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ABSTRACT

Lehtinen, Jenni

Odorous volatile organic compounds in waste and wastewater management
Jyvéskyld: University of Jyvaskyld, 2012, 100 p.

(Jyvaskyla Studies in Biological and Environmental Science

ISSN 1456-9701; 252)

ISBN 978-951-39-4930-3 (nid.)

ISBN 978-951-39-4931-0 (PDF)

Yhteenveto: Hajua aiheuttavat haihtuvat orgaaniset yhdisteet jdtteen ja
jateveden késittelyssa

Diss.

The odour emission from waste and wastewater management is experienced as
very unpleasant and life quality diminishing factor. The odorous compounds and
their possible risks for employees health in three municipal wastewater plants, in
pulp mill effluent plant and in two waste management plants were determined in
this thesis. Correlation between odorous compounds and odour concentrations was
determined. In wastewater treatment the odorous compounds were dimethyl
sulphide (DMS), dimethyl disulphide (DMDS), dimethyl trisulphide (DMTS),
hydrogen sulphide (HS), limonene, toluene, heptanal and octanal. In some cases
carboxylic acids were determined. In most cases the incoming wastewaters already
had an important role in defining the character of wastewater odour. In pulp mill
wastewater treatment the odorous compounds were alpha-pinene, DMS, DMDS,
toluene and p-cymene. In composting plant the odorous compounds were acetic
acid, butanoic acid, 2,3-butanedione, 3-hydroxy-2-butanone, ethyl acetate, 2-
butanol and limonene. The odorous compounds in the optic sorting of municipal
waste were 2,3-butanedione, 3-hydroxy-2-butanone, ethyl acetate, ethyl benzene
and p-cymene. As a difference from composting, aromatic and aliphatic
hydrocarbons were abundantly present. Concentrations of VOCs in waste and
wastewater treatment did not exceed the Finnish occupational exposure limits. Still
some remarks were made from the results; 1,2-dichloroethane and styrene were
determined in high concentrations being close to the WHO recommendation limits
in one wastewater treatment plant. In waste management the concentrations of 2,3-
butanedione exceeded the limit proposals given by US NIOSH. TVOC
concentrations were in the range of 232-2300 ug/m? in waste management and in
the range of 100-7719 pg/m? in municipal wastewater management. Total sum of
odorous compounds seemed to correlate with the measured odour concentration.
When comparing the TVOC concentration with OU/m3 results, correlation
between them was not determined.

Keywords: Odour; TD-GC-MS-sniff; VOCs; wastewater and waste treatment.

Jenni Lehtinen, University of Jyviskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland
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1 INTRODUCTION

1.1 Waste and wastewater treatment in Finland

In Finland the sorting and managing of waste by the best available technology
(BAT) is regulated by the environmental law (86/2000). Also the waste directive
of EU (2006/12/EC) defines the direction of Finnish waste management. The
main focus of the law and directive is the diminishing of the amount of waste
and thereafter the reduction of emissions. The separate collection of waste
fractions and efficient recycling of waste are the most important objectives of
waste management nowadays.

Solid waste was collected over 1 500 000 tonnes in Finland in year 2010
from which 1 100 000 tonnes ended up to the landfills. The amount of deposit of
waste to landfills has decreased and the energy use of waste has grown in
recent years. Also utilization of biowaste has grown: biowaste was collected 300
000 tonnes in 2010 from which circa 295 000 tonnes were recycled (Official
Statistics of Finland 2011). Biowaste and sludge is usually treated by
composting with peat or wood chips as the additive in open fields in windrows
or nowadays more and more in tunnel or drum composting plants.

In Finland communities and industry are obligated to process the
wastewater according the environmental law and the wastewater enactment by
using the BAT. The regulations are plant specific and defined in environmental
licenses. The majority of wastewaters are treated in plants that use activated
sludge process, which reduces the amount of organic matter in the effluent very
efficiently. Wastewater processing methods and parameters are plant specific
but many plants use primary and secondary wastewater treatment (Finland’s
environmental administration 2010). Depending on the Finnish communal
structure, there is quite a lot of dispersed settlement in the countryside where
the separated household based wastewater treatment is in use (Government
decree 542/2003).
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1.2 Odour perception and odour-structure-relationships

Sense of smell is very important tool to assess quality of goods or environment
and it is very strongly linked to our emotions and aesthetics (Brattoli et al.
2011). Odours evoke associations and emotions, even memories from for
example childhood and from very important occasions in people’s live in which
the odour is associated (Willander & Larsson 2006). It has been very important
tool in past days in terms of surviving by keeping people avoiding anything
harmful or hazardous like rotten food or toxic air (Doty 2007).

Odour perception and its stages can be presented as follows (Frechen
1994, Fig. 1): first is the odorant, reception that is a physical phenomenon. Then
comes the interpretation of odours in neural system which is a pshycological
process. Third part is the odour impression which can be effected by social and
environmental factors (Arnold 1995). Sense of smell and the odour perception is
very subjective matter and people’s reactions are dependent for example on
their background and home environment, education, cultural aspects etc.
(Cheremisinoff 1988, Larsson et al. 2000). Furthermore, people’s tolerance to
annoying odours vary and different people find different odours offensive and
at different concentrations. Odour thresholds that people have for odorous
compounds vary widely due to the chemical nature of compounds and between
persons depending on age, gender and state of health (Wysocki & Pelchat 1989,
Bliss et al. 1996, Griep et al. 1997, Stuetz et al. 2001, Knaapila 2008).

Sensitivity of olfaction

—

od ti
our reception Experiences and bias of odour

—> | Interpretation of odour Social factors
Adjustment to odour l

Odour impression and reaction to odour

|

Attitude towards odour source

FIGURE 1 Stages of odour perception and factors effecting on the impression of odour
(Arnold 1995, Frechen 1994).
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Chemical structure of a compound has a strong effect on the odour
characteristics and the intensity of odour. Different substituent groups and their
positions in the carbon chain, the stereochemical structure of a compound,
length of carbon chain, double bonds in the structure etc. all have influence on
the type and strength of the odour (Ohloff et al. 2011). For example the
neighbouring substances in homologous series of organic compounds have the
greatest similarity in odour descriptions than those widely separated in chain
length (Doving 1966). In addition, chirality of a compound is an important
factor in differences of odour descriptions. Well known cases of chirality and
odour is for example limonene and its D- and L- enantiomers (optical isomers).
The D (+)-form is described to smell citrus, orange-like but the L (-)-form smells
like harsh, turpentine (Brenna et al. 2003).

1.3 Odorous compounds in waste and wastewater management

1.3.1 Volatile Organic Compounds (VOCs)

Odorous compounds in waste and wastewater treatment are different organic
compounds, especially volatile organic compounds (VOCs) and some inorganic
compounds of which the most important are hydrogen sulphide (HzS) and
ammonia (NHs).

Volatile organic compounds (VOCs) are a great variety of odourless,
odorous and even toxic organic compounds (Hunter & Oyama 2000). According
to EU Solvent Emissions Directive (EC Directive 1999/13/EC), Volatile Organic
Compounds (VOCs) are defined as organic compounds having at 293.15 K (20
°C) a vapour pressure of 0.01 kPa or more, or having a corresponding volatility
under particular conditions of use. An organic compound is defined as a
compound containing at least the element carbon and one or more of hydrogen,
halogens (e.g., chlorine, fluorine or bromine), oxygen, sulphur, phosphorus,
silicon, or nitrogen. However, carbon oxides and inorganic carbonates and
bicarbonates are not included in to the definition. In addition, methane, ethane,
organometallic compounds and organic acids are excluded from this definition.
Furthermore, by the definition made by World Health Organization (WHO) in
1989, organic compounds that have boiling points in a range of below zero to
400 °C, are considered as VOCs and they are divided into three different
subcategories (Table 1).
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TABLE1 Categorization of VOCs by their boiling points (modified from WHO 1989).

Category and abbreviation Boiling point range ( °C)
Very volatile organic compounds (VVOC) <0-50...100
Volatile organic compounds (VOC) 50-100...240-260
Semi volatile organic compounds (SVOC) 240-260. . .380-400

The chemical and physical properties of VOCs have a very important role in
understanding the behaviour of odour in different sources, predicting what
compounds are to be evaporated and in what rate, and also in the planning of
best available odour emission abatement methods. These properties include
compound’s polarity, vapour pressure and Henry’s law constant, chemical and
biological reactivity, ionization and sorption (Card 1998).

1.3.2 Hydrogen sulphide (H2S)

Hydrogen sulphide (H:S) has been very common odorant in waste and
wastewater treatment and it is associated with anaerobic conditions (Gostelow
& Parsons 2001). The formation of HxS under anaerobic conditions is also
studied widely because of its toxicity and corrosive properties. HoS has a very
low odour threshold concentration so it does not have to exist in high
concentration to cause odour problems. Odour threshold concentration for
hydrogen sulphide is 0.0001 mg/m3. Odour characteristic of H>S is rotten eggs
(Ruth 1986).

H>S is a weak dibasic acid and it dissociates depending on the prevailing
pH value. In pH 7, 50 % of the hydrogen sulphide is present at the molecular
form and 50% as a dissociated form (HS ). Only molecular HS cause odour and
this fact has been utilized in odour control (Hunter & Oyama 2000).

1.3.3 Ammonia (NH3)

Ammonia (NHs) is a weak base. NH3 is common odorant in agriculture and can
be detected also in waste and wastewater processing (Rappert & Muller 2005).
Odour character of NHjs is pungent, very distinctive. It has a rather high odour
threshold concentration, 3.6-36 mg/m?3 (Finnish Institute of Occupational
Health 2012) but it is harmful for health in rather low concentration (14 mg/m3)
and therefore it is important to recognize in waste and wastewater
management. It is formed under either anaerobic or aerobic conditions, when
proteins and amino acids degrade. Carbon/nitrogen ratio has an effect on
formation of NHs so that the lower the C/N-ratio, more easily the NHj is
formed and released from example biowaste or wastewater sludge (Epstein
1997).
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1.4 Odour and VOCs as an environmental problem

The emissions of industry, traffic, agriculture and waste management are a
growing global problem. Parts of this problem are the volatile organic
compounds (VOCs), hydrogen sulfide and ammonia. In Finland, the amount of
VOCs emitted to the atmosphere from waste management was 0.47 tonnes in
year 2006 (Finland’s Environmental Administration 2006). The known
anthropogenic sources of VOCs in waste management are landfilling,
incineration, composting and landspreading of sludges or compost (Giusti
2009).

VOCs contribute to the ozone formation in the lower troposphere and thus
to the generation of smog. VOCs also participate in the stratospheric ozone
depletion and therefore they are considered as an environmental issue
(Derwent 1995). Furthermore, most of the VOCs are also odorous compounds
(Hunter & Oyama 2000). The odour emission especially from waste and
wastewater management is experienced as very unpleasant and life quality
diminishing factor (Arnold 1995). In addition, the unpleasant odour emission
may raise a concern about possible health threats the odorous emission may
cause (Rosenkranz & Cunningham 2003). People’s prejudices and attitude
towards the emission from waste management effect strongly on the perception
of odour and its possible psychosocial effects on humans (Dalton 2003).

1.5 VOCs, odour and health

The role of odours as the cause of health effects is nowadays still unclear and
the potential patophysiological mechanisms of symptoms possibly associated
with odour are insufficiently understood. However, it is suggested that some of
the odorous VOCs may also have a considerable toxic potential (Domingo &
Nadal 2009). Impact of waste and wastewater management to the environment
and employees is nowadays recognised as a growing environmental and public
health-related concern (Giusti 2009). In the last decade and especially in the last
few years the interest considering occupational health issues and odour in
waste management has grown in Europe because of the rapid increase of the
mechanical-biological treatment (Biasioli et al. 2004). Several studies concerning
the VOCs as the odour source and VOC and bioaerosols emissions from
landfills and composting as the health affecting factors are conducted all over
Europe (Pierucci et al. 2005, Chiriac et al. 2007, Persoons et al. 2010, Scaglia et al.
2011, Vilavert et al. 2012) and in Asia (Zou et al. 2003, Majumdar & Srivastava
2012).

In addition to the direct sensory irritation of high concentration of odorous
VOCs there are several non-sensory factors like mental models, bias,
psychosocial factors and personality variables that influence odour and
irritation perception (Schusterman et al. 1991, Smeets & Dalton 2005). In
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research considering odour as the health hazard, Schiffman et al. (2005) have
described three different mechanisms how odour can be a health effecting
factor. In the first mechanism type odorous VOCs occur in concentrations above
the irritation levels and so the health effects are caused by direct irritation, not
especially the odour. In the second mechanism odorous VOCs are present in
concentrations that are clearly below irritation threshold concentrations but still
above the odour threshold concentrations. In this case the health threat is
connected with genetic heritage and making the brains react very differently on
good or foul odours (Schiffman et al. 1995). Several other studies suggest also
that the odour annoyance itself may lead to the symptoms like shortness of
breath, eye irritation, dry throat, unusual tiredness, joint pain etc. (Cavalini
1994, Steinheider et al. 1998, Aatamila et al. 2011). The third type of mechanism
is that odour is connected to some other factor that person is exposed to, like
dust or endotoxins that are the real causes of health effects, not necessarily the
odour (Schiffman et al. 2005).

The source and type of odour have an impact on the odour perception and
the elicited worry about health hazard; for example unpleasant odours from
waste management are more easily perceived as threatening. Increase in
symptom reporting from odour exposure is reported in cases of increased
dissatisfaction or annoyance of unpleasant odour (Sucker et al. 2009). However,
it has not been indicated, that chemicals that have an unpleasant odour, may
cause health hazards as the concentration or the odour intensity rises. On the
contrary, it has been indicated, that odourless and non volatile compounds
have more systematic connection with health effects than the odorous
compounds have (Rosenkranz & Cunningham 2003).

Health effects of VOCs are studied widely, but the concentration range
where symptoms have occurred is very broad. There are still contradictory
impressions whether the moderately low concentrations of VOCs effect to
people’s health and this subject has been studied in indoor air and occupational
health exposure cases. Some studies show that moderately large concentrations
of several VOCs may cause symptoms like headache, eye and skin irritation in a
range of 0.3-3.0 mg/m?3 (Md&lhave et al. 1991) but in other studies (Fiedler et al.
2005) the exposure to VOC mixture of concentration range of 2.5-26 mg/ms3,
did not seem to cause significant acute changes in symptoms.

High concentrations of VOCs are known to be harmful to human health
but synergetic effects and their relevance in working environments is still
insufficiently studied (Ten Brinke et al. 1998, Fischer & Dott 2003, Smeets &
Dalton 2005). Molhave et al. (1991) have reported total volatile organic
compound (TVOC) concentrations of 0.3-3.0 mg/m?3 to be the multifactor
exposure range in which the VOC concentrations are low but still cause health
problems depending on interactions with other exposure factors such as
bioaerosols and dust particles. They also reported that simultaneous exposure
to several common VOCs that are not very harmful by definition may be a
health risk even if the total concentration is quite low; 8 mg/m?3. In higher
TVOC concentrations - 25 mg/m3 - Pappas et al. (2000) have showed that four
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hour exposure caused several upper and lower respiratory symptoms.
Bioaerosols such as the fungal spores and bacteria found at the waste water
handling sites together with VOCs may also increase the risk of health
problems. Mesophilic heterotrophic bacteria moulds and yeasts, fecal coliforms
and fungi, have been detected in the different stages of waste water handling
(Pascual et al. 2003). In composting and waste management in general,
bioaerosol concentrations may be abundant as determined in studies by
Tolvanen (2001), Tolvanen & Hénninen (2007), Persoons et al. (2010) and
Vilavert et al. (2012) and they may be causing the health effects especially in the
upper airways (Bunger et al. 2002, Heldal et al. 2003).

Health risk of VOCs is based on the fact that VOCs most directly affects
the skin, the exposed mucous membranes in the eyes and nose, as well as the
lungs causing irritation effects and respiratory problems (Ware et al. 1993). In
Finland, health problems caused by exposure to low concentrations of odorous
sulphurous compounds emitted from pulp mills were studied and the results
showed that even low concentrations of sulphurous compounds cause
symptoms such as respiratory problems and eye irritation. This was especially
true among children (Haahtela et al. 1992, Marttila et al. 1994).

1.6 Sources of odorous emissions in waste and wastewater
management

1.6.1 Municipal wastewater treatment

Odour at the wastewater treatment plants is a combination of dozens of
odorous volatile organic compounds. Some of the compounds are present in the
incoming wastewater and others may be generated during the transport or the
treatment processes at a facility (van Durme 1998). Odorous compounds
present in fresh wastewater are different kinds of oxygen, sulphur and nitrogen
containing compounds, aliphatic, aromatic and chlorinated hydrocarbons. They
are derived from cleaning agents used in households, solvents and petrol
derivatives, and compounds associated with human waste such as urea,
ammonia, scatole and indole (Hwang et al. 1995, Vincent 2001). Some
compounds are also formed due to the microbial degradation of organic matter
(Hvitved-Jacobsen & Vollertsen 2001). Different chemical and biological
processes and processing conditions like pH, temperature, retention time etc.
have a great effect on the odour characteristics during the different stages of the
treatment process (Bonanni 1998, van Durme 1998). For example, anaerobic
conditions or low oxygen levels in the wastewater and long retention times in
the sewers favour the formation of malodorous sulphur compounds and
carboxylic acids. Furthermore, the physico-chemical properties of volatile
odorous compounds such as polarity, solubility in water, vapour pressure and
sorption define the compounds tendency to either volatilize into the air from
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the liquid phase or adsorb/absorb to the organic particulate material present in
effluents, and therefore have a great impact on the overall odour composition
(Chao et al. 1998, Tansel & Eyma 1999). Emissions of organic compounds can
occur by diffusive or convective methods from the surface of effluent ponds.
Diffusion occurs when the concentrations at the surface are higher than in the
ambient air and the compounds attempt to reach equilibrium between aqueous
and gaseous phases. Convection occurs by air flow sweeping compounds from
the surface to the air (Capelli et al. 2009). One mechanism for VOC emissions is
also gas stripping that happens from ponds that are aerated. In gas stripping
the gas (usually air) is entrained in wastewater and thus the VOCs are
transferred from the wastewater by mass transfer laws (Tchobanoglous &
Burton 1991).

1.6.2 Pulp and paper industry effluent treatment

Kraft pulping process consists of chemical removal of lignin from the
polysaccharide fibres of wood or other raw material. Pulping is carried out by
sodium sulphate (NaSO,) and sodium hydroxide (NaOH) in high temperature
(170 °C). Thereupon, a large number of low molecular weight and volatile
compounds are formed from lignin and polysaccharides as they decompose
and/or react with pulping chemicals (Alen 2000). As a result of the pulping
process, pulp mill effluent consists of parts of wood chips, pieces of bark,
dissolved sugars, smaller organic and inorganic molecules like acids and
alcohols and lignin (Joutsenoja 2002). In the digester, main volatile compounds
are known to be methanol, ethanol, acetone, sulphur compounds and terpenes
(Karnofski 1975). Bleaching removes the residuals of lignin and is done by
several sequential chemical operations with chlorine dioxide followed by
washing.

Odorous compounds are formed during the kraft pulping process or are
due to the biochemical changes in the wastewater treatment processes. The
amount of odorous compounds released during the kraft process depends
largely on the wood species, condition of the wood and conditions used in
subsequent processing of pulp and black liquor. Odorous sulphur compounds
are formed due to the sulphate pulping process and odorous terpenes are
released from the wood tissue structures during pulping (Alen 2000). Wood
species have a great effect of released terpenes, as some woods such as pines
contain a much higher concentration of extractives.

In Finland, many pulp mills use primary and secondary wastewater
treatment (Hynninen & Laine 1998). Especially biological activated sludge
ponds are highly aerated and the stripping of volatile compounds is increased
due to elevated turbulence and interfacial contact of air and water (Lange &
Christensen 2004). In addition, volatilisation of many VOCs typical for pulping
effluents is very high from the open surface of aerated pond because of their
physico-chemical properties like solubility in water and boiling point and
therefore they are more easily released to the atmosphere than consumed by
microbes.
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1.6.3 Composting

Composting is an efficient method to treat biological waste but the
disadvantage of the method is the fairly strong odour emissions produced
during the process (Haug 1993). Composting is a very complicated biochemical
process in which the organic matter, eg. proteins, fats and carbohydrates are
converted into water, carbon dioxide, and humus (Epstein 1997). Many
parameters have an effect on the function of compost and compost odours.
These are oxygen content, pH, temperature, moisture content and the amount
of nutrients available (Hentz et al. 1996).

Alongside the degradation process the intermediate products like low
weight volatile molecules are released as a result of the microbiological
metabolism (Fischer et al. 1999). Odorous gaseous emissions from compost
include usually different organic sulphur containing, oxygen containing and
nitrogen based compounds. VOCs in composting are typically reduced sulphur
compounds, alcohols, aldehydes, ketones, esters, some terpenes and carboxylic
acids (Wilkins 1994, Imppola et al. 2003, Schlegelmilch et al. 2005, Mao et al.
2006, Lasaridi et al. 2010) and they are a result of incomplete aerobic
degradation process (Mao et al. 2006). The most odorous compounds like
sulphur based compounds are released especially when the aeration of the
compost mass is incomplete or insufficient (Wilber & Murray 1990, Krzymien et
al. 1999). In studies considering the odour emission from compost, most of the
VOCs have been noticed to be released at the early stages of the process; as in
the tipping floors, the shredder and during the initial forced aeration
composting period (Eitzer et al. 1995).

Ammonia, among other nitrogen based compounds, is also produced
during composting. The origin of ammonia is the degradation of urea, proteins
and amino acids (Pagans et al. 2006, Cadena et al. 2009, Lasaridi et al. 2010).

1.6.4 Solid waste handling

Handling and management of solid waste offer a potential emission route for
VOCs because they are emitted from waste material as such or as metabolic
products of microbial activity during the aerobic or anaerobic decomposition
processes (Leach et al. 1999). Odour problems are more likely to occur if
residues of biowaste are accompanied in the waste management process.

Major compound groups are determined as ketones, alcohols, esters,
aliphatic and aromatic hydrocarbons and terpenes, especially limonene (Davoli
et al. 2003, Chiriac et al. 2011). Limonene is detected particularly in fresh waste
analyses (Davoli et al. 2003). P-cymene is considered to be a tracer of biogas,
meaning that the decomposition of solid waste and possibly the accompanied
biowaste has already happened and the waste is aged (Termonia 1999). In some
studies made by Chiriac et al. (2007) also chlorinated hydrocarbons, especially
trichloroethene and tetrachloroethene, were found to be released in the early
stages of handling the solid waste in the landfills. Strongest waste odours are
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generated during discharge and compaction of waste. Also mixing of wastes
creates strong odour emissions (Chiriac et al. 2011).

1.7 Contemporary VOC and odour measurement techniques

1.7.1 Gas chromatography-mass spectrometry (GC-MS)

Odours are traditionally measured either analytically by different instruments
or by sensorial methods. Instrumental methods allow getting information on
the existing compounds and their concentrations, but do not gather information
on the odour characteristics or the induced annoyance level (Zarra et al. 2009).
On the other hand, odour analyses conducted by sensorial methods such as
dynamic olfactometry, sociological surveys and field panels give information
on the intensity and temporal and spatial occurrence of the overall odour
annoyance, but leave out the information on single chemical compounds people
might be exposed to. Furthermore, odour abatement methods in plants are
more difficult to apply without knowing the chemical composition of odour
emission.

Odour is a result of a mixture of hundreds of compounds present in air.
Instrumental approaches to characterize odour are based on the evaluation of
the chemical composition of odorous air (Brattoli et al. 2011). The quantification
of odorous and polar VOCs has been challenging because of the highly reactive
nature of compounds and their presence in complex matrices and in very
different concentrations. The best analytical technology for identifying and
measuring individual compounds in very complex mixture of organic
compounds, that can be hundreds in one sample, is gas chromatography-mass
spectrometry, GC-MS (Hobbs 2001, Su et al. 2008, Woolfenden 2010a & 2010b).
Although FID is the most representative method in organic analysis, mass
spectroscopy offers better sensitivity and the possibility to identify the
unknown compounds in the mixture (Pandey & Kim 2009). GC-MS has been
recently used widely in analyzing the air from landfills and composting plants,
as well as in the wastewater treatment and animal rendering plants (Defoer et
al. 2002, Davoli et al. 2003, Dincer et al. 2006, Zarra et al. 2008, Cadena et al.
2009).

The sample injection and concentration techniques are usually headspace
based methods, either dynamic or static, and it has been in use since the 1960s
(Cronin 1982). Also cryogenic trapping and purging and trapping are used in
order to pre-concentrate the sample before injection to the GC.

The limits of traditional instrumental techniques have directed the
attention to odour measurement procedures that relies on the use of human
nose as a detector (Brattoli et al. 2011). The most sensitive and broad range
odour detector is undoubtedly the mammalian olfactory system that has
millions of years of experience and it has been developed during the evolution.
Therefore, in odour determination, the combined GC-MS-olfaction (GC-MS-O)
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has been also introduced in recent years, especially in food and aroma
chemistry research (Plutowska & Wardencki 2008). GC-MS-O allows a deeper
comprehension about the odour composition and about the individual
separated compounds odour characteristics (Veijanen 1990, Friedrich & Acree
1998, van Ruth 2001, Lo et al. 2008). The methodological problems can arise
from the subjective nature of odour assessment, decreasing alertness of
assessors or from the non-random sequence in which the compounds elute.
Decreasing alertness will be important factor if there is only a few compounds
to perceive or they show only low odour intensity, when the stimulus is brief or
the session is long and if the assessor is not motivated (van Ruth 2001).

1.7.2 Sampling methods for odour and VOC analysis

Odour measurements can be made from point sources, area sources with
outward flow and area sources without an outward flow (Jiang & Kaye 2001).
Sampling is the critical phase in measuring odours and VOCs. Often the
odorous compounds are found at very low concentrations and the adsorption
onto surfaces becomes significant (Hobbs 2001). Also the sample storage is
critical because the sample degrades or alters over the time. Furthermore, the
sampling materials like containers or sampling lines have to be odourless,
undergo minimal physical or chemical reactions with the sample and have a
low permeability in order to minimize the sample losses through diffusion
(Brattoli et al. 2011). The main materials used in bag sampling of odour or
VOCs have been stainless steel, tetrafluoroethylene hexafluoropropylene
copolymer (Teflon™), polyvinyl fluoride (Tedlar™), glass and polytereftalic
ester copolymer (Nalophan NA™). When sampling into canisters or bags, the
disadvantages are that the reactivity among the different compounds could
compromise sample stability and cause artefacts. Also the longer the time of a
sample is in a bag, the lower the recovery of compounds or odour is or there
can be sample losses. In addition, backround odour is determined in sampling
bags and Trabue et al. have shown, that Tedlar™ bags, for instance emit acetic
acid and phenol (Trabue et al. 2006).

The chemical composition or the concentration of certain odorous
compounds can be in the ppt range or below and direct injection to the GC-MS
is not possible in most of the cases and the pre-concentration of sample is
needed (Bruno et al. 2007). Therefore, sorbent-based sampling method and
thermal desorption or extraction from adsorbents is usually linked with the
analysis of VOCs (Kleeberg et al. 2005, Pandey & Kim 2009, Woolfenden 2010a,
Gallego et al. 2012, Rodriquez-Navas et al. 2012). The most used sampling
methods for VOCs are presented in Fig. 2.
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FIGURE 2 Opverview of the most used sampling procedures in sorbent based air sampling
(modified from Woolfenden 2010a).

Different adsorbents have a range of specific properties in VOC collection
(Hobbs 2001). Adsorbents can be very selective to certain chemical groups or
molecule sizes. Generally, the larger is the adsorbent surface area, the greater is
the adsorption capacity for the smaller molecules. In choosing the sorbent for
analysis, several factors should be considered. Important features of the sorbent
are the strength of sorbent-sorbate interaction, artefacts, hydrofobicity,
inertness and mechanical strength (Woolfenden 2010a). Nowadays, if a wide
volatility range of compounds is to be monitored, multi-sorbent tubes are
possible to use (Woolfenden 2010b).

Once the analytes are trapped to the sorbent, they must be released for
analysis. The solvent desorption is the best technique for thermally labile
compounds. Analytes are extracted from the sorbent with a low boiling solvent,
for example carbon disulphide (CS;). Most widely used desorption method is
thermal desorption (TD), that is used for VOC analysis in urban and indoor air.
Advantages for TD are that it is solvent free, offers lower LODs, and lower risks
for contamination by solvents (Ras et al. 2009).

1.7.3 Fourier transform infrared analyser (FTIR)

Fourier transform Infrared (FTIR) analyser is equipment that can be used in
different gaseous sample measurements. It is based on differentiation of
compounds’ infra red spectrums from each other in gaseous mixtures. It
measures the gas concentration in stack and does not extract the samples for
analysis. Therefore, it can be used in situ monitoring and the analysis is rather
rapid compared to the extractive methods like TD-GC-MS (Ojala et al. 2006).
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FTIR has been used for VOC analysis for example in paint manufactories (Lin et
al. 2008).

1.7.4 Olfactometry

Odour concentration can be measured by olfactometry, which is nowadays a
standardized analysis method. Concentration presented in OU/m? (odour unit
per cubic meter) is a measure of the concentration of overall odour. It represents
the number of dilutions required to bring the odour concentration of the sample
to its odour threshold. One odour unit is thereby the amount of odorants
present in one cubic metre of odorous gas at the panel threshold (SFS-EN
13725).

Three different choice modes are in use in olfactometry. In the yes/no
mode, a panellist is asked to evaluate the gas presented from a single port and
to indicate if the odour is detected (yes/no). Other form of olfactometry is the
forced choice method, where a person has to decide between the odorous
sample air and the reference air. In this mode the panellist is also asked to
indicate whether their choice was a guess, whether they had inkling or whether
they were certain to have chosen the correct port. The third mode is a forced
choice/ probability mode, where three or more ports are used. In this mode the
dilution factor at the individual thresholds are estimated first and then the
series of dilutions calculated from the individual threshold estimate are
presented to the panellist (Sneath 2001). Olfactometry is widely used in
assessing the odour emissions from different types of waste or wastewater
handling processes (Defoer et al. 2002).

1.7.5 Electronic noses

In odour analysis problems arise from the subjectivity of the perception of
odour between different persons. Attempt to solve this problem is the
development of electronic noses that may offer an objective instrument for
analysing odours (Stuetz & Fenner 2001). Sensor array systems such as
electronic noses are systems that can characterize odour without reference to its
chemical composition. The odour analysis is based on the pattern recognition
technique, like a fingerprint technique. Materials used in sensors are chemically
sensitive materials like thin metal film oxides, conducting polymers,
supramolecular materials, functional inorganic materials like Pt, Au,
nanomaterials etc. The signal from chemically sensitive material is transduced
in various methods that are for example conductometric, optical,
electrochemical, mechanical/acoustic, and thermal (DAmico & Di Natale 2001).



2 OBJECTIVES

The main purpose of the study was to characterize odour and odour causing
components, especially VOCs, in modern Finnish wastewater and waste treatment
for future need to assess the possible odour reducing methods. Also measurement
of inorganic compounds such as hydrogen sulphide and ammonia due to their
important role as odorants was included in the measurements although the main
focus of the study was to determine VOCs. Furthermore, the aim was to determine
whether the emissions contained some health threatening components that
employees have to be aware of. This is important especially in cases where the
treatment processes have moved indoors in modernized plants. In these cases the
VOC emissions may be concentrated and people still are working in these areas.

The specific objectives of the study were determined as follows:

1. To determine the odorous compounds in municipal and industrial
wastewater treatment and to measure single VOC and TVOC
concentrations (I, II, III).

2. To determine odorous compounds and single VOC and TVOC
concentrations in municipal waste and biowaste treatment (IV and V).

3. To study the correlation between overall odour concentration and single
odorous compounds in order to see if there are target compounds that can
be used in predicting odour concentrations (II).

4. To estimate the exposure of employees to the possible harmful compounds
according to received VOC results and comparing them with the
occupational exposure limits and recommendations for indoor air quality (I,
I, IIL 1V, V).



3 MATERIALS AND METHODS

3.1 Plant descriptions

3.1.1 Wastewater treatment plants (I, II, III)

The waste water treatment plants (WWTPs) examined in the study, referred to
as A, B and C and pulp mill WWTP, all use the activated sludge biological
treatment process. Basic information of the WWTP effluent parameters was
received from the plants” quality control (Table 2). In the plant C there is a
biofilter that has a surface area of 60 m? and the filter material consists of sludge
compost and woodchips. The detailed characteristics, sampling sites and
analyses of these plants are presented in Table 3.

TABLE2 Basic parameters for studied WWTP effluents.

WWTP pH Temperature BODy COD
°O) (influent) (influent)
(mg/1) (mg/1)
A 7.2 9-20 267 580
B 7.3 10-20 500 1633
C 7.3 8-20 450 857
Pulp mill 7.6 35-45 385 1935

3.1.2 Waste treatment plants (IV, V)

The city of Oulu composts its biowaste in a drum composting plant where the
three drums (125 m3) are placed inside a composting hall. The retention time of
biowaste in the drum is one week and after that the biowaste is composted and
cured in windrows outdoors. The bulking agent in Oulu drum composting is
peat.

Sorting of solid waste and biowaste was required by households and
restaurants, groceries etc. in Hameenlinna at the time of measurements.
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Separation in the source was managed by sorting the biowaste into black plastic
bags. The separation process is based on the optic electronic surveillance that
recognizes the black colored bags. Biowaste is collected and transported to a
biowaste composting plant. Solid waste is deposited in to the bank in the waste
disposal area. The detailed characteristics, sampling sites and analyses of these

plants are presented in Table 3.

TABLE 3 Characteristics, sampling sites and analyses made in studied plants.
Site Treatment Influent flow (m3/d) Sampling sites in the Analyses
method Air flow (m3/d) plant (indoors from the
(Publication) Incoming waste (t/a) (i)/outdoors (0)) sites
From duct (du),
Liquid sample (1)
WWTP A Biological, 11600 m3/d Bar screens (i), grit VOCs,
Kotka activated sludge (91 % municipal, removal, (i) sludge H>S, NH3
0] +FeSO, 9% industrial) dewatering (i)
WWTP B Biological, 14500 m3/d Bar screens (i), grit VOCs,
Kotka activated sludge (75% municipal, removal (i), sludge H>S, NH;3
0] +FeSO, 25% industrial) dewatering (i)
WWTP C Biological, 43 000 m3/d Bar screens (i), grit VOCs,
Jyvaskylda  activated sludge removal (i), primary OUs, HsS,
(I) +FeSO4 clarifier (o), sludge NH;
thickening (0), sludge
dewatering (i)
WWTP C Biol. treatment 310 500 m3/d Incoming gas (du), VOCs,
Biofilter of odour (sludge outgoing gas (du) OUs, HsS,
Jyvaskylda ~ compost and NHs
(1) wood chips)
Pulp mill Biological, 30 000 m3/d (95% Aeration pond (o), VOCs,
WWTP activated sludge pulping effluent, primary clarifier (o), HoS, NH;5
(111) 5 % other industrial  fiber line control room
effluent) (i), office (i)
aeration pond (1),
mixing pond (1),
three influent fractions
(Ef1, Ef2 and Ef3) (1)
Oulu Drum 8000 t/a Process hall (i), control ~ VOCs,
composting composting room (i) H>S, NHs
(Iv) of municipal
biowaste, three
125 m3 drums
Héameen- Optical sorting 23 000 t/a Process hall (i), control ~ VOCs,
linna plant  of municipal room (i) HoS, NH;3

V)

solid waste
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3.2 Sampling (I, I1, I1I, IV, V)

For VOC analyses duplicate air samples were collected in-situ to the adsorption
tubes (Supelco 20920-U) filled with Tenax® GR adsorption resin (200 mg) by
using an air pump (Gilian LFS-113DC, adjusted flow rate 0.1 litres per minute).
The back-up tubes were connected to the first tubes to ensure capturing all
compounds and to see the possible breakthrough of compounds. In addition,
blank (zero) tubes were taken from every stack of sample tubes prepared and
they were carried along in the sampling sites in order to see the possible
background effect on sample tubes. The average sample volume was 4-10 litres
in depending on the expected VOC concentrations. The process conditions at
the plants were normal on the measurement days as recommended for this type
of sampling (Albrecht et al. 2008). Liquid samples from mixing pond and
aeration pond and from three different industrial effluent fractions, referred as
Ef1, Ef2 and Ef3, at the pulp mill were taken from the ponds and ducts by the
personnel of the plant.

Point source samples for olfactometric analyses were taken from the same
sites as the VOC samples to ensure the comparability of olfactometry and VOC
results. Sample air was collected into the Nalophan® sampling bags (7 litres) by
Ecoma Vacuum Sampling device. In the biofilter the samples were collected to
the sampling bags with the help of sampling hood of 1 m? area from four
different points at the biofilter surface (surface area of 60 m?), and the out
coming flow velocity from the biofilter was measured (I). Detailed sampling
sites are presented in Table 3. Sampling and measurements for this thesis were
made in different seasons during years 2002-2007.

3.3 Combined instrumental and sensory analysis of VOCs (TD-
GC-MS-Sniff-technique)

3.3.1 TD-GC-MS-sniff setup and analysis conditions (I, IL, III, IV, V)

Laboratory analyses for VOC samples were performed by applying a thermal
desorption or purge & trap-thermal desorption / gas chromatograph / mass
spectrometer device (PT-TD-GC-MS) (Tekmar 3000 / Agilent 6890+ / 5973N
MSD spectrometer), connected with simultaneous sniffing done by a
professional assessor with odours and odorous compounds. Helium (Aga,
99.9996 % purity) was used as the carrier and purge gas. For liquid samples,
suitable amount of sample (0.5-3 ml in this study) was set into the purge vial of
the Tekmar 3000 system and the volatilized compounds were trapped into the
adsorbent (Tenax GR®) during purging. Purge temperature was 40 °C and
duration 12 minutes.
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Thermal desorption, in which the compounds are transferred from the
adsorbent to the GC column, was accomplished by purging the adsorbent with
helium for 10 minutes at 250 °C and simultaneously collecting the desorbed
compounds into a cooling trap at -120 °C (cooled by liquid nitrogen). After
desorption, the cooling trap was heated very rapidly to 280 °C causing the
trapped volatile compounds to be desorbed forward in the gas chromatograph
columns. The GC oven program was as follows: at 40 °C for two min, after that
ramping 5 °C/min up to 150 °C and from that ramping 15 °C/min up to 250 °C
keeping that temperature for 5 min.

3.3.2 Sniff-technique (I, IL, III, IV, V)

A double column system (HP-5, 30 m, 1 um phase) in the GC-MS was used so
that the one column led to the mass spectrometer and the other to a glass funnel
attached to the GC. The separated compounds were sniffed in the funnel (Fig.
3). The retention time of odour, the odour intensity and its character was
registered during the sniffing simultaneously with the GC-MS analysis. The
type of detected odour was described and the intensity was rated in the scale of
1-4 in chromatograms in which the stage 1 was slight odour and stage 4 was
very strong odour (Fig. 4).

Cryo ﬁ
focusing unit

Sniffing funnel

nun

uondiossp jewsayL
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seb Jalue)

MS

GC with double column

I

FIGURE 3 Simplified scheme of TD-GC-MS-Sniff equipment used in the study.
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FIGURE 4 An example chromatogram with sniffing technique results. The compounds
are identified by their retention times and/or their mass spectrum.
Odour descriptions results acquired during the GC-MS analysis are marked on
the chormatograms and the odour intensity is evaluated with x:s in a scale of
x-xxxx (slight odour-very strong odour).

In order to combine the retention time of odours and the retention times of
compounds in the GC-MS, the sniffing calibration curve was established from
known odorous VOCs (Fig. 5). In sniffing, especially in the long time analysis,
the humid, non-odorous air was added to the eluate coming to the nose in order
to prevent the nasal mucous membrane drying and thus prevent nose losing its
sensitivity to odours (Veijanen 1990, van Ruth 2001). RSD (%) for the
repeatability of retention times was 0.6% at highest (for benzaldehyde) and RSD
(%) for the repeatability of odour retention time was 1% at highest (for
limonene).
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3.3.3 Identification and quantification of VOCs and TVOC:s (I, II, III, IV, V)

Mass spectral data was acquired over a mass range of 32-300 amu. Qualitative
identification was based on the ion ratios from the mass spectrum compared to
the spectrums of Nist spectrum library (Nist D.04.00) and on the retention times
of compounds. Quantification was conducted via external standard. Standard
compounds are presented in Tables 4 and 5. LODs (limits of detection) were
determined by a signal to noise ratio of 3 ranging from 0.2 ug/m3 to 2.8 pg/m3.
Analysis repeatability for different compounds varied from 3.2% (RSD) of
toluene to 19.3% (RSD) for heptanal. Linearity for the standard compounds was
also tested in a range of 10-1000 ng and the correlation coefficient was over
0.995 for all other compounds in the standard except for 2-hexanone (0.9872)
and benzaldehyde (0.9869). TVOC (total volatile organic compounds)
concentrations were calculated from hexane to hexadecane as a toluene
equivalent including dimethyl sulphide, chloroform and diethyl ether outside
the range because of their significance in TVOC concentration and odour.
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TABLE 4 VOC standard compounds used in quantification and odour curve
establishing. Retention times acquired by the HP-5 column.

Compound Retention Odour description Manufacturer ~ Purity Quality

time (%)

(min)
2,3-butanedione 3.99 butter, toffee Fluka >99 Puriss
2-methylfurane** 4.24 nutty Fluka - -
1,1,1-trichloroethane 5.30 sweet, chlorine Fluka 95 Prakt.
1-butanol 6.00 alcohol, sweet Riedel-Haen 100 -
heptane 6.76 mild, sweet, gasoline  Baker >97 -
methylcyclohexane** 8.47 solvent Merck - Synth.
DMDS** 8.47 decayed cabbage Merck - Synth.
toluene 9.25 paint, solvent Riedel-Haen 100 -
2-hexanone 10.04 pungent, acetone-like  Fluka 98 Purum.
hexanal 10.41 grass Merck >98 -
buthyl acetate 10.91 sweet, fruity Merck 98 -
4-ethenylcyclohexane®** 11.79 pungent, rubbery - - -
3-hexen-1-ol 12.51 grass Aldrich 99 -
1-hexanol 12.92 grass Fluka 98 Prakt.
styrene 14.00 rubber, solvent Fluka 99
o-xylene 14.06 sweet, rubber Fluka >99  Purum.
heptanal 14.11 pungent, linen Merck >97 -
alpha-pinene 15.69 pine Fluka >97  Purum.
benzaldehyde 16.67 bitter almond Riedel-Haen 99 -
1,3,5-trimethylbenzene 16.94 sweet, aromatic Fluka 97 -
1-octen-3-ol 17.17 musty, mushroom Aldrich 98 -
decane 17.85 mild gasoline-like Aldrich 99 -
limonene** 19.18 lemon Sigma - -
p-cresol** 20.47 feces Merck - -
2,6-nonadienal 23.36 cucumber, sweet Aldrich 95 -
4-phenylcyclohexene*** 28.32 plastic carpet - 98 -

*from plastic manufacturer, **purity tested by GC-MS

TABLE5 Carboxylic acid standard compounds used in quantification. Retention times
acquired by HP-5 column.
Compound Retention Odour description Manufacturer — Purity Quality
time (%)
(min)
acetic acid 5.17 acetic Bayer 100 -
propanoic acid 7.96 rancid, sour Merck 99  synthesis
butanoic acid 1112  rancid butter Fluka >99  puriss
pentanoic acid 13.72 rancid, sour Fluka 98 purum
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3.4 Ammonia and reduced sulphur compounds measurements (I,
IL, III, IV, V)

Ammonia was measured at every sampling site in-situ using detection tubes or
diffusion tubes (Rae Systems and Dréger, range 0.86-25.8 mg/m?3). Perkin
Elmer Portable gas chromatograph (Perkin Elmer Photovac Voyager) equipped
with a photo ionization detector (GC/PID) was used for in-situ measurements
of reduced sulphur compounds such as H>S, methane thiol (MeSH), dimethyl
sulphide (DMS) and dimethyl disulphide (DMDS). The measuring range for
MeSH, DMS and DMDS was 0.13-25.8 mg/m3 and for HS 0.15-14.5 mg/m3.
Hydrogen sulphide (H2S) was analysed also in-situ by a portable infrared gas
analyser GA 94 which has an external electrochemical cell for hydrogen
sulphide analysis. The measuring range for H>S was 1.45-290 mg/m?.

3.5 Odour concentration measurements (II, I'V)

The olfactometric analyses were conducted in the Olfactometric Laboratory of
Jyvéaskyld University Department of Biological and Environmental Sciences by
Ecoma TO7 olfactometer device. The odour analysis method was compatible to
the European Standard EN 13725 (2003). Panellists were selected and their
sense of smell was tested according to the guidelines presented in the European
Standard EN 13725 (2003).

Odour concentration presented in OU/m? (odour unit per cubic meter) is
a measure of the concentration of overall odour. It represents the number of
dilutions required to bring the odour concentration of the sample to its odour
threshold. One odour unit is thereby the amount of odorants present in one
cubic metre of odorous gas at the panel threshold. The odour concentration
analysis is performed by presenting the sample to four selected panellists at
increasing concentrations via olfactometer instrument until they start to
perceive the sample odour. The reporting of panellists in Olfactometer TO7
dilution system is based on the positive perception informing: a panellist
pushes button in the instrument when he/she has noticed the sample odour,
and a computer registers all panellists’ answers. After three replicate analyses
per sample, the odour concentration in OU/m? is calculated as the geometric
mean of all panellists” results and then multiplied with sample pre-dilution
factors, if they were used. When determining odour units, it is important to
keep in mind the subjective nature of odour perception of different persons and
therefore to consider the results as a directional, not explicit.



4 RESULTS

4.1 VOCs in municipal wastewater treatment plants (I, II)

4.1.1 WWTP A (I)

VOC results from the municipal wastewater treatment plant A are presented in
Table 6. Compounds contribution to overall odour was determined by
comparing the concentration to the threshold odour concentrations presented in
scientific literature. The odour threshold concentrations and odour
characteristics are presented in Appendix 1.

The odour threshold exceeding compounds at the plant A bar screens
were dimethyl sulphide (DMS), dimethyl disulphide (DMDS), acetic acid,
butanoic acid, limonene, toluene, styrene, heptanal, octanal and nonanal. In grit
removal the odour threshold exceeding compounds were acetic acid, butanoic
acid, DMS, DMDS, heptanal, octanal and nonanal. In sludge dewatering the
odorous compounds according to their odour thresholds were methane thiol,
DMS, DMDS, dimethyl trisulphide (DMTS), acetic and butanoic acid, toluene,
ethyl benzene, styrene, p-cresol, heptanal, alpha-pinene and limonene (I).
Example chromatograms from sniffing analysis are shown in Appendix 2, Fig.
1, where the intensity rates of sniffed compounds are presented. In sniffing
analysis benzene caused odour once in the sludge dewatering sample although
its concentration did not reach the odour threshold concentration. In one
sniffing case (not the example chromatograms) also odour of 3-carene was
detected in bar screen sample and the odour of 1-methylthiopropane was
detected in the bar screens and in the sludge dewatering. Allyl methyl sulphide
was also detected by its odour in sludge dewatering and in bar screens (not the
example sniffing chromatogram).
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TABLE 6 The arithmetic average concentration of the most abundant and odorous
VOCs at plant A (min-max values in parenthesis, n = 6. Where a single
concentration is presented, that compound existed only once during
measurements).

Compound Concentration (pg/m3)
Bar screen Grit removal Sludge dewatering

methane thiol bdl bdl 270
allylmethyl sulphide 1.9 (bdl-3.4) bdl 9.1 (bdl-26.1)
1-(methylthio)propane 2.4 bdl 9.2 (bdI-19.7)
DMS 168 (22.1-305) 3.1 (0.9-5.0) 240 (19.6-360)
DMDS 28.3 (10.2-38.5) 3.6 (1.1-5.4) 95.3 (29.6-177)
DMTS 3.7 (bdl-6.6) 0.9 36.7 (9.5-75.8)
benzene 447 (1.7-8.1) 2.3 (1.7-2.8) 20.3 (3.8-49.8)
toluene 153 (108-181) 12.2 (6.6-17.5) 447 (288-710)
ethylbenzene 3.5 (bdl-7.5) 0.7 (bdl-1.1) 40.3 (12.9-37.5)
p/m-xylene 3.0 (bdl-4.9) 6.8 (bdl-18.2) 15.3 (8.0-19.2)
styrene 62.2 (18.1-89.9) 4.4 (2.6-5.9) 235 (177-328)
p-cresol bdl bdl 39.1

decane bdl bdl 30.1 (bd1-55.9)
undecane 1.02 6.2 85.1 (bdl-173)
heptanal 7.7 (bdl-15.1) 11.7 (5.6-21.6) 6.9

octanal 16.6 (bdl-26.4) 14.9 bdl

nonanal 14.9 (bdl-26.4) 41.4 (15.9-84.4) bdl
chloroform 7.0 (bdl-19.0) bdl 7.5
1,2-dichloroethane 517 (151-956) 154 (48.8-252) 405 (87.9-848)
tetrachloroethane nd 0.80 62.7
alpha-pinene 8.8 (5.1-11.3) 1.7 (1.0-2.9) 17.6 (5.7-27.1)
3-carene 4.2 (bd1-9.7) 0.6 (bdl-3.1) 22.5 (bdl-61.8)
limonene 90.2 (56.0-113) 3.7 (3.1-4.6) 247 (69.8-564)
acetic acid 78.7 54.2 444

butanoic acid 1.5 1.8 6.1

bdl: below detection limit
4.1.2 WWTP B (I)

VOC results from the WWTP B are presented in Table 7. Odorous compounds
are determined by comparing the concentrations to the odour thresholds
presented in Appendix 1. The odour threshold exceeding VOCs from the
municipal wastewater treatment plant B bar screens and in grit removal were
hydrogen sulphide, dimethyl sulphide, dimethyl disulphide, acetic acid,
butanoic acid, alpha-pinene, limonene, heptanal, octanal and nonanal. In sludge
dewatering also toluene concentration exceeded the odour threshold
concentration in addition to odorous compounds in bar screens and grit
removal (I) (Table 7). In sniffing analysis, in addition to the mentioned
compounds, the odorous compounds were determined the 3-carene beta-pinene
and beta-myrcene (Appendix 2, Fig. 2).
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TABLE 7 The arithmetic average concentrations of most abundant and odorous
VOCs at plant B (min-max values in parenthesis, n = 6. Where a single
concentration is presented, that compound existed only once during

measurements).

Compound Concentration (pg/md)
Bar screen Grit removal Sludge dewatering

methane thiol bdl bdl bdl
DMS 9.0 (1.3-22.1) 4.8 (0.6-9.9) 51.8 (bdl-153)
DMDS 7.2 (3.8-14.0) 3.8 (1.6-5.1) 40.1 (21-112)
toluene 20.9 (5.7-42.0) 11.8 (6.5-15.2) 113 (5.6-324)
p-xylene 11.1 (6.4-24.6) 3.0 (bdl-7.5) 1.6 (bdl1-3.7)
undecane 33.3 bdl bdl
heptanal 6.0 (bdI-21.1) 14.1 (bdl-19.7) 8.3 (bdI-21.8)
octanal 21.1 18.5 (bdl-36.2) 12.0 (bdl-21.8)
nonanal 27.6 (bdl-53.6) 37.8 (bd1-90.3) 25.4 (bdl-54.1)
alpha-pinene 49.0 (2.9-114) 48.9 (1.1-128) 53.3 (bdl-159)
camphene 6.4 bdl 10.0
beta-pinene 244 28.5 40.0
3-carene 28.8 (5.8-70.9) 88.1 108
limonene 61.3 (4.9-109) 95.1 (9.6-266) 71.3 (1.4-212)

acetic acid
butanoic acid

29.0
3.0

325
0.6

222
4.8

bdl: below detection limit

4.1.3 WWTP C (II)

The VOCs measured at the plant C are presented in Table 8. The detailed
odorous compounds in bar screens were DMS, DMDS, DMTS, heptanal,
toluene (in one measurement time) and limonene. p-xylene and alpha-pinene
caused odour perception in sniffing (Appendix 2, Fig. 3) although their odour
thresholds were not exceeded.

In grit removal the odorous compounds according tto the odour
thresholds were DMS, DMDS, DMTS, toluene, alpha-pinene and limonene.
Odour of 3-carene and ethyl benzene were detected in sniffing analysis
(Appendix 2, Fig. 3). In primary clarifier only DMS, DMDS and octanal
exceeded their odour threshold concentrations. In sniffing analysis also toluene
and hexanal caused odour although their threshols odour concentrations were
not exceeded (Appendix 2, Fig. 3).

When considering sludge thickening unit, the odorous compounds
exceeding odour thresholds were DMS, DMDS, DMTS (on one measurement
time), heptanal, octanal, toluene, alpha-pinene and limonene. In sludge
dewatering the odorous compounds were the same as in sludge thickening
except to alpha-pinene, heptanal and octanal, that were not detected above the
odour thresholds. Additionally, 3-carene, allyl methyl sulphide (not shown in
the example chromatogram), diethyl ether, p-xylene, styrene and hexanal
caused odour perceptions in sniffing analysis, although their odour thresholds
were not exceeded according to the measurement results (Appendix 2, Fig. 4).



TABLE 8 Arithmetic average concentrations of the most abundant and odorous VOCs in plant C (n = 4 in grit removal, primary clarifier and
sludge thickening, n = 5 in bar screens and sludge dewatering), min-max values in parenthesis.
Compound Concentration (pug/m?3)
Bar screens Grit removal Primary clarifier Sludge thickening Sludge dewatering
DMS 6.5 (1.4-11.0) 16.1 (8.7-24.9) 0.9 (bdl1-2.9) 56.3 (51.6-69.0) 26.4 (3.9-104)
allylmethyl sulphide nd nd nd 8.2 (bdl-22.7) nd
DMDS 13.1 (6.9-22.6) 21.7 (11.3-45.2) 1.6 (bdl1-3.6) 83.9 (34.5-162.0) 22.5 (5.0-32.5)
DMTS 6.3 (1.4-19.4) 32.9 (3.5-103) nd 2.7 (bdl-10.8) 1.9 (bdl1-9.6)
methyl chloride 1.5 (bdl-2.8) 8.5 (0.8-22.8) nd nd nd
chloroform 2.8 (bdl-9.8) nd nd nd nd
tetrachloroethene 1.9 (5.0-4.6) 14.8 (bdl-37.4) nd nd nd
acetone 12.5(bd1-29.9) 17.2 (bd1-40.0) 6.5 (bdl-14.0) 28.1 (bdl-73.6) nd
2-butanone 2.0 (bdl-4.5) nd 3.4 (1.2-5.6) nd 13.7 (bdl-44.1)
pentanal 1.6 (bdl-8.0) nd nd nd nd
hexanal 3.5 (bdl-13.5) nd 7.6 (3.9-15.9) 4.9 (bdl-8.6) 1.5 (bdl-4.4)
heptanal 6.7 (bdl-16.7) 3.8 (bdl1-19.0) 3.2 (bdl-6.5) 6.7 (bdl-15.3) 1.5 (bdl-7.4)
octanal nd nd 16.5 (bd1-43.5) 16.1 (bdl-37.6) nd
benzene 2.3 (0.3-5.3) 2.8 (bdl-4.5) nd nd 2.6 (bdl-6.7)
toluene 45.8 (18.0-107) 115 (54.9-231) 10.2 (5.7-16.7) 155 (11.7-451) 96.9 (17.9-219)
ethylbenzene 3.5 (bdl-11.8) 7.4 (2.3-17.9) nd nd nd
p-xylene 9.2 (2.5-32.9) 17.0 (3.9-46.8) 2.1 (bdl-5.6) 7.9 (bdl-26.2) 6.0 (1.5-12.5)
o-xylene 1.0 (bdl-1.8) nd 0.9 (bdl-3.6) nd nd
styrene nd nd nd 22.8 nd
alpha-pinene 10.9 (5.3-18.5) 17.7 (8.1-28.6) 2.5(0.8-4.7) 39.4 (3.6-109) 13.8 (1.0-13.7)
beta-pinene 1.1 (bdI-5.3) nd nd nd nd
3-carene 6.8 (bdl-13.7) nd nd nd 28.44 (3.3-61.4)
limonene 55.3 (32.7-86.4) 133 (37.3-170) 4.0 (2.9-5.4) 41.2 (17.6-95.5) 59.8 (13.1-129)
undecane 32.0 (bdl-52.4) 90.5 (66.3-144.0) 1.3 (bdl-5) nd nd
dodecane 13.8 (bdl-33.4) 9.62 (bdl-48.1) nd nd 9.7 (bdl-33.4)
2-propanol 9.3 (bdl-29.2) 16.7 (bdl-52.2) nd nd nd
diethyl ether 774 (32.8-142) 157 (65.4-246) 30.5 (bdl-111) 273 (66.4-537) 14.0 (0.6-19.4)

bdl: below detection limit, nd: not detected
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4.1.4 Seasonal variation of compound groups in municipal WWTPs (I, II)

Municipal WWTPs are susceptible to seasonal variation because changes in
temperature of influents are great. Distributions of compound groups are
presented in Figures 6, 7 and 8.

FIGURE 6
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Distribution of compound groups in different seasons in plant A a) trash
rakes, b) grit removal and c) sludge dewatering.
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FIGURE 8 Distribution of organic compound groups in WWTP C in different seasons. a)
trash rakes, b) grit removal, c) sludge thickening, d) primary clarifier, e)
sludge dewatering.

When considering the seasonal variation, carboxylic acids were found at plants
A and B and they were detected only on summer measurements. Terpenes were
in highest concentrations in winter and in spring in plant C thrash rakes, grit
removal and sludge thickening and in wintertime at plant B in all measurement
sites. Seasonal variation of halogen compounds was determined in plant A
where the halogen compounds were at highest in winter. Seasonal variation in
sulphur compound concentrations was determined only in sludge dewatering
and sludge thickening units in plant C where the concentrations of sulphur
compounds were highest in summer measurements. Also aromatics were
predominant in the plant C in summer.
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4.2 Odorous VOCs in the biofilter (II)

The VOCs were analysed in biofilter of the WWTP C incoming and outflowing
gas (Table 9). Odour threshold exceeding compounds were DMS, DMDS,
DMTS, toluene, ethylbenzene, hexanal, heptanal, octanal, alpha-pinene and
limonene (Appendix 2, Fig. 5). When reviewing the compound groups, the best
reduction in concentration was gained in aldehyde, aromatic and sulphur
compound groups and the lowest reduction in chlorinated compound group.
The highest reduction regarding single compounds was achieved in cases of 2-
butanone, allyl methyl sulphide, ethyl benzene and hexanal. Poorly reduced
compounds were limonene, methylene chloride and chloroform. The total
reduction percentage of relevant compound groups considering odours in
average was 58.2% (Table 9). However, TVOC concentration was reduced only
by 25.4%. Odour and compound removal efficiency of biofilter in percentage
was calculated as follows:

RE = (Cyi— Cgo) /Cyi x 100 (1)

where RE is the removal efficiency, Cg is the concentration of compound or
odour in the inlet and Cg, is the compound or odour concentration in the outlet
gas flow (Datta & Allen 2005).

4.3 Olfactometric results in WWTP C (II)

In the WWTP C the odour concentration was measured by olfactometry (Table
10). The highest odour concentration values were measured at the biofilter
incoming gas, as expected because it is a combination of air from the bar screen
room and grit removal room. Biofilter reduction potential for odour
concentration (OU/m3) was 63.6 % in average.
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TABLE 9 VOC concentrations (arithmetic average, n = 4) and the average biofilter
removal efficiency at the biofilter unit, min-max values in parenthesis.

Compound VOC concentration (ng/m3) Biofilter =~ Compound
Incoming Outgoing gas removal group
wastegas to from biofilter efficiency  reduction
biofilter (%) (%)

sulphur compounds 62.9

DMS 43.4 (6.3-116.7) 17.8 (8.3-27.4) 59.0

DMDS 69.6 (4.1-215.5) 32.1 (6.2-67.2) 53.9

allylmethyl sulphide 5.1 (bdI-18.7) nd 100.0

DMTS 16.1 (bdl-33.1) 9.9 (2.9-25.5) 38.5

chlorinated comp. -7.2

methylene chloride 3.3 (bdI-10.6) 4.0 (bdl-8.9) -30.0

chloroform 23.1 (bdl-92.5) 19.5 (bdl-76.0) 15.6

aromatic compounds 64.7

toluene 375.4 (64.1-879.2) 132.7 (47.4-303.2) 64.7

ethylbenzene 11.7 (bd1-42.5) 2.7 (bdl-6.1) 922

p-xylene 38.5 (bdl-130.5) 6.0 (4.5-8.7) 48.7

o-xylene 12.7 (bdl-50.7) 12.8 (9.0-18.0) 66.8

aldehydes 76.7

hexanal 36.3 (bdl-141.5) 2.8 (bdl-11.1) 78.7

heptanal 12.6 (bdl-50.2) 4.9 (bdl-11.3) 61.1

octanal 25.6 (bdl-102.3) 8.8 (bdl-35.2) 65.6

terpenes 21.3

alfa-pinene 37.2 (21.0-59.4) 22.5 (5.6-38.7) 39.5

limonene 93.4 (13.1-194.4)  90.6 (20.8-149.3) 3.0

others 71.8

diethyl ether 272.3 (47.3-648.3)  153.5 (20.5-268.2) 43.6

2-butanone 11.4 (4.1-26.9) nd 100.0

TVOC 2480 (1430-4310) 1850 (938-2790) 254

bdl: below detection limit, nd:not detected

TABLE 10 Odour concentration at different sites in the wastewater treatment plant,
results as an arithmetic average and min-max values in parenthesis (1=4).
Site Odour concentration

(OU/m?)

Bar screens

Grit removal

Primary clarifier®
Sludge thickening
Sludge dewatering
Biofilter, incoming gas
Biofilter, outflow

7900 (3800-12000)
8100 (3200-13000)
157 (57-380)*

4330 (1100-7100)
3530 (1500-7600)
11630 (1400-30000)
4230 (1300-8000)

*OU/m3/m?
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44 VOCs in pulp mill wastewater (I1I)

Table 11 shows the concentrations of the most abundant and/or odorous
volatile organic compounds in the air of pulp mill waste water treatment plant
aeration pond, pulp mill primary clarifier, the fibre line control room and in
office building. The airborne odorous compounds at the pulp mill WWTP
according to their odour threshold concentrations were DMS, DMDS, alpha-
pinene, limonene and p-cymene and they exceeded their odour thresholds
multiple times (Table 11). Toluene exceeded its threshold concentration only in
aeration pond, nonanal was present in the odour threshold exceeding
concentrations in fibre line control room and in office. When considering the
sniffing analysis, the odour was caused also by beta-pinene, beta-myrcene, 3-
carene, borneol, camphene and camphor in aeration pond, and by hexanal,
camphene, 3-carene, p-cymene and borneol in pulp mill primary clarifier
(Appendix 2, Fig. 6). The sniffing analysis revealed camphene and 3-carene as
the odorous compounds in the pulp mill office and fibre line control room
(Appendix 2, Fig. 7). In addition, the distribution of compound groups in
different seasons was studied (Fig. 9).

Table 12 presents the compounds that caused distinctive or strong odour
perceptions in combined instrumental and sensory analysis of liquid samples
and are therefore considered as the odour causes of liquids in the WWTP
Odorous VOCs determined by sniffing are presented in Appendix 2, Fig. 8 & 9.
The strongest odours in sniffing analysis of liquids were observed from Effluent
fraction (Ef) 3 (Appendix 2, Fig. 9) as well as the concentrations in that sample
were the highest. Because of the limited data of odour thresholds in water for
these compounds, the odorous compounds are evaluated by sniffing analysis
only.

Changes in compound group distribution were studied in different
seasons (winter and summer) in order to see the effect of ambient temperature
in different groups and their concentrations. Percentage results in air in
different sampling sites at the pulp mill wastewater plant are presented in Fig. 9
and percentage results in liquid fractions are shown in Fig. 10.



TABLE 11

The average airborne concentrations of the most odorous VOCs in the area of effluent ponds and indoors of pulp mill (min-max

values in parenthesis, n = 3 in aeration pond and primary clarifier, n = 2 in fibre line control room and office building).

Compound Concentration (ng/md)
Aeration pond Pulp mill primary clarifier Fibre line control room  Office building

2-methyl-1,3-butadiene 20.0 (2.9-31.0) nd nd 0.3
2-methyl-2-propenal 4.0 1.0 nd nd
heptanal 17.6 (2.5-30.0) 9.5 (9.2-9.8) 5.7 43
octanal nd 444 nd 211
H,S 710 420 nd nd
DMS 160 (8.3-439) 20.1 (4.1-27.0) 51.0 (24-83) 3.2 (0.4-8.3)
thiophene 9.1 (1.4-19.0) 0.8 (0.6-1.0) 2.0 (0.7-3) nd
2-methylthiophene 10.2 (3.0-28.1) 1.0 nd nd
allyl methyl sulphide 15.2 nd nd nd
DMDS 7.1 (0.9-20.6) 60.1 (40.0-80.1) 170 (54-286) 5.0 (0.8-14)
benzene 35.0 nd 1.9 3.2
toluene 120 (17.5-103) 10.2 (4.7-20.0) 10.1 (9.3-17.1) 8.1(2.2-14.3)
ethylbenzene 10 (4.2-24.0) nd 2.1 (1.0-2.2) 0.3
p-xylene 50.0 (31.2-90.0) 1.1 (1.1-1.9) 41 (2.1-5.1) 5.1 (0.5-2)
styrene 10.0 (8.1-25.0) nd 2.0 8.2
p-cymene 140 (80.1-389) 110 (38.7-173) 60.1 (29.1-97.2) 14.1 (0.9-34.1)
alpha-pinene 580 (257-1790) 740 (641-836) 701 (535-866) 180 (31.0-437)
camphene 40.0 (16.0-46.0) 70.1 (38.0-109) 50.6 (16.1-78.2) 10.1 (1.0-24.0)
beta-pinene 34.5 100 (78.2-129) 120 (57.1-179) 30.0 (3.2-71.3)
3-carene 390 (160-970) 481 (352-615) 410 (217-596) 80.1 (9.2-221)
4-carene 30.1 (26.1-272) nd 7.1 (4.3-9.3) nd
limonene 380 (188-932) 310 (171-445) 240 (144-342) 40.1 (4.0-107)
camphor 100 (0.5-160) 27.0 9.0 (5.0-13.3) 3.0
borneol 43.7 58.8 14.1 (4.4-23.7) 2.7 (0.6-4.8)
chloroform 90.1 (20.0-191) 170 (132-200) 10.1 (4.2-18.1) 0.6
nonanal nd nd 13.7 14.9 (13.1-16.6)
total amount of sesquiterpenes 200 (30.0-4830) 280 50.1 (19.1-82.2) 236

1%
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TABLE 12 Average VOC concentrations of liquid samples from different effluent fractions in kraft pulp mill (min-max values in parenthesis,
n=2).
Compound Concentration (ug/1)

Aeration pond Mixing pond Efl Ef2 Ef3
2-methylpropanal nd nd nd nd 3190 (3030-3350)
3-methylbutanal nq nd nq nd 8540 (8510-8570)
hexanal nq nd nq nq 8890 (7140-10640)
heptanal nq nq nq nq 1970 (1320-2610)
2-butanol 5.0 41.0 nd 14300 150
3-methyl-1-butanol nd nd nd nd 781
1-hexanol nq nq nd nd 1330 (632-2020)
1-heptanol nd nd nd nd 18010
toluene 7.0 20.2 (10.1-33.1) 9.2 6.0 1240 (1030-1440)
styrene 3.0 8.0 (6.2-11.0) nd 761 350 (270-421)
p-cymene 30.1 (9.1-40.2) 200 (110-290) 7.0 (21.1-12.1) nd 16740 (12470-21000)
bentsaldehyde 6.2 nq nq nq 2580 (1910-3250)
buthylbenzene nd 20.1(4.2-30.1) nd nq 1480 (1040-1910)
methyl-methylethenylbenzene (ni) 20.2 70.2 (61.0-80.1) 70.1 (20.2-121) nq 6410 (3720-9090)
2-methoxyphenol (guaiacol) nd nd nq nd 7930 (6070-9780)
4-ethoxy-2-methylphenol nd nd nd nd 4790 (4130-5440)
acetone 120 311 (150-471) 251 (140-351) 530 10860 (9510-12200)
2-butanone 20.1 140 (112-161) 70.1 (41.0-100) 1430 650 (151-1150)
3-methylcyclopentanone nd nd nd 321 nq
2-heptanone nd 50.1 (21.0-80.3) 20.1 nd 4960 (1350-8570)
3-octanone nd nd nd nd 6400
methanethiol nd 20.2 21.0 nd 60.1 (9.1-110)
DMS 180 (1.1-350) 450 (10.3-892) 321 (20.1-610.3) nd 361 (201-521)
thiophene nq 3.2 (1.2-4.3) 3.0 (0.1-5.4) nd 140 (41-241)
DMDS 161 1450 (52.1-2840) 1370 (101-2640) nd 4940 (4570-5300)

Table 12 continues.

°i%



Table 12 continued.

Compound

Concentration (ug/1)

Aeration pond Mixing pond Efl Ef2 Ef3
2-methylthiophene nq 2.0 (1.1-3.0) nd nd 272 (210-331)
3-methylthiophene nq nq nd nd 202
DMTS 7.1 411 290 (6.1-580) nd nq
methyl-methylethyl disulphide nd 6.0 nd nd 430 (310-550)
alpha-pinene 31.0 (1.1-50.1) 870 (271-1470) 790 (231-1340) nd 15500 (10000-21000)
camphene 3.0 (2.1-4.0) 50.1(20.1-80.2) 0.03 (10.0-51.0) nd 3040 (1920-4160)
beta-pinene 695 100 (23.6-176.6) 141 nd 1920 (556-3280)
alpha-fellandrene nq 40.2 (20.0-51.0) 10.0 nd 3130 (2010-4240)
3-carene 21.0 (1.0-30.1) 571 (170-972) 380 (110-651) nd 13700 (7560-19900)
4-carene 10.2 51.1 10.1 nd 3870 (3180-4560)
limonene 20.0 (10.-30.3) 601 (262-931) 170 (61.0-281) nd 28400 (25600-31300)
terpenoid (22,20)n 51.1 240 nd nd 3850(2410-5280)
camphor 70.0 (0.1-131) 142(112-162) 20.2 (10.2-30.2) nd 2440 (410-4460)
borneol nq 210 (20-391) 61.1 (32.0-90.3) nd 18500 (17500-19600)
terpenoid (23,34)ni nq nq nq nd 14600 (13200-16100)
alpha-terpineol nq 432 50.1 nd 44000 (40800-47200)
sesquiterpenes, sum 160.0(0.3-310) 2170 (1940-2400) 156 (110-202) nd 198000 (112000-277000)
chloroform 25.0(20.1-30.0) 90(71.1-110) 110 nd 220 (200-231)
2-acetyl-5-methylfurane nd nd nd nd 6960 (3900-13500)

nd: not detected, nq: not quantified, ni: not identified

9
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4.5 VOCs in municipal waste treatment

4.5.1 Composting (IV)

The drum composting hall and the control room of the Oulu drum composting
facility are the locations where plant employees work most of the day. The
measured concentrations of the most abundant and odorous volatile organic
compounds in the drum composting hall and in the control room are presented
in Table 13. The odour threshold exceeding compounds in the hall were acetic
acid, butanoic acid, 2,3-butanedione, 2-butanol, ethyl acetate, DMS, DMDS,
alpha-pinene and limonene. In the control room the odour threshold exceeding
compounds were the same excluding the DMS that was not detected in the
control room above detection limit concentrations. According to the sniffing
analysis of the samples from the composting hall, the odorous compounds were
also 3-hydroxy-2-butanone, beta-myrcene, nonanal, 3-methyl-1-butanol, 2-
methyl-1-butanol and 3-carene (Appendix 2, Fig. 10). In the control room the
odorous compounds were 3-hydroxy-2-butanone, p-xylene and beta-myrcene
(Appendix 2, Fig. 10).

TABLE 13 Average concentrations of the most abundant and odorous VOCs in the
composting hall. n=6 in the hall and n=2 in the control room, min-max
values in parenthesis.

Compound Concentration (pug/m?3)
Composting hall Control room

acetic acid 322 (nm-1020) 160

butanoic acid 31.9 (nm-140) 20.2

2,3-butanedione (diacetyl) 339 (bql-8200) 390 (8.2-770)

2-butanone 250 (2.0-560)

3-hydroxy-2-butanone
2-butanol
3-methyl-1-butanol
3-methylbutanal
methyl acetate
ethyl acetate

ethyl hexanoate
DMS

DMDS

alfa-pinene
beta-pinene
beta-myrcene
3-carene

limonene

1740 (bql-8200)
250 (bd1-690)
50.0 (bql-130)
9.3 (bql-30.0)
443 (3.0-110)
188 (20.0-490)
26.8 (bql-70.0)
3.0

1.7 (1.0-4.0)
51.7 (2.0-120)
13.3 (bql-40.0)
36.7 (bql-110)
11.2 (bd1-30.0)
692 (20.0-1400)

180 (30.1-320)
400 (41.0-751)
60.1 (31.3-80.3)
50.4 (3.0-102)
0.3

31.0 (2.0-60.2)
230 (30.0-430)
20.0 (1.0-40.2)
nd

5.1

90.0 (3.0-171)
30.1

14.0 (8.0-20.2)
15.5 (1.0-31.0)
360 (50.1-671)

bdl: below detection limit, bql: below quantification limit
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4.5.2 Optical sorting of municipal waste (V)

The most odorous VOCs and other odorous compounds were measured in the
waste sorting plant and the results are presented in Table 14. Highest
concentrations were determined in process hall. Odour threshold exceeding
compounds in the process hall were acetic acid, 2,3-butanedione, ethyl acetate,
ethylbenzene, p-cymene, alpha-pinene and limonene. In sniffing analysis also 3-
hydroxy-2-butanone was labeled as odorous compound (Appendix 2, Fig. 11).
Odour threshold exceeding compounds in the control room were only 2,3-
butanedione, acetic acid, ethyl acetate and limonene.

TABLE 14 Average concentrations of VOCs in optic sorting plant, n = 4 in process hall
and 7 = 2 in control room, min-max values are in parenthesis.

Compound Concentration (pug/m?3)
Process hall Control room
ethanol 248 (130-400) 81.0*
2-propanol 90.1 (bdl1-220) 26.1*
2,3-butanedione (diacetyl) 87.5(21.4-282) 7.0 (0.7-14.1)
3-hydroxy-2-butanone 133 (42.0-441) nd
acetic acid 45.3 (bql-173) 41.0*
ethyl acetate 108 (31.1-340) 20.2*
benzene 12.3 (10.3-14.3) 2.3
toluene 29.7 (19.5-50.8) 3.30 (2.3-4.3)
ethylbenzene 41.0 (11.0-102) 2.0 (0.8-4.0)
p-xylene 87.4 (41.1-192) 7.1 (3.2-11.0)
p-cymene 111 (40.2-211) 3.1 (2.0-4.3)
propylbenzene 34.8 (32.0-9.0) nd
C3-alkylbenzene 115 (bql-340) nd
alpha-pinene 425 (21.0-71.2) 4.2 (3.0-5.3)
limonene 1200 (651-2230) 45.1 (31.0-60.2)
nonane 62.5 (bql-181) 3.7 (21-5.2)
4-methylnonane 67.5 (11.0-205) 2.3 (0.5-4.1)
2-methylnonane 57.5 (22.1-151) nd
3-methylnonane 42.5 (11.1-120) nd
decane 85.0 (bql-262) nd
undecane 320 (41.3-950) 3.0 (2.0-4.0)
trichloroethene 170* 3.1
tetrachloroethene 290* nd

*detected only once, nd: not detected, bdl: below detection limit, bql: below quantification
limit

4.6 TVOC concentrations in the studied plants

TVOC (total volatile organic compounds) calculations were made from the
samples taken from waste and wastewater treatment plants and from the
biofilter of WWTP C. Variation between measurement days were great as can
be seen from Figures 11, 12 and 13.
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FIGURE 11 TVOC concentrations in WWTPs in different seasons (TR: trash rakes, GR:

grit removal, SD:sludge dewatering, ST: sludge thickening, PS: primary
clarifier, BF: biofilter).
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4.7 H>S and NHs in studied plants

The concentrations of H>S and NH; were determined from all the measurement
sites (Table 15). H2S was abundant in WWTP B exceeding the concentrations of
12.7 mg/m?3 at highest. H,S was present in the incoming gas to the biofilter at
plant C. Also H>S was detected in the pulp mill WWTP. In other plants H>S did
not exceed high concentrations and in most of the cases the concentrations were
below detection limit (0.15 mg/m?3). NHs was detected only in WWTP A sludge

dewatering (Table 15).



TABLE 15 Hydrogen sulphide and ammonia concentrations in studied plants.
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Plant Sites Concentration (mg/m?)
H,S NH;
WWTP A trash rakes bdl bdl
grit removal bdl bdl
sludge dewatering bdl 1.76-4.23
WWTP B trash rakes 4.23-12.7 bdl
grit removal 1.40 bdl
sludge dewatering 0.67 bdl
WWTP C trash rakes bdl bdl
grit removal bdl bdl
primary clarifier bdl bdl
sludge thickening bdl bdl
sludge dewatering bdl bdl
WWTP C Biofilter incoming gas 0.75 bdl
outflowing gas bdl bdl
Pulp mill WWTP primary clarifier 0.42 bdl
aeration pond 0.71 bdl
fiber line control room bdl bdl
office bdl bdl
Oulu composting composting hall bdl bdl
control room bdl bdl
Hémeenlinna optic ~ process hall bdl bdl
sorting plant control room bdl bdl

bdl: below detection limit



5 DISCUSSION

5.1 Main findings of the thesis

5.1.1 Odorous VOCs in municipal WWTPs

Odour threshold exceeding compounds in plant A bar screen were sulphur
compounds (DMS, DMDS) toluene, heptanal, octanal, nonanal, limonene, acetic
acid and butanoic acid. In grit removal the odour threshold exceeding
compounds were DMS, DMDS, heptanal, octanal, nonanal, acetic acid and
butanoic acid. In plant A sludge dewatering site the odour threshold exceeding
compounds were methane thiol, DMS, DMDS, DMTS, toluene, ethyl benzene,
styrene, heptanal, alpha pinene, limonene, acetic acid and butanoic acid. Allyl
methyl sulphide, 3-carene and methylthiopropane are very likely also the odour
compounds according to the sniffing analysis, but because of the lack of
threshold reference for them, it is not possible to estimate whether they have
exceeded the odour threshold (I).

In plant B the odour threshold exceeding compounds were also sulphur
compounds: DMS, DMDS and H»S in some extent in the first part of process.
Furthermore, in all measurement sites odour threshold was exceeded by three
aldehydes: heptanal, octanal and nonanal and from the terpene group alpha-
pinene and limonene were contributing to the overall odour. As in the plant A,
the carboxylic acids (acetic acid and butanoic acid) were determined also in
plant B in odour threshold exceeding concentrations (I). Toluene concentration
exceeded odour threshold concentration in sludge dewatering site. Other
odorous compounds were 3-carene beta-pinene and beta-myrcene according to
the sniffing analysis.

Odour threshold exceeding compounds at the plant C bar screen were
DMS, DMDS, DMTS, heptanal and limonene. In grit removal odour causing
compounds due to their odour thresholds were DMS, DMDS, DMTS, toluene,
alpha-pinene and limonene. In Primary clarifier the odorous compounds were
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DMS, DMTS and octanal. Odour in sludge thickening was due to the DMS,
DMDS, heptanal, octanal, toluene, alpha-pinene and limonene. In sludge
dewatering the odorous compounds were the same as in the sludge thickening
site excluding alpha-pinene, heptanal and octanal. Hydrogen sulphide was
detected as an odorous compound only in the incoming gas to the biofilter (II).
Additionally, in this study, 3-carene in bar screens and sludge dewatering, allyl
methyl sulphide in sludge dewatering, diethyl ether in all sites and hexanal in
bar screens, primary clarifier, sludge thickening and sludge dewatering caused
odour perceptions in sniffing analysis. Variation in the thresholds presented in
literature can be great depending on the determining methods and the
subjective nature of odour perception, and therefore these results achieved from
the sniffing analyses can’t be ignored.

The origin of organic sulphur compounds, H>S and aldehydes like
heptanal and octanal, is most likely the result of the anaerobic degradation of
organic matter; alpha-pinene and limonene are possibly originated from
household discharges, because they are very common odorants in cosmetics
and cleaning agents (Vincent 2001).

In general, the concentrations of key odorant VOCs in different plants are
in very same range. The highest concentrations of sulphur compounds were
found in plant A. Also p-cresol that is a key odorant in manure and feces was
found only on plant A. Differences between plants were found in toluene and
styrene concentrations as well as in terpene concentrations. Toluene and styrene
were abundant in plant A and terpenes were generally found in higher
concentrations at plant B. These compounds originated from industrial
wastewater sources and it is suggested, that the quality of incoming wastewater
has an effect on the quality of indoor air and thus on the composition of VOCs
and odour analysed in wastewater treatment samples.

The highest concentrations of single VOCs in general were found in the
sludge dewatering or thickening unit samples. This was probably due to the
centrifugal dewatering system used in the thickening unit that releases
compounds adsorbed to the sludge material. The results achieved in this study
agree with the results that are found in recent studies made by Zarra et al.
(2008, 2009) in Germany. They have mentioned the most odorous compounds
to be DMDS found in the highest concentrations in a sludge thickener unit. In
our study exceptions to this were the concentrations of limonene in plant B and
dimethyl trisulphide (DMTS) in plant C which were highest in grit removal.
Concentrations in the grit removal of plant C were also higher than in the bar
screens, although since the raw waste water and solids are present in the bar
screens, it would have been presumable that the bar screens would also be the
most odorous sites. The higher concentrations in grit removal were most likely
due to the high velocity and turbulence in the grit removal ponds of plant C
and thus the stripping of VOCs from the liquid phase to the air.

The total number of VOCs was reduced when moving towards the
end of wastewater processing, but the concentrations of odorous compounds
such as DMS, DMDS, except the hydrogen sulphide, were increased due to the



54

sludge processing, and allylmethyl sulphide at plants A and C was present in
sludge thickening adding a garlic like malodour in the air. These compounds
were typical for sludge and sludge that are decomposing either aerobically or
anaerobically (Lomans et al. 2002).

5.1.2 Seasonal variation of compound groups in municipal WWTPs

When considering the seasonal variation, carboxylic acids were found at plants
A and B and they were detected only on summer measurements as shown in
Figures 6 and 7 (Chapter 4.1.4). Carboxylic acids are known to be formed
during the fermentation of organic matter especially in anaerobic environment
(Hvitved-Jacobsen & Vollertsen 2001). It is possible that warm effluents and
higher ambient air temperature in summertime has enhanced the microbial
activity and the decaying of organic matter by anaerobic heterotrophic microbes
in the sewer system and the conditions at the treatment plant has not been
aerobic enough to degrade the produced carboxylic acids.

Furthermore, in plant A the seasonal variation is shown best so that
majority of all compound groups were at highest concentrations in winter
samples especially in sludge dewatering unit probably due to the decreased
ventilation. However, this trend is not perceptible in plants B and C (Fig. 7 and
8, Chapter 4.1.4). The results of seasonal variation in plant B show that influent
consisted of terpenes in winter sampling days and the variation of influent
composition is shown in Figure 7. In plant C the terpenes were also in highest
concentrations in winter in all other sites than the grit removal. Sulphur
compound concentrations were highest in summer measurements in plant C
sludge dewatering and sludge thickening units (Fig. 8). This is probably due to
the warmer effluents that allow the microbes function more efficiently in the
sewers than in the wintertime, when effluents are cold (<10 °C). However, this
trend was not shown in plants A and B. Other compound groups did not show
any uniform behavior in concentrations between different seasons and between
different plants. It seems that the distribution of groups in the indoor air of
WWTPs process sites is dependent on the constitution of incoming effluents
and the ventilation situation rather than the temperature variations.

5.1.3 Appearance of toluene in WWTPs

One interesting feature found in the analysis is toluene, which is present in all
of the plants studied in quite high concentrations especially in sludge
thickening in plant A and B, in grit removal in plant C and in the incoming gas
to the biofilter in plant C. Toluene has an odour threshold concentration of 80
pg/ms3 (Appendix 1) that is relatively low and therefore toluene is considered as
one of the odour causing components. The origin of toluene can be industrial
processes and household chemicals. The variation in concentration could be
due to the aeration of grit removal ponds and the temperature rise in sludge
thickening. According to toluene’s physical-chemical properties (Appendix 1),
it has poor water solubility and it is easily released to the atmosphere especially
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if aeration is in use. Furthermore, it may also adsorb onto the solid material in
the wastewater and then be released, if conditions like temperature or pressure
is changed. Another explanation is toluene formation as a result of microbial
degradation of proteins in anoxic conditions, which has happened, for example,
in anoxic freshwater sediments according to research results reported by Juttner
(1991). This theory is supported also by results achieved in this study, as the
concentrations of toluene increase towards the end of wastewater processing
chain, where the organic material has degraded more. Likewise, this
phenomenon and quite high toluene concentrations were also found in the
measurements of biogas produced by anaerobic digestion of sewage sludge
(Marczak et al. 2006, Rasi et al. 2007).

5.1.4 VOC and odour reduction in WWTP C biofilter

When investigating the results acieved from the plant C’s biofilter incoming
and outflowing gas, it is shown that the highest reduction regarding single
compounds was achieved in cases of 2-butanone, allyl methyl sulphide, ethyl
benzene and hexanal. Poorly reduced compounds were limonene, methylene
chloride and chloroform (II). This is due to the chemical nature of these
compounds and the capacity of microorganisms to use different substances as
nutritional substrates. The metabolic pathway and the enzymatic systems in the
biodegradation processes depend on the molecular structure of pollutant:
aliphatic compounds are most easily degraded or transformed, then the
aromatics, chlorinated compounds and after that the cyclic hydrocarbons (Le
Cloirec et al. 2005). This order of degradation/transformation efficiency was
shown in our study also according to the single VOC results presented in Table
9 (Chapter 4.2) where the aliphatic compounds (in this case aldehydes, ketones
and ether) are degraded or transformed more easily than the aromatic
compounds or cyclic hydrocarbons that are in this case terpenes. Chlorinated
compounds were not degraded/transformed at all. In the case of limonene and
other terpenes it is possible that they are also released to the exhaust gas from
the woodchips in the biofilter material that was mixed with sludge compost.
For single compounds the total reduction percentage in average was 58.2 %
(Table 9). Biofilter reduction potential for odour concentration (OU/m?) was
63.6 % in average.

5.1.5 Odorous VOCs in pulp mill effluent plant

The odorous compounds in pulp mill effluent plant according to the threshold
odour concentrations GC-MS analysis were DMS, DMDS, alpha-pinene,
limonene, toluene (only in aeration pond), nonanal (in fibre line control room
and in office) and p-cymene and they exceeded their odour thresholds multiple
times (Table 11). When considering the sniffing analysis, the odour was caused
also by beta-pinene, beta-myrcene, 3-carene, borneol, camphene and camphor
in aeration pond, by hexanal, camphene, 3-carene, p-cymene and borneol in
pulp mill primary clarifier (Appendix 2, Fig. 6). The sniffing analysis revealed
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hexanal, camphene and 3-carene as the odorous compounds in the pulp mill
office and fibre line control room (Tables 11 and 12, Chapter 4.4). Findings of
the present study are also supported by earlier studies. Many researchers have
defined the reduced sulphur emissions like hydrogen sulphide, DMS, DMDS
and methane thiol (MeSH) to be responsible for pulp mill odours from the
primary sources like end of pipe emissions (Brownlee et al. 1995, Bordado &
Gomes 2001, 2002, Ojala et al. 2005) and also being abundant in effluent (Lange
& Christensen 2004). Another group of odorous VOCs that are very common in
pulping, are terpenes (Stromvall & Pettersson 1993, Lange & Christiansen 2004).
In addition to these expected odorants, aromatic compounds, especially toluene
and p-cymene, caused quite strong odour perceptions in sniffing analysis done
simultaneously with the GC-MS analysis and also exceeded their odour
threshold concentrations causing solvent or glue like and woody odour as well.

Sesquiterpenes were present also in many samples and it is assumed here
that they are contributing to the overall odour, but precise analysis of
sesquiterpenes as odour causes was not possible because of the lack of odour
threshold data for them. Furthermore, another reason that they were not
possible to identify precisely from the chromatogram was due to overlapping
and also due to the lack of model compounds. The odour descriptions for
several sesquiterpenes are floral, earthy, and they are used widely in flavour
and fragrance chemistry.

Differences in VOC composition between sampling sites were determined
(Fig. 9, Table 11, Chapter 4.4). Sulphur compounds were at highest at the
aeration pond, especially DMS, but interestingly the highest concentration of
DMDS was detected in the fiber line control room. Concentrations of sulphur
compounds at the office building were quite low but still above the odour
threshold in cases of DMS and DMDS. Most of the terpenes were at highest at
the aeration pond, as expected. Interesting is that on one measurement, terpene
concentrations were surprisingly high at the office building compared to the
normal level of indoor concentrations of terpenes. Elevated single VOC
concentrations were detected in terpene groups, for example alpha-pinene
occurring in 866 pg/m3 at highest in the fiber line control room. Also
sesquiterpenes were found out in quite high concentration once in office
building. In fact, concentration of sesquiterpenes was higher in office building
than in the fiber line control room.

When considering liquid samples from effluent fractions, high
concentrations of sesquiterpenes were abundant in Ef3 (Table 12, Chapter 4.4)
and therefore also in the wastewater processing, from where they are possibly
drifted to the indoors of office building. Sum of all terpenes and sesquiterpenes
was 579 pug/m? in office and 1590 pg/ms? in fiber line control room.

Terpenes have very characteristic odours and their threshold odour
concentrations (TOCs) can be quite low (Appendix 1). Terpenes are very
insoluble into the water and their emission potential from the pond surface is
very high. Therefore they are easily released to the ambient air from the open
effluent pond surface.
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5.1.6 Seasonal variation of compound groups in pulp mill effluent plant

Highest concentrations of VOCs in the gaseous samples were observed at the
aeration pond in the summertime (Fig. 12, Chapter 4.6). This is probably due to
higher ambient temperature that fortifies the volatilisation of VOCs from the
liquid surface. 55.7% of all VOCs were terpenes and sesquiterpenes in the
summer time and 65.2% in the winter time (Fig. 9, Chapter 4.4).

Terpenes and sesquiterpenes were the major odorant group in every
effluent fraction in liquid samples excluding the effluent fraction Ef2 (Fig. 10,
Chapter 4.4). Highest percentage amount of terpenes were found in winter at
the mixing pond and in the effluent fraction Ef3. Overall, the terpene fractions
have been larger in liquid in winter probably due to low ambient temperature
inducing lesser volatilisation of compounds. In the summertime, higher
amounts of sulphur compounds are present in the effluents especially in
primary clarifier and mixing pond. Reason for this would be simply that
effluent originating from pulping contained more sulphurous compounds, or
that on a warm summer day, degradation of organics would happen faster and
if the conditions were partly anaerobic like it could be at the primary clarifier
pond, reduced sulphur compounds were formed. There are no great changes of
aromatic compounds between winter and summer.

5.1.7 Odorous VOCs in composting plant

The odour threshold exceeding compounds in the hall were acetic acid,
butanoic acid, 2,3-butanedione, 2-butanol, ethyl acetate, DMS, DMDS, alpha-
pinene and limonene. In the control room the odour threshold exceeding
compounds were the same excluding the DMS that was not detected in the
control room above detection limit concentrations. According to the sniffing
analysis of the samples from the composting hall, the odorous compounds were
also 3-hydroxy-2-butanone, beta-myrcene, nonanal, 3-methyl-1-butanol, 2-
methyl-1-butanol and 3-carene (Appendix 2, Figure 10). In the control room the
odorous compounds were 3-hydroxy-2-butanone, p-xylene and beta-myrcene.
Especially 2,3-butanedione and 3-hydroxy-2-butanone are products of
fermentation and are found in several food products like milk, butter etc.
(Bassit et al. 1993). Very similar pattern of odorous compounds in different sites
of a composting plant were found in recent study made by Gallego et al. (2012)
excluding the ketones 2,3-butanedione and 3-hydroxy-2-butanone. In that study
the most odorous compounds were also different carboxylic acids, DMS and
DMDS, different alcohols and terpenes.

Disagreeable, sweet, alcohol-like odour in the drum composting hall was
among others due to 2-butanol. A similar situation in regard to odour-causing
VOCs was observed in the Hyvinkdd drum composting plant (Hdnninen et al.
2002). The highest concentrations of single VOCs in the composting hall of Oulu
composting plant were observed in summer 2002 but some high VOC
concentrations were detected also in winter 2003 (Fig. 13, Chapter 4.6).
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The results of VOCs in the control room show a great variation in
concentrations. Concentrations were generally lower in the control room than
the composting hall except one measurement time in autumn 2002. The main
compounds responsible for the sweet, pungent odour in the control room were
2,3-butanedione, ethyl acetate, acetic acid and limonene and the TVOC
concentration was quite high (3700 pg/m3). Concentrations of the odour-
causing compounds were much lower in winter 2003 and the overall odour in
the control room was then very mild and barely detectable. The VOCs detected
were typical of composting plants: carboxylic acids and their esters, some
alcohols, ketones, aldehydes and terpenes (Wilber & Murray 1990, Wilkins
1994, Tolvanen et al. 1998, Hanninen et al. 2002). The overall odour was sour,
sweet, a bit rancid and biowaste-like at both sampling sites.

5.1.8 Odorous VOCs in optic sorting plant

Overall odour in the optic sorting process hall in Hdmeenlinna was sweet,
rotten. The main compounds due to the odour in the optic sorting process hall
in Hdmeenlinna according to GC/MS/sniff- analysis were ethanol, 2,3-
butanedione, 3-hydroxy-2-butanone, acetic acid, ethyl acetate, p-cymene, alpha-
pinene and limonene in the optic separation process hall (V) (Table 14, Chapter
4.5.2). These compounds also exceeded their odour threshold concentrations.
They are very typical odorous compounds in biowaste composting and
management facilities (Wilber & Murray 1990, Wilkins 1994, Fischer et al. 1999)
indicating the presence of food wastes also in solid waste treatment. Especially
limonene was found out in relatively high concentrations; even 34% of the
TVOC value consisted of limonene in the waste receiving hall. Limonene has
been detected in excess also in other solid waste related VOC researches (Davoli
et al. 2003, Imppola et al. 2003, Staley et al. 2006). Possible origins of limonene
are household discharges, because it is very common odorant and ingredient in
cosmetics and cleaning agents (Vincent 2001).

Hydrocarbons (aromatic and aliphatic) were found abundant in process
hall (Table 14). However, aliphatic hydrocarbons were not considered as the
odorous compounds because their odour threshold concentrations are relatively
high and were not exceeded in these measurements. Hdnninen et al. (2002)
found out the similar situation concerning hydrocarbons in another Finnish dry
waste treatment plant when mixed waste was handled. In addition, fairly large
concentrations of aromatic and aliphatic hydrocarbons are found also by
Pierucci et al. (2005) in studies considering the aerobic biological processing of
municipal solid waste and by Statheropoulos et al. (2005) who stated the
benzene, toluene, ethylbenzene and naphtalene to be the priority pollutants in
mixed waste. The origin of such compounds is suggested to be the mixed waste
itself and also the packaging material printing ink solvent residuals, glues etc.
Furthermore, these BTEX (i.e. benzene, toluene, ethylbenzene, xylenes) have
been stated as the most abundant compounds near municipal solid waste
treatment plants (Chiriac et al. 2007, Vilavert et al. 2012) and in the indoor air of
municipal solid waste treatment plants (Gallego et al. 2012). Concentrations of
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ethylbenzene and xylene presented here are in the same range as presented in
other comparable study by Chiriac et al. (2007).

It is possible that these hydrocarbons originate from the mixed waste or
from vehicle exhaust gases, oils etc. Alkanes, alkenes ketones and aromatics are
also reported to originate from emissions of plastic packaging (Hodgson et al.
2000).

Late summer measurement results indicate that biowaste has already
started to decay and the decomposition of organic matter occurs already in the
collection bins as suggested also in the studies by Persoons et al. (2010), because
concentrations of 2,3-butanedione and acetic acid, both indicators of biowaste
early stage decomposition (Eitzer 1995), were much higher than in the winter
measurements when biowaste has presumably been frozen in the collection
bins. In winter 2004 all concentrations found out to be much lower except the
dominant compound group, terpenes, especially limonene. In cold weather
biowaste may have been frozen in the collection bins. In winter 2004
concentrations of all VOCs were much lower except the dominant compound
group, terpenes, especially limonene Interesting is that organic sulphur
compounds like dimethyl sulphide or dimethyl disulphide, which are known to
be very odorous and mentioned to be abundant at waste management and in
the decaying of food wastes (Komilis et al. 2004) were not detected above the
detection limits (0.1 pg/m”) at any of the measurement sites.

5.1.9 TVOC concentrations in studied plants

The highest TVOC concentrations in municipal WWTPs were detected in the
sludge dewatering room of plant A: during the winter, the concentration was
measured at an all-year high of 7720 png/m?3 (Fig. 11, Chapter 4.6). Also in
WWTP B the TVOC concentrations were highest in winter. However, the same
trend was not as obvious in WWTP C. The decrease in ventilation during the
cold winter could be one explanatory factor for this result. Also the sludge age
has been higher in winter being 12-14 days instead of the sludge age in summer
for example in plant A that has been around 7-9 days. The sludge age may have
had an impact on the higher concentrations of VOCs. In comparison, the low
TVOC concentration being 150 pg/m? detected at the plant B sludge
dewatering room was probably due to the modern closed-system dewatering
machine, which had been constructed and introduced prior to this
measurement period. Lower TVOC and compound group concentrations were
measured in spring and summer (Fig 11). Comparing these achieved Finnish
results to similar study made in Portuguese WWTPs (Teixeira et al. 2012) it
seems that in Finland the TVOC values are higher. In the Portuguese study the
TVOC results varied from 36-1727 pug/m3, when in Finnish WWTPs the range
has been from 150-7720 pg/m3.

In pulp mill WWTP the highest TVOC concentrations were observed in
spring measurements being highest in the aeration pond (15.2 mg/m?3). 56.8 %
of analysed VOCs were terpenes and sesquiterpenes. Another dominant
compound group was alkyl benzenes, 12.4 % of all VOCs. Pulp mill effluent
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had also terpenes as the dominant group, 55.7 % of all VOCs were terpenes and
sesquiterpenes in the summer time and 65.2 % in the winter time. Lowest
TVOC concentrations were determined in office in wintertime (Fig. 12, Chapter
4.6).

When considering the studied waste management plants, the TVOC
concentrations in the composting hall and optic sorting process hall were
highest in summer measurements (Fig. 13, chapter 4.6). This may be due to the
higher ambient temperature and thus the biowaste has started to decompose
earlier and easier than in winter or spring, when the biowaste has been even
frozen in the collection bins. TVOCs of composting plant control room show a
great variation. In general the concentrations in control rooms were 6-7 % of the
TVOC concentration in the processing halls of composting plant or the optic
sorting plant. In optic waste sorting plant TVOC concentrations are lower than
in some other studies made in the waste management plants by for example
Scaglia et al. (2011) but comparing to the results presented by Navas-Rodriquez
et al. (2012) the TVOCs are in the same concentration range.

5.1.10 H>S and NH3 in studied plants

In studies considering wastewater treatment and odours, hydrogen sulphide
(H2S) is mentioned to be one of the major odorants (Stuetz et al. 1999, Hvitved-
Jacobsen & Vollertsen 2001, Hobson & Yang 2001). However, in this case the
studied municipal wastewater treatment plants did not have high H>S
concentrations except the plant B on one measurement time. In fact, H>S was
found only once in detection limit exceeding concentration in grit removal and
two times in biofilter incoming gas at the plant C and once in the trash rakes
and grit removal at the plant B. In addition, in the pulp mill WWTP H)S was
detected in quite low concentrations being 420-710pg/m3 (Table 15, Chapter
4.7). The detection limit for H>S was 150 pg/m?3. The problem with H>S is,
indeed, the fact that it can be adding the malodour, but it is not detectable with
instruments that have even moderately low detection limits, since the odour
threshold concentration for HoS is very low; 0.7 ug/m3. It seems that in WWTPs
the H>S control by precipitation by ferrosulphate (FeSO4) and by the pH control
has shown to be effective. Ammonia was detected only in plant A’s sludge
dewatering samples in this study. In waste management H>S or NH3 was not
detected in detection limit exceeding concentrations.
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5.2 Possible health risks of analysed VOCs in terms of
occupational exposure limit concentrations and indoor
guideline thresholds

5.2.1 Occupational exposure limit concentrations and guidelines

Occupational exposure limit concentrations (OEL concentrations) for a
selection of individual volatile organic compounds occurring in diverse
working environments are set by the Finnish Ministry of Social Affairs and
Health. These values can be used as a guideline in assessing the risk of
occupational exposure to particular compounds. Concentrations of the OELs
are multiple times, often decades, higher than the odour thresholds for certain
compounds. In addition, World Health Organizations Air quality guidelines for
Europe are used as a reference in this thesis. OEL values and recommendation
concentrations are presented in Table 16. In this thesis the presumption of
occupational exposure is set to consider the whole 8 hour workday and it is
assumed that employees work in the worst areas for 8 hours. It is also assumed
that the measured VOC concentration in the process halls and process sites
remains the same for the whole workday. This way the comparing of achieved
results to the 8 hour OEL values is the most straightforward. Usually the
situation in plants is better and employees do not work in the worst areas for
the 8 hour but shorter periods of time and thus they are less exposed to VOCs.

Multiple exposure analysis and calculations for VOCs could be made by
following equation for compounds that have a similar effect on health (2)
(Finnish Ministry of Social Affairs and Health 2012):

Ci1/OEL1+Cy/OELx+C3/OELs+...Ci/OELi 2 1, (2)

where the C; is the concentration of measured compound and OEL; is the
occupational exposure limit for measured compound. If the calculated sum of
all concentration/OEL ratios exceeds 1, multiple exposure exist in the working
area.

However, these calculations were not able to be performed in this thesis
because of the lack of OEL data for the majority of the VOCs found in the sites
studied here. In addition, the concentrations of available OELs are tens or
hundreds of times higher than the concentrations measured in this study.

Finnish Ministry of Social Affairs and Health has also set indoor air
regulations considering TVOC values and in this regulation the TVOC
concentration limit for poor indoor air quality is 600 pg/m? according the
Indoor air classification (Finnish Ministry of Social Affairs and Health 2003).
This limit is for households, schools, daycares, offices etc. so it has to be applied
with caution in cases of waste management. However, it gives a certain
guideline for workplaces in industry.
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TABLE 16 Occupational exposure limits (OELs) and WHO guideline values found in
scientific literature for certain compounds found in the study (Finnish
Ministry of Social Affairs and Health 2012, WHO 2000).

Compound OEL (8 hour) WHO Guideline values for
(ng/m3) exposure (24 h)
(ng/m?)
toluene 190 000 260
ethylbenzene 220 000 -
p-/m-xylene 220 000 -
styrene 86 000 260
p-cresol 22000 -
decane - -
undecane - -
heptanal - -
octanal - -
nonanal - -
chloroform 10 000 9780
1,2-dichloroethane 4000 700
alpha-pinene 560 000 -
limonene 140 000 -
methane thiol 1 000 -
DMS - -
DMDS - -
DMTS - -
acetic acid - -
butanoic acid 25000 -
2,3-butanedione 710*
3-hydroxy-2-butanone - -
2-butanone - -
2-butanol 300 000 -
ethyl acetate 150 000 -
diethyl ether 1100 000 -
ammonia (NHs) 14 000 -
hydrogen sulphide (H>S) 12700 150
*from (NIOSH)

5.2.2 Wastewater treatment

The concentration of any single determined organic compound did not exceed
OEL concentrations at any of the measurement sites of studied wastewater
treatment plants in this study. The obvious problem at wastewater treatment
plant B was the occasional presence of hydrogen sulphide in the trash rake
room at levels that exceeded the Finnish OEL. As shown in Table 15 (Chapter
4.7), the hydrogen sulphide concentration was 12.7 mg/m?3 which is also the
concentration of Finnish OEL (8 hour) for hydrogen sulphide. The highest level
of ammonia, 4.2 mg/m?3, was detected in the sludge dewatering room at plant
A. In plants B and C, ammonia was not detected in any measurement times.

The interest considering health risks in wastewater treatment was focused
on plant A, where 1,2-dichloroethane and styrene, considered to be quite
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harmful compounds for human health, occurred. 1,2-dichloroethane effects the
central nervous system, and it is also been demonstrated to be mutagenic
during in vitro tests using mammalian cells (WHO Air quality Guidelines for
Europe 2000). On average, the rural background concentration of 1,2-
dichloroethane is estimated to be 0.4-1.0 ng/m?3 in Western Europe. In the WHO
guidelines, the recommended maximum value for continuous exposure to 1,2-
dichloroethane (24 h) is 700 pg/m?3. Furthermore, styrene is found to be
genotoxic and it has neurological effects. The WHO guideline concentration (24
h) for styrene in air is 260 pg/m3 (WHO Air quality Guidelines for Europe
2000). As shown in Table 6 (chapter 4.1.1) the concentration of 1,2-
dichloroethane was at its highest (960 pg/md) in the plant A trash rake area,
and the concentration of styrene was at its highest (330 pg/m?3) in the sludge
dewatering area. Of course the workers do not work for 24 hours and thus the
exposure is lower. When using the equation (3) that is modified from the
calculation of 8 hour average formula of OEL values (Finnish ministry of social
affairs and health 2012) for shorter exposure time, the exposure concentration of
workers becomes lower than the recommended value by WHO as follows:

Ca4n = (Tew x CntTp x Cb)/ 24 (3)

where the Tew is time of exposure, Cn is the measured concentration Ty, is the
time spent in background and Cy, the background concentration.

When applying this equation with the time of exposure Tef of 8 hours/day,
the results are 320ng/m3 for 1,2-dichloroethane for 24 hour and 110 pg/m3 for
styrene for 24 hour. The background concentration for styrene is assumed to be
zero.

TVOCs of studied WWTPs varied from 260-4150 ng/m3 being at highest
(7719 pg/m?3) in plant A in winter (Fig. 11, Chapter 4.6). According to studies of
Molhave et al. (1991) of TVOC concentrations causing health effects it is
possible that some health effects exist in these concentrations.

5.2.3 Pulp mill effluent

The highest concentrations were detected in terpene groups at the pulp mill
wastewater plant. The odour of some terpenes, terpenoids and sesquiterpenes
can be strong and sharp, and when existing in higher concentrations, terpenes
are considered as a health risk because they irritate for example eyes and the
mucous membranes of nose (Kasanen et al. 1998, Molhave et al. 2000). In
studies of Cometto-Muniz et al. (1998) it was discovered that 3-carene evokes
eye irritation existing in concentrations above 15 mg/m3. No additional effect of
several terpenes existing together was studied. Compared to the results of this
study, the concentrations achieved here do not exceed the possible irritation
effect concentrations mentioned in the scientific literature, so it remains
undetermined whether the terpenes and sesquiterpenes are the sources of eye
and mucosa irritation.
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TVOC in office building was 1500 pg/m’ and in fibre line control room
3230ug/m’ at highest (Fig. 12, Chapter 4.6), which were fairly high in
comparison to regular indoor VOC concentrations occurring normally under
600pg/m’ (households, offices, schools, daycares etc.) (Finnish Ministry of
Social Affairs and Health 2003). Indoors the concentrations and composition of
VOCs can be effected by emissions from furniture, construction materials and
possible cleaning agents or fragrances and it cannot be uniformly determined
that all terpenes and aromatic compounds are directly emitted from the effluent
ponds. However, concentrations of mentioned compound groups are high if
compared to typical office building indoor concentrations without the load
from the adjacent effluent processing facility. Therefore it is assumed that the
major portion of aromatics and terpenes in indoors are originated from effluent
ponds.

5.2.4 Composting plant

In the drum composting plant in Oulu measured VOCs did not exceed the 8
hour OEL concentrations. However, VOC concentrations in the process hall
were quite high, especially of acetic acid and ketones: acetic acid, 2,3-
butanedione, 2-butanone and 3-hydroxy-2-butanone occurred in levels of 250-
2090 pg/m?3 (Table 13, chapter 4.5.1). In addition, concentrations of airborne
microbes may rise to levels that are hazardous to health according to Tolvanen
et al. (2005). Therefore the receiving hall for biowaste can be considered as the
problematic area for occupational hygiene.

Furthermore, in recent international scientific publications the possibility
of 2,3-butanedione as a cause of lung disease, bronchiolitis obliterans, “pop corn
lung” has been discussed and a proposal of suitable OEL for that has been
given being 710 pg/m?3 (Egilman et al. 2011). In proposal given by National
Institute of Occupational Safety and Health USA (NIOSH 2011) the exposure
limit for 2,3-butanedione were 18 pg/m3 for 8 hours and 90 pg/m3 for 15
minutes. Interestingly, in recent scientific literature 2,3-butanedione is very
rarely referred to be present in VOC studies considering waste treatment and
odours or occupational health issues. There are only few articles that mention
2,3-butanedione determined in VOC analysis made in waste management
(Tolvanen et al. 1998, Louhelainen et al. 2001, Gallego et al. 2012). In our
studies the levels of 2,3-butanedione have been in the range of 8-1150 ng/m?3 in
the process hall and the control room and thus the exposure in harmful
concentration is possible especially if the worker stays on the process hall area
for the whole workday. In Finland no limits considering the 2,3-butanedione
are available for the present. Also the compound produced by fermentation
with 2,3-butanedione, 3-hydroxy-2-butanone, was found in quite high
concentrations but no limiting concentrations or data considering health effects
are available for it at present.

Another health concerning compound according to Rosenfeld et al. (2007)
is benzene that has been found in composting probably as a contaminant. It was
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suggested that it should be measured. However, in this study benzene was not
found in composting facility.

The situation considering VOC results is typical for composting facilities;
the concentration of the single volatile organic compound is far below the OELs
but above its threshold odour concentration. Similar conclusion was made also
in studies by Rosenfeld et al. (2007). Workers are also exposed to several VOCs
simultaneously and the synergy of several VOCs is not very well known. Even
though the Finnish OELs considering volatile organic compounds were not
exceeded in this study and also none of the primary health effects associated
with VOCs was not to be expected, unpleasant odour may cause secondary
symptoms such as nausea and hypersensitivity reactions. Also the synergetic
reactions of several VOCs and the effect of this synergism on health are not
known very well. Bioaerosols such as the fungal spores and bacteria found at
the waste handling sites also increase the risk of health problems. In
composting and waste management in general, the bioaerosols concentrations
may be abundant as determined in studies by Tolvanen (2001) and Tolvanen &
Héanninen (2007) and be causing the health effects (Bunger et al. 2002, Heldal et
al. 2003).

5.2.5 Optic sorting plant

Situation in the control room of the optic sorting plant was quite good
regarding to TVOC concentration range 232-324pug/m? (Fig. 13, chapter 4.6).
Determined TVOC concentrations are not very high related to the Finnish
indoor air quality assessment levels. The recommended maximum TVOC
concentration in the indoor air is 600 pg/m3 according to Finnish indoor air
quality classification 2002.

However, TVOC concentrations in the process hall were quite high,
varying between 2300 pg/m’ and 8070 pg/m’. When comparing to other
studies, TVOC concentrations are lower than in studies made in the waste
management plants by for example Scaglia et al. (2011) but comparing to the
results presented by Navas-Rodriquez et al. (2012) the TVOCs are in the same
concentration range. In some studies it is noted that TVOC concentrations at
300-3000 pg /m’ may be irritating and concentrations between 3000-
25000ug/m’ is reported to be acutely discomfortable (Hunter & Oyama 2000). Tt
is very feasible that exposure to this amount of VOCs does not cause primary
health effects, but it is possible though, that secondary effects like nausea and
hypersensitivity reactions may appear, especially when exposed to several
VOCs simultaneously. Furthermore, process hall air in the optic sorting plant
contained 280 pg/m3 of 2,3-butanedione which is above the recommended 8
hour concentration limits given by NIOSH.
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5.3 Odour concentrations in wastewater treatment and their
correlation to analysed VOCs

The correlation of measured odorous VOC concentrations with olfactometric
results was studied by examining the linearity of concentrations and Pearson’s
correlation coefficients of 22 different measurements (II). The curves achieved
from linearity analysis are presented in Figures 14 and 15. The compounds
chosen for the correlation examination were DMS, DMDS, toluene and
limonene because of their contribution to the overall odour in the wastewater
treatment according to the TD-GC-MS-sniff analysis. Diethyl ether was not
considered as an odorant compound analysed in TD-GC-MS-sniff analysis
because of its” quite high odour threshold concentration, but it was taken into
the correlation examination, because it was detected at every measurement site
in relatively high concentrations. Thus, it was necessary to explore the possible

enhancing or additive effect of diethyl ether on the overall odour.

Odour concentration (OU/m?3) Odour concentration (OU/m?

Odour concentration (OU/m?3)

FIGURE 14 Correlation of concentration of determined single odorous VOCs [DMS (a),
diethyl ether (b), limonene (c), DMDS (d), toluene (e)] and TVOC (f) with
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FIGURE 15 Correlation of the sum of concentrations of determined odorous VOCs and
measured Odour Units (OU/m3).

According to the linearity analysis of curves presented in Fig. 14, single odorous
compounds did not show a direct correlation with the overall odour described
as the Odour Units/m?3. In addition, diethyl ether did not show a direct
correlation to the overall odour concentration either. Pearson’s correlation
coefficients for single odorants were between 0.07 and 0.43 (Fig. 14). In the case
of TVOC concentration, any correlation in comparison with the overall odour
expressed as odour units was not detected. The Pearson’s correlation coefficient
was in fact 0.05. This is probably due to the relatively high concentrations of
hydrocarbons like undecane or dodecane that are not odorous compounds
because of the high odour thresholds, but they are calculated to the sum of
VOCs described as TVOC. Contribution of different hydrocarbons to the odour
is minor and this causes the disproportion between TVOC and odour
concentrations.

However, a rather good correlation between odour concentration
(OU/m?3) and VOCs was found out in calculations where all the odorous VOCs
such as DMS, DMDS, DMTS, alpha-pinene, limonene, toluene and in some
occasions 3-carene, nonanal and heptanal and hydrogen sulphide
concentrations that exceeded the odour threshold concentrations were added
together and compared with Odour units/m?3 (Fig. 15). Pearson’s correlation
coefficient for the sum of odorous VOCs and hydrogen sulphide was 0.842.
Similar conclusions of the correlation of odour concentration with the sum of
odorous compounds were also drawn in studies made by Kim & Park (2008).

Uncertainty to the correlation calculations was caused by the fact that all
possible odorous compounds (organic or inorganic) may not have been
determined by available methods. Of course, in some cases the GC-MS-sniff
technique does not represent the complete screening of all possible odorous
compounds, and, for example, some small molecule amines that may be the
odorants too, were not detected by this method. Moreover, larger molecules,
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the so called semi volatile organic compounds (SVOCs, boiling points 250-380
°C) could not be measured by GC-MS-sniff focused to measure only VOCs
(boiling points 6-250°C). The problematic analysis of H»S also brought
uncertainty to the results, because HxS probably have been an odorous
compound, although it was not possible to analyse it instrumentally due to the
relatively high detection limit of analysis equipment. The results presented in
the study made by Gostelow & Parsons (2000) showed that if hydrogen
sulphide exists in high concentrations, meaning several milligrams per cubic
meter, the correlation between odour concentration and solely the hydrogen
sulphide is good and it can be determined as the major odour component.
Nevertheless, the results of our study showed that odour concentration can be
roughly estimated in the base of sum of odour threshold exceeding compounds
in places where H)S content is very low without taking into consideration the
additive or antagonistic effects of compounds.

5.4 Advantages and limitations of the method TD-GC-MS-Sniff
in analysing the environmental odours

GC-MS has been widely used in air quality analysis. Concentrations of airborne
odorous compounds are not necessarily very high and normal direct injection
system analysis methods are not able to detect all the odorous compounds in
ambient air or even in process air from for example the compost drum or
wastewater treatment plants ventilation ducts. In these cases the TD-GC-MS
method has an advantage in concentrating the sample so that the compounds
are detectable by GC-MS.

Another advantage of the method presented here is sniffing by which it is
possible to trace the key odorous compounds from all compounds in GC-MS
that can be dozens or hundreds in one sample. The limits of traditional
instrumental techniques have directed the attention to odour measurement
procedures that relies on the use of human nose as a detector (Brattoli et al.
2011). This has been the case also in development of sniffing-technique or GC-
MS-O methods. Furthermore, the threshold odour concentrations presented in
literature vary depending on the method and people analyzing them, it is not
always directly only the threshold exceeding compounds that are causing the
odour. Therefore it is important to evaluate also the compounds that cause
odour perception in sniffing analysis as possible odorants and contributors to
the overall odour.

The method used in our study proved to be rather reliable and the
repeatability of analyses has been quite good. The RSD% of repeated standard
analyses for 26 compounds has been lower than 10% for all other compounds
than 2,3-butanedione being 18.4% and for heptanal being 19.3%. It seems that
the carbonyl compounds as polar compounds are more vulnerable to the
moisture effects in analysis and also to the interaction with the column material.
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In addition, linearity of all the standard compounds was tested and all other
compounds had their correlation coefficient being 0.995 and higher as
recommended except 2-hexanone (0.9872) and benzaldehyde (0.9869).

The main limit of GC-MS procedure is in the complexity of odour and
therefore all possible odorous compounds (organic or inorganic) may not have
been determined by available methods. The perceived odour is a mixture of
dosens even hundreds of compounds, that can be also inorganic, like H>S and
NHs. Furthermore, other concentrations of some odorous compounds may be
lower than the instrumental detection limit. Of course, in some cases the GC-
MS-sniff technique does not represent the complete screening of all possible
odorous compounds, and, for example, some small molecule amines that may
be the odorants too, were not detected by this method. Moreover, larger
molecules, the so called semi volatile organic compounds (SVOCs, boiling
points 250-380 °C) could not be measured by GC-MS-sniff focused to measure
only VOCs (boiling points 6-250°C). In the future it would be important to test
and develop for example multisorbent methods also for analyzing the
compounds in a broad volatility range. Also technique presented here does not
allow the evaluation of the additive/synergic effect of single odorants in the
true odour mixture. The overall odour intensity is best to measure with the
dynamic olfactometry.

The methodological problems can arise from the subjective nature of
odour assessment, decreasing alertness of assessors or from the non-random
sequence in which the compounds elute. Decreasing alertness will be important
factor if there is only a few compounds to perceive or they show only low
odour intensity, when the stimulus is brief or the session is long and if the
assessor is not motivated.



6 CONCLUSIONS

Odorous compounds vary naturally according to the source of the emission and
it was shown in this study that the odour composition is plant specific.
Therefore, in the cases of assessing the best odour abatement method in plants
the detailed odour component assessment shown in this study is very useful.
The knowledge about the composition of odour and the contributing factors
help to decide the most effective odour abatement method for certain plant.

When considering the wastewater treatment, the odorous compounds are
mainly the organic sulphur compounds and hydrogen sulphide in some extent
as well as limonene and toluene and some aldehydes like heptanal and octanal.
In most cases the incoming wastewaters especially from industry already have
an important role in defining the intensity and character of wastewater odour
as well as in the safety of indoor air in the WWTP working areas. Furthermore,
sulphur compounds dominate the odour from latter parts of wastewater
processing, especially the sludge management stages. This is due to the
degradation of organic material. In Pulp mill wastewater treatment, the odour
compounds are naturally the terpenes like alpha-pinene and limonene, and
sesquiterpenes in some extent. Other odorous compounds are sulphur
compounds like dimethyl sulphide and dimethyl disulphide and also some
aromatic compounds like toluene and p-cymene which were analysed as the
odour compounds according to the sniffing analysis.

In organic waste management as in the composting, the odour causing
components are different carboxylic acids, usually acetic acid and butanoic acid,
ketones like 2,3-butanedione, 3-hydroxy-2-butanone, esters like ethyl acetate
and terpenes, especially limonene that are released as metabolic products in
decaying of food or other goods. In some cases also alcohols like 2-butanol as
the odorous compound were detected in the composting hall. With the
municipal solid waste, the odorous compounds are also ketones like 2,3-
butanedione and 3-hydroxy-2-butanone, esters like ethyl acetate, and aromatic
compounds like ethyl benzene and p-cymene. As a difference from composting,
aromatic and aliphatic hydrocarbons are abundantly present in solid waste
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sites. However, these compounds, especially the aliphatic hydrocarbons, are not
considered as the major odour causes.

Concentrations of VOCs in waste and wastewater treatment were not
remarkably high. When comparing them to the occupational exposure limits
given by the authorities in Finland, the concentrations did not exceed the limits.
Still some remarks were noticed; for example 1,2-dichloroethane and styrene
were determined in one WWTP (Plant A) at quite high concentrations
according to the WHO classification and regulations given for the indoor air. In
cases of WWTPs the industrial based solvent discharges seemed to influence to
the potential health hazard of indoor air in the plants. In waste management
and especially in composting, the concentrations of 2,3-butanedione, that is a
possible cause of bronchiolitis obliterans, exceeded the limits or limit proposals
given by US NIOSH.

In wastewater management TVOC concentrations varied a lot depending
on the site at the plant. The highest TVOC concentration was in sludge
dewatering units where the TVOC concentration was 7720 pg/m3 at one
measurement time. In waste management (composting and sorting stations of
waste) TVOC concentrations were in the range of 232-2300 pg/m3® and
considering the scientific studies made of health effects of several VOCs
simultaneously, the possibility of health risk exists. At present there is very
limited data available of the health effects of occupational limit concentrations
of several VOCs and TVOC combinations presented in this study. In addition,
with other exposure factors like microbes and dust present in these plants, it is
important to continue the analysis of simultaneous exposure to these factors
and their possible health effects.

Total sum of odorous compounds seemed to correlate with measured
odour concentration. The rather good correlation was achieved by calculating
the sum of concentrations of single VOCs exceeding odour thresholds and
VOCs that were intense odour causes in sniffing analysis. Thus these
compounds altogether can be considered as some kind of indicators of possible
odour annoyance. When reviewing the single compound concentration
correlations to the overall odour concentration, no correlation between them
was observed. Thus it was not possible to demonstrate that a single compound
has a strong effect on overall odour and they are not possible to use as a target
compounds alone. When comparing the TVOC concentration with OU/m?3
results, no correlation between them were determined. This was due to
aliphatic hydrocarbons that existed in samples but are not contributing to the
overall odour in measured concentrations.

Sniffing analysis revealed several compounds that caused odour in
simultaneous sniffing of samples but do not have the determined odour
threshold concentration. In future it is important to continue determining
thresholds for these compounds so that the evaluation of their contribution to
the overall odour is possible.
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YHTEENVETO (RESUME IN FINNISH)

Hajua aiheuttavat haihtuvat orgaaniset yhdisteet (VOC) jitteen- ja jiteveden
kasittelyssa

Téassd vditostyossd tutkittiin erilaisten jdtevesien ja jdtteiden kaisittelyn
yhteydessd syntyvid haju- ja VOC-pddstoja. Tutkimukset suoritettiin
yhdyskuntien  jdatevedenkdsittelylaitoksilla,  paperi- ja  sellutehtaan
jatevedenkasittelylaitoksella, kompostointilaitoksella, jossa menetelméand oli
rumpukompostointi sisitiloissa, sekd sekajdtteen optisella erottelulaitoksella,
jossa erotteluprosessi tapahtuu sisétiloissa. Tutkimusmenetelménd kdytettiin
kaasugromatografi-massaspektrometrid, johon on yhdistetty samanaikainen
haistelu. Kokonaishajupitoisuudet mitattiin olfaktometrilla.

Haihtuvien orgaanisten yhdisteiden (VOC) ldhteitd jdtteenkésittelyssd
ovat kaatopaikat, jdtteiden poltto, kompostointi, jiteveden késittely sekd
jatevesilietteiden tai kompostin levitys maaperddn. Suuri osa haihtuvista
orgaanisista yhdisteistd on myos hajua aiheuttavia yhdisteitd. Erityisesti
jatteenkdsittelystd tai jdatevedenkésittelylaitoksilta tuleva hajupddstd koetaan
epdmiellyttivand ja eldménlaatua heikentdvana tekijand. Epamiellyttdva haju
voi aiheuttaa videstossd huolta myos hajupddston sisdltdmien yhdisteiden
mahdollisista terveyshaitoista. Tamdn tyon tarkoituksena oli selvittdad
yksityiskohtaisesti yhdyskuntien ja teollisuuden jdtevesien kaisittelyn
yhteydessd esiintyvét haihtuvat orgaaniset yhdisteet sekd samoin yhdyskuntien
kuivajdtteiden ettd biojatteen kompostoinnin yhteydessda muodostuvat ja
esiintyvét haihtuvat orgaaniset yhdisteet.

Yhdyskuntien jateveden hajuun vaikuttaa Iuonnollisesti tulevien
jatevesien laatu. Tama todettiin erityisesti jatevedenkaésittelylaitoksella B, jonka
tuloksissa oli havaittavissa paljon terpeenejd, jotka eivit ole tavanomaiselle
yhdyskuntien jatevedelle tyypillisid. Samoin laitoksella A havaittiin styreenid ja
1,2-dikloorietaania, jotka ovat todenndkoisimmin perdisin teollisuuden
jatevesistd. Jdatevedenkdsittelyssd tavanomaisia hajua aiheuttavia yhdisteitd
olivat p&dsdantdisesti orgaaniset rikkiyhdisteet, erityisesti dimetyylisulfidi,
dimetyylidisulfidi, metaanitioli sekd dimetyylitrisulfidi. Muita kokonaishajuun
vaikuttavia yhdisteitd olivat heptanaali ja oktanaali, joiden hajukynnysarvot
ovat verrattain matalat. Aromaattisista yhdisteistd hajukynnyksen ylitti
jokaisella laitoksella tolueeni. Terpeeneistd alfa-pineeni sekd limoneeni ylittivat
hajukynnysarvon. Laitoksilla A ja B havaittiin lisdksi etikkahappoa sekd
butaanihappoa. Todenndkoisid hajunaihauttajia olivat myos 3-kareeni ja
allyylimetyylisulfidi, jotka analyysin yhteydessd suoritetussa haistelussa
havaittiin selvind tai voimakkaina hajukokemuksina. Ndille yhdisteille ei ole
toistaiseksi kirjallisuudessa esitetty hajukynnysarvoja, jolloin arvio siitd, ovatko
ko. yhdisteet hajunaiheuttajina, perustuu haistelijan subjektiiviseen arvioon
hajun laadusta ja voimakkuudesta. Pelkistyneitd rikkiyhdisteitd havaittiin
jatevedenpuhdistamoilla erityisesti lietteenkésittelyvaiheissa ja jdteveden-
kasittelyprosessin loppuvaiheissa.



74

Sellu- ja paperintuotannon yhteydessd muodostuvan jdteveden hajuhaitat
ovat péddosin perdisin jdatevedessd olevista pelkistyneistd rikkiyhdisteistd,
terpeeneistd ja seskviterpeeneistd sekd aromaattisista yhdisteistd, joita tdssa
tutkimuksessa havaittiin. Rikkiyhdisteiden ja terpeenien mddrd oli suurin
esiselkeytysaltaalla. Terpeenien ja seskviterpeenien osuus analysoiduista
VOCeista oli enimmillddan 65,2 %. Namd yhdisteet ovat p&ddosin perdisin
sellunkeittoprosessista sekd sen sivutuotteiden valmistuksesta. Ne ovat
ominaisuuksiltaan hyvin hydrofobisia seké tiheydeltdan vettd kevyempid, joten
ne pddsevit haihtumaan altaiden pinnalta erittdin helposti. Yhdisteitd tavattiin
myos tehtaan toimistorakennuksesta kohtalaisen suurina pitoisuuksina.

Kiinteiden jdtteiden kasittelyssd ja kompostoinnissa hajua aiheuttavia
yhdisteitd olivat erilaiset karboksyylihapot, esterit, ketonit seké terpeenit. Nama
yhdisteet ovat tyypillisid orgaanisen materiaalin metabolian vilituotteita.
Lisaksi kuivajadtteen kasittelyn paastoissa oli huomattava maéra alifaattisia seka
aromaattisia hiilivetyja. Namé yhdisteet eivit kuitenkaan ole hajun aiheuttajia,
silld niiden hajukynnysarvot ovat verrattain korkeat.

Vditostyossd  tutkittiin - myds eri hajuyhdisteiden pitoisuuksien
korrelaatiota kokonaishajun voimakkuuteen. Verrattaessa mitattuja VOC-
pitoisuuksia  analysoituihin ~ kokonaishajupitoisuuksiin  havaittiin,  ettd
yksittdisten hajua aiheuttavien yhdisteiden pitoisuudet sekd TVOC pitoisuudet
eivit korreloi kokonaishajun voimakkuuteen. Kuitenkin verrattaessa
kokonaishajua hajua aiheuttavien yhdisteiden pitoisuuksien summaan, saatiin
kohtalainen korrelaatio (0,842) hajunaiheuttajien sekd kokonaishajun vilille.

Tédssd tyossd mitattuja VOC pitoisuuksia verrattiin olemassa oleviin
terveydellisiin raja-arvoihin, joita olivat suomalaiset HTP-arvot (haitalliseksi
tunnetut pitoisuudet) sekd WHO:n vuonna 2000 antamat suositukset VOC:eille
sisd- tai ulkoilmassa. Lisdksi joitakin yhdisteitd verrattiin Yhdysvaltalaisen
NIOSH (National Institute of Occupational Health and Safety) laitoksen
antamiin suosituksiin. Tutkimuksessa havaittiin, ettd tutkimuksissa mukana
olevilla laitoksilla yksittdisten VOC:ien pitoisuudet eivat ylittineet Suomessa
annettuja haitalliseksi tunnettujen pitoisuuksien raja-arvoja. Kuitenkin
jatevedenkasittelyssad laitoksella A havaittiin styreenid ja 1,2-dikloorietaania
WHO:n suositusarvoja ldhelld olevina pitoisuuksina. 1,2-dikloorietaanin
pitoisuus oli korkeimmillaan 960 pg/m? ja altistumisaika huomioon ottaen
laskettu altistuminen 24 tunnin aikana 320 pg/m3. WHO:n suositusarvo
jatkuvalle altistumiselle on 700 pg/m3 (24 h). Styreenille WHO:n antama
suositusarvo on 260 pg/m3. Styreenin pitoisuus oli jatevedenkésittelylaitoksella
A korkeimmillaan 330 pg/m? ja altistumisaika huomioon ottaen laskettu
altistuminen 24 tunnin aikana oli 110 pg/m3. Kompostoinnissa sekd
sekajdtteiden kasittelyssd ja lajittelussa esiintyi 2,3-butaanidionia, joka
nykytutkimuksissa ~ on  epdilty  olevan  “bronchiolitis  obliterans”
keuhkosairauden aiheuttaja. NIOSH on mddrittanyt 2,3-butaanidionille
elintarviketeollisuuteen altistusrajat, jotka ovat 90 pg/m?3 (15 min) ja 18 pg/m?3
(8 h). Tutkimuksessa havaitut pitoisuudet vaihtelivat vélilld 8 - 1150 pug/m?3,
joten mahdollisuus altistumiseen on olemassa. Suomessa ja muualla
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Euroopassa tille yhdisteelle ei kuitenkaan ole asetettu kayttorajoituksia tai
altistumisen raja-arvoja. Myo6s monille muille tutkimuksessa havaituille
VOC:eille ei ole olemassa riittdvad toksikologista dataa erityisesti hengitysteitse
altistumisen arviointia varten.

Tutkimuksessa maédritettiin laitosten tyoskentelytiloissa TVOC eli
kokonais-VOC-pitoisuudet. TVOC-pitoisuudelle on Suomessa madritelty
suositusarvoja, jotka koskevat sisdilmaa ja erityisesti asuntojen, koulujen,
virastojen yms. sisdilman laatua. Laitosten TVOC-arvoja verrattiin sosiaali- ja
terveysministerion antamiin suositusarvoihin, joissa 600 ng/m3 on arvo, jonka
ylittdvissd pitoisuuksissa sisdilman laatu voidaan luokitella heikoksi /
vilttaviksi orgaanisten yhdisteiden osalta. Jatevedenkisittelylaitoksen tilojen
TVOC-arvot vaihtelivat valilld 260 - 4150 pg/m3. Korkeimmat arvot mitattiin
lietteen kuivauksen yhteydessd sekd vilppitiloissa.  Sellutehtaan TVOC-
pitoisuudet toimistossa ja kuitulinjan valvomossa olivat muutamina kertoina
verrattain korkeat vaihdellen alueella 145 - 3230 pg/m3. Suurimpina
pitoisuuksina esiintyivat tdlloin terpeenit ja aromaattiset yhdisteet. On
todenndkoistd, ettd toimiston sisdilmassa olevat yhdisteet ovat perdisin
jatevedenkasittelylaitoksesta tai ldheisestd kuitulinjarakennuksesta. Kuitulinjan
valvomon yhdisteet ovat luonnollisesti perdisin kuitulinjaprosessin yhteydessa
vapautuvista padstoistd. Kompostointihallissa sekd optisella lajittelulaitoksella
TVOC-arvot olivat my6s osassa mittauksia  verrattain  korkeat.
Kompostointihallissa vaihteluvili oli 710 - 10 100 pg/m?3 ja valvomossa 240 -
3700 pg/m3. Optisen lajittelulaitoksen hallissa TVOC-pitoisuudet olivat alueella
2270 - 8070 pg/m3ja laitoksen valvomossa 232 - 324 ug/m3. Pitoisuudet voivat
toisinaan kohota tasolle, jossa ilmanlaatu VOC:ien osalta on valttdvd/huono
verrattuna annettuihin suositusarvoihin ja VOC:en aiheuttamaa oireilua voi
esiintyaé.

Arvioitaessa tyossd kdytetyn analyysimenetelmdn etuja ja rajoituksia
hajuanalytiikassa, havaittiin kédytetyn menetelmédn toistotarkkuus ja
lineaarisuus hyvidksi analysoiduille VOC-yhdisteille. Menetelmallda on
mahdollisuus havaita jopa ihan pienissd pitoisuuksissa hajua aiheuttavia
yhdisteitd. Menetelmédn rajoituksena on, ettd se tunnistaa yhdisteet, joiden
kiehumispiste on vililldi 0 - 260 °C ja on hyvin todennikdoistd, ettd ns.
puolihaituvissa orgaanisissa yhdisteissd (SVOC, kp 240 - 400 °C) on paljon
yhdisteitd, jotka vaikuttavat kokonaishajuun. Toisaalta tyossd havaittiin, ettd on
edelleen suuri joukko yhdisteitd, joiden hajukynnyksid ei ole mddritelty
missddn tieteellisessd kirjallisuudessa. Samoin terveysperusteisia ohjearvoja tai
yhdisteiden toksikologista tietoa oli hyvin niukasti saatavilla. Né&ihin asioihin
tulisikin tulevaisuudessa panostaa tutkimusta ja menetelmien kehittdmista.
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APPENDICES

APPENDIX 1 Properties of compounds found in the study

Table 1 shows the odour threshold concentrations, odour descriptions and physical-
chemical properties of odorous compounds found in this study.



TABLE1 Odour threshold concentrations, odour descriptions (O"Neill & Phillips 1992, Ruth 1986) and some physical-chemical properties
(CRC 1993, NIST2012) for odorous compounds found in this study.

Compound Odour threshold Odour threshold Odour description Solubility in water ~ Boiling point (°C)

concentration in concentration in (in 20 °C)

air (ug/m3) water (mg/ml)
DMS 0.1 0.3 decayed cabbage 26.6 109
DMDS 0.3 0.16 decayed cabbage 27.4 37.0
DMTS 6.2 0.05 garlic, metallic*, sewer* slightly soluble 165
H»S 0.7 - rotten eggs 117.6 (gas, pH 7) -60.2
methanethiol 0.0003 - decayed cabbge, sulphurous 2.3 5.95
thiophene 2.6 - garlic - 84.1
allylmethyl sulphide - - garlic*, unpleasant - 91.0
2-methylthiophene - - sulphurous miscible 93.0
acetone 940 - sweet, solvent 3750 113
2-butanone 740 50 000 sweet, acetone-like 200 56.5
2,3-butanedione 0.07 - toffee*, sweet, butter 100 79.6
3-hydroxy-2-butanone - - sour milk¥, butter 43 88.0
2-heptanone 94 - sweet, banana 0.9 145
2-octanone 1.3 - mild, fruity miscible 173
2-propanol 2500 - alcohol miscible 82.3
2-butanol 400 500 sweet, alcohol 54 99.0
3-methyl-1-butanol 80 - sweet, musty 5.9 131
1-hexanol 10 2500 green 156
1-heptanol - 3 sweet, resin 69 176
diethyl ether 900-28 000 - ether 931.0 34.5
methane chloride - - sweet, chlorine 153.1 39.8
chloroform - - chloroform 67.1 61.2
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FIGURE 3 Example chromatograms with determined odorous compounds and
sniffing results (odour descriptions with intensity markings by x:s) from the
WWTP C sampling sites.



Table 1. continued.

tetrachloroethene
benzene

toluene
p-xylene
o-xylene

ethyl benzene
styrene
p-cymene
benzaldehyde
2-methoxyphenol
p-cresol
3-methylbutanal
pentanal
hexanal
heptanal

octanal

nonanal
alfa-pinene
beta-pinene
3-carene
limonene
camphor
borneol
alpha-terpineol
undecane
dodecane

ethyl acetate
acetic acid
butanoic acid
ammonia

1500
80
350
350
13
73

4

0.8
0.005
16
2.5
28
6.0
7.8
0.3
16

10

10

19.6
25
0.4
3600

sweet, chorine
solvent

paint, solvent
sweet, solvent
sweet, solvent
aromatic, sweet
rubber®, solvent
woody, musty
bitter almond
spicy, vanilla

manure*, horse, creosote

malt

sharp

green ,grass*
greasy*, pungent
greasy

greasy, burnt*
woody, coniferous
woody, coniferous
lemon

lemon

camphor
camphorous, spicy
woody, floral
alkane

alkane

sweet, fruity
acetic, vinegar®
rancid butter
ammonia

0.9

23.0

5.2

15

15

14

0.3

0.6

17 (15°C)
20

24

14

163.0
48.0
slightly soluble
slightly soluble
insoluble
0.037
0.081
insoluble
0.15

0.12
insoluble
0.4

83

soluble
soluble

530 (gaseous)

121
81.9
110
138
144
136
145
177
179
205
201.8
90
102
130
153
171
195
155
64.0
166
176
209
212
217
196
216
77.0
118
164
-33.3

*analysers own description.



APPENDIX 2 Example chromatograms from different plants

Example chromatograms from different measurement sites are given in
this Appendix (see Fig. 1-11). The odorous compounds with their odour
descriptions and the odour intensity (x:s) are marked on the chromatograms.
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FIGURE 1 Example chromatograms with determined odorous compounds and

sniffing results (odour descriptions with intensity markings by x:s) from the
WWTP A sampling sites.
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sniffing results (odour descriptions with intensity markings by x:s)
from the WWTP C biofilter sampling sites.
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sniffing results (odour descriptions with intensity markings by x:s) from the
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composting plant sampling sites.
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FIGURE11  Example chromatograms with determined odorous compounds and
sniffing results (odour descriptions with intensity markings by x:s) from
optic sorting plant process hall and control room.
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bacterial diversity using ribosomal RNA

gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien kiyttd bakteeridiver-
siteetin fylogeneettisessd analyysissd. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

HonkAavAARa, JoHAaNNA, Ultraviolet cues in fruit-
frugivore interactions. - Ultraviolettindon
ekologinen merkitys hedelmi& syévien eldin-
ten ja hedelmékasvien viélisissd vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto

2 p. 2002.
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MAaRTTILA, ARI, Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen seki
oligomerisaation muokkaus: uusia tydkaluja
avidiini-biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

JokEeLA, JaRy, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jitteen esikisittelyn
vaikutus yhdyskuntajéitteen biohajoamiseen ja
typpipéadstojen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

RANTALA, MARKUS ]., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyonteisilla. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

OkxsaNeN, Tuura, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisddantymisen kustan-
nukset ja poikasten laatu lisdéntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

HENoO, JaNI, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaeldinyh-
teisdjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissa - eliomaan-
tieteellinen yhteys seka merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.
SHRA-PIETIKAINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsdmaan
hajottajayhteiso hakkuiden jalkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

KorteT, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L. -
Loisten ja taudinaiheuttajien merkitys kalan
lisdéntymisessd ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

SuviLampl, JuHANI, Aerobic wastewater
treatment under high and varying
temperatures - thermophilic process
performance and effluent quality. - Jatevesien
kasittely korkeissa ja vaihtelevissa lampoti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.
PAvINEN, Jussi, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissd eldvien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus 44 p. (155 p.) Yhteenveto 2 p.
2003.

Paavora, Riku, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkdrangattomien, vesisammalten ja kalojen

122

123

124

125

126

127

128

129

130

131

yhteistrakenne pohjoisissa virtavesissa -
sdannonmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.
SUIKKANEN, SANNA, Cell biology of canine
parvovirus entry. - Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

AHTIAINEN, JARI JuHANI, Condition-dependence
of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata. -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihdmahékilla
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

Kararaju, Prasap, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
jarjestelméssa. 84 p. (224 p.) Yhteenveto 2 p.
2003.

HAKKINEN, JaNi, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. - Kalojen varhais-
vaiheiden herkkyys UV-B siteilylle ja reteenin
UV-valoindusoituvalle toksisuudelle. 58 p.
(134 p.) Yhteenveto 2 p. 2003.

NorpLuND, HENRI, Avidin engineering;
modification of function, oligomerization,
stability and structure topology. - Avidiinin
toiminnan, oligomerisaation, kestavyyden ja
rakennetopologian muokkaaminen. 64 p.

(104 p.) Yhteenveto 2 p. 2003.

MarjomAk, TiMO J., Recruitment variability in
vendace, Coregonus albula (L.), and its
consequences for vendace harvesting. -
Muikun, Coregonus albula (L.), vuosiluokkien
runsauden vaihtelu ja sen vaikutukset kalas-
tukseen. 66 p. (155 p.) Yhteenveto 2 p. 2003.
KiLriMAaA, JANNE, Male ornamentation and
immune function in two species of passerines.
- Koiraan ornamentit ja immuunipuolustus
varpuslinnuilla. 34 p. (104 p.) Yhteenveto 1 p.
2004.

Ponni, Tia, Analyzing the function of
nuclear receptor Nor-1 in mice. - Hiiren
tumareseptori Nor-1:n toiminnan tutkiminen.
65 p. (119 p.) Yhteenveto 2 p. 2004.

WaNG, Hong, Function and structure,
subcellular localization and evolution of the
encoding gene of pentachlorophenol 4-
monooxygenase in sphingomonads. 56 p.

(90 p.) 2004.

YLONEN, OLLl, Effects of enhancing UV-B
irradiance on the behaviour, survival and
metabolism of coregonid larvae. - Lisdantyvan
UV-B siteilyn vaikutukset siikakalojen
poikasten kayttdytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.
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KumpuLAINEN, Tomi, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).

- Lisdantymisstrategioiden evoluutio ja sdily-
minen pussikehraéjilld (Lepidoptera:
Psychidae). 42 p. (161 p.) Yhteenveto 3 p.
2004.

OjaLa, Kirst, Development and applications of
baculoviral display techniques. - Bakulo-
virus display -tekniikoiden kehittiminen ja
sovellukset. 90 p. (141 p.) Yhteenveto 3 p.
2004.

RANTALAINEN, MINNA-Lisa, Sensitivity of soil
decomposer communities to habitat
fragmentation - an experimental approach. -
Metsdmaaperin hajottajayhteison vasteet
elinympariston pirstaloitumiseen. 38 p.

(130 p.) Yhteenveto 2 p. 2004.

SAARINEN, MR, Factors contributing to the
abundance of the ergasilid copepod,
Paraergasilus rylovi, in its freshwater
molluscan host, Anodonta piscinalis. -
Paraergasilus rylovi -loisdyridisen esiintymi-
seen ja runsauteen vaikuttavat tekijit
Anodonta piscinalis -pikkujarvisimpukassa.
47 p. (133 p.) Yhteenveto 4 p. 2004.

LiLja, Juna, Assessment of fish migration in
rivers by horizontal echo sounding: Problems
concerning side-aspect target strength.

- Jokeen vaeltavien kalojen laskeminen sivut-
taissuuntaisella kaikuluotauksella: sivu-
aspektikohdevoimakkuuteen liittyvid ongel-

mia. 40 p. (82 p.) Yhteenveto 2 p. 2004.
Nykvist, PETRI, Integrins as cellular receptors

for fibril-forming and transmembrane
collagens. - Integriinit reseptoreina fibril-
laarisille ja transmembraanisille kolla-
geeneille. 127 p. (161 p.) Yhteenveto 3 p. 2004.
Korvura, Nina, Temporal perspective of
humification of organic matter. - Orgaanisen
aineen humuistuminen tarkasteltuna ajan
funktiona. 62 p. (164 p.) Yhteenveto 2 p. 2004.
KARVONEN, Anssl, Transmission of Diplostomum
spathaceum between intermediate hosts.

- Diplostomum spathaceum -loisen siirtyminen
kotilo- ja kalaisannan vililla. 40 p. (90 p.)
Yhteenveto 2 p. 2004.

NYKANEN, MARi, Habitat selection by riverine
grayling, Thymallus thymallus L. - Harjuksen
(Thymallus thymallus L.) habitaatinvalinta

virtavesissd. 40 p. (102 p.) Yhteenveto 3 p. 2004.
HYNYNEN, JuHANI, Anthropogenic changes in

Finnish lakes during the past 150 years
inferred from benthic invertebrates and their
sedimentary remains. - Ihmistoiminnan
aiheuttamat kuormitusmuutokset suomalaisis-
sa jarvissa viimeksi kuluneiden 150 vuoden
aikana tarkasteltuina pohjaeldinyhteissjen
avulla. 45 p. (221 p.) Yhteenveto 3 p. 2004.
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PyLkko, PArvi, Atypical Aeromonas salmonicida
-infection as a threat to farming of arctic charr
(Salvelinus alpinus L.) and european grayling
(Thymallus thymallus L.) and putative means to
prevent the infection. - Epatyyppinen Aero-
monas salmonicida -bakteeritartunta uhkana
harjukselle (Thymallus thymallus L.) ja nieridlle
(Salvelinus alpinus L.) laitoskasvatuksessa ja
mahdollisia keinoja tartunnan ennalta-
ehkdisyyn. 46 p. (107 p.) Yhteenveto 2 p. 2004.
PUURTINEN, MIKAEL, Evolution of hermaphro-
ditic mating systems in animals. - Kaksi-
neuvoisten lisddntymisstrategioiden evoluu-
tio eldimilla. 28 p. (110 p.) Yhteenveto 3 p.
2004.

TorvaNeN, Ourtl, Effects of waste treatment
technique and quality of waste on bioaerosols
in Finnish waste treatment plants. - Jatteen-
kasittelytekniikan ja jatelaadun vaikutus
bioaerosolipitoisuuksiin suomalaisilla jatteen-
kasittelylaitoksilla. 78 p. (174 p.) Yhteenveto

4 p. 2004.

Boapi, Kwast Owusu, Environment and health
in the Accra metropolitan area, Ghana. -
Accran (Ghana) suurkaupunkialueen ympa-
ristd ja terveys. 33 p. (123 p.) Yhteenveto 2 p.
2004.

Lukkari, Tuomas, Earthworm responses to
metal contamination: Tools for soil quality
assessment. - Lierojen vasteet
metallialtistukseen: kdyttomahdollisuudet
maaperan tilan arvioinnissa. 64 p. (150 p.)
Yhteenveto 3 p. 2004.

MARTTINEN, SANNA, Potential of municipal
sewage treatment plants to remove bis(2-
ethylhexyl) phthalate. - Bis-(2-etyyli-
heksyyli)ftalaatin poistaminen jitevesista
yhdyskuntajdtevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.

KarisoLa, Piia, Immunological characteri-
zation and engineering of the major latex
allergen, hevein (Hev b 6.02). - Luonnon-
kumiallergian pédéallergeenin, heveiinin
(Hev b 6.02), immunologisten ominaisuuksien
karakterisointi ja muokkaus. 91 p. (113 p.)
Yhteenveto 2 p. 2004.

BAGGE, ANNA MARI4, Factors affecting the
development and structure of monogenean
communities on cyprinid fish. - Kidus-
loisyhteistjen rakenteeseen ja kehitykseen
vaikuttavat tekijat sisavesikaloilla. 25 p.
(76 p.) Yhteenveto 1 p. 2005.

JANTTI, AR, Effects of interspecific relation-
ships in forested landscapes on breeding
success in Eurasian treecreeper. - Lajien-
vilisten suhteiden vaikutus puukiipijan
pesintimenestykseen metsdymparistossa.
39 p. (104 p.) Yhteenveto 2 p. 2005.
TYNKKYNEN, KATJA, Interspecific interactions
and selection on secondary sexual characters
in damselflies. - Lajienviliset vuorovaikutuk-
set ja seksuaaliominaisuuksiin kohdistuva
valinta sudenkorennoilla. 26 p. (86 p.) Yh-
teenveto 2 p. 2005.
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HaxaLaHTI, TEA, Studies of the life history of a
parasite: a basis for effective population
management. - Loisen elinkiertopiirteet:
perusta tehokkaalle torjunnalle. 41 p. (90 p.)
Yhteenveto 3 p. 2005.

HYTONEN, VEsa, The avidin protein family:
properties of family members and engineering
of novel biotin-binding protein tools. - Avidiini-
proteiiniperhe: perheen jasenten ominaisuuk-
sia ja uusia biotiinia sitovia proteiiniydkaluja.
94 p. (124 p.) Yhteenveto 2 p. 2005.

GiLBERT, LEONA , Development of biotechnological
tools for studying infectious pathways of
canine and human parvoviruses. 104 p.

(156 p.) 2005.

SUOMALAINEN, LoTTA-RIINA, Flavobacterium
columnare in Finnish fish farming;:
characterisation and putative disease
management strategies. - Flavobacterium
columnare Suomen kalanviljelyssa:
karakterisointi ja mahdolliset torjunta-
menetelmit. 52 p. (110 p.) Yhteenveto 1 p.
2005.

VEHNIAINEN, EEVA-R1IKKA, Boreal fishes and
ultraviolet radiation: actions of UVR at
molecular and individual levels. - Pohjoisen
kalatja ultraviolettisateily: UV-sateilyn
vaikutukset molekyyli- ja yksilotasolla. 52 p.
(131 p.) 2005.

VaINIKKA, ANssl, Mechanisms of honest sexual
signalling and life history trade-offs in three
cyprinid fishes. - Rehellisen seksuaalisen
signaloinnin ja elinkiertojen evoluution
mekanismit kolmella sérkikalalla. 53 p.

(123 p.) Yhteenveto 2 p. 2005.

LUOSTARINEN, SARI, Anaerobic on-site
wastewater treatment at low temperatures.
Jatevesien kiinteist6- ja kyldkohtainen
anaerobinen kisittely alhaisissa lampétilois-
sa. 83 p. (168 p.) Yhteenveto 3 p. 2005.
SepPALA, OTTO, Host manipulation by
parasites: adaptation to enhance
transmission? Loisten kyky manipuloida
isdntiddn: sopeuma transmission tehostami-
seen? 27 p. (67 p.) Yhteenveto 2 p. 2005.
SuuriNtEMI, Mi11A, Genetics of children’s

bone growth. - Lasten luuston kasvun gene-
tiikka. 74 p. (135 p.) Yhteenveto 3 p. 2006.
TorvoLa, Jount, Characterization of viral
nanoparticles and virus-like structures by
using fluorescence correlation spectroscopy
(FCS) . - Virus-nanopartikkelien seké virusten
kaltaisten rakenteiden tarkastelu fluoresenssi
korrelaatio spektroskopialla. 74 p. (132 p.)
Yhteenveto 2 p. 2006.

KLEMME, INEs, Polyandry and its effect on male
and female fitness. - Polyandria ja sen vaiku-
tukset koiraan ja naaraan kelpoisuuteen 28 p.
(92 p.) Yhteenveto 2 p. 2006.

LEHTOMAKI, ANNIMARI, Biogas production from
energy crops and crop residues. - Energia-
kasvien ja kasvijitteiden hyodyntaminen
biokaasun tuotannossa. 91 p. (186 p.) Yhteen-
veto 3 p. 2006.

164

165

166

167

168

169

170

171

172

173

174

ILMARINEN, KaTJA, Defoliation and plant-soil
interactions in grasslands. - Defoliaatio ja
kasvien ja maaperan véliset vuorovaikutukset
niittyekosysteemeissd. 32 p. (111 p.) Yhteenve-
to 2 p. 2006.

LOEHR, JonN, Thinhorn sheep evolution and
behaviour. - Ohutsarvilampaiden evoluutio ja
kayttaytyminen. 27 p. (89 p.) Yhteenveto 2 p.
2006.

Paukku, Satu, Cost of reproduction in a seed
beetle: a quantitative genetic perspective. -
Lisdantymisen kustannukset jyvékuoriaisella:
kvantitatiivisen genetiikan ndkokulma. 27 p.
(84 p.) Yhteenveto 1 p. 2006.

OjaLa, KaTja, Variation in defence and its
fitness consequences in aposematic animals:
interactions among diet, parasites and
predators. - Puolustuskyvyn vaihtelu ja sen
merkitys aposemaattisten eldinten kelpoisuu-
teen: ravinnon, loisten ja saalistajien vuoro-
vaikutus. 39 p. (121 p.) Yhteenveto 2 p. 2006.
MariLAINEN, HELL Development of baculovirus
display strategies towards targeting to tumor
vasculature. - Sy6vén suonitukseen
kohdentuvien bakulovirus display-vektorien
kehittdminen. 115 p. (167 p.) Yhteenveto 2 p.
2006.

KatLio, Eva R, Experimental ecology on the
interaction between the Puumala hantavirus
and its host, the bank vole. - Kokeellista
ekologiaa Puumala-viruksen ja metsimyyran
vilisestd vuorovaikutussuhteesta. 30 p. (75 p.)
Yhteenveto 2 p. 2006.

PirLaja, Marjo, Maternal effects in the magpie.
- Harakan ditivaikutukset. 39 p. (126p.)
Yhteenveto 1 p. 2006.

IHALAINEN, EIRA, Experiments on defensive
mimicry: linkages between predator behaviour
and qualities of the prey. - Varoitussignaalien
saalis-suhteista. 37 p. (111 p.) Yhteenveto 2 p.
2006.

LOPEZ-SEPULCRE, ANDRES, The evolutionary
ecology of space use and its conservation
consequences. - Elintilan kdyton ja reviiri-
kayttaytymisen evoluutioekologia
luonnonsuojelullisine seuraamuksineen. 32 p.
(119 p.) Yhteenveto 2 p. 2007.

TuLLa, Mira, Collagen receptor integrins:
evolution, ligand binding selectivity and the
effect of activation. - Kollageenireseptori-
integriiniien evoluutio, ligandin sitomis-
valikoivuus ja aktivaation vaikutus. 67 p. (129
p-) Yhteenveto 2 p. 2007.

SinisaLo, TuuLa, Diet and foraging of ringed
seals in relation to helminth parasite
assemblages. - Peraimeren ja Saimaan norpan
suolistoloisyhteisot ja niiden hyodyntdminen
hylkeen yksilollisen ravintoekologian selvitta-
misessd. 38 p. (84 p.) Yhteenveto 2 p. 2007.
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TorvaneN, Tero, Short-term effects of forest
restoration on beetle diversity. - Metsien
ennallistamisen merkitys kovakuoriaislajiston
monimuotoisuudelle. 33 p. (112 p.) Yhteenveto
2 p. 2007.

Lupwig, GILBERT, Mechanisms of population
declines in boreal forest grouse. - Kanalintu-
kantojen laskuun vaikuttavat tekijit. 48 p. (138
p-) Yhteenveto 2 p. 2007.

KEeToLa, Tarmo, Genetics of condition and
sexual selection. - Kunnon ja seksuaalivalin-
nan genetiikka. 29 p. (121 p.) Yhteenveto 2 p.
2007.

SEPPANEN, JANNE-TUOMAS, Interspecific social
information in habitat choice. - Lajienvilinen
sosiaalinen informaatio habitaatinvalin-
nassa. 33 p. (89 p.) Yhteenveto 2 p. 2007.
BANDILLA, MATTHIAS, Transmission and host
and mate location in the fish louse Argulus
coregoni and its link with bacterial disease in
fish. - Argulus coregoni -kalatéin siirtyminen
kalaiséntdan, isinnén ja parittelukumppanin
paikallistaminen seké loisinnan yhteys kalan
bakteeritautiin. 40 p. (100 p.) Yhteenveto 3 p.
Zusammenfassung 4 p. 2007.

MERILAINEN, PAIvi, Exposure assessment of
animals to sediments contaminated by pulp
and paper mills. - Sellu- ja paperiteollisuuden
saastuttamat sedimentit altistavana tekijana
vesieldimille. 79 p. (169 p.) Yhteenveto 2 p.
2007.

Rourrty, Jarkko, Genetic and phenotypic
divergence in Drosophila virilis and

D. montana. - Geneettinen ja fenotyyppinen
erilaistuminen Drosophila virilis ja D. montana
lajien mahlakéarpasilla. 34 p. (106 p.) Yhteen-
veto 1 p. 2007.

BenesH, DANIEL P., Larval life history,
transmission strategies, and the evolution of
intermediate host exploitation by complex
life-cycle parasites. - Vakakarsamatotoukkien
elinkierto- ja transmissiostrategiat seka vali-
isannan hyvaksikayton evoluutio. 33 p. (88 p.)
Yhteenveto 1 p.2007.

TarpALE, Sami, Bacterial-mediated terrestrial
carbon in the foodweb of humic lakes.

- Bakteerivilitteisen terrestrisen hiilen
merkitys humusjarvien ravintoketjussa. 61 p.
(131 p.) Yhteenveto 5 p. 2007.

KILJUNEN, MIkkO, Accumulation of
organochlorines in Baltic Sea fishes. -
Organoklooriyhdisteiden kertyminen Itdme-
ren kaloihin. 45 p. (97 p.) Yhteenveto 3 p.
2007.

SorMUNEN, Kar Markus, Characterisation of
landfills for recovery of methane and control
of emissions. - Kaatopaikkojen karakterisointi
metaanipotentiaalin hyddyntamiseksija
pééstojen vahentamiseksi. 83 p. (157 p.)
Yhteenveto 2 p. 2008.

HiLtunen, Terro, Environmental fluctuations
and predation modulate community
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191

192
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194

195

196

dynamics and diversity.- Ympariston vaihte-
lutja saalistus muokkaavat yhteison dyna-
miikkaa ja diversiteettid. 33 p. (100 p.) Yhteen-
veto 2 p. 2008.

SYVARANTA, JaR], Impacts of biomanipulation
on lake ecosystem structure revealed by stable
isotope analysis. - Biomanipulaation vaiku-
tukset jarviekosysteemin rakenteeseen vakai-
den isotooppien avulla tarkasteltuna. 46 p.
(105 p.) Yhteenveto 4 p. 2008.

MartiLa, NiiNa, Ecological traits as
determinants of extinction risk and
distribution change in Lepidoptera. - Perhos-
ten uhanalaisuuteen vaikuttavat ekologiset
piirteet. 21 p. (67 p.) Yhteenveto 1 p. 2008.
UrLa, PauLa, Integrin-mediated entry of
echovirus 1. - Echovirus 1:n integriini-
vilitteinen sisd@nmeno soluun. 86 p. (145 p.)
Yhteenveto 2 p. 2008.

KEeskiNEN, Tario, Feeding ecology and
behaviour of pikeperch, Sander lucioperca (L.)
in boreal lakes. - Kuhan (Sander lucioperca
(L.)) ravinnonkaytto ja kdyttaytyminen
boreaalisissa jarvissa. 54 p. (136 p.) Yhteen-
veto 3 p. 2008.

LAAKKONEN, JOHANNA, Intracellular delivery of
baculovirus and streptavidin-based vectors
in vitro - towards novel therapeutic
applications. - Bakulovirus ja streptavidiini
geeninsiirtovektoreina ihmisen soluissa.

81 p. (142 p.) Yhteenveto 2 p. 2008.

MicHEL, PATRIK, Production, purification and
evaluation of insect cell-expressed proteins
with diagnostic potential. - Diagnostisesti
tirkeiden proteiinien tuotto hyonteissolussa
seké niiden puhdistus ja karakterisointi.

100 p. (119 p.) Yhteenveto 2 p. 2008.
LinpsteEDT, CARITA, Maintenance of variation in
warning signals under opposing selection
pressures. - Vastakkaiset evolutiiviset valinta-
paineet ylldpitavat vaihtelua varoitussigna-
loinnissa. 56 p. (152 p.) Yhteenveto 2 p. 2008.
BoMmAN, SaNNA, Ecological and genetic factors
contributing to invasion success: The
northern spread of the Colorado potato beetle
(Leptinotarsa decemlineata). - Ekologisten ja
geneettisten tekijoiden vaikutus koloradon-
kuoriaisen (Leptinotarsa decemlineata)
levidmismenestykseen. 50 p. (113 p.) Yhteen-
veto 3 p. 2008.

MAKELA, ANNA, Towards therapeutic gene
delivery to human cancer cells. Targeting and
entry of baculovirus. - Kohti terapeuttista
geeninsiirtoa: bakuloviruksen kohdennus ja
sisddanmeno ihmisen syopasoluihin. 103 p.
(185 p.)Yhteenveto 2 p. 2008.

LeBIGRE, CHRISTOPHE, Mating behaviour of the
black grouse. Genetic characteristics and
physiological consequences. - Teeren
pariutumiskayttaytyminen. Geneettiset tekijat
ja fysiologiset seuraukset . 32 p. (111
p-)Yhteenveto 2 p. 2008.
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KakkoNEN, ELINA, Regulation of raft-derived
endocytic pathways - studies on echovirus 1
and baculovirus. - Echovirus 1:n ja
bakuloviruksen soluun sisaanmenon reitit ja
saately. 96 p. (159 p.) Yhteenveto 2 p. 2009.
TenHOLA-ROININEN, TEA, Rye doubled haploids
- production and use in mapping studies. -
Rukiin kaksoishaploidit — tuotto ja kaytto
kartoituksessa. 93 p. (164 p.) Yhteenveto 3 p.
2009.

TreBATICKA, LENKA, Predation risk shaping
individual behaviour, life histories and
species interactions in small mammals. -
Petoriskin vaikutus yksilon kéyttaytymiseen,
elinkiertopiirteisiin ja yksildiden vélisiin
suhteisiin. 29 p. (91 p.) Yhteenveto 3 p. 2009.
PIETIKAINEN, ANNE, Arbuscular mycorrhiza,
resource availability and belowground
interactions between plants and soil microbes.
- Arbuskelimykorritsa, resurssien saatavuus ja
maanalaiset kasvien ja mikrobien viliset
vuorovaikutukset. 38 p. (119 p.) Yhteenveto

2 p. 2009.

AROVIITA, JUKKA, Predictive models in
assessment of macroinvertebrates in boreal
rivers. - Ennustavat mallitjokien
pohjaeldimiston tilan arvioinnissa. 45 p.

(109 p.) Yhteenveto 3 p. 2009.

Rasi, Saya, Biogas composition and upgrading
to biomethane. - Biokaasun koostumus ja
puhdistaminen biometaaniksi. 76 p.

(135 p.) Yhteenveto 3 p. 2009.

PakkANEN, Kirsl, From endosomes onwards.
Membranes, lysosomes and viral capsid
interactions. - Endosomeista eteenpdin.
Lipidikalvoja, lysosomeja ja viruskapsidin
vuorovaikutuksia. 119 p. (204 p.) Yhteenveto
2 p. 2009.

MaRrkkuLA, EVELIINA, Ultraviolet B radiation
induced alterations in immune function of
fish, in relation to habitat preference and
disease resistance. - Ultravioletti B -sdteilyn
vaikutus kalan taudinvastustuskykyyn ja
immunologisen puolustusjdrjestelmén toimin-
taan. 50 p. (99 p.) Yhteenveto 2 p. 2009.
InALAINEN, TEEMU, Intranuclear dynamics in
parvovirus infection. - Tumansisdinen dyna-
miikka parvovirus infektiossa. 86 p. (152 p.)
Yhteenveto 3 p. 2009.

Kunttu, Hepl, Characterizing the bacterial fish
pathogen Flavobacterium columnare, and some
factors affecting its pathogenicity. - Kalapato-
geeni Flavobacterium columnare -bakteerin
ominaisuuksia ja patogeenisuuteen vaikutta-
via tekijoitd. 69 p. (120 p.)

Yhteenveto 3 p. 2010.

KotiLAINEN, T1TTA, Solar UV radiation and
plant responses: Assessing the methodo-
logical problems in research concerning
stratospheric ozone depletion . - Auringon
UV-siteily ja kasvien vasteet: otsonikatoon
liittyvien tutkimusten menetelmien arviointia.
45 p. (126 p.) Yhteenveto 2 p. 2010.

208

209

210

211

212

213

214

215

216

217

EmNoLA, JuHa, Biotic oxidation of methane in
landfills in boreal climatic conditions . -
Metaanin biotekninen hapettaminen kaatopai-
koilla viile&ssa ilmastossa. 101 p. (156 p.)
Yhteenveto 3 p. 2010.

PIROINEN, SAIJA, Range expansion to novel
environments: evolutionary physiology and
genetics in Leptinotarsa decemlineata. - Lajien
levinneisyysalueen laajeneminen:
koloradonkuoriaisen evolutiivinen fysiologia
ja genetiikka. 51 p. (155 p.) Yhteenveto 3 p.
2010.

NiskaNEN, EINARI, On dynamics of parvoviral
replication protein NS1. - Parvovirusten
replikaationproteiini NS1:n dynamiikka.

81 p. (154 p.) Yhteenveto 3 p. 2010.

PEkkALA, SATU, Functional characterization of
carbomoyl phosphate synthetase I deficiency
and identification of the binding site for
enzyme activator.- Karbamyylifosfaatti
syntetaasi I:n puutteen patologian toiminnalli-
nen karakterisaatio ja entsyymin aktivaattorin
sitoutumiskohdan identifikaatio.

89 p. (127 p.) Yhteenveto 2 p. 2010.

Harmg, Panu, Developing tools for
biodiversity surveys - studies with wood-
inhabiting fungi.- Tyokaluja monimuotoisuus-
tutkimuksiin - tutkimuskohteina puulla elavat
sienet. 51 p. (125 p.) Yhteenveto 2 p. 2010.
JaLasvuori, MaTTi, Viruses are ancient
parasites that have influenced the evolution of
contemporary and archaic forms of life. -
Virukset ovat muinaisia loisia, jotka ovat
vaikuttaneet nykyisten ja varhaisten elaman-
muotojen kehitykseen. 94 p. (192 p.) Yhteenve-
to 2 p. 2010.

PosriLa, PExka, Dynamics of the ligand-
binding domains of ionotropic glutamate
receptors. - lonotrooppisten glutamaatti-
reseptoreiden ligandin-sitomisdomeenien
dynamiikka. 54 p. (130 p.) Yhteenveto 3 p.
2010.

PoikoNeN, Tanja, Frequency-dependent
selection and environmental heterogeneity as
selective mechanisms in wild populations.

- Frekvenssistad riippuva valinta ja ympariston
heterogeenisyys luonnonvalintaa ohjaavina
tekijoind luonnonpopulaatiossa. 44 p. (115 p.)
Yhteenveto 4 p. 2010.

KEKALAINEN, JUKKA, Maintenance of genetic
variation in sexual ornamentation - role of
precopulatory and postcopulatory sexual
selection. - Seksuaaliornamenttien geneettisen
muuntelun siilyminen - parittelua edeltidvan
ja sen jdlkeisen seksuaalivalinnan merkitys.
52 p. (123 p.) Yhteenveto 3 p. 2010.

SYRJANEN, JuKkka, Ecology, fisheries and
management of wild brown trout populations
in boreal inland waters. - Luontaisten taimen-
kantojen ekologia, kalastus ja hoito pohjoisilla
sisédvesilld. 43 p. (108 p.) Yhteenveto 3 p. 2010.



218

219

220

221

222

223

224

225

226

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

RuskaMoO, SALLA, Structures, interactions and
packing of filamin domains. -
Filamiinidomeenien rakenteet, vuoro-
vaikutukset ja pakkautuminen. 50 p. (108 p.)
Yhteenveto 1 p. 2010.

HoNkaNEN, MERjA, Perspectives on variation
in species richness: area, energy and habitat
heterogeneity. - Pinta-alan, energian ja
elinymparistojen monimuotoisuuden suhde
lajimaaraan. 46 p. (136 p.) Yhteenveto 2 p.
2011.

TivoNEN, Jonna, Woodland key habitats.

A key to effective conservation of forest
biodiversity. - Avainbiotooppien merkitys ta-
lousmetsien monimuotoisuuden sdilymiselle.
33 p. (141 p.) Yhteenveto 2 p. 2011.

NURMINEN, ELisa, Rational drug discovery.
Structural studies of protein-ligand
complexes. - Rationaalinen lddkeainesuunnit-
telu. Proteiini-ligandi rakennekokonaisuuk-
sien tutkimus. 56 p. (113 p.) Yhteenveto 2 p.
2011.

URPANEN, OLLi, Spatial and temporal variation
in larval density of coregonids and their
consequences for population size estimation
in Finnish lakes. - Muikun ja siian poikas-
tiheyksien spatiaalinen ja ajallinen vaihtelu ja
sen vaikutukset poikasmédrdarviointiin. 49 p.
(94 p.) Yhteenveto 3 p. 2011.

JyvisjArvi, Jussi, Environmental drivers of
lake profundal macroinvertebrate community
variation - implications for bioassessment.

- Jarvisyvanteiden pohjaeldinyhteisoja
sddtelevat ymparistotekijat ja niiden merkitys
jarvien biologisen tilan arvioinnissa. 52 p.
(123 p.) Yhteenveto 3 p. 2011.

KorvuneN, Jarkko, Discovery of a2f1 integrin
ligands: Tools and drug candidates for cancer
and thrombus. - a2f31-integriiniligandien
suunnittelu; lddkeaihioita ja tyokaluja syovan
ja veritulpan hoitoon. 55 p. (111 p.) Yhteen-
veto 2 p. 2011.

MOKKONEN, MIKAEL, Evolutionary conflicts in
a small mammal: behavioural, physiological
and genetic differences between the sexes.

- Sukupuolten vilinen konflikti: kiyttayty-
miseen, fysiologiaan ja genetiikkaan liitty-
vistd ristiriidoista pikkunisakkailla. 60 p. (130
p.) Yhteenveto 2 p. 2011.

KorHoNEN, Esko, Puhtauspalvelut ja tyoym-
péristo. Ostettujen siivouspalveluiden laadun
mittausmenetelmiit ja laatu seké siivouksen
vaikutukset sisdilman laatuun, tilojen kayt-
tdjien kokemaan terveyteen ja tyon tehokkuu-
teen toimistorakennuksissa. - Methods for
evaluating the quality of cleaning, the factors
that influence the quality of cleaning, and

the quality of cleaning in buildings. 231 p.
Summary 5 p. 2011.

227

228

229

230

231

232

233

234

235

236

237

KARJALAINEN, Mikko, Echovirus 1 infectious
entry via novel multivesicular bodies. -
Echovirus 1 infektio solun monirakkulaisten
rakenteiden kautta. 85 p. (189 p.) Yhteenveto
3 p. 2011.

JaGapasHi, PADMA SHANTHI, Methods to
enhance hydrolysis during one and two-stage
anaerobic digestion of energy crops and crop
residues. - Hydrolyysin tehostaminen ener-
giakasvien ja kasvitdhteiden yksi- ja kaksi-
vaiheisessa anaerobiprosessissa. 104 p. (167
p-) Yhteenveto 3 p. 2011.

PAKARINEN, OuTl, Methane and hydrogen
production from crop biomass through
anaerobic digestion. - Metaanin ja vedyn
tuottaminen energiakasveista anaerobipro-
sessissa. 96 p. (141 p.) Yhteenveto 2 p. 2011.
KATAJA-AHO, SAANA, Short-term responses

of decomposers and vegetation to stump
removal. - Kantojen korjuun vaikutukset
metsdmaaperdan ja kasvillisuuteen. 44 p.
(108 p.) Yhteenveto 3 p. 2011.

VEsaLA, Laura, Environmental factors
modulating cold tolerance, gene

expression and metabolism in Drosophila
montana. - Ympéristotekijéiden vaiku-

tus Drosophila montana -mahlakirpésen
kylménkestdvyyteen, sithen liittyvien gee-
nien toimintaan ja metaboliaan. 38 p. (105 p.)
Yhteenveto 3 p. 2011.

TakaLa, Heikkl, Three proteins regulating
integrin function - filamin, 14-3-3 and RIAM.
- Kolme integriinin toimintaa sadtelevaa pro-
teiinia - filamiini, 14-3-3 ja RIAM. 78 p. (117
p-) Yhteenveto 2 p. 2011.

SALMINEN, TiNA S., Timing is everything:
photoperiodicity shaping life-history traits
and gene expression. - Ajoituksen tarkeys:
valojaksoisuus elinkiertopiirteita ja geeni-
ekspressiota muokkaavana tekijana. 49 p.
(151 p.) Yhteenveto 3 p. 2011.

Larra, ANNE, Conservation in space.

- Lajien suojelu tilassa. 41 p. (135 p.) Yhteen-
veto 2 p. 2012.

SivuLa, LEeNa, Characterisation and treatment
of waste incineration bottom ash and leachate.
- Jatteenpolton pohjatuhkien ja niistd muo-
dostuvien suotovesien ominaisuudet ja késit-
tely. 75 p. (132 p.) Yhteenveto 3 p. 2012.
JENNINGS, JacksoN HusBarD, Barriers evolving:
Reproductive isolation and the early stages
of biological speciation. - Raja-aitojen kehit-
tyminen: Lisddntymisisolaatio ja biologisen
lajiutumisen ensimmaiset vaiheet. 47 p. (117
p-) Yhteenveto 3 p. 2012.

PexkaLa, NINa, Fitness and viability of small
populations: the effects of genetic drift,
inbreeding, and interpopulation hybridiza-
tion. - Geneettisen satunnaisajautumisen,
sisdsiitoksen ja populaatioiden vilisen
risteytymisen vaikutukset pienten populaa-
tioiden kelpoisuuteen ja elinkykyyn. 46 p.
(131 p.) Yhteenveto 3 p. 2012.



238

239

240

241

242

243

244

245

246

247

248

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

PEURA, SARI, Bacterial communities in strati-
fied humic lakes. - Humuspitoisten metsgjar-
vien mikrobiyhteisot. 52 p. (128 p.) Yhteen-
veto 2 p. 2012.

Lanrti, MaRrja, The fate aspects of pharma-
ceuticals in the environment - Biotrans-
formation, sedimentation and exposure of
fish. - Ladkeaineiden ympéristokohtalo -
Biotransformaatio, sedimentaatio ja kalojen
altistuminen. 76 p. (165 p.) Yhteenveto 2 p.
2012.

Louni, Katja-Rikka, Evolutionary ecology of
complex life cycle parasites - from genotypes
to species assemblages. - Imumatojen evolu-
tiivinen ekologia - genotyypeisté lajiyhteisoi-
hin. 42 p. (143 p.) Yhteenveto 3 p. 2012.
MariasH, HEATHER, Seasonal feeding strategies
of subarctic zooplankton. - Vuodenaikainen
vaihtelu subarktisen eldinplanktonin ravin-
nonkdytossd. 37 p. (85 p.) Yhteenveto 1 p.
2012.

CHevasco, VERONICA, Evolution and ecological
aspects of parthenogenetic and sexual bag-
worm moths (Lepidoptera: Psychidae: Nary-
ciinae). - Ndkokulmia partenogeneettisten ja
seksuaalisesti lisddntyvien pussikehridjien
(Lepidoptera: Psychidae: Naryciinae) ekolo-
giaan ja evoluutioon. 50 p. (154 p.) Yhteen-
veto 4 p. 2012.

KEsANIEMI, JENNI, Variation in developmen-
tal mode and its effects on divergence and
maintenance of populations. - Kehitysmuo-
tojen variaatio ja sen populaatiogeneettiset
seuraukset. 47 p. (137 p.) Yhteenveto 3 p.
2012.

RuokoneN, Tivo, Ecological impacts of in-
vasive signal crayfish in large boreal lakes.

- Téplaravun ekologiset vaikutukset suurissa
boreaalisissa jarvissa. 40 p. (92 p.) Yhteenveto
3 p. 2012.

Haarakoski, Marko, Habitat fragmenta-

tion, seasonality and predation affecting
behaviour and survival of bank voles Myo-
des glareolus. - Ympdriston pirstoutumisen,
vuodenaikaisvaihtelun seké petojen vaikutus
metsamyyran kdyttdytymiseen ja hengissa
selviytymiseen. 29 p. (110 p.) Yhteenveto 3 p.
2012.

RINTANEN, NINA, Clustering-triggered en-
docytic pathway of a2p1 integrin. - Kasau-
tuneen a2f1 integriinin endosytoosireitti.

93 p. (153 p.) Yhteenveto 2 p. 2012.

Mujg, Kari, Sustainability of interlocked fish-
ing district -management concept for com-
mercial fishing in Finnish lake fishery. - Yh-
tendisresurssin hyodyntamiseen perustuvan
alueellisen kalatalousjérjestelmén kestavyys
sisdvesiammattikalastuksessa. 63 p. (176 p.)
Yhteenveto 3 p. 2012.

RissaNEN, ANTTI, Nitrogen removal by micro-
bial processes in aquatic systems. - Typped
poistavat mikrobiprosessit vesiekosys-
teemeissd. 56 p. (157p.) Yhteenveto 2 p. 2012.

249

250

251

252

LEPPANEN, JaaNA, Mother like son? Aspects

of parent-child associations in environmen-
tally responsible behavior: Generation gap,
gender differences, and influence of parents’
education. - Poika &itinsd kaltainen? N&ko-
kohtia ympaéristovastuullisen kéyttaytymisen
yhteyksiin nuorilla ja heidédn vanhemmillaan.
54 p. (139 p.) Yhteenveto 2 p. 2012.
TYUKMAEVA, VENERA, Adaptation to seasonal-
ity: genetics and variation in life-history traits
important in overwintering. - Vuodenai-
kaisvaihteluun sopeutuminen: geneettinen
muuntelu talvehtimiseen liittyvissa elin-
kiertopiirteissa. 37 p. (102 p.) Yhteenveto 2 p.
2012.

Envipl, UcHecHUKwU DENNIS, Production of
feeds for African catfish Clarias gariepinus us-
ing plant proteins. - Kasviproteiinien kaytto
jattikonnamonnin Clarias gariepinus rehuissa.
60 p. (144 p.) Yhteenveto 1 p. 2012.

LeHTINEN, JENNI, Odorous volatile organic
compounds in waste and wastewater man-
agement. - Hajua aiheuttavat haihtuvat
orgaaniset yhdisteet jitteen ja jateveden kisit-
telyssa. 100 p. (172 p.) Yhteenveto 3 p. 2012.



	ABSTRACT
	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	1 INTRODUCTION
	1.1 Waste and wastewater treatment in Finland
	1.2 Odour perception and odour-structure-relationships
	1.3 Odorous compounds in waste and wastewater management
	1.4 Odour and VOCs as an environmental problem
	1.5 VOCs, odour and health
	1.6 Sources of odorous emissions in waste and wastewater management
	1.7 Contemporary VOC and odour measurement techniques

	2 OBJECTIVES
	3 MATERIALS AND METHODS
	3.1 Plant descriptions
	3.2 Sampling (I, II, III, IV, V)
	3.3 Combined instrumental and sensory analysis of VOCs (TDGC-MS-Sniff-technique)
	3.4 Ammonia and reduced sulphur compounds measurements (I,II, III, IV, V)
	3.5 Odour concentration measurements (II, IV)

	4 RESULTS
	4.1 VOCs in municipal wastewater treatment plants (I, II)
	4.2 Odorous VOCs in the biofilter (II)
	4.3 Olfactometric results in WWTP C (II)
	4.4 VOCs in pulp mill wastewater (III)
	4.5 VOCs in municipal waste treatment
	4.6 TVOC concentrations in the studied plants
	4.7 H2S and NH3 in studied plants

	5 DISCUSSION
	5.1 Main findings of the thesis
	5.2 Possible health risks of analysed VOCs in terms of occupational exposure limit concentrations and indoor guideline thresholds
	5.3 Odour concentrations in wastewater treatment and their correlation to analysed VOCs
	5.4 Advantages and limitations of the method TD-GC-MS-Sniff in analysing the environmental odours

	6 CONCLUSIONS
	Acknowledgements
	YHTEENVETO (RÉSUMÉ IN FINNISH)


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




