FEB – Fresenius Environmental Bulletin
founded jointly by F. Korte and F. Coulston
Production by PSP – Parlar Scientific Publications, Angerstr. 12, 85354 Freising, Germany
in cooperation with Lehrstuhl für Chemisch-Technische Analyse und Lebensmitteltechnologie,
Technische Universität München, 85350 Freising - Weihenstephan, Germany
Copyright © by PSP – Parlar Scientific Publications, Angerstr. 12, 85354 Freising, Germany.
All rights are reserved, especially the right to translate into foreign language. No part of the journal
may be reproduced in any form- through photocopying, microfilming or other processes- or converted
to a machine language, especially for data processing equipment- without the written permission of the
publisher. The rights of reproduction by lecture, radio and television transmission, magnetic sound
recording or similar means are also reserved.
Printed in GERMANY – ISSN 10181018-4619

© by PSP Volume 11 – No 10b. 2002

Fresenius Environmental Bulletin

794

© by PSP Volume 11 – No 10b. 2002

Fresenius Environmental Bulletin

FEB - EDITORIAL BOARD
BOARD
Chief Editor:
Prof. Dr. H. Parlar

Institut für Lebensmitteltechnologie und Analytische Chemie
TU München - 85350 Freising-Weihenstephan, Germany
e-mail: parlar@wzw.tum.de

CoCo-Editors:
Environmental Analytical Chemistry:

Prof. Dr. W. Fresenius

FEB - ADVISORY BOARD
Chemisstry:
Environmental Analytical Chemi
K. Ballschmitter, D - K. Bester, D - K. Fischer, D
R. Kallenborn, N - D.C.G. Muir, CAN - R. Niessner, D
W. Vetter, D

Environmental Biology:
D. Adelung, D - A. Görg, D - F. K. Kinoshita, U.S.A
G.I. Kvesitadze, GEOR - A. Reichlmayr-Lais, D
R. Viswanathan, D

Environmental Chemistry:

Institut Fresenius GmbH,
Im Maisel 14, 65232 Taunusstein, Germany

J.P. Lay, D - J. Burhenne, D - S. Nitz, D – I. Holoubek; CZ
D. L. Swackhammer, U.S.A. - R. Zepp, U.S.A.

Dr. D. Kotzias

Environmental Toxicology:

Commission of the European Communities,
Joint Research Centre, Ispra Establishment,
21020 Ispra (Varese), Italy

Environmental Biology:

Prof. Dr. A. Piccolo

Università di Napoli “Frederico II”,
Dipto. Di Scienze Chimico-Agrarie
Via Università 100, 80055 Portici (Napoli), Italy

F. Bro-Rasmussen, DK - F. Coulston, U.S.A. - H. Frank, D
H. P. Hagenmeier, D - D. Schulz-Jander, U.S.A.
H.U. Wolf, D

Environmental Management:
F.J. Carlin, Jr., U.S.A - E.B. Fitzpatrick III, U.S.A
O. Hutzinger, D - L.O. Ruzo, U.S.A - U. Schlottmann, D
P.J.M. Weusthof, NL

Prof. Dr. G. Schüürmann

UFZ-Umweltforschungszentrum,
Sektion Chemische Ökotoxikologie Leipzig-Halle GmbH,
Permoserstr.15, 04318 Leipzig, Germany

Chemisstry:
Environmental Chemi

Prof. Dr. M. Bahadir
Institut für Ökologische Chemie und Abfallanalytik
TU Braunschweig
Hagenring 30, 38106 Braunschweig, Germany

Prof. Dr. M. Spiteller

Institut für Umweltforschung Universität Dortmund
Otto-Hahn-Str. 6, 44221 Dortmund, Germany

Environmental Toxico
Toxicology:

Managing Editor:
Dr. G. Leupold

Institut für Chemisch-Technische Analyse und Chemische
Lebensmitteltechnologie, TU München
85350 Freising-Weihenstephan, Germany
e-mail: leu@wzw.tum.de

Editorial ChiefChief-Officer:
Selma Parlar

PSP- Parlar Scientific Publications
Angerstr.12, 85354 Freising, Germany
e-mail: parlar@psp-parlar.de - www.psp-parlar.de

Prof. Dr. H. Greim
Institut für Toxikologie und Umwelthygiene
Lazarettstr. 62, 80636 München, Germany

Prof. Dr. A. Kettrup

GSF-Forschungszentrum für Umwelt und Gesundheit GmbH
Ingolstädter Landstraße 1, 85764 Neuherberg, Germany

Marketing Chief Manager:
Max-Josef Kirchmaier

MASELL-Agency for Marketing & Communication, Public-Relations
Angerstr.12, 85354 Freising, Germany
e-mail: masell@masell.com - www.masell.com

Environmental Manage
Management:

Dr. H. Schlesing

Secretary General, EARTO,
Rue de Luxembourg,3, 1000 Brussels, BELGIUM

Prof. F. Vosniakos

T.E.I. of Thessaloniki, Applied Physics Lab.
P.O. Box 14561, 54101 Thessaloniki, Greece

Abstracted/ Indexed in:
in: Biology & Environmental Sciences,
C.A.B. International, Cambridge Scientific Abstracts, Chemical
Abstracts, Current Awareness, Current Contents/ Agriculture,
CSA Civil Engineering Abstracts, CSA Mechanical & Transportation EngineeringIBIDS database, Information Ventures, Research
Alert, Science Citation Index (SCI), SciSearch, Selected Water
Resources Abstracts

795

© by PSP Volume 11 – No 10b. 2002

Fresenius Environmental Bulletin

MESAEP
Mediterranean Scientific Association of Environmental Protection e.V.

MESAEP was founded in 1979 in Munich, Germany, as a non-profit scientific organization. The members, hailing from the Mediterranean and other countries, are scientists engaged in research and development, mainly in the field of environmental chemistry and technology as well as ecotoxicology.
Objectives of MESAEP are:
•

To provide a forum for and to bring together interested individuals from all scientific disciplines, politics, and economics to examine the current problems of environmental protection in the Mediterranean
region. They shall investigate solutions to problems on regional, national, and international basis. For
this purpose MESAEP makes critical appraisals to protect man and the environment in the Mediterranean Region from harmful effects of chemicals and physical agents, both natural and man-made.

•

To elaborate proposals and recommendations concerning the environmental quality and safety in order to enable the regulatory bodies of Mediterranean Countries to make proper decisions on safe use
of chemicals and physical agents.
Among other activities, MESAEP organizes biennial symposia on "Environmental Pollution and its
Impact on Life in the Mediterranean Region" since 1981 together with further national and international organizations. These symposia were held in Athens/ Greece (1981), Crete/ Greece (1983), Istanbul/
Turkey (1985), Kavala/ Greece (1987), Blanes/ Spain (1989), Como/ Italy (1991), Juan Les Pin-Antibes/
France (1993), Rhodes/Greece (1995), S. Agnello di Sorrento/Italy (1997), Alicante/Spain (1999), and
Limassol/ Cyprus (2001). All scientific papers and posters are published either in special proceedings
volumes (1981, 1983) or in regular scientific journals (1985 in Chemosphere, 1987 and 1989 in Toxicological and Environmental Chemistry, and 1991-1999 in Fresenius Environmental Bulletin), as it is the
case for 2001.
The 11th International Symposium on “Environmental Pollution and its Impact on Life in the Mediterranean Region” was jointly organized by MESAEP and SECOTOX (Society of Ecotoxicology and
Environmental Safety) October 6-10, 2001, in Limassol, Cyprus, under the auspices of the Ministry of
Agriculture, Natural Resources and Environment of Cyprus and in collaboration with Universities and
Research Centers from all over Europe and the Mediterranean Region. It was further supported by several Cyprus’ Municipalities and Organizations.
Despite the extremely difficult political situation after the terror attack in New York September 11th,
2001, the symposium welcomed more than 150 scientists from Europe, Middle East, Asia and North Africa.
A huge number of papers were presented as oral plenary lectures and in poster sessions. The scientific programme included five sessions: (i) Environmental policy, (ii) Atmospheric chemistry and climate change,
(iii) Pathways and effects of chemicals in terrestrial, aquatic, and marine ecosystems, (iv) Environmental
control and risk assessment, and (v) Environmental and waste technologies. The main results of the symposium are summarized and concluded in this and further three successive issues of this journal.
MESAEP spares no effort to improve the life-standards in the Mediterranean Region and is, therefore,
ready for cooperation with all interested organizations and governmental bodies.
Prof. Dr. mult. Dr. h. c. Muefit Bahadir
(President of MESAEP)
Technical University of Braunschweig, Germany
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Proceedings of the 11th International Symposium
“Environmental Pollution and its Impact on Life in the Mediterranean Region”

TOPIC: Waste Technologies

FOREWORD
MESAEP symposia pursue the concept not only to
identify problems caused by pollution in environmental
media air, water and soil, but also to work out technical
measures as to how to deal with and solve these problems.
That includes also socio-cultural and socio-political reflections and negotiations to meet the requirements of
Agenda 21 – Local Agenda – at the level of communities
and the regions. It is encouraging to see that there are
many institutions working on environmental engineering
issues including emission reduction technologies around
the Mediterranean. Their approaches, of course, mainly
deal with the current problems of their regions, e.g., waste
treatment technologies, both for hazardous wastes and
municipal ones, wastewater treatment, and removal of
various pollutants from industrial wastewaters, which are
typical for the Mediterranean industries, textile dyeing,
metal processing, electroplating, etc.

Applying environmental engineering technologies
may cause environmental problems itself if done improperly. Landfill gas emissions may cause risks due to the
explosible methane content, produce bad odour, and contribute to global warming; incineration of municipal
wastes, or even of wood residues, may emit gaseous and
semivolatile air pollutants besides particulates; lagooning
of sludges from mining likely contaminates soil and
ground water; and operation of sewage treatment plants of
different dimensions arises particular problems, as well.

A plenary lecture dealt with the environmental and
health effects of biodiesel as alternative fuel found great
interest. Biodiesel can be produced from different types of
oil plants or even of animal carcasses, and this is also
produced in Mediterranean countries, which causes sometimes problems , like residues and wastewater from olive
oil mills. Compared to fossil diesel biodiesel shows a
significant reduction of soot and PAH emissions as a
major positive aspect. The mutagenic potential of the
exhaust particulate matter is also much lower than that
originating from fossil diesel. However, the main problem
from the use of biodiesel seems to be the high amounts of
NOx, aldehydes, and further ozone precursors, like alkenes, produced. Therefore, a higher ozone forming potential is discussed.

Although there are encouraging approaches and technical solutions developed there is still a lack of transforming these knowledge and technologies to everyday practice to improve the environmental quality and living conditions at the Mediterranean region. Here, the circle is
closed again: The best available approaches and technologies do not help much if they are not applied. Hence,
scientist should leave their ivory towers and make sensitive the society and the politicians as decision makers to
achieve that goals for an improved environmental quality
around the Mediterranean.

At the symposium in Limassol many groups presented scientific results and current solutions for those
particular problems. Some of them are presented in this
issue of Fresenius Environmental Bulletin. Besides showing up technical solutions for special problems they also
presented entire tools to develop integrated plans of waste
management for a region or even for a whole country.
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ENVIRONMENTAL AND HEALTH IMPACTS
DUE TO BIODIESEL EXHAUST GAS
J. Krahl * A. Munack**, O. Schröder**, J. Bünger***, M. Bahadir****
* University of Applied Sciences Coburg, Department of Physical Engineering, Friedrich-Streib-Strasse 2, 96450 Coburg, Germany
** Federal Agricultural Research Centre, Institute of Technology and
Biosystems Engineering, Bundesallee 50, 38116 Braunschweig, Germany
*** University of Göttingen, Centre of Occupational Health, Waldweg 37, 37073 Göttingen, Germany
**** University of Braunschweig, Institute of Ecological Chemistry and
Waste Analysis, Hagenring 30, 38106 Braunschweig, Germany

SUMMARY
Fossil diesel fuel and biodiesel (mainly rape seed oil
methylester) are compared with regard to exhaust gas
emissions and their effects on human health and the environment. Tests were carried out using an agricultural
tractor and a test engine. The aspects treated are: use of
blends, particle sizes, mutagenic potency of the particulate matter, and ozone precursors.

KEYWORDS: Diesel fuel (DF), biodiesel, blends, rape seed oil
methylester (RME), emissions, particle size distribution,
mutagenicity, ozone precursors.

of carbon cores of DEE particulate matter as organic
phase [4]. Due to their median dynamic diameter of 0.1 to
0.3µm the particles are readily inhaled and about 10% are
deposited in the alveolar region of the lung [3].
Therefore, one focus of interest was the comparison of
the particulate matter emissions from fossil diesel fuel (DF)
to those from biodiesel not only with regard to the overall
emitted masses, but also to particle masses and particle
numbers in different size fractions. In order to estimate the
physiological effects of DF and RME particulate matters,
their mutagenic potencies were determined.
Moreover, it was studied in which degree biodiesel
exhaust gases influence the tropospheric ozone formation
relative to DF.

EXPERIMENTAL

INTRODUCTION
Biodiesel, in Germany mainly rape seed oil methylester (RME), has been considered as alternative fuel that
can be used in many conventional diesel engines. However, even the combustion of green fuels leads to the
emission of gaseous hazardous compounds and particulate
matter that may effect human health.
In particular, diesel engine exhaust (DEE) has been
classified carcinogenic to experimental animals and as a
probable carcinogenic agent to humans by the International Agency for Research on Cancer [1]. Several studies
reported a relative risk of approximately by a factor of 1.5
for lung cancer by DEE after a long-term exposure [2].
The carcinogenic effect of diesel exhaust exposure is mainly
ascribed to the inhalation of soot particles [3]. Many known
or suspected mutagens and carcinogens, e. g. polycyclic
aromatic compounds (PAC) are adsorbed onto the surfaces

All investigations were carried out using an agricultural tractor and a test engine.
Analytical equipment

All gaseous regulated compounds were taken directly
from the undiluted exhaust gas stream and were measured
using customary analyzers. The particulate matter was
sampled from a doubly isokinetic dilution tunnel and
collected on PTFE coated glass fiber filters. Organically
soluble matter was determined by heating the filters for
24 hours at 220°C. Tests revealed that this method gives
comparable results to six hours Soxhlet extraction with
dichloromethane. Aldehydes were quantified by the 2,4dinitrophenyle (DNPH) derivatisation method with HPLC
detection. For this an exhaust gas sample was led through
a set of impingers filled with acetonitrile/DNPH solution.
Alkenes and alkynes were determined by GC/MS with
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deep temperature enrichment. Methane and nitrous oxide
were measured by high resolution FTIR with a long path
gas cell. Analyses of spectra were performed by fitting
sets of calibration spectra. Besides methane and nitrous
oxide, nitrogen oxide and nitrogen dioxide were determined, too. The results of NOx determination by FTIR
agree with those of the chemiluminescence detector. Benzene was determined by GC with a flame ionization detector (FID). For the particulate matter analyses a Scanning Mobility Particle Sizer (SMPS) model 3934 with a
Condensation Particle Counter (CPC) Model 3010 from
TSI Company was used [5]. The SMPS system separates
particles in a range from 7 to 300 nm. Over this range
particles were divided in more than 100 different sizes by
electrostatic mobility.
Engines

As test engine a Farymann engine type 18 D, an air
cooled 4.2 kW one cylinder four-stroke diesel engine with
direct injection, was chosen. This engine can be handled
and controlled easily. All tests were carried out with and
without oxidation catalytic converter. Because of the
advantages of the convenient Farymann engine, it was
chosen for the extended serial investigations with different blends. Additionally, a Fendt tractor type 306 LSA
with direct injection 52 kW, four cylinder diesel engine
(type MWM D 226.4.2) was tested. It was equipped with
a special oxidation catalytic converter for biodiesel (Oberland Mangold, Germany). The tractor was used for the
investigation of ozone precursors and particulate matter
emissions.

Fuels

RME was delivered by Oelmühle Leer Connemann
Company, Leer, Germany, and 370 ppm sulfur DF by
German Shell, Hamburg, Germany. In Germany biodiesel
has to meet the standard DIN E 51606.

RESULTS AND DISCUSSION
Blends from RME and DF

Since non-fleet vehicles are often alternately fueled
with RME or DF, the regulated and some important nonregulated exhaust gas compounds (e.g. benzene and aldehydes) were determined using different blends from both
fuels. It was the goal to detect any positive or negative
disproportionate effects depending on special blends.
Concerning the gaseous regulated compounds, the following results were obtained: Without a catalytic converter
a decline in HC is observed with increasing RME percentage. In contrast CO emissions increase. The catalytic converter reduces the emissions of hydrocarbons as well as the
emissions of carbon monoxide. The efficiency of the catalytic converter depends on the blend; in contrast to the
above-mentioned increase of CO with increasing content of
RME, by use of the catalytic converter a slight decrease is
observed. The results are shown in Fig. 2a.

CO
HC

15

emissions [g/h]

Engine test procedures

As engine test procedure, the German agricultural 5mode test was chosen. This cycle has no legislative foundation, but simulates the typical load of agricultural tractors in Germany (see Fig. 1) [6].

CO (Cat.)
HC (Cat.)

10
5
0

100

A

0

31%

load [%]

80

20

40
60
blend [% RME]

80

100

FIGURE 2a
Regulated compounds HC and CO; Farymann test engine
with and without catalytic converter, 5-mode test.

60
B

18%

40
C 19%
20
E

0
0

20

D

20%

12%

60
40
speed [%]

80 % 100

FIGURE 1 - Modes of the agricultural 5-mode test.

With and without catalytic converter the particulate
matter (PM) increases nonlinearly with the RME percentage.
However, this nonlinearity appears only in mode C, whereas
all other modes show a linear dependency [7]. As expected,
due to the well-known reduction of soot by RME [8], the
organically insoluble matter decreases with higher percentage of RME. This effect is linear with the blend.
Concerning the emissions of NOx, there is almost no
influence of the catalytic converter. The emissions slightly
increase with increasing RME content. There is no differ-
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ence in nitrous oxide emissions relative to the fuel. However, the catalytic converter leads, summed up over the
whole test cycle, to a duplication of the emissions.
This Farymann engine shows a nonlinear dependency
of aldehydes emissions on the blend. A maximum can be
observed at 40% of RME. In case of this test engine RME
leads to less emissions than DF. This does not correlate
with usually found results. The published investigations,
on the average, report that RME leads to an increase of
the aldehydes emissions, compared to DF, to approximately 120 % [8]. Also the Fendt tractor emits more aldehydes running on RME than on DF (Fig. 5a). More research is needed to explain why this Farymann engine
exhibits such a positive tendency for RME. Without the
catalytic converter the emissions are 2- to 4-fold higher,
whereby a nonlinear trend is observed with a slight minimum at 50% (not shown).

Particle size distributions

Up to the present time particulate matter (PM) mass
has been the regulated value. Recently, particle size distributions, showing particle masses or particle numbers in
different size fractions have been recognized as more
important than the overall mass. These distributions will
be referred to as particle mass distribution (PMD) and
particle number distribution (PND), respectively. Small
particles reach pulmonary alveoli and are deposited there,
while larger particles are deposited in the upper airtract
and eliminated by the ciliated epithelium of the airtracts.
Especially ultrafine particles (< 100 nm) are considered as
critical to human health [9]. Therefore, an SMPS system
was used to measure the PND. Experiments were carried
out on the Fendt tractor.
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Benzene emissions increase with the percentage of
RME, although, in contrast to diesel fuel, RME does not
contain any benzene. This indicates that the benzene content of fuels is not necessarily the main source for benzene in exhaust gas emissions. The catalytic converter
reduces the emission by one third.
The above results concerning non-regulated compounds after catalytic conversion of the exhaust gas are
shown in detail in Fig. 2b (observe the different scales for
aldehydes and benzene!). Summing up, no optimal blend
was found for the measured compounds. The well-known
advantages and disadvantages of RME change mainly
linearly with the blend. Only particulate matter and aldehydes show nonlinear trends. The dependency of the
catalytic conversion ratio on blends indicates that the
adaptation of fuels (blends) to the exhaust gas treatment
may be a useful way to reduce emissions. In all, no specific blend can be recommended to minimize emissions.
On the other hand, there exists no blend with distinct
negative effects on the exhaust gas composition.
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15
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Benzene x 200

10
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0
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20

40
60
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FIGURE 2b
NOx, PM, aldehydes, and benzene; Farymann test
engine with catalytic converter, 5-mode test.

100
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diameter [nm]

400

FIGURE 3 - Particle number distribution (PND) of RME, DF,
and RME with catalytic converter; Fendt tractor, 5-mode test.

In Fig. 3 the particle number distribution in dependence on the particle size for RME, DF and RME with
catalytic converter is presented as weighted result of the
5-mode test. The maximum of the PND is at 30 nm for
diesel fuel. A shift to slightly smaller particle sizes is
observed for RME (maximum at 27 nm). Moreover, the
particle number for RME is higher in the whole range.
The catalytic converter reduces the particle number and
the maximum of the PND (maximum at 16 nm).
Besides the weighted result of the 5-mode test, also
each single mode was considered separately. In modes A
and E (not shown) the shapes of the particle number distributions are comparable; however, in mode E much more
particles are emitted. The absolute particle numbers of
RME and DF are similar in mode A, whereas RME emits
more particles than DF in mode E. The catalytic converter
reduces the particle numbers in both modes. The maxima
are at 100 nm (mode A, DF and RME), 65 nm (mode A,
RME with catalytic converter), and 40 nm (mode E). The
catalytic converter leads to a shift to smaller particles,
which is more distinct in modes B, C, and D. This indicates that the small to medium size particles may be liquid, most probably unburned fuel that is easily eliminated
or – at least – reduced in size by the catalytic converter. In
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contrast, the larger particles may have a solid core that cannot be oxidized. These theoretical considerations match
with results of measurements with an impactor, were the
smaller particles were eliminated well by the catalytic converter [10]. Impactors measure the PMD; a reliable correlation between PMD and PND has not been obtained yet.

In the tester strain TA98 a significant increase of
spontaneous mutations was obtained for both fuels. However, for DF the revertant frequencies were 2- to 8-fold
higher compared to RME (Fig. 4). Revertant frequency
was also significantly elevated in the tester strain TA100,
and the mutations using DF were 2- to 3-fold higher than
for RME. Testing with activated liver S9-fraction slightly
decreased the number of revertants in most experiments.

Mutagenic effects of particulate matter

For evaluation of pollutants, biological effects are the
basic value. Therefore, diesel engine exhausts from RME
and DF were tested on mutagenic activity. Organic extracts of filter collected particulate from DEE act as
mutagens in bacterial and mammalian in vitro assays.
Most investigations were performed using the Salmonella
typhimurium/ mammalian microsome assay [11].

These results indicate a lower mutagenic potency of
PM from RME compared to DF. This is probably due to
the lower content of PAH and soot in the exhaust, although the emitted masses from RME are higher at most
load modes. Testing with activated rat liver enzymes led
to a slight detoxification of the extracts.

This test detects mutagenic properties of a wide spectrum of chemicals by reverse mutations of a series of
Salmonella typhimurium tester strains, bearing mutations
in the histidine operon. This results in a histidine requirement of the tester strains in contrast to wild-type Salmonella typhimurium. The Ames test is worldwide the most
frequently used test system to investigate mutagenicity of
complex mixtures like combustion products. According to
the criteria given by Ames et al. [11], results were considered positive if the number of revertants on the plates
containing the test concentrations was double the spontaneous reversion rate and a reproducible dose/response
relationship was observed. The analytical procedure was
investigated more extensively by Krahl et al. [12]. For the
investigations the Farymann test engine was chosen.

Ozone precursors

The collected masses of particulate matter differed
widely depending on the engine loads and the fuels. In
most tests the collected masses from RME exhaust were
higher than from DF. Higher percentages of the sampled
masses were organically extractable from the filters for
RME than from those used for DF. It seems likely that
this observation is due to a smaller content of soot in
biodiesel exhausts, as proven before [8, 13].

The GC/MS system used is able to detect the
hydrocarbons in concentrations of several magnitudes.
The limit of detection is in the ppt range. A detailed
description of the sampling procedures is given by
Schröder et al. [10]. The total emissions of individual
hydrocarbons are shown in Fig. 5a. Due to the large
number of compounds, aldehydes, aromatics, and alkenes
including ethyne are shown as groups.

mutations

700
600

DF

500

RME

400
300
200
100
0
Mode A Mode B Mode C Mode D Mode E

FIGURE 4 - Number of mutations per plate from extracts of
RME exhaust particles on tester strain TA98 compared to DF
in the (number of spontaneous mutations = 32 per plate);
Farymann test engine, 5-mode test.

In summer ozone becomes one of the most important
air pollutants. Especially in urban areas traffic contributes
to ozone formation, because the photochemical reaction
of exhaust gas compounds like volatile organic compounds (VOC) leads in presence of nitrogen oxides and
sunlight to ozone.
As seen above, hydrocarbons are reduced by the use
of RME, whereas nitrogen oxides and, in the majority of
cases, aldehydes increase. These contrary tendencies do
not allow a theoretical comparison of the ozone forming
potencies of RME and DF [14]. Therefore, it was an important task to compare the emissions of ozone precursors
in the exhaust gases of both fuels.

It was found that the compounds with few carbon atoms dominate the emissions and that DF exhaust contains
less ethene and ethyne than RME exhaust. On the other
hand, DF leads to higher propene emissions. Currently no
explanation is available for these observations. In the 5mode test RME raises the emissions of ozone precursors
by approximately 20 %. The catalytic converter reduces
the emissions as expected. To estimate the ozone forming
potential of the emissions the concept of the specific
maximal incremental reactivity (MIR) of single compounds
is useful. The MIR values were taken from Carter [15]. A
comparison between emissions and their ozone forming
potentials makes obvious that alkenes and aldehydes have
the most relevant impact to ozone formation, while the
aromatics have a lower percentage (Fig. 5b). The MIR
value of carbon monoxide (0.07 grams ozone per gram
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component) is over 100 times smaller than the MIR value
of ethene (9.97 g ozone per g component) or formaldehyde (9.12 grams ozone per gram component). But due to
the high emitted mass of CO, its ozone forming potential
has to be taken into account, too.

Future research on particle size distributions (where
both particle masses and particle numbers in different size
fractions are considered) may reveal additional effects of
RME on human health and the environment that will help
to use biodiesel more efficiently.

12
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emissions [g/h]

10
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CONCLUSIONS
It was the goal to compare the fossil diesel fuel with
the rape seed oil methylester (RME) with regard to exhaust gas emissions and the effects of these emissions on
human health and the environment. Tests were carried out
using an agricultural tractor and a test engine. Several
aspects were of special interest; these were: use of blends,
particle numbers in dependence on size, mutagenic potency of the particulate matter, and ozone precursors.
Overall, RME leads to negative and positive effects
that cannot be avoided or promoted by blends. On the one
hand there seems to be a slight disadvantage due to NOX
and ozone precursors. On the other hand, a significant
soot reduction is obvious that is connected with a lower
mutagenic potency of the particulate matter.
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PLANNING, MANAGEMENT AND ASSESSMENT OF PROJECTS
CONCERNING HAZARDOUS WASTE IN GREECE
K. Aravossis,* E. Bagavou,* A. Kungolos*
* University of Thessaly, Dept. of Planning and Regional Development, 38334, Pedion Areos, Volos, Greece.

SUMMARY
Managing industrial hazardous waste (IHW) is a
complex issue. This study summarizes the main industries
in Greece that produce IHW, the major types of IHW and
the corresponding quantities. Main sources of IHW in
Greece are industrial plants such as chemical, refinery,
cement, and fertilizer industries and the major types are
sludge from wastewater treatment, slug and dust from
dust filters. Greece, at the time, does not have proper
disposal sites or facilities and the present methods of
disposal are temporary storage and export. A catalogue
containing Greek laws that govern IHW management is
being presented and the main laws are analyzed. Proven
IHW treatment and processing technologies and methods
are described in this paper and finally a proposal concerning management of IHW projects in Greece is being made
in order IHW and all related projects to be managed in an
environmentally sound way.

KEYWORDS: Hazardous waste, waste management, waste
disposal, waste treatment.

INTRODUCTION
Every year in Greece more than 300.000 t of industrial hazardous waste are generated. Main sources of IHW
are a small number of large and major industrial plants
such as metal, chemical, refinery, cement and fertilizer
industries. Those industries generate about 90% of IHW
at the country. About 600 small and medium size industries such as tanneries, textile dyeing plants, galvanizing
and agricultural industries are considered to be minor
sources of IHW. Shipyards, petroleum, transportation and
storage activities also produce IHW [1-3]. However, there
is a complete lack of disposal facilities.
The above facts emphasize the importance of the problem. In Greece there has been an adaptation of most E.U.
laws and regulations concerning IHW. However the problem

lies in the application of these laws and the monitoring of
the special waste streams. Another important problem is
the fact that in Greece there is extreme difficulty in positioning, constructing and operating new disposal sites and
facilities due to the negative reactions of citizens and nongovernmental organisations (NGOs).

CURRENT SITUATION AND LEGISLATION
Sanitary provision number E1β/301/64 provided the
first regulations for the disposal of Hazardous Wastes
(HW). Since Greece became member of the European
community its legislation for the IHW management comprises an adaptation to the European legal framework.
Today mainly two Ministerial Decisions (MD) govern
IHW management: Ministerial Decision 72751/3054/85
on disposal (collection, sorting, carriage and treatment) of
toxic and dangerous wastes and destruction of PCBs and
PCTs, and MD 19396/1547/1997 on measures and terms
for the management of hazardous waste.
MD 72751/3054/85 lays down the general rules on
the management of toxic and hazardous wastes. According to it, waste generators must ensure that the waste they
produce is properly transported and disposed off in a site
or facility approved by a competent governmental authority. Storage, treatment and disposal of hazardous waste
can be made only by companies that have been granted a
relevant permit and it makes sure that holders of this
waste assign storage, treatment and disposal of hazardous
waste only to those companies [4]. The Ministerial Decision also specifies that, in this case, the competent authority is the Prefecture of the geographical area, in which the
requested disposal site or facility is located. Authorities
should grant an operating permit for approved sites or
facilities only if: “An assesment at the request of the
competent authority is undertaken, which makes sure that
as a result of such storage, treatment, or disposal, no significant adverse effects on health or the environment are
to be expected” [4].
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Directive 91/689/EC, which became Ministerial Decision 19396/1546/1997, refers to the rules that deal with
ways on getting better control of disposal and utilization
of hazardous waste. Greek government should take appropriate measures to encourage: firstly, the prevention or
reduction of hazardous and toxic waste production and its
harmfulness and, secondly, the recovery of waste by
means of recycling, reuse or reclamation or by any other
process targeting extraction of secondary raw materials or
the use of the waste as a source of energy [5].
That MD provides a catalogue that defines what constitutes a HW. It also anticipates the application of national planning and technical specifications in order for
hazardous wastes to be properly managed. In addition to
that, it anticipates a deposit for the aftercare of disposal
locations and a deposit that regulates the granting of permits for managing hazardous waste.
More specifically, national planning consists of the
development of a specifications’ framework during the
various stages of hazardous and toxic wastes management
as well as the institution of national target and measures.
Within this planning procedure, the selection of methods
for the collection, transport, temporary disposal, utilization,

treatment and final disposal should be made as well as
targets for the reduction and reuse/ recycle/ reclamation
should be set.
Unfortunately, the article concerning national planning is not fully put into effect yet and as far as technical
specifications are concerned they haven’t been published
yet, although this has been expected for a long time [5].
The full legal framework concerning IHW management is presented in Table 1. Apart from the two previously mentioned MDs, there are, (as it can be seen from
Table 1) a number of laws and MDs concerning the management of IHW. There is a law and a regulation providing for the transboundary shipments of HW, MDs regulating the management of used oils and batteries, and providing measures for the prevention and elimination of
pollution from the incineration of HW e.t.c.
One can conclude that Greece has in general a complete legal framework concerning management of IHW.
What is needed to be done is to put the current legislation
into effect, create an environmental inspection service and
issue the necessary technical specifications.

TABLE 1 - Greek legal framework concerning H.W. management.

GREEK LAWS ON
HAZARDOUS WASTES
1
2
4

Sanitary Provision
E1b/301/64
Presidential Act 1180/81
F.E.K. 223/A/81
M.D. 72751/3054/85
FEK 665/B/85

TITLE
Collection, carriage and disposal of municipal and industrial hazardous wastes.
It concerns the submission of the environmental impact assessment plan that an
industry or a warehouse has to create and submit in order to operate.
Disposal (collection, sorting, carriage and treatment) of toxic and dangerous
wastes and collection and destruction of PCBs and PCTs.

5

M.D.71560/3052/85

Disposal of waste oils

6

1650/86
FEK 160/A/86

For the protection of the environment

7

M.D. 69269/90

Classification of public and private sector works in categories

8

M.D. 75308/90

9

L. 2203/1994

10

MD. 98012/2001/96

11
12

13

14

M.D 19396/1547/1997
FEK 604/B/97
MD 75537/1438/95
FEK 781/B/95
MD.2487/55/99
FEK 196/B/99
In combination with
M.D. 19396/1546/97
FEK 604/B/97
Annex I
Directive 1999/31/E.U
(to be adapted).

On informing the public and other interested parties for the content of environmental impact assessment studies
Basel convection, for the audit of transboundary shipments of HW and their disposal.
On the collection transport, treatment, regeneration, storage, energy reclamation
and final disposal of used oils
Measures and terms for the management of HW. It contains a catalogue that defines what constitutes a H.W.
On the management of batteries and accumulators, that contain hazardous substances.
Provides measures and procedures to prevent or to reduce negative effects on the
environment and the resulting risks for human health from the incineration of
hazardous waste and to that end to set up and maintain appropriate operating
conditions and emission limit values for HW plants
For the sanitary land filling of waste. Article 5 is concerned with the waste and
treatment methods that are not being accepted in sanitary landfill sites
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Temporary disposal
76,14

Stabilization-Treatment
Export 0,12%

Utilization
22,73

FIGURE 1 - Percentage distribution of IHW management practices in Greece.
Adapted from [3].

Inventories for IHW are based on special departmental studies for the assessment of their quantities and management practices as well as studies that recorded the
activities that produce IHW. Until now inventories have
been made for 1988 and 1998 (see Table 3). Unfortunately in Greece an automated monitoring system for
H.W does not exist yet.
Generation of IHW in Greece is characterized by the
production of small quantities and reduction of those
quantities during the last decade [1 - 3].
The reduction in quantity of IHW during the last decade is due to the fact that a number of industries generating them are no longer in operation. Large industries
producing steel, fertilizer, as well as tanneries and textile
dyeing plants have been closed. Additionally, changes in
production technology and the implementation of environmentally friendly technologies has helped the reduction of IHW. In particular, changes in the production
procedure of sulfuric acid, that have been adopted by two
fertilizer industries have helped total IHW reduction.
Those fertilizer industries are avoiding now the creation
of pyrite cider and arsenic sludge [1, 3].
Currently in Greece there are no disposal or treatment
facilities for IHW [3, 6]. In the recent past, studies have
been undertaken in order for a proper site to be selected
for the disposal of IHW. These sites were never constructed because of strong negative reactions of the local
inhabitants [6, 7].
Industries mainly do not have operating permits for
the disposal of wastes they generate on an approved site.
Permits granted in the past, were under a status of temporary disposal and applied only for up to three months.

From the 5000 industrial and domestic sites operating in
Greece none of them complies with the disposal methods
for HW [6].
As it can be seen from Fig. 1 the currently applied
IHW management methods in Greece include (used oil is
not included in these statistics):
• Temporary storage.
• Transportation and treatment abroad.
• Reuse, recycle, regeneration. (in Fig. 1 this is mentioned as utilisation)
• Solidification-treatment.
A lot of industries face operational problems caused
by the absence of approved disposal sites [6].
Many industries dispose a large amount of the generated HW in their own backyards taking unknown precautions to prevent soil and water pollution. Under the previously described situation, it is possible, small amounts of
IHW to be disposed off illegally and uncontrolled. The
possibility of something like that happening is increasing
as the size of the industry decreases [8].
Prefectures, on the other hand, do not efficiently react
to current applications of industries for the approvement
of a proper disposal site. They are understaffed to issue
licenses and permits and to inspect that rules and regulations are complied with and enforced.
From the foregoing it is concluded that the present
way of disposing of HW is highly inadequete and poses a
threat to human health and environmental quality and that
the state cannot monitor IHW generated in Greece and
inspect their management.
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TREATMENT AND DISPOSAL
OF HAZARDOUS WASTE
Hazardous waste can be handled by various treatment
and disposal techniques. Handling HW is a complex
process that involves soil, air and water pollution protection. An important role on the selection of the best handling method play: the quantities and the composition of
hazardous wastes as well as the investment and operational costs of the relevant plants [1].
Treatment technologies include processes developed
to reduce the nature of the waste, so that it is less hazardous and includes physical, chemical and thermal methods,
whereas disposal techniques include land-filling, landfarming, and export [9]. As far as the physical and chemical treatment techniques are concerned, according to the
production activity, samples are taken and analyzed in
order for the exact treatment activities and their sequence
to be specified.
Physical treatment

Physical treatment is used to separate phases and
components in a liquid waste stream. It includes sedimentation, filtratration, flocculation and adsorption [9, 10].
Sedimentation. This is a phase separation process,
where suspended particles settle under the influence of
gravitational forces.
Filtration. This process can be used to separate suspended solids from a liquid, purify the liquid and remove
the liquid from the sludge in sludge dewatering.
Flocculation. This is a phase separation process by
which small, unsettleable particles suspended in a liquid
are made to agglomerate into larger, more settleable particles, using chemicals.
Adsorption. This process involves contacting the
waste stream with a medium (e.g. activated carbon) when
the latter removes soluble organics and certain inorganics
present in the wastewater. Organic pollutants, chlorinated
aliphatics and chlorinated pesticides have been effectively
removed from wastewater using this method.
Chemical treatment

Chemical treatment includes neutrilization, precipitation, and solidification—stabilization [10].
Neutrilization. In this process an acid or base is added
to a hazardous waste to achieve pH of 7 resulting in less
hazardous and more suitable waste for additional treatment.
Precipitation. In this process all the substances of a
solution are tranformed into a solid phase [11].
Solidification- stabilization. Solidification of hazardous waste is commonly practiced before waste is disposed
off in landfills. It is a process in which various materials
are added to a liquid or semi-liquid waste to produce a
solid, monolithic mass as end product [12].

Physical stabilization is a process where waste in
sludge or semi-solid form is mixed with a bulking agent
such as pulverized ash, to produce solids, so that it becomes easy to transport in a final disposal method.
Chemical stabilization is a process in which hazardous
waste reacts chemically to form insoluble compounds in a
stable crystal lattice [10].
Five different types of solidification-stabilization
processes have been developed. These are [10]:
Cement based solidification. This process is used for
sludge contaminated with heavy metals and radioactive
waste. The main advantages of this technique are: cheap
additive materials, a well-developed technique and simple
operation of processing equipment. Disadvantages of the
above technique are: Additives add considerably to the
weight and bulk of the sludge, some of the mixtures are
vulnerable to leaching of contaminants.
Lime based solidification, which has been used to treat
inorganic hazardous compound sludge. The advantages of
this technique are: inexpensive and widely available additives and simple operation of processing equipment. The
disadvantages are: heavy and bulky product and the mixtures are vulnerable to leaching of contaminants.
Organic polymer technique. This process can be used
to treat either wet or dry sludge and produces a lowdensity waste-polymer mixture during the polymerization
process of escaping metals.
Thermoplastic encapsulation techniques. Thermoplastic materials are used to create a coating or jacket over
the waste. The main advantage of this technique is that no
release to the environment of leachate contaminants occurs. The disadvantages are: additives are expensive and
need special care by specialized equipment and the process is very energy intensive.
Classification-vitrification. This is a very energy intensive process and its application is mainly limited only to
high level radioactive or other extremely hazardous waste.
Incineration

Incineration is a controlled chemical process involving the oxidation of principal elements present in waste to
carbon and nitrogen oxides and water. It is a final disposal
method. HW can be incinerated individually or in existing
industrial facilities, a process known as co-incineration.
In USA a large number of chemical industries burn
HW as fuel in their furnaces. Other industries that burn
significant amount of their hazardous waste include, paper, petroleum, glass, primary metal industries etc.
In Greece there is a controversy if cement industry
could incinerate safely hazardous wastes in their rotary
kilns. Advocates of that practice, support that it is a safe
disposal method, which can result in financial gain for the
national economy, the cement industry as well as remove
pollution sources from the environment [13].
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TABLE 2 - Hazardous emissions from a hazardous waste incinerator [11].

Hazardous emissions
Particles (primarily silicate compounds and oxides containing
Heavy metals (e.g. Pb, Cd, Zn, Hg)
Sulfur dioxide
Hydrogen chloride (HCl) and Hydrogen fluoride (HF)
Oxides of nitrogen (NOx)
Carbone monoxyde (CO)
Hydrocarbons (HCs)
Dioxins and furans

Air pollution from incinerators. Hazardous emissions
from a hazardous waste incinerator are presented in Table 2.
Air pollution from hazardous waste incineration can
be efficiently controlled by various methods such as electrostatic filters, wet scrubbers, two stage combustion
processes etc.
Although incineration can be used in order to dispose
off a variety of waste, from both an economical and technical point of view, only hazardous wastes of organic
nature are most suitable for incineration.
Disposal techniques

Disposal techniques include landfilling, landfarming,
ocean dumping and export.
Landfilling. That method involves the placement and
storage of waste in the soil in the form of sludge or solids.
Most of the HW need pretreatment before being landfilled. This practice stabilizes wastes and decrease the
amount of gas and leachate produced from landfill. An
allowed hazardous waste landfill must be lined with an
appropriate material and must have a leachate collection
system to prevent groundwater contamination.
Export. Although the main basis for exporting hazardous wastes is either economical or technical, in practice the transport of highly toxic wastes from developed
countries, (where industries face very stringest laws and
regulations regarding disposal and treatment) to Third
World countries is observed. (where often less attention is
paid for the safe disposal of the same toxic wastes)
In Table 3 HW production activities, types, quantities
in Greece and proposed treatment and disposal methods
are presented.
Suggestions for strategic planning and management of IHW
in Greece

In the following a list of measures that should be
taken into account in the planning and management of
IHW (and related projects) is suggested. Most of them
comply with the National Planning. However, we differentiate and put different emphasis on some key points.
The proposed points are as follows:
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• Continuous and updated information for the types
and quantities of the produced IHW must be provided. This can be accomplished by the development
and implementation of an information and monitoring system by the Greek ministry of Environment
and Public Works. That system must be based on the
development of a database, that will be continuously
fed by the prefecture archives, the environmental
impact assessment plans and studies and by the updated inventories of the industry.
• Reduction of the total produced IHW volume. That
can be achieved by financing producers to implement clean technologies and thus avoid the production of IHW at source.
• Increasing IHW quantities that are being reused and
recycled.
• Quantities that are temporarily stored must be minimized and the quantities of IHW that are being
transported to other E.U. countries for disposal
should be reduced if possible too. In order for this to
be achieved, treatment facilities and disposal sites
have to be constructed and operated in Greece. The
construction of the treatment facilities and disposal
sites should be accelerated in consultation and close
cooperation with local government, citizens and
NGOs in order to successfully confront the “not in
my backyard syndrome” (NIMBY syndrome).
• The new disposal facilities should include at least
two physical/chemical plants and equivalent recycling plants and special and toxic waste landfills.
The construction of an incineration facility for toxic
waste should be thoroughly analyzed by means of a
cost-benefit analysis, where all types of criteria (environmental, social, technological, financial) should
be taken into consideration.
• Reducing the role of state and increasing the role of
industry, private companies and individuals in undertaking responsibilities for the implementation of
waste treatment systems and structures.
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TABLE 3 - HW production activity, type, quantity and proposed disposal method.

INDUSTRIAL ACTIVITY
Oil refining

Oil pumping from the deposits
Shipyards

HAZARDOUS WASTES
CATEGORIZATION
Oily sludge
Lead sludge from the fuel
tanks
Sludge from the oil separation of the liquid wastes.
Oily sludge from the ballast
and slops treatment

EU CODE
130502
050103
050103
010501
130502
160702

QUANTITY
(TN/YEAR)
24.000

PROPOSED DISPOSAL METHOD
Incineration
Solidification

500
1000

Incinerationsolidification
Incineration

1000

Landfilling

Whittlings from the ships
metal cleaning and used
sandblast material
Oily sludge

050103

10.000

Incineration

Acidic sludge

050802

4800

Sludge from waste water
treatment
Fe (OH)3 sludge

190200
060403
190201

85.000

Chemical/
Physical
Chemical/
physical
Solidification/Landfilling
Chemical/
physical

Dust from dust filters
Slug from FeNi enrichment

100203

13.400
85.000

Dust from dust filters
Sludge from wastewater
treatment

100203
100307
190201

300
10.000
100

Asbestos -pipe production

Sludge from wastewater
treatment

160206

900

Chemical/
Physical

Manganese peroxide production

Sludge from wastewater
treatment

190201

15.000

Chemical/
Physical

Sludge from wastewater
treatment
Solid waste from the production process
Sludge from the wastewater
treatment
Sludge from the wastewater
treatment

190201

1.973

Chemical/
Physical
Chemical/
Physical

Other activities producing oily
remains
Used oils regeneration
Fertilizer’s production
Steelworks

10300

Sludge from the tinning
waste treatment etc
FeNi production
Aluminum production

Metal plating industry
Battery production

Battery recycling
Tanneries
Dying-finishing industries
Production of chemicals
Rayon production
Production of synthetic materials
Production of pesticides

500
190201
190201

400

Chemical/
Physical

3.148

Chemical/
Physical
Chemical/
Physical
Chemical/
Physical
Chemical/
Physical
Chemical/
Physical
Incineration

Sludge from the wastewater
treatment
Sludge from the wastewater
treatment
Sludge from the wastewater
treatment
sludge

040106
190201
190201

5.185

190200

3.000

2.000

2.000

sludge

070202
070208
070499

8.800

Destroyed pesticides
Pesticides packaging
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Solidification
Chemical/
Physical
solidification
Chemical/
Physical
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CONCLUSIONS
The current management practices in Greece pose a
threat both to humans and the environment. Immediate
actions should be taken by the state in order that damages
to people and environment be avoided. Actions should
include the construction and operation of treatment and
disposal facilities, the encouragement of IHW producers to
minimize and recycle-reclaim-reuse IHW, the implementation of the current legal framework and the inspection of
the agencies involved in the IHW production-management
chain by a specialized state service in order to ensure the
protection of the public health and the environment.
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DEVELOPMENT OF AN INTEGRATED PLAN FOR
SOLID WASTE MANAGEMENT IN CYPRUS
A. Papadopoulos, D. Fatta, F. Kourmoussis, A. Mentzis, and M. Loizidou
National Technical University of Athens (NTUA), Chemical Engineering Department, Athens, Greece

SUMMARY
The management of solid waste is among the priorities of the European environmental policy, hence Cyprus,
which is at the accession stage, is currently developing the
necessary legislative framework to address this issue. This
project aimed at developing an integrated action plan of
targets and actions for solid waste management in Cyprus
(hazardous and non-hazardous) taking into account the
special features of the island. The main effort should
focus on the prevention and reduction of the quantity and
volume of waste, promotion of reuse and recycle over
energy recovery and final disposal. In cases where final
disposal is unavoidable, this should be made in an environmentally friendly way.

KEYWORDS:
solid waste management, waste strategy, Cyprus.

packaging waste, waste from electrical and electronic
equipment, end-of-life vehicles) and hazardous solid
waste (industrial waste, PCBs, waste oils, batteries, infectious waste). A legal gap analysis between the Cypriot
and E.U. legislation concerning waste management was
carried out. The basic E.C. Directives as well as the main
Cypriot laws were described. Then, a description and
analysis of the current situation regarding the waste generation and management in Cyprus was made. In order to
do this, numerous studies carried out by several companies under the supervision of the Cypriot Ministry of
Agriculture and Environment, were used. Finally, an
integrated plan including targets and actions that need to
be taken for the effective management of solid waste in
Cyprus was proposed, taking into account the priorities
and guidelines of the E.U., international experience and
the special features of the island.

RESULTS
INTRODUCTION

i. European – Cypriot Legislation

Cyprus is currently developing the necessary legislative framework and policy with respect to waste management in order to be in conformity with the European Environmental Policy. An effective national plan, referring to
waste management, needs to be implemented, which will
include the goals and actions that should be taken in order
to achieve high environmental protection, rational use of
natural resources and, therefore, the sustainable development of the country.

The basic priorities of the European Environmental
Policy are the protection of human health and environment, the introduction of specifications for the management of solid waste, the generation of European catalogue
of hazardous and non-hazardous wastes, the promotion of
recycling, reuse and recovery of materials and application
of the “The polluter pays” principle [1-5]. Cyprus needs
to develop an integrated strategy, as far as solid waste is
concerned, aiming at the protection of public health and
environment [6, 7].
ii. Description of the Present Situation
a. Non-hazardous waste

METHODOLOGY

Household waste

The aim of this project was the development of an integrated solid waste management scheme in Cyprus. The
categories of solid waste that were examined, are the
following: non-hazardous solid waste (household wastes,

Approximately 368,800 tons of household waste are
generated each year in Cyprus. The production of this type
of waste is intensively increasing due to the touristic flourish and the high living standards. The municipality and the
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local authorities are responsible for the household waste
collection and management, but the system is ineffective in
many cases, especially in agricultural areas. Five semicontrolled disposal sites are under operation, in Cyprus,
which serve only the 75% of the population needs [8, 9].
Packaging waste

There are various recycling programs for paper, cans,
plastics and glass in Cyprus. The Association of Recyclers has been established by the companies that operate
these programs. The quantities of the recycled materials
are: paper 5924 t/y, plastic 1005 t/y, glass 1070 t/y, iron
30916 t/y, aluminium 1854 t/y and other metals 4770 t/y.
The paper-recycling program achieves the recycling of
7% of the disposed paper. Plastic is collected by one
company, which regenerates it in pellets, in order to be
used as raw material in plastic industry, or as final products. The remaining quantity is exported. Two companies
are recycling glass. The first one promotes its products in
the Cypriot market and abroad. The second one collects,
breaks up to fregments and exports glass for further process. The main sources, from where glass is collected, are
hospitals, restaurants and municipalities. The metal recycling program is considered to be successful. The metals
that are recycled are iron, aluminum, copper and brass.
The ferrous boxes, after their collection, are chopped up,
packed in balls and exported for further process. An increase of 30% of the quantities of the collected and exported aluminium was observed, in the period 1996-1999.
A part of the collected aluminium is used in final products
as metal furniture, illumination and decoration objects [10].
End-of-life (Scrap) Vehicles

The end-of-life vehicles (ELVs) end up at disposal
sites or are rejected uncontrollably. There are no quantitative data regarding their number in Cyprus. The five

member companies of the Association of Recyclers,
which recycle ferrous cans, also collect the ferrous metals
from ELVs [10].
Used Tires

It is estimated that the used tires cover approximately
1-2% of the total quantity of household wastes. The annual quantity of disposed tires is approximately 4800
tons, part of which is disposed of in landfill sites and the
rest is uncontrollably rejected [11].
Waste from electrical and electronic equipment (WEEE)

After the end of their life electrical and electronic
equipments are disposed of with the household wastes to
landfill sites. Only the ferrous parts of these equipments
are recovered [10].

b. Hazardous waste

The quantities of hazardous wastes that are produced
each year can be seen in the following table [12].
Industrial wastes

In Cyprus, the hazardous wastes originate from industries that produce colors and dyes, pesticides (empty
packages of fungicides, insecticides, etc), tanneries (they
produce heavy metals as Pb, Co, Cu, Cr, Ag etc), metal
industries and power stations (ashes) [13].
PCBs

This type of hazardous waste consists of oils containing PCBs or/and PCTs. They derive from electrical
equipment in houses and companies, more specifically,
from capacitors of fluorescent lamps, electric motors,
refrigerators, etc [12].

TABLE 1 - Quantities of hazardous waste.

Type of hazardous waste

Origin

Quantity
(t/year)

Dying industry, paint stores, labs,
printing stores, garages, houses, etc

200

Pesticide industry, farmers

500

Plating industry, Pb smelting

34

Ashes

Power plants

80

Dyes

Dying industry

10

Household waste

132

Flammables
Pesticides
(insecticides, etc)
Useless heavy metal baths

Oils including PCBs
Infectious

Hospitals

Total

7,380
8,336
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waste. This framework shall govern the proposed
actions and enhance the establishment of the appropriate operators, as well as provide the technical specifications and guidelines for the effective and integrated management of the different
types of solid waste.

Waste Oils

Cyprus imports 8000t/y lubricant oils, from which
4300t/y of recoverable waste oils derive. It is important to
notice that 320t/y (about 3-4% of imported oils) are disposed of into the environment. About 2 millions empty oil
packaging end up in landfill sites annually. 95% of collected waste oils does not go under any process in Cyprus,
but they are exported to Greece and Israel. Despite that
the combustion of waste oils has been forbidden, this
practice continues to take place illegally [14].

§

Prevention and/or reduction of the quantities of
the solid waste produced. Specific quantitative
targets, as well as the time limit for their accomplishment, need to be set taking into account the
numerous, relevant E.U Directives (e.g. packaging, ELV Directives, etc. These targets shall require specific recovery, reuse and recycling
rates, as well as minimum quantities to be disposed of. Motivation of the producers, to design
products that will be easily recovered and reused.

§

Minimization of the hazardous properties of the
products. This target needs, above all, binding
measures and motivation of the producers to use
less hazardous substances and materials. The implementation of the producer’s responsibility, as
well as the encouragement to use more biodegradable materials, shall contribute to achieve this.

§

Expansion and modernization of the collection
and transfer network. This requires the implementation of specifications and guidelines for the
optimization of the techniques that are used for
the collection of the waste. The use of modern
equipment, and garbage trucks, as well as the
development of transhipment stations shall facilitate the effectiveness of the network.

§

Maximization of the reuse, recycling of waste or
energy recovery. The development of programs
for the collection and sorting out of materials at
source and the construction of collection and recycling centers is necessary for the increase of
the reuse and recycling rate. The techniques that
shall be used for the recovery, reuse and recycling of waste shall be based on the E.U. Directives and guidelines (e.g. Best Available Techniques) [4]. Additionally, the promotion of composting, where possible, as well as thermal
treatment is required. Furthermore, the labeling
and handling manuals of the products shall facilitate its easier identification, sorting out and,
hence, its optimum recycling. There is also need
for the promotion of alternative management,
which shall prioritize the reuse and recycling of
material over energy recovery and be based on
the principle of co-responsibility of all economic
operators. Finally, further studies should take
place that will look into the possibility to use
some waste types as fuel.

§

Environmentally acceptable final disposal of the
waste that cannot be managed differently. The

Batteries

There are no data available for the quantity and management of batteries and accumulators. There is only
some data concerning the used car batteries, which are
collected by the recycling companies directly from garages. The quantity of car batteries that is collected each
year is 2,125 tons (1999) [10].
Infectious Waste

Infectious waste consists of hazardous biological
waste as well as waste that simulate with the household
wastes. They may derive from surgeries (clothing, litters),
materials and remains from virulentl diseases, human
spars, etc. Part of the quantity produced of infectious and
biological wastes (216 tons/year) is combusted in furnaces at the hospitals. This procedure needs to be controlled and monitored so as to provide the safe and effective thermal destruction of waste [12].
Small quantities of hazardous waste in household waste

This category of hazardous waste refers to the waste
included in mixed household waste. Their total quantity is
small, but, because of their hazardous features, they require special treatment. Some examples of this kind of
waste are inflammable substances (200 tons/year), pesticides (400 tons/year), pharmaceutical equipment, which
include thermometers, syringes and expired medicine,
inks (printers’ inks and toners), batteries (rechargeable
and other) and aerosols (empty containers) [10, 12].
iii. Targets - Actions

From the above description of the present situation
regarding the production and management of solid waste
in Cyprus, it is concluded that, although the quantities are
not too high, they constitute a very significant environmental problem. The targets that need to be set and the
appropriate actions that need to be taken in order to
achieve these targets, and therefore establish an effective
system for the management of solid waste, are based on
the requirements of the European environmental policy
and the current situation in Cyprus.
The integrated plan for the management of solid waste
in Cyprus is based on the following targets and actions:
§

Development of an appropriate legislative framework that will guide the management of solid
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actions that need to be taken are the preparations
of studies for finding and installation of landfill
sites (including pre-approval of siting studies,
EIA reports, etc.) and the construction of landfill
sites that will cover the quantity that needs to be
disposed of.

REFERENCES

Remediation of the existing landfill sites that do
not satisfy the requirements for final disposal of
solid waste. The authorities should stop the operation of these sites and prepare a plan for their
remediation and upgrading. Measures need to be
taken for the elimination of the pollution they
generate, as well as for their monitoring
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order to ensure the effective and with less environmental
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waste (e.g. composting).
Development of inventory programs referring to
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should be recorded in appropriate databases,
which should be continuously updated.
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DISCUSSION
The proposed integrated management plan addresses
most of the issues deriving from the management of solid
waste. Since Cyprus is at the E.U. pre-accession stage,
this plan is based on the requirements of the European
environmental policy, as they are described by the E.U.
Directives and Regulations. It also takes into account the
current situation of waste production and management in
Cyprus, which is not satisfactory. The plan requires the
immediate development of an appropriate legislative
framework that shall govern all actions and include specific targets and actions to achieve these targets, which
are necessary for the integrated and with less environmental deterioration management of solid waste in Cyprus. When implementing this (or similar) plan, and deciding the specific measures and actions that will be
taken, the special features and demands of the island
should be taken into account, in order to achieve the optimum management of solid waste in Cyprus and ensure
the protection of the environment and the public health.
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REMOVAL OF COLOR FROM TEXTILE WASTEWATER
CONTAINING AZODYES BY FENTON’S REAGENT
S. Acarbabacan, I.Vergili, Y.Kaya, G.Demir, H.Barlas
Istanbul University, Faculty of Engineering Environmental Engineering Department, İstanbul,Turkey

SUMMARY
Wastewater from dyeing is a dangerous source of environmental contamination. Dyeing which is used in textile industry, is adding extreme color character to wastewater. Lots of textile industry use pigments and dyes in
their products. In this study, the oxidation processes were
carried out using Fenton reagent (Fe 2+/ H2O2). During the
study different pH range (3-6-9) and different Fe2+/ H2O2
molar ratios were used. The aim of this study is to present
results concerning the optimization of azodyes removal to
achieve decolourization by Fenton’s reagent. Color measurements have been made using values of indexes of
transparency parameter. Values of indexes of transparency = DFZ (DurchsichtsFarbZahl) in accordance with
the EN ISO 7887 standards were obtained by taking absorbance in 436, 525 and 620 nm. DFZ values were calculated from these measurements. Best experimental results
were obtained at the pH value of 3 with the Fe2+/ H2O2
ratio of 1/ 5 (225 mg/L FeSO4 / 137 mg/L H2O2) by
means of Fenton Process.

KEYWORDS:
Fenton’s reagent, azodyes, pH, Fe2+/ H2O2, RES.

INTRODUCTION
Textile industry is one of these industries that outlet
the highest amount of wastewater. The pollution emerging
from textile wastewaters is considered to be a general
problem in many countries. Pigments and dyes are used to
color many industrial products. Hence wastewaters have
BOD, COD, high solid content and high amount of color
features.
Pigment formulas, used in dye-houses, are not explained in full but they are rather called by their trade
names. Moreover, the use of various additives, according

to dye molecules, the kind of fabric and the properties of
dying process, makes their treatment processes more
difficult. The reason for the use of azodyes in this study is
due to the wider use of this type in the textile industry.
Many kinds of methods are used in the wastewater
treatment in textile industry. These are physical, chemical
and biological methods. The various methods used for the
treatment of dyeing wastewater, include chemical and
physical oxidation with different oxidative substances,
such as ozone, hypoclorite, ozone + UV, hydrogen peroxide, hydrogen peroxide + Fe2+ salt, hydrogen peroxide +
UV. The other treatment processes are photocatalytic
oxidation, polymer and mineral sorbents, reverse osmosis,
electrochemical process, adsorption and coagulation. The
affectivity of these methods depends on the type of dye in
wastewater. That is why the individual applications of
these methods are limited [1]. Recent studies show that
Fenton process gives successful results in the treatment of
wastewaters containing dyes that are difficult to treat
(Fenton process was named after English chemist, Henry
John Horstman Fenton at the end of last century).
It has been shown that the oxidative catalytic system, H2O2+Fe2+, may also be used with success for the
dyes destruction and decolourization of industrial
wastewater [2, 3]. Studies using ranges of about 300 –
300 mg/L H2O2 and 85 – 850 mg/L FeSO4 doses were
carried out by Solozhenko et al. [4] and Kang and
Chang [5]. There is an increase in the use of Fenton’s
reagent in wastewater treatments that contain nonbiodegradable matters, biologically. Fenton’s reagent can be
used for organic pollutant destruction, reducing toxicity,
biodegradability improvement, removing BOD/ COD,
odor and color removal [4].
Fenton process consists of reacting iron catalyst and
hydrogen peroxide with wastewaters. The success of this
process relies on the formation of free hydroxyl radicals
(OH), that are highly oxidative and perhydroxyl radicals
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(HO2), during this reaction and these radicals react with
wastewater rapidly [6,7]. The chemical reactions of the
Fenton process are as follows:
Fe2+

+

H2O2

Fe3+ + OH. + OH-

HO.

+

RH

H2O + R-

Fenton process has many advantages such as ease of
processibility, workability within high range of temperature and enabling increasing oxygen concentration in
water as well as oxidation and coagulation properties [4].
It is also important to define Fe2+/ H2O2 ratio in Fenton process, because every pollution has an optimum
Fe2+/ H2O2 ratio. This ratio should be determined in
order to obtain a good treatment removal. In this work
color removal from synthetic wastewater has been observed by Fenton process under various pH values and
Fe2+/ H2O2 ratios [8].
The color measurements have been carried out according to DFZ parameter. Three wavelengths, 436 nm,
525 nm and 620 nm, within the visible light spectrum,
were chosen to determine the color according to international norms [9,10].

MATERIALS AND METHODS
FeSO4.7H2O and H2O2 (% 35 w/w) were obtained
from Merck, Inc. A three-necked glass reactor was used
throughout the experiments. The reaction solution placed
in the glass reactor which was prepared as a batch reactor
was mixed by a magnetic stricter. The outer surface of the
reactor was covered against the light. 600 mL synthetic
wastewater was used for this study. A synthetic wastewater was obtained as a mixture of 3 dyes prepared by dissolving Remazol Blue RR, Gran Remazol Red RR Gran
and Remazol Yellow RR Gran azodyes in distilled water.
pH of synthetic wastewater ranged from 5.5 – 6. DFZ
values of this wastewater is given below:

The measured absorbance values were converted to
“Indexes of transparency” (DFZ) values. DFZ limit values
were determined according to European norm, are 7 m-1
for 436 nm, 5 m-1 for 525 nm and 3 m-1 for 620 nm [10].
DFZ calculation was made according to:
DFZ = 100. (E λ / d)
E λ is extinction (at a known wavelength)
d is the thickness of water sample in cm.

RESULTS AND DISCUSSION
The necessary pH value for the color removal was investigated by changing samples’ initial pH to 3, 6, and 9,
while keeping FeSO4 concentration at 225 mg/L and
H2O2 concentration at 137 mg/L. It was observed that pH
value remained between 3 and 5, when the starting pH
values were 6 and 9, depending on FeSO4 and H2O2
amounts added to synthetic wastewater. The pH was continuously controlled to ensure continuation of the reaction, while working with pH of 6 and 9. This is caused by
the addition of FeSO4 catalyst that typically contains the
residual H2SO4 added, and continues gradually at a rate
that is largely dependent on catalyst concentration. This
pH change is often monitored to ensure that the reaction is
progressing as planned – the absence of such a pH decrease may mean that the reaction is inhibited and that a
potentially hazardous build up of H2O2 is occurring within
the reaction mixture [11].

10

89.5
93.2
22.2

8

2+

Fe and H2O2 form OH radicals by reacting in water.
That is why the Fenton oxidation depends on the initial
pH. In this work the pH values of 3.6 and 9 were obtained
as the most convenient pH values for the removal of color
by fixing FeSO4 and H2O2 concentrations as constant. pH
levels 3.6 and 9 were adjusted by using perchloric acid
(HClO4) and 1 N NaOH during the experiments.
Optimum Fe2+/ H2O2 ratio was determined by fixing
FeSO4 amount constant and changing H2O2 amount, at the
pH value pre–determined for the color removal by Fen-
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ton. Temperature and pH values of synthetic wastewater
were continuously observed throughout the experiments.
Synthetic wastewater, first, mixed fast for 1 min, then
slowly for 10 min after the addition of FeSO4 and H2O2,
and then left for sedimentation. The color measurements
of sample taken from the stable upper phase after 30 min of
sedimentation time were carried out according to EN ISO
7887 (Pharmacia LKB-Nowaspes II spectrophotometer).
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FIGURE 1 - Typical pH profile of Fenton reactions.
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Color removal at pH 3 is depicted in Fig. 2. Color
removal was 91% at 436 nm. Higher removal was obtained as 98% at 525 nm and 96% at 620 nm.
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80

Color removal at pH 6 is depicted in Fig. 3. It was
noted that these values were 95% at 525 nm and 92% at
620 nm, while color removal was 88% at 436 nm.
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FIGURE 2 - 225 mg/L / 137 mg/L ( ratio of 1/5 )
Fe2+/ H2O2 the yield of color removal at pH 3

As can be seen from these results, the highest removal,
by Fenton, was obtained at the pH value of 3. When
worked with the pH values of 6 and 9, there needs the pH
to continuously be adjusted. Under these circumstances, the
pH value to be used in this study was chosen as 3.
Optimum Fe2+/ H2O2 ratio was investigated by changing the values to 1/2, 1/5,1/8, 1/10 and 1/20, while the
added H2O2 concentration was between 55 to 550 mg/L,
and FeSO4 amount kept constant at 225 mg/L. Values of
the removal obtained from the color removal tests carried
out at the above Fe2+/ H2O2 ratios are given in Table 1.
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Color removal at pH 9 is depicted in Fig. 4. The yield
of color removal was 85% at 436 nm, 95% at 525 nm and
92% at 620 nm.
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FIGURE 3 - 225 mg/L / 137 mg/L ( ratio of 1/5 )
Fe2+/ H2O2 the yield of color removal at pH 6.

100

After determining Fe2+/ H2O2 ratio of 1/5, appropriate
Fe / H2O2 dose was investigated by changing FeSO4 and
H2O2 concentration at this ratio. The results obtained by
changing FeSO4 in the ranges of 75 to 1000 mg/L and 45 to
600 mg/L, respectively, are given in Table 2.

90

2+

80
% COLOR REMOVAL

As can be seen from these results, optimum color removal value of Fe2+/ H2O2 is obtained at 1/5. It is observed that removal has remained at low values because
there was not enough H2O2 to react with FeSO4 at the
mole ratio of 1/2. Similar results were obtained with 1/5
mole ratio and the studies were conducted in the mole
ratios of 1/10 and 1/20. But optimum mole ratio was determined as 1/5 because better results were obtained when
using lower H2O2 amounts.
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436nm

525nm
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FIGURE 4 - 225 mg/L / 137 mg/L ( ratio of 1/5 )
Fe2+/ H2O2 the yield of color removal at pH 9.

As can be seen from Table 2, optimum Fe2+/ H2O2
dose was obtained at 225 mg/L / 137 mg/L concentrations. It can be seen from DFZ values in Table 3 that the
yield of color removal remains at higher values than limit
values with respect to EN ISO 7887 standard. The reason
for this is that there is not enough H2O2 concentration to
decompose synthetic wastewater [12].

TABLE 1 - Color removal (%) at different Fe2+/ H2O2 ratios.

Color removal (%) at different Fe2+/ H2O2 ratios.
Absorbance
m-1
436
525
620

2+

Fe / H2O2
1/2
79
92
82

Fe2+/ H2O2
1:5
91
98
96

Fe2+/ H2O2
1:8
87
96
92
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Fe2+/ H2O2
1/10
89
97
98

Fe2+/ H2O2
1:20
90
97
93
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TABLE 2 - Color removal at Fe2+/ H2O2 ratio of 1/5 at different FeSO4 and H2O2 concentrations.

Color removal (%)
2+

Fe / H2O2 Concentrations
75 mg/L / 45 mg/L
115 mg/L / 70 mg/L
225 mg/L / 137 mg/L
1000 mg/L / 600 mg/L

436 nm
86
94
87
-

525 nm
91
98
96
18

620 nm
89
96
88
-

TABLE 3 - DFZ values of wastewater treated by using various FeSO4 and H2O2 amount at Fe2+/ H2O2 ratio of 1/5.

DFZ (m-1)
Fe2+/ H2O2 concentration
75 mg/L / 45 mg/L
115 mg/L / 70 mg/L
225 mg/L / 137 mg/L
1000 mg/L / 600 mg/L

436 nm
12,5
5,4
11,6
-

A very low removal obtained (see Table 3) at the
concentration of 1000 mg/L / 600 mg/L. It was seen that
the color of synthetic wastewater was increased due to the
excess amount of FeSO4 and H2O2 in the medium [13].
This situation shows that the amount of FeSO4 and H2O2
to be added in wastewater plays a characteristic role as
well as Fe2+/ H2O2 ratio in the color removal. Therefore
the yield of Fenton process varies according to pH value
of solution and the dose of added FeSO4 and H2O2.

525 nm
8,4
1,9
3,7
76,4

9.

620 nm
2,4
0,9
2,6
-
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ENVIRONMENTAL CHARACTERISATION OF MIXED
ORGANIC/ INORGANIC WASTES: LEACHING BEHAVIOUR
Andrés, A., Aldaco, R., Coz, A., Ruiz, C., Viguri, J.R., Irabien, A.
Universidad de Cantabria. E.T.S.I.I. y T. Dpto. Ingeniería Química y Química Inorgánica.
Avda. Los Castros, s/n. 39005. Santander. Cantabria. Spain.

SUMMARY
In order to assess the hazardous behaviour of wastes
under field conditions, a proper understanding of the
leaching of wastes is necessary to improve the environmental impact assessment. The study of the leaching
behaviour is performed using a compliance test, prEN
12457, which is currently being standardised. The leaching test provides information on changes in release as a
function of the liquid to solid ratio (L/S). It is obtained in
a two-step extraction procedure using water as leachant.
Taking into account that compliance tests are used to
determine whether the waste complies with limit values, it
is necessary to study the release phenomena, controlling
solubility versus availability by leaching.
In this work, the leaching behaviour of foundry
sludges using the compliance test prEN 12457 has been
studied. The foundry sludges are generated from gas wet
cleaning treatment, which in previous works were found
to be hazardous wastes due to organic pollutants such as
phenol and inorganic compounds such as Zn or other
metallic elements. Results show the mechanism of leaching. Data expressed in mg Kg-1 show availability check
when data for different L/S ratios are the same organic
pollutants (TOC and phenols). Constant data expressed in
mg L-1 show solubility check for metallic pollutants (Zn,
Pb, Ni and Cu). It must be emphasised that decision
should be taken (e.g. as waste acceptance criteria for
landfills) with respect to appropriate limit values.

KEYWORDS:
Organic/inorganic wastes, foundry sludge, leaching behaviour,
prEN 12457 test, solubility and availability control.

INTRODUCTION
Characterisation of industrial wastes containing inorganic/ organic contaminants is a complex task, where the
normalisation of environmental assessment procedures show

many technical and scientific problems to be solved. Out
of the extensive group of industrial wastes with complex
composition, foundry sludges are an interesting example.
The foundry sludges are generated from gas wet cleaning
treatment and listed as hazardous wastes in the European
Waste Catalogue2000, that assigns them the code
100213* [1]. Furthermore, in previous works, taking into
account the Spanish regulation [2], the foundry sludges
were found to be ecotoxical, due to organic pollutants
such as phenol, and inorganic pollutants such as Zn and
other metallic elements [3].
Environmental assessment based on leaching tests allowing to characterise the environmental behaviour of
wastes, these tests have been typically the TCLP [4] and DIN
38414-S4 [5]. Taking into account the classification of
tests adopted recently by the ECN (European Committee
for Normalisation), the leaching tests can be classified in
relation to practise as "characterisation tests" aimed at
understanding the leaching behaviour of materials, "compliance tests", which are generally of much shorter duration that are aimed at a direct comparison with a regulatory threshold, and finally "on site verification" tests are
used as a rapid check. In this context, the leaching test for
granular materials and sludges, prEN 12457, at compliance
level has been proposed. It is now available for public
comment [6]. This standard is based on different liquid to
solid (L/S) ratios and distilled water as extraction fluid.
The driving force behind this standard was the European
Directive on the Landfill of Waste [7].
Leaching test results can be expressed either as
leachate concentration (mg L-1) or as a constituent release
(mg Kg-1) of solid material. The selected units for expressing leaching results should be based on the type of
data comparison, which is desired. Regulatory test results
are expressed most often as leachate concentrations for
comparison with limit values, but do not always take into
account the underlying basis for the release phenomena
which are observed. In recent studies it has been shown
that different processes [8, 9] may control the mobility of
organic compounds. In this work, the leaching behaviour
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of foundry sludges using the compliance test prEN 12457
has been studied in order to assess the long-term behaviour in different disposal scenarios and in relation to
treatment of waste materials. Results illustrate the solubility versus availability control of leaching.

MATERIALS AND METHODS
Wastes: Foundry sludges are generated in the wet
cleaning treatment of gases from foundry activities, production of iron and steel products. They have a high content of water, 52,41± 0,38%. The oxides composition of
the waste is shown in Table 1. This characterisation has
been carried out by X-Ray Fluorescence (XRF) analysis
of calcined samples. The semiquantitative method allows
the determination of an element with a concentration
higher than 0.1 % and the standard deviation can be assumed as 15%.

pled Plasma (ICP) Emission Spectrometer Perkin Elmer
400; the second one to determine the TOC (Total Organic Carbon) and TIC (Total Inorganic Carbon) in the
apparatus Euroglas TOC 1200; and the third fraction is
used for evaluation of the Index of Phenols, according to
ISO 6439, “Determination of Phenol Index 4-Aminoantipyrine spectrometric methods after distillation”,
collected in the relative Community Proposal to the spill
of wastes. The equipment for this measurement was the
Spectrophotometer Perkin Elmer Lambda 2 UV/VIS. All
experiments were repeated until obtaining an experimental error less than 5%.
TABLE 1 - Oxides of calcined foundry sludges.

Leaching Procedures and Analytical Evaluation: The
compliance test DIN 38414-S4 [5] is used in Germany
and Austria and suggested as regulatory test for waste
characterisation before landfilling in the 1993 EEC Landfill Directive Draft [10]. This leaching test takes a liquid
(demineralized water)-to-solid ratio of 1 L/100 g, which is
slowly stirred at 0.5 rpm for 24 h. Particulate material
should be below 10 mm. The leachate is filtered and the
pollutants are analysed.
Draft European Standard prEN 12457: This is a proposed European Standard batch leaching test for leaching of granular waste material and sludges at Compliance
Level [6]. There are two options depending on the properties of the waste and the purpose of the testing. Extraction
with demineralized water in one stage at L/S = 2 L/kg
(Procedure A) or L/S = 10 L/kg (Procedure B) or, extraction in two successive stages at L/S = 2 L/kg and L/S = 28 L/kg (Procedure C). The contact time is 24 hours for
one stage option and 6 and 18 hours, respectively, for
the two extractions in the two-stage procedure. The
particle size must be < 10 mm and 90 % (w/w) of the
material must be < 4 mm. The one-stage version at L/S
= 10 L/kg closely resembles DIN 38414-S4.

From the leaching tests, the leachate is separated
into three fractions. The first one is used for analysing
the metals: Pb, Zn, Ni and Cu using an Inductively Cou-

Oxides

%

ZnO
Fe2O3
SiO2
MnO
CaO
SnO
K2O
Al2O3
S
MgO

59.10
19.82
9.83
3.58
2.72
1.26
1.24
1.21
0.50
0.45

RESULTS AND DISCUSSION
The results of the leaching behaviour are shown in
Table 2. It has to be taken into account that in different
studies [11] the sensitivity of leaching to relatively small
changes in pH has been shown to be significant. The pH
at different L/S ratio varies from 8.65 to 9.14.
The redox potential and pH do not show any clear
trend with the L/S ratio. Therefore, it is concluded that
these variables may be considered as constants.
On the other hand, rejecting these factors, the study
of metals and organic matter leaching as a function of L/S
ratio is performed, which is important to assess the most
realistic estimate of releasing for a given scenario. Results
of leaching tests are given in Table 3.

TABLE 2 - Variables of the leaching behaviour.

Parameter
pH
Redox Potential (mV)

Liquid to Solid ratio (L/S)
10b
2c

2a

10c

8.65 ± 0.12

8.88 ± 0.11

8.91 ± 0.14

9.14 ± 0.12

248 ± 11

243 ± 9

257 ± 13

251 ± 10

(a) Procedure A; (b) Procedure B; (c) Procedure C.
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TABLE 3 - Results at different liquid/solid (L/S) ratios.

Concentration (mg L-1)

Parameter
TOC
TIC
Phenol Index
Cu
Ni
Pb
Zn
(a)

Leached (mg Kg-1)

2ª

10b

2c

2-10c

2a

10b

2c

2-10c

414.65
6.86
35.53
0.06
0.15
0.55
0.78

95.48
6.24
6.76
0.04
0.12
0.43
0.69

439.47
5.86
31.07
0.06
0.11
0.53
0.83

81.06
6.17
2.71
0.05
0.13
0.45
0.63

835.82
13.83
71.59
0.12
0.30
1.11
1.57

955.82
62.43
67.68
0.30
1.20
4.30
6.91

885.54
11.81
62.62
0.12
0.22
1.07
1.67

1349.45
75.39
61.23
0.61
1.57
5.06
7.93

Procedure A; (b) Procedure B; (c) Procedure C.; TOC Total organic carbon; TIC Total inorganic carbon

Data are reported as leachate concentration (mg L-1)
or as constituent release (mg Kg-1) of solid material. The
plot of the results in both ways allows to identify the
mechanism of leaching of each pollutant, solubility or
availability. Results expressed as leachate concentrations
permit the comparison with the regulated limit, when the
controlling step of the leaching is the solubility. But,
when the availability controls the leaching and comparison of data obtained at different liquid-to-solid ratios, it is
necessary to outline a transformation of measured concentrations into mass release (mg Kg-1) [12].

In Figure 1 the leaching of metals (Cu, Pb, Zn and
Ni) shows the mobility of solubility controlled species.
Data from tests at different L/S expressed in mg L-1 show
the same values, which demonstrates the mechanism of
solubility control.
In relation to the suggested limits in the European Proposal, which is referred to the leaching test DIN 38414-S4
performed only to a L/S ratio equal to 10, it will have application to the values obtained at different L/S ratios (as
the draft standard prEN 12457 contemplated). Since the
limit regulated may be above or below the obtained value,
it could be considered constant due to the solubility control.

10

Concentration (mg/l)

10

Pb

Cu

1

1

0.1

0.01

0.1

0

2

4

Concentration (mg/l)

10

6

8

10 12

0

2

4

1

Zn

1

6

8

10 12

8

10 12

Ni

0.1

0.1

0.01
0

2

4

6

8

10 12

0

2

4

6

Liquid to solid ratio (L/S)
FIGURE 1 - Leaching of metals as a function of L/S ratio in mg L-1.
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6

8

10

12
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X Phenol Index

TIC

FIGURE 2 - Leaching of organic pollutants as a function of L/S ratio.

On the other hand, in relation to the organic pollutants (TOC and Phenol Index) the leaching is controlled by
availability and TIC by solubility. Data from tests at different L/S ratios expressed in mg/L lead to differences in
the leaching behaviour. While data presented in mgkg
show that in all cases the available fraction for leaching is
released. Taking into account the limit values, it is possible that depending on the L/S ratio the waste is above the
limits. In fact, this occurs to the foundry sludge evaluated,
for the TOC and Index of Phenol (observed in Figure 2).
Therefore, in this case and due to the availability as controlling mechanism of leaching it is necessary to establish
a specific reference in mg Kg-1 which permits, as in the
case of metals described before, to determine if a waste is
or not hazardous, when the mechanism of leaching is
availability.

CONCLUSIONS

Results of the leaching behaviour of foundry sludges
using the compliance test prEN 12457 show the control of
solubility versus availability of leaching. Data expressed
in mg Kg-1 reflect availability control of organic compounds, specifically the Phenol Index and TOC. Data
expressed in mg L-1 shows solubility control and data for
different L/S ratios are the same for metallic pollutants
(Cu, Zn, Pb and Ni). It can be concluded that waste acceptance criteria for landfilling according to different mechanisms of leaching should be discussed.
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The complexity of mixed organic/inorganic wastes,
as foundry sludges classified as hazardous wastes, make
the study of the leaching behaviour necessary in order to
assess the disposal of wastes. The leaching test prEN
12457 is based on different liquid-to-solid (L/S) ratios,
which is currently being studied as compliance test. This
type of test is used to determine whether the waste complies with regulatory limits, which are expressed most
often as leachate concentration (mg L-1). Taking into
account that the leachability of organic pollutants is controlled by processes that differ considerably from inorganic pollutants, the identification of release phenomena
will lead to conclusions where the number of false positive and false negative decisions can be reduced.
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TREATMENT OF FOUNDRY SLUDGES BY STABILIZATION/
SOLIDIFICATION WITH CEMENT AND SILICEOUS BINDERS
Andrés, A., Fdez de Velasco, M., Coz, A., Ruiz, C., Viguri, J.R., Irabien, J. A
Universidad de Cantabria. E.T.S.I.I. y T., Departamento Ingeniería Química y
Química Inorgánica, Avda. Los Castros, s/n. 39005. Santander. Cantabria. Spain

SUMMARY
An environmental problem of foundry activities is the
management of the wastes generated in different processes. The foundry sludges from gas wet cleaning, containing organic and inorganic compounds and a high
content of water (>50%), are an important industrial problem. Due to their properties, they can be managed using
different stabilisation/solidification (S/S) technologies
prior to land disposal. The purpose of this work is to develop new S/S formulations to improve the control of the
mobility of different elements, especially Zn, not only in an
acidic environment, but also in neutral environments. Different mixtures of cement (or lime) and siliceous additives,
silica fume, sodium silicate, silicic acid and an industrial
waste (siliceous resin sand) were used as binders.
The S/S products were characterised after evaluation of
ecotoxicity, EC50, of the Toxicity Characteristic Procedure,
TCLP, of leachates and the chemical characterisation of
TCLP and DIN-38414-S4 leachates. To check if metallic
silicates were formed, the Acid Neutralisation Capacity
test, ANC-WTC (Wastewater Technology Centre), was
carried out. It is concluded that the use of sodium silicate
as an additive, in the range of 6 to 10 percent, reduces the
mobility of the amphoteric metal Zn below the suggested
limits, and also of the total organic carbon (TOC), another
parameter to be controlled in the sludge.

KEYWORDS: Foundry sludges, solidification/stabilisation (S/S),
Portland cement, silica fume, soluble silicate, silicic acid.

INTRODUCTION
The foundry activities generate a great amount of industrial
wastes in the manufacture of iron and steel products. One
of the most important wastes is the foundry sludge, which
is generated from gas wet cleaning. The foundry sludges
are listed as hazardous wastes in the European Waste Catalogue, 2000 [1], that assigns them the code10 02 13*.

Furthermore, in previous works [2], taking into account
the Spanish Regulation [3], the foundry sludges were
found to be ecotoxical wastes, due to organic compounds
such as phenol, and inorganic compounds such as Zn and
other metallic elements. Among the different treatment
technologies, stabilisation/solidification (S/S) processes
are a suitable method to manage them prior to land disposal, due to the properties of the sludges.
Different mixtures of cement (or lime) and siliceous
additives, silica fume, sodium silicate, silicic acid and
siliceous resin sand, were used as binders. The purpose of
their use is to improve the control of the mobility of different elements, especially Zn, not only in an acidic environment, but also in distillate water. The scope was to
carry out a study of feasibility of the treatment based on
the leaching behaviour [4] and, to promote the formation
of metallic silicates. Acidifying the mixtures, it is expected to achieve a range of pH, where hydroxides from
amphoteric metals exhibit a minimum solubility. It is
known from the literature that the addition of suitable
amounts of siliceous materials leads to the formation of
metallic silicates instead of the corresponding hydroxides.
The solubility of these species is minimum in a wider
range of pH [5-6]. To check if metallic silicates were
formed, the Acid Neutralisation Capacity test, standardised by the Wastewater Technology Centre (WTC), was
carried out [7]. This test allows us to know the metal
concentration in the leachate as a function of pH. Finally,
with the purpose of achieving a low cost process, siliceous resin sand was used.
The scope of the present work was to develop S/S
formulations based on the use of mixtures of cement (or
lime) and several siliceous materials as additives. Consequently, S/S products were characterised by the ecotoxicity: EC50, of the TCLP leachates and the chemical characterisation of TCLP and DIN-38414-S4 leachates, taking
into account the different regulations, the Spanish [3], US
EPA [8] and European Proposal [9].
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MATERIALS AND METHODS
Materials

The wastes were foundry sludges from a Spanish factory based on Cantabria and their characterisation is
shown in Tables 1-4. Portland Cement Type I was the
main binder. In some experiments it was replaced by
lime. The siliceous binders incorporated into the mixtures
were silica fume, which is basically SiO2; sodium silicate,
Na2O3Si, in a 40% solution; silicic acid and finally, siliceous resin sand, an acid by-product from iron activities.
All the products were formulated using 70% foundry
sludge and 30% binder, an optimum ratio found in previous works [10]. The different formulations to obtain the
S/S products are given in Tables 1-4.
Methods and Analytical Procedures

Wastes were mixed with the binding agents by hand.
Each mixture was transferred to a plastic bag at room temperature for 7 days. The samples were characterised using
the leaching test TCLP and DIN 38414-S4. The parameters
measured in the TCLP leachate were pH, ecotoxicity
(EC50) and Zn concentration, while in the DIN leachate
these were pH, TOC, phenols and Zn concentration. The
WTC-ANC test was carried out in order to check the pH
influence on the Zn mobility of the S/S products.
TCLP (Toxicity Characterisation Leaching Procedure) was standardised by U. S. EPA [8]. A high liquid/waste ratio (2L/100g, wet wt) is stirred at 30 rpm for
18 hours. The extraction solution is selected as a function
of alkalinity of the solid waste (acetic acid or acetic acid/
sodium hydroxide). After extraction and filtering chemical analyses on the leachate are carried out.
The leaching behaviour in distilled water was evaluated according to the composition of the leachate obtained
by application of the procedure DIN 38414-S4. This procedure is standardised in Germany and proposed by EEC
landfill of waste Draft 1993 [9]. This leaching test has a
liquid to solid ratio of 1L/100g, dry wt, which is slowly
agitated by tumbling at 0.5 rpm for 24 hours. After extraction and filtering analyses are carried out on the leachate.

The ANC test was standardised by the Wastewater
Technology Centre (WTC) [7]. It consists of a multiple
step single-extraction batch leaching procedure, which
utilises a series of dried samples at 60 ºC for three days
extracted with increasingly acidic leachants. The evolution is similar to the titration of a strong base with a weak
acid. The pH of the fractions of leachate was measured.
The parameter EC50 was determined using the luminescence bioassay with the marine bacterium Photobacterium Phosphoreum in a Microtox Analyser. The standard
method is based on the light diminution of bioluminiscent
bacterial cells, when mixed with toxic substances.
Ecotoxicity results were compared with the value EC50 <
3000 mgl-1 given by Spanish regulations for ecotoxicity
characterisation of wastes (H14) [3].
The Zn concentration in the leachate was measured
using an Atomic Emission Spectrometer that uses as excitement source a plasma coupled by induction, ICP (Inductively Coupled Plasma), Perkin Elmer 400. To determine the TOC the apparatus Euroglas TOC 1200 was
employed. Phenol was determined according to ISO 6439
"Determination of Phenol Index 4-Aminoantipyrine spectrometric method after distillation", collected in the relative Community Proposal to the spill of wastes [9]. The
equipment used for this measurement was the spectrophotometer Perkin Elmer, Lambda 2UV/VIS. Chemical composition of distilled water leachates were compared with
the concentration levels proposed by the EEC landfill
Draft 1993 in order to classify the wastes as inert, hazardous or non-hazardous, for the purpose of landfilling.
TCLP leachates were compared with the TCLP standards,
which is to determine if a waste is hazardous due to
leachates toxicity in US EPA Regulations.

RESULTS AND DISCUSSION
The first type of binder used was a mixture of lime
and silica fume. A distilled water leaching test of silica
fume shows a pH value of the leachate of 8.15, after mixing with lime and sludges, it can be observed that lime
neutralises the silica fume, Table 1.

TABLE 1 - Characterisation of S/S products using lime/silica fume.

Parameter

Sludge

pH
Phenol (mg/l)
TOC (mg/l)
Zn (mg/l)

9.64
1.23
60.14
7.9

pH
EC50 (mg/l)
Zn (mg/l)

5.79
513
1,993

100% silica fume
DIN 38414-S4
8.59
1.01
54.5
3.26
TCLP
5.61
1,010
2,137
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95% silica fume

90% silica fume

10.22
1.18
84.49
0.48

10.70
1.14
65.46
0.25

6.19
1,053
1,530

6.14
782
1,202
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TABLE 2 - Characterisation of S/S products using cement/sodium silicate.

Sludge

pH
TOC (mg/l)
Zn (mg/l)

9.07
254.2
2.90

pH
EC50 (mg/l)
Zn (mg/l)

5.92
1,643
1,826

75% sodium
50% sodium
silicate
silicate
DIN 38414-S4
11.95
12.15
208.7
185
8.06
1.92
TCLP
6.98
7.80
30,210
24,300
12.47
0.57

Useful results were obtained using 95% and 90% (% in
the binder) silica fume for the DIN test, achieving a Zn
concentration in the leachate below 2 mg/l, limit suggested
by the European Draft [9]. Nevertheless, a higher Zn concentration in the leachate of the TCLP test leads to undesirable
values of EC50 (< 3,000 mg/l) according to the Spanish
Regulation [3].

25% sodium
silicate

5% sodium
silicate

12.23
123,82
1.21

12.43
95.2
3.83

9.48
25,840
0.06

10.70
17,955
0.22

pH = 12. It could happen that not only metal hydroxides
have been formed, but also metal silicates. While metallic
hydroxides exhibit minimum solubility through a narrow
pH range, metallic silicates have minimum solubility
through a pH range much wider, as it has been previously
reported [5, 6]. As it is shown in Figure 1 the minimum
Zn concentration in the DIN leachate is achieved with a
sodium silicate amount of about 20-25% in the binder.

Other products were obtained using cement-sodium
silicate mixtures, as it is shown in Table 2. It is observed
that decreasing the quantities of sodium silicate solution the
results obtained from the DIN test were successful, and also
from the TCLP test. Zn concentration in the DIN leachate as
a function of sodium silicate amount is shown in Figure 1
and the evolution of EC50 (mg/l)/3000 is shown in Figure 2.
When this parameter is above 1, then the Spanish limit is
exceeded, therefore, for all mixtures it was checked that they
were not ecotoxical, according to the Spanish limit for EC50.

EC (mg/l)/3000

Parameter

50

12
10
8
6
4
2
0
0

20

60

80

% sodium silcate

10

EC50/3000

8
Zn (mg/l)

40

Spanish limit
Sludges

6

FIGURE 2 - EC50(mg/l)/3000 vs sodium silicate percentage in
S/S products containing foundry sludges-cement-sodium silicate.
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0
0
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Zn (mg/l)
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10
8

10
8
6
4

6
4
2

2
0

Zn sludges
FIGURE 1 - Zn concentration vs sodium silicate percentage in
S/S products containing foundry sludges-cement-sodium silicate.
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It is important to notice that although a pH value
around 9 was not obtained, the concentration of the amphoteric metal, Zn, in the DIN leachate was below 2 mg/l.
In Figure 3 the evolution of Zn concentration versus pH
can be observed. The minimum solubility is achieved at
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Zn (TCLP)

Zn (DIN)

DIN limit (2 mg/l)
FIGURE 3 - Zn vs pH (DIN and TCLP) in S/S products
containing foundry sludges-cement-sodium silicate.

© by PSP Volume 11 – No 10b. 2002

Fresenius Environmental Bulletin

Two new formulations were tested, in the first one
(SS15), 15% sodium silicate (% in the binder) was added.
In the second one (SA15), other type of additive, silicic
acid, was introduced in the same proportion in order to
promote the silicate formation and to acidify the product
and improve the control of the mobility of the amphoteric
metals, Zn. As it is shown in Table 3, the results of the
SA15 characterisation were successful, both for DIN and
TCLP leaching tests, whereas for the SS15 product, the
results of TOC and Zn concentration are above the limits
suggested by the European regulation using the DIN test.

TABLE 4
Characterisation of S/S products using cement/silica sands.

Parameter
pH
Phenol
(mg/l)
Zn (mg/l)

15% sodium
silicate
DIN 38414-S4
9.22
12.34
2.3
3.76
47.5
265.6
0.13
2.19
TCLP
6.48
7.19
6,108
1,026
2503
184.5

Sludge

pH
Phenol (mg/l)
TOC (mg/l)
Zn (mg/l)
pH
EC50 (mg/l)
Zn (mg/l)

15% silicic
acid
12.30
3.73
60.4
0.98
11.61
1,9558
0.17

Zn (mg/l)

1000000
10000
100
1
0,01
2

4

6

8

10

12

0.13

11.98

6.3

9.79

1.4

0.83

pH
EC50 (mg/l)
Zn (mg/l)

6.48

7.01
5,376
267

6.92
3,250
633

1,026
2503

In order to evaluate the process using an industrial
waste, silica sand was mixed together with cement as
binder. It was found that the pH of the DIN leachate of this
by-product was 3.20. As it is shown in Table 4, the Zn
immobilisation in the DIN test has been achieved by using
10% and 20 % silica sand in the total mixture. The problem
here is the increase of phenol, due to phenolic compounds
found in the sand used. Besides, the high amount of Zn in
the TCLP leachate leads to values of EC50 near to the Spanish regulation limit (< 3000 mg/l).

To check the metal silicate formation in mixtures
containing sodium silicate and silicic acid as additives,
the WTC-ANC test was performed. The results were
compared to those obtained from the products based on
cement. In Figure 4 the evolution of Zn concentration
versus leachate pH of the solidified products can be observed. The curves show their minimum Zn concentration
at pH around 10, therefore, there is no difference in metal
solubility. Nearly the same results were achieved for the
mixture containing only cement and for the mixtures
containing siliceous additives. It can be concluded that it
is not possible to assume a different leaching behaviour of
solidified products with pH.

0

2.3

20% sand

TCLP

TABLE 3 - Characterisation of S/S products
using cement/sodium silicate or silicic acid.

Parameter

Sludge
10% sand
DIN 38414-S4
9.22
12.06

14

pH
Cem

AS15

SS15

DIN limit (2 mg/l)

FIGURE 4 - Mobility of Zn as a function of pH. WTC-ANC results.

CONCLUSIONS
This work has studied the influence of siliceous additives, silica fume, sodium silicate, silicic acid and
siliceous resin sand, on the Solidification/Stabilisation
of foundry sludges in order to promote the formation of
metallic silicates. The objective was a better control in
the mobility of amphoteric metals in both leaching tests,
DIN 38414-S4 and TCLP, to keep the rest of the parameters: phenol, TOC and EC50, below the limits.
It can be concluded that the use of silica fume and siliceous resin sand as additives shows suitable results in
the DIN leaching test, whereas for TCLP the great amount
of leached zinc and the high content in phenol of the sand
leads to undesirable EC50 values. The best results are
obtained using mixtures of cement and sodium silicate
(40% solution) as binder. In this system, a silicate range
of 6 to 10 percent in the total mixture leads to an optimum S/S product. Both in the TCLP test and in the DIN
38414-S4 test, all results fulfil the limits proposed by the
corresponding legislation. Therefore, it is relevant to
indicate that landfilling of S/S products is adequatefor
several field conditions.
From results of WTC-ANC test, it is not possible to
assume the formation of metal silicates in products containing sodium silicate or silicic acid as binders, at least
based on the leaching behaviour.
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POLLUTANTS AND THEIR REDUCTION
IN SMALL-SCALE WOOD INCINERATORS
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2)

1)
Institute of Ecological Chemistry and Waste Analysis, TU Braunschweig, Germany
Fraunhofer-Institut für Holzforschung - Wilhelm-Klauditz-Institut, Braunschweig, Germany

SUMMARY
Emissions during thermal utilization of wood residues
were studied at two small-scale firing systems. Effects of
primary technical measures on reduction of NOx, CO,
PCDD/F, and PAH were tested in the flue gases of an
underfeed stoker (250 kW). The organic pollutants were
also analyzed in the ashes. Chipboards, untreated wood,
and wood with preservatives (CrCuB = CCB) were applied. It was shown that an optimization of the combustion parameters for low CO and NOx-emissions did not
necessarily result in the reduction of PCDD/F and PAH.
At the second furnace, a pre-oven system (65 kW), effects of full and part load operation were tested without
technical modifications. Here, PCDD/F and PAH concentrations in ashes and flue gases mostly increased at part
load operation. Due to the decreased temperatures, concentration of CO increased. Unexpectedly NOx increased at
part load operation burning chipboards. Using wood, regardless of whether treated with CCB preservative or not,
the load had no effect on the amount of the NOx emission.

KEYWORDS: wood incineration, residual wood, PCDD, PCDDF,
PAH, reduction measures.

centrations of CO and dust are regulated. According to
estimated data [1], the atmospheric emissions of PCDD/F
from wood-burning in Germany for the year 1994
amounted to 2.7 g TEQ. This was only 0.8 % of the whole
German PCDD/F emissions. Nevertheless, it is important
to minimize emissions. The value of 0.1 ng I-TEQ/Nm³
for PCDD/F, which is applied to waste incinerators,
would be an imaginable aim for such firing-systems. It is
known from literature that even in the case of open fire or
camp fire dioxins are formed [2]. For the reduction of
formation of these pollutants in waste incinerators a lot of
partly complex technical measures are needed. For medium-sized companies the minimization measures have to
be economic and low-maintenance, so it is not suitable to
install filters, which are expensive and have to be regularly cleaned or changed.
One task of this project was the reduction of emissions just with primary technological measures, e.g. combustion technology, geometry of combustion chamber and
of heat exchanger (boiler). These investigations were
done at an underfeed stoker with a capacity of 250 kW.
Another aspect of the project was to study the effects of
operation mode at full and part load operation of wood
firings, due to different seasonal use.

MATERIALS AND METHODS
INTRODUCTION
Underfeed stoker

In the wood-processing industry a lot of wood residues - treated or untreated wood and chipboards - accrue,
that have to be disposed of. The incineration of these
materials with a heating value similar to lignite (brown
coal) is an alternative to disposal, which uses the thermal
energy and reduces the volume. In addition, it saves
transportation costs, because it can be performed on the
premises. In Germany the combustion is often realised in
small-scale wood firings up to 1 MW according to the 1.
BImSchV (1st Federal Immission Protection Decree). For
these firing-systems no limit values exist for PCDD/F and
PAH or other organic pollutants in flue gases. Only the con-

The first 12 experiments were carried out at an underfeed stoker with a rated capacity of 250 kW (see fig. 1).
Table 1 gives an overview of all 12 experiments.
In a first control series, four different materials were
burned in the unmodified system to determine the initial
state. The experiments at the modified system were carried
out in three series with only two different materials, untreated wood and chipboard with sulfate-based hardener.
The tested primary technical measures were:
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•

installation of a single and double vault resp. in
the combustion chamber, which should result in
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higher temperatures and better turbulence of air
and flue gases in the combustion zone.
•

Installation of an improved λ-controller (experiments of the 3. and 4. series).

•

Flue gas recirculation (only tested with chipboard) to reduce the emission of NOx.

•

Installation of deflector plates in the heat exchanger, to get a better heat transfer for faster
cooling of the flue gases in the temperature window of the de novo-synthesis of PCDD/F.

•

Tertiary air supply in the combustion chamber
for a better mixing of flue gases and air and a
longer residence time in the hot zone.

FIGURE 1 - Underfeed stoker with integrated cyclone,
fuel feed λ-controlled, rated capacity 250 kW; test station of producer.

TABLE 1 - Experiments at the underfeed stoker.

Series/Abbreviat.

Material and Parameter
Experiments with unmodified furnace

1W

Spruce wood, untreated

1C

Chipboard, sulfate-based hardener

1 CCl

Chipboard, sulfate-/chloride-based hardener (3:1)

1 CCB

Spruce wood, untreated/CCB-treated (3:1)
Experiments with spruce wood, untreated (W)

2WV

Vault in combustion chamber

3W

Improved λ-controller (all experiments 3./4. series)

4 W1 DV

Double vault

4 W2 DV

Double vault; tertiary air

4 W3 DVD

Double vault; deflector plates in heat exchanger; tertiary air
Experiments with chipboard, sulfate-based hardener (C)

2CVR

Vault, flue gas recirculation

3CR

Flue gas recirculation

4 C DV

Double vault; tertiary air

855

© by PSP Volume 11– No 10b. 2002

Fresenius Environmental Bulletin

FIGURE 2 - Pre-oven system, firing capacity 65 kW;
test station of the Wilhelm-Klauditz-Institut (WKI).

TABLE 2 - Experiments and parameters at the pre-oven system (65 kW).

Abbreviation
W FL
W ML
W PL
CCl FL
CCl PL
CCB FL
CCB PL

Parameter
Amount of material
Experiments with spruce/pine wood (3:1)
Full load
13.0 kg/h
Middle load
11.1 kg/h
Part load
8.2 kg/h
Chipboard, sulfate-/chloride-based hardener (3:1)
Full load
12.6 kg/h
Part load
7.9 kg/h
Spruce wood, untreated/CCB-treated (3:1)
Full load
11.7 kg/h
Part load
7.7 kg/h

Pre-oven system

Another 7 combustions were conducted at a pre-oven
system with a firing capacity of 65 kW (see Fig. 2). The
effects on emissions and pollutant formation on ashes at
different operating states, as they occur in practice, were
studied. With three combustibles experiments at full and
part load operation were carried out (see Tab. 2)

Purged power
29.5 kW
24.5 kW
13.9 kW
32.5 kW
14.9 kW
28.5 kW
11.8 kW

Sampling of ashes was done on the next day after
cooling. The ash samples were taken from different parts
of the firings:
• Underfeed stoker: combustion chamber, boiler, cyclone, fly ash from chimney.
• Pre-oven system: pre-oven, combustion chamber, fly
ash (see Fig. 2).

Sample drawing

Every combustion experiment lasted minimum 8 h. It
took 2 h and more for preheating and optimizing until the
whole system was equilibrated. The duration of the isokinetic sample drawing on XAD-2 for the flue gases was 6 h,
according to VDI 3499 [4], a German guideline for the
determination of PCDD/F in flue gases (condensation
method). The sample volume amounted to 12 Nm³dry. The
concentrations of CO, NOx, and SO2 were measured online.
Flue gas temperatures were measured at defined spots, as
can be seen in Fig. 1 and 2. For more details see ref. 3.

Sample preparation and GC/MS-analysis

XAD-2, together with glaswool and the ashes were
Soxhlet extracted with toluene for 16 h. The condensate
was shaken up with toluene. For the analysis of PCDD/F,
a three step clean-up was carried out by adsorption chromatography after clean-up according to Dettmer et al. [5]
with Alumina B Super I and mixed silicagel. For quantification, the isotope dilution method was used by spiking
the raw extract with a mixture of all 17 2,3,7,8-chlorinated 13C12-labelled PCDD/F-congeners. The PCDD/F
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eluents were concentrated to 100 µL and analysed with
GC/MS in SIM-mode. Details are reported elsewhere [6].
For analysis of PAH (16 substances according to US
EPA method 610 [7], the raw extract was cleaned up
applying neutral aluminium oxide [8]. Measurement was
also proceeded by GC/MS in SIM-mode with external
calibration.

RESULTS AND DISCUSSION
Underfeed stoker

Only two experiments complied with the aimed value
of 0.1 ng I-TEQ/Nm³. This is not surprising, as some
former investigations resulted in the conclusion, that even
the use of untreated wood produces PCDD/F emissions
partly above this value [9, 10]. But, also contrary results
were reported (< 0.1 ng I-TEQ/Nm³) [11]. On the other
hand, e.g. ref. 11 reports the results from investigations on
small-scall firing systems, where the emissions remained
below 0.1 ng I-TEQ/Nm3. In Tab. 3 the concentrations of
PCDD/F and PAH in flue gases, boiler and cyclone ashes
are shown. In these ashes, pollutant concentrations were
higher than in the fly ashes and ashes of combustion chamber , but trends were similar. The concentrations of
PCDD/F in ashes of the combustion chamber were partly
below detection limit and PAH concentrations were rather
low. In some cases there was not enough fly ash for dioxin
analysis; so the results of these two ashes are omitted here.
According to measurements of all experiments the
temperatures in the combustion chamber were between
860 and 1,120 °C and the calculated mean residence time

amounted to about 1.5 sec. Under these conditions all
organic material in the fuel was destroyed, but in the
region of heat exchanger and cyclone the temperatures
were between 240 and 520 °C, the critical temperature
range for de novo-synthesis of PCDD/F.
In Fig. 3 the concentrations of PCDD/F, PAH, CO,
and NOx in flue gases are shown. Comparing the four
combustibles, tested in the first series, among each other
only in the flue gases of CrCuB-treated wood the value
for PCDD/F was slightly above 0.1 ng I-TEQ/Nm³, but on
the contrary a high concentration of PAH (97 µg/Nm³)
occurred. The highest dioxin emissions were found in the
flue gases of chipboard with chloride-based hardener (1.5
ng I-TEQ/Nm³), as expected, because of the high chlorine
input. In this case a low level of PAH in flue gases and
ashes was observed. The CrCuB-treated wood combustion resulted in higher levels of PCDD/F in the boilerashes than in the case of the chipboard with chloridebased hardener. In terms of NOx, it can be seen from
Fig. 3, that emissions from chipboards were generally
higher than from wood because of ammionium-containing
hardener and urea-based bonding agent.
Comparing the technical measures, it can be stated
that a reduction of PCDD/F was only observed by improved λ-controller and flue gas recirculation, respectively. But at the same time PAH concentrations increased. Reduction of CO and PAH for wood burning was
achieved by a double vault in the combustion chamber,
probably because of higher combustion temperatures. For
chipboard, in contrast, the double vault did not have an
advantage and with the simple vault in the combustion
chamber, the concentrations of PAH and CO increased,
indicating poor combustion efficiency.

TABLE 3
PCDD/F and PAH concentrations in flue gases, boiler and cyclone ashes of underfeed stoker.
Concentrations in flue gases referring to dry Nm³ and normalised to 13 % O2.

Experiment

1W
1C
1 CCl
1 CCB
2WV
3W
4 W1 DV
4 W2 DV
4 W3 DVD
2CVR
3CR
4 C DV

PCDD/F (I-TEQ)
Flue gas
Boiler
Cyclone
Flue gas
[ng /Nm³]
[ng /kg]
[ng /kg]
[µg/Nm³]
0.386
372
404
31.6
0.631
454
188
23.1
1.48
1,240
1,410
18.0
0.107
2,390
405
96.9
0.456
791
357
65.7
0.224
1,690
807
53.6
0.408
5,020
1,500
3.6
0.421
4,170
2,260
5.9
0.543
2,690
2,290
12.2
0.228
1,980
729
86.8
0.094
1,140
626
51.1
0.614
1,010
1,240
117

857

PAH
Boiler
[µg /kg]
42,700
56,500
27,600
93,500
49,800
340,800
61,700
76,400
45,900
297,400
108,500
155,000

Cyclone
[µg /kg]
97,500
59,600
45,800
40,400
78,300
319,700
56,100
85,200
87,100
70,100
41,400
116,900
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PCDD/F related to 13 Vol.% O2
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FIGURE 3
Concentrations of PCDD/F, PAH, CO and NOx in flue gases of the underfeed stoker (for abbreviations see Table 1).

There were no simple correlations between the parameters. Low concentrations of CO or NOx were not
tantamount to low amounts of PCDD/F or PAH. These
results correspond to the results published by others [12,
13]. The temperatures measured in the heat exchanger and
cyclone are not linked to the PCDD/F and PAH concentrations, as well.

The PAH and PCDD/F concentrations in ashes were
increased by all modifications of the system. There an
increase of PAH and PCDD/F concentrations in ashes was
found, when the concentrations in flue gases decreased.
The heavily increased PCDD/F-concentrations in
ashes of the 4th series probably result from the incineration of bulky refuse and waste wood before the test series,
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where corrosive gases were formed and probably caused
memory effects. It can be seen from tab. 3, that the concentrations decreased from the first to the last experiment
in that series.
Pre-oven system

The value of 0.1 ng I-TEQ/Nm³ was only exceeded
during incineration of chipboard with chloride-based
hardener in part load operation. Other concentrations were
far below this value and during combustion of natural
wood the PCDD/F concentrations were close to detection
limit. In Tab. 4 an overview of the amounts of PCDD/F
and PAH in flue gases, boiler, and fly ashes is given. The
ashes of the pre-oven were omitted because of very low
concentrations of the pollutants.
The flue gas temperatures were measured at three
points in the system (see Fig. 4) and in the chimney. As ex-

pected, part load operation resulted in lower temperatures
primarily in the pre-oven and the boiler. In the pre-oven,
temperatures ranged from 720 to 870 °C, which is probably not sufficient in all cases to degrade the organic material completely. Before the boiler the temperatures were
below 330 °C, while at full load operation they were
above 370 °C.
Operations at lower capacity resulted mostly in
higher concentrations of pollutants in flue gases and
ashes. In Fig. 5 concentrations of PCDD/F, PAH, CO, and
NOx in flue gases are shown. The diagramm shows, that
PCDD/F-emissions from chloride-hardened chipboard
were higher than those from the other materials (see also
underfeed stoker) and were three times higher during part
load operation than during full load operation. The emissions of CrCuB-treated wood were higher than from natural wood, but copper did not act as catalyst to the expected extent.

TABLE 4 - PCDD/F and PAH concentrations in flue gases, boiler, and fly ashes of the pre-oven system.
Concentrations in flue gases referring to dry Nm³ and normalised to 13 % O2.

Experiment
.
W FL
W ML
W PL
CCl FL
CCl PL
CCB FL
CCB PL

PCDD/F (I-TEQ)
Flue gas
Boiler
[ngN/m³]
[ng/kg]
< 0.001
0.006
0.012
28.4
0.001
68.1
0.060
187
0.172
175
0.007
162
0.041
51.1

Fly ash
[ng/kg]
97.8
117
97.9
28.5
515
743
330

Flue gas
[µg/Nm³]
2.68
2.38
24.36
3.46
5.20
5.52
54.72

PAH
Boiler
[µg/kg]
1,340
2,730
3,750
4,720
4,410
466
3,470

1,100
W FL
W ML
W PL
CCL FL
CCl PL
CCB FL
CCB PL

1,000

Temperature [oC]

900
800
700
600
500
400
300
200
100
pre-oven

furnace

before boiler

FIGURE 4 - Temperatures of flue gases in the pre-oven system.
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Fly ash
[µg/kg]
8,240
12,700
19,100
2,690
16,100
7,770
40,200
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FIGURE 5 - Concentrations of PCDD/F, PAH, CO and NOx
in flue gases of the pre-oven-system (for abbreviations seeTable 2).

The results for PAH-concentrations were different. At
full load operation the differences between the fuels were
small, but at part load operation the PAH concentrations
in flue gases of wood combustion increased more than in
the flue gases of chipboard burning. The CrCuB-treated
wood combustion resulted in the highest PAH concentrations in flue gases and also in fly ashes at part load operation. For all three fuels, PAH emissions increased at part
load operation. The same applied to the concentrations of
CO, which were conspicuously higher at part load operation because of lower temperatures in the pre-oven.

Comparison of the two firing systems

The pre-oven system in comparison with the underfeed stoker had higher emissions of CO and NOx, when
all experiments at full load operation are considered. In
terms of CO, the results correspond to the investigations
of [14], who found decreasing CO-emissions, with increasing capacity of a firing system, because of higher
temperatures and longer residence times in larger systems.
In contrast, the NOx emissions normally increased with
better combustion conditions. That statement could not be
confirmed by our investigations. The same applied for
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concentrations of PCDD/F and PAH in ashes and flue
gases. With decreasing emissions of CO, the formation of
polycyclic substances should decrease, but the measured
concentrations of PAH from the pre-oven system are lower
than from the underfeed stoker. One explanation could be
the construction of the two firings. The smaller pre-oven
with its higher temperatures allows effective destruction of
the fuel matrix. The result is less regeneration of PAH and
PCDD/F. The following cooling down in the boiler room,
which is not isolated with firebricks, is too fast and the
oxidation of CO to CO2 is affected adversely.
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TABLE 5 - Range of concentrations of CO, NOx, PCDD/F and
PAH in flue gases of underfeed stoker and pre-oven system
(only experiments at full load operation).

CO
[mg/Nm³]
NOx
[mg/Nm³]
PCDD/F (I-TEQ)
[ng/Nm³]
PAH (EPA)
[µg/Nm³]

Underfeed stoker

Pre-oven system

30-134

88-218

88-479

123-640

0,094-1,477

< 0,001-0,059

3,6-117

2,69-5,52

CONCLUSION
Only two of the twelve experiments at the underfeed
stoker complied with the aimed value of 0.1 ng I-TEQ/
Nm³ for PCDD/F. The emissions from the smaller preoven system were lower and exceeded this value only in
one case at part load operation. The measured PCDD/F
concentrations in ashes were in the range found in literature. [15] determined ashes from small industrial firings
and found PCDD/F concentrations ranging from 18 to
6,300 ng I-TEQ/kg in fly ashes from chipboard and wood
burning. Low concentrations in ashes of the combustion
chamber and higher values in boiler and cyclone ashes
indicate a de novo-synthesis of pollutants during cooling
of flue gases.
Optimization of the combustion with primary technical measures for lower CO and NOx-emissions does not
necessarily result in less formation of PCDD/F and PAH.
Operation at reduced capacity results in increasing emissions and is, therefore, not advisable.
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CATALYTIC EFFECTS OF Fe(III) DURING OXYGENATION
OF Fe(II) IN CONTINUOUS FLOW IRON REMOVAL SYSTEMS
N. Tufekci, G. Demir
Istanbul University, Faculty of Engineering, Department of Environmental Engineering, 34850 Avcilar, Istanbul, Turkey

SUMMARY
In this study, an iron removal process, which makes
use of the catalytic effect of ferric iron, is proposed. For
this purpose, a lab-scale continuous flow aeration/ sedimentation unit with or without recycling was built. The
aim of the study was to verify the validity of the findings
of batch-type oxidation experiments also for continuous
flow conditions. The efficiency of oxidation was about
57-79 % when the system was operated without recycling.
Fe(II) removal efficiencies could be increased to 80-89 %,
90-97 % and 98-99.6% for the recycling ratios of 50 %,
80% and 100%, respectively. The increase of Fe(II) removal was explained by an increase of ferric concentration in the aeration tank as a result of recycling. The
higher the Fe(III) concentration in the aeration tank the
better was the Fe(II) removal efficiency up to a Fe(III)
concentration of 300 mg/l. Beyond this level, no significant increase in removal efficiency of ferrous iron was
observed with increasing ferric iron concentration.

vels of ferric iron in the aeration tank. Therefore, similar
to the activated sludge processes used in wastewater
treatment, it is suggested that the required Fe(III) concentrations can be maintained by recycling Fe(OH)3 sludge
back to the aeration tank [4].

KEYWORDS:
Iron removal, catalytic effect, ferrous iron (Fe2+), ferric iron (Fe3+),
ferrous oxygenation, ferric hydroxide, aeration tank.

The synthetic feed water was pumped into the system at constant flow rates. Fe(II) solution was injected
into the feed line in order to obtain the desired influent
concentration. Na2CO3 buffer was used to control the
pH. After establishment of the steady state conditions,
ferrous concentrations of influent and effluent were
measured. In order to evaluate the catalytic effect of the
ferric iron, the system was operated both with and without sludge recirculation. Oxygenation experiments were
carried out for three different groups of experiments as
summarized in Table 1. Sampling points are show in
Fig. 1. The analytical method used for ferrous iron determination was the 1.10 phenanthroline method as described by Tamura and Goto 1974 [5].

INTRODUCTION
It is well-known that the intermediate precipitated reaction product, ferric hydroxide, catalyzes the oxygenation of ferrous iron. Catalytic action of the ferric iron
sludge on the oxidation of ferrous iron by aeration has
been identified and the kinetics of this catalytic reaction
has been formulated by the authors. The oxidation of
Fe(II) was studied in batch reactors in which the concentration of Fe(III) was in the range of 0-600 mg/l. It has
been experimentally demonstrated that there is no significant effect of Fe(III) on the ferrous iron oxidation at
Fe(III) concentrations beyond 600 mg/l [1-3]

In this study, ferrous iron oxidation was studied in a
continuous flow lab-scale system with and without ferric
sludge recirculation.

MATERIALS AND METHODS
The flow diagram of the experimental set up designed
to test the effectiveness of the iron in iron removal by
atmospheric oxygen is shown in Fig. 1
The system was constructed using plexiglass. The volumes of the aeration and sedimentation tanks were 4 and
16 l, respectively. The pH value was adjusted by calibrating the CO2 flow.

However, in natural waters Fe(II) is found commonly
in concentrations of 0.01-10 mg/l. These ferrous iron
concentrations are not high enough to maintain the high le-
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TABLE 1 - Experimental runs
(pH=6.5-6.8, alk. = 2 × 10-2 eq/1, pO2 = 0.25 atm., 20 °C).
Run No
1
2
3

Time (days)
309
9
5
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FIGURE 1 - The flow diagram of the experimental setup.

In general, the hydraulic retention times in aeration
and sedimentation tanks were 10 and 40 min, respectively.
Throughout the experiments at room temperature, the pH
was kept between 6.5 and 6.8 and the alkalinity was constant at a value of 2 x 10-2 eq/1.
RESULTS
The results of the three groups of experiments (see
Table 1) are given below.
First Group Experiments were carried out for a period
of 309 days. The catalytic effect of Fe(III) has also been
demonstrated in the continuous flow experiments. Higher
efficiency of ferrous iron oxidation was observed with

increasing concentration of ferric iron in the aeration tank.
When the continuous system was run without recycling, the
efficiency of Fe(II) treatment varied between 57-79 %.
When the system was run with recycling (recycling ratios
50, 80 % and 100%), the corresponding efficiency rates of
Fe (III) removal were 80-89%, 90-97 % and 98-99,6 %,
respectively.
The ferric hydroxide concentrations in the aeration
tank and the effluent Fe(II) concentrations of the sedimentation tank are plotted against time in Fig. 2. The initial
concentration value of Fe(III) in the aeration tank was
43.7 mg/l, and 462 mg/l at the end of the experiments. In
the continuous flow system, Fe(III) concentration reached
400-500mg/l before Fe(II) removal rate increased [6].
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FIGURE 2 - Ferric hydroxide concentrations in the aeration tank
and the effluent Fe(II) concentrations of the sedimentation tank versus time.
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FIGURE 3 - The change of the efficiency of ferrous iron oxidation with the Fe(III) concentration.
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FIGURE 4 - Ferric hydroxide concentrations in the aeration tank and
the effluent Fe(II) concentrations of the sedimentation tank versus time.

Fe(III) concentrations are also plotted in Fig. 2. It was
not possible to keep the temperature and the influent
Fe(II) concentration constant during the experimental run
of 309 days. Influent Fe(II) concentration varied within
6.32 mg/1 and 8.75 mg/1. Although there was a random
variation of the parameters pH and temperature affecting
the rate of ferrous iron oxidation, a systematical increase
of the oxidation rate with increasing Fe(III) concentration
could be observed (Fig. 2).
The efficiency of conversion against Fe(III) concentration in the aeration tank was plotted in Fig. 3. The

catalytic effect of Fe(III) is obvious from Fig. 3. However, the rate of increase of the oxidation efficiency is
decreasing with increasing Fe(III) concentration and no
significant effect of Fe(III) was observed at Fe(III) concentrations beyond 400 to 500 mg/1 [6].
Second Group Experiments were carried out for a period of 9 days. Influent Fe(II) concentration was kept
constant at 25 mg/l. The temperature varied within 1820 oC. The pH value and alkalinity were kept constant at
6.7 and 2x10-2 eq/1, respectively.
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The ferric hydroxide concentrations in the aeration
tank and the effluent Fe(II) concentrations of the sedimentation tank are plotted with respect to time (Fig. 4).
The efficiency of conversion against Fe(III) concentration in the aeration tank was plotted in Fig. 5.
As seen in Fig. 4, concentration of Fe(III) in aeration
tank was 55 mg/l at the first day of the experiments reaching 282.5 mg/l at the end. In Fig. 5 it is seen that increasing
concentrations of Fe(III) increased the efficiency [6].

Third Group Experiments were carried out for a period
of 5 days. Influent Fe(II) concentration was kept constant
at 18 mg/l, pH at 6.7, alkalinity at 2×10-2 eq/1, and temperature varied from 19 oC to 21 oC, respectively.

The ferric hydroxide concentrations in the aeration
tank and the effluent Fe(II) concentrations of the sedimentation tank are plotted against time in Fig. 6.
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FIGURE 5 - The change of the efficiency of ferrous iron oxidation with the Fe(III) concentration.
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FIGURE 7 - The change of the efficiency of ferrous iron oxidation with the Fe(III) concentration.

The concentration of Fe(III) in aeration tank was
51.36 mg/l at the first day of the experiments increasing
to 60.26 mg/l at the end (Fig. 6). Increasing concentrations of Fe(III) increased the efficiency (Fig. 7).
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24(3) 329.
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Tamura, H., Goto, K., Yotsuyanagi, T, and Nagayama, M.
(1974) Spectrophotometric Determination of Iron(II) with
1,10 Phenanthroline in the Presence of Large Amounts of
Iron (III), Talanta, 21: 314-318.

[6]

Tufekci, N., (1996) (in Turkish) Iron Removal by Contact
Aeration Systems, Ph.D Thesis, Istanbul Technical University, Turkey,

The efficiency of conversion against Fe(III) concentration in the aeration tank was plotted in Fig. 7

DISCUSSION AND CONCLUSION
Continuous flow experiments were carried out for periods of 309 days, 9days, and 5days to demonstrate the
catalytic effect of Fe(III) in laboratory-scale continuous
flow iron removal systems. The experimental results have
proved that ferric iron significantly improves the efficiency
of ferrous iron oxidation by atmospheric oxygen. The oxidation efficiency increased from 57 % (Fe(III) concentration negligible) at the start of the experimental run to a
value of 99 % at the end of the experiment (309th day;
Fe(III) concentration 462 mg/l in the aeration tank).
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INVESTIGATION OF THE CATALYTIC REACTION KINETICS
OF Fe(III) ON Fe(II) OXIDATION AT VARIOUS pH VALUES
G. Demir and N. Tufekci
Istanbul University, Faculty of Engineering, Department of Environmental Engineering, 34850 Avcilar - Istanbul, Turkey

SUMMARY

The explicit form of the constants are [3, 5]:

One of the methods of removing Fe(II) ions from
drinking water is their oxidation and precipitation as ferric
hydroxide Fe(OH)3. The catalytic effect of Fe(OH)3 flocs
on the oxidation of Fe(II) has been investigated by several
researchers [1, 2].
In this study, the catalytic effect of Fe(OH)3 slurries on
the oxidation of Fe(II) was studied at three different pH
values, 6.2, 6.5, and 6.7, with Fe(OH)3 concentrations ranging from 0 to 1000 mg/l using a batch reactor. The reaction
rate constant (kcat) was found to increase linearly with increasing Fe(III) concentrations up to 500 - 600 mg/l decreasing again with higher concentrations. The model developed
for the batch system was applied to a continuous system. The
results showed that smaller reactors can be used due to the
catalytic effect of Fe(OH)3 on Fe(II) oxidation.

KEYWORDS: Catalytic effect, ferrous oxygenation, ferric hydroxide, heterogeneous reaction, aeration tank.

INTRODUCTION
One of the most common methods applied for the removal of iron from waters is oxidation of Fe(II) by atmospheric oxygen to form Fe(OH)3. Studies showed that flocs
of Fe(OH)3 catalyzed the oxidation of Fe(II) [1-3]. Oxidation of Fe(II) by the presence of insoluble trivalent ferric
iron (Fe3+) happens by two simultaneous reactions, one
taking place in the liquid phase and the other on the surface of flocs of ferric hydroxide.
k
Fe( II ) + O 2 
→ Fe( III ) + O −2

(Homogeneous)

(1)

Fe( II ) + O 2 → Fe( III ) + O −2

(Heterogeneous)

(2)

ks

k = k 0 OH −

(3)

where the first term indicates the homogeneous and
the second the heterogeneous reaction rate.

O2

(4)

k ′ = k S,0 O 2 K H +

(5)

k′ = kSK H +

(6)

k S = k S,0 O 2

(7)

where ko and ks,o are real rate constants, ks is the surface rate constant and K is the equilibrium constant for
the adsorption of Fe(II) on Fe(III) hydroxide. The numerical values of the constants at 25 °C are given below:
k0=2.3×1014 M-3s-1
kS,0 = 73 M-1s-1
K = 10-9.6 M mg-1
From the above equations it is seen that the oxidation rate of Fe(II) increases linearly with Fe(III) concentration at constant temperature and oxygen concentration
under fixed pH conditions. Concentrations of Fe(III) up
to 100mg/l are taken into account while developing the
above expressions [3].
Reviewing the literature shows that reaction kinetics
are not studied at higher Fe(III) concentrations and different pH values.
The purpose of this study was to examine the catalytic
effect of Fe(OH)3 precipitate on the Fe(II) oxidation at different pH values. For this purpose, the effects of pH and
Fe(III) concentration on the oxidation rate of Fe(II) are investigated by using a batch reactor. The pH values of the
environment were kept at 6.2, 6.5 and 6.7, while the Fe(III)
concentration was changed between 0-1000 mg/l. In order to
show the practicability of the study, the volume of the aeration tank is calculated for different Fe(III) concentrations.

The reaction rate under constant pH and O2 concentration is given as [3-5]:

− d[ Fe( II )] dt = ( k + k ′[ Fe( III )]) [ Fe( II )]

2

MATERIALS AND METHODS

The oxidation of Fe(II) was studied in 2 l lab-scale
batch reactors under constant pH, temperature and O2 concentration. The experimental setup is illustrated in Fig. 1.
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FIGURE 1 - The experimental setup.

The reaction vessel was intensely mixed using an
IKA-WERK RW 18 type of mixer. Na2CO3 was added to
the distilled water to obtain a solution with an alkalinity
of 2×10-2 eq/l. Air and CO2 were bubbled into the reactor
solution using fine diffusers. The pH of the solution was
controlled by adjusting the flow of CO2 gas and measured
by an IRON model 720 A type pH meter with a sensitivity
of ±0.001 pH unit. The dissolved oxygen levels were
monitored using a WTW oxygen meter. The temperature
was kept constant at 25 oC by immersing the reaction
vessel into a water bath.
Fe(II) stock solution was prepared by dissolving ferrous ammonium sulphate in 1 l of demineralized water
containing 2 ml of concentrated H2SO4.
The samples taken at predecided time intervals were
transferred into 25 ml flasks containing 1 ml of (1+4)
H2SO4 (25% H2SO4 + 75% demineralized water). In the
presence of high concentrations of Fe(III), 1.10 phenanthroline method as given by Tamura et al. [6] was followed. In all the other cases, the phenanthroline method
as described in the standard methods (Apha-Awwa-Wpcf,
1995 [7] was used.

A linear relation between Fe (II) and time is formed by
drawing Fe(II) values measured logarithmically and timearithmetically during the oxidation of Fe(II). The oxidation reaction is determined to be of the first order with
respect to Fe(II). Reaction constant, kcat, is calculated
from the slope of these lines. Experimental results are
evaluated by separating them into three groups.
are carried out by keeping pH,
temperature and alkalinity at 6.2, 25 °C and 2×10-2 8×10-2 eq/l; respectively. It is seen that for Fe(III)=0 the
reaction is completed after a very long period of time. Time
of the reaction decreases by adding Fe(III) into the reactor
and increasing its concentration. When the medium is homogeneous (Fe(III) = 0), k is 0.00342 min-1. When Fe (III)
concentration is 250 mg/l, the heterogeneous rate constant is
found as kcat=0,06174 min-1. Adding 250 mg/l Fe (III) to
the medium shortens the completion of the reaction by
26 times. At the value Fe (III)=500 mg/l it is found that
kcat is 0.1435 min-1. In Fig. 2 it is clearly seen that the value
of kcat increases with Fe (III) up to 600 mg/l.
1st Group of Experiments

From equation 3, that gives the oxidation rate, the relations between kcat and Fe(III) are transformed into analytical expressions.

RESULTS

In the experiments pH is kept at 6.2, 6.5 and 6.7,
while initial concentration of Fe(II), partial pressure of
oxygen, temperature and alkalinity are kept at 10mg/l,
0.25atm, 25°C and between 2×10-2 - 8×10-2 eq/l, respectively. Concentration of Fe (III) is changed between 01000 mg/l. In this study, the catalytic effect of Fe (III) on
the oxidation of Fe (II) is analyzed at different pH values.

For [Fe(II)]o = 10mg/l in equation 3
kcat = k +k′[Fe(III)]

(8)

where kcat is constant and denotes the heterogeneous
reaction rate constant. From the slope of the line in Fig. 2
and for pH = 6.2 it can be obtained as:
kcat= 0.0003[Fe(III)] +0.0002
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By using expression 8 equation 3 can be rewritten as:
d[Fe(II)] / dt = - kcat[Fe(II)]

This equation is valid for Fe(III) concentrations between 0 and 600mg/l.

(10)

are carried out by keeping
pH, temperature and alkalinity at 6.5, 25 °C and 2×10-2 8×10-2 eq/l; respectively. When Fe(III) is 0, the reaction
completes in 182 min. Increasing pH from 6.2 to 6.5 decreases the reaction time significantly. The time required
for the completion of the reaction decreases with increasing
Fe(III) concentration. When the medium is homogeneous,
i.e. Fe(III)=0, k is found to be 0.05514 min-1. When Fe(III)
is 250mg/l, kcat is calculated to be 0.20858 min-1 and the
reaction completion time decreases to 33 min. At Fe(III) =
500 mg/l, kca t= 0.31997 dak-1 and the reaction is complete
after 22 min. Fig. 3 shows that kcat increases with Fe(III)
up to 500mg/l.
2nd Group of Experiments

Assuming that Fe(III) is constant, by integrating the
equation 10 it can be obtained as:
[Fe(II) ] = [Fe(II)]o e -kcat.t

(11)

where [Fe(II)]o is the initial concentration.
By inserting kcat into equation 11, the concentration of
Fe(III) can be expressed in terms of reaction time with the
following equation:
[Fe(II)]=[Fe(II)]oe-(0.0003[Fe(III)]+0.0002).t

(12)

pH=6.2
0,18
0,16
0,14
k cat, 1/m in

0,12
0,1
0,08
kc at = 0,0003[Fe(III)] + 0,0002

0,06

R2 = 0,9941

0,04
0,02
0
0

100

200

300

400

500

600

700

Fe (III), m g/l

FIGURE 2 - (kcat) vs Fe(III) concentration
(T = 25 oC, pH = 6.2, PO2 = 0.85 atm, alkalinity = 2×10-2 eq/l - 8×10-2 eq/l ).

pH= 6.5
0,35
0,3

k cat , 1/m in

0,25
0,2
kc at = 0,0004[Fe(III)] + 0,0653

0,15

R2 = 0,9262

0,1
0,05
0
0

100

200

300

400

500

600

Fe (III) ,m g /l

FIGURE 3 - Catalytic rate constant vs Fe(III) concentration
(T = 25 oC, pH = 6.5, pO2 = 0.85 atm, alkalinity = 2×10-2 - 8×10-2 eq/l).

870

700

© by PSP Volume 11 – No 10b. 2002

Fresenius Environmental Bulletin

TABLE 1 - Catalytic rate constants (kcat min-1) at different pHs
(T = 25 oC, pO2 = 0.85 atm, alkalinity = 2×10-2 - 8×10-2 eq/l).

Fe(III) mg/l

pH= 6.2
kcat min-1

pH= 6.5
kcat min-1

pH= 6.7
kcat min-1

0
100
250
500
600
750
800
900
1000

0.00342
0.02671
0.06174
0.1435
0.1603
0.1569
0.16022
0.16636
0.15333

0.05514
0.0921
0.20858
0.31997
0.29215
0.2517
0.12163
0.10379
0.10199

0.17771
0.24683
0.50843
0.26829
0.20382
0.17567
0.18717

pH= 6.7
0,6

kca t, 1/m in

0,5
0,4
0,3
kc at = 0,0005[Fe(III)] + 0,2128
0,2

R2 = 0,9417

0,1
0
0

100

200

300

400

500

600

700

Fe (III), m g/l

FIGURE 4 - Catalytic rate constant vs Fe(III) concentration
(T = 25 oC, pH = 6.7, pO2 = 0.85 atm, alkalinity = 2×10-2 eq/l - 8×10-2 eq/l).

Repeating the same procedure for the second group of
experiments with Fe(III) concentrations of 0-600 mg/l, the
following equations are obtained:
kcat= 0.0004[Fe(III)] + 0.0653
-(0.0004[Fe(III)]+0.0653).t

[Fe(II)] = [Fe(II)]o e

(13)
(14)

are carried out by keeping
pH, temperature and alkalinity at 6.7, 25 °C and 2×10-2 8×10-2 eq/l; respectively. When the medium is homogeneous, i.e. Fe(III) = 0, k and the reaction completion time
are found to be 0.17771 min-1 and 56 min, respectively.
When Fe(III) = 500 mg/l, kcat is 0.24683 min-1 and reaction completion time decreased to 38 min. When Fe(III) =
600 mg/l, kcat is 0.50843 min-1 and reaction completes in
18 min. The increase in kcat with increasing Fe(III) values
up to 600 mg/l is shown in Fig. 4.
3rd Group of Experiments

Similarly, the following expressions are found using the
experimental results obtained at pH 6.7:
kcat= 0.0005[Fe(III)] + 0.2128

(15)

[Fe(II)] = [Fe(II)]o e-(0.0005[Fe(III)]+0.2128).t

(16)

The catalytic effect reaches a maximum at a Fe(III)
value of 600 mg/l. The significant decrease of the catalytic effect with higher Fe(III) concentrations and the k
and kcat values corresponding to the various Fe(III) concentrations are given in Table 1 for all three groups of
experiments.
The catalytic effect of Fe(III) in the oxidation of
Fe(II) by atmospheric oxygen, with pH values of 6.2, 6.5
and 6.7 and Fe(III) concentration up to 1000mg/l, reaches
a maximum values of 500-600 mg/l for Fe(III).
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The Fe(II) concentration at the outlet of the aeration
tank is given in terms of the detaining time and kcat in the
following equation:

Design Of Aeration Tank

The volume of the aeration tank will be minimal at
values where the reaction rate is at a maximum. For practical calculations, the effect of Fe(III) concentration in the
aeration tank to the volume of the aeration tank is analyzed. For the aeration tank volume the following relation
can be used [1]:

V=

Q( c o − c)

c=

By replacing the kcat values obtained and Fe(II) concentrations depending on Fe(III), the change, -d[Fe(II)]/dt, is
found. The change in the initial reaction rate with respect
to Fe(III) concentration is given in Fig. 6. At low pH
values the initial reaction rate shows a rapid increase,
while at pH 7 the reaction rate becomes almost constant
for all Fe(III) concentrations.

When ferric hydroxide precipitate is not recycled, the
necessary aeration tank volume (Vo) is found from equation 17 as follows:

k

(18)

k cat

1,2
pH=6.2
1
pH=6.5
0,8
V /V o

Vo

=

pH=6.7

0,6

0,4

0,2

0
0

100

200

300

400

500

600

700

Fe (III), m g/l

FIGURE 5 - Volume of the Aeration tank vs Fe(III).

0,9

pH=6.7

0,8

pH=6.5

0,7

pH=6.2

0,6
d[Fe (II)]/dt

V

(19)

The change in the ratio of the aeration tank volumes
with respect to Fe(III) concentration (0-600mg/l) is given
in Fig. 5. The possible decrease in the aeration tank volume under the catalytic influence of Fe(III) at low pH
values is clearly seen in Fig. 5.

(17)

( k + k ' X)

co
1 + θk cat

0,5
0,4
0,3
0,2
0,1
0
0

100

200

300

400

500

600

700

Fe (III), m g/l

FIGURE 6 - Initial oxidation rate of Fe(II) vs Fe (III) concentration for different pHs.
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DISCUSSION AND CONCLUSION
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1. Fe(III) concentration in the aeration tank significantly affects the efficiency of iron removal and
with increase of Fe(III) decreasing Fe(II) concentration at the outlet are observed. Increasing
Fe(OH)3 concentrations up to 600 mg/l increases
the efficiency of iron removal and, thus, in plants
removing iron by aeration, the aeration tank volume can be minimized by recirculating Fe(III)
sludge into the precipitation tank.
2. Fe(III) is much more effective in decreasing the
necessary reactor volume at low pH values, in
other words, the catalytic effect of Fe(III) is
much more evident at low pH values.
3.

The catalytic rate constants and Fe(II) equations
below are given for Fe(II) = 10 mg/l, Fe(III) = 0 600 mg/l, alkalinity = 2×10-2 - 4×10-2 and T= 25 oC:
pH = 6.2
kcat = 0.0004 [Fe(III) ] - 0.0091;
[Fe(II)]=[Fe(II)]o × e-(0.0004[Fe(III)]-0.0091).t
pH = 6.5
kcat = 0.0004[Fe(III)] + 0.0653;
[Fe(II)] = [Fe(II)]o × e-(0.0004[Fe(III)]+0.0653).t
pH = 6.7
kcat= 0.0005[Fe(III)] + 0.2128;
[Fe(II)] = [Fe(II)]o × e-(0.0005[Fe(III)]+0.2128).t

4. kcat is found to be maximum at 600 mg/l Fe(III)
for all pH values used.
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SUMMARY

In oxygen-free aquatic environments, such as ground
water or hypolimnetic waters of eutrophic lakes, manganese predominantly as Mn(II) and natural organic compounds like humic materials occur.
The effects of tannic acid and acetic acid as representatives of organic material on stabilizing the transformation of Mn(II) to Mn(IV) in a two-stage batch system
have been examined. In the first stage, the catalytic effect
of Mn(IV) linearly increased up to about 300 mg/l, keeping Mn(II) constant at 25 mg/l. In the second stage it has
been studied how oxidation of Mn(II) and the catalytic
effect of Mn(IV) are affected by tannic and acetic acids.
Tannic acid completely inhibited the oxidation of manganese and acetic acid had no observable effect on the oxidation reaction.

oxidation was investigated. Mn(IV) concentrations were
varied within the range of 0-300 mg/l. In the second stage,
the inhibition of Mn(II) oxidation by organic species involving the cyclic oxidation of Mn(II) followed by the reduction
of Mn(IV) by the organic substances are explained.

MATERIALS AND METHOD

The oxidation of Mn(II) was studied in 2 l batch reactors under constant pH, temperature and O2 concentration.
The experimental setup is illustrated in Fig. 1.

KEYWORDS: Autocatalytic oxidation, catalytic effect, manganese
oxidation, organic matter.

INTRODUCTION

Manganese is one of the most common contaminants
found in both surface and ground waters. Generally , trace
amounts of metals such as manganese and iron are present
in fresh waters from weathering of rocks and soils. Manganese may be present in truly dissolved, colloidal and
suspended forms (e.g. Mn(II) or Mn(IV) in natural water
in concentrations exceeding 10 mg/l [1, 2]. Soluble manganese (Mn(II)) is typically found in all water supplies,
with higher concentrations usually in water obtained from
ground water sources or reservoir hypolimnions [3]. The
oxidation of manganese is affected by several factors such
as Mn(II) and oxygen concentration, pH, temperature,
organic matter and other ions [5-7].
The aim of this study was to find out the effects of tannic and acetic acid on stabilizing the transformation of
Mn(II) to Mn(IV). This study was carried out in two stages.
In the first stage, the catalytic effect of Mn(IV) on the Mn(II)

FIGURE 1 - The Experimental Setup.

The reaction vessel was intensely mixed using IKA
Rn20 type of mixer. NaHCO3 was added to the distilled
water to obtain a solution with an =.01 M alkalinity. Solution was aerated using fine bubble diffusers. The pH of
the solution was controlled by adding 0.1 N NaOH and
0.1 N HNO3. The pH of the solution was measured by a
JENWAY model 3040 type of ion analyser with a sensitivity of ±0.001 pH unit. The dissolved oxygen levels
were monitored using a WTW Oxi 500 oxygen meter. A
constant temperature of 28 °C was maintained by immersing the reaction vessel in a water bath.
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used to simulate organic substances. All experiments are
repeated 3 to 5 times on average. Results obtained were
found to be very close to each other (see Fig. 4 as a representative).

Mn(II) stock solution was prepared by dissolving
MnSO4 . H2O (manganese sulphate monohydrate) in 1 l of
demineralised water. The samples taken after predetermined time intervals were immediately filtered through a
0.45 µm membrane filter (accepted procedure defined in
Standard Methods 1992) before determination of dissolved manganese. The residual Mn(II) concentrations
were determined by AAS analysis [4, 5].

In the experiments with tannic acid, Mn(IV) concentration was varied from 0 to 300 mg/l by keeping the
initial Mn(II) concentration constant at 25 mg/l, temperature at 28 °C, pH at 10, pO2 at 0.21 atm and alkalinity at
0.01M (Table 2). Mn(IV) concentration was increased
gradually during the oxidation. Fig. 4 shows Mn(IV)
values between 0 and 300 mg/l. Mn(II) and time values
were drawn on logarithmic and arithmetic scales; respectively. The catalytic effect of Mn(IV) on oxidation was
observed without organic substance. The addition of tannic acid, however, with increasing Mn(IV) concentrations
slowed down the oxidation rate. This might be an effect
of the reduction of Mn(IV) to Mn(II) in the medium containing tannic acid, because also Mn(II) concentration was
increasing with increasing Mn(IV) concentration. The
change in the values of kcat with Mn(IV) in media with or
without tannic acid is shown in Fig. 5. When tannic acid
was added, the oxidation rate decreased remarkably. This
decrease was additionally enhanced with increasing
Mn(IV) concentration. A kcat value of 0.060758 min-1 without tannic acid (Table 1) and 0.00143 min-1 with 10-4 M
tannic acid in the medium was found for 300 mg/l Mn(IV)
(Table 2).

RESULTS
First Stage: The Catalytic Effect of Mn(IV) on Mn(II) Oxidation

The results of the experiments with initial Mn(II) concentration of 25 mg/l and with varying initial Mn(IV) concentrations are given in Fig. 2. The catalytic rate constant,
kcat, is calculated from the slopes of the lines in linear
“Mn(II) versus time” curves. It is evident from these figures that the Mn(II) oxidation is in accordance with the
first-order kinetics. The time needed to complete reaction
was about 77 min, when no Mn(IV) was in the reactor and
could be reduced to about 24 min, when 300 mg/l of
Mn(IV) was added. Thus, the reaction time is reduced
with increasing initial Mn(IV) concentrations. The change
in the values of kcat with Mn(IV) is shown in Fig. 3.
Second Stage: The Effect of Mn(IV) on the Oxidation of
Mn(II) in Presence of Organic Substances (Tannic Acid e.g.)
in the Medium

It can be concluded that oxidation-resistant Mn(II)organic substance complexes were formed or Mn(II) was
stabilized by the reduction of Mn(IV) by the presence of
organic materials.

It is known that manganese normally present in natural
waters together with organic substances. In this section of
the study, the effect of organic substances on the oxidation
of Mn(II) is analysed. Tannic and acetic acid were used

100
M n(IV)=0
M n(IV)=50mg/l

Mn(II), mg/l

M n(IV)=100mg/l
M n(IV)=200mg/l
M n(IV)=300mg/l

10

1
0

20

40

60

80

100

120

140

Time, min.
FIGURE 2 - Variation of log Mn(II) with time under varying initial Mn(IV) concentrations
(pH = 10, [Mn(II)]0 = 25 mg/l, temperature = 28 °C, alkalinity = 1x10-2 M, pO2 = 0.21 atm).
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FIGURE 3 - Change in kcat with [Mn(IV)]0

TABLE 1 - Average k,kcat values in heterogeneous systems.

pH

Temperature
°C

pO2
atm.

10
10
10
10
10

28
28
28
28
28

0.21
0.21
0.21
0.21
0.21

Alkalinity
M
0.01
0.01
0.01
0.01
0.01

[Mn(II)]0
mg/l
25
25
25
25
25

[Mn(IV)]
mg/l
0
50
100
200
300

(kcat)average
min-1
0.018284
0.022149
0.028750
0.049683
0.060758

TABLE 2 - Average k,kcat values for Mn(II) oxidation with 10-4 M tannic acid.

pH
10
10
10
10
10

Temperature
°C
28
28
28
28
28

pO2
atm.
0.21
0.21
0.21
0.21
0.21

Alkalinity
M
0.01
0.01
0.01
0.01
0.01

876

[Mn(II)]0
mg/l

[Mn(IV)]
mg/l

25
25
25
25
25

0
50
100
200
300

(kcat)average
min-1
0.00947
0.00582
0.00508
0.00378
0.00143
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FIGURE 4 - Variation of log Mn(II) with time under varying initial Mn(IV) concentrations and addition of
10-4 M tannic acid (pH = 10, [Mn(II)]0 = 25 mg/l, temperature = 28 °C, alkalinity = 1x10-2 M, pO2 = 0.21 atm).
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FIGURE 5 - Change in kcat with [Mn(IV)]0
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FIGURE 6 - Variation of log Mn(II) with time under different initial Mn(IV) concentrations and addition of
10-4 M acetic acid (pH = 10, [Mn(II)]0=25 mg/l, temperature = 28 °C, alkalinity = 1x10-2 M, pO2 = 0.21 atm).
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FIGURE 7 - Change in kcat with [Mn(IV)]0

TABLE 3 - Average k, kcat values for Mn(II) oxidation with addition of 10-4 M acetic acid.

pH

Temperature
°C

pO2
atm.

10
10
10
10
10

28
28
28
28
28

0.21
0.21
0.21
0.21
0.21

Alkalinity
M

[Mn(II)]0
mg/l

0.01
0.01
0.01
0.01
0.01

25
25
25
25
25

Effect of Mn(IV) on Mn(II) Oxidation in the Medium Containing Acetic Acid

In Fig. 6 the experimental results obtained for acetic
acid as organic substance are shown. Fig. 7 shows the
change of kcat values with Mn(IV) for the media with and
without acetic acid. A kcat value of 0.060758 min-1 without acetic acid (Table 1) and 0.05867 min-1 with 10-4 M
acetic acid in the medium was found for 300 mg/l Mn(IV)
(Table 3). It is clearly seen that acetic acid does not affect
the oxidation rate. These observations are in agreement
with the results of other authors [8, 9] and underline that
the effect of organic compounds on the oxidation rate
changes in a very wide range. In this study it was observed that tannic acid blocks the oxidation of Mn(II) and
acetic acid does not affect it.

[Mn(IV)]
mg/l
0
50
100
200
300

(kcat)average
min-1
0.01819
0.02232
0.02618
0.05029
0.05867

DISCUSSION AND CONCLUSION

The effect of Mn(IV) on Mn(II) oxidation in media
containing organic substances (tannic and acetic acid),
was simulated and investigated experimentally. In media
without organic acids, Mn(IV) increases the oxidation rate
of Mn(II). When tannic acid is added, the catalytic effect
of Mn(IV) clearly decreases and almost vanishes. This is
considered to be a result of tannic acid-forming complexes with Mn(IV). In contrast, it is seen that acetic acid
does not affect the catalytic effect of Mn(IV) and the
oxidation rate of Mn(II).
The oxidation rate increases up to Mn(IV) values of
300 mg/l with addition of tannic acid whereas the reaction
rate increases initially and then decreases during oxidation
to remain at a stable amount (steady-state) of dissolved
Mn(II). Acetic acid does not affect the oxidation rate.
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THE TOXIC EFFECT OF SOLVENT ON THE BIOLOGICAL
DEGRADATION OF PENTACHLOROPHENOL AND
PENTACHLORONITROBENZENE BY WHITE ROT FUNGUS
G. Demir, H. Barlas and C. Bayat
Istanbul University, Faculty of Engineering, Department of Environmental Engineering, 34850 Avcilar - Istanbul, Turkey

SUMMARY

The chemically rather inert and potential pollutants,
PCP (pentachlorophenol) and PCNB (pentachloronitrobenzene), are used in large quantities as fungicides. The
chlorinated ring structure tends to increase their stability.
In order to minimize their long-term residual effectiveness, a study was made on determination of their biological degradation rates and respective conditions thereof.
White rot fungi (Phanerochaete chrysosporium) was used
in a culture medium adjusted to pH 5 and containing basic
nutrients and tracing items. PCP and PCNB dissolved in
acetone and the fungus were added in desired amounts to
50 ml of culture medium in Erlenmeyer flasks and incubated at 35 °C. In order to investigate and compare the
biodegradation effects of the solvent utilized, up to a 10fold volume was used.
After 21 days of incubation, the solvent used inhibited the biological degradation of PCP and PCNB dramatically and, accordingly, decreased the amount of the
formation of biomass.

KEYWORDS:
Pentachlorophenol (PCP), pentachloronitrobenzene (PCNB), Phanerochaete chrysosporium, biological degradation.

INTRODUCTION

The use of pesticides increases the efficiency in agriculture, textile and food sectors, but they also become
pollutants in the environment and the food chain by causing accumulation due to their degradation times longer as
desired.
Though most pesticides have selective characteristics,
they may still do harm to non-target plants and organisms
to a certain extent. To eliminate or minimize these risks
the control methods have to be optimised before use.

The following undesired effects, where and how long
pesticides can remain as residue as well as how to make
them harmless before they accumulate, have to be looked
at besides the intended purpose [1].
Due to its fungicidal properties PCP is used primarily
in wood protection, but also in leather, rubber and tire
industries, molasses fermentation plants and pineapple or
sugar beet production. In addition, it is used widely as
bactericide, herbicide, molluskcide, algicide and insecticide [2]. PCNB, in place of pesticides used with mercury,
has been used for seed and soil treatment in agriculture
since 1930. Initially it was used in the production of lettuce, onion, potatoes and peanuts.
Breakdown of slowly biodegradable pollutants such as
PCP or PCNB, is mostly carried out by technologically
employed bacteria and fungi in wastewater media. After the
treatment process, treated wastewaters could be disposed
properly into ambient water by using outfall systems [3].
It is well-known that the white rot fungus Phanerochaete chrysosporium ME 466 degrades lignin, which
cannot be degraded by bacteria under restricted nutrient
conditions. Phanerochaete chrysosporium ME 466 possesses a ligneous enzyme, not only specific to lignin. It
has been shown that many organic pollutants resistant to
biological degradation can also be degraded by these
fungi [4-7]. The lignin-degrading system is a type of
peroxides and able to catalyse oxidative polymers in depolymerization reactions [8, 9].
In studies made, manganese-dependent enzyme systems such as peroxidase and laccase, are discovered in
white rot fungi, in addition to ligninolytic enzyme system
[10-12]. It is determined that lignin peroxidase, manganese-dependent peroxidase and laccase enzyme systems
are more effective in nitrogen-limited (NLM) environments [13-16].
The biological breakdown of PCP by pure lignolytic
enzyme was successfully examined and a ratio of 78%
was achieved in a very short time [17].
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The biological degradation rate of PCP with Phanerochaete chrysosporium in a basal medium proposed by
Kirk [18] was determined as 67% at the end of 8 days of
incubation at pH 6.
In this study, the conditions and degradation rates of
PCP and PCNB by use of the white rot fungus Phanerochaete chrysosporium ME466 under different basal media
were investigated.

MATERIALS AND METHODS

White rot fungus Phanerochaete chrysosporium ME
466 was obtained from the University of Hacettepe, Faculty of Science, and Department of Biology. GC chromatograms were recorded with a Varian Star 3400 equipped
with a capillary column DB 1701 and ECD detector. All
chemicals and solvents were of analytical grade and
commercially available from different sources. The basal
medium was the same as described elsewhere [2].
Fungus: White rot fungus
(Phanerochaete chrysosporium ME 466)
GC: Varian Star 3400
Column: Capillary DB 1701

and 0.2 ml of this solution added to 50 ml of basal medium (concentration of PCP 10 µM and of PCNB 50 µM).
In biological degradation experiments with 10 solvent volumes, 0.0066 g PCP or 0.0369 g PCNB are
dissolved in 100 ml acetone, 1 ml of this solution added
to 50 ml of basal medium (concentration of PCP 5 µM
and of PCNB 25 µM).
All the other above-mentioned concentrations are
prepared by adding multiples of these volumes.
Phanerochaete chrysosporium cultures grown on
solid basal medium (declined jell) in 3 x 16 cm culture
tubes were incubated as described above.

Biomass amounts, indicating the state of biological
degradation at each concentration used, were measured by
conducting suspended solid materials tests before the
extraction of PCP and PCNB from the respective medium. Cultures were incubated for a period of 21 days in
orbital incubators shaken at 150 rpm and kept at 35 °C.
The control culture contained PCP and PCNB in known
amounts and had no microbial growth. The extraction of
the control was carried out without incubating it. Before
starting the tests, it was observed by GC analysis that
PCP and PCNB could be extracted to 90% and 75%,
respectively.
After the extraction of PCP, derivatives were made
by means of acetic anhydride before GC analysis. Analysis was conducted using GC/ECD spectrometry as formerly described [19].

Detector: ECD
Solvents: Acetone, hexane, chloroform
Basal medium: The same medium as described in [2].

Acetone and distilled water mixtures were added as
culture liquid during the extraction of PCNB. After adding 20% lead acetate and pure water, the mixture was
centrifuged. The supernatant was filtered through Watman No. 1 filter paper and then transferred to a separation
funnel. The resulting samples were injected into the GC.

Chemicals: Lead acetate, sodium hydroxide, acetic anhydride, citric acid x 1 H2O, sodium citrate,
sodium sulphate
Filter paper: GFC and Watman No. 1
Incubator: Gallenkamp orbital incubator

The experimental design was based on GC analysis
at certain intervals by extracting PCP and PCNB from
optimised incubation medium. It is well-known that PCP
is a highly toxic material, and toxicity of PCNB is moderate compared to that of PCP. Based on this information, PCP was dissolved in acetone and added to the
basal medium at concentrations of 5, 10, 15, 20, 30, 40,
50 µM. Similarly, PCNB was dissolved in higher concentrations (25, 50, 75, 100, 200 µM) in acetone and
added to the basal medium.
To investigate the toxicological effect of the solvent
on the biological degradation efficiency, 5, 10, 15, 20 µM
PCP and 25, 50, 75, 100 µM PCNB were added to the
basal medium by using a 10-fold volume of acetone compared to the normal control experiments.
In control experiments (1 solvent volume), 0.066 g
PCP or 0.369 g PCNB are dissolved in 100 ml acetone

RESULTS

A biological degradation rate of PCNB reaching 100%
was observed after 7 days of incubation in the medium
containing 10 µM PCP when 1 unit of solvent was used,
and only 11% with 10-fold volume of acetone. Under the
latter conditions, after 14 days 85% and after 21 days
100% could be reached. Similarly, at the end of a 7-day
period of biological degradation in the medium containing
20 µM PCP, a rate of 87% was observed with 1 volume
of acetone, 0% with 10 units of solvent and 100% after
14-day of incubation with 1 unit of solvent. In the experiments where 10 units of acetone was used, the degradation value reached 12% after 14 days and 13% at the
end of the 21st day. For more information see Table 1.
Biomass quantities corresponding to the values examined in Table 1 can be seen in Table 2. The biomass quantity formed in the biological degradation experiments of
PCP with 1 solvent unit was twice as high as with 10 units.
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TABLE 1
The toxic effect of acetone on the biological degradation ratios during a 21-day incubation period.

Toxic effect of acetone as solvent on biological degradation ratios of PCP
PCP (µM)
0th Day
7th Day
14th Day
a
b
1 Unit Solvent 10 Units Solvent
a
b
A
b
a
b
5
---------15
---87
10
10
------100
11
---85
15
---------2
---15
20
20
------87
---100
12
30
------40
---71
---40
------15
---52
---50
------10
---35
---Control 30
Control 10
------1
1
3
3

21st Day
a
------------100
60
48
4

b
100
100
17
13
---------5

a) Series of experiments with 1 unit of acetone (see Materials and Methods section).
b) Series of experiments with 10 units of acetone (see Material and Methods section).

TABLE 2
The toxic effect of acetone on the biomass quantity formed during a 21-day incubation period of PCP (mg mycelium / ml medium).

Toxic effect of acetone on the biomass quantities formed during
PCP (µM)
0th Day
7th Day
a
b
1 Unit Solvent 10 Units Solvent
a
b
a
b
5
0.1
0.1
---0.480
10
10
0.1
0.1
0.862
0.512
15
0.1
0.1
---0.410
20
20
0.1
0.1
0.806
0.360
30
0.1
0.1
0.354
---40
0.1
0.1
0.280
---50
0.1
0.1
0.150
----

incubation process of PCP
14th Day
21st Day
a
b
a
b
---0.808
---1.126
1.112
0.854
1.226
1.114
---0.522
---0.644
1.330
0.540
1.410
0.610
0.764
---1.480
---0.448
---0.846
---0.312
---0.567
----

TABLE 3
The toxic effect of acetone on the biological degradation ratios during a 21-day incubation period.

Toxic effect of acetone as solvent on biological degradation ratios of PCNB
PCNB (µM)
0th Day
7th Day
14th Day
a
b
1 Unit Solvent 10 Units Solvent
a
b
a
b
a
b
---25
---------74
---100
50
50
------79
78
100
100
---75
---------70
---100
100
100
------87
69
100
100
200
---------79
---100
---Control 100
Control 50
------29
32
42
44

21st Day
a
---------------48

b
---------------52

TABLE 4
The toxic effect of acetone on the biomass quantities formed during a 21-day incubation period of PCNB (mg mycelium / ml medium).

Toxic effect of acetone on the biomass quantities formed during incubation process of PCNB
PCNB (µM)
0th Day
7th Day
14th Day
21st Day
a
b
1 Unit Solvent 10 Units Solvent
a
b
a
b
A
B
a
b
---25
---0.1
---0.444
---0.594
---0.662
50
50
0.1
0.1
1.006
0.612
1.304
0.776
1.386
0.986
---75
---0.1
---0.634
---0.736
---0.800
100
100
0.1
0.1
0.464
0.596
1.662
0.706
0.682
0.742
200
---0.1
---1.092
---1.138
---1.263
----

882

© by PSP Volume 11 – No 10b. 2002

Fresenius Environmental Bulletin

PCNB biological degradation results are summarized
in Table 3. 100% of biological degradation in the medium
containing 50 µM or 100 µM PCNB was observed after
14 days for both 1 and 10 units of solvent acetone. For
more information see Table 3.
Biomass quantities corresponding to degradation values of PCNB in Table 3 are given in Table 4. Similarly as
with PCP, the biomass quantity in the experiments with 1
solvent volume was twice as high as with 10 volumes
acetone.

DISCUSSION AND CONCLUSION

In similar studies with white rot fungi, it was found
that the organic substances of our experiments may be
used as a source of carbon and energy, However, a second
source is required for that [20].
This study has shown once more that white rot fungi
are much more active in media (NLM) where nitrogen is
limited [13-16].
In the biodegradation of PCP with a medium concentration of 10 µM and 10 volumes of acetone, 100% degradation could be reached after 21 days. With a concentration of 20 µM the degradation is inhibited and only 12%
after 14 days and 13% after 21 days could be reached
(Table 1).
Nevertheless, even though the initial biomass quantity (0th day) was the same for all experiments, the biomass quantity formed at the end of the 21st day decreased
by 50% when 10 units of solvent was used, because of the
toxic effect (Table 2).
In the biodegradation experiments with PCNB, the inhibition reached 78% at the end of the 7th day and 100% of the
14th day when 10 units of acetone was used with a concentration of 50 µM and 69% or 100% with 100 µM (Table 3).
Also here the initial biomass quantity decreased significantly at the end of the 21st day because of the toxic effect
(Table 4).
Since PCNB is better dissolved in water than PCP
and has less toxic effects, concentrations of 50 or 100 µM
are utilized [21,22]. Half-life of PCNB in water varies
from 15 days to 6 months [23].
The toxic effect of acetone was higher in the experiments carried out with PCP, possibly the toxic effect of
PCP is due of its structure [24].
When Tables 1-4 are compared, it is observed that the
solvents that should be used to transfer PCP and PCNB to
the basal medium, where their biological degradation was
carried out, cause the inhibition of the biological activity
in noticeable extent. This inhibition occurs in larger ratios
with PCP.
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EFFECTS OF FOULING WITH IRON IONS ON THE CAPACITY
OF DEMINERALIZATION BY ION EXCHANGE PROCESS
Y. Kaya, I. Vergili, S. Acarbabacan, H. Barlas
Istanbul University, Faculty of Engineering, Environmental Engineering Department, Istanbul, Turkey

SUMMARY

Ion exchange technologies have commonly been applied, i.e., in demineralization, softening and dealkalization as the standard water treatment processes. Certain
changes appear in the ion exchange material during its
lifetime, as it cycles from its regenerated form to an exhausted form. These changes are frequently caused by
fouling of ion exchange resins. When water, containing
objectionable substances, comes into contact with resin,
impurities clog the pores and coat the resin surface. In such
cases, ion exchange mechanism may become inhibited
producing less quantities of water with poor quality and
also decreasing the resin’s life span. Almost all water supplies contain iron. Iron fouling of ion exchange demineralizer results in an increase in the effluent level of iron, a
reduction in operating capacity and possibly also in backwashing efficiency under identical operating conditions.
Because of pore clogging and degradation of functional
groups, particularly anion resins must be prevented from
the iron fouling. In this study, changes on the operating
capacity of ion exchange demineralization in the presence
of different iron ion concentrations (0.2, 0.5, 2.0, 4.0 and
8.0 mg/L) were investigated. It was found that fouling of
demineralization system with iron, even at low concentrations (0.2 mg/L), led to a loss in operating capacity (6 %).
When iron concentration was increased to 0.5, 2.0 and
4.0 mg/L, the loss of operating capacity was found to be
about 12-13 %, and increasing to 16% when iron concentration was 8.0 mg/L.

KEYWORDS:
Demineralization, iron fouling, operating capacity, conductivity.

quality in required volume becomes impossible, since
these types of fouling cannot be reversed by regeneration
and backwashing processes.
The fouling of ion exchange systems is mainly caused
by iron ions occurring in water. Iron may be present in
water in different forms, dissolved as ferrous (Fe2+), insoluble as ferric (Fe3+) iron or as anionic complexes together with organic materials. If not removed sufficiently,
iron reached the ion exchanger from raw water or the
regeneration solution, but also by the corrosion of equipment parts used [1, 2].
Fe2+ can easily be removed from the cation exchanger
being in the form of either sodium or hydrogen, and subsequently ceased by means of regeneration. If there exists
soluble oxygen or chloride in supplied water, Fe2+ is not
dissolved and oxidized to the ferric form (Fe3+) which
resuls in iron fouling of the resin. This conversion of Fe2+
into Fe3+ can happen in water as well as on the surface
and within the texture of resin. Even if the iron precipitate
on the top regions of the resin can be removed, during the
regeneration some remains in the middle and hence the
capacity of resin decreases. The removal of Fe(III) in the
middle part can be achieved by means of regeneration
with acid [3].
The iron fouling of anion exchangers should be prevented, since strongly basic resins can be irreversibly
damaged by the blockage of pores and/or oxidative degradation of functional groups within resin. Materials with
high iron content used for regeneration and also corrosion
are further reasons for the fouling of anion exchangers
with iron. NaOH used for regeneration should not exceed
0.0001% (w/w) according to DIN 19615 [4].

INTRODUCTION

Various materials, such as iron, manganese, organic
matters, etc., frequently foul ion exchange resins while in
use. These materials coat the resin surface and clog the
pore volumes existing in a resin bed. The capacity of resin
bed decreases and the production of water with a desired

MATERIALS AND METHODS

Ion exchangers used throughout this study are both
strongly cationic and anionic types obtained from Bayer AG
Leverkusen (technical specifications are given in Table 1).
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TABLE 1 - Technical specifications of ion exchangers used.

Ionic Form

Strongly Acidic
Cation Exchanger
H+

Functional Group

Sulfonic acid

Properties

min.eq /L
mm

Gel
1.8
0.62

max.m/h

100/10-12

100/7

g/L
%

HCI
50
6-10

NaOH
50
3-5

of ion exchange resins [7, 8]. In the light of the aforementioned approach, operating capacity losses in ion
exchangers were sought by depicting breakthrough curves
for the demineralization system (see Figs. 1-5), for both
cycles that a fresh resin was treated only with raw water
or fouled with water containing 0.2, 0.5, 2.0, 4.0 and
8.0 mg L-1 Fe(II) and subsequently treated with raw water.

The loading of the strongly cationic ion exchanger
with water was carried out until the conductivity value at
the outlet reached 10 µS/cm. This value was ensured by
measuring the conductivity of water samples taken periodically from the outlet of anion exchanger column. It is
known that iron concentration in raw water, fed into ion
exchangers, should not exceed 0.1 mg/L [5]. Therefore,
values exceeding 0.1 mg/L were chosen for the fouling
experiments throughout this study.
In the fouling stage of demineralization system with
iron, various amounts of FeSO4.7H2O were added to water in order to obtain concentrations of 0.2, 0.5, 2.0, 4.0
and 8.0 mg L-1 Fe (II). The strong cation exchanger was
regenerated by using 8% HCl. Then the anion exchanger
was transformed from Cl¯ form into OH¯ form by using
4% NaOH and finally washed with distilled water.
Conductivity was measured by using a WPA CM35
conductivity meter and hardness in outlet water samples
of anion exchanger column by using the standard EDTA
(ethylenediaminetetraacetic acid) method [6].

Conductivity (µS/cm)

Experimental setup consisted of two laboratory-scale
glass columns, with 2 cm diameter and 45 cm height,
raised to achieve siphonage with a T-connector placed at
their outlets. The first and second columns were filled
with 20 mL strongly cationic and 40 mL strongly anionic
exchangers, respectively. A synthetic water with 200 mg
CaCO3 L-1 hardness, obtained by dissolving CaCl2.2H2O
and 150 mg Na2SO4, was used. Conductivity of raw water
was measured as 790 µS/cm. The raw water was first
passed through the cation exchanger and subsequently
through the anion exchanger. Raw water was supplied to
the system by using an ISMATEC MV-CA4 peristaltic
pump and the feed rate for both columns was adjusted to
v = 5.0 m/h (specific loading = 31 BV/h).

12
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2
0
0

500 1000 1500 2000 2500 3000 3500 4000
Waterpassed (mL)
a

b

FIGURE 1 - Breakthrough curves (a) for a fresh resin treated
only with raw water and (b) for a fresh resin fouled with water
containing 0.2 mg L-1 Fe(II) and subsequently treated with raw water.

12
Conductivity (µS/cm)

Structure
Total Capacity
Bead Size
Linear Velocity
(exhaustion/backwashing)
Regenerant
Regenerant Level
Regenerant Conc.

Strongly Basic
Anion Exchanger
CIQuarternary amin,
Type 1
Gel
1.2
0.6

10
8
6
4
2
0
0
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RESULTS AND DISCUSSION

a

In preceding publications, the regenerated resin was
compared with a new resin sample to determine the damage occurring in the structure and/or the functional groups
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FIGURE 2 - Breakthrough curves (a) for a fresh resin treated
only with raw water and (b) for a fresh resin fouled with water
containing 0.5 mg L-1 Fe(II) and subsequently treated with raw water.
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operating capacity was found to be 6 %. When iron concentration increased to 0.5, 2.0 and 4.0 mg L-1, the loss
was found to be about 12-13% reaching 16% when iron
concentration was 8.0 mg L-1 (all experiments were repeated three times and results found to be varying around
the mean value being not higher than 12%).
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When raw water containing iron passed through the
system, a reddish-brownish colored deposit at the top
region of cation exchange resin was observed.
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Waterpassed (mL)
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Hardness was measured in water samples with 8.0 mg L-1
Fe(II) taken at the outlet of the anion exchange column
during passing of raw water and subsequent treatment
with raw water after regeneration. The hardness value
increased from 0 to 0.1-0.2 Fº towards the end of the
loading. It can be deduced from these findings that iron is
not successfully removed by the regeneration when the
concentration of iron is high and the reason for the decrease in capacity of demineralization system is the damage occurring in the cation exchanger.
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FIGURE 3 - Breakthrough curves (a) for a fresh resin treated
only with raw water and (b) for a resin fouled with water containing
2.0 mg L-1 Fe(II) and subsequently treated with raw water.
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Iron causes less damage to demineralization systems
compared to softening systems; because it is dissolved
easily during acid regeneration after every loading when
iron concentration is kept as low as possible in raw water
[9]. In this study, 50 mL strong cation exchanger was
used in Na form and raw water containing 200 mg CaCO3
and 150 mg sulphate per L passed through the cation
exchanger. In the case of fouling the strong cation exchanger with water containing 0.2 and 0.5 mg L-1 Fe(II),
the loss of capacity was found to be 18-19%. With increasing iron concentration up to 2.0 mg L-1 the loss of
capacity remained to be about 12%. This can be explained
by the detention of newly formed Fe(OH)3 precipitates by
Fe(OH)3 deposit formed within the column and, especially, onto the resin surface and hence preventing
Fe(OH)3 precipitate to reach ion exchange centers.

500 1000 1500 2000 2500 3000 3500 4000
Waterpassed (mL)
a

b

Conductivity (µS/cm)

FIGURE 4 - Breakthrough curves (a) for a fresh resin treated
only with raw water and (b) for a resin fouled with water containing
4.0 mg L-1 Fe(II) and subsequently treated with raw water.

There are also other methods of cleaning iron-fouled resins, commonly by HCl washing. For the cleaning of cation
exchangers, resin bed is mixed with air before a strong
backwashing is applied. Afterwards, a 15 % HCl solution is
filled into the column and left overnight at 60-70 ºC. Then
column is washed with water at regeneration speed.
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In the cleaning procedure of anion exchangers, a
2% HCl solution is followed by a 15 % HCl solution.
Effective is a temperature increase up to 70 ºC to accelerate the cleaning procedure before leaving the acidic solution overnight inside the column. Finally, anion exchanger is washed with clean water [10].

500 1000 1500 2000 2500 3000 3500 4000
Waterpassed (mL)
a

b

FIGURE 5 - Breakthrough curves (a) for a fresh resin treated
only with raw water and (b) for a resin fouled with water containing
8.0 mg L-1 Fe(II) and subsequently treated with raw water.

In the case of fouling the demineralization system
with water containing 0.2 mg L-1 Fe(II) r), the loss of

Iron fouling of demineralization systems causes a loss
of system capacity. The best way to avoid capacity losses
is the removing of iron from raw water by a pre-treatment
before exchanger demineralization. Aeration, filtration,
chemical coagulation and chlorination are other techniques used for pre-treatment [11].

887

© by PSP Volume 11 – No 10b. 2002

Fresenius Environmental Bulletin

REFERENCES
[1]

PUROLITE COMPANY, (1998), The Fouling of Ion Exchange Resins and Methods of Cleaning, Purolite Technical
Bulletin.

[2]

BAYER AG, (1979), Verunreinigung von Ionenaustauschern
und Gegenmassnahmen, Organic Chemicals Business Group,
Leverkusen, p. 2-6.

[3]

GOLHAN, M. and AKSOGAN, S., (1970), Ion–Exchange
Softening, Volume 2, Water Treatment, First Edition, Pimas
Publishers, Istanbul, p. 183-292.

[4]

DEUTSCHE NORM, DIN 19615, (1971), Natronlauge zur
Wasseraufbereitung zum Regenerieren von Ioneaustauschern
Technische Lieferbedingungen GmbH, Berlin.

[5]

A.W.W.A, (1990), Iron and Manganese Removal, Water
Treatment Plant Design, Second Edition, Mc Graw – Hill
Book Company, ISBN 0-07-001542-2, USA, p. 283-3320.

[6]

APHA, AWWA, WEF, (1995), Standard Methods for the
Examination of Water and Wastewater, 19. Edition, ISBN 087553-223-3, Washington, p. 2-36 – 2-38.

[7]

DEUTSCHE NORM, DIN 54 402, (1982), Bestimmung der
Totalen Kapazität von Anionenaustauschern, Beuth Verlag
GmbH, Berlin.

[8]

DEUTSCHE NORM, DIN 54 403, (1982), Bestimmung der
Totalen Kapazität von Kationenaustauschern, Beuth Verlag
GmbH, Berlin.

[9]

VERGILI, I., (2000), Problems Mostly Arised During Water
Treatment With The Ion Exchangers and Solution Investigations, Master Thesis, Istanbul University, Institute of Science
and Technology, Istanbul.

[10] BAYER AG, (1998), Cleaning Ion Exchangers Resins that
are Contaminated with Heavy Metal Hydroxide Impurities.
[11] BOWERS, E., (1971), Ion–Exchange Softening, Water Quality and Treatment, ISBN 07-001539-2, USA, p. 341-369.

Received for publication: December 04, 2001
Accepted for publication: September 26, 2002

CORRESPONDING AUTHOR
Y. Kaya
Istanbul University
Faculty of Engineering
Environmental Engineering Department
34850 Avcilar/Istanbul - TURKEY

e-mail: y_kaya@istanbul.edu.tr
FEB/ Vol 11/ No 10b/ 2002 – pages 885 - 888

888

© by PSP Volume 11 – No 10b. 2002

Fresenius Environmental Bulletin

THE REMOVAL EFFICIENCY OF THE
EXPERIMENTAL WASTEWATER TREATMENT PLANT OF
N.AG.RE.F. IN THESSALONIKI -GREECE
C. Koumi, and G. Nikolaidis
Department of Botany, School of Biology, Aristotle University of Thessaloniki, P.O. Box 109, GR-54006, Thessaloniki, Greece

SUMMARY

INTRODUCTION

The present investigation was planned to gain information about the removal efficiency of an experimental
wastewater treatment plant designed by N.AG.RE.F.
(National Agriculture Research Foundation). The system
comprised of three independent triplet – lines of Wastewater Stabilization Ponds (W.S.P.), through which the
sewage was sequentially transferred with total retention
time of 60 – 75 days. A-line receives preprocessed
wastewater from the municipal wastewater treatment
plant, which first goes to an anaerobic pond for fermentation process. C-line receives wastewater without fermentation treatment after undergoing primary treatment. Biological, physical and chemical parameters were studied in
ponds of triplet lines A and C during the period of September 1999 – April 2000. Temperature, phytoplankton
biomass, pH and dissolved oxygen concentrations seemed
to have a significant influence on the removal efficiency
of both lines. Consequently the PO4 removal in A and C
line varied from –9 to 86% and -37 to 80%, respectively.
Ammonia removal ranged from 9 to 86% (A) and 19 to
89% (C). COD and TSS acquired negative values when
phytoplankton biomass was increasing in the ponds. Finally, H2S removal ranged from 50 to 89% (A) and 40 to
92% (C) due to the purple sulfur bacteria biomass, which
was dominant when anoxic and sulfide-rich conditions
prevailed in the ponds.

KEYWORDS:
Wastewater stabilization ponds (W.S.P.), removal efficiency,
nutrient phytoplankton biomass, purple sulfur bacteria biomass.

Wastewater stabilization ponds are the effective means
of renovating wastewater treatment at the lowest possible cost [1]. They represent a reliable method of biological treatment, capable of producing satisfactory effluent
throughout the year, especially in warm climate regions [2].
Also, their successful operation depends upon establishing a
dynamic equilibrium between algal oxygen production and
bacterial oxygen consumption. Consequently, the wastewater
treatment is not solely a physical phenomenon; it also involves a complex series of physical and biochemical processes that make their study complicated.
At earlier stages of research, biochemical oxygen demand, suspended solids and faecal coliform bacterial
counts have commonly been used as a criterion of wastewater stabilization ponds´ efficiency, while nutrient parameters have been overlooked [3]. The last decades special attention has been paid to nutrients, because of the
eutrophication problem of receiving water bodies, which is
mainly caused by the nutrient enrichment from the effluent
of wastewater treatment plant. This is the reason why many
freshwater and marine ecosystems have become hypertrophic, while many more will be in the near future [4]. Therefore, in this study special attention will be paid to the removal efficiency of W.S.P. in nutrient parameters. Consequently, this study was planned to gain information about
the removal efficiency in nutrients, total suspended solids
(TSS) and chemical oxygen demand (COD) on the first
experimental wastewater treatment plant of Greece in
Thessaloniki, which was constructed by N.AG.RE.F. (National Agriculture Research Foundation) in 1996, taking
under consideration the biological parameters, which were
algae and purple sulfur bacteria.

EXPERIMENTAL AREA

The study was carried out in waste stabilization ponds
of N.AG.RE.F. next to Gallikos river in Thessaloniki –
Greece. The system is comprised of three independent
triplet–lines (A, B, C) of waste stabilization ponds through
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A.P.
S.P.
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FIGURE 1
A schematic illustration of the experimental wastewater treatment plant of N.AG.RE.F. in Thessaloniki - Greece
(A.P. = anaerobic pond, S.P. = storage pond, and A1,A2,A3,B1,B2,B3,C1,C2,C3 = wastewater stabilization ponds).

which the sewage is sequentially transferred in total retention time of 60 to 75 days (Fig. 1). The first pond of each
line has a depth of 1.75 m and a volume of 1,380 m3 and
the second and third pond have a depth of 1.25 m and a
volume of 900 m3. A –line receives preprocessed wastewater from the municipal wastewater treatment plant
which first goes to an anaerobic pond for fermentation
process. On the contrary, C –line receives wastewater
after going through primary treatment. The effluents of
the lines terminate to the storage pond for agricultural
irrigation.

MATERIALS AND METHODS

Samples were taken bimonthly from the ponds of A and
C –line, during the period of September 1999 to April 2000,
except in winter time, when sampling took place once a
month. Two water samples were collected from each
pond; one was immediately preserved in Lugol’s solution
for phytoplankton identification and counting and the other
was transported to the laboratory for nutrient, TSS and
COD analyses. Simultaneously, dissolved oxygen, temperature and pH of the water in depths of 0.20 m, 0.50 m,
1 m and 1.5 m (the last depth is for the first pond of each
line) were measured at each sampling point using a portable instrument (HORIBA water quality checker U-10).
All chemical and analytical procedures were performed
according to the standard methods of the American Public
Health Association [5] within 48 hours. The removal
efficiency of waste stabilization ponds was calculated as
[(Influent – Effluent) x 100/Influent]. This required the
use of time – lag analyses; the latter would complicate the
present study due to the variations of the retention time

needed, during the study period. Instead, the removal efficiency of waste stabilization ponds was estimated according to the above equation, comparing the concentration of
the influent and effluent of each line at the same time.
Samples preserved in Lugol’s solution were estimated
according to the sedimentation technique [6].

RESULTS AND DISCUSSION

During the study period, the temperature of wastewater
on the surface of the ponds ranged from 1.7 OC to 23.8 OC,
while the concentration of dissolved oxygen and pH varied from 0 to 19.9 mg l-1- and 7 to 9.3 mg l-1, respectively.
The variations in pH and dissolved oxygen concentration
in the ponds mainly depended on the variations of algal
abundance and, hence, on the photosynthesis process.
Stable thermal stratification was produced during March
and April in the ponds, especially in the first pond of each
line despite their shallow depth. During stratification the
mixed upper level (epilimnion) was observed to extend
from the surface to a depth of 0.5 m. A lower stratification level of decreasing temperature gradient was observed from 1 m to the bottom. The highest decreasing
temperature gradient observed in wastewater stabilization
pond reached up to 6 oC and it was observed in the first
(A1) pond of A –line. At the same time in pond C1 the
temperature of the wastewater between the surface and
the bottom differed only by 2 oC. Temperature has been
regarded as the most important physical factor influencing
the efficiency of W.S.P., as it affects the metabolic rate of
microorganisms in the system and, thus, the rate of degradation of organic matter and subsequent stabilization of
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TABLE 1 - Time course of the removal efficiency [(Influent – Effluent) * 100 / Influent]
of several parameters in A and C -line of wastewater stabilization ponds.
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zation [8]. The latter two mechanisms are strongly influenced by algal growth and photosynthesis [1]. In C –line
ammonia removal seemed to have been obligated by nitrification process. The observation that a reduction in the
concentration of ammonia was accompanied by a significant increase in nitrite and nitrate levels in the present
study, suggested that nitrification was the principal removal
mechanism of nitrogen in C –line (Fig. 2). Following this
process, ammonia nitrogen oxidize to nitrite and then to
nitrate by nitrifying bacteria. Similarly, Hurse and Connor
[9] showed that the nitrification process was the principal
mechanism of ammonia removal in their study area.

inorganic nutrient [7]. Since stabilization ponds usually
operate in a relatively uncontrolled environment, the
efficiency of the system changes along with the weather.
Apparently, the removal efficiency of the experimental
wastewater treatment plant changed remarkably, showing
better operation during the warm period.
Table 1 shows the time course of some of the removal
efficiency variables in the experimental wastewater treatment plant. Similarly, previous studies in Europe and America have shown that the nutrient removal efficiency by stabilization ponds was higher in summer than in winter [3].

The removal efficiency of orthophosphates in lines A
and C ranged from –9% to 85% and from –37% to 80%,
respectively. The higher reduction in orthophosphate
concentration was observed in the warm period when
algal abundance increased in the ponds. When compared
to our results, the results of Bucksteeg [10] in German
wastewater stabilization ponds showed the same variation,
but the efficiency of their wastewater stabilization ponds
had a lower reduction during the warm period (75%). However, as it is known, phosphorus constitutes only 1 to 2%
of the dry weight of algal cells, so removal by uptake
alone is usually incomplete [1]. Yet it is also known that
when algal abundance increases in the ponds, then photosynthesis increases and hence pH increases. Under these
conditions, pH may cause precipitation of calcium phosphate from wastewaters high in calcium thereby softening
the final effluent [1].

Furthermore, wastewater stabilization ponds achieve
nutrient removal through several mechanisms. According
to the results (Table 1) the removal efficiency of the system varied during the study period and between the two
lines. The greatest removal was indicated by ammonia,
orthophosphates and hydrogen sulfide. The hydrogen
sulfide removal in wastewater stabilization ponds ranged
from 40% to 92% due to the purple sulfur bacteria population densities. According to Gray [7], the purple photosynthetic sulfur bacteria can occur in a significant number
in waste stabilization ponds and they could oxidize sulfides using carbon dioxide as a hydrogen acceptor. However, by reducing the sulfide concentration in the pond
they do alleviate odors [7].
Mechanisms of nitrogen removal are nitrification, denitrification, nitrogen incorporation and ammonia volatili-
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FIGURE 2 - Time course of the removal efficiency of NO2-N, NO3-N and NH4-N in C –line.
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During the great population densities of algae and
purple sulfur bacteria the turbidity in the ponds increased.
In such a period the suspended solids and chemical oxygen demand acquired great values. Consequently, the
removal efficiency of these parameters acquired negative
values for most of the sampling events.
Finally, during the study period 16 taxa of planktic
phototrophs have been identified from the classes of
phytoplankton: Cyanophyceae, Chlorophyceae, Bacillariophyceae, Euglenophyceae and the purple sulfur bacteria. As expected phytoplankton diversity was restricted
because of the extremely eutrophic environment [11]. The
dominant phytoplankton species were Spirulina platensis,
Chlamydomonas sp., Euglena sp. All of them showed
motility, either by buoyancy mechanisms or flagella. As
expected, the algae observed in the waste stabilization
ponds were of wide distribution and common in organic
polluted ecosystems [12]. Spirulina platensis was predominant during the warm period of study, when the
concentrations of ammonia and nitrite were low. Our
present investigation is in accord with Azov et al. [13],
who report of the domination of motile algae Euglena and
Chlamydomonas by high rate when ammonia and dissolved organic matter increased in the pond. Species from
the group of purple sulfur bacteria were present throughout the study period, and their abundance varied according to the concentration of dissolved oxygen and hydrogen sulfide in the ponds [14].

[6]

Utermöhl, H. (1958) Zur vervollkommung der quantitativen
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AN INVESTIGATION OF CATALYTIC DECOMPOSITION
OF HYDROGEN PEROXIDE BY IRON OXIDE IN WATER
Aysegul Latifoglu and Ahmet Kilic
Environmental Engineering Department, Hacettepe University, Beytepe, 06532, Ankara,Turkey

SUMMARY

In this research, catalytic decomposition of hydrogen
peroxide by granular size geothite (α-FeOOH) was investigated in aqueous medium that simulates natural waters.
Carbonates and humic acids were used in the solutions to
represent the natural organic and inorganic constituents of
water resources, respectively. This research was emphasized on the decomposition rates of hydrogen peroxide
that might be related to the removal rates of contaminants
through the generation of highly reactive OH. in water.
These reactions are of interest for understanding the
chemistry of natural waters that contain hydrogen peroxide and iron. The results demonstrated that geothite
sucessfully catalyzed hydrogen peroxide decomposition
in the solutions simulated to natural water resources. The
decomposition of hydrogen peroxide followed first order
reactions for the applied hydrogen peroxide dosages in the
range of 1.47 to 8.82 mM. Decomposition rate was independent of the initial dosages of hydrogen peroxide. On
the other hand, decomposition rate was increased at relatively high concentrations of humic acids. Decomposition
predominantly occurred on the solid phase and the
amount of iron dissolved from geothite was very low in
concentration to have a significant effect on hydrogen
peroxide decomposition in the presence of humic acids
and carbonates.

KEYWORDS: catalytic decomposition, hydrogen peroxide, geothite, humic substances, natural waters.

INTRODUCTION

The catalytic reactions of hydrogen peroxide with
iron species in water have been gained considerable attention in the field of environmental research. These reactions have not only been studied for understanding the
chemistry of natural waters that contain hydrogen peroxide and iron but also the chemical oxidation processes that
use hydrogen peroxide in the presence of iron catalyst for

the treatment of contaminants. Among the iron species,
ferrous iron is the most common homogeneous catalyst
used for treatment of organic contaminants in water [1, 2].
Iron oxides have also been applied as heterogeneous catalysts for an effective organic contaminant removal in
water treatment [3 – 5]. Geothite, ferrihydrate, semicrytalline have been used as the iron oxide catalysts. Effectiveness of the combination of hydrogen peroxide with iron
oxide is attributed to the formation of the highly reactive
hydroxyl radicals (OH.) in the reaction medium. In the
literature, the second order reaction rate constants of OH.
with the various types of organic compounds have been
presented in the range of 108 – 109 M-1s-1 [6]. Previous
studies indicated that OH. are generated as a result of decomposition of hydrogen peroxide by the iron oxide [3 - 5].
Hence, the rate of hydrogen peroxide decomposition
might indicate the rate of OH. Generation, which might in
turn determine the rate of contaminant removal in water.
Generally, in catalytic oxidation processes, the rate of
oxidant decomposition might be affected by the operating
conditions and water quality characteristics. Operating
conditions can be listed as the dosages of the oxidant and
the catalyst. Water quality characteristics are defined by
the pH value, inorganic carbon concentration and natural
organic concentration in water. The major inorganic and
organic constituents of natural water are the carbonates
and humic substances, respectively. Humic substances
are classified based on their solubility characteristics in
water: Humin is the insoluble fraction of the humic substances at all pH values. Humic acid is the insoluble fraction below pH < 1. Fulvic acid is the soluble fraction at all
pH values. The role of humic substances in the other
catalytic oxidation processes was described previously as
the radical scavenger and/or radical chain promoter [7, 8].
Previously, decomposition rates of hydrogen peroxide
was investigated by geothite in pure water under the various experimental conditions [5, 9]. The effects of hydrogen peroxide and iron oxide dosages as well as pH was
determined on the decomposition rates and kinetic models
were developed to express the reactions in the system.
Valantine and Wang [4] examined the catalytic decompo-
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sition of hydrogen peroxide by geothite in the presence of
carbonate alkalinity or humic acids in water. For the indicated study, it was observed that carbonate alkalinity
reduced the catalytic decomposition rate of hydrogen
peroxide. They also observed a variation in the rates depending on the concentrations of the humic acid in the
solution. On the other hand, humic acids were tested at
the very high concentrations that might exceed the natural
levels of the humic substances in water resources. Furthermore, the effects of hydrogen peroxide dosages on the
decomposition was not studied in the presence of carbonates and humic acids. Hence, catalytic decomposition of
hydrogen peroxide in the presence of natural constituents
of water needs further investigation. The purpose of this
study was to provide more information on the catalytic
decomposition of hydrogen peroxide by geothite in the
solutions containing carbonates and humic acids at various
experimental conditions. The effects of humic acid concentrations that represent the natural levels in water and hydrogen peroxide dosages on the kinetics of decomposition
were examined. Some reactions of hydrogen peroxide and
iron in the heterogeneous systems were also evaluated.

tion were transferred into the solution to obtain the
concentrations of 5, 10 and 20 mg/l in the reaction vessel.
Sodium bicarbonate was used in the solutions to maintain
the inorganic carbon concentrations of 2 mM. The mixture was adjusted to pH 7 by using diluted sulphuric acid
or sodium hydroxide. pH was kept constant in the mixture
during the reactions. The ex-periments were conducted in
a completely mixed - batch reactor that has a solution
capacity of 2 liter. After the addition of the hydrogen
peroxide and iron oxide particles into the mixture, the
samples were withdrawn from the reactor at specific time
intervals. The geothite particles were separated from the
solutions by using Whatman No:1 filter paper. The filtrate
was analysed for hydrogen peroxide and total dissolved
iron concentrations in the solution. Hydrogen peroxide
was analysed by the method of horseradish peroxidase/
N,N, diethyl-p-phenylene-diamine [10]. Total iron concentration that might dissolve from the geothite was
measured by modified Phenanthroline Method to minimize organic matter interferences [11]. In this study,
humic acid, hydrogen peroxide solution with a purity of
30 %, geothite(α-FeOOH), were purchased from Aldrich
company.

MATERIALS AND METHODS
RESULTS AND DISCUSSION

Catalytic decomposition of hydrogen peroxide by
geothite (α-FeOOH) was investigated in the solutions
simulated to natural water resources. The solutions consisted of carbonates and humic acids that represented the
natural inorganic and organic carbon compounds in water,
respectively. Commercial humic acid that was an extract
from a peat soil mined in Germany, was used in the experiments. Stock humic acid solutions were prepared by
dissolving humic acid particles in 0.1 N NaOH solution.
Then, proper amounts of humic acid from the stock solu-

1.47mM 2.94mM 4.41mM

The catalytic decomposition of hydrogen peroxide by
geothite was investigated in 2 liters of water for the initial
hydrogen peroxide dosages of 1.47 to 8.82 mM. A dosage of
1.0 g/l of geothite was used in the solutions containing inorganic carbon and humic acid concentrations of 2 mM and 10
mg/l, respectively. The solutions were adjusted to pH 7.
The concentrations of hydrogen peroxide were measured in
the solutions at specific time intervals and graphical representation of the results are given in Figure 1.
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FIGURE 1 - The Decomposition of Hydrogen Peroxide at Various Initial Hydrogen Peroxide
Dosages ([HA]=10 mg/L, [FeOOH]=1.0 g/L, C T = 2 mM, pH = 7).
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FIGURE 2
Logarithmic Variation of Hydrogen Peroxide Decomposition at Initial Hydrogen Peroxide Dosages.

As can be observed from Figure 1, hydrogen peroxide
was not decomposed significantly by the humic acid and
carbonates in water in the absence of geothite for the
reaction time of 300 minutes. On the other hand, the results indicated that hydrogen peroxide was appreciably
decomposed by the addition of geothite in the solution at
all the applied hydrogen peroxide dosages. In order to
determine the rates and kinetics of the reactions, decomposition profiles of hydrogen peroxide are re-plotted for
their logarithmic variations and presented in Figure 2.
Logarithmic variations of hydrogen peroxide concentrations presented profiles of straight lines. The application
of the regression analysis to the data indicated correlation
coefficients higher than 96 %. Hence, the decomposition
reactions followed the first order kinetics with respect to
hydrogen peroxide concentration. Presence of humic
acids and carbonates did not change the order of the decomposition reaction that was also indicated previously to
be the first order in pure water (12, 13, 9). Therefore, the
decomposition reaction can be expressed as follows:
d [H2O2]
------------------- = kobs [H2O2]
dt

The first order reaction rate constants were calculated
from the slopes of the lines for each hydrogen peroxide
dosages and presented in Table 1. Based on the statistical
analysis (ANOVA), the differences between the calculated
rate constants for each dosage of hydrogen peroxide were
found to be insignificant from each other within 95 % confidence intervals. Hence, adsorption sites on ferric oxide for
hydrogen peroxide were not limited in the presence of
humics and carbonates that might also be adsorbed on the
surface of the particle. Since, the rate constants are independent of the hydrogen peroxide dosages, the average value
of the rate constants for the five different hydrogen peroxide
dosages were calculated to be (4.8 ± 1.2) x 10-3 dak-1.
TABLE 1 - First Order Reaction Rate Constants for Hydrogen
Peroxide Decomposition at Various Hydrogen Peroxide Dosages.

(1)

and equation (1) was integrated to produce below the
expression,
[H2O2]
ln ----------- = kobs t
[H2O2]o

(2)

where kobs is the first order reaction rate constant and
[H2O2] and [H2O2]o are the concentrations of hydrogen
peroxide in the solution at any time t.

[H2O2] mM

First Order Reaction Rate Constant (min-1)

1.47

3.4 x 10-3

2.94

5.1 x 10-3

4.41

3.9 x 10-3

5.88

5.2 x 10-3

8.82

6.1 x 10-3

Average

4.8 ± 1.2

The effects of humic acid concentrations on the hydrogen peroxide decomposition were investigated in the
absence and presence of various concentrations of humic
acids. Humic acids applied at concentrations of 5, 10 and
20 mg/l were represented by the total organic carbon concentrations of 2, 4 and 8 mg/l, respectively. The amounts
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of humic acid concentrations in the solutions were in
agreement with the concentrations consisted in the surface
waters (11, 14). First order reaction rate constants with
respect to the humic acid concentrations for the hydrogen
peroxide decomposition are given in Table 2.
TABLE 2 - Effects of Humic Acid Concentrations on
the Reaction Rate of Hydrogen Peroxide Decomposition.

Humic Acid

First Order Reaction Rate Constant

0

(5.0 ± 0.35) x 10-3

5

(4.8 ± 0.57) x 10-3

10

(5.2 ± 0.20) x 10-3

20

(6.8 ± 0.70) x10-3

1

The addition of humic acids up to a concentration of
10 mg/l did not significantly change the decomposition
rates based on the t - test calculations within 95 % confidence interval. Hence, humic substances that might be
attached on the geothite particles neither limited the adsorption sites nor promoted the reactions for the hydrogen
peroxide decomposition. However, a significant increase
in the reaction rate constant was observed at a humic acid
concentration of 20 mg/l. Valantine and Wang [4] also
observed an increase in the decomposition rate by the
addition 33 mg/l of humic acid (Aldrich) in the solution.

However, a reduction in the rate of hydrogen peroxide
was observed in the same study at the very high humic
acid concentrations of 163 mg/l, that was a value beyond
the amounts occurring in surface waters. In the previous
study, that was focused on the homogeneous reactions by
ferrous ion, formations of iron-humic complexes were
suggested to accelerate hydrogen peroxide decomposition
in the solutions at the high humic acid concentrations
[11]. In our research, an increase in the rate was assumed
to be related to the formations of iron-humic complexes
on the geothite particle, which was indicated to have a
very low solubility in water to produce aqueous phase
reactions [15]. On the other hand, the effects of hydrogen
peroxide dosages on the dissolution of 1 g/l of geothite in
the presence of 2 mM of inorganic carbon concentrations
and 10 mg/l of humic acids were tested in our experiments. Dissolved iron concentrations in water at the applied hydrogen peroxide dosages are given in Table 3.
After 300 minutes of the reaction, the maximum dissolved
iron concentrations for all the applied dosages were
measured around 0.08 mg/l. This corresponds to % 0.012
of the total amount of iron (629 mg/l) in 1 g/l of geothite.
Furthermore, dissolved iron concentrations in the absence
of hydrogen peroxide were not significantly different
from the values measured in the presence of hydrogen
peroxide. Hence, the interactions of hydrogen peroxide
with iron oxide did not have important effect on iron
dissolution from geothite into water.

TABLE 3 - Effects of Hydrogen Peroxide Dosages on Dissolution of Iron from Geothite.

[H2O2]0 mM

Time
(min)

0

1.47

2.94

5.88

8.82

0

0.043

0.023

0.023

0.038

0.040

50

0.046

0.026

0.035

0.044

0.040

100

0.052

0.032

0.043

0.049

0.046

200

0.064

0.038

0.064

0.070

0.058

300

0.076

0.043

0.082

0.076

0.076

TABLE 4 - Effects of Dissolved Iron Concentrations on Hydrogen Peroxide Decomposition.

Sample
No*

HA = 5 mg/L
t = 0 min.

HA = 20 mg/L

t = 300 min.

t = 0 min.

t = 300 min.

I

80.75

78.9

65.64

67.62

II

37.35

37.35

26.03

26.03

III

21.50

19.24

10.75

9.62

* Sample No I, II and III indicates the samples withdrawn from the reactor at 100, 200 and 300 minutes of reaction time,
respectively. Following the filtration, hydrogen peroxide concentrations were measured immediately and after 300 minutes
in the samples.
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The effect of the dissolved iron on the decomposition
rate was investigated in the solutions. Following the
filtration, the solutions withdrawn from the reactor at
specific time intervals were analysed immediately and
after 300 minutes for hydrogen peroxide concentration.
The results are presented in Table 4. Comparison of the
concentrations of hydrogen peroxide at t = 0 and 300 minutes indicated that, residual iron concentrations in the
solutions did not have a significant effect on hydrogen
peroxide decomposition. Hence, hydrogen peroxide was
decomposed on the surfaces of the iron oxides.
With reference to our results, we did not agree with
Valentine and Wang (4), who assumed that solution phase
reactions facilitate hydrogen peroxide decomposition at a
concentration of 33 mg/l of humic acid.
The overall conclusion of this research can be summarised by the following:
1. Hydrogen peroxide was decomposed by geothite appreciably in simulated natural water.
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2. Hydrogen peroxide decomposition reactions followed the first order kinetics.
3. Decomposition rate of hydrogen peroxide was independent of the initial hydrogen peroxide dosages in
the range of 1.47-8.82 mM under the applied dosages. Adsorption sites on geothite was not limited
for hydrogen peroxide decomposition.
4. Decomposition rate was not significantly affected by
the addition of 5 and 10 mg/l of humic acids. However, the rate was increased at 20 mg/l of the humic
concentrations.
5. Decomposition reactions predominantly took place
on iron oxide surfaces and dissolved iron concentrations were measured to be very low to have a significant effect on the decomposition rate in the presence of carbonates and humic acids.
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OPERATING EXPERIENCES WITH THE BURNING OF
WOOD WASTE IN A CIRCULATING FLUIDIZED BED FURNACE
WITH SEPARATING BAFFLES AT THE COMPANY EGGER IN BRILON
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SUMMARY

For the production of chip boards and MDF-boards
used in the furniture industry the company Egger in Brilon
needs steam and electricity. This steam and electricity is
produced in a power plant consisting, among other plants,
of two 100 t/h steamgenerators with circulating fluidized
beds combusting waste wood derived from waste furniture
and production waste like wood dust from sanding the
boards. For start-up oil or gas can be used.
The special design characteristics of the fluidized
beds are the separating baffles instead of cyclones before
the convective tube banks and the multiple cyclone before
the finned tube economizer. The problems of the initially
not cooled separating baffles are described, which led via
several design stages to the totally cooled design, which is
now in statisfactory operation since more than two years.
Also other changes like cooled ash recirculation pipes with
siphons from the separation baffles to the primary air nozzle bottom, evaporator panels in the combustion chamber
and a so-called open primary air nozzle bottom have
proven their advantages. The non-symmetric arrangement
of the ash recirculation led to some problems concerning
the emission limits, which could initially not be kept all at
once. By an unsymmetric air supply also these problems
could be solved, so that the steam generators are now operating satisfactorily since more than two years.

KEYWORDS:
CFBC, Circulating fluidized bed, CO, combustion, design, emission, incineration, NO, operating experience, waste wood.

PLANT DESCRIPTION

In 1991 the first and in 1997 the second circulating
fluidized bed steam generator were put into operation
(boiler KI a and KI b) at the chipboard manufacturing
company Egger company Egger in Brilon. Both steam gen-

erators are similar in basic structure and serve for the
disposal of waste wood, steam production and heating
of oil for the chipboard presses, as well as electrical
energy.
The thermal firing power of each furnace is 88 MW.
The allowed pressure for each boiler is 88 bars gauge.
Both steam generators are designed for a maximum steam
output of 100 tons/hour at 475 °C.
The combustible material consists of wood waste
from waste furniture, forest wood, tree bark, and chip
board waste as well as sanding and saw dust from production. The steam generators are approved according to the
13 BlmSchV. For emissions, the 17. BlmSchV applies with
a 25% regulation. The limiting values related to 8% O2 are:
CO ≤ 200 mg/m3, NO2 ≤ 350 mg/m3, SO2 ≤ 165 mg/m3,
HCL ≤ 25 mg/m3
Both boilers are provided with wood from the same
fuel silo and fuel is fed into each of the respective fuel
buffer silo in the boiler house, to boiler KIa by a conveyor
belt, and to boiler KIb by a pneumatic conveyor which is
equipped with a cyclone and bag filter in series above the
fuel buffer silo. The mixture of wood fuel is transported
from the buffer silos of both boilers KIa and KIb over a
moving floor, power regulated cross conveyors, and rotary valves. Once past the rotary valves, the coarse wood
fuel falls through two fuel chutes into the furnace. Sanding and saw dust are stored in a separate fuel silo. The
two types of dust are pneumatically transported from a
single middle silo to both boilers, and directly blown into
the furnace.
The furnace walls in both boilers are designed as
evaporator. In the upper section of boiler KIa there are no
further heating surfaces, whereas boiler KIb has a total of
5 platen evaporators installed. The first dust removal is
carried out with separating baffles upon exit from the first
pass. The removal of the separated inert material is done
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FIGURE 1 – Plant Flow Diagram.

by 3 chutes along the evaporator wall that separates the
1st and 2nd pass, ending in 3 parallel siphons located
above the primary air nozzle bottom. The walls of the
second pass are built by the first and second stage superheater. Once past the separating baffles, the flue gas flows
through the superheaters 5, 4, and 3 into each boiler, and
the economizer that is set up as a tube bundle. Upon exit
from the second pass the second dust separation occurs by
a multi-cyclone. The separated ash from the multi-cyclone
is fed back to lower furnace through a siphon. Once past
the multi-cyclone the flue gas flows through a finned tube
economizer, bag filter, the induced draught fan and then
to the chimney.
From the boiler drums 7 MW of saturated steam is
drawn for the required heating of the production oil. The
heating of the oil is carried out in separate oil heat exchangers.
The start-up and support firing in boiler KIa consists of
2 main oil-burners in the primary air chamber and 4 guns
all together in the lower furnace area. In boiler KIb the
start-up firing consists of 2 main gas burners in the primary air chamber, and 13 gas-guns in the furnace area,
which are situated in 13 of the 17 secondary air nozzles.
The combustion air-supply is assured by a secondary
air and a connected primary air forced draught fan. The
secondary air is distributed to a total of three levels: the
gun air, and the secondary air levels 1 and 2. With a flue
gas recirculation fan behind the induced draught fan, flue
gas can be fed back individually to the primary air chamber and the 1st and 2nd air levels. In boiler KIa the ash
removal is carried out by a classifier, which is placed in

the center of the primary air nozzle bottom. The nozzle
bottom itself is sloped to the middle of the furnace. In
boiler KIb an open primary air nozzle bottom is used
allowing a bed ash removal across the entire furnace bottom area. The primary air chamber is installed at the side
of the furnace.

DESIGN CHANGES

Because of the operating experiences with boiler KIa,
in the planning of boiler KIb there were various weak
points modified. The significant changes in such a planning involved the primary air chamber with integrated
open primary air nozzle bottom for ash removal, the
cooled separating baffle system, and further installation of
platen heating surfaces in the first pass, for the reduction
of the temperature at the exit of the 1st pass.
Open Primary Air Nozzle Bottom

In boiler KIa the metal waste brought into the furnace with the waste furniture lead to the necessary cleaning of the primary air nozzle bottom every 6 to 8 weeks,
because the metal waste did not pass through the centrally situated classifier. The metal waste settled between
the air nozzles, the aluminum pieces and cast pieces melt
and coalesced to form metal plates up to 1 square-meter in
area, and 50 mm thick. This resulted in fluidization disturbances in the primary air nozzle bottom area. In recent
years the customers fuel preparation clearly improved, so
that in the fore field already approximately 60 tons of metal
pieces in the wood per year are removed from the fuel
before the boilers, nonetheless metal deposits and
build-ups of inert material at the primary air nozzle bottom
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FIGURE 2 – Open Air Nozzle Bottom-Improved Design (metal parts and other coarse materials are discharged)

cause a one-day short interruption for primary air nozzle
bottom cleaning, approximately every 7 weeks with boiler
KIa. In order to guarantee a year-long system operation,
with boiler KIb an open primary air nozzle bottom was
developed allowing the complete extraction of the entire
metal waste during operation.
The complete open primary air nozzle bottom is conceived as an airtight tube-fin-tube construction and functions without any seal units to the external area. The primary air chamber is likewise integrated into the pressure
part and sits laterally on the boiler. Both units are operated as evaporators. The air nozzles are spread over the
entire furnace bottom connected to 14 primary air channels, alternating with 14 ash removal channels. The parti-

tions between the ash channels and the air chambers are
likewise designed as airtight tube-fin-tube construction. In
the ash channels a temperature reduction of the removed
bed ash material to evaporator temperature is achieved,
below the ash channels, the ash is cooled down to approximately 80 – 100 ºC with additional cooling tubes
flown through by a closed cooling circuit (Fig. 2). In
operation a certain quantity of bed ash is removed in
hourly cycles, whereby the amount of ash that falls underneath the primary air nozzle bottom level in 24 hours
is approximately 100 mm. Thus, it is guaranteed that there
is no buildup of aluminum and casting materials, and also
the deposit of metal parts, and collection of bed material
between the air ducts is prevented.

Hot water
for use

Silo for
Inert Bed Material

Nozzle Bottom

Evap. Heating Surface
Bedmaterial-Coolingwater
Cycle
Air

To FB
Ash
Discharge Dosage
Conveyor
Discharge
Conveyor

Rotary
screen
Drum

Common Conveyor
Coarse Particle
Waste

FIGURE 3 – Overview of Ash Removal System.
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up. The separating baffles were then re-positioned at the
exit of the first pass. The single-level baffle construction
hung freely downward from the boiler ceiling. Postreactions within the baffles led also here to build-ups
within the baffles and set the baffles out of operation.

Due to the various forms and sizes of the occurring
metal parts (up to 300 x 100 x 30 mm) 7 housed vibrating
chute conveyors are used as discharge dosage conveyors
underneath the primary air nozzle bottom, which can be
operated independently. Hereby it is guaranteed that particularly below the coarse wood openings all foreign
material is removed. After this modified bucket conveyors
were installed for the further transport of the ash. The
removed bed material travels from a pressure hopper over
a dosing vibrating chute conveyor into a rotary screen
drum, which separates metal parts and rough ash from
reusable bed ash.

When designing boiler KIb, the position of the separating baffles was kept at the exit of the first pass. As
carrier and cooling unit for the separating baffles the
evaporator center wall of the furnace was designed in the
upper area as tube-fin-tube-cage, whereby an indirect
cooling of the separating baffle material should be obtained. The removal of separated ash was carried out by 6
metal hoppers arranged underneath the 12 separating
baffles, as well as 6 ash discharge pipes in the first pass
along the center wall to the open primary air nozzle bottom. Due to expansion handicaps by deposited ash in the
separating baffle area and build-up problems during the
removal of ash in the non-cooled ash discharge pipes
during start-up operation within the first pass and bypass
currents, the separating baffle concept was again revised
after 1 ½ years of operation, in co-operation with Professor Leithner of the Institute for Heat and Fuel-Technology
at the Technical University of Braunschweig.

The reusable portion of bed ash is transported pneumatically to the inert material silos of boilers KIa and
KIb, in order to lower operating costs for inert material. If
the inert material silos are full, the removed bed ash material is disposed of over a bypass into an outside container
(Fig. 3). Since the beginning of operation, the open primary
air nozzle bottom ash removal including the later-attached
preparation system has operated fully automatically without disturbances. The boiler has not had to go out of operation due to blockages at the primary air nozzle bottom.
Separating Baffles

In boiler KIa, at first non-cooled stainless steel separating baffles were installed for dust removal. The separating baffles ran from the center wall to the front wall.
Ash should move downward through ash channels in the
furnace corners. Due to the high alkali content in the fuel
and the high operating temperatures, baking of the ash
occurred within the baffles, resulting in baffle material
breakages due to the different expansion coefficient of the
metal of the baffles and the baked ash material within the
baffles, and/or uneven heating of the baffles during start-

KIa

The single-level separation and removal of ash at the
exit of the first pass was generally kept the same. The
number of the previously 12 separating baffle units was
reduced to 6 double sized ones, to ensure accessibility for
operators. In each case 2 separating baffles were fastened
together in the lower section to one hopper. Separated ash
is discharged downward over three cooled ash channels
within the center wall between the first and second pass,
and flows through 3 siphons which are also integrated
into the center wall (Fig. 4).

KIb
(last successful design)

KIb

SH 5

SH 5

SH 5

SH 4

SH 4

SH 4

SH 3

SH 3

SH 3

waterwall

waterwall

baffle1
baffle2
baffle3
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manufactured from
Sicromal 12 with expansion
joints; after short time
blocked bars filled with
dust when cooled down
(after shut down)
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s.bar1
2ndpass

2ndpass
s.bar2

baffle4
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with casted refractory

FIGURE 4 – Improvement of Separation Baffle Design.
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FIGURE 5 – Bedmaterial Recirculation Pipes – Improved Design

The entire system from separating baffles down to ash
discharge just above the primary air nozzle bottom level is
designed as an air-tight, closed tube-fin-tube structure,
partially studded and refractory lined (separating baffles,
ash hoppers, siphon and after siphon) or lined with stainless
steel tubes (between ash hopper and siphon) (Fig. 5).
Within the separating baffles, nevertheless, a clear
temperature reduction of the flue gases is obtained by an
appropriate selection of the refractory liner. Since the
commissioning of the new system in June 99, the separat-

ing baffles operate with a clearly improved efficiency,
and deterioration in the area of the entire system could not
be determined.
Platen Heat exchangers in the Upper Furnace

At the same time, when the separating baffles were
changed, further platen evaporators were built into the
upper section of the combustion chamber. The existing
number of platen evaporators was increased from 2 to a
total of 5. The purpose of this alteration was to limit the
final furnace temperature to approximately 820 ºC (Fig. 6).
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FIGURE 6 – Flue Gas Temperature at 1st Pass Outlet.
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Before the change of the separating baffles and the
additional platen evaporators a layer of ceramic consistency was baking onto the final superheater tubes, due to
the high alkali content of the fuel, and the fouling was
worsened by the progressively increased separation efficiency of the separating baffles resulting in higher fine
contents after the baffles. By a reduction of the flue gas
temperature to 750 ºC, this buildup can now be eliminated
with a rotary retractable soot blower.

CO-Profile before Separating Baffles ( 70 % Load )

Emission Improvement

After the implementation of the new separating baffles and the additional platen evaporators, substantial
problems occurred concerning the simultaneous observance of CO and NO2 emission limits over the entire
operation load (Fig. 7). Due to the low furnace temperature in low and middle loads, the amount of O2 had to be
driven up by 8 %, consequently exceeding the limit of
NO2 emissions.

O2 Profile before Separating Baffles ( 70 % Load )
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FIGURE 7 – CO and O2 Profiles at 70% Load before Separating Baffels.
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O2 Profile before Separating Baffles
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FIGURE 9 – CO- and O2 Concentration Distribution after Optimizing Secondary Air Flows
(measurements 120 mg CO/m3 and 220 mg NO2/m3 related to 8% O2, O2 content < 5%)

As a cause of the high CO values, apart from the low
furnace temperature, an extreme amount of bed material
and fuel strand formation was discovered in the entire
furnace. The strands were strengthened in particular by a
rectifier effect of the platen evaporators built into the top
of the combustion chamber. The missing transverse mixture of the fuel within the lower area of the furnace and
the freezing of the CO post-reaction starting from half the
furnace height, led to a substantial exceeding of the CO
emission limits, when the NO2 emissions were kept. The
reason was due to constructional conditions the siphons of
the ash discharge pipes had to be arranged along the center wall, whereby the lower ash discharge pipes could not be
led symmetrically downward (Fig. 5 and Fig. 8). Thus the
left furnace area is clearly subjected to more ash and unburned bed material. Fig. 8 shows also the air and fuel inlets.

A smoothing of the CO amounts is achieved by the air
injections within the upper area, whereby the rest O2 amount
and thus the NO2 emissions could be clearly lowered. Influences of different fuel mixing proportions of coarse wood
and wood dust do not longer influence the emission values.
By the optimization of the individual secondary air levels,
both CO and NO2 levels are concurrently kept safely under
the governmental limiting values (Fig. 9).

Clear temperature differences were observed from
left to right over the height of the furnace along the sidewalls, according to the operational furnace temperature
measurements. The combustion chamber temperatures
over the furnace height within the left furnace area were
measured to be about 80 degrees, on average, lower than
in the right furnace area. The higher concentration of
feedback of ash in the left side of the furnace was assumed to be the reason for these temperature differences.
Behind the separating baffles this difference in temperature could not be observed.
Up to this time secondary air in the individual levels
were operated geometrically and voluminously symmetrical and this, of course, could not fit to the other unsymmetric conditions. Therefore a lot of tests were performed
resulting eventually in the optimal case, where in the
lower area of the furnace a resolution of the strands is
caused by an adjustment of the air quantity distribution
over the different injection points, and the oppositerunning CO and NO2 reaction is compensated.
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SUMMARY

In this study, mainly the total suspended solids (TSS)
and COD removal efficiency of coagulation and flocculation processes in the influent of S. Giovanni a Teduccio
municipal wastewater treatment plant were evaluated to
the Italian water quality discharge limits by defining optimal operational strategy. Fifteen samples were treated
by jar-test procedure using Al2(SO4)3•18H2O, FeCl3•6H2O
and FeSO4•7H2O alone or in combination with Ca(OH)2
at pH values varying from 4 to 10 for Al(III) and 5 to 8
for Fe(III) salts. Doses of 150 and 450 mg/l of coagulants
were chosen. 2 mg/l of Prodefloc® polymer was used as
flocculant. COD and TSS contents ranging from 140 to
650 mg/l and 90 to 265 mg/l, respectively, could be observed. The mean value of COD calculated as 316 mg/l
represents medium domestic wastewater characteristics.
Each coagulant provided high COD and TSS removal
efficiency ranging from 45 to 90 %. The maximum removal efficiency providing discharge limits was obtained for the combination FeSO4•7H2O + Ca(OH)2 at a
concentration of 150 + 50 mg/l at pH 8. Normally 200
mg/l + 60 mg/l at pH values between 8 and 9 were used.

KEYWORDS: Coagulation, flocculation, iron and aluminium salts,
municipal wastewater, treatment.

The coagulation and flocculation process removes
suspended solids (SS) at an efficiency of 70 to 90 %. It is
well-known that chemical precipitation provides more
than 90 % of phosphate removal, which is a critical parameter for the sensitive areas, especially with the use of
calcium salts [1]. Clark and Stephenson [2] reported that
the use of calcium salts provided higher nitrogen removal
efficiency with respect to the use of Fe(III) and Al(III)
salts. Hall and Hyde [3] reported a wide range of 50 to
500 mg/l and 100 to 1000 mg/l of Al2(SO4)3•18H2O for
treatment of domestic and industrial wastewaters, respectively.
Watanabe et al. [4] suggested to use 50 to 300 mg/l of
FeCl3•H2O for the treatment of industrial wastewaters.
Odegaard [5] studied the treatment of domestic wastewater using 100 to 400 mg/l of FeSO4•7H2O. Caceres [6]
suggested 100 to 150 mg/l and 50 to 500 mg/l of Ca(OH)2
used together with FeSO4•7H2O and FeCl3•H2O at concentrations of 250 to 350 mg/l and 300 mg/l, respectively.
Basic reactions occurring during the coagulation
process for Al(III) and Fe(III) salts individually are given
in eqs. (1-3)
Al2(SO4)3 + 6HCO3- ↔ 2Al(OH)3 + 3SO42- + 6CO2 (1)
FeSO4 + 2HCO3- ↔ Fe(OH)2 + SO42- + 2CO2
-

(2)

-

FeCl3 + 6HCO3 ↔ 2Fe(OH)3 + 6Cl + 6CO2

INTRODUCTION

The coagulation process is a versatile method used in:
i) drinking water production, ii) industrial and domestic
wastewater treatment, iii) sludge conditioning, and iv)
hazardous wastewater treatment. Coagulation is mainly
based on the use of Al(III) or Fe(III) metal salts alone or
in combination with calcium salts and polymers as flocculants. Coagulant and flocculant doses vary in a wide range
aiming at maximum removal efficiency of pollutants
using minimum (optimum) doses at optimum pH.

(3)

and in combination with calcium hydroxide in eqs (4-6).
Al2(SO4)3 + 3Ca(OH)2 ↔ 2Al(OH)3 + 3SO42- + 3Ca2+ (4)
FeSO4 + Ca(OH)2 ↔ Fe(OH)2 + Ca2+ + SO42-

(5)
2+

2FeCl3 + 3Ca(OH)2 ↔ 2Fe(OH)3 + 6Cl + 3Ca

(6)

The reaction between calcium hydroxide and carbon
dioxide is given in (eq.7).
Ca(OH)2 + H2CO3 ↔ CaCO3 + 2H2O
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In this study, mainly the TSS and COD removal efficiencies of coagulation and flocculation process using
Al(III) and Fe(III) salts alone and together with Ca(OH)2
in S. Giovanni a Teduccio municipal wastewater treatment plant were evaluated to meet the Italian water quality
discharge limits by defining optimal operational strategy.

MATERIALS AND METHODS
Sampling site

S. Giovanni a Teduccio wastewater treatment plant
was initially designed in 1960 as a classical biological
treatment plant. In 1970’s, due to inflow increase and also
the lack of space, the enlargement of the plant was carried
out by changing the system to a chemical treatment process. The present system includes screen, sand grinder, oil
removal, coagulation/ flocculation/ sedimentation units,
disinfection using hypochlorite, mechanical dewatering,
thermal sludge conditioning followed by a disposal to a
landfill area.
Influent chemical characteristics (medium-sized municipal wastewater including industrial and urban drainage wastewater) are determined on the basis of mean and
standard deviations of 32 measurements (Table 1). Effluent chemical characteristics are also reported in Table 1.
Frequency analysis showed that influent and effluent

flows have COD values less than 680 mg/l and 280 mg/l
during 90 % of the time, respectively.
Sampling and Treatability

Italian water quality control discharge limits allow
municipal and industrial wastewater to have a COD value
less than 160 mg/l, TSS less than 80 mg/l and pH ranging
from 5.5 to 9.5 [7]. As seen in Table 1, effluent wastewater after post-chlorination has a COD value close to or
higher than the limit. Thus, this study was designed to
evaluate the present plant status and to improve the removal efficiency of COD and TSS.
A series of jar-test experiments (1 min for rapid mixing, 20 min for slow mixing, 30 min for sedimentation)
was conducted on 15 samples, illustrated in Table 2 [8, 9].
Al2(SO4)3•18H2O, FeCl3•6H2O and FeSO4•7H2O were
tested alone or with Ca(OH)2 at different pH values from
4 to 10 for Al(III) and 5 to 8 for Fe(III) salts. Limited
space for sample conservation compelled us to conduct
the jar-test experiments (Table 2). Ca(OH)2 was also
tested alone, as shown in Table 2. Doses of the coagulants
were chosen as 150 and 450 mg/l considering proper
COD/coagulant ratios under the viewpoint of economical
evaluation. 1 M H2SO4 and 1 M NaOH were used to adjust the desired pH in individual experiments.
2 mg/l of Prodefloc® polymer, currently used in the
treatment plant, was used as flocculant. Each jar test was
evaluated on the basis of COD and TSS percent removal.

TABLE 1 - Influent and effluent characteristics of the S. Giovanni a Teduccio treatment plant.

Parameter*

Unit

pH

Influent

Effluent **

8 ± 0.2

8± 0

COD

mg/l

450 ± 170

210 ± 60

TSS

mg/l

155 ± 75

70 ±25

BOD5

mg/l

140 ± 70

90 ± 20

T-P

mg/l

4 ± 1.5

3 ± 0.3

NO3¯

mg/l

30 ± 6.3

22 ± 6

NH3+

mg/l

32 ± 12

24 ± 10

Org-N

mg/l

7±7

4±2

Fe

mg/l

2 ± 0.7

1±1

Cd

mg/l

0.3 ± 0.5

0.2 ± 0

Ni

mg/l

0.4 ± 0.3

0.3 ± 0.1

Pb

mg/l

2 ± 0.2

1 ± 0.1
7

7

6

8.2×10 ±3.3×106

Total coliforms

MPN/ 100 ml

1.1×10 ±0.5×10

Faecal coliforms

MPN/ 100 ml

5.5×10 ±2×106

6

4.3×10 ±2.2×106

Streptococcus faecalis

MPN/ 100 ml

1.7×10 ±1×106

6

0.7×10 ±0.4×106

• * mean ± standard deviation of 32 samples
• ** samples were taken after chlorination.
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TABLE 2 - COD and TSS values of samples tested.

Sample #
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Coagulant type
Al2(SO4)3•18H2O
FeSO4•7H2O
FeSO4•7H2O
FeSO4•7H2O
FeSO4•7H2O
Al2(SO4)3•18H2O
Al2(SO4)3•18H2O
FeCl3•6H2O
FeCl3•6H2O
FeSO4•7H2O + Ca(OH)2
Al2(SO4)3•18H2O+ Ca(OH)2
FeCl3•6H2O+ Ca(OH)2
FeCl3•6H2O
FeSO4•7H2O;FeSO4•7H2O+Ca(OH)2,Al2(SO4)3•18H2O;
Al2(SO4)3•18H2O+ Ca(OH)2

COD (mg/l)
460
560
150
320
450
165
540
195
250
650
165
200
140

TSS (mg/l)
100
215
90
120
100
125
265
170
115
250
100
80
100

210

135

290
316 ± 82

115
139 ± 36

FeSO4•7H2O;FeSO4•7H2O+Ca(OH)2;Al2(SO4)3•18H2O;
Al2(SO4)3•18H2O+Ca(OH)2,FeCl3•6H2O;FeCl3•6H2O+Ca(OH)2

15
Mean±S.D.

TABLE 3 - COD and TSS removal efficiency for each combination of coagulants at varying pH (mean±S.D.).
Coagulant
Al2(SO4)3•18H2O
Al2(SO4)3•18H2O+Ca(OH)2
(1)

FeSO4•7H2O(2)
FeSO4•7H2O+ Ca(OH)2 (3)
FeCl3•6H2O (2)
FeCl3•6H2O+Ca(OH)2 (1)

Dose
(4)

Inf COD
mg/l

Inf TSS
mg/l

A
B
A
B
A
B
A
B
A
B
A
B

330±160

148±67

222±63

117±18

330±150

130±45

380±230

167±73

215±57

116±33

245±64

98±25

290

115

Ca(OH)2 (5)
S.D. standard deviation;

(1)

pH 6, 7, 8, 9;

(2)

pH, 5,6,7,8;

(3)

pH=4

COD removal (%)
pH=6
pH=8

pH=10

pH=4

63±19
65±33
64±1
69±26
59±28
70±24
69±5
83±10
45±23
57±5
60±1
69±5

72±18
76±12
81±15
78±7
57±26
68±31
86±3
88±4
59±12
73±6
52±10
79±6

77±18
87±6
78±7
76±8
52±27
77±14
81±1
82±2
54±16
77±6
63±4
80±1

68±23
78±9
81±8
74±2
48±33
79±18
90±3
92±3
62±10
81±7
63±4
83±11

77±11
82±10
84±2
91±1
72±10
71±3
92±1
73±22
78±10
69±5
77±1
89±11

71

81

84

pH 7, 8, 9, 10;

(4)

A=150 mg/l; B=450 mg/l;

(5)

TSS removal (%)
pH=6
pH=8

pH=10

81±8
90±6
85±5
86±9
68±16
83±10
88±7
87±5
79±10
89±6
76±11
86±7

82±9
86±3
76±14
86±7
67±24
77±16
96±1
92±1
75±10
81±7
80±16
83±6

72±7
80±14
76±2
80±9
71±10
84±5
82±5
94±1
80±10
87±8
81±3
86±7

71

74

78

for pH 8, 9, and 10

RESULTS

Analysis

COD and TSS were measured in accordance with the
Standard Methods [10]. The experiments were replicated.
Samples were filtered using 0.45 µm GF/Whatman filter
papers.

Chemical characterization and coagulant combinations tested are summarized in Table 2. COD and TSS
contents ranged from 140 to 650 mg/l and 90 to 265 mg/l,
respectively.
The mean values of COD and TSS (316 mg/l and
139 mg/l) characterized the plant influent as medium
domestic wastewater [11].
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Treatability results (Table 3) were evaluated statistically on the basis of their sample numbers. Alum used
alone (pH 4, 150 mg/l) proved the best COD removal
efficiency increasing approximately by 10 % according to
pH increase up to 6. Further pH increase up to 8 and 10
did not significantly increase COD removal efficiency. A
similar tendency of COD removal was observed when the
dose of alum was increased three-fold, even with addition
of Ca(OH)2.
150 mg/l FeSO4•7H2O removed COD to 60 % at pH 5-6
or 50 % at pH 7-8 causing the risk of exceeding the discharge limit. However, a higher removal efficiency of COD
could be obtained increasing the dose of FeSO4•7H2O three
times or using it in combination with Ca(OH)2.
The use of 150 mg/l FeCl3•6H2O alone resulted in
similar COD efficiency as with FeSO4•7H2O (Table 3). In
combination with Ca(OH)2, relatively lower efficiency of
COD (63 %) could be obtained compared to alum (78 %)
and FeSO4•7H2O (90 %) at pH 8. Although COD removal
increased to 83 % at pH 8 and a dose of 450 mg/l, it was
less effective than FeSO4•7H2O (92 %).
TSS removal efficiencies for all types of coagulants
were relatively high at pH 8 and 150 mg/l (82 % for alum,
76 % for alum+Ca(OH)2, 71 % for FeSO4•7H2O, 82 % for
FeSO4•7H2O+Ca(OH)2, 80 % for FeCl3•6H2O and 81 %
for FeCl3•6H2O+Ca(OH)2).
10 to 350 mg/l Ca(OH)2 was used to adjust the desired pH values 8 to 10, depending on the influent characteristics. Ca(OH)2 was tested alone in sample 15 adjusting
pHs of 8, 9 and 10 by addition of 12.5 mg/l, 100 mg/l and
375 mg/l, respectively. Ca(OH)2 was effective between
pH 8 and 9 resultõng in 71 % and 81 % removal of COD,
respectively (Table 3).

REFERENCES
[1]

Henze, M. (1995). Nutrient removal from wastewater. New
Wat. World, 114-117.

[2]

Clark, T., and Stephenson, T. (1999). Development of jar
testing protocol for chemical phosphorus removal in activated sludge using statistical experimental design. Wat. Res.,
33(7):1730-1734.

[3]

Hall, T. And Hyde, R.A. (1992). Water Treatment Processes
and Practices. Prentice Hall, New York.

[4]

Watanabe, Y., Kanemoto, Y., Takeda, K.E., Ohno, H.
(1993). Removal of soluble and particulate organic material
in municipal wastewater by chemical flocculation and
biofilm processes. Wat. Sci. Tech., 27 (11): 201-209.

[5]

Odegaard, H. (1989). Appropriate Technology for Wastewater Treatment. Environmental Engineering Series, Van
Nostrandt Reinhold, New York.

[6]

Caceres, L. (1993). Comparison of lime and alum treatment
of municipal wastewater. Wat. Sci. Tech., 27 (11): 261-264.

[7]

Gazetta Ufficiale d’Italia (1999). 124, 29/5/99, suppl. ord. n.
101/L.

[8]

Rossini, M., Garcia Garrido, J., Galluzzo, M. (1991). Optimization of the coagulation-flocculation treatment: influence
of rapid mix parameter. Wat. Res., 33(8): 1817-1826.

[9]

Mattei, M.L. (2000). Valutazione del metodo di coagulazione/flocculazione con l'uso di diversi coagulanti su reflui urbani, MS Thesis, Naples Federico II University, Italy, Environmental Hygiene Division.

[10] APHA, AWWA and WPRC (1989). Standart Methods for the
Examination of Water and Wastewater, 17th Edition, Washington DC .
[11] Tchobanoglous, G. and Burton, F.L. (1991). Wastewater Engineering: Treatment, Disposal, Reuse, Metcalf & Eddy Inc.,
3rd edition, McGraw-Hill , New York.

DISCUSSION

Although each coagulant provided high COD and
TSS removal efficiency ranging from 45 to 90 %, the
maximum removal effõcõency of COD providing an effluent concentration lower than 50 mg/l was obtained for the
combination of FeSO4•.7H2O and Ca(OH)2, even at lower
doses (150 + 50 mg/l) than the usual (200 + 60 mg/l; pH
8-9), using Prodefloc® as flocculating polymer at pH 8.
Additionally, FeSO4•.7H2O is preferred because of reduction of the costs to one third compared to alum and FeCl3.
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OPERATIONAL PROBLEMS IN SMALL WASTEWATER
TREATMENT PLANTS: A CASE STUDY
Süreyya Meriç , Deniz Kaptan, Süleyman Övez, H. Eser Okten
Istanbul Technical University, Civil Engineering Faculty , Envinronmental Engineering Dept., Maslak 80626 Istanbul/Turkey

SUMMARY

This study was designed to evaluate the present status
of Silivri small-scale wastewater treatment plant considering the effluent quality to meet the receiving water
standards in Turkey. The basic focus was to rehabilitate
the system in terms of microbiological dynamics which
may cause basic operational problems in treatment plants.
Two procedures were applied in the plant. Increasing
oxygen concentration in the areation basins could improve the COD efficiency up to 89 %, which was 81 %
before, and decrease SVI. Increasing the sludge return
ratio proved higher removal efficiency of COD up to 92
% in parallel to a significant improvement in both
MLVSS and SVI. Both procedures removed filamentous
bacteria to the acceptable level. OUR profiles of basin 1
showed a healthy sludge character confirming the efficiency increase.

KEYWORDS: Domestic wastewater, microbiological analyses,
filamentous bacteria, OUR (oxygen uptake rate) measurement,
small wastewater plant, wastewater characterization.

locally. During the Environmental Impact Assessment
(EIA) of the district phase, the best ultimate disposal alternative was considered to dispose wastewater after treatment
into the river flowing nearby, as far as the effluent characteristics would meet the receiving water standards [1].
The treatment plant was designed as activated sludge
system assuming 10 days of sludge age and 8 hrs of hydraulic retention time. Influent BOD5 was also assumed as
240 mg/l while effluent characteristics would be 100 mg/l of
COD, 50 mg/l of BOD5, 15 mg/l of TSS, 10 mg/l of TKN.
In four years of total operational period, between
1997 and 2001, especially in summer season odour problem, sludge bulking, aeration capacity decrease resulting
in a decrease of sludge activity with respect to low system
performance were observed.
This study was designed to evaluate the present status
of Silivri small-scale wastewater treatment plant considering the effluent quality to meet the receiving water standards in Turkey. The basic focus of the study was to rehabilitate the system in terms of microbiological dynamics
which may cause basic operational problems in the treatment plants.

INTRODUCTION

Small wastewater treatment plants are designed to
serve from 1000 to 10000 population equivalents. Their
basic operational problems, e.g. odour, low performance,
bulking and foaming, occur related to the inflow rate
fluctuations and wastewater characteristics.
The plant, in which this study was performed, is located in Silivri, which is a township of Istanbul at a distance of about 65 km in the SW direction for serving
around 7 thousand population living in an apartment
block district. In fact, Silivri maintown has a physical
treatment following a deep sea discharge line. But, its future capacity for the year 2020, has already been reached
by an unexpected amount of immigration. Thus, the people
living in apartments have to solve their wastewater problem

MATERIALS AND METHODS
Sampling

Between April and July, 2001, the wastewater characterisation study was realized taking eight samples from
different points of the treatment plant. Activated sludge
samples were taken from both aeration basins (I and II)
working in parallel.
Analyses

Samples were delivered to the laboratory maximum
within two hours of collection and all chemical analyses
were done immediately according to Standard Methods [2]
without adding any chemicals. Soluble COD was measured filtering with Whatman GFC/40 filter paper.
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TABLE 1 - Chemical characteristics of Silivri small wastewater treatment plant.

Parameter

Influent

Effluent
(mg/l)

Removal efficiency (%)

Aquatic Products

(mg/l)
Total COD

500 – 700

50 – 75

81 - 92

170

Filtered COD

110 - 255

BOD5

250 – 400

30 – 60

81 - 89

50

TSS

190 – 220

20 – 25

85 - 91

200

Oil and grease

Limits (mg/l)

--

30

TKN

70 – 85

6 – 10

83 - 94

--

NH3-N

45 – 53

2.5 – 5

87 - 96

0,2

NO-3-N

--

14

Total P

9 – 15

8.3

5
14 - 27

Experiments were replicated. Sludge volume index
(SVI) was determined after 30 min settling time.
Microscopic analyses of activated sludges taken from
both aeration basins were performed using an advanced
microscope (Olympus BX-50 model supported with Ikegami camera, Japan) connected to a computer. Microphotos were taken for presenting microscopic population both
before and after rehabilitation applications.
Oxygen uptake rate (OUR) of the activated sludge
was measured using WTW 330 Model Oximeter according to ISO8192-1986 method [3] in parallel with chemical
and microscopic analyses.

1

assumed as inert soluble COD considering the literature
range [7], the rest would be in hydrolizable form which
means that the wastewater can be wisely treated by biological system requiring 5 to 10 days of sludge age.
Although the system performance was high in terms
of carbon-based substrate removal (81-92 %) as seen in
Table 1, receiving water limits were not provided, especially for N and P parameters, which can be removed by
advanced biological, chemical or both treatment technologies up to ranges from 10 to 30 mg/l of total N and
0.5 to 3 mg/l of total P, respectively [8].
TABLE 2 - Chemical analyses of the sample 4 dated 16.05.2001.

Rehabilitation applications

Two methods; i) increasing oxygen capacity and ii)
increasing return sludge ratio, were applied in the plant
for improving the effluent quality and removing filamentous bacteria which were heavily distributed in the activated sludge samples of both basins [4, 5].

RESULTS
Chemical analyses

Chemical analysis of eight samples taken during different days of week and weather conditions are reported
in Table 1. According to Table 1, inflow presented strong
domestic wastewater characteristics in terms of COD,
BOD5, SS, TKN and T-P parameters [6] which were
measured ranging from 500 to 700 mg/l, 250 to 400 mg/l,
190 to 220 mg/l, 70 to 85 mg/l, and 9 to 15 mg/l, respectively. BOD5/COD ratio ranged between 0.5 and
0.6,which was a relatively low value compared to 0.6- 0.8
range of domestic wastewaters meaning that the plant also
received the wastewater of a private hospital and two
technical schools located nearby the treatment plant. 20 %
of influent COD was in soluble form and if its 10 % is
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Parameter
Total
COD
Filtered
COD
BOD5
TSS
TKN
NH3-N
Total P

Concentration (mg/l)
Influent
Effluent
530

100

Removal
Efficiency
(%)
81

110

60

45

320
200
73
53
13

60
25
7
2.5
10.3

81
88
90
87
20

TABLE 3 - Chemical analyses of the sample 5 dated 31.05.2001.

Parameter
Total COD
Filtered
COD
BOD5
TSS
TKN
NH3-N
Total P

Concentration (mg/l)
Influent
Effluent
580
175

85
65

Removal
Efficiency
(%)
89
51

315
190
66
45
15

45
20
11
<5
12

86
89
83
>88
20
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The chemical analyses performed previous to and after increasing the aeration capacity in both aeration basins
are illustrated in Tables 2 and 3, respectively

TABLE 5 - Chemical analyses of the sample 7 dated 05.07.2001.

Parameter

As seen in Table 2, the removal efficiency of COD
was low (81 %) before, increasing oxygen concentration
in the areation basins could improve the efficiency up to
89 % (Table 3). But increasing the sludge return ratio
proved higher removal efficiency of COD (92 %) as seen
in Tables 4 and 5, respectively.

Concentration (mg/l)
Influent
Effluent

Total COD
Filtered
COD
BOD5
TSS
TKN
NH3-N
Total P

570
270

45
35

Removal
Efficiency
(%)
92
87

395
240
72
46
14

30
15
4
2
12

92
94
94
96
14

TABLE 4 - Chemical analyses of the sample 6 dated 19.06.2001.

Parameter
Total COD
Filtered
COD
TSS
TKN
Total P

Concentration (mg/l)
Influent
Effluent
620
185

65
30

220

20
20
8

11

Removal
Efficiency
(%)
90
84
91
27

The data showing the activated sludge characteristics
of the samples 4, 5, 6 and 7 are summarized in Table 6. It
can be seen that increasing aeration capacity could not
increase the MLVSS concentration whereas there was an
improvement in SVI. However, increasing the ratio of
sludge return proved a significant improvement in both
MLVSS and SVI which were in accordance with the
chemical analyses as illustrated in Tables 3 and 5.

TABLE 6 - Results of activated sludge analyses.

Sample #
MLSS
mg/l
2900
2400
2235
2300

4
5
6
7

Basin 1
MLVSS
mg/l
450
485
550
1850

SVI
ml/gr
110
77
90

(a)

MLSS
mg/l
2750
2950
2285
2970

Basin 2
MLVSS
mg/l
410
615
560
2300

SVI
ml/gr
285
100
84

(b)

FIGURE 1 - The microscopic observation before(a) and after(b) increasing aeration capacity in basin 1.
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(a)

(b)

(a)

(b)

FIGURE 2 - The microscopic observation before(a) and after(b) increasing return sludge ratio in basin 2.
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OUR(mgO2/l)

35
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25
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5
0
0

25

50

75

100

125

150

time(min)

FIGURE 3 - OUR measurements in the aeration basins 1.

Microscopic analyses

Microbiological examinations showed that there was
a high density of filamentous bacteria estimated as ‘excessive’, which is the most significant evidence of foaming and bulking, which may be responsible for low or
high SVI and low MLVSS/MLSS ratio [9].
When oxygen concentration was increased in both
aeration basins, filamentous bacteria population could be
decreased significantly in the aeration basin 1 (Fig. 1).

A similar phenomenon was observed in the aeration
basin 2 (Fig. 2) after increasing the return sludge ratio.
OUR measurements

OUR measurements conducted on the activated
sludge taken from basin 1and 2 in parallel to the sample 7
was illustrated in Figure 3. OUR profile was similar with
the previous study performed on domestic wastewater
presenting the proper F/M ratio [10].
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DISCUSSION AND CONCLUSIONS

The main outlines of this study are summarized as
follows:
• Wastewater characterization in the influent is important to run the system safely and to give information
about microbiological structure.
• Microscopic observations in the activated sludge
have a great importance to define the optimum operational conditions especially to decrease the number of the filamentous microorganisms to the desired
levels, such as as Nocardia sp. and Microthrix parvicella which cause foaming and bulking problems.

[8]

Henze, M., (1995). Nutrient removal from wastewater. New
Wat. World, 114-117.

[9]

Sezgin, M., Jenkins, D, and Parker, D.S. (1978). A unified
theory of filamentous activated sludge bulking. J. Wat.Poll.
Cont. Fed,. 50, 362.

[10] Henze, M., Grady, C.P.L., Jr., Gujer, W., Marais, G.V.R.,
Matsuo, T., (1987). Activated Sludge Model No.1. IAWPRC
Task Group on Mathematical Modelling for Design and Operation of Biologicl Wastewater Treatment, IAWPRC, London, UK.

• OUR measurements will also be helpful to maintain
the stability of the system which is interrelated with
the characteristics of influent and F/M ratio at which
system is working.
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GAS EMISSIONS IN ISTANBUL-KEMERBURGAZ
SOLID WASTE LANDFILL SITE
S. Nemlioglu, G. Demir, B. Soyhan, M. Borat, and C. Bayat
Istanbul University, Faculty of Engineering, Department of Environmental Engineering, 34320 Avcilar - Istanbul, Turkey

SUMMARY

The amount of solid waste produced in Istanbul, the
biggest city in Turkey with a population of 10,072,447
according to the 2000 census, is about 9,000 tons per day.
The amount of organic substances is more than 45% and
leads to the formation of high amounts of flammable and
explosive solid waste gases accumulated in Istanbul landfill sites. Because of their flammable and explosive properties, it is very important to monitor the level of emissions of
these gases to ensure regulatory requirements are met. In
this study the gas emission measurements of methane
(CH4), acetylene (C2H2), oxygen (O2), carbon monoxide
(CO), and hydrogen sulfide (H2S) are carried out in Kemerburgaz-Odayeri solid waste landfill site, Istanbul. The emission average values measured were as follows: 5.2-37 vol%
for methane, 71.6 - 100% LEL (Lower Explosion Limit;
100% LEL= 2.3vol%) for acetylene, 2.7-20.9 vol% for
oxygen, 9.6-145.8 ppm for carbon monoxide, and 22.6-95
ppm for hydrogen sulfide. Methane and acetylene concentrations were in the explosively flammable range at landfill
gas vents. Also, carbon monoxide and hydrogen sulfide
concentrations were remarkably high at the vents. The
emission values of these landfill gases were compared with
Turkey’s criteria and international legal criteria.

Maslak-Near Fatih Forest, Umraniye-Hekimbasi, TuzlaAydinli, Kartal-Yakacik, and Kemerburgaz-Hasdal were
used as dumping sites in Istanbul [3]. These dumping
sites were rehabilitated; covered with soil on top and
vents to keep the gas exit under control. The landslide on
April 28, 1993 resulting in death of 40 people in Umraniye-Hekimbasi dumping site, has been very effective in
speeding up the rehabilitation processes and getting the
gas exits in the dumping sites under control. Kemerburgaz-Odayeri solid waste landfill site was also utilized as a
dumping site. Kemerburgaz-Odayeri solid waste landfill
site started being a landfill site in 1998 after being rehabilitated [4]. Approximately 6 million tons of solid waste
were stored in this field until 1999 [5]. It has been decided
to keep the gas emissions in this field under control
primarily by burning them in the near future to produce
electrical energy. Therefore, due to the importance of this
subject the gas emissions in the Istanbul KemerburgazOdayeri solid waste landfill site were analyzed and compared with regulations and instructions of Turkish laws [6]
and other countries’ laws. During the period of our measurements some gas vents lost their function because of the
construction problems and rehabilitation work.
Solid Waste Production in Istanbul

The properties of the solid wastes produced in Istanbul
vary with respect to time and region (Table 1, [7-10]). The
specification data of Istanbul’s solid wastes were given as
45-55% for water content, 50-60 % for organic substances,
30-35 for C/N ratio, and 3389-4226 kJ/kg for calorific
value [5].

KEYWORDS:
Solid waste, gas emission, landfill, air pollution, Istanbul, Turkey.

INTRODUCTION

In Istanbul with 10,072,447 [1] inhabitants a massive
amount of solid waste is produced, approximately 9,000 tons
of municipal solid waste daily [2]. The wastes are stored
and disposed of in Kemerburgaz-Odayeri, located on the
European side, and in Sile-Komurcuoda, placed on the
Asian side, by ISTAC A.S., which is a Municipality of
Metropolis Istanbul company with six transfer centers.
Before Levent-Sanayi Quarter, Seyrantepe and UmraniyeMustafa Kemal Quarter, Sisli-Ferikoy, Habibler, Halkali,

Gas Emission Production in Solid Waste Landfill Sites

Due to the lack of sufficient amounts of oxygen in the
biomass after storage, the organic substances decompose
under anaerobic conditions and solid waste gas is produced
mainly composed of methane (CH4) and carbon dioxide
(CO2), but also including nitrogen (N2), oxygen (O2), hydrogen sulfide (H2S), ammonia (NH3), hydrogen (H2),
carbon monoxide (CO), and other gases in small amounts
(Table 2, [11]). The negative effects of these gases on the
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environment can be stated as the greenhouse effect causing climate changes by CO, inflammability of hydrocarbons (HC) and bad smell (e.g. H2S). When the concentration of methane reaches 5-15%, oxygen amount has to be
restricted to decrease explosion risk. The limiting values

given by Turkish laws, USEPA and WHO for the concentrations of carbon monoxide, hydrocarbons and hydrogen
sulfide in landfill gases both in the ambient air and emissions are shown in Table 3 [6, 12, 13].

TABLE 1 - Data on solid waste constituent variations in Istanbul
(Basturk [7], WHO-UNDP [8], CH2M Hill [9], Arikan [10]).

Parameter

Basturk (1979)
(percent by weight)

Ash

WHO-UNDP (1981)
(percent by weight)

29.0

CH2M Hill (1992)
(percent by weight)

14.6

Arikan (1996)
(percent by weight)

15.0

13.2

Organic material

46.5

60.6

45.0

48.0

Paper

19.0

18.8

14.5

8.4

Plastic

3.5

3.1

9.5

11.0

Glass

3.0

0.7

3.8

4.6

Textile

3.0

3.1

5.6

2.9

Metal

1.5

1.5

2.2

2.3

Other materials

1.5

6.9

4.4

6.3

-

-

-

3.2

Diaper

TABLE 2
Typical constituents found in municipal solid waste landfill gas (Tchobanoglous et al. [11]).

Component

Percent (dry volume basis)

Methane

45-60

Carbon dioxide

40-60

Nitrogen

2-5

Oxygen

0.1-1.0

Sulfides, disulfides, mercaptans, etc.

0-1.0

Ammonia

0.1-1.0

Hydrogen

0-0.2

Carbon monoxide

0-0.2

Trace constituents

0.01-0.6

TABLE 3 - Ambient air concentration limitations for some of the pollutant gases
(Air Quality Protection Regulation [6], USEPA [12], WHO [13]).

Pollutant

Average Time

Turkish Laws
(µg/m3)

USA Federal USEPA
(µg/m3)

WHO Air Quality Guidelines
(µg/m3)

CO

15 min
30 min
1h
8h

N.A.
N.A.
30000
10000

N.A.
N.A.
40000
10000

100000
60000
30000
10000

HC

1h
3h

280
N.A.

N.A.
160 (non-CH4)

N.A.
N.A.

H2S

1h

100

N.A.

N.A.

N.A.: Not Available
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MATERIALS AND METHODS

RESULTS

Gas emission samples were taken at the exits of the gas
vents of Istanbul Kemerburgaz-Odayeri solid waste landfill
site and in the ambient air to determine their composition
by using portable Drager Multiwarn II device. Methane
was measured with an IR sensor, acetylene with a catalytic
sensor and the other gases with electrochemical sensor
arrays. The measurement ranges of the Drager device are:
volumetrically 0-100 % for methane, 0-100 % LEL (Lower
Explosion Limit 2.3 vol%) for acetylene, volumetrically
0.1-25 % for oxygen, 2-200 ppm for carbon monoxide
and 1-100 ppm for hydrogen sulfide. Continuous measurements from the same gas vents were not possible because of the gas vents were out of use or blocked due to
the rehabilitation work. Gas vents were formed by plastic
pipes placed in the gravel filling. The total number of gas
vents was 29.

Landfill gas measurements in Istanbul KemerburgazOdayeri solid waste landfill site were carried out in five
series between 15th of March in 1999 and 11th of April in
2000. During the measurements made on the 11th of April
in 2000 the gas vents were connected to a gas burner vent.
Results are given in Tables 4-8 [14]. For none of the gases
analyzed in the ambient air, data within the measurement
ranges of the device could be obtained, except for oxygen
(20.9 vol%). The data are arranged as maximum (higher
than device measuring capacity, especially for acetylene),
optimum (average of vent data neglecting those when
oxygen was higher than 20 vol%, the original percentage
in the atmosphere) and average values (arithmetical average of all data). The distribution of the average values is
given in Fig. 1.

TABLE 4 - Istanbul Kemerburgaz-Odayeri Solid Waste Landfill Site Gas Emissions
in March 15th 1999, (Bayat et al. [14]; Temperature of ambient air (T a) = 13 °C).

Gas Vent No.

CH4
(Vol. %)

C2H2
(% LEL)

O2
(Vol. %)

CO
(ppm)

H2S
(ppm)

1

20.0

>100.0

15.3

57.0

36.0

4

0.0

5.0

20.9

0.0

5.0

5

1.9

58.0

20.4

0.0

0.0

6

1.0

38.0

20.9

0.0

0.0

7

36.0

>100.0

10.0

42.0

>100.0

8

12.5

>100.0

16.9

30.0

63.0

9

18.8

>100.0

15.3

49.0

78.0

Average

12.9

71.6

17.1

25.4

40.3

Maximum

36.0

>100.0

20.9

57.0

>100.0

Optimum

21.8

>100.0

14.4

44.5

69.3

TABLE 5 - Istanbul Kemerburgaz-Odayeri Solid Waste Landfill Site Gas Emissions
in May 17th 1999 (Bayat et al. [14]; Temperature of ambient air (Ta) = 18 °C).

Gas Vent No.

CH4
(Vol. %)

C2H2
(% LEL)

O2
(Vol. %)

CO
(ppm)

H2S
(ppm)

4

54.0

>100.0

4.0

37.0

>100.0

9

20.0

>100.0

15.0

30.0

91.0

Average

37.0

>100.0

9.5

33.5

95.5

Maximum

54.0

>100.0

15.0

37.0

>100.0

Optimum

37.0

>100.0

9.5

33.5

95.5
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TABLE 6 - Istanbul Kemerburgaz-Odayeri Solid Waste Landfill Site Gas Emissions
in June 9th 1999 (Bayat et al. [14]; Temperature of ambient air (Ta) = 25 °C).

Gas Vent No.
1
4
5
6
7
8
9
10
Average
Maximum
Optimum

CH4
(Vol. %)
5.7
51.5
0.0
4.1
39.0
4.7
28.0
20.0
19.1
51.5
21.9

C2H2
(% LEL)
>100.0
>100.0
0.0
>100.0
>100.0
>100.0
>100.0
>100.0
87.5
>100.0
>100.0

O2
(Vol. %)
19.5
3.0
20.0
19.6
9.0
18.9
6.7
11.0
13.5
20.0
12.5

CO
(ppm)
0.0
21.0
0.0
0.0
20.0
0.0
30.0
30.0
12.6
30.0
14.4

H2S
(ppm)
2.0
>100.0
2.0
22.0
>100.0
12.0
>100.0
32.0
46.3
>100.0
52.6

TABLE 7 - Istanbul Kemerburgaz-Odayeri Solid Waste Landfill Site Gas Emissions
in October 26th 1999 (Bayat et al. [14]; Temperature of ambient air (Ta) = 19 °C).

Gas Vent No.
1
3
4
5
7
8
9
10
11
Average
Maximum
Optimum

CH4
(Vol. %)
67.0
35.0
1.2
40.4
23.2
32.6
6.3
2.6
18.6
25.2
67.0
28.2

C2H2
(% LEL)
>100.0
>100.0
22.0
>100.0
>100.0
>100.0
>100.0
>100.0
>100.0
91.3
>100.0
>100.0

O2
(Vol. %)
2.7
14.5
20.5
8.2
7.9
0.0
16.0
12.0
15.2
10.8
20.5
9.6

CO
(ppm)
13.0
99.0
0.0
>200.0
>200.0
>200.0
>200.0
>200.0
>200.0
145.8
>200.0
164.0

H2S
(ppm)
88.0
33.0
0.0
68.0
>100.0
>100.0
3.0
27.0
95.0
57.1
>100.0
64.3

TABLE 8 - Istanbul Kemerburgaz-Odayeri Solid Waste Landfill Site Gas Emissions
in April 11th 2000 (Bayat et al. [14]; Temperature of ambient air (Ta) = 15 °C).

Gas Vent No.
1
3
4
5
7
8
9
10
11
Average
Maximum
Optimum

CH4
(Vol. %)
3.3
10.5
13.4
5.8
0.0
1.2
5.1
4.1
3.0
5.2
13.4
7.8

C2H2
(% LEL)
>100.0
>100.0
>100.0
>100.0
0.0
17.0
>100.0
95.0
71.0
75.9
>100.0
>100.0

O2
(Vol. %)
20.0
17.8
17.1
19.5
20.9
20.9
19.4
19.8
20.2
19.5
20.9
18.7
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CO
(ppm)
0.0
81.0
0.0
5.0
0.0
0.0
0.0
0.0
0.0
9.6
81.0
17.2

H2S
(ppm)
14.0
21.0
59.0
78.0
3.0
23.0
0.0
0.0
5.0
22.6
78.0
31.6
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Concentrations

140
120
100
80
60
40
20
0
0

2

CH4 (Vol. %)
CO (ppm)

4
6
8
Months (March 1999-April 2000)
C2H2 (% LEL)
H2S (ppm)

10

12

O2 (Vol. %)

FIGURE 1
Summary of average gas emission values of Kemerburgaz-Odayeri Solid Waste Landfill Site in Istanbul.

DISCUSSION AND CONCLUSION

Methane concentrations (35 measurements) in Istanbul
Kemerburgaz-Odayeri solid waste landfill site were observed
to be between 5.2 % and 37 % volumetrically on average
being 6 times within the explosive range (5-15 vol%), and
15 times within the burning range. With these values measured at the gas vent, methane exceeded limit concentrations according to Turkish laws, USEPA and WHO. Acetylene concentrations ranged from 71.6 to >100% LEL on
average, exceeding explosive concentration of 100% LEL
and forming a potential risk in 26 cases. Oxygen concentrations varied from 2.7% to 20.9% volumetrically with 9 values higher than 20%. When this situation occurred, the
concentrations of other gases were reduced. High levels
of oxygen help to reduce the explosive risk of methane.
Carbon monoxide concentrations at the vents varied between 9.6-145.8 ppm and exceeded the 1 and 8- hour limit
concentrations in ambient air given by Turkish laws and
WHO. Hydrogen sulfide was not found in all samples, but
concentrations (22.6 ppm-95 ppm) observed always exceeded the limit concentration given by the Turkish laws.
However, since no emission values within the device’s
measurement ranges in ambient air could be recorded
(except oxygen), no problem was faced concerning the
restrictions belonging to the gas emissions analyzed. Due to
the meteorological properties, the landfill gases measured
in the atmosphere did not reach their pollution limit concentrations.

and pollution risks and to obtain energy. The capacity of
the waste gas burner installed during the measurements
was insufficient to remove the explosion risk totally.
Therefore, a new facility should be planned to increase
the efficiency of incineration.
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As seen in Fig. 1, a sudden decrease was observed in
the concentrations of carbon monoxide, methane, acetylene and hydrogen sulfide when the waste gas burner was
actively working. However, this situation could not prevent acetylene from reaching explosive values. As a result, it would be beneficial to eliminate the landfill gases
by burning methods (incineration) to minimize explosion
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LAGOONING OF WASTES FROM IRON ACTIVITIES:
CHARACTERISATION AND EVALUATION
M.C. Ruiz*, J. Viguri, A. Andrés, A. Coz and A. Irabien
Chemical Engineering and Inorganic Chemistry Department, ETSIIT, University of Cantabria,
Avda. los Castros s/n, 39005 Santander, Cantabria, Spain.

SUMMARY

In this work is assessed the environmental impact that
an iron industry from Northern Spain causes when wastes
from its process are disposed into lagoons. Several areas
adjacent to the plant were excavated and sludges and
waste water were transported into the excavation. Little
attention was paid originally to the characteristics of the
deposited wastes and the technical conditions of soil. A
preliminary research was performed to characterise the
wastes originated at the factory. Subsequently, the environmental effect of these wastes deposited in the lagoons
was evaluated. The methodology of characterisation has
been strictly following the criteria of Spanish and EU
regulations. Physical and chemical parameters (moisture,
heavy metals, Total Organic Carbon, phenolic compounds
and cyanides) have been analysed. Besides, the ecotoxicity of samples has also been determined. It is important to
note that the sampling methodology applied on the lagoons was chosen to obtain reliable information. Techniques generally used in sampling of soils and sediments,
have been applied.

KEYWORDS:
foundry sludges, lagooning, metals, organics.

reuse of waste, they are being treated to meet environmental criteria [4]. Environmental management of wastes
involves the previous identification of their hazardous
behaviour [5, 6]. In this way, the European Union regulations have identified a list of wastes and hazardous wastes
on the Commission Decision on 3 May 2000 [7]. However, this classification does not include the strategies to
manage each group of categories and does not specify the
hazardous behaviour, which can be related to each waste.
Members of the European Union regulate different ways
to evaluate the hazardous behaviour of an industrial
waste. In this work, Spanish regulation and EU guidelines
have been taken into account.
An environmental characterisation of foundry sludges
at the source and in the lagoons, where they are deposited,
has been done. Wastes from iron activities have a high
amount of metal oxides; besides, wastes from casting of
ferrous pieces may have a low concentration of organic
compounds, as it happens in the case of foundry sludges
from the wet gas cleaning processes [5]. This fact leads to
consider the ecotoxicological effect of potential pollutants
on the surroundings.

An environmental concern with respect to the iron industry is associated with the management of industrial
wastes generated in different processes, such as foundry dust,
refractaries, acid/basic slags, broken molds and sludges from
waste water treatment facilities [1]. Landfilling has been a
common practice of waste management. However, this
provokes an important environmental impact when technical considerations are not taken into account.

Nowadays, the wastes have been listed in the legal
framework of EU [10], being the foundry sludge codified
as 100213 and identified as hazardous. Following the
guidelines of the Spanish regulations, this waste shows
ecotoxicity (EC50< 3,000 mgl-1). The hazardous behavior
reveals a relationship with the leaching of metals, mainly
zinc (16.5% by weight), and the Total Organic Carbon
(TOC; 3.6% by weight), mainly due to the leaching of
phenolic species [11]. The Spanish regulation for characterisation of toxic and hazardous wastes prescribes the use
of the Toxicity Characteristic Leaching Procedure (TCLP)
test [8] and evaluation of the leachate ecotoxicity by
means of a luminescence bioassay [9].

Besides, environmental regulations all over the world
are becoming more restrictive in aspects concerning water
and soil protection, encouraging other technical options in
waste management [2, 3]. As a consequence of the continuous evolution in policy related to disposal of wastes and

Following the EU guidelines on landfilling given by the
European Draft on Land Disposal [10], a chemical characterisation has been also performed to determine the concentration of some inorganic and organic pollutants. The DIN
38414-S4 extraction procedure has been applied [11].

INTRODUCTION
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IRON MILL SECTION
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Heat exchanger
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Settling tank

Casting Ladle

raw materials

Cyclon
particles

Light Sludges,

Heavy Sludges,
Sludges,

S0

S1

Wastes from the Ladle

SAND CASTING AND FINISHING SECTION
Sand

Sand core
Hot-box
process wastes

Hot-box process
coremaking

Cope
mold

Molding sand
preparation

Clear resin
Dark resin

Cold-box process coremaking

Mold and core assembly

Drag mold
Molding sand
Caking coal
Bentonite
Dusts

Molten metal

Casting
Casting

Wet cleaning system 1
Descasting
Wet cleaning system 2

Cold-box process
waste

Wet cleaning system 3
Cleaning and finisinhg of pieces
Wet cleaning system 4

Sludges
S2
S1 S3
S2

S4
S3

S5
S4

FIGURE 1 - Wastes from the process considered in this work.
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MATERIALS AND METHODS
Sample Materials

The objective wastes are described in this work as
follows:
Wastes from the process: A factory located in Navarra
(Northern Spain), dedicated to an iron foundry activity, is
considered in this work. The characterisation of sludges
originating at the process has been done. In Fig. 1 the
flow chart of the process with locations of waste samples
and segregate sludges (underlined), taken into account in
this work, are shown.
Wastes from lagooning areas: The lagoons where the
above-mentioned wastes are deposited have been also
sampled and evaluated. Currently, three areas (Area 1,
Area 2, Area 4) are in service to deposit the sludges generated and remain up to one year exposed to the atmosphere prior to their final collection and transportation to
the municipal landfill. During this time they have lost
around 20% of initial water in the lagoons improving their
handling and economy of transportation.

In Fig. 2 a detailed schema with names and origin of
wastes from the lagooning areas is shown. The representative samples (W1, W2 and W3) from the lagooning
areas were obtained by mixing and quartering of different

SETTLING
TANK 1

SLUDGE 2
(S2)

SLUDGE 6
(S6)
SLUDGE 7
(S7)

SETTLING
TANK 2

SLUDGE 3
(S3)

SETTLING
TANK 3

SETTLING
TANK 4

SLUDGE 4
(S4)

SLUDGE 5
(S5)

subsamples taken across each area in accordance with
different standards [12, 13]. A stainless steel hand corer
was used to extract the subsamples up to 50 cm of depth
[14]. In Fig. 3 is shown an example of sampling in Area 1,
which is similar to the others.
Methods of Characterisation

Samples were collected from the process and the lagooning areas. After their conditioning the TCLP extraction [8] and DIN 38414-S4 tests [11] were applied. In
TCLP extract the ecotoxicity evaluation according to the
Spanish Regulations was performed. This bioassay has
been applied to TCLP leachates and is according to the
Microtox® test, which is based on the inhibition of the
luminescence of the marine bacterium Photobacterium
phosphoreum. The lyophilised bacterial reagent was supplied by Microbics. The Microtox® bioassay was conducted
at constant time and temperature (15 min, 15 ºC) and performed according to the standard procedure in a Microtox®
Model 500 [15]. Results were expressed as 15 min-EC50
values calculated with the Microtox reduction software
supplied by Microbics Corp. where EC50 (mg l-1) is expressed as the effective concentration of a toxicant
(leachate) that causes 50% decrease in light output. Results
are compared to the values imposed by the Spanish regulations (EC50≤ 3,000 mg l-1) to evaluate if a waste is hazardous from the ecotoxicity point of view (H14).
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FIGURE 2 - Wastes from the lagooning areas.
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TABLE 1
Biological characterisation of segregated sludges and wastes from lagooning areas.

Segregated sludges
Leachate pH
Ecotoxicity, EC50 (mgl-1)
S0
8.30
3700
5.53
S1
742
S2
7.98
126100
S3
8.27
168250
S4
8.51
423000
S5
8.46
352350
S6
8.45
260750
S7
5.31
14682
Wastes from
Leachate pH
Ecotoxicity, EC50 (mgl-1)
lagooning areas
4.57
W1
2369
4.74
W2
2304
W3
4.75
3781
SPANISH STANDARS FOR SOLID WASTES CHARACTERIZATION
EC50> 3000 mgl-1
NON ECOTOXIC WASTE
HAZARDOUS WASTE
EC50< 3000 mg-l

TABLE 2 - Chemical characterisation of segregated sludges and wastes from lagooning areas.
Phenolic
compounds
(mgl-1)
28.63
9.85
25.3
7.32
0.15
0.19
3.16
1.57
Phenolic
compounds
(mgl-1)
0.22
0.25
1.95

Segregated
sludges

Leachate
pH

Zn
(mgl-1)

Ni
(mgl-1)

Cr
(mgl-1)

Cu
(mgl-1)

Fe
(mgl-1)

Cd
(mgl-1)

Pb
(mgl-1)

TOC
(mgl-1)

S0
S1
S2
S3
S4
S5
S6
S7

8.30
9.14
7.98
8.27
8.51
8.46
8.45
9.42

0.19
0.03
0.36
0.04
0.04
0.04
0.02
----

0.06
0.03
0.02
0.06
0.05
0.05
0.04
0.03

0.01
------------0.02
--------

0.04
0.02
0.01
0.01
-------------

0.06
0.24
0.07
0.17
0.17
1.94
0.16
0.14

0.01
---0.01
----------------

--------------------------

51.54
48.32
23.3
9.79
11.56
8.64
66.02
52.82

Wastes from
lagooning areas

Leachate
pH

Zn
(mgl-1)

Ni
(mgl-1)

Cr
(mgl-1)

Cu
(mgl-1)

Fe
(mgl-1)

Cd
(mgl-1)

Pb
(mgl-1)

TOC
(mgl-1)

W1
W2
W3

8.76
9.19
10.15

0.02
0.08
0.11

----------

----------

13.7
13.81
15.84

INERT WASTE
NON HAZARDOUS
WASTE
HAZARDOUS WASTE

< 0.4

< 40

< 10

< 0.1

2-10

0.4-2.0

0.1-0.5

2-10

****

0.1-0.5

0.4-2.0

40-100

10-20

0.1-0.2

> 10

>2

> 0.5

> 10

****

> 0.5

> 2.0

100-200

20-100

0.2-1.0

<2

------0.15
------0.01
0.26
---------0.23
---EU STANDARDS FOR LANDFILLING
< 0.4
< 0.1
<2
****
< 0.1

In DIN 38414-S4 extracts the concentration of metals, iron, nickel, chromium, cadmium, lead, zinc and
copper, and organic matter TOC, phenolic compounds
and cyanides were evaluated. These are the main elements
leading to toxicity, taking into account the source of the
wastes. Results were compared with the content in DIN38414 S4 leachate as recommended in the draft on EC
Landfill Directive [10]. The leachant used in this test was
deionised water at a liquid to solid ratio of 10:1. The
samples were prepared in duplicate and used for 24 h.

Cyanides
(mgl-1)
0.80
0.17
0.02
0.05
0.05
0.08
0.04
0.02
Cyanides
(mgl-1)
0.04
0.02
0.02

RESULTS

Table 1 shows the biological characterisation of the
segregated sludges originating from the process and the
wastes from the lagooning areas using the Spanish standard of ecotoxicity (EC50). In the same way, results of the
chemical characterisation are shown in Table 2.
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DISCUSSION AND CONCLUSIONS

The primary environmental concern regarding chemical wastes in the geosphere is the possible contamination
of groundwater aquifers by waste leachates and leakage
from wastes. Particularly in this case, an aquifer exists
close to the studied lagooning areas.
The biological characterisation in acid leachates
(TCLP leaching test) has clearly shown the hazardous
character of S1 (heavy sludge from settling tank) and W1
and W2 sludges, representative samples from the lagooning areas 1 and 3, respectively. Other wastes, as S0 (light
sludge from settling tank) and W3 (representative sample
from area 4) show also values close to the Spanish standard of ecotoxicity (EC50= 3,000 mg l-1) to consider them
as hazardous. The hazardous character of lagooning areas
could be mainly associated with S0 (light sludges from
settling tank) and S1 (heavy sludges from settling tank).
Mobility of pollutants, as heavy metals, may occur under
the acidic conditions of TCLP leaching test and cause the
high ecotoxicological character reached by wastes from
lagooning areas (pH values ranged from 4.57 to pH= 4.75).
Therefore, leaching of waste from landfills may be particularly evident when the area is exposed to acid conditions. The acidic nature of the water may impart mobility
to the waste by changing its chemical character or the
character of the minerals to which the waste is adsorbed.
The potential mobility of heavy metal ions is particularly
damaging to groundwater. Their movement to land systems is of considerable concern because they may be
adsorbed by the soil and held by ion-exchange processes.
They interact with organic matter in soil, undergo oxidation-reduction processes leading to mobilization or immobilization, or may even be volatilized as organometallic
compounds formed by bacteria. A large number of factors
including acidity, temperature, cation-exchange capacity,
the nature of soil mineral matter, and the kinds of soil organic matter present, affect heavy metals mobility.

Clearly, the case deals with a problem of soil contamination. An urgent action should be taken on management of segregated sludges identified as hazardous.
Consequently, the mixture with other non-hazardous
wastes and also the lagooning must be avoided. However,
the transport of contaminants in land systems depends
largely upon the hydrologic factors of movement of water
underground and the interactions of waste constituents
with geological strata, particularly unconsolidated earth
materials. Therefore, an additional hydrological study
should be performed in order to assess the effect on
groundwater.

The chemical characterisation in aqueous leachates
for some of the segregated sludges (S0, S1, S2, S6 and
S7) has proven the major presence of organic matter
(TOCs, phenolic compounds and cyanides). In some of
them (S0 and S2), the concentration exceeds the EU
standards for landfilling of hazardous wastes. However,
this mobility of chemicals has not been detected in
wastes from lagooning areas possibly due to a previous
migration of chemicals to the underground or a strong
dilution effect with the other wastes. Organic compounds including phenolics can be partially degraded by
various microorganisms.
Taking into consideration these assumptions and the
existent aquifer close to the lagooning areas, groundwater
is endangered. Pollutants in the landfill leachate may be
also adsorbed by solid material during the movement of
water from lagooning areas to aquifers.
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NITRATE REMOVAL IN A FIXED-FILM COLUMN REACTOR
USING Paracoccus denitrificans AFFECTED BY
DIFFERENT CARBON SOURCES
B. Karagözoğlu, M. Sarõoğlu and İ. Peker
Cumhuriyet University, Department of Environmental Engineering, 58140 Sivas,Turkey

SUMMARY

Immobilized cells play an important role in removing organic and inorganic compounds taken from
domestic sources and industrial plants. Biofilm or fixed
film reactors are widespread form of immobilized cells
for wastewater treatment.
In this paper, a fixed film column reactor was
used with Paracoccus denitrificans (hetetrophic microorganisms), which were immobilized on pumice as filling
material. Artificial components were used for the preparation of the feeding solution and the effect of different
carbon sources (ethanol, methanol, acetic acid, glucose)
on the nitrate removal rate was examined. The best nitrate
removal rate was observed at the optimum C/N ratio of 3
and with methanol as carbon source.

KEYWORDS: Fixed film reactor, nitrate removal, pumice, Paracoccus denitrificans, carbon source.

INTRODUCTION

Nitrate toxicity to humans is not entirely understood
until now. Water containing high nitrate and its consequent reduction to nitrite in the gastrointestinal tract produce methaemoglobinemia or blue baby syndrome. In
addition, the same diseases caused by consumption of
drinking water with high nitrate levels have been investigated, but no conclusive results could be drawn [1, 2].
Nitrate removal via biological packed or fluidized
bed reactors is often uneconomic as a result of the costly
pre-treatment processes, such as filtration, aeration and
disinfections, that are required to remove process contaminants. The optimal stoichometry of immobilized-cell

denitrification reaction can be assumed using equation 1
(based on laboratory data [3]), which describes overall
nitrate removal using methanol as an energy source:
NO3- + 1.08 HC3OH + H → 0.065 C5H7NO2 +
0.47 N2 + 0.76 CO2 + 2.44 H2O
(1)
At present, column type reactors such as fixed film
and fluidized bed can be used for removal of nitrogen and
carbonaceous contaminants at different operation alternatives. Microorganisms are immobilized on the support
medium and this results in a biofilm system. In a fixedfilm system, bacterial biomass is added and fixed on different support materials in the column. Generally, fixedfilm type biofilm growing systems are used in wastewater
treatment. Alternatively trickling filter, rotating biodiscs,
down flow filters and fluidized-bed reactors can be used
in wastewater and drinking water denitrification process.
Although in different reactor types variations occurred
dependent on physical conditions, the biological processes are almost always similar [4].
Biological denitrification offers a promising and practically alternative to physical - chemical techniques employed for nitrate removal from groundwater. Additional
carbon sources such as methanol, ethanol or acetate are
required in the water treatment process [5, 6]. During the
last 25 years considerable research has been conducted
into denitrification of nitrate polluted waters using methanol as sole carbon and energy source [7, 8]. Fixed-film
reactors have advantages compared to completely mixed
system when the microorganism's growth rate is low and
it is used as third treatment in different stage systems [9].
These types of reactors are used successfully in treatment
of domestic and industrial wastewaters. For a treatment
plant combination consisting of mixed-flow activated
sludge and a fixed-film reactor as second stage; Michaelis-Menten function can be used to determine the activated sludge effluent concentration (Fig. 1).
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Reaction rate
V (mg.m-2.h-1)
Fixed film reactor
Vmax

Mixed- Flow
reactor

Vmax /2

km

Concentration
FIGURE 1 - Michalies-Menten function for a fixed-film reactor [9].

Biological denitrification rate is important for design
and dependent on electron acceptor, electron donor and
environmental factors during the process operation.
NO3-N removal in fixed-film reactors by using immobilized Paracoccus denitrificans on Ca-alginate jell
with potassium aspirate as carbon source was investigated
by Mateju et al. [10].

In this paper, an anaerobic, up-flow/plug-flow and
fixed-film column system was used. Paracoccus denitrificans was immobilized on pumice supporting material and
nitrate removal was investigated. The effects of different
C/N ratios and carbon sources on nitrate removal efficiency were also observed.

MATERIALS AND METHODS

Both NO3-N removal efficiency and nitrification efficiency of the system by using immobilized "Nitrosomonas europe and Paracoccus denitrificans on double strain
jell injected in the fixed-film column reactor were studied
by Dos Santos et al. [11]. NO3-N removal efficiency up to
80 % were observed by using potassium aspirate as carbon source, immobilized Paracoccus denitrificans, and
material with polyelectronic atoms or molecules including
polyamyl alcohol and sulphate [10]. Dahab [12] found
NO3-N removal up to 95 % in up-flow fixed-film reactors.
However, in the literature it could not be found in any
study related to nitrate removal from wastewater by using
pumice as support material.

Pumice (Table 1) used in this study is a volcanic rock
type, inorganic material, with large size porous and small
size glass structure, low thermal conductivity and 75% silica
content. Crystal water is not included in its structure.
Paracoccus denitrificans used in this study was
immobilized on to pumice originating from Van-Erciş
(Turkey) region. It was ground to –5-10 mesh size.
Paracoccus denitrificans is a coccus or very short
coccobacillus during exponential growth with average
dimensions of 1.1 to 1.3 µm; cells being spherical in the
stationary phase with 1 µm in diameter and occurring
singly, in pairs and aggregates.

TABLE 1 - Some features of pumice (Van-Erciş, Turkey) [13].

Features
Mass density (gr/cm3)
Porosity (%)
Caution exchange capacity (me / 100g)
Lime ( % )

The size of pumice particle (mm)
< 0.5
0.841
62.46
7.07

0.5-1
0.689
69.24
6.83

1-2
0.434
80.63
6.91

2-4
0.431
80.76
6.71

0.792

EC ( mmhos/cm)

0.128

0.097

0.091

0.093

pH

8.5

8.4

8.4

8.3
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TABLE 2 - The composition of synthetic wastewater.

Compounds
KNO3
NaHCO3
CaCl2 .2H2O
Fe(NH4) citrate
Na2H.PO4
KH2PO4

Amounts (mg)
180
250
10
5
100
75

Paracoccus denitrificans is chemoorganotrophic and
facultatively chemolithotrophic. And, it is capable of the
oxidation of molecular hydrogen as a source of energy.
Either oxygen or nitrate can serve as electron acceptors,
nitrate being reduced to nitrous oxide and molecular nitrogen. At least 64 different organic compounds can be
used as sole carbon source for growth by different strains
of the species and õt accumulates poly-β-hydroxybutyrate
granules as carbon source inside the cell without nitrogen
source [14]. The optimum temperature for them is 30 °C,
but the temperature level changes between 5 and 37 °C.
Synthetic wastewater: The experiments have been
conducted by using synthetic wastewater. The composition is given in Table 2 [15].

The pH of wastewater was adjusted to 7.01 ± 0.1 using 0.1 M NaOH and 0.1 M HCl.

Experimental procedure: The fixed-film column
system (bioreactor) used has seven water ports at distances of 10 cm. The height of column reactor is 82 cm,
the internal diameter 2.1 cm and the working volume
290 ml.

The bioreactor has a peristaltic pump for the feeding
tank (5 l capacity), a nitrogen tube connected to the feeding tank to provide anoxic conditions, and latex vortex.
The temperature is controlled by a waterbath-thermostated jacketing system around the reactor. The experiments were carried out at 30 °C, determined as optimum
growth temperature for microorganism [16]. The system
was fed with synthetic wastewater including nitrate, and
the effluent was taken from top of the reactor at the effluent water port. The schedule of the experimental labreactor is given in Fig. 2.

FIGURE 2 - The schedule of the experimental lab-reactor.
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METHODS

Nitrate removal studies have been carried out in
continuos column reactors under aseptic conditions by
using sterile materials during the immobilization. Nitrate
measurement were done spectrophotometrically at 220 nm
according to the standard methods [17, 18].
The growth of microorganism

Paracoccus denitrificans provided from Dr L. K.
Nakumura (NRRL-B-3784) was firstly activated in bacteriological peptone medium and later transferred into nutrient
agar tubes supplemented with Bacto beef extract 3g, Bacto
peptone 5g, and Bacto agar 5g per liter. Then it was
storaged at 4 °C in the refrigerator before being transferred to a new medium within 20-30 days.

decreased. Generally, the reactor efficiency increased
until C/N =3 and decreased at C/N = 4. However, the
reactor efficiencies were almost identical at all different
C/N ratios.
80
Reactor efficiency , Pr (mg/L.h
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FIGURE 4 - The effect of different C/N ratios on reactor efficiency
throughout column height using pumice as filling material (carbon
source: methanol, NO3- 135 mg/l, pH 7.0; Q 45 ml/h)

RESULTS
The effect of C/N ratios

The effects of different C/N ratios (1, 2, 3, and 4, respectively) on nitrate removal efficiency was investigated.
KNO3 as nitrogen source with an initial nitrate amount, as
135 mg/L was kept constant for this study. The amount of
carbon sources was determined on molecular weight basis
(C2H5OH = 46.07 g/mol, C2H12O6.H2O = 198.17 g/mol,
CH3OH = 32 g/mol ) and C/N ratio was calculated.

It was found that maximum reactor efficiencies for
C/N =2 and C/N =3 ratios were 71.44 mg/L.h, respectively,
at the first water port. However, maximum reactor efficiency was 9.561mg/L.h at the 7th water port for C/N =3. On
the other hand, minimum reactor efficiencies for C/N = 1
were observed at the 1st and 7th water port (sampling
point; 60.23 mg/L.h and 9.29 mg/L.h, respectively).
The effect of different carbon sources

Pumice was used as filling material for the reactor.
The effect of different carbon sources on nitrate removal
efficiency throughout the column height was investigated
by using ethanol, glucose, acetic acid and methanol. The
feeding flow rate, C/N ratio and initial nitrate concentration were kept constant as 45 ml/h, 3 and 135 mg/L, respectively (Fig. 5).

90
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60
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C/N=3

50
40
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40
50
Column high (cm)
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Nitrate removal rate, X (%

Nitrate removal , X (%

100

FIGURE 3 - The effects of different C/N ratios on to nitrate removal efficiency throughout the column height using pumice as
filling material.

The effect of different C/N ratios on nitrate removal is
shown in Fig. 3. It was found that nitrate removal rate increased with the increase of C/N ratio. The maximum nitrate removal efficiency in the reactor effluent was 97.69 %
for C/N =3 and the minimum 94.92 % for C/N =1.
As shown Fig. 3, the percentage of nitrate removal increased from the first water port to the fourth depending on
column height. However, the values were almost constant
from the fourth to the seventh water port (effluent port).
The effect of different C/N ratios on reactor efficiency is given in Fig. 4. The C/N ratios were different
with increasing column height, but the reactor efficiency
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Acetic acid
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50
40

0
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20
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60

70

80

Column high (cm)

FIGURE 5 - The effect of different carbon sources throughout
column height on nitrate removal efficiency (NO3- 135 mg/L;
pH 7.0; Q 45ml/h).

The maximum efficiencies were achieved by using
methanol carbon source. Maximum removal efficiency
for methanol was 97.69 % at the 7th water port, but only
57.28 % at the 1st water port. Methanol gives higher efficiency throughout the column height from the 2nd water
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port, compared to other carbon sources. The removal
efficiencies with ethanol, glucose and acetic acid were
94.03 %, 93.80 % and 92.60 %, respectively. The removal
at the 1st water port was highest with acetic acid (67.88 %)
and only 51.08 % and 57.46 %, respectively, for ethanol
and glucose.
The maximum reactor efficiency for methanol at the 1st
and 7th water ports were 66.78 mg/L.h and 9.56 mg/L.h,
respectively.

[3] McCarty, P.L., Beck, L. and St. Amant, P, (1969). Biological Denitrification of Wastewater by Addition of Organic
Materials. Proc. 24 th Purdue Indus. Waste Conference.,
Lafayette, Ind.
[4] Bryers, J.D., Characklis, W.G, (1990). “Biofilm in Water
Wastewater Treatment”, Biofilms., Edt: William G.
Characklis and Kevin C. Marshall, John Niley Sons, İch.
New York, 671-697.
[5] Gayle B. P., Boardman G.D., Sherrard, J.H. and Benoit
R.E, (1989). Biological Denitrification of Water. J. Environmental Eng., 115, 930-943.

DISCUSSION
The effect of different C/N ratios

Nitrate removal efficiencies were nearly parallel to the
corresponding C/N ratios 1, 2, 3, and 4. It was concluded
that the optimum C/N ratio was 3 (Figs. 3 and 4), as for
higher ratios this value was almost constant. The maximum
nitrate removal was determined as 97.69 % for C/N = 3. It
was found to be 96.28 %, 95.63 % and 94.92 %, for C/N
ratios of 2, 4, and 1, respectively. Wastewater characteristics under the aspect of nitrogen removal are essential for
technology selection and application of the selected system.
Especially, BOD/N or COD/N ratios must be considered
for the design of the nitrogen removal system.
The effect of different carbon sources

In this study different carbon sources (ethanol,
methanol, acetic acid, glucose) were used to determine the
optimum nitrate removal efficiency. The optimum carbon
source was found to be methanol with 97.69 % nitrate
removal efficiency. Additionally, methanol is cheaper
than the other carbon sources used [16].
For the denitrification experiments, COD removal
was more efficient with ethanol than methanol. However,
the required COD amount for denitrification was low for
ethanol compared to methanol. The maximum nitrate
rates for methanol, ethanol, and acetic acid were found
to be 52.44 mg/L.h, 49.63 mg/L.h, and 49.57 mg/L.h,
respectively.
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SUMMARY

In the present work an assessment of the air quality in
the Ptolemais – Kozani industrial area (Northwestern
Greece) is attempted by the use of environmental indicators. Data about the air pollutant concentrations measured
over this area through the years are used for the calculation of the Pollutant Standard Index (PSI). The spatial and
temporal variation of the PSI is studied and the results are
analysed in terms of air pollution daily levels in the area.
Air quality comparisons among regions within the broader
area of the basin under study are also given.

These arithmetic values correspond to various air
quality levels (categories) according to a specified scale.
This scale is connected with the impacts that the various
air quality levels have to the human population health of
an area; this scale can be named “Air Quality Assessment” Scale (AQuA Scale).

KEYWORDS:
Air quality assessment, environmental indicators, pollutant standard index (PSI), industrial area, Kozani – Ptolemais, Greece.

The values of PSI are given by the following relationship:

Table 1 shows the PSI values, the corresponding air
quality categories (AQuA Scale) and the possible human
health effects, as they were introduced by Boubel [6]

PSI = max{I1, I2, I3, I4, I5, I6}

(1)

where
INTRODUCTION

One way of assessing the air quality in an area is the
use of environmental indicators. The environmental indicators give a better way of assessing the air quality levels
and facilitate the creation of an integrated information
management system that makes scientific analysis of the
relevant data easier [1 - 4]. Such an environmental indicator
is the so-called “Pollutants Standard Index” (P.S.I.). PSI
was introduced by the US EPA in the mid 1970’s [2, 5].
The objective was the standardization of the reports written about atmospheric pollution and the facilitation of air
quality comparisons done among different geographical
areas. PSI is a complex index and is calculated by compounding appropriately the concentrations of ozone (O3),
nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon
monoxide (CO) and suspended particles. It converts the
air pollutant concentrations into simple arithmetic values
that ranged between 0 (zero) and 500 (five hundred).

I1 is a partial index, whose values are calculated by
the suspended particles concentrations
I2 is a partial index whose values are defined by the
sulfur dioxide concentrations
I3, I4, I5 are partial indices, whose values are defined
by the CO, NO2, O3, concentrations, respectively,
and I6 value is calculated by the suspended particles
concentrations multiplied by the SO2 concentrations
The values of each of the above partial indices ranged
between 0 and 500, where 500 corresponds to cases of
very bad (Hazardous) air quality. Table 2 shows the values of the partial indices Ii, I=1,...6 and the corresponding
pollutant concentrations that dictate these values.
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TABLE 1 - The Air Quality Assessment Scale, the corresponding PSI values,
the possible effects to human health and the cautionary statements (EPA 451/K-94-001).

Index (PSI)
Value

Air quality categories
(PSI Descriptor)

General Health Effects

Cautionary Statements

Up to 50

Good
( or I)

None for the general population

None required

Moderate
(or II)

Few or none for the general population

None required

Unhealthy
(or III)

Mild aggravation of symptoms among
susceptible people, with irritation symptoms in the healthy population

Persons with existing heart or
respiratory ailments should reduce
physical exertion and outdoor
activity. General population should
reduce vigorous outdoor activity.

Very Unhealthy
(or IV)

Significant aggravation of symptoms and
decreased exercise tolerance in per-sons
with heart or lung disease; widespread
symptoms in the healthy population.

Elderly and persons with existing
heart or lung disease should stay
indoors and reduce physical activity. General population should
avoid vigorous outdoor activity.

Hazardous
(V)

Early onset of certain diseases in addition to significant aggravation of symptoms and decreased exercise tolerance
in healthy persons. At PSI levels above
400, premature death of ill and elderly
persons may result. Healthy people
experience adverse symptoms that affect
normal activity

Elderly and persons with existing
diseases should stay indoors and
avoid physical exertion. At PSI
levels above 400, general population should avoid outdoor activity.
All people should remain indoors,
keeping windows and doors closed,
and minimize physical exertion.

51 - 100

101–200

201–300

>300

TABLE 2 - Values for the partial indices Ii, I=1,...6 and the corresponding pollutant concentrations.

Ii

i=1
TSP(24 hr)
µgr/m3

i=2
SO2(24 hr)
µgr/m3

i=6
TSP*SO2

i=3
CO (8 hr)
µgr/m3

i=4
NO2 (1hr)
µgr/m3

i=5
O3 (1 hr)
µgr/m3

0

0

0

-

0

-

0

50

75

80

-

5

-

118

100

260

365

-

10

-

235

200

375

800

65000

17

1130

400

300

625

1600

261000

34

2260

800

400

875

2100

393000

46

3000

1000

500

1000

2620

490000

57.5

3750

1200

As mentioned above, the calculation of PSI is based
on the estimation of partial indices. Every partial index is
a continuous but not smooth function of the corresponding pollutant concentration. Each of the partial indices Ii,
i=1,...6 can be approximated at its various parts by linear
functions of the form:
Ii= a+bCi, i=1,...6

(2)

where Ii is the value of the partial index i corresponding to the concentration Ci of the related pollutant.

A BRIEF REPORT OF THE
AREA OF INTEREST - DATA

Intensive and extended industrial activities do take
place in the broader area of Ptolemais basin (KozaniPtolemais area, Northwestern Greece). There are four
thermoelectric power generation stations in operation in
the area (PS1, PS2, PS3, PS4 in Fig. 1), and one more is
under construction in the nearby Florina area (PS5). In
addition, there is a power generation station in operation inside FYROM (PS6). This station is near the
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A number of studies, technical reports, scientific announcements all referring to the atmospheric pollution of
the broader area of Eordea basin (or differently named
Ptolemais basin) have been made. The objective of all
these is to assess the air quality in the area and to understand the mechanisms of air pollutants dispersion and
diffusion [7 - 13].

Greek border. All these power stations are fired by
lignite extracted from the nearby mines.
It is estimated that over 100,000 tons of suspended particles are emitted by the stacks of the power stations in
operation during a one-year period. Similar quantities of
SO2 are emitted annually. The open mines of the area and
all the tasks necessary for lignite and ash transport and accumulation are also sources of suspended particle emission.

As described above, in the present work an assessment of the air quality in the Ptolemais basin is attempted
by the use of environmental indicator PSI. Data concerning
the concentrations of Total Suspended Particles (TSP),
sulfur dioxide (SO2) and nitrogen dioxide (NO2) in the
area of interest were extracted from the measurements
done by the Greek Public Power Corporation (PPC).
More specifically, the measurements were taken at six
different positions in the wider area of Ptolemais-Kozani
(see Fig.1) during the years 1985 - 1998.

Checking of the air quality levels in the broader area is
made by the use of a network of measuring stations that the
Greek Public Power Corporation (PPC) has established in
the area since 1983. This network was upgraded in 1997.
Nowadays, it includes automatic measuring stations and
automatic collection and transfer of data. In addition, air
pollutants concentration measurements are taken by the
Laboratory of Atmospheric Pollution and Environmental
Physics in the Technological Education Institute (T.E.I.) of
West Macedonia and by Kozani prefecture.

PS6

FLORINA

PS5

PS1

PTOLEMAIS

1

2

PS2 3
PS3

4

PS4

5

TEI
KOZANI

6

FIGURE 1 - Topography of the broader area of West Macedonia. The map also shows: The main emission point
sources (PS) of the area; the cities of Florina, Ptolemais and Kozani; the locations of the pollutants measuring stations
(Water Reservoir (1), Seed Production Center (2), Komanos (3), Akrini (4), Kapnochori (5), Petrana (6)).
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DATA ANALYSIS - CONCLUSIONS

Examination of the measurements of TSP, SO2 and
NO2 reveals that the NO2 concentrations are considerably
lower than those for which the corresponding partial index
I4 is defined. That’s why, the partial indices I1 and I2 corresponding to TSP and SO2 were calculated. The calculation
of I1, I2 was done by using relationship (2). The constants a
and b for each index were calculated based on the measured concentrations and the results are shown in Table 3.
The PSI environmental indicator was calculated by
(1) as the max of {I1, I2} in the present case. When there
was no TSP data, the PSI was regarded equal to I2 . The
so-calculated PSI indicator has been used for the creation
of Figures 2.1 to 2.6. Figures 2.1 to 2.6 show how the
percentage (%) of incidence of each of the five (5) air
quality categories (levels) changes through the years of
measurements over each measuring station (1 to 6).
Close inspection of each of the six Figs. 2.1 to 2.6
leads to the following:
Water Reservoir Measuring Station (1) (located inside the city
of Ptolemais) (Fig. 2.1)

All five air quality categories are observed to some
percentage. Air quality category II (or differently named
“Moderate”) is the prevailing one and its percentage ranged
between 25 and about 55 (25% - 55%). The percentages of
air quality category “Unhealthy” (or Category III) ranged
between 8 and 16 (8% - 16%), while those of Category
“Very Unhealthy” (or Categ. IV), between 5 and 10 (5% 10%). Only during 1985 (the first year of measuring) the
percentage of “Very Unhealthy” category was up to about
30 (30%). During the same year (1985) a 4% “Hazardous” category (or Category V) was observed, but this was
reduced to 0.4% in the next year.
Seed Production Center Measuring Station (2) (located just
outside of Ptolemais) (Fig. 2.2)

The “Good” air quality category (or Category I) is the
prevailing one from 1986 up to 1991. Its percentages are
relatively constant and between 55 and 60 (55% - 60%)

during these years; the first year of measuring 1985 is
exempted. Subsequently, and till 1995 both air quality
categories I and II ( or “Good” and “Moderate” categories) are of about the same percentage, while after 1995
the percentages of Category II (or “Moderate”) are rising
and those of Category I (or “Good”) are being decreased.
During 1985 a relatively big 15% of air quality category III
(or “Unhealthy”) was observed, but this was decreased up
to 1998. Afterwards, the percentage of “Unhealthy” category was down to about 0.5 – 2. Air quality category IV (or
“Very Unhealthy”) was up to 7% during 1985, but then it
was reduced to about 0.5 – 1.5%. During 1985 a 0.5% of
“Hazardous” air quality category (or Category V) was
observed, but no other air quality incidents of “Hazardous” air quality levels appeared in the following years.
Komanos Measuring Station (3) (Fig. 2.3)

All five air quality categories are observed in this station during the years. More specifically, during the years
1983-84 there are high percentages of the “Moderate” air
quality category (or Category II). In 1985, both categories
“Moderate” and “Good” (or categ. II and I), appear at the
same percentage, while, after 1985 and till 1989, the
“Good” air quality percentages prevail. During the years
1990-95 both categories I and II have about the same
percentages, while after 1995 Category II (or “Moderate”) percentages are rising and those of Category I (or
“Good”) are being decreased. The Category III (or “Unhealthy”) percentages ranged between 2 and 13; an exemption is the year 1984, when these percentages were up
to 20.5. The “Very Unhealthy” air quality category (or
Categ. IV) has percentages that are between 0.3 and 7%
during all the years of measurements. Observable percentages of the “Hazardous” air quality (or Categ. V) were
noticed only in years 1983 and 1985; those were 0.91%
and 0.97%, respectively.The main feature of all the above
is that for the Komanos Measuring Station the “Good” air
quality is the prevailing one during the years 1985-1994,
while after 1995 the “Moderate” air quality category seems
to prevail with its percentages rising continuously.

TABLE 3
Values of the constants a and b for partial indices I1 and I2; C1: TSP concentration, C2: SO2 concentration.

C1

I1
3

C2

I2
3

µgr/m

a

b

µgr/m

a

b

0≤C1<75

0

0.667

0≤C2<80

0

0.625

75≤C1<260

29.730

0.270

80≤C2<365

35.965

0.175

260≤C1<375

-126.087

0.870

365≤C2<800

-16.092

0.230

375≤C1<625

50

0.400

800≤C2<1600

100

0.125

625≤C1<875

50

0.400

1600≤C2<2100

-20

0.600

875≤C1<1000

-300

0.800

2100≤C2<2620

-3.846

0.192
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FIGURE 2 - PSI-based percentages of the five air quality categories through
the years over six measuring positions in the broader area of Ptolemais –Kozani.

Akrini Measuring Station (4) (Fig. 2.4)

All five air quality categories are observed in this station during the years 1985-89. However, the percentages
of the air quality category II (or “Moderate”) are the most
prominent and ranged between 73 and 78%. During the
same period (1985-89) relatively high percentages of the
air quality III (or “Unhealthy”) are observed (7 - 10%),
while the Category V (or “Hazardous”) are just noticed.
From 1989 untill 1995 both air quality categories I and II
(or “Good” and “Moderate”) have about the same percentages of incidence with the “Good” air quality percentages being slightly higher than those of the “Moderate”
quality during the years 1991-1994. Afterwards and during the next two years the percentages of the air quality

categories II and III (or “Moderate” and “Unhealthy”)
increase, while those of Category I (or “Good”) decrease.
The main feature of all the above is that for the Akrini
Measuring Station the air quality has been improved during the years 1989-95 in comparison with that in years
before and after the period 1989-95.
Kapnochori Measuring Station (5) (Fig. 2.5)

Kapnochori is located at the South East end of the
basin under study (Eordea Basin). The percentages of
the “Good” air quality category (or categ. I) are higher
than those of the “Moderate” air quality (Categ. II) and
ranged between 56 and 71% with an increasing ten-
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dency. However, the relatively short time-period of
measurements must be noted here.
Petrana Measuring Station (6) (Fig. 2.6)

Petrana is located outside of the basin, southwards on
a hill and near the Aliakmon river vallley. Only percentages for the air quality categories “Good” and “Moderate”
(or Categ. I and II) are observed here. During the years
1989 - 96 these percentages do not vary very much and
ranged between 78 to 82% and 18 to 22%, respectively.
Comparing the percentages of incidence for each one
of the five air quality categories over all the measuring
stations through the years, it becomes clear that there is an
increase or at least a stabilisation of the “Good” air quality category percentages from 1985 until 1995; (small
variations in the above time period from station to station
do exist). In addition to that, these “Good” quality percentages are close to or higher than 50%. Moreover, the
observed changes in the percentages of incidence are
bigger over the measuring stations inside the basin than
those over the stations outside. For the Petrana Measuring
Station, however, almost no changes in the percentages of
incidence are observed during about the same years
(1984-1996). A different behavior is noticed during the
recent years (1996, 1997): There is an increase in the percentages of air quality category II (or “Moderate”), while
the percentages of “Good” air quality (or Categ. I) decrease. This behavior is quite characteristic for the measuring stations, Seed Production Center (2), Komanos (3) and
Akrini (4).

under study and on a hill. That’s why, the air there is not
affected by activities other than those in the power generation stations. Therefore, these small changes point out
the pollutants transport from the power station stacks to
the southeast regions towards the Aliakmon river valley
was in accordance with the simulation experiments carried out [14, 15].
Apparently the use of the new electrostatic filters
does not affect serioulsy the concentrations of the pollutants in distant places such as the Petrana location. This is
due to the fact that only the smaller diameter particles
reach to these distant places. However, these small particles cannot be detained by the new electrostatic filters.
The effectiveness of the pollution prevention efforts
made by PPC cannot be judged only by the observed
tendencies in the air quality, since the industrial activity
was varied through the above mentioned years. There was
a progressive increase in power generation capacity.
However, this increase in power generation necessitated
the increase of lignite burnt and thus, the increase in total
amounts of pollutants emitted to the atmosphere.
Finally, if the Petrana Measuring Station is considered as an indicator for the transport air pollution outside
of the basin, it can be concluded that the transported pollution outside of the basin creates “Moderate” air quality
whose percentages of incidence ranged between 18 to
22% and in some extreme cases up to 40%.

The observed improving tendency over the measuring
stations through the years 1987 to 1995 can be attributed to
the pollution prevention efforts made by the Greek Public
Power Corporation (PPC) during these years, namely:
a) New electrostatic filters were put in operation in
the units I, II, III, IV of Ptolemais power station
(PS2) in September 1987, November ’87, June
’87 and July ’93, respectively.
b) New electrostatic filters were put in operation in
the Kardia I and II power station (PS3) in January 1994 and in December ’93, respectively.
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INVESTIGATION OF OIL SOURCED PROBLEMS
IN WATER TREATMENT BY ION EXCHANGERS
I. Vergili and H. Barlas
Istanbul University, Faculty of Engineering, Environmental Engineering Department, Istanbul, Turkey

SUMMARY

Ion exchange resins may become fouled with oils due
to many factors effective during a water treatment process. Oil contamination may occur via leaking seals from
pumps or directly from a water source. In the case of oil
fouling, formation of an oil film around the resin beads
often causes clumping together and, as a result, an abrupt
loss in capacity occurs. Laboratory experiments, carried
out through this study, have shown that fouling of
strongly acidic ion exchangers with oil, even at low concentrations (0.5-2.0 mL) leads to a loss in operating capacity (11%). Fouling of strongly basic ion exchangers
shows a very high operating capacity loss (31-32%), but
this result was expected, as they are known to be generally less stable than acidic ones.

exchange centers inside the ion exchange beads [4]. At
higher levels of oil fouling, the resin beads become sticky
and clump together leading to a greater risk of resin loss
during backwashing. This can cause channeling, which
will result in premature leakage and reduce the operating
capacity [1, 2, 4].
Fouling of ion exchange resins with oil is not studied
in detail; there are no quantitative data available on how
the oil fouling affects the operating capacity of ion exchange resins, in the preceding publications. In the recent
study, the changes on the capacity of ion exchangers due
to oil fouling are investigated.

MATERIALS AND METHODS

In this study, a laboratory scale glass column with 2 cm
diameter and 45 cm height was used. The column, filled
with a 50 mL ion exchanger in volume, was designed in a
way that it can siphon with a T-connector placed at its
outlet [5].

KEYWORDS:
Ion exchanger, oil fouling, operating capacity.

INTRODUCTION

Ion exchange resins may be fouled with oils, which,
in turn, affect the exchange capacity and rate during the
water treatment processes, by ion exchangers. One of the
main reasons, amongst others, for oil fouling is the leaking seals of pumps or direct contamination of a water
source, by accident, occurring during water treatment [1].
For example, diaphragm-metering pumps are well known
to fail and pump hydraulic oil into resin beds. A variety of
maladies in water supply and distribution systems may
also result in an oil-fouled resin [2].
Oil fouling leads to a loss of operating capacity due to
the formation of an oil film around the resin beads and
hence the reduction of their active surfaces [3]. Exchange
of ions takes place not only on the surfaces of the resin
particles but, also within the interior texture of the resin.
Pores can be filled up and plugged by the oil. This will
cause losses in capacity as a result of the blockage of ion

Ion exchanger resins, used throughout this study,
were of strongly acidic and strongly basic types obtained
from Bayer AG Leverkusen. Characteristics of the resins
are given in Table 1. Raw water was supplied to the system by using an ISMATEC MV-CA4 peristaltic pump.
In studies with strongly acidic ion exchange resins, tap
water of Faculty of Engineering of Istanbul University,
supplied from Büyükcekmece Water Treatment Plant, was
used. Hardness of tap water was measured as 190-200 mg
CaCO3/L. When strongly basic resin was tested, synthetic
water with known amounts of anions was used, since it was
difficult to control anions in raw water. Synthetic water
having 150 mg/L sulphate concentration was prepared by
dissolving Na2SO4 with a pH value of 6.5-7.0.
Feed rates of raw water were 5.0 m/h and 3.7 m/h for
the cation exchange resin (specific flow rate=30 BV/h) and
for the anion exchange resin (specific flow rate=23 BV/h),
respectively. In order to be able to obtain the breakthrough
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TABLE 1 - Characteristics of ion exchange resins used.

mm
min. eq/L

Strongly Acidic
Cation Exchanger
Sulphonic Acid
Gelular
0.315-1.25
2.0

Strongly Basic
Anion Exchanger
Quarternary Amine
Gelular
0.315-1.25
1.4

max. m/h

40

80

g/L
%

NaCl
200
8-10

NaOH
100
2-4

Properties
Functional Group
Structure
Bead Size min. 90 %
Total Capacity
Flow Velocity
(exhaustion)
Regenerant Type
Regenerant Level
Regenerant Conc.

resin and the above fouling practice, and also for the case
of strongly basic resins. After fouling the resin with oil, raw
water was passed through the column and then resin was
regenerated. The passing of raw water through the column
was repeated in order to obtain the breakthrough curves.

curves, samples were taken periodically from the outlet of
the column and analyzed until the breakthrough points
were reached (these values were taken as 10 mg CaCO3/L
and as 8.0 mg SO 24- /L for the cationic and anionic resins,
respectively). Regeneration solutions used were 8% (w/w)
NaCl and 4% (w/w) NaOH for the acidic and basic resins,
respectively. After the regeneration, ion exchange resins
were washed with distilled water.

Hardness measurements were carried out by using the
standard EDTA (Ethylenediaminetetraacetic acid) method.
Measurement of sulphate concentration was performed by
turbidimetric method [6].

Since there were no data available on the fouling applications in the literature, several preliminary experiments were carried out to establish a repeatable fouling
practice. First, water level was lowered down to resin
level. Extreme care was taken, while performing this
procedure, not to leave resin without water. A certain
amount of oil (mineral) was then injected to the top surface of the resin bed. After the oil was completely absorbed by the resin bed, raw water was passed through the
column for some time period. Raw water with the intended feed rate was later released to the column after
passing water for 2-3 minutes. Amounts of oil used were
0.5, 1.0 and 2.0 mL, for the case of cationic ion exchange

RESULTS AND DISCUSSION

The method adopted, in this study, for measuring the
damage in the functional groups or in matrix of ion exchange resins was the comparison of a regenerated resin
with a fresh one [7, 8]. Comparisons of breakthrough
curves for both the fresh acidic ion exchanger resin (treated
with only raw water) and the regenerated acidic ion exchanger resin, after fouling, were depicted in Figs. 1-3.

Hardness (mgCaCO3/L)
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FIGURE 1 - Breakthrough curves of strongly acidic ion exchanger obtained by
a - passing only raw water and,
b - fouling with 0.5 mL oil + passing raw water + regeneration + passing raw water.
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12
10
8
6
4
2
0

0

5

10

15

20

25

Waterpassed (Liter)
a

b

FIGURE 2 - Breakthrough curves of strongly acidic ion exchanger obtained by
a - passing only raw water and,
b - fouling with 1.0 mL oil + passing raw water + regeneration + passing raw water.
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FIGURE 3 - Breakthrough curves of strongly acidic ion exchanger obtained by
a - passing only raw water and,
b - fouling with 2.0 mL oil + passing raw water + regeneration + passing raw water.
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FIGURE 4 - Capacity losses for strongly acidic and strongly basic ion exchangers fouled with oil.
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The loss of capacity was calculated as 11% after fouling the strongly acidic ion exchange resins with 0.5, 1.0
and 2.0 mL oil and the regeneration (see Fig. 4).
After fouling the strongly basic resin with 0.5 mL oil,
resin clumping and cavity formation were observed. No
further fouling experiments were carried out since the oil
amount above 2.0 mL causes clumping, flotation of resin
beads and channeling; this fact was observed during the
current experimental work. Such destructive effects were
observed more on the basic resins than the acidic ion
exchanger resins.
Comparisons of breakthrough curves for both the fresh
basic ion exchanger resin (treated with only raw water) and
the regenerated basic ion exchanger resin, after fouling with
0.5, 1.0 and 2.0 mL oils, were depicted in Figs. 5-7. The loss
of capacity was found to be 31-32% for the strongly basic
resin fouled with 0.5, 1.0 and 2.0 mL oils (see Fig. 4).

It can be seen from these results that oil fouling leads
to loss in operating capacities even at low concentrations.
As shown in Fig. 4, the loss of capacity is higher in basic
resins than acidic resins [9]. High capacity losses observed for the strongly basic exchangers were expected
since basic ion exchangers are less stable than acidic ion
exchangers [10].
It can be concluded from the results of losses on the
capacity of ion exchangers that oils are not completely
removed, from the resin, during the regeneration step.
During the oil fouling cycle, resin beads are coated by an
oil film and active surfaces of the resin beads are reduced.
As a result, a decrease in operating capacity is expected to
occur since the oil film formed is not removed. Furthermore, there was no chemical decomposition observed
within the resins.

8
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FIGURE 5 - Breakthrough curves of strongly basic ion exchanger obtained by
a - passing only raw water and,
b- fouling with 0.5 mL oil + passing raw water + regeneration + passing raw water.
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FIGURE 6 - Breakthrough curves of strongly basic ion exchanger obtained by
a - passing only raw water and,
b - fouling with 1.0 mL oil + passing raw water + regeneration + passing raw water.
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FIGURE 7 - Breakthrough curves of strongly basic ion exchanger obtained by
a - passing only raw water and,
b - fouling with 2.0 mL oil + passing raw water + regeneration + passing raw water.

The blockage of both strongly acidic and strongly basic resins, by oil, results in losses in the operating capacity. In some cases, the fouling of ion exchange resins is so
excessive that replacement of a new resin becomes a
must. There are many cleaning methods available; the use
of surfactants is one of the promising methods for the
removal of oil. It would be desirable to remove any oil
before it reaches to the column to avoid these capacity
losses which means that a pretreatment is required. Another way which oil can be removed is the placing of an
active carbon column in the system. In addition to these,
regular cautions and maintenances should be performed
on pumps and compressors, which are the main oil
sources in water treatment processes by ion exchangers.
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