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MESAEP
Mediterranean Scientific Association of Environmental Protection e.V.

The 14th International Symposium on Environmental Pollution and its Impact on Life in the Mediterranean Region
was organised by MESAEP and other international and national institutions in Seville, Spain from October 10 to
14, 2007.
The objectives of this symposium were to provide a forum for interested scientists of different countries to:
- exchange recent results related to the processes of pollution in the Mediterranean region, affecting
- discuss current technological and/or legal measures to avoid or to reduce the degradation of environmental elements
- present suggestions and recommendations to the regulatory authorities on environmental quality and safety in the
Mediterranean and other neighbouring countries.
Human health is a major consideration of the EU Environmental Action Plan, and a major driver for policy in relation to environment. Environmental health effects are a significant part of the total disease burden even in developed countries. According to the World Health Organisation (WHO) circa 25-33% of the total burden of disease in
industrialized countries can be attributed to environmental factors such as outdoor and indoor air pollution, inadequate water and sanitation, lead exposure, and injuries. The magnitude of burden varies among countries, but in
almost all cases, the burden of disease was much higher in eastern and southeastern Europe due to a combination
of climatic and socio-economic conditions, lifestyle and diet, as well as environmental quality.
This symposium focussed on the interconnections between the quality of the environment and human health in the
Mediterranean region attempting to provide a comprehensive picture of the relative environmental burden and to
elucidate the mechanisms through which environmental condition affects the state of human health. Particular attention was paid to exposure and health effects of vulnerable population groups, such as children and women in
child-bearing age. Papers reporting on results of environmental and biomonitoring, epidemiological analyses and
the impact of health risk modifiers and lifestyle were particularly welcome. In addition, more conventional issues
in environmental science, technology and management were addressed contributing thus to improving our understanding of the state of the environment in the Mediterranean.
The main results of the 14th symposium papers are included in five successive issues of the international journal
“Fresenius Environmental Bulletin” (FEB) and they will contribute undoubtedly to the advancement of the environmental scientific knowledge and hence, to the improvement of the Mediterranean region environment.
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EFFECT OF CHEMICAL TREATMENT ON
THE AROMATIC CARBON CONTENT AND
PARTICLE SIZE DISTRIBUTION-BASED ORGANIC
MATTER PROFILE OF OLIVE MILL WASTEWATERS
Tuğba Ölmez-Hanci1*, Ebru Dulekgurgen2, İdil Arslan-Alaton1 and Derin Orhon3
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Presented at the 14th International Symposium on Environmental Pollution and
its Impact on Life in the Mediterranean Region (MESAEP), Sevilla, Spain, 10 – 14 Oct. 2007

ABSTRACT
The present experimental work was carried out to examine the physicochemical treatability of a high-strength
olive oil mill wastewater (OMW). Firstly, the wastewater
was subjected to environmental characterization and particle size distribution-based COD-TOC-UV254-UV280 analyses. The following treatment schemes were selected for
the study: Coagulation-flocculation in the presence of
anionic and commercial polymers at varying pH and
coagulant/ polymer dosages; Fenton treatment at different pH’s and Fe(II): H2O2 concentrations as well as electrocoagulation using stainless steel electrodes at different
electrolyte con-centrations and current densities. Results of
the study have indicated that none of the investigated
physicochemical treatment methods was capable of removing the organic car-bon content of the wastewater by more
than 30% in terms of COD and 20% in terms of TOC that
is at least partially attributable to the high, soluble organic
carbon content of the wastewater. Alternative treatment
processes and/or com-binations have to be explored for
effective treatment of OMW effluent.

KEYWORDS: Olive oil wastewater; chemical treatment; coagulation; electrocoagulation; Fenton process; particle size distribution.

INTRODUCTION
Countries along the Mediterranean coast are among the
main manufacturers and consumers of olive oil. The characteristics of the liquid waste generated in the small-tomedium scale facilities largely depend on the type of extraction process (the traditional press method or the con-

tinuous three-phase centrifugation process) employed [1-3].
Olive mill wastewater (OMW) is characterized by its high
chemical oxygen demand (COD = 25-300 g/L) and total
organic carbon (TOC = 10-100 g/L) concentration, strong,
dark brown color as well its biologically difficult-to-degrade
polyphenolic content (including phenols and polyalcohols)
[4]. Its high organic load mainly originating from a variety of sugars, tannins, acids, pectins and lipids imposes
serious wastewater management and disposal problems. In
the last decade great effort has been out forward to develop efficient physicochemical, as well as biological treatment solutions for the treatment of OMW [5-9]. More than
40% COD and about 95% oil and grease removals were
obtained in these studies. The use of conventional coagulants such as alum and ferric chloride was also reported,
resulting in 90-91% total phenols and 94-95% COD
removals after preliminary acid cracking [6-8].
There is a continuously growing interest in applying so
called Advanced Oxidation Processes (AOPs) to treat biologically-difficult-to-degrade and/or even toxic chemicals
typically encountered in industrial wastewater. In most case
reported in the scientific literature the Fenton process (FP)
combined with coagulation to remove iron catalyst was
applied to treat OMW [10-12]. Complete phenolics removal
together with partial COD reduction (40-65%) could be
achieved under optimized working conditions by employing the FP. On the other hand, the electrocoagulation (EC)
process is a promising treatment technique that attracted
considerable attention for the treatment of different industrial effluents including OMW [13-15]. By employing electrocoagulation using aluminum and iron electrodes, high
total phenolics and COD removal efficiencies could be
achieved at relatively short treatment periods [6, 16].
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In the present study we have investigated the physicochemical treatability of actual OMW received from a
mill located in Edremit-Turkey, by;
§ Coagulation-flocculation with FeCl3, hydrated lime, an
anionic and a commercial polymer at varying pH’s and
dosages
§ Fenton’s oxidation at different pHs, Fe(II): H2O2 molar ratios and concentrations
§ Electrocoagulation using iron electrodes at different
current densities and electrolyte concentrations
The experimental study focused on the impact of chemical treatment on the aromatic carbon content (represented
by the UV254 and particularly the UV280 parameter) and
particle size distribution (PSD)–based COD and TOC fingerprints of the wastewater sample. Results of the experimental studies were evaluated and discussed in terms of
chemical treatment of OMW and its effect on the PSDbased organic matter profile.
MATERIALS AND METHODS
Wastewater characterization

Table 1 presents the characterization of the “old” OMW
that was stored in a lagoon at the site and received in two,
almost identical batches (indicated as Sample I and II in the
table). From the table it is clear that the OMW is a difficult-to-treat, complex wastewater with high organic carbon
content. Approximately 15% of the COD and TOC constitute soluble organic matter. Considering the slightly acidic
pH of the wastewater, it was decided to subject the OMW
to Fenton treatment and electrocoagulation process both
of which work well at the pH of the effluent.
Results of the PSD-based organic matter profile of
the untreated OMW (Sample II) are given in Figure 1 (a:
COD and TOC; b: UV254 and UV280).

As can be seen from the figure the untreated OMW
had a rather soluble character and approximately 71% of
the total COD and 74% of the total TOC of the untreated
OMW originated from the soluble substances at the size
category below 2 nm (<1 kDa), whereas 11% of the total
COD and 16 % of the total TOC content were at the 2-3 nm
size category.
TABLE 1 - Characterization of the untreated OMW.
Parameters
Sample I
Total COD (mg/L)
52774
Filtered COD (mg/L)*
45516
Total TOC (mg/L)
18650
Filtered TOC (mg/L)*
14600
TSS (mg/L)
1365
VSS (mg/L)
1125
pH (-)
4.3
Oil and Grease (mg/L)
7930
UV Absorbance (254 nm, 1/cm)***
1.0728
UV Absorbance (280 nm, 1/cm)***
1.0668
*filtered through 0.45µm pore size membranes
**not determined
***value measured in the 100-times diluted samples

Upon closer inspection of the PSD-based profiles obtained for the parameters UV280 and UV254 representing
the aromaticity of the wastewater, it is evident that peaks
appeared in three different regions and parallel to each
other; namely at the particle sizes 8-13 nm, 2-3 nm and
mainly below 2 nm (as was obtained in parallel for the
COD and TOC fractions).
The two OMW samples were used in the coagulation,
electrocoagulation and Fenton treatment experiments without dilution.
Methods
Coagulation experiments

Coagulation experiments were carried out with 500 mL
OMW using a Jar-Test apparatus (Velp Scientifica FC6S)
equipped with six mixers and nine stirring speed modes.

70%

0.5000

60%

TOC

280nm

COD

Dif f erential Absorbance at
280 and 254 nm

% Distribution of PSD-based
Fractioned TOC and COD

Sample II
47900
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0.9301
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50%
40%
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FIGURE 1 - PSD-based organic matter profile of untreated OMW (Sample II).
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Ferric chloride, hydrated lime, an anionic and a commercial polymer were used as coagulants and coagulant
aids, respectively at varying dosages and pH’s. Coagulation
experiments were conducted in the following manner;
§ Coagulant addition
§ pH adjustment
§ Flash-mixing (stirring for 2 min at 150 rpm)
§ Flocculation (stirring for 20 min at 30 rpm)
§ Settling for 60 min
Fenton experiments

Fenton experiments were run at constant room temperature (T = 20oC) in 100 mL glass beakers that were
continuously stirred for up to 40 min after initiation of the
Fenton process. After pH adjustment to 3.0+0.2 with 4 N
HCl, the reaction solution was sparged with 35% (w/w)
H2O2 (11.68 M) and freshly prepared 10% (w/v) Fe2+
(0.36 M) to achieve the required Fe(II):H2O2 molar ratios.
The pH of the samples was re-adjusted to 7-8 with 6 N
NaOH solution and stirred for another 10 min to cease the
Fenton reaction.
Electrocoagulation experiments

The electrocoagulation unit consisted of a 2000 mL
capacity polyethylene reactor (l: 34.3 cm, w: 12.5 cm, h:
28.3 cm) equipped with 3 pairs of anodes and cathodes.
Stainless steel (304) electrodes were used as anode and
cathode. The effective area of each electrode was 38.93 cm2
(length: 11.9 cm and diameter: 1.02 cm) and the distance
between electrodes was 2 mm. The applied current was
maintained constant by means of a high precision DC power
supply. After filling the reactor with 1500 mL reaction solution, the current and voltage were adjusted on the DC power
supply. In order to determine process efficiency samples
were periodically taken from the reactor during the electrocoagulation treatment. The electrocoagulation unit was
carefully rinsed twice with nitric acid solution (50 % v/v)
for a few minutes and several times with deionized water
after each experimental run. In the present study analytical
grade sodium chloride was used as the electrolyte to in-

crease the ionic conductivity of the wastewater for minimizing energy consumption.
Particle size distribution analysis

The sequential filtration/ultrafiltration experiments were
conducted in a closed and stirred cell with a volumetric
capacity of 400 mL and a magnetic stirrer enabling continuous mixing in suspension without touching the filter
membranes/discs (Amicon, Model 8400). Nitrogen was used
as the inert gas to provide the positive pressure in the range
of 0.1-2 atm, varying in accordance with the filter used.
Sequential filtration was carried out with conventional disposable filters with pore sizes of 1200~1600 nm (Millipore
AP40, glass fiber), 450 nm (DuraporeTM HV, polyvinylidene fluoride [PVDF]), and 220 nm (DuraporeTM GV,
PVDF) (Millipore Corp., Bedford, MA 01730). For each
sample, permeate from the final filtration step was successively passed through ultrafiltration membrane discs with
nominal molecular weight cut-off values of 100, 30, 10, 3,
and 1 kDa (PL series, Millipore, MA).
Analytical procedures

All samples were filtered through 0.45 µm pore size
Millipore membranes and diluted by a factor of 100 with
distilled water prior to UV absorbance, COD and TOC
analyses. UV absorbance was measured on a Perkin-Elmer
lambda 25 UV-Vis spectrophotometer in 1 cm path length
quartz cuvettes at the wavelength 254 and 280 nm. The
COD of the untreated and chemically treated wastewater
was measured by the Open reflux, titrimetric method as
described in ISO 6060. TOC was monitored on a Shimadzu TOC VCPN total carbon analyzer equipped with an autosampler.
RESULTS AND DISCUSSION
Coagulation-flocculation results for Sample I

Treatability results obtained for coagulation- flocculation of OMW Sample I are given in Table 2. From Table 2 it
is evident that independent from the coagulant used and/or

TABLE 2 - Results of the coagulation-flocculation studies conducted with OMW Sample I.
Treatment Process
Calcium hydroxide precipitation with anionic polyelectrolyte (10 mg/L)
@ pH 8.5
@ pH 9.0
FeCl3 precipitation @ pH 5.0 with anionic polyelectrolyte (10 mg/L)
1500 mg/L
3000 mg/L
Calcium hydroxide precipitation with commercial polymer (10 mg/L)
@ pH 8.5
@ pH 9.0
FeCl3 precipitation at pH 5.0 with commercial polymer (10 mg/L)
1500 mg/L
3000 mg/L
*Calculated based on total COD and TOC values
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COD
(mg/L)

COD Removal
(%)

TOC
(mg/ L)

TOC Removal
(%)

36343
34108

31
35

12680
12250

32
34

38451
34361

27
35

13610
12020

27
35

35963
41483

32
21

13650
13950

27
25

35371
31452

33
40

13540
11760

27
37
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type of polymer employed, obtained COD removal efficiencies were rather low (around 30%). This is not surprising
since coagulation is more effective on the removal of colloidal and suspended matter that comprises only 30-35%
of the total COD according to the PDS analysis.
However, both percent TOC as well as COD removal
efficiencies were affected by the applied FeCl3 dosage;
increasing the coagulant dosage from 1500 to 3000 mg/L
resulted in an appreciable improvement of COD and TOC
removal rates.
Fenton Treatment of Sample II

Figure 3a and b show the COD and TOC removal efficiencies obtained after Fenton oxidation of the OMW at
different Fe(II):H2O2 molar ratios at pH 3.0 and at the natural pH of OMW (pH 4.3). From Figure 3 it is clear that
Fenton treatment of OMW Sample II does not exceed 30%
at COD removal efficiencies and neither pH nor the applied Fe(II)-H2O2 concentrations has a significant positive

effect on treatment performance. From the figure it can be
also concluded that TOC abatement always remained below 25% for all treatment cases and was not significantly
affected by reaction pH and Fe(II)-H2O2 concentrations.
Electrocoagulation results of Sample II

Figure 4 illustrates the COD and TOC removal efficiencies during electrocoagulation (EC-SS) of OWM under
different working conditions. As can be seen from the
Figure 4, the highest percent COD and TOC removal efficiencies were obtained for the operating conditions of;
current density=43 mA/cm2 (applied electric current=10 A);
electrolyte concentration=1000 mg/L as NaCl; initial pH=
4.3 as 39% and 44%, respectively.
In a similar study where Al and pure Fe were employed as the electrode materials, 35% and 65% COD
removals were obtained. However the working conditions
(other than pH) were completely different [17].

100
pH4.3

80

pH3.0

TOC Removal (%)

COD Removal (%)

100

60
40
20
0

pH4.3

80

pH3.0

60

40
20
0

10/100

12/120

15/150

20/200

10/100

12/120

15/150

20/200

Fe(II):H2 O2 (mM:mM)

Fe(II):H2 O2 (mM:mM)
(a)

(b)

FIGURE 3 - Percent COD (a) and TOC (b) removal efficiencies obtained for Sample II
at pH 4.3 (its original pH) and pH 3.0 at varying Fe(II):H2O2 concentrations (in mM).
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2000 mg/l NaCl
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pH 4.3

1000 mg/l NaCl
43 mA/cm2,
pH 5.0

FIGURE 4 - COD and TOC removal efficiencies obtained for Sample II at electrocoagulation experiments at varying operating conditions.
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Effect of Chemical treatment (FP, EC-SS)
on PSD-based organic matter profile

and 29,500 mg/L, comprising 93% and 77% of the initial
CODs, respectively. Contribution from the particulate fraction to the initial COD of EC-SS was 4% and that to the
initial COD of FP was 9%, remaining practically nothing to
the colloidal range, yet the values for FP were slightly
higher than those of EC-SS. Same observations and discussions were also valid for the PSD-based TOC profiles
(Figure 5b) of both treated samples. Note that, both in the
COD- and TOC-profiles, the values of FP in all size categories were higher than those of EC-SS, except for that at
the soluble range. These observations were considered as
showing that electrocoagulation was more efficient than
Fenton in removing the particulate and colloidal fractions
of the organic matter content, whereas Fenton performed
better in removing the soluble portion.

COD and TOC values measured after electrocoagulation treatment were 35,700 mg /L and 12,900 mg /L, respectively, whereas the COD and TOC’s found after Fenton
treatment were 38,400 mg /L and 14,300 mg /L, respectively. Similar to the untreated OMW, the treated samples
were also subjected to sequential filtration/ ultra-filtration
to determine the PSD-based fractionation of them. Results
for electrocoagulation (EC-SS) and Fenton (FP) applications are presented together in Figure 5a and b. PSDbased COD profile of EC-SS was very similar to that of FP,
both housing the only dominant fraction at the soluble
range (Figure 5a). COD values for EC-SS and FP measured
at the soluble range (<2 nm) were as high as 33,210 mg/L

Dif f erential COD (mg/L)

35000
30000
25000

EC-SS

FP
Untreated OMW

20000
15000
10000
5000
0

(a)

12500

Dif f erential TOC (mg/L)

EC-SS
10000

FP
Untreated OMW

7500

5000
2500
0

(b)
FIGURE 5 - PSD-based fractionation of the OMW (Sample II) before and after treatment with
electrocoagulation (EC-SS) and Fenton Process (FP): differential COD (a) and TOC (b) profiles.
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CONCLUSIONS
Effective treatment of effluents originating from the
olive mill processing activities is a rather difficult task and
a common threat to the plant owners regarding effluent discharge consents in Mediterranean countries. The present
experimental work aimed at investigating the chemical
treatment of an olive oil mill effluent by employing plain
coagulation, electrocoagulation and Fenton’s reagent to
alleviate this problem. The following conclusions could be
drawn from the obtained experimental findings;
The untreated olive mill effluent mainly consisted of
soluble COD and TOC fractions (< 2 nm) and the polyphenolic content of the wastewater also belonged to this
size category.
COD and TOC removal efficiencies increased with increasing pH during lime coagulation. Addition of an anionic type polyelectrolyte had no significant impact of obtained treatment efficiencies.
For the Fenton process it could be demonstrated that
a Fe(II) : H2O2 molar ratio of 1:10 worked better than 1:5
in terms of COD as well as TOC abatement rates.
Both increasing the applied electrical current and electrolyte concentration exhibited a positive effect on obtained
treatment efficiencies; however, the improvement was not
dramatic such that overall COD and TOC abatement rates
always remained below 40% and 45%, respectively.
Treating the investigated OMW either with electrocoagulation or with Fenton did not considerably change the
COD and TOC profiles throughout the size spectrum. Yet,
electrocoagulation was determined to be more efficient than
Fenton in removing the particulate and colloidal COD and
TOC fractions, whereas Fenton performed better in removing the soluble portion.
Results have revealed that chemical processes can only serve for pretreatment purposes.
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ABSTRACT

INTRODUCTION

The problem of pollution reduction in aqueous streams
containing refractory compounds is of great importance
for many industries. Phenol and phenolic substances have
attracted more attention because of their toxicity and frequency of use in industrial processes. In the past decade,
considerable attention has focused on photocatalytic degradation of phenol. Titanium dioxide (TiO2) has proven to
be an effective photocatalyst for the oxidative decomposition under UV irradiation. However, the relatively wide
gap of TiO2 limits further application of the material in the
visible light region (λ>400 nm). The aim of the present research is to investigate the feasibility of removing phenol
by the N-doped TiO2 catalysts and S-doped TiO2 catalysts
adsorbed with ferric iron which are responsive to visible
light irradiation. With these intentions, degradation of aqueous phenol solution with photocatalyst powders was investigated under both UV and visible light irradiation. 1219% TOC removal efficiencies were achieved in 6 hr reaction time for N-doped catalysts under visible light irradiation at pH 3.0 and the degradation rates for the mineralization were found to vary between 0.022 and 0.048 mol l-1hr-1.
S-doped catalysts proved to be more efficient as compared
to the N-doped catalysts. The degradation rates for the
mineralization under visible light were calculated as 0.083
and 0.120 mol l-1hr-1 for S-doped TiO2 catalysts adsorbed
with different percentages of ferric iron (5wt% and 10wt%)
at pH 3.0, respectively. S-doped catalysts were also effective under UV light source with removal efficiencies up to
70%.

KEYWORDS: phenol, UV and visible light irradiation, photocatalytic degradation, degradation rate, TOC mineralization.

The problem of pollution reduction in aqueous streams
containing refractory compounds is of great importance for
many industries. Among the harmful organic compounds
in industrial wastewaters, phenol and phenolic substances
have attracted more attention because of their toxicity and
frequency of use in industrial processes producing
wastewater contaminated by phenol as a pollutant [1].
Phenols also serve as intermediates in the industrial synthesis of products as diverse as adhesives and antiseptics
[2]. Traditional biological and physical-chemical processes
(adsorption, membrane processes, chemical oxidation
etc.) are generally used for phenol removal.
In the past decade, considerable attention has focused
on photocatalytic degradation of phenol as titanium dioxide (TiO2) has proven to be an effective photocatalyst for
the oxidative decomposition of many organic compounds
[3-5]. TiO2 has been widely used as a catalyst because of
its merits, including optical and electronic properties, low
cost, high level of photocatalytic activity, chemical stability and non-toxicity [6]. Irradiation of aqueous suspensions
of TiO2 with light at wavelengths λ<400 nm leads to the
formation of electron/hole pairs, which migrate to the photocatalyst surface forming surface bound hydroxyl and
superoxide radicals which are the primary oxidizing species in photocatalytic oxidation process (Figure 1). Unfortunately, because of its large band gap of 3.2 eV, only a
small UV fraction of solar light, about 2-3%, can be utilized [7, 8]. In view of the abundance of visible light, which
accounts for about 43% of the whole solar energy and also
the main portions of the indoor artificial illuminations, the
development of visible-light responsive photocatalysts appears to be urgent to sustain higher light conversion efficiency [9]. Attempts to increase the photocatalytic efficiency
of TiO2 in visible region have been made by doping other
coupled semiconductor photocatalysts [10, 11], coating and
doping with transition metal and noble metal [12] and
chemically modified TiO2 by C or N [13-15]. N, S or C
anion-doped TiO 2 photocatalyst having an anatase form
have been reported to show a relatively high level of activity
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FIGURE 1 - Scheme of mechanism of TiO2 photocatalysis (CB: conduction band, VB: valence band).

when irradiated by visible light [13, 16-18]. Doping with
non-metallic species causes the band gap narrowing and
so the adsorption edge of TiO2 shifts to a lower energy
region [19].
The aim of the present research is to investigate the
feasibility of removing phenol by modified TiO2 catalysts
which were responsive to visible light irradiation. For this
purpose, newly developed N-doped TiO2 catalysts and Sdoped TiO2 catalysts adsorbed with ferric iron were used
in the present study. Phenol oxidation was experimentally
investigated in terms of phenol removal, intermediate formation and TOC removal pattern. The degradation rate for
the mineralization (depletion in TOC content) of phenol was
calculated and the relative photonic efficiencies were also
evaluated by comparison of the rate of mineralization of
phenol using different photocatalysts.
MATERIALS AND METHODS
Materials

Analytical grade phenol (≥ 99.5%) was obtained from
Fluka Chemical Company. Titanium dioxide P25 (Degussa
AG) was used for reference experiments. Degussa P25 consisting of 80% anatase and 20% rutile had a specific BETsurface area of 50 m2g-1 and primary particle size of 20 nm
[20]. Newly developed N-doped TiO2 catalysts and S-doped
TiO2 catalysts adsorbed with ferric iron were produced in
the laboratory as a part of a research project. Therefore the
dissemination of the specifications is not allowed.
For HPLC measurements HPLC-grade acetonitrile was
purchased from MERCK. Standard solutions, for HPLC
calibration curves, were prepared by making dilutions from
stock solutions.
All aqueous solutions were prepared with ultrapure
water with a resistivity up to 18.2 MΩ × cm, with Total

Organic Carbon (TOC) levels as low as < 1 ppb. The pH
of aqueous phenol solutions used in the experiments was
adjusted using either sodium hydroxide or nitric acid. All the
chemicals used in the study were obtained from MERCK.
Methods

For the irradiation experiments the desired concentration of phenol was prepared in ultrapure water. An immersion well photochemical reactor of Pyrex glass equipped
with a magnetic stirrer, water circulating jacket and an opening for supply of molecular oxygen was used. For irradiation experiments 250 ml of aqueous solution of phenol
and required amount of photocatalyst was taken into the
reactor. The suspension was mixed with a magnetic stirrer
and bubbled with O2 for 30 min in the dark to allow equilibrium of the system. Light was provided by a Xe-lamp.
A 10 cm water filter was used to eliminate IR-radiation.
The wavelength selection was achieved by using band pass
filters. For UV light and visible light irradiation experiments, 320 nm (short-pass) and 400 nm (long-pass) cutoff filters were used, respectively. Irradiation experiments
were conducted at pH 3.0 and pH 8.0 with a constant catalyst concentration of 1 g/l. pH was adjusted by adding 0.1 M
NaOH and 0.1 M HNO3 before the experiments and kept
constant during the irradiation period. The reaction mixture was constantly stirred and continuously purged with
molecular oxygen throughout each experiment. Samples
were collected before and at regular time intervals during
the irradiation and analyzed after filtration through Millipore 0.45µm membrane filters.
Analysis

Phenol concentrations were monitored by using HPLC
equipped ECOM SPOL. S R.O. LCP4100 pump and ECOM
SPOL. S R.O. LCD2084 UV detector. Inertsil ODS2 column was used for the measurement. The reverse phase C18 column was packed with silica particles of 5µm in
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diameter. The length and diameter of the column was 250×
4.6 mm. It had a guard column with dimensions 40× 4.6mm.
The mobile phase was selected as 60/40 (v/v) acetonitrile/
water and 0.1 % H3PO4. The solvent flow rate was maintained at 1.7 ml/min. The decrease of TOC, which confirmed the mineralization of phenol, was determined by
Shimadzu TOC-5000A Total Organic Carbon Analyzer.
RESULTS AND DISCUSSION
Aqueous suspension of phenol, having concentration
of 2.6 10-4 M, was irradiated under UV and visible light in
the presence of different type of catalysts. The degradation rate for the mineralization (depletion in TOC content)
of phenol was calculated using the formula given below:

d [TOC ]
=k
dt

where

[TOC] is the TOC concentration of the sam-

Phenol degradation and mineralization

TOC/TOC0

The depletion of TOC content as a function of irradiation time for Degussa P25 under UV and visible light at pH
3.0 and pH 8.0 is illustrated in Figure 2. The TiO2 Degussa
P25 is a widely studied material, particularly suitable for
use as a standard of photocatalytic activity [21]. As seen
from the figure, 75% TOC removal was achieved at acidic
pH under UV light irradiation at the end of 6 hr reaction
time, while there was no significant removal under visible
light.
1.20
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The photocatalytic activities of a newly developed Ndoped TiO2 catalyst and S-doped TiO2 catalysts adsorbed
with ferric iron were also tested under UV and visible
light region. The results of the experimental studies for Ndoped catalyst (N1 and N2) are given in Figure 3.

(1)

[TOC ]

ple in molar unit and k is the rate constant. Degussa P25
was used as reference catalyst for degradation of phenol
in both light sources.

0.20

The electron transfer from the rutile conduction band
to electron traps in anatase phase takes place. Recombination is thus inhibited allowing the hole to move to the surface of the particle and react [22]. The degradation rates for
the mineralization were found as 0.22 and 0.0166 mol.l-1
hr-1 with a correlation coefficients of 0.99 for UV light and
visible light irradiation of phenol in the presence of Degussa P25 at pH 3.0, respectively.

2
4
Irradiation Time (hr)

6

FIGURE 2
Depletion in TOC as a function of irradiation time for aqueous
solution of phenol under UV and visible light using Degussa P25.

The effectiveness of Degussa P25 could be attributed
to the fact that Degussa P25 being composed of small
nanoparticles of rutile being dispersed within an anatase
matrix. The band gap energy of anatase is slightly higher
than that of rutile. Hence, under UV light irradiated on the

TOC/TOC0

−

surface of TiO 2 surface, the smaller band gap of rutile
“catches” the photons, generating an electron-hole pair.
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FIGURE 3 - Depletion in TOC as a function of
irradiation time for aqueous solution of phenol
under visible light using N-doped TiO2 at pH 3.0.

As seen from the figure, 12-19% TOC removal efficiencies were achieved in 6 hr reaction time under visible
light irradiation at constant pH of 3.0. N-doped TiO 2
catalyst shows photoabsorption at wavelengths longer than
400 nm [13]. However, the absorption spectra of these catalysts in the visible region are relatively small. Ihara et al.
[23] studied the oxidation of 2-propanol to CO2 under
visible light and they proposed that the oxygen vacancies
were responsible for the observed catalytic activity of the
N-doped TiO2. On the other hand higher nitrogen concentration in the matrix of N-doped TiO2 could affect the photocatalytic activity [17]. In the same study the authors concluded that the activity of the N-doped TiO2 decreases with
increasing nitrogen concentration and this effect was explained in terms of recombination of holes and electrons
promoted by oxygen vacancies/doping sites. Photocatalytic
activity of the studied N-doped TiO2 in this study was
found to be higher than that of Degussa P25 for phenol
decomposition under visible light while the degradation
rates for the mineralization were found to be smaller than
Degussa P25 photocatalysis under UV light. For the two
N-doped TiO 2 catalysts studied, the degradation rates
were 0.022 and 0.048 mol.l-1hr-1, respectively under visible
light with correlation coefficients higher than 0.98.
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FIGURE 5
Depletion in TOC as a function of irradiation time for aqueous
solution of phenol under visible light using S-doped TiO2 at pH 8.0

FIGURE 4 - Depletion in TOC as a function of
irradiation time for aqueous solution of phenol
under UV and visible light using S-doped TiO2 at pH 3.0.
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The experimental results of depletion in TOC content
under both UV and visible light, using S-doped TiO2 catalysts adsorbed with different percentages of ferric iron
(5wt% = S1 and 10wt% = S2) at pH 3.0 are illustrated in
Figure 4. When TiO2 is doped with S, an electron-occupied
level appears above the valence band (VB). Electron transition between this level and the VB could be induced by
visible light irradiation [24]. Although, S-doped photocatalysts have an anatase phase in order to enhance the charge
separation between electrons and holes, this results in
improvement in photocatalytic activity under visible light
irradiation [7]. Loading co-catalyst onto the surface of oxide
photocatalyst is one of the well-known methods for improving their photocatalytic activity due to enhancement of the
adsorption of substances and separation of photogenerated
electron-hole pairs [25]. Ohno et al. [7] suggested that
charge separation between electrons and holes generated
photocatalytically was improved because photoexcited
electrons were efficiently trapped by oxygen through ferric
ions adsorbed on the surface of the doped TiO2 photocatalysts. It has been also known that iron implantation greatly
increases visible light activity while retaining UV light
activity [26] and iron doping into TiO2 increases the visible
light activity [27]. In both cases, the activity strongly depended on the amounts of the doped iron [28]. Ohno et al.
[7] concluded that the doping atoms, and the density of
defects located on the surface of the doped TiO2 particles
are thought to be one of the important factor to determine
an optimum amount of ferric ions. As can be seen from
the Figure, S1 and S2 catalysts were effective under both
UV and visible light region at pH 3.0. Recently, a transition metal implanted TiO2, in which the ions are substituted
into the TiO2 lattice, was shown to utilize visible light up to
a wavelength of 400-600 nm without loosing the UV light
activity [26, 29, 30]. At acidic pH, the observed TOC removals under UV light irradiation were higher than visible
light irradiation. It should be also specified that the TOC
mineralization increases when the percent of adsorbed
ferric iron increases at UV and visible light irradiations
at acidic pH values.
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1

0.20

S2 With Visible Light (Constant pH 8.0)

0.00
0

S1 With Visible Light (Constant pH 8.0)

0.20

0.20
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(b) S2 (D-P and D-H: at UV light at pH 3.0; E-P and E-H:
at visible light at pH 8.0; F-P and F-H: at visible light at pH 8.0)
FIGURE 6 - Concentration of phenol and
hydroquinone during different photocatalytic conditions
(X-P: phenol concentration; X-H: hydroquinone concentration).

Additional experiments were conducted on aqueous
phenol solution at pH 8.0 to investigate the removal pattern of TOC in the presence of S-doped TiO2 adsorbed
with different percentages of ferric iron under visible light
region. The experimental results are given in Figure 5. As
depicted in figure almost complete TOC mineralization was
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achieved by using S1 at pH 8.0. S2 was more effective at
pH 3.0 than pH 8.0, with regard to S1. The TOC removal
efficiencies were 95 and 35% for S1 under visible light
irradiation at pH 8.0 and 3.0, respectively. Under UV irradiation, the activity of S-doped TiO2 catalysts was lower
than that of P25. However, under visible light irradiation,
the photocatalytic activity of S-doped TiO2 catalysts was
higher than that of P25.
Figure 6 illustrates the time course of phenol and the
main intermediate (hydroquinone) in a photocatalytic process under UV and visible light irradiation at pH 3.0. As
proposed by several authors, all oxidation routes consider
the hydroxylation of phenol to hydroquinone and catechol
as a first step [31]. These detected intermediates can be
rationalized assuming the existence of an activation of the
phenol molecule by reaction with an OH• radical. The
higher amount of hydroquinone (compared to other intermediates) is due to lower reaction rate constant of this
compound [32].
A complete mineralization to CO2 as a final product
involves breaking of the C-C bonds and decarboxylation
of intermediates such a maleic acid, acetic, oxalic or formic acid by further reaction with OH• radicals [31].
Relative photonic efficiencies for mineralization of phenol

The comparison of results obtained in this study and
by different authors is challenging because various photoreactors, irradiation sources and experimental conditions
are used. To transpose the difficulties in the comparison
Serpone et al. [33] proposed a standardization protocol to
evaluate relative photonic efficiency using phenol as a
standard organic compound and TiO2 (Degussa P25) as a
standard photocatalyst [34]. The concept of relative photonic efficiency has been used because it is a useful tool that
renders comparison of process efficiencies with different
organic substrates [31]. Nevertheless, instead of different
substrates different photocatalyst samples could also be
used [31]. Another concept of relative photonic efficiency
that relates mineralization has been adapted by Malato et
al. [35] to complement the comparison of process efficiencies with different photocatalysts (Eq 2).

(2)
The values of relative photonic efficiencies and degradation rates for the mineralization of phenol under different experimental conditions by different photocatalysts
were summarized in Table 1.
As can be seen from Table 1 the values of relative
photonic efficiencies are higher than unity, indicating that
the photocatalytic mineralization of phenol with N-doped
TiO2 catalysts and S-doped TiO2 catalysts adsorbed with
ferric iron are faster than Degussa P25 under visible light
for both pH values studied. As aforementioned, considerably high relative photonic efficiency was obtained at pH
3.0, implying that changes in the percentages of adsorbed
ferric ion have a significant impact on photocatalytic
activity of S-doped catalysts under acidic pH values.
Consequently, it can be concluded that increasing the
working pH have a negative effect on TOC mineralization
for S-doped TiO2 catalysts adsorbed with different percentages of ferric iron used in the study. On the other
hand increasing the percentages of adsorbed ferric ion
considerably inhibited the TOC abatement at pH 8.0. All
the relative photonic efficiencies are lower than the one
obtained at UV light irradiation, indicating that the maximum photocatalytic mineralization of catalysts samples
was obtained with Degussa P25.
TABLE 1 - The degradation rate constants for the mineralization of
phenol and relative photonic efficiencies for the different photocatalysts with Degussa P25 TiO2 as the standard reference
Catalyst Sample
Degussa P25
N1
N2
S1
S2
Degussa P25
S1
S2
Degussa P25
S1
S2

k (mol.l-1hr-1)

Visible light irradiation, pH 3.0
0.017
0.022
0.048
0.083
0.120
Visible light irradiation, pH 8.0
0.059
0.250
0.067
UV light irradiation, pH 3.0
0.220
0.121
0.167

1.000
1.325
2.892
5.012
7.205
1.000
4.234
1.134
1.000
0.551
0.759

TABLE 2 - Photocatalytic degradation of phenol by N, S and Fe doped TiO2 under visible light irradiation
Photocatalyst

Initial Phenol
Concentration (mg l-1)

Catalyst Dosage
(g l-1)

N-doped TiO2

20

0.5

100

0.1

50

1.0

S-doped TiO2

100

0.25

Fe-doped TiO2

1.88

0.05

Highlights on Experiments and Findings
Photocatalytic activity was found to be higher than that of Degussa P25 and
35.6% mineralization was obtained within 120 min
The highest effectiveness of phenol decomposition was obtained as 6.55%
N-doped titania proved to be an effective photocatalyst for methyl-tert-butyl
ether with its action comparable to and even surpassing that of Degussa
P25. In contrast, with phenol the photocatalysts showed negligible activity.
S-doped TiO2 effectively degrade phenol within 60 min (100%). On the
other hand, only 21% and 17% phenol were degraded on commercial P25.
The degradation rate depended on the Fe content and the Fe-doped TiO2
was responsive to the visible light as well as the elevated activity toward
UV light
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and visible light irradiations for S-doped catalysts at acidic pH values. Further studies are planned to evaluate the
degradation of at least one more model compound such as
methanol or dichloroacetate for a thorough understanding
of mechanism of photocatalysis using N and S doped
TiO2 under visible light irradiation
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ABSTRACT
In the present study, the treatability of a commercial
naphthalene sulphonic acid formulation frequently used as
a dyebath auxiliary in the textile dyeing operation by electrocoagulation with stainless steel electrodes was studied
and its organic matter removal performance was compared
with that of plain coagulation process using iron salts
and alum. Electrocoagulation was operated with 750 and
1500 mg/L NaCl serving as the electrolyte at applied current densities of 11 and 22 mA/cm2 and an initial pH of 3.9.
An increase in the applied current density accelerated the
rate of organic matter removal significantly. Over 80 %
COD and TOC removals were obtained within a reasonable reaction time of 60 min under all conditions tested in
the present study. Hence electrocoagulation of naphthalene sulphonic acid formulation proved to be an effective
method in removing organic matter even at the lowest
current density applied in the present study. Plain coagulation also worked well yielding 60 % COD removal. However, the advantage of electrocoagulation over plain coagulation was the high degree of mineralization achieved.

KEYWORDS:
Coagulation; electrocoagulation; naphthalene sulphonic acid formulation; stainless steel electrodes; textile dyeing process.

INTRODUCTION
Wastewaters originating from the textile dyeing and
finishing industry often contain highly complex mixtures
of biologically persistent naphthol-and naphthylamine sulphonates. Naphthalene sulphonic acids (NSA) and their
sodium salts are widely used as dye assisting chemicals [1].
These dye auxiliaries often being applied as dispersing and

levelling agents are very water soluble due to the presence
of at least one sulpho group and hence of a hydrophilic
character [2]. Naphthalene sulphonates may have negative
impacts on natural water ecosystems as the derivatives of
naphthalene compounds are only poorly biodegradable [3].
Therefore, conventional treatment methods such as biological (activated sludge) processes have proven to be quite ineffective and alternative, advanced treatment methods need
to be explored for the efficient abatement of naphthalene
sulphonates. Therefore, the treatability of naphthalene sulphonic acid was experimentally investigated with Fenton
and UV-A-assisted Fenton (Photo-Fenton) processes in our
previous study [4]. Both processes were effective in the
degradation of NSA, although Photo-Fenton process was
more effective and provided up to 85 % COD and TOC
removals.
Electrocoagulation with stainless steel electrodes in the
presence of NaCl electrolyte involves several mechanisms
of which oxidation and coagulation are the two important
processes that are shared with Fenton oxidation. Therefore,
electrocoagulation process is expected to perform well for
treatment of NSA. This process proved to be very efficient
in removing pollutants such as organic matter, heavy metals, oil and grease from industrial wastewaters [5-12]. The
inherent advantages of this process over well-known physicochemical processes have been mentioned in the recent
literature [13-15].
The purpose of the present study was to explore the
treatability of a commercial naphthalene sulphonic acid formulation being frequently applied in the cotton and polyamide dyeing process to improve the fixation of reactive
and acid dyes onto the fibres, by electrocoagulation using
stainless steel electrodes and to compare the organic matter removal performance of electrocoagulation with that of
plain coagulation carried out using ferric chloride, ferrous
sulfate and aluminum sulfate (alum).
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MATERIALS AND METHODS
Naphthalene sulphonic acid formulation

Commercial grade naphthalene sulphonic acid (NSA)
formulation was kindly supplied by a local textile factory
and used as received. Ecological information of this formulation is reported by Bayer [16] as BOD 5 = 0 mg/g;
COD = 1400 mg/g; TOC = 414 mg/g; and acute fish toxicity LCo = 100 mg/g. Aqueous NSA formulation was prepared in distilled water for an initial COD of 300 mg/L
which is corresponding to a typical concentration of NSA
in wastewater originating from the cotton and polyamide
dyeing process.
Coagulation and flocculation

Coagulation and flocculation experiments were performed with a Jar-Test apparatus (Velp Scientifica FC6S
model). These experiments were run as follows; 5
minutes flash-mixing at 100 rpm, 30 minutes flocculation at 30 rpm and 30 minutes settling. FeCl 3. 6H 2 O,
alum (Al2(SO4)3.18H2O) and FeSO4.7H2O were used as
coagulants together with an anionic type polyelectrolyte. A
wide range of coagulant doses between 100 and 1500 mg/L
was tested. Anionic polyelectrolyte was also used at a
dose of 5 mg/L at all coagulation and flocculation experiments. The reaction pH was adjusted with hydrated lime
(Ca(OH)2).
Electrocoagulation

The electrocoagulation unit consisted of a 2000 mL
capacity polyethylene reactor (l: 34.3 cm, w: 12.5 cm, h:
28.3 cm) equipped with 3 pairs of anodes and cathodes.
Stainless steel (304) electrodes were used as anode and
cathode. The effective area of each electrode was 38.5 cm2
(length: 11.9 cm and diameter: 1.02 cm) and the distance
between electrodes was 2 mm. The applied current was
maintained constant by means of a high precision DC power
supply. After filling the reactor with 1800 mL sample, the
current and voltage were adjusted on the DC power supply. In order to determine process efficiency samples were
periodically taken from the reactor during the electrocoagulation treatment. After pH measurement these samples were allowed to settle for 30 minutes before filtration.
The electrocoagulation unit was carefully rinsed twice with
nitric acid solution (50 % v/v) for a few minutes and several
times with deionized water after each experimental run.
Analytical procedures

All treatability experiments were performed at room
temperature. All effluent samples were subjected to vacuum filtration by means of AP 40 glass fibre filters with a
pore size of 1.2 µm before analysis. COD measurements
were accomplished by the Open Reflux Titrimetric Method
according to ISO 6060 [17]. A Tekmahr-Dorhmann Apollo
9000 model carbon analyzer was used for the determination of the total organic carbon (TOC) content of the same
reaction samples. The amount of sludge produced after

electrocoagulation was determined by means of the total
suspended solid (TSS) measurement. TSS was measured
in accordance with Standard Methods [18] and pH measurements were made with an Orion 720A model pHmeter.
All chemicals used were of analytical grade.
RESULTS AND DISCUSSION
Electrocoagulation

Results of electrocoagulation using stainless steel electrodes indicated that high level of COD removals could be
achieved within relatively short operation times. When COD
(Fig. 1) and TOC (Fig. 2) removals were evaluated together, it is evident that organic matter removal was probably associated with a high degree of complete oxidation
(mineralization) indicating total destruction of the NSA
structure. Several mechanisms are involved the operation
of the electrocoagulation process of which oxidation-reduction and coagulation are generally the dominant ones.
Since COD and TOC abatement rates occurred parallel to
each other in our experiments, it can be deduced that oxidation was speculatively the primary mechanism involved in
the removal of NSA via electrocoagulation. Although TOC
removal continued until the end of the process, it was observed that TOC abatement was quite limited at the later
stages of the reaction indicating that highly oxidized but
not yet completely mineralized organic intermediates were
produced during electrocoagulation treatment.
Variation of electrocoagulation conditions (such as initial pH, current density, the distance between electrodes as
well as electrolyte and pollutant concentrations) may have
significant effects on process performance [6, 14, 15]. In
the present study, we investigated the effect of electrolyte
concentration (750, 1500 mg/L NaCl) and current density
(11 and 22 mA/cm2) on NSA treatment performance.
The effect of varying the electrolyte concentration was
not very significant; increasing the electrolyte concentration, although having an appreciable positive influence on
the reaction kinetics, did not affect the ultimately achieved
TOC and COD removal efficiencies remarkably; over 70 %
COD abatement could be obtained in less than 10 min for
both experimental runs in the presence of both 750 and
1500 mg/L NaCl when the current density was 22 mA/cm2.
On the other hand, the effect of current density on the
reaction rate was more dramatic; 80 % COD removal was
obtained after 30 min electrocoagulation at 11 mA/cm2 (applied electrical current: 2.5 A) in the presence of 750 mg/L
NaCl, while the same COD removal efficiency was achieved
in less than 10 min when the current density was 22 mA/
cm2 (applied electrical current: 5 A) in the presence of
750 mg/L NaCl.
Changes in pH during electrocoagulation are displayed
in Figure 3. From the figure it is evident that the pH shifted
to alkaline values in less than 5 min due to the high de-
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gree of H+ consumption (H2 production) at the cathode for
electrocoagulation at both studied electrolyte concentra-
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FIGURE 1 - COD removal during electrocoagulation of NSA.
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FIGURE 2 - TOC removal during electrocoagulation of NSA.
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FIGURE 3 - pH changes during electrocoagulation of NSA.
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tions (750 and 1500 mg/L NaCl) and the higher applied
current density (22 mA/cm2), whereas pH increased continuously with prolonged reaction time at the lower applied
current density and electrolyte concentration. When around
70 % COD and TOC removals were reached, the pH was
already increased over 10 in both experimental runs.
The amount of Fe(OH)3 sludge produced during electrocoagulation is summarized in Table 1. Upon comparison
of the sludge production rates obtained under different
operation conditions of electrocoagulation it is clear that an
increase in the electrolyte concentration did not significantly affect sludge formation. On the other hand, increasing the applied current density accelerated the sludge formation appreciably such that almost the twice amount of
sludge was produced when the current density was increased from 11 to 22 mA/cm2.
TABLE 1 – Final pH and amount of sludge
produced during electrocoagulation process.
Working Conditions
11 mA/cm2;
750 mg/L NaCl
22 mA/cm2;
750 mg/L NaCl
11 mA/cm2;
1500 mg/L NaCl
22 mA/cm2;
1500 mg/L NaCl
22 mA/cm2;
1500 mg/L NaCl

Treatment
Time
(min)

Final
pH

Formed
Sludge
(mg TSS/L)

60

11.30

2450

60

11.10

5100

60

11.20

3300

10

10.80

1100

60

11.75

6450

The major operating costs associated with electrocoagulation are arising from the electrical energy consumption during the reaction and disposal of the formed
insoluble metal hydroxide sludge. The electrical energy
requirements as well as the amount of sludge to be disposed off are directly related to the electrocoagulation
time. In order to enable comparison of electrical energy
requirements for effective COD (75%) and TOC (80%)

removal from NSA via electrocoagulation process, the
electrical energy consumed (EE = U x I x t; U: is the
voltage measured during the reaction (in V), I: the applied
electrical current (in A), t: the reaction time (in min)) per g
of COD and TOC removed (to achieve the aforementioned
percent treatment efficiencies) were calculated and presented in Table 2 as EE/ΔCOD and EE/ΔTOC (both in
kWh/g COD or TOC).
TABLE 2 - Comparison of electrical
energy requirements to achieve 75 % COD and
80 % TOC removals during electrocoagulation of NSA
Working Conditions
11 mA/cm2;
750 mg/L NaCl
22 mA/cm2;
750 mg/L NaCl
11 mA/cm2;
1500 mg/L NaCl
22 mA/cm2;
1500 mg/L NaCl

EE/ΔCOD
(kWh/g COD)

EE/ΔTOC
(kWh/g TOC)

0.04

0.13

0.04

0.18

0.01

0.04

0.04

0.07

From the above table it is clear that working under
“low current density – high electrolyte concentration” (e.g.
11 mA/cm2; 1500 mg/L NaCl) conditions, the specific electrical energy consumption is lower and hence more advantageous, although by judging the COD and TOC removal
profiles as a function of treatment time only, it might be inferred that treatment efficiencies are rather a strong function of current density and increasing the electrical current
has a more positive effect on COD and TOC removal rates
than increasing the electrolyte concentration. This conclusion however is misleading and for selection of optimum
working condition electrical energy requirement should be
considered.
Plain Coagulation

A wide range of coagulant doses varying between 150
and 1600 mg/L was tested in our experimental study. The

TABLE 3 - Results of the coagulation-flocculation experiments.

Coagulant

FeCl3

FeSO4

Alum

Coagulant dose
(mg/L)
150
325
500
800
1000
1600
150
300
500
750
1000
1500
100
300

Lime dose
(mg/L)
140
225
375
550
680
1150
95
145
200
215
410
450
70
245
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pH
9.06
8.50
8.50
7.55
8.10
8.38
8.34
7.74
7.53
7.50
7.55
8.54
7.10
7.20

Effluent COD
(mg/L)
180
145
130
125
125
125
180
150
145
120
115
115
170
130

Removed COD
(%)
45
55
60
62
62
62
45
54
55
63
65
65
48
60
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500
750

310
400

results of plain coagulation carried out using ferric chloride, ferrous sulfate and alum are summarized in Table 3.
Coagulation experiments revealed that the COD removal
efficiencies moderately increased with increasing coagulant dose. 60 % COD removal was realized beginning at a
relatively low alum dose of 300 mg/L and remained practically at the same level with increasing alum doses. On the
other hand, doses of 500 mg/L ferric chloride and 750 mg/L
ferrous sulfate were required in order to obtain comparable COD removal efficiency (> 60 %). Practically the
same COD removal efficiencies could be obtained at the
optimum dose of the all coagulants tested in our study,
namely 300 mg/L, 500 mg/L and 750 mg/L for alum, ferric chloride and ferrous sulfate, respectively.
CONCLUSIONS
The treatability of a commercial NSA formulation being frequently used as a dye assisting chemical in textile
dyeing operations was experimentally investigated by employing electrocoagulation and plain coagulation processes.
Electrocoagulation process using stainless steel electrodes
resulted in more than 80% COD and TOC removals which
can be deemed as satisfactory levels to reduce the non-biodegradable COD in the total textile effluent. Oxidation was
thought to be the primary removal mechanism in the electrocoagulation process and a high degree of mineralization
as reflected by 85 % TOC abatement was achieved after
electrocoagulation. COD and TOC removals were in the
same level with those obtained in our previous study where
300 mg COD/L NSA was oxidized by Fenton and PhotoFenton processes. The application of 11 mA/cm2 in the
presence of 1500 mg/L NaCl (serving as the electrolyte) represented an economically attractive (electrical energy saving) treatment option with minimum sludge production of
about 2500 mg/L. Plain coagulation, on the other hand,
proved to be a relatively less effective process, providing
only 60 % COD removal and should be considered as a
viable alternative, particularly for cases where a partially
non-biodegradable COD has to be treated. Although alum
seemed to be the most effective coagulant, ferric chloride
and ferrous sulfate also worked well.

7.00
7.10

120
120

63
63
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ABSTRACT
Coagulation and electrocoagulation (EC) using aluminum (Al) and stainless steel (SS) electrodes were investigated for color and COD removal from a simulated spent
disperse dyebath analogue (CODo = 3300 mg/L; apparent
color in absorbance (A) units at the wavelengths 436, 525
and 620 nm: A436 = 0.992 cm-1, A525 = 0.910 cm-1; A620 =
0.616 cm-1, respectively ; original pH = 3.0). In the first part
of the study, coagulation experiments were carried out with
aluminum sulphate, ferrous sulfate and ferric chloride at
their optimum pH’s and varying coagulant doses (2002000 mg/L). In the second part of the study, the EC process using Al electrodes was optimized for initial reaction
pH (3.5-11.5) in the presence of 2500 mg/L NaCl electrolyte and an electrical current density of 44 mA/cm2. Thereafter, EC experiments using SS as the electrode material
were also conducted at varying pH’s (3.5-11.5) in the presence of 2000 mg/L NaCl and an electrical current density
of 44 mA/cm2. Coagulation experiments indicated that aluminum sulphate was the most effective coagulant in terms
of color (100%) and COD (64%) removals. According to
the chemical pretreatment results obtained with EC using
Al electrodes, color and COD removals occurred almost
instantaneously and highest removal rates were achieved at
an initial pH of 7.0, resulting in complete color and 61 %
COD removals. In the case of EC with SS electrodes, color
and COD removal rates were relatively slow and highest
treatment efficiencies (complete color and 55% COD removals) could be obtained at an initial pH of 7.3. The variation in treatment performance was attributable to the different reaction mechanisms taking place during EC with Al
and SS electrodes. In the last part of the study, the effect
of chemical pretreatment EC with Al and SS electrodes
under optimized working conditions) on the biodegradability of the total, combined textile wastewater was examined.
Activated sludge experiments run for 24 h at an initial foodto-microorganisms ratio of 0.18 g CODo/g MLVSS indicated that the final effluent COD of biotreated textile

wastewater decreased below 100 mg/L when the spent
disperse dye-bath was subjected to chemical pretreatment
with EC.

KEYWORDS: textile industry wastewater; disperse dyebath
effluent; chemical pretreatment; coagulation; electrocoagulation;
biodegradability; decolorization; COD removal.

INTRODUCTION
The intense water (at least 2000 m3/day; average specific water consumption = 70-100 m3/ton of finished product) and chemicals (dyes, sequestering agents, surfactants,
wetting agents, dye tannins and carriers, etc.) consumption in the textile sector make its effluent management a
rather difficult task [1, 2]. Nowadays, efficient treatment of
textile industry wastewater originating from the dyeing and
finishing processes constitutes a major challenge to textile
company owners worldwide since legislative consents regarding the controlled discharge of textile effluent to receiving water bodies are becoming stricter every day [1-3]. Due
to the facts that (1) dyes and auxiliaries cannot be recovered and/or reused in an economically and technically feasible manner and (2) dyehouse effluent cannot be treated
effectively and economically by traditional, stand-alone
treatment processes (such a activated sludge process,
coagulation-flocculation, etc.), an attractive, flexible and
efficient treatment combination has to be envisioned. Until
now, different treatment options including biotreatment,
adsorption, ozonation, advanced oxidation processes have
been reported for the treatment of disperse dyes and
dyehouse effluent [2,4], however with limited success and
high operating expenses.
Recently it has been postulated that electrocoagulation using aluminum (Al) and iron (or stainless steel; SS)
electrodes (Al-EC, Fe-EC, SS-EC) is a promising method
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to treat effluents containing organic as well as inorganic
pollutants at high concentrations [5,6]. Inherent advantages
of EC are its simple, compact treatment design and robustness, resulting in a relatively low-volume, dense sludge
as compared to plain coagulation [5]. Pollutant re-moval
mechanisms are rather complex and not very well understood yet [5,7], but involve simultaneous particle entrapment, complexation, adsorption, co-precipitation and
flotation in the reaction solution. In addition to the above
indicated removal mechanisms, in the case of iron or SS
electrodes, it was demonstrated that removal via redox reactions is also possible, since molecular oxygen is consumed
during oxidation of ferrous iron to ferric iron and decreasing dissolved oxygen concentrations to below 1 mg/L [4,5];
2Fe2+(aq) + 5H2O + 1/2O2(g) → 2Fe(OH)3 (s)↓+ 4H+(aq)

(1)

In this way, reduction conditions are favored and for
instance azo dyes can be reductively cleaved resulting in
their effective decolorization.
Disperse dyes are frequently employed during the
polyester dyeing process in the presence of different dye
assisting chemicals and under acidic pH [8]. Effective
treatment of disperse dyes and disperse dyebath effluent
is a quite complicated task [9-12] mainly due to the relatively low molecular weight and hydrophobic nature of the
disperse dyes employed as well as the high organic carbon
content of the wastewater originating from the dye auxiliary content rather than the dyes [9]. Thus disperse dyestuffs can hardly be oxidized [9,10] and tend to sorb and
accumulate on (bio)sludge [13]. Hence, coagulation and
EC appear to be more promising treatment options for complete color and at least partial COD abatement from disperse dyebath effluent. A considerable number of scientific
papers have recently been published related with the treatment of textile dyes and dyehouse effluent via EC [14-17].
However, application of EC to real or simulated disperse
dyebath effluent has not been reported so far.
Considering that effluents from the polyester dyeing
operations create a high COD, problematic effluent and the
major contribution to the organic load of textile
wastewater, a treatment scheme where the spent disperse
dyebath is chemically pretreated via coagulation and EC
first after stream segregation, and thereafter combined
with other effluent streams (typical total COD of combined textile manufacturing wastewater is around 1000
mg/L) of textile preparation, dyeing and finishing activities for ultimate, combined biological activated sludge
treatment seemed to be a realistic alternative to the prevailing treatment options. Hence, the present study aimed at
investigating the chemi-

cal pretreatability of simulated disperse dyebath effluent by
means of Al-EC, SS-EC prior to combined, conventional
activated sludge treatment. Coagulation of the disperse
dyebath effluent analogue was also employed for comparison of treatment efficiencies. Treatment performances were
evaluated in terms of color and COD removal efficiencies.
MATERIALS AND METHODS
The spent disperse dyebath analogue

Coagulation, electrocoagulation (EC) and biodegradability experiments were conducted with a disperse
dyebath effluent analogue. The disperse dyebath effluent
was simulated by dissolving proper amounts of three
commercial disperse dyestuff formulations (color index
numbers and molecular structures were strictly confidential), and two dye assisting chemicals (a dispersing agent
and a pH buffering agent, namely acetic acid) in deionized water at a temperature of 60 oC. The dyestuffs and
dye auxiliaries were kindly supplied by a local dyehouse.
The original pH of the dyebath was 3.0 + 0.2 and the COD
3100 mg/L + 200. The chemical composition of the disperse dyebath analogue and the COD contributions of all
dyebath components is given in Table 1. All other chemicals used in the experiments were Merck or Fluka grade.
From Table 1 it is evident that the COD contribution coming from the disperse azo dyes is only 4%. Hence, only the
abatement of the dye auxiliaries will contribute to the
reduction in organic load of the disperse dyebath effluent.
Coagulation experiments

Coagulation experiments were carried out with 500 mL
disperse dyebath effluent using a Jar-Test apparatus (Velp
Scientifica FC6S) equipped with six mixers and nine stirring speed modes. Aluminum sulphate, ferrous sulphate and
ferric chloride were used as the coagulants at a concentration range of 200 – 2000 mg/L the coagulation was adjusted to 6.5, 9.5 and 7.5 for aluminum sulphate, ferrous
sulphate and ferric chloride, respectively using a NaOH
solution. Coagulation experiments were conducted in the
following manner;
• coagulant addition
• pH adjustment
• flash-mixing (stirring for 2 min at 150 rpm)
• flocculation (stirring for 20 min at 30 rpm)
• settling for 60 min

TABLE 1 - Components of the spent dispers dyebath analogue and their individual COD contributions to the disperse dyebath effluent.
Disperse Dyebath Component
Rubin GERN (azo dye)
Yellow Brown CERN (azo dye)
Blue T2G (metal-complex azo dye)
Dispersing agent (an aryl sulphonate)

Concentration (mg/L)
25
35
30
1000
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COD Contribution (in mg/L and %)
37 (1.2)
49 (1.5)
43 (1.3)
1648 (51.4)
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Buffering agent (acetic acid)
Total COD (mg/L)

1500

Thereafter effluent COD and color (absorbance at the
wavelengths 436, 525 and 620 nm) were measured.
Electrocoagulation experiments

In this study, the effect of initial reaction pH (i.e. pH
3.5, 5.5, 7.0-7.5, 9.5 and 11.5) at a fixed applied current
density (44 mA/cm2) and NaCl concentration (2500 mg/L
for Al-EC, 2000 mg/L for SS-EC) on color and COD
removals from a disperse dyebath was investigated. The
electrocoagulation unit was a 1800 mL-capacity plexiglass reactor (length = 34.3 cm; width = 12.5 cm; height =
28.3 cm) equipped with six electrodes (304 stainless
steel (SS) or aluminum (Al)) used as both anode and
cathode materials. Each electrode dimension was 11.9 cm
(length) × 1.02 cm (diameter). The applied current was
maintained by means of a high precision DC power supply. The distance between the electrodes was fixed as 2
mm. First the pH of 1500 mL disperse dyebath analogue
was adjusted to the desired value with 6 N NaOH or 6 N
H2SO4 solution and thereafter the required amount of
electrolyte (NaCl) was added. Thereafter, the current and
voltage were set on the DC power supply. EC experiments were run for 30 min with Al electrodes and for 60
min for SS electrodes depending on the time whenever a
constant COD value was reached. Sample aliquots were
taken at regular time intervals to determine effluent color
and COD. After each experimental run, the EC reactor and
electrodes were carefully rinsed twice with 50 % nitric
acid solution for 2-4 min and several times with distilled
deionized water. The electrodes were replaced each time
whenever more than 10 % of electrode material was lost.
Activated sludge treatment experiments

The ultimate purpose of the present study was to
evaluate the effect of chemical pretreatment on the final
biodegradability textile wastewater containing disperse
dyebath effluent as the main, nonbiodegradable fraction.
Although the volumetric contribution of disperse dyebath
effluent to the total textile industry wastewater is not very
high (around 20-30 % by volume), its contribution to the
total organic load of the combined effluent deserves special attention (at least 90 % by weight!). The biodegradability of combined textile wastewater containing untreated
and chemically pretreated disperse dyebath effluent samples
was assessed by running separate activated sludge experiments in three, 1000 mL-capacity fill-and-draw bioreactors which were aerated with diffusers with adequate
supply of oxygen. The heterotrophic biomass was previously acclimated to synthetic domestic wastewater that
was prepared in accordance with ISO 8192 [18] and represented the readily biodegradable fraction of the total textile wastewater. Besides, NH4Cl, Na2HPO4 and NaH2PO4
solutions were daily fed to the reactor to satisfy the phosphate requirement as well as to buffer the pH to 6.9 according to a procedure described by O’Connor [19]. Addition of several micronutrients was also made according

1432 (44.6)
3209 (100)

to O’Connor [19]. Dilutions of the synthetic domestic
wastewater stock solution were prepared and mixed with
untreated or chemically pretreated disperse dyebath effluent (treated under optimized electrocoagulation conditions)
to achieve a desired COD (mixture of synthetic domestic
wastewater + untreated or pretreated disperse dyebath
effluent sample) in the activated sludge reactor. Untreated
and chemically pretreated effluent containing synthetic
domestic wastewater (the latter representing the readily
biodegradable fraction in the combined textile
wastewater) mixtures were biologically treated under the
following conditions;
• Hydraulic retention time (HRT) = 24 h
• Mixed liquor volatile suspended solids (MLVSS) =
5100 mg/L
• Initial food-to-microorganisms (F/M) ratio = 0.18 g
initial CODo/g MLVSS.
The wastewater mixtures were prepared at a volumetric ratio of (20 % disperse dyebath effluent) + (80 % domestic wastewater) for bioreactors exposed to untreated
disperse dyebath effluent and (40 % disperse dyebath +
(60 % domestic wastewater) considering (1) their volumetric
ratios in real, total textile wastewater and (2) the COD
content of total textile wastewater (around 1000±100 mg/L).
Analytical procedures

All coagulated, electrocoagulated and biotreated sample
aliquots were filtered through 0.45 µm Millipore membrane
filters prior to analyses in order to remove chemical/ biochemical sludge prior to the measurements. The color of
the chemically pretreated disperse dyebath effluent was
measured at pH = 7.0-7.5 on a Pharmacia KB – Novaspec II
model colorimeter at 436 nm, 525 nm and 620 nm wavelengths corresponding to yellow, red and blue colors representing in trichromatic dyebath mixtures [20] according to
German environmental legislations since no color limits
exist in Turkey yet. The original color of the disperse dyebath effluent was directly measured (without any filtration) at the above indicated wavelengths due to the hydrophobic nature of the dyes under study and expressed in
terms of “apparent color” according to Standard Methods
[21]. The COD of the untreated, biologically and chemically treated wastewater was measured by the Open Reflux, Titrimetric Method as described in ISO 6060 [22].
RESULTS AND DISCUSSION
Coagulation experiments

Figure 1 presents percent color (a) measured as absorbance at 436 (A436), 525 (A525) and 620 nm (A620) wavelengths, and COD (b) removal efficiencies obtained after
aluminum sulphate (alum), ferrous sulphate and ferric
chloride coagulation at different doses (200-2000 mg/L). In

1812

© by PSP Volume 17 – No 11a. 2008

Fresenius Environmental Bulletin

the case of aluminum sulphate, complete color and COD
removal efficiencies around 50 % could even be achieved
at the lowest tried coagulant dose, but a slight improvement in COD removal up to 64 % was obtained at alumi-
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that acetate molecules are relatively small and mobile
their adsorption is expected to be less than 10-20 %. The
COD removal achieved (around 50 %, corresponding to a
COD of approximately 1600 mg/L; e.g. the COD of the
dispersing agent). So far, experimental pretreatment results have indicated that the color as well as COD content due to the presence of disperse dyes is totally, the
COD originating from the dispersing agent is appreciably, the COD coming from the pH buffer acetic acid is
negligibly removable via coagulation.

1000 1200 1400 1600 1800 2000 2200

Coagulant dosage (mg/L)

(b)
FIGURE 1 - Effect of coagulant dose (200-2000 mg/L) on percent
color (a) and COD (b) removal efficiencies during coagulation with
ferrous sulphate (A), ferric chloride (B) and aluminum sulphate (C).

num sulphate doses exceeding 1600 mg/L. Practically complete decolorization was also obtained with ferrous sulphate
at a dose of 400 mg/L, whereas at least 1000 mg/L was necessary to reach COD removal rates close to those achieved
with aluminum sulphate (≥ 50 %). 400 mg/L ferric chloride
was sufficient for almost 95 % color removal accompanied
with only 43 % COD removal efficiency. Ferric chloride
dose had to be elevated to 1200 mg/L to obtain more
than 50 % COD abatement. Similar results were obtained
by Kim et al. [12], who investigated the treatability of
dyehouse effluent bearing disperse and reactive dyestuffs.
Almost complete color and around 50 % COD removal
efficiencies were obtained in their work with relatively
low coagulant doses and increasing the coagulant dose did
not seriously improve the treatment performance. In our
case, the remaining COD is thought to be acetic acid, the
pH buffering agent of the simulated disperse dyebath
effluent (CODacetic acid = 1430 + 40 mg/L). At the pH
values where coagulation was carried out, the dominant
form is acetate ion (CH3COO-) that principally should be
attracted by the positive charge of the in-situ formed aluminum and iron hydroxide flocs. However, due to the fact

It has already been demonstrated that besides the applied electrical current, the initial pH of the reaction solution is the most important operating parameter of the electrochemical processes [15,16,23]. The highest color and
COD abatement rates for EC of textile dyes were obtained
in the pH range 6-8 for iron electrodes and pH 4-9 for aluminum electrodes [16,17]. The maximum treatment efficiency occurs at a case-specific applied current density that
depends upon the effluent type (its environmental composition and strength) as well as the reactor configuration. In
our case, preliminary optimization experiments have indicated that highest COD removal efficiencies could be obtained at a current density of 44 mA/cm2 and an electrolyte
concentration of 2500 mg/L NaCl, whereas the most suitable current density and electrolyte concentration were
established as 44 mA/cm2 and 2000 mg/L NaCl, respectively, when Al and SS were employed as the electrode
materials [24].
The effect of initial pH values varying between 3.5 –
11.5 on color (a) and COD (b) removal efficiencies obtained during EC of the disperse dyebath effluent with Al
and SS electrodes is depicted in Figure 2 under the working conditions that were previously optimized in terms of
current density and electrolyte concentration. From Figure
2 it is evident that removal rates were appreciably faster
for Al-EC, due to the fact that the removal via adsorption
onto formed hydroxide flocs is faster when Al electrodes
are used. In the case of SS electrodes, first of all elemental iron has to be oxidized to ferrous iron at the
anode and thereafter it needs to be further oxidized to
ferric iron in the presence of dissolved oxygen to form
Fe(OH)3 as shown by reaction (1). The latter one is a slow
process and hence color as well as COD removal was
relatively slow as compared with Al-EC. During the Al-EC
experiments, color removal was 99-100 % after 2 min
treatment time of EC for all studied pH values. At an
initial pH of 3.5, 54 % COD removal efficiency was obtained after 2 min and 64 % after 30 min EC. COD removal
slightly decreased with increasing pH which is in complete
agreement with former studies and EC theory, since highest
color and COD removals occur in the pH range (pH 5-7)
where aluminum is dominantly in the form of amorphous
Al(OH)3 [25]. When the initial pH was adjusted to 3.5, the
pH increased during EC to the optimum range for Al(OH)3
formation after only 10 min resulting in a considerable
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removal of the disperse dyebath components. The pH increase is a consequence of the cathodic reaction (OH- formation) taking place simultaneously to the anodic oxidation of iron and aluminum to their respective cations [5,6];
2H2O + 2e- à H2(g) + 2OH-(aq)

(2)

55 % and 60 % COD removal efficiencies were obtained after 2 min treatment time of EC when the initial
pH was adjusted to 5.5 and 7.3, respectively. COD removal efficiency only slightly decreased to 49 % for the initial
pH values 9.5 and 11.5. In order to minimize running
costs associated with EC it is hence advisable to treat
disperse dyebath effluent at acidic (the actual pH of disperse dyebaths) to neutral pH where the highest COD
abatement rates were obtained.
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As in the previous EC experiments conducted with SS
electrodes the pH operating variable was more effective on
COD rather than on color removal rates. Color removal
was practically complete only after 10 min treatment time
of EC at all studied initial pH values (Figure 2 a). The
highest COD removal efficiency was expected for the pH
where all ferrous iron is oxidized to ferric iron to form of
Fe(OH)3. Hence, the highest treatment efficiency may
theoretically be expected when the initial pH is adjusted to
slightly acidic pH values or neutral pH. As is obvious
from Figure 2 (b), COD abatement was highest at an
initial pH of 7.0 when SS electrodes were used. Considering the obtained experimental findings, the pH’s 7.3 and
7.0 were selected as the optimum pH values of chemical
pretreatment for disperse dyebath effluent with Al-EC and
SS-EC for the forthcoming activated sludge (biotreatment) experiments.
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FIGURE 2 - Effect of initial reaction pH on percent color (a) and
COD (b) removal efficiencies during EC using Al (CODo=3435 mg/L;
A436,o=0.940 cm-1; A525,o=0.871 cm-1; A620,o = 0.600 cm-1; NaCl = 2500
mg/L; Applied current density = 44 mA/cm2) and SS (CODo=3395
mg/L; A436,o=1.246 cm-1; A525,o=1.208 cm-1; A620,o=0.956 cm-1; NaCl =
2000 mg/L; Applied current density = 44 mA/cm2) electrodes.

Recently, integrated chemical and biochemical treatment has been proposed as the most efficient and economic
way to deal with toxic and/or recalcitrant industrial organic pollutants [26-28]. Moreover, Scherrer et al. [29]
claimed that with the use of a mixed rather than single
bioculture specialized to one specific pollutant type and/or
treatment condition considerably better biodegradability
results could be achieved after chemical pretreatment. In
the present experimental work, combined textile
wastewater containing synthetic domestic wastewater and
untreated or pretreated (optimum operation conditions for
EC pretreatment: 2500 mg/L NaCl, 44 mA/cm 2 applied
current density, initial pH = 7.3, t = 30 min for Al-EC
and 2000 mg/L NaCl, 44 mA/cm2 current density, initial
pH = 7.0, and t = 60 min for SS-EC) disperse dyebath
effluent were biologically treated with heterotrophic biomass previously acclimated to the synthetic domestic
wastewater that mimicked the biodegradable (remaining)
fraction of combined textile wastewater. For this purpose 3
bioreactors were operated in batch mode for 24 hours.
Effluent COD concentrations were measured after 24 h
activated sludge treatment. Removal efficiencies achieved
for the textile wastewater containing chemically pretreated
disperse dyebath effluent were compared with those obtained for direct bio-treatment of the textile wastewater
bearing disperse dyebath effluent not being subjected to
any pretreatment (Table 2). As is apparent in Table 2,
although COD removal efficiencies obtained for textile
wastewater

TABLE 2 - COD removal efficiencies and final COD values obtained for activated sludge
treatment of combined textile wastewater containing untreated and chemically pretreated disperse dyebath effluent.
Treatment Process
Direct Biotreatment

Influent COD* (mg/L)
1080

Effluent COD (mg/L)
100

1814

Overall COD Removal (%)
91
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EC-SS** + Biotreatment
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965
965

55
65

*fed to the bioreactor
**under pH-optimized EC operation conditions

1815

94
93
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containing un-treated and chemically pretreated disperse
dyebath effluent were quite similar (> 90 %), a final
COD of less than 100 mg/L could only be achieved for
the textile wastewater sample containing chemically pretreated disperse dyebath effluent. From the obtained experimental findings it is evident that although the volumetric
contribution of disperse dyebath effluent to the total textile
wastewater is low, a significant positive effect of chemical
pretreatment via Al-EC and SS-EC could be achieved.
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ABSTRACT

TABLE 1 - Causes of bulking and dominant filamentous organisms [5].

This study targeted to control the growth of filamentous microbial species inherent in the activated sludge unit
of Antalya Municipal Wastewater Treatment Plant. Samples taken from the aeration tank of the plant were treated
both chemically and physically for bulking sludge control.
The methods employed were chemical oxidation by chlorine as well as hydrogen peroxide, and physical treatment
by ultrasonic irradiation, which also comes up with chemical oxidation through generated oxidizing agents. The predominating species in the diverted sludge were Nocardia
spp., Thiotrix spp., as well as Type 021N and Type 0041.
The most efficient method towards their control turned out
to be chlorination, among the three methods employed. During the experimental studies, it was determined that, although almost all of the filamentous bacteria are destroyed,
the sludge volume index (SVI) value remained high, implying that preventing the development of bulking conditions
should have the priority rather than acting attempts to surpass the multiplied growth.

KEYWORDS: Bulking sludge, filamentous bacteria, chlorine,
ultrasonication, activated sludge, sludge volume index (SVI)

INTRODUCTION
Filamentous bulking sludge is one of the most difficult
problems encountered in the operation of activated sludgewastewater treatment plants (WWTP). This phenomenon
is mainly caused by the excessive growth of various types
of filamentous organisms that extend from flocs into the
bulk solution interfering with compaction, settling, thickening, and concentration of activated sludge. Bulking sludge
is defined as sludge with SVI of more than 150 ml/g [1].
Numerous studies have been conducted on the characterization of the filamentous microorganisms found in the bulking sludge [2,3]. It is determined that more than 25 filamentous bacterial types are responsible of sludge bulking
[4]. Filament types according to causing bulking sludge
conditions are summarized in Table 1.

Causative Conditions
Low Dissolved Oxygen
(for the applied organic loading)
Low Organic Loading Rate >
(low F/M)

Nutrient Deficiency N and/or P

Filament Types
S. natans, Type 1701 and
H. hydrossis
M. parvicella, Nocardia spp., and
types 0041, 0675, 1851 and 0803
Thiothrix I and II, Beggiatoa spp.,
N. limicola II, and types 021N,
0092, 0914, 0581, 0961 and 0411
Thiothrix I and II and Type 021N.,
N. limicola III

Low pH (<pH 6.0)

Fungi

High Grease/Oil

Nocardia spp., M. parvicella and
Type 1863

Septic Wastes/Sulfides
(high organic acids)

Filamentous bacteria can be controlled with chemical
and physical methods. They can be selectively damaged by
strong oxidants, such as chlorine, hydrogen peroxide and
ozone, as well as ultrasonically. As filamentous and flocforming bacteria do not significantly differ in their susceptibility to the toxicants, the main aim of using chemical
agents is to expose the activated sludge to sufficient toxicants to damage filaments extending from the surface of
floc particles, while leaving organisms within the floc
largely untouched. [5,6].
The most widely used traditional oxidant for these
purposes is chlorine, which is relatively inexpensive and
available on-site at most plants. Although chlorination for
bulking control is widespread and used by more than 50%
of plants, there exists fear of organo-halogens discharged
in final effluents to receiving waters, which are already
sufficiently loaded by AOX from industry [6].
The attempts to replace chlorine with other oxidizing
agents such as hydrogen peroxide and ozon, for bulking
control are reported in [4]. Since hydrogen peroxide eventually dissociates to water and oxygen, it does not leave any
toxic residuals. However, hydrogen peroxide does not
seem to be selective for filaments sticking out of the flocs.
Because it is less reactive than chlorine, it may penetrate
deeper into the flocs, and also affect the biomass of flocformers. Destruction of flocs is also often observed, when
hydrogen peroxide is used in doses suitable for controlling
filamentous microorganisms. Dosages required are some-
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what high making this choice costly [4]. Ozone is also
tested for sludge bulking control [4, 7], because it is a more
powerful oxidizing agent than chlorine or hydrogen peroxide, and no toxic substances are formed during ozonation.
The results indicate that ozonation can promote nitrification
and removal of refractory organics.
In addition to the mentioned disadvantages, the use of
chemicals results in an increase of sludge mass, which has
to be disposed [2]. In order to overcome these disadvantages, the use of low-frequency ultrasound to combat
filamentous organisms in bulking sludge is gaining importance, especially during the last years.
During combating filamentous organisms by using ultrasound, alternating electrical current is transformed into
mechanical energy, and mechanical vibrations are produced
yielding in acoustic cavitation. During this process, high
shear forces are produced. These forces are capable of breaking down the filamentous structures of bulking sludge which,
in turn, helps to improve the settling properties of the activated sludge. It is reported that, as a result of sonication,
the thin filaments are much more exposed to the shearing
forces than the flocs, and are cut up into small pieces [8].
Since the remaining flocs are no longer interconnected by
filamentous organisms, the activated sludge bulky flocs
become smaller and much more compact after sonication.
Additionally, the settling properties of the activated sludge
would be improved. And due to the smaller sizes, bacteria
are better supplied with substrate, which increases their
selection advantage against the filamentous organisms [8].
The main goal of this study was to determine the effectiveness of chlorine and hydrogen peroxide, as well as
sonication, on controlling filamentous organisms found in
the aeration tank of Antalya WWTP, which suffers from
bulking sludge phenomena.
MATERIALS AND METHODS
Wastewater Treatment Plant

nation of filamentous bacteria and the controlling studies
are carried out in the laboratory, on the same day [9, 10].
The effectiveness of the applied combating methods
is evaluated microscopically. For the characterization of
the filamentous organisms, Gram and Neisser-staining techniques are applied, prior to microscopic examination. After
staining, the effects of applied chemical and physical controlling methods on the filamentous bacteria are evaluated
using a phase-contrast microscope, with 200x and 1000x
magnifications as described in [11]. Filamentous microorganisms` abundance and dominance are estimated using the
criteria suggested by [10], and subjectively rated for overall
abundance on a scale from 0 (none) to 6 (excessive).
Numerous studies are to be found in literature regarding toxicant dosages. Chlorine dosages for bulking control ranged from 0.7 to 20 mg/L based on plant sewage
through-put rate in seven different activated sludge plants
reviewed by Neethling [12], or from 1 to 15 g/kg MLSS/d
according to Jenkins [13]. Neethling et al. [14] found that
the filaments associated with low dissolved oxygen concentrations, such as Type 1701 and Sphaerotilus natans,
had a lower resistance against chloramines than the filaments associated with low nutrient levels, such as types
0092, 0041, 0675 and M. parvicella. Lakay et al. [15]
found a chlorine dosage of 4 g/kg MLSS/d to be insufficient to alleviate bulking, but doubling the dose was effective, if disruptive to the delicate nutrient removal processes.
In this study, chemical treatment methods are conducted using standard JAR test equipment. The chlorine
and hydrogen peroxide dosages, used in preliminary analysis, varied between 1-10 g/kg MLSS/d. The chemical
agents are introduced in the 1-L beaker of the test apparatus
containing activated sludge sample, and mixed for 10 sec.
The mixture is then transferred into the settleometer, and
allowed to settle for 30 min [9]. At the end of this time,
the settled volume and the turbidity of the supernatant is
measured [16].

The main wastewater treatment plant serves Antalya
City with a population of 500.000. The mechanical-biological WWTP of Antalya City consists of physical treatment stage, followed by an anaerobic reactor, extended
aeration tank, and final clarifier. The flow-rate is about
75000 m3/day. The dissolved oxygen content in the reactor
is measured as 2 mg/L. F/M value is given as 0.3, and
the MLSS value of the activated sludge (AS) was determined to be 2565 mg/L. The sludge volume index
(SVI) of the activated sludge was calculated as 245 ml/g,
which indicates highly bulking sludge characteristics.

For the ultrasonic treatment of the filamentous organisms, a water bath-type ultrasonic processor (20 kHz) is
used. The internal body was made of steel having a volume of 12 L. Five transducers were attached at the bottom
and sides of the internal body. The batch reactor, equipped
with an automatic sampling pump, is filled with activated
sludge pumped from the aeration tank, and set under ultrasonic radiation for selected durations (15-300 sec). The
applied irradiation doses varied between 0.2 and 17.25
Wh/L, corresponding to a power input of 500-2500 W [16].

Experimental procedure

The main characteristics of the filamentous bacteria
found in the activated sludge and determined by microscopic analysis, can be summarized as follows [11]:

The activated sludge samples used in the analysis are
collected from the aeration tank outlet, during September
2006 and January 2007. The settled sludge volume is determined on site, whereas MLSS concentration, determi-

Filamentous bacteria found in the activated sludge

• Extended floc surfaces
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• Bridge-forming floc structure
• Filament length varying between 15-500 µm (organisms with >500 µm length are also determined)
• Filamentous microorganisms are generally located outside of the flocs
• Only a few free-swimming forms are determined in the
suspension, and few of them were Zooglea and Spirochaetes.
The characterization of floc structure, according to [2
and 11], is shown in Table 2.
TABLE 2 - Characterization of the floc structure.
Filament
abundance1
5-6
5-6
5-6

Filament effect on
floc structure2
B
B
B

Morphology of
flocs3
D
D
D

Nocardia spp.
Type 0041
Type 021N
Microthrix
5-6
B
D
parvicella
1
Filament abundance: 0 = none; 1 = few, 2 = some, 3 = common, 4 =
very common, 5 = abundant, 6 = excessive; 2 Filament effect on floc
structure: L-N = little or none, B = Bridging, OFS = Open Floc Structure; 3 Morphology of flocs: F = Firm, W = Weak, R = Round, I = Irregular,,C = Compact; D = Diffuse.
TABLE 3 - Occurrence of filamentous
microorganisms in the aeration tank of Antalya WWTP.
Filamentous
Microorganism
Nocardia spp.
Thiothrix spp.
Type 021N
Type 0041
Sphaerotilus natans
Nostocoida limicola
Microthrix parvicella
Beggiotoa sp.
Halicomenobacter
hydrossis
Others
TOTAL

Dominance

%

September 2006
1
23
2
17
3
15
4
15
5
9
6
9
7
3
8
3

Dominance

%

January 2007
5
6
4
10
1
32
2
14
6
6
7
6
3
12
8
4

9

3

9

4

10

3
100

10

6
100

For the determination of filament types, gram coloration is performed. The list of the microorganisms according to their dominance is shown in Table 3 [11]. The most
abundant filamentous microorganism was found to be Nocardia spp., and Type 021 N in September 2006 and January 2007, respectively. The differences of the dominant
types between two samplings can be associated to elevated
water temperatures recorded in September 2006 [11].
RESULTS AND DISCUSSION
Effects of the applied controlling methods on filamentous bacteria were evaluated by means of SVI and
turbidity values which are determined on the supernatant,
as well as microscopic examinations of the treated activated sludge samples.
The effects of chemical treatment were evaluated using standard JAR-test equipment. During pre-analysis
tests, the optimum mixing rate was found to be 150 rpm,
applied throughout the experimental works. As chlorine
dosages exceeding 2.5 g/kg MLSS/d resulted in turbid
(milky) effluent and caused re-suspension of the settled
sludge, only 1 and 2.5 g/kg MLSS/d dosages were applied,
respectively, whereas the hydrogen peroxide dosages were
1, 2.5, 5.0 and 10.0 g/kg MLSS/d.
The results of the SVI analysis are shown in Fig. 1a.
The minimum SVI value of 164 ml/g was achieved after
treatment of the sample with chlorine (2.5 g/kg MLSS/d).
In case of treatment with H2O2, the minimum SVI value was
184 ml/g. Ultrasonic treatment resulted in 32% decrease
of the initial SVI (Fig. 1b) [11]. The lowest SVI value was
163 ml/g, which indicated the remaining/still existing bulking characteristics of the sludge.
The turbidity of the supernatant of all applied methods
was remarkably high and varied between 9.9-16.2 NTU,
compared with 2.8 NTU of the untreated sample. As the
turbidity is a sign of dying out of the microorganisms, more

FIGURE 1a
Sludge Volume Index as a function of chemical dosage.

FIGURE 1b
Sludge volume index as a function of irradiation dosage
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FIGURE 2a
Diffused floc structure (untreated sample).

FIGURE 2b
Dispersed floc structure (ultrasonically treated ,10 Wh/L).

FIGURE 2c - Type 021N (untreated sample).

FIGURE 2d - Type 021N, damaged and disrupted cell contents (treated
with Chlorine, 2.5 g/kg MLSS/d)

FIGURE 2e - Type 0041 (untreated sample).

FIGURE 2f - Type 0041, emptied sheath
with H2O2 ,1 g/kg MLSS/d)

(treated

Original magnification a, b, c, and d: 1000 X; e and f: 200 X

emphasis was put on the results of the microscopic investigations on the untreated and treated activated sludge samples. They indicated that the floc structure was dispersed

by all dosages and irradiation ranges (Figs. 2a, b). Besides
cell deformations and broken filament segments, disruptions of microorganisms without sheath (Figs. 2c, d), and
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emptying of the organisms with sheath were observed
(Figs. 2e, f).
Following the treatment studies, some settling problems occurred and the achieved SVI value was unsatisfying, thus it can be argued that not all of the bulking problems are caused by the filamentous organisms, instead
some operational problems may also affect excessive solid
contents. Dilution tests were carried out to evaluate whether
the problem was associated with filaments or excessive
solids. For this purpose, three settleometers were used, one
filled with straight mixed liquor, the second with a 50/50
mix of mixed liquor and un-chlorinated plant effluent, and
the third one with a mix of 75% mixed liquor and 25%
un-chlorinated plant effluent. It was observed that the
diluted samples settled faster than the straight ones. Thus,
it can be argued that the existence of excessive solids
played a distinguishing role in settling problems, similar
like filamentous organisms.

The findings of this study, regarding the types of filamentous bacteria, showed that controlled ultrasonic treatment of return-activated sludge will help to disintegrate the
sludge so far that bulking sludge problem of the plant, and
also those with similar problems in the region, might be
solved without using chemical agents.
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ABSTRACT

phenols content [1]. Therefore, its possible direct application to agricultural soils should be prohibited.

The aim of this study was to evaluate the changes
recorded in a wet olive cake, a semi-solid waste produced during the two-phase extraction of olive oil, after
decomposition with Pleurotus ostreatus (3 months) and
subsequent vermicomposting with Eisenia fetida (4
months). These changes were assessed by determination of some enzymatic activities, organic matter and
elemental composition in this olive waste at the beginning
and at the end of the two consecutive processes. Predecomposition of wet olive cake with P. ostreatus appreciably reduced polyphenols, organic matter, hemicellulose,
and cellulose but in-creased N, P, K, Ca, Mg, and the
micronutrient content as well as some enzyme activities
(dehydrogenase, glucosidase, and urease). Subsequent
vermicomposting of the pre-decomposed wet olive cake
enhanced enzyme activities, except phosphatase, and
improved the agricultural quality of the predecomposed
olive-pressing waste, and, therefore, the end product displayed an optimal C/N ratio, null phytotoxicity, and high
levels of nutrients. These results revealed that the combination of the two treatments was a feasible and economical
method to remediate wet olive cake.

KEYWORDS: wet olive cake, Pleurotus ostreatus, Eisenia fetida,
enzyme activities, chemical changes

INTRODUCTION
Alperujo or wet olive cake is the main waste (4 millions of tonnes/ year in Spain) produced during olive-oil
extraction by the two-phase decantation process. The wet
olive cake is a semisolid waste with a low consistency, high
C/N ratio and strong phytotoxicity due to the high poly-

Pleurotus ostreatus is a basidiomycete fungus which
uses polysaccharides from various lignocellulose wastes
to produce the oyster mushroom used in human consumption. In addition, This fungus has been reported to degrade
different xenobiotic compounds, including pesticides, polycyclic aromatic hydrocarbons, polychlorinated biphenyls,
and phenolic substances, thereby detoxifying the phenolic
wastes used as substrates [2,3]. Eisenia fetida is an epigeic
worm commonly found in organic rich soils and manure
piles throughout temperate regions of the world. It is used
efficiently in vermicomposting processes for the conversion of different organic wastes into high-value organic soil
amendments [4-6].
In a previous study [7], we compared, independently,
the effectiveness of P. ostreatus on the one hand and E.
fetida on the other to degrade wet olive cake. Although
both processes were effective in removing phenolic compounds, the composition of the end products was not completely suitable for use as organic soil amendments. In this
study, we combine the two processes as an environmentally-friendly method to produce an optimum soil organic
amendment from wet olive waste. Therefore, we evaluated
the changes recorded in this olive-pressing waste after decomposition with Pleurotus ostreatus (3 months) and, thereafter with Eisenia fetida (4 months). These changes were
assessed by determination of some enzymatic activities,
organic matter, and elemental composition in this olive
waste at the beginning and at the end of these two consecutive degradation processes.
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MATERIAL AND METHODS
Alperujo or wet olive cake was obtained from a commercial olive-oil mill (ROMEROLIVA, Deifontes, Granada,
Spain). The chemical characteristics of the wet olive cake
are given in Table 1. Clitellated and non-clitellated earthworms of the species Eisenia fetida were obtained from a
culture bank at the Estación Experimental del Zaidín (CSIC),
Granada (Spain).
TABLE 1 - Selected properties of the wet olive cake.
pH
EC dS m-1
OM g kg-1
TOC g kg-1
WSC g kg-1
HA g kg-1
Hemicellulose g kg-1
Cellulose g kg-1
Lignin g kg-1
Polyphenols g kg-1
C/N

6.0
7.2
930
516
148
65
108
128
222
37
47

TKN g kg-1
P2O5 g kg-1
K2O g kg-1
CaO g kg-1
MgO g kg-1
Na mg kg-1
Fe mg kg-1
Mn mg kg-1
Cu mg kg-1
Zn mg kg-1
GI %

11
14
15
19
6
750
1467
30
19
21
1

Mycelia from P. ostreatus (3020 DSV7240) were
grown for 15 days at 25°C in Petri dishes with potato dextrose agar medium (PDA). Later, a piece of agar containing
mycelium was grown on 500 g of sterilized wheat grain
without any light for 2 weeks at 25°C to produce the appropriate inoculum. One kilogram (dw), per quadruplicate,
of wet olive cake was packed in a transparent polyethylene autoclavable bag. Each bag containing wet olive
cake was supplemented with 1% CaCO3 and 2% corn flour,
sterilized, inoculated with 6% of inoculum of P. ostreatus
and moistened (80%) with phosphate buffer. The inoculated bags were incubated in darkness at 25°C. After
incubation for 3 months, when the wet olive cake was
completely colonized by P. ostreatus, the predecomposed product was removed from the bag. One
portion of this material was used for chemical, enzymatic
and phytotoxic analysis. The other portion was subjected
to vermicomposting.
Two-hundred g (dw) of the pre-decomposed wet olive
cake was, in triplicate, vermicomposted using 1L plastic
container for 4 months. Twenty grams of earthworms (clitellated and non-clitellated), were added to this material.
The moisture content of the substrates was maintained at
80-85% throughout the vermicomposting period, and the
containers were kept in darkness at 25°C. Throughout the
vermicomposting period, the number and weight of the
earthworms were measured every two weeks. Monthly, a
sample of the organic substrate was taken and stored in a
plastic vial at 4°C until enzyme activities were determined.
The chemical composition and the phytotoxicity of the
product were also determined.

using potassium dichromate and sulphuric acid digestion.
Humic acids were determined after extraction with 0.1 M
Na4P2O7 - 0.1 M NaOH and later acidification to pH 1.0
with H2SO4, and centrifugation [9]. Hemicellulose, cellulose, and lignin were analyzed by the sequential procedure of Van Soest et al. [10] using the Ankom 200 Fiber
Analyzer. The total phenolic compounds were determined
spectrophotometrically accordingto a slight modification of
the Folin–Ciocalteu method [11]. Total P was measured by
the nitrovanadomolybdate method, total K by photometry,
and micronutrients (Fe, Mn, Cu, and Zn) by AAS after
digestion of the samples with HNO3:HClO4 [12]. Dehydrogenase activity was determined by the reduction of 2p-iodo-3-nitrophenyl 5-phenyl tetrazolium chloride to iodonitrophenyl formazan, which was measured in a spectrophotometer at 490 nm [13, 14]. β-Glucosidase and phosphatase, using 4-nitrophenyl-ß-D-glucanopyranoside (PNG)
and 4-nitrophenyl phosphate (PNPP) as substrates respectively, were measured according to Nanniperi et al. [15].
The p-nitrophenol (PNP) formed was determined by spectrophotometry at 398 nm. Urease activity was determined
using urea as substrate and the product, NH4, was measured
using an ammonium-selective electrode. The phytotoxicity
was quantitatively estimated using the parameter of ‘‘Germination Index’’ (G.I.) as described by Zucconi et al. [16].
Assays were performed using Lepidium sativum seeds.
RESULTS AND DISCUSSION
Total earthworm biomass increased slowly in the predecomposed wet olive cake with P. ostreatus, peaking after
2 months (21.5±1.6 g) (Figure 1). At this time, about 50%
of the initial earthworms had developed clitellum and some
cocoons were observed in the substrate. Comparatively, the
increase in earthworms biomass observed in the predecomposed wet olive cake was appreciably lower than reported
by Singh and Sharma [17] using predecomposed straw
wheat with Pleurotus sajor-caju. After 2 months, the
earthworm’s biomass steadily declined although the total
number of earthworms increased due to the hatching of
new earthworms. The earthworms counted at the end of
the experimental period had low weights (71±8mg earthworm-1) and, in any case, had clitellum. The slight increase of the total biomass and the clitellum loss by earthworms indicates the moderate feasibility of the predecomposed wet olive cake with P. ostreatus to be used in vermicomposting processes. This is not the case when other
fresh organic wastes are used in vermicomposting [18,
19], presumably due to the partial disappearance of the
nutrition resources contained in the fresh wet olive cake
after decomposition by P. ostreatus.
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The pH, electrical conductivity (EC), organic matter
(OM), total organic carbon (TOC) and nitrogen were determined following validated methods [8]. Water-soluble
carbon (WSC) was determined in a 1:10 (w/v) water extract
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FIGURE 1 – Evolution of total biomass and number
of earthworms during the vermicomposting period.

Enzymes activities, except phosphatase, were very low
in the fresh wet olive cake due to the known strong antimicrobial activity [20] of this olive oil waste as a consequence of its high polyphenols content (Table 1). Removal
of polyphenols by P. ostreatus and later by E. fetida (Figure 3) significantly increased dehydrogenase activity (Figure 2). Comparatively, higher dehydrogenase activity, and
therefore, higher microbial activity [21] in the substrate was
recorded when the predecomposed wet olive cake with P.
ostreatus was treated also with E. fetida. In this subsequent
treatment, the highest dehydrogenase activity was recorded
after 2 months, correlating with the highest earthworm biomass recorded during the vermicomposting process. The
decline in dehydrogenase activity during the last two months
of the vermicomposting process would be related to the
depletion of the easily available organic matter contained
in this predecomposed waste [21].
Glucosidase and urease, which are hydrolytic enzymes
involved in the C and N cycles, showed sharp increases by
the inoculation of the fresh wet olive cake with P. ostreatus and later with E. fetida (Figure 2) The production
of extracellular ß-glucosidases and other cellulose- and
hemicellulose-degrading-enzymes during the life cycle of
P. ostreatus have been reported when this fungus grows
on lignocellulose wastes [22]. In the vermicomposting
process, increases in ß-glucosidase have been also reported, especially during the initial states, as a result of
the release of glucosides by the combined action of microorganisms and earthworms [19]. The higher increases of
glucosidase observed during the last stages of the vermicomposting period would indicate a greater release of
glucosides in this period and, in addition, indicate that this
enzyme had

been partially immobilized and stabilized in the organic
matrix of the wet olive cake previously degraded by P.
ostreatus, which would prevent his degradation or denaturation during the process of decomposition with E. fetida
[23]. Increases in urease activities by P. ostreatus and especially by E. fetida, would imply the presence, during both
decomposition processes, of high amounts of organic-N
compounds in the wet olive cake which would induce the
synthesis of this enzyme. In addition, the high values of
urease activity (2129 µgNH4 g-1h-1) recorded at the end of
the subsequent vermicomposting process would signify that
appreciable organic –N compounds remained in this product or that a considerable number of ureolitic microorganisms was present.
Phosphatase activity, which was very high in the fresh
wet olive cake diminished significantly after inoculation of
this waste with P. ostreatus and during the first month of
the subsequent vermicomposting period. This decrease
would be related presumably to the consumption of the organic phosphate compounds contained in this waste and,
besides, to the increase of soluble PO4 added, as phosphate
buffer solution pH 6.0, after inoculation of the fresh wet
olive cake with P. ostreatus, which would inhibit the synthesis of phosphatase [24]. This greater activity recorded
during the last 3 months of the vermicomposting process
would be related with the release of new P-organic compounds produced by the combined action of earthworms
and microorganisms on the predecomposed wet olive cake.
Substantial reductions were observed in total organic
carbon both after predecomposition with P. ostreatus and
subsequent vermicomposting of wet olive cake, indicating
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FIGURE 2
Evolution of enzyme activities during the wet olive cake predecomposition with P. ostreatus
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mineralization of organic matter contained in this olivepressing waste (Figure 3). Comparatively more organic
matter was mineralized by earthworms (38%) than by the
fungus (22%). All the three organic components (cellulose,
hemicellulose and lignin) fell appreciably (17, 21 and 7%,
respectively) during the decomposition of wet olive cake
with P. ostreatus. The production of cellulose, hemicellulose, and lignin-degrading enzymes by the inoculated fungus during pre-decomposition might have accelerated the
degradation process [17]. The activity of microorganisms
present in the gut of earthworms and in the waste could
have favoured cellulolysis, and, therefore, a reduction of
hemicellulose and cellulose was also observed after vermicomposting. However, lignin content rose, probably
because of polycondensation and neosynthesis of humiclike substances with a structure resembling lignin compounds, which has been reported during the final stages of
the composting process [25]. Water-soluble carbon, the
fraction which contains the most easily metabolisable organic matter [27], was reduced similarly both during predecomposition as well as subsequent vermicomposting.
Humic acids (HA) were higher in the fresh wet olive cake
than in the products obtained after decomposition with P.

ostreatus and subsequent vermicomposting. The alkaline
solution used for extracting the humic substances may also
extract other organic components, such as the most easily
metabolisable organic compounds [7], which appeared in
high amounts in the fresh wet olive cake. The disappearance of these organic compounds during the decomposition of this waste would explain the decrease in HA recorded in those end products. Predecomposition with P.
ostreatus concentrated all nutrients, mainly because of mineralization of the organic matter contained in the wet olive
cake. In addition, P and Ca increases were favoured because both nutrients were added to the wet olive cake during its inoculation process with P. ostreatus. After subsequent vermicomposting N also increased, although the other
nutrients, particularly K, decreased. These decreases probably reflect leaching of these elements by the excess water
that drained through the organic substrate during the vermicomposting process.
TABLE 2 - Selected properties of the predecomposed
with P. ostreatus and subsequently vermicomposted wet olive cake.
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pH

8.1

TKN g kg-1

21
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EC dS m-1
OM g kg-1
TOC g kg-1
WSC g kg-1
HA g kg-1
Hemicellulose g kg-1
Cellulose g kg-1
Lignin g kg-1
Polyphenols g kg-1
C/N

1.8
462
250
25
18
51
92
304
nd
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P2O5 g kg-1
K2O g kg-1
CaO g kg-1
MgO g kg-1
Na mg kg-1
Fe mg kg-1
Mn mg kg-1
Cu mg kg-1
Zn mg kg-1
GI %

18
7
48
7
436
2215
49
29
38
98

As a consequence of the changes recorded during the
two consecutive processes, an organic soil amendment with
excellent agricultural quality was produced, which had a
low C/N ratio, null phytotoxicity and appropriate levels of
nutrients (Table 2). This end product “wet olive cake predecomposed with P. ostreatus and vermicomposted” would
be suitable to be used as a vermicompost, without restrictions, in conventional agriculture according to the
Spanish legislation [26], and, in addition, due its low
heavy-metal concentrations as fertilizers or soil conditioners in organic farming [27].

[3]

Eggen, T. and Majcherczyk, A. (1998). Removal of polycyclic
aromatic hydrocarbons (PAH) in contaminated soil by white
rot fungus Pleurotus ostreatus. Inter. Biodeterior. Biodegrad.
41, 111-117.

[4]

Elvira, C., Sampedro, L., Benítez, E. and Nogales, R. (1998).
Vermicomposting od sludges from paper mill and dairy industries with Eisenia andrei: a pilot scale study. Biores. Technol. 6, 205-211.

[5]

Moreno, R., Benítez, E., Melgar, R., Polo, A., Gómez M., and
Nogales, R (2000). Vermicomposting as an alternative for
reusing by products from the olive oil industry. Fresenius
Environ. Bull. 9, 1-8

[6]

Pramanik, P., Ghosh, G.K., Ghosal, P.K. and Banik, P. (2007).
Changes in organic – C, N, P and K and enzyme activities in
vermicompost of biodegradable organic wastes under liming
and microbial inoculants. Biores. Technol., 98, 2485-2494

[7]

Saavedra, M., Benítez, E., Cifuentes, C. and Nogales, R.
(2006). Enzyme activities and chemical changes in wet olive
cake after treatment with Pleurotus ostreatus or Eisenia fetida. Biodegradation, 17, 93-102.

[8]

M.A.P.A. (1986). Métodos oficiales de análisis. Vol. III.
Plantas, productos orgánicos fertilizantes, suelos, agua,
productos fitosanitarios y fertilizantes inorgánicos. Publicaciones del Ministerio de Agricultura, Pesca y Alimentación,
Madrid. p. 532

[9]

Dabin, B. (1971). Etude d`une méthode d`extraction de la
matière humique du sol, Science du Sol 1, 47-48.

CONCLUSIONS
Combination of predecomposition with P. ostreatus
and subsequent vermicomposting constitutes an economical and suitable method to make use of wet olive cake, a
toxic and recalcitrant ligno-cellulose waste produced during the olive-oil extraction. The final organic product obtained was stable, mature, and rich in nutrients; therefore,
it could be used as organic soil amendments, mulch, and
soil-remediation material.

[11] Khazaal, K., Boza, J. and Ørskov E.R. (1994). Assessment of
phenolics-related antinutritive effects in Mediterranean
browse: a comparison between the use of the in vitro gas
production technique with or without polyvinilpolypyrrolidone or nylon bag. Anim. Feed Sci. Technol. 49, 133-149.
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ABSTRACT
The aim of this study was to investigate the influence
of low temperature on a lab-scale continuous-flow Upflow
Anaerobic Sludge Bed (UASB) reactor performance treating pre-settled raw sewage and leachate (1.0% by volume)
mixture, without any additional heating. The mesophilic
seed was acclimatized to low temperatures with synthetic
wastewater characterizing raw sewage (HRT =12 h). The
reactor was then fed with raw domestic wastewater (average CODtot ≅ 235 mg/L) at the same HRT. Results indicated average CODtot and CODsol removals of 59% and
32%, respectively (OLR=0.5 kg COD/m3.day), only
with raw sewage feeding. During pre-settled sewage feeding, average CODtot and CODsol removals were observed as
14% and 37%, respectively (OLR= 0.3 kg COD/m3.day) at
a HRT of 8 h. Low organic removals could be attributed
to very dilute influent (weak strength) characteristics of
both raw and pre-settled sewage. In the study, raw sewage
and young landfill leachate (with 1.0% by volume) were
mixed and pre-settled in order to increase the initial CODtot
to around 550 mg/L. Since raw sewage reflected a very
weak strength character, the aim was to increase the influent organic concentration to a relatively medium strength
character by leachate addition, before the psychrophilic
UASB reactor was fed. Average CODtot and CODsol removals improved and were obtained as 60% and 67%
(OLR=1.3 kg COD/m3.day; HRT=10 h) respectively at room
temperatures (15±3 ºC). Besides, average biogas production
was calculated to be 0.25 m 3 /kg COD removed .day with
leachate addition, whereas almost no biogas productions
were observed in the cases of either pre-settled or raw domestic sewage treatment. Apparently, low influent COD
resulted in low substrate levels inside the reactor, and also
in a low biogas production rate. Thus, anaerobic treatability performance based on COD removals was significantly
affected by influent COD concentration rather than operational temperature.

KEYWORDS: Combined treatment, landfill leachate, psychrophilic temperatures, sewage, UASB reactor.

INTRODUCTION
In recent years, the anaerobic treatment of many dilute industrial and domestic wastewaters were reported to
be treated successfully owing to the presence of large
amounts of biocatalyst (anaerobic sludge), despite the eventually low operational temperature of the treatment plant
[1, 2]. Anaerobic treatment over aerobic treatment for
low-strength wastewaters have advantages that include
decreased sludge production, lower energy requirements
and decreased operating costs [3]. The UASB reactor is the
most widely and successfully used anaerobic system to
treat domestic wastewater, because of its simplicity, low
investment and operation costs, and the long favorable experience in the treatment of a wide range of wastewaters [4].
Many recent researches carried out at various temperature
conditions revealed that temperature is not a limiting factor
in anaerobic treatment applications, if the appropriate process design is chosen [5]. Psychrophilic anaerobic treatment is an attractive option for wastewaters, which are
discharged at moderate to low temperatures, and anaerobic treatment processes allow substantially lower treatment costs due to their ability to operate at low temperatures (10-20 °C) [6-8].
Sanitary landfilling is the commonly applied method
for ultimate solid waste disposal in the world. However,
the generation of leachates during landfilling is one of the
most important aspects of concern, and they should be
controlled and removed by appropriate treatment methods.
It was reported that one of the most convenient methods
for leachate control is to treat them (~2% by volume) with
domestic wastewaters [9]. In recent years, landfilling has
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also gained significant importance for the ultimate disposal
of solid wastes in Turkey, necessitating leachate control at
the landfill sites.

day. The average CODtot and CODsol levels of the raw
wastewater were around 235 mg/L and 95 mg/L, respectively (Table 1) [10].

The main objective of this study was to investigate the
influence of low temperature on a lab-scale UASB reactor
performance treating pre-settled raw sewage mixed with
young landfill leachate (1.0% by volume) at room temperature, without any additional heating. Since raw sewage
reflected a very weak strength character, the purposes of
leachate addition were to increase the influent organic concentration to a relatively medium strength character and to
control young landfill leachates, which recently has indicated a rapid increase in Turkey.

The leachate used in this study was taken from the
Kizilli Solid Waste Landfill Site, located in Antalya.
Solid wastes have been landfilled since the year 2003.
Around 800 tons of solid wastes are transferred daily,
and the daily leachate production is estimated to be
around 100-120 m3 [11]. The average CODtot concentration
of the generated leachate is around 56500 mg/L (Table 1)
[10]. The BOD5/COD ratio of the used raw leachate was
around 0.59 characterizing leachate from young landfills
[11, 12].

MATERIALS AND METHODS
Psychrophilic UASB Reactor

A lab-scale anaerobic UASB reactor with an effective
volume of 6.45 L operated as a continuously fed system
was used for the anaerobic treatability tests. The reactor
consisted of a plexiglass column of 1.0 m in height and 90
mm in diameter, on the top of which a special gas-solidsliquid separator was installed. The UASB reactor was operated at room temperature (15±3.0 °C) during the study.
The reactor was inoculated with granular sludge having a
volatile suspended solids/total suspended solids (VSS/TSS)
ratio of 88% (around 12 mg VSS per m3 of effective reactor
volume), taken from the mesophilic (35±2.0 °C) UASB
reactor treating an alcohol distillery wastewater.

In the study, the UASB reactor was at first fed with
synthetic sewage. The study was continued by feeding the
reactor with raw (without pre-sedimentation) and pre-settled
sewage, respectively. At the end of the study, the anaerobic treatability of the UASB reactor treating pre-settled
sewage + leachate was investigated. Therefore, raw sewage
and leachate (1.0% by volume) were mixed in the feeding
tank and pre-settled before being fed into the UASB reactor (Table 1).
All the analyses were performed according to the
Standard Methods for the Examination of Water and
Wastewater [13]. Total biogas production was measured
daily by a Ritter gas-meter.
RESULTS AND DISCUSSION
Synthetic Sewage Results

Wastewater

At start-up, the UASB rector was fed with synthetic
wastewater characterizing raw domestic wastewater. The
average total chemical oxygen demand (CODtot) and soluble chemical oxygen demand (CODsol) concentrations of
the synthetic sewage were calculated as 320 and 310 mg/L,
respectively.
Raw sewage used in this study was taken after fine
screening at the Ataköy Biological Treatment Plant, located
in Istanbul. The capacity of the plant is around 7650 m3/

Before feeding with raw sewage, the mesophilic seed
was acclimatized to ambient temperatures with synthetic
wastewater characterizing domestic wastewater. The reactor was operated at an average hydraulic retention time
(HRT) of 12 h for about 2 weeks, until steady COD removals and biogas productions were observed. During synthetic sewage treatment, average CODtot and CODsol removals were observed to be 74% and 81%, respectively
(Fig. 1a-b).

TABLE 1 - Characterization of the wastewater samples from the Ataköy Biological Treatment Plant.
Parameter

Unit

pH
Alkalinity
CODtot
CODsol
TSS
VSS
TKN
NH3-N
Org-N
Ortho-PO4
Total P

mg/L*
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

Raw
Sewage
7.5
277
232
95
143
89
28
16
12
3
4

Pre-settled
Sewage
7.1
146
91
76
37
28
23
16
7
2
3

1831

Raw
Leachate
6.8
4900
56400
54500
690
470
2630
2350
280
2
20

Pre-settled
Leachate
NM
NM
53100
50900
NM
NM
NM
NM
NM
NM
NM

Pre-settled (Sewage
+ 1.0% Leachate)
7.3
350
535
490
40
33
44
37
7
2
4
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* as CaCO3; NM: not measured
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Hence, most of the removal at this stage was due to physical processes like solids entrapment, adsorption, settling
and filtration, which was also reported by Rodriguez et al.
[14].
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FIGURE 1 – COD removals versus time in a psychrophilic UASB
reactor: (a) CODtot (b) CODsol (days 0-16: synthetic sewage; days
17-51: raw sewage; days 52-81: pre-settled sewage; days 82-116:
pre-settled sewage + 1.0% leachate).

Alkalinity and pH values were monitored on a regular
basis (in the range of 225-345 mg CaCO3/L and 7.2-8.0,
respectively).
Pre-settled Sewage Results

The study was continued for about an additional
1 month by feeding the UASB reactor using raw sewage
after applying pre-sedimentation (pre-settled sewage). The
OLR was in the range of 0.2-0.3 kg COD/m3.d with a HRT
of 8 h. The temperature inside the reactor varied between
13–16 °C.
Pre-sedimentation of domestic sewage is recommended
by several researchers because TSS accumulation in the
sludge bed is prevented at low temperatures, and the formation of granular sludge may be promoted. However,
the TSS concentration in the pre-settled sewage was still
high for achieving a stable performance during anaerobic
treatment [4].
Results indicated very low CODtot and CODsol removals during pre-settled sewage treatment, which gave average values of 14% and 37%, respectively (Fig. 1a-b). Average TSS and VSS removals were observed as 31% and
30%, respectively. It was reported that CODsol removal rates
were due to the removal of the easily degradable part of
the raw sewage and pre-settlement improved CODsol removals. Due to low biodegradability, low CODsol removals
were observed at UASB reactors when treating raw sewage [4]. Alkalinity and pH values were monitored on a regular basis, and found in the range of 225-335 mg CaCO3/L
and 6.9-8.2, respectively.

Results indicated average CODtot and CODsol removal
rates of 59% and 32%, respectively (Fig. 1a-b). Average
TSS and VSS removals were observed as 89% and 88%,
respectively. Results also indicated that effluent CODtot and
TSS concentrations did not change indicating almost the
same values, although their influent concentrations fluctuated significantly.

No significant total biogas productions were observed
in the UASB reactor during anaerobic treatment of either
pre-settled or mixed raw domestic sewage. Obviously, the
low influent COD resulted in low substrate levels inside
the reactor, and also in a low biogas production rate. This
implied low mixing intensities in the reactor, and consequently a poor substrate-biomass contact [15]. Castilla et
al. [16] detected no apparent biogas during anaerobic treatment of municipal wastewater with a removal efficiency
of 44% at an HRT of 0.6 h. No significant biogas production could be due to the fact that an important fraction was
dissolved in the liquid phase. Gas production was rather
limited in another study, and calculations suggested that
more than 50% of the total CH4 produced was lost due to
its dissolution in the effluent [17].

Since the particulate COD in raw sewage was mostly
reflected by TSS, this portion was almost removed by
means of the entrapment effect of the sludge bed, and the
solubilization rate of the entrapped organics was dependent on temperature. Most of the effluent COD was part of
the soluble fraction indicating a low participation of biological removal processes in the overall performance.

In this study, a fraction of methane and carbon dioxide
gases could have left the reactor dissolved in the effluent,
due to low influent organic concentration of raw sewage,
a situation which was also reported by Uemura and
Harada [18]. Besides, Elmitwalli [4] also reported that
the solubility of gases increased at declining temperatures below 20 °C.

Raw Sewage Results

After two weeks of operation, the UASB reactor was
fed with raw sewage without pre-sedimentation for about
1 month at an organic loading rate (OLR) of 0.4-0.6 kg
COD/m3.d (F/M=0.3-0.5 kg COD/kg VSS.d). The HRT
was kept at 12 h during raw sewage feeding. The temperature inside the reactor varied between 15–18 °C.
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Pre-settled Sewage + 1.0% Leachate

At the end of the study, the UASB reactor was fed for
about 1 month with the mixture of raw sewage and 1.0%
leachate after pre-sedimentation. The OLR was increased
to the range of 1.1-1.40 kg COD/m3.d, with HRT of 10 h.
The temperatures inside the reactor varied between 1317 °C. The average CODtot and CODsol concentrations of
the pre-settled raw sewage + 1.0% leachate mixture were
calculated to be 542 and 500 mg/L, respectively. Results
indicated significant improvement in the average CODtot
and CODsol removal rates which were around 61% and
67%, respectively (Fig. 1a-b). Average TSS and VSS removals were observed to be 40% and 41%, respectively.
Alkalinity and pH values were monitored on a regular basis,
and varied between 360-565 mg CaCO3/L and 7.0-8.2,
respectively.
Results also indicated a significant improvement in biogas production during pre-settled sewage + 1.0% leachate
treatment. Average biogas production was calculated to
be 0.22 m3/kg CODremoved.per day (Fig. 2). Since the volume of the biogas produced is highly influenced by temperature, these measurements were given at STP to have a
basis for comparison with other studies.

Biogas Prod. (m3/kg COD rem)

0,4

0,3

0,2

0,1

0
85

90

95

100
105
Time (days)

110

115

FIGURE 2 – Biogas production in a psychrophilic UASB
reactor during pre-settled sewage + 1.0% leachate treatment.

Although psychrophilic UASB reactor operation without heating is considered to be an attractive and a feasible
option, UASB reactor should be considered as a pre-treatment alternative. Experiences in full-scale UASB reactors
in several tropical countries have indicated that treatment
of domestic wastewater is feasible with reasonable organic
removal. However, post-treatment is necessary to achieve
disposal standards and significant bacteria removal. The
sludge from UASB reactors, in general, has good dewatering capacity, but its long-term effect on the environment has to be assessed. Efforts should also be made
to find a proper post-treatment method for UASB effluents. Aerobic polishing ponds appear to be the most
commonly used method for the treatment of UASB reactor effluents treating domestic wastewater to meet effluent
quality standards. Effluents of UASB reactor after polishing may be used for irrigation. However, effluents should

comply with the criteria given for the ‘treated wastewaters
to be used for irrigation’ in the Technical Bulletin of
Turkish Water Pollution Control Regulation [19].
CONCLUSION
In this study, low temperature influence on a lab-scale
UASB reactor performance treating pre-settled raw sewage, with or without leachate addition, was investigated at
ambient temperatures. Results indicated a satisfactory performance in the psychrophilic UASB reactor treating synthetic sewage. However, lower average CODtot and CODsol
removal rates either with raw or pre-settled sewage, but
without leachate additions, were observed. Since particulate COD in raw sewage was mostly reflected by TSS, this
portion might almost be removed by means of physical
processes, such as solids entrapment, adsorption, settling
and filtration by the sludge bed, and most of the effluent COD was part of the soluble fraction indicating a low
participation of biological removal processes in the overall
performance.
Since, low organic removals could be attributed to very
dilute influent (weak strength) characteristics of both raw
and pre-settled sewage, young landfill leachate (with 1.0%
by volume) was mixed with raw sewage and pre-settled
before given into the UASB reactor, in order to increase
the initial CODtot above 500 mg/L. The other aim of leachate
addition into raw sewage at appropriate ratios was to
control landfill leachates, which recently indicate rapid
increase in Turkey. Results indicated significant improvement in the average CODtot and CODsol removal rates (61%
and 67%), when the UASB reactor was operated at room
temperature (15±3 ºC). Besides, average biogas production
was calculated to be 0.22 m3/kg CODremoved.day with
leachate addition, whereas almost no biogas production
was observed in the cases of either pre-settled or raw domestic sewage treatment. Apparently, low influent COD
resulted in low substrate levels inside the reactor, and
also in a low biogas production rate.
Overall, it was concluded that anaerobic treatability
performance based on CODtot removal and biogas production was significantly affected by influent COD level rather
than operational temperature. Although, psychrophilic
UASB reactors operated without heating is considered to
be an attractive and a feasible option in the treatment of
pre-settled raw sewage + leachate (1.0 % by volume), discharged at moderate to low temperatures. Anaerobic treatment of low-strength wastewaters by UASB reactor should
be taken into consideration as a pre-treatment alternative.
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ABSTRACT
In order to produce biodegradable products, four different synthetically prepared wastewaters containing cephalosporine (ceftriaxone sodium), penicillin (penicillin VK and
amoxicillin) and quinolone (enrofloxacin) group antibiotics
at typical concentrations encountered in pharmaceutical formulation effluent were pretreated by ozonation. BOD5/COD
and SOUR (specific oxygen uptake rate) were the parameters for the assessment of biodegradability of ozonation
products. The results of HPLC analysis indicated that the
complete removal of each antibiotically active substance
was achieved within the short time period of ozonation.
Depending upon the type of antibiotic in the synthetic
wastewater, 65-81% COD and 20-98% aromaticity (UV254)
removals were obtained, with a 2960 mg/L.h ozone dosage
applied at pH 7 (CODi = 900 mg/L). Ozonation brought
about a rise in the BOD5/COD ratio of enrofloxacin-containing wastewater from an initial value of 0.02 to a maximum of 0.33, and this ratio was increased from 0 to 0.07,
0.28 and 0.42, for ceftriaxone sodium, penicillin VK and
amoxicillin-containing wastewaters, respectively.

KEYWORDS:
antibiotics, biodegradability, formulation wastewater, ozonation.

INTRODUCTION
Recently, the presence of antibiotics in surface water [14] and effluent of sewage treatment plants [5-8] has been
reported. Pharmaceutical manufacturing industry produces
a wide range of antibiotics to be used therapeutically for
humans and animals, as well as growth promoters in intensive animal farming. After administration, up to 90 % of
these substances can be excreted via urine and feces into

sewage. Antibiotics are resistant to microbial degradation
[7, 9], thus persisting in effluents of pharmaceutical industry and sewage treatment plants. Additionally, animal feed
ing operations can provide a route for the introduction of
antibiotics into the environment. Consequently, environmental concentration of antibiotics can rise to ng-µg/L range
[6]. In an environmental aspect, the most prominent
effect of antibiotics is the development of multi-resistant
strains of bacteria [10-12]. Moreover, presence of antibiotics in natural systems may exert toxic effects to microorganisms that would upset the ecological balance [13, 14].
Therefore, it is necessary to treat the effluents containing
antibiotics and other bio-recalcitrant pharmaceuticals adequately before discharging them into receiving water systems.
During the last two decades, in order to augment the
biodegradability, advanced oxidation processes (AOPs) have
been applied to pharmaceutical substances and antibiotics
found in groundwater, surface water, and industrial
wastewater [15-19].
In view of the adverse effects of antibiotic pollution in
the environment, the present investigation aimed to study
the ozonation of four different synthetic antibiotic formulation wastewaters for the improvement of biodegradability.
The oxidative performance of ozonation process was evaluated in terms of COD, aromaticity (aromatic content of
water), and absorbance removal at specific wavelength for
the antibiotically active substance, and biodegradability enhancement as BOD 5/COD and SOUR, as well as ozone
utilization during the course of ozonation. Degradation of
antibiotics was also determined by HPLC analysis.
MATERIALS AND METHODS
Synthetic antibiotic formulation wastewaters. Four different synthetic antibiotic formulation wastewaters were
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used throughout the study. They were prepared by dissolving two penicillin group, a cephalosporine group, and a
quinolone group antibiotic formulation mixture in distilled
deionized water separately, and diluting them with phosphate buffer (KH2PO4/ Na2HPO4, pH 7) to obtain a desired
initial chemical oxygen demand (CODi) value. Penicillin
and cephalosporine group antibiotics consist of only the
active sub-stances, which are penicillin VK, amoxicillin
and ceftriaxone sodium, respectively, whereas quinolone
group antibiotic includes only 10 % active substance (enrofloxacin) in its formulation. The chemical structures of
the active substances are presented in Figure 1.
Ozonation experiments. Ozonation of the synthetic
formulation wastewater was conducted for 1 h in a 1.5-L
capacity borosilicate glass bubble column in semi-batch
mode, with respect to ozone supply. Continuous recirculation of the wastewater was provided by a peristaltic pump
(Cole Parmer) at a flow-rate of 50 ml/min. Ozone was produced by a corona discharge Fischer OZ 500 ozone generator with an input rate of 4.44 g/h, and dry oxygen was used
as the feed gas of the generator. The ozone and oxygen gas
mixture was continuously delivered from the bottom of the
bubble column through a coarse-sintered glass disc, and
excess ozone leaving the reactor was destroyed by two
sequential 2 % KI traps, incorporated to the reactor set-up.

Analytical procedure. Measurements of absorbance values of sample aliquots taken from the ozone bubble column
at regular time intervals were accomplished on a Shimadzu UV-1208 model spectrophotometer in 1-cm quartz cells.
Absorbance values at wavelength of maximum absorption,
λmax of the antibiotic active substance and 254 nm, UV254,
were monitored to follow the cleavage of the active substance and the aromatic structure, respectively. The dynamic
oxygen uptake rate (OUR) of ozonated samples was measured with a WTW Oxi 3000 model respirometer equipped
with a microprocessor. The biomass used for respirometric analysis and biochemical oxygen demand (BOD) test
was previously acclimated to synthetic municipal
wastewater. BOD5 and COD measurements were carried
out in accordance with Standard Methods [20]. Table 1
shows the analytical conditions for HPLC analysis used to
determine the disappearance of antibiotic active substances, caused by ozonation of the synthetic wastewater. For the
HPLC analysis of each active substance, different procedures developed by the manufacturers of pharmaceutical
products were used. The residual dissolved ozone concentration in the synthetic wastewater as well as input and
output ozone gas concentrations were detected by the
indigo colorimetric [20] and iodometric [21] methods,
respectively.

Ceftriaxone sodium (mw:661.59 g/mol)

Enrofloxacin (mw:359.39 g/mol)

Amoxicillin (mw:365.4 g/mol)

Penicillin VK (mw:388.48 g/mol)

FIGURE 1 - Chemical structure of the studied antibiotic active substances.
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TABLE 1 - Analytical conditions for determining active substances of antibiotic formulation wastewaters by HPLC.

1 ml/min
UV 254

2 ml/min
UV278

RESULTS AND DISCUSSION
Ozonation process was applied to synthetic formulation wastewaters (CODi = 900 mg/L) at pH 7. Variations in
COD and aromaticity of the different synthetic wastewaters
as well as absorbed ozone are depicted in Figure 2, as a
function of ozonation time.
As can be seen from Fig. 2, ozone absorption was lower
for penicillin formulation wastewaters accompanied by low
degree of COD removal (68 % and 65 % for penicillin VK
and amoxicillin formulation wastewaters), compared to
those achieved for ceftriaxone sodium (79 %) and enrofloxacin (81 %) formulation wastewaters.

COD and Consumed Ozone
(mg/L)

COD values of wastewaters exhibited an exponential
decrease with the treatment time, and to compare the results,
first order COD removal rate constants were determined
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FIGURE 2 - Changes in COD, aromaticity, and absorbed ozone amount during ozonation
of four different synthetic wastewaters (CODi = 900 mg/L; applied O3 = 2960 mg/L.h) at pH 7.

1838

10

kCOD = 0.0261 min-1

600

7

Ozonation time (min)

25

1200

0

60

enrofloxacin

COD

1400

60

1200
1000

for each synthetic formulation wastewater. The higher COD
removal rate constants of enrofloxacin and ceftriaxone
sodium formulation wastewaters (k COD = 0.0261 and
0.0271 min-1, respectively) could be attributed to their high
aromaticity (UV254), enabling reactions with both molecular ozone and hydroxyl radicals at pH 7, and, therefore,
leading to the removal of a significant portion of COD. At
the initial stage of ozonation process, UV254 value of penicillin formulation wastewater increased, probably due to
the formation of some reaction products that have higher
aromaticity than that of the parent compounds. Subsequent
decrease in UV absorbance by increasing ozone absorption
led to 37 % and 20 % ultimate aromaticity removal for
penicillin VK and amoxicillin wastewater, respectively
(Fig. 2).
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BOD5 has been used as a rough parameter to assess the
biodegradability of wastewaters [22]. In this study, BOD5
was used to compare the biodegradability of different formulation wastewaters before and after ozonation. While the
wastewaters of ceftriaxone sodium, penicillin VK, and
amoxicillin did not exhibit any BOD prior to ozonation,
that of enrofloxacin exerted a low BOD5 value, caused by
the presence of additives in its formulation. Respirometric
method has been also used to evaluate the biodegradability of wastewaters [23]. Oxygen uptake rates of raw and
ozonated synthetic wastewaters were determined to support the results obtained from BOD5 analysis. For this purpose, the biomass concentrations with COD/MLSS ratio
of 0.2 ± 0.02 g O2/g MLSS was used, and the results were
represented as SOUR (OUR/MLSS, mg O2/g MLSS.h).
Fig. 3 exhibits the BOD5 and SOUR values, as well as the
BOD 5/COD ratios of the 4 synthetic wastewaters as a
function of ozonation time.
Despite high COD removal rate, BOD5/COD ratio of
ceftriaxone sodium wastewater could only be increased
from 0 to 0.07 by the application of 2960 mg/L.h ozone,
whereas this ratio was increased up to 0.4 for the other
wastewaters. This result could be explained by the low
biodegradability of ozonation by-products of ceftriaxone
sodium wastewater. While the extension of the ozonation
period led to a decrease in the biodegradability of ceftriaxone sodium formulation wastewater, it resulted in further enhancement of BOD5/COD ratio for enrofloxacin

formulation wastewater (Fig. 3). On the other hand, biodegradability of penicillin formulation effluents remained
constant with increasing ozonation time. Similarly, previous results revealed the importance of applied ozone dose
on the biodegradability of wastewater [24-29]. In accordance with the BOD5/COD ratio, SOUR of each
wastewater was augmented by ozonation. SOUR values
of penicillin VK, amoxicillin, and enrofloxacin were improved to 26, 13 and 35 mg O2/gMLSS.h by 60-min ozonation, while for ceftriaxone sodium wastewater, which has
higher absorbance values even after treatment, this value
was increased only to 8 mg O2/g MLSS.h.
HPLC analysis. In order to obtain more precise data,
the amount of antibiotic active substances was also determined by HPLC analysis during ozonation. It was observed that this process caused a rapid depletion of active
substances up to 98% for ceftriaxone sodium and enrofloxacin formulation wastewaters, and 100% for penicillin VK
formulation wastewater within a 10-min ozonation period.
In contrast to HPLC analysis results, spectrophotometric
analysis indicated that the higher ozone dosage was necessary for the removal of the active substances (Fig. 4), implying that the reaction products from ozonation will interfere with spectrophotometric determination of antibiotic
active substances. For this reason, it can be concluded that
the specific absorbance values are not indicative for the
presence of active substances in the ozonated wastewater
samples.

FIGURE 3 - SOUR, BOD5 values, and BOD5/COD ratios of ceftriaxone sodium, penicillin VK, amoxicillin,
and enrofloxacin formulation wastewaters as a function of ozonation time (CODi = 900 mg/L; applied O3=2960 mg/L.h).
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FIGURE 4 - Changes in the absorbance values at specific wavelengths of active substances.

CONCLUSIONS
The results of the present study clearly revealed that
ozonation at pH 7 provides a promising technique for the
complete removal of antibiotic active substances found in
pharmaceutical formulation wastewaters. Biodegradability of penicillin and enrofloxacin wastewaters exhibited
noticeable augmentation by the application of ozonation
process. However, BOD5/COD ratios and SOUR values
of ceftriaxone sodium wastewater were increased only to
0.07 and 8 mg O2/g MLSS.h, respectively. In spite of high
UV254 removal, enhancement in the biodegradability of
ceftriaxone sodium wastewater was not remarkable, due
to the production of reaction intermediates that have low
biodegradability. It was also concluded that the absorption
values at the characteristic wavelengths of antibiotic active substances did not reflect their actual amounts, and
HPLC analysis was necessary to quantify the antibiotics
in ozonated wastewater samples.
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ABSTRACT

INTRODUCTION

Two main advantages are achieved with the application of sewage sludge as soil amendment: the right management of an unwanted waste product and the improvement of soil properties. On the other hand, the presence of
heavy metals in the wastes may lead to risk for humans and
the environment. The current legislation in Europe and Spain
limits the application to the soil as a function of the total
heavy metal content in sewage sludge and soil depending
on soil pH. However, it would be necessary to use the bioavailable fraction and to include more soil properties. Thus,
the objective of the present work was to study the influence
of soil properties in the uptake of heavy metals by plants
and the suitability of DTPA extraction as a method to predict this bioavailability. With these objectives, 36 agricultural soils were mixed with two types of sewage sludges
having different levels of heavy metals and a bioassay with
barley was carried out under greenhouse conditions. DTPA
extraction was capable to predict the accumulation of heavy
metals in roots but failed for the case of Cr. All the predictions were improved when some soil properties (texture,
pH, organic matter and electrical conductivity) were taken
into account using multiple regression. The regression coefficients for each metal were: Cd (r=0.922; p<0.001), Zn
(r=0.894; p<0.001), Pb (r=0.846; p<0.001), Ni (r=0.828;
p<0.001), Cu (r=0.798; p<0.001), Cr (r=0.515; p<0.001).
These results suggest the important role of other soil properties apart from pH on the availability of heavy metals.
Moreover, the use of DTPA data together with soil properties could be an effective way to asses the availability of
heavy metals to plants.

KEYWORDS: Sewage sludge, heavy metals, bioavailability, application, bioassay.

Soils from many parts of the Mediterranean Region are
exposed to a progressive degradation [1], consequently,
their fertility level has decreased notably. In this sense, land
application of sewage sludge provides a means of disposing an unwanted waste product and of returning valuable
nutrients and organic matter to the land [2]. However, this
application in agricultural soils may lead to risk for humans
and the environment as a result of heavy metals accumulation [3]. Such utilization of sludge could result in soil contamination, phytotoxicity, and the accumulation of heavy
metals in the food supply [4].
The current legislation in Spain [5] limits the application as function of total heavy metal content in sewage
sludge and soil, depending on soil pH. However, there is a
consensus in the literature that total soil metal content alone
is not a good estimation of bioavailability and not a very
useful tool to determine potential risks from soil contamination [6, 7]. Moreover, this bioavailability is affected by
other soil properties (apart from pH) and the plant specie
[8-10].
One-step extraction methods are frequently used for
bioavailability evaluation because of their simplicity and
easy operation. In this sense, DTPA (Diethylenetriaminepentaacetic acid) extraction procedure provides a chemical
evaluation of the amount of metals that are available for
plant uptake [11-12]. However, no method has been recognized universally for bioavailability prediction [13].
The main aim of this study was to know the role of
some soils properties on heavy metal availability (Zn, Cu,
Ni, Cd, Cr and Pb) for barley (Hordeum vulgare) after the
use of two sewage sludges as soil amendments. The suitability of DTPA extraction as a method to estimate heavy
metal bioavailability as well as the plant influence on heavy
metal bioavailability was also assessed in this work.
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MATERIALS AND METHODS
a) Soil samples

Thirty-six agricultural soils were collected from different parts of Spain. This selection was done to provide a
wide range of soil properties expected to affect the heavy
metal bioavalability. These soils were sampled from the
ploughed layer (0-30 cm). After sampling, the soils were
air-dried, homogenized and ground to sieved (<2 mm). The
characteristics of the soils are presented in the Table 1: pH
(1:2.5 w/v, distilled water), electrical conductivity (EC) (1:5
w/v, distilled water), texture determined by the Bouyoucos
method [14], carbonates determined by using the Bernard
calcimeter [15], soil organic carbon (SOC) determined by
potassium dichromate oxidation [16], water holding capacity (WHC) [17], and total heavy metals determined after
microwave acid digestion using HNO3/ H2O2 at a ratio of
4:1 (v/v) [18].
b) Sewage sludge samples

Two sewage sludges were used in the experiment (main
characteristics summarized in Table 2), one with common
levels (common sludge, CS) and the other with high lev-

els of heavy metals (polluted sludge, PS). Both materials
try to represent a normal and the worst scenario (respectively) of sewage sludge application. The sewage sludge
was obtained from the wastewater treatment plant of Aspe
(Alicante, Spain). One aliquot was used directly (CS) and
the second one was polluted (PS) with the following salts
of the metals in solution (according to the protocol followed by Kandpal et al. [19]): ZnSO4.7H2O, CdCl2·2,5H2O,
Pb(CH3COO)2·3H2O, NiCl2·6H2O, CuSO4, Cr2(SO4)3·H2O.
Metals in PS were added to reach the total heavy metal
concentrations that R.D. 1310/1990 regulates for sewage
sludge applications on soils with pH>7.
c) Plant Experiment

The experiment was carried out in a greenhouse (mean
temperature and relative humidity of 22±5ºC and 70±10%,
respectively). 675 g of each soil, previously air-dried and
passed through a 2-mm sieve, were mixed with the sewage sludges at a single dose of 15.71 g dry weight kg-1
(equivalent to 50 t dry weight ha-1 in the field, assuming
30 cm of amended layer). Mixtures were filled into plastic
pots (11 cm length, 11.5 cm internal diameter) and kept
approximately at 60% WHC with distilled water. These

TABLE 1 - Selected properties of the soils used in this study.
EC
CaCO3
Clay
Sand
SOC (%)
Tot Cu
Tot Zn
Tot Pb
Tot Ni
(µs/cm)
(%)
(%)
(%)
1
8.58
137.6
24.1
0.53
35.5
48.5
13.7
26.5
7.1
16.6
2
8.39
254.5
36.2
1.30
39.5
22.5
24.2
44.4
18.9
18.4
3
8.60
117.1
6.0
0.32
15.5
76.5
6.7
23.1
9.2
9.5
4
8.94
64.4
11.5
0.27
7.4
90.5
1.4
4.3
2.3
4.6
5
8.50
97.8
35.5
0.91
15.5
68.5
4.2
15.1
8.5
8.5
6
8.59
101.5
44.2
0.76
21.4
50.5
11.0
27.0
9.0
14.0
7
8.31
221.4
19.2
0.57
19.5
40.5
7.7
32.5
9.7
10.8
8
5.85
43.2
<0.1%
0.40
17.5
72.4
5.2
18.3
5.4
5.9
9
5.57
53.9
<0.1%
0.38
17.6
54.4
4.2
17.5
7.0
6.3
10
5.48
58.7
<0.1%
0.29
9.5
74.5
3.8
17.4
15.8
4.6
11
5.73
38
<0.1%
0.22
5.5
84.5
1.9
11.1
5.0
4.1
12
5.8
42.3
<0.1%
0.65
17.4
60.5
3.4
12.5
12.8
10.7
13
6.00
44.2
<0.1%
0.70
13.4
58.5
2.9
15.3
13.2
11.6
14
8.77
129.6
19.1
0.37
13.5
78.5
4.3
12.3
6.4
8.1
15
8.61
143.6
16.5
0.56
9.5
80.5
5.1
9.2
6.8
6.2
16
7.67
2370
9.3
0.91
4.1
40.9
15.5
20.7
6.0
23.0
17
8.53
236
51.8
1.49
26.1
25
9.5
32.9
91.0
20.0
18
8.70
159.4
20.1
0.68
16.2
72.9
6.1
13.0
7.4
14.3
19
9.04
107.4
17.1
0.27
12.9
80.3
3.6
8.5
2.3
12.5
20
8.72
170.8
17.0
0.63
10.2
77
3.7
12.0
3.2
15.6
21
9.09
142.7
18.0
0.44
11.9
82.3
9.1
9.6
3.0
13.1
22
9.05
126.7
13.4
0.39
8.9
83.3
5.5
24.3
4.1
12.0
23
8.54
277.5
35.8
0.74
16.8
60
5.5
22.6
8.2
16.1
24
8.69
153.2
40.4
0.90
20.2
55
7.8
22.9
9.2
18.5
25
8.68
175.7
78.7
0.99
18.2
58.9
4.1
12.2
2.4
20.6
26
8.44
225
59.7
1.86
13.2
65
45.0
14.7
6.7
14.4
27
8.49
227.5
24.9
2.00
18
47.3
8.2
36.4
13.4
22.0
28
8.57
194.6
29.0
1.71
16.3
56
8.4
30.3
13.8
23.8
29
8.29
258
22.9
1.80
10.5
73.1
6.8
25.2
8.3
19.9
30
8.72
138.2
47.7
0.85
13.1
70.5
7.1
18.7
6.0
19.4
31
8.83
130.3
30.5
0.64
16.9
64.4
9.4
22.1
7.7
21.0
32
8.77
267.0
54.1
0.87
34.9
28.4
12.7
32.7
8.6
25.3
33
8.94
194.4
52.4
1.18
22.1
29.5
14.6
39.0
8.9
27.7
34
8.75
160.7
30.5
1.36
14
66.4
6.1
21.0
9.4
20.9
35
8.06
2335
16.0
0.52
0.5
39.8
9.5
24.3
3.4
22.5
36
8.61
377.5
21.3
0.85
23.6
51.7
12.2
43.8
16.0
26.6
EC: electrical conductivity; CaCO3: carbonates; SOC: soil organic carbon. Total heavy metals in mg kg-1.
Soil

pH
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Tot Cr

Tot Cd

28.0
40.3
18.7
5.0
20.0
33.1
24.5
12.6
14.5
7.7
6.6
29.9
26.3
14.6
13.6
10.7
10.8
7.6
2.6
4.1
3.2
6.0
8.6
17.3
9.4
8.0
16.5
13.8
9.2
6.9
7.9
10.8
11.4
10.1
14.7
19.0

0.12
0.26
0.10
0.10
0.14
0.20
0.13
0.09
0.05
0.07
0.06
0.06
0.06
0.10
0.10
0.03
0.23
0.1
0.06
0.07
0.11
0.08
0.12
0.11
0.10
0.12
0.12
0.14
0.14
0.11
0.10
0.13
0.20
0.13
0.02
0.08
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TABLE 2 - Selected properties of the sewage sludges used in this experiment (dry matter).
Common
Polluted
Common
pH
7.82
7.63
Total Cr (mg kg-1)
35.6
EC
4.85
7.28
Total Cd (mg kg-1)
0.84
Org.C
23.42
24.54
Available Cu (mg kg-1)
22.7
-1
N. Kjeldahl
5.81
5.67
Available Zn (mg kg )
94.5
Total Cu (mg kg-1)
207.0
1704.9
Available Pb (mg kg-1)
8.6
Total Zn (mg kg-1)
646.1
4021.1
Available Ni (mg kg-1)
4.4
Total Pb (mg kg-1)
39.0
1086.1
Available Cr (mg kg-1)
2.2
-1
-1
Total Ni (mg kg )
14.3
372.1
Available Cd (mg kg )
0.05
EC: electrical conductivity; Org.C: organic carbon. Available metals: extractables with DTPA.

mixtures were incubated for four weeks before planting
out the seeds (pre-incubation period), similar to the experience of Pascual et al. [20] so that phytotoxic substances,
such as an excess of NH4+ would decrease. Barley seeds
(Hordeum vulgare) were thoroughly rinsed with water
and germinated on moist filter paper for 24 h at 20ºC in
the dark. Then, thirty-five barley seeds were sown per pot
and reduced to twenty plants after two weeks. The plants
were harvested eight weeks after sowing (representing the
experimentation period) and were separated into shoots
and roots. Roots were first rinsed thoroughly with tap water
and then with distilled water. Roots were dried in an oven
at 65ºC for 2 days to constant weight to determine metal
content (after microwave acid digestion). Soil samples
were collected from each pot. This rhizosphere soil (RS)
was air-dried, homogenized, ground to sieved (<2 mm)
and, immediately, subjected to DTPA-extraction following
the protocol proposed by Lindsay and Norvell. [21].

Polluted
1989.6
39.9
358.9
1687.1
201.9
253.1
3.6
18.2

e) Determination of heavy metals

The heavy metal (Cu, Zn, Pb, Ni, Cr, Cd) contents in
the DTPA-extraction and in the acid digestion were determined by atomic absorption spectrophotometry (Unicam
969) and ICP (Thermo-Elemental).
All the determinations were done in duplicate.
f) Statistical analysis

Statistical analyses were performed using the software
SPSS v.14.0. The comparisons of DTPA extractable metals
between NRS and RS were carried out using an ANOVA
followed by Tukey test. Pearson correlation coefficients
were determined by comparing metal contents in roots
with extractable heavy metals by DTPA from rhizosphere
soils. Finally, stepwise multiple regression was used to
know the influence of soil properties on plant uptake.
RESULTS AND DISCUSSION

d) Soil incubation experiment

At the same time, aliquots of the mixtures soil-sludge
were placed in two small pots under the same conditions
of temperature and humidity than for the plant assay.
The first pot was analyzed after the pre-incubation period
of 4 weeks, giving the initial soil conditions of the experiment (non-rhizosphere soil day 0, NRS 0d). The other one
was analyzed just when the plants were harvested (nonrhizosphere soil day 56, NRS 56d). Both soils were airdried, homogenized, ground to sieved (<2 mm) and, immediately, subjected to DTPA-extraction.
The aim of this experiment was to check the heavy
metals bioavailability evolution, comparing the extractable
values throughout the experimentation period, and the plant
effect on this bioavailability, comparing the extractable
heavy metals in the NRS 56d with the results obtained in
the RS.

Extractable metals evolution and plant effect
Soils amended with common sludge

In general, there is a slight increase in the bioavailable
heavy metals during the experimentation time (although the
differences were not significant, Table 3). Additionally, the
presence of plant only affected the extractable Zn and Cr
contents, with higher values in rhizopshere soils than in
non-rhizosphere soils for the case of Cr, having the opposite situation for the Zn.
Soils amended with polluted sludge

Table 4 shows as well a soft general tendency to increase for all the metals (again, not significant) during the
experimentation period. For the case of plant effect, similar results to the experiment with CS were obtained, except for Cd whose concentration decreases in the RS.

TABLE 3 - Mean values (±standard deviation) of extractable heavy metals (mg kg-1) in Non-Rhizosphere Soil
(Soil Incubation) and Rhizosphere Soil (RS), in the soils amended with CS (n = 36) and the results of the ANOVA test.
Cu
Zn
NRS 0d
2.3±1.7
5.1ab±2.0
NRS 56d
2.4±1.4
6.5b±6.1
RS
2.3±1.5
3.4a±1.5
F-ANOVA
0.066ns
6.078***
n.s. no significance; *** Probability level of p<0.001

Pb
2.1±4.9
2.4±4.7
2.4±4.9
0.032ns
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Ni
0.37±0.18
0.38±0.18
0.40±0.19
0.045ns

Cr
0.030a±0.026
0.046a±0.024
0.064b±0.035
12.928***

Cd
0.014±0.008
0.012±0.007
0.011±0.008
1.857ns
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TABLE 4 - Mean values (±standard deviation) of extractable heavy metals (mg kg-1) in Non-Rhizosphere Soil
(Soil Incubation) and Rhizosphere Soil (RS), in the soils amended with PS (n = 36) and the results of the ANOVA test.
Cu
12.4±1.6
13.4±2.1
13.1±2.4
2.351ns

NRS 0d
NRS 56d
RS
F-ANOVA

Zn
30.1a±4.1
32.1a±6.0
24.1b±3.8
27.341***

Pb
10.4±5.02
10.5±6.2
9.1±5.6
0.493ns

Ni
2.8±0.4
2.6±0.6
2.6±0.6
0.174ns

Cr
0.059a±0.03
0.062a±0.02
0.09b±0.03
18.181***

Cd
0.29ab±0.03
0.33b±0.07
0.27a±0.07
8.619***

n.s. no significance; *** Probability level of p<0.001

TABLE 5 - Heavy metals uptake by barley (mg kg-1) grown in soils amended with CS/soils amended with PS.
Soil
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Cu
19.4/50.2
21.9/71.0
33.0/148.5
33.9/173.3
19.0/104.3
21.6/45.0
17.4/74.1
20.2/68.5
11.8/61.4
20.0/210.4
32.3/363.6
17.0/94.5
41.2/108.8
54.1/140.5
28.4/166.9
38.5/85.7
15.2/27.0
25.1/108.3
41.6/234.0
25.0/132.4
56.4/199.0
42.9/260.
15.9/74.7
28.0/83.4
19.2/112.0
17.6/174.3
13.9/48.1
15.8/53.2
20.7/62.0
20.9/76.9
27.8/113.2
14.6/59.1
17.9/40.5
17.6/102.6
30.4/37.3
18.1/75.0

Zn
44.2/118.8
40.7/154.6
61.2/241.8
70.2/267.4
52.8/256.0
39.7/183.8
43.2/228.9
62.3/246.4
43.2/249.8
47.7/336.1
68.3/490.6
46.7/256.9
75.6/259.3
77.5/171.6
51.2/163.2
53.0/119.8
50.59/99.89
56.2/153.9
67.0/219.0
57.7/194.5
73.8/239.1
123.9/297.6
50.6/142.7
81.7/149.6
51.0/162.0
47.74303.2
51.7/130.2
51.6/120.8
59.0/124.6
51.8/140.3
56.1/152.4
42.3/137.8
50.9/79.0
48.4/208.6
49.8/108.1
65.9/158.9

Pb
1.7/10.1
3.6/18.7
6.8/34.3
5.1/39.5
5.8/33.0
2.5/6.9
3.3/21.0
5.9/21.7
12.5/27.3
8.1/82.0
7.3/84.8
6.9/43.0
6.2/46.1
6.3/20.4
5.4/19.7
2.5/12.8
32.3/37.3
5.5/23.8
3.7/23.6
4.0/31.3
3.8/37.6
6.2/45.2
3.7/23.6
5.2/20.4
2.2/19.6
3.8/20.7
4.6/12.0
4.0/15.9
6.1/18.2
3.6/20.0
3.8/29.7
2.2/15.3
1.7/4.5
5.1/33.8
1.4/10.0
5.0/24.0

Analyzing together the results obtained in the soils
amended with CS and PS for the evolution of heavy metal
bioavailability, it seems that this availability follows a general pattern of slight increase with the experimentation time.
This affirmation has been proved by several researchers,
whose studies have found that the mineralization of organic
matter in sewage sludge treated soils releases metal into
more labile forms [11, 22].
The combined effects of roots and rhizosphere organisms in a small volume of soil create bioavailabilities which
may be completely different to those of the bulk soil [10].
In our study, the presence of plant caused increases on Cr

Ni
25.6/35.8
26.1/35.3
29.3/53.2
30.8/50.5
30.7/44.0
29.6/36.5
26.7/44.3
25.0/52.5
34.3/52.9
26.2/85.1
23.8/149.7
26.2/47.5
24.5/52.8
25.3/56.9
23.0/68.8
24.5/38.4
22.5/34.6
24.7/51.2
24.0/91.1
24.8/60.8
22.4/66.2
23.7/82.5
23.3/44.4
27.3/45.3
25.7/49.1
44.6/52.2
25.5/36.6
23.9/34.5
25.2/38.4
25.9/44.9
34.9/43.6
23.1/37.9
21.9/34.0
25.1/44.1
27.1/32.9
26.9/39.9

Cr
6.5/24.0
5.3/33.7
13.8/60.1
8.0/70.0
9.2/51.9
4.9/12.3
4.7/33.8
8.6/29.0
4.3/27.4
4.0/86.3
5.3/144.5
8.5/79.6
8.7/73.8
10.0/22.3
6.5/40.4
8.8/20.1
7.5/16.2
10.5/24.8
6.0/28.2
7.9/46.5
4.4/37.3
10.2/52.2
7.1/27.2
10.2/36.9
5.6/39.1
3.1/31.2
8.4/14.0
5.2/26.5
8.4/23.1
6.4/36.3
4.9/54.0
5.6/33.8
3.4/11.7
8.4/52.3
5.2/17.2
13.8/53.3

Cd
0.13/1.01
0.31/1.98
0.26/2.47
0.23/2.01
0.33/2.15
0.19/0.93
0.27/1.47
0.3/1.93
0.4/1.99
0.41/3.38
0.21/4.64
0.27/2.13
0.18/2.46
0.21/1.23
0.28/1.57
0.14/1.42
0.25/0.97
0.19/1.27
0.17/2.13
0.14/1.56
0.15/1.93
0.26/2.52
0.2/1.22
0.22/1.42
0.13/1.24
0.35/2.46
0.29/1.77
0.26/1.24
0.28/1.38
0.25/1.48
0.27/1.48
0.13/1.36
0.19/0.95
0.26/2.06
0.13/0.99
0.23/1.90

bioavailability and decreases for Zn in both soils amended
with CS and PS. Cd also decreased but only in the soils
amended with PS. For the case of Cr, only a little fraction
is available. The activity of plant increased the available
contents of Cr despite of plant uptake. The formation of
soluble organometallic complexes induced by organic root
exudates [23, 24] could be one of the mechanisms of metal
release. Moreover, other works have also found that soil
bacteria can mobilize nutrients and non-nutrient trace metals by enhanced production of CO2 in the rhizosphere [25],
by release of chelating ligands [23], by breaking down
complexes [26], by degradation of minerals [27] and by
decomposition of organic matter [28]. On the other hand,
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in the case of Zn, before sowing we already had a high
available proportion of this metal. In these conditions, although some Zn could be released as a consequence of plant
activity, plant uptake should be the mechanism that decreased the available contents. Finally, Cd presents a similar
pattern than Zn in the soils amended with PS. Moreover, it
appears that the Cd uptake was stimulated by higher concentrations of this metal in soil solution.
Evaluation of the potential of DTPA
as a method to estimate bioavailability

With the objective of evaluating if the extraction with
DTPA is a good method to estimate bioavailability, simple linear correlations were performed between the extractable metals with DTPA in rhizosphere soils and the
ac-cumulation in roots (taking together the samples from
the assays with CS and PS. Results for plant uptake in Table
5). The election of roots instead of shoots was in agreement with the criticism by Chaignon et al. [29] that
metals in shoots are not a good indicator of metal bioavailability.
Good estimations were obtained for all the metals studied, with the exception of Cr. The results, ordered by the r
value, were: Cd (r=0.905; p<0.001), Zn (r=0.855; p<0.001),
Pb (r=0.758; p<0.001), Ni (r=0.741; p<0.001), Cu (r=
0.626; p<0.001). There is an extensive bibliography about
the use of DTPA extractable metals in soils as predictor of
plant uptake, but contradictory results are founded [30,
31]. It is also true that it is difficult to find works including a wide range of soil types.
Role of soil properties on heavy metal uptake by barley

Multiple regression analyses were carried out including initial soil properties and heavy metals extracted by
DTPA in RS in order to study the role of soil properties on
heavy metal uptake and to test if the addition of these properties improved the correlations between the extractable
with DTPA metals in the RS and the accumulation in roots.
Miner et al. [32] reported that soil properties needed
to be included to improve the relationship between plant
metal concentrations and soil-extractable metals for EDTA

and DTPA extraction methods. The need for such aftertest adjustment suggests that the soil test may modify the
soil chemistry too severely during extraction [9].
Table 6 shows how the inclusion of the initial soil properties improved the correlations between DTPA heavy metals in the rhizosphere soils and root uptake for all the metals
studied (for the case of Cr the inclusion of the soil properties made possible the estimation). In general, the models
were simple with only two independent variables as estimators for Cu, Zn, Pb and Cd, having good regression coefficients.
It is remarkable the importance of texture in the model
predictions. In fact, the sand content appears in all the models presented with a positive relationship with the metal
uptake, being the most important soil property controlling
heavy metal availability. It has been demonstrated by several works the lower sorption capacity for heavy metals in
sandy soils compared to loamy or clayey soils [9, 33-35].
Sandy and sandy loams soils have low clay and normally
low organic matter contents, therefore it is expectable that
the Cation Exchange Capacity (CEC) would be also low,
explaining the reduced ability of these soils to adsorb
cations.
Soil organic carbon (for Ni), pH and EC (for Cr) also
appeared in the models with a negative relationship with
the heavy metal uptake. Soil pH is known as one of the
most important factors controlling plant availability, fact
which has been reported by numerous studies [36, 37].
Generally, the availability of Cr in sludged soils is low,
being this availability higher under acid conditions, fact
that is in agreement with our results. For its part, organic
matter reveals a strong ability to absorb Ni [38] and it is
understood that organic matter bound metals are less available to plants [39]. Finally, salinity is another important
factor to take into account in the studies of plant availability after sewage sludge applications [40] by the formation
of relatively stable compounds between the metallic ions
and the anions, fact that in polluted soils can play a major
role of immobilizating the contaminants [41].

TABLE 6 - Stepwise multiple regression equations for metals in roots after the application of
common and polluted sewage sludge as function of extractable metals in rhizosphere soils and soil properties.
Step
1
2

1
2
3
4

Cu root
Variables
ECu(+)
ECu(+)×Sand(+)

r
0.626***
0.798***

Ni root
Variables
ENi(+)
ENi(+)×Sand(+)
ENi(+)×Sand(+)×SOC(-)

r
0.741***
0.815***
0.828***

Zn root
Variables
EZn(+)
EZn(+)×Sand(+)

r
0.855***
0.894***

Cr root
Variables
pH(-)
pH(-)×Sand(+)
pH(-)×Sand(+)×ECr(+)
pH(-)×Sand(+)× ECr(+)×EC(-)

r
0.255*
0.349*
0.417**
0.515***
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Pb root
Variables
EPb(+)
EPb(+)×Sand(+)

r
0.758***
0.846***

Cd root
Variables
ECd(+)
ECd(+)×Sand(+)

r
0.905***
0.922***
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*, ** and ***: the probability level of p<0.05, p<0.01 and p<0.001, respectively. n.s: no significance. Emetals: extractable metals; EC: electrical
conductivity; SOC: soil organic carbon.
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Finally, it was not observed antagonistic interactions
among the metals studied. In fact, metal behavior was quite
similar, finding direct relationships for plant uptake among
the metals studied.
CONCLUSIONS
The results obtained in the soil incubation show a
general pattern of slight increase in the concentrations of
extractable with DTPA heavy metals. On the other hand,
the presence of plant caused increases on Cr extracted
with DTPA and decreases for Zn in both soils amended
with CS and PS. Cd also decreased but only in the soils
amended with PS.
DTPA extraction method was able to properly estimate
the heavy metals contents in root, except for Cr. These
estimations improved when soil properties were included
in the predictions, with models characterized, in general,
by their simplicity (only two dependent variables as predictors for Cu, Zn, Pb and Cd) and with good regression
coefficients. The metal uptake was estimated in the following order (according to the r value): Cd, Zn, Pb, Ni,
Cu and Cr.
The texture was the most important property controlling heavy metal availability for barley, with the sand content appearing in all the regressions that were performed.
Other soil properties that influenced the bioavailability of
heavy metals were: soil organic carbon for Ni, pH and EC
for Cr.
This study has proved the harmful effects that the application of sewage sludge implies in soils with high levels of sand and low pH, organic matter or electrical conductivity. In this sense, it is important to take into account
that the models developed are specific for the plant and
sewage sludge used in this study. However, they are indicative of soil properties that should be important in assessing the availability of heavy metals to plants. In this
line, further studies (which are currently under progress)
including more soil types and properties have to be carried
out in order to give valuable information to improve the
legislation about the issue. These improvements should deal
with the inclusion of more soil properties as conditions before the application of sewage sludge as well as the definition and application of an universal bioavailability index. The final objective is to make environmental safety
applications of sewage sludges.
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ABSTRACT

INTRODUCTION

Antibiotics used in both human and veterinary medicine make an important group of drugs. However, the use
of these compounds causes their expansion into the environment, where there accumulate and develop their resistance. It is documented that they block biological processes in wastewater treatment plants. They also affect
natural eco-systems and may concentrate in food chain.
Sulfonamides (widely known as “sulfa drugs”) were the
first antimicrobial drugs used in medicine. They are derivates of p-aminobenzenesulfonamide and are used as antimicrobial drugs in both veterinary and human medicine. A
large number of human and animal infectious diseases is
treated by these compounds.
The analysis of sulfonamides is highly influenced by
their properties, mainly by their insolubility in water, ethanol, ether and dichloromethane.
The samples were collected from the municipal and
veterinary wastewater treatment plants in Brno, the Czech
Republic. The simple extraction method for sulfonamides
(sulfathiazole) in wastewater has been developed. Sulfathiazole was extracted by liquid-liquid extraction with
ethylacetate and evaporated using a rotary vacuum evaporator. The evaporation residues were dissolved in methanol and mobile phase. The mixture of acetonitrile and 0.1%
formic acid in ultrapure water was used as the mobile
phase. The samples were filtered into the amber glass
vials through membrane filters. The HPLC instrument
equipped with a diode array detector was used to perform
the sample analysis.
The concentration levels of sulfathiazole in real samples are discussed in this paper.

Drugs are biologically active substances. It is documented in literature that drug production and consumption
are increasing worldwide, both in human and veterinary
medicine. The result of this trend is the occurrence of these
substances in the environment, where they can exist in their
original or metabolized form [1]. They can have significant
impacts on natural ecosystems. The food chain of some
organisms is affected and pathogenic organisms can develop
their resistance against these substances. Another important problem is presented by the negative impact on
bacterial microflora in biological cleaning processes.
Antibiotics are the important group of the drugs affecting the environment. They are classified as biological,
semi-synthetic or synthetic substances. They are characterized by their selective toxicity against bacteria and they
can be used to treat various infections. The origin of their
applications in medicine dates back to the early 20th century. There are presently used more than one hundred antibiotics. The main area for their applications is presented
by bacteria based infectious diseases [2].
The individual antibiotics differ from one another according to various aspects, e.g. chemical structure, biological origin, therapeutic application etc.
The primary classification of antibiotics is based on
their effects and differentiates them on bactericidal and
bacteriostatic. The bactericidal antibiotics kill bacterial cells
while the bacteriostatic antibiotics terminate bacterial reproduction. These properties have a significant influence
on their effects in the environment (Table 1).
TABLE 1 - Classification of antibiotics according to their effects [1].
Bactericidal substances
penicillins
cefalosporines
amino glycosides
trimethoprims/sulfonamides
nitrofuranes
metronidasole
quinolones

KEYWORDS:
antibiotics, sulfonamides, HPLC, wastewater.
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Bacteriostatic substances
tetracyclines
chloramphenicols
macrolides
lincosamides
spectinomycin
sulfonamides
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The biggest producers of antibiotics pollution are sanitary facilities. Furthermore, these substances can penetrate
to the environment from household wastewater or field
flash [3]. Most antibiotics are not totally removed in
wastewater treatment plants. Therefore a wastewater
treatment plant becomes an important point source of
emissions into the environment.

Germany, formic acid, p.a., from Penta, the Czech Republic, methanole for HPLC from Riedel-de Häen, Germany;
Acetonitrile for HPLC from Lachema, the Czech Republic; Hydrochlorid acid, p.a. from Merci, the Czech Republic, potassium hydroxide, p.a. from Onex, the Czech Republic, sulfathiazole, standard for HPLC, from Sigma-Aldrich, Germany.

The antibiotics are not completely removed in the wastewater treatment plant [4-6]. They are partially eliminated
by sorption to wastewater sludge or by biodegradation. The
elimination level differs in dependence on the substance
type and process conditions. The elimination of antibiotics
from the wastewater treatment plants can be also affected
by sludge age. Biodegradation of some substances is directly related to sludge age, e.g. sulfamethoxazole [7].

Sampling

The methods for drugs elimination from wastewater
have been developed only in model processes and they are
verified in semi-operational scope.
It has been found out that ozonization [8] or membrane
filtration [9] could be considered as suitable elimination
methods. These methods help remove drugs both from
wastewater and drinking water.
This work is focused on the sulfonamides group and
its occurrence in the environment.
These substances belong to wide spectrum antibiotics.
They are classified as p-aminobenzenesulfonamide (sulfanilamide) derivates. They are listed in literature as one of
the principal antibacterial drugs in use [10].
Due to their low activity and rapid resistance development their application becomes more and more decreasing.
However, several representatives of these substances
are still used in human medicine, especially in combination
with other substances [2]. The biological efficiency of sulfonamide antibiotics is based on folic acid synthesis inhibition [2, 11, 12]. Simultaneously, other enzymes can be
partially inhibited, e.g. dehydrogenase or carboxylase.
The result of this process is the inhibition of bacterial
respiration [2]. These drugs are eliminated from the body
predominantly in urine (60-90%). Here they occur in a free
active sulfonamide form, inactive acetylated form and glucoronide [13]. The amount of antibiotics in excrements and
subsequently in wastewater is affected both by a different
half-time of biological elimination and a different reabsorption level as its consequence.

Wastewater samples have been collected from the
wastewater treatment plant (WWTP) on the premises of the
Veterinary and Pharmaceutical University in Brno (VFU
Brno) in one-day intervals in the year 2006. The amber
glass sample bottles were used for this collection. In the
year 2007 the samples were collected from WWTP VFU
Brno in one-day intervals and from municipal WWTP
Brno-Modřice in seven-days intervals. Sulfathiazole was
chosen for the determination because of the frequent application of this drug. During this experiment, the samples
from the WWTP inlet and outlet have been compared. The
samples were processed immediately or stored in a refrigerator till the following day. If necessary, the samples were
filtered to remove rough impurities.
Sample extraction

A 100 ml sample was extracted by 100 ml
ethylacetate. Organic layer was separated subsequently
and new 100 ml ethylacetate was added. Then, both
ethylacetate layers were collected and transfered into a
250ml flask.
The collected organic layers were evaporated (RVÖ,
Büchi, Switzerland). The residue was dissolved in a 1 ml
methanole and 1ml mobile phase (5:95, acetonitrile: 0.1%
HCOOH). After sample extraction, the extract was filtered
through the membrane filter (0.45µm). The sample was
taken for HPLC analysis.
Sample analysis

The liquid chromatograph (Agilent 1100 Series, USA)
equipped diode array detector was used for all separations.
A reversed phase Zorbax Eclipse XBD-C18 column
(4.6 x 150mm, 5µm) with a guard column was applied. The
detection wavelength was set at 260 nm.
The mobile phases, 0.1% HCOOH and acetonitrile
were used in gradient (Table 2).

MATERIAL AND METHODS
Chemicals

The following chemicals have been purchased from
these establishments: ethylacetate for HPLC from Merck,
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TABLE 2 - Mobile phase gradient.
Time (min.)
0
3
5
7
9
11
13
15
17

0,1% HCOOH : ACN
5:95
10:90
11:89
12:88
16:84
18:82
21:79
25:76
27:73

© by PSP Volume 17 – No 11a. 2008

Fresenius Environmental Bulletin

Sample volumes of 20µl were injected.
Values of recovery reached 84,1% and
linearity reached the value of 0,99994.

The HPLC-PDA method was used at the determination of sulfathiazole. As found in literature comparing with
HPLC/MS, this method is sufficient enough to find sulfathiazole in a waste water sample [14-17]
RESULTS AND DISCUSSION
Sulfathiazole assessment was influenced by the selective chemical characteristics of this substance, mainly by its
insolubility in water, sulfuric ether, ethanol or dichloromethane. Sulfathiazole is soluble in solutions of alkali hydroxides and in diluted mineral acids [13]. For these purposes, the standard of the examined substance was dissolved both in 1% KOH and 1% HCl. The yield of the
analytic procedure was influenced by different values of pH
of the environment. In acid medium, the value achieved
was relatively low: 30.7 %, whereas in alkali medium, the
analytic procedure yield was significantly higher - 84.1%.
For both methodical procedures executed in acid and
alkali media, the detection limit has been calculated. The
obtained metrological indicators of the applied method
reached the values of 0.33 µg. L-1 and 0.15 µg. l-1 for the
acid and alkali medium respectively. All calculated values
ranged within the limits given in the literature [15, 21-23].
The real samples evaluation was carried out with the
help of multi-point calibration dependences of peak area
on the substance concentration. The acquired concentration values from the years 2006 and 2007 are summed up
in Tables 3, 4 and 5.
The sulfathiazole concentrations given in the above
tables were measured at the inlet, outlet and sludge lagoon
of the wastewater treatment plant. The inlet concentrations
were higher that the outlet concentrations. This founding
supports the theory that sulfonamide antibiotics are intensively sorbed on solid particles or on waste sludge. However, our examinations focused only on wastewater. For the
purpose of more exact assessment it is therefore essential to
analyze the waste sludge in terms of drug residual contents.
The samples collected from the municipal wastewater
treatment plant did not show such contamination as the
samples from the veterinary wastewater treatment plant

which may be caused by significant water dilution in the
municipal wastewater plant. Also the sulfonamide concentrations were evidently lower in the waste lagoon than in
the inlet. There is a possibility of sulfonamide sorption on
particles in the sludge lagoon.
The difference between the years 2006 and 2007 was
probably caused by the reconstruction of the outlet from
the wastewater treatment plant which caused that the drug
residua could not be predicted. On the contrary, in 2007
two more clinics were opened and currently the
wastewater treatment plant operates at its full capacity.
TABLE 3 - Sulfathiazole concentration
measured in real samples – VFU 2006.
Sample No.
1
2
3
4
5
6
7
8
9
10

Inlet concentration
(µg.l-1)
71.57
36.61
84.06
2.33
26.91
8.31
36.95
7.66
99.33
32.33

Outlet concentration
(µg.l-1)
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

TABLE 4 - Sulfathiazole concentration
measured in real samples – VFU 2007.
Sample No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Inlet concentration
(µg.l-1)
9.80
12.84
6.18
11.89
11.45
3.94
11.13
8.89
16.31
7.24
1.46
3.23
16.70
4.40
16.18
1.47
0.89
2.05
11.29

Outlet concentration
(µg.l-1)
0.43
0.42
0.74
0.71
0.77
ND
ND
ND
ND
ND
0.79
ND
1.00
4.32
0.98
ND
ND
ND
ND

TABLE 5 - Sulfathiazole concentration measured in real samples - municipal WWTP Brno-Modřice 2007.
Date
16.3.2007
23.3.2007
6.4.2007
13.4.2007

Inlet (µg.l-1)
4.20
3.80
3.44
ND

Outlet (µg.l-1)
3.70
0.91
0.47
0.39
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Sludge lagoon (µg.l-1)
1.68
0.36
ND
ND
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1.45

ND

ND

Alteration of sulfathiazole concentration intraday

Concentration (ug/l)
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In the morning
In the afternoon

FIGURE 2 - Intraday change in sulfathiazole concentration in real samples.

19.4.06

24.4.06

6.5.06

FIGURE 3 - Sulfathiazole disintegration.

In the following Fig. 2, the concentration change of
sulfathiazole during the day is shown. It is apparent from
the diagram that the values are increasing significantly during the day. This concentration increase was prominent
especially during the second day when the afternoon concentration was ten times higher than the morning concentration. Based on the data we have obtained, we can argue
that the relevant concentration increase can be caused by
the increased wastewater production.
During our experiment we also faced another challenge.
The sulfonamide chemical characteristics indicate that these

compounds should progressively disintegrate in a certain
time interval. Therefore we also paid attention to this issue.
For better visualization the sulfathiazole decomposition is
compared in Fig. 3. For better assessment, the detail of the
sulfathiazole gradational disintegration is depicted in the
upper right hand corner.
The measured values show that depending on time the
peak height decreases and the analytes retention time is
changed.
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The disintegration of this substance is relatively long
time process which does not prevent to determine sulfathiazole. It only points out that in real samples this substance
partially disintegrates itself independently of the used water
treatment process.
CONCLUSION
The occurrence of sulfathiazole in wastewater shows
the necessity of monitoring its residuals because their presence can have negative impacts on biological treatment
processes. This compound can penetrate subsequently to
the environment, where it can cumulate and have negative
influence on living organisms.
Sulfathiazole has been chosen for monitoring because
this drug is applied both in human and veterinary medicine.
The sulfathiazole isolation from wastewater was done
by ethylaceta extraction. The assessment was done using
HPLC with PDA.
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ABSTRACT

INTRODUCTION

This work aims to assess the environmental impacts of
the secondary-treated sewage discharge of the city of Athens, in relation to the water mass circulation in the area, as
well as the temporal variation of nutrient concentrations
through the last six years.
The oceanographic data collected monthly over a grid
of three main stations in the Inner Saronikos Gulf during
one year (September 2005 – September 2006). During the
warm period (May–November), the sewage plume has been
detected in the pycnocline, or below it, at depths >50 m,
whereas during winter, the sewage plume has been detected
at the surface of the water column.The sewage plume is
characterised by relatively high nutrient concentrations
(ammonium, phosphate and nitrite). The highest nutrient
values recorded at the station located close to the Psittalia
sewage outfall, which is affected directly by the sewage
outfall, for the period September 2005 – September 2006
were: 1.330 µmol/L (in September 2005 at 50 m) for phosphate, 19.20 µmol/L (in September 2005 at 50 m) for ammonium, and 1.105 µmol/L (in October 2005 at 50 m) for
nitrite. Nitrate and silicate concentrations showed an increase with depth, as well as with distance from the sewage outfalls, which probably is related to organic load mineralization.
High nutrient concentrations were recorded near the
bottom of the station located southwest of Psittalia (S8)
during the year, with the only exception in February 2006,
due to the low temperature and the homogenization of the
water column.
Temporal variation of nutrients during the period 2000–
2006 in the Inner Saronikos Guf showed a slightly decreasing trend, which cannot yet be related for certain to the
operation of the secondary sewage treatment plant.

KEYWORDS: Sewage, nutrients, Psittalia, Saronikos Gulf.

The study area covers the Inner Saronikos Gulf surrounded by the islands Aegina and Salamina, and the eastern coast of Attika (Longitude: between 23° 08´45.22″ E
and 23° 42´15.67″ E; Latitude: between 37° 38´28.82″ N
and 38° 04´39.51″ N). It is a rather shallow gulf (maximum
depth ~100 m), and is affected by the Athens municipaltreated sewage outfall, discharged south of the Psittalia
island at station S7 (Figs. 1 and 2).
The environmental quality of Saronikos Gulf has been
studied since 1987, within the framework of a monitoring
program, providing important evidence of environmental
change and increasing our ability to manage the ecosystem
of Saronikos Gulf, especially after the operation of the
Sewage Treatment Plant on the Psittalia Island. Until 1994,
the sewage of the Athens City was discharged untreated
into the surface waters of Saronikos Gulf. Since 1994, the
sewage generated by the city of Athens (population approx.
four millions) has been primarily treated in Psittalia Treatment Plant, diverting the effluent from the untreated shoreline discharged to sea-surface to primarily treated deepwater by using multi-port diffusers at the depth of 63 m.
Since the end of the year 2004, the sewage of Athens
city has been secondary treated and also diffused at 63 m
depth. In the Inner Saronikos Gulf, the main nutrient load
was presumed to be due to the sewage effluents. Significant
variation of nutrient concentrations with time (1987-2002)
has been observed, showing increasing trends for nitrate
and phosphate levels, which have revealed a decreasing
trend of the N:P ratio near the Psittalia Sewage Treatment
Plant [1]. The operation of the secondary treatment plant,
since 2004, is expected to affect the ecological status of
the Inner Saronikos Gulf.
In this paper, we use nutrient concentrations in order to
assess the environmental impacts of the Athens municipal
secondary treated sewage disposal into the water quality of
the Inner Saronikos Gulf, and to show the temporal variation during the last six years.
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MATERIALS AND METHODS
The study area in the Inner Saronikos Gulf includes 3
main sampling stations, being studied since 1987 (Figs. 1
and 2).
Water samples were collected monthly during the 1year period, September 2005–2006, at different depths (2,
10, 20, 30, 50, 75, and 2-3 m above the sea bottom), using
NISKIN bottles attached to a Rosette Multi-Bottle Sampler (General Oceanics). At station S7, samples were also
collected below the pycnocline, at the depth where the
wastewater field was detected.
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FIGURE 1 - Location of the study area.

Á ßã éí á

Psittalia
Salamina

S8

Aegina

RESULTS AND DISCUSSION
The treated effluent plume is highly buoyant due to its
large freshwater content, and rapidly ascends towards the
sea-surface. During the stratification period (May- November), the effluent plume is trapped within the seasonal
pycnocline, whereas during the mixing period (DecemberApril), it reaches the sea-surface [6, 7]. Throughout the year,
the spreading of the plume is governed by advection caused
by the prevailing circulation pattern at the particular layer
where the plume floats. The circulation in the Inner Saronikos is mainly wind-driven, and predominantly cyclonic
that is induced by northerly winds [6]. As a result, the sewage plume tends to spread mostly to the south-west of
station S7. The south-westward spread has been supported
by the observed nutrient distributions [8].
The profiles in Fig. 3 show typical seasonal variations
of salinity, density and turbidity, expressed as beam attenuation coefficient (B.A.C.), during 2005-2006 within the Inner
Gulf. The higher values of beam attenuation coefficient are
indicative of lower water transparencies. Station S7 is located where the treated sewage plume is released into the
system, whereas station S11 is ~10 km to the southeast,
near the coast of Attika (Fig. 2). In the presence of a welldeveloped thermocline (September 2005), the treated plume
is trapped in the pycnocline at S7, shown by the lower
transparency and lower salinity values near ~50 m. Generally, lower salinity values are observed in the deeper layers
due to the influence of Aegean water coming into the Inner
Gulf from the south open boundary. During the winter
mixing period, the plume ascends to the sea surface. In
February 2006, at S7, it occupies a surface layer approx.
30 m thick, while a weak indication of its presence is also
detected in the surface layer at S11. In late spring (May
2006), when the thermocline is not strong yet, treatedplume quantities are observed within the thermocline and at
the sea surface.

36o

20o

is emitted from a point source with a given intensity, and
its intensity, which weakens with the distance traveled from
the emission point, is detected at a distance of 25 cm from
the point source. The decrease of the intensity depends on
the water transparency.

S7
S11

Outer Saronikos

FIGURE 2 - Location of sampling stations in the study area.

Ammonium analysis was performed on “AEGEO”
Oceanographic Vessel, with a Perkin Elmer UV/VIS
(Lambda 20) spectrophotometer [2], whereas phosphate,
silicate, nitrite and nitrate were measured with a BRAN+
LUEBBE nutrient autoanalyser [3-5].
The beam attenuation measurements are based on the
percent light transmission of a red light beam. This beam

The sewage plume is characterised by relatively high
nutrient concentrations (ammonium, phosphate and nitrite)
(Figs. 4 and 5). The highest nutrient values were recorded
at S7, located close to and directly affected by the Psittalia sewage outfall. During the warm period (September
2005 – November 2005 and May 2006 – September 2006),
the highest nutrient concentrations were 1.330 µmol/L (in
September 2005 at 50 m) for phosphate, 19.20 µmol/L (in
September 2005 at 50 m) for ammonium and 1.105 µmol/L
(in October 2005 at 50 m) for nitrite. During the cold period
(December 2005-April 2006), the chemical signal of the
sewage plume was detected at the surface layer of the water
column, with maximum concentrations of 0.419 µmol/ L (in
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December 2005) for phosphate, 1.053 µmol/L (in February 2005) for ammonium and 1.160 µmol/L (in February
2006) for nitrate (Fig. 6).
It is noteworthy, that high nutrient concentrations were
recorded near the bottom of the station located southwest
of Psittalia during the year, with the only exception in February 2006, due to the low temperature and the homogenization of the water column (Figs. 7 and 8). Nitrate and silicate levels showed an increase with depth as well as distance from the sewage outfalls, which is probably related
to organic load mineralization.

According to previous data, nutrient concentrations indicated a significant decreasing shift with distance from the
sewage treatment plant (station S7), showing that the prevailing water circulation led to dilution of the effluents in
the Inner Saronikos Gulf, being not so obvious for the
period between September 2005-2006.(Fig. 9).
The temporal variation of nutrients in the Inner Saronikos Gulf showed a decreasing trend for the period 20002006, which cannot yet be definitely related to the operation of the secondary sewage treatment plant, although it
gives a positive and hopeful message for the progress of the
ecological status of the Inner Saronikos Gulf in the future
(Figs. 10 and 11).

FIGURE 3 - Profiles of salinity (dashed), density (solid) and beam attenuation coefficient (bold) at
stations S7 (left panels) and S11 (right panels) during (top to bottom) September/2005, February2006, and May/2006.
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FIGURE 4 - Vertical distribution of phosphate
in the Inner Saronikos Gulf in September 2005.

FIGURE 5 - Vertical distribution of ammonium
in the Inner Saronikos Gulf in October 2005.
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FIGURE 7 - Vertical distribution of nitrate
in the Inner Saronikos Gulf in July 2006.
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FIGURE 8 - Nitrate and silicate concentrations near the bottom of station S8,
south-west of Psittalia, during the period September 2005 – September 2006.
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FIGURE 10 - Temporal variation of the mean integrated phosphate
values in the Inner Saronikos Gulf, during the period May-00 – Sep-06.

2.00

Mean Integrated Nitrate Values (iM)

1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20

M

ay
Au 00
gN 00
ov
M 00
ar
Ju -02
ne
Se 02
pD 02
ec
M 02
ar
Ju -02
ne
Se 02
pD 02
ec
M 02
ar
Ju -03
ne
Se 03
p0
Ja 3
n0
Ap 4
r -0
Ju 4
ly
-0
O 4
ct
-0
Ja 4
n0
Ap 5
r -0
Ju 5
ly
-0
O 5
ct
-0
Ja 5
n0
Ap 6
r -0
Ju 6
ly
-0
6

0.00

FIGURE 11 - Temporal variation of the mean integrated nitrate
values in the Inner Saronikos Gulf, during the period May-00 – Sep-06.

The mean N:P ratio in the Inner Saronikos Gulf was
calculated to be 6.23, which is expected for areas influenced
by wastewaters [9 ,10]. The mean N:P ratio was higher than
the one calculated during the period 2000-2002 [7].

CONCLUSIONS
The chemical signal of the sewage plume with relatively high nutrient concentrations was detected at station
S7, near the Psittalia sewage outfall.
According to previous data, nutrient concentrations
indicated a significant decreasing shift with distance from
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the sewage treatment plant (S7), demonstrating that the prevailing water circulation led to the dilution of the effluents
in the Inner Saronikos Gulf, which was not so obvious for
the period from September 2005 to September 2006.
The temporal variation of nutrients in the Inner Saronikos Gulf showed a decreasing trend for the period 20002006, which cannot yet be certainly related to the operation
of the secondary sewage treatment plant.

[9]

Bethoux, J.P., Morin, P. and Ruiz-Pino, D.P. (2002). Temporal trends in nutrient ratios: chemical evidence of Mediterranen ecosystem changes driven by human activity. DeepSea Research II, 49, 2007-2016.

[10] Meybeck, M. (1998). Man and river interface: multiple impacts on water and particulates chemistry illustrated in the
Seine river basin. Hydrobiologia, 373/374, 1-20.

High nutrient concentrations were recorded near the
bottom of the station located southwest of Psittalia (S8)
during the year, with the only exception of February 2006,
due to the low temperature and the homogenization of the
water column.
The stoichiometric balance criterion confirmed that the
mean ratio calculated did not reach the Redfield ratio 16:1,
indicating N-limitation in the Inner Saronikos Gulf.
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ABSTRACT
Disposal of wastes to landfills is almost the final step
in conventional solid waste management strategies. Though
efficient waste reduction at source - besides re-use and
recycling - is practiced, the mass of wastes to be disposed
to landfills can still not be underrated. Landfill site selection sounds like an extremely hard task in resorts like
Antalya, a provincial district lying on the Mediterranean
coastal zone of Turkey. The exceptionally great deal of
waste generation in summer months, attributed to the increased number of holiday visitors, complicates the solid
waste disposal constrained by the limited amenable deposition capacities. Albeit in part, NIMBY (Not In My Backyard) syndrome extravagates the problem. In this study,
Geographic Information System (GIS)-aided design, with
and without the cooperation of Analytic Hierarchy Process (AHP), was used to select the most feasible landfill
site(s) in Side-Manavgat administrative region, a heavilyvisited resort. Within the study, such selected site(s) are
compared and contrasted with that one in current-use, allocated by the local authority. It was concluded that selection
harnessing the state-of-art satellite technology on mapping provides rather practical solutions to conform to and
meet the expectations of the public as well as those of the
administrative authorities.

KEYWORDS: Landfill, site selection, GIS, AHP, Solid Waste
Management, Antalya.

INTRODUCTION
Sustainable solid waste management policies target the
reduction of wastes at source, complemented by re-use,
recycle and recovery (R-R-R). The discomfort caused by
landfills in the society, makes them obnoxious to the public.
The aversion on landfill disposal, abbreviated as NIMBY
syndrome, is reasonably linked to the environmental awareness on possible odor and noise generation, dust pollution,
as well as the possible falls in assets, in the close surroundings.

The high expectations of the local municipalities, concerning the acquisition of land for waste dumping at lowcost, short distance for waste transportation to the final disposal, as well as the easiness of landfill operation do not
respond favourably to the environmentally-sound policies.
The regulations on directives concerning solid waste
management, in both EU and Turkey, tend to meet the expectations of stake holders by imposing control mechanisms
on some of the items abridged below [1]:
• allocating adequate distances from the residential and
recreational areas, waterways, water-bodies and other
agricultural or urban sites
• protection of groundwater, coastal water, as well as
cultural and natural assets in the territory
• sustainment of geological and hydrogeological structure in the territory
• avoiding risks of flooding, subsidence and landslides.
The legislations are quite expressive for Antalya provincial district, due to its popularity as resort, high mobilization, accompanied by day-by-day increasing services
and recent flourishes in agriculture. The resort extends all
along the coastal line in the district, where the hinterland is
rich in agriculture. The climate makes great favor to agriculture, and, altogether, the real property of the land.
In this study, landfill site selection task for waste disposal for a sub-territory of the district, Side-Manavgat administrative region, famous for its tourism, was accomplished using information provided by GIS. It was presumed that such a state-of-the-art technology-aided design
would contribute to unanimity on landfill site selection. Two
methods were assessed for the selection of the landfill
site. The first method simply includes overlaying the digitized and classified constraint and buffer maps. However,
this method pinpoints the exclusive areas that meet the
requirements of the regulations, but does not acknowledge
the decision-makers, which one of the potential sites is that
offering the largely anticipated characteristics for waste
disposal. Then, Analytical Hierarchical Process (AHP) was
also implemented to reach a decision for those of the
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weighted alternatives, meeting fully the regulations as well
as offering public consensus. The potential landfills, which
were selected using both methods, as well as the latelyallocated waste disposal land, which had been designated
by virtue of conventional approaches, were compared and
contrasted within this study.
Study area

The study area, Side-Manavgat administrative region,
takes place along the coast in the eastern course of Antalya province, and is the most densely visited resort of Turkey. Its domestic population and the number of overnight
guests is expected to reach 500 000 and 19 millions around
the year 2030, respectively. The increasing numbers of tourists will be, undoubtedly, accompanied by solid waste generation, which requires well-planned, safe and environmentally-sound disposal.
It is expected that people awareness will lead to waste
reduction at source, including the separation of wastes by
the residents, disposing only the absolutely useless material at the landfills. Nevertheless, one or two of the following scenarios will be prevalent in the reality of the society:
Scenario I: All the solid wastes generated by the public are collected commingled, and successively disposed to
landfill.
Scenario II: The waste materials that can efficiently be
recycled, including organic wastes to be composted, are
stored in distinctive bins by the residents to regain, while
the rest of the refuses separated at source are disposed to
landfill.
For Scenario I, waste production is associated with domestic population and accommodating tourists. As to Scenario II, it is assumed that 60-65 % of the produced waste,
which is mainly organic one (food waste and yard waste),
will be composted while the recoverable material, being
15-25 % of the total waste, will be separated at source,
and the rest (15-20 %) will be disposed to the landfill.
A new landfill, serving the whole region, was commissioned in 2006. Social and economic aspects, accompanied
by NIMBY syndrome, have been the common factors significantly affecting the landfill site selection. Although the
least opposed site was selected then, it still portrays the
remnants of debate.
Landfill siting criteria

This study investigates whether such a landfill site can
be designated meeting all the regulations for solid waste
management, water pollution control and agricultural land
management, as outlined in Bahceci [1].
The ideal site, selected in this study, considered the
pertaining regulations as prerequisite. Slope, erosion, geology, soil characteristics and land-use, as well as proximity
to surface water resources, roads and urban centers, were
the factors considered in site selection.

Slope has great impact on the surface runoff of pollutants from the landfill to the nearby environment [2]. Lin
and Kao [2] suggested that a slope less than 12% would be
appreciable for the prevention of contaminant run-off.
Notwithstanding any criteria, or standards in the promulgated regulations, slopes with more than 12 % were considered to be inappropriate.
Erosion plays also an important role in site selection.
In the Regulation for Solid Waste Control, it is foreseen
that areas under erosion threat should be omitted from site
location process [1].
Regarding the geological formations, on which the
landfill will be located, no criterion/standard is available
yet. Nevertheless, in the scope of this study, Quaternary,
Pleistocene and Plio-Quaternary formations were excluded
from the site selection process.
Agricultural lands assigned for irrigation, forestry and
grassland are principally not permitted for the designated
uses. Therefore, land encompassed within the classes of I
to III, as well as forests and grasslands, are the exempted
sites in the procedure of landfill site selection. Prevailing
land-uses constitute the other significant constraints. Besides the land on which agricultural activities are practiced,
culturally significant places as well as regions of historical
remnants were also excluded from site selection procedure.
Water resources including supplies for drinking water
have the priority of protection. In the region, the residential areas are served by both groundwater extraction wells
and, to a great extent, distant sources via pipelines. It is
possible to create accurate buffer zones by using groundwater vulnerability maps as constraints [3]. However, due
to the topographical situation, almost all the tributaries in
the region finally discharge into the Mediterranean Sea.
As the marine environment is of prominent attraction for
the resort, 1000-m bank buffers were devoted.
Social factors are of primary significance, due to the
“not in my backyard” (NIMBY) or “not in anyone’s backyard” (NIABY) syndromes [4]. Concomitantly, the landfill should be located at such a far distance that it is utterly
away from urban residential areas: The unsound reputation is due to the delicate concerns of public on prospective aesthetics, odor, noise adversities, as well as the possible losses in the assets [5]. Refuges safeguard the noncivilization of neighborhood of the landfills. By creating
buffer zones around urban centers, construction in the
area is apparently prohibited. Legislation abided by devoting a buffer zone extending 1 km in this draft study. Buffer
zones extending 300 m on both sides of the roads in the
region were allocated too.
According to the regulations regarding solid waste
management, the capacity/size of a landfill should be compatible to the number of the population [1]. In this study,
the population of the serving area was more than 100 000,
the required volume of the landfill was designated to be
500 000 m3 (the lower limit).
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Final Constraint Map
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Roads
300 m buffer is
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FIGURE 1 - Flowchart of the decision tree.

Determining suitable landfill sites

In order to meet the expectations of the imposed regulations, a total of eight constraints and buffer maps, which
represent the constraints mentioned earlier, were constituted in being compatible with the decision tree shown in
Fig. 1. The maps which cover the research area were provided in printed form from the official institutions and
digitized using MapInfo software. R2V (raster to vector),
program was exploited for digitizing the topographical map.
Overlaying the digitized and classified constraint and
buffer maps leads to the final constraint map. The site

which meets all the expectations on the constraints was
determined, and the current volume was predicted harnessing GIS techniques.
When the site(s) determined above will not be available for any reasons, the most convenient site is also determined by applying Analytic Hierarchical Process (AHP)
[6]. In this process, the relative importance of the factors
(criteria) and preferences among the alternatives is expressed by making pairwise comparisons using a nine-point
system ranging from 1 to 9 according to Saaty [6, 7] (Table 1). If, however, one factor is preferred less than the
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comparison factor, the reciprocal of the preference score
is assigned [7].
TABLE 1 - Numerical scale used in the pair-wise comparison [6, 7].
Numerical Score
1.0

Explanation of the numerical score
Equal significance of both elements
Moderate significance of one element over
another
Strong significance of one element over
another
Very strong significance of one element over
another
Extreme significance of one element over
another
Intermediate values between two adjacent
judgments

3.0
5.0
7.0
9.0
2.0, 4.0, 6.0, 8.0

The AHP method involves the production of weight
coefficients for all factors, with regard to the significance
of the contributing factors. After determining the weights
of each factor, weight vectors, which reflect the relative
importance of the factors, are generated from the decision
matrix. The association of the weight vectors with the
constraint maps leads to production of sites sensing decisive disapproval. As mentioned earlier, 0 and/or 1 scalars
were assigned to the places, to stress the convenience of
the sites. Successively, a further map, the final one, that
delineates the sites which are the most convenient places
for landfill design, is generated. The optimum for site
selection was decided upon by AHP method considering
the scalars of the high conveniences.
The decision matrix depicted in Table 2, complied with
the published works [8-15], for credible determination of
the individual weight factors, acknowledges the products
of pairwise comparisons. For instance, the significance of
rivers is triple to that of slope, while it quite matches to
the geological formation factor, as well-depicted in the first
row of Table 2. However, the relative factor weights, in
the majority of the cases encompassed in this study, were
quite compatible with those cited in literature. Herein, personal judgments as well as site-specific considerations were
also articulated. In Table 2, factors in the left vertical col-

umn were compared to the identical ones in the top row
and scored 1–9 depending on the extent of preference [7].
The highest significance was attributed to the proximity
to streams, as the pollutants which can reach the streams in
the region will be transported to the sea environment in a
very short time period. In this sense, geology was attributed equal significance due to contamination risk of
the water resources, as well as due to the fact that the
whole region was included as high earthquake-risk area,
sorted as Class 2 within the ordered range from 4 to 1, each
acknowledging the risk level as being compatible with the
magnitude of the number.
High significance was assigned to the slope and erosion factors, rather than any other, because of the extensive non-uniformity throughout the area. The decision on
the elimination of the areas of rather high slope was exercised by virtue of the slope constraint map.
A high weighting was also attributed to land-use and
soil classification because the possible solidarity on Locally Unwanted Land Uses (LULU) was targeted to be
avoided. The high prominence of landuse factor was also
linked with the cultural, historical and environmental concerns. Proximity to residential centers was given low significance. According to the regulation, the proximity of the
landfill areas to residential centers can be less than 1 km,
if mounts divide the land. The impact factor of a landfill
with regard to roads was considered also to be low, as
there are alternative roads which can be used for the transportation of the collected waste.
Expert Choice for Windows software was used for the
pair-wise comparison and, thereby, the weight vectors were
calculated using the eigenvector method described by Saaty
[7]. The relatively high weights point out stronger influence
and thence significance. The weight vectors calculated by
this function, in addition to the hierarchical significances,
are listed in the last two columns of Table 2. These values
extracted from the decision matrix reflect the relative importance of the factors. The consistency index was calculated to be 0.07 and found out to be acceptable (<0.1).

TABLE 2 - Comparison of the relative significance of factors with respect to goal.

Prox.
Streams
Slope
Erosion
Soil Class.
Land-use
Geology
Proximity
Urban centers
Roads

Proximity
Streams

Slope

Erosion

Soil
Class

Land use

Geology

Proximity
Urban centers

Roads

Calculated
weight vectors

Rank

1.00

3.00

3.00

2.00

2.00

1.00

3.00

5.00

0.2214

1

1.00

1.00
1.00

1.00
2.00
1.00

1.00
0.33
1.00
1.00

0.33
2.00
0.50
0.50
1.00

3.00
2.00
3.00
3.00
6.00

4.00
4.00
4.00
4.00
5.00

0.1044
0.1376
0.1066
0.1387
0.2065

6
4
5
3
2

1.00

4.00

0.0555

7

1.00

0.0292

8
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RESULTS AND DISCUSSION
In the scope of this study, constraint maps were constituted based on the imposed regulations for comparison
using the information on slope, erosion, geology, soil classification and land-use as depicted in Fig. 2 a-e. These maps
display the areas as appropriate (denoted by 1) and incompetent or restricted (denoted by 0). Three other maps, Fig.
2 f-h, were also raised to show the buffer zones devoted
for settlements, streams and highways.
Following the production of intermittent constraint
maps, a final constraint map was also created to show all

the suitable/unsuitable areas (Fig. 3). The areas in white
color signify the places which meet all the imposed regulations as suitable, while areas in grayish color point out
the places as unsuitable for landfill design.
Within the scope of the study, only the areas colored
absolutely white in the map were considered for landfill
draft design. Figure 3 depicts the possible two sites, with
respect to required capacities. Following the sketching of
the projected landfill sites on the topographical map, the
landfill capacities were predicted to be 1 622 752 m 3 and
1 086 879 m3 for Site I and II, respectively.

a) Slope

b) Erosion

c) Geology

d) Soil classification
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e) Land-use

f) Buffer: Residential centers

g) Buffer: Streams

h) Buffer: Roads

Scale: 1/700.000

*

Location of the existing landfill site
Unsuitable Sites
Suitable Sites
FIGURE 2 - Constraint and buffer maps.

As Figure 4 pronounces, the following solid waste management strategies may influence the service period of the
landfill:
a)

Scenario I. If the merged-wastes are disposed to
the landfill, the alternative prospective sites should
endure to serve till year 2018 (Site I), till 2022
(Site II) or till 2028 (Site I+II).

b) Scenario II. If effective source reduction and separation,
as well as composting (RRR), are practiced, even a
smaller size of Site II will suffice to serve to the region
for the future 50-years period.
For the same region, the process for determining the
suitable landfill location was also conducted using AHP
analysis and the final constraint map was produced (Fig. 5).
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Site I
Site II

Scale: 1/800.000
* Location of the existing landfill site
Unsuitable Sites
Suitable Sites
FIGURE 3 - Final constraint map showing suitable (white) and unsuitable (grey) areas
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3
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FIGURE 4 - Volume of the generated waste and the landfill capacity.
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Scale: 1/800.000
* Location of the existing landfill site
Unsuitable Sites
Suitable Sites
FIGURE 5 - Suitable landfill site location according to AHP and the location of the existing landfill site (*).

The final map shows that the finalized feasible site
was almost the same as the one determined through overlaying and excluding process, outlined earlier where the
major contradiction lies in the site capacity. The ultimate
capacity was decided to be 16 725 931 m3 of waste, offering such a high capacity that a 50-years future service
period to the region sounds plausible.

similar to each other, but different from the one in currentuse. The alternative sites may serve to deposit the generated
solid wastes for the next 15-20 years. If efficient waste
reduction at source, accompanied by separating the wastes,
is practiced, the alternatives are possibly able to serve by
2050. Site selection embedding AHP processing virtually
projects the same landfill location, where higher amounts
of waste may be deposited.

CONCLUSIONS
This study demonstrated that landfill sites determined
by conventional methods can be somewhat misleading. It
was also deduced from this study that the present landfill
site is not quite compatible with the current imposed regulations.
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The use of GIS methodology seems to be a powerful
and efficient incentive to assess the feasibility of the possible landfill sites under imposed administrative constraints.
GIS with a support by AHP delineated that the decision on
the feasible landfill sites can be re-positioned depending on
the relative significance of the factors.
The alternatives on site selection in the investigated
area turned out to be rather limited, though. The use of
constraint maps gave rise to alternative sites which were
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ABSTRACT
Innovative methods for monitoring pollutant concentrations in surface and subsurface soil are crucial tasks in
environmental research. Actually, the main purpose is to
develop monitoring strategies able to provide detailed information about temporal and spatial evolution of contaminants in subsoil. Here, we present a monitoring strategy for
a municipal solid waste disposal, integrating a field survey to measure chemical-physical parameters of soil, and
a multivariate statistical procedure for data analysis. On a
georeferenced sampling grid, we collected superficial soil
and determined ten parameters. Particularly, we measured:
in situ soil magnetic susceptibility, total concentrations of 7
heavy metals (Co, Cu, Fe, Mn, Ni, Pb, Zn), soil electric
conductivity, and pH. Data analysis is based on a multivariate procedure aimed to characterize the underlying correlation structure. Principal component analysis and clustering algorithm are applied in successive runs, for individuating a set of new independent variables and a classification of sampling points.

KEYWORDS: soil pollution, magnetic susceptibility, heavy metals, electric conductivity, pH, multivariate analysis.

ble to prevent that a part of wastes are collected in waste
disposals. Many environmental diseases, such as soil and
water contamination, are due to the presence of waste
disposals, so it is essential for the human health and for
the environmental recovery to monitor them and the surrounding areas. In this framework, the development of
new monitoring techniques able to monitor waste disposals in real time and with low costs is a crucial task.
Here, we present the results of a field survey carried
out in a municipal solid waste disposal in Basilicata (Southern Italy), by means of a monitoring procedure integrating
magnetic susceptibility measurements and chemical measurements. It is able to provide detailed information about
the temporal and spatial evolution of contaminants in subsoil, combining fast, not invasive and low-cost acquisition
methods and chemical measurements [1-4]. Moreover, by
means of a multivariate statistical procedure, we analyze
the correlation structure of different chemical-physical variables measured around the waste disposal, and we determine the relationship among different parameters. In this
way, starting from some hypotheses about the pollutant
sources, we are able to highlight the most suitable indicators for evaluating the impact of anthropogenic activities
in the studied area.
MATERIALS AND METHODS

INTRODUCTION
During the last years, the production of wastes is grown
contemporaneously to the economic development and to the
increase of consumptions. It is important to develop new
ways to waste management based on the reduction of
waste production and on their recycling, but it is impossi-

The study area

The waste disposal of Montegrosso – Pallareta (Basilicata region, southern Italy) covers an area of about 10 ha. It
was designed to collect 50,000 t of wastes coming from
the integrated cycle projected for the waste disposal man-
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agement of Potenza town. In the investigated area are present: in the central part of the area four exhausted basins
of 100,000 m3, 100,000 m3, 96,000 m3 and 10,000 m3,
respectively; on the left a basin of 90,000 m3, at present in
use for collecting untreated and undifferentiated municipal wastes, a basin for collecting stabilized wastes, and a
basin for collecting the residual wastes coming from the
incinerator; on the right some small basins for collecting
biostabilized aerobic wastes and the residual wastes coming from the incinerator (Fig. 1). All the basins are built
exclusively in digging. The waterproofing of the banks
and the bottom of the basin were particularly treated. Moreover, in the bottom of the basin, a system for the leachate
extraction is present.
The landfill is near to Potenza town, and it is surrounded by pasture and agricultural soils. From the emission inventory of the studied area, we may suppose that
the main pollution sources are linked to the presence of the
leachate coming from the waste disposal and the emissions
coming from the trucks bringing the wastes from Potenza
town to the waste disposal. Moreover, the studied area is
closed to Potenza industrial area.
Experimental procedure

In the study area, we measured 10 soil parameters
along a georeferenced sampling grid composed by 32 sam-

pling points. We designed an irregular sampling grid in
order to assure a good representativeness of different typologies of soil and land-uses. Moreover, such a selection
was biased by the problem of site accessibility, which is
critical in the study area. The final sampling grid is shown
in Fig. 1. We used a GPS mapping and GIS data collection/
maintenance system, Trimble geoexplorer, for georeferencing sampling points (latitude, longitude, a.g.l.).
The measured parameters were: total concentrations
of 7 heavy metals (Co, Cu, Fe, Mn, Ni, Pb, Zn), in situ
soil magnetic susceptibility (kD), soil electric conductivity
(C) and pH. This selection combines parameters largely
used for evaluating contamination levels in landfill sites [5]
with parameters based on physical properties of soil, recently used as proxy variable for heavy metal pollution.
The magnetic susceptibility measurements were performed using a portable meter (Bartington MS2) with
MS2D probe. This probe, with a diameter of 185 mm for
in situ surface measurements, is designed for rapid assessment of the magnetic susceptibility of the land surface,
and it measures volume magnetic susceptibility expressed
as adimensional value x10-5 SI. For each sampling point,
four independent soil magnetic susceptibility measurements were carried out at the vertices of a square with L =
1 m, and the mean value was assumed as the magnetic sus-

FIGURE 1 - The waste disposal of Montegrosso – Pallareta and the sampling grid (aerial photography courtesy of Google Earth).
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ceptibility of the sampling point [3]. During the field surveys, we collected also four soil samples at the vertices of
the same square, and we mixed them for obtaining a homogeneous sample. In order to determine the total fraction of
heavy metal concentrations, we applied the following protocol. The soil samples were dried at 50 °C, and the dried
samples were sieved in a 2-mm-plastic sieve. 1.5 g of soil
was microwave-digested in HCl (35% w/v), HNO3 (65%
w/v) and H2O2 (30% w/v) solution with a microwave extraction system (EPA method 3051) [6]. Co, Cu, Fe, Mn,
Ni, Pb and Zn concentrations were determined by means
of a Varian 200 Atomic Absorption Spectrophotometer. In
the following, all the metal concentrations are expressed in
ppp DW [7]. Soil electric conductivity and pH are measured
by means of a multiparametric laboratory instrument [8].

linear combination of the original variables, starting from
correlation matrix of the measured variables. Eigenvalues,
loading matrix and score matrix allowed characterizing the
underlying correlation structure among the measured variables. In this study, we applied the PCA procedure in successive runs reducing time by time the number of descriptors in order to better point out the relationships
among different sub-groups of descriptors. For Cluster
Analysis, on the basis of Euclidean distance, we determined a classification among sampling points putting in
evidence homogeneous sub-groups. We used data matrix
and score matrix coming from the last run of PCA, obtaining a double classification of the sampling points [9, 10].
RESULTS AND DISCUSSIONS

Data analysis

Data analysis was based on a multivariate procedure
aimed to reduce the dimensionality of the data. In the first
step, for each measured variable, we calculated explorative
statistical parameters and represented the georeferenced
spatial pattern. In the second step, we organized the data
in a matrix [32 sampling points x 10 measured variables]
and applied a multivariate procedure, based on Cluster
Analysis (CA) and Principal Component Analysis (PCA),
for characterizing the data correlation structure. PCA allowed determining a new set of independent variables,

The explorative statistical analysis of all measured parameters is shown in Table 1. The spatial distribution of all
the measured soils parameters seems to be quite uniform.
The only parameter that has a not uniform spatial distribution is electric conductivity, as shown in Fig. 2. Particularly, we measured lower values of electric conductivity in the upper part of the waste disposal. For the sampling
point enclosed in group A, the altitude mean value is 944 ±
12 m a.s.l and the electric conductivity mean value is 0.61 ±

TABLE 1 - Explorative statistical analysis (N=number of observations, m=mean value, s.d.=standard deviation, max–min = range).
Cu
ppm
32
51
14
100
21

Mn
ppm
32
849
493
2125
232

Ni
ppm
32
52
7
64
30

Pb
ppm
32
28
7
61
17

Zn
ppm
32
103
29
205
57

Fe
ppm
32
34225
6549
47220
16508

pH
32
7,6
0,3
8,4
7,1

C
µS/cm
32
1,9
2,1
8,0
0,4

573300

573100

Group A

572900

Longitude (m)

N
m
s.d.
max
min

Co
ppm
32
26
4
37
17

572700

572500

Group B
572300

572100
4497000

4497120

4497240

4497360

4497480

4497600

4497720

Latitude (m)

FIGURE 2 - Spatial pattern of electric conductivity (bubble area is proportional to conductivity values).
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FIGURE 3 - Dendrogram of descriptors (The clusters are indicated in grey scale).

TABLE 2 - PCA results. Loadings characterizing PCs are indicated in bold. Legend: A = association matrix; ℓ = loading;
PC = principal component; λ = eigenvalue; P% = percentage of explained variance; CP% = cumulative percentage of explained variance.
A[10x10]
Co
Cu
Mn
Ni
Pb
Zn
Fe
pH
C
kD
λ
P%
CP%

ℓ(PC1)
0.76
0.50
0.58
0.77
0.02
0.63
0.68
0.00
0.09
0.07
4.5
45
45

ℓ(PC2)
0.00
0.11
0.05
0.10
0.76
0.01
0.04
0.00
0.16
0.67
1.9
19
64

ℓ(PC3)
0.02
0.13
0.19
0.02
0.11
0.00
0.03
0.36
0.62
0.14
1.3
13
77

0.15 µS/cm. On the contrary, we measured higher values
of electric conductivity in the bottom part of the waste disposal. For sampling point enclosed in the group B, the altitude mean value is 894 ± 16 m a.s.l and the electric conductivity mean value is 3 ± 2 µS/cm. This behaviour is
probably ascribable to the presence of leachate in the lower
part of the waste disposal.
The Cluster Analysis, carried out on all the measured
parameters, puts in evidence the presence of three clusters
(Fig 3).
The first is characterized by all the metals except Pb,
the second by lead and magnetic susceptibility, and the
third by pH and electric conductivity. Moreover, in the
first cluster, it is possible to point out two sub-groups of
metals: Fe, Co, Mn and Ni, Cu, Zn. Principal Component
Analysis confirms and supports this description of the
correlation structure among the measured variables.
Particularly, as shown in the left part of Table 2, the PCs
characterization of descriptor correlation matrix [10x10]
pointed out three significant components: one representative of heavy metal levels (PC1 = f(Co, Cu, Fe, Mn, Ni,
Zn)), one representative of relationship between lead and

A [6x6]
Co
Cu
Mn
Ni

ℓ(PC1)
0.76
0.59
0.53
0.84

ℓ(PC2)
0.00
0.34
0.07
0.08

ℓ(PC3)
0.20
0.02
0.37
0.01

Zn
Fe

0.64
0.70

0.19
0.11

0.11
0.14

λ
P%
CP%

4.0
68
68

0.9
15
83

0.7
12
95

magnetic susceptibility (PC2 = f(Pb, kD)) and one representative of soil parameters (PC3 = f(C, pH)). In successive
runs, reducing progressively the number of the analysed
variables, it was possible to characterize two metal profiles. In fact, starting from the descriptor correlation matrix [6x6], three PCs were individuated. As shown in the
right part of Table 2, the first PC is representative of relationship among all the metals, confirming the result of the
first run and, the successive PCs allow better characterizing the correlation structure among the metals. In fact, the
second PC is representative of the sub-group (Ni, Cu, Zn),
explaining 15% of the residual variance; the third is representative of the sub-group (Co, Fe, Mn), explaining 12% of
the residual variance.
Regarding the spatial pattern, the cluster analysis on
the sampling points puts in evidence two sub-groups.
Dendrogram is shown in Fig. 4. The centroid values of
the clusters are summarized in Table 3.
In particular, the sampling points included in the first
cluster are characterized by low heavy metal concentrations,
except for lead, and they are localized near to exhausted
basins. These points, on the contrary, show concentrations
higher than the mean value for lead (d% = +9%) and for
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FIGURE 4 - Dendrogram of sampling points (The clusters are indicated in grey).

TABLE 3 - Centroid values and percentage distance from mean values.
Cluster 1
d%
Cluster 2
d%

Co
22
-17%
27
5%

Cu
39
-24%
57
12%

Mn
620
-27%
954
12%

Ni
44
-15%
56
8%

Pb
30
9%
26
-5%

Zn
84
-18%
112
8%

Fe
26353
-23%
37803
105

pH
7,8
3%
7,5
-1,0%

C
1,9
2%
1,9
0,3%

10

Pb

KD

F2 (19 %)

5

Mn
Zn
0
-15

-10

-5

0

pH

5 Co
Fe

C

Cu

Ni

-5

F1 (45 %)

FIGURE 5 - Score plot I-II PCs by a descriptor correlation matrix [10x10]:
the sampling points included in the first cluster are represented with a square.
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4
p24
3

2

1

p17

0
-5

F2 (15%)

-6

-4

-3

-2

-1

0

1

2

3

4

5

11

1

-1

0, 75

Cu

0, 5

Zn
0, 25

Ni

-2

0
-‐ 1

-‐ 0, 75

-‐ 0, 5

-‐ 0, 25

0

-‐ 0, 25

-‐ 0, 5

0, 25

0, 5

0, 75

Mn

p1

1

Fe
Co

-3

F1 (67%)

-4

-‐ 0, 75

-‐ 1

FIGURE 6 - Score plot I-II PCs by a descriptor correlation matrix [6x6].

magnetic susceptibility (d% = +8%). This result suggests
that near to the exhausted basins, it is more significant the
impact of the automotive traffic rather than the impact of
the other pollution sources.
Moreover, from the score plot, shown in Fig.5, it was
possible to note that all the sampling points included in the
first cluster were in the 3rd and 4th quadrant, in the opposite
position, with respect to heavy metal coordinates.
At the end, the cluster analysis on the score matrix calculated from the last run of PCA analysis, in which were
taken into account only six metals, confirms the previous
results and points out a third cluster. It includes three sampling points (p1, p17, p24) characterized by the highest
values of heavy metal concentrations. In particular, in p1 we
measured high concentrations of Fe and Co, in p17 we
measured high concentrations of Mn, and in p24 we measured high concentrations of Cu and Zn. This procedure
gives a quantitative criterion to identify the outliers in the
score plot obtained from PCA. In this case (Fig. 6), we may
discriminate among these three elements located in the 1st
and 2nd quadrant, which represent effective anomalous observations, and others sampling points located in opposite
position.

The combined use of Cluster Analysis and PCA gives
us some information about the contribution of the different pollution sources to the soil pollution in the area around
the landfill. Among the measured parameters, we may distinguish three sub-groups. The first is formed by pH and
electric conductivity, and the spatial-temporal patters of
these variables are related to the presence of leachate. Particularly in the investigated site, higher values of electric
conductivity were observed in the bottom part of the waste
disposal. The second is characterized by lead and magnetic
susceptibility, and it may be related to the presence of automotive pollution sources. In the investigated site, these two
variables characterize sampling points near to exhausted
basins. We would note that, also in this case, the results of
a field survey confirm the strong correlation between magnetic susceptibility values and lead concentration, suggesting the use of magnetic parameter as a good indicator of the
evolution lead pollution. The third sub-group of variables is
linked to heavy metals. Particularly among them, it is possible to distinguish two profiles: the first one (Ni, Cu and
Zn) seems mainly linked to the emissions of the different
anthropogenic activities present in the area, the second one
(Co, Fe and Mn) may be related to a mix of natural sources
(dust resuspension), and of a specific industrial source (in
particular, a metallurgic plant is near to the test site).

CONCLUSIONS
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ABSTRACT

INTRODUCTION

With its production capacity of 1,268,605 vehicles in
2006, the automotive industry is one of the leading sectors
in Turkey. It has also a leading position in environmental
protection. About 70% of the Automotive Manufacturers
Association registered member firms are certified according to ISO 14001, and all of them have their own
wastewater treatment plants. In implementation of an environmental management system, according to ISO 14001,
hazardous and non-hazardous waste management plays a
significant role due to the Operational Control clause. This
study focuses on waste management strategies in the automotive in-dustry with the objective of providing information about the classification, source, segregation, monitoring, recycling and removal of waste.
In this paper, a detailed categorization of different hazardous and non-hazardous wastes emanating from the automotive industry is given. Waste amounts generated per
production unit, as well as the costs, are summarized. The
waste resources, segregation methods, minimizing, recycle and removal alternatives are discussed.
The local legislation plays an important role in managing waste. A successful management system requires above
all well-defined waste categories which can only be achieved
as result of well-structured legislation. In this context, the
Turkish and EU approaches to waste management are discussed. Emphasis is given to the European Waste Catalogue
which categorizes waste based on processes and, hence,
gives a precise waste classification.

The Turkish automotive industry which has a leading
role in the Turkish economy consists of 18 brand companies: Anadolu Isuzu Otomotiv Sanayi ve Tic. A.S., Askam
Kamyon İmalat ve Tic. A.S., BMC Sanayi ve Tic. A.S.,
Ford Otomotiv Sanayii A.S:, Hattat Tarim Makinaları
Sanayi ve Tic. A.S, Honda Türkiye A.S, Hyundai Assan
Otomotiv Sanayi ve Tic. A.S., Karsan Otomotiv Sanayi
ve Tic. A.S:, MAN Türkiye A.S., Mercedes Benz Türk
A.S., Otokar Otobüs Karoseri Sanayi A.S., Otoyol Sanayi
A.S, Oyak Renault Otomobil Fabrikaları A.S., Temsa
Sanayi ve Tic. A.S., Tofas Türk Otomobil Fabrikasi, A.S.,
Toyota Otomotiv Sanayii Türkiye A.S., Türk Traktör ve
Ziraat Makinalari A.S., and Uzel Makina ve Sanayi A.S.
These companies founded the Automotive Manufacturers
Association in 1974, in order to pool their resources and
share their experiences. The Automotive Manufacturers
Association has 10 committees which work on different
topics to actively contribute to the sector’s development.
Among them is the environmental committee, in which experts from different companies exchange their know–how,
and form a unified data base.

This study reviews the relevant legislation, summarizes waste management practices and the related current
difficulties in the Turkish automotive industry

The Turkish automotive industry had a capacity
of 1,268,605 vehicles in 2006, and exports totaled to
$ 9,923,805,517 [1]. Aware of the environmental responsibilities, 12 companies have implemented and are running an Environmental Management System according to
ISO 14001 [2]. All companies have their own wastewater
treatment plants, where process and domestic wastewater
are treated. Due to the sector’s large volume of production,
the energy consumption of 5.031.296.816 kwh and water
consumption of 14.168.328 m3 are quite considerable.

KEYWORDS: Turkish automotive industry, hazardous waste, nonhazardous waste, paint sludge, waste solvents, ISO 14001, waste
management legislation.

Fig. 1 summarizes the production numbers of the Turkish automotive industry. Because of the economic crisis,
the domestic market was experiencing tough times in 2001.
Since then, the market has gradually recovered and the
production volume increased. The automotive industry also
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overcame difficulties, and developed itself within a relatively short period of time.
Numbers

%
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Non-hazardous waste from the automotive industry

About 54 % of the non-hazardous waste emanating
from the automotive industry cannot be recycled and must
be sent to the municipality waste disposal plant [3].
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About 70% of the recycled waste consists of metals.
The major part of the recycled scrap is iron which is the
raw material for production [4]. It is followed by aluminum, then by brass used for pipe production, and copper
which can be found in cables. The distribution can be
seen in Fig. 3.

10

0

1.5 t of recycled scrap is generated from the production of one bus, whereas light vehicles production generates 0.27 t of recycled metals. The difference is due to the
sizes of the two vehicles.

0
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FIGURE 1 - Production and export volumes of the
Turkish automotive industry between 1996-2006 [1]

Aluminium
3%

The distribution of the different classes based on production numbers is summarized in Fig. 2.
TruckBus
1%
Minibus 4%
2%

Midibus
1%

Brass &
Copper
1%

Tractor
4%

Iron
96%

FIGURE 3 - Distribution of recovered
metals from metal scrap [3]

About 30% of the recycled waste are packaging materials mainly consisting of wood (palettes used for transfer)
as summarized in Fig. 4. Since cardboard and paper left
over after unpacking are cumbersome wastes, they have
to be pressed before transportation.

Light vehicles
88%

FIGURE 2 - Production palette of the
Turkish automotive industry (2006) [1]

The waste management strategies of the sectors with
a large producing capacity and, consequently, large volumes
of waste, are discussed in detail, in terms of waste amounts,
costs, segregation, recycle and removal alternatives.

The number of parts used in the bus production is
much higher than those used in cars so that the waste
packing material amounts to 0.5 t/bus, while light vehicle
production only causes 0.05 t of packing materials per
vehicle.
Cardboard
& Paper
23%

WASTE MANAGEMENT

The three important steps of the waste management are:
•

Training people which should cover a wide palette of
employers, trainers, subcontractors and even the families of the employees

•

Minimizing the waste in production, or before the
production, during the development phase.

•

Segregating waste into hazardous and non-hazardous
parts
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Nylon
3%

Wood
74%

FIGURE 4 - Distribution of different
materials in recycled packing waste [3]
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Recycled materials from the sector are sold to subcontractors, which have a special permission from the ministry
of environment.
The non-hazardous waste quantity from the Turkish
automotive industry (2003-2006) can be seen in Fig. 5.

methods to dry paint sludge. The first alternative is to put
the sludge into bags, and let the water seep for further
treatment. To dry the sludge in sludge beds is another alternative where the sludge is spread in containers, so that the
water is drained and treated appropriately afterwards. The
final disposal of paint sludge is through incineration at
licensed plants.

100%

Sludge generated by chemical treatment of process
waters is one of the industries most prolific waste classes,
and incinerated at licensed facilities.

90%
80%
70%
60%

100.514

50%

184.336

146.838

233.544

40%

Miscellaneous
10%

30%

Phosphate Sludge
2%

20%
10%

14.739

6.780

5.645

10.061

562.466 vehicles

862.035 vehicles

914.359 vehicles

1.024.987 vehicles
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2005
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0%

Non-hazardous Waste Disposed [t]

Paint Sludge
23%

Solvent Sludge
4%
1st Category Waste Oil
(R)
4%
Paint Sludge (R)
4%

Non-hazardous Waste Recycled [t]

FIGURE 5 - Non-hazardous waste amounts and percentile
distribution of recycled/disposed categories

Barrels(R)
5%

The percentage of the recycled non-hazardous waste
considerably increased by about 10% between 2003 and
2004, and percentage remained stable in the following years
due to waste management system improvements. The effectiveness of the waste management system quickly stabilized in the first years, later on arriving at an optimum.
Considering that the majority of the Automotive Manufacturers implemented an environmental management system
right after 2000, this graph highlights the development and
progress of the effects of waste segregation and training
policies.
Another conclusion which might be drawn from the
chart is that non-hazardous waste produced per vehicle
was always at the same level, and only the ratio of the
recycled waste has gone up.
Hazardous waste

The weight-wise distribution of hazardous waste categories emanating from the automotive industry is summarized in Fig. 6, where R indicates recycled waste. Among
miscellaneous hazardous waste are second and third category waste oil, waste adhesives, metal sludge, chemical
waste, contaminated soil, wax, paint dust, electronical waste,
waste edible oil, fluorescent tubes, and waste batteries.
Some details of the main categories are summarized
in Figure 6.
Overspray particles produced during the paint process
are held in water-filled tanks under the paint cabin [5].
The water tank is periodically discharged and refilled with
fresh water. The sludge that settles at the bottom of the tank
is called paint sludge. It has to be removed before each fill.
Usually the paint sludge consists of 80% water. In this
form, the disposal costs are very high. Most companies
prefer to dry the sludge on site. There are some different

Waste Solvents
9%

Waste Water Traetment
Sludge
22%

Contaminated Materials
17%

FIGURE 6 - Hazardous waste categories emanating from the
Turkish automotive industry and the percentile distribution in 2006

Another significant hazardous waste category is that of
contaminated materials, such as clothing, gloves etc., contaminated with hazardous materials like paints, solvents,
oil and other chemicals. They are collected mostly in nylon
bags with special danger sign labels and other information,
such as risk phrases, emergency numbers, or responsible
person. They are also incinerated.
Waste solvents are an output of the paint process, and
waste oil is produced during the maintenance processes.
They are all collected in barrels and labeled according to
the legal regulations. Waste oil and waste solvents are sold
to different recycling firms with a license of the Ministry of
Environment (described in legal procedure). Waste solvents
are recycled to be used in paints for the construction industry, while waste oil is used in low-quality oil production.
Fig. 7 summarizes the hazardous waste quantities from
the automotive industry in the last 4 years.
Until 2005, the hazardous wastes were incinerated or
land-filled in a licensed hazardous waste disposal facility.
In 2005, cement factories also became interested in waste
disposal activities. After having obtained the necessary permits, they started offering promising alternatives for disposal by incineration.
Due to increasing levels of interest and awareness in
the industry regarding hazardous waste and the subsequent
measures taken, the amount of hazardous waste firstly rose
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FIGURE 7 - Hazardous waste quantities from the
Turkish automotive industry and disposal costs between 2003-2006.

in 2003 and 2004. As the effects of management systems
kicked in, the rate of increase slowed down, and finally,
the total amount began to fall. By 2000, most automotive
companies had started to get certified according to ISO
14001, and in 2004, the segregation of hazardous and nonhazardous waste was 100% due to trainings, audits and
other environmental management system tools.
In 2003, 39% of hazardous waste was recycled, but it
dropped by about 10% at the end of 2004, due to the
Waste Oil Regulation coming into force at the beginning
of that year. According to the regulation, only 1st category
waste oil was permitted to be recycled. The industry’s 2nd
and 3rd category waste oil had to be incinerated. Due to
effective waste management, the recycled waste amount
rose again but slightly decreased in 2006, since the recycling plants had difficulties to keep up with the increasing
demand.
In 2005, when cement industry got involved in waste
disposal, the costs fell from 2.58 to 2.33 Euro/vehicle,due
to the effects of competition. In 2006, the new Environmental Law was enacted. The penalties and sanctions, coming into force due to this new law, led other sectors to be
also active in environmental management, thus increasing
the demand for hazardous waste disposal facilities. As a
result, the prices for each ton of hazardous waste disposed,
increased by about 38%. Even waste disposal companies
from abroad could compete with these prices.

Hazardous waste management directive

This directive was revised and enacted in 2006, within
the concept of harmonization of the environmental legislation with the EU legislation.
In this context, the European Waste Catalogue was
inaugurated for the first time into the Turkish legislation.
With the amended regulation, all hazardous waste classes
were categorized, numbered and defined according to the
2000/532/EC European Waste Catalogue.
Automotive industry’s specific hazardous waste is
classified into seven main groups (07, 08, 11, 12, 13, 15,
and 20), according to the European Waste Catalogue and
also the Turkish Hazardous Waste Management Directive.
The chemically treated sludge belongs to category 07
(waste from organic chemical processes). Category 08
(wastes from the manufacture, formulation, supply & use
of coatings - paints, varnishes & vitreous enamels, adhesives, sealants & printing inks) covers waste from sealing
& paint processes like paint sludge or waste paint solvents
etc. Category 11 (wastes from chemical surface treatment
& coating of metals and other materials; non-ferrous hydrometallurgy) classifies wastes from surface coating like phosphate sludge. Metal waste is categorized as 12 (wastes from
shaping and physical and mechanical surface treatment of
metals and plastics). Contaminated materials and packing
materials belong to waste oils`class 13 (oil wastes and
wastes of liquid fuels), and to 15 (waste packaging, absorbents, wiping cloths, filter materials & protective clothing,
not otherwise specified). Industrial waste, which cannot be
further segregated, is category 20 (municipal wastes – household waste & similar commercial, industrial & institutional
wastes) including separately collected fractions.
Since the Turkish Hazardous Waste Management Directive covers only the hazardous waste categories, the
mirror entries of the European Waste Catalogue are missing,
thus leading to some waste from the automotive industry
not being categorized properly, such as hardened paints
and paste, pressed tins and masking foils, which were
hazardous according to the former Turkish Hazardous
Waste Management Directive, but non-hazardous according
to the European Waste Catalogue.
RESULTS AND DISCUSSION

Legislation

Among 24 legislative documents, which are directly
related to the automotive industry, Environmental Law is
the one which controls and manages the environmental performance of the sector. Seven of these documents regulate
waste management, namely, Hazardous Waste Management Directive, Waste Tires Directive, Solid Waste Directive, Waste Oil Directive, Medical Waste Management
Directive, Packing Waste Directive and Waste Batteries
Directive [6]. In this study, emphasis is given to Hazardous Waste Management Directive [6].

Turkish automotive industry is running an effective
waste management system, waste is segregated properly,
monitored, and records are kept as summarized in the previous sections. The industry undertakes special measures to
minimize waste.
But the infrastructural problems have still to be solved.
An increase in the number of recycling firms will be very
welcome, since the recycling potential of the automotive
industry’s waste is much higher than realized today. Plas-
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tics from unpacking goods, hap cups etc. are hardly recycled. Although the industry has the necessary tools to collect them separately, they are not exploited properly. Another improvement potential lies in the disposal facilities.
Due to the limited capacity, they cannot keep up with the
increasing demand.
The waste categorization has also to be improved. Given
the circumstances, the need for adaptation of the whole
European Waste Catalogue either within the Waste Management Directive or in a new frame directive is obvious
for improvement of the waste management system.
CONCLUSION
Turkish Automotive Industry, which is the locomotive
of the Turkish economy, is maintaining its leading role also
in environmental protection. In this context, most automotive companies have implemented an Environmental Management System according to ISO 14001. As a part of this,
they are also running an effective waste management system in terms of segregation, monitoring of amount and
costs, minimization, recycling and removal of hazardous
and non-hazardous waste. While hazardous waste emanating from the automotive manufacturing industry can be
categorized into 6 main groups, namely, paint sludge,
wastewater treatment sludge, phosphate sludge, contaminated materials, waste solvents, and waste oils. Nonhazardous waste can be classified into metals, plastics,
packing materials and industrial waste. In this paper, the
details of the waste management practices in the sector
were summarized, and the relevant data were discussed.
The Turkish environmental legislation relevant to the
automotive industry is very comprehensive and covers the
waste management issues. The amended Hazardous Waste
Management Directive, in particular, was a big step forward
in bringing waste categorization in line with the European
Waste Catalogue. Due to the improvements in harmonization of the environmental legislation with EU legislation,
and within the context of its environmental awareness and
responsibility, the Turkish automotive industry is running
a highly effective and successful waste management system, the details of which were given in this paper.
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