is
the part of the fish with the highest accumulation ability.
Heavy metal levels, except that of Mn, in the fish were
found to be particularly high. Most worrying were the Pb
values because of their bioaccumulation toxicity. Characteristically, genus Sarpa presented almost double concentration than the other species. The two Liza fish samples
presented Cu and Fe levels three times higher than the other
genera, possibly due to increased bioaccumulation activity
of these particular metals.
N and P

Of particular interest in defining the eutrophication
status of natural waters are the concentration levels of nutrients. The generally accepted upper concentration limits
for waters free of algae are 0.3 mg/L of ammonia plus nitrate-nitrogen and 0.02 mg/L of orthophosphate at the time
of the spring overturn.

Summer
Winter
Spring
Autumn

300
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200
150
100
50
0

St1

St2

St3

St4

St5

Sampling Stations
FIGURE 6 - Concentration of soluble Cr for the four seasons during the 2000 sampling year.

TABLE 3 - Heavy metals in fishes (µg/g dry weight).
Fe
755
798
466
145
501

Liza aurata #1
Liza aurata #2
Lithognathus mormyrus
Mullus surmuletus
Sarpa salpa

Mn
7
7
11
10
14

Cu
176
135
3
11
28

Zn
145
177
137
94
116

Pb
111
133
123
92
195

TABLE 4 - Concentration of nitrites (N-NO2 µg/L) for the four seasons during the 2000 sampling year.
St1
St2
St3
St4

Summer
5.140
5.324
5.690
4.406

Winter
3.304
5.507
-
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Spring
4.322
3.990
5.652
-

Autumn
5.635
9.508
21.13
-
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St5

4.039

3.304

The concentration for nitrites during the first campaign
period (1996) was found to be zero for all stations. With
regard to those measured in the second period (2000;
Table 4), it is obvious that there was a total increase at all
stations and for all seasons. The more important increase
was observed in autumn, due to washing out by the first
rainfall of fertilizers that have been applied in the summer
cultivations (vegetables etc.).
Sampling stations St 1, St 4 and St 5 are located near
the gulf and, therefore, they accept water masses from the
St 5-site of the gulf. The high nitrate values observed at St
2 and St 3 during autumn and spring were the result of
nitrate-rich sources that drain to the lagoon. The high temperature difference of about 7 °C between autumn and
spring could be the reason for increased biochemical activity justifying the increased concentration of nitrites during
the rainfall period. More specifically, the partial conversion
of nitrates to nitrites (partial denitrification) as well as partial nitrification could be the sources for nitrites.
The continuing entry of surface and underground water to the lagoon rich in nitrates (from the cultivation of
Krania), has caused the expected rise of the nitrate concentrations in the lagoon over the years. This can be easily seen
by comparing the results between the two different campaign periods (Fig. 7).
The concentrations of phosphates in 2000 are much
higher compared with those in 1996 (Fig. 8 and Table 5).

4.322

5.987

The lagoon can be classified as mesotrophic for 1996, while
in 2000, the lagoon was characterized as eutrophic. The
situation of the sampling stations concerning phosphates
levels in 2000 was as follows [11]:
3
Station 1: 72 mg/m ⇒
3
Station 2: 89 mg/m ⇒
3
Station 3: 82 mg/m ⇒
3
Station 4: 204 mg/m ⇒
3
Station 5: 40 mg/m ⇒

eutrophic
eutrophic
eutrophic
hyper-eutrophic
eutrophic

The input of phosphates detected due to rural use (results of sampling in soil, leaves) and drilling in the valley
of Krania, certify the existence of high levels, considered
to that emanating from filtering of phosphates in the water
supplies. The limits of saturation of soil in phosphorus have
been exceeded, and so the quantity of P continuously added
in the form of fertilizers by the farmers, is no further withheld in the soil, but washed out. This phenomenon was not
observed in 1996.
Compared with the other seasons, during spring, the
concentration of phosphates is reduced, because it is consumed by the algae. But during summer, the release of phosphates into the water from deterioration of algae in all
lagoon regions is very characteristic, causing an increase
of concentrations (7.3 times compared with spring period
and 2.6 times compared with winter time).
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FIGURE 7 - Concentration of nitrates (N-NO3) for the four seasons during the two (1996-1997 and 2000) sampling years.
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FIGURE 8 - Concentration of total P for the four seasons during the two (1996-1997 and 2000) sampling years.

TABLE 5 - Concentration of ortho-phosphates (µg/L) for the four seasons during the 2000 sampling year.
St1
St2
St3
St4
St5

Summer
23
18
6
7
3

Winter
11
24
12

Spring
8
28
21
12

Autumn
6
14
12
8

The relative N:P proportion remained usually constant,
despite the fluctuations of N and P stockings oscillating
between 7:1 and 10:1 (per weight). This resulted from the
balance between consumption and release of ions from plant
organisms at proliferation and the solution of their cells,
respectively. This proportion can be disturbed depending on
the extent of surge or consumption of nitrates and phosphates in each marine recipient.

autumn the proportion of N:P begins to shift to the region
of restriction of growth by both nitrogen and phosphorus.
The shift is more obvious during springtime where the restriction mainly originates from P, pointing to the entry of
sweet waters rich in nitrates (perhaps from fertilizers of
the wider region).

In Fig. 9, the relative proportions between nitrates and
total phosphorus for all the seasons are presented. Each diagram is separated in three regions where, depending on the
relative concentrations of N and P, the growth of aquatic
plant organisms is limited from one of both nutritious components, or they are found in stoichiometric proportion. The
segregation of regions became basically the straight lines
of constant proportion (N:P = 7:1 and 10:1) encompassing
the region of stoichiometric N and P proportion.

The annual variations of chlorophyll-a measured at all
stations during the first year of sampling (1996-1997) are
presented in Fig. 10.

During summer, phosphates are increased and the
growth is limited by nitrogen. Contrary to summer period, in

Chlorophyll-a

The values of chlorophyll found were low and correspond to oligotrophic coastal ecosystems. In all stations,
however, they were higher than that in the open gulf.
Seasonal fluctuation of chlorophyll agreed with the
theoretically expected seasonal fluctuation of algae in a
Mediterranean marine ecosystem like the lagoon of Koutavos. Reduction of the quantity of total algae in winter is
followed by a main increase in spring, a reduction during
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summer, and a second increase in autumn (smaller than
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FIGURE 9 - Relative proportions between nitrates and total phosphorus for all the seasons and for the two sampling years.
4.0
3.8
3.6
3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Summer
Winter
Spring
Autumn

St1

St2

St3

St4

St5

St6

Sampling Stations
FIGURE 10 - Concentration of chlorophyll-a for the four seasons during the 1996-1997 sampling year.

500

400

300

200

100

0

St1

St2

St3

St4

St5

Winter
Spring
Autumn

3

Fecal coliform (MPN/100ml )

Winter
Spring
Summer

3

Total coliform (MPN/100ml )

500

St6

400

300

200

100

0

St1

St2

St3

St4

St5

St6

Sampling Stations

Sampling Stations
Total coliforms

Fecal coliforms

FIGURE 11 - Total and fecal coliforms for the 1996-1997 sampling year (MPN/100 ml).

Total and fecal coliforms

An increase in the concentration of total coliforms was
observed for all sampling stations, correlated with temperature increase and attributed to increase in microorganism
growth. During summer, high levels of pollution were measured in stations St 1 and St 2. These levels were also in
agreement with the circular movement of aquatic masses
in the lagoon. Stations St 3-5 were influenced by the mass
of fresh seawater that enters the lagoon, while St 1 presented
stagnation that permits the growth of microorganisms.
CONCLUSIONS
The purpose of the present work was to record the existing situation of the lagoon of Koutavos, Cephalonia as

well as to study the fluctuation of physicochemical characteristics of the aquatic ecosystem.
Following the analyses of chemical and physicochemical characteristics of the lagoon of Koutavos, it was
found that the waters are severely polluted. It is believed
that a serious source is the input from drainage systems
(including a high suspended sediment loading) ending at
the lagoon. Improvement of its eutrophic state may be
slow and would definitely demand further quantitative studies in order to accurately assess the input rates and their
actual role concerning the whole problem.
The first thing to consider is that the small depth of
the region at station St 1, in combination with the subsidence of the arcs supporting the bridge (due to the earthquake of 1953), impedes the recycling of aquatic masses as
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well as the communication between lagoon and main gulf.
The reduction of depth in the particular region is attributed
to circular movement of aquatic masses in the lagoon (St
5→St 3→St 2→St 1), and, consequently, the transport and
deposition of silt (brought inorganic and organic material)
in the region of station St 1.
Moreover, the continuous surge of aquatic masses in
the lagoon, emanating mainly from underground water
supplies leading to St 2 and St 3, constitutes the main
source of nitrates and has caused the expected increase
of their levels. In 1996, the lagoon was characterized as
mesotrophic, but due to high concentration of nitrates and
the increased annual level of total phosphorus at every
station, in 2000, the lagoon must be characterized as eutrophic. In 1996, the concentration of phosphorus in the
lagoon was believed to be fairly constant and fluctuations
were the result of seasonal biological and physicochemical processes taking up and releasing the accumulated quantity in the ecosystem from past surges, mainly urban sewages. But from the observations in 2000, it becomes clear
that the high concentration of phosphates has to be attributed to the excessive fertilization of the cultivated land
of Krania. The soil around Krania is asbestolithic, and Ca
of soil with the phosphates of fertilizers that are used,
shapes Ca3(PO4)2 which is not soluble. For that reason, it
is additively accumulated by the surface of the soil, and at
saturation status, it is washed out and led to the lagoon by
rainfall waters.

measured, it can be concluded that there is excessive fertilization in the region near the lagoon.
Although it is very difficult to reverse the eutrophic
state of the lagoon, some measures can be taken in order
to improve the situation. Among them, one has to consider
a change in fertilization practices of the crops (quantitative
and qualitative), the clean-up of the sea-bed sediment, and
deepening in the region of St 1, in order to facilitate the
communication of aquatic masses with the harbor and the
recycling of waters. The deepening should be accompanied
by work to support the arcs of the bridge because, as it has
been recently assessed, the risk of yielding is significant.

In 1996, the relatively low stocks of total phosphorus
implied that the limits of saturation of soil in phosphates
had not been reached, and it was considered that all the
quantity of phosphorus accumulated in form of fertilizers
from the farmers was withheld in the soil. In 2000, the
higher levels of phosphates led to the conclusion that soil
saturation with phosphorus has largely taken place.
The increased concentrations of zinc at St 1 and St 5
are attributed to colors and dyes of the abandoned ship in
the harbor near station St 1, but now it has been removed.
The high concentrations of soluble lead at St 1 and St 5 are
the result of batteries and dyes from boats. Concentrations
are even higher through summertime, because of increased
car passage from the bridge near both stations. It is fortunate that car traffic across the bridge was recently banned.
The high levels of lead in combination with the big
faculty of bioaccumulation in the organisms and its high
toxicity could cause problems to fish in the region of the
lagoon.
The concentration of heavy metals Pb, Zn, Mn and Fe
in water supplies (drillings) exceeds the limits given from
European Union for potable water [7]. Furthermore, considering that total nitrogen in cultivated soil should not
exceed 12-40 ppm and 45-160 ppm nitrates in soil were
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ABSTRACT

INTRODUCTION

The aim of this study was to investigate the antioxidant (reduced glutathione (GSH), glutathione peroxidase
(GSH-Px)) and the oxidant (nitric oxide (NO), lipid peroxidation (MDA)) status of hepatopancreas, gills and muscle
tissues of freshwater crayfish (A. leptodactylus) collected
from the Keban Dam Lake and to evaluate the effect of
aquatic pollution on these parameters. The crayfish samples
were obtained from contaminated (Agın) and uncontaminated (Aydıncık) stations at Keban Dam Lake in August
2007. The GSH-Px activity was significantly lower (p<
0.05) in the gills and significantly higher (p<001) in muscle tissues samples from crayfish collected at the contaminated station compared to those collected from the uncontaminated station. GSH levels were lower in the gill and
muscle of the crayfish collected at the contaminated station (p<0.05, p<0.001 respectively). No significant different in the levels of the GSH-Px and GSH in the hepatopancreas was observed between stations. The MDA levels
were significantly higher in hepatopancreas, gill and muscle of the crayfish in the contaminated station (p<0.05,
p<0.05, p<0.01). However, NO level was found significantly higher in the hepatopancreas of crayfish from the
contaminated station (p<0.01), whereas there was no difference between stations in gill or muscle tissue NO. The
noted tissue distributions of the investigated parameters most
likely reflected different metabolic activities and different
responses to environmental conditions in the examined
tissues. In particular, MDA can be a sensitive indicator
of aquatic pollution.

KEYWORDS: Astacus leptodactylus, oxidant and antioxidant
status, Keban Dam Lake, pollution.

Detoxifying systems are present in all species and allow them to cope with stress agents and unfavorable environments. As a result, stress factors may produce biological changes in living species. Chemical pollution is one of
the environmental stressors often considered responsible for
physiological changes in populations [1]. For this reason,
increasing environmental pollution due to industrial and
agricultural activities is becoming a significant problem in
the modern world [2].
Industrial and agricultural activities generate a variety
of chemical and physical agents that continuously damage
the natural environment. Much evidence indicates that xenobiotics can generate reactive oxygen species (ROS), including superoxide anions (O2˙¯), hydrogen peroxide (H2O2),
hydroxyl radicals (˙OH), and singlet oxygen (O2¹) [3,4].
ROS can initiate lipid peroxidation (LPO), a highly deleterious process that damages biomembranes of subcellular
organelles containing large amounts of polyunsaturated fatty
acid lipids (PUFA). Tissue lipid PUFA content and composition are critical factors in lipid peroxidation, and as the
tissues and eggs of fish and crustaceans contain large quantities of highly unsaturated lipid [5-8]. However, an increase of the activated form of molecular oxygen species
due to their overproduction, and/or to inability to destroy
them, may lead to damage in DNA structure and thus may
cause mutations, chromosomal aberrations and carcinogenesis [9]. To cope with the continuous generation of ROS
from normal aerobic metabolism, cells and tissues contain
a series of cellular antioxidants with both enzymatic (e.g.
catalase, glutathione peroxidase) and non-enzymatic (e.g.
vitamin A, C and E, carotenoids, glutathione) activity [58, 10].
Antioxidant defence systems play a crucial role in maintaining cell homeostasis. Superoxide dismutase metabolises
superoxide anions into less reactive species, molecular oxygen and H2O2. H2O2 in turn is disactivated by peroxysomal
catalase. H 2O 2 and organic hydroperoxides will also be
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destroyed in the cytosolic and mitochondrial compartments
by glutathione peroxidase in the presence of reduced glutathione pools [11]. The performance of defence systems
and their inducibility may be explained as adaptations to
polluted environments, whereas their alteration may predict toxicity in exposed species. Therefore, the studies of
defence systems are useful in mechanistic studies [1]. But,
studies on aquatic species have been carried out mainly on
marine species and little is known about the response out
the antioxidant defense system to pollutants in freshwater
species [12-15].

the assay. The homogenization of tissues was carried out
in Glass-glass homogenizer with a buffer containing
1.15% KCl to obtain 1/10 (w/v) whole homogenate. Homogenates were centrifuged 10 min at 700 g at +4 °C to
determine of GSH, NO and MDA levels and CAT activities, 15 min at 105.000 g at +4 °C for GSH-Px activities.
The supernatants were used for the assays.

Keban Dam Lake is one of the largest man-made lake
in Turkey, and is used for irrigation and electrical energy
production. Its area and volume are ca.687, 31 km2 and
30.6 million m3, respectively [16]. The crayfish Astacus
leptodactylus is a commercial species in the reservoir. This
species has also commercial importance in Turkey and until
1986 was exported to a number of European countries. The
production of A. leptodactylus after 1985 decreased dramatically in most Turkish lakes (from 5000 tones annually
to 200 tones) as a result of the crayfish plague (Aphanomyces astaci), overfishing, pollution, and water extraction
for agricultural irrigation [10, 17-19].
Crustaceans are frequently used as bioindicators in
various aquatic systems [20]. An increasing variety of industrial, agricultural and other chemicals enter the aquatic
environment, and these are taken up into the tissues of invertebrates and vertebrates [4]. The aim of this study was
to investigate the antioxidant (reduced glutathione (GSH),
glutathione peroxidase (GSH-Px)) and the oxidant status
(nitric oxide (NO), lipid peroxidation (MDA)) in hepatopancreas, gills and muscle tissues of freshwater crayfish
(A. leptodactylus) collected from Keban Dam Lake and to
evaluate the effect of aquatic pollution on these parameters.

FIGURE 1 - The map of the study area.
Assay of Nitric Oxide

NO measurement is challenging in biological samples,
because it is rapidly oxidized to nitrite (NO2) and subsequently to nitrate (NO3) which serve as index parameters of
NO production. Samples were initially deproteinized with
NaOH and ZnSO4. Total nitrite (NO2 + NO3) was measured
by spectrophotometer at 545 nm after conversion of NO3
to NO2 by assay reactive. A standard curve was established
by a set of serial dilutions of sodium nitrite. Results were
expressed as µmol per gram tissue [21].
Assay of Lipid Peroxidation

MATERIALS AND METHODS
Levels of GSH, GSH-Px, NO and MDA were measured in samples of the hepatopancreas, gill and abdominal
muscle tissues of crayfish from the Keban Dam Lake
(Elazıg, Turkey). Crayfish were sampled from two stations
at the lake in August 2007, one relatively uncontaminated
(control-Aydıncık, 38° 491 35 8711N-39° 111 59 0911E) one
contaminated (Ağın: 39° 01 43 9011N-38° 54 141 5011E)
(Figure 1). The pollution at the contaminated site is caused
by high levels of heavy metals in wastewaters released
from a leather factory. The amount of some heavy metals
(Cu, Fe, Cr, Cd, Ar, Ni) at the polluted site have been found
to be two orders of magnitude higher than at the control site
[13]. Captured crayfish were placed in plastic bags and
transported to the laboratory in freezer bags with ice.
Carapace length (Mean±SE 50.08±0.41 mm) and weight
(30.88±0.93 g) were recorded for each crayfish. For biochemical assays, the hepatopancreas, gills and muscle tissues were removed. Hepatopancreas, muscle and gill tissues were removed immediately and stored at -80°C until

Lipid peroxidation levels (as malondialdehyde) in the
tissues were measured with the thiobarbituric-acid reaction using methods described in Placer et al. [22]. The quantification of thiobarbituric acid reactive substances was determined by comparing the absorption to the standard curve
of malondialdehyde equivalents generated by acid catalysed hydrolysis of 1,1,3,3 tetraethoxypropane. The values
of malondialdehyde were expressed as nmol g-1 tissue.
Assay of Glutathione Peroxidase

GSH-Px activity in the tissues was measured by the
method of Beutler [23] in which cumene hydroperoxide
was used as substrate. Oxide glutathione (GSSG) produced by the action of GSH-Px in the tissues and cumene
hydroperoxide, was reduced by glutathione reductase and
NADPH. The decrease of the NADPH concentration was
measured at 340 nm. The enzyme activity in the tissues was
expressed as units per gram of protein (U g-1 protein). The
protein content of the samples was measured according to
the method of Lowry et al. [24], using BSA as standard.
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Assay of Reduced Glutathione

The level of reduced gluthathione in the tissues was
assayed by the method of Beutler et al. [25] and expressed
as µmol g-1 tissue. The method is based on capacity of
sulfhydryl groups present in whole blood to react with 5,
5’-dithiobis-(2-nitrobenzoic acid) and form a yellow dye
with maximum absorbance at 412 nm.
The results were analyzed statistically by calculating
the standard error of the mean (Mean ± SE). All statistical analyses were performed with analysis of variance
(ANOVA) followed by Duncan’s test and independentsample t test, in SPSS 15. Differences were considered statistically significant when p<0.05.
RESULTS AND DISCUSSION
The present study was designed to develop a general
understanding of the oxidant and antioxidant status of tissues of A. leptodactylus, with a view to using them as potential future biomarkers of reservoir health. The mean concentrations of the tested antioxidants (GSH, GSH-Px) and
oxidants (NO, MDA) in the hepatopancreas, gills and muscle tissues of A. leptodactylus are shown in Table 1 and
Table 2.
Three important tissues, the hepatopancreas, gills and
muscle were chosen for the study because the hepatopancreas is the main digestive gland, rich in lipids and responsible for regulating metabolism [26]. Gills are major
organs of biotransformation and respiration [20]. Muscle

tissue is important commercially, as these constitute the
edible part of the crayfish [27]. However, the hepatopancreas
and gill tissues of crustaceans are more often recommended
as an environmental indicator of water pollution than any
other organs [20, 28]. In our study, in general, the highest
NO and MDA concentrations were found in the hepatopancreas, compared to the muscle and gill tissues (Table 1).
Because the crustacean hepatopancreas is the site of multiple oxidative reactions, it may therefore be a site of substantial free radical generation [20]. GSH-Px activity was
found to be higher in the gill tissues when compared with
other tissues. Borković et al. [20] suggest that gills exhibit
a low-threshold response to oxidative stress, as they are
the first tissues to come into contact with water-borne contaminants. GSH levels were significantly higher in the muscle when compared to both hepatopancreas and gills. One
explanation for these differences could be the different rates
of free radical generation and different antioxidant potentials in the tissues [7]. However, the response of biomarkers
is dependent not only on the tissues but also on the extent
of environmental pollution [20].
Valavanidis et al. [29] reported that oxygen and nitrogen free radicals are essential in the physiological control
of cell function in biological systems and are continuously
produced in living cells [7]. Chemical toxic pollutants are
important sources of reactive oxygen species in biological
system. It has been determined in both in vitro and in vivo
studies that contaminant exposure can lead to oxidative
damage [4, 11, 30-32]. MDA levels in the hepatopancreas,
gills and muscle tissues were significantly higher (13.41%
(p<0.05), 16.31% (p<0.05), 36.36% (p<0.01) respectively)

TABLE 1 - The mean concentrations of the GSH (µmol g-1 tissue), GSH-Px (U g-1 protein), NO (µmol g-1 tissue)
and MDA (nmol g-1 tissue) in the hepatopancreas, gills and muscle tissue of the crayfish in the Keban Dam Lake.
Parameters
GSH
GSH-Px
NO
MDA

N
60
60
60
60

Tissues
Gills
8.89±0.30 c
830.12±20.87 a
15.58±0.31 c
0.34±0.01 b

Hepatopancreas
32.40±0.87 b
473.00±14.78 b
19.39±0.34 a
1.91±0.05 a

Muscle
37.13±2.20a
350.00±11.06 c
17.31±0.39 b
0.12±0.01 c

P
***
***
***
***

***= p<0.001
Values with different superscripts within the same line statistically significant (p<0.05).

TABLE 2 - The mean concentrations of the GSH (µmol g-1 tissue), GSH-Px (U g-1 protein), NO (µmol g-1 tissue) and MDA (nmol g-1
tissue) in the hepatopancreas (H), gills (G) and muscle (M) tissue of the crayfish in the uncontaminated and contaminated stations.
Tissues
H

G

M

Stations
Uncont. Station
Cont. Station
p
Uncont. Station
Cont. Station
p
Uncont. Station
Cont. Station
p

N
30
30
30
30
30
30

GSH
32.99±0.88
31.80±1.52
9.60±0.46
8.17±0.35
*
44.97±2.84
29.29±2.71
***

GSH-Px
473.67±27.80
472.33±10.71
877.07±32.95
783.17±23.09
*
294.33±12.80
405.67±10.95
***

-=p>0.05, * =p<0.05, **=p<0.01, ***= p<0.001
Values with different superscripts within the same line statistically significant (p<0.05).

950

NO
18.37±0.52
20.41±0.36
**
16.01±0.32
15.14±0.52
16.70±0.42
17.92±0.64
-

MDA
1.79±0.06
2.03±0.08
*
0.31±0.01
0.36±0.02
*
0.11±0.01
0.15±0.01
**
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at the contaminated station compared to uncontaminated
station (Table 2).
The results of present study support the findings of
Filho et al. [3], who found significantly higher oxygen consumption and thiobarbituric acid-reactive substance levels
in the livers of Acará cichlids (Geophagus brasiliensis)
caught from a polluted site in the Benetido River in Southern Brazil. Farombi et al. [14] determined that MDA levels
were significantly elevated (177%) in the liver tissues of fish
(Clarias gariepinus) obtained from the Ogun River when
compared to that of control fishes from the Agodi fish
farm. Our findings support these studies. In addition, Cossu
et al. [33] found no or little effect on the digestive gland
related to MDA levels of bivalves (Union tumidus) at a control site (Pond) compared to a polluted site (Fensch River).
NO acts in a variety of tissues to regulate a diverse
range of physiological processes, but excess of NO can be
toxic [34]. In this study, NO levels were statistically higher
(11.11% (p<0.01)) in the hepatopancreas of crayfish at the
contaminated station compared to those at the uncontaminated station, while no significant difference was observed
in either gill or muscle samples (Table 2). Camargo and
Alonso [35] reported that the toxic effects of nitrite produced as an oxidative metabolite of NO on fish and crayfish is damaging to mitochondria in liver cells and causes
a shortage of tissue O2. But studies examining the production of NO and reactive nitrogen species (RNS) on O2 sensing, and on the role of ROS and RNS in cell signaling involving fish mitochondria, are almost completely lacking
from the literature [36].
GSH-Px plays an important role against the LPO, since
it is mainly involved in the removal of organic peroxides
and, to a lesser extent, hydrogen peroxides. Thus, GSH-Px
is considered to play an especially important role in protecting membranes from damage due to LPO [31, 37]. Ahmed
[38] reported that GSH-Px can be induced by various environmental pro-oxidant conditions, for example by exposure
to various types of pollution. In the present study, no significant different in the activity of the GSH-Px in hepatopancreas tissues of crayfish from polluted and control stations was observed. GSH-Px activity was significantly lower
(10.71% (p<0.05)) in the gills – but significantly higher
(37.83% (p<0.001)) in the muscle – of crayfish caught
from the contaminated station in comparison to those from
the uncontaminated station (Table 2). Antioxidant systems
may be induced after exposure to pollutants, possibly as
an adaptive response to environmental change [1,29]. Studies on fish have shown that, in response to ROS, when
concentrations of certain antioxidant enzymes are increased
the antioxidant defenses under high levels of pollution are
reduced [29]. For example, although GSH-Px activity was
found to be high in the liver of some aquatic organism exposed to pollutants, this activity was low in the gills [5, 7,
11, 38, 39]. However, Ballesteros et al. [40] observed that
the GSH-Px levels were low in both the gills and the liver
of fishes (Jenynsia multidentata). Pandey et al. [41] deter-

mined that GSH-Px levels were higher in gills, yet lower
in the liver of fish Wallago attu collected at a contaminated
site (Panipar) when compared with an uncontaminated site
(Agra). However, Yılmaz et al. [9] found that differences in
the GSH-Px activity in liver tissues of Cyprinus carpio was
not statistically significant at an uncontaminated
(İmikuşağı) compared to a contaminated site (Boran,
Hasırcılar), in Turkey. Low activity of GSH-Px in the gill
of crayfish at the polluted site in the present study may
demonstrate the inefficiency of this organ in neutralizing
the impact of peroxides, resulting in increased LPO. However, decreased GSH-Px activity in the gill may also be
related to the de-creased availability of GSH needed to
reduce the ROS impact [7]. In the present study, higher
activity of GSH-Px in the muscle may be due to increased
production and the enzyme-inducing effect of H2O2 derived
from O2¯√ [39].
GSH is the most abundant non-protein thiol source in
the cell and it serves multiple functions in protecting tissues
from oxidative damage and keeping the intracellular environment in the reduced state. GSH reduces hydrogen- and
organic-peroxides via a reaction catalyzed by GSH-Px; it
serves as a scavenger of ˙OH and singlet oxygen (1O 2).
Protective and adaptive roles of GSH against oxidative
stress-induced toxicity are well established in aquatic animals [39]. In the present study, the levels of GSH in the
hepatopancreas tissues of crayfish were not statistically
significant between stations. GSH activity in the gills and
muscle tissues of crayfish at the contaminated station was
found to be lower (14.90% (p<0.05), 34.87% (p<0.001),
respectively) than at the uncontaminated station, (Table 2).
It has been known for some time that glutathione concentrations may decrease under conditions of stress [7, 42].
Cossu et al. [33] determined that a decrease in the concentrations of GSH was most marked in the gills and digestive gland of freshwater bivalves (Unio tumidus) at the most
polluted station (Maisons-Neuves) of three sites investigated
along the Fensch River. Similarly Doyotte et al. [11] found
that GSH levels decreased in the gills of Unio tumidus exposed to pollutants (experimental and field) at the Fensch
River. Filho et al. [3] determined that the concentration of
the GSH was lower in the liver of Geophagus brasiliensis
caught at polluted site (Benedito River) compared to a nonpolluted site (Ratones). However, Farombi et al. [14] observed that the GSH levels increased significantly in the
livers of catfish (Clarias gariepinus) from the Ogun river
compared to those of control fishes from the Agodi fish
farm, but this level decreased in the gill compared to the
control. In a different study, Pandey et al. [41] determined
that GSH concentration was higher in gills and liver of
Wallago attu collected at a contaminated site (Panipar) compared with an uncontaminated site (Agra). In the present
study, a decline in tissue GSH content during exposure to
pollution may be due to an increased utilization of GSH,
which can be converted into oxidized glutathione, and inefficient GSH regeneration. However, severe oxidative stress
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may suppress GSH levels due to the impairment of adaptive mechanisms [37].
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FIGURE 2 - The comparison of the mean concentration of the GSH (A), GSH-Px (B), NO (C) and MDA (D) according to tissues of the same
sex groups of different stations (MH: The hepatopancreas of the male crayfish, FH: The hepatopancreas of the female crayfish, MG: The gill
of the male crayfish, FG: The gill of the female crayfish, MM: The muscle of the male crayfish, FM: The muscle of the female crayfish)
(Note: values fallowed by the same letters are not significantly different (p>0.05), and values fallowed by the different letters are significantly
different; p>0.05=-, p<0.05=*, p<0.01=**, p<0.001=***).

The levels of the GSH, GSH-Px, NO and MDA in the
tissues of A. leptodactylus collected from both the uncontaminated station and the contaminated station were also
compared by sex (Figure 2). GSH levels were found to be
lower in the muscle tissues (49.89%, p<0.001) of males, and
in the hepatopancreas, gills and muscle tissues (12.66%
(p<0.01), 29.96%, p<0.01, 24.79% (p<0.01), respectively)
of females, at the contaminated station compared to uncontaminated station (Figure 2A). GSH-Px activity at the
contaminated station, were found to be lower in the
hepatopancreas and gill (26.32%, (p<0.001), 17.45%
((p<0.001)) tissues of males, and higher in the muscle tissues
(63.54%, p<0.001) of males and in the hepatopancreas
and muscle tissues (45.91% (p<0.001), 19.12% (p<0.01),
respectively) of females than the uncontaminated station,
(Figure 2B). NO concentrations were higher in the
hepatopancreas (15.57%, (p<0.001)) of the male and in
the muscle tissues (12.26% (p<0.001)) of the female at the
contaminated station compared to uncontaminated station
(Figure 2C). However, the MDA levels was higher in the

muscle (66.67% (p<0.05)) of the females and in the gills
(32.26% (p<0.01) and muscle (46.15%, (p<0.05) of the
male at the contaminated station in comparison to at the
uncontaminated station. The results of this study illustrate
that change in the levels of the GSH, GSH-Px, MDA, NO
were not the same in the two sexes.
In conclusion, our present study represents the first
comprehensive report of antioxidants (GSH, GSH-Px) and
oxidants (MDA, NO) levels in three tissues (hepatopancreas,
gills, muscle) of A. leptodactylus collected from Ağın and
Aydıncık part of the Keban Dam Lake. The results
demonstrated noticeable tissue-specific distributions of the
investigated antioxidants and oxidants. This was most likely
a reflection of different metabolic activities and different
responses to environmental conditions of the examined
tissues. In addition, the results provide evidence that particularly MDA can be sensitive indicators of aquatic pollution.
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ABSTRACT
This investigation studied the competition effects of
co-existing chlorophenols in photocatalytic reaction, and
compared the results with those of individual species.
From the results of the experiments, the order of relative
competition superiority was 2,4-dichlorophenol > 2,4,6trichlorophenol > 2,3,4,6-tetrachlorophenol, under a concentration of 70 µM and neutral conditions. Moreover, 2,4-dichlorophenol showed stronger decomposition superiority
whenever the individual or co-existing photocatalytic reaction was presented.

KEYWORDS:
photocatalysis; titanium dioxide; chlorophenol.

INTRODUCTION
In wastewaters from petrochemical, dyestuff, and pulp
industry, as well as that from agriculture, substantial
amounts of phenols can be found and possibly transformed
into chlorophenols after conventional treatments by chlorination [1]. The damage of chlorophenols to human bodies
can take effect through skin contact. For instance, 2,4,6trichlorophenol (2,4,6-TCP) has been suspected for mutagenic factor [2], 2,4,5-trichlorophenol has been reported
by USEPA to accumulate in lipids and liver of animals [3],
and pentachlorophenol has been confirmed to cause damage to the liver, kidney, and fetus [4].
Since these substances cannot be easily treated by traditional wastewater treatment processes due to their refractory nature, an alternative route has to be sought. One
feasible approach is the UV/TiO2 method which has the
advantages of fast reaction, mineralization of pollutants,
and the possibility of using sunlight. Lu [5] used various
ratios of oxygen/nitrogen in photocatalysis of dichlorvos
with a concentration of 226 µM. The reaction rate was faster
when using a higher ratio of O2/N2, but only an insignificant difference was found when using ratios of 100% and
20%. For the experimental results of 3-chlorophenol,

D’Oliveira et al. [6] pointed out that the reaction times for
pHs 10.8, 4.5 and 2.5 were 90, 115, and 190 min, respectively, at 99% removal efficiency. The result was interpreted
to be due to an increase in OH ions on the TiO2 surface
under alkaline conditions to catch electron holes and form
OH free radicals. However, the reaction rate slightly decreased with the increase in pH between 3.5-9. Ku and
Hsieh [7] used UV light on the TiO2 for the treatment of
2,4-dichlorophenol (2,4-DCP). The increase in removal
efficiency of 2,4-DCP with the increase in pH was similar to
the findings of D’Oliveira et al. [6]. The increase in OH
concentration was considered to be one of the factors to
explain the results. Another one was that the pH could have
changed the molecular form of 2,4-DCP to either ionized
or unionized, eventually affecting its activity. Muruganandham and Swaminathan [8] studied the photocatalytic
degradation of azo dye Reactive Yellow (RY14) in aqueous solution. The results revealed that photodegradation of
RY14 increased in the presence of H2O2, (NH4)2S2O8, and
KBrO3, but negative effects were observed in the presence
of NaCl or Na2CO3. Photocatalytic oxidation using TiO2
and UV light was successfully applied by Jain and
Shrivastava [9] for the degradation and mineralization of
cyanosine dye. Alkaline pH conditions were found to significantly promote dye degradation. The maximum removal efficiency of dye was achieved with the combination of UV+H2O2+TiO2. The photocatalytic degradation of
2-chloroaniline under irradiating monochromatic UV light
at 300 nm was conducted by Chu et al. [10], wherein the
reaction rate was enhanced by adding H2O2 into the
UV/TiO2 system. However, excess H2O2 could not increase the •OH generation but retarded the reaction rate.
All of the experimental results showed that the pH was a
sensitive parameter with regard to the degradation rate. The
reaction rate at acidic pH was slower than at alkaline pH
in the UV/TiO2 system. However, the addition of H2O2
decreased the degradation rate under alkaline conditions.
Bellobono et al. [11] studied the effects of the kind of oxygen donor and concentration of a synergic mixture of tri(t-butyl)- and tri-(i-propyl)-vanadate as photopromoter to
treat aqueous solutions containing 4-1000 ppm of phenol.
When using O3, at about 7 wt.% of photopromoter, the quantum yield was more than 5 times that with H2O2. Wu et al.
[12] studied the degradation of various chlorophenols by
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electrochemical, electro-Fenton, microwave assisted UV
photolysis (MW/UV), and microwave-assisted photocatalysis with TiO2 (MW/UV/TiO2) methods. ElectroFenton process had a much higher removal rate than that
of the electrochemical system. Moreover, the degradation of
chlo-rophenols by MW/UV/TiO2 method was more easily
than by MW/UV method.
Most of the previous investigations were related to
pollutants of single species. However, the co-existence of
a number of pollutants as well as their mutual competition
for reaction with a single compound in natural water systems cannot be overlooked. This present research focuses
on the co-existence of 2,4-DCP, 2,4,6-TCP, and 2,3,4,6TTCP and their mutual competition for reactions.

(Tokyo Chemical, GC-grade). Sampling was performed
with a peristaltic pump (Cole-Parmer, 7520) connected to
a 1/8″ Teflon tube and a tee tube. During the reaction, the
sampling port of the tee tube was closed while another
port was opened for circulation of the reacting solution.
While sampling, the pump speed was initially raised to
circulate the solution for 5–10 seconds, followed by opening of the sampling port to allow about 15 ml of solution
to flow out. Afterwards, a 10 ml sample was placed in a
Teflon centrifuge tube covered with aluminum foil. Then,
the outlet was immediately closed to restore circulation
along with the return of the first 15 ml solution. The sample was centrifuged at 10,000 rpm for 10 min. The supernatant solution was sucked with a syringe and filtered
using a nitrocellulose membrane with 0.2 µm pore size
while the filtrate was analyzed by HPLC (Hitachi, L-6000).

MATERIALS AND METHODS
A 5-L cylindrical glass reactor (17 cm i.d. x 27 cm h.)
was used in this investigation. The reactor was equipped
with an outer acrylic jacket for circulating water from a
constant temperature bath (Techne, TU-16A) to maintain
the reaction at 25 °C. The UV light source (UVP Inc., TL33 with 365 nm filter) was placed under the reactor to
irradiate the reactor upwards. A stirrer (Cole-Parmer, N04407) with a speed controller was placed on top of the
reactor with the stirring paddles immersed in the reaction
solution to keep the TiO2 (Janssen Chemical, Anatase type,
average particle size = 0.79 µm, surface area = 15.2 m2/g)
in suspension. The solution pH was controlled by adding
nitric acid (J. T. Baker) and sodium hydroxide (J. T. Baker)
solutions using two micro-dispensing pumps (Eyela, MP-3)
with a controller (Hotec, pc-102) to maintain the pH during the reaction. The schematic diagram of the experimental setup is presented in Fig. 1. In order to clarify the
removal efficiency of the photocatalytic reaction, the
experiments of direct photolysis without TiO2 and dark
ad-sorption without irradiation were implemented.

RESULTS AND DISCUSSION
Figure 2 represents the individual direct photolysis
results of 2,4-DCP, 2,4,6-TCP, and 2,3,4,6-TTCP without
TiO2 addition. 2,4–DCP and 2,4,6-TCP showed a close
reaction efficiency with residual ratios of 84% and 82%,
respectively, while 2,3,4,6-TTCP had a 52% residue. The
major bonds of chlorophenols are C-C, C=C, C-Cl and CH, while the maximum wavelengths of light energy that
can break these bonds are 346.1, 196.1, 353.0, and 289.7
nm, respectively [13]. The wavelength of UV light used
in this study was mainly 365 nm, which may be enough to
break the C-C and C-Cl bonds. Since the 2,3,4,6-TTCP
has more C-Cl bonds whose breaking wavelength is closer to 365 nm than that of the C-C bond, the 2,3,4,6-TTCP
decomposed much more than 2,4–DCP and 2,4,6-TCP.
The adsorption percentages of 2,4–DCP, 2,4,6-TCP and
2,3,4,6-TTCP after 2 hours of dark experiments were 2.5,
1.7 and 1.0%, respectively. It indicated that the adsorption
amount on the TiO2 surface was not obvious.
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A:reactor
B:UV light
C:stirrer
D:pH controller
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FIGURE 2 - The individual direct photolysis results of 2,4-DCP,
2,4,6-TCP, and 2,3,4,6-TTCP without TiO 2 addition (initial
conc. = 70 µM, UV = 2.84 mW/cm2, pH = 7, temperature = 25 °C).

FIGURE 1 - The scheme of the experimental setup.

The reactants used for this study were 2,4-DCP (Aldrich, 99%), 2,4,6-TCP (Aldrich, 98%), and 2,3,4,6-TTCP

Figure 3 shows the individual residual ratios of concentration change with time of 2,4-DCP, 2,4,6-TCP, and
2,3,4,6-TTCP at pH 7. 2,4–DCP and 2,3,4,6-TTCP which
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displayed a close reaction efficiency with residual ratios
of 10% and 13%, respectively, while 2,4,6-TCP had a higher
residual ratio of 23%. In the case of low removal efficiencies of direct photolysis and dark adsorption, the dominating reaction mechanism of 2,4–DCP and 2,4,6-TCP was
photocatalysis. On the other hand, both photocatalysis and
direct photolysis were both the principal reaction mechanisms for 2,3,4,6-TTCP as indicated by the 48% direct
photolysis efficiency. Moreover, although 2,3,4,6-TTCP had
less adsorption, it had a better photodegradation efficiency
than 2,4,6-TCP, due to its higher direct photolysis efficiency.
According to the investigation of Dʹ′Oliveira et al. [6] and the
previous study conducted in our laboratory [14], the initiating step of photodecomposition for chlorophenols was the
release of Cl-. Since 2,3,4,6-TTCP has more chloride ions, it
could easily proceed to the Cl- releasing step, thus presenting a better removal efficiency during the first 60 min as
shown in Fig. 3. However, releasing too many chloride
ions would inhibit the reaction. This was the reason why
the reaction rate of 2,3,4,6-TTCP slightly decreased after
60 min, while 2,4-DCP maintained its decomposition rate
due to the release of fewer chloride ions. Moreover, the
forms of chlorophenols can be affected by the pH of the
solution. When pH is less than pKa of chlorophenols, they
will not dissociate easily and exist in the molecular form
(CP-OH). On the other hand, H+ is released to form ionic
state (CP-O-) when the pH is greater than pKa of chlorophenols. The percentages of the different forms can be expressed according to the following equations
[CP-OH]% = {[H+]/( [H+] + Ka)} x 100%
-

+

[CP-O ]% = {Ka/([H ] + Ka)} x 100%

(1)
(2)

where [CP-OH]% is percentage of molecular form of
chlorophenols, [CP-O-]% is percentage of ionic form of
chlorophenols, Ka is dissociation constant of chlorophenols,
and [H+] is hydrogen ion concentration.

of ionic form of 2,4-DCP was greater than those of 2,4,6TCP and 2,3,4,6-TTCP. Besides, one of the functional
groups of TiO 2 in water is Ti-OH. Hence, with a higher
percentage of ionic form of 2,4-DCP, more adsorption of
2,4-DCP with Ti-OH on the TiO2 surface could have occurred. The dark adsorption experiments had confirmed this
situation.
The residual ratios of concentration change with time
of the co-existing 2,4-DCP and 2,4,6-TCP at pH 7 are presented in Fig. 4. 2,4-DCP showed a faster reaction rate than
2,4,6-TCP. After two hours, the residual ratio of 2,4-DCP
was 25%, while that of 2,4,6-TCP was 44%. By comparing
these with the results in Fig. 3, both 2,4-DCP and 2,4,6-TCP
revealed increasing residual ratios under co-existing situation. Moreover, 2,4,6-TCP showed a more inhibiting effect
than 2,4-DCP, in terms of increasing residual ratio. Based
on the description in the previous paragraph, the percentage of ionic form of 2,4-DCP was higher than that of 2,4,6TCP, and resulted to more adsorption of 2,4-DCP during
the dark adsorption experiment. Thus, 2,4-DCP showed
more dominance in the photocatalytic reaction. In addition,
from the previous study conducted in our laboratory [15]
on the photo-decomposition of nitrophenol and cresol, the
two possible reaction paths involved the attachment of a
hydroxyl group to the benzene ring as a result of hydroxylation, or the replacement of a functional group. Similarly, chlorophenols can also take the same path. In the hydroxylation process, the site between the OH and Cl functional groups of meta-chlorophenol is more difficult to
react with the OH radical. Hence, the decomposition rates
of ortho- and para-chlorophenol are faster. The other reaction mechanism proposed from the previous results is the
replacement of the functional group. The side-by-side
functional groups of OH and Cl in ortho-chlorophenols
possess stronger attraction so that replacement is relatively
difficult to initiate. In the present investigation, 2,4,6-TCP
has two ortho-Cl functional groups and one para-Cl functional group, which is more than the substituted Cl of 2,4DCP. Thus, 2,4,6-TCP is more difficult to decompose
than 2,4-DCP.

FIGURE 3 - The individual residual ratios of concentration
of 2,4-DCP, 2,4,6-TCP and 2,3,4,6-TTCP (initial conc. = 70 µM,
UV = 2.84 mW/cm2, pH = 7, TiO2 = 10 g/L, temperature = 25 °C).

The pKa values for 2,4-DCP, 2,4,6-TCP and 2,3,4,6TTCP are approximately 7.8, 9.4 and 9, respectively.
Thus, for the present research conducted at pH 7, most of
the chlorophenols were presented in the molecular form.
Meanwhile, based on equations (1) and (2), the percentage
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FIGURE 4 - The residual ratios of concentration of the
co-existing 2,4-DCP and 2,4,6-TCP (initial conc. = 70 µM,
UV = 2.84 mW/cm2, pH = 7, TiO2 = 10 g/L, temperature = 25 °C).
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Figure 5 represents the residual ratios of concentration
for co-existing 2,4,6-TCP and 2,3,4,6-TTCP at pH 7. Comparing the curves of 2,4,6-TCP and 2,3,4,6-TTCP, the difference was not significant. 2,4,6-TCP had a residual ratio
of 32%, while 2,3,4,6-TTCP had 34% after 2 hours. According to the dark adsorption experiments, 2,4,6-TCP appeared to have more adsorption than 2,3,4,6-TTCP. Thus,
in the competitive adsorption between 2,4,6-TCP and
2,3,4,6-TTCP on the TiO2 surface, the former was more
dominant. Nevertheless, 2,3,4,6-TTCP had a greater direct
photolysis efficiency than 2,4,6-TCP. Hence, 2,4,6-TCP and
2,3,4,6-TTCP revealed a close reaction efficiency due to the
interaction of photocatalysis and direct photolysis. The
decomposition rate of 2,4,6-TCP was faster than that in
Fig. 4. Meanwhile, Fig. 5 shows that 2,3,4,6-TTCP had a
more increasing residual ratio than 2,4,6-TCP as compared
with Fig. 3. Therefore, 2,4,6-TCP was more competitive than
2,3,4,6-TTCP when both were co-existing, whereas 2,4,6TCP showed a more inhibiting effect than 2,4-DCP under
co-existing conditions. The reasons could be the faster
reaction rate of photocatalysis for 2,4,6-TCP with regard to
direct photolysis rate for 2,3,4,6-TTCP. Besides, 2,3,4,6TTCP, which has more side-by-side functional groups of
Cl, possesses a stronger attraction so that the replacement
of Cl is relatively difficult to initiate.

FIGURE 5 - The residual ratios of concentration of the
co-existing 2,4,6-TCP and 2,3,4,6-TTCP (initial conc. = 70 µM,
UV = 2.84 mW/cm2, pH = 7, TiO2 = 10 g/L, temperature = 25 °C).

results of Figs. 4 and 6, 2,3,4,6-TTCP revealed a similar
reaction efficiency with 2,4,6-TCP when 2,4-DCP was coexisting. The trend for dark adsorption was as follows: 2,4DCP > 2,4,6-TCP > 2,3,4,6-TTCP. Hence, photocatalytic
reaction efficiency of 2,4-DCP was faster than that of 2,4,6TCP. On the other hand, although 2,3,4,6-TTCP had a worse
adsorption, it evidently revealed a direct photolysis to attain
a removal efficiency close to that of 2,4,6-TCP.

FIGURE 6 - The residual ratios of concentration of the
co-existing 2,4-DCP and 2,3,4,6-TTCP (initial conc. = 70 µM,
UV = 2.84 mW/cm2, pH = 7, TiO2 = 10 g/L, temperature = 25 °C).

The residual ratios of concentration for co-existing
2,4-DCP, 2,4,6-TCP, and 2,3,4,6-TTCP at pH 7 are shown
in Fig. 7. The co-presence of the three species represented a
competition similar to the co-presence of two species. The
faster reaction rate of 2,4-DCP at the beginning left the
rest behind with a final residual ratio of 37%, while those
of 2,4,6-TCP and 2,3,4,6-TTCP were 57% and 59%, respectively. In this study, 2,4-DCP showed dominance in
photodegradation with the co-presence of either two or three
species, while 2,4,6-TCP and 2,3,4,6-TTCP had nearly
equal decomposition rates under co-existing conditions.
This situation differed from the individual existence of
2,4,6-TCP and 2,3,4,6-TTCP. The reason for the nearly
equal removal efficiency of 2,4,6-TCP and 2,3,4,6-TTCP
could be the interaction of photolysis and photocatalysis.

Figure 6 shows the residual ratios of concentration
change with time of co-existing 2,4-DCP and 2,3,4,6-TTCP
at pH 7. The faster reaction rate of 2,4-DCP at the beginning was quite obvious from that of 2,3,4,6-TTCP. After
two hours of reaction, the residual ratio of 2,3,4,6-TTCP
was 43%, while that of 2,4-DCP was 22%. Meanwhile,
2,3,4,6-TTCP had a stronger inhibiting effect than 2,4DCP in terms of increasing residual ratio when comparing
them with the results in Fig. 3. Direct photolysis and photocatalysis were the dominant reaction mechanisms for
2,3,4,6-TTCP, while photocatalysis was dominant for 2,4DCP. This could be due to the faster reaction rate of photocatalysis as compared to direct photolysis. In addition, the
ionic form, substituted group position, and the Cl number
of 2,4-DCP mentioned above, they also showed that 2,4DCP had a better photodegradation efficiency. From the
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FIGURE 7 - The residual ratios of concentration of the co-existing
2,4-DCP, 2,4,6-TCP and 2,3,4,6-TTCP (initial conc. = 70 µ M,
UV = 2.84 mW/cm2, pH = 7, TiO2 = 10 g/L, temperature = 25 °C).
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CONCLUSIONS
In the case of co-presence concerning 2,4-DCP, 2,4,6TCP, and 2,3,4,6-TTCP, either involving two or three species at pH 7, 2,4-DCP had the best photodecomposition
efficiency. While the removal efficiency of 2,4,6-TCP was
slightly better than that of 2,3,4,6-TTCP, they were nonetheless very close. When these results were compared with
those of individual compounds, the decomposition efficiencies of the latter were better than the co-present reactants. The trend in the order of decomposition rate for
individual compounds was as follows: 2,4-DCP > 2,3,4,6TTCP > 2,4,6-TCP.
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ABSTRACT

INTRODUCTION

The present study focuses on the concentrations and
elemental compositions of the atmospheric aerosol particles
at two altitudes of a canyon street in the urban area of Patras
(Greece). About 35 elements were determined, for most of
the samples, by instrumental neutron activation analysis
(INAA). All these elements may not appear in every sample, but their majority did. Particularly, 21 elements were
detected in all samples, while 15 additional elements could
only be detected in the majority of the samples. The concentrations of the trace elements were compared to the Typical Urban Concentrations (TUCs) and found to be relatively
equal, except for Zn and Eu in some cases, and Fe that
significantly exceeded in TUC. The percentage (by weight
of total PM) of analyzed trace elements was calculated.
Patras has a relatively low enriched (by trace elements) atmosphere. The diagrams of concentration range of the analyzed elements, at both heights, are presented. The maximum concentration and maximum width at the lower
sampling height (3 m) was examined. The individual trace
pollutant concentration (Ci) in relation to that of total particulate aerosol (TPM) is useful for a preliminary estimation of the sources` local distribution. Marine aerosols, traffic-related and mineral particles are proved to be the largest
single contributors. In general, a large quantitative differentiation of pollutant concentration levels, at the two sampling
sites, has been observed. These results illustrate the important effect of the street canyon orientation and configuration on the pollutant exchange between the micro-environment of the street canyon and the upper air layer. Finally,
important results could be deduced by the direct correlation
between trace concentrations and meteorological parameters.

KEYWORDS: urban canyon street, traffic-related pollutants, trace
elements, INAA.

In recent years, the research into the effects of exposure to air pollution has highlighted a wide range of apparent health effects, including increased risks of morbidity
and mortality due to respiratory illness, cardio-vascular
disease and cancer. Among the pollutants implicated in
these effects, particular attention has been given on airborne particulate matter and, especially, on size distribution
and trace elements composition [1-6].
For assessing health risks related to air pollution, it is
necessary to quantify the exposure of the population to the
various hazardous substances released in the atmosphere.
So far, in most cases, the population exposure to air pollution has been assessed through crude assumptions. For
example, it has been assumed that concentrations observed
at a single or a few permanent monitoring stations within
a city, are representative for the exposure of the entire urban
population [7].
This practice is in contradiction with the findings from
the current research, which showed a significant small-scale
spatial variability of traffic-related pollution in urban areas.
A more detailed spatial profile of ambient concentrations
is often needed for population exposure studies. This necessity is more pronounced in areas with high population
density, strong emission sources, and limited natural ventilation (e.g. urban streets and avenues) [8, 9]. Similar results were obtained in the EXPOLIS study, which addressed
measured personal exposures of adult inhabitants in the
Helsinki Metropolitan Area during 1996 and 1997 [10].
The present study aims at investigating the effects on
exposure assessment of small-scale spatial variability of
traffic-related pollutants [11, 12]. The concentration and
elemental composition of the atmospheric aerosol, at two
altitudes of the same canyon street, in the urban area of
Patras were examined. Among the methods for multielemental determination in total particulate matter (TPM),
the instrumental neutron activation analysis (INAA) was
used [13-15]. This method has unique features including
high-precision, non-destruction and multi-elemental capa-
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bility. More than 35 trace elements were found to be the
most important, qualitatively and quantitatively. All these
elements may not appear in every sample, but their majority did. Particularly, 21 elements were detected in all samples, while 15 additional elements could only be detected
in the large majority of the samples.
Based on nearly three months of continuous sampling
and analysis, a picture of multi-element concentrations, the
trace elements vertical distribution into the Canyon Street
and the correlation with micro-meteorological parameters,
was depicted. Some interesting correlations were found between temperature, wind direction, humidity and trace
elements concentrations. The percentage (by weight of total
PM) of analyzed trace elements was also calculated. That
enables to gather enough information for the study of population exposure levels as well as the local and regional
source impact.
MATERIALS AND METHODS
Description of area and sampling site

Patras (alt. 12 m from sea level, N 38 0 14.785’, E
21 44.180’) is among the cities, in Greece, with the
highest traffic density. The core area of the city is generally
flat with elevations ranging from 10 to 20 m above mean
sea level. It is surrounded by sea from SSW to NNE
clockwise, and by high mountains on the remaining sides.
The population of the city and surrounding area counts
more than 200.000 inhabitants.
0

The climate of Patras is Mediterranean with hot dry
summer and wet mild winter. Monthly mean temperatures
range from 9.8 to 26.7 0C and the annual temperatures vary
between -6.4 and 40.3 °C. Relative humidity is 60 % and
76 %, in summer and in winter, respectively. The annual
mean precipitation varies between 5.3-747 mm. The dominant wind direction in the sampling period was NW (80%).
Patras city is located in coastal area and influenced by seabased disturbances. The sea-breeze circulation is developed mostly during days of the warm period of the year
with weak pressure patterns. The sea-breeze tends to stratify the atmosphere, mainly, above the south side of the
city, by trapping air pollutants in a relatively small height
above the ground. Significant chemical transformations of
photochemical precursors may also occur on the course of
circulation.
The main pollution sources in Patras greater areas are
traffic, central heating, emissions from harbor and the relatively small number of industries operating in suburban
areas. The majority of industrial units are located in the industrial area ~ 18 km south-southwest of Patras, while a
major cement factory operates at a distance ~ 16 km northeast of Patras. On yearly basis, traffic and harbor are considered to be the main source of carbon monoxide (CO),
hydrocarbons (HC), nitrogen oxides (NOx) and smoke. The
medium-sized industries and ships are the main sources

for sulfur dioxide (SO2) and total particulate matter (TPM).
The central heating, if only the cold period of the year
(November–April) is considered, then becomes the most
important pollution source of SO2.
In order to compare the concentration of TPM and elemental composition of PM in the urban canopy layer,
sampling was performed simultaneously both at 3 m and
28 m from the street pavement. The canyon is oriented with
its long-axis approximately in a SE-NW direction. The upwind side of the canyon is formed by a continuous line of
seven-story buildings, with relatively uniform building
heights (i.e., a ±2 m variation) stretching for at least 28 m.
The other side is less uniform, but in the vicinity of the
monitoring sites it was bounded by seven-story buildings.
The sampling sites were on a building’s roof (28 m) at the
downwind side of the canyon and at street-level (3 m).
Sampling and analysis

The urban aerosol samples were collected on 47-mm
diameter, 0.8-µm porosity nitrate cellulose (26 couples of
samples) and acetate cellulose (26 couples of samples)
membrane filters, mounted in stacked filter units. A constant
flow-rate portable sampler was used (ZAMBELLI MOD.
5000). The sampling took place from November 15, 2004
until February 28, 2005, and 52 samples were collected.
Meteorological data (temperature, relative humidity, wind
speed, wind direction, solar radiation) were also obtained,
for the sampling period, by a micro-meteorological station
installed on the flat building’s roof, nearby the upper filter
holder. These results were used to represent the weather
conditions for each period. Data capture was 95% of the
overall possible samples for two sites.
The concentration of TPM was determined using preand post-sampling filter weights (Gravimetric Method GM). All filters were weighted using an electronic laboratory microbalance (Sartorius/accuracy 1E-04 g). To ensure consistent values for the mass, the filters were equilibrated prior to weighing under controlled temperature and
relative humidity (50 ± 5%) conditions.
Neutron irradiations were performed at the Institute of
Nuclear Technology of National Research Centre of Natural Science, Athens, Greece. After GM, the filters were
placed into vials and activated for 15 min by a flux of
thermal neutrons (~5E13 n/cm2sec) in the core of a 10MW
(max) open pool research nuclear reactor (AMF-Atomics
GRR-1). Afterwards, the filters were dissolved in acids
(10 ml H2SO4 for nitr.cel./10 ml HNO3 for acet. cel. filters), homogenized and transfused into airtight plastic containers (15 ml). By this treatment, all samples had the same
geometry. This is necessary, due to the need of a common
geometry-efficiency factor, for more reliable and comparable results by their γ-analysis. Filters γ-radiation induced by
irradiation was detected with an HPGe detector, and the
signal of γ-spectrum was primarily processed by nuclear
electronics (CANBERRA). The final stage was a multichannel analyzer (MCA Canberra Series 35) interfaced
with a PC.
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A spectrum for every sample was collected twice, one
after activation (600-sec spectrum collection) and one 11–
12 days after activation (1200-sec sp. col.). The filter
blank values were subtracted prior to the receptor modeling. For some elements, the reproducibility of the analysis
is generally better than 10%. The experimental error could
cause from a) variability of airflow during the sample collection (This was assumed to be the average between the
measured flow-rates at beginning and end of collection
period), and b) statistics and background subtraction in the
analysis of γ-ray spectrum.
Atomic absorption spectrometry (AAS) was used to
determine Cd and Pb on samples from the lower sampling
point (3 m). An instrumentation Laboratory Model 353 unit
was used for AAS measurements. Samples were prepared
by extraction with a 1:1 mixture of redistilled concentrated
HNO3 and distilled water. Extractions were performed with
the use of a 15-min ultrasonic treatment. The wavelengths
used were 217 nm for Pb and 228.8 nm for Cd.
RESULTS AND DISCUSSION
The summary statistics of the measurements are shown
in Table 1. Aerosol data for the full measurement period,
excluding 7 extreme outliers, is presented in Table 1. The
number of samples (n) out of 49 totals for which the elements concentration was found above the detection limit
and with a small error is also indicated. Data were obtained
for 21 elements in all samples, Na, K, Fe, Eu, Mn, Zn, Cr,
Co, Br, Sb, La, Sm, As, Pb, Cd, Mg, Ca, Sc, Th, Au &
Hf`, while 15 additional elements, Ce, Th, Ag, Ba, Rb,

Se, Cs, , Ti, Al, Ga, V, W, Cu, In & U, could only be
detected in majority of the samples.
The concentration of the elements Na, K, Fe, Eu, Mn,
Cd, Mg, Ca, Sc, Hf & Zn was exceeded the Typical Urban Concentration (TUC). The elements Cr, Co, Br, Sb,
La, Sm & As did not show increased concentrations in
comparison to TUCs for both sampling sites. The average
concentrations of the elements Cr, Mn, Co, La, Pb, & Sm,
at low height, barely reach TUCs and never exceed them.
The maximum daily values of the concentrations of the
analyzed trace elements, especially for the 3-m height,
severely exceeded TUC (an exception was the Br).
After the GM, the average TPM for both altitudes was
found. The upper one (28 m) was found to be 68.12 µg m-3
and the lower one (3 m) 136.56 µg m-3. A more analytical
process for correlation of TPM with the days of the week
and the altitude is shown in Fig. 1. As expected, the low
altitude TPM was in agreement with traffic density of the
street near the sampling site. The high altitude TPM levels
illustrate the important effect of the street canyon orientation and configuration on pollutant exchange between the
micro-environment of the street canyon and the upper airlayer.
From the analysis of daily concentration changes, a
different profile between trace elements from anthropogenic sources and those that emanate from natural sources
was observed. The traffic-related elements present a powerful cross-correlation with urban operation (road circulation, commercial shops, schools, public services). The
weekly change for the level of day was minimal until nonexistent.

TABLE 1 - Summary statistics for aerosol particles and trace elements data.
3-m height
TUC*
Mean*
Maximum*
Samples number
~75
136.56 µgr/m3
439.7 µgr/m3
49
TPM
µgr/m3
K
600.00
1158.6
2184.90
35
Na
400.00
676.72
2522.30
49
Cr
30.00
27.81
44.70
42
Mn
50.00
27.90
86.93
20
Fe
1600.00
3188.89
15317.00
37
Co
1.40
0.88
2.03
19
Zn
360.00
320.87
1709.00
39
Br
200.00
53.51
183.10
49
Sb
20.00
8.49
22.30
49
La
2.00
1.589
2.52
34
Sm
0.30
0.19
0.56
41
Eu
0.05
0.13
0.96
31
As
15.00
1.53
3.23
11
Pb
890.20
760.45
1610.10
49
Cd
5.20
5.36
11.30
49
Mg
820.00
2240.40
3690.07
37
Ca
2900.00
10450.62
13200.17
43
Sc
500
144.42
529.07
48
Th
148.97
608.65
46
Au
235.34
1065.40
41
Hf
10
1030.97
3243.35
37
*Concentrations of trace elements in ng m-3 TUC (Threshold Urban Concentration).
Element

964

28-m height
Mean*
68.12 µgr/m3

Maximum*
104.07 µgr/m3

C3m/C28m
2.01

783.16
390.34
25.92
38.96
1962.04
0.73
390,81
35.91
5.03
1.01
0.11
0.08
550.35
2.64
973.10
1057.60
90.30
80.52
240.26
798.42

1401.40
1259.80
124.00
50.10
5224.80
2.03
1040.00
78.70
8.87
1.47
0.24
0.16
860.07
4.77
1758.76
1567.08
307.78
119.07
948.30
1171.12

1.48
1.74
1.07
2.23
1.63
1.20
0.82
1.49
1.69
1.58
1.79
1.62
1.73
1.38
2.30
9.88
1.59
1.85
1.98
1.29
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FIGURE 1 - Correlation of TPM vs days and altitude.

Concentration range of trace elements with height

The diagrams of concentration width for the analyzed
elements at both heights are presented in Fig. 2. The maximum width for each element was that at 3-m altitude.
That happened because the influence of local sources
is greater in this altitude, and the width depends mostly on
the maximum concentration. So, at 3 m, where the maximum concentration was observed, the maximum width was
also observed. Moreover, the pollutant sources at 3 m are
dynamic, resulting in continuous change of the concentrations in a big range. On the other hand, at 28 m, the air is
mostly homogenized and the changes are dependent on
other phenomena rather than the changes due to the production rate at the source. For TPM, the maximum width
appears at 3 m, as expected due to the production of PM,
mostly at street level.

The difference of the mean concentrations at 3 and 28 m
is rather small. So it can be concluded that the great width at
3 m is due to an acute case of pollution, which occurred at
the sampling place, at that height due to the great variation
of the canyon street sources. Cr is an exception of previous
normality, since its width was bigger at 28 m. This is in
accordance with the extremely small aerodynamic size of
the particles at which it was observed (0.02 µm). As a “fine
particle” it has almost the same concentration at 3 and 28 m
height (fine particles have almost the same levels at all
heights). Moreover, at 28 m, the PM that contains Cr, is
exposed to strong flow fields, resulting in changing of its
concentration with greater ease, with regard to 3 m (where
the wind velocity is much smaller). Less possible case is
that there is a dynamic source of Cr outside the street, or
even outside Patras, which, in general, influences the concentration of the element at 28 m and in the upper level of
the city’s air.
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FIGURE 2 - Range of concentration TPM and some trace elements.
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The percentage (% by weight) of analyzed trace elements at
the TPM

Pie-diagrams were constructed for each altitude (Fig. 3),
based on the summation of elements` mean concentrations
and the mean level of entire TPMs calculated in the present
study. In this diagram, the percent weight of analyzed
trace element, in total TPM is presented. The percentage
was calculated by the GM. With the help of these diagrams,
it is possible to make a first estimation of the pollution
level at the sampling area. When comparing the presented
percentages with data from other cities, it can be concluded
that Patras city has a relatively low enriched (by trace elements) atmosphere. The part of not analyzed TPM consists
mostly of lamp-black (carbon), nitrogen, oxygen, sulfur,
chloride, aluminum and organic compounds.

Some representative diagrams of the individual pollutant concentration (Ci) in relation to the TPM are given in
Fig. 4. In these charts, the lines of linear approach and
their gradient are shown. This type of diagrams could be
useful for a preliminary estimation of the local distribution of the sources. It is considered that the increase of
pollutant concentration is an indicator for the existence of
a source. From the Na diagram, it is observed that the gradient is positive for the concentrations taken in 28 m and
negative for 3 m. This points out that this pollutant does
not come from an anthropogenic source near the ground, but
from a source which affects the atmosphere at all heights.
This conclusion verifies what is already known for Na,
that it is mostly sea-originated.
By the respective diagrams for the trace elements Zn,
Mn and Co, analogous conclusions can be made. It was
observed that their concentrations were increased at 3 m,
but decreased at 28 m. Thus, these pollutants are possibly
anthropogenic and dependent on ground sources. These
results are in complete agreement with other studies, which
suggest that their basic source is traffic. Moreover, the decrease of the concentration of such elements can be due to
three phenomena:
i) the inflow of air that decreases the concentration of
the element in the TPM, ii) the outflow of air containing the
element with the canyon flow field, and iii) due to the aerodynamic size of the pollutant (<< 0.8 µm) escaping of the
sampling filters (0.8 µm pore size).
For the other elements (La, Br, Sb, Eu, Sm, Fe, Sc, As,
Cr, Sc), similar behaviour was observed at both heights. For
that reason, it is not possible to characterize them as anthropogenic or natural pollutants. These can be of both
origins. Especially for Br, it was expected to have a greater
positive gradient at 3 m, since it is a major constituent of
vehicles’ exhausts with unleaded fuel. Instead of that, Br
had a negative gradient, possibly due to its escape from
the sampling filters.
Correlation of trace elements and relative humidity (Ci–% RH)

A correlation of the concentration of each element
with relative humidity (Ci – % RH) was calculated. In our

FIGURE 3 - The percentage (% by
weight) of trace elements at 3 m and 28 m.

2600

1800

Na 28m (grad=0.3)
Na 3m (grad= -0.8)

2400
2200

1400

2000
1800

1200

Zn ( ngr / m )

1600

3

3

Na ( ngr / m )

Zn 28m (grad= -2.5)
Zn 3m (grad=0.7)

1600

1400
1200
1000
800
600

1000
800
600
400

400

200

200
0

0
0

50

100

150

200

250

300

350

400

450

0

3

50

100

150

200

250

300
3

CTPM ( µgr / m )

CTPM ( µgr / m )

FIGURE 4 - Correlation of trace elements (Na, Zn) concentrations vs. TPM.

966

350

400

450

© by PSP Volume 18 – No 6. 2009

Fresenius Environmental Bulletin

case, the increase of RH is mostly due to the transport of
oversea air masses towards the center of Patras, resulting
in replacement of polluted air by relatively clean oversea
one. Na and K levels present an increase with the increase
of RH (positive gradient of linear approach) for both
heights (Fig. 5). This is another proof that the basic source
of these trace elements is the sea.
When regarding the correlation of trace elements Zn,
Mn and Co, which by the study of Ci – TPM diagrams
were thought to be of anthropogenic origin (vehicles), the
results lead to the same conclusions. The curves of the
above trace elements and of Sm presented great negative
gradients (-6.81) at low altitude (Fig. 5). Behavior of Br
and Cr was similar to that of the above trace elements
(because of their small size), but not at the same grade (0.0754) (Fig. 5). That is because the particles containing
these elements, which are found in big concentration near
the ground, grow heavy during their agglomeration with
the water’s molecules, and swag, so not being captured by
the filters.
The agglomeration phenomenon increases by RH.
Especially for Zn, it was noted that the grand negative
gradient verifies the results of the studies for the remove,

The TPM were found to have a negative gradient at
both heights with regard to the wind speed (Fig. 6). This
phenomenon was much more intense at 3 m (great negative gradient). At greater height, the negative gradient is
smaller, which is explained by the fact that the higher we
climb the more homogeneous the air becomes. So, wind
speed (ws) at high levels hardly effects the composition of
the air. At lower levels, however, the effect of wind speed
is important due to the fact that the air is not homogeneous and that the initial concentrations of ground-originated
pollutants are higher.
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FIGURE 5 Correlation of trace element concentrations vs relative humidity.
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selectively of the aerosol particles of Zn by rain and
snow. This phenomenon is intense at low heights for all
the elements and explained by agglomeration and deposition processes. From the other side, positive gradient at
higher levels in some cases (Co, Fe, Zn, La, Te) can be
explained with the help of agglomeration’s phenomenon
again, which leads to deposition on the filters due to the
increase of the particles’ size that are held at a higher
percentage (after the coagulation) on them.
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Most elements presented a similar behavior to that
observed for the TPM, meaning small negative gradient at
28 m and negative at 3 m. Na and Hf presented positive
gradients at both heights (Fig. 6). As wind speed increases
big masses of salt, rich in the sea air, which are transported
towards the center of the city. The fact, that the prevailing
wind direction was NW (from the sea) during the sampling,
amplifies the effect of the phenomenon in Patras’ atmosphere.
The trace elements K, Zn and Fe presented greater positive gradients at 28 m than at 3 m. All these elements partially come from natural sources around Patras, and this is a
possible explanation for these behaviors. The air masses
that reach Patras affect the upper urban air layer. That is
because there is no exchange with air at the street level.
That happens due to the big aspect ratio (height of buildings to width of road) and the urban street canyon orientation. On the other hand, the trace element As presented a
big negative gradient at 3m. That can be explained due to
the big deposition rate.
Correlation of trace elements and temperature

The correlation of every element (Ci) and of TPM concentration in relation to the ambient temperature (Ci~Temp)
was also examined. Starting by the TPM, an increase along
with the temperature was observed at 3 m. That behavior
leads to the conclusion that amplification of the sources
near the ground is related to the increase of temperature.
That is evident not only by TPM increase, but also by that
of the levels of trace pollutants that come from this source.
The increase of Co, Mn, Zn and Cr at 3 m was due to
harsher mechanical use of certain parts of the vehicles such
as tires, brakes and radiators, at high temperature. Moreover, the behavior of Na was remarkable. The specific element presented a negative gradient at both heights. Finally,
Br decreases with temperature increase. This is explained
by the fact, that an engine, working in a warmer environment, produces fewer pollutants.
CONCLUSIONS
The possible health consequences, associated with the
continuous exposure of a high density of population to
traffic-related pollutants, are enhanced by synergy, smallscale spatial variability of concentrations and microclimate conditions of an urban canyon street.
The present work was focused on the chemical characterization of the atmospheric aerosol particles and on the
correlation of the trace element concentrations with micrometeorological parameters. More than 35 elements were
determined in most of the samples by instrumental neutron activation analysis (INAA). They did not appear in
every sample altogether, but their majority did. Particularly, 21 elements were detected in all samples, while 15
additional elements could only be detected in the majority
of the samples.

The average concentration of TPM at two altitudes was
found equal to 68.12 and 136.56 µg/m3 at 28 and 3 m,
respectively. The correlation of the TPM with the days of
the week and the altitude was in agreement with traffic
density as well as with street canyon orientation and configuration. A different behaviour was observed between the
analyses of the daily concentrations of trace elements from
anthropogenic sources with those emanating from natural
ones. The concentrations of the analyzed elements were
compared with the TUCs, and found to be relatively equal,
except for Zn and Eu in some cases, and Fe that significantly exceeded the TUC. K was also found to exceed TUC
by a small percentage.
The maximum concentration as well as the maximum
width was observed at 3 m. At this altitude, there is a
strong influence of local sources (traffic density) on the
concentration levels and, consequently, the concentration
width. Moreover, the pollutant sources at 3 m are dynamic, resulting in continuous change of concentrations in a
big range. On the other hand, at 28 m, the air is mostly
homogenized and the changes originate from other phenomena rather than the changes due to the release rate.
The percentage (% by weight) of the analyzed trace
elements, in the total PM, was calculated. It is possible to
make a first qualitative estimation of the pollution level at
the sampling area. When comparing the presented percentages with data from other cities, it can be concluded that
Patras city has a relatively low-enriched (by trace elements)
atmosphere.
The diagrams of the individual pollutant concentration
(Ci) in relation to the TPM could be useful for a preliminary estimation of the local distribution of the sources. The
increase of pollutant level is an indicator for the existence
of a source. For the trace element Na, it was observed that
the gradient is positive at 28 m and negative at 3 m. This
suggests that this pollutant does not come from an anthropogenic source near the ground, but from a source which
affects the atmosphere at all heights. This result verifies
what is already known for Na: it is mostly sea-originated.
For the trace elements Zn, Mn & Co, concentrations increased at 3 m, but decreased at 28 m. These results are in
complete agreement with other studies, which suggested
that their basic source is traffic. On the other hand, the
elements La, Br, Sb, Eu, Sm, Fe, Sc, As, Cr and Sc showed
similar behavior at both heights. For this reason, it is impossible to characterize them as anthropogenic or natural
pollutants.
Na and K concentrations presented positive gradients
in relation with the RH for both examined heights. This is
another proof that the basic source of these trace elements
is the sea. Regarding the correlations of Zn, Mn and Co, it
can be concluded that they are of anthropogenic origin (vehicles). The curves of the specific trace elements along with
Sm presented great negative gradients (-6.81) at low altitude. Br and Cr presented a similar behavior (because
of their same small size) but not at that grade (-0.0754).
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These results are explained by agglomeration and deposition processes like the positive gradients, at higher levels,
of the trace elements Co, Fe, Zn, La, and Te.
The TPM values were found to have a negative gradient at both heights in relation with the wind speed being
much more intense at 3 m (great negative gradient). This
is due to the fact that the air is not homogeneous and the
initial concentrations of ground-originating pollutants are
higher in this height. Most elements present a similar behavior, with exception of Na and Hf. When wind speed
increases, great masses of salt, rich in the sea air, are transported towards the center of the city. The prevailing wind
direction during the sampling was NW (from the sea), thus
amplifying this effect in Patras’ atmosphere. This shows
that Na and Cl are surely natural pollutants.
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ENHANCEMENT EFFECT OF DOUBLE-LAYER
TiO2/ACTIVATED CARBON FILM FOR THE PHOTOCATALYTIC OXIDATION OF GASEOUS ACETONE
Chiu-Ping Chang* and Yu-Chih Lin
Department of Environmental Engineering and Health, Yuanpei University, 306 Yuan-pei St., Hsinchu City, 300, Taiwan.

ABSTRACT

low energy consumption, it has a considerable development
potential.

Adsorption has always been one of the fastest methods to trap organic substances in many types of processes.
Adsorption and photocatalytic oxidation can be employed
together to ensure that organic substances are rapidly adsorbed, and further oxidized without contamination. This
approach can combine the advantages of both adsorption
and photocatalysis taking activated carbon (AC) as adsorbent, and using a double-layer TiO2/AC film (DLF) production method to fix the TiO2 on the adsorbent layer.
Acetone is used as the reaction target. The adsorbent is
employed to increase the adsorptive ability of the catalyst
and, thereby, promote oxidation. The effects of adsorbent
and influent concentration, as well as reaction temperature
on photocatalytic reaction are investigated. Experimental
results show that a DLF production method can increase
the efficiency of photocatalysis, and the higher the AC
content, the more efficient the reaction. Moreover, the
higher the influent level of acetone, the higher the outlet
concentration after treatment. While increasing the reaction temperature does not have a large effect on acetone
degradation and mineralization rate, it tends to increase the
formation of carbon monoxide. When the DLF is regenerated at 100 °C for 1 h and the throughput experiment
repeated, the catalyst's adsorption ability gradually decreases, but 95% of it could be restored at each time.
KEYWORDS:
Titanium dioxide, photocatalysis, adsorbent, activated carbon.

INTRODUCTION
Titanium dioxide is the most popular catalyst used in
photocatalytic oxidation. When it is irradiated with UV light,
electron-hole pairs are produced and participate in an oxidation-reduction reaction with water vapor and oxygen on
the surface, forming highly-reactive free radicals (such as
OH.), which then oxidize and mineralize organic substances.
This process can completely mineralize many liquid or vapor-phase organic substances [1, 2]. Because this technique
offers the advantages of simple operating procedures and

In heterogeneous photocatalysis, the reactants must
diffuse to the surface of the catalyst before a series of reactions can occur, and afterwards the reaction products are
released. Because of this, to improve the efficiency of photocatalytic processing, it is necessary to increase the possibility that the reactant collides with the catalyst, which
means that the reactant concentration is an extremely important factor. When it is high or low, the catalyst will contact more or less of reactant, and reaction rate is accelerated
or decelerated. Although TiO2 is highly reactive, its ability
to adsorb organic substances is extremely low. Because the
reactant needs a long time to arrive at the catalyst surface,
the reaction rate is controlled by the probability of collision
between reactant and catalyst [3]. This problem can be
resolved by adding an adsorbent, such as zeolite, clay, or
AC [4-7]. The adsorbent serves as a support for TiO 2,
thereby increasing its adsorption ability. By increasing the
concentration of reactant on the surface of the catalyst, the
adsorbent increases collisions between reactant and photocatalyst, and thereby the efficiency of degradation.
Matos et al. [8] used an AC/TiO2 photocatalyst to degrade phenol, and observed that its best ratio was 1/5, increasing photocatalytic efficiency by a factor of 2.5.
Takeda et al. [3] found that the use of AC as a carrier for
TiO2 could effectively concentrate propyzamide on the
surface of the catalyst, and significantly increase the photodegradation rate. Liu and Gao [9] used a film prepared
from AC and TiO2 to degrade liquid phenol, and found that
phenol removal rate could be improved from 43% (TiO2
powder) to 81% (AC/TiO 2), and the AC/TiO 2 method
facilitated solid-liquid separation and repeated use. Li et
al. [10] used AC coated with TiO2 to treat methyl orange,
and concluded that the best photocatalytic removal results
could be obtained when the TiO2 content was 47%.
Torimoto et al. [4] used TiO 2-coated AC to treat vapor
phase di-chloromethane, and found that the adsorption
constant fell with TiO2 increase. Ao and Lee [11] suggested that, under conditions of short retention time and
high humidity, the addition of AC to a photocatalyst can
significantly increase nitrogen monoxide and BTEX re-
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moval rates. Aranã et al. [12] used Fourier transform
infrared spectroscopy (FTIR) to study the degradation of
alcohols by an AC/TiO2 photocatalyst, and indicated that
while methanol and ethanol cause the activity of pure
TiO2 to deteriorate, AC/TiO2 does not have the problem
of deactivation. Thevenet et al. [13] observed the degradation of acetylene by an AC/TiO2 photocatalyst, and
examined that AC at a relatively low initial concentration
caused a faster acetylene photodegradation rate.
In summary, most of the foregoing studies employed
batch reaction methods, and only a fewer used continuous
reactions [11, 12]. Nevertheless, continuous reaction methods are more feasible and commonly-seen in actual applications. For instance, in the treatment of vapor phase pollutants, the most common TiO2 and AC coating methods mix
P-25 TiO2 and AC, then baking a TiO2 coating on AC [1113]. Since this study sought to prevent the AC from covering the TiO2, we used a DLF-coating method to produce TiO2/AC films. The first stage involved the mixing of
AC and TiO2, and the second one the fixing of TiO2 on
the adsorptive layer. Acetone was used as the reaction target. It is a common chemical used extensively in a variety
of industrial and domestic applications. For example, the
printing industry and analytical laboratories use frequently
acetone as a solvent, and it is a principal constituent of
many common household chemicals [14]. The adsorbent
was employed to increase the catalyst's adsorption ability,
and thereby promote oxidation. The effects of AC content, influent concentration, and reaction temperature on
acetone degradation were investigated.
MATERIALS AND METHODS
The reactor in this study was an annular tubular
plugflow glass reactor with an outer and inner tube. The
inner tube had a diameter of 3.0 cm, and the outer one of
4.6 cm. The tubes were 30.0 cm in length, and the reactor
volume was 287 cm 3. A 10-W black light lamp (Sankyo
Denki Japan-BLB) with a principal wavelength of 365
nm was placed in the center of the reaction tube and provided illumination to excite the TiO2. The light intensity
was measured by UV spectrometry (International Light,
ILT-1400A), and was 12.5 mW/cm2 on the surface of
TiO2. The mass flow controllers (Brooks, 5850E, Japan)
controlled the flow-rate of air. The empty bed contact
time was 28.7 sec and reactor temperature was controlled
by a temperature controller. Samples of gas emerging
from the photocatalytic reaction were taken from a sampling port using a gas-tight syringe. A GC/FID (China
Chromatography 9800F) was used to determine the concentrations of acetone and CO2. Carbon dioxide, released
from acetone photooxidation, was converted by a
methanizer to CH4 which was then analyzed with an FID.
A Testo 300M flue gas analyzer was used to determine
carbon monoxide concentrations.

The substances employed in this study were all of reagent grade. The photocatalyst (Degussa P-25 TiO2, specific surface area: 49 m2/g) was used without pretreatment,
and the adsorbent was Aldrich Darco G60 AC (100 mesh).
Before coating, the AC was dried at 105 °C for 4 h. Distilled water was adjusted with 1.0 M nitric acid to obtain a
pH of 3. A pure TiO2 film was produced by adding 0.2 g
TiO2 in 10 mL pH=3 solution. A single-layer TiO2/AC
film (SLF) was produced by mixing 0.2 g TiO2 and 0.2 g
AC in 10 ml solution. The first coating of DLF was produced by adding 0.1 g TiO2 and 0.1-0.3 g AC into 10 ml
pH 3-solution. After stirring for 1 h, each solution was
poured into its outer tube. The tube kept rolling while it was
dried in the oven for a fixed period of 30 min at 100 °C to
form a film. The second film of DLF was poured into 4 ml
solution (pH 3) containing 0.2 g TiO2 powder and placed
in an oven to form the second coating. Each process yielded
a film with a coated area of 434 cm2.
RESULTS AND DISCUSSION
Effect of AC photocatalysis

Figs. 1 and 2 show the effects of addition of AC on
photocatalytic degradation and mineralization of acetone
when the influent concentration was 374 ppm and reaction
temperature 50 °C. When TiO2 alone was used without AC,
the acetone outlet concentration was 43 ppm, the CO2 generation was 1,000 ppm, and the mineralization rate (ratio of
acetone amount converted to CO2 to total amount of inlet
acetone) was approx. 89%. When SLF was used, the outlet
concentrations of acetone and CO2 were initially low, but
gradually increased with time, and acetone outlet level
gradually stabilized at 125 ppm, 40 min after starting the
reaction, whereas CO2 concentration was 652 ppm and mineralization rate approx. 58%. This shows that, although AC
has strong adsorption ability, some of the AC shielded the
TiO2 and reduced the illuminated area, weakening the photocatalytic effect. The DLF yielded an acetone outlet concentration of close to zero; and the CO2 generation gradually increased to 1,000 ppm. The DLF-coating method
clearly could maximize adsorption ability of AC and photocatalytic ability of TiO2, and thereby minimize the acetone
outlet concentration. After 20 min, the total amount of
carbon at the inlet was almost equal to that of outlet when
TiO2 alone was used without AC. When SLF and DLF were
used, the total carbon amount of the inlet was more than that
of outlet, showing that the adsorbent kept adsorbing during the whole process of reaction.
Fig. 3 compares the adsorption capacities of the three
films. The TiO2 had a low adsorption capacity of only 8.7
mg/g, the SLF a dramatically higher adsorption capacity
of 24.5 mg/g, and DLF-coating method resulted in an
adsorption capacity of 17.5 mg/g, which was slightly
lower than that of the SLF. A similar phenomenon can be
seen in the research of Matos et al. [15, 16]. The reason
for this phenomenon is that the competitive adsorption of
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TiO2 and the reactant on the AC causes the coated AC

surface to lose some of its adsorption ability.
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FIGURE 1 - Effect of AC addition on the photocatalytic degradation of
acetone (experimental conditions: inlet conc. = 374 ppm, temperature = 50 oC).
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FIGURE 2 - Effect of AC addition on the photocatalytic mineralization of
acetone (experimental conditions: inlet conc. = 374 ppm, temperature = 50 oC).
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FIGURE 3 - Effect of AC addition on adsorption capacity (experimental conditions: inlet conc. = 374 ppm, temperature = 50 oC).
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FIGURE 4 - Effect of different AC content on the photocatalytic degradation
of acetone (experimental conditions: inlet conc. = 374 ppm, temperature = 50 oC).
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FIGURE 5 - Effect of different influent acetone concentrations on DLF photocatalytic
degradation of acetone (experimental conditions: temperature = 50 oC, AC content = 40 %).

Effect of AC content

Fig. 4 shows the effect of different AC contents on
photocatalytic degradation of acetone. The acetone outlet
concentration was 20 ppm and CO 2 concentration was

1,055 ppm when 25% AC was added, whereas acetone
outlet levels were approx. 7 or 5 ppm and those of CO2
1,077 or 1,182 ppm when 40 or 50% AC were added.
This shows that the higher AC contents, the lower acetone
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concentrations and the higher CO2 levels in the outlet gas.
There was no significant change in carbon monoxide concentration. Wang et al. [17] observed that the oxidation
rate increased when AC content increased from zero to
80%. This phenomenon was similar to ours. With increasing AC content, the amount of adsorption of acetone increased. On the other hand, the research of Takeda et al.
[3] showed that optimal photocatalytic efficiency was
reached when AC was 20%, and reaction rate gradually
decreased when AC exceeded 20%, so indicating an increase in the fraction of AC reduced photoexcitation of
TiO2. The surface of TiO2 could not absorb the UV light
because it was covered by AC. In this study, the DLFcoating method could reduce the effect of AC light absorption.
Effect of influent concentration

The effect of different influent acetone concentrations
on DLF photocatalytic degradation of acetone is shown in
Fig. 5. As the influent concentration increased, that of acetone and CO2 in the outlet gas also increased, but carbon
monoxide concentration did not change significantly. When
the influent concentration was 290 ppm, the outlet concentration after photocatalysis was almost zero, and mineralization rate was 97%. When influent concentration was
629 ppm, the acetone outlet concentration was approx.
180 ppm, and mineralization rate was 75%. Although removal rate decreased with increasing influent concentration, in terms of total amounts removed, the higher the influent concentration, the greater the amount of acetone
that was removed (290 ppm with influent concentration of
290 ppm, but 449 ppm with influent concentration of
629 ppm).

Catalyst regeneration

Catalyst service life is affected by its regeneration efficiency, and high efficiency avoids frequent catalyst
change. Matos et al. [16] observed that activity of photocatalysis decreased when the number of cycles increased.
In a previous study, no noticeable deactivation was observed during photocatalytic oxidation of acetone [21].
Hence, we only considered the loss of adsorption capacity in
this section. Fig. 7 shows the results of repeated regeneration of a saturated DLF by baking at 100 °C for 1 h and
sheds light on the catalyst's adsorption ability. This diagram reveals that the more cycles the catalyst is used, the
lower its adsorption capacity. The catalyst regeneration efficiency was 95%, and its adsorption capacity after the first
three cycles was 17.5 mg/g, 16.6 mg/g, and 16.4 mg/g,
respectively. It can be seen that the DLF production method
facilitates catalyst regeneration and results in high regeneration efficiency.

Effect of reaction temperature

Fig. 6 shows the effect of reaction temperature on DLF
photocatalytic degradation of acetone. The effect of reaction temperature on degradation and mineralization of
acetone is not remarkable. Acetone outlet level was approx.
11 ppm when reaction temperature was less than 75 °C,
but reached nearly 15 ppm at 100 °C reaction temperature.
Due to the fact that adsorption was decreased with increasing temperature but photocatalytic reaction was accelerated [18, 19], the effects of reaction temperature on acetone outlet concentration were not great. In the meantime,
the outlet carbon monoxide concentration increased with
reaction temperature. The outlet carbon monoxide concentration was 8 ppm when reaction temperature was 20 °C,
but reached 60 ppm when reaction temperature was 100 °C.
This result resembled that of Vorontsov and Dubovitskaya
[20]. They found that concentration of acetaldehyde (intermediate product of photocatalytic ethanol destruction)
increased with temperature from 40 to 100 °C [20]. This
showed that a relatively low reaction temperature results
in fewer intermediate products.
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FIGURE 6 - Effect of reaction temperature on DLF photocatalytic degradation
of acetone (experimental conditions: Inlet conc. = 374 ppm, AC content = 40 %).
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FIGURE 7 - Effect of thermal regeneration on DLF adsorption capacity
(experimental conditions: inlet conc. = 374 ppm, temperature = 50 oC, AC content = 40 %).

CONCLUSIONS
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ABSTRACT
The aim of the present study was to evaluate the fumigant toxicity of three essential oils extracted from anise
(Pimpinella anisum L.), thyme (Thymus vulgaris L.) and
rosemary (Rosmarinus officinalis L.) and their binary (1:1)
and tertiary (1:1:1) mixtures against adult Callosobruchus
maculatus F. under laboratory conditions. The results
showed that all the essential oils tested, both alone and in all
possible binary and tertiary mixtures, had fumigant toxicity on adult C. maculatus. The mortality of 1-7-day-old
adults of C. maculatus increased with increasing concentration from 15 to 120 µL/L air and increasing exposure time
from 24 to 96 h. In general, binary and tertiary mixtures
of the oils were more toxic than either oil alone. At a dose
of 120 µL/L air, all binary and tertiary mixtures of the oils
caused 100% mortality at all exposure time periods whereas the single treatment of the oils, except for rosemary oil
and anise oil at 96 h, yielded <100% mortalities. The highest
synergistic action was found in their tertiary mixture (anise
+ rosemary + thyme) by LT50 values ranging from 1.1 to
5.3 µL/L air at all application doses. Neither the essential
oils alone nor their binary and tertiary mixtures had any
detrimental effect on chickpea seed germination. Our overall
results suggest that all tested essential oils, especially their
binary and tertiary mixtures, are promising candidates to
protect stored chickpeas against the pulse beetle.

KEYWORDS: Callosobruchus maculatus; Pulse beetle, Essential
oil; Fumigant toxicity

INTRODUCTION
The cultivated chickpea, Cicer arietinum L., produced
in 49 countries in the world, is one of the most important
cool season food legumes of dry lands and tropics on the
basis of sowing areas, with 10.7 million ha sowing area.
Turkey is the second largest producer country after India
[1]. The crop is both an important source of protein in the

diet of many people in the world and an important source
for the management of soil fertility due to its nitrogen-fixing
ability [2, 3].
This ancient crop originated in the south-eastern part
of Turkey over 10000 years ago, and spread to the Middle
East, South Asia, North Africa, Mexico, North America
and Australia [2, 4]. Cultivated chickpeas are often divided
into two major groups [5]. The small seeded desi-type chickpea now accounts for about 85% of world production and
is the principal type grown in India, Pakistan, Iran, Afghanistan and Ethiopia. The less common large seeded
kabuli-type is grown in the Middle-East (including Turkey),
India, Mexico as well as in North America, Australia and
Spain [6].
In the field, the crop is the target of many pests and
diseases, whereas in seed storage the main problem, apart
from moulds and rodent damage, is caused by only the
seed-beetles (Coleoptera: Bruchidae) [7,8]. Among several
bruchid species that attack stored chickpeas, the pulse beetle, Callosobruchus maculatus F., is the most destructive in
the south-west region of Turkey under storage conditions.
Females cement eggs to the surface of seeds. When eggs
hatch, larvae burrow into the seeds where their entire development (four instars plus pupal stadium) is completed.
Larvae cannot move among seeds and are thus restricted to
the seed on which the female lays eggs. Beetles emerge
from seeds reproductively mature. Emerging adults are well
adapted to storage conditions, requiring neither food nor
water to reproduce [9]. Infestation with the pulse beetle, at
times, may result in total destruction within 3 to 4 months
[10, 11]. The chickpea seeds bored by larvae become unsuitable for human consumption, viability for replanting,
or for the production of sprouts [7,8].
In Turkey, disinfestation of chickpea stacks, built indoors or outdoors, is carried out by conventional treatments.
Fumigation is still one of the most effective methods of
protecting stored pulse crops from insect infestation. However, the number of fumigants for stored-product pest control
has decreased drastically as many of them are associated
with health and environmental risks, and many insects have
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developed resistance to them [12]. One of the two commonly used fumigants, methyl bromide, has been phased
out in 2005 and even the use of the other one, phosphine,
the only available fumigant in many countries, may face
restrictions due to increasing incidences of pest resistance
and regulatory concerns [13]. Lately, sulphuryl fluoride
(SO2F2) has received registration as a fumigant in storedproduct pest control in several countries. The compound has
been considered as a potential substitute to methyl bromide
[14], and it has been recently registered by EPA as a fumigant (trade name ProFume®) for treating food commodities, storage facilities, processing plants and flour mills [15].
Recently, mounting social pressures against the use of
toxic chemicals have limited the introduction of new compounds. This has created world-wide interest in the development of alternative strategies, including the re- examination of using plant derivatives against agriculturally important insect-pests. The main advantage of plant derivatives is that they may be easily and cheaply produced by
farmers and small-scale industries as crude, or partially
purified extracts. In the last two decades, considerable
efforts have been directed at screening plants to develop
new botanical insecticides as alternatives to the existing
chemical insecticides, and some promising results have
already been obtained [16-18]. It was reported that many
essential oils and their components had fumigant activity
against various biological stages of the most damaging
insect pests in stored products [19-22]. The present study
was conducted to determine the fumigant toxicity of some
aromatic plant essential oils and their mixtures against the
pulse beetle (C. maculatus) fed on stored chickpea seeds.
MATERIALS AND METHODS
Plant materials and essential oil extraction

Dried seeds of anise (Pimpinella anisum L.) and dried
aerial parts of thyme (Thymus vulgaris L.) and rosemary
(Rosmarinus officinalis L.) were used for extraction. Anise
seeds were purchased from a local market. The aerial
parts of thyme and rosemary were collected by the authors
at their full-flowering stage from the campus of Akdeniz
University in Antalya (south-west of Turkey). Collected
plant materials were firstly dried naturally on laboratory
benches at room temperature (23–24°C) for 5-7 days until
crisp and then hydro-distilled to extract their essential oils.
Taxonomic identification was performed by botanists from
the Biology Department of Akdeniz University, where
voucher specimens are deposited.
The essential oils were extracted from the plant samples using a Clevenger-type apparatus as described by Erler
et al. [23]. Conditions of extraction were: 50 g of dried
sample; 1:10 plant material/water volume ratio, 3 h distillation. Extracted oil was stored in a refrigerator at 4°C in
glass vials until needed. The vials were covered with aluminium foil to avoid exposure to light.
Insect material

Test insects used in the present investigation were obtained from a laboratory culture of C. maculatus maintained
for 2 years at the Plant Protection Department of Akdeniz
University. Rearing was done on chickpea at 26 ± 2oC and
65 ± 5% r.h. in complete darkness. Adult insects, 1–7 days
old, were used for fumigant toxicity tests. All experiments
were carried out under the same environmental conditions.
Fumigant toxicity tests

Experiments on the efficacy of tested essential oils as
fumigants against the adults of C. maculatus were conducted
in the laboratory of Plant Protection Department, Akdeniz
University. Fumigant toxicity tests were carried out according to the method described by Erler [20, 24].
To determine the fumigant toxicity of tested essential
oils and their binary and tertiary mixtures, glass jars of 1 L
capacity with screwed lids were used as test chambers.
Twenty adults of C. maculatus with 100 g chickpea seeds
were placed in each jar, which was counted as one replicate. Three replicates were used for each dose x exposure
time combination, and experiments were repeated twice,
thus the total number of replicates for each dose x exposure time was six. Each dose was applied with an automatic
pipette on a blotting paper strip (3 × 8 cm) attached to the
under side of the jar’s lid, and then the lid was tightly fitted.
Initial tests were performed to establish appropriate dose
and exposure time ranges. Application doses were 15, 30,
60 and 120 µL/L air (each dose was prepared as 1:1 in binary, and 1:1:1 in tertiary mixtures of tested essential oils).
Taking into consideration some previous findings on relative toxicity of various organic solvents which are generally
used in screening plant products for insecticidal activity
[25,26], no organic solvent was used in the preparation of
treatment doses of tested essential oils. Thus, no material
was applied to the control jars. Exposure times of 24, 48
and 96 h were used for each dose of each treatment. After
each exposure time, the insects were transferred to clean jars
containing 100 g of chickpea grains. Final mortality was
determined five days after exposure. Insects were considered dead, when no leg or antennal movements were observed when prodded with a fine brush.
Germination test

A germination test was performed to investigate the
viability of treated chickpea seeds. Chickpea seeds exposed to the highest dose (120 µL/L air) of each essential
oil or each binary/tertiary mixture of the test oils for 96 h,
the longest exposure period used in the fumigant toxicity
tests, were taken to germination tests. Five replicates with
10 seeds were used for each treatment. The treated seeds
were placed in a Petri dish containing moist cotton wool
and blotting paper. Percent germination was recorded
after 5 days and compared with untreated controls.
Data analysis

All mortality data were converted to Abbott’s corrected
mortalities [27], where each treatment mortality was adjusted by factoring out mortalities in the controls. The data
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were also transformed to arcsine square root values for
analysis of variance (ANOVA). Untransformed means are
presented here. Treatments were compared with Duncan’s
multiple range test (P≤0.05) and orthogonal comparisons to
determine significant differences using MSTAT-C package
program [28]. Lethal time (LT50 and LT95) values and their
respective 95% confidence limits were calculated for each
concentration of each essential oil or each of their binary/
tertiary mixtures. The multifactor probit analysis software
(MPA; a software developed by U.S. Environmental Protection Agency 1991) was used to calculate LT values [29].
RESULTS
Analysis of the results revealed that exposure time,
dose and treatment had significant effect on adult mortalities of C. maculatus (P≤0.01) (Table 1). The results also indicated that exposure time x dose and dose x treatment interactions were statistically significant (P≤0.01); however,
treatment x exposure time and exposure time x dose x

treatment interactions were not statistically significant (P≤
0.05). Orthogonal comparisons of the treatments revealed
that there was statistically significant difference between
control and all other treatments, between single and binary
or tertiary treatments, and also between binary and tertiary
treatments (P≤0.01) (Table 1).
All tested essential oils, both alone and in binary and
tertiary mixtures, showed different fumigant toxicity to
adults of C. maculatus at all dose x exposure time combinations tested (Tables 2 and 3). In general, the mortality
increased with increasing dose from 15 to 120 µL/L air
and increasing exposure time from 24 to 96 h.
Among the essential oils tested, rosemary oil was the
most active and gave 100% mortality at the highest dose
(120 µL/L air) in all exposure periods (Table 2). In contrast,
it produced lower mortalities at the lowest dose (15 µL/L
air) than the other two oils, anise and thyme. The essential
oil of anise achieved a mortality of 100% only at the
highest dose and the longest exposure period investigated

TABLE 1 - The results of analysis of variance (ANOVA) and orthogonal comparisons of the treatments.

Variation sources
Treatment (T)
Exposure time (E)
Dose (D)
T x D interaction
T x E interaction
E x D interaction
T x E x D interaction
Error
Control vs all other treatments
Anise vs all other treatments
Thyme vs all other treatments
Rosemary vs all other treatments
Single vs binary mixtures
Single vs tertiary mixture
Binary mixtures vs tertiary mixture

Degrees of
freedom
7
3
2
21
14
6
42
168
1
1
1
1
1
1
1

Sum of squares

Mean of squares

F values

6.890
7.802
1.010
0.755
0.142
0.094
0.468
1.397
222.641
3.335
9.834
2.109
14.942
14.440
1.138

0.984
2.600
0.505
0.036
0.010
0.016
0.011
0.008
222.641
3.335
9.834
2.109
14.942
14.440
1.138

123.0**
325.0**
63.1**
4.5**
1.3ns
2.0**
1.4ns
27830.1**
416.9**
1229.2**
263.6**
1867.8**
1805.0**
142.2**

** and ns; statistically significant and not significant at P≤ 0.01 and P≤ 0.05 levels, respectively.

TABLE 2 - Mean percent mortality of 1-7-day-old adults of Callosobruchus maculatus
exposed to the vapours of three essential oils for various dose x exposure time combinations.

Exposure time (h)
15

*

24
48
96

54.7 ± 4.4 Ba
56.3 ± 4.0 Ca
64.6 ± 3.6 Ca

24
48
96

53.5 ± 5.8 Ca
67.9 ± 6.3 Ca
69.2 ± 4.8 Ca

24
48
96

32.9 ± 4.4 Db
42.7 ± 6.1 Cb
65.0 ± 6.0 Ca

Mortality (Mean ± S.E.)
Treatment concentrations (µL/L air)
30
60
Anise
68.8 ± 3.1 Ba
77.9 ± 7.2 ABa
73.9 ± 2.9 Ba
81.6 ± 6.4 Ba
78.6 ± 2.5 Ca
94.4 ± 3.3 Ba
Thyme
61.8 ± 1.4 BCb
71.9 ± 4.6 ABa
73.3 ± 3.2 BCa
83.9 ± 5.2 ABa
75.2 ± 4.1 BCa
88.2 ± 3.8 Ba
Rosemary
68.4 ± 10.9 Ca
87.5 ± 3.6 Ba
78.2 ± 5.5 Ba
87.5 ± 5.3 Ba
83.9 ± 2.7 Ba
89.9 ± 4.8 Ba

In each treatment, means within a row followed by the same capital letter are not significantly different (DMRT, P≤0.05).
In each treatment, means within a column followed by the same lower case letter are not significantly different (DMRT, P≤0.05).

**

980

120
90.5 ± 5.3 Aa
99.4 ± 0.6 Aa
100 ± 0.0 Aa
82.5 ± 4.6 Ab
88.7 ± 3.6 Ab
98.2 ± 1.8 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Ba

© by PSP Volume 18 – No 6. 2009

Fresenius Environmental Bulletin

TABLE 3 - Mean percent mortality of 1-7-day-old adults of Callosobruchus maculatus exposed to the
vapours of binary and tertiary mixtures of three essential oils for various dose x exposure time combinations

Exposure time (h)
15

*

24
48
96

66.7 ± 1.7 D*b**
71.8 ± 4.5 Bab
81.8 ± 4.2 Ba

24
48
96

54.4 ± 4.7 Db
74.5 ± 4.8 Cab
85.4 ± 3.1 Ba

24
48
96

60.6 ± 5.7 Db
72.7 ± 6.3 Cab
83.5 ± 2.7 Ca

24
48
96

71.6 ± 1.6 Da
80.3 ± 6.6 Ba
80.1 ± 1.9 Ba

Mortality (Mean ± S.E.)
Treatment concentrations (µL/L air)
30
60
Anise + Thyme
86.0 ± 1.8 Ca
96.5 ± 1.8 Ba
85.4 ± 4.8 Ba
96.4 ± 3.6 Aa
96.1 ± 1.9 Aa
98.1 ± 1.9 Aa
Anise + Rosemary
79.0 ± 5.3 Cb
93.0 ± 1.7 Bb
89.4 ± 2.9 BCab
94.5 ± 3.2 ABab
96.2 ± 3.8 Aa
100 ± 0.0 Aa
Rosemary + Thyme
70.2 ± 3.5 Ca
86.0 ± 1.8 Bb
90.9 ± 1.8 Ba
96.4 ± 3.6 ABa
85.7 ± 9.1 BCa
99.3 ± 0.7 ABa
Anise + Thyme + Rosemary
85.4 ± 1.5 Cb
92.6 ± 3.1 Bb
98.2 ± 1.8 Aa
100 ± 0.0 Aa
98.1 ± 1.9 Aa
100 ± 0.0 Aa

120
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa
100 ± 0.0 Aa

In each treatment, means within a row followed by the same capital letter are not significantly different (DMRT, P≤0.05).
In each treatment, means within a column followed by the same lower case letter are not significantly different (DMRT, P≤0.05).

**

TABLE 4 - The lethal time (LT50 and LT95) values of different doses of three essential
oils and their binary and tertiary mixtures against adult Callosobruchus maculatus
Treatments and doses
(µL/L air)
Anise
15
30
60
120
Rosemary
15
30
60
120
Thyme
15
30
60
120
Anise + Rosemary
15
30
60
120
Anise + Thyme
15
30
60
120
Rosemary + Thyme
15
30
60
120
Anise + Rosemary + Thyme
15
30
60
120

LT50 (h )

LT95 (h )

Slope (±)

X2

25.2 (16.1-38.4)
8.1 (3.8-14.2)
7.1 (0.1-11.0)
2.6 (**)

*
*
129.1 (108.8-145.3)
29.4 (**)

1.98 ± 0.49
0.96 ± 0.47
0.59 ± 0.67
21.61 ± 96.86

8.23
5.75
4.50
4.13

26.4 (20.3-50.6)
6.6 (3.2-12.1)
2.7 (0.4-6.8)
***

*
517.6 (**)
249.5 (**)
***

2.39 ± 0.42
2.15 ± 0.56
21.05 ± 46.50
0.00 ± 0. 49

14.18
14.54
1.03
0.0

19.7 (10.1-34.8)
8.1 (2.6-20.4)
6.3 (0.8-14.7)
5.8 (3.8-20.8)

101.9 (63.3-882.5)
62.9 (45.9-135.5)
58.9 (**)
34.1 (28.7-46.3)

1.06 ± 0.45
1.83 ± 0.50
1.13 ± 0.51
4.01 ± 1.08

2.13
8.26
6.85
3.33

14.4 (11.5-26.7)
8.1 (**)
7.5 (**)
***

75.1 (57.4-129.4)
48.7 (**)
15.4 (**)
***

2.25 ± 0.48
1.20 ± 0.52
0.94 ± 0.71
-

4.78
6.38
4.92
-

9.8 (0.6-19.4)
7.4 (**)
3.4 (**)
***

89.9 (56.8-442.0)
43.8 (**)
1.7 (**)
***

1.36 ± 0.46
1.02 ± 0.55
0.44 ± 8.01
-

3.04
5.47
7.87
-

15.4 (4.2-24.0)
7.2 (**)
4.2 (**)
***

150.8 (91.9-669.6)
93.4 (**)
29.1 (**)
***

1.29 ± 0.42
0.98 ± 0.45
0.74 ± 0.56
-

4.27
15.53
16.30
-

5.3 (1.1-11.6)
4.6 (2.2-12.9)
1.1 (**)
***

83.8 (47.8-123.4)
35.2 (25.8-56.7)
24.4 (**)
***

0.44 ± 0.41
2.93 ± 0.79
23.30 ± 3.57
-

10.00
14.40
1.15
-

*: Estimated LT50 or LT95 values were too far beyond the tested exposure range to be reliable.
**: It couldn’t be estimated.
***: It was not possible to estimate LT50 or LT95 values due to 100% mortality at all exposure periods.
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Anise

100
T hyme

90
Germination (%) .

80

Rosemary

70
Anise+T hyme

60
50

Anise+Rosemary

40
Rosemary+T hyme

30
20

Anise+T hyme+Rosemary

10

Untreated control

0

FIGURE 1 - Percentage germination of chickpea seeds exposed to the highest dose (120 µL/L air) of each
essential oil or each binary/tertiary mixture of the oils for 96 h (the longest exposure period used in the fumigant tests).

(120 µL/L air, 96 h). The thyme essential oil was less toxic
than the rosemary and anise essential oils at the highest
dose (120 µL/L air), whereas the highest mortalities at the
lowest dose (15 µL/L air) were achieved by the thyme
essential oil (Tables 1 and 2).
When compared to individual essential oils, all binary
and tertiary mixtures of the test essential oils were more
toxic with respect to the single treatment of these oils, and
achieved 100% mortalities at the highest dose (120 µL/L
air) in all exposure periods (Tables 2 and 3). In addition, the
tertiary mixture of these oils (anise + rosemary + thyme)
was more active than their all binary combinations, and exhibited higher mortalities at two lower doses (30 and 60 µL/
L air) (Tables 1 and 3).
The times required for 50% and 95% mortality (LT50
and LT95) at different doses of the treatments were given in
Table 4. When the treatments are compared on the basis
of their LT50 values at the lowest dose (15 µL/L air), the
order of toxicity was as follows: Anise + Rosemary +
Thyme > Anise + Thyme > Anise + Rosemary > Rosemary
+ Thyme > Thyme > Anise > Rosemary (Table 4).
In the laboratory germination test, no detrimental effect
on chickpea seed germination was recorded in seeds exposed to the highest dose (120 µL/L air) of three individual test essential oils and their binary and tertiary mixtures
for 96 h, the longest exposure period used in the fumigant
toxicity assays (Fig. 1).

DISCUSSION AND CONCLUSION
The results obtained from the study showed that the test
essential oils, both alone and in binary and tertiary mixtures,
had a significant vapour effect against adult C. maculatus
on chickpea seeds. This study provides promising results
for controlling the C. maculatus on stored chickpea seeds.
To date, the fumigant toxicity of a large number of
plant essential oils have been evaluated against a number of
stored-product insects [19,21,22]. The effectiveness of many
essential oils as fumigants in protecting pulse seeds against
C. maculatus infestation has been studied, and this beetle
has shown susceptibility to some plant-derived chemicals
[30-32]. However, no available reports concerning the fumigant activity of essential oils tested in the present investigation against C. maculatus have been found, although these
oils have been evaluated against a number of stored product insects [33-35].
In our study, dose and exposure period were factors
affecting the efficiency of essential oils. A similar result
was reported by Tunç et al. [19,35]. Additionally, Rice
and Coats [36] reported that the most important factor
affecting the toxic effects of the vapours of plant essential
oils are mainly monoterpenoid constituents in their composition, and there was a distinct correlation between the fumigant toxicity and volatility. The more volatile monoterpenoids were the more effective fumigants. They also indicated that there was a relationship between fumigant toxicity and structure of monoterpenes. In general, ketones were
more effective than alcohols and less toxic than aldehydes
in the fumigant assays against the red flour beetle, Tribo-
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lium castaneum du Val (Coleoptera: Tenebrionidae) and
house fly, Musca domestica (L.) (Diptera: Muscidae).
Similarly, Erler [24] and Shaaya et al. [33] reported that the
fumigant activity of monoterpenoid constituents against the
adults of various stored-product insect pests varied according to the source (chemical group) of the constituent and
insect species; for instance, hydrocarbon and phenol groups
were more active than the other two groups (alcohols and
ethers) against the adults of Sitophilus oryzae (L.) (Col.:
Curculionidae). These differences in activity of the various
constituents can be used in the search for more potent compounds for control of various insect species on stored products.
In regard to the chemical composition of essential oils
tested in the present investigation, previous studies revealed
that the major monoterpenoid constituents of anise, rosemary and thyme oil were trans-anethole (comprising about
96% of anise oil); alpha-pinene, 1,8-cineole camphor, verbenone and borneol (constituting > 80% of rosemary oil);
and thymol (up to 85% of the total thyme oil), respectively
[36,37,38]. These monoterpenoids are classified into five
groups depending on their chemical nature; Group 1 alcohols: borneol; Group 2 ethers: trans-anethole and 1,8-cineole;
Group 3 hydrocarbons: alpha-pinene; Group 4 phenols:
thymol; Group 5 ketones: camphor and verbenone.
Based on the results, the binary and tertiary mixtures of
the test essential oils are more active than individual oils
(Table 1). This indicates a possible synergism, and the use
of mixtures of plant essential oils might be more useful in
the protection of stored products than that of individual oils.
Unlike conventional fumigants, essential oils have certain advantages since they have been used in traditional
medicine, pharmaceutical preparations and herbal beverages and as natural flavourings. They are therefore considered not or less harmful to human health than conventional
fumigants. In addition, it has been reported that essential
oils showing fumigant action generally have low mammalian toxicity [39].
In conclusion, the study provides promising results for
controlling the C. maculatus on stored chickpea seeds.
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FLUCTUATION OF SIZE-FRACTIONATED
ALKALINE PHOSPHATASE AFTER BLOOM
DISAPPEARANCE IN TWO SHALLOW PONDS
Song Chunlei, Cao Xiuyun* and Zhou Yiyong
Institute of Hydrobiology, the Chinese Academy of Sciences, Wuhan 430072, P.R. China

ABSTRACT
The temporal and vertical fluctuations of size fractionated alkaline phosphatase activity (APA) and kinetics
parameters as well as orthophosphate (o-P) and chlorophyll concentrations were investigated after bloom disappearance in two shallow ponds A and B from 27 October
2001 to 15 April 2002. Pond A (Microcystis) bloomed
seriously but pond B did not. The data of o-P and chlorophyll suggested that phosphorus was the principal limiting
nutrimental element and its vertical flux should be regarded as an important driving factor for algal growth. In pond
A, the accumulation of algae-derived detritus after bloom
disappearance in overlying water stimulated excretion of
algal fraction APA, mainly produced by attached bacteria
responsible for detritus decomposition, whereas bacterial
fraction APA preferred to function in surface water. Interestingly, completely contrary phenomena were observed
in pond B. In season, even though no obvious difference
for size-fractionated APA in both ponds, the total APA
in pond A peaked earlier showing higher activity and
efficiency (low Km and high Vmax values) as a result of
algal-derived detritus input. In summary, it is suggested
that the excretion of alkaline phosphatase with strongly
catalyzing efficiency and high activity should be taken as
important contributor to algal-derived detritus decomposition, further fueling nutrient recycle and accelerating algal
development next year. Furthermore, some inhibitors and
surfactants were testified to be good tools to identify the
origin of dissolved alkaline phosphatase.

KEYWORDS: Size-fractionated alkaline phosphatase, algal derived
detritus, phosphorus, bloom.

phosphorus directly taken up by phytoplankton, its concentration is usually low in natural water and tends to be
limiting for algal growth. Besides o-P as a source of phosphorus, many algal species and bacteria are able to utilize
organic phosphorus compounds [1].
Organic detritus as an important organic phosphorus
pool, pointed out in the process of nutrient recycling by
a number of authors [2-4]. So far, more attentions were
paid in the mineralization of allochthonous [5-8] as well
as macrophyte-derived organic matter [9-12]. However, few
information was obtained about the decomposition of detritus derived from algae [2, 13], especially in eutrophic aquatic
systems with serious algal bloom. Here, an important fraction is present in polymeric form, requiring hydrolysis of
extracellular enzymes for the production of dissolved free
amino acids, monomeric carbohydrates and inorganic nutrients before uptake by algae and bacteria [14]. Thus, the
hydrolysis process, especially mediated by alkaline phosphatase, acts as a critical and speed-limiting step in the process of detritus decomposition and nutrient recycle [15].
Moreover, alkaline phosphatase associated with algae [16],
bacteria [17], zooplankton [18] and dissolved fractions [1922] was investigated and considered to play differently important ecological functions in nutrient regeneration. Therefore, it is desirable for us to give more information about the
responses of size-fractionated alkaline phosphatase activity
and kinetics to algal derived detritus.
This paper presents data compiled in an attempt to compare the activity and kinetics of size-fractionated alkaline
phosphatase in two shallow eutrophic ponds. One of them,
Microcystis bloomed but the other did not. The origin of
dissolved alkaline phosphatase will be further discussed.
MATERIALS AND METHODS

INTRODUCTION

Site Description

To date, more and more studies emphasize the status
of phosphorus as the principal limiting nutrient of phytoplankton growth. Although o-P is the preferred form of

The studied two shallow ponds were located nearby
the Lake Yezhi, Wuhan City, China. Pond A, Microcystis
bloomed from June to October every year and the other
(Pond B) did not. These two ponds have a total surface
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area of 627 m2, mean depth of 2 m (maximum of 3.0 m),
and was formed by the construction of a dam. Because of
strong wind action, coupled with the convection of water
in the shallow basin, temperature stratification is usually
obscure.

the SPSS statistical package. All samples were run in triplicate.

Methods

A markedly vertical profile of o-P concentration with
the higher values in overlying water was found in Pond B,
but no stratification in Pond A. The level of o-P in both
ponds did not differ significantly, which ranged from 0.01
to 0.10 mg/L, averaging at 0.46 and 0.43 mg/L in Pond A
and B, respectively (Fig. 1). The obviously seasonal fluctuation of o-P with a peak in November and April was observed in Pond A (Fig. 1), coupled with higher chlorophyll
concentration in these two periods (Fig. 2).

Alkaline phosphatase activity (APA) in water samples
was determined spectrophotometrically. We followed the
rate of p-nitrophenol released from model substrate p-nitrophenylphosphate (pNPP) over 4 h. Enzyme activity was
measured in 1-cm cuvettes, at 410 nm as increase in absorbance. The total APA was determined fort 8 different concentrations of substrate (pNPP from 0.01 to 1.8 mmol L-1).
The Lineweaver-Burke transformation (1/V vs. 1/s) of the
Michaelis-Menten equation was used to calculate the
Michaelis constant (K m ) and maximum velocity of the
enzyme (Vmax). Km and Vmax were computed by linear regression analysis of the values obtained in the assay.

.12

Pond A
.10

.08

.06

.04

o-P (mg L-1)

Water samples were collected in ponds A and B from
October 2001 to April 2002. Surface water was taken from
the 0.5 m stratum, and overlying water from hypolimnion
(0.1 m above sediment). Samples were transported to the
laboratory within 2-4 h after collection. Water samples were
filtered through pre-washed 0.45-µm filters. The o-P was
measured by the molybdate blue method [23]. Surface samples were analyzed for chlorophyll concentration using cold
methanol extraction and spectrophotometric measurement at
665 nm, with correction for turbidity at 750 nm [24].

RESULTS

.02

0.00

The water sample was filtered through 0.45 & 3.0 µm
membrane filters. The contribution of APA to the algal and
bacterial fractions was calculated as follows:

Pond B

Surface water
Overlying water

.10

.08

.06

A = U – F3.0 and B = F3.0 – F0.45

.04

Fisher’s least significant difference test and independent-samples` T-test were used to make comparisons among
treatment levels for inhibitor and surfactant additions, using
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FIGURE 1 - Seasonal variations in orthophosphate (o-P)
concentrations in surface and overlying water in both ponds.
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-1

The several inhibitors and surfactants were added to
the filtered water samples, and dissolved APA in the samples was assayed immediately. The final concentrations of
inhibitors and surfactants were as follows: CuSO4 (0.1 and
0.2 mmol L-1), ZnSO4 (0.25 and 0.5 mmol L-1), Na2WO4
(0.08 and 0.16 mmol L-1), EDTA (1 and 2 mmol L-1), sodium dodecyl sulfonate (SDS: 1, 2 and 3 mmol L-1), Lcysteine (5, 10 and 15 mmol L-1), Triton X-100 (12, 24,
and 36 mmol L-1) and cetyltrimethylammonium bromide
(CTAB: 8, 16, and 24 mmol L-1). The responses of different
L-cysteine levels (3, 6, 9, 12 and 15 mmol L-1) to dissolved
and bacterial APA were also compared in December.

.02

Chl.a (µg L )

where: A = activity in algal fraction, i.e. in fraction
larger than 3.0 µm, B = activity in bacterial fraction, i.e. in
fraction 0.45-3.0 µm, U = activity of unfiltered water sample,
i.e. total APA, F3.0 = activity in water sample prefiltered
through 3.0 µm, and F0.45 = activity in water sample filtered
through 0.45 µm. The final pNPP concentration (0.3 mmol
L-1) was used for the size-fractionation of APA [25].
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FIGURE 2 - Seasonal variations in
chlorophyll a concentration in both ponds.

© by PSP Volume 18 – No 6. 2009

Fresenius Environmental Bulletin

Algal APA (nmol L-1 min-1)

80

Pond A

Pond B

60

40

20

0

27/O 10/N 18/N 26/N 10/D 19/D

10/J

28/J

27/F 14/M 15/A

27/O 10/N 18/N 26/N 10/D 19/D

10/J

28/J

27/F 14/M 15/A

Bacterial APA (nmol L-1 min-1)

80

Pond B

Pond A
60

40

20

0

27/O 10/N 18/N 26/N 10/D 19/D

10/J

28/J

27/F 14/M 15/A

27/O 10/N 18/N 26/N 10/D 19/D

10/J

28/J

27/F 14/M 15/A

Dissolved APA (nmol L-1 min-1)

80

Pond B

Pond A

Surface water
Overlying water

60

40

20

0

27/O 10/N 18/N 26/N 10/D 19/D

10/J

28/J

27/F 14/M 15/A

27/O 10/N 18/N 26/N 10/D 19/D

10/J

28/J

27/F 14/M 15/A

Month

FIGURE 3 - Seasonal variations of size-fractionated APA in surface and overlying water in both ponds.
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In vertical profiles, the algal (>3.0 µm) and bacterial
(0.45~3.0 µm) fraction APA showed markedly stratification in surface and overlying water in both ponds before
January, and then became identical. Interestingly, in Pond
A, algal fraction APA in overlying water was higher than
that in surface water, and bacterial fraction APA exhibited
a higher level in surface water. However, in Pond B, completely contrary phenomena with higher algal fraction APA
in surface water and higher bacterial fraction APA in overlying water were observed (Fig. 3). The dissolved APA in
surface and overlying water of both ponds did not differ
distinctly (Fig. 3).
Noticeably, there existed significant seasonality for
all fractions of alkaline phosphatase in both ponds. Algal
and dissolved fraction APA peaked at December and April,
and bacterial fraction APA had unique peak at October (Fig.
3). The total APA had the same peak at April but different
peaks at November and December in Pond A and B, respectively (Fig. 4).
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FIGURE 4 - Seasonal variations of the total
APA in surface and overlying water in both ponds.

Before January, the total alkaline phosphatase not only
showed higher activity in Pond A than that in Pond B (Fig.
4), but also higher efficiency characterized by enzymatic kinetic parameters (Km and Vmax). Low Km and high Vmax values were always recorded before January in Pond A (Fig. 5).
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The responses of inhibitors and surfactants to dissolved APA in both ponds were compared to identify the
differences of enzymatic characteristics. At October and
November, enzymatic activity was significantly inhibited
by CTAB and SDS in Pond A, but activated in Pond B.
At December and January, the responses of L-cysteine or
CTAB to dissolved APA were also obviously different in
both ponds (Table 1). In order to further make clear the
origin of dissolved alkaline phosphatase, we attempted to

compare the responses of L-cysteine to the dissolved and
bacterial alkaline phosphatase in both ponds at December,
since enzymatic activity was sensitive to L-cysteine during this period. At different L-cysteine levels stimulation,
the dissolved and bacterial APA showed similar reaction
trends in Pond A. However, a high L-cysteine level can
strongly inhibit the bacterial APA, but no reaction happened with regard to dissolved APA in Pond B (Fig. 6).

.07

Surface water
Pond A
Overlying water

-1

Km (µmol L )

.06

Pond B

.05

.04

.03

.02

.01
27/O

10/N

24/N

10/D

18/D

28/J

27/F

14/M

27/O

10/N

24/N

10/D

18/D

28/J

27/F

14/M

27/F

14/M

Pond A

-1

Vmax (nmol L min )

.04

Pond B

-1

.03

.02

.01

0.00
27/O

10/N

24/N

10/D

18/D

28/J

27/F

14/M

27/O

10/N

24/N

10/D

18/D

28/J

Month

FIGURE 5 - Seasonal variations of kinetic parameters (Km and high Vmax)
of total alkaline phosphatase in surface and overlying water in both ponds.

TABLE 1 - Comparison of the responses of inhibitors and surfactants to dissolved APA in both ponds.
Final concentration
of inhibitors and
surfactants (mM)

Responses of inhibitors and surfactants to APA (“ ” means activation; “ ” means inhibition)
October
Pond A Pond B
*
*
*
*

EDTA (1.0)
EDTA (2.0)
CuSO4 (0.1)
CuSO4 (0.2)
Na2WO4 (0.08)
*
Na2WO4 (0.16)
*
ZnSO4 (0.25)
*
ZnSO4 (0.5)
*
CTAB (8)
*
CTAB (16)
*
CTAB (24)
*
SDS (1)
SDS (2)
*
SDS (3)
*
L-Cysteine (5)
L-Cysteine (10)
L-Cysteine (15)
TritonX-100 (12)
*
TritonX-100 (24)
*
TritonX-100 (36)
* means significant difference

*
*
*
*
*
*
*
*

November
Pond A Pond B
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

January
Pond A Pond B
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*

February
Pond A Pond B
*
*
*
*
*
*
*
*
*
*
*
*
*
*

March
Pond A Pond B
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*

*

*

*
*
*

*

*
*

December
Pond A Pond B
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*
*

*
*
*
*

*

*
*
*
*
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*
*
*
*
*

*
*
*

*
*
*
*
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high internal phosphorus loading from bottom sediments,
respectively.
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Size-fractionated APA and algal-derived detritus decomposition
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FIGURE 6 - Responses of different L-cysteine
concentrations to dissolved and bacterial APA in December.

DISCUSSION
Vertical stratification of o-P and chlorophyll concentration

In vertical profiles, no obvious stratification phenomenon of o-P in Pond A indicated vertical flux of nutrients
was much more frequent and adequate than that in Pond B.
Vertical stratification appeared to be the critical factor determining the intensity of the bloom at species level [26]. In
the Canning River, the persistently temperature-stratified
water body got mixed prior to the bloom [27]. In a Polish
eutrophic lake, distinct gradients of phosphorus, chlorophyll, alkaline phosphatase activity and seston across the
thermocline coupled with a low sedimentation rate presented evidence for the barrier role in vertical fluxes of
matter [28]. The possible direct consequence of this phenomenon was the limitation of primary production. Hence,
the vertical flux of nutrients in water column was an important driving factor for phytoplankton development in
Pond A.
The seasonal fluctuation of o-P with a peak at November and April in Pond A, coupled with higher chlorophyll
concentration, as well as seasonal variations of o-P and
chlorophyll in Pond B both suggested that phosphorus was
the principle limiting element in both ponds. Besides, the
o-P peak at November and April in Pond A may be explained by high decomposition rates of algal biomass and

The discrepancy of the level of algal and bacterial fraction APA in vertical profiles in both ponds before January
manifested that the differences of the major contributor and
acting site of enzymatic decomposition. In detail, in Pond A,
higher algal fraction APA in overlying water and higher
bacterial fraction APA in surface water can be explained
that, after the algal bloom disappeared, bacteria would attach dead algal-derived detritus deposited in overlying water
and decompose by the release of extracellular enzymes
characterized by higher algal APA (due to bacterial attachment), whereas free living bacteria preferred to function in
surface water. As we know, the process of breaking down
the organic detritus begins with rapid and efficient colonization by bacteria [29]. Biomass and production of attached
bacteria was usually predominantly controlled by substrate
input of readily decomposable particulate organic matter [30,
31]. During a mesocosm diatom bloom bacteria motile rose
sharply as the bloom crashed, suggesting algal-derived
detritus may elicit motility resulting in increased colonization of dead algal cells by bacteria [32]. Thus, it is concluded that the accumulation of algal-derived detritus stimulated the bacterial attachment and activity emphasized by
high algal APA. On the other hand, in Pond B, algae and
bacteria secreted alkaline phosphatase in their respective
spatial niche. Due to the insufficiency of organic detritus,
free living bacteria played a dominant role in the process
of decomposition in overlying water, evidenced by relatively high bacterial APA. In addition, even though the dissolved APA in vertical profiles of both ponds did not differ
distinctly due to the soluble state, we could not ignore its
ecological importance, especially its origin, which will be
discussed in the next section.
There existed significant seasonality for all fractions of
alkaline phosphatase in both ponds. Algal fraction APA
peaked at December and April, and bacterial fraction APA
had a unique peak at October, elucidating that free living
bacteria preferred to function during the detritus decomposition. Furthermore, during April, algae would secrete
actively alkaline phosphatase in order to satisfy phosphorus demand for development. Even though no obvious difference for size-fractionated APA during season in both
ponds, the total APA in Pond A reached its maximum
earlier as well as showed higher activity and efficiency (Low
Km and high Vmax values) as a result of algal-derived detritus input. Extracellular enzymes have been regarded to be
important regulators in microbial detritus processing and
substrate utilization [15]. In turbid aquatic environments,
many extracellular enzyme systems were active simultaneously in the degradation of organic detritus [33]. Hence, it
is suggested that the excretion of extracellular enzyme with
strongly catalyzing efficiency and higher activity mainly by
attached bacteria should be taken as an important contributor to algal-derived detritus decomposition, which further
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stimulated the nutrient recycle accelerating algal development next year.

[4]

Rossi, F. (2007) Recycle of buried macroalgal detritus in sediments: use of dual-labelling experiments in the field. Marine
biology. 150(6), 1073-1081.

The origin of dissolved alkaline phosphatase

[5]

Wayne, M.G. (1967) Role of allochthonous detritus in the
trophic structure of a woodland springbrook community. Ecology. 48, 139-149.

[6]

Jonsson, A., Meili, M., Bergstrom, A. and Jansson, M. (2001)
Whole-lake mineralization of allochthonous and autochthonous organic carbon in a large humic lake. Limnology and
Oceanography. 46(7), 1691-1700.

[7]

Vähätalo, A.V., Salonen, K., Münster, U., Järvinen, M.
and Wetzel, R.G. (2003) Photochemical transformation of allochthonous organic matter provides bioavailable nutrients in
a humic lake. Archiv fuer Hydrobiologie. 156(3), 287-314.

[8]

Marley, J.W. and Richard, D.R. (2000) Changes in composition and reactivity of allochthonous DOM in a prairie saline
lake. Limnol. Oceanogr. 45(4), 763–774.

[9]

Steven, A.S., Ronald, B., Anthony, A., Patricia, S. and Robert, E.H. (1990) Effects of acid stress on aerobic decomposition of algal and aquatic macrophyte detritus: direct comparison in a radiocarbon assay. Applied and Environmental Microbiology. 56(1), 237-244.

The origin of dissolved alkaline phosphatase has not
been well understood due to its special existing state,
notwithstanding different possibilities have been documented. In the hypereutrophic reservoir, at 1 m the APA
was primarily due to bacteria, but at 5, 10, and 15 m the
APA was predominantly algae [34]. From the similar kinetics of dissolved and algal fraction phosphatase, dissolved
APA was released from phytoplankton [35]. In oligotrophic
lakes, the rotifer Polyarthra remata appeared to excrete
phosphatase, particularly in the deepest layers of the lake.
From the kinetics, it seems possible that during March
and April dissolved APA were released by the diatom
Asterionella formosa and the cyanobacterium Oscillatoria
rubescens [36]. In our investigation, we attempted to
introduce some inhibitors and surfactants to identify the
differences of enzymatic characteristics. In both ponds,
different responses were observed, such as CTAB at October, November, January, SDS at October and November, and L-cysteine at December, indicating enzymatic conformational differences. Besides, the similarity of responding patterns to the inhibitor for dissolved and bacterial APA
in Pond A illuminated that dissolved alkaline phosphatase
was likely derived from bacteria during December. An
analogy between dissolved alkaline phosphatase in water
column and that in interstitial water was demonstrated by
inhibitors` responses [37]. Therefore, the introduction of
inhibitors and surfactants should be considered to be a
good tool for identifying the origin of isoenzymes.
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ABSTRACT
Red mud is a major waste residue of bauxite processing for alumina production using different methods.
The chemical and mineralogical composition of red mud
obtained from the sintering alumina process is significantly different from that of Bayer Process red mud. In order
to minimize the negative effect of red mud, there are more
and more investigations focusing on the utilization of red
mud, such as using these wastes as raw materials in the
production of building materials. However, no universal
technique of full utilization of red mud has yet been developed. In this paper, red mud obtained from the sintering alumina process was characterized. Chemical and
mineralogical analyses of the red mud were performed by
EDX and XRD techniques, respectively. Radioactivity and
toxicity characterization of the samples were also measured
with gamma spectroscopy and TCLP test. It was observed that the amounts of the radioactive elements present in the red mud are within safe limits. TCLP leaching
tests also showed that red mud was not hazardous and an
environmentally compatible material. Therefore, if the
red mud derived from sintering alumina process could be
utilized as building material, it can be considered to be safe
to environment and human health.

In order to solve the increasing environmental and economical problems caused by the storage of the large amount
of red mud, many studies were carried out on the utilization of red mud [4-10]. Chemical and mineralogical compositions are of main importance for utilization of red mud.
The characterization of red mud depends on the chemical
properties of the bauxite fed stock and the refining processes used. Globally, about 90% of alumina is obtained
by the Bayer process which is effective for processing
high-grade bauxite ores. But in China, most bauxite ores are
low-grade ones, and sintering alumina process is effectively
used for this purpose [11-12].
There are many investigations on the utilization of red
mud for building materials (e.g. special cement or brick
production) [13-17]. Bayer process red muds and their industrial applications have received substantial research [1827]. However, little work has been done on red mud obtained from the sintering alumina process.
The main purpose of this study was to characterize red
mud obtained from the sintering alumina process. Secondly, emphasis was given to a risk assessment of the effects of heavy metals and radionuclides on environmental
and human health, if the red mud is to be used to produce
building materials.
MATERIALS AND METHODS

KEYWORDS: Red mud; sintering alumina process; thermal analysis; gamma radiation; TCLP leaching test.

INTRODUCTION
Red mud is a waste residue which is generated as a
byproduct during the production of alumina. It is strongly
alkaline and highly corrosive, and, therefore, regarded as a
hazardous waste. Depending on the quality of bauxite, the
quantity of red mud generated varies between 55-65% of
bauxite processed [1-3]. The annual world production of red
mud is estimated to be more than 70 million metric tons
(http://www.redmud.org/home.html), which indicates a large
quantum of red mud generated worldwide.

The red mud used in this study was obtained from the
red mud storage facilities of Shandong Aluminium Corporation, Shandong Province, China. As red mud has high
liquid content, it becomes solid in the form of big agglomerates when drying in an open storage area. So red
mud has to be ground and milled to a smaller size before
characterization.
The crystalline phases present in the red mud were
identified by X-ray diffraction (XRD). The analysis was
performed in a Rikaku Dmax-RB diffractometer at room
temperature, with Cu Kα radiation at a scan speed range of
0.2°S-1. The XRD patterns were recorded in the 2θ range of
10-90°.
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Thermal analysis was performed on a Setaram Labsys
thermal analysis equipment. The thermogravimetric (TG)
and differential thermogravimetric analysis (DTG) data were
performed in the range 25∼1000 °C. Measurements were
carried out at a heating rate of 10 °C/min, with air purging
at a flow-rate of 30 ml/min, analyzing 20∼30 mg of powder sample which was heated in alumina crucibles.

production of alumina using the sintering alumina process. Other phases of the red mud were identified as
goethite, calcium aluminate, hematite and gibbsite.

A HITACHI S-3000N (Japan) scanning electron microscope (SEM) equipped with an EDAX DX 4 energy
dispersive X-ray (EDX) system was used to exam the surface and morphology of the red mud and its elemental analysis. For SEM, the red mud was coated with gold layer by
vacuum evaporation. Air drying silver was applied on the
edges of the gold-coated samples for electrical connection
to earth. The accelerating voltage used was 5 kV, and all
samples were imaged at 5000×. In EDX analysis, the red
mud sample was bombarded with electrons and analysis of
the magnitude. The energy range of the back-reflected electrons was used to determine the elemental concentrations in
the red mud.

The red mud was tested with toxic characteristic leaching procedure (TCLP) to determine its heavy metals being
inert or hazardous in terms of the leaching of the metals. In
the TCLP leaching test, the red mud was treated with acetate buffer (5.7 ml of glacial CH3COOH added to 500 ml of
high purity water, plus 64.3 ml of 1 N NaOH, and diluted
to a volume of 1 L). The pH of this fluid was 4.93, and then
the mixture was agitated for 18 h in a shaker. Finally, the
liquid was separated off using a 0.45-µm filter membrane,
to analyze the heavy metals by Inductively Coupled Plasma
Mass Spectrometry (Plasma Quad 3).

The XRD pattern also shows a small amorphous hump
in the base line, between 20 and 40 (2θ degree), which indicates the presence of an amorphous structure. The amorphous phase was present in a comparatively lower amount
than the crystalline phases, leading to the lower intensity
for the hump in the base-line. Liu et al. [28] found that the
amorphous phase likely consisted mainly of Si and Al
oxides.
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The gamma spectroscopy analyses were used for measuring and calculating the activity of radioisotopes, such as
K40, Ra226 and Th232, in various liquid and solid samples.
With this technique, the activities of the radioisotopes of
interest are determined as Becquerel (Bq). A HPGe gamma
spectroscopy equipment was used for these analyses.

FIGURE 1 - EDX analysis of the red mud.
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The elements in the red mud were identified by EDX.
The EDX spectra (Fig. 1) showed that the red mud consisted of many elements. The major elements included O,
C, Ca, Si, Fe, Al, and Ti. The red mud also contained Mg,
Na, K, S, P, and Cl. Some heavy metals, such as Zn, Mn,
Pb, Ni, Co and Ce, were also detected.
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FIGURE 2 - X-ray diffraction patterns of the red mud.
Symbol: G: goethite; DS: dicalcium silicate; C: calcite; CA:
calcium aluminate; H: hematite; N: nepheline; Gi: gibbsite.

Mineralogical characterization by XRD

Fig. 2 presents the XRD results for the red mud. It
showed very sharp and high intensity peaks, which indicated the presence of various crystalline phases. Calcite, dicalcium silicate and nephelinite were the identified mineral phases in the red mud, which was partially attributed
to the addition of lime and carbon dioxide during the

Morphological analysis by SEM

In order to examine the morphology of the red mud
powder, SEM image for the red mud sample is obtained
and shown in Fig. 3. It could be clearly found that some
particles of the red mud contained crystallized grains. The
reason is that some mineral phase, such as calcite in the
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red mud, undergoes crystallization with time after its disposal of in the storage facility. From Fig. 3, it is seen that
the red mud was composed of very fine particles with sizes
range from a few microns to over 10 µm. Red mud powder
had a variety of different morphology. The density of the
red mud was approx. 2.82 g cm-3 and it was distinctly alkaline (pH 11.8).

ent suggestions on the differential thermal analysis curve
of gibbsite [20].
Finally, a severe change in slope, from 600 °C to
800 °C, corresponds to the weight loss caused by that of
crystallization water, as well as of constitution and release
of carbon dioxide by disintegration. In fact, XRD results
clearly showed the existence of calcite (CaCO3) and this
compound is considered to decompose into CaO above
600 °C [29].
100
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FIGURE 3 - SEM micrograph of the particles of the red mud.
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Thermal characterization

Fig. 4 presents thermogravimetric (TG) and differential thermogravimetric (DTG) diagrams of the red mud.
The DTG reveals that the different contribution in detail:
an intense peak at 90 °C, followed by a broad band centered at 330 °C and a plateau up to 500 °C; Secondly, a
broad band is centered at 660 °C, followed by an intense
peak at 745 °C and a plateau up to 1000 °C.
The DTG data agreed with the results obtained from
TG analysis. The TG curve shows a continuous weight loss
distributed in the 24-1000 °C interval. Firstly, the TG curve
shows a fast loss until 100 °C (∼3%) because of the evaporation of physically adsorbed water. Secondly, a continuous weight loss until 450 °C (∼8%) was observed, mostly
due to the loss of chemically adsorbed water from goethite
and gibbsite. The dehydration of goethite in the red mud
takes place according to the following reaction [19]:
Goethite → hematite + water
2 FeO(OH)(s) → Fe2O3(s) + H2O(g)

FIGURE 4 - Thermogravimetric (TG) and differential
thermogravimetric (DTG) diagram of the red mud.
Gamma spectrometric analysis

Radionuclides and their concentrations in the red mud
were determined by gamma spectroscopy. It can be seen
from Table 1 that the radioactive concentrations of Th232,
Ra232 and K40 were 400.6, 310.6 and 22.3 Bq/kg, respectively.
According to the classification of radioactive waste in
China (GB 9133-1995), the red mud studied was considered
to be a safe waste in terms of radioactivity.
According to the limits of radionuclides in building
materials (GB 6566-2001), the activity safety limit value
(Iγ and IRa) for building materials can be calculated in
China using the following Eqs. (4) and (5):

(1)

However, the dehydration of gibbsite is more complicated than that of goethite. There are several intermediate
transition phases of alumina until to α-Al2O3, corundum
structure.
gibbsite →χ-Al2O3 → κ-Al2O3 → α-Al2O3

(2)

gibbsite→γ-AlO(OH)→γ-Al2O3→δ-Al2O3→
θ-Al2O3→α-Al2O3

(3)

As seen above, gibbsite partially dehydroxylated to
boehmite at 270 °C, and the remaining part of the gibbsite
went to a transition of alumina at 314 °C. There are differ-

Iγ = CRa/370 + CTh/260+CK/4200

(4)

IRa = CRa/200

(5)

where CRa, CTh and CK are the radium, thorium and
potassium concentrations, Iγ and IRa are external and internal exposure index, respectively. If the material is used
as main material for buildings, the values of Iγ and IRa must
be less than 1. If the building material is used as internal
decoration, Iγ and IRa must be less than 1.9 and 1.3, respectively; If the building material is used as external decoration, Iγ must be less than 2.8. In this study, the Iγ and IRa
values were calculated to be 2.4 and 1.6 according to Eqs.
(4) and (5). Since the Iγ value is less than 2.8, it is possible to safely use the red mud as external decoration in the
production of building materials.
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TABLE 1 - Concentrations of radionuclides in the red mud.
Radionuclides

Concentrations (Bq/kg)

Ra226

310.6

232

400.6

Th

TABLE 3 - Comparision of chemical
composition between the red muds obtained from
the sintering alumina process and the Bayer process.

K40

22.3

The toxicity characteristic leaching procedure (TCLP) test

Estimating the leaching potential of the red mud is important in assessing its possible threat to human health and
living organisms. In this paper, the toxic characteristic leaching procedure (TCLP) was performed, with the purpose of
classifying the red mud as hazardous or non-hazardous.
TCLP was an US. EPA test procedure designed to determine
the morbidity of both organic and inorganic analytes present in liquid, solid and multiphasic wastes [30, 31]. The
data in Table 2 are the averages of two duplicate runs with
samples. It was found that none of the limits in the red mud
exceeded the established Chinese EPA standards, indicating that the red mud is not hazardous. In other words, it
does not pose a potential threat to human health and living
organisms.
TABLE 2 - The TCLP results of the red mud
and comparison with the Chinese EPA TCLP standards.
Heavy metal (mg/L)
Cr

Red mud

Regulatory limit

0.018

0.05

Cu

0.05

1.0

Zn

0.021

1.0

Pb

0.004

0.01

Cd

0.003

0.005

Hg

<0.001

0.001

Mn

0.03

0.1

Constituent
RMSAP* (%)
RMBP* (%)
SiO2
18.08
11.31
Fe2O3
15.30
23.09
Al2O3
8.26
19.1
CaO
38.02
14.06
MgO
1.63
0.69
Na2O
3.55
4.38
K2 O
0.36
0.04
TiO2
4.51
10.82
RMSAP -red mud from the sintering alumina process
RMBP -red mud from the Bayer process

CONCLUSION
The characterization of red mud from bauxite calcination method was performed with the aim of assessing the
risk of using these wastes as raw materials in the production of building materials. The chemical characterization
reveals that the red mud was rather a complex mixture of
several oxides. The major components were CaO, SiO2,
Fe2O3 and Al2O3, present in reasonal amounts together with
other oxides, such as TiO2, Na2O and MgO. Minor components such as K2O were less than 1%. The mineralogical
characterization reveals that the main crystalline phases
were calcite, di-calcium silicate and nephelinite. The minor
phases were identified as goethite, calcium aluminate, hematite and gibbsite.
Gamma spectrometric analysis shows that the Iγ and IRa
values are 2.4 and 1.6. The two values satisfy the regulations of Chinese safety limits for radioactivity of building
materials which are used as external decoration materials.
TCLP leaching test also shows that the red mud was not
hazardous. Therefore, the red mud derived from the sintering alumina process can be safely utilized as raw materials
in the production of building materials.

Comparision between the red muds obtained from the sintering alumina process and Bayer Process

In order to compare both red mud samples from Shandong Aluminium Corporation, Shandong Province, China,
their compositions were determined and given in Table 3,
respectively. As can be seen from Table 3, there are significant differences in chemical composition. The red mud
derived from sintering alumina process contained higher
CaO and SiO2, but that from Bayer process mainly contained higher Fe2O3 and Al2O3. The different mineralogical compositions between the two types of red mud can be
attributed to the different chemical compositions. As discussed previously in 3.2, the red mud derived from sintering alumina process was mainly composed of nephelinite,
di-calcium silicate, and calcite, whereas that of the Bayer
process was mainly composed of hematite and gethite. In
addition, the red mud derived from the sintering alumina
process contained more CaO than that from the Bayer
process, because bauxite ores were mixed with limestone
and sodium carbonate.
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ABSTRACT
Uptake of Reactive Red (RR) 120 and biomass production by Spirulina platensis in the Schlösser medium was
followed at different initial dye concentrations (0, 15, 25,
50, 75 and 100 mg L-1) under 2.0 klux continuous illuminations. Initial dye concentrations and cultivation time significantly affected (p<0.01) biomass productions. It was
observed that increment rate of biomass was especially
achieved between 77 and 144 h at dye concentration range
between 0.0-75 mg L-1. However, remarkable increment
rate was not observed at 100 mg L-1 dye concentration.
Change in initial dye concentrations from 15 to 100 mg L-1
strongly affected (p<0.01) amount of the dye uptake (qt).
Increasing initial dye concentrations from 15 to 100 mg L-1
increased (p<0.01) the equilibrium dye uptake (qeq) values
from 8.08 to 18.31 mg g-1. Tukey HSD test revealed that
there was no significant difference (p>0.05) among qeq
values at initial dye concentrations of 25, 50, and 75 mg
L-1. This cyanobacterium is able to withstand high concentrations of RR 120, which is to be important for
wastewater treatment systems.

KEYWORDS:
Biomass; Reactive Red 120; Spirulina; dye uptake.

INTRODUCTION
Photosynthetic filamentous cyanobacterium, Spirulina
species (Oscillatoriales) is identified by the main morphological feature of the genus, i.e. the arrangement of multicellular cylindrical trichomes in a helix along the entire
length of the filaments [1,2]. Biomass of Spirulina from
Chad Lake (Africa) and Texcoco Lake (Mexico) has been
harvested by native people as a source of food for centu-

ries [2]. However, Spirulina platensis has been commercially cultivated due to its biotechnological importance
since 1970s [3]. Spirulina have been used as an additive
and food supplier for human and the feeding of animals
from fishes to pets due to its high nutritional values [4-6].
Recently, biomass of Spirulina has been performed to
remove pollutants such as excess fertilizer, heavy metals,
textile dyes and pesticides from wastewaters [7-9].
Various industries such as textile, plastic, leather, paper
industries etc., have extensively used dyes and pigments to
colour their final products [10,11]. The effluents of these
industries are discharged into receiving waters cause damages to the ecological balance, affecting photosynthetic
activity in aquatic food web due to curtained light penetration [12,13]. Besides, wastewaters may be toxic and
even carcinogenic, which poses a serious hazardous effect
to aquatic life due to the presence of dye with metals, salts
etc. [14]. Many studies about removal of dye have been
performed to find a natural, cheap and alternative biological adsorbent instead of physical and chemical treatment to
reduce the cost and hazardous effect on aquatic life [11,15].
Many microorganisms such as fungi, algae and bacteria
etc., either in their living or inactivated (dead) form, have
been studied to remove dyes from wastewaters [16-21].
Many investigations focused on the usage of inactivated
biosorbents for removal of dye from wastewaters. However, there are few studies concerning the bioaccumulation of unwanted materials from wastewaters by living
microalgae [8,22,23].
Previously microalgal species have been proved to be
effective microorganism for bioaccumulation of cadmium
by S. platensis [8,22], removal of dye-rich wastewaters by
Phormidium sp. [23] and bioaccumulation of reactive
dyes by thermophilic cyanobacteria [24].
The objective of this research was to study reactive
red 120 uptake potential of S. platensis and its biomass
production at different initial dye concentrations. Besides,
behavior of the cyanobacterium during cultivation time
was described by statistical analysis.
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MATERIALS AND METHODS

72, 77, 96, 120, 144, 149 and 168 h. Experiments were
carried out in duplicate with control cyanobacteriummedium without RR 120.

Microorganism and growth conditions

The cyanobacterium used in this study, S. platensis obtained from University of Ege, EBILTEM Culture Collection, was inoculated on the Schlösser’s medium [25]. Cells
were maintained in the culture medium of Schlösser, having the following composition (per liter): 13.61 g NaHCO3,
4.03 g Na2CO3, 0.50 g K2HPO4 , 2.50 g NaNO3, 1.00 g
K2SO4, 1.00 g NaCl, 0.20 g MgSO4·7 H2O, 0.04 g
CaCl2·2 H2O. All nutrients were dissolved in distilled water
containing (per liter): 6 mL of metal solution (97 mg FeCl3·6
H 2 O, 41 mg MnCl 2 ·4 H 2 O, 5 mg ZnCl 2 , 2 mg CoCl 2 ·6
H2O, 4 mg Na2MoO4·2 H2O), 1 mL of micronutrient
solution (50.0 mg Na2EDTA, 618 mg H3BO3, 19.6 mg
CuSO4·5 H2O, 44.0 mg ZnSO4·7 H2O, 20.0 mg CoCl2·6
H2O, 12.6 mg MnCl2·4 H2O, 12.6 mg Na2MoO4·2 H2O)
and 0.15 mg of B12 vitamin. The culture was incubated
under 2.0 klux with measuring light meter (Lutron Lx-130
model) continuous illumination using cool, white fluorescent lamps.
Batch cultivations were carried out in 250 mL Erlenmeyer flasks containing 100 mL of the medium, placed on
an orbital shaker at 90 rpm for 168 hours. Inoculated culture was carried out with an initial Spirulina biomass concentration of 0.460 g L-1(dry weight). Biomass concentration was calculated through Optical Density (OD) measurements at 670 nm using a spectrophotometer (UV/VIS
Jenway 6305) from standard calibration curve of OD against
a known concentration of Spirulina biomass. During cultivation, biomass values were measured at 0, 1, 2, 3, 24, 48,
53, 72, 77, 96, 120, 144, 149 and 168 h. In our previous
study [26], biomass of Spirulina was performed at three
pH regimes (pH 9.5, 10.0 and 10.5). These results showed
that optimum pH for biomass production was 10.0. After
addition of dye, pH of the medium was adjusted by dilute
(0.1 M) HCI and concentrated (2 M) NaOH solutions to
predetermined optimum growth pH of Spirulina, determined
by pH meter (Hanna, pH 211 microprocessor).
Reactive Red (RR) 120 (Procion Red HE-3B; C44H24
Cl2N14O20S6Na6) was taken from Sigma (Sigma-Aldrich
Chemical Co., St. Louis, USA). Stock solution of this dye
was prepared as 5.0 g L-1 in the distilled water. Appropriate
volumes of the stock dye solution were added into culture
medium. Initial dye concentrations of the batch culture were
adjusted as 15, 25, 50, 75, and 100 mg L-1 during cultivation in order to evaluate the effects of initial dye concentrations on biomass production and the dye uptake of RR
120 by the species. The required dye concentrations were
freshly prepared. Samples obtained from the culture solution were filtered by Sartorious filtration system with
0.45 µm mesh size acetate filter. Amount of remaining dye
in solution was determined using a spectrophotometer (UV/
VIS Jenway 6305) by monitoring the absorbance at wavelength of 515 nm and also 750 nm for turbidity. Residual
dye concentration was measured at 0, 1, 2, 3, 24, 48, 53,

Dye uptake

The amount of RR 120 uptake per unit weight of biosorbent (qt, mg g-1); were obtained by the following Eq. (1).

qt =

(Co − Ct ) ∗ V
M

(1)

where, Co and Ct (mg L-1) represent at initial and at t
time concentrations of reactive red in the solution, respectively. V (L) is the volume of solution, M (g) is the mass
of adsorbent.
The amount of RR 120 uptake per unit weight of biomass at equilibrium (qeq, mg g-1); were calculated by using
Eq. (2).

qeq =

(C

o

− Ceq )∗ V
M

(2)

where, Co and Ceq (mg L-1) represent initial and at equilibrium concentrations of RR 120 in the solution, function
of contact time respectively. V (L) is the volume of solution, M (g) is the mass of adsorbent.
Statistical Analysis

Analysis of Variance (ANOVA) was performed for
biomass value and dye uptake at initial dye concentrations
to determine significant differences using the SPSS version
15.0 (SPSS Inc., Chicago, IL, USA). Tukey’s Honestly
Significant Difference (HSD) multiple range test was also
carried out to distinguish examined groups.
RESULTS AND DISCUSSION
The cyanobacterium, S. platensis showed slightly spiral, left direction of helix, 7-10 µm width of cylindrical
trichome, 33-48 µm diameter of spiral and pH tolerance
range was 9-11, also reported by Vonshak [1] and Komárek and Anagnostidis [27].
Effects of initial RR 120 concentrations and cultivation time on biomass productions by S. platensis are shown
in Figure 1. Statistical analysis (two-way ANOVA) indicated that S. platensis had a short lag time. After this
phase, the cultivation course of biomass production showed
a linear trend (p<0.01). It was observed that the increment
rate of biomass was especially achieved between 77 and
144 h at dye concentration range 0.0-75 mg L-1 (Figure 1).
Similar results were found by Soletto et al. [28], whereas
Colla et al. [29] observed this rate was continued up to
500 h. However, in the present study, initial dye concentrations higher than 75 mg L-1 did not show (p>0.05) remarkable increment rate of biomass. Increasing initial dye
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concentration decreased (p<0.01) biomass value during

cultivation.
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FIGURE 1 - Effect of different initial reactive red 120 concentrations on biomass production by Spirulina platensis.

It could be concluded that the high initial dye concentrations might significantly affect photosynthetic activity due to reduction of light penetration, in agreements with
Zollinger [12] and Robinson et al. [14] for aquatic ecosystem. Besides, it may be also toxic and even carcinogenic,
which poses a serious hazard to aquatic life.
Dye uptake by S. platensis at various initial RR 120
concentrations (15, 25, 50, 75 and 100 mg L-1) is shown in
Figure 2 during the cultivation. It was found that initial dye
concentrations and cultivation time significantly affected
(p<0.01) the uptake of RR 120 by the cyanobacterium.

Increasing initial dye concentration from 15 to 150 mg L-1
caused to increase amount of the dye uptake (qt) along
cultivation time (Figure 2). The removal yields of RR 120
by S. platensis varied from 50.68 % to 17.95 % at 15 and
100 mg L-1, respectively. With decreasing the initial dye
concentration resulted to significantly increase (p<0.01) in
bioaccumulation percentage of the dye. This result was in
agreement with findings of Ertuğrul et al. [23] and Sadettin and Dönmez [24] for removal of remazol blue by
Phormidium sp. and bioaccumulation reactive dyes by
thermophilic cyanobacteria, respectively.
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FIGURE 2 - Effect of different initial dye concentrations and contact time on reactive red 120 uptake by Spirulina platensis.
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Where qt represent dye uptake by the unit weight of the alga at any time t.
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FIGURE 3 - The variation in dye uptake at equilibrium by Spirulina platensis at different initial dye concentrations.

Effects of different initial RR 120 concentrations on
equilibrium dye uptake by S. platensis are shown in Figure 3. The equilibrium dye uptake values increased (p<0.01)
from 8.08 to 18.31 mg g-1 with increasing initial dye concentration from 15 to 100 mg L-1. This could be due to increasing dye driving force on biomass [30]. Besides, Tukey
HSD test did not significantly distinguished (p>0.05) qeq
values among 25, 50, and 75 mg L-1 initial RR 120 concentrations (Figure 3).
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EFFECTS ON PYRENE REMOVAL FROM
CONTAMINATED SOIL USING FENTON REAGENTS
AND DEGRADATION PRODUCT ANALYSIS BY FTIR
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Department of Safety, Health and Environmental Engineering, Hungkuang University,
No. 34, Chung-Chie Rd., Shalu, Taichung county, Taiwan 433, Republic of China

ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) are mutagenic, teratogenic and carcinogenic so that the appropriate
remediation technology for the removal of PAHs is urgently
required. The chemical oxidation processes have proved
that various hazardous substances can be effectively removed by Fenton reagents (ferrous ions and hydrogen peroxide). Therefore, this study was aimed to remediate pyrene
from soil by Fenton reagents and to identify the products
using FTIR. The results reveal that Fenton reactions occur
rapidly react with pyrene in a batch system, and the best
removal efficiency was about 80% for 100 mg/kg of initial
pyrene concentration in soil with 412mM of H 2O 2 and
21.6mM Fe(II) (molar ratio H2O2/Fe(II): 19.07). Furthermore, the concentrations of hydrogen peroxide and ferrous
solutions simultaneous affected the pyrene removal. Thus,
the optimal concentrations of two reagents depended on the
requirement of removal efficiencies, time, cost and the
residual H2O2 concentrations. In addition, pH and ORP data
were monitored during the reactions which showed the
oxidation status and the final of about pH 3. In addition, the
higher pyrene initial concentrations obviously declined
pyrene removal. The degradation product analysis by FTIR
indicated the cleavage of benzene rings to smaller structure
with less or no toxic. Thus, soil remediation with pyrene by
Fenton reaction was successfully demonstrated in this study.
KEYWORDS: Pyrene, PAHs, contaminated soil, Fenton reagents,
Fenton reaction, FTIR

regulated by the U.S. EPA as probable human carcinogens
[4]. The major sources of soil contamination are via oil
leakages or spills from manufacturing gas plant (MGP),
cookery site and industrial area [5]. Often the contaminated
sites contained hundreds and thousands mg/kg of PAHs, predominantly about 30% of lower benzene rings such as phenanthrene and pyrene [6]. The widespread distribution of
PAHs in soil environment was continuously investigated
and discovered [7-9]. Such areas included the roadsides in
the city of Chiang-Mai, Thailand; Hong Kong urban park,
greening area, country park, rural area, restored landfill,
agricultural farmland, orchard farm, crematorium, industrial and near highway area; as well as the surface soil in
Tianjin area, China with high abundance of PAHs including phenanthrene, fluoranthene, pyrene and chrysene.
Fenton was the first to report the oxidation of tartaric
acid using ferrous salt and hydrogen peroxide [10], which
can effectively oxidize various organic substrates. More than
two decades, Fenton reagents have been proven to be promising in environmental applications for rapid and efficient
oxidation of hazardous compounds such as dye, phenol and
chlorinated wastewater, leachate and petroleum contaminated soils [11-16] due to the strong oxidizing of hydroxyl
radical production degrading the target compounds. Thus,
the objective of this study was to quantify the efficiencies of
Fenton reagents in the removal of pyrene from soil considering time, ferrous and hydrogen peroxide concentrations and initial pyrene concentrations. The degradation
products were identified by FTIR (Fourier transform infrared). Moreover, the pH and ORP (oxidation reduction
potential) values were monitored.

INTRODUCTION

MATERIALS AND METHODS

Polycyclic aromatic hydrocarbons (PAHs) are organic
compounds with more than two benzene rings, which are
fairly low water soluble [1], and persistent and recalcitrant
resulting ecological toxicity in soil environment [2]. They
are mutagenic, teratogenic and carcinogenic as identified
by IARC [3], and seven out of sixteen of PAHs have been

The Tapumei series (Tf) red soil from Mingen village,
Nai-tuo county in central Taiwan was classified as Uitisols.
The soil texture consists of sand, silt and clay with 51, 4
and 45% classified as sandy clay (SC). The properties including cation exchange capacity (CEC) of 14 cmol/kg,
organic carbon of 1.8 g/kg, pH of 4.8 and total iron of 3.7%
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were monitored. The double de-ionized water (>18MΩcm)
used in all aqueous solutions and dilutions was purified
using a Milli-Q de-ionized system and all the chemical reagents and solvents (methanol (99.5%) and acetone (99.9 %)
by Merck; FeSO4 • 7H2O and H2O2 (35%) by Riedel-seHaen) employed in the experiments were purchased and
utilized without further purification. Pyrene (C16H10, 97%)
with a molecular weight of 202, vapor pressure of 4.5x10-6
mmHg, water solubility of 0.14mg/L and logKow 5.32, melting point of 156°C, and boiling point of 404°C, was purchased from Aldrich.
First of all, the spiked soil was prepared for the simulation of contaminated soil by dissolving pyrene granules
entirely in acetone solution, and then mixed well with
10.0 g of Tf red soil in the amber borosilicate glass bottles
with teflon PTFE-lined screw caps of 120mL for 30
minutes. The caps were then opened and left in a fume
hood for 24 hours to allow the acetone fully evaporate
yielding 100 mg of pyrene in each kg of dry soil. The
recovery efficiencies were immediately detected for each
batch to ensure the reasonable initial soil concentrations as
the blank samples.
Every spiked soil sample bottle was added with the
Fenton reagent of 10.0 mL for FeSO 4 • 7H 2O and H 2O 2
solutions, respectively and then mixed at 50 rpm. The
pyrene removal efficiencies in soil were detected with
respect to the reaction time (0-180 minutes) as well as the
solution concentrations of FeSO4• 7H2O (0-25.2mM) and
H2O2 (0-412mM). After the Fenton reactions, the water
supernatant was decanted and centrifuged to detect the residual hydrogen peroxide solution concentration by the method
of Masschelein et al. [17]. The pH and oxidation and reduction potential (ORP) were measured by Eutech pH 5500
Dual channel pH/ion meter with Redox electrolyte 501 and
pH electrolyte 437. The FTIR measurements were identified using Perkin Elmer spectrophotometer of FT-IR Spectrum one. All samples were conducted in triplicate, and the
blank samples were carried out using de-ionized water. In
addition, pyrene concentrations in soil samples were extracted with 30.0mL of methanol for 3 minutes by sonication (USEPA method 3550B) using SONICS VCX600 with a horn-type device. The extract was filtered
through a 0.22µm nylon filter and then stored in an amber
vial for the analysis by gas chromatography with flame
ionization detector (GC-FID) using Agilent 6890 GC
and column 19091 J-413 HP-5 (30m×0.32mm×0.25µm)
with injector 280°C, detector 230℃, oven 100°C hold 2
min, heating to 200°C by 30°C /min, hold 4 min, continuously heating to 280°C by 30°C /min, hold 3 min, flow of
1.0 mL/min, with 1.0µL of injection obtaining retention
time of 12 minutes.
RESULTS AND DISCUSSION
Effect of reaction time:

The reactions have been carried out for 5, 10, 20, 30,
40, 50, 60, 90, 120 and 180 minutes with hydrogen peroxide and ferrous solution concentrations of 103 and 14.4mM,
respectively shown as Figure 1. In the first 10 minutes, the
removal curve increased steeply, followed by a slow increase for 30 minutes approaching equilibrium. This implies that Fenton reaction is very rapid, effective and spontaneous as soon as Fenton reagents are reacted with pyrene
in the soil. Furthermore, the extension time cannot enhance
the removal efficiency so that 30 minutes was chosen for
the following reactions.
100
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FIGURE 1 - Effect of reaction time. The reaction time is controlled
at 0, 5, 10, 20, 30, 60, 90, 120 and 180 minutes. The initial pyrene
concentration in soil sample is 100 mg/kg with 14.4mM of the ferrous and 103mM of hydrogen peroxide solution concentrations.
Effects of concentrations of ferrous and hydrogen peroxide
solutions

The concentrations of ferrous solution were conducted
in 0, 0.72, 3.6, 7.2, 14.4, 21.6 and 25.2 mM with hydrogen
peroxide solution in 51.5, 103, 206 and 412 mM mixing at
30 minutes shown as Figure 2(a). From the figure, higher
concentrations of ferrous solutions resulted in higher pyrene
removal efficiencies. The limited oxidation effect of hydrogen peroxide solution alone was obtained by adding 10.0 mL
of de-ionized water. It implies that very low ferrous concentrations may not effectively initiate the Fenton reaction, but
adding more than 3.6mM of ferrous solution concentrations
significantly enhanced the reaction. However, more ferrous
solution concentrations may yield more ferric precipitates.
Furthermore, the higher hydrogen peroxide solution
concentrations will obviously produce higher pyrene removal efficiencies. However, overdoses can decline the
pyrene removal because hydrogen peroxide can consume
hydroxyl free radicals itself decreasing the oxidation capacity of pyrene. From the experimental data, the best removal
efficiency obtained was about 80% with 412mM of H2O2
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and 21.6mM of Fe(II) of (molar ratio H2O2/Fe(II): 19.07).
The simultaneous effects on concentrations of hydrogen
peroxide and ferrous solutions are plotted in Figure 2(b),
which showed that the contour curves were affected by
both reagent concentrations. The residual concentrations of
hydrogen peroxide solutions were measured after completing the reactions as shown in Figure 3. The higher ferrous
solution concentrations of 21.6 mM and 25.2 mM can consume more hydrogen peroxide solutions leaving less residual H2O2 solutions for soil ecological safety considerations.
However, the cost increases by increasing the reagent concentrations. Thus, choosing the optimal reagent doses depend on the requirement for removal efficiencies, time, cost
and the residual hydrogen peroxide solution concentrations.

25.2mM. The hydrogen peroxide solution concentrations were 51.5,
103, 206 and 412mM. The initial pyrene concentration in soil sample
is 100 mg/kg in 30 minutes.
250
51.5 mM
103 mM
206 mM
412 mM

200

150

H2O2, mM
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FIGURE 3 - The residual concentrations of hydrogen peroxide solutions after reactions. The experimental conditions were the same as
Figure 2.
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The pH and ORP were monitored during Fenton reactions and plotted as shown in Figure 4. The abscissa expresses ferrous concentrations and the ordinate denotes pH
and ORP changes. The concentrations of hydrogen peroxide solutions represented (a) 51.5, (b) 103, (c) 206 and (d)
412mM. The four pH curves show similar results with a
final pH of 3. The four ORP curves also show similar results which indicate that the oxidation reactions proceeded
with an initial +180mV, and promptly jumped to about
+500mV and +600mV.
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Effects of initial pyrene concentrations in soil samples:

The initial pyrene concentrations in the soil samples
were prepared as 100, 200, 400, 600, 800 and 1000 mg/kg
as shown in Figure 5 with the concentrations of ferrous and
hydrogen peroxide solutions of 21.6 and 412mM, respectively mixing in 30 minutes. The pyrene removal efficiencies were obviously declined from 75% to 50% by increasing pyrene concentrations from 100 to 1000 mg/kg. If the
pyrene concentration in the soil is high, the removal efficiencies may be improved by either increasing the concentrations of Fenton reagents or connecting to the other processes.
The degradation production analysis by FTIR:

FIGURE 2 - (a) Effects of ferrous and hydrogen peroxide solution
concentrations. (b) The isoconcentration removal curves. The ferrous solution concentrations were 0, 0.72, 3.6, 7.2, 14.4, 21.6 and

The changes of functional groups can be observed by
the FTIR spectra in the scan range of 400-4000cm-1 shown
as Figure 6. Figure 6 (a) represents blank (KBr only) (b) represents before Fenton reactions, and (c) represents after
Fenton reactions. The initial pyrene concentrations were
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100 mg/kg in soil with the concentrations of ferrous and
hydrogen peroxide solutions of 21.6 and 412mM, respec-

tively in 30 minutes. From the spectra, the initial blank

a) H2O2 = 51.5 mM

c) H2O2 = 206 mM
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FIGURE 4 - The pH and ORP values during Fenton reactions. The concentrations of hydrogen peroxide
solutions: (a) 51.5mM; (b)103mM; (c)206mM; (d)412mM. The experimental conditions were the same as Figure 2.
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FIGURE 5 - Effects of initial pyrene concentrations in soil samples. The initial pyrene
concentrationsin soil samples were 100, 200, 400, 600, 800 and 1000 mg/kg. The ferrous solution
concentrations of 21.6mM and hydrogen peroxide solution concentrations were 412mM in 30 minutes.
a) Blank

b) before Fenton reaction

c) after Fenton reaction
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FIGURE 6 - The degradation production analysis by FTIR. (a) blank; (b)before Fenton reactions;
(c) after Fenton reactions. The initial pyrene concentrations in soil samples were 100 mg/kg with the
concentrations of ferrous and hydrogen peroxide solutions were 21.6 and 412mM, respectively in 30 minutes.

sample was ensured no contamination before scanning by
FTIR. Furthermore, it was observed that there are significant differences between the functional groups before and
after Fenton reactions are shown in (b) and (c). Before the
reaction in Figure 6(b), a strong peak occurs at 1016 cm-1
that in the range of the 1,260 -1,000 cm-1 maybe the O-H
from the methanol (CH3OH) - extraction solvent. The other
signal of C=C (1,454 cm-1) may come from pyrene. After
the reaction in Figure 6(c), the observation of new functional groups C=O (1642 -1644 cm-1) and C-H (666 cm-1)
implies the cleavages of benzene rings into simpler structures and then gets oxidized after Fenton oxidation. The
N=C (2078cm-1) production may come from the soil organic
constitutions. Thus, Fenton reagents are proved to be rapid
and effective in the degradation of pyrene in soil.
CONCLUSION
From the experimental data, Fenton reactions demonstrated that pyrene was feasibly and rapidly degraded in a
batch soil system. The best removal efficiency was about
80% with 412mM of H2O2 and 21.6mM of Fe(II) (molar
ratio H2O2/Fe(II): 19.07) with 100 mg/kg of the initial pyrene
concentration in the soil. The simultaneous effects of concentrations of hydrogen peroxide and ferrous solutions were
shown as a contour. Choosing the optimal concentrations
of the reagents depend on the requirement of removal efficiencies, time, cost and the residual H2O2 concentrations. In
addition, the Fenton reactions proceeded to a pH of 3 and
maintained in oxidation status by positive ORP by monitoring pH and ORP data during the reaction. Furthermore,
pyrene removal efficiencies were obviously declined by incremental initial pyrene concentrations, which may improve by either increase of the concentrations of Fenton
reagents or connecting the other processes. The degradation
product analysis by the FTIR spectra indicated that the
benzene rings were cleaved to smaller structure that are
less or no toxic.
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PREPARATION OF Fe–Al LAYERED DOUBLE
HYDROXIDE AND ITS APPLICATION IN Sb REMOVAL
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ABSTRACT
Fe–Al layered double hydroxide (Fe–Al LDH) was prepared from a mixed solution of FeCl2 and AlCl3 at a constant pH by co-precipitation. Simultaneously, amorphous
FeO(OH) and Al(OH)3 precipitated. A lower solution pH
for the preparation resulted in more Fe–Al LDH in the precipitate, and the precipitate was able to effectively remove
antimonate [Sb(V)] from an aqueous solution. This was
attributable to the anion exchange properties of Fe–Al LDH
contained in the precipitate, and the adsorption of SbO3– on
the surface of the FeO(OH) contained in the precipitate.

KEYWORDS:
Layered double hydroxide, preparation, Sb, removal.

INTRODUCTION
Layered double hydroxide (LDH) has an anion-exchange capability [1], and is typically represented by the
formula [M2+1–xM3+x(OH)2](An–)x/n·mH2O, where M2+ and
M3+ are divalent and trivalent metal ions, respectively, x denotes the M3+/(M2+ + M3+) molar ratio (0.20 ≦	
 x ≦ 0.33),
and An– is, for example, CO32– or Cl– [2, 3]. LDH consists
of a stack of M3+-bearing brucite-like octahedral layers in
which the positive layer charge, due to the replacement of
some M2+ with M3+, is electrically neutralized by interlayer
anions. The interlayer space is occupied by water molecules in the hydration shell of the intercalated anions.
Recently, LDH has been used in the environmental
preservation and purification of water. For example, we
reported on the treatment of hydrochloric acid, F–, H2BO3–,
and BF4– in aqueous solution using the calcined material
Mg–Al LDH [4-9]. Mg–Al LDH can also take up oxoanions, such as SeO32–, SeO42–, AsO2–, and AsO43–, from
aqueous solution due to its anion exchange capacities
[10-15].
Sb, Se, and As are typical unwanted constituents of
many of ores and concentrates that are processed in the nonferrous metallurgical industry. Various types of Sb-bearing
intermediate products and process wastes must be treated

in an environmentally acceptable manner. To eliminate Sb
from process liquors and effluents, coprecipitation techniques with Fe(III) species have been studied [16, 17].
Elimination of Sb with Fe(III) species is an effective process to reduce the concentration of residual Sb in solutions, but the reaction of Sb(V) (i.e., SbO3–) with Fe(III)
species is much slower than that of Sb(III) (i.e., SbO2–),
particularly in the pH range required for Sb elimination
[17]. Further-more, the techniques can generate large
amounts of sludge still contaminated with small amounts
of Sb if the appropriate reaction conditions are not maintained [18].
Thus, we examined the removal of Sb(V) in an aqueous solution using an adsorption process. The hydroxide
of Fe is known to be effective for the adsorption of SeO32–	
 
and SeO42– [19-21]. Accordingly, Fe–Al LDH can be expected to function as a scavenger for the removal of Sb(V)
in an aqueous solution due both to the anion exchange properties of the LDH and adsorption to the hydroxide derived
from Fe. In this study, we prepared the Fe–Al LDH by coprecipitation, examined the effect of solution pH on formation of the LDH, and then investigated the ability of
Fe–Al LDH to remove Sb(V) from an aqueous solution.
MATERIAL AND METHODS
All reagents were of chemical reagent grade (Kanto
Chemical, Ltd., Tokyo, Japan) and were used without further purification.
Preparation of Fe–Al LDH

Fe–Al LDH, derived from the hydroxides of Fe2+ and
Al , was prepared by dropwise addition of a Fe–Al solution to NaOH solution at constant pH. Fe2+ is precipitated
as the hydroxide above pH 7 [22], and, thus, Fe–Al LDH is
predicted to be formed above pH 7. However, Fe2+ is readily oxidized to Fe3+, making it necessary to remove the
oxygen dissolved in the solution. Because of this, the preparation procedure for Fe–Al LDH was as follows: The deionized water used to prepare the aqueous solution was degassed using an aspirator. The Fe–Al solution (0.4 mol/L
FeCl2 + 0.1 mol/L AlCl3) with an Fe2+/Al3+ molar ratio of
4.0 was prepared by dissolving FeCl2 (0.05 mol) and AlCl3
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(0.0125 mol) in 125 ml of deionized water. The NaOH solution (0.5 mol/L) was prepared by dissolving 10.0 g of NaOH
in 500 ml of deionized water.

Fig. 1 shows the XRD patterns for precipitates prepared
from a mixed solution of FeCl2 and AlCl3 at (a) pH 7.0,

First, 125 ml of deionized water was poured into a flask,
and nitrogen (N2) was bubbled into the water for 30 min to
degass it. The Fe–Al solution was then added drop-wise
to the deionized water at 10 ml/min and 30 °C, with stirring. The solution pH was adjusted to 7.0, 8.0, 9.0, 10.0,
and 10.5 by addition of NaOH solution throughout the
preparation. After adding the Fe–Al solution, the resultant
suspension was kept standing at 30 °C for 1 h at constant
pH. N2 was bubbled into the solution throughout the procedure. The precipitate was recovered by filtering the resultant suspension, followed by repeated washing with
deionized water and drying under reduced pressure (133
Pa) for 40 h.
Separately, a mixed solution of FeCl2 and FeCl3 was
added drop-wise to the deionized water at a constant pH
(7.0) at 30 °C with stirring, and the preparation of Fe2+–Fe3+
LDH was attempted to examine the role of Al3+ on the preparation of Fe–Al LDH.
Removal of Sb(V) from an aqueous solution

The Sb(V) solution, which contained SbO 3– in an
aqueous solution, was prepared by shaking Sb2O5 in deionized water at 50 °C for 72 h. The precipitate, which was
prepared from a mixed solution of FeCl2 and AlCl3 at a
constant pH (7.0), was added to 200 ml of 40 mg/L Sb(V)
solution with an initial pH of 3.6, and the resultant suspension was kept standing at 25 °C for 120 min with
stirring.	
 N2 was bubbled into the solution throughout the
procedure.	
 Samples of the suspension were withdrawn at
different time intervals and immediately filtered through a
0.45-µm membrane filter.	
 The filtrates were analyzed for
residual Sb.
The molar ratios of Al in the precipitate to Sb in the solution	
  (Al/Sb molar ratios) were set at 1 to 20. FeO(OH)
was also used in this experiment as a reference material to
investigate its adsorption capacity for Sb(V).
Characterization methods

The precipitates were analyzed by X-ray diffraction
(XRD) using CuKα radiation. The precipitates were dissolved in 1 mol/L HNO3 and HCl, and analyzed for Fe
and Al by inductively coupled plasma-atomic emission spectrometry (ICP-AES). The precipitates were also dissolved in
1 mol/L HCl, and the Fe2+ concentration in the dissolved
solution was determined by ultraviolet-visible spectrophotometry at 510 nm using the phenanthroline method. For the
adsorption experiments, the residual concentrations of Sb
in the filtrates were determined by ICP-AES.
RESULTS AND DISCUSSION
Preparation of Fe–Al LDH

FIGURE 1 - XRD patterns for precipitates prepared from a mixed
solution of FeCl2 and AlCl3 at (a) pH 7.0, (b) pH 8.0, (c) pH 9.0, (d)
pH 10.0, and (e) pH 10.5.

(b) pH 8.0, (c) pH 9.0, (d) pH 10.0, and (e) pH 10.5. The
XRD peaks for all precipitates were attributable to hydrotalcite (JCPDS card 22-700), a naturally occurring
hydroxycarbonate of magnesium and aluminum, formulated as Mg6Al2(OH)16CO3•4H2O and having the structure of a LDH. This suggests that all precipitates had the
basic LDH structure. Table 1 gives the elemental analyses of precipitates prepared at various pHs. Fe3+ in addition to Fe2+ and Al3+ was contained in all precipitates. Fe2+
in the starting mixed solution of FeCl2 and AlCl3 is considered to be oxidized to Fe3+ during the preparation of the
precipitate. Based on the results, we calculated the molar
ratios of the elemental components of precipitates prepared at various pHs. In this case, the mole amount of Fe
denotes the sum of the mole amounts of Fe2+ and Fe3+.
The Fe/Al3+ molar ratios in the precipitates showed values
of 3.8 to 4.2, close to the Fe2+/ Al3+ molar ratio of 4.0 in
the starting mixed solution of FeCl2 and AlCl3. This
suggests that most of the Fe and Al3+ ions in the solution
were precipitated as the hydroxides. The Fe2+/Fe molar
ratio in the precipitate increased with de-creasing solution
pH, showing that Fe2+ is more difficult to oxidize to Fe 3+
in low pH solutions. Although LDH is formed at the
M2+/M3+ molar ratio of 2.0 to 4.0 [1], the M2+/M3+ molar
ratios [i.e., the Fe2+/(Fe3+ + Al3+)] molar ratios in the
precipitates were below 1 at all pHs. The amounts of
Fe3+ and Al3+ contained in the precipitates were large, suggesting that the Fe3+ or Al3+ ions were independently precipitated as their hydroxides, in addition to the precipitation as the constituent metal ion of LDH. The molar ratios
of Fe2+/Fe3+ were smaller than those of Fe2+/Al3+ for each
pH, and showed values of 0.4 to 1.1. These values were
much smaller than the minimum M2+/M3+ molar ratio, 2.0,
which is theoretically required for the formation of LDH.
Thus, it appears that it was more difficult for Fe3+ to be-
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come the constituent metal ion of LDH than Al3+, and that
the Fe3+ was independently precipitated as hydroxide.
This is supported by the fact that the precipitate prepared
from a mixed solution of FeCl2 and FeCl3 at pH 7.0 was
primarily magnetite, Fe3O4 (JCPDS card 19-629), as shown
in Fig. 2. The XRD peaks ascribed to green rust, Fe2+–Fe3+
LDH (JCPDS card 13-90), were much smaller than those
ascribed to magnetite. This indicates that Fe3+ scarcely
contributed to the formation of LDH. As shown in Fig. 1,
the precipitates prepared from a mixed solution of FeCl2
and AlCl3 did not have the XRD peaks ascribed to the compounds, except hydrotalcite. Thus, most of the Fe3+ was
probably precipitated as amorphous FeO(OH), and the Al3+
was certainly precipitated as Fe–Al LDH. However, the
Fe2+/Al3+ molar ratios for pHs 8.0-10.5 were less than 2.0
(Table 1), suggesting the formation of amorphous hydroxide of Al3+, in addition to Fe–Al LDH.

Fig. 3 shows the dependence of residual Sb concentration on time during the suspension of precipitate prepared
at pH 7.0 in the Sb(V) solution. For all Al/Sb molar ratios,
the concentrations of Sb decreased with time. The precipitate was found to remove Sb(V) from an aqueous solution.
The concentration of Sb decreased with increasing Al/Sb
molar ratios at all times, and it decreased from 40 mg/L
to 0.3 mg/L at a molar ratio of 20 over 120 min. Increased
amounts of precipitate resulted in increased uptake of
Sb(V).

TABLE 1 - Elemental components
of precipitates prepared at various pH

FIGURE 3 - Dependence of residual Sb concentration on time during
the suspension of precipitate prepared at pH 7.0 in Sb(V) solution.
Initial pH 3.6. Molar ratio of Al in precipitate to Sb in solution (Al/Sb)
= (a) 1 ( ▲ ), (b) 2 ( □ ), (c) 5 ( ■ ), (d) 10 ( ○ ), (e) 20 ( ●).

FIGURE 2 - XRD patterns for precipitate prepared
from a mixed solution of FeCl2 and FeCl3 at pH 7.0.

Based on these analyses, Fe–Al LDH was prepared
from a mixed solution of FeCl2 and AlCl3 at pHs 7.0 to 10.5
using this co-precipitation method. Simultaneously, amorphous FeO(OH) was formed, with the oxidation of Fe2+ to
Fe3+, and furthermore, amorphous hydroxide of Al3+ was
precipitated. The higher molar ratio of Fe2+/Fe in the precipitate with the lower solution pH corresponded to the
higher presence of Fe–Al LDH contained in the precipitate. From the results shown in Table 1, the precipitate prepared at pH 7.0 was calculated to consist of 66 wt%
Fe–Al LDH, with the Fe2+/Al3+ molar ratio being 2.0, and
34 wt% FeO(OH). In the next section, the precipitate prepared at pH 7.0 was examined for its ability to remove
Sb(V) from an aqueous solution.
Removal of Sb(V) from an aqueous solution

FIGURE 4 - Dependence of residual Sb concentration on time during
the suspensions of precipitate* prepared at pH 7.0 (●) and FeO(OH)**
( ∆ ) in Sb(V) solution. Initial pH 3.6. *Al/Sb = 20.
**The amount is equal to that of the precipitate.

The precipitate prepared at pH 7.0 is clearly a mixture
of Fe–Al LDH and FeO(OH). Thus, we examined the contributions of Fe–Al LDH and FeO(OH) to the removal of
Sb(V) from an aqueous solution. Fig. 4 shows the dependence of residual Sb concentration on time during the preparation of precipitate suspensions at pH 7.0 and FeO(OH)
in the Sb(V) solution. Similar to the case of the precipitate,
the concentration of Sb decreased with time for FeO(OH),
which was attributable to the adsorption of SbO3– on the
surface of FeO(OH). However, the residual concentration
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of Sb for the FeO(OH) was higher than that for the precipitate at all times, although the amount of FeO(OH) was
equal to that of the precipitate. The precipitate was able to
take up larger amounts of Sb(V) from an aqueous solution
than the FeO(OH). This indicates the large contribution of
the Fe–Al LDH in the removal of Sb(V) from an aqueous
solution because most of the precipitate is composed of
Fe–Al LDH.
Fig. 5 shows the XRD patterns for precipitates prepared at pH 7.0 (a) before and (b) after the suspension in
Sb(V) solution for 120 min. The precipitate after the suspension was ascribed to hydrotalcite and magnetite. The
presence of hydrotalcite suggests that the removal of Sb(V)
from an aqueous solution by the precipitate is attributed to
the anion exchange properties of Fe–Al LDH, that is, the
intercalation of SbO3– into the inter-layers of Fe–Al LDH.
The XRD patterns in Fig. 5(b) show broadened and weak
peaks at around 12º (2θ), which corresponds to the basal
spacing of LDH. These reflections are probably attributable
to the structural disorganization that can arise from the intercalation of SbO3– with a sterically bulky molecular structure. SbO3– is also considered to be adsorbed on the surface of FeO(OH) contained in the precipitate.

precipitated. Higher molar ratios of Fe2+/Fe in the prepared precipitate with the lower solution pH corresponded
to the higher presence of Fe–Al LDH in the precipitate. The
precipitate prepared at pH 7.0 was composed of 66 wt%
Fe–Al LDH, with the Fe2+/Al3+ molar ratio of 2.0, and 34
wt% FeO(OH). The precipitate was able to effectively remove Sb(V) from an aqueous solution, which was attributable to the anion exchange properties of Fe–Al LDH contained in the precipitate, and the adsorption of SbO3– on the
surface of FeO(OH) contained in the precipitate. The precipitate had little effect on the solution pH and, thus, may
be useful as a scavenger in wastewater treatment.
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ABSTRACT
Electromagnetic fields from electronic equipment are
detrimental environmental factors. Recently, a new type
of electromagnetic pollution referred to as “dirty electricity” was discovered to affect human health. The current
research measures levels of dirty electricity in one secondary school in Kazan, Republic of Tatarstan, Russia. A
Microsurge II meter that measures high frequency transients and harmonics between 4 to 100 kHz (expressed as
Graham-Stetzer units) was used in this study. Levels of
dirty electricity were elevated in all areas of the school and
the installation of Graham-Stetzer filters significantly reduced these levels. Taking into account the detrimental
effects of the dirty electricity on human health, plugging one
Graham-Stetzer filter into each classroom is highly recommended.

trical current flow. Monitoring DE is an important first step
to protect populations from this kind of electromagnetic
pollution.
This article presents data on the monitoring of DE in
a secondary school in Kazan, Russia.
MATERIALS AND METHODS
This research was performed in Kazan Municipal Educational Formation “Gymnasium 94”. This includes an
elementary, middle and high school that are located in the
same building. A Microsurge II meter (GS meter) measuring high frequency transients and harmonics between 4
to 100 kHz (expressed as GS units) was used in this study
(Figure 1A). GS units reflect the average magnitude of the
rate of change of voltage as a function of time. This meter
provides a digital reading from 1 to 1999 with an accuracy
of 5% [5].

KEYWORDS: electromagnetic pollution, electrohypersensitivity,
dirty electricity, Graham-Stetzer filter, Graham-Stetzer meter, microsurge meter.

INTRODUCTION
People living in a modern world are adversely affected
by many environmental factors. A totally new risk to human health appeared during the twentieth century. Electromagnetic fields and radiation from electronic equipment
(video monitors, mobile phones, personal computers and
others) are among the modern risks to which we are exposed at work and at home. One adverse health response
to electromagnetic fields is electrohypersensitivity (EHS)
and symptoms include adverse skin reactions, disturbances
of the heart and the central nervous system as well as psychological problems [1,2]. Recently, a new type of electromagnetic pollution referred to as dirty electricity was discovered to affect human health [3,4]. The dirty electricity
(DE) presents itself as high frequency voltage transients
found on electrical wiring caused by an interruption of elec-
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FIGURE 1 - The physical configuration
of the GS meter (A) and GS filters (B).
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To reduce the values of DE, Graham-Stetzer filters
(GS filters, Figure 1B) were plugged into outlets within
the school building where the measurements were done.
The detection of DE was performed during the middle of
workweek at noontime (without and with the GS filters).
A scheme of classrooms and other school areas, where the
measurements were performed, are presented in Figure 2.
Data in Table 1 are given as mean ± SEM.

ble 1). As one can see, the installation of GS filters significantly reduced the DE levels.
TABLE 1 - The levels of DE in school
areas with and without the GS filter.
Floor

School area

The entry
level

The athletic field
The dining room
The assembly
hall
Classroom 103
Classroom 109
Classroom 201
Classroom 206
Classroom 210
Classroom 301
Classroom 307
Classroom 314

The second
floor
The third
floor

Before
installation of
the GS filter
298±37
>2000
>2000

After installation
of the GS filter

293±9
90±6
1122±17
>2000
1376±70
1910±37
>2000
>2000

5±1
4±1
21±1
44±2
37±2
56±4
57±5
47±2

4±1
68±2
60±5

The analogous results were recently reported for various schools in Canada and USA [6,7]. The studies by
Havas [4] revealed for the first time the detrimental effects of DE. These include headaches, fatigue among
teachers and attention deficit disorder among the pupils.
In our study, we did not analyze health but intend to do
this in as a follow-up study. At present we are convinced
that the effects of DE are real as the recent studies show
that DE may provoke the development of cancers [8] and
type 3 diabetes (electrically sensitive diabetes) [9]. Our
measurements show that GS filters effectively reduce
levels of DE.

CONCLUSION

FIGURE 2 - A scheme of the school areas. (A) the entry level; (B)
the second floor; (C) the third floor. Note: DR – dining room; AH assembly hall; AF - athletic field. The classrooms and other school
areas, where the measurements were performed, are indicated by Arabic
numerals.

The study revealed excess levels of DE in all student
classrooms and other school areas. The use of even one
GS filter resulted in significant reduction of the DE. Taking into account the above-mentioned detrimental effects
of DE on human health, the plugging of one GS filter into
each classroom is highly recommended.

RESULTS AND DISCUSSION
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EFFECT OF SOME PRETREATMENTS
ON SEED GERMINATION OF BEAN TREFOIL
(Anagyris foetida L.), SUMMER-DECIDUOUS SHRUB
Mahmut D. Avsar*
Department of Forest Engineering, Faculty of Forestry, Kahramanmaras Sutcu Imam University, 46060 Kahramanmaras, Turkey

ABSTRACT
Bean trefoil (Anagyris foetida L., Leguminosae) is a
Mediterranean element and summer-deciduous shrub species. In this study, effect of some pretreatments on germination of bean trefoil seeds was investigated. The seeds were
collected from a bean trefoil population in the
Kahramanmaras region, southern Turkey, and seven
different pre-treatments and control treatment were applied to the seeds. The results of germination tests and applied statistical analyses showed that there were statistically significant differences among pretreatments in terms of
germination percentage (P=0.001) and germination energy
(P<0.001). The high-est germination percentage and energy were obtained with 60-min soaking in 98% sulphuric
acid + 48-h soaking in cold water pretreatment (33.81%)
and 20-min soaking in boiling water + 48-h soaking in
cold water pretreatment (27.52%), respectively. It appeared that bean trefoil seeds have mainly physical dormancy resulting from hard and im-permeable seed coat.

In this respect, bean trefoil may be regarded as an indicator
plant for the beginning of dry seasons in a region. In addition, because of unpleasant smell and toxic properties of its
legumes and leaves, the species is unpalatable for animals
and, therefore, can survive in intensively grazed regions
where other shrub species have been eradicated [4].
There is not much information in the literature on seed
germination characteristics of bean trefoil. Seedling production of this species is also absent in Turkey. However,
because of its growing even in the poorest soils and being a
leguminous plant, which can improve dry soils in nitrogen
[3], the making of its seedling production from seed and
using the obtained seedlings in erosion control activities are
quite important. Furthermore, its attractive yellow flowers
are important for apiculture.
In this study, effect of some pretreatments on germination of bean trefoil seeds was investigated. Thus, it was
aimed at both making a contribution to knowledge of seed
germination characteristics of this species and obtaining
some information to be useful for generative reproduction
of the species.

KEYWORDS:
Anagyris foetida, seed dormancy, pretreatment, germination.

MATERIALS AND METHODS

INTRODUCTION
Bean trefoil (Anagyris foetida L.) is the only species of
the genus Anagyris L., family Leguminosae, in Turkey. It
is an erect shrub with dense branches growing up to 2-3 m
tall [1], and a shrub species that is a Mediterranean element [2]. This species occurs naturally in western, southern and southeastern Anatolia as well as between elevations of 0 and 1300 m in Turkey, and is located in dry
soils, stony slopes, frigana, maquis and degraded deciduous oak forests [3].
Bean trefoil sheds all leaves within summer months
in Turkey [3]. This situation can be considered as a mechanism which is developed against drought by the species.

The material used in the study was obtained from a
bean trefoil population (37°34' N, 36°50' E) in the central
district of the Kahramanmaras province, southern Turkey.
The population is located at 510 m elevation, south and
southwest aspects and about 30% slope. In this site, the
Mediterranean climate is seen and the soil is deep. The
heights of bean trefoil individuals generally vary between
1.20 and 2.0 m. In the environs, Quercus coccifera L. (predominantly), Paliurus spina-christii Mill. and Capparis
spinosa L. are also found.
Mature legume fruits were collected from many bean
trefoil individuals in the population on 1 July, 2007 (Fig. 1).
Some morphological characteristics of air-dried fruits and
seeds used in the study are presented in Table 1. 1000seed weight was found to be 158.246 g according to ISTA
rules [5].
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pretreatment (control included). The tests were conducted
under laboratory conditions (25±1 °C and normal light),
and the seeds were moistened adequately during the tests.
When the radicle had extended to at least 2 mm, the seeds
were considered to be germinated. Germinations were
checked daily for 28 days. Germination percentage was
found by the proportion of number of normally germinated seeds to number of filled seeds. Germination energy
was evaluated by 7th-day germination percentage [6, 7].

FIGURE 1 - Fruits and seeds of bean trefoil.
TABLE 1 - Some morphological characteristics of
bean trefoil fruits and seeds used in the study (N=100).
Fruit and Seed
Characteristics
Fruit width (mm)
Fruit length (mm)
Fruit weight (g)
Number of seeds
per fruit (No.)
Fruit stalk length (mm)
Seed width (mm)
Seed length (mm)
Seed thickness (mm)

Mean

SE

SD

Min.

Max. CV (%)

14.00 0.14 1.36
96.63 1.76 17.57
1.578 0.059 0.594
5.34 0.19 1.94

11.57 19.10 9.72
53.49 134.09 18.19
0.352 3.213 37.63
1
9
36.32

9.05
6.64
8.26
4.82

7.36
5.20
5.40
3.28

0.07
0.05
0.08
0.06

0.71
0.52
0.81
0.65

11.18
7.77
9.71
6.11

7.87
7.86
9.79
13.47

30, 60 and 90-day cold-moist stratification, 24- and
48-h soaking in cold water, 20-min soaking in boiling
water + 48-h soaking in cold water and 60-min soaking in
sulphuric acid (H2SO4) + 48-h soaking in cold water pretreatments and control treatment were tested in the study.
In cold-moist stratification, the seeds were stirred with
moist sand in polyethylene bags and the closed bags were
kept in the refrigerator at +4 oC for 30, 60 and 90 days. The
bags were checked weekly and moistened if necessary.
Soaking in cold water was carried out by keeping the seeds
in water in glass dishes at room temperature for 24 and 48 h.
In 20-min soaking in boiling water + 48-h soaking in
cold water, the seeds were kept in fresh boiling water
(100 oC) in a metal dish for 10 min, but after emptying the
water, the seeds were kept in fresh boiling water for 10 min
again. At the end of the treatment, water was emptied from
the dish and the seeds were left to cool down for a few min,
and then soaking in cold water was applied for 48 h. In
60-min soaking in sulphuric acid + 48-h soaking in cold
water, the seeds were kept in 98% sulphuric acid in a glass
beaker for 60 min. In the meantime, the seeds were stirred
occasionally, and, finally, the seeds were washed with
plenty of water. Then, soaking in cold water was applied
to the seeds for 48 h. In these combined pretreatments, the
duration of soaking in boiling water and acid was decided
by the results of some preliminary tests.
The seeds were placed on filter paper in glass Petri
dishes (diameter 9 cm) to determine germination percentage and germination energy of the seeds. Four replicates of
50 randomly selected seeds were used for testing every

Statistical analysis was performed to determine whether
there was a statistically significant difference in terms of
germination percentage and germination energy among the
pretreatments. Although appropriate transformations of the
data obtained were made, homogeneity of variances was
not met. Therefore, the Kruskal-Wallis H-test, a non-parametric test [8], was applied. In all statistical analyses, a
confidence level of P = 0.05 was used for statistical significance, and the analyses were carried out by using SPSS
11.5 package.
RESULTS AND DISCUSSION
As seen in Table 2, final germination percentages in the
pretreatments varied between 0.00% (90-day cold-moist
stratification) and 33.81% (60-min soaking in sulphuric acid
+ 48-h soaking in cold water). The Kruskal-Wallis H-test
showed that there was a statistically significant difference
among the pretreatments in terms of germination percentage (χ2 = 25.266; P = 0.001). Thus, the highest germination
percentage was achieved with 60-min soaking in sulphuric
acid + 48-h soaking in cold water pretreatment (33.81%),
followed by 20-min soaking in boiling water + 48-h soaking in cold water pretreatment (29.52%). Germination percentages relating to the other pretreatments were lower, even
than the control treatment.
TABLE 2 - Germination percentages by the
pretreatments and test days in bean trefoil seeds.
Pretreatment Pretreatments
No.
1
30-day cold-moist
stratification
2
60-day cold-moist
stratification
3
90-day cold-moist
stratification
4
24-h soaking in cold
water
5
48-h soaking in cold
water
6
20-min soaking in
boiling water + 48-h
soaking in cold water
7
60-min soaking in
sulphuric acid + 48-h
soaking in cold water
Control

7
--

10
--

Days
14
--

21
--

28
1.50

--

--

0.50

0.50

0.50

--

--

--

--

--

0.50

0.50

0.50

2.00

3.00

2.00

2.50

2.50

2.50

2.50

27.52 28.02 29.02 29.52 29.52
5.58

9.39 13.24 24.94 33.81

0.51

1.01

1.53

2.55

5.13

Germination energies relating to the pretreatments also
varied between 0.00% (30, 60 and 90-day cold-moist
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stratification) and 27.52% (20-min soaking in boiling water
+ 48-h soaking in cold water). The Kruskal-Wallis H-test
showed that there was a statistically significant difference
among the pretreatments in terms of germination energy (χ2=
27.296; P<0.001). Thus, the highest germination energy
could be reached with 20-min soaking in boiling water +
48-h soaking in cold water pretreatment (27.52%), followed by 60-min soaking in sulphuric acid + 48-h soaking
in cold water pretreatment (5.58%) (Table 2).
It was determined that the embryos of some seeds germinated in 60-min soaking in sulphuric acid + 48-h soaking in cold water pretreatment but suffered partly from sulphuric acid. Although the germination percentage in this
pretreatment was higher, the germination energy was lower
than that of 20-min soaking in boiling water + 48-h soaking
in cold water pretreatment, resulting from this as well.
As seen from the results, the most successful pretreatments were 60-min soaking in sulphuric acid + 48-h soaking in cold water in terms of germination percentage, and
20-min soaking in boiling water + 48-h soaking in cold
water in terms of germination energy. In these combined
pretreatments, soaking the seeds in sulphuric acid for 60 min
or boiling water for 20 min considerably affected the success. This situation revealed that the seeds of bean trefoil
had mainly physical dormancy because of fairly hard and
impermeable seed coat. Similarly, it was stated that seeds
of Leguminosae have mainly physical dormancy [7, 9] and
boiling water or acid pretreatments can be used to break
physical dormancy [7].

these pretreatments in germination test probably remained
to be a little lower.
Because bean trefoil is a dicotyledonous angiosperm
plant, number of cotyledons in its seedlings is normally 2.
However, according to the determinations performed on
germinated seeds of N = 100, a seedling with 3 cotyledons
was also encountered at a 1% rate. This situation revealed
that pleiocotyly (production of an abnormal number of cotyledons) exists in bean trefoil, indicating genetic diversity
in this species.
It is seen that seed coat of bean trefoil seeds is fairly
hard and impermeable, which is the main problem impeding the germination. Namely, bean trefoil seeds have mainly
physical dormancy. 60-min soaking in sulphuric acid + 48-h
soaking in cold water and 20-min soaking in boiling water
+ 48-h soaking in cold water pretreatments were relatively
successful to overcome physical dormancy in bean trefoil.
These results could be useful for generative reproduction
of the species.

Similar combined pretreatments were suggested to
overcome seed dormancy in some other Leguminosae species, as well. For example, 5-min soaking in boiling water +
8-10-h soaking in cold water for Robinia pseudoacacia L.
[10] and 120-min soaking in sulphuric acid + 48-h soaking
in cold water for Ceratonia siliqua L. [6] pretreatments
were suggested.
Some seeds of this species did not have seed dormancy.
Germination percentage obtained in control treatment
(5.13%) underlined this fact. This also revealed that there
are differences in terms of hardness or impermeability of
seed coat among the seeds. Thus, some seeds, which had
no or relatively low seed coat impermeability problems,
have easily germinated. It was also reported on a certain
variability both within a seed lot and between seed lots
from different provenances with regard to seed coat hardness in Ceratonia siliqua L. [11].
Some seeds germinated during 30, 60 and 90-day coldmoist stratification pretreatments. Germination percentages
relating to these germinations occurred within the polyethylene bags in the refrigerator at +4 °C were 1.60, 7.60 and
6.00 % for 30, 60 and 90-day cold-moist stratification pretreatments, respectively (N = 250 seeds per pretreatment).
This situation showed that seeds of this species can germinate at low temperature (+4 °C), as well. In addition,
because of these initial germinations occurred during coldmoist stratification, germination percentages relating to
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ABSTRACT
Organic farming has the potential to provide important
benefits in relation to environmental protection, the conservation of renewable sources, the improvement of food
quality, the reduction of the surplus for various products,
and the restructuring of agriculture towards specific directions where there is a demand. The shift of farmers from
conventional agricultural systems to alternative ones is based
on European Regulations and incentives governing the basic
principles for the production and trade in organic products.
The present study examines the incentives driving farmers
to adopt organic farming principles, and presents proposals
for the strengthening of organic farms, according to their
typological analysis. The results of the survey show that organic farmers are characterized by insufficient knowledge
and specialization on organic production matters and are
driven by financial incentives. In addition, there is an observed weakness in the entrepreneurial development of
organic crops, since they are mainly cultivated on leased
plots in disadvantaged areas.

KEYWORDS: Agri–environmental policy, organic farming, financing programmes, cluster analysis

INTRODUCTION
The problems associated to environmental management
and its impact on human health is leading developed countries to shift from conventional to environmentally-friendly
farming systems [1-4]. More specifically, in recent years, a
global trend has been observed in the primary sector marking a shift towards organic farming. Organic farming is an
approach which attempts to minimize its environmental
impact by limiting the use of artificial fertilizers, pesticides
and insecticides, and by simultaneously reducing external
inputs [5-6]. Nowadays, organic farming is seen as a reaction against agricultural practices that can have a detrimental effect on nature and human health. It has emerged
as a method that is spreading and gaining support in Eu-

rope and the United States [7], in countries where conventional farming has been the predominant method of agricultural production. This qualitative production method is
based on input minimization, non-use of chemical substances and the application of specific cultivating practices, including crop rotation [8].
Organic farming has been gaining increasing recognition among interested parties (farmers, consumers, environmentalists and politicians) as a model of environmental,
social and economic sustainability in farming [4, 9]. Over
17 million hectares are organically cultivated globally (out
of a total of 1.5 billion ha of arable land, 3.2 billion ha of
rangelands and 44 million ha of genetically modified crops),
the main representative countries being Australia, Argentina and Italy [7, 10]. In Europe, organic farming has witnessed a dynamic growth in recent years (with an annual
increase of 30% in the last decade). It now accounts for
4.44 million ha; representing approximately 3.2% of the
land used, and is practiced by about 142,000 farmers [11].
The ratio between the value of organic products sold in
relation to the total value of food sold in Europe is approximately the same (2%) [12]. In Greece, organic farming is practiced by approximately 8,000 farmers and covers an area of 152,117 ha (and an unspecified area of
rangelands); it corresponds to 3% of the total arable land. In
addition, there is organic breeding in Greece of 25,102
cattle, 797,084 sheep/goats, 175,004 pigs, 159,323 poultry,
as well as 9,557 organic beehives [13]. The rate of increase in or-ganic farming is approximately double that of
the European Union (EU) average [14].
LEGAL FRAMEWORK ON ORGANIC FARMING
The EU acquired its first legal statute on organic farming with the publication of the European Council Regulation (ΕEC) 2092/91. The first subsidies for organic farming were granted in 1992, with its integration into the agrienvironmental policy [15].
This Council Regulation, on the organic production of
agricultural products and indications referring thereto on
agricultural products and foodstuffs constitutes, both the
conceptual and legal background for a substantial differ-
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entiation of organic production from conventional farming, and establishes subsidy polices for organic farmers
within the framework of the CAP (Common Agricultural
Policy) accompanying measures [16]. The regulation determines the common rules that must be applied in the community production of organic products of plant origin. These
rules were complemented for the first time by the Council
in 1992 [17-21], and then in 1995 [22-25], with the potential of creating a characteristic trademark for the organic
farming sector, along with various related technical rules,
mainly regarding indications and import laws. Following
this, the European Commission issued various Regulations,
in order to update or complete the technical annexes of regulation (ΕEC) 2092/91 [26]. In 1999, the Council issued
regulation (ΕEC) 1804/1999 on 19 July 1999, which determines the community rules related to the production of organic products of animal origin, thus creating a complete
legal framework, since community legislation now covers
both plant and animal production [27].
Finally, the creation of a characteristic community
trademark for organic farming in March 2000 [28-32] aimed
to strengthen both the protection of organic products against
fraud, as well as valorize the products, including the plant
and animal products which are the result of organic farming.
The financial incentive constitutes a very important factor that has determined the choices of organic farmers, since
economic efficiency is related to their capacity to maintain
a satisfactory level of activities at their farm [33]. Furthermore, organic farming uses fewer agrochemicals and simultaneously aims to maintain yields and net profits at the
same level; consequently, the financial results for farmers
are quite significant, and provide substantial encouragement for them to become involved in organic farming [34].
There are many studies that underline the importance of
financial incentives in taking the decision to shift from conventional to organic farming [35-38].
The financing of the subsidy programmes for organic
crops is realized through the structural funds of the EU.
Organic farming in Greece is governed by the EU Regulations 2092/91, 2078/92 and 1804/99. In contrast with the
Regulation 2092/91, the Regulation 2078/92 does not refer
to organic farming exclusively but it is one of the so-called
accompanying measures of CAP reform (1992). In general,
it relates to environment-friendly methods of agricultural
products [39-40]. More specifically, Programme 3.1. “Organic Farming” of Axis 3 “Agri-environmental Measures”
of the Operational Programme “Rural Development – Restructuring of the Countryside 2000- 2006” [41], aims to
financially support organic crops, through the sustainable
development of agricultural land and the production of highquality products [41]. Other objectives of the program include:
-reducing the pollution caused by agriculture,
-maintaining the biodiversity of rural ecosystems,
-promoting the sustainable management of land resources
and

-improving the protection measures for the health of farmers.
The beneficiaries of the program are natural persons,
who are owners of agricultural farms, or legal entities, who
are owners and directly responsible for the management of
the agricultural farm. The owner can either be the landowner of the agricultural farm or that person using the land
under any form of lease (of at least 5-years duration). Those
incorporated in the organic farming programme must adhere to the Regulations for five years, and should faithfully
apply the directions, specifications and techniques of organic farming, as defined by regulation (EEC) 2092/91. To
participate in the programme, the producers-beneficiaries of
the farms must fulfill certain basic preconditions, namely:
- Implementation of the agro-environmental obligations, as
defined in the programme. In addition, they must keep a
fully updated agro-environmental file of the programme at
their farm that will include all the necessary data. It is worthnoting that they must adhere to the provisions of the national and community legislation, and also accept and facilitate the inspections carried out by national and community
bodies.
- Signing of a contract with a recognized Audit and Certification Authority for organic products, so that their products are certified as being organic (regulation 2092/91).
- Implementation of the Codes of Good Agricultural Practice, and their amendments as valid.
- Adherence to the approved cultivating plan (annual for
annual crops and five-years plan for permanent crops). The
plan is drawn up by a Consultant Agronomist, who also
undertakes the technical support for its implementation.
- During the 5-years period, all crops must include at least
one year of alternation with a legume for crop rotation purposes. In the year, the percentage of legumes must amount
to a minimum of 20%.
THE PRESENT STUDY
The aim of the present study is to define proposals for
the strengthening and financing of organic farms, based on
the grouping of the latter into clusters (typological analysis). The grouping-typology of the agricultural farms based
on economic and other parameters is of particular importance, since it can constitute a guide for an evaluation
of their current status and for determining their financial
subsidy level [42, 43].
In the present study, the definition of the cluster-groups
of organic farms is achieved through the application of a
specific methodological route proposed by Menexes and
Aggelopoulos [44, 45]. This clustering method can handle
categorical data. This particular statistical process is based
on the application of the Hierarchical Cluster analysis
method, where the (dis)similarity of the farms is measured
through the distance χ2 by Benzécri [46, 47]; the method
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used for the formulation of the clusters is based on the
Ward criterion [47-50].
The above-mentioned methodology was applied on a
sample of 197 investment plans submitted to the Region of
Central Macedonia and involves agricultural farms that
were incorporated in Programme 3.1. “Organic farming” of
Axis 3 “Agri-environmental Measures” [51-52] during the
two planning periods, (during the years 2005-2006). The
sampling method used to determine the sample was proportionate stratified sampling [53, 54]. From the investment
plans submitted by the organic farms, a variety of data were
collected regarding the following socioeconomic parameter measures on categorical scales (nominal, ordinal):
1. Gender of the beneficiaries (male, female)
2. Age of the beneficiaries (18-30 yrs, 31-50 yrs, 51-70 yrs)
3. Location of the farm/Geographical Region (standard,
mountainous, disadvantaged)
4. Ownership status profile (privately-owned, leased,
mixed)
5. Irrigation Capacity of the agricultural farms (irrigated,
dry, combined)

TABLE 1 - Distribution of the Categorical Values
of the Socio-Economic Parameters for the 197 Farms.
Socio-economic
Factors

No of farms

Percentage
(%)

Age

Male
Female
18-30 yrs
31-50 yrs
51-70 yrs

139
58
40
101
56

70.6
29.4
19.7
49.7
27.6

Geographical
Region

Standard

29

14.7

29
139
18
80
99
14
167
16
49
98
50
68
70
33
26
197

14.7
70.6
9.1
40.6
50.3
7.1
84.8
8.1
24.9
49.7
25.4
34.5
35.5
16.8
13.2
100.0

Gender

Mountainous
Disadvantaged
Ownership Status Privately-owned
Leased
Mixed
Irrigation Capacity Irrigated
Dry
Combined
Size of Farms
Small farms (Μ1)
Medium farms (Μ2)
Large farms (Μ3)
No of Crops
One Crop
Two Crops
Three Crops
Four Crops or more
Total

6. Size of the farms (small farms, medium farms, large
farms)
7. Number of organic crops per farm (one, two, three, four
or more crops)
For a more efficient application of the study data, the
area of the farms was divided into 3 categories, based on
the distribution quartiles [55]. Thus, three groups of farms
were formed:
M1: relatively small-sized farms of up to 6.3 ha.
M2: relatively medium-sized farms from 6.3 to 26 ha.
M3: relatively large-sized farms with over 26 ha.
Parameters 2, 3, 4, 5 and 6 constitute essential elements for the inclusion of organic farmers in this specific
Financing Programme [51, 52], while parameters 1 and 3
are related to the satisfaction of economic, demographic
and social criteria, linked to the valorization of the region’s
social capital [56].
Table 1 presents the distributions of the categorical
values of the socio-economic variables for the 197 organic
farms, based on the data from their respective investment
plans.
Table 1 shows that of the 197 farms producing organic
products, 139 (71%) are managed by men. The majority of
the heads of the agricultural farms are aged 30-50 years
(50%), while there is also a high percentage (28%) of agricultural farms under the management of older persons. The
agricultural farms producing organic products are mainly
medium-sized (50%), located in disadvantaged regions
(71%), which depend on the leasing of land (90%). Organic
farming is primarily practiced on dry soils (85%) and involves the cultivation of 1-2 organic crops (70%).

RESULTS AND DISCUSSION
Following the application of the clustering methodology, 3 clusters or types of farms finally emerged. Solutions
with 2 or 4 clusters, respectively, were also checked beforehand. The solution with the 3 clusters is the one with the
most interesting natural interpretation. The first cluster includes 106 organic farms.
Table 2 shows that the farms in the first cluster (C1) belong to men in their majority (68%), although the presence
of women managers in the farms is stronger in this cluster
(32%).
The heads of the agricultural farms are mainly aged
30-50 years (61.3%). The farms are located in disadvantaged (72%) and mountainous (22%) regions, the majority
is medium-sized (58%) and a large percentage depends on
the leasing of land (60.4%). All the agricultural soils in
the first cluster are dry, while 58% of the producers in this
cluster cultivate two organic crops.
Table 3 shows that the heads of the agricultural farms
in the second cluster (C2) are mainly men (73%) aged over
30. Of these, 37% are aged 30-50 years, while 36% are aged
51-70 years.
Their farms are primarily located in disadvantaged
(68%) regions, while a small percentage is active in
standard regions (31%). These are agricultural farms that
in-crease their size through the leasing of land (48%).
Nevertheless, we observed that the agricultural farms in the
second cluster are the smallest, since 54% are small and
only 3% are large. The farmers in this cluster produce one
or-ganic product (85%) and use dry soils (68%).
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heads of the agricultural farms are aged 51-70 years, while
44% are aged 31-50 years.

TABLE 2 - Profile of Cluster C1
Socio-economic
Factors

No of farms

Percentage
(%)

Male
Female
Company
18-30 yrs
31-50 yrs
51-70 yrs

72
34

67.9
32.1

23
65
18

21.7
61.3
17.0

Geographical
Region

Standard

7

6.6

Ownership Status

Mountainous
Disadvantaged
Privately-owned
Leased
Mixed

23
76
1
64
41

21.7
71.7
0.9
60.4
38.7

0

0.0

106
0

100
0.0

16

15.1

Gender
Age

Irrigation CapaciIrrigated
ty
Dry
Combined
Small
farms
Size of Farms
(Μ1)
Medium farms
(Μ2)
Large
farms
(Μ3)
No of Crops
One Crop
Two Crops
Three Crops
Four Crops or
more
Total

61

57.5

29

27.4

16
61
25

15.1
57.5
23.6

4

3.8

106

100.0

The farms in this cluster are active in disadvantaged
(72%) regions, mainly making use of dry soils (66%); they
are involved in the cultivation of over four organic products (66%). They are large (59.4%) and medium-sized
(37.5%) agricultural farms that depend both on privatelyowned and leased land (94%).
TABLE 4 - Profile of Cluster C3.
Socio-economic
Factors

Gender
Age
Geographical
Region

Age

Male
Female
18-30 yrs
31-50 yrs
51-70 yrs

24
8
1
14
17

75
25
3.1
43.8
53.1

Geographical
Region

Standard

4

12.5

Ownership Status

Mountainous
Disadvantaged
Privately-owned
Leased
Mixed

5
23
0
2
30

15.6
71.9
0.0
6.2
93.8

Irrigation
Capacity

Irrigated

0

0.0

Dry
Combined
Small farms (Μ1)
Medium farms
(Μ2)
Large farms (Μ3)
One Crop
Two Crops
Three Crops
Four Crops or
more

21
11
1

65.6
34.4
3.1

12

37.5

19
2
2
7

59.4
6.3
6.3
21.8

21

65.6

32

100

Size of Farms

No of Crops

No of farms

Percentage
(%)

Male
Female
18-30 yrs
31-50 yrs
51-70 yrs

43
16
16
22
21

72.9
27.1
27.1
37.3
35.6

Standard

18

30.5

1
40
17
14
28
14
40
5
32

1.7
67.8
28.8
23.7
47.5
23.7
67.8
8.5
54.2

25

42.4

2
50
7
1

3.4
84.7
11.9
1.7

1

1.7

59

100

Mountainous
Disadvantaged
Ownership Status Privately-owned
Leased
Mixed
Irrigation Capacity Irrigated
Dry
Combined
Size of Farms
Small farms (Μ1)
Medium
farms
(Μ2)
Large farms (Μ3)
No of Crops
One Crop
Two Crops
Three Crops
Four Crops or
more
Total

Percentage
(%)

Gender

TABLE 3 - Profile of Cluster C2
Socio-economic
Factors

No of farms

Total

TABLE 5 - Correlations of SocioEconomic Factors with the Type of Farm.
Socio-economic
Type of Farm
Factors
Gender
Cramer’s V=0.064, χ2=0.811, df=2, p=0.698*
Age
Cramer’s V=0.245, χ2=23.611, df=4, p=0.000
Ownership Status
Cramer’s V=0.434, χ2=74.320, df=4, p=0.000
Irrigation Capacity
Cramer’s V=0.436, χ2=74.809, df=4, p=0.000
Geographic Region
Cramer’s V=0.253, χ2=25.256, df=4, p=0.000
No of crops
Cramer’s V=0.685, χ2=184.729, df=6, p=0.000
Size of farms
Cramer’s V=0.389, χ2=59.494, df=4, p=0.000
* Τhe observed significance level (p-value) of the chi-squared tests was
estimated by the Monte-Carlo simulation method using the SPSS v.11.5
software enhanced with the module Exact Tests.

From a study of Table 4, we see that the heads of the
agricultural farms in the third cluster (C3) are mainly men
(75%), aged over 30 years. More specifically, 53% of the

Table 5 presents the Cramer’s V correlation coefficients
between the socio-economic parameters and the type of
farm. The values of the V indicator show that the factors
with the greatest contribution to differentiation of the 3 clusters of farms are the number of organic crops (V=0.685,
p=0.000), the irrigation capacity (V=0.436, p=0.000), the
ownership status (V=0.434, p=0.000), the size of the farms
(V=0.389, p=0.000), and the geographical region they be-
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long to (V=0.253, p=0.000). The type of farm also presents
high and statistically significant correlations with the remaining parameters. Given the number of farms (n=197)
and the high, statistically significant values (p<0.001) of
the V indicator, which rarely takes on values over 0.40
[57], we find that the validity of the 3-cluster solution
that emerged from the proposed methodology is verified.
More specifically, from a study of the three farm clusters we can observe that the overall majority of the agricultural farms incorporated in the specific organic farming
Programme are mainly located in disadvantaged regions
with dry soils. This fact verifies the shift of the farms in
this category to programmes that are easily and "favourably" financed.
They are mainly small-sized agricultural farms that increase their size through the leasing of third-party land.
This fact also verifies the small size of privately-owned land
and the need to try and secure areas for agriculture (e.g. implementation of reforestation policies). The development of
organic farms with a business approach and the attainment
of large-sized farms is accompanied by the cultivation of a
variety of organic crops. The large-sized organic farms are
oriented towards the cultivation of four or more organic
crops, a fact that is probably due to the technical weakness of the producers to achieve high yields, or the risk of
losses in the production of organic products. Indeed, organic farmers face an intense volatility in the yield of their
crops, since they cannot intervene with pesticides and synthetic fertilizers. In addition, a high-level of price instability is observed compared to conventional farming, mainly
because these are small-sized farms, the organic food market is not yet mature enough and there is an absence of any
type of intervention in the market with the aim of addressing the above-mentioned instability [57].
CONCLUSIONS AND PROPOSALS

As we can see from a study of the clusters, the organic
farms in the first cluster are mainly medium-sized, active in
disadvantaged regions, consist of leased dry land, and their
beneficiaries are mainly middle-aged persons. The farms in
this cluster primarily include two organic crops.
The organic farms in the second cluster are mainly
small-sized, located in disadvantaged regions, consist of dry
areas, and their beneficiaries mostly belong to the older age
group. The farms in this cluster mainly include one organic
crop.
The majority of the organic farms in the third cluster
are large-sized, active in disadvantaged regions, consist of
dry and irrigated areas, and their beneficiaries mainly belong to the older age group. The farms in this cluster mainly
include four or more organic crops.
From a study of the above-mentioned clusters, that define the profile of organic farming in Greece, it emerges that
the overall majority of organic farms depend on leased agricultural areas (clusters C1, C2, C3). This fact renders essential a re-adjustment of the ownership status of land (implementation of reforestation measures), as well as the implementation of early retirement schemes for elderly farmers in these regions; such a step will help to remove the
barriers affecting the production coefficients (particularly
with regard to agricultural land), so that the small-sized
organic farms are able to expand and become modernized.
The emphasis placed by large-sized organic farms (3rd
cluster) on the cultivation of a large number of organic
crops, is an expression of the inability of organic producers
to achieve a maximum financial outcome, based exclusively
on a single crop, and their lack of knowledge and specialization regarding organic production management. The organization of training seminars on issues pertaining to the
production and management of organic products is expected
to assist in a more rational exploitation of cultivated areas
and an improved business orientation.

In the present paper, we have applied a methodology in
order to develop a typology for organic farms based on
qualitative-categorical parameters, which constitute criteria
for inclusion in the relevant financing programme. With the
application of the proposed methodology on the 197 organic
farms, three (3) clusters of farms emerged, with a statistically significant difference in their socio-economic profiles.
The most important effect on the formulation of the clusters of organic farms was found to be related to the number of organic crops, their irrigation capacity, their ownership status, the size of the farms, and the geographical region in which they are active.
The above-mentioned typological analysis is of particular significance, since it leads to the definition of clusters of farms with similar socio-economic characteristics and
related problems and weaknesses that can be addressed
through the implementation of flexible agricultural or financing policy measures, and structural improvements.
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ABSTRACT

suggested including sludge farming (mixing sludge with
soil) and incineration [4].

Naturally occurring radioactive materials (NORM) are
found to have high concentration in oil sludge, and special
care is required before disposing them. In this study, oil
sludge from two oil terminals was incinerated and their environmental radioactivities were monitored. Thermoluminescence dosimeters (TLDs) were used to measure accumulated external radiation. The maximum equivalent dose
recorded during incineration was 317 µSv/month. The specific activities of Ra-226 in slag, air particulate, discharge
water and fly-ash were 34.4 Bq/kg, 4.5 Bq/kg, 4.3 Bq/kg
and 0.0053 Bq/m3, respectively. Our results show that incinerating oil sludge is relatively safe to the environment.

KEYWORDS: oil sludge, incineration, radioactivity

INTRODUCTION
Naturally occurring radioactive materials (NORM) can
be present in petroleum reservoirs, in oil and gas production,
and in processing facilities [1]. In some industrial processes, these radionuclides can be concentrated or accumulated, and as such they are often referred to as Technologically Enhanced NORM or TENORM waste. Oil sludge
from petroleum industry is one example of TENORM
waste, and its volume generated by the petroleum industry
is high. For instance, in the European Union, the total
production of oil and natural gas is 140 Mt and 0.23 x
1012 m3, respectively, which generates an annual sludge
production of 10,000 m3 [2].
Although oil sludge is generally classified as low specific activity waste, it cannot be disposed like the ordinary
industrial waste until the impact of radiation to the mankind
and environment is established. Hence, due to its potential
radiological hazard, the Atomic Energy Licensing Board of
Malaysia (AELB) requires the oil sludge be declassified
from TENORM before it can be disposed [3]. Some methods of reducing the dose activity of the sludge have been

With plenty of oil reserves, Malaysia has a number of
offshore platforms and onshore facilities. The latter facilities, often known as oil terminals, are mostly situated along
the coast of Peninsula and East Malaysia. The two largest
facilities are the ones at Bintulu and Miri in East Malaysia,
known as Bintulu Crude Oil Terminal (BCOT) and Miri
Crude Oil Terminal (MCOT), respectively. One of the main
concerns of these oil terminals is on how to dispose the
growing quantity of oil sludge. Although sludge farming has
been in practice, it requires bigger land area and several
years before the reduction in dose can be detected. An alternative way is the use of incinerators to dispose the growing amount of oil sludge that contains TENORM. The purpose of this study is to check the levels of radioactivity
emitted into the environment as a result of incinerating oilsludge. The oil sludge taken from BCOT and MCOT were
incinerated at Kucing Integrated Waste Management Park
(KIWMP).
MATERIALS AND METHODS
KIWMP covers an area of 112 ha with three major
components; sanitary landfill, secured landfill and an incineration plant.
The sanitary landfill for municipal solid waste covers
an area of 15 ha and is divided into cells, each with a life
span of approximately 2 years covering about 1-3 ha per cell
depending on the topography. The secured landfill is approximately 2.25 ha and it is allocated for the disposal of
scheduled and hazardous waste such as TENORM slag.
The incineration plant encompasses an area of approx.
1 ha. The incinerator is designed to incinerate 1500 kg of
wastes of wastes (solid, liquid or sludge form) per hour,
with a heating value of 4065 kcal/kg. The waste incineration
system consists of a primary combustion chamber (PCC)
having a rotary kiln incinerator with operating temperatures
between 850–1100 °C, a secondary combustion chamber
(SCC) operating between 1000–1400 °C, a particulate re-

1031

© by PSP Volume 18 – No 6. 2009

Fresenius Environmental Bulletin

mover and separator, as well as an air pollution control
system.
The in-situ radiation measurements were carried out using a portable survey-meter Ludlum Model 19 that houses a
1”x1” NaI detector. At each location, the rate-meter was
maintained at an approximate height of 1 m above ground,
and its readings recorded are in uR/h, and equivalent radiation doses were then calculated based on the conversion
factor of 1uR/h equivalent to 8.6 nGy/h.
In order to estimate the sample activities due to NORM,
the technique of gross gamma counting was used. The
gamma ray spectra were acquired using a 20% efficiency
hyper-pure Germanium detector with energy resolution
(HPGe detector) measured by FWHM of 1.75 keV. Peak
identifications, gross and net counts were determined using
the MAESTRO software and matched with the nuclear
library.
The 238U activity was estimated from the 609.3 keV
photopeak of 214Bi. The 232Th activity was identified using
the gamma peak of 583.19 keV (208Tl), whereas for the
228
Ra the 84.4 keV peak of 228Th was used. The 238U activity was also calculated from that of 226Ra, initially on the
assumption that the measured 226Ra was in secular equilibrium with 238U. The gamma line used was 186.1 keV. The
standard reference IAEA-315 marine sediment was used for
HPGe detector calibration.
Area monitoring was carried out using the TLD100
chipstrate provided by the Malaysian Institute of Nuclear
Technology (MINT), and monitoring was done for a period
of two weeks, before and during the incineration process.
Each chipstrate was calibrated individually with 100 mR
radiation. TLD readings in units of nanoCoulomb (nC) were
processed at MINT.
RESULTS AND DISCUSSIONS
Dose measurements

Before the process of incineration, the external radiation
doses were measured and the results are shown in Table 1.
Within the KIWMP area, the lowest background was
recorded at the main office. The in-situ radiation dose value
measured was 34.4 nGy/h, or an equivalent to 0.21 mSv per
year. At the secured landfill, five measurements were made
over an area of 2.25 ha. The average radiation dose was
about 57.0 nGy/h, which is equivalent to 0.36 mSv per annum. The storage room, which contains hazardous toxic

waste, has an average dose of 43.0 nGy/h. For the entire
park, the average in-situ radiation dose due to external radiation is approximately 43.9 nGy/h or about 0.27mSv per
year. The normal outdoor background radiation level in
Malaysia is only 94 nGy/h [5].
TABLE 1 - Average in situ radiation doses in nGy/h.
Dose ± 4.3
(nGy/h)

Location
1.

2.
3.

KIWMP
a. Main Office
b. Secured Landfill
c. Incineration Plant
d. Storage Room
BCOT pits
MCOT plots

34.4
57.0
41.3
43.0
49.5
114.7

Table 1 also shows the in-situ radiation dose measured at oil-sludge pits in BCOT. On average, the dose was
49.5 nGy/hr or equivalent to radiation exposure of 0.30 mSv
per annum. If a worker spent about 8 maximum working
hours a day at the sludge pit, the average exposure rate
would be only 0.09 mSv per annum.
In the case of MCOT plots, the results for the in situ
measurement at 10 TENORM plots showed an average
value of 114.7 nGy/h (equivalent to 0.7 mSv/year). The
maximum estimated dose in the plots and their perimeter
were found to range between 0.42-0.91 mSv per annum.
Again, if we assume each worker spent a maximum of 8
working hours everyday on the plot, then the exposure rate
would be in the region of 0.13-0.27 mSv per annum. Even
if we consider these extreme cases (which is unlikely to
happen), the radiation doses received by workers at BCOT
and MCOT are still within the permissible limit of 50 mSv
per annum for them.
Table 2 shows the comparison of radiation dose, before
and during incineration for several positions within the incineration plant. Positions IP1 to IP5 refer to locations inside the perimeter fence of the incinerator plant. As shown,
the readings do not show any appreciable change in dose
values. Notable changes in the readings were only observed
for the 3 areas close to the rotary-kiln incinerator; directly
underneath the incinerator, temporary storage area as well as
near the slag port. The highest increment in dose was recorded at the bottom-ash (slag) outlet as well as at the temporary storage area. Both areas recorded an increase of
12.9 nG/h during the incineration of the oil sludge, corresponding to about 0.079 mSv per annum.

TABLE 2 - In-situ radiation doses (nGy/h) at incineration plant, before and during incineration.

Before
During
Change

IP1
51.6
51.6
0

Incineration Plant (IP) perimeter fence
IP2
IP3
IP4
55.9
60.2
43.0
60.2
60.2
43.0
4.3
0
0
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IP5
38.7
38.7
0

Temporary
Storage Area
25.8
38.7
12.9

Underneath
Incinerator
25.8
30.1
4.3

Slag port
30.1
43.0
12.9
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Table 3 shows the TLD readings taken before and after the incineration process. Our results indicated an increase in TLD readings for places around the incinerator.
For instance, at the bottom ash (slag) outlet, the equivalent dose recorded an increase from 2.23 mSv/yr to 6.04
mSv/yr. Compared to an increment of 2.2 mSv/yr recorded during the incineration of normal industrial waste, an
increment of approx. 3.81 mSv/yr from the incineration of
oil sludge can be considered to be low. The dose measured at the waste handling area showed a small increment
from 0.91 to 1.88 mSv/yr.
TABLE 3 - Area radiation doses using
TLD, before and after incineration process.
Location
K1- Slag port
K2-Incineration Plant office
K3-Waste handling area
K4-Pump room (perimeter area)

Equivalent. dose (mSv/yr)
Before
After
2.26
6.04
1.11
4.31
0.93
1.88
0.20
1.46

Assuming external factors to be constant, the recorded changes of the equivalent doses at 4 locations within
the incineration plant perimeter can be attributed to the
incineration of the oil sludge that contains TENORM. The
maximum dose recorded was that at the bottom ash (slag)
outlet with an increment of 0.44 µSv/h (approx. 317 µSv
per month). However, this high increment is still within the
clean limit of 417 µSv per month [6]. In other words,
even with the incineration of sludge containing TENORM,
the area can still be classified as radiation-clean area.

26

TABLE 4 - Specific activities of 238U,232Th, 2
Ra and 228Ra of the bottom-ash (slag) of the oil-sludge.
Specific activity (Bq/kg)
Ra-228 Ra-226
Th-232
U-238
13.3±1.1 18.2±1.6 26.6±3.2
13.6±1.1

B/ASH0 (nonTENORM)
B/ASH3 (TENORM)
BCOT sludge
MCOT sludge

17.9±3.2 34.4±2.9 44.3±6.9
16.4±3.1 12.2±1.8 16.7±3.1
21.6±4.2 42.6±17.6 46.9±10.5

26.2±6.5
16.2±4.1
34.7±10.4

Air particulate

To determine the effect of oil sludge incineration on
the activity of air samples, air particulates were collected
on the filter of a high-volume air sampler. With a rate of
0.019 m3 air intake/sec, the average mass of particulates
collected during the 24-h run was approx. 0.008 g. In this
study, air particulates were collected twice, before and
during the incineration process.
Measurements of the air filter for the ambient air before
and during the incineration process revealed that the counts
were too low, below the minimum detection limit. The calculated minimum detection limits of the system for individual radionuclides, Ra-228, Ra-226, Th and U, are 1.2 Bq/kg,
4.5 Bq/kg, 1.3 Bq/kg and 0.38 Bq/kg, respectively.
Apart from air particulates, fly-ash samples were also
collected on filter paper placed at a special location at the
stack. The average mass of fly-ash captured on the filter
paper for every 60-min run was about 21 mg. The specific
activities of Ra-226 (in the region of 0.0053 Bq/m3), Th232 (0.0053 Bq/m3), and U-238 (about 0.0045 Bq/m3) were
very low.

Specific activities

Scrubber ‘blow-down’ water

Bottom ash (slag)

Table 5 shows the activities of various radionuclides
present in scrubber ‘blow-down’ water (denoted by BDW-1,
BDW-2 and BDW-3). In this incinerator, water is used in
cooling down the slag from 1000 to almost 60 °C. Apart
from analyzing scrubber ‘blow-down’ water, again as a
comparison, we also determined the specific activities of the
radionuclides in water released by the leachate plant (LPW).
As can be seen, the specific activities of various radionuclides in BDW’s and LPW were almost in a similar order.
All specific activities of Ra-226 were found to be low,
approx. between 2.7-4.3 Bq/kg, and these values were comparable to the background activities.

Table 4 shows the average specific activities of the
bottom-ash (slag), B/ASH 3, from the incineration of oilsludge. As a comparison, we also included the average
specific activities of the slag derived from the incineration
of the industrial waste (B/ASH 0).
In the incineration process, each feed involves the
combining of oil sludge with plastic and wood chips in
the ratio of 25 kg, 20 kg and 10 kg, respectively. This
particular type of rotary kiln incinerator is very efficient
with each feed lasting between 10-15 min, and slag recovery of less than 10% of the total feed. In situ radiation
dose of each feed is approx. 60.2 nGy/h.
In the case of oil sludge bottom ash, we found that the
averaged specific activities of respective radionuclides for
B/ASH 3 were 17.9 Bq/kg for Ra-228, 34.4 Bq/kg for Ra226, 44.3 Bq/kg for Th-232 and 26.2 Bq/kg for U-238.
Comparing with the specific activities in the original oil
sludge, there seems to be a small change in specific activities of radionuclides as a result of incineration process.
Incinerating sludge alone will automatically enhance the
specific activities. However, as we found out, there seems
to be some dilution effect on the specific activities as a
result of combining plastic and wood chips.

TABLE 5 - Activity of radionuclides in scrubber ‘blow-down’ water.

BDW-1
BDW-2
BDW-3
LPW

Ra-226
4.3
2.7
2.7
4.6

Specific activity (Bq/kg)
Th-232
4.9
5.7
5.4
6.3

U-238
0.5
3.8
4.5
4.3

CONCLUSION
The incineration of oil sludge showed no significant
risk of external radiation exposure to both personnel and
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environment. In general, the external radiation level is
within the background level. However, future incineration
of oil sludge requires continuous monitoring to ensure the
safety aspect of radiation exposure to both personnel and
environment.
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