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PREFACE
This volume collects selected research papers on topics addressed during the second International Symposium on Green Chemistry for Environment and Health, which was held in Mykonos
Island, Greece, between September 26 and 29, 2010. This symposium came as a continuation to
the first symposium that was held in Munich, October 13- 16, 2008. A total of 138 manuscripts
were presented in the symposium. The Symposium was organized by the Society of Ecotoxicology
& Environmental Safety (SECOTOX) and the Department of Planning and Regional Development, School of Engineering, University of Thessaly, Greece, in collaboration with the Department of Chemical Engineering, Aristotle University of Thessaloniki and the Hellenic Green Chemistry Network. SECOTOX is a non-profit scientific society, aiming at evaluating current problems
of environmental quality and safety and proposing solutions on a national, regional and worldwide basis.
The aim of the Symposium was to present the state-of-the-art on the risk of chemicals, toxic
and physical agents, ecotoxicology, renewable resources, green pharmacy, environmental legislation and policy etc. The major topics addressed during the event were Chemicals, Health and Ecotoxicology, Environmental Quality and Climate Stability through Chemistry, Green Catalysis and
Biocatalysis, Environmental Concerns, Ethics and Green Policies, Environmental Legislation and
Policy, Scores and Measures, Environmentally Benign Processes and Products, Renewable Resources, Environment & Health Concerns at industrial level. This wealth of topics boosted the exchange and cross-fertilization of ideas and knowledge between scientists working on contemporary
issues of Green Chemistry and helped for a wider dissemination of their results. The participation
of scientists from diverse disciplines gave a broader flavor on the subject making the link between
fundamental, applied and legislative aspects in the field.
We would like to express our gratitude to all colleagues for their vivid participation in the
Symposium and also to the companies and institutions that supported the event. In particular, we
would like to thank authors for their valuable contributions to this special issue of Fresenius Environmental Bulletin. We are also indebted to the reviewers for their uncompromised commitment to
the high quality of the selected manuscripts. A special note of thanks goes to the journal director
and editor in chief, Prof. Dr. Dr. Harun Parlar for his efforts to reach a comprehensive compilation
of manuscripts.We would also like to invite everyone to the third International Symposium on
Green Chemistry for Environment and Health, which will be held in Skiathos Island, Greece, October 3 to 5, 2012.
Prof. Athanassios Kungolos
Department of Planning and Regional Development
University of Thessaly
Pedion Areos
38334 Volos
Greece
E-mail address: kungolos@uth.gr
Dr. Maria Petala
Department of Civil Engineering
Aristotle University of Thessaloniki
University Campus
54124, Thessaloniki
Greece
E-mail address: petala@civil.auth.gr
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MECHANISMS OF METAL FUME FEVER AND
ITS PROVOCATION BY SELECTED METALS
Christina Emmanouil*
Department of Planning and Regional Development, School of Engineering, University of Thessaly, 38334, Pedion Areos, Volos, Greece

ABSTRACT
Metal Fume Fever (MFF) is a constellation of influenza-like signs and symptoms, commonly occurring in
workers operating galvanizing processes and welders. Its
mechanism probably involves cytokine-driven activation of
white blood cells. Zinc oxide particles of respirable size
suspended in air have been proven to be able to cause the
disease. Besides zinc, a significant number of other metals
are thought to be able to provoke MFF. The present review analyzes the most probable mechanism hypotheses
on MFF. It also appraises the MFF provocation potential of
zinc and other metals in terms of validity of case studies
and differential diagnosis from similar respiratory diseases.
KEYWORDS:
Cytokines, industrial diseases, Metal Fume Fever, metals

1 INTRODUCTION
Aerosol exposure by inhalation in industrial environments may pose a considerable health risk for workers [1].
Repeated, extended exposure or a single, severe exposure
to irritating or toxic substances may lead to acute or chronic
respiratory ailments like bronchitis, occupational asthma,
silicosis, asbestosis or even chronic obstructive pulmonary
disease and lung cancer. Out of these pulmonary ailments,
a highly common, metal-related one is Metal Fume Fever.
The disease has manifested itself early in the beginning of
the 19th century and it is frequent in workers of brass
foundries, workers who galvanize iron or steel, bronzeand metal -grinding workers and welders [2-5]. The
“fume” in MFF refers to the solid metal suspended in air,
usually in the form of its oxide [6]. Particle size of the
aerosol is an extremely important parameter for the bioavailability and subsequently the toxicity of the chemical
in question [1, 7, 8]. Ultrafine particles which penetrate in
the alveoli and which are the most detrimental for health
are typically en-countered during industrial procedures like
smelting, welding, soldering and plasma spraying [9, 10].
Both particle size distribution –as already mentionedand chemical characterization of aerosols are important in
* Corresponding author

matters of industrial hygiene [1]. Regarding the latter
factor, only certain chemical species have been implicated
in MMF: zinc, copper, iron, magnesium, silver, nickel,
cadmium, iron, antimony, manganese, selenium, aluminum, tin, chromium, cobalt, vanadium, lead, beryllium,
mercury, arsenic, boron and titanium. However, with the
exception of zinc, the provocation potential of the rest is
based on few case studies or it is even circumstantial as
depicted from the quality of data for copper, magnesium
and cadmium and the lack of palpable information for the
rest of metals.
2 SIGNS AND SYMPTOMS
No standardized definition of MFF exists. This may be
the main reason for the confusion which encompasses both
the characterization of the disease and the relative provocation potential of metals. The definition quoted from Encyclopedia of Occupational Health and Safety is “a flu-like
illness… Initially there may be a sweet metallic taste in
the mouth accompanied by a worsening dry cough and
shortness of breath. Fever and shaking chills often develop and the worker feels ill” [11]. There is a time-delay of
4-24 h between exposure and development of symptoms
[12]. Generally all the researchers agree that it is an influenza-like or malaria-like self-limiting disease of short
duration [4, 6, 13]. Hence the signs and symptoms may
include some or all of the following: fever, malaise, myalgia, joint ache, headache, sweet/metallic taste, thirst, cough,
throat dryness, chest pain, respiratory distress, difficulty
in breathing and digestive symptoms [3, 14]. With the
exception of fever which a prerequisite for classification as
a MFF episode [11] the other general symptoms are interchangeable. Leukocytosis [2, 5, 11] is one of the most
prominent clinical characteristics of MFF. Symptoms are
expected to resolve within 24-48 h [5, 6, 13, 14] but this
holds true only for the best studied case of zinc oxide.
3 MECHANISM HYPOTHESES
MFF mechanism has been a matter of debate over the
years. Nowadays, the evidence points towards the theory
developed by Pernis et al. [15] who advocated a fumeinduced release of a pyrogen from leukocytes. This “py-
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rogen” is in fact a variety of cytokines. Cytokines
[interleukin-6 (IL-6) and others] are well known endogenous pyrogens which induce a rise in body temperature
when injected to experimental animals [16]. It has been
shown that pulmonary macrophages stimulated by the
metal particles in the fumes play a pivotal role in the cytokine release cascade [13, 17]. It is believed that pulmonary macrophages respond to the fume stimulus by secreting tumor necrosis factor-alpha (TNFa) and/or IL-1. These
cytokines then act in an autocrine or paracrine fashion
leading to secretion of IL-6 and IL-8. The subsequent inflammatory response implicates macrophages, neutrophils
and lymphocytes [12]. Regarding Zn, the metal most closely
related with MFF provocation, secretion of TNFa and IL-1
from PMN induced by lipopolysacharide, was significantly
enhanced by Zn2+ incubation in a dose-dependent manner
[18]. As depicted by relevant in vivo experiments, when
healthy volunteers inhaled 0, 2.5 or 5 mg/m3 zinc oxide
for 2 h on separate days, plasma IL-6 rose significantly
for both concentrations, both at 3 and 6 h post exposure.
The highest levels were recorded at 6 h post exposure preceding the fever peak [17]. Bronchoalveolar lavage fluid
(BALF) was also informative regarding cytokine release
and kinetics: Inhalation of cumulative concentration of 2.3
±1.7 g ZnO x min/m3 by healthy individuals caused a
marked increase in TNFa, 3 h post exposure [19]. In a
similar experiment, when 14 non welder volunteers were
exposed to purified zinc oxide fumes of mean cumulative exposure of 0.537 ± 0.232 g Zn min/m3, a thresholddependent inflammatory response in lung (BALF TNFa
and IL-8 rise) was found 20 h post exposure. IL-8 and
especially TNFa was strongly correlated with zinc exposure and the established neutrophil chemoattractant IL-8
was correlated with BALF polymorphonuclear leucocytes
(PMN) [20]. Subsequent research by the same group
showed that exposure of 15 non welder volunteers to the
same mean cumulative exposure resulted in a dramatic
increase of TNFa in BALF. IL-8 and IL-6 were also significantly correlated to zinc exposure, 3 h post-exposure.
IL-1 was significantly correlated to zinc exposure only for
smokers at both time points. Nevertheless IL-1 may act
synergistically to TNFa for cytokine release [19]. Even
though the concentrations tested in the last two experiments were too low to produce the clinical symptoms of
MFF, these results highlight the critical role of TNFa (and
the rest of the cytokines) in the pathogenesis of the disease [13]. The proposed mechanism of these studies (release of TNFa by macrophages, subsequent IL-8 release,
chemotaxis of neutrophils) was verified via exposure of
U937 monocytes to zinc oxide in vitro. The time sequence
(primary release of TNFa and a dose-dependent release of
IL-8) were in accordance to other experimental models of
sequential inflammatory response [21].
This intense stimulation of macrophages and the subsequent release of cytokines by certain metals may be a
Reactive Oxygen Species (ROS)-mediated event. Metals
within airborne particles have been shown to contribute to
oxygen radical generation by neutrophils (oxidative burst)

[22]. Neutrophils exposed to zinc concentrations relevant
to plasma levels of MFF patients, showed enhanced chemiluminescence (as a measure of oxygen species production): When neutrophils were exposed to Zn2+ or zinc oxide,
they showed increase in chemiluminescence. The authors
postulated that zinc activates protein kinase C which in its
turn activates phospholipase A2 and causes release of
ROS, since inhibition of phospholipase A2 diminished the
chemiluminescence in both cases [22]. Regardless the lack
of convincing MFF case studies for metals other than
zinc, in vitro experiments have shown that implication of
ROS and production of cytokines is also possible for copper, nickel and cobalt. In detail, the production of the proinflammatory cytokine IL-8 was increased in cultured
BEAS-2B cells, when the cells were exposed to copperrich pollution particles. This stimulation was probably via
activation of the transcription factor NF-κB and it was
diminished whenever ROS scavengers were added to the
culture [23]. In vitro experiments with nickel-containing
fumes showed that it was the oxidative stress (production
of ROS) caused the inflammatory response [24]. Cobaltcontaining fumes did not produce ROS but they lowered
antioxidant defenses (reduced glutathione levels). A concomitant increase of IL-8 mRNA was observed in both
cases [24]. Finally, stainless and mild steel welding fumes
have been proven to produce hydroxyl radicals from the
radical precursor H2O2 in an acellular system. It is worth
to note that stainless steel which contained two transition
metals (chromium and nickel) not found in mild steel produced higher amounts of free radicals [25].
Chemotaxis of PMN is the second milestone in the
time course of MFF development and is a direct consequence of the cytokine IL-8 secretion. Prolonged inhalation of stainless steel fumes (3 h/day for 10 days) containing Fe, Cr, Ni and Mn caused an increase in PMN influx
in the lung [26]. Inhalation of cumulative concentration of
2.3 ±1.7 g ZnO x min/m3 by healthy individuals was correlated with PMN in BALF in early follow-up (8 h) and with
PMN, macrophages and lymphocytes in late follow-up (22
h) [4]. In a subsequent experiment when 14 non welders
volunteers were exposed to purified zinc oxide fumes of
mean cumulative exposure 0.537 ± 0.232 g zinc min/m3,
PMN in BALF were significantly elevated 20 h post-exposure [13]. Finally, exposure of three rat strains to emission particle matter (10 mg/m3) containing bioavailable
zinc, showed a time and dose dependent accumulation of
particle-laden alveolar macrophages in BALF [27] but no
neutrophil increase.
In summary, cytokine interactions initiated by the inhalation of metal fumes play a pivotal role in MFF provocation in diverse and intercalating ways.
4 INDIVIDUAL METALS AND MFF
It is claimed that an unlimited number of metals can
cause the disease as also shown in Table 1. However,

2311

© by PSP Volume 21 – No 8b. 2012

Fresenius Environmental Bulletin

detailed examination of the relevant data does not verify
this claim for the majority of metals.
TABLE 1 - MFF provocation potential of different metals according
to bibliographya
Individual metal

Times mentioned

b,

“Positive”
case
studiesd
Zinc
48
30
Copper
19
2
Magnesium
12
2
Silver
11
0
Nickel
10
0
Cadmium
10
1
Iron
9
0
Antimony
8
0
Manganese
8
1
Selenium
8
0
Aluminum
7
0
Tin
7
0
Chromium
6
0
Cobalt
5
0
Vanadium
5
1
Lead
4
0
Beryllium
3
0
Mercury
3
0
Arsenic
1
0
Boron
1
0
Titanium
1
1
a: databases used include pubmed, toxnet, scopus, google scholar.
Bibliography included refers to papers of case studies
b: mentioned as “positive” for MFF provocation potential
c: data from sum of references used
d: (out of times mentioned) verified as “positive” for MFF provocation
potential, as evaluated by the researchers.
c

4.1 Zinc Oxide

Zinc is extremely volatile at relatively low temperatures as a result a significant amount may volatilize during heating processes [28]. Exposure to respirable fumes
of zinc is the most common [29, 30] and best-characterized
case of MFF [4, 31]. As a result, a substantial number of
individual or observations on MFF provocation by zinc
oxide exist. The usual time sequence of the disease is occupational exposure to zinc oxide fumes, subsequent abrupt
onset of fever and flu-like symptoms, spontaneous resolution after 24-48 h (e.g. [29, 32])
Experiments with human volunteers offer controlled
conditions for study of this disease. The first documented
experiment with zinc oxide was performed in 1910 by
Lehmann and demonstrated that exposure of four volunteers to 100-400 mg/m3 zinc oxide produced MFF. It was
also verified that zinc oxide and not zinc or some other
contaminant was responsible for the disease [12]. The
first documented experiments in English language were
also done in the beginning of the 20th century (1927).
Two volunteers, aged 32 and 39, inhaled 600 mg/m3 zinc
oxide for 11.5-12 min and as a result, they developed MFF,
characterized by fever, leukocytosis and reversible decrease
in Vital Capacity [33]. The subsequent to the [33] series of
experiments performed by Drinker and colleagues in 1927,
provided much on the clinical symptoms of MFF. In their
detailed experiments, the researchers exposed one of the

volunteers of the [33] experiment to ambient fumes of a
brass foundry on two subsequent days. The other volunteer
of the [33] experiment inhaled large quantities of pure zinc
oxide also for two subsequent days. There were no MFF
symptoms after an appropriate challenge in both volunteers
on the third day. It was also interesting to note that the “tolerance” developed was proportional to leukocytosis occurrence [34]. Experiments with a larger number of volunteers
(ten subjects) facilitated the researchers to set a threshold
dose (15 mg zinc oxide/m3 for 8 h or 45 mg zinc oxide/m3
for 20 min) which should be adhered to in order to avoid
MFF episodes in industrial settings. These values however correspond to pure zinc oxide [34]. In parallel to the
Drinker experiments, Bernstein in the Soviet Union produced MFF in three human volunteers. Respiratory symptoms were prominent in two of the three subjects whereas
the fourth subject who was wearing a protective device
did not produce symptoms [12].
Contemporary experiments with human volunteers
have been described in the mechanisms section and have
aided enormously the elucidation of MFF cytokine mediation.
4.2 Copper Oxide

Copper has been characterized as one of the prominent MFF provoking metals (e.g. [29]) however the relevant research is limited. An interesting survey was performed in 1923 by Koelsch and colleagues and regarded
ten workers who presented febrile reactions to dust from a
copper milling operating unit. The incident was attributed
to copper although no metal analyses were performed in
order to prove absence of zinc. Furthermore this incident
was unique and it had not happened before even though
the same process was followed for quite long [35]. A severe outbreak of MFF in workers who cut brass pipes in an
enclosed space in 1979 may also be attributed to inhalation of copper oxide fumes, which may have reached ambient concentrations of more than 0.1 mg/m3. Workers developed a variety of respiratory symptoms including fever, dyspnea, chills, headache, nausea, myalgia, cough,
shortness of breath, wheezing, rales and sweet or metallic
taste. The criteria for being positive for MFF was coexistence of two or more of the following symptoms: fever,
headache, myalgia and nausea and were met for twentysix individuals. The high copper composition of the pipes
(90% copper) and the high urinary copper levels (since
copper is billary-excreted) in some of the patients corroborated the relationship of copper fume exposure and
development of MFF [36]. There was indeed overwhelming evidence of copper exposure, however the interference
of the “trace” zinc in the brass cannot be ruled out. Borak
et al. [35] were also skeptic about the presence of interfering metals in the above-mentioned case. The latter also
evaluated the rest of the seven case studies found in relevant literature, attributed to copper fume inhalation. The
shortcomings evident in them were
1) lack of ambient measurement of copper fumes
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2) presence of mixture of metals (and organic constituents) and/or impurities rather than pure copper
3) report of atypical symptoms and lack of tachyphylaxis
in the afflicted workers.
Even the two best documented case studies [36, 37]
present some of these drawbacks. The case studies of Sturgis et al. [33] were described above. The report of Gleason
[37] describes the complaints of workers in copper plate
polishing due to increased copper dust. Here the presence
of zinc can be readily excluded. Measurements of copper
dust were performed and they were significant. The symptoms described by the workers however were very general; as such they were firstly deemed “psychological” and
did not fulfill the MFF symptoms criteria. More detailed
investigation into the MFF-provocation potential of the
widely used copper oxide is necessary.
4.3 Magnesium Oxide

Magnesium oxide exposure is also associated with
MFF incidents, case studies though are rare. It has been
reported that seven workers in a magnesite foundry developed MFF due to, subsequently rectified, magnesium
oxide exposure [38]. Furthermore, the first recorded in
vivo experiment with magnesium oxide in 1927 also gave
positive results: four volunteers were exposed to 4.1-4.3 mg
magnesium oxide/m3 for 3-9 min. Leukocytosis and fever
up to 24 h after exposure was evident in one of them.
Another one of the individuals was also reported as “positive” to the challenge without further details [39]. We have
to note however that, in contrast to the ample experiments
performed by this group that unequivocally proved the
relationship between zinc oxide exposure and MFF, magnesium oxide produced MFF twice, only in one individual.
The authors also acknowledge: “magnesium oxide produces fume fever much less readily than does zinc oxide
[but] it is believed that severer doses…would result in
severer reactions” [40]. In contrast to the above, when six
volunteers (non smokers or former smokers) were exposed to median fume concentration of 133 mg/m3 magnesium oxide, none of the subjects reported MFF-related
symptoms. BALF collected 20 h post exposure for TNFa,
IL-1 IL-6, IL-8 was also negative and pulmonary function
was normal [41]. Similar protocols had lead to dramatic
changes regarding cytokine evaluation for zinc oxide [20].
More detailed investigation into the MFF-provocation potential of the widely used magnesium oxide is necessary.
4.4 Cadmium Oxide

The acute inhalation of Cd fumes has been cited as
being able to cause both MFF and chemical pneumonitis
[42, 43]. Whereas MFF is quickly resolved, chemical
pneumonitis may be fatal or cause persistent restrictive
respiratory symptoms [42]. The differential diagnosis
between the two is problematic: the early stage of cadmium pneumonitis is manifested several hours after the
exposure and is consistent with MFF symptoms (cough,
malaise, fever and throat irritation). After the symptoms

diminish, a later stage with severe dyspnea, wheezing,
cough, haemoptysis, abdominal pain, renal and respiratory
failure occurs [42]. According to some researchers the
two manifestations should not be characterized independently; MFF “complicated” with pneumonitis is a
serious form of MFF which may occur in the case of Cd
inhalation [3, 29]. It should be noted however that the
mechanism of chemical pneumonitis is strikingly different
from the rapidly turned-off MFF. As Blanc and Boushey
[12] point out, even though cadmium pneumonitis may
enclose fever among its manifestations, it is more appropriate to consider it as an independent nosologic entity
rather than MFF. Given the severity of the latter disease,
emergency treatment measures are paramount.
4.5 Other Metals and Mixtures of Metals

Limited research has been performed for other metals
and mixtures of metals, despite attributing MFF provocation-potential to a substantial number of them (Table 1).
The most important (and intercalating) shortcomings of the
sporadic case studies found are
1) not excluding possible presence of zinc in the
fumes
2) not proving unequivocally that a certain metal (and
not some other confounding factor) caused MFF symptoms
Titanium, a non-carcinogenic, non-irritant metal for
humans was also able to cause fever (in the form of titanium dioxide fume) to fourteen individuals. The subjects
(university students and staff) experienced nausea, dyspnea and respiratory tract irritation and half of them also
experienced low grade fever. The last symptom was attributed only to MFF due to titanium dioxide since hydrochloric acid, which was also accidentally co-released, is
not considered to cause fever [44]. An extremely “light”
version of the smoke bomb syndrome however [5] (due to
hydrochloric acid) cannot be excluded. A case study of a
45 year old man who had been smoking for 20 years revealed relapsing episodes of fever after welding with
aluminum and manganese, when he was hospitalized for
several ischaemic strokes. His urine aluminum levels were
elevated suggestive of systemic absorption of the metal.
The authors attributed the strokes to smoking habits;
however the fever episodes were most closely linked to
MFF because of manganese. This was deduced by excluding the other factors (tobacco, aluminum) which were less
probable to cause fever [45]. Finally, vanadium (in the
form of vanadyl pyrophosphate dust), a metal with increasing industrial applications, was able to cause MFFlike symptoms to a 38 year old smoker, after a 120 min
challenge to a powder which contained 30 g of vanadyl
pyrophosphate dust. In detail, the subject experienced
decreased lung capacity, increased fever, increased neutrophil count and other flu-like symptoms 3-4 h post exposure. The symptoms persisted for 21 days instead of the
usual 48 h post exposure and were complicated with neutrophilic alveolitis [46]. In this case, the causative agent
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could only be vanadyl pyrophosphate indeed; however
since paraseptal emphysema developed after the exposure, the “lack of persisting clinical effects after the attack” prerequisite of MFF definition is not fulfilled for
vanadium.
5. FINAL REMARKS
MFF is an occupational disease with long history. It
is a common industrial disease and it is cytokine-mediated.
Setting of stringent airborne particulate limits and adherence to industrial hygiene precautions will diminish the
prevalence of the disease. Still, this is not always feasible,
especially for self-employed individuals or for industrial
settings in developing countries. The usually benign outcome of the disease may be a reason for the limited research on the matter until today, which is depicted by the
lack of substantial information on metals other than zinc.
Here we have not been able to substantiate the MFFprovocation potential for copper and magnesium from the
relevant literature. Furthermore, it is probable that nosological entities caused by cadmium should be characterized independently from MFF. It is certain that a more indepth analysis on the link between less well-studied than
zinc metals and MFF is imperative.
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USE AND APPLICATION OF THE NEW INTERNET BOOK, NOP,
A NEW PRACTICAL COURSE FOR SUSTAINABLE CHEMISTRY
APPLIED TO ORGANIC SYNTHESIS
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This review describes the concepts and goals of the
new internet book NOP, which contains 82 synthetic procedures for the practical course of undergraduate students
at the university level. The concepts of sustainable (green)
chemistry are integrated in theory and practice in this freely
available book in English and several other languages.
There are several well-established textbooks for synthetic, organic practical courses, e. g. the German “Organikum” [1] or the American books such as the book by Vogel [2]. All books have well elaborated protocols for training of beginning chemistry students. By these protocols
the students learn the preparation of organic compounds.
Besides the introduction into the experimental techniques
and the craftmanship into this subject these books offer

also a good mechanistic background for the main types of
organic reactions. The new book NOP contains also well
elaborated protocols for the main types of reactions in
organic chemistry, it was developed by about twenty organic chemists from five different German universities during
the time of 2001 until 2005. The new book addresses not
only to the purity of the product prepared and stoichiometric
yield of the synthesis but also to sustainability parameters
like mass-and energy balance and (eco)toxicity of reagents and products. The book is freely available as internet version under www.oc-praktikum.de. Besides in German it has been translated into several other languages,
namely in English, Greek, and in Italian.
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FIGURE 1 - Entrance page of the text book NOP (English version)
What is different and new of the textbook NOP compared to
other books? What is its main objective and its message?

In August 2011 the book contains 82 experiments (detailed protocols) for standard synthesis procedures of different organic compounds; in general, in normal (0.1 mole)
and micromole (0.001 mole) scale. It addresses to standard
classes of organic compounds and the most important
mechanistic types of organic chemistry. Analytical techniques and spectroscopic data are described for all compounds, which has to be prepared. The apparatus used for
each experiment is given as pictures. But different from
other text books it looks also to the concepts of sustainability. Therefore, there is an introductory chapter into the term
of sustainability and all of its aspects related to ecology,
economy and to social questions. Important is the chapter
to the relation of sustainability of chemistry. While concepts
of sustainability have been treated in former times in the
field of industrial chemistry preferentially this book shows
the generality and importance of the concept to use it for
students from the very beginning of their study [3]. In NOP
there are also some new, alternative reaction types like application of microwaves, use of photochemistry, performance
of flow reactions, but this is not the main stress of the
book[4]. The central issue of the book is an integrative
quantitative evaluation (risk assessment) of the whole
synthetic process. All known synthetic reactions- old and
new ones- can be evaluated according to their mass balance
and energy balance, and their (eco)toxicological impact on
the environment. The problem of disposal of residues resulting from the experimental procedures is also a central issue
and will be discussed in the book besides results of legislation about risk and safety of chemicals. Therefore, the EU
defined R(risk)- and S(safe)-values are given for most of
the chemicals, which are used in the protocols. In addi-

tion, toxicity values of the chemicals (ecotoxicity as
well as toxicity values for mammals) can be found in the
book, as far as they are known. By using the NOP book the
student will learn, how to handle hazardous compounds
with appropriate measures and care.
The concepts of sustainability applied to chemistry have
become known in 1991 by the term “green chemistry”, it
mainly started in US in 1991[5]. In Europe the term “sustainable chemistry” was preferred [6]. Paul Anastas was
one of the founders of this new field of chemistry [7].
Anastas promoted the field by publishing 12 qualitative
rules for application of green chemistry for organic synthesis. They are incorporated in NOP. There are several annual
and bi-annual congresses and meetings about this topic like
the one in Mykonos in Greece in 2010, in addition there are
some textbooks about this new field [9]-[11]. In addition
there is a British journal entitled “Green Chemistry”. Publications with this keyword have become cited by ISI web
of Science from 1991 until May 2010 about 5400 times
with an overall citation number of about 15.000, witnessing the importance of this field in chemistry. NOP contains
an introductory chapter into the field of green or sustainable chemistry, further references are given in this review
by refs. 4-11.
Evaluation of Synthetic Procedures

The evaluation of a synthetic procedure using concepts of sustainability is the main concept of the book.
The evaluation is performed quantitatively by the following parameters:
1. Mass Balance

The main parameter related to a mass balance is the
stoichiometric yield of a given reaction. However, the
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knowledge of this number is incomplete for an integrated
understanding and evaluation of a synthetic procedure.
For a reaction of the type
A+B →C+D
with C as targeted product there is also byproduct D as
unwanted, f.i. a coupling product. Several reactions yield
also some of side products in minor yield some of them
may be toxic. In special cases it is possible to develop new
reactions, which avoid the formation of coupled products as
principle. It is measured by atom economy, developed by
B. M. Trost [12]. The mass balance can be measured by an
integrative method of the whole process:
Environmental factor, E
E = g (sum of reacting products and all auxiliary materials)/ g (product, pure target compound)
By definition it is a value without a dimension.
This kind of balance was developed by Sheldon [13].
A complete mass balance of all input materials, that is the
amount of reactants, coupling products, side-products,
auxiliaries, catalysts, solvents for the reaction, all materials for working up procedure, solvents, drying agents,
washing waters, materials for chromatography are included in the calculation.
The balance shows that solvents play an essential role
for the whole balance, also aqueous phases like washing
waters, because they often have to be discharged as
wastewater.
The mass balance can be estimated by an easy to perform computer program called EATOS (Environmental
Assessment Tool for Organic Syntheses), [14] (see also
applications and the references in the NOP book).

learn to handle cancerogenic and mutagenic compounds
with the necessary care. But in general, use of toxic compounds is avoided in NOP. The hazardous potential of
chemicals is visualized by different colors according to
their potency to cause the various toxic (lethal, sublethal,
cancerogenic) effects including ecotoxicological values.
At the end of each protocol in the book there is an
evaluation according to the above mentioned criteria.
Comparison of Alternative Procedures

There are examples of alternative procedures to prepare a target molecule by different routes.
For example, Friedel-Craft acetylation of anisole with
acetanhydride can be performed by use of two different
solid catalysts, either with an acidic Zeolith type catalyst,
H-BEA 25 or with Scandium triflate. Comparison of either
procedures is made mainly by mass and energy balance .
A typical Example of the NOP Procedure, Synthesis of Anthrachinone from Anthracene by two Alternative Ways

1. Oxidation of Anthracene to Anthrachinone with Potassium Permanganate in the solid state (by mixing in a
mortar)
In the page “Substances” from NOP a number of 5026
toxicological data of starting materials and products are
listed. There is a special page under “Evaluation, Mammalian Toxicology in NOP number 5026”
2. Oxidation of Anthracene to Anthrachinone with
Cer(IV)ammoniumsulfate dissolved in a mixture of THF
and water.
Figure 2 shows the comparison of the two oxidation
procedures.

2. Energy Balance

A rough estimation of the required energy (heating
performances) for the reaction is executed. Necessary cooling of a reaction also needs energy, which must also be
considered. There is a special introductory chapter on this
topic in NOP.
3. (Eco)toxicological Evaluation

All reactants and products of a given reaction including side products must be considered during ecotoxicological evaluation.
For most used chemicals R-and S-values have been
collected (R stands for Risk and S for Safety of chemicals). Definitions of these environmentally important values can be found in NOP.
Toxicological and ecotoxicological values (presented
as EC 50) of all compounds, organic as well as inorganic
material, used in NOP are reported. All known EC 50 values of the in use chemicals are reported. The student will

Photochemical Synthesis of Juglone

NOP also contains a photochemical oxidation procedure; synthesis of juglone, a naphtochinone derivative obtained from 1,6-dihydroxinaphalene by reaction with singlet
oxygen.
However, evaluation of the mass balance shows that
this procedure has very bad mass balance compared to the
other two chemical oxidation methods.
Handling of Disposals

The handling of the disposals (washing waters, drying
agents etc.) is the integral part of NOP.
The student has to learn how to handle disposals, e. g.
chlorinated solvents must be collected in labeled bottles,
which will be sent out for decontamination by methods of
hazardous waste incineration. As far as possible nonchlorinated solvents will be recycled by distillation.
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FIGURE 2 - Mass Balance for three Oxidation Methods: photochemical Synthesis of Juglone, described in the literature with the two chemical methods for synthesis of anthrachinone, described in NOP described in the literature.
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Integral Evaluation of the whole Procedure

At the end of each procedure there is an evaluation of
all criteria discussed above. No other textbooks on organic
syntheses perform this approach.
Conclusion

The textbook NOP reflects the necessity to adopt environmentally friendly principles also in chemistry, especially in the field of synthesis to achieve the globally
targeted sustainable development. Some well established
aspects of integrated product and process environmental
protection such as waste minimization and also aspects of
risk assessment with the help of toxicity parameters as
well as life cycle assessment are adopted into this challenging textbook. Students will be introduced into principles of sustainable development during their daily work
which demonstrates the importance of education for a
greener world in chemistry.

[12] Trost, B. M. (1995) Atom Economy- A Challenge for Organic Synthesis: homogenous Catalysis lead the Way, Angew. Chem., Int. Ed. 34, 259-281.
[13] Sheldon, R. A. (1994) Consider the environmental quotient,
CHEMTECH 3, 38-47.
[14] Eissen, M. and Metzger, J. O. (2002) Enviromental Performance Metrics for Daily Use in Synthetic Chemistry, Chem.
Eur. J. 8, 3580-3585.
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ASSESSMENT OF ENVIRONMENTAL
IMPACT OF PYRIDINIUM-BASED IONIC LIQUID
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University of Ljubljana, Faculty of Chemistry and Chemical Technology, Ljubljana, Slovenia

ABSTRACT
Ionic liquids seemed to be primary alternatives to
commonly used solvents because of their attractive properties e.g. low volatility, non-flammability, adjustable
miscibility, reusability as well as high thermal, chemical
and electrochemical stability. However, their solubility in
water could lead to water pollution and their high stability
results in persistence in the environment. The aim of our
study was to assess environmental risks of ionic liquid 1butyl-3-methylpyridinium dicyanamide ([bmpyr][dca]) and
to compare it to some commonly used solvents. For acute
toxicity assessment several biotests were performed with:
bacteria Vibrio fischeri, mixed bacterial culture (activated
sludge), duckweed Lemna minor, white mustard Sinapis
alba, garden cress Lepidium sativum and brine shrimp Artemia salina. Toxicity testing showed high toxicity of investigated ionic liquid to all organisms, especially to Lemna
minor and Vibrio fischeri. In spite of excellent properties of
ionic liquids in comparison to commonly used solvents,
investigated ionic liquid [bmpyr][dca] showed much higher
toxicity to chosen test organisms than common solvents.
It was not biodegradable and thus possibility of its persistence in the environment can be expected.

KEYWORDS: biodegradability; ionic liquid; 1-butyl-3-methylpyridinium dicyanamid; toxicity.

ionic liquid according to its application [3]. Generally, ionic
liquids have many fascinating properties like low volatility,
good thermal stability, electrolytic conductivity, adjustable
miscibility, reusability, non-flammability and so on [1]. In
the last decade, ionic liquids have been extensively studied
as green solvents for organic synthesis, for enzymatic catalysis [4], in separation technologies [5] and also for wholecell biotransformations [6,7]. Although the low vapor pressure of ionic liquids could reduce the air pollution in comparison to commonly used volatile organic solvents, this
is just not enough to classify them as “green” solvents.
Complete hazard estimation should include knowledge
of physical-chemical properties of the substances, a pathway
of their transport and transformation in recipient, their influence on terrestrial and aquatic organisms and also on human
beings. The susceptibility to mineralization as a major natural removal process of the substance must be evaluated to
avoid possible long-term effects [8]. All this important environmental information about risk profile of ionic liquids is
still limited and, in some cases, even does not exist at all [9].
The aim of our study was to generate information
about the effect of ionic liquid 1-butyl-3-methylpyridinium
dicyanamide ([bmpyr][dca]) on the environment and consequently to consider its classification as a green solvent by
chemical characterization, assessment of toxicity, biodegradability, bioaccumulation potential and by comparison
with two of the most commonly used solvents, dimethyl
sulfoxide (DMSO) and methanol.

1. INTRODUCTION

2. MATERIALS AND METHODS

For a long period of time, volatile organic compounds
were commonly used in a wide range of industrial applications [1]. Their volatility leads to evaporation into the
atmosphere and thus contributes to smog formation, ozone
depletion, and global climate changes [2]. Ionic liquids
seemed to be primary alternatives to commonly used
solvents. Most of ionic liquids have relatively large organic
cations (e.g. imidazolium, pyridinium) and inorganic (e.g.
Cl-, BF4-) or organic ([CF3SO3]-) anions. The variability
of different cations and anions allowed to “design” any
* Corresponding author

2.1 Ionic liquid

The structure of 1-butyl-3-methylpyridinium dicyanamide is showed in Figure 1. Ionic liquid 1-butyl-3-methylpyridinium dicyanamide/n-heptane two-phase system has
been successfully used for lipase-catalyzed synthesis of
isoamyl acetate in a continuously operated Ψ -shaped microreactor.
The solvent system with dissolved Candida antarctica lipase B (CaLB) attached to the ionic liquid/n-heptan
interfacial area was chosen to be highly efficient in contrast
to hydrophilic ionic liquid alone [10]. The ionic liquid was
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purchased from Solvent Innovation GmbH (Germany).
Prior the use, ionic liquid was dried at moderate vacuum
and temperature until the constant mass.

FIGURE 1 - Structure of 1-butyl-3-methylpyridinium dicyanamide.
2.2 Toxicity testing

A battery of biotests was chosen including species belonging to aquatic ecosystem: decomposers bacteria Vibrio
fischeri and mixed bacterial culture (activated sludge), producers duckweed Lemna minor and consumers brine shrimp
Artemia salina; as well as species belonging to terrestrial
ecosystem: producers white mustard Sinapis alba and garden
cress Lepidium sativum. All tests were acute ones. Luminescent inhibition test using bacteria Vibrio fischeri (DR.
LANGE LUMIStox, 2001) is based on measurement of
inhibitory effect of water sample on the light emission of
bacteria Vibrio fischeri [11]. In the above mentioned test,
ionic liquid was diluted by 2% NaCl solution to obtain
test concentration 0.2 – 50 % v/v. Inhibition of bioluminescence was measured prior and after incubation by a
LUMIStox luminometer. Toxicity was evaluated as 30min
EC50 values. Activated sludge (1500mgMLVSS.L-1) from a
laboratory municipal wastewater treatment plant was used
for a test for inhibition of oxygen consumption by activated
sludge for carbonaceous and ammonium oxidation [12].
Oxygen consumption rate was measured by CellOx 325
oxygen electrode (WTW, Germany). The inhibition of
oxygen consumption was measured by all microorganisms
as well as by heterotrophic and nitrifying microorganisms.
Inhibition of oxygen consumption by heterotrophic and
nitrifying microorganisms was separately determined by
addition of specific inhibitor of nitrification N-allythiourea
(ATU) (11.6 mg·L-1) and toxicity was evaluated as 30min
EC50 values as well as in the previous test. Duckweed Lemna minor was continuously cultivated in the laboratory and
tested according to the standard procedure for Lemna minor
growth inhibition test [13]. Objective of the test was to
quantify effect of investigated compound on the vegetative
growth over a chosen period. The leachate was diluted by
the Steinberg medium [13] For the test, 10 healthy,
young leaves of Lemna minor were placed onto the surface of the samples and illuminated in a 16h light/8h dark
cycle. The number of leaves was counted at the end of the
test. Toxicity was evaluated as 7daysEC50 values. Artemia
salina acute immobilization test is based on determination
of the inhibition of mobility of tested organisms. Test was

performed according to ARC-test procedure [14]. Standard artificial seawater was used for preparation of different concentration of ionic liquid in Artemia salina acute
immobilization test. Artemia salina was hatched from eggs
and immobilization of 48 hours old nauplii was observed.
Probit analysis was used for evaluation of 24hEC50 values
[15]. Sinapis alba root growth inhibition tests are used in
some countries of European Union (Czech Republic) [16]
for assessment of effluent toxicity. Root growth inhibition
tests using seeds are fast and low-cost screening tests
focused on effect of toxic substances on germination and
on root growth in first three days of vegetation. The test
with Lepidium sativum was a supplement to the test with
Sinapis alba. It has already been confirmed by several
authors to be an appropriate and sensitive species for toxicity testing [17, 18]. The test was performed according to
the procedure described by Fargašová [19]. 20 seeds of
each plant were germinated in each Petri dish with the
filtration paper on the bottom. Tested ionic liquid was
diluted by growth medium. The lengths of the roots were
measured after incubation and toxicity was evaluated as
72hIC50 values. All toxicity tests were carried out in duplicates and definitive tests were performed twice.
2.3 Biodegradability testing

For biodegradability assessment a method by analysis
of dissolved organic carbon (DOC) was applied [20]. The
ionic liquid is the sole source of carbon and energy in the
medium. The inoculated medium is stirred in a flask and
the concentration of dissolved organic carbon (DOC) is
measured (Shimadzu TOC 5000A Analyzer, 1998) for 28
days. Non-adapted activated sludge (30 mg L-1 MLVSS)
from a regional municipal wastewater treatment plant was
used as inoculum. Low concentration of the ionic liquid
(0.01 % v/v) was chosen to avoid noticeable toxic impact
to activated sludge – degrading microorganisms. Chosen
concentration 0.01 % v/v was proven to cause maximally
20% inhibition (30minEC20 = 0.01 % v/v) of oxygen consumption of activated sludge [12]. We were not able to use
lower concentration of ionic liquid which would not cause
any effect to microorganisms due to the requirement of
initial DOC of 100 mg L-1. However, we have prepared
one test containing ionic liquid as well as good biodegradable compound - sodium acetate (NaAc) – to observe degradation of NaAc in the presence of ionic liquids to confirm
viability of microorganisms in the biodegradability test.
Abiotic degradation was also evaluated in the system without added microorganisms. Biodegradation (Dt, %) was
then plotted versus time to obtain biodegradation curves.
3. RESULTS AND DISCUSSION
Physical and chemical properties of investigated ionic
liquid 1-butyl-3-methylpyridinium dicyanamide ([bmpyr]
[dca]) and two commonly used solvents, methanol and
dimethyl sulfoxide (DMSO), acquired from Material safety
data sheets [21, 22, 23] are presented in Table 1.
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Ionic liquid [bmpyr][dca] was classified as an irritant
for eyes, respiratory system and skin (Xi, R: 36/37/38).
There was no information about toxicity or ecotoxicity available. Octanol-water partition coefficient (log POW) is -2.4
[24] predicting low bioaccumulation potential in the environment. Low log POW is a consequence of good water
solubility of the investigated ionic liquid.
For possible large-scale applications it is essential to
evaluate toxicity of investigated ionic liquids and to compare its toxicity to solvents which are supposed to be replaced. Results from toxicity testing of ionic liquid [bmpyr]
[dca] and two common solvents, methanol and dimethyl
sulfoxide (DMSO), are presented in Table 2.
High toxicity of investigated [bmpyr][dca] was observed with all of the tested organisms in comparison to
common solvents. The most sensitive organisms seemed
to be duckweed Lemna minor and marine bacteria Vibrio
fischeri. Both species are known as very sensitive to the
presence of toxic organics. In high concentration of [bmpyr]
[dca] (0.08; 0.05; 0.024 and 0.012 % v/v), leaves of Lemna
minor turned yellow indicating lack of chlorophyll called
chlorosis [25]. The negative impact of ionic liquids on the
photosynthetic activity has already been confirmed by
freshwater algae testing [26]. Surprisingly, Artemia salina
also showed high sensitivity to investigated ionic liquid,
although it is not known as a sensitive species in comparison to other crustacean [27]. No previous results of toxicity to different organisms have been reported for
[bmpyr][dca] except toxicity to bacteria Vibrio fischeri,

which is one from the most applied toxicity test for ionic
liquids [1]. Docherty at al. [24] tested toxicity of different
ionic liquids and other common volatile or-ganic compounds using Microtox Rapid Toxicity System. Toxicity of
[bmpyr][dca] to bacteria Vibrio fischeri expressed as
15minEC50 was 98 ppm. If we compare our results
(30minEC50 = 135 ppm) with those of [24] we have obtained similar results of [bmpyr][dca] toxicity to bacteria
Vibrio fischeri. Solte at al. [28] used the same procedure
(DR. LANGE LUMIStox, 30 min incubation time) as
used in our study for determination of toxicity of 1butylpyridinium chloride ([bpy]Cl) to bacteria Vibrio
fischeri. Toxicity (30minEC50) of [bpy]Cl was 1500 µM,
when we evaluate 30minEC50 = 634 µM for [bmpyr][dca].
The difference can be caused by structure of ionic liquid,
because the toxicity mainly depended on the structure of
ionic liquid and especially on the length of the alkyl
chains [26, 28, 29]. Investigated ionic liquid from our study
contained one more substituent (methyl) in comparison to
the ionic liquid from the study [28] as well as different
anions. Many authors reported that anions did not have
significant effect on toxicity of ionic liquids [1, 8, 24, 28].
However, several authors observed that similar anions e.g.
Cl- and Br- do not contribute to whole ionic liquid toxicity, but there are some anions which can significantly
affect the toxicity of ionic liquid as [Tf2N]-, [N(CN)2]- and
[BF4]- [3, 29, 30]. Therefore it was assumed that toxicity
of investigated ionic liquid [bmpyr][dca] in comparison to
similar ionic liquid [28] was affected by cation as well as
by anion.

TABLE 1 - Physical and chemical properties of the investigated ionic liquid [bmpyr][dca] and two commonly used solvents, methanol and
DMSO.
Properties
CAS number
Color
Density ( g cm-3)
Molecular weight (g mol-1)
pH
Miscibility with water
log POW
1
data acquired from [24].

[bmpyr][dca]
712355-12-9
brown
1.057
216.221
7.4
miscible
-2.41

Methanol
67-56-1
colorless
0.791
32.04
7.2
miscible
-0.77

DMSO
67-68-5
colorless
1.100
78.13
8.5
miscible
-1.35

TABLE 2 - Toxicity of ionic liquid [bmpyr][dca] and some common solvents to different organisms, 95% confidence intervals are given in
brackets.
[bmpyr][dca]
Organism
Sinapis alba
72h root growth inhibition
Lepidium sativum
72h root growth inhibition
Artemia salina
48h immobility
Lemna minor
7days growth inhibition
Vibrio fischeri
30min bioluminescence inhibition
/ not determined

0.107
(0.098 – 0.115)
0.042
(0.034 – 0.049)
0.082
(0.073 – 0.092)
0.011
(0.0095 – 0.013)
0.013
(0.016 – 0.011)
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DMSO
Toxcity as EC50/IC50 (% v/v)
2.9
(2.8 – 3.0)
3.93
(3.88 – 3.98)
7.2
(6.9 – 7.5)

Methanol
4.2
(3.8 – 4.4)
4.31
(4.15 – 4.46)
4.4
(4.3 – 4.5)

/

/

0.62
(0.57 – 0.68)

/
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TABLE 3 - Toxicity of ionic liquid [bmpyr][dca] to total (T), heterotrophic (H) and nitrifying (N) microorganisms, 95% confidence intervals
are given in brackets.
Respiration inhibition
T
0.107
(0.09-0.12)

30minEC50 (% v/v)
H
0.106
(0.08-0.13)

N
0.132
(0.11-0.15)

T
0.043
(0.033-0.052)

High level of toxicity of ionic liquid to microorganisms responsible for biodegradation in the environment
(activated sludge) was observed after 30 minutes of incubation, where toxicity of ionic liquid to total, heterotrophic and nitrifying microorganisms, seemed to be similar. However, after 180 min of incubation, toxicity significantly increased especially to heterotrophic microorganisms (Table 3). High inhibition effect of investigated ionic
liquid to different bacteria (in activated sludge as well as
to bacteria Vibrio fischeri) was expected due to the results
of many research works focused on antimicrobial activity
of pyridinium-based compounds to pure bacterial as well
as mixed bacterial cultures [1, 24].
We were unable to measure the inhibition of oxygen
consumption of activated sludge with DMSO and methanol due to their volatility, which caused a loss of the tested
substances during incubation and thus a reduction of toxicity. The obtained results in toxicity test with activated
sludge were thus not reliable.
Toxic properties and mechanism of toxic action has
been investigated in many research works. Several of
them [24, 28, 29] reported that many of ionic liquids have
similar structure as cationic surfactants. Thus, it is very
possible that such ionic liquids have properties comparable to cationic surfactants [31]. Therefore it suggests that
ionic liquids could be notably bioavailable, absorbed onto
the organism as cationic surfactants and then easily enter
any organism and inhibit the activity of different enzymes,
affect production of photosynthetic pigments as well as to
have effect on survival of organisms. It has been already
reported that ionic liquids have significant impact on activi-

180minEC50 (% v/v)
H
0.008
(0.006-0.01)

N
0.068
(0.06-0.08)

ty of enzyme acetylcholinesterase resulting in disturbance
to the nervous functions [31]. Such effect could be caused
by similarity of the chemical structure of many ionic
liquids cations and acetylcholine – both are cationic and
positive charge is surrounded by lipophilic chains [32]. It
is in agreement with other study where many ionic liquids
were compared and it was found that inhibitory effect on
the enzyme could be exclusively accounted for the cation,
where ionic liquids with pyridinium core structure inhibited the enzyme more than others [33]. It is supposed that
the specific inhibition of enzyme acetylcholinesterase could
be a reason of high toxicity to relatively tolerant species
Artemi salina observed in this study (Table 2).
Biodegradation curves for [bmpyr][dca] and for reference compound sodium acetate are shown in Figure 2.
Sodium acetate alone as well as in presence of ionic liquid
was completely degraded in 5 days confirming activity of
used activated sludge and appropriate test performance.
Ionic liquid [bmpyr][dca] was not biodegradable. There
was no biodegradation observed in 28 days (< 2%). Abiotic
degradation did not proceed as well (< 2%). On the other
hand, dimethyl sulfoxide is assessed as a readily biodegradable substance [22] (99% biodegradation in 27 days
on the basis of measurement of dissolved organic carbon
content [19]). Methanol showed higher biodegradability as
well (78% biodegradation in 28 days according to oxygen
consumption measurement [34]). Biodegradability of similar
ionic liquids 1-buthyl-3-methylpyridinium bromide and 1butyl-pyridinium chloride were reported in other studies [33,
35]. Biodegradability of both ionic liquids did not proceed
at all (Dt ~ 0%).

Biodegradation (Dt, %)

100
80
60
Sodium acetate

40

[bmpyr][dca]

20
0

0

10

20

30

Time (Days)
FIGURE 2 - Biodegradability of reference compound sodium acetate and investigated ionic liquid [bmpyr][dca].
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4. CONCLUSIONS
The aim of our study was to generate information about
environmental impact of ionic liquid 1-butyl-3-methylpyridinium dicyanamide ([bmpyr][dca]). Toxicity was assessed by a battery of biotests including organisms from
different trophic levels while biodegradability in common
environmental conditions was assessed by the method of
determination of the concentration of dissolved organic
carbon (DOC). Ionic liquid 1-butyl-3-methylpyridinium dicyanamide showed high toxic effect to different species at
different trophic levels and it showed much higher toxicity than commonly used solvents (methanol, DMSO). There
was no biodegradation observed and thus possibility of its
persistence in the environment can be expected. According to all results, investigated ionic liquid has a significant
potential to negatively affect the aquatic environment and
therefore it should not be considered an environmentally
friendly solvent. Its use on the industrial scale should be
reconsidered.
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ASSESSING THE GLOBAL WARMING
POTENTIAL OF A TYPICAL UNIVERSITY OFFICEWORKSTATION USING LIFE CYCLE ASSESSMENT
Georgios Gaidajis*, Komninos Angelakoglou and Despoina Aktsoglou
Department of Production Engineering and Management, School of Engineering, Democritus University of Thrace, 67100, Xanthi, Greece

ABSTRACT
The continuing development of service sector drew the
attention of environmentalists and researchers who pointed
out the significant amounts of materials and energy consumed, mainly through material flow analysis studies. In
this study, a life cycle assessment (LCA) for a typical university office was performed. In order for the assessment
to be carried out, an inventory was created including the
basic inputs and outputs for the system examined. The inventory included commonly used equipment and devices of
a typical office and an estimation of the energy consumption for a specific time period. Results indicated the processes, materials and life cycle stages that highly affected
global warming potential (GWP) in terms of kg CO2
equivalent. In that aspect an initial analysis was carried
out regarding actions for “greening” the service sector
whereas the potential of expanding the boundaries of this
study was further discussed.

KEYWORDS: LCA; service sector; office; GWP; impact assessment; sustainable consumption.

1. INTRODUCTION
The evaluation of the environmental impact of services is a slightly developed field mainly due to the fact
that, until recently, industry was considered as the major
culprit of environmental problems. However, life cycle
thinking that calls for holistic approaches when assessing
the environmental performance of a product, industry or a
service changed that notion. Although the general consensus is that the service sector is an environmentally friendly
sector, there are some multiple activities which have serious impact on the environment [1] and are not directly
affected by the European Directive 2002/358/EC [2]. In
that aspect, environmental concerns, legislation and green
* Corresponding author

policies need to reconsider their target groups and strategy. This specific aspect is further supported by the fact
that more than 30% of the workforce in the advanced
industrial nations is in the tertiary sector of the economy,
in fields like science, engineering or in the knowledgebased professions of health care, finance and law [3].
Life cycle assessment (LCA) is a specific elaboration
of a generic environmental evaluation framework [4] that
addresses the environmental aspects and potential environmental impacts throughout a product’s life cycle from
raw material acquisition through production, use, end-oflife treatment, recycling and final disposal. LCA can be
used for figuring out the energy and material performance
of service sector activities [3]. Impact assessment in LCA
traditionally focused on environmental impact of emissions, waste, resource use and energy consumption and are
categorized by practitioners in global warming potential
(GWP), acidification, eutrophication, stratospheric ozone
depletion, photo oxidant formation, resource use, land
use, and others [5]. One of the most known and practically
used environmental impact category is climate change.
Since GWP is the primary policy method for quantifying
the climate impact of greenhouse gases that express climate change [6], GWP was chosen for this analysis.
In this paper, the environmental performance, in terms
of GWP, for the “education” sub sector of the service sector was examined. A life cycle assessment (LCA) for a
typical university office was performed, with the employment of LCA software (SimaPro 7.2) and the principles of
ISO 14040 standard. The aim of this study is to contribute
to the analysis of the environmental impact deriving from
service sector and identify auxiliary actions and hot spots
for “greening” office setup and use.
2. MATERIALS AND METHODS
The standard four steps approach that has been developed according to the principles of ISO 14040 standard
series was applied for the implementation of the current
LCA. The goal of this study was the screening of the
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environmental impact deriving from the service sector
and the identification of auxiliary actions and hot spots for
“greening” the offices used for educational purposes and
research (1st Step). According to the aim set, the scope of
this work had to include all life cycle stages from material
acquisition and production to equipment use and disposal
(Figure 1).
The system examined is a university office of Democritus University of Thrace, School of Engineering situated in
Xanthi, Greece which is frequently used as a workstation by
postgraduate students (Figure 2). An average of four people
are occupied in daily basis (12-hours) using basic electronic
equipment and furniture and consuming water, energy and
office consumables such as paper and toners. The electronic and furniture equipment was acquired from local
providers. Moreover the waste produced in this office is
disposed to the municipal waste management system and
is then land filled. The construction of the building that
houses the office was not included in the scope of this
study, since the study focused merely on the environmental impact of the provided service and was not extended to
the environmental efficiency of buildings. Additionally

some low mass consumables such as pens and CDs were
not included in the analysis.
The functional unit set was the use of the office described for one year, satisfying all the needs of the users.
In order for this functional unit to be efficiently used, a
specific approach had to be incorporated. More specifically,
the environmental impact derived from life cycle stages
such as extraction of raw materials, equipment manufacturing, disposal and so forth were extrapolated to one year level,
based on the estimated lifetime of the components of the
system analyzed. Thus an assumption was made that the
environmental impact of every component was equally
distributed for every year of their life cycle. This approach
is useful, since the impact from the initial and the last life
cycle stages are evenly distributed in the use phase of the
office, whereas it is easy to examine the impact for more
than one year.
In order to perform the inventory analysis (2nd Step),
an analytical list of all the components (including their
materials/processes and emissions) that were used for
creating the model of the university office in the LCA
software was developed (Table 1).

FIGURE 1 - Scope of the study

FIGURE 2 - Layout of the university office examined.
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TABLE 1 - Data included in the inventory analysis.

Category

Components

Database Used

1 Laser Printer b/w

Ecoinvent V2.1

1 Desktop PC

Ecoinvent V2.1

1 LCD Flat Screen 17”

Ecoinvent V2.1

3 Laptops

Ecoinvent V2.1

1 Air-condition

No input

1 Water cooler
8 Lights

No input
ETH-ESU 96
USLCI V1.6
ETH-ESU 96
USLCI V1.6
ETH-ESU 96
USLCI V1.6
ETH-ESU 96
USLCI V1.6
IDEMAT 2001
USLCI V1.6
IDEMAT 2001
BUWAL 250
Ecoinvent V2.1
Ecoinvent V2.1

Assumptions applied in this study
On mode: 200W for 0.5h
Standby mode: 3W for 23.5h
On mode: 190W for 12h
Standby mode: 1.6W for 12h
On mode: 19W for 12h
Standby mode: 0.3W for 12h
On mode: 12W/p for 12h
Standby mode: 0.7W for 12h
On mode: cooling-210W heating- 1600W for 8h
Standby mode: 20W for 16h
152kWh/year
On mode: 60W for 8h

Electronic Equipment

Furniture

3 Desk
3 Bookshelf
1 Cabinet
1 Sofa
9 Chairs

Consumables

Paper
Water
Toners
Total Energy Consumption

Energy
*

Gaidajis et al.

1x120kg, 2x100kg, wood made
1x250kg,1x200kg,1x100kg, wood made
20kg, wood made
100kg, leather, PUR foam and wood made
7kg/chair, leather, PUR foam and PVC made

Life
cycle
(yrs)*
8
3
5
3
12
10
1
10
10
10
10
5

124 kg/year
1100L/year, tap water
10 toners/year

ETH-ESU 96

3,71 MWh/year

[7]

The office uses air-conditioning for cooling and heating whereas a water cooler is used for water needs. The
furniture equipment masses and materials were estimated
by the authors. The electronic equipment modules were
integrated from the software, except for the air-condition
and the water cooler for which no data were available. The
total energy consumption was estimated according to the
energy consumption of each device [8] and its daily use.
Furthermore, the data collected in the life cycle inventory had to be translated into potential human health
and environmental impacts (3rd Step). The global warming
potential (GWP) was examined using the Intergovernmental Panel on Climate Change (IPCC) GWP 100a method
(100a expresses the reference time which is 100 years).
The IPCC method includes characterization factors for the
direct (except CH4) global warming potential of air emissions expressed in kg CO2 equivalent, the basic unit for
measuring global warming. In other words, IPCC has
created a method that extrapolates the environmental impacts of all the emissions of a predefined system (mainly
greenhouse gases) to CO2 equivalent. The results are interpreted and presented in the section below (4th Step), where
further improvements of the life cycle assessment are also
discussed.

3. RESULTS AND DISCUSSION
Results indicated that the energy consumed in order to
cover the needs of the specific office for one year was the
key factor affecting the GWP in terms of kg CO2 equivalent. More specifically energy use accounted for 62% of
the total kg CO2 equivalent (4,670 out of 7,590 kg CO2
eq.) derived from the LCA of the functional unit assessed.
This finding highlighted the notion that energy efficiency
is of major importance for achieving high environmental
performance in the service sector.
The life cycle stages that affected significantly GWP
was the electronic equipment manufacturing and acquisition including their transportation to the office (~26%)
followed by the landfill of waste produced in the office
(~9%). It could be noticed that approximately one (1) in
every ten (10) kg CO2 eq. produced during an office’s life
cycle is attributed to land filling, most probably due to the
chemicals contained in electronic waste (e-waste). In that
aspect, e-waste management is a hot spot needed to be
examined in the line of eco-friendly office strategies. In
Figure 3, the LCA network created by the software is
presented, indicating the products and processes affecting
the GWP of a university office. Note that according to the
cut-off rules set not all nodes (components) of the system
are presented but only those that contribute more that
0.7% to GWP. The bar on the right of every node indicates the contribution to GWP (the higher the bar the
highest the contribution).
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Further analysis of the results indicated specific components that affected the environmental impact profile of
the specific study. Comparing the electronic equipment
used in this study, LCD flat screen was contributing most
severely to the GWP burden from the examined devices.
A probable reason for this result may be the use of nitrogen trifluoride (NF3) in the production of LCD monitors,
a gas that is supposed to be more that 17,000 times as
powerful as CO2 in heating the atmosphere. Thus, an
additional worth to be examined factor would be the substitution of the LCD monitors with other technologies like

LED or Plasma. Moreover the use of laptop in comparison with desktop computers seems to be a friendlier environmental choice. Regarding the consumables, paper use
affected GWP the most. According to literature, cutting
out paper and replacing it with an electronic equivalent,
could reduce climate change gas emissions by 85% [9].
Finally, furniture equipment did not played an important
role to the results possibly due to the fact that the examined furniture did not contain complicated chemicals and
was produced locally. Those results are summarized in
Table 2.

FIGURE 3 - LCA network model for assessing the GWP of a typical university office using the IPCC 2007 GWP 100a V1.02 method.

TABLE 2 - Key life cycle stages and components affecting the GWP of a typical university office.
Life cycle stage
Office Setup
Electronic Equipment

Furniture Equipment
Consumables

Components
Desktop Computer
LCD Flat Screen 17’
Laptops
Others
Chairs
Others
Paper
Others

Energy Use
Landfill
Total*
*
numbers may vary slightly due to software approximations

2330

kg CO2 eq./year
2,240.0
89.4
1,280.0
610.0
3.7
35.6
19.3
102.0
100.0
4,670.0
675.0
7,590.0

Percentage (%)
29.6
1.2
16.8
8.0
0.3
0.5
0.2
1.3
1.3
61.6
8.8
100.0
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Based on the result that highlighted energy use as the
major burden for GWP, a further analysis was performed
by conducting a slight amendment in the use phase stage
of the LCA model. More specifically, it was supposed
that all electronic devices were not left in standby mode
but were rather turn off during night time with subsequent
zero energy consumption. According to the calculations
made, 0.09 MWh/year could be saved with the application
of that scenario. Moreover, the model suggested that 110 kg
CO2 equivalent could be saved (1.5% reduction) in comparison with the initial model where devices were left to
standby mode. Consequently, even the simplest actions
may have a noticeable effect to the environmental performance of an office, suggesting the promotion of an
eco-friendly attitude in the office use.
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4. CONCLUSIONS
Climate change is a global challenge with serious consequences for the social and economic infrastructure as well
as the natural environment. The service sector is one of
the most developing sectors occupying more than 30% of
the work force in the advanced industrial nations. In that
aspect, the GWP of a typical university office-workstation
was estimated in this study in terms of kg CO2 equivalent.
Results indicated that the standard use of the office
for one year is responsible for the emission of approximately 7.5 tons CO2 equivalent. In comparison, the annual emissions from a typical passenger vehicle amount up
to 5.5 tons CO2 equivalent [10] pointing out the significant environmental burden of the office. Therefore, actions and strategies for greening the service sector should
be highly supported. Findings from this research showed
that the use of energy for powering the electronic appliances followed by the manufacturing of the appliances are
the main contributors to the calculated CO2 emissions.
Moreover, the energy consumption during standby mode
represents 2.2% of the yearly total energy consumption of
the office, or an environmental burden of 110 kg CO2
equivalent. As a result, energy efficiency of offices, use of
eco-friendly devices and an adoption of a responsible
attitude of the office user should be promoted.
The actions performed during this work confirmed
that the assessment of the environmental burden of services presents a significant potential however due to the
number of assumptions made the results are vulnerable to
generalities. The authors plan to further expand the resolution of the study, through the expansion of the LCA
boundaries, the inclusion of more processes and data, and
the examination of different waste management schemes.
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ABSTRACT
Nanotechnology presents a bunch of new and exciting
opportunities to improve materials and design new products with high benefit potentials. As a result, progress in
nanoscience will have very far-reaching impact. Many
nanotech-based products and applications are already in
use or development in many countries. However, some concerns have been raised regarding the potential of some
nanoparticles to have a negative impact of the human
health and the environment. The present work summarizes
the coping strategies and risk management of some developed countries regarding nanomaterial use and outlines
the necessity of prospect research and risk assessment for
control of nanotechnology potential hazards. Finally, it is
suggested that regulations will allow for prevention and
treatment of a nano-material's life-cycle risks and support
safe, be responsible in development of nanotechnology
while providing favorable conditions for industrial innovation in order to ensure that research and technological
development is translated into affordable and safe wealthgenerating products and processes.

KEYWORDS: Nanotechnology; nanomaterials; safety evaluation;
risk management

1 INTRODUCTION
The rapidly expanding development and use of nanoscale materials has generated new challenges for the
approaches historically applied to guide health, safety,
and environmental protection [1]. Nanotechnology offers
the potential for tremendous improvement and advances in many areas that may benefit society, such as integrated sensors, semiconductors, medical imaging, drug
delivery

* Corresponding author

systems, structural materials, sunscreens, cosmetics, coatings, and many others. Nanotechnology and consumer
products containing engineered nanoparticles have arrived
and represent the crest of a wave of nanomaterial products
spanning many technologies. However, care needs to be
taken to ensure that nanotechnology is not creating future
problems [2]. The rapid expansion of nanotechnology across industries means that workers, consumers, and ecosystems may find themselves consistently exposed to nanoparticles of various compositions with yet unknown properties [3]. Nanoparticle
exposure may occur in research and development facilities
in the nanotechnology sector, in chemical and pharmaceutical companies, in facilities where paints, cement, and other
products involving powder handling are manufactured, and
during processes where nano-particles are by-products
such as in baking, welding and polymer processing [4].
Potential hazards and risks concerns for nanoparticle
exposure in nanomaterial industries and research laboratories, as well as for consumers of nanomaterialcontaining products [5]. To prevent potential hazards and
risks from happening, timely targeted research for
nanopartical exposure and hazardous assessment is
needed to define risks and provide standard operating
procedure for safe handling of nanomaterials.
Various studies have been conducted on the toxicokinetics of a number of nanoparticles. It is observed in the
government that the investments in risk research lag behind those made in the development of nanotechnology.
Unfortunately, it is not (yet) possible to extrapolate the
results from one particle size to another, or to carry out other
types of kinetic extrapolations [6]. Many groups are concerned that possible health effects caused by nanotechnology will be significantly delayed, and the first detrimental effects, either to human health or the environment,
will be noticed long after commercialization [7, 8].
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Due to smaller size and an altered volume, surface ratio, nanoparticles often show different physical and chemical properties, than their related bulk materials. For this
reason nanosized materials in manufacturing processes bear
the potential of many new applications in many fields and
industries [9]. The challenge that all interested stakeholders and organisations now face is to create a flexible risk
governance framework which enables responsible development while minimising potential harm. It is expected
that in the coming years, in order to take the right
measures to manage the risks of nanotechnology, more
investment is needed in risk research both by government
and industry. Several steps are required to arrive at an
operative and mandatory regulatory structure for nanotechnology products and processes [10].
This article describes the existing progress of industry
and government bodies to assess risks associated with nanotechnologies, nanosized materials and products of nanotechnologies, summarizes the major gaps in knowledge
necessary to underpin risk assessment in the areas of
concern, and lists recommendations to facilitate the commercialization and social acceptance of nanotechnologies.
At the moment there is not only a lack of scientific
knowledge for risk assessment, but also a lack of standardized testing methods and no agreement on a minimum set
of characterization criteria for nanomaterials. It is very
important that manufacturers and distributors of nanomaterials are aware of the little known risks and turn their
special attention to risk management, monitoring of risk
data and the global regulatory development.
2 CURRENT SCIENTIFIC KNOWLEDGE
CONCERNING NANOMATERIAL RISK
Previous research has suggested that nanoparticles
may pass unobstructed through natural barriers and membranes into the body and distribute in the various organs
and tissues through four prominent exposure routes of
nanoparticles: inhalation, ingestion, skin absorption, and
injection routes (Fig.1). The bioaccumulation of nanoparticles in secondary target organs and dose-response relationship were observed after the uptake of nanoparticles
via inhalation, oral or parenteral administration [11-13].

Respiratory absorption of airborne nanoparticles may occur
through the mucosal lining of the respiratory tract and in
each of its compartments (nose, larynx, airways, and alveoli), so that the predominance of characteristic physical
mechanisms of particle deposition may change [14, 15].
Some type of nanoparticles administered to the nasal cavity
could move even to the central nervous system via nose-tobrain delivery route [5, 16]. Ingested nanoparticles might
be absorbed and transported from the gastrointestinal (GI)
tract to several major organs and reach autonomic nervous
system through circulatory system [17, 18]. Dermal exposure of nanoparticles could act as another important route
of entry and profound skin penetration by these nanoparticles which could also cause migration to other parts of
the body though the bloodstream and lymphatic system
and trigger toxicological responses elsewhere [19, 20].
During drug delivery, injection might especially carry
nanoparticles from drug itself or accessories to blood cirulation, or even directly to central nervous system.
The investigations recently carried out show some
concerns raised regarding the potential of some nanoparticles to have a negative impact of the environment [21, 22].
One concern about nanotechnology’s unintended consequences raises the question of the uncontrolled development of nanomaterials. Although so far, only a few studies have reported to have observed adverse effects of engineered nanoparticles on the environment, a fair number of
studies have been published on nanoparticles and cytotoxicity of cumulative aquatic exposure. Results of these
studies on potential ecotoxicological risks from nanoparticles under laboratory conditions demonstrate potential
harm to aquatic life and suggest serious threats to higher
order plants and animals increasing though the food chain
[21]. Although there has been little research into the longterm effects of nanomaterial exposure, there is the evidence suggesting changes in the properties of the nanomaterials might affect their reactivity in the environment,
thus
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FIGURE 1 - Route of human exposure to nanoparticles [5]
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making it difficult to predict their stability and reactivity
with living systems. It is still an open question which
properties determine or influence the inherent hazards of
nanoparticles partly due to the general lack of characterization of the nanoparticles tested [23, 24]. Additionally,
the number of studies on mammalian toxicity is still limited and only a very limited number of studies address the
ecotoxicity of nanoparticles.
Although considerable effort has been displayed by
manufacturers, researchers, regulatory bodies, NGOs, and
other interested parties addressing how nanoparticles and
their manufacture should be environmentally regulated,
there remains virtually no data on the potential negative
impacts of nanomaterials on human health and the environment through either intentional or unintentional exposure [25, 26]. Scientists and regulators have been unable
to simply draw upon existing toxicological studies, exposure data, or long-term experiment to assess nanotechnology risks. A concerted effort is needed by industry, academia, labor, the professions and government to identify
and address the knowledge gaps in a transparent and credible process that coincides with development of this new
technology [5]. The most effective way to minimize nanoparticle exposure or nanotechnology risk is to implement effective control strategies on the basis of good
understanding of the nanotechnology uncertainty [23].
Current regulation on nanomaterials in most countries
is highly dependent on toxicological data and risk assessments to support and implement regulations. However,
the effectiveness of the entirety of measures for reducing
exposure to nanoparticles is still uncertain, since risk assessment methodologies are being discussed, evaluated and
refined internationally. Opinions on the applicability of
the existing regulation differ substantially and so do
views on which regulatory options best address the current lack of information about human resources, consumable resources, human health and safety risks of nanomaterials, as well as regulatory uncertainty and concerns
expressed by the politicians, members of the public and
industry, and investors. Some stakeholders argue that a
complete new regulatory framework is needed to address
the crosscutting nature of nanotechnology and the general
pace of development in the field. It is generally assumed
that once such risk assessments have been completed,
which will lead to informed risk management decisions
protecting human health and the environment while
reaping the benefits of nanotechnology for society.
To avoid the uncertainty of nano products due to the
law changes, it was suggested to build up an early warning system and establish an “early warning expert-forum”
(task-force) to detect and analyze changing societal and
regulatory conditions [27]. The life cycle assessments is
an essential preliminary step to determine what control
level must be implemented to limit emissions in the environment and prevent a toxic substance from affecting certain target organs in workers and consumers [5, 28]. To
assess a nanotechnology (or any technology) in terms of

its unintended consequences, researchers must examine
the entire system of which the technology is a part through
its entire life cycle [29].
The challenges are to determine whether the nature of
engineered nanostructured materials and devices presents
new occupational safety and health risks [30]. At the same
time, political and social risks have been raised in relation
to the direction and level of development of nanotechnology research. A full assessment of the effects of exposure
to a nanomaterial requires knowledge about manufacturing
conditions, volume of production, industrial applications,
uses, consumer products and behavior and environmental
fate and distribution. Currently this kind of information is
not available for any nanomaterial, making it virtually impossible to assess exposure levels. As risk assessment data
become available, it can be determined whether the public
health and environmental impact exists; if so, the risk can
be assessed and characterized [31].
3 NANOPARTICLE CONTROL
STRATEGIES AND PROPOSED SOLUTIONS
As nanotechnologies have emerged, their directions
have been pushed, pulled, shaped and reshaped by various
groups with interests in given nanotechnology's outcomes.
A diverse collection of groups has emerged to put forward
their interests in nanotechnology. These groups illustrate
the range of stakeholders that will be, or already are, expressing hopes and concerns about nanotechnology, illustrating the diverse criteria they expect technological performance to be held up to. With the growing interest and
development of nanotechnology and its applications within
society, risk governance can play a very important role in
smooth functioning of societies in developed nations. An
important aim of nanoparticle-control strategies for a societal impact investigation of nanotechnology is to identify
harms, conflicts over justice and fairness, and issues concerning respect for persons.
Some distinct efforts were identified to develop and
deliver a systematic and disciplined process for identifying,
managing, and reducing potential environmental safety and
health risks of engineered nanomaterials across all stages
of a product’s life-cycle [28, 32]. National and international
standardization organizations such as International Organization for Standardization (ISO), The American Society
for Testing and Materials (ASTM) and British Standards
Institution (BSI) have published documents which provide
guidelines for the safe manufacture and use of nanomaterials. The most significant governmental body engaged in determining the environment, health and safety
impacts of nanotechnology is the National Nanotechnology Initiative (NNI), in which twenty five separate federal
agencies participated. Among these agencies are the EPA,
the Occupational Safety and Health Administration (OSHA),
and the National Institute of Health (NIH). Other bodies
are also engaged in the development of policy, codes of
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practice, recommendations relating to aspects of responsible care or the safe manufacture and use of nanomaterials. An effective and cost-efficient way to protect the public
and deal with nanotechnology’s potential negative consequences is to develop a tradition of social-science-based
countermeasures and to support research in publicly recognized institutions on the processes that develop nanotechnology and apply it in diverse areas of life [33].
Much work still needs to be done to identify hazards
and coordinated research efforts and research strategies
require to be devised and implemented to obtain a comprehensive exposure assessment for each particular nanomaterial. Currently almost all regulation of nanosubstances is done using existing mechanisms. Existing legislations in some advanced countries rely on a strong selfcontrol principle, delegating responsibility for safety issues
to the organization which is producing or using chemical
substances and materials. A key question which the agency faces is how existing protocols for regulating new
chemical substances apply to nanoparticles [8]. The law
governs certain chemicals, but doesn’t distinguish
among size scales; the issue is whether nanomaterials
warrant the creation of a new category simply by dint of
their size [34, 35].
The Economic Co-operation and Development (OECD)
has released a “Nano Risk Framework” which provides a
framework for risk managers to address the potential impact of nanomaterials and nanotechnology [36]. Worthy
mentioned is that the European Commission’s stance on
regulation appears as the only realistic option to address
the public concerns about health and environmental impacts of nanoparticles [37]. An integrated framework is
essential that takes into account scientific, economic, and
social aspects of all stakeholders concerned while analysing the risk and hazards. Therefore existing legislative
structures such as dangerous substance legislation, classification and labeling and cosmetic legislation will be used
when possible, and amended only if necessary [3].
There are presently several organizations working on
environmental safety and health standards of nanoparticles [30]. Most countries have adopted a so-called incremental approach that focuses on adapting existing laws to
regulate nanotechnologies and amending them in order to
deal with nanomaterials. However, when risk assessment
of nanomaterials is discussed, it is often in the context of
previous experience with chemical risk assessment. The
US EPA is interested primarily in the environmental aspects of the health implications of nanotechnology [26].
Both of ASTM and the French Standards Agency (ANFOR) have established working groups on nanotechnology
and addressed the needs for standards and regulations
related to engineering nanoparticles. US Nanotechnology
Research Center (NTRC) in National Institute for Occupational Safety and Health (NIOSH) has identified 5 critical
topic areas to guide in addressing knowledge gaps, developing strategies, and providing recommendations [38].

Although the NTRC has made significant advancements in understanding the potential harmful effects of
exposure to engineered nanoparticles (ENPs), much more
research is needed [31]. NIOSH stated that it is considering focusing the overarching strategic research goals for
these critical areas on five key goals: (i) Provide guidance
to protect workers; (ii) Alert workers, employers, governments, and the public about possible new hazards; (iii)
Assess the hazards of nanomaterials and the risks to workers; (iv) Help workers by assessing and implementing exposure registries; (v) Assess the level of protection practiced in US workplaces.
Nanotechnology, as an emerging risk to humans, challenges the quality assurance and the tort legal system. The
nano industry has the responsibility to provide general
guidance and propose solutions covering liability deriving
from nanomaterials to minimize environmental health and
safety (EHS) risks during the acquisition, use, and disposal
of engineered nanomaterials. Industrial contributions to
best-practice guidelines could facilitate greater consumer
acceptance of nanobased products, ensuring their successful commercialization and providing important foundations for guiding consumer safety. While many manufacturers and processors of ENPs not believing that nanomaterials pose special risks, a majority of nanomaterials
firms and laboratories expressed a need for self-regulation
to assume uncertain risks and assess liability exposure of
the nanoparticles from their nano-based products during
their end of life. Some private sector stakeholder and
consumers have shaped policy and commercial decisions.
However, without knowing about among others manufacturing conditions, level of production, industrial applications and uses, consumer products and behavior, and
environmental fate and distribution, as well as the possible motivations for such practices, it is difficult to either
assess their efficacy or to benefit from exposure assessment and risk management within nano industry.

4 COOPERATIVE APPROACHES
OF INDUSTRY AND LEGISLATORS
As more and more new nanotechnologies are publicized and actually appear in the marketplace, the variable
degree of social acceptance will become ever more important. Governmental bodies, industry organizations and
societies need to establish close collaboration to face the
unanswered questions about the impacts of nanomaterials
on health and environment. Nanotechnology’s vast scope
and the necessity of bringing together researchers from
different disciplines may require that all stakeholders be
carried out by large teams, housed in research centers set
up for this purpose [4, 39]. If regulators, industry and the
public get it right there is a bright future. Moreover, the
availability of data on environmental effects of nanotechnology could go a long way towards building community
trust [28].
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The challenge for policy and decision makers from
various organisations and nations is gargantuan [6].
Nanotechnology’s relevance is underlined by the importance of controlling matter at the nanoscale for
healthcare, the environment, sustainability, and almost
every industry. While acknowledging from government
regulation will be necessary to ensure nanotechnology
security, the current regulatory model is too fractured and
disorganized to efficiently protect individuals and the
environment from the risks posed by such a rapidly expanding technology with so many unknown effects [40].
There are presently several organizations working on
voluntary environmental safety and health standards with
their research efforts in the following areas: (i) The toxicological epidemiological hazards posed by nanoparticles
reflecting exposure levels likely to be encountered in industry. (ii) Hazard testing is likely to take several years to
complete and a cautionary approach needs to be adopted
in handling nanoparticles. (iii) It is unclear how exposure
limits will be established for nanoparticles, and how this
can be achieved. (iv) New standards for testing and guaranteeing suitable filtration of nanoparticles may be required.
The current focus for EPA and NIOSH includes work
toward a final Significant New Use Rules (SNURs) that
would require persons who intend to manufacture, import,
or process new nanoscale materials, based on chemical
substances listed on the Toxic Substances Control Act
(TSCA) Inventory, to submit a Significant New Use Notice (SNUN) to the EPA at least 90 days before commencing the activity.
Additionally, on the environmental front, EPA has
identified a number of critical risk assessment issues regarding the manufacture of nanoparticles including: (i) Exposure
assessment; (ii) Toxicology of the nanoparticles; (iii) Extrapolating the nanoparticle toxicity from existing particle
and fibre toxicological databases; (iv) Environmental and
biological fate, transport, persistence, and transformation
of nanoparticles; (v) Recyclability and overall sustainability of the nanoparticles. The US EPA is considering to
issue a data collection and test rule that will require manufacturers and processors of ENPs to provide specific information concerning production volumes, methods of
manufacturing and processing, exposure and release information, and available health and safety data, and conduct actual testing for health effects, ecological effects, and
environmental fate of ENPs released from the nanotechnology-based products.
Reviewing and adapting current legislation, cooperation and co-ordination between various stakeholders and
upstream public engagement remain the main hurdles to
be crossed [3]. Many things need to be done in establishing toxicity thresholds and measuring exposures in the
work place and the environment [37]. Since the regulatory
landscape for this burgeoning new material is dynamic,
the speed of most governmental agencies involved in
standardization has been relatively slow in promulgating
regulations and standards relating to nanotechnology.

Instead, there is a range of private initiatives on nanotechnology EHS-related issues and on the wide question of
international risk governance. Although private regulators
do not have an official registry needed to regulate products already in the market nor an inventory of products in
development, some voluntary, non-government initiated,
mechanisms designed to improve the governance of
nanotechnologies are beginning to emerge across jurisdictions [41,42]. These forms of private regulation, which
have been driven by both industry and civil society actors,
have been designed to control behaviour through informal
means as a way of promoting best practices and in turn
the responsible and sustainable development of nanotechnologies. Importantly, they do not seek to replace current
regulatory requirements, but rather supplement them where
the organisations perceive regulatory gaps. Worthy mentioned is that the third-party insurance regime can be structured to maximize internalization and have the potential to
function as a check against the unsafe development and use
of nanomaterials more effectively than government- or
industry-initiated regulation to both guard against liability
exposure and reassure investors [43].
There is no doubt that the nanotechnology industry
and hence nanoparticle exposure is an emerging issue for
industrial hygienists today. In the absence of sufficient
preventative regulation and industry action to ensure that
nanotechnology is developed responsibly, public health and
the environment generally remain vulnerable to the harms of
nanopollution [44]. The rise of self regulation for nanotechnologies from private sector stakeholders, and in doing
so, will pay particular attention to the initiatives within the
industrial sectors, which may be viewed as a window on
the evolution of nanotechnologies more broadly. Governments, industries and civil society actors should continue
their cooperation in transnational policy discourse on
governance of related risk issues and provide incentives
for risk-reducing behaviors. These proactive initiatives have
included the development and implementation of risk governance and risk managements frameworks, and codes of
conduct (both individual and collective). It might be argued
that private sector has been prominent in the development
of regulatory initiatives relating to nanotechnologies and
such multi-pronged input arguably will result in greater
legitimacy being ascribed to the policy formation process.
Finally it would be prudent to examine and address environmental and human health concerns before the widespread adoption of specific nanotechnologies, and to incorporate green chemistry metrics into the production and
distribution of nanoparticles.
5 CONCLUSION
The rapidly expanding development and use of nanoscale materials has generated new challenges for the
approaches historically applied to guide health, safety,
and environmental protection. Issues of precaution and
risks of nanotechnologies receive most attention current-
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ly, and most stakeholders have or take some form of responsibility for them. Regulators face a number of challenges in dealing with the potential risks of nanomaterials.
These challenges are related to a series of uncertainties,
with regard to the development and commercial application of nanomaterials, hazards and exposure pathways, the
direction and speed of technological change, and the suitability and effectiveness of existing regulatory frameworks. The study of nanoscale systems promises to lead
to fundamentally new advances in science and engineering and in our understanding of biological, environmental,
and planetary systems. It also will redirect our scientific
approach toward more generic and interdisciplinary research. The success of promising new nanotechnologies
will turn on public confidence, and build on science-based
transparent regulation.
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ABSTRACT

the global mean temperature by 0,78 +/- 0,18 ºC and a sea
level rise by 15 cm since preindustrial times [2].

Green Chemistry being defined as chemical processes
and technologies enabling Sustainable Development, or as
the “molecular science of sustainability” (J. C. Warner)
can provide major contributions to reaching the “2 degree
target” of the European Union as contained in its integrated
climate and energy policy. This challenging goal requires
innovative scientific and technical concepts opening the
door to the “Third Industrial Revolution”. The main elements of the integrated climate and energy policy of the
European Union and key areas for research and development will be presented.

KEYWORDS: EU climate and energy policy, green and sustainable chemistry, sustainable development, Strategic Energy Technology-Plan, Third Industrial Revolution

1. INTRODUCTION
During the “Anthropocene” [1] the human being has
had a profound impact on our planet. In the past 3 centuries the population on earth increased more than 10-fold
to 7 billion. Industrial production increased 40-fold during
the “Great Acceleration” in the last 100 years. A global
consequence of this evolution is that the concentrations of
the green house gases CO2, N2O and CH4 in the atmosphere have significantly increased since pre-industrial times
due to fossil fuel consumption, agriculture and land use
changes. The CO2eq, which denotes the weighted sum of
all green house gases, rose from 280 to 430 ppm (part per
million). This accumulation of green house gases in the
atmosphere is the main reason for an overall increase of

* Corresponding author

Under baseline scenarios CO2 emissions will still increase by 70% in industrialized countries and by 250% in
countries in development till 2050 leading to an average
global temperature rise of 2 degrees by 2050 and 4 degrees
by 2100 compared to preindustrial times (“best estimate”
for the scenario A2) [2].
2. EU POLICIES
The European Union has reacted to global warming
by introducing the European Climate Change Programmes I
and II [3, 4] and is now preparing a post-2012 climate
change policy aiming at limiting the overall global warming to 2 degrees Celsius, which corresponds to a green
house gas level of 450 ppm CO2eq. To reach this goal a
global emission reduction of the green house gases of
50% by 2050 is required, which could be achieved by a
reduction of 85% for industrialised countries and stabilisation of emissions for developing countries on the level
of 1990 [5].
As an internal measure the European Union decided
to implement an integrated climate and energy policy [6]
which foresees a green house gas emission reduction target
of 20% by 2020 and should prepare for the much larger
reductions in case that a global agreement to limit emissions significantly can be reached. The policy package
contains mitigation measures such as the enhancement of
the efficiency of the use of energy (20% by 2020) in industrial processing and manufacturing, lightning, heating
and mobility, the enhancement of efficiency of power
generation with fossil fuels, development of carbon capture and storage (CCS) for fossil fuel power plants, an increase of renewable energies (share of 20 % of total energy market by 2020) and an increased use of biofuels
(share of 10 % from sustainable production in petrol/
diesel by 2020). The energy agenda of the integrated
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climate and energy policy is based on the Commission’s
GREEN PAPER “A European Strategy for Sustainable,
Competitive and Secure Energy” [7] and a European
strategic energy technology plan (SET Plan) “Towards a
low carbon future" [8].
The implementation of the climate and energy agenda
of the European Union requires enormous efforts for research and development with contributions from all scientific disciplines. The goals cannot be achieved on the basis
of the existing technologies, which are often over 100 years
old. Hans Joachim Schellnhuber, Director of the Potsdam
Institute for Climate Change Impact Assessment, stated:
„We need the great transformation based on a re-invention
of our industrial metabolism, the third industrial revolution.” Chemistry as a generic “enabling science” has a
major role to play in this endeavour as will be outlined in
the following chapters.
3. KEY AREAS FOR
RESEARCH AND DEVELOPMENT

with highly efficient heat recovery. A passive house can
become a surplus house by producing locally energy through
solar panels, wind mills or heat pumps. In a next step energy
autonomous villages and cities can be developed as already
happening in different areas of the world (e. g. Austria,
USA, China).
R&D challenges refer to the development of new insulating materials, like nanostructured materials (e.g.
aerogel nanofoams reducing the gas exchange compared
to conventional foams), photochromic coatings for glass
regulating radiation, sensors for an energy efficient home
climate management, integration of photovoltaics for power
generation (roof, windows), integrated electricity storage
systems based on high performance batteries and fuel cells,
thin film wall coatings for purification of indoor air based
on low temperature photo catalytic decomposition of VOCs,
e.g. contained in cigarette smoke, or functional nanoporous
textiles for superior energy balance with self cleaning properties [11]. The EU SET-Plan addresses these issues in the
“Smart Cities Initiative” [8].
3.4 Efficient mobility

3.1 Energy efficient industrial technologies

Key instruments to improve the energy efficiency in
industry are mandatory emission caps for industrial sectors
combined with an efficient emission trading system (ETS)
[9] and the rigorous enforcement of the EU Directive on
Best Available Technologies [10]. R&D challenges where
green chemistry plays an essential role are the development of integrated life cycle assessment for products to
minimize total energy consumption in production, including transport to the consumer, the creation of highly integrated value chains for industrial products, the improved
valorization of coal, oil and natural gas as feed stocks in
chemical industry through new catalytic pathways [11].
3.2 Efficient lightning

Conventional light bulbs have a yield of only 4 %.
Consequently their use in the EU will be phased out during the coming years [12]. This requires the development
of a new generation of lightning devices with high energy
efficiency, e.g. on the basis of light emitting diodes (LEDs).
Some R&D challenges refer to an improvement of presently used structures (AlGaAs; AlGaP; AlGaInP……) to
increase lifetime and efficiency (e.g. with nanocrystals),
reduction of production costs and the development of Organic Light Emitting Diodes (OLEDs) based on small molecules like organometallic chelates or conjugated polymers
with metal based luminophores such as Ir (III) complexes
allowing color tuneability.
3.3 Efficient heating

It is obvious that particularly high efficiency gains
can be made by developing passive and even surplus
houses. Typically a passive house has very good insulation
levels, air tightness of the building, whilst a good indoor air
quality is guaranteed by a mechanical ventilation system

One particularly promising development area is
transport which in the EU accounts for roughly 25% of the
primary energy consumption and 20% of the green house
gas emissions. The volume of transport has risen by 30%
since 1990. The efficiency of the present technology (combustion motor) is only ca 20-30% under normal driving
conditions. The challenge for the future will be to develop a
transport system which is characterized by extremely low
emissions and high energy efficiency.
One major goal is the development of energy efficient
light weight cars using combustion engines. R&D challenges refer to the development of new construction materials, like high performance polymers, carbon fiber polymer
composites, high performance ceramics, fibers replacing
metal chords in tires. The second major goal is the development of hybrid and electric cars providing a higher energy efficiency of the engine and reduced weight. R&D
challenges refer to the development of enhanced batteries
coupled with supercapacitors to provide peak power during
acceleration and energy recovery during braking and of
fuel cells with enhanced energy density.
Li-ion batteries offer presently the best performance
with a capacity 150 Wh/kg. A prime R&D challenge is the
development of new systems with increased capacity
(higher energy density), shorter loading times and long
cycle lives based on cathodic or anodic nanostructured
materials providing improved kinetics. Promising approaches refer to the use of LiFePO4 anodes and silicon
cathodes in Li-ion batteries, nanostructured Ni(OH)2 cathodes in Ni-MH batteries and nanostructured Pb(OH)2 as
anodes in lead-acid batteries [11].
Fuel cells have the advantage that the fuel is carried
along in the car in a suitable tank. Tank-to-wheel efficiency
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is ca 40 % in the European driving cycle. Proton exchange
membrane (PEM) cells using hydrogen as fuel are presently the prime technological approach. Some R&D approaches refer to the development of catalytic membranes
for the efficient transport of the protons between the segments of the cell based on nanotechnology, the improvement of air-water management based on electro-osmotic
pumps. New technologies are based on the development
of Polymer Electrolyte Fuel Cells (PEFC) [11].
As an energy carrier, hydrogen can store and deliver
energy in a widely useable form and is one of the most
promising alternative fuels for future energy applications
(“hydrogen economy”) [13]. Major R&D areas refer to the
clean production of hydrogen from water, e.g. by high efficiency electrolysis at high temperatures (800°C) or catalytic
thermochemical production, e.g. using concentrated solar
power or high temperature nuclear reactors („generation4“
nuclear power plants). Another key issue is the development of storage technologies ranging from underground
storage in salt stocks or caverns for large quantities of
hydrogen as grid energy to storage in vehicles: tanks for
compressed hydrogen (350 – 700 bar), highly insulated
tanks for liquid hydrogen in vehicles (cryogenic temperature
– 253°C) and development of solid state hydrogen storage
(such as MgH2, NaAlH4, LiH…). The EU SET-Plan addresses these issues in the “Fuel Cells and Hydrogen Joint
Technology Initiative” which has a ring-fenced budget of
1 billion EUR for 2008-2013 [8].
3.5 Clean coal

The present EU primary energy mix consists of 37%
oil, 24% gas, 18% coal, 14% nuclear, 7% renewable energies [14]. Therefore coal cannot be replaced completely.
In addition the global resources of coal are considerably
larger than those of crude oil and natural gas. Major R&D
efforts focus on increasing the conversion efficiency from
fuel to energy, which is presently around 40% for power
plants in the EU, through new thermal conversion processes involving pyrolysis, gasification and combustion,
e.g. using nanoparticles as catalysts for combustion, and
the use of new materials like Ni-Cr-base alloys combined
with Cr-Mo-V(Nb,N,B) steels for increased operational
temperatures and pressures. Through operation at 700°C
and 350 bar an efficiency of 50% can be achieved [15].
Another major development concerns high efficiency
fossil fuel power plants with CCS (carbon capture and
storage) to achieve “zero-emission” thermal power plants.
R&D challenges refer to the capture technology for emitted CO2, e.g. through physical compression and liquidification of the flue gas and the storage of the captured CO2
underground or under sea [16]. Also recycling of captured
CO 2 for production of methanol by reaction with H 2
(„methanol economy“) is considered [17].
Theoretically a reduction of CO2 emissions by 8090% can be achieved, but at the expense of increased the
fuel needs of a coal-fired plant with CCS by 25-40%. The
EU SET-Plan addresses these issues in the “European

CO2 Capture, Storage and Transport Initiative” and foresees the establishment of 12 industrial scale demonstration plants and the development of commercially available technologies by 2020 at costs of 13 billion EUR [8].
3.6 Sustainable nuclear fission

Further prospective areas for low carbon electricity
generation refer to the development of the next generation
of nuclear power plants. These “Generation IV” Nuclear
Power Plants are a set of theoretical nuclear reactor designs currently being researched by an international consortium (USA, Canada, EU, UK, FR, CH, Russia, JAP,
China, S-Korea, South Africa, Argentina) [18]. Primary
development goals are to improve nuclear safety and proliferation resistance, minimize waste and natural resource
utilization, and to decrease the cost to build and run such
plants.
Various types are presently being considered, the major
ones being thermal reactors like the Very High-Temperature
Reactor (VHTR), Supercritical-Water-Cooled Reactor
(SCWR), Molten-Salt Reactor (MSR) and fast reactors like
the Gas-Cooled Fast Reactor (GFR), Sodium-Cooled Fast
Reactor (SFR), Lead-Cooled Fast Reactor (LFR). Production of electricity and hydrogen by thermochemical reactions should be feasible [19]. Actinide and Transactinide
Chemistry plays a key role in these developments addressing fuel production, reactions during operation, burnt fuel
reprocessing, waste conditioning and storage. The EU
SET-Plan addresses these issues in the “Sustainable Nuclear Initiative” at costs of 10 billion EUR [8].
3.7 Renewable energies – wind

Wind energy provides now 4% of EU electricity and
has an annual growth rate of 15% which could lead to a
share of 20% in 2020. The OECD/IEA Blue Scenario foresees globally more than 500.000 wind turbines by 2050
[20].
Modern wind turbines deliver up to 7,5 MW and have
a hub height of up to 140 m and rotor blade diameter of
up to 120 m [21]. These blades rotate at 5-20 rpm which
causes rotor tip speeds of up to 300 km/h. Consequently
one of the biggest R&D challenges is the development of
high performance materials which can withstand the high
stress, particularly at off-shore installations, like excessive
wind speeds and corrosion by sea salt. Materials considered are aluminum alloys and composites (like fiber glass
laminates) for blades and ultra-high-strength alloys for the
gears. The EU SET-Plan addresses these issues in the
“European Wind Initiative” at costs of 6 billion EUR [8].
3.8 Renewable energies – solar power

Solar energy provides now 0,4% of EU electricity.
The annual growth rate is 50% which could bring its share
up to 10-15% by 2020. The OECD/IEA Blue Scenario
foresees globally more than 2000 km2 solar PV panels by
2050 [22].
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Photovoltaic solar panels based on poly-crystalline
silicon are state of the art and are produced in large quantities. Such poly-Si cells have a photon-electron conversion yield of up to 18 %. Production is still rather expensive, therefore the costs per kWh are relatively high.
Major R&D challenges refer to the enhancement of
the photon-electron conversion yield based on new materials and structures and reduction of costs. Proposals include amorphous silicon hybrid materials with efficient
metal based sensitizers such as Ru(II) compounds, nanocrystalline wide gap semiconductors with molecular control of interfacial charge transfer, thin film silicon and multijunction III-V devices, polymeric solar cells based on
electron donor polymers such as polythiophenes or
polyfluorenes and electron acceptor molecules such as
fullerenes [23].
Another major R&D effort focuses on thin film (flexible) panels based e.g. on an array of very small (micrometer size) silicon cells on a flexible substrate [24] or of
“printed” organic micro solar cells on a thin film electrode
system on a flexible substrate [25]. Attractive features
would be the possibility of integration on fabrics such as
backpacks, clothes and cases and the possibility to endow
windows and jalousies with semitransparent solar cells.
The EU SET-Plan addresses these issues in the “Solar
Europe Initiative” at costs of 16 billion EUR [8]. In addition the “European Electricity Grid Initiative” of the SETPlan will deal with the development of the changes in the
supply and storage systems necessitated by the integration
of wind and solar energy at costs of 2 billion EUR [8].
3.9 Fuels from biomass

The first generation of biofuels focuses on the production of methanol from sugars and cereals and diesel from
plant oils. Biofuel plants as the one in Babilafuente (Spain)
using barley and wheat as feedstock do have already a
substantial production capacity: 200.000 tons of fuel-grade
ethanol (FGE) and 230,000 tons of Dried Distillers Grain
(DDGS) and 146,000 tons of CO2 per year [26].
Key R&D issues refer to the sustainability of biofuels, including the definition of bioenergy sustainability
standards, the establishment of the true greenhouse gas
performance, the possible competition with food production and the environmental impact of biofuels production
on tropical rain forest [27].
The production of second generation biofuels is seen
as a prime goal. Several principal technological approaches
are possible. Thermochemical gasification of biomass produces syngas (carbon monoxide and hydrogen), which can
be fermentated by clostridium ljungdahlii producing ethanol and water, then separated by distillation [28].
Another technology is based on the production of
fermentable sugars from cellulosic, fiber or wood based
waste biomass by hydrolysis with enzymatic degradation.
Major R&D challenges refer to the development of pretreatment technologies, optimized processes for the chemi-

cal hydrolysis of lignocelluloses, production of cheap enzymes for hydrolysis, optimization of the fermentation to
produce ethanol, methanol, butanol and other useful products. This includes the development of biorefineries for the
combined production of fuels, chemicals and energy
(electricity and heat) by integral cellulose-ethanol based
technology using advanced fractionation and conversion
processes, and combining biochemical and thermochemical pathways [11, 29, 30].
The third generation biofuels would focus on algae
fuel, also called oilgae. Algae of the chlorophyceae class
(like botryococcus braunii and chlorella vulgaris) produce
hydrocarbons (mainly triterpenes), which can amount to
50 % of their mass. They have a much higher production
yield for fuels than land crops. Challenges refer to the development of aquaculture techniques and processes, extraction procedures for algae oil and the systematic evaluation
of the potential of macroalgae (seaweed) for bioethanol and
biogas production [31].
The fourth generation biofuels is obtained in a direct
synthesis of alkanes (and other) molecules from CO2 and
water with energy delivered by sunlight and genetically
engineered photosynthetic microorganisms (“HelioCulture“) as a catalyst [32]. U.S. Patent #7,794,969 of Sept.
2010 has been granted to Joule Unlimited, Cambridge,
Mass., for “Methods and Compositions for the Recombinant Biosynthesis of n-Alkanes.” According to Joule the
costs of diesel fuel would around 50 $/barrel.
The EU SET-Plan addresses such issues in the “European Industrial Bioenergy Initiative” at costs of 9 billion EUR [8].
4. COSTS AND CO-BENEFITS
A major question is of course “can we afford such a
massive energy shift and other measures required to reach
the 2 degree target?” Preliminary estimations, e.g. based on
the Stern report [33] lead to overall costs of perhaps 1% of
the global GDP, which would be about 500 billion EUR
annually. This sum should be put in perspective not only to
the costs of the potential damages caused by global warming (which according to the Stern report are much higher),
but also to other expenditures, e.g. the total global subsidies for fossil fuel production of probably 250 billion
EUR or the annual military spending being in the order of
1.000 billion Euro or the total volume of financial support
measures in the present crisis which according to the
International Monetary Fund (IMF) have reached a staggering volume of 12.000 billion Euro.
Investments in renewable energies at a broad global
level will reduce the consumption of non-renewable resources. Such a reduction is actually a necessity, particularly
for oil and gas, as the demand for these commodities is still
steeply rising due to the growth of the global economy, but
the supplies are limited. Another area, where significant
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co-benefits can be expected is economics. The new climate and energy policy will provide for massive industrial
investments. The European Union as a global “Soft Power”
should lead the development of green technologies in this
“Third Industrial Revolution”. With the pioneering development of such technologies the European Union could
tackle some of its biggest weaknesses, namely the nearly
complete dependence on import of oil and gas, and its
declining global competitiveness in manufacturing and
service provision.
5. CONCLUSIONS
In order to limit global warming to 2 degrees as foreseen in the EU Climate and Energy Strategy new “sustainable and green” technologies have to be developed and
implemented. Key development areas refer to new efficient
transport systems (electric cars), energy efficient houses
and offices (zero energy and surplus houses), energy efficient consumer devices (like energy saving lamps), renewable energies, carbon sequestration and storage for coal
fired power plants, sustainable nuclear energy and new
energy carriers (fuel cells, high performance batteries).
It is obvious that this concept provides a huge challenge for science in general. Many of the key elements for
the third industrial revolution need most innovative contributions from the chemical sciences and technologies.
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European Commission (2008) Europe’s Climate Change Opportunity. COM (2008) 30final. Available at
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ABSTRACT
Fresh water shortage is one of the greatest problems
of modern society; the explosive increase in world population, along with the unusual socio-economic development
have led to an increased water demand, making water
shortage a critical issue for countries like Greece. Desalination of seawater is suitable for supplying arid regions of
the country with potable water and is becoming the dominant alternative in drinking water production, but may be
energy intensive. On the other hand, global warming initiatives push for sustainable alternatives that will produce
minimal or negligible quantities of CO2 to prevent climate
change conditions. In this paper, a survey of several desalination plants in Greece is conducted, studying their
energy usage patterns, in an effort to determine their carbon footprint. Specifically, a questionnaire has been sent
out to desalination plants that addresses questions relative
to the location and size of the plants, plant equipment condition, water production seasonality, whether energy required is generated on-site, or is purchased by a power plant
and possible use of renewable energy sources. A different
survey of the Greek Public Power Corporation has been
conducted, in order to determine the type of fuel used by
the power plants that supply each desalination plant with
energy. Taking into account all this information and other
energy-related factors, we provide estimates of the carbon
footprint of several desalination plants in Greece.

KEYWORDS: Seawater desalination; carbon footprint; CO2 production; global warming; climate change.

1 INTRODUCTION
Water is an abundant natural resource that covers ¾
of the surface of the earth, while less than 3% of it is appro* Corresponding author

priate for drinking [1]. Clean drinking water is a valuable
resource due to its limited availability, population increase,
world industrialization, lifestyle changes, climatic changes
and human intervention in the environment that further
limits its availability [2]. Water availability in almost all
Mediterranean counties is estimated at less than 1000 m3/
person-year—a limit for an acceptable standard of living
and economic development [3], while some of them have
less than 500 m3/person-year [2]. Greece faces serious water
shortage problems due to increased water demand because
of economic growth, irrigation needs, declining precipitation levels and over-abstraction of groundwater; these factors appear even more intense in the Aegean Archipelago
islands [2]. Particularly during the summer period, the island population may be up to five-times more than that of
winter, thus resulting in severe water shortage problems.
To face increased potable water requirements, more than
1,000,000 m3 of clean water are transported annually to
these areas at a cost sometimes approaching the value of
8 € per m 3 [4]. To cover water shortage problems, a
number of desalination plants have been installed in several areas of the Mediterranean, including many Greek islands, since sea water is abundant. One of the environmental
impacts of desalination plants is the indirect impact of
creating an increased demand for electricity production.
Fossil fuel-powered desalination plants have environmental
effects related to the emission of greenhouse gases or other
pollutants associated with power generation [5], contributing to temperature increases due to the greenhouse phenomenon [6].
In Greece, the electric utility company responsible for
generating, transferring and delivering electricity is (in
greek) ΔΕΗ (Public Power Corporation—PPC). According
to Kaldelis et al. [7], the Greek electricity generation system is divided in two basic sectors: (i) The interconnected
continental network, that uses mainly coal, covering 70%
of the country’s energy needs [8]. Other energy sources
are diesel (14%), natural gas (4.4%), hydroelectric energy
(8.8%) with a total of about 65 hydroelectric power generation stations, renewable energy sources (2.2%) and electricity imported from abroad (3.6%) [9,10]. (ii) The noninterconnected island network of the Aegean sea, where
energy generation is based exclusively on diesel and heavy
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fuel oil (mazut) [11]. It should be noted that coal is the
fossil fuel with the largest potential for CO2 emissions,
followed by mazut, diesel and natural gas in a decreasing
potential order [12].
In this paper, we collected data from various desalination plants in Greece and the electricity utility company
(PPC, www.dei.gr), in order to determine the carbon footprint of desalination plants and the conditions that affect it.
Our goal is to draw conclusions on the factors that play a
role on the carbon footprint of desalination plants, in order
to make recommendations on how to minimize their energy-related environmental impact.

tem with their main characteristics, but only for the islands
that are relevant to this research, because of an operating
desalination plant [13]. We see that in the non-interconnected network, efficiencies are generally higher than
coal-burning plants and emission factors are lower, regardless of the fuel type (mazut or diesel).
We also collected data on desalination plants in Greece;
we formulated and sent out questionnaires to a representative sample of installations in the prefectures of Cyclades,
Crete and Dodecanese in the Aegean sea and the prefecture of Kerkyra in the Ionian sea. The questionnaire included the following categories of questions [13]:
• Basic information on the desalination plants (location,
area, operation status)

2 MATERIALS AND METHODS
In order to determine the desalination plants carbon
footprint, we collected data from PPC: we requested their
latest reports, conducted personal interviews and searched
the literature for relevant information. We sent a questionnaire to PPC executive officers in order to collect information regarding the number and location of thermoelectric generation stations, their fuel type, capacity, efficiency
and their emission factor that allowed us to calculate the
tons of CO2 emitted in the atmosphere from their operation. In Table 1, we present data collected for the continental inter-connected network. The emission factor (tn
CO2/MWh) depends on plant efficiency and fuel type and
it tends to get lower, as technology improves. The average
emission factor of the interconnected system in Greece is
calculated by the Public Power Corporation around 1.05 tn
CO2/MWh. In Table 1 we see that for the same fuel type,
there is a great deal of variability in emission factors. For
example, when fuel type is coal (a large percentage of
Greek power plants), we see that emission factors range
from 0.84 to 1.95 tn CO2/MWh, proving that even for
coal, there is a lot of room for improvement, if efforts are
directed towards improving plant efficiency.
Table 2 presents the autonomous and local electricity
generation stations of the non-interconnected island sys-

• History and cost information (date plant begun operating, quality of operation and desalination membranes
maintenance frequency)
• Unit maximum capacity (m3/day), membrane technology, feed water, seasonal variation of water production and brine production and deposition.
• Energetic characteristics of the unit (electricity consumed and its monthly variation; energy source - conventional or renewable).
We used a simple methodology to calculate the desalination unit carbon footprint. According to Voutchkov [14],
the desalination unit carbon footprint is the quantity of
carbon dioxide that is emitted in the atmosphere by electricity generating sources that provide the needed electricity for plant operation. Carbon footprint is usually calculated in tons of CO2 per year.
The total carbon footprint of the desalination plants
depends on two basic factors: (i) quantity of electricity used
up by the plants for operation and (ii) the emission factor of
the specific PPC station that provides each desalination
plant with electricity. Tables 1 and 2 show that there is a
great variability in fuel types and efficiencies among PPC
electricity generation stations, which results in a variability in emission factors, respectively. A simple multiplica-

TABLE 1 - Data for thermoelectric generation stations of the Greek interconnected continental network and their corresponding emission
factors (tn CO2/MWh) for 2009.
Station name
St. Demetrios
Amyntaio
Kardia
LIPTOL
Meliti
Ptolemaida
Megalopoli A
Megalopoli Β
Aliveri
Lavrio
St. Georgios
Komotini

Fuel type
Coal
Coal
Coal
Coal
Coal
Coal
Coal
Coal
Diesel
Natural gas
Natural gas
Combin-ation

Location
(city / region)
Kozani
Amyntaio
Ptolemaida-Kozani
Ptolemaida
Florina
Ptolemaida
Megalopoli
Megalopoli
Evia
Attica
Attica
Komotini

Generated energy
MWh
11,610,370
3,523,435
7,691,440
119,739
2,227,925
3,714,367
3,029,080
2,284,840
808,667
5,806,064
1,242,125
2,001,087
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tn CO2
12,919,320
4,396,383
9,646,055
233,999
1,875,199
5,027,815
4,461,751
2,914,168
582,721
2,700,711
683,421
799,406

Emission Factor
(tn CO2/ MWh)
1.11
1.25
1.25
1.95
0.84
1.35
1.47
1.28
0.72
0.47
0.55
0.40

Efficiency (%)
33.5
32.4
31.8
24.7
28.2
30.3
30.3
57.5
42.5
52.5
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TABLE 2 - Fuel type and emission factors (tn CO2/MWh) for electricity generation stations of the Greek non-interconnected network and
their corresponding.
Station name / location

% heavy fuel oil (mazut)

Kos
Kalymnos
Syros
Crete
Santorini
Paros

98.8%
95.5%
55.9%
62.2%
97.2%
98.5%

%
Diesel
1.2
4.5
44.1
37.8
2.8
1.5

tion of the energy consumed by each desalination plant by
the emission factor of the PPC station that feeds each
plant gives us the carbon footprint, or:
Carbon footprint (tons CO2/year) = Yearly electricity
consumption of the plant (MWh/year) × Emission factor
(tons CO2/MWh).
3 RESULTS AND DISCUSSION
Table 3 presents a summary of the most important
desalination plant data collected with questionnaires [13].
The PPC station that feeds each desalination plant with
electricity is also listed in the Table. Emission factors
for each one of the autonomous, non-interconnected PPC
stations are listed in Table 2. In some cases, PPC provides
electricity through the system of continental interconnected
stations listed in Table 1. Since all continental stations
“pool” generated electricity together, it is not possible to
use the emission factor of a single station for carbon footprint calculations. Therefore, in these cases only, we use
the average value of 1.05 tn CO2/MWh.
Figure 1 shows the carbon footprint of desalination
plants that provided us with energy consumption data. We
see that there is a large variability in tons of CO2 produced per year, with the plant of Syros having the largest
footprint. From Table 3, we see that Syros also has the
largest water production capacity, so this is expected. Figure 2 shows the total MWh used by each desalination plant

Emission Factor
(tn CO2/MWh)
0.60
0.72
0.71
0.66
0.67
0.62

Efficiency
(%)
0.46
0.38
0.38
0.41
0.45

in one year along with the corresponding emission factor of
the PPC station that provides electricity to each desalination plant. As we would expect, emission factors play an
important role in the carbon footprint overall. Although
plant Tenos1 uses approximately 14% more MWh than the
Santorini plant (1270.6 MWh vs. 1094.3 MWh, respectively—Figure 2), its carbon footprint is about 45% largest than that of Santorini (1334.1 vs. 736.4 tn CO2/year,
respectively—Figure 1). The largest footprint comes about
because of the higher emission factor of the Tenos1 plant
(1.05 vs. 0.67, respectively—Figure 2).
In order to evaluate CO2 production, regardless of plant
capacity, we also calculate the carbon footprint per m3 of
water produced. This is shown in Figure 3, along with the
corresponding average water production. We see that, on
a per m3 basis, the Syros plant still has the largest footprint, while plants Tenos2 and Tenos3 stand out for their
large carbon footprint, even though average water production is relatively low. This is related to the fact that the
plants’ emission factors are the highest, since electricity is
provided by the continental network (mostly coal-based).
Other than emission factors, the type of feed water
seems to play an important role in energy consumption
and carbon footprint. Plants that use brackish water generally use up less energy—and are expected to have a lower
carbon footprint—than those that use seawater that is
higher in salinity. This is generally supported from the data
shown in Figures 2 and 3 with some exceptions: Tenos
plants stand out as having a large footprint (Figure 3) al-

TABLE 3 - Questionnaire data for island desalination plants.
Desalination
Plant / location
Tenos 1
Τenos 2
Τenos 3
Syros
Santorini

Maximum
Capacity
(m3/day)
1000
520
520
4840
1100

PPC station
(Tables1 & 2)

Date plant begun
operating

Feed water

continental
continental
continental
Syros
Santorini

Membrane
replacement year

Brine generation
(m3 brine / m3
water produced)
1.379
1.608
1.608
2

Energy
consumption
(kWh/m3)
3.5
4.7
4.7
8.5
5

0.6
2.5
0.2
0.45
2.85

3.5
3.3
0.7
1.5
1.9

06/2010
Brackish
2010
11/2001
Brackish
2008
05/2004
Brackish
2009
1989
Sea water
2007
1994, 1999,
Sea water
*
2001, 2009
Paros
1200
Paros
06/2002
Brackish
2002
Ios
1000
Paros
05/2002
Sea water
2009
Kerkyra
500
continental
2003
Brackish
2007
Crete
1000
Crete
08/2008
Brackish
2009
Νisyros
330
Kos
7/2001
Sea water
2008 –2009
*
For Santorini plant, membranes are gradually replaced, as they remain in excellent condition after 10 years of use.
All plants use Reverse Osmosis membrane technology and are currently operational.
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FIGURE 1 - Yearly carbon footprint of various desalination plants in Greece.

FIGURE 2 - Yearly energy consumption (MWh, values shown on 2ndary y-axis) of desalination plants and their corresponding emission
factors.

FIGURE 3 - Yearly carbon footprint (tn CO2/m3, values shown on 2ndary y-axis) of desalination plants and their corresponding average
water production (in m3).
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FIGURE 4 - Carbon footprint on a monthly basis for several desalination plants. The labels on the graph refer to Kerkyra data, as they are
too low to be visible on the graph.

though they use brackish water, while Nisyros and Ios
have lower carbon footprints although they use seawater.
For some desalination plants, we received data that reflected the seasonal variation of water produced and electrical energy consumed, so we could calculate the monthly
carbon footprint for those plants. In Figure 4, we see a clear
seasonal variation in CO2 emissions, which is directly related to the increase in water use during the summer months in
some islands due to tourism. For almost all plants, emissions peak during the summer months and are lower during the winter. The Ios plant operates only during the
tourist period (May through September), while Syros (being a larger island with more permanent residents throughout the year) remains operational all year and shows an
increase in CO2 emissions during the summer.
4 CONCLUSIONS
The carbon footprint of a desalination plant is determined by a set of parameters, relative to the specific characteristics of the desalination plants and the system supplying the plant with electricity. The emission factor of
specific power plants supplying desalination plants with
electricity is one of the most important parameters. This
includes factors like type of fuel used for electricity production as well as power plant efficiency. Other parameters include feed water (whether it is brackish, or sea water), amount of water produced, as well as seasonal variation in water produced.
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INDOOR AIR QUALITY IN TERMS OF
MASS CONCENTRATIONS OF PARTICULATE MATTER
IN AREAS OF MASSIVE CONGREGATION IN GREECE
Georgios Gaidajis* and Komninos Angelakoglou
Department of Production Engineering and Management, School of Engineering, Democritus University of Thrace, 67100, Xanthi, Greece

ABSTRACT
The aim of this paper is to give an overview of the air
quality in terms of particulate matter concentrations in
places of common interest where public congregation takes
place in Greece. Thus, the mass concentrations of PM10
and PM2.5 particulate matter were measured in different
indoors areas of massive public congregation such as
bars, museums, schools, exhibition centers and churches,
using portable aerosol monitoring equipment. Results indicated that average concentrations for all the areas
examined, frequently exceeded the annual and 24-hour
guidelines proposed by World Health Organization (WHO),
whereas very high instantaneous maximum concentrations
(greater than 1000µg/m3) were usually recorded. Moreover,
specific actions such as smoking and cleaning were
identified as the major causes of elevated concentrations
of particulate matter and in that aspect the effects of the
strict prohibition of smoking in indoors environment are
discussed and moreover ameliorative measures are proposed.

KEYWORDS:
Indoor air quality; bars; museum; churches; PM10; PM2.5.

1. INTRODUCTION
Over the last several years, a noticeable number of
epidemiological studies have addressed the importance of
indoor air quality to human health [1-2]. The significance
of the indoor air quality is mainly attributed to the high
concentrations of hazardous airborne emissions deriving
from insufficient air circulation rate, limited spacing and
the presence of hidden continuous emitting sources. Some
known pollutants of the indoor areas are radon (Rn), ni* Corresponding author

trogen oxides (NOx), carbon monoxide (CO), volatile
organic compounds (VOCs), ozone (Ο3), sulphur dioxide
(SO2) and particulate matter (PM).
A well-accepted indicator of the indoor air quality is
concentration level of particulate matter. The significance
of particulate matter is well documented since one of the
key features of particulate matter is its characteristic ability to act as a transportation medium of hazardous substances and chemicals into the respiratory system. In
addition, indoor particulate matter concentration is highly
affected by various factors such as outdoor air pollution,
type of indoor activities, aerodynamic diameter of particles emitted, etc. [3]. Some of the health risks associated
with exposure to high concentrations of particulate matter
include irritation of eyes, nose or throat, respiratory problems, cardiovascular disease and cancer [2].
As a result, assessing the air quality of indoors places
that people usually spends relative extended time periods,
such as bars, museums, churches and generally areas of
massive public congregation, is of major importance. Ensuring a satisfactory level of air quality in these places
serves as an amelioration factor for human health not only
for the frequent habitués of those indoors places, but most
importantly for the working personnel that spend more
than 90% of their time indoors. Therefore the present
study was conducted in order to provide an overview of
the particulate mass (PM) concentration levels of PM10
and PM2.5 in a church, a museum, a gallery, a primary
school, a tavern and two bars. Additionally, the results of
a previous work conducted by the authors regarding the
indoor air quality in university classrooms and environment were employed [4].
2. MATERIALS AND METHODS
2.1. Sampling Device

A portable TSI DustTrak Aerosol Monitor, Model
8520, was used for the conduction of the measurements.
The certain model uses a light scattering technology to
determine mass concentration in real time. For the present
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study the pre-programmed calibration using the respirable
fraction of standard ISO 12103-1, A1 test dust (Arizona
Test Dust), was maintained. The sample flow rate was set
at 1.7 litres per minute (L/min). A flow and a zero check
were performed before each use.
2.2. Sampling areas

An analytical description of the areas where the sampling campaign was performed is presented in Table 1.
The sampling sites were apportioned in two towns, Xanthi
in the northeastern region of Greece and Lamia, in central
Greece (Figure 1). Both are relatively small towns with an
approximate population of 50,000 each and with no significant sources of environmental pollution. University
sampling site included five (5) different classrooms, an
office and an open-access meeting place where occasional
smoking takes place whereas the results regarding university were adopted from a previous work performed by the
authors.

10/2009-01/2010. The dates of sampling were chosen according to site and equipment availability, whereas the
weather conditions during sampling were different. Prior
and after each indoor sampling campaign the outdoor air
was sampled, for a period of 5 min in order to have an
indicative knowledge regarding the outdoors concentrations levels of particulate matter. A series of measurements
were also undertaken on non-working days (weekends,
vacations, etc.) at each sampling site in order to obtain an
estimation of its background concentration levels. The
concentration levels measured on non-working days are
expected to be lower than those measured on working
days due to the absence of trespassing and human activities. The monitoring device was placed in the centre of
each sampling room and in an appropriate height from the
ground so as to simulate the inhalation height.
3. RESULTS AND DISCUSSION

2.3. Sampling

3.1. Concentration levels

The sampling campaign was conducted during three
different periods, 03/2008-05/2008, 04/2009-05/2009 and

The concentration levels of PM10 and PM2.5 measured
during the sampling campaign at all sites are summarized

TABLE 1 - Characteristics of sampling sites
Characteristics of the sites examined
Sampling site

Town

Outdoors environment
characteristics

Area
(m²)

Volume (m³)

Windows
area (m²)

Church
Museum
Primary School
Gallery
Bar 1
Bar 2
Tavern
University

Lamia
Lamia
Lamia
Xanthi
Xanthi
Xanthi
Xanthi
Xanthi

Urban
Urban
Suburban
Urban
Urban
Urban
Urban
Suburban

443
69
50
386
190
85
140
45-325

3,734
221
216
2,086
779
400
574
135-1600

6.6
19.9
20.0
5.0
0-6

FIGURE 1 – Placement of sampling sites (Left picture: Xanthi, Right picture: Lamia).
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in Table 2 and Table 3 respectively. Note that PM10 and
PM2.5 concentrations were measured on different days. The
instrument has a mass resolution of ± 0.1% or 1 µg/m3
(whichever is greater), however it should be mentioned
that this instrument is useful mainly for measuring relative particulate matter concentrations over time [5].
The PM10 average concentrations observed in all sampling sites ranged from 50 to 1070 µg/m³. Significantly
high instantaneous maximum concentrations were measured in the bars (9970 µg/m³), in the tavern (3075 µg/m³)
and unexpectedly in the primary school (1873 µg/m³), a
result that will be further analysed later. The concentration levels for the outdoors measurements ranged from 7
to 63 µg/m³ indicating thus the absence of severe polluting activities. It should be noted that at the majority of
indoor sampling sites the PM10 concentrations were much
higher than the proposed 24-hour average guideline by the
World Health Organization (WHO), except from the museum and the gallery where the concentration levels were
below the limit of 50 µg/m³. However, for some of the

measurements conducted, the 24-hr minimum sampling
duration was not satisfied and in that aspect, comparisons
of the concentration levels of these sites with the WHO
guidelines should be cautiously done.
The PM2.5 average concentrations observed in all
sampling sites ranged from 28 to 422 µg/m³. Significantly
elevated maximum concentrations were measured in the
bars (3906 µg/m³) and in the tavern (2141 µg/m³). Similarly to PM10, the concentration levels for the outdoors
measurements ranged from 11 to 73 µg/m³ indicating thus
the absence of severe polluting activities. Once again, it
should be noted that at all indoor sampling sites the PM2.5
concentrations were above the 24-hour average concentration levels proposed by WHO. The spatial variation of
PM10 and PM2.5 concentration levels at all sampling sites is
shown in Figure 2. Comparisons should be made carefully
though, due to the possible seasonal variations on the
measured concentrations derive from the different sampling
periods.

TABLE 2 - PM10 concentration levels (concentrations in µg/m³).
Indoors*
Sampling site

Min
8
6
15
40
15
21
44
6

Church
Museum
Primary School
Gallery
Bar 1
Bar 2
Tavern
University

Max
1364
468
2983
83
4584
9970
3075
1873

Average
61
50
74
48
1070
596
303
59-220

Outdoors**
Median
23
27
41
44
681
262
202
46-222

Average
12
16
48
7-63

Sampling
Duration
(hh: mm)
25:41
46:43
119:05
11:01
18:05
35:08
34:25
69:37

359:45
6
9970
50-1070
23-681
7-63
All sampling sites
20/50
WHO guidelines***
*
Values recorded during indoor sampling in every site, ** Average values recorded during the outdoor sampling before and after the main indoor
sampling both on working and non-working days, *** annual average / 24-hour average

TABLE 3 - PM2.5 concentration levels (concentrations in µg/m³).
Indoors*
Sampling site

Min

Max

Average

Outdoors**
Median

Average

Sampling
Duration
(hh: mm)
26:01
71:18
79:11
12:26
16:34
55:31
32:32
69:08
362:41

20
1095
147
111
32
Church
12
258
33
27
20
Museum
2
521
36
28
33
Primary School
16
70
28
25
Gallery
21
2063
341
164
Bar 1
19
3906
367
253
Bar 2
35
2141
422
355
Tavern
7
1260
45-118
44-103
11-73
University
2
3906
28-422
25-355
11-73
All sampling sites
10/25
WHO guidelines***
*
Values recorded during indoor sampling in every site, ** Average values recorded during the outdoor sampling before and after the main indoor
sampling both on working and non-working days, *** annual average / 24-hour average
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FIGURE 2 - PM10 and PM2.5 concentration levels at all sampling sites (PM10 and PM2.5 on the right and on the left for every category respectively).

Some indicative and worth to mention results from
the interpretation of Fig.2 are:
• The average concentrations in the bars, tavern and
university were much higher in comparison with the
other sites. It should be noted that at those sampling
sites the prohibition of smoking is not enforced strictly
in contrast with churches, museums and primary
schools that are non-smoking areas.
• The minimum PM10 and PM2.5 concentration ranges
were observed at the sampling site of the gallery, despite the presence of approximately 180 people, indicating thus the importance of the large indoors volume
(2,086 m3) and the sufficient ventilation through semiopened windows.
• The maximum average PM10 concentrations were
observed in the bars.
• The absolute maximum PM10 and PM2.5 concentrations were measured in the bars and in the tavern during the presence of several smokers.
• The maximum value for PM10 in the primary school
was recorded during the cleaning activities, probably
due to re-suspended particulate dust (coarse particles).
Furthermore, it is important to mention that concentration levels measured at the majority of the sampling
sites refer to 24-hr measurements in order to be comparable with the WHO guidelines that also refer to 24-hr average concentrations, and include therefore sampling periods of high and low or even no polluting activities. Average concentrations however during main working load
were much higher. For example the average concentration
of PM10 during mass in church, was 697 µg/m³ for 3 hours
due to incense, a concentration level that it would be
expected to be measured in a small cafeteria. Concentrations of this order of magnitude for 3-hr exposure, overcome the 24-hr limit proposed by WHO no matter how
low the concentrations during the rest of the day will be.

The concentration levels measured in this study are in
the same order of magnitude with the concentration levels
recorded in similar studies for specific sampling sites.
Most of the existing studies in literature focus on educational institutions (universities and schools) due to the
fact that children are one of the most sensitive population
sub-groups.
The results of this study are close to the results of a
similar study that took place in several schools in a district outside the city of Munich [6]. Both winter-time and
summer-time concentrations of PM10 were similar to those
measured in the suburban indoors environment, whereas the
PM2.5 concentrations were lower. In a study assessing the
quality of indoor air in the central building of Technological Education Institute of West Macedonia (TEIWM), the
PM10 concentration levels were similar, indicating tobacco
smoke as a serious indoor PM source [7]. Similarly, satisfying agreement was observed as well with the average
PM10 and PM2.5 concentrations from 40 rooms in Aristotle
University [8], from five elementary schools in Istanbul
[9], from seven primary schools in Athens [10], from 55
Korean schools [11] and from 27 Belgian schools [12]. It
should be noted, that in all the studies mentioned above,
the WHO guidelines are exceeded frequently. However,
the specific characteristics of every each study (sampling
device, temporal and spatial characteristics etc) should be
carefully considered.
3.2. Concentration fluctuations and remarks

During measurements, some noticeable instantaneous
maximum and periods of elevated concentration levels
were observed. The temporal variations of some characteristic examples indicating the presence of pollution episodes of specific origin affecting the PM10 and PM2.5 concentration levels are shown in Figure 3.
Smoking appeared to influence severely the indoors
concentration levels of both fine and coarse particulate
matter as shown in Fig. 3a and 3b. The elevated indoors
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FIGURE 3 - Four indicative examples of episodes affecting the concentration levels.
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concentration levels of PM2.5 at Bar No. 2 (~300 µg/m³)
declined rapidly immediately after the bar closed at 01:00
at levels even lower than the indicative WHO guidelines.
On the other hand, at the Bar No. 1 that operated until
08:00 the PM10 concentration levels remained elevated
(~1000 µg/m³) throughout its operation period. Moreover,
the acute impact of smoking is reflected to the sharp concentration peaks in Figure 3b, measured in a meeting
place in a university during breaks when students smoke.
Furthermore the impact of the use of incense in
church is shown in Figure 3c. As it can be seen, the use of
incense highly increased the PM2.5 concentration in church
(up to 964 µg/m³). It is also clear that incense not only
instantly increased the concentration levels but these levels
were maintained for a long period of time after the end of
service.
Finally, the effects of cleaning practices at the indoors environment are presented in Figure 3d. More specifically, the diurnal variation of PM10 concentration levels is shown for a number of consecutive days. The common characteristic of those measurements is the acute
increase of PM10 concentration levels around 14:00 when
the cleaning activities of the classroom take place. The
cleaning activities include the cleaning of blackboard, the
de-dusting of the surfaces followed by closing of the
windows. Increased PM10 concentration levels were observed (~3000 µg/m³) that decreased to the WHO guidelines of 50 µg/m³ within a 6h period, questioning thus the
appropriateness of similar de-dusting practices at similar
indoors environment.

REFERENCES
[1]

World Health Organization (2000) Air Quality Guidelines for Europe. WHO regional publications, European series, No. 91., Copenhagen, Denmark.

[2]

World Health Organization (2005) Air Quality Guidelines Global
Update.

[3]

Branis, M., Rezacova, P. and Domasova, M. (2005) The effect of
outdoor air and indoor human activity on mass concentrations of
PM10, PM2.5 and PM1 in a classroom. Environmental Research,
99, 143–149.

[4]

Gaidajis, G. and Angelakoglou, K. (2009) Indoor air quality in
university classrooms and relative environment in terms of mass
concentrations of particulate matter. Journal of environmental
science and health Part A, 44, 1227-1232.

[5]

Park, J.M., Rock, J.C., Wang, L., Seo, Y.C., Bhatnagar, A. and
Kim, S. (2009) Performance evaluation of six different aerosol
samplers in a particulate matter generation chamber. Atmospheric
Environment, 43, 280-289.

[6]

Fromme, H., Twardella, D., Dietrich, S., Heitmann, D., Schierl,
R., Liebl, B. and Ruden H. (2007) Particulate matter in the indoor
air of classrooms – exploratory results from Munich and surrounding area. Atmospheric Environment, 41, 854-866.

[7]

Triantafyllou, A.G., Zoras, S., Evagelopoulos, V. and Garas, S.
(2008) PM10, O3, CO Concentrations and Elemental Analysis of
Airborne Particles in a School Building. Water Air and Soil Pollution, 8, 77-87.

[8]

Gemetzis, P., Moussas, P., Arditsoglou, A. and Samara, C. (2006)
Mass concentration and elemental composition of indoor PM2.5
and PM10 in university rooms in Thessaloniki, northern Greece.
Atmospheric Environment, 40, 3195-3206.

[9]

Ekmekcioglu, D. and Keskin, S.S. (2007) Characterization of Indoor Air Particulate Matter in Selected Elementary Schools in Istanbul, Turkey. Indoor and Built Environment, 16, 2, 169-176.

[10] Diapouli, E., Chaloulakou, A., Mihalopoulos, N. and Spyrellis,
N. (2008) Indoor and outdoor PM mass and number concentrations at schools in the Athens area: Environmental Monitoring
and Assessment, 136, 13-20.

4. CONCLUSIONS
Indoor air quality in terms of particulate matter was
determined in areas of massive public congregation. The
results indicated that the indoor air quality in terms of average concentration of PM10 and PM2.5 frequently exceeded
the indicative limits (50 µg/m³ for PM10 and 25 µg/m³ for
PM2.5) set by the World Health Organisation. Smoking,
followed by the cleaning practices and inadequate ventilation seems to have the greatest impact to the particulate
matter concentration levels. Thus some ameliorating suggestions derive from the findings of this work are:

[11] Yang, W., Sohn, J., Kim, J., Son, B. and Park, J. (2009) Indoor
air quality investigation according to age of the school buildings
in Korea. Journal of Environmental Management, 90, 348-354.
[12] Stranger, M., Potgieter-Vermaak, S.S. and Van Grieken, R.
(2007) Comparative overview of indoor air quality in Antwerp,
Belgium. Environment International, 33, 789-797.

Received: December 16, 2011
Accepted: March 23, 2012

• Strict prohibition of smoking in all areas of massive
public congregation.
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• Sufficient ventilation.
More data is needed in order to indentify the temporal
characteristics (i.e. seasonal differences and differences
between working and non-working days) of the indoors
particulate matter concentrations and furthermore to model the behaviour of particulate matter in various indoors
environment of massive public congregation
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ABSTRACT

1. INTRODUCTION

Nowadays the energetic utilization of biomass is important not only from environmental point of view but also
due to its social, political and economic impact. Biomass is
considered as a promising renewable energy resource in
Hungary and Europe as well. The European Union is planning to increase the current 6 % of the renewable energy
use up to 20% (in case of Hungary up to 13%) by 2020.
Biomass has a leading role in the utilization of renewable
energy (e. g. solar, wind, hydro and geothermal) resources.
Its proportion is increasing (3.9% in 2007 and 6.7% in
2010) in the annual renewable energy consumption balance
in Hungary. Biomass is mainly used in power stations for
energy production in Hungary. In order to realize the
national renewable energy objectives by 2020 the sustainable utilization of the biomass and its application should
be increased and widened. In this study the Hungarian
potential of solid, liquid and thermal bioenergy production is discussed.

KEYWORDS:
solid biofuel, liquid biofuel, thermal bioenergy sources

The share of the renewable energy resources has considerably grown in recent years in the Hungarian total energy consumption, which was 1125, 1056 and 1085 PJ in
2007, 2009 and 2010 respectively [1], [2]. In Table 1 the
values of electricity produced (GWh) from renewable energy resources are indicated including hydro-, wind power
and bio-based energy produced for the period of 20002010.
In the period of 2000-2003 the share of hydropower
was dominant (60% in average), and was gradually replaced by biomass (74% by 2006), presumably due to the
propagation of the co-firing. From 2000 to 2010 the increase in electricity production from renewable resources
increased significantly. Electricity generation based on
wind power and biomass/biogas developed rapidly by
2010 (527 and 2488 GWh respectively) from very low
figures in 2000 (0 and 10 GWh respectively). The growth
in the contribution of electricity from hydropower was
much lower (from 178 to 188 GWh). The contribution of
electricity from renewable resources in the total electricity
consumption accounted for 1.1% in 2003, and increased
up to 4.6% by 2006. It means that Hungary fulfilled its
obligation towards EU to reach 3.6% share for renewable
electricity generation by 2010 [3].

TABLE 1 - Electricity produced (GWh) from renewable resources in Hungary [1].
Energy type

2000

2002

2003

2004

2005

2006

2007

2008

2009*

2010*

Hydropower

178.0

194.0

171.0

205.5

202.0

186.0

210.0

213.0

228.0

188.0

0.0

1.2

3.6

5.6

10.1

43.5

110.0

205.0

331.0

527.0

91.3

59.0

67.0

54.0

118.0

187.0

282.0

222.0

n/a**

n/a**

10.0

17.2

127.4

700.1

1610.0

1208.1

1426.0

1826.0

2452

2488

Wind power
Energy produced in
incinerators
Biomass and biogas
based energy

279.3
271.4
369.0
/1.01
/0.98
/1.33
* data published in [2];** n/a- data is not available
Total GWh / PJ:

965.2
/3.48

1940.1
/6.98

* Corresponding author
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1624.6
/5.85

2028.0
/7.30

2466.0
/8.878

3011
/10.84

3203.0
/1.524
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TABLE 2 - The theoretical Hungarian potential of renewable energy, energy produced in 2009 and planned production for 2010 and 2020 [7].
Renewable Energy source
Solar energy:
-Heat production
-Photovoltaic
Hydro power for electricity generation

Theoretical potential
of Hungary PJ/year
417,600

100

Wind energy electricity and heat production
Geothermal energy:
-Power station
-Thermal station
-Heat pumps
Biomass:

36,000
102,180,000

-Solid and fuel biomass for heat and electricity
production
-Biogas
-Biomass from waste
Total:
* produced energy [2].

420-500

The rate of renewable energy production in 2009
shows different patterns according to different surveys [2,
4-6] varying from 5.7 % to 6.7% related to the total energy production. According to the statistical data published
by the Hungarian Energy Center Information Office the
share of the renewable energy resource and biomass in the
total energy consumption reached 7.0% (84.2 PJ) in 2010
[2]. More than 80 % of the renewable energy is generated
by four power plants in Hungary adapted for biomass firing (Pannon Power Holding, Bakony Power Plant, AES
Borsod Power Plant and Vértes Power Plant). These
plants generally produce electricity, heat for domestic/industrial use and steam mainly for industrial use.
In Hungary the most important renewable energy resource is the biomass, accounting for nearly 90% of all
renewable energies [2-3,7]. Biomass is followed by geothermal energy, wind -, hydro- and solar power but these
resources significantly fall behind the biomass utilization
(Table 2).The Ministry of Agriculture and Rural Development made estimates on the Hungarian biomass potential (258.76 PJ) available and on the utilizable portion of
the biomass in the middle run (7-15 years). These estimates focused on three areas: biofuels represents 45.5 PJ
(from which bioethanol amounts to 36 PJ, biodiesel
amounts to 9.5 PJ); solid biomass amounts to 188.26 PJ;
biogas amounts to 25 PJ [3].
The annual biomass potential (203.2-328 PJ) from the
Study Prepared by the Renewable Energy Sub-committee
of the Hungarian Academy of Sciences defined four main
categories: wood mass (56.5-63 PJ); plant biomass and byproducts, waste (74-108 PJ); secondary biomass (18.7-23
PJ) such us liquid manure, wood-processing; tertiary biomass (54-134 PJ) such as food waste, sewage sludge [8].
The domestic biomass potential was evaluated as well
and a forecast was prepared on the energy issues of agriculture and the available resources until 2030. The analy-

Produced in
2009 PJ/year
0.29:
0.26
0.03
0.82
(0.80*)
0.86
(1.20*)
4.5:
4.25
0.25
0
54.96
(77.7*) :
52.0

Planned for
2010 PJ/year
4.50:
4.00
0.50
2.30
(0.70*)
15.50
(1.90*)
29.15:
13.15
10.00
6.00
167.30
(84.2*):
150.00

Planned for
2020 PJ/year
19.84:
15.00
4.84
2.30

1.20
1.76
61.43

13.00
4.30
218.75

23.20
4.30
248.84

12.10
29.10:
13.00
10.00
6.10
185.5:
158.00

sis estimated the total biomass stock of Hungary to be
around 350-360 million tons, of which primary biomass of
105-110 million tons is annually reproduced and mostly
utilized. According to the report 171-193 PJ can be produced from biomass on the supply side in 2020, representing 14-16% of the present energy use [3].
Energy crops can be classified into those providing:
(a) solid fuels for direct combustion, thermal processing
(to yield solid, liquid and gaseous fuels) and electricity
generation; and (b) liquid fuels, notably bioethanol and
biodiesel. Bioethanol is derived from the fermentation of
sugar, starch or, potentially, cellulosic crops. Biodiesel refers
commonly to transesterified vegetable oil derived from
oilseed rape or sunflower. Solid fuel crops include energy
coppice, miscanthus and whole-crop cereals.
The objective of this work is to give an overview on
the available main biomass resources in Hungary such as
wood, crops, straws, biogas and on the present and future
utilization tendencies in order to fulfill the obligations of
Hungary towards EU to reach a share of 13% for renewable energy resources by 2020 [9]. Statistical, research data
from Hungarian governmental and non-governmental
organizations were analyzed.
2 MATERIALS AND METHODS
This article is based on the overview of relevant information and data on renewable energy source prepared
and published during the last decade by different sources,
namely, Environment and Energy Information Agency
Non-profit Limited Company in Hungary [3]; Hungarian
Central Statistical Office [1]; Hungarian Academy of
Sciences; Hungarian Energy Office [2]; Ministry of Environmental Protection and Water Management [6]; PYLON American-Hungarian Limited Liability Company of
Constructions and Commerce [7].
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3 RESULTS AND DISCUSSION
3.1 Utilization of solid biofuels

The establishment of short rotation energy plantations
for fuel production has been of international interest for
many years. Energy plantation experiments in Hungary
have been conducted for a longer period of time. In
Hungary the black locust is one of the most important
stand-forming tree species, covering approximately 23%
(or 410,000 ha) of the forested land and providing about
19% of the annual timber output of the country. This fast
growing species (2-6 cm/day) seem to be the most suitable for energy plantations as well [10]. In addition to these
willows, elm and mostly poplars have been also established
to be appropriate for short rotation biomass plantations to
produce a renewable raw material for energy and industry
(Fig. 1.).
Based on a program of the Ministry of Agriculture
and Rural Development it has been postulated that up to
300,000 ha are suited to short rotation biomass plantation.
Biomass productivities of 12 to 24 dry t/ha/yr have been
achieved in existing small scale trial plantations. On the
basis of the evaluation of these trials, it has been found
that the quantity of biomass mostly depends on site quality, species and cultivars, as well as on the initial spacing
(plants per hectare) [10].
Straws are by no means free sources of fuel and the
costs of delivery can be relatively high in Hungary. Generally straw in the field costs around 6-8 USD/t but by the time
it is baled for on-farm use this has risen to 10-15 USD/t
including transportation costs for industrial use. For farmscale combustion system (up to 100 kW) straw at on-farm
price can be competitive with gas.
The conversion of fast-growing biomass via gasification into hydrogen seems to be an attractive route for energy supply (in addition to direct heating or cogeneration),
considering the restrictions conditions for limited CO2
emission. The first economic calculation shows that biomass gasification is the most economical route for the

a)

production of non-fossil hydrogen. The basis for the calculations is the use of Miscanthus (Miscanthus Sinensis
or Giganteus) as a fast growing biomass with a production rate of 30 t (minimal) dry straws per year and hectare
(University of West Hungary, Sopron) [11].
Most of the biomass produced is consumed for energy
purposes. Briquettes („bio-briquettes") are mainly utilized
in the domestic sector, in central heating systems, as a
substitute of wood logs. Nowadays the demand for biobriquettes is increasing in Hungary. At the same time the
biomass pellets find the most important energetic utilization in the industrial sector (bakeries, fine chemical industry, etc.). Presently, the use of biofuel products for the
substitution of coal and wood in the domestic sector is on
increase in Hungary.
3.2 The liquid biofuels

There are two main types of liquid biofuels, the biodiesel and bioethanol. The energy efficiency of the liquid
energy-carriers is generally good, but the final energy
input-output factor of the bio-ethanol production hardly
exceeds the value of 1.0-1.2 [12]. As an example, the
energy input of the oilseed rape production is about 200250 kgoe/t (kilogram of oil equivalent), while the energy
requirement of traditional bio-ethanol crops (e.g. maize or
corn, wheat, Jerusalem artichoke and sugar beet) is about
285-300 kgoe/t. The final energy input-output factor of
the oilseed rape production is 2.1-3.9, which can be increased to 4.5-9.0 by the energetic utilization of the byproducts (e.g. rapeseed meal, straw) [13]. The primary
input-output factor of bio-ethanol production can be increased to 1.8-2.1 with a careful choice of technological
parameters and considering the biological utilization of
byproducts the final energy input-output factor can be
increased up to 2.3-2.5 as well. For comparison the inputoutput factor of “traditional” fuel like gasoline has a value
of 1-4. At the same time the greatest environmental advantage of biofuels is that their use does not result in extra
carbon dioxide emission because during the reproduction
of the plant it is consumed [14].

b)

c)

d)

FIGURE 1 - Potential biomass plantations in Hungary: a-black locust (Robinia pseudoacatia), b-willow (Salix alba), c-elm (Ulmus pumilla), dpoplars (Populus Cv. Sp)
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According to the Directive 2003/30/EC of the European Parliament and the European Council on the promotion of the use of biofuels or other renewable fuels the
emission of greenhouse gases can be significantly reduced
by using biofuels [15]. The Hungarian Governmental Decree 2058/2006 (III. 27.) has an aim to meet the target
value for the use of biofuels for transportation as specified
by Directive 2003/30/EC. The biofuels used for transportation marketed should reach a share of 5.75% by 2010 [16].

For example price for the cereals and industrial plants increased to 33 and 11 %, respectively [18].

The Government also proposed that a national standard should be introduced regarding the E-85 fuel [3]. It is
a mixture of 85% bioetanol and 15% of conventional
gasoline [5,14]. To meet the above mentioned objective
from 1st of July, 2007 only gasoline with at least 4.4% bioethanol content is allowed to be commercialized in Hungary. In addition to that from 2008 the Mol Hungarian Oil
and Gas Share Company has been producing the “E” type
gasoline and biodiesel with 4.7% biofuel content [14]. It
should be noted that the fuel E-85 is cheaper by 25 % than
the other commercialized gasolines [17]. The use of biofuels is promoted by the state through tax exemption, duty
refund and tax differentiation policy [3].

3.3 Thermal bioenergy sources

The production of vegetable oil based bio-fuels can
be profitable in West-European countries, if the farmers
either receive the usual agro-production subvention/ subsidy for energy plant production, or the state waives taxes
for commercial fuels for supporting agricultural sectors,
or assures public support for the establishment of bio-fuel
refineries.
The profitability of bio-ethanol production depends
on the plant production and processing costs as well as on
the fluctuation of the commercial fuel prices and weather
conditions in the majority of West-European countries.
The situation is getting worse with bad weather conditions
leading to decrease in plant production and increase in the
price of the raw plant.
Due to unusual wet weather in Europe experienced in
2010 a significant decrease by about 11% was observed in
amount of the agricultural production in Hungary in comparison with 2009. The production of the main crops, cereals dropped by 8 % in 2010. Industrial plants, oil seeds
(sunflower, rapeseed), covered a territory of 760,000 ha in
2010. This territory in 2010 was smaller by 16% than in
2009 and plant production decreased by 8% in comparison with value of average production for the last 5 years
in Hungary. Sunflower production in 2010 was 987,000 t
from the territory which was smaller by 6% than in 2009
[18]. Oilseed rape covered similar territory (259,000 ha),
however, production decreased by 3 % comparing with
the previous year. Growth has been recorded in the Hungarian production of sugar beet. This industrial plant was
collected from a territory of 13,000 ha in amount of
754,000 t in 2010, which means 2 % of increase in comparison with the previous year. Crop prices decreased by
9.5 % in 2009 year followed by 17 % increase in 2010.

According to the research carried out by the Budapest
Technical University, it further developments in the biological fundamentals and technological processes result in
more effective species or technologies, or the international
oil-prices reach the recent years’ level again, then the biomass based energy production can be profitable as well [19].
According to the year 2009 Environmental Report of
Hungary the renewable energy resources in 2007 (59 PJ)
were utilized mainly for heat energy production (64 %)
and for electric energy generation (33 %) and only a small
amount of the resources was used for biofuel production
(3%) [1]. In the renewable Energy Strategy of Hungary
for 2020 the heat energy production will continue to have
the highest share 46.7% in the total use of renewable
energy (186.7 PJ). For comparison the bio-based electric
energy production and bio fuel production are set to be
42.75 and 10.5% respectively by 2020 [3].
The biogas is utilizable by-product of anaerobic treatment. This gas can be used to replace the traditional energy
resources that are expensive and are non-renewable natural
resources. The contemporary energy situation in Hungary
indicates unambiguously that energy-saving steps are
essential and that new non-traditional energy resources
must be sought. One of these resources is the anaerobic
fermentation of barnyard manure with the production of
biogas. This method defines the biogas as a side product
of the fermentation process. This is because no attempt
has been made to achieve maximum production of biogas
by the decomposition of organic matter (as for example in
case of sewage treatment technology or manure treatment), but rather this biogas is considered to be a byproduct of the system designated to improve manure quality.
However, the production and use of biogas is decisive in
the economic efficiency of these units. For example the
annual yearly production of biogas in case of an average
farm with 500 cattles is 80,000 m3 which corresponds
annually to 1.1 GWh or to 0.004 PJ.
Environmental improvements can be expected on the
basis of replacement of other types of fossil fuel. The
utilization of liquid manure through methane fermentation
has been developed within the framework of EUREKA
program by IBMER – the Institute for Building, Mechanization and Electrification of Agriculture (Poland),
BOIMET (Sweden) and Biotechnology Institute (Hungary).
Biogas, electricity and compost may be produced as a
result of this technology.
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4. CONCLUSIONS
Biomass can be considered as a strategic resource
since it is not only renewable, but it is also available everywhere and can provide products of vital importance for
economic sectors exhibiting strong external dependence
(i.e. fuels for transportation, electricity, chemicals etc.).
The utilization of the biomass is also important because it
could result in benefits for the environment and for the
socio-economic development, particularly in rural areas.
Different types of biomass (solid, liquid, gas) offer the
opportunity to develop integrated schemes from primary
production through conversion to energy and industrial
products [20].
Among the various alternative energy resources, the
agricultural and forestry biomass should be considered as
the most efficient and promising renewable energy resource for and from the rural sector. The biomass potential in Hungary is far enough to cover energy demand of
the rural areas including the needs of the sustainable development of the national agriculture (e.g. recycling crop
waste, livestock manure). There is a wide range of technologies for processing biomass, however, the technicaleconomical effectiveness of energy production and conversion technologies request further improvements. The
infrastructure development is hindered by the unstable
prices of the biomass market in Hungary. During the past
several years there is a tendency for price increase of the
biomass as raw material. European and national environmental regulations as well as implementation of different
research and development programs supported by the
government and EU provide a basis for positive change in
the bioenergy related investments.
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ABSTRACT
This paper presents the results of the analysis of the
relation between waste management and economic situation for the years 2000-2013 in Romania, Bulgaria, Slovenia and Greece. In particular, the interest of the present
study focuses on the “decoupling principle” which falls
within the EU policies. The population growth, the gross
domestic product and the municipal solid waste generation constitute the basic indicators used. These indicators are
integrated into one, the municipal waste intension (MWI)
indicator, allowing for easy comparison between the countries and simplifying data analysis. In general terms, it can
be stated that there is a decoupling of waste generation
and economic growth in all countries as well as in EU-27
on average. Greece seems to follow the EU-27 average,
Slovenia, Romania and Bulgaria show similar patterns
with Bulgaria to show a sharper and larger decrease of the
MWI indicator.

KEYWORDS: waste management, Balkans, EU environmental
policy, municipal waste intention, decoupling

1 INTRODUCTION
BALKWASTE (www.balkwaste.eu) is a LIFE+ project (LIFE 07 ENV/RO/000686) funded by the European
Commission aiming to promote sustainable waste management planning in the Balkan Region and to develop an
integrated decision tool. The project is implemented in the
following countries: Romania, Bulgaria, Slovenia and
* Corresponding author

Greece for the period 2009-2011. The analysis of waste
management situation and its relation to the economic
situation is one of the most crucial activities in the project. In particular, the interest of this particular task is
focused on the “decoupling principle” which falls within
the policies of the EU.
The new Waste Framework Directive (2008/98/EC)
includes a general objective to break the link between
economic growth and the environmental impacts associated with the generation of waste (decoupling). Since the
generation of municipal waste per capita has been stable
in the EU-27, while the Gross Domestic Product (GDP)
increased by 17% over the same period (2000-2008), the
generation of waste seems to have been decoupled from
economic growth. As a result, it is likely, though it does not
necessarily follow, that the environmental impacts associated with municipal waste generation have also been decoupled from GDP. Economic growth, or growth in production and consumption, is the key driving force behind
the escalating waste volumes. If the total waste generation
is shown in proportion to GDP, an indication of the waste
intensity in society is provided [1]. The term “decoupling” has been often used to refer to breaking the link
between “environmental harms” and “economic goods”. In
particular, it refers to the relative growth rates of a pressure
on the environment and of an economically relevant variable to which it is causally linked. Environmental variables
in a decoupling indicator are most often expressed in
physical units and the economic variable in monetary units
at constant base-year prices [2]. Decoupling occurs when
the growth rate of the environmentally relevant variable is
less than that of its economic driving force over a given
period. If the GDP displays positive growth, "absolute
decoupling" is said to occur when the growth rate of the
environmentally relevant variable is zero or negative – i.e.
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FIGURE 1 - Absolute (left) and relative (right) decoupling.

pressure on the environment is either stable or falling.
“Relative decoupling” is said to occur when the growth
rate of the environmentally relevant variable is positive,
but less than the growth rate of GDP [2].
The primary decoupling indicator for waste disposal
should preferably take into account all major environmental
pressures associated with waste management, such as
leachates and greenhouse gas (GHG) emissions. The amount
of total waste subjected to final disposal (i.e. landfill plus
incineration without energy recovery) can be regarded as
representing a significant part of these environmental pressures. The scope of the indicator is limited for now to
municipal waste only, because time-series data about other
types of waste is currently not available for a sufficient
number of countries [2].
The analysis is limited to the years 2000-2013 mainly
due to the current economic crisis which does not permit
long-term projections. The lack of reliable data on municipal waste for the years after 2008, up to when Eurostat
data is available is another reason. It should be noted that
the classification for the present analysis is according to
the definitions used by the Organisation for Economic Cooperation and Development (OECD)/Eurostat Joint Questionnaire section “Waste” and is not always clear if the
national definitions are in line. Furthermore, the estimation/measurement methods for the data presented are not
the same in all countries and monitoring of waste quantities in landfills and other facilities via weighbridges was
only introduced gradually over the past decade and there
is the risk of overestimating municipal waste quantities in
the years immediately prior to the introduction of weighing. Since weighing has been introduced gradually, these
numerous sharp changes would be smoothed out and may
appear as a gradual decrease in waste generation in the
respective country. Reporting systems may also need further development and/or improvement, especially regarding the definition of municipal/non-municipal waste in

some cases, e.g. waste from small enterprises and services,
bulky waste and packaging waste. All these factors inevitably introduce errors in the presented waste quantities and
in many cases national authorities apply corrective methods to these data.
2. INDICATORS USED AND BASIC ANALYSIS
The most commonly used indicators on household
waste generation and prevention are usually calculated on
the basis of the following data [3]:
Population for calculating numbers per capita: The
data for the years 2000-2010 are derived from Eurostat [4]
and for the years 2011-2013 from Eurostat [5]. The population evolution is indexed on the basis of year 2000 (2000=
100).
Economic growth - GDP: GDP is a measure of the
economic activity, defined as the value of all goods and
services produced reduced by the value of any goods or
services used in their creation. In the present analysis the
GDP at constant market prices is used. Constant prices are
prices for the year adjusted for inflation, and are, thus, an
indicator of real growth. It is important to note that GDP
at constant prices refers to the volume level of GDP [6]. It
should be noted that due to great price differences between countries, GDP weighted by purchasing power parity (PPP) is frequently used for more detailed and direct
comparison. In the present study the standard analysis
based on the GDP at constant market prices is made, as
the main purpose is to study the relevant evolution in each
country and compare the trends of the indicators and not
to compare the GDP absolute values within different EU
countries. Constant price estimations of GDP are obtained
by expressing values in terms of a base period, which is set
to the year 2000 in the present analysis. The relevant data
is extracted from the Eurostat [7] and they cover the years
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2000-2011. In particular, the GDP expressed in millions
of euro, chain-linked volumes and reference year 2000 (at
2000 exchange rates) is used. In order to transform that
data into GDP per capita, the population data is also used.
Finally, an indexed value of GDP is derived by using the
value of 100 for the year 2000 (GDPindex 2000=100). For the
years 2012 and 2013, the prognosis is based on each
country national sources. In particular:
EU-27: The projection for the years 2012 and 2013 is
based on the average annual growth of the years before
the recession (2000-2007), which was 2.16% and the
long-term projections 2010-2050 made by the European
Commission in 2006, which foresees a growth of 2.2%
for EU-25 [8]. Based on that data and the fact that the
recession is expected to slow down and end after 2011, it
is expected that the annual GDP growth should be in the
vicinity of 2.18%.
Slovenia: The prognosis of % change of GDP in current value in relation to the previous year is provided by
the IMAD up to 2013 [9]. Based on this % change the
prognosis of the GDP volume values are estimated.
Romania: The data is provided by CNP[10]. In this
publication the prognosis of % change of GDP in current
value in relation to the previous year is given. Based on
this % change, the prognosis of the GDP volume values is
made.
Bulgaria: The forecasts of GDP are provided by the
Ministry of Finance of Bulgaria [11]. In this publication
the GDP is provided in current values. Based on this, the
% change of the GDP is made and is extended to the
volume values.
Greece:The data is based on the Stability Programme
for the Greek economy [12]. In this publication the prognosis of % change of GDP in current value in relation to
the previous year is given. Based on this % change, the
prognosis of the GDP volume values is made.
MSW generation: The amount of municipal solid waste
(MSW) or household waste (HW) generated is used as primary data on waste arising. In the present analysis, the data
derives from Eurostat [13] for the years 2000-2008. The
amount of municipal waste generated, landfilled and incinerated per year is the basic information for the structural
indicator. The amount of municipal waste generated consists of waste collected by or on behalf of municipal authorities. In the case of areas not covered by a municipal
waste collection scheme, the amount of waste generated is
estimated. The bulk of this waste stream is from households, though "similar" wastes from sources, such as commerce, offices and public institutions, are included. An
indexed value of municipal waste generation (MWG) is
derived by using the value of 100 for the year 2000
(MWGindex 2000=100). For the years 2009-2013 prognosis is
based on each country national sources.
In particular:

EU-27: The projection for the years 2009-2013 is based
on the analysis of the waste municipal generation per capita
for the years 2000-2008, which shows that the values are
stabilized around the value of the year 2000, i.e. 523 kg/
inh. Based on this, the rest of calculations were made.
Romania:Data is provided by the National Institute
for Research and Development in Environmental Engineering of Romania (ICIM) [14]. The absolute values
were available.
Bulgaria:Raw data from the Ministry of Environment
and Waters (MOEW) [15] was used. The final calculations are given in kg/inh. The calculations were made by
the experts of the BALKWASTE project partner Club
“Sustainable Development of Civil Society”.
Greece: The estimations are based on the National
Waste Management Plan (1.5 % constant annual increase
of the generated waste).
Slovenia: Data from the Ministry of the Environment
and Spatial Planning (MESP), Slovenia [16] was used.
The absolute values were available.
3 MUNICIPAL WASTE INTENSITY AND DECOUPLING ANALYSIS
The main purpose is to provide a measure of the pressure on the environment caused by the total amount of
generated municipal waste. The waste intensity represents
a driving force indicator and shows response to anthropogenic activities. Waste generated per unit of GDP (total
waste intensity) will show whether there has been decoupling of waste generation from economic growth. Changes in the value of this indicator enable assessment of the
effectiveness of environmental policy [17]. In the present
analysis municipal waste intensity (MWI) is calculated as
follows:

⎛ MWG ⎞
MWI = ⎜
⎟
⎝ GDP ⎠index2000=100

(1)

MWG (kg) and GDP (€) are indexed by using the
value of 100 for the year 2000 (index 2000=100).
It should be noted that the same values derive by using per capita values for MWG and GDP. The waste intensity illustrates the ratio between the relative trend of
waste generation and the relative development of GDP.
The same method is presented by the Danish Ministry of
the Environment [1]. In Figure 2 the municipal waste
intensity evolution is presented.
In general terms, it can be stated that there is a decoupling in all countries as well as in EU-27 as average.
Greece seems to follow the EU-27 average, Slovenia,
Romania and Bulgaria show similar patterns with Bulgaria to show a sharper and larger decrease of the MWI indicator. These trends clearly indicate that decoupling is
more intense in the Slovenia, Romania and Bulgaria, while
the decrease of the MWI indicator is constant and seems to
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FIGURE 2 - Municipal waste intensity evolution.

be continued after 2013 as well, which is a positive result.
Again, it is noted that the economic crisis of 2009 and the
relevant sharp decrease of GDP growth resulted in a Ushape decrease in the respective year, in other words a
temporal increase of the MWI indicator between the years
2009-2011 occurs. This effect seems to be more intense in
the case of Bulgaria, where the temporal increase continues up to 2012. However, these temporal variations are
not indicating that decoupling is affected, as the MWI
indicator remains well below unity. As mentioned above,
the determination of the waste quantities by applying weighing techniques for the waste received at landfills has been
gradually introduced in some countries over the past decade
and, as a result, individual landfills may have overestimated weight of municipal waste in the years immediately
prior to the introduction of weighing. This would lead to a
reduction in the recorded weight following the introduction of direct waste weighing. These numerous sharp
changes would be smoothed out and may appear as a gradual decrease in waste generation in the respective country,
as for example in the case of Bulgaria.
Decoupling of waste generation from the country economy does not necessary correspond to waste reduction [3].
Thus, it is always necessary to examine if the decoupling is
absolute or relative. To do so, the GDPindex 2000=100 and
MWGindex 2000=100 are plotted together versus time in a
single graph. In Figures 3-7 the total municipal waste
generation and total GDP indexed values (2000=100) are
presented in order to have a view of the absolute and
relative decoupling.

As it is clear, the trends are different between countries. In EU-27, the decoupling is absolute up to 20052006 and becomes relative following this year. In Greece
the decoupling is clearly relative, while in Romania is
rather absolute with some small variations. Slovenia and
Bulgaria show similar patterns, where there is an absolute
decoupling up to the years 2009 and 2012-1013. Following this time limit, both countries show a relative decoupling trend. Based on this analysis, it seems that Romania
exhibits the most stable long-term behavior, while the
trends in the rest of the countries are not the optimum, as
it seems that in all of them, including EU-27, there is a
relative decoupling trend following 2013. Relative decoupling trends in EU are foreseen in the related literature,
although contrary results have also been published [18,
19]. It should be noted that although, a positive relationship exists between economic growth and waste generation, its environmental costs might still have decreased in
many EU countries because of waste management policies
directed towards increased recycling activities [18].
The results presented show that in general, the trends
are positive, in particular in Romania and Bulgaria where
the EU policies are not yet fully implemented. It is true
that more effective waste management instruments as for
example waste prevention at the source need to be implemented in line with the stated priorities of the EU and
developing countries in particular should not wait to implement waste reduction policies until household incomes
and consumption levels increase [20].
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4 CONCLUSIONS
Decoupling occurs when the growth rate of the environmentally relevant variable (as waste generation) is less
than that of its economic driving force (as GDP) over a
given period. In general terms, it can be stated that there
is a decoupling in all countries as well as in EU-27 on
average. Greece seems to follow the EU-27 average,

Slovenia, Romania and Bulgaria show similar patterns
with Bulgaria to show a sharper and larger decrease of the
municipal waste intension (MWI) indicator. These trends
clearly indicate that decoupling is more intense in the
Slovenia, Romania and Bulgaria, while the decrease of
the MWI indicator is constant and seems to be continued
after 2013 as well, which is a positive result. It is clear
that the trends are different between countries. In EU-27,
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the decoupling is absolute up to 2005-2006 and becomes
relative following this year. In Greece the decoupling is
clearly relative, while in Romania is rather absolute with
some small variations. Slovenia and Bulgaria show similar patterns, where there is an absolute decoupling up to
the years 2009 and 2012-1013. Following this time limit,
both countries show a relative decoupling trend. Based on
this analysis, it seems that Romania exhibits the most
stable long-term behavior, while the trends in the rest of
countries are not the optimum, as it seems that in all of
them, including EU-27, there is a relative decoupling
trend after 2013. However, as long as decoupling is observed, the overall resultsseem optimistic for the forthcoming years.
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ABSTRACT

KEYWORDS:
Bioclimatic conditions, air pollution, Athens, Greece

The aim of this work is to study the bioclimatic conditions as well as the air quality for three different regions
of the greater Athens area (GAA), during the warm period
of the year for the time period 2001-2005. Furthermore,
the thermal discomfort and the air pollution persistence
within 24 hours were studied. Finally, both the variability
and the trend of the bioclimatic and air quality conditions
during the examined period were studied. In order to
determine the human thermal comfort-discomfort levels, a
widely used biometeorological index, the Cooling Power
Index, and microclimatic data (air temperature and wind
speed) were used. On the other hand, data concerning the
air pollutant concentrations surface ozone (O3) and particulate matter with aerodynamic diameter less than 10µm
(PM10) measured over this area were used for the determination of the air quality levels.
The performed analysis indicates throughout the examined area degradation of the air quality and intensive
thermal discomfort episodes. More specifically, during the
warm period of the year a relatively high frequency of
days, in the city center of Athens showing thermal discomfort and air quality degradation, simultaneously, is
observed. On the contrary, on the suburban GAA’s monitoring sites a reduction of the frequency of days with
thermal discomfort is observed while the number of days
with air pollution exacerbations is relatively high. In any
case, during the examined period the environmental conditions due to bioclimatic and air quality parameters seem
to be rather degraded.
* Corresponding author

1. INTRODUCTION
After decades of industrialization, air pollution has
become a major environmental issue for both developed
and developing countries. Poor air quality has both acute
and chronic effects on human health [1, 2]. The association between high ambient pollutant concentrations and
severe health problems and excesses in daily mortality and
morbidity has been the subject of a number of studies
conducted around the world [3-5]. Air quality has emerged
as a major factor contributing to the quality of living in
urban areas, especially in densely populated and industrialized areas. Air pollution control is needed to prevent the
situation from becoming worse in the long run. This is
especially essential where certain sensitive groups in the
population are concerned, such as children, asthmatics,
and elderly people [6, 7]. Several epidemiological studies
have shown an association between particulate air pollution and health effects [8-13].
The growth Athens’ city during the last decades and
the phenomenon of urbanization obviously have led to the
creation of a microclimate with explicit effects on human
thermal comfort-discomfort. Thermal comfort, as it is
well known, is defined as the condition of mind, which
expresses satisfaction with the thermal environment, absence of thermal discomfort, or conditions in which 80%
or 90% of humans do not express dissatisfaction [14].
Conventionally, thermal comfort is achieved when the heat
production from the human organism counterbalances with
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the exchange of heat with the environment, aiming at the
maintenance of constant body temperature at 37οC, indicating a very limited breadth of favorable microclimatic
parameters. During the hot period of the year, the human
body develops defensive mechanisms such as perspiration
in order to maintain its temperature on normal-bearable
levels. The high levels of humidity in the environment when
combined with low wind speed and high temperature may
result to the suspension of such defensive mechanisms of
the human body. This causes thermal discomfort and may,
therefore, lead to heat stroke [15]. The human thermal comfort-discomfort is estimated by thermal bioclimatic indices
such as the Physiologically Equivalent Temperature (PET),
the Universal Thermal Climate Index (UTCI), the Cooling
Power index, the Thom’s discomfort index (DI), etc. The
thermal index Physiologically Equivalent Temperature
(PET) is based on the total energy balance of the human body [16, 17] interpreting the grade of the thermophysiological stress [18]. It describes the effect of the
thermal environment as a temperature value (oC) and can
be quantified easier for non-specialists in this topic. For
nighttime situation, air temperature corresponds very close
to the PET value. It has been applied in heat waves and
climatic variability studies [19, 20] and weather impacts
on health [21]. Furthermore, the UTCI equivalent temperature for a given combination of wind, radiation, humidity
and air temperature is defined as the air temperature of the
reference environment, which produces the same strain index
value. Some applications require the categorization of the
different values of UTCI in terms of thermal stress [22].
2. DATA AND METHODOLOGY
2.1. Study area

The city of Athens is located in an area of complex
topography within the Athens basin (∼ 450 km2). Mountains surround the city with heights ranging from 400 to
1500 m (Fig. 1). Openings between these mountains exist
at the northeast and at the west of the basin, while to the
south there is the sea (Saronikos Gulf). The Athens basin
has a southwest to northeast major axis and is bisected by a
cluster of small hills. The prevailing winds in the Athens
basin blow from N and NE in late summer, fall and winter
and from SSW and SW in the spring and early summer.
These NE and SW directions coincide with the major geographical axis of the basin. The ventilation of the basin is
poor during the prevalence of local circulation systems,
such as sea/land-breezes along the major NE-SW geographical axis of the basin [23].
The GAA, like most metropolitan areas in the world,
has significant air pollution problems. These problems are
the result of high population density and the accumulation
of major economic activities in this region, while the
intense sunshine contributes to the high levels of photochemical air pollution especially during the summer months.
The air pollution problems are often exacerbated by factors that favour the accumulation of air pollutants over the

city, such as, topography (basin surrounded by mountains),
narrow and deep street canyons and adverse meteorological
conditions such as temperature inversions, low wind speed,
high temperature, extensive periods of dryness [24].

FIGURE 1 - Network of the sampling stations.
2.2. Data

The objective of this study is to examine the association of spells with human thermal discomfort and air pollution episodes during the hot period of the year. In this work
as the hot period of the year is taken into account the period between May and September [25, 26]. For this purpose
data of air temperature (°C), wind speed (m/s), and data
concerning concentrations of air pollutants such as surface ozone (O3) and particulate matter with aerodynamic
diameter less than 10µm (PM10) were used. These data
were recorded at four different stations of the environmental monitoring network that belongs to the Greek Ministry
of Environment, Energy and Climate Change and concern
the period 2001-2005. The four different monitoring stations are Patission (PAT), Aristotelous (ARI), Lykovrissi
(LYK) and Thrakomakedones (THR). From ARI monitoring station only the PM10 concentrations were used.
2.3. Methodology

In this study, in order to express the human thermal
comfort, the biometeorological index known as Cooling
Power (CP) was used, against more complex thermal indices because of the simplicity in the calculation process
(two meteorological parameters, air temperature and wind
speed, are needed as independent variables) and the data
availability. The CP index, developed by Siple and Passel [27] describes the losses of energy, per units of time
and body surface, which a human organism can tolerate,
taking into consideration the wind speed V (m/s) and the
air temperature T (oC). For estimating CP index, in W/m2,
equation (1) proposed by Tzenkova et al. [28], has been
applied.
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CP (W/m2) =1.163 * (10.45 + 10V0.5 − V) * (33 − T)

(1)

concentrations came from the European Union framework
directive [30] and the two affiliated directives [31, 32].
Table 2 presents the threshold values for O3 and PM10 concentrations for human health protection.

The classification of the CP index values, with the
equivalent sensation of thermal comfort-discomfort is given
in Table 1 [29].
TABLE 1 - Classification of CP index values.
2

CP (W/m )

Classification of human comfort

CP<0
0<CP≤174
175≤CP≤349
350≤CP≤699
700≤CP≤1049
CP≥1050

Endothermal - very hot discomfort
Atonic – hot discomfort
Hypotonic – hot sub comfort
Neutral - comfort
Tonic – cold sub comfort
Cold discomfort

3. RESULTS AND DISCUSSION
The percentage of days with intense thermal discomfort and air pollution episodes was studied. The persistence
of the phenomenon described above within a day was also
examined.
3.1. Human thermal discomfort

Fig. 2 (upper panel) shows the percentage of days
with rather intense thermal discomfort (0<CP≤174 W/m2)
and with intense thermal discomfort (CP≤0 W/m2). Fig. 2
(lower panel) presents the mean daily number of consecutive discomfort hours in both cases.

TABLE 2 - Limit values for the protection of human health for O3
and PM10 [24, 25].
Ambient
Pollutant
O3
PM10

Threshold concentration
Maximum daily 8-hour mean value: 120 µg/m3
Mean daily value: 50 µg/m3

Concretely, column-A represents the percentage of days
with rather intense thermal discomfort (0<CP≤174 W/m2),
while column-B the percentage of days with intense thermal
discomfort (CP≤0 W/m2). Column-C represents the mean

In order to study the air quality and the days with air
pollution episode, the thresholds values of O3 and PM10

A

B

100
90

77.9%

80
64.4%

Percentage

70
60
50
31.9%

40

26.0%

30
12.3%

20

2.1%

10
0
PAT

LYK

THR

Stations
23.7

C

D

24
20.0
22
20

18.8
17.5

Consecutive hours

18
16
12.0

14
12

8.6
10
8
6
4
2
0
PAT

LYK

THR

Stations

FIGURE 2 - Percentage of days with thermal discomfort (upper panel) and the mean daily number of consecutive discomfort hours (lower
panel) during the warm period 2001-2005.
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daily number of consecutive hours with rather intense
thermal discomfort while column-D the mean daily number
of consecutive hours with intense thermal discomfort. It is
rather obvious in Fig. 2 that Patission (city centre station)
appears the highest frequencies of discomfort levels between the three examined stations within the GAA.
Days with rather intense thermal discomfort cover a
77.9% of the under examination time period while days
with intense thermal discomfort reach up to 26.0%. Also
the mean daily number of consecutive discomfort hours
seems to be high enough, 17.5 and 23.7 respectively in
both cases of thermal discomfort levels (Fig. 2, lower
panel). A slight improvement seems to appear in human
thermal comfort-discomfort conditions at Lykovrissi
station. From the same figure it is obvious that at
Thrakomakedones station (suburban), the improvement
in rather intense and intense thermal discomfort days, as
well as the mean daily number of consecutive thermal
discomfort hours is bigger.

warm period of the years 2001 through 2005. Concretely,
columns A and B represent the percentage of days with
PM10 and O3 episodes, respectively. Column-C represents
the mean daily number of consecutive hours with PM10
episodes while column-D represents the same for O3
episodes. In this study the term “number of consecutive
hours with PM10 episodes” means the daily total of consecutive hours during which PM10’s hourly concentrations
exceeded the corresponding daily PM10’s threshold.

3.2. Air pollution episodes

As it appears from Fig. 3 during the warm period of
the year in all the examined monitoring stations the percentage of days with air pollution episode due to PM10
and the persistence of this phenomenon are both quite
high. More specifically, during the examined period the
mean daily number of consecutive hours with air pollution episode due to PM10 ranges between 15 and 18 hours
in all of the examined monitoring sites. Furthermore, the
percentage concerning surface ozone episodes is quite
high for the stations Lykovrissi and Thrakomakedones
while for Patission station is zero.

Fig. 3 illustrates the percentage of days with air pollution episodes, concerning the pollutants O3 and PM10,
simultaneously in the three examined stations during the

The zero percentage of days with air pollution episodes concerning O3 in the city center is due to the increased levels of NO2 as a result of traffic. Regarding the

A

B
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90
80

Percentage
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58.3%
51.7%

60
40.8%

50
40

31.7%

31.9%

30
20
0.0%
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0
PAT

LYK
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THR

C

D

24
22

17.9

20

17.5

Consecutive hours

18

15.3

16

13.3

14
12
10

6.9

8
6
4
0.0

2
0
PAT

LYK

THR

Stations

FIGURE 3 - Percentage of days with air pollution episode (upper panel) and the mean daily number of consecutive hours with air pollution
episode (lower panel) during the warm period 2001-2005.
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FIGURE 4 - Percentage of days with coexistence of thermal discomfort and air pollution (upper panel) along with consecutive hours with
thermal discomfort, PM10 episodes and O3 episodes (lower panel) during the warm period 2001-2005.

persistence, the number of consecutive hours during the
day with high O3 concentrations is on average 6.9 and
13.3 consecutive hours for Lykovrissi and Thrakomakedones station, respectively. The difference on ozone concentration levels in areas with intense vehicle traffic (Patission and Lykovrissi) and areas with low traffic
(Thrakomakedones) is obvious.
3.3. Coexistence of air pollution and thermal discomfort

Αt each station throughout the warm period of years
2001-2005 the incidence of days with thermal discomfort
along with air pollution episode were calculated as well as
the mean daily number of consecutive hours in each case,
respectively. All the above are shown in Fig. 4 where
column-A represents the percentage of days with rather
intense thermal discomfort (0<CP≤174 W/m2) and air
pollution episodes, simultaneously. Column-B represents
the mean daily number of consecutive hours during the day
with rather intense thermal discomfort. Columns C and D
represent the mean daily number of consecutive hours
during the day with PM10 and O3 concentration levels over
their thresholds, respectively.

According to Fig. 4 at Patission station (city center)
in 27.7% of the examined days, the coexistence of thermal
discomfort and air pollution is indicated. Furthermore, the
fact that 19.3 consecutive hours per day are hours with
rather intense thermal discomfort while during the same
day, for 18.3 consecutive hours the PM10 concentration
exceeds its threshold indicates the persistence of the phenomenon. About the same pattern is indicated at Lykovrissi station while at Thrakomakedones station the situation is rather improved. In any case when in a day the air
pollution and thermal discomfort coexistence appears, the
persistence of the phenomenon is intense.

4. CONCLUSIONS
According to the above analysis the quality of atmospheric environment in the examined area shows to be quite
impaired. The city center (Patission) appears to have a great
number of days with rather intense thermal discomfort
(77.9%), while days with air pollution episodes and thermal discomfort simultaneously reach up to 27.7% during
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the period May-September. The situation improves as we
move close to the suburbs of the city (Thrakomakedones).
Moreover, the number of consecutive hours during
the day with simultaneously rather intense thermal discomfort and air pollution exacerbations creates both significant problems and burdensome on health of the under
consideration area residents. These results clearly indicate
that air quality monitoring of the GAA is imperative in
order to take all the appropriate measures for the public
health protection.
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ABSTRACT

1 INTRODUCTION

Only a small amount of the massive quantities of fly
ash derived from lignite combustion in power stations is
currently utilized, while the largest portion of ash is directly discharged into ponds and landfills. Therefore, alternative applications should be introduced for the valorization of this industrial waste, thus satisfying current environmental demands. Fly ash can be considered for incorporation into upgraded metal-ceramic composites to provide weight reduction for energy savings, better insulation
properties, decreased shrinkage and enhanced corrosion
resistance, to contribute towards hardness and wear properties as well as to reduce the high production cost of the
composites. So far, only limited data are reported regarding the use of fly ash as a dispersoid into nickel-based
composite coatings. In the present study, the feasibility of
manufacturing innovative nickel-fly ash bulk composites
was investigated, starting from powder blends of nickel
and 0-50 wt. % recycled lignite highly-calcareous fly ash,
and applying powder metallurgy techniques. Composite
specimens were successfully prepared and examined by
means of XRD and SEM-EDX analyses as well as apparent
density and Vickers microhardness measurements. The
obtained metal-ceramic microstructures exhibit a satisfactory densification degree indicative of an effective consolidation process. By adding fly ash into nickel matrix,
lightweight nickel-based composites with no significant
reduction in nickel hardness are produced.

KEYWORDS: highly-calcareous fly ash; recycling; metal-ceramic
composites; nickel-based composites

* Corresponding author

Huge quantities of fly ash are annually produced from
lignite combustion for power generation. Ash management remains a major challenge in many parts of the world.
Actually, fly ash particles are considered contaminated,
because their high surface area leads to enrichment in
potentially toxic trace elements [1-3]. Only a small amount
of this industrial waste is utilized, while the largest amount
is directly discharged into ponds and landfills. Therefore,
alternative applications should be developed that could
exploit fly ash as a by-product with potential for processing to elaborate value-added products such as upgraded composites rather than a waste. Metal-ceramic
composites in particular, often demonstrate interesting
combinations of physical and mechanical properties [4-6].
Fly ash, a fine ceramic particulate, can be considered for
use into metal-based composites to reduce weight (for
energy savings) with its cenospheres hollow shape and low
density providing buoyancy, better insulation properties
and decreased shrinkage, to enhance corrosion resistance
due to its alkalinity, and possibly to improve hardness and
wear resistance [7-10]. Furthermore, it is abundantly available, and its utilization in composites production will contribute to satisfying current environmental demands for
materials recycling. Moreover, it is one of the most inexpensive reinforcements available for use in metal-ceramic
materials, which still maintain a high production cost resulting in a relatively limited usage of this class of composites [11]. Therefore, fly ash can be a significant material
for production of upgraded composites such as nickelbased composites. So far, limited data are reported regarding use of fly ash as a dispersoid into nickel-based composite coatings [12-15].
In the present study, the feasibility of fabricating innovative nickel-fly ash bulk composites is investigated,
starting from nickel powder and recycled lignite combustion highly-calcareous fly ash, and applying powder processing techniques. The mineralogical composition of fly
ash, especially of high-Ca ash belonging to Class-C according to ASTM C618, provides an interesting research
area for its eventual interaction with the metal (nickel)
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amounts to 2.6 g.cm-3. The as-received fly ash was ground
(without discarding any size fraction). Information about
granulometry and grinding procedures of the ash has been
provided in previous study [16]. The aforementioned characteristics render fly ash an interesting starting material for
the preparation of upgraded nickel-based composites.
Nickel powder, APS 3-7 micron, 99.9% (metals basis),
from Alfa Aesar GmbH & Co (Germany), was selected as
the metallic constituent.

phase. The incorporation of fly ash in the bulk of nickelbased composites that is suggested in the present research
aims to contribute to the use of increased quantities of
ash, thus providing a novel pathway for fly ash utilization,
although the overall problem of ash management still remains far from being completely resolved.
2 MATERIALS AND METHODS
2.1 Materials - Recycling

2.2 Preparation and characterization of nickel-fly ash composites

The recycled fly ash samples were collected from the
electrostatic precipitators of the lignite-fed thermal power
station of Ptolemais situated in Northern Greece (Region
of West Macedonia). The chemical analysis results for this
ash are given in Table 1, while the mineralogical composition of the ash from XRD analyses (Siemens, Diffractometer D-5000) is shown in Figure 1a. Besides, the morphology of fly ash particles is illustrated in a SEM micrograph
(Jeol, JSM-6400) (Figure 1b).
The analyses results (Table 1) showed that the main
components of this industrial by-product are silicon, calcium, aluminum and iron compounds. Indeed, Ptolemais
fly ash is characterized by a high % CaO content, similarly to other ashes from Northern Greece lignite power
plants belonging to Class-C (calcareous) fly ashes according to ASTM C618. Among the major crystalline mineral
compounds present (Figure 1a), there are calcareous compounds (i.e. lime, calcite and portlandite) as well as quartz,
gehlenite, hematite and cyanite. Fly ash is also constituted
of an amorphous phase of aluminosilicate glass indicated
by a hump registered in the diffractogram. In Figure 1b, it
is shown that some ash particles assume hollow microsphere shape (cenospheres), while particles with irregular
shape also appear. Specific gravity of Ptolemais fly ashes

Various powder blends of nickel and 0-50 wt. % fly
ash were prepared and then uniaxially cold pressed using
a stainless steel die to form 13 mm diameter cylindrical
green samples (pellets). All specimens were sintered at
1000 oC for 2 h in inert atmosphere in a laboratory furnace and finally gradually cooled to ambient temperature
in the furnace, also in inert atmosphere, in order to minimize oxidation and quenching.
Phase identification of the sintered composite specimens was conducted by X-ray diffraction (XRD) measurements (Siemens, Diffractometer D-5000). The microstructural characterization of the pellets was carried out
by means of optical microscopy as well as by Scanning
Electron Microscopy (SEM) (Jeol, JSM-6400) coupled with
Energy Dispersive X-ray Spectroscopy (EDX) analysis.
Apparent density was determined by means of a specific
apparatus (Shimadzu, SMK401 - ΑUW220V) according
to the Arhimedes principle. Microhardness was measured
using a Vickers indentor (Shimadzu, HMV-2T) with a
load of 200g (dwell time of 15s). The mean hardness
values were calculated over five valid indentations per
specimen. The effectiveness of the consolidation process
was evaluated as a function of the wt. % fly ash content.

TABLE 1 - Chemical analysis of Greek (Ptolemais) fly ash.
SiO2
30.16

%

Al2O3
14.93

Fe2O3
5.10

CaO
34.99

MgO
2.69

SO3
6.28

Na2O
1.01

K2 O
0.40

FA
1. Gehlenite
2. Quartz
3. Calcite
4. Hematite
5. Portlandite
6. Cyanite
7. Lime
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FIGURE 1 - (a) XRD diagram and (b) SEM micrograph (analysis 5µm) of Ptolemais fly ash.
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3 RESULTS AND DISCUSSION

which can be attributed to improved densification and particle-to-particle bonding, and possible particle interlocking
[18]. The compacts obtained at 500 MPa had a green density and strength able to ensure safe handling and submission to thermal treatment.
The relatively moderate sintering conditions applied
were optimized on the basis of preliminary experimental
trials aiming to achieve an effective sintering with the used
simple fabrication technique, while restricting an exceeding
matrix grain growth and also avoiding possible formation
of brittle interfacial reaction products which, otherwise,
could result in a weak interface bond. After sintering, densified pellets were successfully developed (Figure 2).

The composite pellets green density and strength was
evaluated and the compaction pressure was optimized, as
microstructure of a sintered compact is strongly influenced by the quality of the green compact, thus by pressure [17]. Actually, green density increased with an increase in compacting pressure for a fixed wt. % fly ash
content. This is due to a reduction in porosity as a result
of filling of empty spaces existing between particles by
the powder mixtures during consolidation at different compacting pressures. Strength of the green composite compacts also increased with increasing compacting pressure,

(a)

(b)

FIGURE 2 - Photographs of sintered nickel-fly ash pellets (diameter: 13 mm): (a) 85-15 wt. %; (b) 70-30 wt. %
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FIGURE 3 - Typical XRD diagram of sintered nickel-fly ash pellets.

2380

4
55

60

65

© by PSP Volume 21 – No 8b. 2012

Fresenius Environmental Bulletin

Phase characterization of sintered nickel-fly ash pellets is presented in Figure 3. From this Figure, the major
crystalline phases identified are nickel and ceramic structures including gehlenite, quartz, cyanite and lime. The results show absence of any intermetallic phase or compound
that would be indicative of fly ash interaction with the metallic phase under the sintering conditions applied. Apparently, thermal treatment of the green pellets led to some
changes to the mineralogical composition in the ceramic
phase (fly ash). Certainly, gehlenite, quartz, cyanite and
lime detected (Figure 3) were also originally present in the
ash (Figure 1a). However, the intensity of the peak associated with gehlenite, a compound originated from carbonate-silicate-spinel reactions, predominates in the ceramic phase as a result of sintering at 1000 oC. Quartz crystals, the most unreactive components of fly ash, are probably found in relatively unchanged conditions as found
before combustion, although the amounts of quartz as
well as of lime decrease on sintering, and calcite, hematite
and portlandite tend to disappear (Figure 3).
Microstructural observation (Figures 4 and 5) reveals
a generally effective sintering, almost independent of the

relative nickel-fly ash composition. In the micrographs of
Figures 4 and 5, lighter phase is almost entirely composed
of sintered nickel, while several ceramic structures, also
identified by XRD analysis (see Figure 3), are mainly found
in the darker phase (sintered fly ash) according to EDX spot
analysis results.
In Figures 4a and 4b in particular, a relatively uniform
distribution between the metallic and the ceramic phase
throughout the bulk of the sintered composites is shown,
giving them continuity and strength. A continuous nickel
network is presented in the 85 wt. % nickel content specimen while discrete sintered ash clusters are incorporated in
the metal matrix (Figure 4a). On the other hand, in the 50
wt. % nickel content composite, the ceramic phase (sintered fly ash) predominates and continuity in nickel matrix is often disrupted (Figure 4b). The metallic and the
ceramic phase remain separate due to the lack of any
intermetallic phase that was already verified by XRD
analysis (see Figure 3), and apparently to very limited
interdiffusion, wettability and solid solubility of nickel
with the ceramic phase (sintered fly ash).

(a)

(b)

FIGURE 4 - SEM micrographs of (a) 85-15 wt. % and (b) 50-50 wt. % sintered nickel-fly ash composites, as well as EDX spot analysis spectra.

2381

© by PSP Volume 21 – No 8b. 2012

Fresenius Environmental Bulletin

(a)

(b)

FIGURE 5 - SEM micrographs of sintered nickel-fly ash composites: (a) 70-30 wt. %; (b) 50-50 wt. %

During thermal treatment of the green compacts, typical solid-state sintering necks between nickel particles
are formed (Figure 5a), due to atomic diffusion, creating a
continuous network, thus interconnecting and binding the
metallic phase. Fly ash sintering involves both diffusion
and restricted viscous flow phenomena that pull ash particles together. Actually, heterogeneous systems such as fly
ash contain a mixture of crystalline and amorphous components (see Figure 1a), which may behave differently during sintering. The increase in specific surface of the recycled fly ash powder that was obtained by grinding should
contribute towards facilitating sintering. Indeed, grinding
of fly ash may advantage the composites not only in terms
of their more likely successful manufacturing but even
chemically. In some cases, SEM micrographs also reveal
a certain degree of porosity in the sintered nickel-fly ash
pellets, in the form of sponge-like pores (Figure 5b) or other
shape, with no preferential orientation. Porosity may to a
certain degree be attributed to the decomposition of CaCO3
of fly ash [19], to residual carbon burnout that normally
occurs at a temperature range of 700-750 °C during sintering [20], and even to possible fly ash cenosphere particles rupture into pieces during the compaction conditions
applied.
Apparent density of the composites decreases progressively from 7.51 g.cm-3 down to 3.78 g.cm-3 when the
fly ash loading is increased from 0 up to 50 wt. %.

be undertaken for a better assessment of possible hardness
improvements from the recycling of fly ash into nickelbased composites.
4 CONCLUSIONS
Chemical, mineralogical and morphological characteristics of Greek lignite power plant highly-calcareous fly
ash render it an interesting starting material for nickel-based
composites development. In this study, nickel-fly ash bulk
composites containing up to 50 wt. % recycled highlycalcareous fly ash were successfully prepared by means of
established powder processing techniques.
The metallic and ceramic phases are separately sintered
during thermal treatment of the green compacts. Solid-state
sintering necks are formed between nickel particles due to
atomic diffusion, interconnecting and binding the metallic
phase. Sintering of particulate fly ash at the temperature
conditions applied reduces the amount of lime, quartz,
and especially calcite, hematite and portlandite, and promotes formation of a ceramic phase where gehlenite predominates. Fly ash addition in nickel matrix does not
downgrade Vickers microhardness of the matrix. With the
increase of fly ash loading in the matrix, apparent density
of the composites significantly decreases, and therefore
noticeable weight reduction can be achieved.

Vickers microhardness of nickel matrix (in the range of
200 HV) is not decreased by the incorporation of 0-50 wt. %
fly ash. Indeed, a tendency towards a slight matrix enhancement by the introduction of the ceramic phase (sintered fly
ash) is noted. It should be noticed, however, that a significant variation in microhardness results was observed in
the present study, depending on indentation position onto
the specimens. Hardness differences of the constitutive
phases, but also residual porosity as well as fly ash agglomeration in the nickel matrix [21], should be responsible for this behavior. Therefore, broader investigation must
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ABSTRACT
The use of detrimental chemicals such as elemental
bromine and organic solvents in chemical industry causes
serious environmental problems. Consequently, what is
needed is a methodology that would be environmentallyfriendly, clean and yet efficient, site-selective, operationally simple and cost-effective. Many research groups presented the biomimetic activity in bromination and degradation reactions for peroxo complexes of early transition
metals. In this work, is presented the synthesis and characterization by elemental analysis and various spectroscopic techniques such as IR, Raman and 1HNMR of a
novel carbonato peroxo niobium compound and the activity of the above compound was compared with the
activity of peroxo-compounds of two different transition
metals Nb (V), W(VI), fully characterized in our previous
reports, in bromination reaction of phenol red in neutral
and slightly acidic pH (7 and 5.5 respectively) with and
without the presence of hydrogen peroxide. The oxidation
activity of the above complexes was also evaluated in
degradation reactions of toxic aromatic compounds more
specifically of catecholic or phenolic derivatives and indigo
carmine.
In this work, the activity of peroxo niobium and tungsten compounds in environmental benign reactions such
as the bromination reaction of organic compounds and the
degradation reaction of toxic aromatic compounds is
studied.
KEYWORDS: Peroxo, superoxo complexes, bromination reaction, oxidative degradation, toxicity.

1 INTRODUCTION
A coordinated metal center activates hydrogen peroxide rendering peroxometal complexes, which are important
intermediates in the substrate oxidation catalysis in homogeneous as well as heterogeneous mode [1], The acti* Corresponding author

vation of hydrogen peroxide explains the role played by
peroxometal compounds in a number of biological oxidations, including those catalyzed by catalases, peroxidases
and haloperoxidases [2]. Bromination of organic substrates,
particularly aromatics, has garnered a lot of attention in
recent years due to the commercial importance of such compounds as chemicals, pharmaceuticals and agrochemicals.
Industrial bromination methods include direct treatment of aromatic compounds with molecular bromine. The
above method normally results in a mixture of mono, di-,
and polysubstituted products. In addition, direct bromination of activated aromatic compounds by bromine generates hydrogen bromide, which is corrosive, toxic, and harmful for the environment. The environmental problems caused
by the use of detrimental chemicals and solvents in classical
bromination and the anticipated legislations against their
use are some of the major concerns [3,4]. Vanadium bromoperoxidase (V-BrPO) catalyzes the bromination of a
variety of organic substrates under mild conditions using
hydrogen peroxide as an oxidant of bromide [3]. Functional mimics of V-BrPO have been proposed, and many
research groups presented the bromination activity of
peroxo complexes of early transition metals. More specifically vanadium [3,4], molybdenum [2], and tungsten in
homogeneous [5] and in heterogeneous mode [6,7].
Traditional biological treatment processes can destroy
a large fraction of biodegradable organic compounds existed in wastewater. Moreover, the biological treatment cost is
much lower than that of physical and chemical methods.
However, many hazardous compounds are poorly removed in conventional biological processes due to their
toxicity, recalcitrance or inhibition. Furthermore, they also
have adverse impact on the composition and activities of
microorganism communities in activated sludge flocs,
thus reducing the overall performance of these facilities.
In the above category of hazardous compounds are included the organic aromatic substances. More specifically
hydroxylated N-heteroaromatic derivatives (OH–ND) and,
in particular, hydroxy pyridines (OHP) have attracted scientific interest in areas such as pesticides design [8]. Protocatechuate (3,4-DHB) is a key intermediate in aerobic
degradation of aromatic acids, e.g. benzoate degradation
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of resorcinol (1,3-dihydroxybenzene) and 3,5-dihydroxybenzoate-(3,5-DHB) is initiated by hydroxylation to form
hydroxyhydroquinone (HHQ, 1,2,4-trihydroxy-benzene)
as the product, which is further oxidized to hydroxybenzoquinone. Thus, oxidations are employed to
overcome the stability of the aromatic ring [9]. These substances easily reach the biosphere in industrial waste waters
and constitute a danger for living organisms. Removal of
these compounds is a real challenge for waste treatment
engineers and scientists.
Textile industry is one of the greatest generators of
liquid effluent pollutants, due to the high quantities of
water used in the dyeing processes. Moreover, the processing stages and types of synthetic dyes applied during
this conversion determine the variable wastewater characteristics in terms of pH, dissolved oxygen, organic and inorganic chemical content [10]. Improper discharge of textile dye effluent containing azo dyes and their metabolites
in aqueous ecosystems is aesthetically unpleasant and
leads to a reduction in sunlight penetration, which in turn
decreases photosynthetic activity, dissolved oxygen concentration, and water quality, and has acute toxic effects
on aquatic flora and fauna, causing severe environmental
problems worldwide. In addition, azo dyes also have an
adverse impact in terms of total organic carbon (TOC),
biological oxygen demand (BOD) and chemical oxygen
demand (COD). Some azo dyes and their degradation products, such as aromatic amines, are highly carcinogenic.
Therefore, treatment of industrial effluents containing azo
dyes and their metabolites is necessary prior to their final
discharge to the environment. Conventional methods for
dealing with textile wastewater consist of various combinations of biological, physical and chemical methods [11].
In the present work is presented the synthesis and
characterization of a novel carbonato peroxo niobium compound with the chemical formula (gu)8[Nb2O(µ-CO3)2(O2)6]
CH3CH2OH and the comparison of its catalytic activity
with Nb (V) and W (VI) peroxo complexes, synthesized
and fully characterized in our previous reports, in bromination reaction of phenol red in neutral and slightly acidic
pH in the presence or the absence of H2O2. The oxidative
removal of indigo carmine in the presence and in the absence of H2O2 catalyzed by the above complexes and the
oxidative degradation of 2.3 dihydroxy pyridine (2.3 DHP),
3,4 dihydroxy benzoate (3.4 DHBA) in the absence of H2O2
are also studied.

bromoperoxidase biomimetic activity of the synthesized
complexes in bromination reactions. 3,4-dihydroxybenzoic
acid (97%Aldrich, 2,3-dihydroxypyridine (98%Aldrich),
indigo carmine were used without further purification as
substrates for the oxidative degradation reaction of organic
compounds. High-frequency Raman spectra were recorded
with a Perkin–Elmer GX Fourier 514.5 nm using an Ar+
laser with a Jobin–Yvon (T64000) triple spectrometer asthe
excitation source.The UV–Vis absorption spectra in the
range 900–200 nm were recorded using a Cary 3E spectrophotometer. NMR spectra were recorded with a Bruker
Avance 500 MHz instrument. Elemental analyses were
carried out using a Perkin–Elmer 240B elemental analyzer.
IR spectra were recorded using a KBr pellet on a Perkin
Elmer 880 IR spectrophotometer.
2.1 Preparation of the catalysts

(gu)2[WO(O2)2CO(O)2(CH3)2](CH3)2CO is prepared
with our previously published method [13].
(gu)3[Nb(O2)4] is prepared with our previously published method [14].
(gu)2[WO2(O2)2] is prepared with our previously
published method [15].
2.2 Preperation and characterization of the novel peroxo
carbonato Nb(V) complex (gu)8[Nb2O(µ-CO3)2(O2)6] CH3CH2OH

A solution of potassium niobate ΚΝbO3 in 5ml of
Η2Ο2 30% (0,224g, 1,25mmol) is treated with 5ml of an
aqueous solution of (gu)3CO3 (0,339g, 1,88mmol) and the
mixture is stirred for 45 mins aprox. After filtration of
niobium oxides, the solution is agitated for 24 h. Addition
of ethanol (5 mL) in the filtered solution after 24 hours
yields a white precipitate, which was filtered off, washed
with ethanol and air dried. Anal. Calc. for
C 12N 24H 54Nb2O 20: C, 13,85 %, H, 5,23 %, N, 32,31 %
Found: C, 13,86 %, H, 5,04 %, N, 32,77 %.

2 MATERIALS AND METHODS
For the synthesis of peroxo complexes, sodium tungstate, potassium niobate and guanidinium carbonate obtained from Aldrich were used without further purification. H2O2 (30%) obtained from Merck was used as received and de-ionized and distilled water was used throughout this study. Phenol red from Aldrich was used without
further purification as a substrate for the evaluation of

FIGURE 1 - IR spectrum of (gu)8[Nb2O(µ-CO3)2(O2)6]CH3CH2OH

The infrared spectrum of (gu)8[Nb2O(µ-CO3)2(O2)6]
CH3CH2OH revealed the characteristic spectral pattern main
vibrations of which are summarized in Table 1. The peaks
at 3373 and 3152 cm_1 are attributed to the asymmetric
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vas(NH2) and symmetric vs(NH2) vibrations of the guanidinium ion. The distinct peak at 1658 cm_1 has been assigned to the vas (CN) of the counter ion but also can be
attributed to the NH2 in-plane bending vibrations which
are mixed with the vas(CN) vibrations in the guanidinium
ion and is visible in the Raman spectra at 1650 cm-1 respectivelly [16]. The band corresponding to the symmetric
stretching vibration of this bond is at 1008 and 1016 cm-1 in
the IR and Raman spectra correspondingly. The resonances in the region between 1570 and 1093 cm-1 are due
to the vibrations of the carbonato ligand [17],[18],[ 25].
The free carbonate belongs to point group D3h and has
two characteristic vibrational modes corresponding to the
C-O bond. The first one is at 1450 cm-1 V(C-O) and the
second at 1050 cm-1 V(C-O) Totally Symmetric which is only
Raman active. When carbonate coordinates to a metal ion
(despites the coordination mode monodendate, bidendate,
or bridging) the degeneracy of the V(C-O) mode splits in
to two peaks V(C-O) assym and V(C-O) sym and the V(C-O)
Totally Symmetric mode becomes ir active [19],[22]. Thus the
intense resonances at 1571 and 1385 cm-1 are due to the
V(C-O) assym and V(C-O) sym respectively, in the IR spectrum. The band at 1545 cm-1 is ascribed to the V(C-O)
-1
assym and the very weak peak at 1425 cm is ascribed to
the V(C-O) sym respectively in the Raman spectrum. The
bands at 1122 cm-1, 1093 cm-1 in the IR and the band at
1053 cm-1in the Raman spectra’s respectively can be
ascribed to the V(C-O) Totally Symmetric mode [20]. Greenway
et al. [19] studied the interaction of carbon dioxide with
µ-Hydroxo complexes of Cobalt (III) and presented two
dimmeric cobalt (III) carbonato complexes with the carbonate ligand bridging two metal ions. In the same study
a correlation between the ir spectral properties and the
possible coordination modes of carbonate ligand has been
proposed. The authors claim that the most successful
criterion for the distinguish between the monodendate and
the bidentate coordination of carbonate ligand is the separation Δv between the two bands (V(C-O) assym and V(CO) sym) which result from the splitting of the V(C-O) mode
[19, 22]. Bidendate carbonato complexes generally have
Δv>250 cm-1 bridging carbonato complexes have Δv <
250 cm-1 and in the case of monodendate carbonato complexes the separation between the bands is of the order of
100 cm-1. The above criterion is extracted from the correlation among the angular distortion of the carbonate ligands
and the separation between the two highest energy ir absorptions due to the carbon oxygen stretching. Bidendate
carbonato complexes generally have Δv>250 cm-1 bridging carbonato complexes have Δv < 250 cm-1 and in the
case of monodendate carbonato complexes the separation
between the bands is of the order of 100 cm-1. The above
conclusion was extracted by the correlation of spectral
data (ir absorptions) and the crystal structures of 30 carbonato metal complexes [19]. The authors claim that this
criterion is not equally valid for bridging carbonato complexes comparing with mono and bidendate carbonato complexes but later reports with structurally characterized bridging carbonato complexes confirmed it in a satisfactory

degree [21-24]. Amongst the complexes in the same paper
that they do not obey to the above criterion are two carbonate salts which have as a counter anion guanidine and
exhibit values of Δv lower than 250 cm-1 besides the
bidendate coordination of carbonato ligand. Thus the
presence of guanidine as a counter ion complicates the
extraction of a safe conclusion for the bridging or bidendate mode of the carbonate ligand in (gu) 8 [Nb 2 O(µCO 3 ) 2 (O 2 ) 6 ] CH3CH2OH.

FIGURE 2 - Raman spectrum 514nm of
(gu)8 [Nb 2 O(µ-CO 3 )2 (O 2 )6 ]CH 3 CH 2 OH in the solid state.

The band at 815 cm-1 is ascribed to the vibration of
the O-O bond in the side bound peroxo groups, and the
bands at 588 and 528 cm-1 correspond to the symmetricVas(Nb-O2) and asymmetric Vs(Nb-O2) vibrations respectively, of the side bound peroxo groups. The wave
numbers of the characteristic infrared bands described
previously fit those obtained from the Raman spectra of
the complex the peaks at 837, and 541 cm-1 for V(O-O)
and Vas(Nb-O2) respectively [14]. The above bands are
wider comparing with other peroxo complexes synthetized and structurally characterized by our lab [13-15],
and this is due to the presence of more than one bands overlapping. The above fact is an indication for the existence of
polymeric structures and supports the proposed dimmeric
structure of (gu)8[Nb2O(µ-CO3)2(O2)6]CH3CH2OH [35]. The
band at 887 cm-1 can be ascribed to the asymmetric vibration of the Nb-O-Nb linear bridge [26],[27]. This vibration mode is also visible to the Raman spectrum at 813
cm-1 and the asymmetric band is at 287 cm-1 which is only
visible in the Raman spectrum, because according with E
Koning for such linear systems, the symmetric stretching
vibrations, are forbidden in the infrared spectra [27]. It is
well known that in case of linear oxygen bridged transition metal complexes, the characteristic stretching modes
of the bridge atoms are almost independent of the mass
and type of the metal atom M involved, provided the mass
of M is large compared to that of the bridge. The frequencies for the asymmetric and symmetric vibrations for the
M-O-M bond then observed at about 850 and 220 cm-1
[27]. Filippo et al. [26] reported that the symmetric metal-
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TABLE 1 - IR and Raman data for (gu)8[Nb2O(µ-CO3)2(O2)6]CH3CH2OH
Assign.
IR (cm-1)
Raman (cm-1)

Vas(C-N) Vas(C-O) Vs(C-O) V(C-O) Totally

VS(C-N)

V(O-O)

Vas(Nb2O)

Vas(Nb-O2)

Vs(Nb-O2)

Vsymm(Nb2O)

1008
1016

815
837

878
813

588
541

528
525

287

Symmetric

1658
1658

1571
1545

1385

1122,1093
1053

oxygen-metal stretch in bent µ-oxo bridged complexes
occurs at a significantly higher frequency than in linear µoxo-bridged complexes while the asymmetric metal-oxygenmetal stretching vibration in bent complexes occurs at a
significantly lower frequency in bent p-oxo-bridged complexes than in linear p-oxo-bridged complexes. In the case
of (gu)8[Nb2O(µ-CO3)2(O2)6]CH3CH2OH the band that corresponds to the asymmetric metal-oxygen-metal stretch
occurs at a lower frequency 813 cm-1 and the symmetric
vibration of the metal-oxygen-metal bond occurs at a higher
frequency 280 cm-1 comparing with the observed bands at
850 and 220 cm-1in linear metal-oxygen-metal. The above
fact consists an indication that the metal-oxygen-metal
bridge in (gu)8[Nb2O(µ-CO3)2(O2)6]CH3CH2OH is not completely linear.
The above data in conjunction with the data from the
elemental analysis confirm our assertion about the structure of (gu)8[Nb2O(µ-CO3)2(O2)6]CH3CH2OH which is a
dimmer. The coordination of two carbonate ligands is also
confirmed, but the nature of the bidendate or the bridging
mode is not completely clear.

FIGURE 3 - Raman spectrum 514 nm of (gu)8[Nb2O(µCO3)2(O2)6]CH3CH2OH in H2O2 and H2O from bottom to top.

2.3 Raman spectroscopy in solution

The Raman spectrum of the complex in solution exhibits a strong band at 1010 cm-1 which corresponds to the
Vs(C-N) vibration in the guanidinium counter ion. The low
intensity band at 846 cm-1 can be ascribed to the vibration
of the metal-oxygen bond in the linear bridge Nb-O-Nb.
The shift of the metal-oxygen-metal bridge after the dissolution of (gu)8[Nb2O(µ-CO3)2(O2)6]CH3CH2OH in a higher
frequency comparing with the Raman in the solid state
and the complete disappearance of the bands corresponding to the carbonate ligands leads us to the conclusion that
Nb-O-Nb bridge becomes completely linear after the dissociation of the carbonate ligands. Therefore the presence of
the bridging carbonato ligand is responsible for the bending of the Nb-O-Nb bridge and this is the most significant
indication for the bridging coordination mode of the carbonato ligand. Finally after the addition of H2O2 in a ratio
6/1 per metal ion no gain in the intensity of the band at
798 cm-1 is observed, in contrast with our findings in the
study of reactivity and stability of peroxo tungsten species
in solution [14],[15]. Consequently the addition of H2O2
does not induce the regeneration of the side bound peroxo
groups. This is mentioned below in the study of catalytic
activity of peroxo niobates.
2.4 NMR spectroscopy

The 1HNMR spectrum of the complex immediately
after dissolution in DMSO d6 exhibits a peak at 1.2 ppm
which corresponds to the protons of ethanol [32]. The

FIGURE 4 - 1HNMR spectra of (gu)8[Nb2O(µ-CO3)2(O2)6]CH3CH2OH
freshly prepared and 6 days later in DMSO d6 (from bottom to top).

ethanol is co-crystallized with the complex and is liberated after the dissolution of (gu)8[Nb2O(µ-CO3)2(O2)6]CH3
CH2OH in DMSO d6. In the spectrum taken 6 days after,
the occurrence of a resonance at 3 ppm is clear indication
for the existence of peroxo groups in the complex. In our
previous reports in peroxo niobium complexes is reported
their activity in the oxidation reaction of DMSO which is
proved by the existence of the peak at 3 ppm corresponding to the methyl protons of dimethylsulphone. Dimethylsulphone is the oxidation product of DMSO [14], [40].
The above fact in conjunction with the IR data and the
data from the elemental analysis propose the existence of
coordinated peroxide which is side bound in each metal
center. Van Vuuren et al. [17], in a study of the formation
of carbonato vanadates proposed a structure for a vanadate
with two metal centers linked with a linear M-O-M bridge
and a carbonate in bridging coordination. Our study on the
synthesis and characterization of the carbonato peroxo-
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niobium complex led us to propose the above structure
with two carbonato ligands coordinated to each metal
center in a bridging mode and the presence of a non completely linear oxo bridge between the two metal ions in
contrast with Van Vuuren et al. [17].
2.5 Study of catalytic activity in bromination reactions by UVVis spectroscopy.

The catalytic activity of the complexes was evaluated
in the oxidation reaction of Bromide ion and the subsequent formation of an oxidized Bromine intermediate which
is able to accomplish the bromination of an electrophilic
organic substrate in the presence or the absence of Η2O2.
The experimental procedure was based on the method of
De Boer et al. [12] introducing four Bromine atoms into
the molecule of Phenol Red (ε433 =19.700 Μ-1cm-1) to
form Bromophenol Blue (ε592 = 67.400 Μ-1cm-1) was used
to measure bromination activity. Phenol Red acts as an
efficient trap of active bromine species without influencing the rate of reaction until it is exhausted. The reaction
mixture contained Phosphate buffer (0,1M, pH 5.5, 7),
KBr (0.5 M) and Phenol Red (0.1 mM). The redox activity was tested by adding a measured amount of the synthesized compound (1 mM), and by monitoring the possi-

ble change in absorbance at 592 nm. The addition of Η2Ο2
(0,1 mM) does not take place in the initial stages of the
reaction, but 180 mins after the insertion of the catalyst in
order to investigate the influence of H2O2 in the reaction
rate and the regeneration of the catalyst after the initial
stages of the reaction. Because Hydrogen Peroxide is able
to oxidize Bromide ions in the absence of a catalyst at a
concentration of 20 mM [28], separate bromination experiments were held in the absence of a catalyst with 0,1 mM of
H2O2 in order to ensure that no reaction takes place due
the presence of Hydrogen Peroxide.

FIGURE 5 - Proposed structure for
(gu)8[Nb2O(µ-CO3)2(O2)6]CH3CH2OH

TABLE 2 - Spectroscopic properties of the synthesized peroxo compounds

2.6 Study of catalytic activity in oxidative degradation reactions of aromatic compounds by UV-Vis and 1HNMR spectroscopy.

The oxidative degradation reaction of 2.3 DHP, 3.4
DHBA is studied by 1H NMR spectroscopy in D2O solutions using equimolar quantities of the substrate and the
complex compound (0.05 Mm in 0.5 ml D2O). The oxidative degradation reaction of Indigo Carmine in the presence of H2O2 was monitored by UV-Vis technique and the
concentrations for Indigo Carmine and the complex compound are 0.1 mM and 0.05 mM respectively. In 1H NMR
experiments the concentrations are 1 mM and 0.5 mM for
indigo carmine and the complex compound respectively.
3 RESULTS

jority of peroxo complexes studied as catalysts in bromination reactions being more effective in acidic pH [5],[7].
Though its brominating activity is sufficient as it can be
seen in the absence of H2O2. The addition of H2O2 causes
an increase in the production of bromophenol blue especially in pH = 7, in acidic pH the increase in reaction rate
is not so profound because by the time H2O2 was added
(180 mins) the reaction was completed.
In (gu)2[WO2(O2)2] the difference in catalytic activity
between acidic and alkaline pH is more distinct and the
addition of H2O2 enhances the rate of the bromination
reaction in acidic as well as in alkaline pH.
Brominating activity of (gu)3[Nb(O2)4] is insignificant in acidic and neutral pH even after the addition of
H 2O 2.

3.1 Catalytic activity of peroxo compounds in bromination
reactions

3.2 Catalytic activity in oxidative degradation reaction of
indigo carmine

As it can be seen from Fig 7. (gu)2[WO(O2)2CO(O)2
(CH3)2](CH3)2CO follows the trend observed for the ma-

In degradation reaction of indigo carmine in the
presence of H2O2 catalyzed by (gu)8[Nb2O(µ-CO3)2(O2)6]
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FIGURE 6 - Spectral changes at 5 mins intervals in bromination reaction of phenol red catalyzed by (gu)2[WO(O2)2CO(O)2(CH3)2](CH3)2CO.
I. in the absence of H2O2. II immediately after the addition of H2O2 in pH = 7

FIGURE 7 - I The increase of absorbance at 592 nm indicating the rate of bromination with (gu)2[WO(O2)2CO(O)2(CH3)2](CH3)2CO in the
absence of H2O2 from 0 to 180 mins in two different pH values(5.5 and 7), II The increase of absorbance at 592 nm in the presence and in the
absence of H2O2 in pH =7.

FIGURE 8 - I The increase of absorbance at 592 nm indicating the rate of bromination with(gu)2[WO2(O2)2] in the absence of H2O2 from 0 to
180 mins in two different pH values(5.5 and 7), II The increase of absorbance at 592 nm after the addition of H2O2 in pH =5.5.
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FIGURE 9 - I The increase of absorbance at 592 nm indicating the rate of bromination with(gu)3[Nb(O2)4] in the absence of H2O2 from 0 to
180 mins in two different pH values(5.5 and 7), II The change of absorbance at 592 nm after the addition of H2O2 in pH =7.

CH3CH2OH a significant activity is observed as it can be
seen in Fig 10. In the first 25 mins 21 % decrease of absorbance at 600 nm is observed, and 24 hrs later the absorbance is reduced about 61%.

FIGURE 12 - Initial and absorbance three days later of indigo
carmine in the presence of (gu)2[WO2(O2)2]
FIGURE 10 - Spectral changes at 5 mins intervals and 24 h later in
degradation reaction of indigo carmine catalyzed by (gu)8[Nb2O(µCO3)2(O2)6] CH3CH2OH in the presence of H2O2.

The tungsten peroxo complex (gu)2[WO2(O2)2] is also
active Fig.12 and despite the fact that the initial activity is
insignificant, three days after the absorbance at 609 nm is
reduced for 80%.
3.3 Study of the mechanism in degradation reaction of indigo
carmine

FIGURE 11 - Spectral changes at 5 mins intervals in degradation
reaction of indigo carmine catalyzed by (gu)3[Nb(O2)4] in the presence of H2O2.

The other peroxo niobium complex (gu)3[Nb(O2)4] also
exhibits significant catalytic activity at the intial stages.

The 1HNMR spectrum of indigo carmine exhibits three
resonances. Two doublets at δ 7.43 ppm and δ 6.46 ppm
which correspond to the protons 2 and 3 respectively. The
singlet at δ 7.76 ppm corresponds to the equivalent protons 1 [30]. The first two spectrums 30 and 60 mins after
the initiation of the reaction exhibit only the peaks of indigo carmine. In the above spectra’s a group of low intensity but yet distinct peaks are observed in δ 6.7 ppm, 7.57.7 ppm and 8.1-8.2 ppm. These peaks gain intensity as it
can be seen in the spectra 5 days after. It is interesting to
notice that 5 days after there is no observable difference
in the formation of degradation products as it can be seen
in the corresponding spectra’s (Fig 13). In these spectra’s
the peaks ascribed to the protons of indigo carmine are
absent. Vatier et al. [29] reported the photocatalytic degradation of indigo and indigo carmine from TiO2 with a
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parallel identification of the intermediate products. They
claim that the first step in photocatalytic degradation of
I.C. is the cleavage of the S-H bond of the sulfonate groups
in the molecule of I.C. The above reaction is achieved by
the absorption of the sulfonate groups in the surface of
TiO2. The degradation reaction proceeds mainly through
the cleavage of the central C=C bond. Amongst the proposed products of this route are 2-nitrobenzaldehyde and
Anthranilic acid. The part of intermediates originating from
the non dissociation of the central C=C double bond concerns fumaric and 2,3-dihydroxyfumaric acids as well as
two amino products: 3-amino-glyceric acid and 1,2-diaminoglycol [29]. As it can be seen in the spectra’s taken 5 days
after the first spectrum; the peaks at δ 7.03 ppm t, 7.4 ppm d,
7.66 ppm t and 7.9 ppm d can be ascribed to H3, H4, H2 and
H1 protons of indigo occurring from the S-C bond cleavage of the sulfonate groups in the indigo carmine molecule [31]. The resonance’s at δ 8.13 7.79, 7.82 and 7.95
ppm can be ascribed to H1, H4, H3 and H2 protons of 2nitrobenzaldehyde [32]. The peaks at 7.73, 7.43 and 6.742
can be attributed to H4, H2 and H1 respectively of anthranilic
acid [32]. Finally the resonances at δ 8.23, 7.69 and
7.45 ppm can be ascribed to the protons of benzoic acid
The presence of the above products proposes a similar
reaction path with Vautier et al. [29].

case of (gu)2[WO(O2)2CO(O)2(CH3)2](CH3)2CO as it can be
seen in the first spectrum 2 hrs after the dissolution of the

3.4 Catalytic activity in oxidative degradation reaction of 2.3
DHP

The main 2.3 DHP species present in water is the 2keto form and its successive ionizations produce the 3ionized 2-keto form and the 2.3 di-ionized Pyridine form [8].
The un-ionized 2-keto form also predominates in DMSO and
the spectrum of 2.3 DHP in DMSO d6 refers to the unionized 2-keto form exhibits a triplet at δ 6.1 ppm, and two
doublets at δ 6.7 and 6.8 ppm. In literature the spectrum
of the un-ionized 2-keto form in DMSO d6 exhibits a triplet
at δ 6.0 ppm, and two doublets at δ 6.7 and 6.8 ppm. The
1
HNMR Spectrum of 2.3 dyhydroxypyridine (DHP) in D2O
shows a triplet at δ 6.24 ppm, and a doublet at δ 6.9 ppm
With the above spectral data the triplet at δ 6.24 ppm can
be ascribed to the proton 5 whereas the doublet at 6.9 ppm
at the protons 4 and 6 in the un-ionized keto form [34]. In the

FIGURE 13 - Expanded 1HNMR spectra’s of Indigo carmine in D2O
with (gu)8[Nb2O(µ-CO3)2(O2)6] CH3CH2OH 30 mins -25 days after
the initiation of reaction from bottom to top.

FIGURE 14 - Proposed reaction mechanism for the oxidative degradation of indigo carmine.
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proposed the oxidation of 2.3 DHP and the subsequent
production of degradation products such as succinic semihaldeyde and 5-amino-2-oxo-4-pentenoic acid. The doublets at δ 4.9 ppm and δ 6.7 ppm can be ascribed to the
protons of 5-amino-2-oxo-4-pentenoic acid. The appearance of a doublet at 8.2 ppm which is more intense in the
last spectra 75 days after the dissolution corresponds to an
aldhehidic proton. The above fact combined with the
existence of peaks at δ below 4 ppm declares the presence
of succinic aldehide or degradation products as a result of
the ring opening between the two hydroxyls. Finally the
brown color of the supernatant solution in the NMR tube
and the wide peaks in the spectra’s consist an indication
for the presence of quinoid radicals. With the above facts
in Fig 17 is described a mechanism which follows two
different paths for the degradation reaction of 2.3DHP. The
first path includes oxidation to semiquinone and quinone
and subsequent production of succinic semihaldeyde and

FIGURE 15 - 1HNMR spectra of 2.3 DHP (bottom) and 2.3 DHP
with (gu)2[WO(O2)2CO(O)2(CH3)2](CH3)2CO in equimolar quantities
0.05 mM 2h-75d after dissolution in D2O (from bottom to top)

complex in the aqueous solution of 2.3 DHP the appearance
of a new peak. This triplet is observed at 6.48 ppm. In the
second spectrum presented 15 days after; the appearance
of a doublet at δ 6.76 ppm is observed. The gradual appearance of the doublet at δ 6.76 ppm in conjunction with
the triplet at 6.48 ppm is an indication for the complexation of 2.3 DHP to the metal center of W(VI). The above
assertion can be can be confirmed by previous reports of
our lab where the reaction of equimolar quantities of
2.3DHP and (NH4)2MoO4 in D2O was studied [33]. In the
case of Mo (VI) the peaks of 2.3 DHP in D2O are shifted
in a similar way with W(VI). More specifically the triplet
which corresponds to the proton 5H is shifted down field
for 0.20 ppm in the case of Mo(VI) and 0.23ppm in the
case of W(VI); and the doublet which corresponds to the
protons 4H and 6H is shifted up field for -0.16 and -0.06
for Mo(VI) and -0.13 and -0.01ppm for W(VI) compared
to the free 2.3 DHP respectively. The above shift of the
peaks also consist an indication for the complexation of
oxidized 2.3 DHP to the metal center, proposing the formation of semi or quinoid Tungsten complexes of 2.3 DHP
in a similar way with previous reports of our lab with Molybdenum [33],[35]. Over the time the appearance of new
peaks bellow 6 ppm is observed. Zefirof et al. [36] reported the degradation of 2.3 DHP by two different microbial
strains. In this paper was reported a reaction path which

FIGURE 16 - 1HNMR of 2.3 DHP (bottom) and 2.3 DHP with
(gu)3[Nb(O2)4] in equimolar quantities (0.05 mM) 1h- 15d after
dissolution in D2O (from bottom to top).

FIGURE 17 - Reaction scheme and possible products in oxidative
degradation of 2.3 DHP.
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5-amino-2-oxo-4-pentenoic acid, where as the second
path proposes a ring opening reaction between the two
hydroxyls of 2.3 DHP which is a similar route with the
enzyme intradiol dioxygenase.
3.5 Catalytic activity in oxidative degradation reaction of 3.4
DHBA

As it can be seen form the above spectra’s in the case
of peroxo niobate Fig. 18. the presence of dissociation
products is observed from the resonances below 4 ppm
such as malonic acid and acetic acid where as in the case
of peroxo tungsten complex the presence of resonance’s
below 4 ppm is not observed Fig. 19. Also in peroxo niobate dissociation products from ring opening reactions such
as mouconic acid are observed [39]. 3.4 DHBA is oxidized, polymerized to quinine and forms complex with

FIGURE 18 - NMR spectrum of 3.4 DHBA (bottom) and 3.4 DHBA
with (gu)3[Nb(O2)4] in equimolar quantities 0.05 Mm, 1h-15d after
dissolution in D2O (from bottom to top).

FIGURE 19 - NMR spectrum of 3.4 DHBA (bottom) and 3.4 DHBA
with (gu)2[WO2(O2)4] in equimolar quantities 0.05 mM 1h-3d after
dissolution in D2O. (from bottom to top)

tungsten metal center. As a conclusion from the direct
comparison of the two peroxo complexes in degradation
of 3.4 DHBA only peroxo niobate is active and a possible
explanation can be extracted by the correlation of the
bond lengths and the reactivity between niobium and
tungsten complexes Table 2. Reinolds et al. [2] correlated
the reactivity of the complexes in oxidation reaction with
the length of the O-O bond in peroxo groups. Niobium
complexes have noticeably longer O-O bond lengths
comparing with peroxo tungstates and probably this is the
reason for their higher activity in degradation reaction of
3.4 DHBA.

4 DISCUSSION
In bromination reaction tungsten complexes exhibit the
highest catalytic activity in contrast with Niobium complexes which are not active. The highiest catalytic activity
exhibits (gu)2[WO(O2)2CO(O)2(CH3)2](CH3)2CO both in
neutral and acidic pH. Tetraperoxo niobium complex does
not exhibit any significant brominating activity even after
the addition of H2O2 probably due to formation of insoluble
oxides after its dissolution to water [15]. This difference
between niobium and tungsten peroxo complexes is the
main cause for the inactivity of Niobium compounds in
bromination reaction The reaction mechanism for the
bromination of organic aromatic compounds catalyzed by
peroxo complexes is extensively studied by many groups
and it is found that the peroxo compound directly oxidizes
bromide ions by transferring an oxygen atom and an equilibrium mixture of oxidized bromide species (BrOH, Br2
and Br3-) occurs [3-5]. At the same time a peroxo group is
transformed to an oxo group. The metal complex formed
after bromination reaction is catalytically inactive but still
present in the reaction mixture due its solubility. By adding H2O2 to the reaction mixture the formation of peroxo
groups in the catalytically inactive compound is achieved
giving rise to a new catalytic cycle until the exhaustion of
Bromide. Upon the addition of Peroxo Niobium complexes in the reaction mixture insoluble Niobium oxides are
formed which precipitate instantly. The above phenomenon is irreversible and even after the addition of hydrogen
peroxide the peroxo complex cannot be formed. This is
the most reasonable explanation for the low almost insignificant catalytic activity of niobium peroxo complexes.
The stability and catalytic activity of peroxo tungsten and
niobium complexes is extensively studied in previous
reports of our lab [13-15]. In our previous study it was
reported that a polyoxo niobium compound catalyzes the
photosensitized oxidation bromide ions. The above compound was formed in a methanolic solution from the
methanolysis reaction of NbCl5 which leads to the direct
formation of polymethoxo species of niobium with the
general type [NbCl5-x(OMe)x]n. The solvolysis reaction
of the above compound leads to the formation of the
Chloro-oxo-polyoxo niobium complex which is photocatalytically active in oxidation reaction of tetraphenylo-
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phoshonium bromide. The addition of H2O to the reaction
mixture leads to the complete inactivation of the photcatalytic system. The above phenomenon is due to the hydrolysis of Chloromethoxo complexes and the formation of
insoluble niobium oxides [38].
In degradation reaction of indigo carmine there is an
opposite trend where peroxo niobium complexes are more
active comparing with the tungsten ones. This different
behavior is an indication for a completely different reaction mechanism comparing with bromination reaction. In
order to study the reaction mechanism for the degradation
of indigo carmine and to have a more clear view if indigo
carmine is degraded or simple discoloration happens,
NMR experiments were held with the niobium complex
(gu)8[Nb2O(µ-CO3)2(O2)6] CH3CH2OH which exhibited
the highest catalytic activity in UV-Vis experiments. The
NMR spectra’s in different time intervals after the initiation of reaction revealed a sequence of degradation products which indicate a reaction mechanism similar with a
previous study of photocatalytic degradation with TiO2
[29], were two main reactions occur the cleavage of S-C
bond of the sulfonate groups in Indigo carmine molecule
for the production of indigo blue and the second reaction
which is the dissociation reaction of the central C=C
bond. Amongst the products identified by interpretation
with spectra’s from the literature were indigo, anthranilic
acid, 2-nitrobenzaldehyde and finally benzoic acid. The
presence of degradation products originated from the non
dissociation of the central C=C double bond such as fumaric and 2,3-dihydroxyfumaric acids cannot be excluded.
Despite the fact that complete mineralization of indigo carmine is not achieved during the time of study, the presence
of degradation products consist an indication for the catalytic
activity of (gu)8[Nb2O(µ-CO3)2(O2)6] CH3CH2OH rendering
it suitable for environmental applications. Further study
for the structure and catalytic activity of (gu)8[Nb2O(µCO3)2(O2)6] CH3CH2OH is under way.

their solubility in water and with the bond lengths of O-O in
peroxo groups for bromination reactions. In oxidative degradation reactions of hydroxy benzoate acids and dyhydoxy
pyridine, peroxo niobium complexes are more active comparing with their tungsten homologues, despites their poor
solubility in water. (gu)2[WO(O2)2CO(O)2(CH3)2](CH3)2CO
is an exception in the above trend as it exhibits sufficient
catalytic activity in oxidative degradations probably due to
the similar O-O bond length with peroxo niobates. A reaction mechanism was proposed from the degradation products
identified from the 1HNMR experiments. In oxidative
degradation reaction of indigo carmine, (gu)8[Nb2O(µCO3)2(O 2)6]CH3CH2OH exhibits sufficient catalytic activity and a reaction mechanism was also proposed. The
above results render the synthetised peroxo complexes
suitable for environmental applications.
ACKNOWLEDGMENTS
The authors are grateful to Dr. Eleni K. Efthimiadou
for her assistance. The present work was supported by the
Special Research Account of Athens University (E.L.K.E.
70/4/6495) and by the Postgraduate Studies Programme
on ‘‘Catalysis an Integrated Approach” of Epeaek II Programme of Greek Ministry of Education, and the European Union (75/25).

In oxidative degradation reaction of 2.3 DHP,
(gu)3 [Nb(O2)4] exhibited highier activity comparing with
the tungsten acetone peroxide complex (gu)2[WO(O2)2
CO(O)2 (CH3)2](CH3)2CO. Though the similarity of the
degradation products of 2.3 DHP observed for the two
different complexes can be correlated with the similar
frequencies in IR spectra of the side bound peroxo groups
of the two complexes (Table 2). In fact the acetone peroxide tungsten complex exhibits noticeably higher bond
lengths compared with the other peroxo tungsten complexes [2, 12] and this can be the key for its similar high
activity which is lower than niobium complexes but still
significant comparing with the other peroxo tungsten
complexes studied in our lab [40].
5 CONCLUSIONS
The results of this study indicate that the reactivity of
the synthesized peroxo complexes can be correlated with
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ASSESSMENT OF METHANOGENIC ACTIVITY
AND KINETICS OF ANAEROBIC GRANULAR SLUDGE
Birol Kayranli* and Aysenur Ugurlu
Hacettepe University, Department of Environmental Engineering, Beytepe, Ankara, Turkey

ABSTRACT
The study aims to investigate the specific methanogenic activity (SMA) and kinetic coefficients for anaerobic granular sludge under low temperatures. Activity test
can be used to outline the operating condition for the
system and a parameter to assess the system performance
by giving a better understanding of the system performance and stability. The granular sludge samples for
SMA test were taken from a lab scale Anaerobic Sequencing Batch Reactor (ASBR) operating for treatment
of the low strength wastewater at low temperature. Microbial activities were determined through methane production from acetate. The activities at temperature 25, 15
and 10oC were found as 0.74 gCOD/gVSSd, 0.70
gCOD/gVSSd, and 0.68 gCOD/gVSSd, respectively. As
expected, the activity decreased with decreased temperature. First order kinetic model and Gompertz equation
was applied to determine the kinetic constant for methane
production at batch study. Methane production rate constants for Gompertz equation are as follows; R= 0.327
(mlCH4h-1), Mmax= 4.97 (ml), and λ=0.45 at 25oC, R=
0.429 (mlCH4h-1), Mmax= 3.95 (ml), and λ=0.98 at 15oC,
and R= 0.286 (mlCH4h-1), Mmax= 3.56 (ml), and λ=0.83 at
10oC.

KEYWORDS: Specific methanogenic activity, granular sludge,
low temperature, low loading

1 INTRODUCTION
Anaerobic treatment processes have growing interest
and already been used for the treatment of various high
strength wastewaters. Some effective anaerobic systems
have been developed and are being successfully used to
purify of low-strength wastewaters as domestic
wastewater, particularly under tropical conditions with
low heating requirement [1,2]. Anaerobic treatment processes provide

* Corresponding author

end products such as re-usable water, fertilizer, soil conditioner, and energy which are important for sustainable environmental management.
Anaerobic digestion is a microbial process involving
careful design and control. Dague et al. [3] has developed
an “anaerobic sequencing batch reactor (ASBR)”. Treatment in ASBR occurs in a single tank in an operational
sequence of filling, reacting, settling, and decanting. It is
necessary to provide sufficient methanogenic population
in the system [1]. The amount of methanogenic bacteria
and other species in the biomass rely mostly on
wastewater characteristics, environmental and operational
conditions [4]. SMA is a tool for assessing methanogenic
activity of anaerobic sludge. SMA test also allows the
evaluation of anaerobic sludge for methanogenic and relative mi-croorganism levels under different conditions.
Using specific methanogenic activity (SMA), it would be
possible to determine potential loading capacity of the
anaerobic treat-ment systems, thus allowing appropriate
organic loading rates to be applied [5]. This test can also be
used to evaluate the performance of the sludge in the present of inhibitor compounds [6]; to observe the changes in
sludge activities; to designate the reduction rate of various
components [7]; to assess kinetic parameters for the system
under batch conditions, and to estimate maximum applicable loading rate [8].
The objective of this study was to investigate the specific methanogenic activity and obtain kinetic constants of
the granular sludge obtained from an ASBR treating low
strength wastewater at operating temperatures of 25, 15
and 10oC.
2 MATERIALS AND METHODS
The methanogenic activity test procedure described
by Soto et al. [9] was used in this study. The experimental
setup is presented in Figure 1. The SMA test was performed by using 125 ml serum bottle closed with a rubber
stopper. The experimental setup was combined with an
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inverted flask of 500 ml including an alkaline solution
(1N NaOH) that allows for the selective measurement of
methane.

6
2

3
1
5
7
4

FIGURE 1 - SMA test configuration (1.Serum bottle, 2.Feed and
discharge point, 3.Gas outlet point 4.Water bath, 5.Flow regulation
bottle, 6.CO2 scrubber (1 N NaOH solutions), 7. Graduated cylinder)

The serum bottle was inoculated with anaerobic granular sludge from the ASBR operated in the laboratory treating low strength wastewater under low temperatures. The
granular biomass of 1.293-1.324 gVSS (see Table 1) was
added into 125 ml serum bottle. The serum bottle was fed
with the substrate containing acetic acid (250 mgCOD/L).
The nutrients (N and P) were not added to restrain the biomass growth in the serum bottle. The organic matter (COD)
reduction rate and the methane gas production were the
main indicators used for evaluating the performance of the
test. The liquid displacement method was used to measure
the amount of methane gas produced during the test. After
every gas measurement, serum bottle was mixed. The
ASBR had 55 cm height and 12 cm inner diameter and
was made of Plexiglas cylinder. The working liquid volume was 4 L and 2 L gas bag was attached on the top of
the reactor to ensure the availability of gas during decanting period. The temperature was controlled by a water
jacket around the reactor. Dump feeding strategy was

applied for the ASBR. COD and VSS analyses were performed in accordance with Standard Methods [10].
3 RESULTS AND DISCUSSION
The operational conditions provided during SMA test
and results obtained are presented in Table 1. Acetic acid
removal rates at the end of 6 hours were as follows; 95 %
for 25oC, 94 % for 15oC and 89 % 10oC. As can be seen,
the degradation rate decreased with decreasing temperature. However, these results indicated that the methanogenic bacteria were already present and active even at
10oC in the biomass. The activity was 0.74 gCOD/gVSSd
at the temperature of 25oC, 0.70 gCOD/gVSSd at the
temperature of 15oC, and 0.68 gCOD/gVSSd at the temperature of 10oC. The activity was higher at the temperature of 25oC compared to the other operating temperatures
(15 and 10oC). Soto et al.[9] carried out SMA test using
acetic acid as substrate. They reported that the activity
was between 1.078 and 0.975 gCOD/gVSSd at 35oC. The
results obtained in this study were lower than the results
obtained by Soto et al. [9]. This can be explained by bacteria activity doubling at every 10oC increase in temperature. Similarly, Jawed et al. [5] conducted SMA test using
the same method used by Soto et al. [9] at 35oC, and applied 2-2.5 gCOD/L substrate 500 ml serum bottle. They
obtained SMA activity between 0.635 and 0.887 gCOD/
gVSSd which is lower than that of obtained in the present
study even at 10oC. Elmitwalli et al., [11] pointed out that
activity was 0.34 gCOD/gVSSd at temperature of 30oC.
Similarly, Punal et al. [12] carried out SMA test with
0.15-1.5 g/L total organic carbon and biomass was taken
from hybrid UASB and AF at the temperature of 35oC.
The SMA form this study was reported as 0.246 gCOD/
gVSSd for biomass attached and 0.250 gCOD/gVSSd for
suspended biomass. In another study, it is reported that
the activity was 10 gCOD/gVSSd for pure and enriched
methanogenic culture, while it changed between 0.1 to
1.0 gCOD/gVSSd in industrial and laboratory digester [9].
The results demonstrated that SMA depends most likely
on the feature of the granular sludge, type of the substrate,
environmental conditions, and the test procedure [5,9].

TABLE 1 - SMA test operational conditions and results obtained
Parameter
V Total Volume
Vr Active volume
So, Influent COD
Se, Effluent COD
Removal
X, SS
XV VSS
XV/X
Total VSS
pH
Total CH4

Unit

10
125
80
252
27
89
11.34
9.63
0.85
1.324
7.02
60.5

ml
ml
mg/L
mg/L
%
g/L
g/L
g
ml

2398

Temperature oC
15
125
80
251
16
94
11.04
9.7
0.87
1.333
7.05
71.75

25
125
80
254
14
95
11.82
9.75
0.82
1.293
7.0
80.25
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gCOD/gVSSd

0.68
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0.70

0.74
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Methane production at different operational temperatures is given in Figure 2 correlated with the Gompertz
equation. The methane production under the applied operational conditions ceased around 5 h. The m3CH4 production per kg of COD removal obtained in this study was
0.33 m3CH4/kgCOD, 0.31 m3CH4/kgCOD, and 0.27
m3CH4/kgCOD under 25, 15, and 10oC respectively. As
can be seen in Figure 3, methane production rate was
higher in SMA test compared to the results of ASBR.
Average methane production was 0.18 m3CH4/kgCOD,
0.20 m3CH4/kgCOD, and 0.22 m3CH4/kgCOD, 25, 15,
and 10oC respectively [1]. This is due to organic loading
rate, substrate type and the mode of system operation in
an ASBR. The system is operated in a semi-continues
mode, and fed by a mixture of substrate. The HRT and

OLR are different. Therefore, higher CH4 production/kg
COD removal can be expected in the SMA test. Furthermore, these differences are possible due to differences of
the degradation rate of component and the steps of anaerobic digestion. Anaerobic degradation consists of parallel
and serial processes involving the number of microorganisms responsible for reduction of substrate to intermediate
products. The hydrolytic step is generally the limiting step
of anaerobic reduction of complex materials [9]. In the
continuous studies with ASBR the synthetic wastewater
contained milk powder, starch, Na-acetate etc. in ASBR,
whereas acetic acid was used as sole substrate in the SMA
test. These results suggest that ASBR should be operated
at high HRT (>15 h) providing low organic loading rate
when operated at low temperatures.

FIGURE 2 - Methane production during the SMA test period.

FIGURE 3 - Comparison of methane amount in ASBR and the SMA test.
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TABLE 2 - Kinetic constants for batch study
First Order Kinetic Constants

Temperature oC
25
15
10

A

k

R2

2.27
2.38
2.39

-0.4552
-0.7401
-0.8793

0.8047
0.8082
0.8626

Gompertz Equation Constants
25
15
10

R (ml CH4h-1)
0.327
0.429
0.286

Mmax (ml)
4.97
3.95
3.56

Cumulative methane production kinetics was evaluated by using first order kinetic and modified Gompertz
equation. The first order kinetic model for methane production [13] has the following form:
Log ( dG ) = (logA + log(Co)) – kt
dt

(1)

where, G is volume of produced methane (ml/h), A is
volume of methane produced per mass converted, t is
hydraulic retention time (h), Co is biodegradable substrate
(g). Kinetic constant was obtained by single linear regression [Log ( dG ) vs t]. Similarly, modified Gompertz
dt
equation was used to determine the constants for cumulative methane production by regression analysis. The equation is given in Eq (2) [14]; λ
M = Mmax.exp {– exp [

(λ – t) +1]}

λ (h)
0.45
0.98
0.83

R2
0,976
0,958
0,938

4 CONCLUSIONS
The substrate removal rate was higher than 89% at
operated temperature during the test period. It was observed that activity decreased with the decreasing temperatures as well as the substrate removal. The organic loading rate applied considering the methanogenic activity is
generally higher in SMA test compared to the results of
anaerobic reactor operated due to complex structure of the
wastewater as well as the operational mode. Furthermore,
the activity suggested that lower organic loading rates
should be applied to the ASBR system when working at
low temperatures (<15oC). Gompertz equation can be
applied successfully fort the determination of constants
for methane production of anaerobic batch study.

(2)
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ABSTRACT

1 INTRODUCTION

Pollution by hexavalent chromium, contained in industrial waste, can cause serious environmental and health
problems. Research has led to the development of quite a
few stabilizing techniques, among which the most effective is the reduction of Cr(VI) by Fe(II) salts. Chromate,
when reduced to the trivalent state, precipitates in the
form of an amorphous Cr(III) hydroxide. When the reductant is ferrous iron the final product is a mixed Fe(III)Cr(III) hydroxide, with increased stability compared to
the simple chromium hydroxide. All previous experimental studies were carried out at 25oC, and the solubility
of solids was determined without applying any thermal
treatment or aging procedure. During the present experimental work, Cr(OH)3 alone and mixed Cr(OH)3 - Fe(OH)3
precipitates were produced at higher precipitation temperatures (40-70oC) and/or submitted to aging in order to investigate the effect of these parameters on the crystallinity, the
chemical characteristics and the solubility of solids. These
tests showed that all solids were amorphous. The hydrothermal aging procedure applied on the Cr(III) hydroxides
had a positive effect on their stability compared to freshly
prepared hydroxides that lacked any aging process. The
Fe(III)-Cr(III) hydroxides presented even lower solubility,
with total Cr concentrations below drinking water limit at
pH values greater than 4.5. However, the application of
higher temperatures had no effect on the stability of mixed
hydroxides.

KEYWORDS: chromate reduction, ferrous iron, Fe(III)-Cr(III)
hydroxides, chromium stabilization

* Corresponding author

Chromium (Cr) is a very useful metal. Due to its oxidizing properties, it makes materials harder and resistant
to corrosion, thus, it is used in various industrial applications such as stainless steel production. However, it is
considered to be quite hazardous, mainly because the toxic
hexavalent chromium, Cr(VI), a common residual in industrial wastes, is soluble and highly mobile in the aqueous
phase. Over the last years, several areas have been reported
as polluted by chromium, due to uncontrolled disposal of
industrial effluents. Serious clinical symptoms, including
increased cancer incidence, have been observed frequently
in regions suspected to be polluted by Cr(VI) [1]. That is
why development of processes to obtain efficient removal
of chromium from aqueous effluents or groundwater and
stabilization in the form of environmentally stable compounds is an issue of primordial importance.
To this aim, quite a few techniques have been developed, based on sorption or reduction processes. Common
sorptive media under development include several types
of clays, oxyhydroxides, biosorbents, etc. [2, 3]. On the
other hand, reduction is carried out using a wide variety
of chemical, electrochemical or biological reducing processes [4-7].
One of the most effective reductive methods is based
on the use of ferrous iron Fe(II) salts. Previous studies [810] have indicated that Fe(II) can reduce and precipitate
aqueous Cr(VI), at 25ºC, almost instantly, transforming it
into Cr(OH)3, while Fe(II) is oxidized and precipitates
as Fe(OH)3. As a result, Cr(VI) is successfully removed
from the aqueous solution, at a stoichiometric ratio of
3 Fe(III) : 1 Cr(III). However, no research has been done
to determine the effects that aging processes and different
temperatures might have over the produced solids.
Present experimental work was carried out to investigate how various temperatures, between 40 and 70oC,
applied during the reductive coprecipitation of mixed
Fe(III)-Cr(III) oxides, can influence the structure and
stability of solids. In addition, a series of simple Cr(III)
oxides were produced by chemical neutralization and
subjected to an aging process at 70oC for 60 hours, in an
attempt to induce crystallization of these solids and observe eventual changes in their stability.
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2 MATERIALS AND METHODS
The first category of solids were simple Cr(OH)3 precipitates, which were produced by neutralizing Cr(III) solutions with sodium hydroxide, according to reaction (1):
Cr(NO3)3 (aq)+ 3 NaOH (aq) à
Cr(OH)3(s) + 3 NaNO3 (aq)
(1)
Two chromium hydroxides were produced: the first
one (sample code Cr-n) was produced by mixing Cr(III)
with the stoichiometrically required amount of base, i.e.
Cr(III)/(OH) = 1/3 mole/mole and the second one (sample
code Cr-a) using a molar excess of base, i.e. Cr(III)/(OH)
= 1/5 mole/mole. In practice 100 ml of a 1M Cr(NO3)3
solution was mixed with 60 ml or 100 ml of a 5 M NaOH
solution to prepare samples Cr-n or Cr-a respectively.
Cr(OH)3 was formed almost immediately at both cases
and it had a distinctive blue-green hue. Both pulps were
diluted with distilled water to a final volume of one liter
and were subjected to an aging procedure, consisting of
keeping the pulps at 70oC for 60 hours. The scope of this
aging treatment was to induce the transformation of amorphous hydroxides to the corresponding crystalline phases,
e.g. grimaldite, CrOOH, or other Cr(III) oxyhydroxide polymorphs. It is noted that when this procedure is applied to
Fe(III) neutralization solids results in the production of
crystalline goethite, FeOOH [11]. After the 60 hours, the
samples were washed, filtered, dried and ground to be
prepared for analyses and solubility tests.
The second category of solids that were produced were
the mixed Cr(III)-Fe(III) precipitates. In this case, FeSO4
and K2Cr2O7 were mixed in a spherical reactor and precipitated rapidly, according to the chemical reaction:
3Fe2+ + CrO42- + 8H2O à [3Fe(OH)3.Cr(OH)3] + 4Η+

(2)

NaOH was also added to neutralize the produced
acidity and adjust the pH at 5. Then, the pulp was left to
age for 24 hours, while heated at 40 (sample FeCr40), 50
(FeCr50), 60 (FeCr60) and 70oC (FeCr70). Washing, filtering, drying and grounding followed to prepare the samples
for analyses and solubility measurements.
The chemical composition of solids was determined
by digestion in aqua regia and analysis of dissolved metals by AAS (Atomic Absorption Spectroscopy). To evaluate whether residual Cr(VI) remains in the precipitates, the
solids were treated by alkaline digestion, according to the
US EPA method 7196A [12], and Cr(VI) was measured in
the extract by the diphenylcarbazide spectrophotometric
method. In addition, the solids were characterised using
various methods, such as XRD (X-Ray Diffraction), IR
(Infrared Spectroscopy), and DTA-TG (Differential Thermal Analysis and Thermogravimetry).
Finally, solubility tests were carried out at several pH
values to evaluate the environmental stability of simple
Cr(III) and mixed Fe(III)-Cr(III) oxides. The solubility tests
were conducted in test tubes of 50 ml capacity, mixing
1 gram of solid with 30 ml of a 0.1 M NaNO3 solution and
adjusting the pH to the desired value in the range pH 2 – 6

using HNO3 or NaOH. The suspensions were left at 20oC
for one week. After this period, the final pH of the suspensions was checked and samples of the aqueous phase
were taken, filtered through a membrane of 0.2 µm pore
size and analyzed for Cr concentration by ICP-MS (Inductively Coupled Plasma – Mass Spectrometry).

3 RESULTS AND DISCUSSION
The chemical analyses of solids showed that simple
Cr(III) hydroxides contained 31-33% Cr, while mixed
Fe(III)-Cr(III) solids contained 8.9- 9.6 % Cr and 33 to
38% Fe. The amount of Cr(VI) detected in the mixed hydroxides was less than 0.05%, indicating that almost all of
the precipitated chromium was in the reduced trivalent
state. The molar ratio Fe:Cr in the mixed hydroxides was
around 3.5:1, which is higher than the expected 3:1. It is
possible that a small part of Fe(II), which is quite unstable
when in contact with the atmosphere, was already oxidized when used for the synthesis reaction. As a consequence a slightly lower amount of Cr(VI) was reduced and
precipitated in the final solids.
Examination of solids by XRD indicated that the simple Cr(III) hydroxides were amorphous, despite the aging
treatment at 70oC for 60 hours, which has not caused any
crystallization. During the synthesis of Cr(III) hydroxides,
Milligan [13] and Laubengayer and McCune [14] obtained
crystalline solids at 25oC, without using any aging process.
According to Ziemniak et al. [15], two Cr(III) hydroxide
forms have been identified: (1) a crystalline hydroxide hydrate, Cr(OH)3.3H2O, and (2) an active amorphous form,
Cr(OH)3. xH2O. It is believed that the latter precipitate
forms from a well-ordered structure of uncharged aquohydroxo complexes, Cr(OH)3(OH2)3, held together by hydrogen bonds. The precipitate becomes amorphous on aging
as water molecules are ejected and the Cr atoms become
connected by hydroxo bridges (i.e., x< 3). Ziemniak et
al.[15] also report that the crystalline Cr(OH)3.3H2O is
stable only at low temperatures, i.e. <60oC. It is thus possible, that the hydrothermal aging treatment applied during the present study had an opposite effect compared to
what was expected, namely by transforming eventually
crystalline phases to amorphous. However, it is noted that
the Cr(III) hydroxides, produced by Rai et al. [16, 17] at
ambient temperature conditions, were all amorphous.
For the mixed precipitates, even if in general they are
also behaving as amorphous, a small shoulder is observed
at 2θ=35ο (of d=2.5 Ǻ distance), which corresponds to the
main peak of ferrihydrite (Figure 1). Similar production
of ferryhydrite-behaving mixed Fe(III)-Cr(III) solids was
observed in the studies of Loyaux-Lawniczak et al. [18].
The DTA-TG analysis of the amorphous Cr(III) hydroxides (Figure 2) showed that the chemically absorbed
water is released at 120oC, and a sharp exothermic peak is

2404

© by PSP Volume 21 – No 8b. 2012

Fresenius Environmental Bulletin

observed at 430-460oC, which is attributed to the “glow
phenomenon”, i.e. the sudden release of heat and energy

from the surface of the material due to the decrease in
surface and crystallization [18].

FIGURE 1 - XRD comparison of mixed Fe(III)-Cr(III) samples at 40, 50, 60, 70oC and ferryhydrite.
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FIGURE 2 - DTA-TG analysis of simple Cr(III) hydroxide samples

FIGURE 3 - DTA-TG analysis of mixed Fe(III)-Cr(III) hydroxide samples

For the mixed Fe(III)-Cr(III) hydroxides, the DTA
analysis presented two areas of endothermic peaks, firstly
around 116-134oC and then at 650oC, both accompanied
by weight changes in TG (Figure 3). These two changes
correspond also quantitatively to the calculated weight
changes (of around 39% and 21%) due to water loss that
would occur, according to the stoichiometry of the two
reactions below:
2 [3Fe(OH)3.Cr(OH)3] – 12 Η2Ο →3 Fe2O3 + Cr2O3 (3)
2 [3FeOOH.CrOOH] – 4 Η2Ο →3 Fe2O3 + Cr2O3
(4)
o
However, the second water loss (at 650 C) is happening at a higher temperature in this case than it happens for
goethite or eskolaite, which probably means that the
Fe(III)-Cr(III) samples produced do not have the same
chemical characteristics as a physical mixture of Cr(III)
and Fe(III) hydroxides of the same ratio, but have formed
strong bonds during production, something which was
also confirmed by a comparison of the IR analysis diagrams of such a mixture with the samples (data not presented).

The results of solubility tests for the simple Cr(III)
hydroxides and the mixed Fe(III)-Cr(III) samples are
shown in Figures 4 and 5 respectively.
As seen in Figure 4, the solubility of Cr(III) hydroxides produced in this study can be well described using
the thermodynamic data determined by Rai et al. in a
recent study [17] (see line 1 in Figure 4 and Table 1). These
data were derived based on solubility tests with very long
duration, i.e. 502-557 days. In a previous study of Rai et al.
[16], freshly prepared amorphous Cr(OH)3 precipitates
had been submitted to solubility tests with a short equilibration period (6 days) in the acidic pH region. This had
resulted in an overestimation of Cr(OH)3 solubility, as
shown with line 2 in Figure 4. As an example, according
to the recent thermodynamic data (line 1), the chromium
concentration in the aqueous phase can be maintained
below the limit value of drinking water (50 µgl-1) at
pHs greater than 5, whereas, based on previous predictions, concentrations below 50 µgl-1 could be obtained
only above pH 6 (line 2).
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The long term solubility results of Rai et al. [17] are
in good agreement with the solubility of ‘aged’ Cr(III)
hydroxides observed in this work (Figure 4). This coincidence indicates that the short term aging treatment applied
in this study, i.e. 70oC for 60 hours, had a similar effect
on the stability of amorphous Cr(OH)3 as that obtained by

Rai et al. after the long equilibration period of 502-557
days. However the hydrothermally ‘aged’ precipitates
seem to contain a small amount of unstable particulates,
since some samples exhibit relatively high solubility at
pHs 5-6.5.

FIGURE 4 - Solubility test results of Cr(III) hydroxide samples Cr-n and Cr-a. Comparison with experimental results of Rai et al. [17] corresponding to the solubility of amorphous Cr(OH)3, after a long equilibration period of 502-557 days. Line 1 represents the calculated solubility
of Cr(OH)3(am) using the thermodynamic data determined by Rai et al. [17] based on this set of experimental results (see Table 1). Line 2
represents the solubility of fresh Cr(OH)3(am) after a short equilibration period at acidic pHs [16].

FIGURE 5 - Solubility test results of the mixed Fe(III)-Cr(III) hydroxide samples. Line 1 corresponds to the linear trend of experimental
results and line 2 was calculated according to the equation of Sass and Rai [19] (equation 5 for x=0.33).
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TABLE 1 - Thermodynamic equilibrium constants (logK) for Cr(III) hydrolysis reactions, used for the calculation of Cr(OH)3(am) solubility
in Figure 4.
logK (I=0 M)
Reference
4.09(a)
[17]
5.78(b)
[16]
2
CrOH2+ + 2H2O ↔ Cr(OH)3(aq) + 2H+
-10.93
3
Cr(OH)3(aq) + H2O ↔ Cr(OH)4- + H+
-11.52
(a)
Solubility product determined by Rai et al. (2004) [17] for amorphous Cr(OH)3 after a long equilibration period (502-557 d) at various pHs.
(b)
Solubility product determined in a previous study [16] for freshly prepared Cr(OH)3(am) after a short equilibration period (6 d).
1

Reaction
Cr(OH)3(am) + 2H+ ↔ CrOH2+ + 2H2O

In the case of mixed Fe(III)-Cr(III) hydroxides (Figure 5), the solids were found to have even lower Cr solubility, i.e. concentrations below the drinking water limit
(50 µgl-1) at pHs ≥ 4.5. However as seen in Figure 5, the
production of mixed hydroxides by reductive co-precipitation at relatively high temperatures 40-70oC, has not improved their stability in comparison with the solids produced by neutralization at 25oC by Sass and Rai [19] and
having similar Fe(III) to Cr(III) molar ratio. It is noted
that Sass and Rai derived a composition-dependent solubility equation to predict the aqueous Cr concentration in
equilibrium with mixed Cr(III)-Fe(III) hydroxides produced by neutralization and having the general composition CrxFe1-x(OH)3. For x ≤ 0.69 and for pH between 2 and
6, the following equation was suggested [19]:
log(CrOH+2) = -2pH + 4.18 + 0.28(1-x)2 – 1.79(1-x)3 +
logx
(5)

during their precipitation (from 40 to 70oC). Their stability is mainly related with the molar excess of iron during
coprecipitation and therefore increasing the iron input
could make the technique more efficient and the solid more
stable.
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ABSTRACT
Tanning involves the processing of raw hides and
skins through chemical reactions and mechanical methods
to produce leather for the manufacturing of various products. Conventional methods of pre-tanning and tanning in
the leather industry result to the production of enormous
volumes of toxic liquid, solid and gaseous waste streams,
and to the consumption of chemicals and energy. Tanning
industry is therefore a pollution intensive industry, with
significant environmental effects including the discharge
of high amounts of conventional pollutants, and certain
chemicals such as biocides, surfactants and organic solvents. The most important environmental impact is attributed to the use of Cr3+ salts that are used by a 80 to 90
percent of tanneries worldwide.
The growing global concern on environmental issues
resulted to the adaptation of greener and cleaner manufacturing practices by processing industries. The “Green
Chemistry” approach for zero pollutant releases in the tanning industry is based on the use of non-hazardous process chemicals, the recovery of chemicals (including
water) and the integration of processes. Towards these
targets, this paper provides a review of Best Available
Technologies, Emerging Techniques, research performed
and techniques currently applied by the tanning industry
with respect to “Green Tanning”.

KEYWORDS: tanneries; wastewater; pollutants reduction; green
tanning; chromium.

1 INTRODUCTION
The tanning industry nowadays remains a pollution
intensive industry, although several efforts have been made
for the development of innovative processes which are en* Corresponding author

vironmentally safe. The environmental effects due to tanneries include both the production of high loading of conventional pollutants at increased concentrations, and the
use of certain chemicals such as biocides, surfactants and
organic solvents. Conventional methods of pre-tanning and
tanning in the leather industry result in the discharge of
large volumes of toxic liquid, solid and gaseous waste
streams, while consuming chemicals and energy. The most
important environmental effect is attributed to Cr3+ salts;
Cr3+ when released is oxidized to Cr6+, which is highly
toxic and is recognized as a human carcinogen.
It is estimated that about 5% of the gross income of
tanneries is dedicated to environmental pollution control
facilities, 10% for chemicals and 3% for energy consumption. The reduction of the pollution loading produced by
the tanneries will not only reduce the relevant costs and
the negative environmental impact, but it is considered as
a feasible practice for the viability of the middle-class
tannery facilities. Specifically, the operational license for
those facilities is subjected to strict environmental restrictions; therefore, the application of an appropriate
environmental management system is a key parameter for
the survival of these facilities. During 1984, about 374
tanneries operated in Greece with 2,348 employees, while
on 1995, only 155 were still in operation with 1,309 employees [1]. It is estimated that the number of operating
units is further reduced nowadays.
The growing global concern on environmental health
issues, forces all processing industries to adopt greener and
cleaner manufacturing practices. The “Green Chemistry”
approach for zero pollutant releases is based on the use of
non-hazardous process chemicals, the recovery of chemicals (including water) and the integration of processes.
Towards these issues, the current paper provides a short
review of Best Available Technologies (BAT), emerging
techniques, research performed and techniques currently
applied in the tanning industry with respect to “Green
Tanning”. Europe is the main supplier of processed skin
worldwide and considering that the majority of the tanneries are small or middle-class plants (over 90% of the total),
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the importance of “green tanning” is apparent, not only
for Greece but for the whole Europe, as well [2].

conservation agents. The most common chemical tanning
agent is the trivalent chromium (Cr3+); in addition
styptiria, formaldehyde, etc. are often used [3].

2 CURRENT TANNING PROCESS –
ENVIRONMENTAL AND HEALTH ISSUES

Although tanning is one of the 4 stages applied in skin
processing, the whole process is usually referred as tanning and usually includes: Pre-treatment (Beamhouse),
Tanning (Tanyard), Post-tanning and Finishing. Figure 1
illustrates thoroughly the stages of tanning. The flow chart
is a general representation of the most common processes
applied in tanneries [4].

Tanning of hides and skins involves the conversion of
the raw un-treated skin in an extremely stable product,
which can be used for the production of a variety of materials. The process is based on the ability of the skin to absorb tannins and other chemicals, due to their interaction
with the collagen fibers of the skin, thus enabling to act as

FIGURE 1 - General production flow chart of tanning and finishing. Raw materials (e.g. energy, chemicals, water, etc.) and waste production
at each stage are included.

2411

© by PSP Volume 21 – No 8b. 2012

Fresenius Environmental Bulletin

TABLE 1 - Most important chemicals used during the three most common tanning processes.
Tanning process
Tanning with chromium
Vegetative tanning
Metallic tanning

Tanning agent
Cr(OH)SO4
Polyphenolic mixtures extracted from plants (e.g.
mimosa, beech, quebracho wood)
Al, Zr and Ti salts

As shown in Fig. 1, a large number of chemicals is
used in the whole process. Chemicals of environmental
importance are those used in the tanning process; Table 1
displays the most important chemicals used according to
the 3 most common tanning processes. The predominant
tanning method is the chromium one, as about 80-90% of
the tanneries worldwide use salts of Cr3+. It is estimated
that about 40-70% of the initial chromium is consumed
during tanning. This implies that relatively great amounts
of chromium are lost in wastewaters, resulting to significant cost increases and a high potential of environmental
deterioration. Usually, these facilities are associated to the
discharge of the unreacted chemicals used in tanning (e.g.
chromium, salts, ammonia, nitrogen and sulphur compounds, etc.) and the production of solid wastes from the
process (e.g. biological matter, fats, hair, skin, etc.). Particularly, the wastes produced during tanning are classified as toxic and their composition depends on the type of
the applied processes, the duration of processing and
water consumption [2, 4].
Air emissions may be produced during the whole
process of tanning, but gas releases are mostly emitted
during drying and finishing. Formaldehyde, H2S, toluene,
methanol, VOCs are between the primary air pollutants.
Dust and particles created from skin processing, the mechanical processes and spraying further endorse the atmosphere. The relatively large amounts of water (e.g. about
400 L of water/skin are used for sheep’s skin processing)
and chemical reagents used in tanning result in the production of significant amounts of concentrated
wastewaters. They are produced during the whole process
of tanning and are characterized by high concentrations of
parameters such as: COD, BOD, suspended solids, Cr, Cl, nitrogen, phosphorus and sulphur compounds (S2- and
SO42-). The solid wastes include pieces of skin, hair, fats,
etc. and are produced during the whole process of tanning.
However, the most important solid wastes production occurs during the treatment of wastewater (sludge production). Finally, as shown in Figure 1, energy is consumed in
several stages; it is estimated that energy costs during tanning represent about 3-5% of the total production cost.
This percentage is increased to 7-10% when energy required for wastewater treatment is included [4,5].
Today, the requirement for the control and reduction
of wastes produced during tanning is more than apparent,
and may be achieved through the implementation of a

Secondary chemicals
Salts, MgO, Na2CO3, NaHCO3, fungicides, Na2SO3,
HCOOH, CH3COOH,
fatliquors, synthetic organic
substances, resins
Complexation and bleaching agents, fatliquors,
HCOOH, synthetic organic substances, resins
Masking agents, alkali, salts, synthetic organic substances, resins

number of measures such as the use of non-hazardous
chemicals, the recovery of the chemicals (including water) and the design of environmental friendly process, the
main principles on which “green tanning” is based.
3 METHODS FOR
“GREEN TANNING” DEVELOPMENT
3.1 Water management

The aim of a water management plan is the reduction
of water volumes used in tanning and the recovery of water. The reduction of the initial water amounts may be
achieved through appropriate modification of the process
equipment, e.g. installation of valves, water flow controllers, elimination of water losses, modification of the drainage system in order to separate cooling water, rainwater
and washing water from wastewater draining network.
Water used in baths (e.g. in deliming, pickling, tanning,
etc.) can be recycled, whereas the treated effluent can be
re-used in baths as well during the process. Sunthanthararajan et al. [5] studied the application of reverse osmosis
(RO) for the recovery of biologically treated tannery
wastewater. The proposed pilot scale system was installed
in a tannery in India. A number of pre-filtration processes
were installed (e.g. sand filtration, activated carbon filtration) prior to RO unit, in order to avoid overloading and
clogging of the RO membranes. The results showed that
removal rates of 98% of dissolved solids, 94-98% of Cland Na+, 98% of SO42-, 65% of Mg2+ and 55% of Ca2+
were achieved. The application of RO unit might be feasible in tanneries for the recovery of water, provided that
an efficient pre-treatment system is included for the prevention of RO membranes clogging.
3.2 Wastewater management

Today, several efforts have been given to the development of more efficient tannery wastewater treatment
processes, as a result of the increasing concern about Cr
levels and taking into account that specific compounds (e.g.
tannins) may not be efficiently removed due to the inhibition of microorganisms’ activity. Separation of the wastewaters produced in the beamhouse and their preservation
under high pH conditions in order the sulphur compounds
to be removed, are some simple methods according to the
Best Available Technologies practices. Furthermore,
wastewaters produced during tanning and slamming contain
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relatively high Cr concentrations (> 1 g/L) and should be
collected and treated in Cr recovery facilities. Fahim et al.
[6] studied the use of a relatively low cost activated carbon from sugar industry for the removal of Cr with promising results. The specific carbon is a by-product of sugar
processing, it is available in high amounts and until now it
is considered as a solid waste without any further use.
De Gisi et al. [7] recently showed that a treatment procedure consisting of an activated sludge system and a reverse osmosis set up with plane membrane can be used for
the treatment of tannery wastewaters. The specific pilot
scale treatment system was applied in a tannery in Italy,
and the results showed a 67% COD removal after the biological reactor and 100% COD removal after RO. RO was
in addition efficient for the removal of ammonium compounds. On the other hand, Haydar and Aziz [8] applied
the Chemically Enhanced Primary Treatment (CEPT) process for tannery wastewater treatment. The use of the appropriate coagulation reagent in the coagulation-flocculation
(C/F) pre-treatment step is the key parameter in this technique. CEPT was more efficient compared to the conventional C/F process for the removal of suspended solids
(SS), COD and Cr. CEPT proved to be more efficient that
conventional biological systems for SS and Cr removal,
but less efficient for COD removal.
Several specific cases of tannery wastewater alternative treatment systems applications have been reported
worldwide. In Tunisia, two mobile treatment units were
applied for the treatment of tannery wastewaters [9]. In
the former one, physical-chemical treatment was conducted
(with a treatment capacity of 1,000 l/h), by the application
coagulation-flocculation and lamellar clarification, whereas
in the latter, biological treatment was conducted by means
of activated sludge (treatment capacity 50 l/h, denitrification reactor included). Similarly, a novel treatment and
recycling unit was installed in a tannery in Spain [10].
According to the treatment procedure, initially the solids
larger than 1 mm were removed through a self-cleaning
sieve and the solids-free wastewater flowed into the flotation tank, for removal of suspended solids and fats. The
final treatment stage took place in a clarification tank and
the solids - and fats-free treated water was collected in 6
connected to each other storage tanks. Each storage tank
was aerated through openings sealed with activated carbon.
The treated water was reused in the pickling and tanning
processes, after the addition of the appropriate chemicals.
The application of this method resulted to a 55% reduction of NaCl, 14% reduction of chromium salts and 97%
water reduction.
In another case in Spain, a complete treatment system
was applied for the treatment of tannery wastewaters from
the industrial area of La Serrata in Lorca [11]. After primary and secondary treatments (e.g. degreasing, homogenisation, C/F, etc.), about 60 to 90% of pollutants loading
was removed (organic load, suspended solids). The subsequent steps included biological treatment coupled with

UF membranes, where bacteria, viruses, colloidal systems and specific organic molecules were removed. RO
treatment followed, for the removal of dissolved salts,
metallic ions and organic molecules. Application of this
method resulted to the production of stabilized solid
wastes and water that could be re-used for industrial or
agricultural purposes. Hulshof Tanneries (Netherlands)
developed an alternative treatment procedure for tannery
wastewaters. After pre-treatment, COD was reduced through
anaerobic treatment and the methane produced was used for
heating of the influent wastewater in the IC (Internal Circulation) reactor (up to 350C). During anaerobic treatment,
Cr was transferred into the biological sludge, and was removed through flotation; the methane produced was used
for the prevention of sulphur compounds oxidation into
elemental sulphur. The sulphur compounds are removed in
a separated reactor through oxidation in elemental sulphur
and subsequent precipitation of S. A sludge fermentation
followed and finally nitrogen removal took place in the
‘Anammox’ reactor with the use of specific bacteria.
Although treated wastewater could not be reused, the
applied treatment line resulted to reduction of about 95%
of COD, 70% sulphur, 80% chemicals, 30% energy and
30% installation expenses.
The current practices regarding the pre-treatment of
tannery wastewaters involve usually the C/F process. However, a problem may arise in the nitrification-denitrification
process, as bio-inhibitors are not efficiently removed by the
C/F and the subsequent biological treatment, thus, inhibiting the action of the nitrification bacteria. Advanced oxidation procedures (AOPs), such as ozone, UV or photocatalytic oxidation represent feasible solutions, although their
application is restricted due to their high cost; therefore
the C/F process remains still the predominant technique
[11]. In Indonesia, the application of a pit reactor with
continuous stirring system (CSPR) has been proved particularly efficient [12]. Nevertheless, in Europe several
tanneries use membrane bioreactors (MBR systems), in
order to increase the efficiency of the process, to concentrate
the activated sludge, and to reduce the volume of sludge
produced. MBR systems can be combined with hollow fiber
membrane systems and generally they have been proved
efficient for COD, BOD, Cr and suspended solids removal,
resulting in an effluent that can be directly discharged into
the water receiver [13].
3.3 Limitation of the use of hazardous chemicals through
recovery-reuse and substitution

Substitution of toxic biocides and antiseptics by chemicals of low residual action, such as Na-dimethyl-carbamate
(Na-DMTC), enzymatic unhairing by partial substitution of
Na2S with specific proteolytic enzymes, or alternatively
unhairing using amines instead of Na2S, or with oxidation
and substitution of ammonium salts with organic deliming
agents or with Mg salts are among the desired BAT processes. Moreover, the separation of pickling and tanning
stages, the immediate recycling of pickling baths, pickling
without NaCl, restriction of coating dyes usage which
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contain heavy metals, the restriction at least at 50% of odor
compounds usage (e.g. toluene), the substitution of the organic solvents methyl-glycol and acetic ester with methoxy-propanol and acetic methoxy-propylester respectively,
the reduction of organic solvents usage in dyes solutions
and the substitution by water systems, the replacement of
complexation agents (e.g. EDTA, NTA) with EDDS or
MGDA, the partial substitution of Cr by Al, Ti or Mg
salts, the recovery of Cr through MgO or NaOH precipitation and the dissolution with sulphuric acid should also be
taken into consideration into green tanning processes[2,4].
Cessano et al. [14] studied the utilization of membranes as part of the tanning process, aiming to the recovery and reuse of chemicals and water. Ultra-filtration (UF),
nano-filtration (NF) and RO have been applied for the
treatment of the liquids (baths) from enzymatic unhairing
stage, degreasing and tanning and of the liquid produced
after Cr recovery from tanning wastes. A significant reduction of sulphur compounds from the unhairing process
may result during the application of UF membrane in the
degreasing stage for the condensation of the fatty ingredients. About 98% of COD, fats and oils could not pass
through the membrane, and the concentrated liquid could
be used in the fatliquoring step. Saravababhavan et al. [15]
showed that the inversion of tanning process may result in
a significant reduction of the chemicals used and in time,
energy and operational costs saving. Sirajuddin et al. [16]
studied the use of a cell consisting of a Pb anode and a Cu
cathode for the removal and recovery of Cr from tannery
wastewaters, achieving 99% recovery of Cr in the form of
Cr(OH)3 and Na2Cr2O7 in a relatively short operational
time (about 2 h). Kanagaraj et al. [17] studied the use of
wattle extract as alternative precipitation agent for the
recovery of Cr from pickling and retanning wastewaters
instead of the commonly used MgO. The results showed a
higher Cr recovery percentage in the case of wattle extract
(87% compared to 76% with MgO).
The utilization of Cr during tanning may be increased
up to 85%, by the application of specific additives, such as
polyamides, polyelectrolytes, etc. [18]. As a result, produced wastewaters may have Cr concentrations ranging
between 300 and 750 ppm, lower than the concentrations
usually measured in conventional tanning process (2500 to
3000 ppm).
In addition to chromium, high concentrations of salts
are usually observed in the produced wastewaters. An
innovative technique for the reduction of the salts might
be the preservation of skins by flo-ice, a product which
contains frozen micro crystals in dispersion and is produced by a cooling system using a 3-5% brine solution.
An alternative technique is radiation sterilization, allowing the skins to be preserved for about 6 months [19,20].
The replacement of conventional Cr tanning with organic tanning (or vegetative tanning, Table 1) is recently
gaining a growing interest [21,22]. The research conducted
so far is related to the use of polymeric resins of melamineformaldehyde, as single compounds or combined with natu-

ral tannins. Thus, used chemicals can be significantly reduced or even substituted by enzymes. Enzymes are excellent biological catalysts, easily deactivated and biodegradable; however, their activity is depended on the conditions (e.g. pH) while their cost is relatively high [23].
Alternatively, a two-steps tanning process may result to
85-90% Cr reduction in wastewaters compared to conventional tanning process. Additionally, the re-use of the bath
waters may increase the utilization of Cr to about 95%;
the utilization of chemicals may be increased to 92% compared to 60% achieved by the conventional tanning process
and that method can be easily adapted to an existing facility
with minor modifications. Alternatively, the combined
tanning process with synthetic tannins of Al and Cr salts can
be used to achieve over 90% Cr utilization. According to
this method, the remains of pickling bath are recycled,
and Na2SO4-H2SO4 are used instead of NaCl and Na2SO4
for pickling, thus, avoiding the stabilization system required for prevention of the sulfates accumulation. Furthermore, a 20% reduction of chemicals for finishing and
a 90% reduction of pollutants load are between the benefits of the specific process [24].
The Spanish Skin Center developed a new method of
degreasing with the replacement of hazardous chemicals,
such as ethoxylated nonyphenols, by new biodegradable
surfactants (biodegradable ethoxylated alcohols) [25]. The
additional advantage of this method is the recovery and
reuse of the surfactant and the fats, which can be used for
the production of greasing agents for fatliquoring.
3.4 Utilization/reuse of solid wastes and sludge

Solid wastes produced during tanning and sludge produced from wastewater treatment contain several hazardous, and valuable materials. Chromium can be recovered
(and reused) from the residues of tanning baths through
alkali precipitation and subsequent dissolution with sulphuric acid. In addition, chromium can be recovered from
the sludge produced during physical-chemical treatment
of wastewater.
Abreu and Toffoli [26] suggested that the solid wastes
can be used for the production of ceramics and glassware,
after appropriate pre-treatment for the removal of dissolved
salts and organic matter and baking. Kumar et al. [27]
studied the possibility of using the solid remains (e.g. limed
animal fleshing) for the synthesis of proteolytic enzymes,
which are regarded as highly value compounds, due to their
extensive applications in pharmaceutical products. The
variety Synergistes sp. was used and the production of
proteolytic enzymes was successfully achieved with the use
of animal fleshing (ANFL) as substrate. Moreover, Inquimica corp. in Spain developed a method for the recovery of animal fat from the degreasing stage. The potential
applications of recovered fat include the use as raw material for the production of lubricants for leathers, replacing
in a certain extent the expensive fish oils [28].
In general, the remaining fat and solid wastes may be
utilized in biogas facilities, where a specific fermentation
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procedure is applied for their conversion in an alternative
fuel source. New technologies have been developed for the
production of organic sub-products, such as gelatin, glue,
etc., from skin remains. Finally, the new developed unhairing methods reduce the remains to about 50%, as hair is
not pulped but remains untouched, and can be used as
fertilizer in agriculture.
3.5 Energy saving

Techniques for energy saving in tanneries include the
following: appropriate design of hydraulic networks for
gravity flow, installation of energy recovery setup from
the hot air (during skin drying) for other uses, heat insulation of all hot surfaces (e.g. vapor and water pipes) and use
of biogas and/or natural gas instead of liquid fuel where is
possible. Additionally, the improvement of steam boiler
efficiency, the recovery of energy from produced gases and
the use of energy saving wastewater treatment facilities
can further increase energy saving during tanning. In Vietnam, a tannery is operating since 2009, based on renewable energy sources, such as sun energy for water heating,
wind generators, etc. Water consumption has been reduced
to 50% compared to the conventional tanneries, whereas
energy consumption was reduced to 30% [29].

recycling of wastewaters, the use of non-hazardous chemicals, the recovery and reuse of chemicals, the more efficient management-reuse of solid wastes and sludge, the
energy saving and the reduction of air emissions. Prior to
the application of a particular method, the composition of
tanning wastewaters should be taken into consideration,
as raw materials and process chemicals may vary according to the applied tanning procedure. In addition, it should
be mentioned that the application of the above methods is
not always possible for a specific tannery. In this case,
appropriate adjustements of the methods may be required
adapted to the specific conditions, serving as a basis for the
development of “green tanning” and environmentally
friendly plants.
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ABSTRACT
The present work aims at evaluating the efficiency of
an organic polymer from vegetal source used as coagulant
for treating different types of industrial effluents. This coagulant (Flox-QT) is obtained from the Black Acacia (Acacia mearnsii). The effluents studied were produced in
petrochemical, leather, cork stoppers, metalworking, olive
oil, glue, paint (printing), textile and paper industries. The
parameters analyzed in the effluents before and after treatment were selected according to the type of wastewater
and included pH, conductivity, apparent colour, turbidity,
total suspended solids (TSS), chemical oxygen demand
(COD) and some metals. The coagulant proved to be efficient for almost all effluents tested. The best results were obtained for the paper industry wastewater, with 91% removal of chemical oxygen demand and 95% of total suspended solids removal. The estimated cost of this treatment would be only 0.24 Euro per cubic meter of treated
effluent, only regarding the price of the coagulant and the
required dosage. The use of this coagulant is also adequate for the valorisation of the sludge obtained, which in
this case could be recycled for paper production.

KEYWORDS: coagulation/flocculation; industrial effluents; tannin;
vegetal coagulant; wastewater treatment.

1 INTRODUCTION
Nowadays the coagulation/flocculation is a common
process both for treating drinking water and industrial
wastewater. Inorganic coagulants have been the most used
coagulants for years, however recently the use of polyelectrolytes has been growing. The inorganic salts, such
as aluminium sulphate and ferric chloride, are commonly
used

* Corresponding author

due both to their high efficiency and low cost. Nevertheless the high volume of sludge produced and its metal content may cause handling problems. Cationic polyelectrolytes are used mainly in cases where only turbidity has to
be reduced or in sludge bulking, where inorganic coagulant
is already present. They are more effective than the inorganic salts regarding their aggregation abilities and usually
lead to a lower sludge volume production. However, they
are toxic for fishes even at low concentrations [1].
A new type of coagulants of natural source arose recently. Natural polymers such as starch, sodium alginate
amylopectin, guar gum, xanthan gum, chitosan and okra
mucilage have been reported as flocculants [2]. Other natural products, such as suspensions of Cactus latifaria and
seeds of Prosopis juliflora, have been used successfully for
turbidity removal in water [3]. Coagulation with Moringa
oleifera showed promising results however this product
introduces some organic matter in the treated water. Therefore its use for water and wastewater treatment is possible
only after an adequate purification of the active proteins
[4]. The Cassia javahikai seeds were tested for textile
wastewater treatment and showed high efficiency when
combined with powder activated carbon [5].
The tree Black Acacia (Acacia mearnsii) is very common in Brazil and has a high concentration of tannins.
Organic polymers can be obtained from the tannins by
polymerization. Earlier studies with the organic polymer
Tanfloc [6-10] proved its efficiency in treating surface
water, municipal, textile industry and laundry
wastewaters. This organic polymer is biodegradable, non
toxic and allows an easier management of the sludge
produced. The present work aims at evaluating the efficiency of the cationic polymer Flox-QT, an environmentally friendly coagulant, for treating different real industrial effluents.
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2 MATERIALS AND METHODS
2.1 Coagulant characteristics

The coagulant used in this work (Flox-QT) was obtained from the bark of Black Acacia (Acacia mearnsii)
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TABLE 1 - Standard methods [11] and equipment used for wastewater characterization
Parameters
pH
Conductivity
Colour
Turbidity
TSS
COD

Method
4500-H+ B
2510 B
2120 C
2130 B
2540 B
5220 D

Metals

3111 B

Equipment
pH meter (Consort C862 - multiparameter analyser)
Conductimeter (Consort C862 - multiparameter analyser)
Photometer (Hach Company - DR 2000)
Photometer (Hach Company - DR 2000)
Photometer (Hach Company - DR 2000)
Digester (Hach Company - 45600)
Photometer (Hach Company - DR 2000)
AAS (PerkinElmer - AAnalyst 200)

and was supplied by Acácia Química, S.A. as a 20% w/v
(200 g/L) brown coloured solution. This product is a cationic polymer with a molecular weight of 1,700. Its apparent density (at 23ºC) ranges from 1.1 to 1.2 g/cm3 and the
pH value of an aqueous solution of 10% w/v (100 g/L) is
between 1.3 and 2.3.
2.2 Jar-test experiments

The determination of the minimum dosage of coagulant, i.e. the lowest dose able to produce visible microflocs, was performed at pH 7, except when the original pH
of the effluent was quite close to this value then the pH was
not corrected. The pH adjustments were performed by
addition of diluted hydrochloric acid or sodium hydroxide, except for the glue effluent for which a lime solution
was used. In this study a 1% w/v (10 g/L) stock solution
of coagulant was used in jar-test experiments due to the
small wastewater volume treated in each laboratory experiment (500 mL).
The coagulation/flocculation experiments were performed using the Jar-test equipment (JLT6, Velp Scientifica). The process was optimized for pH and dosage of
coagulant by carrying out jar-tests in different conditions.
The pH values ranged from 4 to 9. Nevertheless in some
cases this range was adapted in order to obtain better
efficiencies, namely the textile and paint (printing) effluents for which lower values (2-3) were tested. The dosage optimization study was performed with increments
of 20 mg/L, beginning with the minimum dosage able to
produce visible micro-flocs. All the experiments were performed in the same conditions: they started by a rapid

agitation step (120 rpm) during 3 min, followed by a slow
mixture step (20 rpm) during 15 min and ended with a
settling period of 15 min.
The best condition was selected based on chemical
analysis of the treated effluent, in spite of indication given
by the visual comparison of the jars during and after the
sedimentation period concerning: dimension of the flocs,
velocity of sedimentation, transparency of the supernatant
and sludge volume produced.
2.3 Characterization of the effluents

Samples were taken both from the effluent before
treatment and from the effluent treated in the optimal
conditions (supernatant). The parameters analyzed were
selected according to the type of wastewater and included
pH, conductivity, apparent colour, turbidity, total suspended solids (TSS), chemical oxygen demand (COD)
and metals. All the analytical determinations followed
standard procedures [11] as indicated in Table 1.
3 RESULTS AND DISCUSSION
3.1 Evaluation of the potential applications of the vegetal
coagulant

In order to find application to the vegetal coagulant
Flox-QT, real effluents from different industries were tested:
petrochemical, leather, cork stoppers, metalworking, olive
oil, glue, paint (printing), textile and paper. In Table 2 it
can be found the summary of the initial and optimal conditions used in their treatment.

TABLE 2 - Initial and optimal conditions used in jar-test experiments
Effluents
pH
Textile1
Textile2
Paint (printing)
Paper
Petrochemical
Cork
Metalworking
Leather
Olive oil
Glue

7.0
4.2
7.2
6.8
6.9
2.1
7.4
8.8
4.0
3.7

Initial conditions
Dosage range
(mg/L)
40 - 140
40 - 140
140 - 220
10 - 70
40 - 120
50 - 200
40 - 140
40 - 140
40 - 140
20 - 120

Optimal conditions
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pH

Dosage (mg/L)

Sludge volume (mL/L)

3.9
8.0
7.0
8.0
8.0
7.2
8.0
4.0
6.0
7.0

100
80
140
60
80
160
80
80
120
20

240
240
178
82
108
104
88
122
278
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The optimum pH values are almost coincident with the
values obtained after treatment because the pH variation
after pH adjustment was not significant. The values obtained ranged between 6.0 and 9.0, which are adequate for
discharge, except for the leather and textile wastewaters.
The coagulant dosage used (solution at 1% w/v, 10 g/L)
depended on the wastewater tested. The minimum dosage
used varied between 10 and 140 mg/L, respectively for
paper and paint (printing) industry effluents. The optimal
dosage ranged from 20 to 160 mg/L of effluent; the lowest dosages were obtained for the wastewater of glue and
paper industry.
In order to evaluate the efficiency of the process, the
effluents were characterized before and after treatment,
applying the optimal conditions. The parameters analyzed
were selected according to the type of wastewater and
included pH, conductivity, apparent colour, turbidity, total
suspended solids (TSS), chemical oxygen demand (COD)
and metals. Except for the latter parameter, their values
before and after treatment, respectively initial and optimum values, are compared in Figure 1. The values after
treatment were also compared with the discharge limits
established by the Portuguese Legislation [12], which
derives from the transposition of the Council Directive
76/464/CEE [13].
The pH values of the different effluents (Figure 1A)
are quite similar before and after treatment and in the
range 7-8 for paint (printing), paper, petrochemical and
metalworking. The other industrial wastewaters needed
significant pH corrections in order to meet the optimal pH
values. Most of them correspond to legal discharge limits
(6.0 to 9.0) [12]. Only textile 1 and leather treated effluents are below this range.
The change in the conductivity values after treatment
is not significant (Figure 1B), except for the textile effluent 2 that shows a decrease of 84% after treatment. The
slight increase of conductivity observed may be due to the
addition of coagulant and acid or base for pH adjustment.
The decrease in the apparent colour is quite evident in
all wastewaters (Figure 1C), except for leather effluent
that was almost colourless (light blue) before treatment
and increased after treatment probably due to the brownish
colour of the coagulant. The best results were obtained for
paint (printing) and petrochemical industries that achieved
efficiency values around 80%.
The treatment produced a reduction of the turbidity
values in all effluents (Figure 1D). Although the final
turbidity value for the glue effluent is high (295 NTU) a
remarkable removal efficiency (99%) was achieved. A
significant reduction was also verified for paint (printing),
leather and olive oil wastewaters, respectively 92, 62 and
58%.
The total suspended solids concentration decreased in
all the effluents tested (Figure 1E) and most of them presented efficiencies around 90%. The highest removal
efficiencies were obtained for the glue effluent (99%)

followed by the paper industry wastewater (95%). Most
of the treated effluents meet the legal discharge value
(60 mg/L) [12]. Only treated effluents from cork and glue
industries need an additional removal of solids.
The removal of organic matter, evaluated through the
chemical oxygen demand, occurred in all wastewaters
tested (Figure 1F). Consequently the legal discharge limit
(150 mg/L) [12] was reached for the textile 2, paint, paper, and cork treated effluents. The highest removal efficiencies were achieved for the textile effluent 2 (93%)
followed by the paper industry wastewater (91%) and by
the glue effluent (88%).
The concentrations of total nickel, iron and chromium
were determined for the metalworking industry effluent
and only chromium was evaluated in the leather industry
wastewater. The results showed that the removal efficiencies were not significant (data not shown). Since the initial pH value (7.4) was quite close to the optimum value
(8.0), additional removal of metals by precipitation was
not expected for the metalworking industry wastewater.
For the leather industry the final pH was acid (4.0) and
not favourable to metal precipitation.
3.2 Evaluation of the effluents treatment efficiencies

Flox-QT is an environmentally friendly coagulant.
Nevertheless operating treatment costs are also very important in wastewater treatment. The price of the commercial product is about 0.70 Euro/kg, significantly higher than
those of conventional coagulants such as ferric chloride or
aluminium sulphate (0.25 and 0.11 Euro/kg, respectively).
However, the required dosage must also be taken into account. In spite of this comparative study has not been performed for all the tested industrial effluents, the dose of
Flox-QT in surface water treatment for human consumption is at least 6.5 times lower than that required when
using aluminium sulphate, the cheaper coagulant (data not
shown). The treatment with Flox-QT of the pulp paper
industry was very efficient. The COD and SST removal
were compared with those obtained using aluminium
sulphate as coagulant. The optimal dosage in this last case
(at pH 5.5) was 280 mg/L, which is 4.7 times higher than
the one of Flox-QT. Consequently the treatment with this
coagulant would be more expensive than with aluminium
sulphate. However it should be noticed that the reduction
of COD was lower (83%) and the disposal of the aluminium-containing sludge would be costly due its toxicity,
oppositely to the sludge produced by the vegetal coagulant, which is non-toxic and biodegradable. It is expectable that a similar behaviour would occur with other industrial wastewaters.
3.2.1 Effluent of the pulp paper industry

The most interesting results were obtained for the effluent of the pulp paper industry. Its characterization
before and after treatment (optimal conditions) and the
removal efficiencies relative to each parameter are presented in Table 3.
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B
41300

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

initial value

4000

final value

3500

Conductivity (uS/cm)

pH

A
initial value

48600

final value

3000

2500
2000
1500
1000

500
0

C

D
22800

2500
500

final value

initial value

1500

1000

final value

400

Turbidity (NTU)

Colour (Pt-Co units)

initial value

2000

300
200

500

100

0

0

E
700
600

initial value

3500

COD (mgO2/L)

400
300
200

29130

4000

final value

500

TSS (mg/L)

F

13900

initial value

final value

3000

2500
2000
1500
1000

100

500

0

0

FIGURE 1 - Comparison of parameters before (initial values) and after treatment (final values): pH (A), conductivity (B), apparent colour
(C), turbidity (D), TSS (E) and COD (F); dashed lines represent the legal discharge limits [12]

TABLE 3 - Summary characterization of the pulp paper industry effluent before and after treatment and removal efficiencies

pH
Before
After
Efficiency (%)

6.8
7.9
-

COD
(mg O2/L)
1464
138
91
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Parameters
TSS
(mg/L)
663
34
95

Conductivity
(µS/cm)
502
594
-
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TABLE 4 - Summary characterization of the glue industry effluent before and after treatment and removal efficiencies

pH
Before
After
Efficiency (%)

3.7
7.1
-

Parameters
TSS
(mg/L)
13900
170
99

COD
(mg O2/L)
29130
3562
88

Although coagulation/flocculation is often a single step
of the whole treatment, the quality of the treated effluent
(Table 3) would allow its discharge in water bodies or in the
land according to the Portuguese legislation [13]. The estimated cost of the treatment would be only 0.24 Euro per
cubic meter of effluent, concerning only the coagulant price.
Since the coagulant used is a natural polymer the
sludge obtained is non-toxic, the paper fibres present in this
sludge may be recovered for recycled paper production.
3.2.2 Effluent of the glue industry

The treatment of the glue industry effluent also led to
very high treatment efficiencies (Table 4). However the
final characterization does not meet the discharge quality
standards demanded by the Portuguese legislation [13]
because it is a highly charged wastewater. Therefore the
coagulation/flocculation with Flox-QT can be used as a very
efficient primary treatment, nevertheless the effluent would
need further treatments in order to reach the quality
standards required for direct discharge in water or land.
Regarding the coagulant price, the estimated cost of this
treatment would be only 0.24 Euro per cubic meter of
treated effluent.

Colour
(Pt-Co units)
2400
720
70

Turbidity
(NTU)
22800
298
99

The colour removal of these effluents was not evaluated by the Pt-Co method due to the dark blue colour of
both effluents. It was evaluated visually by the dilution
method, as suggested by the Portuguese legislation [13],
which demands that colour should be not visible in a 1:20
dilution. The textile 1 effluent was colourless after treatment while the textile 2 effluent presented a pink colour,
not visible in a 1:10 dilution in water. This behaviour
might be related with the ionic charge of the dyestuffs
present in each effluent. The anionic dyes were better removed due to the cationic charge of the coagulant used.
Although the colour of textile dyestuffs is visible, even at
low concentrations, they represent a low contribution to
the organic load of the effluents.
TABLE 5 - Summary characterization of the industrial effluent
textile 2 before and after treatment and removal efficiencies

pH
Before
After
Efficiency (%)

4.2
8.0
-

Parameters
COD
(mg O2/L)
773
56
93

TSS
(mg/L)
38.8
4.0
90

3.2.4 Other industrial effluents

3.2.3 Effluents of the textile industry

The characteristics of the textile industry wastewaters
before treatment are quite different, and so are the results
obtained after coagulation/flocculation. The variety of characteristics in this type of effluents is related to the kind of
dyestuff and auxiliary agents used in dyeing baths, which
depend on the kind of fibre to be dyed. Therefore the use
of this coagulant should be tested prior to its application
in the treatment of textile wastewaters. Two different textile effluents were studied: textile 1 resulted from dyeing
process of cotton fibres using direct and reactive dyestuffs,
which are anionic dyes; textile 2 resulted from the dyeing
of acrylic fibres using acid dyestuffs (cationic dyes). In
accordance with Figure 1 the best results, relative to TSS
and COD removal, were obtained for the textile 2 effluent, which is related with the kind of auxiliary dyeing
agents used. They are the main responsible for the organic
load of the effluents.
The characterization of this effluent before and after
treatment and the corresponding removal efficiencies are
presented in Table 5. This effluent could be legally discharged [13] with regard to the parameters analysed. The
estimated cost of the coagulant associated with this treatment would be 0.32 Euro/m3 of effluent.

The treatment of the paint (printing) industrial effluent
was also quite efficient concerning COD, TSS, turbidity
and apparent colour removal, with efficiencies of 62, 90, 92
and 82% respectively. Therefore the coagulation/ flocculation treatment with Flox-QT may be considered efficient
and meets the discharge limits [13]. Moreover, the operation costs associated with the coagulant consumption are
low, 0.56 Euro per cubic meter of treated effluent.
The treatment of the olive oil industry effluent produced some reduction in turbidity, apparent colour and
COD values, respectively 58, 70 and 29%. Considering the
complexity of this kind of effluents and their high concentration in oils and fats, and organics, some of them poorly
biodegradable, a primary treatment using the Flox-QT as
coagulant may be found adequate before a chemical and
or biological oxidation treatment. The operational cost of
coagulant usage in this treatment would be 0.48 Euro per
cubic meter of effluent.
Regarding the treatment of the effluent from the cork
stoppers industry, the efficiencies of suspended solids and
organic matter removal were 34 and 54% respectively.
These results suggest that Flox-QT could be used in a coagulation/flocculation treatment. Considering the low effi-
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ciency obtained for TSS removal, the addition of a polyelectrolyte as flocculant should be tested or the coagulation should be followed by an enhanced solids removal
step in order to reach the discharge limits [13].
The treatment of the petrochemical industry
wastewaters was only efficient in the reduction of TSS
(86%) and apparent colour (87%). It was not efficient in
the reduction of the organic load. Oppositely the use of
ferric chloride, with a 3000 mg/L dosage at pH 5.6, produced a 75.5% reduction in COD [14]. Therefore it seems
more adequate the use of this traditional inorganic coagulant.
The results obtained in the study of the effluents from
the metalworking and leather industry do not point out promising future perspectives for the application of this coagulant
due to the low reductions observed after treatment.
4 CONCLUSIONS
The coagulant used in this study, Flox-QT, is obtained
from Black Acacia (Acacia mearnsii) using a sustainable
process of production. Coagulation/flocculation tests were
performed using real wastewaters from different industries such as petrochemical, leather, cork, metalworking,
olive oil, glue, paint (printing), textile and paper industries.
The process was optimized concerning pH and coagulant
dosage. The characterization of the effluents before and
after treatment (optimal conditions) was performed in order
to evaluate the efficiency of the treatment.
The coagulant proved to be efficient for the majority
of the effluents tested. The best results were obtained for
the paper industry wastewater. The removal efficiency of
TSS and COD were 95% and 91%, respectively. The quality of the treated wastewater would allow its discharge in
the aquatic environment. The estimated value of this
treatment would be only 0.24 Euro per cubic meter of
treated effluent, regarding the coagulant price.
The results obtained are promising specially for the
effluent from the paper industry due not only to the quality of the treated wastewater but also to the non-toxic
sludge obtained, which may be used in the recycled paper
production.
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