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KUNSKAP 
Av Karin Boye 

Alla de försiktiga med långa håvar 
träffar havets jätteskratt. 
Vänner, vad söker ni på stranden? 
Kunskap kan aldrig fångas, 
kan aldrig ägas. 

Men om du rak som en droppe 
faller i havet att upplösas, 
färdig för all förvandling – 
Då ska du vakna med pärlemorhud 
och gröna ögon 
På ängen där havets hästar betar 
och vara kunskap. 
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Abstract

Biofiltration has shown its potential as an interesting treatment alternative for 
contaminated gas streams. Unlike conventional technologies, such as adsorption, 
scrubbers, and incineration, biofiltration allows effective pollution control at 
relatively low capital and operating costs, and without the generation of secondary 
pollution that may require subsequent treatment. The disadvantages of biofiltration 
have been the large space requirements and frequent media replacements as a result 
of deterioration or ageing. Extensive biofilter research and development have taken 
place over the past 20 years, in particular laboratory experiments that address the 
removal of single pollutants at fairly high concentrations under constant operating 
conditions. In field applications, such conditions are highly unusual and the 
feasibility of treating complex mixtures at very low concentrations relevant to 
many odorous gas emissions has not received much attention.  

The overall objective of this thesis was to reduce the knowledge gap between 
laboratory studies and field conditions on the topic of biofiltration for odorous gas 
emissions. Various operational and process related problems, such as fluctuating 
flows, temperatures, and pollutant concentrations, that affected the biofilter 
performance by creating suboptimal living conditions for the microbes, were 
identified. A newly designed compact pilot-scale biofilter was used in three 
different applications with odour problems, namely a restaurant, a pulp mill and a 
wastewater pumping station. The gas streams were complex mixtures with 
chemically diverse contaminants whose concentrations varied significantly with 
time. Aldehydes were the dominant compounds in the restaurant emissions, while 
reduced sulphur compounds, primarily dimethyl sulphide, dominated the pulp mill 
and wastewater emissions. Overall, very low concentrations of individual 
compounds were found (ppb-level), and very low or no removal of the targeted 
compounds were achieved in the biofilter. Limitations of the biomass density in the 
filter media is a plausible explanation since pollutant concentrations at the ppb-
level may have been too low to build up and support the bacteria. Due to the low 
solubility of many identified compounds, a mass transfer limitation may also have 
occurred due to the prevailing short residence times. Drying of the filter medium 
was partly a problem, pointing to the need for an improved humidification system 
or using a trickling filter design.   

In a case study, a method to evaluate odour problems was developed involving 
local observers in an odour panel together with operational data and weather 
observations. Working with an odour panel proved useful in several ways; they 
took an active interest in and increased their knowledge of the complexity of odour 
problems. However, relating the panel reports to specific events at the treatment 
plant proved difficult, and the reports were not always consistent with current wind 
directions. 





Sammanfattning
Biologisk gasreningsteknik kan vara ett intressant behandlingsalternativ för 
förorenade gasströmmar. Till skillnad från traditionella tekniker, såsom adsorption, 
skrubbers, eller förbränning, kan biofilter erbjuda en effektiv behandling till relativt 
låga investerings- och driftskostnader, och utan att generera sekundära förorenings-
problem. Nackdelarna med biofilter har varit de stora ytor som krävs samt att 
filtermaterialet har behövts bytas relativt ofta på grund av nedbrytning och ökade 
tryckfall. Omfattande forskning och utveckling har ägt rum de senaste 20 åren inom 
biologisk gasreningsteknik internationellt, men relativt lite har gjorts i Sverige. 
Majoriteten av studierna är laborativa där man behandlar enstaka föroreningar i 
relativt höga koncentrationer under konstanta och kontrollerade förhållanden. Ute i 
fält är sådana förhållanden väldigt ovanliga och få studier inriktar sig på behandling 
av komplexa gasströmmar med mycket låga koncentrationer, vilket är fallet för 
många illaluktande gasemissioner. 

Syftet med denna avhandling var att minska kunskapsklyftan mellan laborativa 
studier och tillämpningar inom biologisk gasreningsteknik för luktproblem. Flera 
operativa och processrelaterade problem identifierades, såsom varierande flöden, 
temperaturer och föroreningskoncentrationer. Dessa påverkade biofiltrets prestanda 
genom att skapa suboptimala förhållanden för mikroorganismerna i filtret. Ett 
kompakt pilotskalefilter med ny design användes i tre olika verksamheter med lukt-
problem: restaurang, massabruk, och avloppspumpstation. Gasemissionerna från 
dessa verksamheter var komplexa blandningar bestående av föroreningar med 
kemiskt olika egenskaper där koncentrationerna varierade över tiden. Aldehyder 
dominerade i restaurangemissionerna, medan reducerade svavelföreningar, i första 
hand dimetylsulfid, dominerade i emissionerna från massafabriken och avlopps-
pumpstationen. I allmänhet återfanns enskilda föreningar i väldigt låga koncentra-
tioner (ppb-nivå) och väldigt låg eller ingen reduktion kunde påvisas i biofiltret. 
Begränsningar av tillgänglig biomassa i filtret är en rimlig förklaring, eftersom 
föroreningskoncentrationer på ppb-nivå kan ha varit för låga för att kunna bygga 
upp och försörja en tillräckligt omfattande bakteriekultur. Många av de identi-
fierade föroreningarna har låg löslighet och uppehållstiderna i filtret kan ha varit för 
korta för infångning och transport mellan gas och biofilm. Uttorkning av filter-
materialet var delvis ett problem, vilket indikerar att ett bättre befuktningssystem 
eller användandet av en kontinuerlig vätskeström kan bli nödvändig. 

En metod för att utvärdera luktproblem utvecklades i en fallstudie vid ett 
avloppsreningsverk. Lokala observatörer användes i en luktpanel där de fick ringa 
in när de kände lukt. Aktuella väderdata och processparametrar från verket 
hämtades in och relaterades till varje luktsamtal. Luktpanelen var engagerade och 
de lärde sig mer om komplexiteten i luktproblem och kring vad och varför det 
luktar. Det visade sig dock vara svårt att använda panelens luktrapporter för att hitta 
källan till luktepisoden och samtalen stämde inte alltid överens med aktuella 
vindriktningar. 
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Background and aim 

Odours
Odour is a serious cause of community annoyance and a problem that increases 
with greater public awareness of the quality of the environment and possible 
control measures (Vincent and Hobson 1998). With a growing proportion of the 
world's population living in urban areas and residential and commercial 
developments being constructed ever closer to municipal or industrial facility 
boundaries, odour problems will likely increase in the future (Gostelow et al. 
2001; Longhurst et al. 2004). There is a range of different sources that could 
cause the nuisance, for instance traffic, restaurants, farming, industrial and 
public operations such as pulp mills, wastewater treatment, and composting. 
Odour impact issues are difficult to deal with because even though they are 
subjective and related to our previous experiences and hard to identify, they are 
real issues just the same (Stuetz and Frechen 2001; Zolghadr et al. 2004). How 
do the emitted substances affect the individual or group of people? Is the 
malodour considered a psychological stress factor? Does it affect the quality of 
life and does it give a bad image to the city environment? Although these 
questions are beyond the technological approach to malodour, they are aspects 
that influence the extent of a potential solution and the technological approach to 
the problem.  

Perception
The nasal sensory organs of humans contain well over 10 million olfactory re-
ceptors in a region high in the nasal passages (Glusman et al. 2001; Lancet 
1994). Odour is the sensation of smell caused when gases and vapours stimulate 
this olfactory cleft. The complete mechanisms of olfaction are not fully 
understood, but Frechen (1994) provides a simple model of odour perception. 
The process is visualised in two steps – physiological reception and psychology-
cal interpretation. The end result is a mental impression of the odour. The sensi-
tivity of the physiological reception of odours differs from person to person and 
is affected by factors such as age, health, and being a smoker (Fortier et al. 
1991; Griep et al. 1995). Prior exposure to the odour will also have an influence, 
either by increasing the sensitivity (familiarity to an odour leads to increased 
skill of identification) or by adaptation/olfactory fatigue that decreases the sensi-
tivity (Gostelow et al. 2001). The psychological interpretation of odours leads to 
judgements about how strong the odour is, whether it is pleasant or not, and may 
be linked to prior emotional experiences (Cheremisinoff 1988). The association 
of odours with particular sources or events is a learning process that enables us 
to obtain information about the environment to be possibly used for future 
interpretations.
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Several dimensions of human responses to the odour sensation can be scientific-
cally characterised (Rafson 1998): 

Threshold, or detectability, refers to the theoretical minimum concentration of 
odorant stimulus necessary for perception amongst a specified percentage of the 
population, usually 50 percent mean. A threshold value is not a fixed physico-
logical fact or a physical constant, but rather a statistical value representing the 
best estimate from a group of individual scores.  

Intensity is the relative perceived psychological strength of the odour above its 
odour detection threshold. Odour intensity represents the increase in sensation 
intensity experienced by an individual as the chemical concentration increases 
(i.e. as the number of dilutions of the environmental sample decreases).  

Pervasiveness relates to the degree of dilution necessary to decrease the inten-
sity. Certain compounds, like hydrogen sulphide and ammines, have high 
pervasiveness and require high relative dilution to dissipate. Other compounds, 
like ammonia and aldehydes, have lower pervasiveness and can be reduced by 
dilution more quickly.  

Character, or what the odour smells like, allows one to distinguish between 
different odours. An ASTM publication (Dravnieks 1985) presents character 
profiles for 180 chemicals using a 146-descriptor scale with terms like fishy, 
mouldy, nutty, rancid, and sewer. The character of an odour may change with 
the concentration level, e.g. hydrogen sulfide at levels of 20 ppm or above 
ceases to be perceived as a "rotten egg" smell.

Hedonic tone, also referred to as acceptability, is the degree an odour is 
perceived as pleasant or unpleasant. This varies widely from person to person 
and is strongly influenced by previous experience and the emotional context in 
which the odour is perceived.

When working with odour management, one also needs to consider factors like 
frequency (how often an odour appears), duration (for how long), and location 
(where) (Preston and Furberg 2006). 



3

Odour measurements 
In considering odour measurement, it is important to distinguish between odor-
ants and odours. An odorant is the compound responsible for imparting an 
odour; an odour is the perceived effect of the odorant as detected and interpreted 
by the olfactory system (Gostelow et al. 2001). The linkage between odorant 
properties and odour perception is not clear; therefore, two different approaches 
for monitoring odour exist: sensory measurements employing the human nose 
(relating to odours) and analytical measurements (referring to odorants).  

Sensory measurement techniques can be divided into two categories (Koe 1989): 
subjective measurements in which the nose is used without any other equipment 
and objective measurements incorporating the nose in combination with some 
form of dilution apparatus. Subjective measurements have the advantage of 
quick obtainability at relatively low cost, as no special equipment is required. 
Parameters that can be measured subjectively include odour character, hedonic 
tone and intensity. Interpreting the results is difficult and subjective measure-
ments should be handled with caution due to the inborn variation in odour perce-
ption, though they could provide useful information quickly and at low cost. 
Objective sensory measurements using the human nose can be made by odour 
panels, or so called olfactometry (Schulz and van Herreveld 1996; Stuetz et al. 
1999). These groups of individuals sniff samples of air to determine the pre-
sence of an odour. They are provided with samples diluted to various degrees, so 
that in some the odour is no longer perceptible. The concentration is then 
expressed as the number of dilutions required to achieve the threshold concen-
tration. Olfactometry requires a very high standard of testing conditions, 
including an odour-free testing environment, a highly accurate and repeatable 
olfactometer and effective panellist management. There are several internatio-
nally standardized methods for olfactometry that have been developed in Europe 
(CEN 2003), North America (ASTM 1991), and Japan (Higuchi and Masuda 
2004). All standards address equipment, panel selection, test and calculation 
procedures, and have drastically reduced the previously existing differences 
within and between laboratories. The big advantage with objective sensory 
measurements is that they allow the detection of very low levels of odorants in 
complex gas samples and relate directly to the perception of odours. The 
disadvantages are that they are expensive, time consuming, and labour intensive.
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Analytical measurements have the advantage of objectivity, repeatability and 
accuracy. The combination of Gas Chromatography and Mass Spectrometry 
(GC-MS) is the most common analytical method for measuring contaminant 
concentrations in applications for air pollution control (Rafson 1998). Gas 
chromatography separates individual components according to their vapour 
pressure and solubility inside the GC column material. Mass spectrometry 
identifies the eluted components by their ionized molecular fragmentation 
patterns. GC-MS has low sensitivity (about 0.2 ppb) and has been successfully 
used to identify specific odorants. However, the detection and quantification of 
odours involving many compounds at different concentrations complicates the 
analysis. In the sample, odorants may be present at very small concentrations 
(ppt-level), while non-odorous compounds will be present in much larger 
concentrations than the odorants. Additionally, no indication is obtained as to 
the relevance of individual compounds in relation to the odour of the sample as a 
whole. Even if individual chemical concentrations and their odour threshold 
values are known, it is not possible to deduce the overall sample odour threshold 
or the odour character of the gas sample. Electronic noses offer an alternative 
approach to the analytical measurement of odours (Fenner and Stuetz 1999; 
Pearce et al. 2003; Persaud et al. 2005), by using an array of non-specific 
chemical sensors that respond to the presence of odorants in air. The over-
lapping response of the sensors in the array results in an odour-specific response 
pattern that is subsequently processed by a pattern recognition system. For each 
odour, the electronic nose has to be calibrated by means of olfactometry; non-
odorous compounds, humidity and temperature may influence the electronic 
nose signal and produce a different response compared to the human nose 
(Nimmermark 2001; Stuetz and Nicolas 2001). 
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Odour formation 
Odorous compounds are often the result of anaerobic degradation or thermal 
oxidation. Generation rates will depend on the composition of the material, de-
gree of degradation, oxygen availability, temperature and moisture concentra-
tion, none of which behave independently. The most commonly found odour-
causing compounds are reduced sulphur or nitrogen compounds, organic acids, 
aldehydes or ketones (Gostelow et al. 2001). Table 1 presents some of these 
compounds along with information about their odour, odour threshold, and 
boiling point. Threshold information on each substance varies enormously in the 
literature, so values can only guide the reader. The different physical and chemi-
cal properties of these substances will strongly impact their behaviour and 
possible treatment. Sulphur compounds form the majority of odorants associated 
with pulp mills and wastewater facilities, and are formed from anaerobic 
degradation of proteins containing amino acids, or by sulphate reduction. The 
most frequently studied odorant is hydrogen sulphide (H2S) because of its 
toxicity and corrosive properties (Bonnin et al. 1990; Thistlethwayte and Goleb 
1972). Amongst the other reduced sulphur compounds, methyl mercaptan 
(MM), dimethyl sulphide (DMS) and dimethyl disulphide (DMDS) often 
contribute to odour problems due to their very low thresholds. 

Restaurants utilize fats and oils in their processes, which will hydrolyse and 
cleave at the double bonds by oxidation when exposed to heat, air, and light 
(Petrucci 1989). When water or steam is added to heated oil, volatile substances 
will evaporate in the emissions. The majority of these substances have higher 
vapour pressure (i.e. are more volatile) than the triglycerides that will mainly 
stay in the oil (Leissner et al. 1993). Lipid oxidation is a very complex system of 
reactions. Basically, it is a radical reaction that produces hydroperoxides. These 
have no taste or smell, but are unstable and decompose into volatile and non-
volatile substances. The majority of these decomposition products are alde-
hydes, but are also formed as ketones and peroxides (Grosch 1987; Leissner et 
al. 1993; Moortgat et al. 1992). In general, volatile aldehydes have strong tastes 
and smells.  
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Table 1. Examples of volatile odorous compounds presented with their molecu-
lar formulas, odour character and threshold, and boiling points *.

Substance Compound Formula Characteristic odour Odour 
threshold

(ppb)

Boiling
point
(°C)

Volatile sulphur 
compounds

     

Hydrogen sulphide H2S Rotten eggs 0.45-20 -60 
Methyl mercaptan 
(MM)

CH3SH Decayed cabbage, garlic 0.0014-21 6 

Ethyl mercaptan C2H5SH Decayed cabbage 0.01-0.2 35 
Dimethyl sulphide 
(DMS)

CH3SCH3 Decayed vegetables 
Cabbage, cowy 

0.12-2.5 37-38

Dimethyl disulphide 
(DMDS)

CH3S2CH3 Putrefaction 
Rotting vegetable 

0.1-15.5 108-110

Carbon disulphide CS2 Rotting radishes 0.3-210 46 
Sulphur dioxide SO2 Pungent, irritating, 

acidic
9-870 -10 

Nitrogenous
compounds

     

Ammonia NH3 Sharp, pungent 130-50000 -33.4 
Methylamine CH3NH2 Putrid, fishy, rotten 0.9-53 -6.4 
Ethylamine C2H5NH2 Ammonical 46-2400 17 
Dimethylamine (CH3)2NH Fish 20-80 7 
Pyridine C6H6N Disagreeable, irritating 4-2000 115 
Indole C8H6NH Fecal, nauseating 0.1-1.5 254 
Scatole C9H9N Fecal, nauseating 0.002-19 265 

Acids (VFAs)      
Acetic acid CH3COOH Vinegar, sour 6-16 118 
Butyric acid C2H5COOH Rancid 0.1-20 162 
Valeric acid C3H7COOH Sweat 1.8-2630 185 

Aldehydes and 
ketones

     

Formaldehyde HCHO Acrid, suffocating 50-370 -19 
Acetaldehyde CH3CHO Fruit, apple 0.005-120 21 
Butyraldehyde C2H5CHO Rancid, sweaty 4.6-5 76 
Valeraldehyde C4H9CHO Fruit, apple 0.7-9 103 
Hexanal C6H12O Green, fatty 0.01-5 131 
Butanone C2H5COCH3 Green apple 270 80 
Phenol C6H5OH Tar 4.5-5900 79 

* (Dean 1999; Devos et al. 1990; Metcalf and Eddy 2003; Rafson 1998; Rosen-
feld and Henry 2001; Stuetz and Frechen 2001; Vincent and Hobson 1998; 
Winter and Duckham 2000).
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Meteorological conditions 
Meteorological conditions will affect odour release. The dispersion of pollutants 
into the atmosphere depends on the height of the emission point, the topography, 
and the atmospheric ventilation, which includes wind direction and force, turbu-
lence and height of mixture (Stuetz and Frechen 2001). Temperature differences 
can create layers in the atmosphere that may obstruct vertical air rotation. Under 
quiescent meteorological conditions, odorous gases that develop at treatment 
facilities tend to stay at the point of generation because they are denser than air. 
It has been observed that odours may be found at undiluted concentrations at 
large distances from the point of generation (Tchobanoglous and Schroeder 
1985).

Regulation and policies 
The oldest and most common approach to managing odours is the Nuisance 
Laws, i.e. qualitative statements essentially requiring odour from a facility to not 
result in a nuisance, cause pollution or affect quality of life. In Sweden, this 
approach is used in The Environmental Code (SFS 1998) that gathers all the 
central environmental laws. It states that human health and the environment 
should be protected against damage and harm, whether caused by pollutants or 
other impacts. Chapter 2 of the Environmental Code contains a number of 
general rules to consider that express, for instance, the precautionary principle 
and principles regarding suitable localisation of activities and measures that may 
be applied with regards to odours. The rules have a preventive effect, since they 
place binding demands on anyone running a business or an operation to gain 
knowledge on the environmental effects of such activities and express the 
principle that the risks of environmental impact should be borne by the polluter 
and not by the environment. Odours have also been managed by using minimum 
separation distances or buffer zones for certain facilities, such as agricultural 
sources, sewage treatment plants, and composting. Such recommendations can 
be found for Swedish conditions regarding wastewater treatment plants, 
pumping stations and other activities in the report 1995:5 (Boverket 1995). 
However, these recommendations do not consider the sensitivity of the vicinity 
and may be of secondary importance when settlements or other economical 
interests are at stake. Many countries have more comprehensive legislation 
regarding odours, including quantitative ambient concentration criteria for 
individual chemicals or odours (Preston and Furberg 2006). These criteria are 
usually associated with an averaging period and frequency, and could also relate 
to hedonic tone, duration, frequency, location, and source type. This type of 
legislation requires extensive monitoring and evaluation of odours and their 
impact. Germany has far-reaching experiences in odour measurement and 
management (Frechen 2000), as does Japan (Higuchi et al. 2006). 
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Biofiltration for air pollution control 
Using biofiltration techniques for air pollution control has become a popular 
treatment alternative for contaminated gas streams in recent decades (Devinny et 
al. 1999). Unlike conventional technologies, such as thermal and catalytical 
incineration, scrubbing or carbon adsorption, biofiltration allows effective 
pollution control at relatively low capital and operating costs, and without the 
generation of secondary streams that may need subsequent treatment. The major 
limiting constraints of biofilter applications have been the large space require-
ments and frequent media replacements as a result of deterioration or ageing 
(Shareefdeen 2002). The concept of using microorganisms for waste gas treat-
ment is not new; already in 1923, the concept of controlling odorous emissions 
from wastewater and composting works using soil beds was being discussed 
(Bach 1923). This idea was further developed in the US (Pomeroy 1957) and 
Europe, mainly in Germany and the Netherlands (Ottengraf 1986). In recent 
decades, intense research and development have led to include the treatment of a 
much wider range of compounds, such as volatile organic compounds (VOC) 
and air toxics. However, the research and development concerning this topic in 
Sweden have been sparse. A few reports and master theses deal with laboratory 
work and farming applications (Hansson and Wulff 1989; IVL 1986; Kruse 
1994; Luzzana and Marelli 1995; Rodhe et al. 1986). Biological reactor designs 
have evolved from simple open beds to technically sophisticated and controlled 
units (Devinny et al. 1999). The three main configurations are biofilters, 
biotrickling filters, and bioscrubbers. The basic removal mechanisms are similar, 
though differences exist in the phase of the microbes that may be fixed 
(biofilters and trickling filters) or suspended (bioscrubbers), and the state of the 
liquid that may be stationary (biofilters) or flowing (trickling filters and 
bioscrubbers).

Mechanisms of biofiltration 
Biofiltration is a complex process with many physical, chemical, and biological 
phenomena (Devinny et al. 1999). As contaminated gases pass through the 
reactor, pollutants are transported into the biofilm where they are utilized by 
microbes as a carbon source, an energy source or both. Through oxidative reac-
tions, organic contaminants are converted to odourless compounds, such as 
carbon dioxide, water vapour, and organic biomass. When degrading inorganic 
compounds, such as hydrogen sulphide, autotrophic bacteria utilize carbon dio-
xide as a carbon source resulting in the production of new biomass and sulphate 
or elemental sulphur. The actual biochemical reactions involved are very 
complex. Several different types of microorganisms cooperate in a network of 
co-metabolic levels wherein at each stage a specific compound may be broken 
down into succeedingly less complex compounds.  
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A number of extensive reviews and studies regarding the development and 
technical aspects of biofiltration have been published in the past decade (Easter 
et al. 2005; Ergas and Cardenaz-Gonzales 2004; Kennes and Thalasso 1998; 
Leson and Winer 1991; McNevin and Barford 2000; Swanson and Loehr 1997; 
Van Lith et al. 1997; Wani et al. 1997). Additionally, much effort has been put 
into developing models to predict biofilter performance under various conditions 
(Deshusses et al. 1995; Hodge and Devinny 1995; Jorio et al. 2003; Li et al. 
2002; Ottengraf and van der Oever 1983; Shareefdeen et al. 1993; Streese et al. 
2005; Zarook and Shaikh 1997). 

Biofilter media 
The success of biofiltration largely depends on the medium that should provide 
the optimal environmental conditions for the resident microbial population for 
them to achieve and maintain high biodegradation rates. A good filter material 
should have a large surface area, high water retention capacity without 
becoming saturated, low bulk density, high porosity, structural integrity, and a 
buffer capacity towards acidification and high contaminant loads (Swanson and 
Loehr 1997; Wani et al. 1998). The composition of filter materials is under con-
stant revision to retard the ageing effects and maintain bed porosity. Organic 
media, such as compost, peat, and wood chips, have been mixed with bulking 
agents to homogenize the gas flow, reduce compaction and pressure drop, im-
prove porosity, prevent cracking and channelling, and augment the adsorptive 
capacity (Morgenroth et al. 1996; Ottengraf 1986; Webster et al. 1996). Various 
synthetic media have been used in biofiltration, e.g. ceramics (Govind and 
Bishop 1995), lava rock (Chitwood and Devinny 2001), and a number of fibre 
based materials (Kim et al. 1998; Tiwaree et al. 1992; Zhou et al. 1998). A few 
experiences of using rockwool can be found in biotrickling filters (Ostlie-Dunn 
et al. 1998; Rydin et al. 1994; Wittorf et al. 1997), where rockwool material was 
structure stable, chemical and mechanical resistant, had a large surface area, 
light, provided good support material for microorganisms, and showed no toxic 
effects. Fibre mats with low compressibility and high void fraction (preset stru-
ctures) developed the lowest pressure drops. The reactors were operated at short 
residence times (0.9-15 s), with removal efficiencies of 60 to 95%. In general, 
the advantage of rockwool is that the characteristics can be specifically designed 
in the manufacturing process, specifically density, fibre length and thickness, 
amount of binder, and hydrophobic/hydrophilic properties, making it a very 
versatile filter medium. However, it contains no nutrients and inoculation of the 
filter bed is necessary due to the rockwool’s lack of indigenous microorganisms. 
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Inoculum
The choice and preparation of a proper inoculum to obtain a healthy population 
of microorganisms is fundamental for successful biofilter operation. Mixed 
cultures often originating from wastewater treatment plants or of similar origin 
have been used as inoculum (Ergas et al. 1995; Kong and Allen 1997; Morgen-
roth et al. 1996). This type of general inoculum has the advantage of containing 
a vast variety of rugged organisms with a wide degradative range and the ability 
to work in a fluctuating environment. However, acclimation times may be long 
and the degradation of some compounds may be difficult to accomplish. Inocu-
lation using specific microbial species has been shown to reduce the accli-
mation period and enhance removal efficiency. Bacillus may be effective in 
degrading oxidation products from frying activities, since many bacilli produce 
extracellular hydrolytic enzymes that breakdown lipids, permitting the 
organisms to use these products as carbon sources and electron donors (Becker 
et al. 1999; Madigan et al. 1997). DMS and DMDS-converting microbial species 
have been isolated from different microbial environments (Kelly and Smith 
1990). Most strains belong to either the methylotrophic Hyphomicrobium genus 
or the autotrophic Thiobacillus genus and utilize methyl sulphides as an energy 
source, a carbon source or both. However, it is difficult to draw a boundary be-
tween different physiological types of bacteria in the context of their taxonomic 
position and one should expect nature to have a complete spectrum of bacteria 
with combinations of methylotrophic and autotrophic capabilities (Suylen and 
Kuenen 1986). 

Degradation of mixtures 
When treating a gas mixture with many components, different microbial species 
are active, and it is often difficult to anticipate the biofilter treatment result 
(Devinny et al. 1999; Swanson and Loehr 1997). Performance will depend on 
contaminants characteristics such as solubility, adsorptivity, bond structure, po-
tential biodegradability, and operating conditions. Microbial interactions within 
the biofilter, i.e. interspecies inhibition (production of toxic/acidifying meta-
bolites) and interspecies competition (for available space, substrates, oxygen, 
nutrients), result in the colonisation by different active microorganisms of 
physically separated zones in the biofilter and the subsequent sequential de-
gradation of the compounds involved (Ottengraf 1986; Smet et al. 1997). Micro-
organisms with broad substrate specificity will convert the easily degradable 
compounds at the inlet of the filter, while specialized organisms will be obliged 
to establish at the subsequent stages of the filter. Therefore, to allow for 
sequential degradation of compounds in separated parts of the biofilter, 
sufficiently large or multi-stage filters have to be designed to achieve a complete 
treatment of complex mixed gas streams (Li et al. 2003; Ruokojarvi et al. 2001; 
Sercu et al. 2005). 
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The contaminants of interest must be biodegradable and non-toxic for the 
microbes. The most successful removal in gas-phase bioreactors occurs for low 
molecular weight and highly soluble organic compounds with simple bond 
structures (Devinny et al. 1999). Inorganic compounds, such as hydrogen sul-
phide, are also biodegraded well. Compounds with complex bond structures 
generally require more energy to be degraded. This is evident when treating a 
mixture of reduced sulphur compounds (RSCs), where the degradation rates 
decrease in the order: H2S > MM > DMDS > DMS (Cha et al. 1999; Cho et al. 
1991; Smet et al. 1998). DMS degraders appear to be those most strongly 
inhibited by the presence of other RSCs, possibly due to the enzymes and 
pathways required for DMS degradation (Cho et al. 1991; Zhang et al. 1991).

Parameters affecting biofiltration 
In designing biofilters for treating mixtures, potentially conflicting optimum 
operating conditions for degrading different components must be addressed. The 
most important parameters to control are moisture, pH, nutrients and tempera-
ture.

Moisture is essential for the survival and metabolism of the resident 
microorganisms and contributes to the filters buffer capacity (Van Lith et al. 
1997). Non-optimum moisture content can result in compaction, breakthrough 
of incompletely treated raw gas and the formation of anaerobic zones that may 
emit odorous compounds. The optimal water content varies with different filter 
media, depending on, for example, media surface area and porosity (Hodge et al. 
1991). For an organic filter media, a moisture content of 40-60% (by weight) 
has been recommended (Ottengraf 1986; Van Lith et al. 1997), though no in-
formation exists on the optimum moisture content for synthetic media.  

Most microorganisms prefer a specific pH range; hence, a change in pH could 
strongly affect their activity. Acidification of the filter bed could be a problem 
when treating chemicals whose biodegradation results in acid end products, such 
as H2S, and chlorinated compounds (Devinny et al., 1999). Many bacteria have 
their pH optimum between 6 and 8 (Leson and Winer 1991; Ottengraf 1986), but 
for example H2S can also be oxidized at acidic pH by microorganisms like Thio-
bacillus (Chung et al. 1998; Kanagawa and Mikami 1989).

Besides carbon and energy from the degradation of contaminants, nutrients such 
as nitrogen, phosphorous, and trace elements are required for microbial growth 
(Wani et al. 1997). For good bioreactor performance, sufficient levels of these 
nutrients have to be available. Since a synthetic medium like rockwool does not 
contain an appropriate supply of nutrients, these must be added separately 
during operation.  
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Temperature is one of the most important variables in determining microbial 
growth rates and the types of species present in a microbial community (Wani et 
al. 1997). For successful operation, the temperature of the system should remain 
relatively constant. The temperature of the biofilter is mainly influenced by the 
temperature of the inlet air stream and somewhat by the exothermic biological 
reactions in the bed (Corsi & Seed, 1995). As the temperature increases, the 
metabolic and cell growth rates increase, but the sorption decreases (McNevin 
and Barford 2000). However, above a certain critical temperature, inactivation 
of certain key proteins and an abrupt cessation of growth occur (Madigan et al. 
1997). The optimum temperature for various species ranges widely, but most 
biofilter applications have been performed at temperatures in the mesophilic 
range (20-45°C) with 35-37 C often noted as the optimum temperature (Swan-
son and Loehr 1997; Wani et al. 1997). More recently, some studies of 
thermophilic operations (45-75°C) have also been published (Dhamwichukorn et 
al. 2001; Kong et al. 2001; Van Liere and Van Groenestijn 2003). At the other 
end of the spectrum, Lehtomäki et al. (1992) investigated the impact of cold 
temperatures (-18ºC to +8ºC) on the biofiltration of phenolic compounds from a 
mineral wool production. Removal was feasible provided the temperature of the 
inlet gas was high enough (27-34ºC). Shutdowns of up to 10 days and freezing 
of the media were also shown to not harm the biomass (Lehtomäki et al. 1992). 
Giggey et al. (1994) reported that biofilters treating reduced sulphur gases and 
terpenes performed well in winter conditions at ambient temperatures below 0ºC 
with snowfall. However, Shareefdeen et al. (2004) noted a decrease of H2S-
removal when the temperature fell below 10ºC. They suggested adding steam to 
supply heat and maintain the heat balance in the biofilter for uninterrupted 
service in cold climates. However, this would significantly increase the 
operation cost. 
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Objectives and scope 
The overall objective of this thesis was to reduce the knowledge gap 
between laboratory studies and field conditions on the topic of biofiltration 
for odorous gas emissions.

The underlying objectives were as follows: 

Evaluate a new designed compact pilot-scale biofilter, set up in three 
different odour problem applications, namely a restaurant, a pulp mill and a 
wastewater pumping station. Evaluation was carried out through gas phase 
analyses, media sampling, and monitoring of the gas flow, temperature and 
pressure drop across the bed. 

Characterise the odorous gas emissions from three different applications 
to identify suitable bacterial cultures for inoculation of the rockwool 
biofilter. Gas samples were screened for volatile organic and sulphur 
compounds. Identification of bacteria suitable for degradation was performed 
through a literature study. Enrichment of bacterial cultures and inoculation of 
the pilot-scale biofilter were carried out for each application. 

Evaluate the potential of using rockwool fibre as biofilter media, with 
respect to gas flow and pressure drop, mechanical and chemical stability, and 
aptness as immobilisation matrices for microorganisms.

Develop a method to evaluate odour problems. The method was developed 
in a case study with wastewater odour emissions, and included the use of a 
local odour panel, meteorological data, process journal, and gas phase 
analyses.
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Methods

Batch laboratory experiments 
Batch laboratory experiments (Paper I) were carried out in glass flasks, where 
the growth of different bacterial cultures was evaluated under various chemical 
and physical conditions. The effect of adding nutrient solution, rape-seed oil or 
both as a source of carbon and energy was studied, as was the presence of new 
rockwool. Samples of microorganisms were taken from three different locations; 
a rockwool biofilter treating exhaust gas from a fast-food restaurant, activated 
sludge from a wastewater treatment plant, and horse manure. In a second phase, 
the growth of the mixed culture from the restaurant biofilter was compared to a 
mono culture of Bacillus. The viable heterotrophic plate count method was used 
to quantify microorganisms. Many methods exist for both quantitative and 
qualitative observations of microorganisms, ranging from microscopic obser-
vations and fatty acid methyl ester analysis to advanced techniques, such as 
DNA extraction, and molecular fingerprints (Devinny et al. 1999; Steele et al. 
2005). The viable heterotrophic plate count is a convenient and inexpensive 
microbial enumeration technique that provides the number of colony forming 
units (CFU) per gram dry media. This way, numbers can be compared over time 
and between samples. However, the method might underestimate the real 
number of bacteria, since only cultivable, viable cells are detected on the agar 
plates used, thus possibly constituting only a minor fraction of the total popu-
lation present in the filter. In contrast, dormant species in the biofilter may grow 
well in the nutrient agar, suggesting a species that is active and important when 
it is not. The experimental set-up and agar plates from the microbial cell 
enumeration can be viewed in Figure 1. Subsequent enrichments of microbial 
cultures for inoculation of the pilot-scale biofilter were carried out for each 
application (Paper II).

Figure 1. Experimental set-up for the laboratory batch experiments, glass flasks 
(left) and agar plates (right) for the viable plate count. 
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Rockwool media 
Seven different types of rockwool media from four different manufacturers were 
evaluated (Paper V). Media 1-5 (from manufacturers A and B) were purposely 
designed to be either hydrophobic or hydrophilic, whereas media 6 (manufac-
turer C) and 7 (manufacturer D) were regular insulation mats with hydrophobic 
characteristics. Fluid dynamic tests to evaluate surface loading versus pressure 
drop were carried out in the pilot-scale biofilter. Continuous agitation with an 
activated sludge suspension was conducted for ten days to evaluate the me-
chanical and chemical stability of the filter media, and their aptness as im-
mobilisation matrices for microorganisms. 

Composting
An attempt to compost the rockwool media used in the full-scale restaurant 
experiments was carried out in a 125-L composting drum (data not previously 
published). In the first phase (three months), one part rockwool was broken up 
into small centimetre size pieces and mixed with two parts household waste. 
Degradation in the compost was evaluated through visual inspections and tem-
perature registrations in the compost. Tap water and household waste were 
added intermittently. The rockwool manufacturer reported successful com-
posting of the rockwool mixed with sewage sludge and wood bark. Therefore, 
after an idle phase of three months, a follow-up composting experiment was 
performed for a month when sewage sludge was added to the compost.  
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Full-scale biofilter 
Biofiltration experiments of restaurant emissions (Paper III) were initially 
carried out in a full-scale filter at a hamburger restaurant, where an inert, loose 
rockwool material was used as filter material. The filter design was vertical with 
a cylindrical shape and down flow mode, and an irrigation system based on 
load-cells (Figure 2). A rotating arm with spray nozzles started after a certain 
weight loss. The filter was initially inoculated with a mono culture of Bacillus
and operated for approximately one year. The temperature at the inlet of the 
biofilter was steady at 30°C, average surface loading was 1000 m3/m2h and the 
residence time barely 2 seconds. Three medium samples were taken after ten 
months of operation. Concentrations of fatty acids in the gas phase were 
measured before and after the biofilter after seven and ten months of operation.

Rotating arm

Irrigation system

Load -cells

Filtermedia, loose
rock-wool

Drainage

Figure 2. Schematic description of the full-scale biofilter used to treat 
restaurant emissions. Circular area 3.2 m2; total filter volume 1.3 m3.
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Pilot-scale biofilter 
Experiences from the full-scale biofilter initiated further studies on a pilot-scale 
filter. The main design criterion was a compact, multi-stage biofilter, easy to 
place and handle in restaurant environments. Therefore, the construction was 
changed to a horizontal filter with a square area composed of three filter units 
operating in a side flow mode (Figure 3). Separate filter units allow for flexi-
bility and more careful maintenance of moisture, pH, and microbial populations 
specific to the different contaminants in complex mixtures (Swanson and Loehr 
1997). The design of the irrigation system was also changed to a timer-based 
irrigation system with spray nozzles in the inlet and at the top of the biofilter. 
Fibre mats with pre-set structures and lower densities replaced the loose rock-
wool to improve flow distribution, facilitate handling, and reduce pressure 
drops. During the experiments, different rockwool mats were mixed in layers in 
the filter units. Once the third filter unit was filled with an organic compost-peat 
mixture (at the pulp mill second experimental period). Media samples were 
taken from different points in all units at the top, middle and bottom. 

The three filter units, filled with hydrophobic and hydrophilic rock-wool fibre mats

Fryer with
rape-seed oil

Fan

Hood with
mechanical
collectors for
grease
aerosols

Filterbox

Time-controlled valve
Irrigation system with nozzles

3 2 1

Drainage

Figure 3. Schematic description of the pilot-scale biofilter; restaurant appli-
cation. Each filter unit had a square area of 0.6*0.6 m and a width of 0.3 m. 
Total filter volume was 0.3 m3. A fan at the end of the system pulled air through 
the filter units, creating a negative pressure inside of the filter box. 
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Field applications 
The majority of published research studies within biological waste air treatment 
concerns the removal of one or two pollutants at fairly high concentrations under 
strictly defined and constant conditions (Iranpour et al. 2005; Shareefdeen et al. 
2004). In field applications, such conditions are highly unusual and the waste air 
is composed of a mixture of pollutants whose actual composition and individual 
concentrations often fluctuate substantially over time. Simulating such an 
emission stream in the laboratory is difficult, if not to say impossible. Therefore, 
the main part of the experimental work in this thesis was performed in the field, 
in three different applications with odour problems, namely a restaurant, a pulp 
mill and a wastewater pumping station.  

Operational parameters for all the pilot-scale test runs can be found in Table 2. 
For the restaurant application and the first experimental period at the pulp mill, a 
liquid nutrient solution that included 8 g/l NaOH, 1.0 g/l KH2PO4, 1.0 g/l 
(NH4)2SO4, 0.5 g/l NaH2PO4*H2O, 0.5 g/l NaNO3, 0.026 g/l CaCl2*2H2O, was 
added intermittently. For the second experimental period at the pulp mill and the 
pumping station experimental period, nutrient pellets containing 18% N, 10% K, 
7.7% P, 7.4% S, 2% Mg, 0.1% Mn, 0.05% Cu, 0.03% B, 0.003% Zn, 0.002% 
Mo, were applied. Extensive media sampling was carried out during all the 
experimental periods, evaluating for moisture and organic content, pH, and 
bacterial enumeration.  
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Table 2. Description of the different applications for the pilot-scale biofiltration 
experiments. Operational data and experimental conditions for the test runs. 

Application and 
main odour
components 

Experimental set-up:
location and temperatures of 
waste gas.  

Duration and time of 
experiment, filter media used, 
surface loading and empty bed 
residence times (EBRT). 

Restaurant 1 
28 days, November-December 
Filter media: hydrophobic and 
hydrophilic rockwool 
Loading: 1000 m3/m2h
EBRT: 3 s 

Restaurant fryer
A mixture of 
partially
oxygenated
hydrocarbons, and 
grease.

Filter situated indoors, but with 
immediate exhaust to the 
outdoors.

Temperatures 
Outdoors: +10 to -20ºC.
From the fryer: 35ºC.  
Inlet of the biofilter: 4-28ºC. 

Restaurant 2 
15 days, March 
Filter media: hydrophobic and 
hydrophilic rockwool
Loading: 400 m3/m2h
EBRT: 9 s 
Pulp mill 1 
45 days, September-October 
Filter media: hydrophobic and 
hydrophilic rockwool
Loading: 70 m3/m2h
EBRT: 45 s 

Pulp mill
Deaerator from four 
liquor tanks at the 
pulp washing and 
screening; mainly 
reduced sulphur 
compounds. 

Filter situated outdoors on the 
roof of the paper mill.  

Temperatures 
Outdoors: +10 to -30ºC.
From the liquor tanks (chimney): 
45-75ºC.
Inlet of the biofilter: 12-40ºC. 

Pulp mill 2 
45 days, November-December 
Filter media: hydrophobic 
rockwool & compost-peat 
mixture 
Loading: 55-180 m3/m2h
EBRT: 20-60 s 

Pumping station
Household and 
industrial
wastewater; mainly 
reduced sulphur 
compounds.  

Filter situated inside the 
pumping station. 

Temperatures 
Inside pumping station: 15ºC.  
From the wastewater pipes and 
pumping sump: 10 ± 2ºC. 
Inlet of biofilter: 10 ± 2ºC. 

Pumping station 
47 days, April-May 
Filter media: hydrophobic 
rockwool
Loading: 550 m3/m2h
EBRT: 5-6 s 
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Restaurant emissions 
The large areas normally required for biofiltration constitute a problem due to 
the restricted available space in a restaurant environment; therefore, a compact 
biofilter was a prerequisite. Using rockwool fibre mats decreased the pressure 
drop across the filter bed considerably. The pilot-scale biofilter was coupled to a 
potato fryer with rape-seed oil heated to 180°C and whose emissions contained a 
mixture of partially oxygenated hydrocarbons with both hydrophobic and hydro-
philic properties (Paper III). A mechanical collector for grease aerosols, com-
posed of one metal and one textile fibre filter, was installed upstream of the 
biofilter. Deposits of grease and fatty oxidation products in the channel and in 
the rockwool filter media were measured by weighing pieces of tapes and 
evaluating the total organic solids in the filter media. During the first experi-
mental period, 2 fryer units operated 7-8 hours per day, 5 days a week. After a 
shut-down of about four weeks, a second experimental period was run with 
lower surface loadings, increased residence time, and lower mass loadings (only 
one unit of the fryer). Gas phase analyses of aldehydes were conducted at the 
end of each experimental period. 

Pulp mill emissions 
At the pulp mill application, odours consisted mainly of dimethyl sulphide 
(DMS) and dimethyl disulphide (DMDS). These compounds are not efficiently 
treated in a scrubber due to their low solubility. Leading the emissions to a 
burner for thermal destruction was considered too costly and implied an explo-
sion danger and problems with freezing during the winter. Therefore, biofiltra-
tion was considered an interesting treatment alternative at this emission point. 
The pilot-scale biofilter was placed outdoors on a roof (Figure 4), and set up to 
treat a side stream from the deaeration of four liquor tanks at the pulp washing 
and screening. Two experimental periods were performed during the winter 
months in cold temperatures (Paper IV). Rockwool filter mats and an organic 
compost-peat mixture were used as filter materials. Gas phase analyses of DMS 
and DMDS were carried out at the end of each experimental period. 
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Figure 4. Set-up of the pilot-scale biofilter at the pulp mill.

Wastewater emissions 
In response to numerous complaints of malodours from pedestrians and 
bicyclists passing a wastewater pumping station located at the entrance to the 
university in Luleå, the pilot-scale biofilter was set up at this site (Figure 5). 
Offsite facilities like pumping stations may lack sufficient space to accommo-
date a traditional biofilter and therefore require more compact designs. Hence, 
the objective was to assess the feasibility of a rockwool biofilter to treat the 
pumping station malodours at short residence times. The entire ventilation flow 
was led through the filter, leading to high surface loadings and short residence 
times. Temperatures at the inlet were steady at 10°C. The composition of the 
waste gas was investigated through a screening of volatile organic and reduced 
sulphur compounds, and input-output determinations of the biofilter perfor-
mance were attempted through a dynamic permeation tube method with 
hydrogen sulphide low range tubes (1-60 ppm). 

Pilot-scale
biofilter 
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Figure 5. Wastewater pumping station (left) with pilot-scale biofilter placed 
inside (right).

Inoculum 
Different microbial cultures were enriched and inoculated into the filter medium 
for each application (Paper II). Suitable bacteria were identified through a 
literature study. For the restaurant application, a mixed bacterial culture taken 
from a full-scale rockwool biofilter at the fast-food restaurant was used along 
with a mono culture of Bacillus as inoculum (Paper I). For the pulp mill 
application, a mixed bacterial culture from the pulp wastewater treatment plant 
was used as inoculum together with enriched cultures of Hyphomicrobium and
Thiobacillus. To yield Hyphomicrobia, a natural soil sample was enriched in 
mineral salts medium “337” at dark incubation at 20-25ºC for a few weeks, 
according to Matzen and Hirsch (1982). Liquid cultivation of Thiobacillus in
thiosulfate medium, a modified Waksman (MW) medium, at 20-25°C was 
carried out according to Cho et al. (1991). At the pumping station application, a 
mixed bacterial culture from the pumping wastewater treatment plant was used 
as inoculum.
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A method to evaluate odour problems 
Measuring the odorous components in field applications proved analytically 
difficult and expensive. Because only one laboratory in Sweden provides 
objective olfactometric measurements, this becomes costly and labour deman-
ding. As well, the problem with these types of random sample measurements is 
that they provide information about the components in the air at that very 
moment. However, the formation of odours changes over time and how do you 
time the sampling when the odorous components are a nuisance? Therefore, a 
more general approach to working with odour problems was developed together 
with a municipality that had problems with foul odours around their wastewater 
treatment plant (WWTP) (Paper VI). The project lasted seven months, from 
June 2005 to January 2006. Since odour is very individual and subjective, 
different angles of approach were used. The focus of the project was put into a 
local odour panel to demonstrate to the public that their ideas, comments and 
feedback were welcome and important to solve this community problem. The 
operators at the plant kept a journal of process parameters with upsets, varia-
tions, performance data, etc. At the WWTP, a meteorological mast registers data 
every 15 minutes, thus collecting the wind force and direction at a 24-meter 
height and temperature at a 2-meter height. A few analytical measurements were 
also carried out. 

The odour panel recruited 17 members from areas in different directions of the 
WWTP. A few members were known to have previously complained of foul 
odours from the plant. The majority had their homes close to the plant, but some 
places of work were also chosen, e.g. daycares, where the personnel were 
outdoors for a good part of the day. Each member of the panel received a small 
card with a phone number – “the odour phone”. By calling this number each 
time they noticed odour from the WWTP, a record was kept of when and where 
foul odours occurred. The strength of the odour on a scale of 1 (hardly 
noticeable) to 5 (stench) was also indicated. For each call, current weather data 
and process parameters at the treatment plant were entered to analyze each 
odour complaint and attempt to determine the source. A few meetings were held 
for the panel at the WWTP during the project period, with information, 
discussion, and some social activity. 
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Major results and discussion 

Batch experiments 
The batch experiments (Paper I) showed that bacteria from different 
environments were able to use rape-seed oil as their sole carbon and energy 
source. For maximum and lasting growth, adding a salt medium containing 
mainly phosphorus and nitrogen compounds was necessary. The rockwool 
biofilter material did not inhibit the growth of the bacteria and seemed to 
provide a certain alkalinity. An exponential growth phase during a period of 3 to 
8 days with an increase of colony forming units by a factor of 103-105 and 
generation times of 9 to 33 hours was followed by slower growth. After a 
stationary phase of 25 to 40 days, the bacterial number started to decrease. 
Metabolic activities of the growing microbial population may have changed the 
nature of the environment to the point where it became unfavourable, for 
example by decreasing pH, by the depletion of nutrients, oxygen or both, or by 
the accumulation of toxic metabolites. It was obvious when the colony 
morphologies were studied at each plate count that the number of different 
bacterial species had decreased with time and a culture of bacteria able to 
survive in the batch environment had developed.  

One of the mixed cultures was further enriched and compared to a mono culture 
of Bacillus, with a few simple biochemical tests (Madigan et al., 1997). Both 
were found to be aerobic rods. The Bacillus culture was gram-positive with the 
ability to form endospores, whereas the bacterium from the mixed culture was 
gram-negative and lacked the ability to form endospores. Both were mesophiles 
and grew well in the temperature range of 21 to 37 C. Since all cultures were 
able to use the rape-seed oil, they were considered suitable for inoculation of a 
biofilter that treats waste gases from a frying process with rape-seed oil. 
However, because conditions in batch laboratory flasks and in a biofilter greatly 
differ, this had to be verified in further experiments (see Inoculum).
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Rockwool media 
Seven different rockwool media with different properties were analyzed for their 
suitability to be used in a multi-stage biofilter for odorous waste gas treatment 
(Paper V). Fluid dynamic tests illustrated a linear relationship between pressure 
drop and surface loading (related only to gas velocity and not to the inlet 
concentration of the pollutant) for all these materials, even at very high gas 
velocities (Figure 5). No apparent relationship between pressure drop and rock-
wool density was established. Rockwool fibre mats with pre-set structures 
developed a substantially lower pressure drop compared to loose rockwool. 
They were also easier to handle and had improved gas flow distribution. 
However, when agitated in a sludge suspension, some of the hydrophobic mats 
proved to have low mechanical and chemical stability and fell apart when sub-
merged. The apparent aptness as immobilisation matrices for microorganisms 
was found to be relatively good for all seven materials. Of the seven tested 
materials, three were used during the pilot-scale biofilter experiments; the 
hydrophilic and hydrophobic rockwool from manufacturer A (A33 and A27), 
and the hydrophobic rockwool from manufacturer D (D30). 
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Full-scale biofilter 
The restaurant staff was generally happy with the full-scale biofilter 
performance (Paper III). They perceived an odour reduction and the filter 
removed fat effectively, making heat exchanging of the gas possible, and lea-
ding to considerable energy savings. However, the high deposits of grease 
(Figure 6) caused an increasing pressure drop across the filter bed, rising from 
3,500 Pa/m to 5,500 Pa/m after 10 months of operation. Consequently, the flow 
through the filter decreased as did the ventilation from the kitchen. Conditions in 
the rockwool media were very heterogeneous. Irrigation was obstructed by a 
grease layer, meaning that the load cells registered the weight of the grease and 
started irrigation very infrequently. Thus the filter dried out and anaerobic zones 
were created. Media samples taken after ten months revealed low pH (4±0.5), 
due to the accumulated grease in the filter medium. Two samples were very dry 
(<5% moisture) and had low bacterial numbers (102), and one was very moist 
(70% moisture) with higher bacterial numbers (107), thus confirming the pre-
vailing heterogeneous conditions in the filter. Results from parallel gas 
samplings of fatty acids before and after the biofilter on two occasions are 
presented in Figure 7. There was a substantially lower fatty acid content when 
the rape-seed oil had just been changed (sampling occasion after 10 months). 
Average values decreased after passing the biofilter, but no significant reduction 
of fatty acid concentration could be shown.
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Figure 6. Full-scale biofilter with new loose rockwool (left) and after one year 
(right). 
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Figure 7. Fatty acid analyses before and after the biofilter at the full-scale 
biofilter restaurant application.  
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Composting of biofilter material 
The attempt to compost the rockwool used in the full-scale restaurant 
application was not very successful. The rockwool pieces were hard clumps (2-5 
cm diameter), often with a high fat content, and did not change significantly 
during the first three months of the experiment. The temperature increased when 
tap water (at 7-20°C) or household waste was added (Figure 8), but it was only 
the household waste that essentially degraded. In the second phase, when 
sewage sludge was added to the compost, no improvement was noticed. The 
temperature remained steady at around 20°C for one month and the experiment 
was ended. The high fat content may have interfered with the oxygen 
availability. The rockwool has to be most likely grinded finer and the addition of 
more liquids and microbes may speed up the composting process.  
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Figure 8. Temperature measurements inside the compost, logging every 90 
minutes during three months. Arrows indicate addition of water (blue) or house-
hold waste (red).



30

Pilot-scale biofilter 
Table 2 summarises the operational data for the biofiltration experiments 
conducted in the field with the pilot-scale biofilter. Results from media sampling 
with regards to pH, moisture and organic content are found in Table 3. The 
bacterial enumeration is described and discussed under Inoculum. The major 
results from each application are presented and discussed below, including those 
from the gas phase analyses. 

Table 3. Media sampling from the different applications for the pilot-scale 
biofilter experiments; pH, water and organic content.

Application Experimental  
period
Filter medium 

pH Water 
content

(%) 

Organic content 
of solids 

(%) 

Restaurant 1 
Hydrophilic
Hydrophobic

6.9 ± 0.3 
6.7 ± 0.3 

40 ± 17 
17 ± 16 

1.0 ± 0.3 
4.8 ± 3.8 

Restaurant
fryer

Restaurant 2 
Hydrophilic
Hydrophobic

7.1 ± 0.4 
7.2 ± 0.1 

51 ± 12 
10 ± 13 

0.8 ± 0.2 
3.8 ± 1.3 

Pulp mill 1 
Hydrophilic
Hydrophobic

6.8 ± 0.1 
6.7 ± 0.1 

62 ± 15 
59 ± 19 

1.8 ± 0.9 
2.9 ± 0.5 

Pulp mill

Pulp mill 2 
Hydrophobic
Compost-peat 

8.4 ± 0.3 
7.2 ± 0.1 

63 ± 19 
77 ± 6 

3.7 ± 1.4 
83.4 ± 6.7 

Pumping
station

Pumping station
Hydrophobic 8.0 ± 0.5 6 ± 12 2.8 ± 0.2 
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Restaurant emissions 
Process parameters fluctuated more during the pilot-scale experiments when the 
filter was coupled to a potato fryer than in the full-scale operation. Due to 
experimental limitations the surface loading could not be lower than 400 
m3/m2h, thus creating very short residence times (<10 s). Using rockwool fibre 
mats instead of loose rockwool resulted in reduced pressure drops, i.e. 1,700 
Pa/m compared to 3,500 Pa/m at the full-scale operation, and easier handling.  
The mechanical collector for grease aerosols installed upstream of the biofilter 
proved to be efficient. Very small deposits of grease and fatty oxidation 
products in the channel and the rockwool filter media were measured. However, 
it was important to change or clean the collector on a regular basis, since the 
accumulation of grease contributed to increased pressure drops in the system.  

As could be expected, the hydrophilic rockwool had a higher capacity to retain 
moisture (Table 3). Conversely, the higher organic content of hydrophobic mate-
rial was probably due to an elevated sorption of fatty oxidation products. The 
hydrophobic rockwool initially contained about 1.8% organic binder, whereas 
the hydrophilic rockwool only contained about 0.6%. The temperature at the 
inlet varied substantially (4-28ºC), depending on the activity of the fryer. On a 
few occasions, the filter media in the lower parts of the last filter unit froze when 
outdoor temperatures were below -25ºC, stressing the importance of the biofilter 
placement. No decrease in bacterial numbers was detected. The gas phase ana-
lyses showed the off-gas from the fryer to be a very complex mixture due to the 
constantly changing structure of the oil, and typically contained a mixture of 
partially oxygenated hydrocarbons (i.e. carboxylic acids, aldehydes, ketones, 
alcohols, and esters). Again, significant differences in composition and 
concentrations were found between new and old rape-seed oil (Paper III).
When frying with new compared to old rape-seed oil, more VOCs were emitted 
in the air. However, total aldehyde concentrations were higher in the emissions 
from frying with older rape-seed oil, especially the longer and more complex 
aldehydes (C>7). The most volatile compounds are probably emitted during the 
beginning stages of frying, and the more complex compounds dominate the 
older rape-seed oil emissions. The TVOC screening indicated saturated and 
unsaturated aldehydes to be the main odour causing compounds, in line with 
previous results from Moortgat et al. (1992). Identifying each aldehyde proved 
difficult because of their low concentrations and the vast number of different 
compounds. Gas phase analyses on samples taken before and after the biofilter 
are presented in Figure 9, along with average values with standard deviations.
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Figure 9. Aldehyde analyses before and after the biofilter at the restaurant 
application, first and second experimental periods.  

No significant reduction of total aldehyde concentrations was achieved in the 
biofilter. Certain compounds, e.g. hexanal, were reduced by 10-35%, whereas 
other compounds with longer carbon chains (C>7) increased in concentration. 
This was probably due to mass transfer limitation, i.e. poor water solubility for 
the more complex compounds combined with too short residence times. Results 
improved slightly during the second test run, though the residence times will 
probably have to be further increased to obtain a significant reduction. Since the 
experimental runs were fairly short, it is also possible that more time or higher 
compound concentrations are needed to build-up and adapt a bacterial commu-
nity to oxidize the targeted pollutants. Fluctuating operating conditions are also 
a factor to consider. 
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Biofiltration of pulp mill emissions 
At the pulp mill application (Paper IV), process conditions varied greatly, i.e. 
fluctuating temperatures, pollutant concentrations, and air flows leading to 
insufficient residence times. These fluctuations may have depended on the levels 
in the liquor tanks, the temperatures of the wash fluid and the dilution with 
outdoor air drawn into the system. The chimney temperature varied between 45 
and 75 C with rapid oscillations: sometimes as much as 20 C difference in 15 
minutes. A considerable cooling occurred from the chimney to the inlet of the 
biofilter, with temperatures in the biofilter material oscillating in a similar 
manner, i.e. quick and large variations (0 to 62 C) were found in all filter units. 
The location of the biofilter on a roof with the constant exposure to wind 
probably contributed to the temperature decrease to and in the filter. Better 
insulation or placement indoors would help. Also in this pilot-scale filter, the 
walls of the biofilter are proportionally large in relation to the total area of the 
filter, contributing to the cooling effect. The temperature decrease would most 
likely be less significant in a larger scale filter. 

The off-gases were very moist and the filter media was never dry (Table 3); 
hence, no humidification or irrigation of the filter was necessary. However, the 
very humid gases in combination with low velocities at decreasing temperatures 
led to problems with the fan and throttle freezing. Therefore, the flow had to 
occasionally be increased during the second period. This affected the empty bed 
residence times, which varied between 20 and 60 seconds. When comparing the 
two filter media used, rockwool mats and an organic peat-compost mixture, one 
can conclude that the pressure drop across the rockwool material was low 
(below 100 Pa/m) and no significant increase was noticed during the two 
experimental periods. The pressure drop across the peat-compost media was 
about 200 Pa/m, and increased significantly with time indicating a higher rate of 
compaction in this material. 
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The main components in this air stream were DMS and DMDS. No H2S was 
found during the experimental periods and only low concentrations of MM were 
detected (<10 mg/m3). The results of the gas sampling performed before and 
after the biofilter showed equal or even higher concentrations of DMS and 
DMDS after filtration (Figure 10). One possible explanation is the formation 
through oxidation of other compounds, e.g. MM. However, because inlet MM 
concentrations were low, this seems unlikely. A more plausible explanation is 
the time lag that occurred between the samples before and after the biofilter, 
with one sampling device being used during the first experimental period. The 
inlet concentrations of DMS, in particular, varied quicker than expected (the 
concentrations could, for example, double in 20 minutes). This means that if the 
concentration at the inlet increased it would give the impression that values were 
higher after filtration. However, even when using two devices for simultaneous 
sampling during the second experimental period, concentrations before and after 
were in the same range. The conclusion is that the pollutants passed the biofilter 
without treatment. 
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Figure 10. DMS (left) and DMDS (right) analyses before and after the biofilter 
at the pulp mill application, first and second experimental periods.

The inadequate contaminant removal was probably a result of the transient 
operating conditions leading to fluctuating temperatures and pollutant 
concentrations, as well as insufficient residence times. Low DMS and DMDS 
solubility in combination with short EBRTs may have caused a mass transfer 
limitation, and the high moisture content of the gas could have led to a washout 
of bacteria (drainage contained 104-107 CFU/ml). Biological limitations might 
also have played a role since the viable count does not indicate how active the 
bacteria are in the filter. DMS and DMDS degraders may have been inhibited by 
the presence of other components such as RSCs or VOCs (Cho et al. 1991; Smet 
et al. 1998). Microorganisms with a broad substrate specificity and high tole-
rance for turbulent conditions may have out-competed the DMS and DMDS 
degraders.
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Wastewater emissions  
The entire ventilation flow from the pumping station was led through the pilot-
scale filter, resulting in a loading of 550 m3/m2h. The pressure drop across the 
filter bed was relatively low (350-500 Pa/m) and the residence time was around 
6 s. The gas temperature at the inlet was stable but somewhat low around 10ºC, 
which may have negatively affected the microbial metabolism. Rockwool media 
samples indicated a stable pH around neutral, and some organic material seemed 
to have accumulated (Table 3). The moisture content of the rockwool was low 
(average 6%). The humidification system of spray nozzles at the inlet was 
inadequate to humidify the gas and intermittent, occasional spraying was applied 
on top of the filter, but because this was done manually, it was not frequent 
enough. An attempt to lead the gas through a packed tower with plastic spheres 
and increase the gas-liquid interface did not greatly improve the situation. 

Low pollutant concentrations in the waste gas rendered the analytical evaluation 
of the biofilter performance difficult. The dynamic permeation method with H2S
low range tubes was not sensitive enough, and values before and after the 
biofilter were always below the detection limit (1 ppm); thus, input-output 
determinations were not achievable. The screening of volatile organic and 
reduced sulphur compounds in the waste gas showed no VOCs above the blank 
and only DMS, H2S, MM, and CS2 were present at levels above odour threshold 
values, see Figure 11. DMS seemed to be the one component that contributed 
the most to the malodour, but further measurements need to verify this. The 
composition and concentrations of the waste gas will likely vary significantly 
with time, depending on the influent wastewater and the pumping activity. For 
example, a strong diesel odour occasionally appeared at the pumping station, 
indicating a discharge. During this experimental period, further sampling of 
VOCs and RSCs were not feasible due to the high cost. Simple methods to 
evaluate biofilters for odour applications are needed.
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Figure 11. Screening of reduced sulphur compounds in the waste gas from the
wastewater pumping station, inlet of the biofilter. For comparison, the odour 
threshold values are: 5 mg DMS/m3, 25 mg H2S/m3, 2 mg MM/m3, 1 mg CS2/m3

(Devos et al. 1990). 
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Inoculum 
The enrichment and subsequent inoculation of the pilot-scale filter media at the 
different applications were evaluated with plate counts (Paper II), and the 
results are summarized in Table 4. Enumeration of the biomass showed that a 
wide range of bacteria, namely heterotrophic, methylotrophic (Hyphomicro-
bium), and autotrophic (Thiobacillus), was able to immobilise and grow in the 
filter material with bacterial numbers ranging from 104 to 109 colony forming 
units (CFU) per gram dry media.  

It is interesting to compare these results with those obtained by others. A natural 
sample of soil contains about 109 bacteria/g (Bohn 1992). Cardenaz-Gonzales et 
al. (1999) found 106-109 heterotrophic bacteria/g of different compost media. 
Shareefdeen et al. (2002) used a wood-based medium to treat sulphur gaseous 
odours from a meat rendering plant and found 106 CFU/g throughout the filter. 
Van Langenhove et al. (1986) found 107-108 CFU of heterotrophs/g of a wood 
bark medium used in a biofilter that removed H2S. However, very low numbers 
of autotrophic sulphur oxidizing bacteria were found (0-200 CFU/g). Sercu et al. 
(2005) used synthetic polyethylene carrier rings in a two-stage biotrickling filter 
aimed for removal of H2S and DMS inoculated with A. thiooxidans in the first 
stage and Hyphomicrobium VS in the second. Related to the low pH of 2, A.
thiooxidans dominated the microbial community in the first stage, causing 
selective pressure on the biofilm community. In the second stage, initial 
bacterial numbers of Hyphomicrobium VS were 109 CFU/ring. However, a 
significant decrease occurred to 108 CFU/ring after 17 days. Further, the 
microbial community studied with fingerprinting techniques (DGGE) showed a 
diverse biofilm, where Hyphomicrobium VS constituted only 10% of the total 
community. Tiwaree et al. (1992) used different fibrous filter materials and 
evaluated the microbial communities with plate counts using media similar to 
those used in this thesis, i.e. nutrient agar (NA), modified Waksman (MW), and 
dimethyl sulfoxide (DMSO). Colony numbers varied from 107-109 CFU/g of 
heterotrophs (NA), 108-1010 CFU/g for sulfur-oxidizing microorganisms (MW), 
and 108-109 CFU/g in the DMSO media. Kim et al. (1998) obtained 108-109

CFU of heterotrophs/g, 109/g Hyphomicrobium spp., and 108-109/g Thiobacillus
spp. of a rockwool medium treating H2S. 
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Table 4. Media sampling from the different applications for the pilot-scale 
biofilter experiments; bacterial counts.

Bacterial counts 
(CFU/g dry filter material) 

Application Experimental  
period
Filter medium Heterotrophs Hyphomicrobium Thiobacillus 
Restaurant 1 
Hydrophilic
Hydrophobic

4.1*108 ± 1.0*109

4.2*104 ± 4.3*104
* *

Restaurant
fryer

Restaurant 2 
Hydrophilic
Hydrophobic

2.3*107 ± 4.4*107

1.2*105 ± 1.3*105
* *

Pulp mill 1 
Hydrophilic
Hydrophobic

3.2*108 ± 3.0*108

5.3*108 ± 4.7*108
* *

Pulp mill

Pulp mill 2 
Hydrophobic
Compost-peat 

5.2*108 ± 8.5*108

6.5*108 ± 5.2*108
1.3*107 ± 2.2*107

9.8*107 ± 1.5*108
<20

Pumping
station

Pumping stn
Hydrophobic 1.3*108 ± 1.9*108 <20 1.2*108 ± 2.1*108

*  not measured 

At the restaurant application, the hydrophilic rockwool seemed a more suitable 
habitat for heterotrophs compared to the hydrophobic rockwool from the same 
manufacturer, probably due to the higher moisture content. The mono culture of 
Bacillus was quickly out-competed by the mixed inoculum, showing that 
enriched pure cultures from a laboratory environment may have difficulties 
surviving in field conditions. The moisture in the pulp mill application was 
continuously high, as was the heterotrophic bacterial numbers in both the 
hydrophobic and the hydrophilic rockwool. Large numbers of Hyphomicrobium
were found during the operation, though Thiobacillus did not establish in the 
filter. In the pumping station application the opposite was found, i.e. no 
Hyphomicrobium, but high numbers of Thiobacillus and heterotrophs were 
found. This was surprising considering the dryness of the material (6% moisture 
on average).
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Biological limitations 
In the light of poor treatment results from the various pilot-scale experiments, 
questions arose regarding the possible presence of biological limitations in the 
system. Even though the plate counts indicated a fair number of bacteria, there 
are limitations to the viable count method that do not indicate anything about the 
activity of the bacteria. The kinetics of organic compound biodegradation is 
significantly affected by compound concentration (Alexander 1999). At low 
concentrations, the degradation rate is proportional to the concentration of sub-
strate present (Ergas et al. 1995). At very low pollutant concentrations, the 
energy available may be insufficient to support a microbial population capable 
of degrading the compound. Interactions between compounds also greatly 
influence their biodegradation rates (Ergas et al. 1995). Since the concentration 
of pollutants found in the waste gases were very low (ppb-level), this may have 
been inadequate to build and support a stable and sufficiently dense biomass. 
Others have previously discussed this issue. After poor removal of volatile 
organic compounds (VOC), Cox and Deshusses (2002) suggested that VOC 
concentrations at ppb-level were too low to sustain an actively growing hetero-
trophic population. Wani (1999) employed higher H2S loadings (10-50 ppm) 
during the acclimation period to ensure enough chemical to stimulate the growth 
of the biofilm microorganisms. The proper microbial cultures for degradation of 
the targeted pollutants perhaps did not have enough energy or time to establish 
in the pilot-scale biofilter, or were they out-concurred by other species? Fluctua-
ting operating conditions (i.e. flows, contaminant concentrations, temperature 
and moisture content) may have negatively influenced the bacterial activity. As 
well, nutrient availability may have been an issue in the rockwool medium. A 
liquid nutrient solution or nutrient pellets were added intermittently during the 
course of the experiments, but a more controlled nutrient supply may be 
necessary. 
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A supplementary measure of the biomass present in the filter was desirable. To 
get an idea of the biofilm density on the medium, a scanning electron 
microphotograph was taken of new and used rockwool from the pumping station 
operation 45 days after the experimental period (Figure 12). For comparison, an 
average bacterium has a diameter of 1 m and values of biofilm thickness 
ranging from 70 m to 5 mm in biofilters, and biotrickling filters, have pre-
viously been reported (Cox and Deshusses 2002; Devinny et al. 1999; Sercu et 
al. 2005). The biofilm in Figure 12 looks very thin, possibly suggesting that not 
enough biomass was available, leading to biological limitations of the reactor. 
With a synthetic filter medium, it is crucial to obtain a sufficiently dense 
biomass for efficient operation, since no indigenous microbes exist. However, 
this is only one picture from one single sample from one application, so further 
verification is needed. Still, scanning electron microphotographs could offer a 
compliment to evaluate inoculation and biomass growth during operation. 

Figure 12. Scanning electron microphotograph of new (left) and inoculated 
(right) rockwool with a mixed microbial culture at the pumping station 
application. 5,000x enlargement (with courtesy of Camfil Farr). The bar 
indicates 5 m.
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Mass transfer limitation 
The mass transfer of pollutants from the waste gas to the biofilm is driven by the 
concentration gradient between the gas phase and the liquid phase (the biofilm). 
This implies that the transfer is slower when the concentration of pollutants in 
the waste gas is low (Devinny et al. 1999). Further, for compounds with low 
solubility, the diffusion through the biofilm may be rate-limiting. Therefore, at 
low gas phase concentrations or low water solubilities of contaminants, the 
elimination rate in the filter bed becomes diffusion-controlled (Ottengraf 1986). 
Sufficient empty bed residence time (EBRT) is thus necessary to allow transport 
and degradation of the pollutants to occur. EBRT for odorous compounds varies 
with the system loading and the type of reactor used (Easter et al. 2005). For in-
ground open biofilters, EBRTs of 30-120 s are common, with longer times 
required for soil-based media systems. For closed reactors with organic media, 
EBRTs of 30-60 s are common. Easter et al. (2005) suggest a minimum 45 s to 
maintain reliable odour treatment. However, for slowly biodegradable 
compounds, several minutes may be required (Devinny et al. 1999). For the 
removal of DMS in a biotrickling filter, Sercu et al. (2005) suggested that mass 
transfer limitation probably occurs at 30 s EBRT. Successful removal (>95%) of 
5-35 ppm H2S has been reported with EBRT values as low as 1.6 s in a full-scale 
biotrickling filter (Gabriel and Deshusses 2003). Other reduced sulphur 
compounds were reduced by 15-40%, and overall odour removal (olfactometric 
measurements) was 65%. This indicates that the removal of H2S, a relatively 
soluble and easily biodegradable compound, can be achieved at very low 
EBRTs. However, an odour mixture will require substantially longer times to 
obtain the same results. Therefore, the residence times applied in the pilot-scale 
studies were likely inadequate. 
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A method to evaluate odour problems 
Working with a local odour panel proved successful in several ways. For one, 
the public are far more likely to accept the success of a project if they feel that 
their concerns are taken seriously and they can influence the situation. Further, 
the members of the panel gained knowledge of the operation and an under-
standing of the challenges involved and the complexity of odours. The panel de-
clared a noticeable improvement in the odour situation compared to previous 
years, possibly due to the different measures taken regarding the sludge handling 
and installed treatment for the ventilation gas (Paper VI). Only about one-third 
of the complaints received in 2003 and 2004 were reported during the seven-
month project period (June 2005 to January 2006), even though this group had 
specifically been asked to call in when they smelled foul odours. Calls were 
received at all times of the day and with all wind directions. However, relating 
the calls to specific events at the WWTP proved difficult, and a clear correlation 
between the wind direction and the location from where the call was made was 
not always evident. The analytical measurements confirmed that very low levels 
of contaminants were present, and only MM, H2S, DMS, and CS2 were present 
at levels above odour threshold values. However, these samples were taken on 
one occasion, and large variations are likely to exist. 
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Conclusions
A number of operational and process related problems were identified, such as 
fluctuating flows, temperatures, and pollutant concentrations, which affected the 
biofilter performance by creating suboptimal living conditions for the microbes.  

Very low or no removal of the targeted compounds was achieved in the compact 
pilot-scale biofilter. Limitations of the biomass density in the filter media are a 
plausible explanation, since pollutant concentrations may have been too low to 
build up and support the bacteria. Due to the low solubility of many identified 
compounds, a mass transfer limitation may also have occurred due to the 
prevailing short residence times. Drying of the filter medium was partly a 
problem, pointing to the need for an improved humidification system or the use 
of a trickling filter design.

Waste gases from three different applications, namely a restaurant, a pulp mill 
and a wastewater pumping station, were complex mixtures with chemically 
diverse contaminants whose concentrations varied significantly with time. 
Aldehydes were the dominant compounds in the restaurant emissions, while 
reduced sulphur compounds, primarily dimethyl sulphide, dominated the pulp 
mill and wastewater emissions. Overall, very low concentrations of individual 
compounds were found (ppb-level).  

A review of the literature suggested heterotrophic, methylotrophic, and 
autotrophic bacteria suitable to degrade aldehydes and reduced sulphur 
compounds. Enrichment of both mixed and specialized cultures and the 
subsequent inoculation of the rockwool yielded bacterial numbers ranging from 
104 to 109 CFU per gram dry medium. Lower numbers were found in dry 
samples. 

Rockwool fibre mats with pre-set structures were preferred to loose rockwool 
due to their easier handling, improved gas flow distribution, and lower pressure 
drops. Some hydrophobic mats had low mechanical and chemical stability, 
showing how the various manufacturers perform differently. The pressure drop 
increased linearly with the surface loading. 

Working with local observers in an odour panel proved useful in several ways. 
The odour panel took an active interest in and increased their knowledge of the 
wastewater treatment plant operation and the complexity of odour problems. 
Relating the panel reports to specific events at the treatment plant proved 
difficult, and the reports were sometimes not consistent with current wind 
directions.  
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Outlook
This work has provided some answers and generated many more new questions, 
as academic work often does. Biofiltration is a complex process and providing 
microorganisms with the right environment to enhance the degradation of 
pollutants is a challenge. The challenge becomes greater when dealing with co-
treatment of complex mixtures at very low concentrations relevant to many 
odorous waste gas emissions. Short residence times allow for compact and more 
economic biofilters, which would be of interest in many applications. However, 
the low solubility of some odorous compounds may lead to mass-transfer 
limitations. More work is required to find the necessary residence times for 
successful mass-transfer. Moreover, to avoid biological limitations, several 
issues need to be further investigated. Managing the build-up of a sufficiently 
dense biofilm with the appropriate microbes is crucial when using a synthetic 
filter medium and when dealing with very low waste gas concentrations. Long-
term evaluation of the rockwool media is required, in addition to refining the 
moisture and nutrient control system. Reliable and economic methods to 
evaluate biofilters dealing with odour problems are desirable. Using local odour 
panels along with other parameters might be one option, and this concept may 
be further developed. Dimethyl sulphide (DMS) seems to be a key pollutant in 
several applications. Previous studies indicate that DMS degraders are easily 
inhibited in the presence of other components and might be extra sensitive for 
transient conditions. Learning more about DMS degradation in field applications 
and developing the multi-stage idea to promote DMS degraders at the latter 
stages of the biofilter would be an interesting continuation to this project.
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ABSTRACT

Biofiltration units are microbial ecosystems for the treatment of low-concentration, biodegradable waste
gases. The aim of this work was to isolate and characterize an appropriate microbial culture for inocula-
tion of a rockwool biofilter that treats waste gases from a fast-food restaurant using rape-seed oil in its
frying process. Batch cultures from three various bacterial sources were studied under different chemical
and physical conditions and compared to the growth of Bacillus sp. All cultures were able to degrade
rape-seed oil and its oxidation products, with a simultaneous pH decrease in the batch cultures. It was
necessary to add a salt medium containing, for example, phosphorus and nitrogen to obtain maximum
growth. An exponential growth phase during a period of 3 to 8 days, with generation times of 9 to 33 h,
was followed by slower growth. After a stationary phase of 25 to 40 days, the bacterial number started
to decrease, probably due to substrate and/or oxygen depletion, or unfavorable pH. The rockwool biofil-
ter material did not inhibit the growth of the bacterial cultures, and seemed to have a buffering capacity,
which could prevent acidification of a future biofilter. The isolated bacteria from the mixed culture were
found to be mesophilic, aerobic, Gram-negative rods.

Key words: biofilter; rape-seed oil; rockwool filter; inocula; viable count
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INTRODUCTION

MICROBIAL REACTIONS have been used extensively to
treat wastewater and solid waste throughout the

20th century, but it has only been since the 1950s that
such techniques have been used to treat waste gases
(Pomeroy, 1957). During the last decades, biofiltration
for air pollution control has been established as a reli-

able, cost-effective technology for controlling low-con-
centration biodegradable waste gases from a wide range
of industries and public sectors (Leson and Winer, 1991;
Swanson and Loehr, 1997; Wani et al., 1997; Jorio and
Heitz, 1999). Organic compounds such as alcohols, alde-
hydes, ketones, and carboxylic acids, as well as inorganic
compounds such as hydrogen sulphide and ammonia,
demonstrate excellent biodegradability (Leson and
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Winer, 1991; Tang et al., 1997; Devinny et al., 1999).
The micro-organisms may grow in a biofilm either on the
surface of a porous medium or suspended in the water
phase surrounding the medium particles. The filter bed
medium often consists of an organic material like com-
post, soil, or peat, having the advantage of containing a
large diversity of micro-organisms and nutrients. How-
ever, problems with degradation of the material, com-
pacting, and the developmentof large pressure drops have
led to a more extensive use of synthetic materials in dif-
ferent packing mixtures. Fibrous materials, for example,
rockwool, have several advantages over other materials
in that they are light, flexible, low in pressure drop, less
microbially degradable, and easy to handle (Shoda,
1991).

Inoculation of a biofilter

A healthy population of micro-organisms is funda-
mental for a successful biofilter operation. Inoculation of
the filter bed is necessary if a synthetic filter material is
used, and can also be an effective way to shorten the start-
up or acclimatization time of the biofilter and/or enhance
the degradation rate of pollutants (Shoda, 1991; Wani et
al., 1997). However, enriched pure cultures from a lab-
oratory environment may have difficulties surviving in
field conditions. The inoculation species have to be able
to grow at the pH and temperature prevalent in the biofil-
ter, to use the nutrients available, and to grow fast enough
to survive competitive organisms and avoid predators.
Natural selection will play its role, and the more efficient
organisms will become dominant. Mixed cultures often
originating from wastewater treatment plants or from
similar origin have been used as inoculum in many cases
(Deshusses et al., 1995; Ergas et al., 1995; Morgenroth
et al., 1996). This type of general inocula has the ad-
vantage of containing a vast variety of rugged organisms
with a wide degradative range and also an ability to work
in a fluctuating environment, but generally requires an
acclimatization time. Furthermore, there may be some
concern regarding the risk of pathogens, especially when
the biofilter is to be situated in a restaurant environment.
For these reasons, the inoculation of a laboratory-grown
defined mixed culture could be preferable, and the choice
and preparation of a proper inoculumis an important mat-
ter for research.

Degradation of rape-seed soil

Lipids are biodegradable, abundant in nature, and can
be excellent substrates for microbial energy-yielding me-
tabolisms (Madigan et al., 1997). Aerobic degradation of
rape-seed oil has been reported by several workers
(Wakelin and Forster, 1997; Zhang et al., 1998). Micro-

organisms utilize lipids after hydrolysis of the ester
bonds, and extracellular enzymes called lipases are re-
sponsible for the reactions. The results of the lipase ac-
tions are glycerol, mixtures of mono- and diglycerides,
and fatty acids (Petrucci, 1989). Glycerol is converted to
glyceraldehyde-3-phosphate (triose phosphate), and joins
into the glycolysis pathway. With the release of energy,
fatty acids are oxidized to carbon dioxide and water in a
series of reactions known as b-oxidation. In this process,
oxidation occurs at the b-carbon atom of the fatty acid,
followed by cleavage. This means that two-carbon pieces
(acetic acid) are split off. The process requires the pres-
ence of coenzyme A (Petrucci, 1989).

Objective

The objective of the study was to isolate and charac-
terize an appropriate microbial culture for the inoculation
of a biofilter that treats waste gases from a fast-food
restaurant who uses rape-seed oil in its frying process, as
well as identifying appropriate environmental conditions
for this culture.

MATERIALS AND METHODS

Experimental design

The study was conducted in two experimental phases.
In the first phase the growth of three different bacterial
populations was compared, originating from activated
sewage sludge, horse manure, and rockwool filter
medium from an existing biofilter. The effects on the bac-
terial growth of adding a salt medium and/or rape-seed
oil as a carbon and energy source, and the presence of
new rockwool were also evaluated. In the second phase,
the growth of one mixed culture from a rockwool biofil-
ter medium was compared to a monoculture of Bacillus
sp, using two different carbon and energy substrates. The
growth of different bacterial cultures was studied in batch
laboratory experiments performed in glass flasks. All the
experiments were carried out at room temperature (21 6

2°C), and the flasks were placed on a shaking table (140
rpm, Lab-Shaker, Adolf-Küner AG Basel, Switzerland)
for continuous oxygen supply.

Phase one

Samples of micro-organisms were taken from three
different locations: a pilot rockwool biofilter treating ex-
haust gas from a fast-food restaurant (RW), activated
sludge from a wastewater treatment plant (AS), and horse
manure (HM). The original water content of the three
samples was 23% for RW, 98% for AS and 81% for HM.
Approximately 5 mL of AS or 5 g of HM or RW was
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added to 100 mL flasks containing 50 mL of 0.9% NaCl
(pH 6.75). The flasks were left overnight on a shaking
table and were, thereafter, used to inoculate the suspen-
sions of phase one, which consisted of 26–100 mL flasks.
The complete experimental design is shown in Table 1.
The salt medium used is specified in Table 2 (first phase).
The rape-seed oil was taken from a fryer at the restau-
rant where the pilot biofilter was situated (Table 3, first
phase). Excess oil was added to simulate the conditions
found in the pilot rockwool biofilter mentioned earlier,
where large amounts of grease were deposited.

A scale-up experiment was performed on day 24 us-
ing inocula from flasks numbered 24 (RW), 25 (AS), and
26 (HM). Salt medium (100 mL) (Table 2, first phase)
and 5 g of fryer oil (Table 3, first phase) were added, to-
gether with inocula, to 500 mL flasks to get a start con-
centration of approximately 1*105 CFU/mL (colony-
forming units per mL). This experiment was performed
in duplicates of RW, AS, and HM; six flasks were pre-
pared and monitored for a total of 100 days.

Phase two

The composition of the salt medium was changed in
the second phase of the experiments to contain more ni-
trogen in the form of (NH4)2SO4 (Table 2, second phase),
while the amount of carbon and energy substrate was de-
creased to 2 g/L (Table 3, second phase) to get a more
reasonable C:N:P ratio. The experimental design con-
sisted of 14–100 mL flasks, and is shown in Table 4.

Flasks 1 to 12 were triplicates, and flasks 13 and 14 were
duplicates, with fryer oil added in excess similar to the
experimental conditions in phase one (50 g rape-seed
oil/l). Salt medium (20 mL) (Table 2, second phase) was
added, together with inocula from the 500-mL flasks in
phase one, to all flasks to obtain start concentrations of
approximately 1*105 CFU/mL. The carbon and energy
substrate was added in two different forms to verify how
they would affect pH, and if the bacteria could degrade
them equally well. The rape-seed oil, taken directly from
the restaurant fryer (from now on called fryer oil), was
compared to grease extracted with hexane from the filter
bed in the pilot biofilter (from now on called filter bed
fat). Two different inocula were also compared in this
study: the RW mixed culture in the 500-mL flask from
phase one (from now on called mixed culture), and a
mono culture of Bacillus sp (from now on called mono-
culture). The RW mixed culture was chosen because it
originated from a rockwool biofilter and, therefore, could
have a possible advantage as a future inoculum for such
a filter. The monoculture of Bacillus sp was chosen be-
cause many bacilli produce extracellular hydrolytic en-
zymes that break down, for example, lipids, permitting
the organisms to use these products as carbon sources
and electron donors (Madigan et al., 1997).

Measurements and analyses

Viable count. Bacterial cell counts were performed
with the viable count method to evaluate growth. Sam-
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Table 1. Experimental design, first phase: 26–100 mL flasks were monitored for a total of 77 days.

Flask Rape- New Flask Rape- New
No. Inoculuma Liquidb seed oilc rockwoold No. Inoculuma Liquidb seed oilc rockwoold

1 RW NaCl No No 15 No Salt medium No Yes
2 AS NaCl No No 16 RW Salt medium No Yes
3 HM NaCl No No 17 AS Salt medium No Yes

18 HM Salt medium No Yes
4 RW Salt medium No No
5 AS Salt medium No No 19 No NaCl Yes Yes
6 HM Salt medium No No 20 RW NaCl Yes Yes

21 AS NaCl Yes Yes
7 No NaCl No Yes 22 HM NaCl Yes Yes
8 RW NaCl No Yes
9 AS NaCl No Yes 23 No Salt medium Yes No
10 HM NaCl No Yes 24 RW Salt medium Yes No

25 AS Salt medium Yes No
11 No NaCl Yes No 26 HM Salt medium Yes No
12 RW NaCl Yes No
13 AS NaCl Yes No
14 HM NaCl Yes No

Inoculum from a rockwool biofilter (RW), activated sludge from a wastewater treatment plant (AS), and horse manure (HM).
a0.1 mL; b20 mL; c1 g; d0.5 g.



ples of 0.1 mL were, after a series of dilutions in 0.9%
NaCl, spread over the surfaces of nutrient agar plates
(granulated agar, 12 g/L, no 1.01614, Merck, Germany,
mixed with nutrient broth, 8 g/L, No 1.05443, Merck,
Germany). The plates were then incubated for 3 days at
room temperature (21 6 2°C) and the number of colonies
were counted. Counts between 20 and 300 colonies per
plate were considered significant, and dilutions from 10
to 108 were performed to obtain the appropriate number
of colonies. The results are expressed as CFU/mL
(colony-forming units per mL).

pH. The pH values in the flasks were measured using
a pH electrode dipped into the flasks and rinsed with 70%
ethanol before and between measurements to avoid con-
tamination.

COD and NH4 2 N. Chemical Oxygen Demand
(CODCr) were determined according to Swedish standard
SS 02 81 42 and the ammoniacal nitrogen (NH4 2 N)
was measured by using an autoanalyzer TRAACS 800
(Bran 1 Lubbe). The CODCr and NH4 2 H content in
each flask from the second phase were determined at the
end of the experimental period, after filtration to remove
large particles.

Microbial characterization. Besides Gram-staining
and test for the ability of form endospores, a few bio-
chemical tests were performed to characterize the cul-
tures (Madigan et al., 1997): catalase, carbohydrate fer-
mentation,oxidation/fermentation tests, nitrate reduction,

citrate utilization, indole test, hydrogen sulphide produc-
tion, and test for motility.

RESULTS AND DISCUSSION

Phase one

Viable count and pH measurement results from the ini-
tial 26 flasks are presented in Table 5. The experimental
design can be found in Table 1. It was concluded that the
rockwool material did not inhibit the growth of the bac-
terial cultures (compare flasks 1–3 with 8–10, flasks 4–6
with 16–18, and flasks 12–14 with 20–22) and that the
presence of new rockwool tended to cause the pH to in-
crease. The pH decreased more in flasks where rape-seed
oil had been added (compare flasks 1–3 with 12–14 and
20–22, and flasks 4–6 with 24–26), but the presence of
rockwool seemed to tone down this effect (flasks 20–22).
This could indicate some buffering capacity of the rock-
wool filter media, which could prevent acidification of a
future biofilter. In flasks 7, 11, 15, 19, and 23, where no
inoculum had been added, no growth was detected ex-
cept in flask number 15. In flasks where inoculum, but
neither carbon source nor salt medium was added (flasks
1–3 and 8–10), only nutrients supplied by the inoculum
were available to the bacteria. This could explain the ini-
tial growth followed by a subsequent decrease of cell
numbers.

It was obvious when the colony morphologies were
studied at each plate count that the number of different
bacterial species had decreased with time and that a nat-
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Table 2. Salt medium used in the two phases of experiments.

Constituent First phase (g/L) Second phase (g/L)

(NH4)2SO4 0.5 1.0
NaNO3 0.5 0.5
KH2PO4 1.0 1.0
NaH2PO4 * H2O 0.5 0.5
Mg SO4 * 7 H2O 0.42 0.42
CaCl2 * 2 H2O 0.026 0.026
NaOH 8 8
pH 6.8 7.5

Table 3. Carbon and energy substrate used in the two phases of experiments.

Constituent First phase (g/L) Second phase (g/L)

Fryer oil (rape-seed oil), taken from the restaurant fryer with pilot biofilter 50 2

Filter bed fat, extracted with hexane from pilot biofilter 0 2



ural selection of bacteria able to survive in the batch en-
vironment had developed. During the course of the ex-
periment, notes were taken of how the suspensions
changed with time and at the end (after 77 days), the fol-
lowing was observed: flasks 1–10 and 15–18: transpar-

ent liquids, no visible signs of growth; flasks 12–14:
slightly turbid suspensions, oil floating on the surfaces;
flasks 20–22: white and turbid liquids with visible growth
in the suspensions, yeast and mold grew on the surfaces.
Thick and “milky” homogenous suspensions were ob-
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Table 4. Experimental design, second phase: 14 shake flasks (at 100
mL) were monitored for a total of 45 days.

Flask No. Inoculum Carbon and energy substrate

1–3 Monoculture Fryer oil
4–6 Monoculture Filter bed fat
7–9 Mixed culture Fryer oil
10–12 Mixed culture Filter bed fat
13–14 Mixed culture Fryer oil in excess

Table 5. Viable count and pH measurements from bacterial suspensions in 100 mL flasks, first phase.

Day 0 6 13 29 31 77 0 17 29 72

Flask No. CFU/mL CFU/mL CFU/mL CFU/mL CFU/mL CFU/mL pH pH pH pH

1 1 * 107 1 * 108 6 * 107 1 * 107 6.7 5.9 7.3
2 5 * 104 3 * 106 5 * 106 1 * 103 6.7 5.9 7.2
3 1 * 107 1 * 107 6 * 106 6.7 6.0 7.3

4 1 * 107 2 * 107 2 * 107 1 * 107 9 * 106 6.8 6.9 6.5
5 5 * 104 6 * 104 nd 6.8 6.9 4.7
6 1 * 107 2 * 106 1 * 106 6.8 6.9 6.9

7 nd nd nd 6.7 7.1 8.0
8 1 * 107 1 * 108 6 * 107 1 * 106 6.7 7.3 7.6
9 5 * 104 6 * 106 6 * 106 nd 6.7 7.3 7.7
10 1 * 107 1 * 107 2 * 107 2 * 105 6.7 7.6 8.7

11 nd nd nd 6.7 6.3 5.1 5.6
12 1 * 107 9 * 107 7 * 107 7 * 106 1 * 106 6.7 7.0 5.0 4.8
13 5 * 104 1 * 103 nd 1 * 102 nd 6.7 6.4 4.9 4.7
14 1 * 107 4 * 107 8 * 107 2 * 107 2 * 106 6.7 5.3 5.0 4.8

15 nd 7 * 105 2 * 107 6.8 6.3 6.1
16 1 * 107 3 * 107 9 * 107 4 * 107 6.8 6.9 6.9
17 5 * 104 1 * 106 nd nd 6.8 7.0 5.0
18 1 * 107 7 * 106 1 * 107 nd 6.8 7.0 6.0

19 nd nd nd 6.7 7.3 6.0
20 1 * 107 2 * 108 6 * 107 1 * 107 6.7 6.7 5.9
21 5 * 104 4 * 107 7 * 107 1 * 106 6.7 6.6 6.0
22 1 * 107 4 * 107 1 * 108 8 * 106 6.7 6.9 6.1

23 nd nd nd 6.8 7.8 5.3 4.5
24 1 * 107 2 * 108 2 * 108 1.3 * 1080 1 * 109 6.8 6.9 6.3 5.2
25 5 * 104 2 * 109 4 * 109 2 * 109 1.3 * 1090 1 * 109 6.8 5.9 5.6 6.3
26 1 * 107 1 * 1010 2 * 1010 7 * 109 1.3 * 1010 2 * 109 6.8 6.0 6.0 6.2

nd: nondetectable.



served in flasks 24–26. This could be due to the bacte-
rial production of surface-active substances, which trans-
form the oil into an emulsion, and makes the oil readily
available for the micro-organisms.

Growth and pH measurements in flasks 24 (RW),
25 (AS), and 26 (HM)

It was evident that the presence of both the salt medium
and rape-seed oil contributed to the highest growth of
bacteria, as was the case in flasks 24, 25, and 26. The
growth in these suspensions is presented in Fig. 1. This
indicates that a salt medium must be added in a future
rockwool biofilter, in addition to the carbon and energy
substrate provided by the gas stream, to offer essential
nutrients, for example nitrogen and phosphorous for the
bacteria.

A difference in growth between the three different bac-
terial populations (RW, AS, and HM) was observed. The
HM flask (No. 26) contained the highest amount of bac-
teria (2*1010 CFU/mL on day 13), followed by the AS
flask (No. 25). A rapid exponential growth occurred in
these two flasks over the first 6 days with an increase of
cell numbers by a factor of 103 (HM, No. 26) and 105

(AS, No. 25). Generation or doubling times calculated
for the two cultures during the exponential phase (days
0–6) was 14 h in flask 26 and 9 h for flask 25. These
numbers could be overestimating the real generation
times, because an initial lag-phase may be included, but
the values could serve well for comparative purposes. Af-
ter 6–10 days, the growth reached a stationary phase. The
pH (Table 5) in flasks 25 and 26 had decreased approx-
imately one unit on days 17 and 29, but had increased
again on day 72.

The growth rate was considerably slower in flask 24
(RW) than in flasks 25 and 26; the generation time cal-

culated from start to day 6 was about 33 h. However, the
cell numbers continued to increase throughout the ex-
perimental period, parallel to a pH decrease (from 6.8 to
5.2 in 72 days). On day 77 the three cultures (flask 24,
25, and 26) all contained approximately 109 CFU/mL.

When comparing the three bacterial cultures, it is im-
portant to remember that they originated from completely
different environmental conditions, and could have
brought different nutrients to the system. The rockwool
inoculum (RW) came from a very selective environment
in a biofilter with low water content and substrate merely
from a frying process. The activated sludge (AS) and
horse manure (HM) were probably composed of a greater
variety of micro-organisms that had been living in a richer
environment, and these inocula probably brought more
nutrients to the cultures.

Scale-up of RW, AS, and HM cultures: growth
and pH measurements

The scale-up gave further insight into the growth of
the three different microbial populations. In Fig. 2, the
growth [Fig. 2(a)] and pH [Fig. 2(b)] for the three cul-
tures are presented as mean values (of two) with stan-
dard deviations. Unfortunately, one of the RW flasks
broke on day 20, and as a result, only one value was avail-
able for RW after that day. A rapid exponential growth
occurred in all flasks during the first 8 days, with gener-
ation times ranging from 11 to 14 h when cell numbers
increased by a factor of 105. The exponential growth
phase was followed by slower growth and a stationary
phase, after which cell numbers started to decrease [Fig.
2(a)]. A pH decrease was observed in all flasks, and the
pH went from 7 to between 5 and 6 at the end of the ex-
perimental period [Fig. 2(b)]. Apart from the “pH dip”
in the two AS flasks on day 16, the six cultures seemed
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Figure 1. Growth of bacterial cells in 100 mL flasks 24, 25, and 26 from phase one.



to behave identically and were well adapted to use the
rape-seed oil as their sole carbon and energy source. By
studying the colony morphologies it was concluded that
the number of different bacterial species was four or five,
with similar colonies in the three different enrichment
cultures. The appearance of the batch suspensions
changed during the experimental period from a transpar-
ent liquid with oil floating on the surfaces to a thick, yel-
low-white suspension after 15–20 days, which remained
in this form for the rest of the experimental period.

Growth limitations in phase one

Metabolic activities of the growing microbial popula-
tion could have changed the nature of the environment
to the point where it became unfavorable. This may have
been brought about by the decreasing pH, by the deple-
tion of nutrients and/or oxygen, or by the accumulation
of toxic metabolites. The bacterial populations may have
multiplied by hydrolyzing the rape-seed oil and prefer-
entially using the glycerol part of the oil as their carbon
and energy source, but may have left the fatty acids un-
metabolized. This could then explain the decreasing pH
in the flasks. The fatty acids could have become growth
inhibitory or toxic if the concentrations were too high.
As long as rape-seed oil was supplied in abundance, the
microbial population was never “forced” to use the fatty
acids as their carbon and energy source; which would
mean that only about 5% of the carbon in the rape-seed
oil was utilized. If this were the case, it might become
difficult to obtain complete degradation of the oil in a
biofilter with large amounts of grease collected. There-
fore, it was decided to decrease the amount of oil in phase
two, to assure that this principal carbon source would be
the limiting substrate for the bacteria.

Another possible limitation might have been the lack
of a nitrogen source in the system. When calculating the
C:N:P ratio in the added salt medium 100:0.5:0.9 is ob-

tained. This could be compared to the cell composition
of bacteria C60H87O23N12P (Metcalf and Eddy, 1991),
giving a ratio of approximately 100:20:2. Therefore, it
was decided that the amount of nitrogen in the salt
medium should be increased in phase two and in the form
of ammonium rather than nitrates, because the conver-
sion of ammonia is less energy consuming for the bac-
teria (Stanier et al., 1976).

Phase two

The growth and pH curves for the two cultures, the
monoculture (Bacillus sp) in Fig. 3, and the mixed cul-
ture (RW) in Fig. 4, are presented as mean values (of
three) with standard deviations. The growth in flask No.
1 (monoculture, fryer oil) differed significantly from the
growth of other two in that same group (flasks 2 and 3),
probably due to poor condition of the inoculum; hence,
the results for flask No. 1 are presented separately
(Fig. 3).

Growth and pH measurements of the monoculture
(Bacillus sp)

The monoculture showed an exponential growth the
first 3 days [Fig. 3(a)] with an increase of cell numbers
by a factor of 103, except for flask No. 1. Generation
times calculated for these 3 days were 26 h for flask 1,
9 h for flasks 2–3, and 7 h for flasks 4–6. Cell numbers
continued to increase between days 3 and 10 in flasks
2–6, followed by an approximate 20-day long stationary
phase. pH [Fig. 3(b)] decreased about 0.5 unit in flasks
2–6 during the exponential growth phase (days 0–3);
however, between days 3 and 10, pH dropped drastically
about two units from 7 to 5, probably due to the accu-
mulation of secondary metabolites. Yet, this did not seem
to influence the number of cells, which suggests that the
bacteria were rather tolerant to pH changes. Thereafter,
pH was fairly stable between 5 and 5.5 during the sta-
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Figure 2. Growth (a) and pH (b) in 500 mL flasks from phase one. Mean values (of two) with standard deviations.

a b



tionary phase. pH in flask No.1 stayed rather constant
around 7 throughout the experimental period, indicating
low metabolic activity of these bacteria. No significant
differences could be established between the two carbon
and energy sources, fryer oil, and filter bed fat, as it
seemed that the monoculture could degrade both equally
well. To see if the stationary growth was due to a lack
of carbon substrate, 0.04 g of fryer oil or filter bed fat
was added to the flasks on day 35 [indicated by an ar-
row in Fig. 3(a) and (b)]. This addition caused a nomi-
nal increase of cell numbers in the flasks with fryer oil
(2–3), but had no visible effect in the flasks with filter
bed fat (4–6). The addition of fryer oil caused pH to drop
1–1.5 units to 3.5 in flasks 2 and 3, while the addition of
filter bed fat had a more modest effect in flasks 4–6,
where pH declined about 0.5 unit to 4.7 [Fig. 3(b)]. The

appearance of the suspensions in the flasks changed dur-
ing the experimental period from transparent liquids with
oil floating on the surfaces to thick, yellow-white sus-
pensions after 10–15 days, and then back to transparent
yellow liquids with white particles in suspension around
day 25. When examining these particles in a microscope,
it was concluded that it was most likely fungi, probably
favored by the acid conditions prevailing in these flasks.

Growth and pH measurements of the mixed
culture (RW)

The initial cell number of the mixed culture being al-
most 102 times higher than the initial cell number of the
monoculture could explain that the increase of cell num-
bers was lower in flasks 7–12, compared to the increase
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Figure 3. Growth (a) and pH (b) in 100-mL flasks from phase two. Mean values with standard deviations. Comparison of two
carbon and energy substrates: fryer oil and filter bed fat for the monoculture (Bacillus). An arrow indicates the addition of 0.04
g fryer oil or filter bed fat.

Figure 4. Growth (a) and pH (b) in 100-mL flasks from phase two. Mean values with standard deviations. Comparison of two
carbon and energy substrates: fryer oil and filter bed fat for the mixed culture (RW). An arrow indicates the addition of 0.04 g
fryer oil or filter bed fat, or 20 mL extra salt medium in the case of mixed culture with excess fryer oil.
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in flasks 2–6 [compare Fig. 3(a) with Fig. 4(a)]. How-
ever, the final maximum number of bacteria obtained was
about the same for the two cultures (around 109

CFU/mL), probably set by the supply of nutrients. The
increase of cell numbers in flasks 13 and 14 during the
first 3 days was of the same order of magnitude as in
flasks 2–6 (a factor of 103). Generation times for the ex-
ponential growth from days 0 to 3 were 14 h for flasks
7–9, 26 h for flasks 10–12, and 9 h for flasks 13–14. Un-
fortunately, the dilutions on day 10 failed to give a count-
able number of cells; therefore, no results were obtained
for the period between days 3 and 18. pH [Fig. 4(b)] de-
creased about one unit in flasks 7–9 and 10–12 from start
to day 10, while the drop of pH was more drastic in flasks
13 and 14 where pH decreased from 7.3 to 3.0 during the
first 10 days. This did not seem to influence the number
of cells, which again points to a high bacterial tolerance
to acid conditions.

Cell numbers decreased between days 18 and 29; for
that reason, fryer oil, filter bed fat, or salt medium was
added on days 35 [indicated by an arrow in Fig. 4(a) and
(b)]. This led to a drastic drop in pH [Fig. 4(b)] of about
two units to pH 4 in the filter bed fat flasks (10–12) and
a more modest decrease of about one unit in the fryer oil
flasks (7–9 and 13–14). The addition of extra nutrients
seemed to stimulate the growth in all flasks initially, but
then the cell numbers either stabilized (flasks 7–9 and
13–14) or decreased (flasks 10–12), possibly due to
growth inhibition in connection with the pH changes.

It seemed that the mixed culture preferred the fryer oil
substrate to the filter bed fat substrate, the initial growth
being slightly faster in flasks 7–9 and 13–14 compared
to that in flasks 10–12. The addition of extra fryer oil
also generated an increase of bacterial cells in flasks 7–9
and 13–14, which was not the case when extra filter bed
fat was added to flasks 10–12. This could probably be

due to the initial hydrolyzation of the fryer oil, which
generated easy degradable glycerol, compared to the pos-
sibly more complex secondary oxidation products in the
filter bed fat. Also, the mixed culture had been enriched
on fryer oil (in phase one) and, therefore, could have de-
veloped a preference towards this carbon and energy sub-
strate. All the batch suspensions were transparent white-
yellow with white particles in suspension throughout the
experimental period, which could be the sign of fungi
growing in the suspensions.

CODCr and NH4 2 N analyses

The CODCr and NH4 2 N content in each of the 14
flasks were determined at the end of the experimental pe-
riod to get an idea of the organic degradation and the ox-
idation reactions that had occurred in the flasks, and to
also give an indication if one of the two carbon substrates
were more easily oxidized than the other. Results from
these analyses are presented in Fig. 5, as mean values
with standard deviations.

The values in Fig. 5(a) and (b) can be compared to the
COD values of the added carbon substrates and to the
amounts of NH4 2 N added to the flasks during the ex-
periment. To flasks 1–12, a total of 42 g/L of fryer oil or
filter bed fat, corresponding to an approximate COD value
of 11.5 g/L, and 0.21 g NH4 2 N g/L were added. To flasks
13 and 14, 50 g/L of rape-seed oil, corresponding to a COD
value of approximately 144 g/L, and 0.42 g NH4 2 N g/L
were added. In Table 6, an estimation of how much COD
and ammonia–nitrogen that remained in the flasks after 50
days are given. The values are calculated as the measured
CODCr respective NH4 2 N value divided by the added
amounts of COD and NH4 2 N.

Flask No. 1 (monoculture, fryer oil) stands out from
the others because its activity had been significantly
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Figure 5. CODCr (a) and NH4 2 N (b) analyses performed on day 50, 100 mL batch flasks from the second phase. Mean val-
ues with standard deviations.
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lower because almost all of the ammonia–nitrogen re-
mained. This is in accordance to what was earlier sus-
pected that somehow the inoculum in this flask had not
been able to multiply and degrade in the same manner as
in the other flasks. The disappearance of more than half
of the COD in this flask, despite low bacterial activity,
indicates that the analytical filter used in the CODCr anal-
ysis caught a large part of the oil. This must thus be taken
into consideration when interpreting the COD estimates.
In flasks 13 and 14, with an excess of fryer oil, the CODCr

value was higher than in the other flasks (Fig. 5), which
is logical, because more oil was initially added to these
two flasks. The degradationhad been high in these flasks;
almost all of the ammonia–nitrogen and a large part of
the COD were consumed after 50 days (Table 6). The
COD values in flasks with fryer oil did not significantly
differ from those with filter bed fat; thus, confirming that
no large difference could be seen of the microbial abil-
ity to use the two carbon substrates. The mixed culture
(RW) seemed to have been slightly more efficient than
the monoculture (Bacillus sp) because the remaining
COD and HN4 2 N were lower in flasks 7–12.

Growth limitations in phase two

It is probable that the growth was limited by some-
thing other than lack of nutrients, at least in flasks 2–12
because both ammonia–nitrogen and COD remained af-
ter 50 days. Waste products could have built up to an in-
hibitory level, causing pH to decrease, and thereby ceas-
ing growth by an inhibition of important lipase enzymes.
However, cell numbers remained high even when pH
dropped to about 3, indicating that the bacteria were tol-
erant also to acid conditions. When trying to correlate the
pH and viable count number obtained, low correlations
were found (data not shown).

Estimation of the carbon utilization in phase one
and two

A simplified calculation of the maximal number of
bacteria (per liter) that theoretically could be attained

with the carbon present in the system and no limitations
could be compared to the highest number of cells exper-
imentally obtained with the viable count method in
phases one and two. The following assumptions were
made:

1. Rape-seed oil (C57H101O6) has a mole weight of 881
g/mol

2. In aerobic respiration, about 1/3 of the substrate car-
bon is incorporated into cells (and thus available for
growth) and about 2/3 are converted to CO2 (Mathur,
1991)

3. The weight of one bacteria is approximately 10212 g
(wet weight), the bacteria consists of 90% water and
the carbon content of a bacteria (on a dry-weight ba-
sis) is 50% (Madigan et al., 1997). One bacteria would
then contain approximately 5*10214 g carbon.

In phase one, 50 g rape-seed oil/L was added, which
equals approximately 39 g C/L. If 33% of this was used
for new cells (13 g C/L), then the maximal theoretical
number of bacteria would be 3*1014 bacteria/L. The high-
est measured experimental value obtained in phase one
was 2*1013 CFU/L (flask 26, HM). In other words, about
7% of the available carbon was used for growth.

In phase two, flasks 13 and 14 received the same
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Table 6. Estimation of the remaining COD and ammonia–nitrogen (in % of the added
amounts) in the 100-mL flasks from the second phase: values presented are mean values
with standard deviations.

Flask No. COD (%) Ammonia–nitrogen (%)

1 (monoculture, fryer oil) 44 99
2–3 (monoculture, fryer oil) 15 6 5 31 6 1
4–6 (monoculture, filter bed fat) 18 6 2 37 6 26
7–9 (mixed culture, fryer oil) 11 6 2 20 6 16
10–12 (mixed culture, filter bed fat) 11 6 0.5 42 6 1
13–14 (mixed culture, excess fryer oil) 3 6 1 3 6 4

Table 7. Biochemical test results for the most abundant
bacterium in the mixed culture (RW) and monoculture
(Bacillus sp).

Tests Mixed culture Monoculture

Catalase 1 1

Carbohydrate fermentation 2 2

Oxidation/fermentation 2 2

Nitrate reduction 1 2

Citrate utilization 1 2
Indole 2 2

Hydrogen sulphide production 2 2

Motility 2 2



amount of carbon as in phase one. The highest measured
experimental value in these flasks was 6*1012 CFU/L.
This would mean that only 2% of the available carbon
were used for growth. This is in contrast with COD re-
sults presented in Table 6, where a large part of the car-
bon seemed to be consumed after the experimental pe-
riod. For the rest of the flasks in phase two, 2.0 g rape-seed
oil/L was added (days 0–35) which equals 1.6 g C/L. If
33% of this was used for new cells (0.5 g C/L), then the
maximal theoretical number of bacteria would be 1*1013

bacteria/L. The highest measured experimental value ob-
tained in phase two was 5.5*1012 CFU/L (flask 10–12).
In other words, about 55% of the available carbon were
used for growth in these flasks, which is in reasonable
agreement with results obtained in Table 6.

An ideal metabolic carbon utilization is obviously
never possible to obtain, but the calculations could give
an idea of how well the bacteria have been able to use
the carbon and energy substrate. When the rape-seed oil
had been provided in excess, in phase one and in flasks
13–14 in phase two, it seemed as though the bacteria only
used a small part of the available carbon. This could in-
dicate that the bacteria used mainly the glycerol and left
the fatty acids unmetabolized.When the carbon substrate
was supplied in limited quantities, as was the case in
phase two, the carbon utilization seemed to improve. The
viable count method might underestimate the real num-
ber of bacteria because only culturable, viable cells are
detected on the agar plates used. These bacteria might
constitute only a part of the total population.

Characterization of bacteria

A few simple biochemical tests (Table 7) were per-
formed to characterize the most abundant bacterium from
the mixed culture (RW) and the monoculture (Bacillus
sp). Both these two were found to be aerobic rods. The
monoculture was Gram-positive with the ability to form
endospores, while the bacterium from the mixed culture
was Gram-negative and did not have the ability to form
endospores. Both were mesophiles; the bacteria from the
mixed culture grew better at 32°C, compared to 21°C and
37°C, while the Bacillus sp culture grew best at 37°C.

Limitations of the study

The aim of the study was principally comparative and
aimed to find out if the different cultures of bacteria cho-
sen were able to use rape-seed oil and its oxidation prod-
ucts as their sole carbon and energy source. It is impor-
tant to point out that the conditions for the bacteria in the
laboratory batch flasks are much different from the con-
ditions prevailing in a biofilter. The micro-organisms in
the flasks are suspended and very mobile, and the sup-

ply of water and substrate is almost unlimited. In a biofil-
ter, on the other hand, the micro-organisms will be im-
mobilized on the filter medium with a minimum motil-
ity. Furthermore, equilibrium is created in the flasks,
where oxygen is first solved in the liquid and thereafter
available to the bacteria. This process is more compli-
cated in a biofilter where the micro-organisms are prob-
ably influenced by the strong airflow. The oxygen will
be passing through a thin water film first, and then pen-
etrating into the biofilm. Finally, the risk of product in-
hibition by volatile metabolites could be greater in the
flasks if secondary degradation products are accumulated
in the liquid. In a biofilter, the secondary oxidation prod-
ucts could build up to inhibitory levels in the immediate
vicinity of the bacteria. However, volatile secondary ox-
idation products could follow the gas out and an accu-
mulation of these products in the filter could thereby be
avoided. Moreover, during the lifetime of a biofilter there
will be a development of a microbial flora specialized in
the secondary products; hence, the final degradation
products will be carbon dioxide and water.

CONCLUSIONS

The preparation of a proper inoculum is important for
a successful biofilter operation, and the results of this study
gave insight into the basic relationships concerning bacte-
rial growth and generated knowledge for future inocula-
tion of rockwool biofilters. Mixed cultures from three dif-
ferent environments (from activated sewage sludge, horse
manure, and rockwool filter medium from an existing
biofilter), as well as a monoculture of Bacillus sp., were
enriched in batch cultures. It was found that all cultures
were able to use the rape-seed oil as their sole carbon and
energy source and were, therefore, considered suitable for
inoculationof a biofilter that treats waste gases from a fry-
ing process with rape-seed oil. Biochemical tests showed
that the most abundant bacterium from the mixed culture
were mesophilic, aerobic, Gram-negative rods. For maxi-
mum and lasting growth it was necessary to add a salt
medium containing, for example, phosphorus and nitro-
gen. The rockwool material did not inhibit the growth of
the cultures and seemed to have a buffering effect, which
could prevent acidification of a future biofilter. The addi-
tion and degradationof rape-seed oil caused pH to decrease
in the batch cultures, but this did not influence the num-
ber of cells, which suggest that the cultures were tolerant
to acid conditions. However, because conditions in batch
laboratory flasks and in a biofilter differ greatly, this has
to be verified in further experiments. Future work implies
inoculationof pilot and full-scale biofilters and studies of
the microbial establishment.
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ABSTRACT

Biological air pollution control has shown its potential as an interesting treatment alternative 
for diluted, odorous waste gas streams. The choice and preparation of a proper inoculum to 
obtain a healthy population of microorganisms is fundamental for a successful biofilter 
operation. Little research has addressed the evolution of the inoculum during reactor operation 
in field conditions. In this study, different microbial cultures were selected for the inoculation 
of a rockwool biofilter in the treatment of odorous waste gases in three different applications. 
The microbial establishment was evaluated during operation by using the viable plate count 
method for heterotrophic, methylotrophic, and autotrophic bacteria. Initial enrichment and the 
subsequent inoculation of the rockwool filter media yielded cell numbers ranging from 103 to 
109 CFU/g dry medium. The pH of the media samples during operation was acceptable for 
bacterial growth (6-8.5). However, other operational conditions, such as temperature and 
moisture content, varied widely and may have negatively affected the microbial population. 
Evaluating biofilter performance proved difficult because the waste gases contained complex 
mixtures of organic and sulphur compounds, and individual components were found in very 
low concentrations. No significant reduction of pollutants could be shown in the biofilter, 
both biological and mass transfer limitations are possible explanations. The removal of low-
level odours and VOCs in the field is a challenge, and further research and development is 
needed to obtain a stable and reliable treatment process, especially when using a synthetic 
filter medium. 

KEYWORDS
Biofilter, air treatment, inoculum, odour, rockwool.
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INTRODUCTION

Numerous industrial operations, including wastewater treatment, food processing, and pulp 
and paper manufacturing, produce odorous waste gases with high volume air flows and dilute 
levels of contaminants such as volatile organic and sulphur compounds. The main problem 
with these compounds is their bad smell combined with very low odour thresholds. Their 
emissions can be controlled by physical, chemical, or biological technologies. Physical-
chemical methods for treating gaseous emissions with low concentrations (less than 5 g/m3 ) 
have relatively high energy requirements and high chemical and disposal costs, whereas 
biological treatment methods are ecologically and economically favourable (Devinny et al. 
1999; Van Groenestijn and Hesselink 1993). The method of using microorganisms to control 
pollution has been well established in the field of water purification for decades, but is less 
known in the treatment of waste gases. In principle, these methods are the same. The 
degradation of pollutants by a biofilter is the end result of a variety of physical, chemical, and 
biological processes interacting. As contaminated gases pass through the reactor, pollutants 
are transported into the biofilm where they are utilized by microbes as a carbon source, 
energy source or both. Organic or mineral compounds (such as sulfide) supply energy to the 
microbial cells, and CO2, H2O, new biomass, and odourless compounds such as elemental 
sulphur or sulphate are produced. The actual biochemical reactions involved are very 
complex. Several different types of microorganisms cooperate in a network of co-metabolic 
levels wherein at each stage a specific compound may be broken down into succeeding less 
complex compounds. Predominant biofilter microorganisms treating organic compounds are 
aerobic heterotrophs (Leson and Winer 1991), though for influent gases containing inorganic 
constituents, methylotrophic and autotrophic microorganisms are also common (Smet et al. 
1996a).

The choice of biofilter material is vital since it serves as habitat for the microorganisms. Filter 
material has traditionally been organic, such as compost or peat, though various synthetic 
packing materials have been developed in recent years to retard the effects of ageing and 
maintain the bed porosity (Devinny et al. 1999). Rockwool material has a well-defined 
composition, whose characteristics can be specifically designed making it a very versatile 
filter medium, i.e. density, fiber length, amount of binder and hydrophobic/hydrophilic 
properties. Inoculation of the filter bed is necessary, due to the rockwool’s lack of indigenous 
microorganisms. Mixed cultures often originating from wastewater treatment plants or of 
similar origin have been used as inoculum in many cases (Ergas et al. 1995; Kong and Allen 
1997; Morgenroth et al. 1996). This type of general inoculum has the advantage of containing 
a vast variety of rugged organisms with a wide degradative range and the ability to also work 
in a fluctuating environment. However, acclimation times may be long and degradation of 
some compounds may be difficult to accomplish. This is evident when treating a mixture of 
reduced sulphur compounds, where the degradation rates decrease in the order: hydrogen 
sulphide (H2S) > methyl mercaptan (MM) > dimethyl disulphide (DMDS) > dimethyl 
sulphide (DMS) (Cha et al. 1999; Cho et al. 1991; Smet et al. 1998). Inoculation using 
specific microbial species has been shown to reduce the acclimation period and enhance the 
removal efficiency. To degrade sulphur compounds, the inoculum mainly includes bacteria 
from the genera Thiobacillus (Cha et al. 1999; Cho et al. 1992; Chung et al. 1998; Park et al. 
1993) and Hyphomicrobium (Cho et al. 1992; Pol et al. 1994; Smet et al. 1996b), as well as 
Pseudomonas (Chung et al. 1996; Zhang et al. 1992) and Xanthomonas (Cho et al. 1992). 
Bacillus may be effective in degrading oxidation products, i.e. from frying activities, since 
many bacilli produce extracellular hydrolytic enzymes that break down, e.g. lipids, permitting 
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the organisms to use these products as carbon sources and electron donors (Becker et al. 1999; 
Madigan et al. 1997). 

Microbial interactions within the biofilter, i.e. interspecies inhibition (production of 
toxic/acidifying metabolites) and interspecies competition (for available space, substrates, 
oxygen, nutrients, etc.), result in the colonisation by different active microorganisms of 
physically separated zones in the biofilter and the subsequent sequential degradation of the 
compounds involved (Ottengraf 1986). Microrganisms with broad substrate specificity will 
convert the easily degradable compounds at the inlet of the filter, while specialized organisms 
will be obliged to establish at the subsequent stages of the filter. Therefore, to allow for 
sequential degradation of compounds in separated parts of the biofilter, sufficiently large or 
multi-stage filters have to be designed to achieve a complete treatment of complex mixed 
waste gas streams.

The majority of published research studies concern the removal of one or two pollutants under 
strictly defined and constant conditions. Conditions are very different when applying 
biofiltration technology in field applications, and simulating an emission stream in the 
laboratory containing a large number of compounds is difficult. The generation of odorous 
compounds from restaurants, pulp mills and wastewater treatment applications, and their 
release to the environment, are neither consistent nor continuous. Generation rates will 
depend on the composition of the material (frying oil, liquor tanks, wastewater), degree of 
degradation, oxygen availability, temperature and moisture concentration, with none of these 
factors behaving independently. The compounds released vary widely in concentrations as do 
their physical, chemical, and biological properties. Additionally, concentrations of individual 
pollutants in the field are generally much lower than those tested in a laboratory, a fact that 
has received little attention in previous studies.

In designing biofilters for treating mixtures, potentially conflicting optimum operating 
conditions for different components must also be addressed. The three most important 
parameters to control are moisture, pH and temperature. Generally, a moisture content of 40-
60% (by weight) is recommended for an organic filter medium (Ottengraf 1986), but little 
information exists on the optimum moisture content for synthetic media. Most 
microorganisms have their pH optimum at close to 7, but H2S can also be oxidized at acidic 
pH by such microorganisms such as Thiobacillus (Chung et al. 1998; Kanagawa and Mikami 
1989; Park et al. 1993). Temperature is one of the most important variables in determining 
microbial growth rates and the types of species present in a microbial community.  As the 
temperature increases, metabolic and cell growth rates increase.  However, above a certain 
critical temperature, inactivation of certain key proteins and the abrupt cessation of growth 
occur.  The optimum temperature for various species ranges widely, but most biofiltration 
applications have been performed at temperatures in the mesophilic range (20-45°C) (Van 
Lith et al. 1997). 

Many methods exist for both quantitative and qualitative observations of microrganisms in 
biofilters, ranging from microscopic observations and fatty acid methyl ester analysis to 
advanced techniques, such as DNA extraction, and molecular fingerprints (Devinny et al. 
1999; Steele et al. 2005). The viable heterotrophic plate count is a convenient and inexpensive 
microbial enumeration technique, though it might underestimate the real number of bacteria 
since only cultivable, viable cells are detected on the agar plates used, thus possibly 
constituting only a part of the total population (Devinny et al. 1999).
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Objective and scope 
The objective of this study was to select appropriate microbial cultures for the inoculation of a 
rockwool biofilter in the treatment of odorous waste gases in three different field applications, 
and to evaluate the microbial establishment in the biofilter during operation.  

METHODS

Experimental set-up 
Pilot-scale experiments were conducted in three different applications - at a restaurant, a pulp 
and paper mill, and a wastewater pumping station, all located in northern Sweden in a cold 
climate. All applications had problems with odour and their emissions contained a mixture of 
compounds, including volatile organic and reduced sulphur compounds. As well, large 
variations of composition and concentrations occurred. Details of the applications and 
conditions for the pilot tests are described further in Table 1. 

Table 1. Operating conditions for the pilot scale biofilter applications 
Application and 
main odour 
components 

Experimental set-up: 
location and temperatures of 
waste gas.  

Duration and time of experiment, surface loading 
and empty bed residence times (EBRT). 

Restaurant 1 
28 days, November-December 
Filter media: hydrophilic and hydrophobic rockwool 
Loading: 1000 m3/m2h (two fryers) 
EBRT: 3 s 

Restaurant fryer:
A mixture of 
partially oxygenated 
hydrocarbons, and 
grease. 

Filter located indoors, but with 
immediate exhaust to the 
outside.  

Temperatures
Outdoors: +10 to -20ºC.   
From the fryer: 35ºC.  
Inlet of the biofilter: 4-28ºC. 

Restaurant 2 
15 days, March 
Filter media: hydrophilic and hydrophobic rockwool 
Loading: 400 m3/m2h (one fryer) 
EBRT: 9 s 

Pulp mill 1 
45 days, September-October 
Filter media: hydrophilic and hydrophobic rockwool 
Loading: 70 m3/m2h
EBRT: 45 s 

Pulp mill
Deaerator from four 
liquor tanks at the 
pulp washing and 
screening); reduced 
sulphur compounds. 

Filter located outdoors on the 
roof of the paper mill.  

Temperatures
Outdoors: +10 to -30ºC.   
From the liquor tanks 
(chimney): 45-75ºC.  
Inlet of the biofilter: 12-40ºC. 

Pulp mill 2 
45 days, November, December (plus a 20-day non-
maintenance period over the Christmas holidays 
with higher air flow and shorter EBRT).
Filter media: hydrophobic rockwool and a compost-
peat mixture 
Loading: 55-180 m3/m2h
EBRT: 20-60 s 

Pumping station
Household and 
industrial 
wastewater; reduced 
sulphur compounds.  

Filter located inside the 
pumping station. 

Temperatures
Inside pumping station: 15 ºC.  
From the wastewater pipes 
and pumping sump: 10 ± 2ºC. 
Inlet of biofilter: 10 ± 2ºC. 

Pumping station 
47 days, April-May 
Filter media: hydrophobic rockwool 
Loading: 550 m3/m2h
EBRT: 5-6 s 
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The pilot-scale biofilter (Figure 1) was composed of three filter units that operated in a side 
flow mode, each filter unit having a width of 0.3 m and a square area of 0.6 0.6 m.  A timer-
based irrigation system with spray nozzles at the inlet and on top of the biofilter was utilized 
intermittently during operation. Drainage was collected at the bottom of the filter. Different 
inorganic rockwool filter media with hydrophilic and hydrophobic properties were used, 
sometimes mixed and sometimes solely hydrophobic mats. These pre-set fiber mats had low 
density (around 30 kg/m3), high porosity (approximately 65%), a fiber diameter of around 4 

m, and a varying amount of organic binder from 0.6 to 2.7%. Since neither microorganisms 
nor nutrients were present, these had to be added separately. Details of the inoculum used are 
presented below. For the restaurant application and the first experimental period at the pulp 
mill, a liquid nutrient solution of 8 g/l NaOH, 1.0 g/l KH2PO4, 1.0 g/l (NH4)2SO4, 0.5 g/l 
NaH2PO4*H2O, 0.5 g/l NaNO3, and 0.026 g/l CaCl2*2H2O was added intermittently. For the 
second experimental period at the pulp mill, and the pumping station experimental period, 
nutrient pellets containing 18% N, 10% K, 7.7% P, 7.4% S, 2% Mg, 0.1% Mn, 0.05% Cu, 
0.03% B, 0.003% Zn, and 0.002% Mo were applied. 

  Fan

1 2 3

  Irrigation system with nozzles

The three filter units, filled with different filter materials

 Filterbox

   Time-controlled  valve

Drainage

Figure 1. Schematics of the pilot scale biofilter. 

Inoculum
For the restaurant application a mixed bacterial culture transferred from a full-scale rockwool 
biofilter treating fast-food restaurant exhaust gas was used with a mono culture of Bacillus as 
inoculum (Andersson Chan and Grennberg 2001). A liquid nutrient solution (Table 2) with an 
addition of rape-seed oil at 2 g/l was used for enrichment. For the pulp mill application, a 
mixed bacterial culture from the pulp wastewater treatment plant was used as inoculum 
together with enriched cultures of Hyphomicrobium and Thiobacillus. To yield 
Hyphomicrobia, a natural soil sample was enriched in mineral salts medium “337” (Table 2) 
and incubated for a few weeks in darkness at 20-25ºC according to Matzen and Hirsch (1982). 
Liquid cultivation of Thiobacillus in thiosulfate medium (Table 2) at 20-25°C was carried out 
according to Cho et al. (1991). At the pumping station application, a mixed bacterial culture 
from the wastewater treatment plant was used as inoculum.
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Table 2. Media compositions used for enrichment of inoculum and plate counts

Liquid nutrient solution
(g/l)

Nutrient broth typical 
concentration (g/l)

Medium “337” (g/l) 
(Matzen and Hirsche 1982) 

Thiosulfate medium (g/l) 
(Cho et al. 1991) 

NaOH 8 CH3OH 5 Na2S2O3*5H2O 8.0 
KH2PO4    1.0 

Peptone
from meat 

5
Na2HPO4 2.13 KH2PO4 2.0 

(NH4)2SO4    1.0 KH2PO4    1.36 K2HPO4 2.0 
NaH2PO4*H2O    0.5 

Meat
extract

3
(NH4)2SO4 0.5 NH4Cl 0.4 

NaNO3    0.5   MgSO4*7H2O 0.3 MgCl2*6H2O 0.2 
CaCl2*2H2O 0.026   CaCl2*2H2O 0.00199 FeSO4*7H2O 0.01 
    FeSO4*7H2O 0.0010   
pH   7.5   Na2MoO4*2H2O 0.0005   
    MnSO4*H2O 0.00035   
        
    pH 7.2 pH 7.0 

Agar 15 Agar 18 Agar 15 

Media sampling 
During the experimental periods, grab samples of the filter media with biomass were taken 
from different levels in the filter units. pH and microbial count from the filter media were 
determined by adding samples of 1-2 grams (dry weight) to a dilution bottle containing 50 ml 
of sterile 0.9% NaCl, covered with aluminium foil and then left for 1 hour on a shaking table 
(140 rpm, Lab-Shaker, Adolf-Küner AG Basel, Switzerland). pH was measured with a pH 
electrode. Microbial cell enumeration was performed using an extraction technique and 
plating method (viable count). A series of dilutions (in sterile 0.9% NaCl) were prepared from 
the media samples and a volume of 0.1 ml was spread over the surface of nutrient agar plates 
(granulated agar, no 1.01614, Merck, Germany). Three different types of nutrient solutions 
were used (Table 2): nutrient broth no 1.05443, from Merck Germany, to favour the growth of 
Heterotrophs; medium “337” to favour the growth of Hypomicrobium; and thiosulphate 
medium to favour the growth of Thiobacillus (Table 2). The plates were then incubated for 2-
7 days at room temperature (21ºC +/-2ºC) and the number of colonies was counted. Counts 
between 20 and 300 colonies per plate were considered significant. The results are expressed 
as CFU/gram dry filter medium (CFU: colony-forming unit). Moisture content was verified 
according to the Swedish standard SS 02 81 13, by drying at 105 ºC for 20 hours. The 
temperature of the gas-stream to and from the biofilter was measured manually with a 
mercury thermometer. Orion Tinytalk 1 loggers (Gemini data loggers, INTAB, Sweden), 
placed in the middle of each filter unit, registered the biofilter temperatures twice an hour.

Gas sampling 
For identification of volatile organic compounds (VOC), tenax sorbent tubes were used for 
the sampling and a gas chromatograph (HP 6890) with a mass-selective detector and a Perkin 
Elmer ATD 400 coupled to a mass spectrometer were used for the analysis. Samples of 
aldehydes were taken with low-flow pumps and sorbent sample tubes (Waters Sep Pak 
XPosure*), and identified by a TPS HPLC (high-performance liquid chromatograph) with a 
DAD SM 5000 detector. Dimethyl sulphide (DMS) and dimethyl disulphide (DMDS) were 
analyzed with a gas chromatograph CP-9001 coupled to a flame photometric detector (FPD).  
A screening of volatile organic and reduced sulphur compounds at the pumping station was 
performed with Tedlar bags and analysed with solid-phase microextraction and GC-MS 
(Andersson 2003).
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RESULTS AND DISCUSSION 

Enrichment and inoculation 
Restaurant application 
The initial enrichment of the mixed culture and mono culture of Bacillus was successful, 
resulting in 108 to 1010 CFU/ml. After inoculation, a viable count of heterotrophs in the two 
different filter media, hydrophilic and hydrophobic rockwool, was performed on eight 
occasions during the first experimental period (Figure 2a). After an idle period of two months, 
the rockwool media was inoculated again with the mixed culture for the second experimental 
period, and enumeration of heterotrophs was performed on six occasions (Figure 2b). It was 
obvious when studying the colony morphologies at each plate count that the number of 
different bacterial species decreased with time and that a natural selection of bacteria able to 
survive in the field conditions developed. The inoculated mixed culture dominated over the 
specialist culture of Bacillus, which was depleted after one week of operation. 
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  2a)    2b) 
Figure 2 Microbial heterotrophic enumerations of the hydrophilic and hydrophobic 
rockwool medium used at the restaurant biofilter application during the first (2a) and second 
(2b) experimental period.  

Pulp mill application
The inoculum of a mixed bacterial culture from the pulp wastewater treatment plant was used 
for both experimental periods, with heterotrophic cell numbers ranging from 106 to 108

CFU/ml. For the second experimental period, the enrichment of garden soil in mineral salts 
medium “337” yielded large numbers of Hyphomicrobium (108 CFU/ml), whereas the 
cultivation of Thiobacillus in thiosulfate medium yielded only 105 CFU/ml. During the 
operation, a viable count of heterotrophs was carried out on two occasions during the first 
experimental period (Figure 3a), when hydrophilic and hydrophobic rockwool media were 
used. During the second experimental period, when a hydrophobic rockwool and a 
compost/peat medium were used, a viable count of heterotrophs was conducted on three 
occasions (Figure 3b). As well, a viable count of Hyphomicrobium and Thiobacillus was
carried out during the second experimental period (Figure 4). However, the data for 
Thiobacillus is not presented, since its numbers were always lower than 20 CFU/g dry 
medium. In the pulp mill application, no large differences in microbial numbers between 
hydrophilic and hydrophobic rockwool filter media were detected. After a non-maintenance 
period of 20 days over the Christmas holidays, when the filter was fed with a higher air flow 
and consequently shorter EBRT, a follow up sampling was performed (on day 65 of the 
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second experimental period). During this time, all bacterial numbers decreased, but 
significantly more in the rockwool medium compared to the organic compost/peat medium.  
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   3b)                   3b) 
Figure 3 Heterotrophic enumerations at the pulp and paper biofilter application during the 
first (3a) and second (3b) experimental period. First period: hydrophilic and hydrophobic 
rockwool, and second period: hydrophobic rockwool and a compost/peat medium used. 
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Figure 4 Hyphomicrobium enumerations at the pulp and paper biofilter application during 
the second experimental period. Rockwool and a compost/peat medium used. 
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Pumping station application
The inoculum consisted of a mixed bacterial culture from the pumping wastewater treatment 
plant containing about 106 CFU/ml of heterotrophs. A viable count of heterotrophs, 
Hyphomicrobium, and Thiobacillus was carried out on five occasions during the experimental 
period (Figure 5). However, Hyphomicrobium data are not presented, since its numbers were 
always lower than 20 CFU/g dry medium. Inoculation of the hydrophobic filter medium was 
successful, and significant growth of both heterotrophs and Thiobacillus could be seen.
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   5a)                  5b) 
Figure 5 Microbial enumerations of heterotrophs (5a) and Thiobacillus (5b) in the 
hydrophobic rockwool media at the pumping station biofilter application. 

Operational conditions 
pH and moisture
pH of the media samples were around neutral (Figure 6a) with rather small variations. 
Moisture content in media samples, however, varied greatly (Figure 6b). In the hydrophobic 
rockwool material, values were occasionally very low and even zero. The exception was the 
pulp mill experimental periods, when all samples contained more than 40% moisture as a 
result of oversaturated waste gas streams. No humidification or irrigation of the gas stream 
was needed during these experimental periods. 
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   6a)             6b) 
Figure 6 Results of media sampling; pH (6a) and moisture content (6b) in the different media 
types during the experimental runs, average values with standard deviations

Temperature
The temperature of the waste gas and the surrounding temperatures varied within and between 
each application (Table 1). Both the restaurant and the pulp mill experiments were carried out 
during the winter with very low outdoor temperatures resulting in fairly low values at the inlet 
of the biofilter. The temperature variations inside the biofilter during operation (second filter 
unit) are presented in Figure 7 as daily average values with standard deviations. The 
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temperature for the restaurant application ranged from 10 to 20°C depending on the activity of 
the fryer (Figure 7a). Temperatures were significantly higher with large oscillations at the 
pulp mill application (Figure 7b). At the pumping station application, filter temperatures were 
steady at 10°C (Figure 7b). 
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    7a)                 7b)  
Figure 7 Temperature variations inside the second filter unit of the pilot scale biofilter during 
the experimental periods, daily average values with standard deviations. 

Evaluation of biofilter performance 
To establish the contents of the waste gas in different applications, an initial gas sampling 
showed that the composition and concentrations varied considerably, and that individual 
components were found in very low concentrations, with the exception of DMS at the pulp 
mill application.  

For the restaurant application, the emissions were difficult to define due to the changing 
composition and structure of the rape-seed oil when exposed to heat, light, oxygen, and 
whatever food was frying. Overall, at the inlet and outlet of the biofilter, very low 
concentrations of VOCs were detected (<2 mg TVOC/m3). Aldehydes were the dominating 
compounds (Andersson 2000). Samples taken before and after the biofilter at the end of the 
experimental periods indicated that several compounds were reduced by 10-35% (i.e. 
hexanal), but that the majority of aldehydes passed the filter untreated (Andersson 2000).  

At the pulp mill application, DMDS and DMS were the target compounds for treatment. 
Emissions varied depending on the pulp (i.e. lignin content of the wood), levels in the liquor 
tanks, and temperature of the wash fluid. DMDS values at the inlet of the biofilter were rather 
low and stable, ranging from 2.2 to 4 mg/m3, whereas DMS concentrations were high and 
very variable, ranging from 335 to 945 mg/m3.  No significant reduction of either DMDS or 
DMS was achieved during operation. 

At the pumping station application, an initial screening of the waste gas showed all VOCs to 
be under the detection limit, and only DMS, H2S, and methan ethiol (CH3SH) were present at 
levels above odour threshold values (concentrations from 14 to 113 mg/m3).  Due to these low 
values, an evaluation proved difficult and concentrations of individual compounds were 
always below the detection limit before and after the biofilter. 
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DISCUSSION

Initial enrichment of the mixed cultures and the cultures of Bacillus, Hyphomicrobium, and 
Thiobacillus were successful, resulting in 106 to 1010 CFU/ml. Subsequent inoculation of the 
rockwool filter media showed that heterotrophic, methylotrophic (Hyphomicrobium), and 
autotrophic (Thiobacillus) bacteria were able to establish and grow during the experimental 
periods. At the restaurant application, the hydrophilic rockwool medium seemed to be a more 
suitable habitat for heterotrophs, with significantly higher cell numbers (105-109 CFU/g 
compared to 103-105 CFU/g) (Figure 2). This was not the case at the pulp mill where 
heterotrophic bacteria in both rockwool media were numerous (>108 CFU/g dry medium), 
probably due to the higher moisture content (>40%) in the filter material throughout the study 
(Figure 3). Therefore, it was puzzling that despite the very low moisture content during the 
pumping station application, bacterial numbers were as high as 107- 108 CFU/g dry medium 
(Figure 5a). To investigate any kind of correlation between bacterial numbers and moisture 
content in the different rockwool media, all data were plotted in Figure 8. A slight correlation 
was found for the hydrophilic media (Figure 8a), but not for the hydrophobic media (Figure 
8b).
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    8a)               8b) 
Figure 8 Moisture content vs microbial counts of heterotrophs in the hydrophilic (9a) and 
hydrophobic (9b) rockwool media from the three applications.

In general, moisture content in the media samples was very variable. The optimal moisture 
content for organic media usually ranges from 40 to 60% by weight (Ottengraf 1986), though 
little information regarding optimum content for synthetic media is available. It seems like the 
bacterial populations of rockwool were tolerant to varying and sometimes very dry conditions, 
though this might have had an adverse effect on the biological activity and could be an 
explanation for the poor treatment results. If the media is too dry, there is a risk that the 
microbes become dormant and the contaminants flow through without adequate treatment 
(Bohn and Bohn 1999). Media pH was in the acceptable range for bacterial growth (6-8.5) 
and there was no sign of acidification, probably due to the low contaminant concentrations. 

In the restaurant application, the monoculture of Bacillus was quickly out-competed by the 
mixed inoculum, showing that enriched pure cultures from a laboratory environment may 
have difficulties surviving in field conditions. In the pulp mill application, large numbers of 
Hyphomicrobium were found during operation (105-108 CFU/g dry media), but Thiobacillus
did not seem to establish in the filter. In the pumping station application the opposite was 
found, i.e. no Hyphomicrobium, but high (107-108 CFU/g dry media) numbers of 
Thiobacillus. This is possibly due to the large difference of contaminant levels, where high 
DMS concentrations at the pulp mill may possibly have favoured Hyphomicrobium, as the 
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low-level concentrations of compounds (i.e. H2S and DMS) found at the pumping station 
might have been more suitable for Thiobacillus.  As well, the general inoculum used in the 
pumping station, from a wastewater treatment plant, probably contained plenty of 
Thiobacillus.

The large temperature oscillations at the different applications may have negatively affected 
microbial activity. Sudden and extreme temperature changes can be detrimental to 
biodegradation. The bacteria found in these studies were assumed to be mesophiles; hence, 
the temperatures at the restaurant and pumping station were probably somewhat low (8-
20°C). The temperatures were significantly higher with large variations (0-45°C) at the pulp 
mill application. Considerable cooling of the gas occurred on its way to the biofilter during 
operation, even though the pipes were heat insulated. As well, the walls of this pilot-scale 
biofilter are proportionally large in relation to the total area of the filter, thus contributing to 
the cooling effect, especially when the filter was placed outdoors and exposed to weather and 
wind. A higher airflow rate was applied during the 20 day non-maintenance period in 
December, resulting in higher temperatures inside the biofilter (20-60°C). This indicates that 
thermotolerant bacteria might be required for successful treatment. During the non-
maintenance period, all bacterial numbers decreased, possibly as a result of the increase of 
temperature, nutrient limitation, or mass transfer limitation due to higher air flows and shorter 
residence times. 

Evaluation of the biofilter performance proved difficult due to complex mixtures and low 
levels of individual contaminants. No significant reduction of organic or sulphur compounds 
was achieved. Operational problems that contributed to the poor removal of contaminants 
included transient conditions with fluctuating temperatures, pollutant concentrations, and 
flows, which in turn led to very short residence times (down to a few seconds).  Combined 
with low solubility of some contaminants, the mass transfer limitation may also explain the 
low effectiveness of the biofilter. The concentrations of individual components were low, 
possibly resulting in slow degradation kinetics (Swanson and Loehr 1997). As well, at low 
loadings and discontinuous operation in the field, achieving a stable and sufficient density of 
biomass may be a problem (Ergas et al. 1995; Webster et al. 1999). The exception in this 
study was at the pulp mill, where sudden spikes of high concentration DMS might have been 
toxic to the microbial population.   

An earlier study by Andersson and Grennberg (2001) presented successful enrichment of 
various bacteria and showed that new rockwool did not inhibit bacterial growth. This study 
confirms that enrichment and inoculation of bacteria is feasible, but that the success varies 
greatly both depending on the application and the rockwool used.
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CONCLUSIONS
An initial screening of the odour components at the different applications showed the waste 
gases to contain complex mixtures of organic and sulphur compounds, such as aldehydes, 
H2S, DMS and DMDS. A literature review suggested heterotrophic, methylotrophic, and 
autotrophic bacteria to be suitable for the degradation of these compounds. Enrichment of the 
inoculum, both mixed and more specialized cultures, and the subsequent inoculation of the 
rockwool filter media yielded heterotrophic, methylotrophic (Hyphomicrobium), and 
autotrophic (Thiobacillus) bacteria ranging from 103-109 CFU/g dry medium. pH in media 
samples during operation were in the acceptable range for bacterial growth (6-8.5). However, 
other operational conditions, such as temperature and moisture content, may have negatively 
affected the microbial population, since they were very variable and sometimes extreme. 
Evaluation of biofilter performance proved difficult due to complex mixtures and low 
concentrations of individual components, and no significant reduction of pollutants was 
accomplished in the biofilter. Both biological and mass transfer limitations may be the reason 
for the poor treatment results. Removal of low-level odours and VOCs in the field remains a 
challenge, and further research and development are needed to obtain a stable treatment 
process for different applications, especially when using a synthetic filter medium. 
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ABSTRACT
Emissions from food manufacturing tend to contain a mixture of partially oxygenated 
hydrocarbons whose composition and concentration vary with time. Little research has been 
carried out on the capacity of biofilters to deal with such effluents. The objective of this study 
was to investigate the feasibility of a compact rockwool biofilter for a fast-food restaurant to 
remove grease aerosols, VOCs, and odorous components. This article presents experiences 
from a full-scale biofilter as well as tests run in a pilot scale multi-stage biofilter. 

The full-scale biofilter was in operation for approximately one year. The restaurant staff were 
generally happy with the filter performance; they perceived that the fatty odours were reduced 
notably and that the grease aerosols were effectively removed. However, sampling of the filter 
media revealed that the moisture content and the bacterial numbers were very low. Problems 
encountered in the full-scale application initiated further pilot-scale studies. Synthetic 
rockwool fibre mats used as filter material seemed to be an appropriate habitat for micro-
organisms as the inoculated mixed culture was found in relatively high numbers. A 
mechanical collector for grease aerosols, installed upstream of the biofilter, proved to be 
efficient. Moisture content in the filter material varied because of high velocities of air 
through the filter, which involved drying of the material. After three weeks of operation, 
samples of aldehydes were taken in the inlet and outlet of the biofilter. No reduction could be 
established, possibly due to the short residence times. Future work will demand investigations 
into the design of the filter, the composition of the off-gases, the activities of the bacteria in 
the filter, and a search for the best method for evaluating the biofilter performance. It can be 
concluded that the off-gas from a restaurant is a very complex mixture due to the constantly 
changing structure of the oil.
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INTRODUCTION
The food industry is often the target of public complaints due to the odorous gas emissions, 
especially when situated in densely populated areas, and could lead to expensive litigation or 
in the worst case eviction. Waste gases that contain volatile organic compounds (VOCs) are 
facing increasingly stringent environmental regulations all over the world, rising the need for 
efficient treatment methods. Besides being odorous, VOCs are responsible for the production 
of pollutants known as photochemical oxidants, principally ozone. These compounds could be 
toxic to humans, damage crops, and are implicated in the formation of acid rain 1.

During the last decades, biofiltration for air pollution control has been established as a 
reliable, cost-effective technology for controlling low-concentration biodegradable waste 
gases. Biofiltration is not presently a well recognized waste air treatment technique in Sweden 
but could be applied in a wide range of industries and public sectors including the food 
industry 2,3. To treat the off-gases from a restaurant, other abatement techniques like 
incineration often prove economically impossible. Adsorption on activated carbon or aqueous 
absorption could be problematic because of the high moisture content of the gas and the low 
solubility of some of the compounds. Emissions from food and drink manufacturing tend to 
contain a mixture of partially oxygenated hydrocarbons (i.e. carboxylic acids, aldehydes, 
ketones, alcohols, and esters) whose composition and concentration vary with time. This 
poses a special challenge for a biofilter, as it has to work with intermittent loads and deal with 
changes in the concentration of individual contaminants. Little research has been carried out 
on the capacity of biofilters to deal with such effluents.  

The idea behind a biofilter is to let micro-organisms degrade pollutants from the air and use 
these substances as their primary carbon and energy source. The key to a successful biofilter 
operation is to create a healthy ecosystem in the filter, by controlling parameters like moisture 
content, pH, temperature, access to oxygen, and nutrients. The choice of filter material is 
fundamental and in recent years various synthetic packing materials have been developed to 
retard the ageing effects and maintain the bed porosity. Since synthetic materials do not 
contain micro-organisms or nutrients, these must be added. Rockwool seems to be a suitable 
biofilter medium since it is cheap, develops low pressure drops, has good mechanical 
properties, and offers a seemly habitat for micro-organisms 4,5. It also possesses the advantage 
of having either hydrophilic or hydrophobic properties, which means good water holding 
capacity and the ability to sorb hydrophobic compounds. This could be useful in the food 
industry since the emissions could contain large amounts of grease aerosols. For the 
restaurant, this often causes problems such as complaints from neighbours, bad working 
environment in the kitchen (i.e. slippery floors and bad smell), clogging of pipes and 
ventilation units etc. Considerable energy savings could be made through heat exchange of 
the air if the grease aerosols were removed from the air. Large depositions of grease could 
also cause problems in a biofilter with the creation of anaerobic zones and difficulties in 
maintaining the medium moisture content.  

Objective and scope 
The objective of this study was to investigate the feasibility of a compact rockwool biofilter 
for a fast-food restaurant to remove grease aerosols, VOCs, and odorous components. The 
article presents experiences from a full-scale biofilter as well as tests run in a pilot scale 
multi-stage biofilter. 
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EXPERIMENTAL METHODS 
Experimental set-up 
Full-scale filter 
A Swedish hamburger restaurant installed a full-scale biofilter in 1996, for which operational 
parameters and a schematic overview are provided in Table 1 and Figure 1. Peat was 
originally used as filter material, but high grease levels in the air and a degradation of the 
filter medium caused particles in the outlet to block the subsequent heat exchanger. Also, high 
pressure-drops rapidly developed. In 1997, the filter medium was replaced with an inert, loose 
fibre material (rockwool) with a large surface area. The filter, which ran for approximately 
one year, was inoculated with a specialist culture of Bacillus.

 Table 1. Operational parameters for full- and pilot-scale biofilters 
 Full-scale biofilter Pilot-scale biofilter 
Flow (m3/h) 3500-1800 400 
Filter area (m2) 3.2 0.36 
Media depth (m) 0.40 3*0.3 

Figure 1. Schematic description of the full-scale (left) and pilot-scale (right) biofilter  
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The pilot-scale biofilter
The experiences from the full-scale biofilter initiated further studies on a pilot-scale filter at 
the University of Luleå, Sweden, for which the operational parameters are described in Table 
1. The main design criterion for the pilot filter was a compact, multi-level biofilter, easy to 
place and handle in a restaurant environment. Therefore, the construction was changed from 
the full-scale vertical filter with circular area and down flow mode to a horizontal filter with a 
square area, composed of three filter units operated in a side flow mode, see Figure 1. The 
experiences from the full-scale filter also led to some changes in design of the irrigation 
system and in the choice of filter material. A timer-based irrigation system with spray nozzles 
in the inlet (to saturate the off-gases) and at the top of the biofilter (for direct irrigation) was 
introduced. Drainage collected at the bottom of the filter was measured and controlled and, in 
combination with weighing the filter units regularly, the irrigation was adjusted. Fibre mats 
with pre-set structure and lower densities replaced the loose rockwool used in the full-scale 
filter to improve flow distribution, facilitate handling, and reduce pressure drops. Rockwool 
mats with hydrophobic properties were used in thin layers in between thicker hydrophilic 
mats to improve the distribution of water and hydrophobic compounds in the filter. A 
mechanical collector for grease aerosols was installed upstream of the biofilter, right above 
the fryer. The experimental period lasted for 28 days, from November 23 to December 22, 
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1999. The fryer was operated 7-8 h/day, 5 days/week when potatoes were fried in vegetable 
oil (rape-seed) heated to 180 C.  The designed flow in the pilot-scale filter (400 m3/h) was not 
quite enough to remove all the emissions from the fryer, so the surrounding air in the room 
also had a fatty smell. Therefore, the fan and the irrigation were constantly left on, except for 
one occasion (on day 27). The fibre mats were inoculated with both a mixed culture selected 
from a wastewater treatment plant, previously enriched with rape-seed oil as the only carbon 
source, and a specialist culture of Bacillus previously used in the full-scale application. A 
massive sampling programme was performed during the four weeks of test runs.

Sampling and analyses 
Flows and pressure drops 
Air velocities in the channel before and after the biofilter were determined using a SwemaAir 
30 (SWEMA, Farsta, Sweden), and the flow was calculated from the average velocity. 
Pressure drops over the biofilter were measured with a SwemaMan 2000 (SWEMA, Farsta, 
Sweden).

Temperature  
The temperature of the gas-stream to and from the biofilter was measured manually with a 
mercury thermometer. In the pilot-scale, temperatures were registered twice an hour with 
Orion Tinytalk 1 loggers (Gemini data loggers, INTAB, Sweden), placed in the surrounding 
room, in the lid of the biofilter construction, and in the middle of each filter unit.  

Nutrient solution added to the biofilter 
At the start of the pilot-scale biofilter, a nutrient solution (see below) was spread, together 
with the bacteria, over the filter material to attain around 40% moisture content. 500 ml of 
nutrient solution (no bacteria) was also added one time during the operation of the filter (on 
day 23).
Nutrient solution
0.25 g (NH4)2SO4, 0.25 g NaNO3, 0.013 g CaCl2  * 2 H2O, 0.21 g MgSO4 * 7 H2O, 0.5 g 
KH2PO4, 0.5 g NaH2PO4 * H2O, 500 ml H2O and 20 ml 0.2 M NaOH.

Medium sampling
Sampling of the filter media was performed after 10 months from the full-scale biofilter and 
regularly from the pilot-scale filter (eight occasions during the experimental period). Filter 
media from the pilot-filter were taken from nine different sampling points, see Figure 2. 
Moisture content and ignition residue was determined according to the Swedish standard SS
02 81 13. Microbial cell enumeration was performed using an extraction technique and 
plating method (viable count). Approximately 1-2 grams, dry weight, of filter media were 
added to a dilution bottle containing 50 ml of sterile 0.9% NaCl, and then left for one hour on 
a shaking table (140 rpm, Lab-Shaker, Adolf-Küner AG Basel, Switzerland). A series of 
dilutions (in sterile 0.9% NaCl) were prepared from this and a volume of 0.1 ml sample was 
spread over the surface of a nutrient agar plate. The plate was then incubated for 2 days at 
room temperature (21ºC +/-2ºC) and the number of colonies were counted. Counts between 
20 and 300 colonies per plate were considered significant. The results are expressed as 
CFU/gram dry filter media (CFU: colony-forming units). 
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Figure 2. Sampling points in the filter units (pilot-scale biofilter). 11 top and front of the first filter unit 
(hydrophobic media), 12 in the middle (hydrophilic media), and 13 in the back and lower part 
(hydrophilic media). 21, 22, 23 and 31, 32, 33 were all hydrophilic media 
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33                

pH
pH of the collected drainage, as well as in the dilution bottles with media and NaCl (from 
viable count) were measured using a pH electrode dipped into the bottles, rinsing with 70% 
ethanol between measurements to avoid contamination.  

Gas sampling 
Measurements with a photoionization detector (PID) in the off-gases of the pilot-scale filter 
failed due to the low concentrations (below the detection of the instrument). Air samples were 
taken with low-flow pumps and sorbent sample tubes, in the channel before and after the 
biofilter.  

Fatty acids 
Charcoal and XAD-2 tubes were used for the determination of fatty acids, stored at –18 C
until analysis. They were derived into alkyl esters 6 and analysed using a gas chromatograph 
(HP 5890) coupled to a flame ionization detector (FID). A standard solution composed of 
eleven alkyl esters was used (Mixture FO 7, 90-1107, LOT NO: 6071:2, Larodan Fine 
Chemicals). 

TVOC
For identification of VOCs, tenax sorbent tubes were used and analysed using a gas 
chromatograph (HP 6890) with a mass-selective detector and a Perkin Elmer ATD 400, 
coupled to a mass spectrometer. 

Aldehydes
For identification of aldehydes, Waters Sep Pak XPosure* was used and analysed with a TPS 
HPLC (high-performance liquid chromatograph) with a DAD SM 5000 detector. The 
aldehyde analyses have been performed with a standard solution consisting of: formaldehyde, 
acetaldehyde, acetone, acroleine, propanale, crotonaldehyde, butanale, bensaldehyde, 
pentanale, hexanale, heptanale, octanale, nonanale and decanale. 
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RESULTS AND DISCUSSION 
Experiences from the full-scale biofilter  
The gas temperature at the inlet and outlet of the biofilter was 31 C ( 1 C). The initial flow 
through the rockwool filter was 3500 m3/h, thus creating an average surface loading of about 
1000 m3/m2*h and an average empty bed residence time (EBCT) of about 11 seconds. The 
initial pressure drop was approximately 1400 Pa (3500 Pa/m). After 10 months of operation 
the flow had decreased to 1800 m3/h, and the pressure drop was 2200 Pa (5500 Pa/m). These 
values may be compared to values obtained when peat was used as filter material: then, the 
flow was down to 575 m3/h and the pressure drop was 2900 Pa (7250 Pa/m) after 10 months 
of operation. The staff perceived that the filter effectively removed fat, which made heat 
exchanging of the air possible, and led to energy savings. Reductions of the odourous fatty 
smells were also observed and the restaurant was generally happy with the filter performance. 
However, with time, the decrease in flow caused problems in the kitchen since odorous and 
fatty emissions remained there. This led to a more detailed examination of the rockwool filter 
media after 10 months.  

The conditions in the filter seemed to be very heterogeneous; a thick layer of grease on top of 
the filter material obstructed irrigation directly and also indirectly by disturbing the function 
of the load cells in the bottom of the filter. These were programmed to start the rotating 
irrigation arm at a certain weight loss (due to evaporation and drying), but this rarely occurred 
since grease accumulated in the filter, thus increasing the total weight. Sampling of the filter 
media at different levels showed that the moisture content was very low (less than 5%), 
except in one sample (70%), and that the grease accumulated exceeded 50% (calculated from 
the ignition residue) in some samples. pH in the filter media was around 4, and viable count 
on agar plates showed less than 1*102 bacteria in the first two samples and 1*107 bacteria in 
the third sample (the one with higher moisture content). No bacteria from the Bacillus culture 
originally inoculated in the filter were found. Results of parallel samplings of fatty acids in 
the air before and after the biofilter on two occasions showed a large spread both in 
composition (number of different acids found) and total content, see Table 2. The total fatty 
acid content was significantly higher at the first sampling occasion when the rape-seed oil in 
the fryers was older, compared to the second one when the oil had just been changed. No 
significant reduction of fatty acids over the biofilter could be shown. 

Table 2. Concentrations of fatty acids found in the gas-stream before and after the full-scale biofilter, 
average values with standard deviations. First sampling was performed after seven months of 
operation, the second after ten months 
Sampling occasion Before filter  

(mg fatty acids/m3)
After filter  
(mg fatty acids/m3)

1: Old rape-seed oil 19.1  13.0 12.0  5.5 
2: New rape-seed oil 3.7  1.6 3.1  1.0 



Proceedings of the Air and Waste Management Association’s 93rd Annual Meeting and Exhibition, 
Salt Lake City, Utah, USA, June 18-22, 2000 

Experiences from the pilot-scale biofilter 
Flows, pressure drops and temperatures 
The problems encountered in the full-scale biofilter initiated further studies on a pilot-scale 
filter. The flow before and after the biofilter was measured twice a day during operation, and 
the pressure drop over the filter units several times per day. As can be seen from Table 3, the 
flow was significantly higher in the channel after the filter, indicating some leakage into the 
filter construction. The flow seemed to decrease slightly over time, possibly due to an 
increasing pressure drop. The average flow through the filter was approximately 390 m3/h,
thus creating an average surface loading of about 1000 m3/m2*h and an average EBCT of 
about three seconds. The overall pressure drop was relatively stable over the entire period, 
approximately 1700 Pa/m, which shows that rockwool fibre mats developed lower pressure 
drops than the loose rockwool used in the full-scale filter.

Table 3. Average flows before and after the pilot-scale biofilter and pressure drops over the filter 
units; average values with standard deviations 
Parameter  

Flow in channel before filter 341  52 m3/h
Flow in channel after filter 434  64 m3/h
Pressure drop over unit 1 535  98 Pa 
Pressure drop over unit 2 619  83 Pa 
Pressure drop over unit 3 561  154 Pa 

The room temperature, where the pilot-filter was situated, varied between 14 C and 23 C
(day and night variations), with an average value of 18 C.  The temperature of the air passing 
through the biofilter (logger placed in the lid of the filter construction) fluctuated between 4 
and 28 C, with an average value of 15 C.  This difference was due to the activity of the fryer 
and also because of a draft of cold air from the outlet. The temperature in the middle of the 
filter units varied between 1.5 C and 35 C, and most of the variations could be related to the 
frequency of the irrigation and the activity of the fryer. In general, the temperature peak was 
noted in the afternoon after 5-6 hours of operation, with the lowest temperatures being 
detected early in the morning (around 05:00) and during the week-ends.

The fan and irrigation was turned off for 24 hours on one occasion (day 27), and temperatures 
below 0 C were detected in the middle of filter units 2 and 3. Also, on two occasions (day 22 
and 25), parts of the filter media in the lower part of filter unit 3 froze when the outdoor 
temperature was below -25 C. However, no decrease in bacterial numbers could be detected 
because of this. Nevertheless, this shows that considerations must be taken to the placement 
of the filter in a full-scale application in cold climates. Bed temperatures between 10 and 
40 C are acceptable for the mesophilic micro-organisms most frequently present in a biofilter, 
but one should strive to keep the off-gas temperature close to their optimum range for 
biological activity (30-35 C) 7, 2.

Sampling of the filter media
Sampling of filter media was performed on eight occasions; results are presented in Table 4, 
where viable count of the inoculum and the drainage water are also presented for comparison. 
Measurements of the pH were performed on all these occasions (in drainage as well as in 
media samples mixed in NaCl) and the pH was found to be relatively stable around 7 ( 1) on 
all occasions. This is advantageous since most micro-organisms capable of degrading VOCs 
show optimum growth at pH values between 6.5 and 7.5 7.
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Table 4. Filter media sampling in filter unit 1, 2, and 3 (on days 2, 3, 7, 14, 17, 22, 25, and 28). 
Average values of moisture content, ignition residue, and viable count are presented with standard 
deviations. Sample point 11 consisted of hydrophobic media, while sample point 12 to 33 consisted of 
hydrophilic rockwool media
Sampling point Moisture content (%) Ignition  residue (%) Viable count 

(CFU/gram dry media) 
11 17  16 4.8  3.8 3.5 E+4  4.4 E+4 
12 11  16 1.0  0.3 9.2 E+5  2.3 E+6 
13 68  17 0.5  0.3 2.7 E+9  6.6 E+9 
21 40  16 0.8  0.3 1.3 E+5  1.6 E+5 
22 7  9 0.9  0.1 2.4 E+5  3.5 E+5 
23 76  9 0.3  0.2 1.3 E+9  3.1 E+9 
31 44  12 1.0  0.9 2.7 E+5  3.3 E+5 
32 28  21 0.6  0.2 1.8 E+7  4.7 E+7 
33 78  8 0.2  0.1 3.0 E+8  4.7 E+8 
Drainage   9.4 E+5 CFU / ml  7.8 E+5 
Inoculum   1.1 E+9  CFU / ml  7.8 E+8 

The average moisture content over the period was 40%. However, the variations within the 
filter were large (from 0.1 to 85%), as shown in Figure 3. This could be due to the high 
velocities of air passing through the filter; if the air is not humidified to 100% when it enters 
the filter, it will dry out the material. The best way to solve this would be to install a separate 
humidification chamber before the biofilter reactor, and to increase the biofilter area to lower 
the velocities through the filter. In fact, it was filter unit 3 that seemed to have the most stable 
conditions throughout the experimental period most likely because of considerably lower air 
velocities passing through. A relatively large number of bacteria were found in all the 
samples, well comparable to numbers previously found in biofilters 8, 9.

The highest number of bacteria was found in the front and lower end of filter unit one, but 
numbers of the same order of magnitude were found in the lower ends of units 2 and 3. This 
indicates that the substrates from the gas were well distributed over the whole filter and not 
mainly accessible for the micro-organisms in the first filter unit. By studying the morphology 
of the colonies, changes in bacterial populations could be discovered. After less than a week, 
the specialist culture of Bacillus was significantly depleted, such that they were undetectable 
on agar plates. The mixed culture enriched with rape-seed oil (originally from a waste-water 
treatment plant) were the dominating culture over the entire biofilter.  

Since the sampling provided a large number of data, efforts were made to find a correlation 
between moisture content and number of bacteria (Figure 3). However, no significant 
correlation (r2=29%) could be established, probably because of the constantly changing 
conditions in the filter. A sample taken at one time may have had a higher moisture content 
the day before and since the bacteria has a certain tolerance to altering conditions, the effect 
will be shown at a later point.  Such a reaction delay is evident by looking at the high numbers 
of bacteria found at 0 to 5% moisture content – very few bacteria could survive in such an 
environment for longer periods, but for shorter periods it may be acceptable.  
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Figure 3. Number of bacteria and corresponding moisture content in filter media samples  

Ignition residues could be used to evaluate the content of organic matter accumulated in the 
filter material. The rockwool initially contains about 1% of binder, which also is organic and 
partly degradable. The average ignition residue for the whole biofilter, obtained over the 
entire experimental period was 2%, considerably lower than values found in the full-scale 
filter media where values up to 50% were found. 

Evaluation of the mechanical collector for grease aerosols 
Two mechanical collectors for the removal of grease aerosols were placed directly above the 
fryer, one traditional kitchen filter in steel (about 5 cm in thickness) and one textile fibre 
filter. These filters were weighed at the beginning and the end of each day of operation 
(precision: 0.01 gram). The experimental period was divided in four, with regards to the age 
of the oil used in the fryer. During the first (day 1-6) and third (day 18-27) periods, new rape-
seed oil was used, while older rape seed oil was used during the second (day 7-17) and fourth 
(day 28) periods. Since period four only consisted of one day of operation no standard 
deviation could be established. Significant differences in collected amounts were noticed, as 
can be seen in Figure 4. A similar result was obtained if the collected amount was related to 
the load (amount of potatoes fried) instead of time (not shown). The two mechanical 
collectors seemed to be efficient and only small deposits could be detected in the channels to 
the biofilter, measured on pieces of tape. After 28 days these pieces had collected a thin layer 
of grease, corresponding to a weight increase in the order of 0.01 gram (2%).   

Figure 4. Accumulated amounts of grease aerosols on mechanical collectors: average day values with 
standard deviations 
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The number of bacteria also seemed to fluctuate in accordance to these four periods, in 
particular filter unit number one, see Figure 5. This may suggest that the amount of organic 
off-gas constituents was higher when the rape-seed oil used in the fryer was older. The 
decrease in numbers during the first period could probably be explained with a certain 
adaptation period needed for the bacteria. Such an acclimation could range from minutes to 
days and even weeks, depending on the microbial culture and the substrate to be degraded 3, 10

where longer times may be necessary to complete acclimation in biofilters treating complex 
mixtures 2.

Figure 5. Number of bacteria in the biofilter during the four experimental periods (period 1 and 3: 
new oil, period 2 and 4: old oil). The values presented are average values for each filter unit 
(calculated from the three sampling points) on eight sampling occasions (days 2, 3, 7, 14, 17, 22, 25, 
and 28) 

Air sampling of TVOCs and aldehydes 
At the start of the experimental period, parallel air samples of TVOCs and aldehydes of the 
fryer emissions were taken. The TVOC measurement was used as a general screening to 
identify the major compounds and their concentrations. Sampling was performed when frying 
both with old and new rape-seed oil. Results clearly showed that aldehydes were the 
dominating compounds, as can be seen in Figure 6a. Similar results have earlier been found 
by Andersson et al. 11(oxidation of rape-seed oil) and Moortag et al. (deep-frying chicken) 12.
The identification of each aldehyde proved to be difficult, since the concentrations were low 
and the number of different compounds were vast. Therefore, only hexanale and nonanale 
could be identified with certainty. The amount of ketones was low, which is good since these 
compounds could interfere with the aldehyde analyses. Since the aldehydes dominated the 
TVOC analyses, it was decided that further sampling for evaluation of the biofilter was 
performed by aldehyde analyses. 
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Figure 6. VOC sampling of the emission gas from the fryer. Two samplings were performed: gas 
emitted when new and old rape-seed oil was used. Identified dominating compounds shown to the left 
(6a) and TVOCs to the right (6b) 

Figure 6b also indicates that when frying with new rape-seed oil, as compared to frying in old 
rape-seed oil, more VOCs were emitted the air. However, the analysis of the parallel aldehyde 
sampling gave a somewhat different result, which can be seen in Figure 7. The total amount 
of aldehydes were actually higher in the emissions from frying with old rape-seed oil, 
although the difference was less pronounced than the TVOC results. One should bear in mind 
that these two analyses were performed with different methods and different standards, and 
comparisons should be made with caution. A difference in result was also found depending on 
the molecular size of the aldehydes. Aldehydes with less than seven carbon-atoms were 
slightly more numerous in the emissions from new oil, whereas the aldehydes with seven 
carbon-atoms or more were found in lower quantities. It is likely that the most volatile 
compounds are emitted as soon as new rape-seed oil is heated, but that the more complex 
compounds take longer before they volatilise and may be dominating as the oil gets older. The 
composition and structure of the oil is constantly changing when exposed to heat, light, 
oxygen, and potatoes, which makes a clear definition of the gas stream virtually impossible. 

Figure 7. Aldehyde sampling of the emission gas from the fryer. Two samplings were performed: gas 
emitted when old and new rape-seed oil was used in the fryer 
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To evaluate the performance of the biofilter, three samplings of aldehydes were performed 
before and after the biofilter after about three weeks of operation. All measurements were 
performed with new rape-seed oil in the fryer (third period) on days 22, 23, and 25. The 
results are presented in Figure 8, where it can be seen that the total aldehyde concentration 
was slightly higher after the biofilter, although the values are of the same order of magnitude. 
The aldehydes with less than seven carbon-atoms were slightly reduced on two occasions, 
whereas the aldehydes with seven carbon-atoms or more increased in concentration at all 
occasions (not shown). 

Figure 8. Aldehyde sampling of the emission gas before and after biofilter, on day 22, 23, 25 

These results indicate that aldehydes were not reduced in the biofilter, but rather released. 
This may suggest that the heterogeneous bacteria oxidised carbon components such as alkanes 
or alcohols into aldehydes in the filter. However, many factors could have influenced the 
result, which makes it difficult to interpret. The leakage into the filter construction could have 
affected the results due to the high concentrations of aldehydes in surrounding air (because of 
the diffusion from the fryer). The bacteria found in the filter with the viable count method 
may not have been very active or did not have time to degrade the aldehydes, simply because 
the residence time was too short. It is also possible that three weeks was too short for the 
proper bacterial culture to establish and become active. All the same, the results are surprising 
and demand further investigations in the design of the filter, the composition of the off-gases, 
the activities of the bacteria in the filter and the best method for evaluating the biofilter 
performance.   

CONCLUSIONS
A full-scale biofilter installed at a fast-food hamburger restaurant was in operation for 
approximately one year. Overall, the staff was happy with the filter performance; they 
perceived that the fatty odours were reduced notably and that the grease aerosols were 
effectively removed. However, sampling of fatty acids in the air before and after the biofilter 
was performed on two occasions, but no significant reduction could be established. Sampling 
of the filter media after 10 months revealed that the moisture content and the bacterial 
numbers were very low. Questions arose if the filter was really working as a biofilter or 
mainly as a mechanical collector for fat and grease aerosols and some volatile odorous 
components. The high deposition of these hydrophobic compounds in the filter bed lowered 
the pH and hindered the transfer of water, substrate, and oxygen. It also interfered with the 
irrigation system by inhibiting the load cells to function properly.  
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High pressure drops also developed over the loose rockwool filter material, thus lowering the 
outflow from the kitchen and restaurant.

Further studies were performed on a pilot-scale biofilter, treating off-gases from a fryer. Fibre 
mats with pre-set structure replaced the loose rockwool and the pressure drop was reduced. 
The material seemed to be an appropriate habitat for micro-organisms. The inoculated mixed 
culture, previously enriched with rape-seed oil, was found in relatively high numbers (105-
1010/gram dry media) and dominated over the specialist culture of Bacillus that was 
significantly depleted after one week of operation. The mechanical collector for grease 
aerosols, composed of one metal filter and one fibre filter installed upstream of the biofilter, 
proved to be efficient. Very small depositions in the channel and in the filter media could be 
detected and the pH in the biofilter was stable around 7. Moisture content in the filter material 
ranged from 0,1 to 85%, with an average of 40%. The timer-based control system for 
irrigation worked satisfactory, but a separate humidification chamber before the biofilter 
would be a way of improving the moisture control. The high velocities through the filter 
imply a risk for fast drying out of the material and provide short residence times. No reduction 
of aldehydes occurred in the biofilter, probably due to the short residence time or that the 
proper bacterial culture did not have time to establish in the filter. Interference in the form of 
leakage or high concentrations of aldehydes in surrounding air could also have influenced the 
result.

It can be concluded that the off-gas from the fryer is a very complex mixture due to the 
constantly changing structure of the oil. Significant differences in composition were found 
between new and old rape-seed oil. This makes an evaluation of the biofilter difficult and 
demands further investigations for the proper design of this type of biofilter. 

Future work 
Further studies in the pilot-scale filter will be performed, with a lower flow in order to 
decrease the face velocities and increase the residence time. Improvement of the moisture 
control is needed, as well as further investigations of the emissions composition and the best 
evaluation method for the biofilter. 

ACKNOWLEDGEMENTS
The author would like to express sincere gratitude to SEAB (Skandinavisk Ecotech AB, 
Sweden) for initiating the research and providing the biofilters used in this study. I wish to 
thank Peter Berg and Lisbeth Wiklund at Dept. of Occupational and Environmental Medicine, 
Örebro, Sweden for the VOC and aldehyde analyses performed as well as for valuable help in 
interpreting the results. I would also like to thank Ulla-Britt Uvemo, Dept. of Environment 
Technology, Luleå University of Technology who analysed the fatty acids. Also thanks to my 
supervisor Jörgen Hanaeus, professor at the Division of Sanitary Engineering, Luleå 
University of Technology, Kerstin Grennberg, Division of Waste Management and Recycling, 
Luleå Univeristy of Technology, and Mats Ek, Institute, IVL Swedish Environmental 
Research Institute LTD for support, encouragement and advice. The research was supported 
by Norrbottens Forskningsråd, Luleå, which is gratefully acknowledged. 



Proceedings of the Air and Waste Management Association’s 93rd Annual Meeting and Exhibition, 
Salt Lake City, Utah, USA, June 18-22, 2000 

REFERENCES
1. Swedish Environmental Protection Agency, Strategy for Volatile Organic Compounds 
(VOC). Emissions, effects, control measures. 1991, Solna: Swedish EPA. 105 p. 

2. Leson, G. and Winer A.M., Biofiltration - an Innovative Air Pollution Control Technology 
for VOC Emissions.  Journal of the Air and Waste Mangement Association, 1991. 41(8): p. 
1045-1054.

3. Devinny, J.S., Deshusses M.A., and Webster T.S., Biofiltration for Air Pollution Control.
1999: Lewis Publishers. 250 p. 

4. Wittorf, F., Knauf S., and Windberg H.E., Biotrickling-reactor: a new design for the 
efficient purification of waste gases, in Biological Waste Gas Cleaning, Biologische 
Abgasreinigung, W.L. Prins and J. van Ham, Editors. 1997, VDI Verlag: Maastricht. p. 329-
335.

5. Rydin, S., Dalberg P., and Bödker J., Biological waste gas treatment of air containing 
phenol and ammonia using a new type of trickling filter. VDI Berichte, 1994(1104): p. 231-
237.

6. IUPAC, Standard methods for the analysis of oils, fats and derivatives. 6 ed. 1979. 

7. van Lith, C., Leson G., and Michelsen R., Evaluating design options for biofilters.  Journal 
of the Air & Waste Management Association, 1997. 47(1): p. 37-48. 

8. Medina, V.F., Devinny J.S., and Ramaratnam M., Biofiltration of toluene vapors in a 
carbon-medium biofilter, in Biological Unit Processes for Hazardous Waste Treatment, 
Proceedings of the Third International In Situ and On-Site Bioreclamation Symposium, R.E. 
Hinchee, R.S. Skeen, and G.D. Sayles, Editors. 1995, Battelle Press: Columbus, OH. p. 257. 

9. Cardenas-Gonzalez, B., S.J. Ergas, M.S. Switzenbaum, and N. Phillibert Experiences with 
a Full-Scale Biofilter: Evaluation of Performance and Media Characterization. in 
Proceedings of the USC-TRG Conference on Biofiltration (An Air Pollution Control 
Technology). 1998. Los Angeles. 

10. Ottengraf, S.P.P., Exhaust gas purification, in Biotechnology, H.J. Rehm and G. Reed, 
Editors. 1986, VCH Verlagsgeselleschaft: Weinheim. 

11. Andersson, K., Influence of Reduced Oxygen Concentrations on Lipid Oxidation in Food 
during Storage, in Department of Food Science. 1998, Chalmers University of Technology: 
Göteborg, Sweden. 52 p. 

12. Moortgat, M., N. Schamp, and H. Van Langenhove, Assessment of Odour Nuisance 
Problems in Flanders: a Practical Approach, in Biotechniques for Air Pollution Abatement 
and Odour Control Policies, A.J. Dragt and J. van Ham, Editors. 1992, Elsevier: Amsterdam. 
p. 447-452. 



PAPER IV 

Attempted biofiltration of odorous sulfur 
compounds from a pulp and paper mill in 

Northern Sweden

Andersson Chan, A.

Environmental Progress

Accepted for publication, vol. 25, issue 2 or 3

On-line publication April 12, 2006. 

























PAPER V 

The potential of rockwool biofilter media 
for odorous gas treatment

Andersson Chan, A.

In Proceedings of the WEF/A&WMA Odors 
and Air Emissions  Conference, Hartford,

Connecticut, USA, April 9-12, 2006 





WEF/AWWA ODORS AND AIR EMISSIONS 2006

1013

Copyright   2006 Water Environment Federation. All Rights Reserved©



INTRODUCTION

WEF/AWWA ODORS AND AIR EMISSIONS 2006

1014

Copyright   2006 Water Environment Federation. All Rights Reserved©



The advantage of rockwool is that the characteristics can be specifically designed in the 
manufacturing process, i.e. density, fiber length and thickness, amount of binder, and 
hydrophobic/hydrophilic properties, making it a very versatile filter medium. Since rockwool 
contains neither microorganisms nor nutrients, these must be added separately. Rydin et al. 
(1994) used a special mineral wool, normally used as growth substrate in greenhouses, in a 
biotrickling filter to treat phenol and ammonia and found the rockwool material to be structure 
stable, chemical and mechanical resistant, had a large surface area, was light, developed low 
pressure drops, provided good support material for microorganisms, and showed no toxic effects. 
As well, the size of the bioreactor could be minimized due to a zig-zag configuration of the 
reactor. A similar reactor was operated by Wittorf et al. (1997) to remove solvents from the 
varnish and paint producing industry. Volumetric loads of 250-600 m3/m3h and residence times of 
6-15 s were tested. Soluble compounds like ethanol and propanol were completely removed, but 
not the less soluble substrates like toluene and xylene. A maximum pressure of 30 mm water 
column (300 Pa) was obtained. Ostlie-Dunn et al. (1998) studied fiber-based trickle-bed 
bioreactors to remove volatile organic carbon (VOC) at a high volumetric loading (4000 h-1

corresponding to a residence time of 0.9 s). A hydrophilic glass wool material with fiber 
diameters of 0.048 mm had very high elimination capacities that were attributable to the greater 
surface-to-volume ratio of fibers. Fiber mats with low compressibility and high void fraction 
(“preset” structures) developed the lowest pressure drops (Ostlie-Dunn et al. 1998).
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Results indicate that no significant reduction of total aldehyde concentrations was achieved in the 
biofilter. Certain compounds, e.g. hexanal, were reduced by 10-35%, whereas other compounds 
with longer carbon chains (C>7) increased in concentration. This was probably due to mass 
transfer limitation, i.e. poor water solubility for some of the contaminants in combination with 
too short residence times (<10 s). Results improved slightly during the second test run, though 
the residence times will probably have to be increased to obtain a significant reduction.

At the pulp mill
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ODOROUS WASTEWATER EMISSIONS

Lukter från avloppssystem

by ANNELI ANDERSSON CHAN and JÖRGEN HANÆUS
Division of Sanitary Engineering, Department of Civil and Environmental Engineering,

Luleå University of Technology, 97187 Luleå, Sweden
e-mail: anan@ltu.se

Abstract
The objective of this article is to review odour problems of wastewater treatment facilities and air emission 
treatment methods. The malodorous wastewater emissions consist of a complex mixture of substances with 
different properties. A screening of volatile organic and reduced sulphur compounds revealed very low concen-
trations of individual compounds (< 50 ppb), and only dimethyl sulphide, hydrogen sulphide and methyl 
mercaptan were found at concentrations above threshold values. Indicating one single compound responsible 
for the foul odours was not possible. 

Two case studies are presented and discussed. In the first, a compact biofilter was evaluated for the treatment 
of gas streams from a sewage pumping station. A rockwool filter media was inoculated with a mixed bacterial 
wastewater culture that established successfully. However, evaluating the biofilter’s performance proved analyti-
cally difficult and expensive due to the low concentrations of incoming gases. In the second case study the odour 
nuisance situation around a wastewater treatment plant was evaluated and a holistic approach to manage the 
odour problems was developed. An odour panel of local observers worked well, since they got involved in the 
process. However, using the panel’s reports on odour episodes to find the source of the odour was difficult.

Key words – wastewater, odour, air emissions, odorous compounds, H2S, DMS, treatment methods, odour 
panel, case study, biofilter

Sammanfattning
Syftet med denna artikel är att ge en överblick av luktproblem kring avloppssystem och tänkbara behandlings-
metoder för dessa gaser. Illaluktande avloppsemissioner består av komplexa gasblandningar med olika fysiska 
och kemiska egenskaper. Genomförda mätningar av flyktiga organiska och reducerade svavelföreningar visar att 
alla ämnen fanns närvarande i väldigt låga koncentrationer (< 50 ppb) och bara svavelväte, dimetylsulfid och 
metylmerkaptan återfanns i koncentrationer över lukttröskelvärdet. Det gick inte att peka ut ett ämne som 
ensamt ansvarig för lukten.

Två fallstudier presenteras och diskuteras. I det första utvärderas behandling av ventilationsgas från en pump-
station i ett kompakt biofilter. Ett stenullsmaterial inympades med en bakteriekultur från avloppsreningsverket, 
som etablerade sig och växte till i filtret. Det var dock komplicerat och dyrt att utvärdera effektiviteten hos 
biofiltret eftersom inkommande gaskoncentrationer var så låga. Syftet med den andra fallstudien vara att utvär-
dera och att utveckla metoder för att arbeta med luktproblem kring ett avloppsreningsverk. Lokala observatörer 
användes i en luktpanel, något som skapade ett engagemang och en kunskap kring luktproblemen. Det visade 
sig dock vara svårt att använda panelens luktsamtal för att hitta källan till luktepisoden.

VATTEN 62:000–000. Lund 2006

Background and aim

Wastewater treatment works, collection systems and 
wastewater treatment plants (WWTP) all have the po-
tential to generate unpleasant odours. When considering 

the potential for the generation and release of odours, 
analysing the processing facilities of liquids and solids 
separately is common practice. Sewers exist as wide-
spread networks in densely populated urban areas, and 
malodours are typically identified where the sewer atmo-
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sphere is in contact with anaerobic wastewater and sewer 
gas escapes into the urban atmosphere, e.g. at manholes 
and pumping stations. The headworks and preliminary 
treatment operations at a WWTP have the highest po-
tential for odour release, especially for treatment plants 
with long collection systems where anaerobic conditions 
can be created. Typically, the most significant sources of 
odours are sludge-thickening facilities, anaerobic digest-
ers, and sludge-load out facilities (Stuetz and Frechen 
2001).

Sweden has just over 2,000 publicly owned sewage 
treatment plants and about 6,000 wastewater pumping 
stations (The Swedish Water & Wastewater Association 
2005). In recent decades, the digestion of sludge and 
biogas production has gained increased popularity at 
municipal WWTPs, an activity with the potential to 
cause objectionable odours. As well, an increased aware-
ness of the environment has highlighted air emissions 
inside and outside of the treatment works.

The objective of this article is to review odour prob-
lems around wastewater treatment facilities and possible 
treatment technologies for these air emissions. Two case 
studies involving wastewater odours are presented and 
discussed; a wastewater treatment plant and a sewage 
pumping station.

Methods
The literature review was conducted through databases 
with scientific journals, mainly Compendex, Science 
Citation Index and Water Resources Worldwide. Aca-
demic literature and reports and personal communica-
tion were used. The methods and experimental set-up 
used in the case studies are presented separately.

Results
Review of odour problems around 

wastewater facilities
Air emissions from wastewater treatment works may 
cause malodours at very low odour thresholds, defined as 
the concentration where the odour is detectable by 50 % 
of the subjects (Devos et al. 1990). These foul odours 
constitute a complex mixture possibly containing a 
thousand different substances, produced and emitted 
under varying process conditions (Stuetz and Frechen 
2001). Table 1 presents the most frequent substances 
found in wastewater emissions, along with information 
of odour thresholds and boiling points. Threshold infor-
mation varies in the literature and no information of 
mixtures is available. Other physical and chemical prop-

erties of these substances vary greatly and will have a 
large impact on treatment.

In addition to being malodorous, the emissions of 
these substances cause problems in terms of corrosion 
and health risks. Very small amounts (ppb levels) can be 
detrimental to human health, causing headaches and 
nausea, along with eye, respiratory, and neuropsycho-
logical symptoms (Kilburn and Warshaw 1995; Marttila 
1995). This means that even trace levels can constitute 
important public health problems by creating objection-
able situations for workers and for people who live close 
to these types of discharges. Besides, some of these gases 
also undergo photochemical reactions in the atmosphere 
that contribute to the formation of photochemical oxi-
dants, principally ozone. 

Emission concentrations
Only a few studies have measured specific odorous com-
pounds in sewer systems and since one deals with such 
complex mixtures, comparing different systems is diffi-
cult. As well, large variations occur within each system. 
An investigation of sewer air composition showed the 
presence of hydrocarbons in concentrations up to 500 
ppm, chlorinated hydrocarbons from 10 to 100 ppm, 
H2S from 0.2 to 10 ppm, other sulphides (mainly DMS 
and MM) from 10 to 50 ppb, amines from 10 to 50 ppb, 
and aldehydes from 10 to 100 ppb (Thistlethwayte and 
Goleb 1972). Most samples were taken in a sewer trans-
porting municipal wastewater with a maximum resi-
dence time of 4 hours. More recent studies of WWTP 
biofiltration have reported on lower VOC concentra-
tions in the waste gas streams; 50 ppb to 10 ppm (Ergas 
et al. 1995; Webster et al. 1996). Several authors have 
carried out H2S measurements. Fred (2005) found that 
concentrations of H2S from pumping stations and net-
works in Helsinki were low (generally <1 ppm), but con-
centrations as high as 250 ppm were found downstream 
from pressure mains and at passenger harbours. Shareef-
deen et al. (2003) reported on diurnal variations of H2S
of 1 to 17 ppm from a wastewater pumping station in 
Canada.

Meteorological conditions
Meteorological conditions will affect odour release. The 
dispersion of pollutants into the atmosphere depends on 
the height of the emission point, the topography, and 
the atmospheric ventilation, which includes wind direc-
tion and force, turbulence and height of mixture. 
Temperature differences can create layers in the atmo-
sphere that may obstruct vertical air rotation. Under 
quiescent meteorological conditions, odorous gases that 
develop at treatment facilities tend to stay at the point of 
generation because they are denser than air. It has been 
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Table 1. Examples of volatile odorous compounds associated with wastewater. (Dean 1999; Devos et al. 1990; Metcalf and Eddy 2003; 
Rafson 1998; Rosenfeld and Henry 2001; Stuetz and Frechen 2001; Vincent and Hobson 1998; Winter and Duckham 2000). 

Substance Compound Formula Characteristic odour
Odour threshold Boiling point

(ppb) (°C)

Volatile sulphur 
compounds

Hydrogen sulphide H2S Rotten eggs 0.45–20 –60
Methyl mercaptan (MM) CH3SH Decayed cabbage, garlic 0.0014–21 6
Ethyl mercaptan C2H5SH Decayed cabbage 0.2 35
Allyl mercaptan CH2=CHCH2SH Strong garlic, coffee 0.05 69
Benzyl mercaptan C6H5CH2SH Unpleasant, strong 0.2 195
Crotyl mercaptan CH3-CH=CH2-SH Skunklike 0.029
Dimethyl sulphide CH3SCH3 Decayed vegetables 0.12–2.5 37–38
(DMS) Cabbage, cowy
Dimethyl disulphide CH3S2CH3 Putrefaction 0.1–15.5 108–110
(DMDS) Rotting vegetable
Diphenyl sulphide (C6H5)2S Unpleasant 4.7
Ethylmethyl sulphide C2H5SCH3 4 66–67
Diethyl sulphide C2H5SC2H5 12 90–92
Carbon disulphide CS2 Rotting radishes 0.3 46
Isopropan ethiol (CH3)2CHSH  4 57–90
Thiocresol CH3C6H4SH Skunklike, rancid 0.062–0.1
Sulphur dioxide SO2 Pungent, irritating, acidic 9 –10

Nitrogenous 
compounds

Ammonia NH3 Sharp, pungent, irritating 5000–50000 –33.4
Methylamine CH3NH2 Putrid, fishy, rotten 1–50 –6.4
Ethylamine C2H5NH2 Ammonical 2400 17
Dimethylamine (CH3)2NH Fish 20–80 7
Trimethyl amine (CH3)3N Pungent, fishy 4 3
Pyridine C6H6N Disagreeable, irritating 4 115
Indole C8H6NH Fecal, nauseating 0.1–1.5 254
Scatole C9H9N Fecal, nauseating 0.002–19 265

Acids (VFAs)
Acetic acid CH3COOH Vinegar, sour 15 118
Butyric acid C2H5COOH Rancid 0.1–20 162
Valeric acid C3H7COOH Sweat 2–2600 185

Aldehydes 
and ketones

Formaldehyde HCHO Acrid, suffocating 370 –19
Acetaldehyde CH3CHO Fruit, apple 0.005–2 21
Butyraldehyde C2H5CHO Rancid, sweaty 4.6–5 76
Valeraldehyde C4H9CHO Fruit, apple 0.7–9 103
Acetone CH3COCH3 Fruit, sweet, mint 4600 56
Butanone C2H5COCH3 Green apple 270 80
Phenol C6H5OH Tar 60 79

Chlorinated
compounds

Chlorine Cl2 Pungent, suffocating 314 –34
Chlrorophenol ClC6H4OH Medicinal odour 18 175
Trichloroethylene C2HCl3 Sweetish, chloroform 500–100000 87
Carbon tetrachloride CCl4 Sweet 10 000 77
Ethylene dichloride C2H4Cl2 Chloroform like odour 50 000 83
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observed that odours may be found at undiluted concen-
trations at large distances from the point of generation 
(Tchobanoglous and Schroeder 1985). 

Odour database
In Sweden, 290 municipalities are responsible for the 
planning, construction and operation of the facilities for 
water and wastewater, all of which are members of the 
Swedish Water & Wastewater Association (SWWA). 
SWWA has several working groups with experts from 
member municipalities that cover the whole field of mu-
nicipal water and wastewater activities. The wastewater 
group has collaborated in an odour project with its sister 
organisation in Norway (Norwegian Water and Waste-
water BA, Norvar), with the aim to investigate odour 
problems around wastewater treatment facilities. The 
gathered information is published on their website in an 
“Odour Database” (Norvar 2005) that is mainly a refer-
ence system to WWTPs where different odour treatment 
systems are used. Each method is briefly described with 
critical factors, maintenance needs, efficiency, space re-
quirements and contractors, and a link is provided for 
practical experiences from different municipalities in 
Sweden and Norway.

Containment and treatment
Odour containment includes the installation of covers, 
collection hoods, and air handling equipment to contain 
and direct odorous gases to disposal or treatment sys-
tems. Cover materials should be corrosion resistant and 
durable enough for the aggressive wastewater environ-
ment. A number of technologies have been developed to 
treat odorous air emissions, from physical and chemical 
to biological methods, see Table 2. The choice of tech-
nology will depend on many factors, including regula-
tions, the source and concentration of the emissions, and 
the costs to implement and operate the process. The spe-
cific treatment method will depend on the characteris-
tics of the odorous compounds. Considering the vast 
number of substances and their different properties that 
can be present in a wastewater gas emission, choosing a 
technology is not an easy task and several treatment steps 
may be necessary.

Physical methods
Augmented ventilation and a raised emission point to 
increase dispersion are commonly used to reduce odour 
problems. To prevent anaerobic conditions, oxygen or 
air can be injected into the sewer net. Adsorbent systems 
generally consist of static beds of granular materials such 
as activated carbon. The adsorbents serve as media for 
removing odorous gases by retaining and concentrating 
them. These systems are usually also very efficient for 
mixed air streams and operate with short retention times 
and relatively small units. However, the cost of replacing 
and disposing of the adsorbent is fairly high, and moist 
gas streams will reduce its lifespan, since water vapour 
will occupy some of the adsorption sites. A scrubbing 
tower provides the opportunity for the compounds to 
absorb into a liquid solution, often water, and operates 
efficiently with moist gas streams. Using a packing mate-
rial in the scrubber provides a larger interfacial area and 
promotes the gas-liquid transfer. However, adsorption 
only works for soluble components and might therefore 
not be so efficient in removing multiple odorous com-
pounds.

Chemical methods
Oxidation (i.e. by ozone) or the addition of acidic or 
alkaline chemicals enhances the efficiency of a scrubbing 
tower. Complex airstreams with numerous odour-caus-
ing compounds may require multiple units with differ-
ent chemicals or units combined with other control de-
vices. No media disposal requirements exist, and the 
scrubbing liquid is usually treated in the regular WWTP 
processes. The disadvantages of chemical scrubbing in-
clude high costs, chemical storage and handling require-
ments, and the risk of complex chemical feed systems. 
Odours can also be removed from the liquid phase 
through chemical additions at different points, both in 
the collection system and at the WWTP. A variety of 
chemicals have been used to prevent anaerobic condi-
tions: ozone, chlorine dioxide, sodium hypochlorite, 
potassium permanganate, hydrogen peroxide, and also 
ferric and calcium nitrates (Rafson 1998). The only way 
to establish the required chemical dosages for removal is 
through pilot-scale testing, and the use is complicated by 
the complex matrixes in which the odours exist. Iron 

Table 2. Odour treatment technologies.

Physical methods Chemical methods Biological methods

Dilution with odour free air Chemical scrubbers Biofilters
Oxygen/air injection Chemical oxidation Biotrickling filters
Adsorption Chemical precipitation Bioscrubbers
Absorption – scrubbing towers Masking agents
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salts, typically ferric chloride, sulphate or nitrate, are 
used for precipitation of dissolved sulphide. However, its 
effectiveness is affected by the pH value in wastewater. A 
disadvantage of using chemical dosing is the additional 
cost and the formation of residual products that must be 
taken care of. Chemicals can also be added to the waste-
water or off-gases to mask an offensive odour with one 
that is less offensive, though they do not modify or neu-
tralize the odour. Masking chemicals are based on es-
sential oils with the most common aromas being vanilla, 
citrus, pine, or floral (Williams 1996).

Biological methods
In recent years, biofiltration has become more and more 
utilized at wastewater treatment facilities because of its 
efficiency in treating mixed odour emissions and its rela-
tively low capital and operation costs (Devinny et al. 
1999). Biofiltration utilizes microbial metabolic reac-
tions to treat contaminated air. Through chemical and 
biological oxidations, contaminants are converted to 
carbon dioxide, water, and organic biomass. Biofilter, 
biotrickling filters, and bioscrubbers are the most com-
mon configurations of biological reactors. The basic re-
moval mechanisms are similar, but differences exist in 
the phase of the microbes that may be fixed (biofilters 
and trickling filters) or suspended (bioscrubbers), and 
the state of the liquid that may be stationary (biofilters) 
or flowing (trickling filters and bioscrubbers). The tech-
nology is environmentally friendly, since it requires no 
chemicals or secondary treatment. Disadvantages in-
clude the large reactors usually necessary to obtain long 
enough residence times and change in head loss over 
time due to media ageing. Proper environmental condi-
tions such as temperature, pH, moisture and nutrient 
control are also prerequisites for optimal function. 

Case 1 – 
wastewater pumping station P017

In response to odour complaints around this wastewater 
pumping station, pilot scale studies were conducted with 
two objectives: to characterize the malodours and assess 
the feasibility of a compact multistage rockwool biofilter 
to treat the gas streams at relatively short residence times. 
Offsite facilities such as pumping stations may lack suf-
ficient space to accommodate a traditional biofilter and 
therefore require more compact designs. The potential 
of using a synthetic rockwool material has previously not 
been examined for this type of application.

Description
The pumping station is situated at the entrance to the 
university in the town of Luleå, northern Sweden. 
Pedestrians and bicyclists passing this pumping station 
frequently complain of malodours. The biofilter experi-
ments were conducted during the spring of 2002 (April–
May) in cooperation with the municipality of Luleå. 
Data of the pumping station is provided in Table 3.

Experimental set-up and methods
A pilot-scale biofilter composed of three filter units op-
erating in a side flow mode, and with each filter unit 
having a depth of 0.3 m and a square area of 0.6 x 0.6 m2,
was set-up inside the pumping station (Figure 1). An 
irrigation system with spray nozzles at the inlet and at 
the top of the biofilter was utilized intermittently during 
operation. Drainage was collected at the bottom of the 
filter. The filter media used was pre-set rockwool fiber 
mats with low density (around 30 kg/m3), high porosity 

Table 3. Pumping station data during the experimental period.

Volume of the building 156 m3

Average volume of wastewater (pumping sump) 110 m3 (depth: 2,85 m) at normal levels
Annual average wastewater flow 20 l/s
Pumps Three submerged centrifugal pumps (Flygt CP 3300)
Pump capacity 55 l/s at normal operation
Connected sewage Household (about 10 000 inhabitants)

Industry (i.e. metallurgic and slaughterhouse)
Temperature Inside the pumping station: 15ºC. 

From the wastewater pipes and pumping sump: 10 ± 2ºC.
Sewers in and out Gravity sewers in: 800 and 600 mm (non submerged inlet)

Force main out: 300 mm
Ventilation Capacity of the fan: 1200 m3/h (Pmax 350 kPa)
Surroundings Far from living areas, but adjacent to the bike path leading to the university 

(with a tunnel passage under the main road).
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(approximately 65 %), and a fiber diameter of around 
4 μm. Since neither microorganisms nor nutrients were 
present, these had to be added separately. A mixed bacte-
rial culture from the main wastewater treatment plant in 
Luleå was used as inoculum, and nutrient pellets were 
spread in the filter media. The biofilter was evaluated 
with respect to flow, temperature, pH, pressure drop 
across the filter bed, and media sampling (moisture, or-
ganic content and microbial counts). The composition 
of the waste gas was investigated through a screening of 
volatile organic and reduced sulphur compounds. Air 
was pumped into Tedlar bags and analysed with solid-
phase microextraction and GC-MS. Input-output deter-
minations of H2S was attempted through a dynamic 
permeation tube method (Gastech) with hydrogen sul-
phide low range tubes (1–60 ppm). 

Results and discussion
All ventilation gas from the pumping station was led 
through the pilot scale biofilter, resulting in a gas 
flow through the filter of 200 m3/h (surface loading: 
550 m3/m2h). The obtained empty bed residence time 
(EBRT) was 5–6 seconds, which may have been inade-
quate for the mass-transfer of contaminants, and in par-
ticular those with low solubility. The pressure drop across 
the filter bed was relatively low (350–500 Pa/m). The 
steady temperature of 10 ± 2ºC at the inlet of the biofil-
ter may have negatively affected the microbial metabo-
lism. The optimum temperature for various species 
ranges greatly, but most biofiltration applications have 
been performed at temperatures in the mesophilic range 

at 20 to 45°C (Van Lith et al. 1997). Rockwool media 
samples from the filter bed were taken on five occasions 
and the pH of media samples was stable around neutral 
(8.0 ± 0.5). This could be expected since humidification 
was carried out with drinking water with a pH of 
around 8. The moisture content of the rockwool was low 
(6 % ±12 %), compared with the recommended values 
of 40–60 % for organic filter media (Ottengraf 1986). 
However, little information exists on the optimum mois-
ture content for synthetic media. The humidification 
system with spray nozzles in the inlet was inadequate to 
humidify the gas, and intermittent, occasional spraying 
was applied on top of the filter, though because this was 
done manually it was not frequent enough. An attempt 
to lead the gas through a packed tower with plastic 
spheres and improve the gas-liquid interface did not 
greatly improve the situation. However, despite the 
dry conditions, the microbial counts showed the estab-
lishment and growth of both heterotrophic and auto-
trophic bacteria (Thiobacillus) in the filter media with 
107–108 CFU (colony forming units)/ gram dry filter 
media. Nonetheless, it is known that too little moisture 
slows microbial activity, this being one of the most com-
mon operational problems with biofilters. Although the 
viable count on agar plates demonstrated a large amount 
of both heterotrophic and autotrophic bacteria, this 
method does not indicate the growth or activity of the 
bacteria. Unfavourable conditions might have led to bio-
logical limitations.

Low pollutant concentrations rendered the analytical 
evaluation of the biofilter performance difficult. The 
dynamic permeation tube method with H2S low range 

Figure 1. Schematics of the pilot scale 
biofilter.
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tubes was not sensitive enough, and values before and 
after the biofilter were always below the detection limit 
(1 ppm); thus, input-output determinations were not 
feasible. The screening of volatile organic and reduced 
sulphur compounds in the waste gas showed no VOCs 
above the blank and only DMS, H2S, MM and CS2
present at levels above odour threshold values, see Table 4. 
Further measurements of DMS and MM were not fea-
sible due to the high cost. Biological degradation of re-
duced sulphur compounds (RSC) has been shown to 
decrease in the following order: H2S > MM > DMDS > 
DMS (Cha et al. 1999; Cho et al. 1991; Smet et al. 
1998). DMS degraders appear to be those most strongly 
inhibited by the presence of other compounds, which 
may have led to biological limitations in the biofilter. 

The composition and concentrations of the waste gas 
will likely vary significantly with time, depending on the 
incoming wastewater and the pumping activity. For ex-
ample, a strong diesel odour occurred on occasion at the 
pumping station, indicating some discharge of this kind. 
Simple methods to evaluate biofilters in the field of 
odour applications are needed. 

Case 2 – 
Wastewater treatment plant at Tuvan

Throughout the years, residents living in the neighbour-
ing community have complained of foul odours associ-
ated with this wastewater treatment plant (WWTP). A 
collaborative project between the municipality of 
Skellefteå, Luleå Technical University (LTU), Miljø-
Teknologi AS and Ambra Ventilation AB started in 2005. 
The aim of the project was to assess the odour nuisance 
situation around the wastewater treatment plant and de-
velop managing strategies to deal with odour problems. 

Description
The WWTP at Tuvan is situated 8 km southeast of 
Skellefteå, northern Sweden, and treats the water from 
about 43,000 inhabitants with mechanical, chemical 
(AlCl3) and biological (activated sludge) treatment. The 
treated annual wastewater flow in 2005 was 3,000,000 m3

and the sludge production (dry matter content 20 %) 
was 5,800 m3. Biogas production from the sludge 
has been in the works since 1993; producing about 
1,000,000 m3 biogas in 2005. The enlarged biogas plant 
scheduled to start in 2006 will also receive household 
organic waste and organic waste from dairy plants, fish-
eries, and slaughterhouses. The future yearly biogas pro-
duction is estimated to 3,000,000 m3.

In 2004, the city decided to construct an enlarged 
biogas plant at Tuvan, a decision that has been appealed 
in several juridical instances. A requirement for the new 
operation from the local authorities is that “no foul 
odours should be emitted from the plant”. Previous re-
cords indicate 37 odour complaints in 2003 and 34 in 
2004. Several odour abatement measures have been 
taken in recent years to combat the odour nuisance im-
pact:

•  Instead of the stabilisation method of adding lime to 
the sludge, this is digested to biogas (1993)

•  The dewatered sludge is no longer placed on an open 
foundation, but is pumped to a silo (2004)

•  The trucks transporting the dewatered sludge from 
the WWTP are covered and not open (2005)

•  Two open compost biofilters to treat the ventilation 
off gases from the WWTP were not functioning prop-
erly and replaced with a dual line of scrubbers with 
ozone and activated carbon filters (2005). One line 
treats the ventilation gas from the liquid processing 
facilities; the other treats the gas from the solids pro-
cessing facilities.

Table 4. Measured reduced sulphur concentrations of the pumping station waste gas (Case 1).

Measured Odor 
Compound Molecular formula concentration threshold

(ppb) (ppb)*

Dimethyl sulphide (DMS) CH3SCH3 45 2
Hydrogen sulphide (H2S) H2S 29 1–2
Methyl mercaptan (MM) CH3SH 7 1
Carbon disulfide CS2 0.62 0.3
Isopropan ethiol (CH3)2CHSH < 0.25 4
Ethylmethyl sulphide C2H5SC2H5 0.09 4
Diethyl sulfide C2H5SC2H5 < 0.07 12
Dimethyl disulfide (DMDS) CH3S2CH3 < 0.02 95

*(Devos et al. 1990)
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Experimental set-up and methods
Since odour is very individual and subjective, and con-
sists of complex mixtures with many different compo-
nents and variations of concentrations, the project has 
worked with a holistic approach that contained several 
different parts:

•  Using local observers in an odour panel 
•  Keeping a journal of process parameters at the treat-

ment plant 
•  Weather observations 
•  Chemical analyses 

If the people living around the WWTP are not disturbed 
by foul odours the problem is solved. However, setting 
an emission limit or requirement of 99 % pollution re-
duction is useless if the neighbouring community still 
complains. Therefore, the focus of the project was put 
into a local odour panel rather than costly and extensive 
analytical measurements or dispersion modelling. It is 
also vital to demonstrate to the public that their ideas, 
comments and feedback are welcome and important to 
solve this community problem.

Local observers in an odour panel
The idea of using locals as observers to detect and survey 
foul odours has been used by others (Bjernesjö 2005; 
Ericson 2003; Solyom 2005). The odour panel in 
Skellefteå recruited 17 members from areas in different 
directions of the WWTP. A few were known to have 
previously complained of foul odours. The majority 
have their homes close to Tuvan, but some places of 
work were also chosen, i.e. daycares, where the personnel 
are outside for a good part of the day. Each member of 
the panel received a small card with a phone number – 
“the odour phone”. By calling this number each time 
they noticed odour from Tuvan a record was kept of 
when and where foul odours occurred. The strength of 
the odour on a scale of 1 (hardly noticeable) to 5 (stench) 
was also indicated. For each call, current weather data 
was entered as well as the process parameters at the treat-
ment plant to analyze each odour complaint and attempt 
to determine the source.

Journal of process parameters 
Employees at the WWTP kept records of the processes, 
i.e. if there were upsets, stops, variations, etc. A few 
simple measurements, such as pH of the two scrubber 
liquids, were introduced.

Weather observations 
At the WWTP Tuvan, a meteorological mast registers 
data every 15 minutes, from which the wind force and 
direction at a 24-meter height and temperature at a 

2-meter height were entered for the time of each call to 
the odour phone.

Chemical analyses 
Chemical analyses of some contaminants were carried 
out to characterize the odour and get an idea of the levels 
of concentrations. Air was pumped into Tedlar bags and 
analysed with solid-phase microextraction and GC-MS. 
Reduced sulphur compounds and hydrogen sulphide 
were measured quantitatively, and VOCs qualitatively.

Results and discussion
At the start of the project (June 2005), an initial infor-
mation and educative meeting was held at Tuvan for the 
odour panellists to inform about the aim of the project 
and to learn more about the sources of the odours. A 
second meeting took place in October when more infor-
mation of the future biogas plant was on the agenda. A 
few of the panellists occasionally called in and reported 
that they had not noticed any odours from Tuvan, 
whereas some never called in or participated in any of 
the information meetings. Two of the initial seventeen 
members quit halfway through the project. Inactive 
members are, of course, an uncertainty, and one needs to 
keep track of extended absences by members from their 
homes or workplaces. 

Only 11 calls to the odour phone were received dur-
ing the 7-month project period (1/6 2005 – 31/1 2006). 
This is only one-third of the complaints that was re-
ceived in 2003 and 2004, even though this group had 
specifically been asked to call in when they smelled foul 
odours. The panel also declared a noticeable improve-
ment of the odour situation compared to previous years, 
possibly due to the different measures taken regarding 
the sludge handling and installed treatment for the ven-
tilation gas. Incoming calls from the panellists to the 
odour phone were registered, and the current weather 
data and process parameters at the treatment plant were 
entered to analyze each odour complaint and attempt to 
find the source. However, relating the calls to specific 
events at the WWTP proved difficult, and there was not 
always a clear correlation between the wind direction 
and the location from where the call was made. Calls 
were received at all times of the day and with all wind 
directions. The predominate wind came from northwest 
(NW), with 41% frequency during the project period, 
but the majority of the calls came in when there were 
winds from the south (SE and SW). 

pH of the scrubber liquid was registered every two 
weeks, and was stable at around 7–7.5, which is compa-
rable to the pH of the raw water used in the scrubber. It 
was also difficult to relate the incoming odour panel calls 
to any incident at the WWTP. The largest source of 
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odour seemed to be the silo for sludge storage located 
outside of the plant. As well, occasions when the sludge 
was emptied and loaded into trucks for transport gave 
rise to malodours for a short period of time (usually in 
the morning). Chemical analysis of the waste gas is pre-
sented in Table 5, as ranges of concentrations before air 
treatment from both the liquid and solid treatment fa-
cilities. Very low concentrations of individual compo-
nents were found, with only MM, H2S, DMS and CS2
being above the odour threshold limit. From the volatile 
organic compounds, aceton, 1-propanol, 2-butanon, 
etylacetat, and 3-metyl-1-butanol were found in concen-
trations above the blank.

Further sampling is desirable to establish the varia-
tions of concentrations at different times, as well as 
quantification of VOCs and nitrogen-based compounds 
to give a more complete picture of the odour mixture. 
However, these measurements are costly and tedious and 
many samples are needed if one wants to analyse the 
fluctuations of concentrations.

Conclusions
Wastewater air emissions constitute a complex mixture 
that may contain a thousand different substances, pro-
duced and emitted under varying process conditions. 
The most frequent groups are volatile sulphur and ni-
trogenous compounds, fatty acids, aldehydes, ketones 
and chlorinated compounds. Possible air treatment 
technologies include physical, chemical and biological 
methods, such as adsorption, scrubbers, and biofilters.

A screening of volatile organic and reduced sulphur 
compounds in both case studies revealed very low con-
centrations of individual compounds, and only DMS, 
H2S, MM and CS2 were found at concentrations above 
threshold values. Determining one single compound re-

sponsible for the foul odours was not possible. In the 
first case study, evaluating the biofilter performance 
proved analytically difficult and expensive, since the 
concentrations of the incoming gases were so low 
(< 50 ppb). The rockwool filter media was inoculated 
with a mixed bacterial wastewater culture, and the estab-
lishment of both heterotrophic and autotrophic bacteria 
was successful. 

The odour nuisance situation around the wastewater 
treatment plant in the second case study had greatly im-
proved compared to previous years. The involvement of 
local observers in an odour panel proved successful in the 
sense that they took an active interest in and gained 
knowledge of the WWTP operation and the complexity 
of odour problems. However, relating the calls to specific 
events at the WWTP proved difficult, and the calls were 
sometimes not consistent with current wind directions. 
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