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1. INTRODUCTION

Physical–chemical waste gas cleaning techniques have proven their effi ciency 
and reliability and will continue to occupy their niche, but several disadvantages 
remain. Among them are high investment and operation costs and the possible 
generation of secondary waste streams. With biological waste treatment tech-
niques, reactor engineering is often less complicated and consequently costs are 
less. In addition, usually no secondary wastes are produced. Biological meth-
ods are nonhazardous and benign for the environment. Possible drawbacks are 
restricted knowledge about the biodegradation processes, limited process con-
trol, and relatively slow reaction kinetics. Anyway, the biological methods for 
the removal of odors and volatile organic compounds (VOCs) from waste gases 
are cost-effective technologies, when low concentrations (below 1–10 g/m−3) are 
to be dealt with (Kosteltz et al., 1996). Therefore, decision making can be based 
merely on economical analysis. Like the treatment of liquid effl uents, gaseous 
streams will be more often considered for biological treatment. For organic com-
pounds, the biological reaction can be described as:

 CHO + O2 + nutrients  C5 H7 O2 N (cell dry weight) + CO2 + H2O + heat

When heteroatoms are present (e.g., chlorine, sulfur), end-products like HCl 
or H2SO4 can be formed. For effi cient pollutant removal, target pollutants have 
to be suffi ciently biodegradable and bioavailable. A major advantage in the case 
of odor treatment is that biocatalysts have high affi nity for the substrates, which 
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allows effi cient treatment of low infl uent concentrations. Biocatalysts also oper-
ate at room temperature and they have innocuous fi nal products (e.g., carbon 
dioxide and water). Provided that you have the right inocula, microorganisms 
can metabolize almost every compound there is. In general, odors consist of a 
very complex mixture of volatile organic as well as inorganic compounds. The 
most relevant compounds regarding odors in the food industry are nitrogen-
containing compounds (ammonia, amines, amides, and more complex molecules 
like indole and scatole), reduced sulfur compounds (hydrogen sulfi de and vola-
tile organic sulfur compounds) and VOCs like alcohols, aldehydes, volatile fatty 
acids, and phenols. Most are easily biodegradable.

2. GENERAL OVERVIEW OF TECHNIQUES

Several biological waste gas treatment reactor concepts exist. They can be distin-
guished according to their fi lter material (organic or inorganic) and the type of 
liquid phase (noncontinuous or continuous). Both characteristics infl uence mass 
transfer and the presence or type of biofi lm. In most cases, pollutants are fi rst 
transferred from the gas phase to the liquid phase and subsequently to the biofi lm 
(Figure 1). It has been argued, however, that pollutants can directly be transferred 
from the gas phase to the biofi lm when no water fi lm is present, or that fungal 
mycelia, protruding in the gas phase, can directly take up substrates without a dis-
solution step (Engesser and Plaggemeier, 2000). Optimal conditions for the organ-
isms (micro)environment should be provided. Temperature, pH, water activity, 
nutrient availability, oxygen concentration, and osmotic potential are important 
parameters. In practice, most of these parameters can be controlled in an accept-
able range by reactor choice, operation, and control. However, sometimes waste 
gas characteristics like high or fl uctuating temperatures and low oxygen concentra-
tions are more diffi cult to adjust, leading to limitations in the application area of 
biological waste gas treatment techniques.

Laboratory studies provide much information about the removal of single 
compounds or simple mixtures, but especially for VOCs, often relatively high 
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Figure 1. Pollutant transfer during biological waste gas cleaning (Waweru et al., 2000).
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infl uent concentrations are investigated, conditions not prevailing in odorous 
waste gases. Although the experimental conditions and the infl uent gas can be 
controlled carefully in lab studies, it is sometimes diffi cult to extrapolate results 
to real situations, especially when the composition of the waste gas is very com-
plex or unknown.

Other studies investigate the removal of  odors in full-scale installa-
tions or use pilot-scale waste gas treatment units receiving waste air from 
industrial plants. In this case, data with real complex odorous mixtures are 
obtained. However, only in a few cases the waste gas characteristics in two 
different plants are much alike. Therefore, before installing a biological waste 
gas treatment reactor, often a series of  pilot-scale experiments is conducted 
on-site to investigate performance and design criteria. Devinny et al. (1999) 
recommended the following steps in a protocol for biofi lter design and imple-
mentation: (1) preliminary investigations of  the waste stream (e.g., pollutant 
concentrations, process fl ow rate, relative humidity, temperature), (2) litera-
ture research and modeling to determine if  biofi ltration is an appropriate 
technique, and (3) possibly further bench- and pilot-scale experiments to 
obtain a fi nal reactor design.

Many classifi cations and denominations of bioreactors have been appear-
ing in the literature. Here we shall classify them in fi ve main groups: biofi lters, 
biotrickling fi lters, biowashers, and two more recent techniques: the biological 
plate tower and the membrane bioreactor. Many associations of different reac-
tors are also possible. Stability, adaptability, and low equipment and operational 
costs are the requests they all must meet.

2.1. Biofi lters

Biofi ltration is often used with a broader meaning, referring to all the waste air 
biological technologies. Strictly it means the most used technology about this 
matter: the biofi lters. They made their appearance in the 1950s in the deodor-
ization of air from wastewater treatment or composting plants. Nowadays they 
are aimed not only at air polluted with organic gases, such as VOCs and many 
other hydrocarbons, but also ammonia or H2S. They are more effi cient with 
low molecular weight gases, with high solubility in water and simpler molecular 
bonds. Biofi ltration has been extensively used, because waste gases in this case 
generally contain low concentrations of well biodegradable organic and inor-
ganic compounds.

Basically, a biofi lter is a layer of biologically active media (an organic fi lter 
matrix), usually of natural origin. The fi lter particles are typically soil, compost, 
peat, wood chips, tree bark, and heather. Granular activated carbon and plas-
tic material are also used. One kind or several combinations of particles have 
been used. The media must provide a large surface area, nutrients and moisture 
(around 50% of the media) for the microbial activity, and adsorption/absorption 
of the odorous molecules. The microfl ora for the degradation of odors—mainly 



128 B. Sercu et al.

bacteria and fungi—is part of the package. There is no continuous water phase. 
For better results, the addition of nutrients containing nitrogen and phosphorus 
must be considered, although this will add some cost to the process. The pres-
ence of bulking inerts usually calls for the addition of nutrients, mainly with 
high load regimes (Devinny et al., 1999). Adequate porosity (around 0.50) is 
essential for low pressure drop (power requirements).

To build a conventional open-bed fi lter (Figure 2), in the early ages of the 
technique, a hole was excavated in the ground (around 1.0 m deep) and fi lled up 
with a bed of the selected media. Nowadays, synthetic material or concrete is 
used. Perforated piping or other systems are used for gas distribution under the 
bed. The waste air fl ow, combined with the void fraction, causes the residence 
time to be normally between 15 and 60 sec, the time it takes for the odors to be 
absorbed and metabolized through the fi lter. Surface loading rates are about 
1.2 m3 m−2 min−1 (Devinny et al., 1999). Impermeableness is desirable to avoid 
liquid leaching.

For optimal long-term operation of biofi lters, next to controlling the biofi lter 
moisture content, precautions should be made to prevent acidifi cation if  sulfur 
or nitrogen-containing compounds are present. This can be accomplished by 
buffering, e.g., by adding CaCO3 (Rafson, 1998), or regular replacement of the 
fi lter material (every 1 to 5 years, depending on the loading rate). The latter treat-
ment is also needed to remove other accumulated intermediates or end-products, 
to prevent high pressure drops, and to prevent nutrient limitation if  nutrients 
are not provided during biofi lter operation. Indeed, removal effi ciencies go from 
60% to 100%, depending on the media and the pollutants contaminating the 
air. Initial performance is very good but as time goes on problems may occur, 
leading to severe degradation of effi ciency. Clogging and channeling are likely 
to appear.

Modular closed systems are commercially available. They minimize the 
surface for installation because they are stacks of  trays that can be set in 
series or parallel arrangements, or combinations of  both. The usual time of  
operation, with good removal characteristics, for conventional systems (2 to 
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Figure 2. Schematic of a conventional open-bed biofi lter.
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4 years, according to Devinny et al., 1999), is extended due to selected media, 
uniform distribution, and the inclusion of  controls for temperature (usually 
around 37 °C), pH, moisture, and airstream relative humidity (it must be 
near saturation).

2.2. Biotrickling Filters

Biotrickling fi lters are single unit operation reactors (for both capture and 
destruction), like biofi lters. A packed column is inoculated with microorgan-
isms that attach to the particles. Biofi lms grow using nutrients supplied by 
the contaminated airstream and by a liquid fl ow that trickles down the pack-
ing, continuously or periodically. The liquid moving phase and the inorganic 
nature of  the media particles are the most important differences between 
biofi lters and biotrickling fi lters (Figure 3). Unlike biofi lters that use natural 
materials, most particles for biotrickling fi lters are built with plastic, steel, 
or ceramic material. The simplest of  all is the Raschig ring. Many particle 
designs have been used. The odor is fi rst transferred from the air to the circu-
lating water. Next it must diffuse to the biofi lm. Finally the microorganisms 
oxidize the compounds.

In previous studies using a biotrickling fi lter for VOC removal with Pseu-
domonas putida as the biodegrading bacteria, several packing materials were 
checked to try to avoid channeling and clogging to block the process (Peixoto 
and Mota, 1998). It was proved that it is very diffi cult to overcome the men-
tioned problems, even when using 20-mm Raschig rings. The presence of the 
four phases (gas–vapor, liquid, biological, and solid) involved in the process 
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Figure 3. Schematic of a biotrickling fi lter.
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makes things very hard to deal with. Even with a high surface area and poros-
ity, the bacterial growth reduced signifi cantly those parameters in a short time. 
Ultimately the fl ow used only one last channel (Figure 4), with evident poor effi -
ciency and higher pressure drop, and the process had to stop. Clogging is a direct 
result of the bacterial (fungal) growth. Growth means that the microorganisms 
are metabolizing the pollutants, as they are meant to. Therefore, it does not seem to 
make sense to try to limit the growth to avoid clogging and channeling. A way 
to remove the exceeding biomass seems to be the natural answer but very tough to 
fi nd and a settling tank would be needed after the reactor. Backwashing and high 
shear stress do not seem to solve the problem.

2.3. Biowashers

In biowashers the biomass is suspended in the liquid phase. The waste content 
from the air is fi rst washed and next oxidized by the suspended microorganisms. 
There may be one or two separate units for absorption and metabolization.

Classically, the airstream is washed in a spray chamber (scrubber; packed 
bed scrubber) and then the liquid phase is sent to an activated sludge tank, where 
the pollutants are oxidized (Figure 5).

Together, these two units form a bioreactor which is commonly named bio-
scrubber. Instead of the activated sludge tank, the contaminated liquid may be 
sent to an airlift reactor (Ritchie and Hill, 1995; Rittmann et al., 2000). This 
kind of reactor, also named circulating-bed biofi lm reactor, is known for its good 
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Figure 4. Evolution of a biotrickling fi lter packed with Raschig rings, after colonization by bacteria, 
due to clogging and chaneling.
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mass transfer properties. Although the biomass in an airlift reactor is attached to 
particles, these are still suspended in the circulating liquid phase.

In a simpler way, absorption and oxidation may happen in a single unit 
operation. The airstream is directly bubbled to the liquid phase of the activated 
sludge tank or the airlift reactor (Figure 5), where regeneration takes place. In 
both cases, the air is washed and at the same time it supplies oxygen for the 
aerobic oxidation and mechanical power for the suspension and agitation of the 
particles/biomass in the bulk water. For this form of operation, the liquid phase 
never leaves the reactor, only being added to replace losses, due to evaporation 
and sludge purge. The air (or pure oxygen) for the oxygenation of the tank water 
is replaced by the polluted airstream. This simple solution, if  fi t, may be eco-
nomically interesting.

Bioscrubbers are only sporadically used, mainly for removing high concen-
trations of highly water-soluble compounds. They have been used in the treat-
ment of waste gases from incinerators and foundry industry (amines, phenol, 
formaldehyde, ammonia).

2.4. Comparison of Technologies

Table 1 summarizes the properties of the bioreactors described above and 
includes the biological plate tower (BPT). When the environmental conditions 
become toxic or aggressive, the biofi lms play an important role in protecting the 
microorganisms in them. Therefore, attached biomass is less prone to inhibition 
and destruction. Besides, the growth rate may exceed the dilution rate without 
washing out the biomass. Biofi lters, biotrickling fi lters, and airlift reactors, all 
grow attached biofi lms.

Clean air Clean air

Polluted
air

Polluted air,
fresh water

and nutrients

Washing
chamber

(scrubber)

Activated sludge
tank

Air (O2)

Airlift reactor

Figure 5. Schematic of biowashers: to the left, a two unit reactor with scrubber and activated sludge; 
to the right, a single unit airlift reactor.
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Compact biofi lters reduced signifi cantly the footprint of conventional ones 
and have shortened the disadvantage related to the need of a huge application 
area. The absence of a moving liquid phase is its big disadvantage. For the control 
of the temperature, pH, and dissolved oxygen, and the supply of nutrients, the 
presence of liquid water is a major advantage. One risk for open-bed biofi lters is to 
get fl ooded by rain or dried out by the sun. Anyway, when the application area is 
not a problem, biofi lters are still the most-used technology, due to the accumulated 
knowledge, their low cost, and simplicity to operate. One concern related to open-
bed biofi lters is the release of microorganisms to the surrounding air. Food and 
fermentation industries need an environment with a controlled amount of micro-
organisms because of the nature of their processes. Van Groenestijn and Hesselink 
(1993) refer to emissions up to 104 colony-forming units per cubic meter of treated 
gas. To minimize the risk to the process, an enclosed biofi lter with an induced 
draft system (vacuum), as described in Devinny et al. (1999), should be preferred. 
This way only clean air will be drawn into the system if leaks are present. The fi nal 
ventilation ducting must be positioned accordingly.

Biotrickling fi lters are used because of their ability for process control and 
are recommended when high concentrations of (acidifying) compounds have 
to be treated, or when only limited area space is available on site. Biowashers 
are favored when the pollutants have high solubility in water. Otherwise they 
are water-consuming and less attractive. If  an existing activated sludge tank can 
receive the waste air from another process, that fact may be very profi table. It is 
necessary to guarantee that the new pollutants will not interfere with the acti-
vated sludge performance. Stripping of dissolved odors, fl ora inhibition, and 
fi lamentous bulking are some of the problems that may appear or get out of 
control.

Contacting times, application area, toxicity of pollutants, acid production 
during degradation, clogging, chaneling, solubility in water, adhesion to pack-
ings, costs of technology, one or several pollutants, selected species or natural 
consortia, pressure drop, selection of support media, open or closed-beds, and 

Table 1. Four entry characterization of biological systems for air pollution control
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so on, are variables to be considered. With so many variables, there is still a long 
way to go before one can be sure of what solution is the best. For the same rea-
son, modeling is also very diffi cult. For further information about reactor design 
and modeling, books of Devinny et al. (1999) and Kennes and Veiga (2001) are 
recommended.

2.5. New Technologies

2.5.1. Biological Plate Tower (BPT)

The big mistake in the transposition from physical–chemical to biological reac-
tors is to forget that the presence of biofi lms completely changes the behavior and 
performance of the reactor. Biofi lm growth is chaotic and never tridimensionally 
homogeneous on a random packing. Oriented packing has better results but not 
yet good enough. A good physical–chemical reactor does not have to be a good 
biological one and it is indeed a poor option in many situations. Four-phase reac-
tors always bring about hydrodynamic problems. Sloughing, channeling, and clog-
ging always occur. A good effi ciency of removal makes it happen faster. To solve 
these problems and make the process easy to operate steadily for a long time, a new 
concept of reactor was designed and tested with air polluted with VOCs. Pseu-
domonas putida was the selected inoculum. The effl uent simulation was achieved 
with the mixing chamber described in Peixoto and Mota (1997).

The observation of the growth on the plane surfaces (top liquid distribu-
tor, base plate) of a biotrickling fi lter (Figure 6) suggested a design based on 

Figure 6. Liquid distributor showing the growth of biomass on the lower surface. On the top side, 
that occurrence was even stronger.
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horizontal surfaces. Basically, the BPT is a pile of parallel circular plates with a 
single hole on the border. The plates are placed in such a way that the holes will 
alternate (180°) from one to the next plate. In this way, a cascade of liquid will go 
downward, changing direction from plate to plate. The gaseous stream follows 
the opposite direction, upward. The bacteria attach to their top surface. Figure 7 
shows the schematic of the fl ows and biofi lm growth on the plates.

The reactor is a four-module (about 28.8 dm3 each) BPT with 20 plates in 
each module. An individual plate surface area (top face) is about 40 195 mm2. 
The scratched surfaces of the plates were intended to make the bacterial adhe-
sion easier. Only two or three of the four modules are operated continuously. 
The other(s) is kept free and ready to replace any one that reaches saturation 
with biomass. In this way the operation can be kept going virtually forever.

The performance is quite stable (the biofi lm activity, surface-dependent, is 
kept approximately constant) and the constant surface contact area makes it 
easy to model and scale-up the process. The total surface area and the space 
between plates can be designed for the desired operating time. In theory, the 
available surface in a BPT is a tenth of the surface in a biotrickling fi lter, consid-
ering the same total volume.

The new design proved to ensure a stable operation for longer periods, as well 
as high VOC removal (92 % removal for inlet toluene concentration of 10 g m−3 
and empty bed residence time, EBRT = 108 sec). It has very good hydrodynamic 
performance and operates continuously without problem. In the long term, the 
short area is compensated by the steady operation.

The disposal of the newly formed biomass is also much easier than in the 
biotrickling fi lter. Unlike biofi lters whose packing has to be rejected after a certain 
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Figure 7. Simplifi ed schematics of the BPT, with only fi ve plates, to better visualize the directions of 
both fl ows and the attached biofi lm on the upper surface of the plates.
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time of operation, BPT biomass is withdrawn as a water-rich solid phase—the 
biofi lm attached to the plates—and quite easy to handle. When the thickness 
of the biofi lm reaches the maximum value allowable, the set of plates is simply 
replaced by a clean one and the biomass is dealt with outside the reactor. Sam-
pling the biofi lm for analysis is very easy. It does not oblige the operation to be 
stopped, or severely shaken as it happens with biotrickling fi lters, and any plate 
can be sampled. Even operation demands a constant surface of biofi lm. Oxygen 
uptake rate measurements were made to fi nd out if  there were great activity dif-
ferences between different plates and between the surface and inside the biofi m. 
The respiratory activity was similar (about 0.11 mg g−1 s−1, mass of oxygen per 
mass of volatile solids per time) for the superfi cial samples of all plates, show-
ing some difference (up to about 20 %) for the lower ones where it was higher. 
The middle samples had almost zero activity (0.01 mg g−1 s−1 or less) and none 
of the base samples showed any activity. For the respirometry tests, the carbon 
source was phenol. The plates at the bottom of each module had thicker biofi lms 
than the upper ones, due to the higher concentration of  the carbon source 
and oxygen in the entrance. The fi rst module, which receives the higher dose, is 
the one that shows the thickest fi lms, reaching over 15 mm until needing to be 
replaced (Figure 8).

The research on the BPT is still ongoing. Assays to quantify VOC and odor 
removals are now being planned. In the future, different bacteria, plate shapes, and 
distances between plates will be tested. The bacterial growth hanging from holes in 
the plates (sieve trays, similar to Figure 6) also will be investigated. The possibility 
of using different bacteria in different modules also will be considered.

Figure 8. Photograph of the bottom plates of the fi rst module showing the biofi m growth on the 
BPT plates. The huge biofi lm does not endanger the permeability of the system.
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2.5.2. Membrane Bioreactor

In the membrane bioreactor concept, one side of the membranes is dry and acts 
as a surface for uptake of pollutants from the air fl owing along the membranes, 
while the other side is kept wet and covered by a biofi lm. In Figure 9, a fl at mem-
brane bioreactor with a composite membrane is shown, but also other confi gu-
rations like hollow fi ber membranes modules can be applied. Pollutants diffuse 
through the membrane and are subsequently degraded by the microorganisms in 
the biofi lm or in the recirculating aqueous phase. By continuous recirculation of 
the aqueous phase, the microbial degradation process can be easily controlled. The 
main advantages of membrane bioreactors for waste gas treatment include the 
high specifi c surface area, the ability to prevent clogging, the good reactor control, 
the physical separation of gas and biofi lm, the low pressure drop, the absence of 
channeling, and the independent control of gas and liquid phase (De Bo, 2002). 
Potential disadvantages are the high investment costs, the additional mass transfer 
resistance caused by the membrane, a decreased biofi lm activity as the biofi lm 
ages, and clumping of hollow fi ber membranes at high biofi lm growth. The reac-
tor concept, although not implemented in practice yet, has potential to eliminate 
VOCs characterized by poor water solubility, by lack of biodegradability, and by 
toxicity (Reij et al., 1998). Recently a fl at membrane reactor was developed and 
applied for the degradation of DMS and toluene as single compounds (De Bo 
et al., 2002, 2003). In this case a composite membrane was used, guaranteeing a 
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Figure 9. Scheme of a fl at membrane bioreactor for waste gas treatment (De Bo, 2002).
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stable long-term reactor performance because clogging of the porous membrane 
was prevented. For DMS, an ECmax of 4.8 kg m−3 d−1 was obtained, which was 
higher than any reported fi gure for biofi lters or biotrickling fi lters.

3. REMOVAL OF COMMON ODORS

Most of the work has been done about removal of ammonia, reduced sulfur 
compounds (either single or as a mixture), and odorous VOCs, especially with 
biofi ltration. About compounds like amides, indole, scatole, and pyridine no 
information was found. However, it can be assumed that when bioreactors can 
operate with high odor reduction effi ciency, these compounds are also suffi -
ciently degraded.

3.1. Removal of Ammonia

Within the group of odorous nitrogen-containing compounds, ammonia is by 
far the most investigated and documented compound with respect to its removal 
from waste gases by biological treatment technologies. Although ammonia has 
a rather high odor threshold value (3.9 ppmv to 5.8 ppmv) compared to many 
other odorous (nitrogen) compounds (Weckhuysen et al., 1994; Devos et al., 
1990), and consequently dilutes rapidly to below detection downwind from the 
emission source, its very sharp and unpleasant odor can cause a severe odor 
nuisance nearby its emission source. Among biotechnological waste gas treat-
ment systems, mainly biofi lters have been used to control emissions containing 
ammonia. The main processes taking place during biofi ltration of ammonia are 
presented in Figure 10.

GAS PHASE BIOFILM FILTER MATERIAL

NH3 NH3 NH4
+

NO2
−

NO3
−

Nitrosomonas

Nitrobacter

I II

III

NH4
+

Figure 10. Main processes taking place during ammonia biofi ltration (I: absorption; II: adsorption; 
III: nitrifi cation).
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Since ammonia has a low Henry’s law constant (H20 °C = 5.6 × 10−4) (Perry 
and Green, 1984) and a protonation constant pKa, 20 °C of 9.23 (Weast et al., 
1984), in biofi lters it is partly retained by adsorption onto the carrier material 
and by absorption into the water fraction of the carrier material. In this context, 
Shoda (1991) reports a maximum volumetric NH3 elimination capacity of 15 g 
m−3 d−1 in a peat biofi lter due to these physical–chemical transfer processes. In 
a compost biofi lter, Smet et al. (2000) obtained an NH3 adsorption and absorp-
tion capacity, per volume of compost, of 490 g m−3 and 47 g m−3, respectively, 
at an NH3 inlet concentration of 159 ppmv and a compost moisture content 
of 40%. Next to these physical–chemical processes, nitrifi cation by the autotro-
phic bacteria Nitrosomonas and Nitrobacter is generally considered as the main 
microbiological process for the degradation of NH3 (Terasawa et al., 1986; Van 
Langenhove et al., 1988; Williams, 1995). More recently, the autotrophic genera 
Nitrosospira and Nitrospira also are reported to be responsible for nitrifi cation 
(Schramm et al., 2000; Regan et al., 2002).

As a result of these phase transfer and (micro)biological processes, NH3 has 
been removed effi ciently at concentrations up to 50 ppmv. Using a wood bark 
biofi lter, Van Langenhove et al. (1988) obtained removal effi ciencies of at least 
90% at concentrations between 6 ppmv and 17 ppmv and at NH3 mass loading 
rates (Bv) up to 58 g m−3 d−1. At similar concentrations (4 ppmv to 16 ppmv), 
Weckhuysen et al. (1994) observed elimination effi ciencies of 83% or higher at 
NH3 mass loading rates between 6.8 g m−3 d−1 and 27.2 g m−3 d−1. In an inoculated 
peat biofi lter, NH3 elimination capacities (EC) up to 41 g m−3 d−1 are reported 
at an inlet concentration of 20 ppmv (Hartikainen et al., 1996). More recently, 
removal effi ciencies as high as 99.5% were obtained for 100 days in an inoculated 
perlite biofi lter, at concentrations of 50 ppmv and NH3 loading rates between 
8.6 g m−3 d−1 and 21.5 g m−3 d−1 (Joshi et al., 2000).

Due to the sensitivity of nitrifying microorganisms, however, biofi ltration of 
waste gases containing high ammonia concentrations (above 50 ppmv) has been 
reported to be questionable. Don (1985) and Hartikainen et al. (1996) reported the 
biofi lter removal effi ciency for NH3 dropped drastically at waste gas concentrations 
exceeding 35 ppmv to 60 ppmv. However, more recently, Liang et al. (2000) could 
obtain NH3 removal effi ciencies of at least 95% at inlet concentrations between 
20 ppmv and 500 ppmv in compost biofi lter in which active carbon was added to 
reduce compaction and channeling, as well as to increase the reactive surface and 
durability of the biofi lter. Similarly, removal effi ciencies over 90% were achieved 
by Kim et al. (2002) at inlet concentrations up to 150 ppmv in a biofi lter system 
packed with small cubes of polyurethane sponge coated with a powder mixture 
of activated carbon and natural zeolite. Kalingan et al. (2004) obtained complete 
NH3 removal in a peat biofi lter containing inorganic supporting material at a NH3 
concentration of 200 ppmv, while Smet et al. (2000) observed no NH3-toxicity in a 
compost biofi lter at concentrations up to 775 ppmv.

Besides the ammonia input concentration, the mass loading rate of a bio-
fi lter seems to be critical for an effi cient performance. In an inoculated activated 
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carbon biofi lter, Yani et al. (1998) found a complete NH3 removal up to Bv = 95 g 
m−3 d−1, whereas the elimination effi ciency decreased at higher loading rates. The 
highest EC observed by these authors was 220 g m−3 d−1 at Bv = 250 g m−3 d−1 
and at an EBRT of 52 s. Smet et al. (2000) and Demeestere et al. (2002) obtained 
elimination capacities up to 350 g m−3 d−1 in a compost biofi lter at EBRT = 131 s 
and 21 s, respectively. EC peak values of 530 g m−3 d−1 and 1285 g m−3 d−1 were 
reported at inlet concentrations of 250 ppmv (Bv = 600 g m−3 d−1) and 450 ppmv 
(Bv = 1329 g m−3 d−1), respectively (Demeestere et al., 2002). According to these 
authors, the cumulative loading (mass of NH3 per fi lter material volume, g m−3) 
is the limiting factor for a NH3 degrading biofi lter. Smet et al. (2000) observed 
a sharp reduction in elimination after a cumulative NH3 removal of 6000 g m−3. 
Osmotic effects, due to the accumulation of NH4NOx at concentrations (mass 
of NH4NOx-N per mass of compost) higher than 4 g kg−1, were found to be the 
reason for the inhibition of NH3 removal (Smet et al., 2000; Demeestere et al., 
2002). However, a subsequent loading of the biofi lter with a carbon source like 
methanol could regenerate the biofi lter material, due to methylotrophic conver-
sion of NH4

+ and NOx
− into biomass (Demeestere et al., 2002).

In order to achieve optimum NH3 removal in biofi lters, the moisture content 
of the fi lter material should be between 40% and 60%, the temperature between 
30°C and 35°C and the pH between 7 and 8 (Van Lith et al., 1997; Warren et al., 
1997). With respect to the latter parameter, acidifi cation of the fi lter material due 
to the accumulation of nitrite and/or nitrate can inhibit the long-term stability 
of a NH3 degrading biofi lter, as reported by Heller and Schwager (1996). On the 
other hand, no acidifi cation was observed by Don (1985) and Smet et al. (2000), 
who attributed that effect to the establishment of an equilibrium between NH3 
absorption increasing the pH and nitrifi cation decreasing the pH.

Next to the removal of NH3 in waste gases by biofi ltration, bioscrubbers and 
biotrickling fi lters also have been used for NH3 degradation. Due to the presence 
of a recirculating water phase, both these techniques allow to drain off  accumu-
lating toxic compounds, to control the pH, and to add nutrients. As an example, 
Smits et al. (1995) obtained a biological elimination capacity of 96 g m−3 d−1 in 
a pilot-scale biotrickling fi lter at superfi cial gas and liquid velocities of 1300 m 
h−1 and 2.5 m h−1, respectively. No gas-to-liquid mass transfer limitation was 
observed under these conditions. Due to its low Henry’s law coeffi cient, effi cient 
NH3 scrubbing from the gas phase can be obtained. However, it was observed 
by the authors that up to 70% of the ammonia removed from the waste gas was 
not nitrifi ed but removed with the drain water. Consequently, although the use 
of both biotrickling fi lters and bioscrubbers can be very effi cient to remove NH3 
from the waste gas, it implicates the subsequent treatment of the NH4

+-loaded 
drain water in a wastewater treatment plant. Another drawback of these tech-
nologies is the relative low removal of less water-soluble odorous compounds in 
bad-smelling waste gases.

Although it is shown by some authors (Tang et al., 1996; Chou and Shiu, 
1997; Busca and Pistarino, 2003; Chang et al., 2004) that also other odorous 
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nitrogen-containing compounds than ammonia can be effi ciently removed by 
biological waste gas treatment technologies, fewer experimental data are pub-
lished so far in that fi eld. For example, as far as we know, there is no information 
available about the biotechnological removal of nitrogen compounds like amides, 
indole, scatole, and pyridine. Nevertheless, some reports deal with the removal of 
gaseous amines by biofi ltration. Amines are bad-smelling compounds that often 
are present in waste gases arising from fi sh markets, meat treatment industries, 
and other food industries (Busca and Pistarino, 2003). According to Chou and 
Shiu (1997), methylamine (MA) can be successfully removed, i.e., hydrolyzed to 
ammonia and nitrifi ed to nitrate and/or incorporated into microbial biomass, 
in peat biofi lters at mass loading rates up to 160 g m−3 d−1, at a pH between 7.5 
and 8.5, and at a moisture content between 55% and 60%. Tang et al. (1996) 
investigated the removal of triethylamine (TEA, 78 ppmv to 841 ppmv) in a bio-
fi lter consisting of a mixture of compost and chaff particles and obtained the 
highest TEA elimination capacity of 3360 g m−3 d−1 at an inlet concentration of 
550 ppmv, above which substrate inhibition occurred. However, a comprehensive 
picture cannot be drawn for these compounds due to scarceness of the literature 
available (Busca and Pistarino, 2003).

3.2. Removal of Hydrogen Sulfi de

Next to ammonia, H2S biofi ltration has been studied extensively, because it is 
one of the most frequently produced odorous compounds in industrial processes 
like petroleum refi ning, rendering, wastewater treatment, food processing, and 
paper and pulp manufacturing (Yang and Allen, 1994a). The bacteria respon-
sible for H2S degradation in biofi lters mostly belong to the genera Thiobacillus 
(e.g., T. thioparus) and Acidithiobacillus (e.g., A. thiooxidans) and can be either 
neutrophilic or acidophilic. Under optimal conditions, H2S is oxidized to sulfu-
ric acid, but during stress conditions (high loads, oxygen limitation) accumula-
tion of elemental sulfur has been observed.

Because H2S is very biodegradable, most investigations report very effi -
cient H2S removal in a wide concentration range. Yang and Allen (1994a), for 
instance, observed higher than 99.9% removal effi ciencies for H2S inlet concen-
trations ranging from 5 ppmv to 2650 ppmv. However, because sulfuric acid is 
produced, acidifi cation of the fi lter material will inevitably occur during the bio-
fi ltration process, its rate depending on the buffer capacity of the fi lter bed and 
the amount of H2S removed. Degorce-Dumas et al. (1997) found that buffering 
the packing to a near neutral pH doubled the length of the period during which 
> 95% H2S removal effi ciency was obtained. When the pH decreased below 6.6, 
the H2S removal effi ciency started to decrease, together with the number of non-
acidifying thiobacilli. Instead, acidifying thiobacilli became dominant. There-
fore, a correlation between the number of nonacidifying thiobacilli and the H2S 
removal effi ciency was suggested. Other authors, however, observed a smaller 
effect of acidic pH values on the H2S removal effi ciency. Yang and Allen (1994a), 
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for instance, found almost equal H2S removal effi ciencies at pH values between 
3.2 and 8.8. Only at pH = 1.6, the removal effi ciency decreased to 15%. The high 
H2S removal effi ciency at pH = 3.2 was attributed to the abundance of acido-
philic sulfur oxidizing bacteria. Also other studies did not report decreased H2S 
removal effi ciencies at pH values as low as 3 (Wada et al., 1986; Cook et al., 1999) 
or even 1.2 (Yang et al., 1994). During biofi ltration, the pH will fi rst decrease at 
the inlet side of the biofi lter, where most of the H2S is oxidized and the low pH 
front will consequently move to the deeper parts of the biofi lter (Cook et al., 
1999). In general, it should be suffi cient to maintain a pH value higher than 3 for 
effi cient H2S removal. However, it could be useful to maintain neutral pH values 
to prevent inhibition of the removal of other compounds present in the waste 
gas, corrosion, and increased fi lter medium degradation. To increase the pH of 
the biofi lter material, washing can be applied (Yang and Allen, 1994b), although 
only small pH increases are usually obtained. Smet et al. (1996b) observed that 
regeneration of an acidifi ed biofi lter (pH = 4.7) was not possible by trickling 
tap water or buffer solution over the bioreactor, because most of the sulfate was 
leached as the corresponding sulfate salts and not as sulfuric acid. In addition, 
leaching caused washout of essential microbial elements. Alternatively, the use 
of more concentrated buffer solutions in combination with a complete mineral 
medium or mixing with limestone powder was recommended.

Next to acidifi cation, the accumulation of elemental sulfur and sulfate in the 
fi lter material can potentially inhibit microbial activity. Yang and Allen (1994b) 
found the highest concentrations of both compounds at the inlet side of the 
biofi lter. Elemental sulfur was present because it was formed as an intermedi-
ate during incomplete H2S oxidation after exposure to high H2S concentrations. 
By adding increasing amounts of sulfate to different biofi lters, Yang and Allen 
(1994a) observed that concentrations (mass of S per mass of compost) exceed-
ing 25 mg g−1 were inhibitory for H2S removal, probably due to toxic effects. This 
inhibition effect, however, was not confi rmed by Jones et al. (2003), for sulfate 
concentrations up to 100 mg g−1. In general, it is recommended to evaluate the 
expected H2S loading rate before designing a biofi lter. If  it is assumed that all 
sulfur entering a biofi lter will ultimately accumulate as sulfate, its cumulative 
concentration can be calculated to assess the long-term deactivation of a biofi l-
ter, e.g., with a threshold of 25 mg g−1.

Because H2S is very biodegradable, EBRTs can be rather low, e.g., 15 s 
(Yang and Allen, 1994a) without affecting the H2S removal effi ciency. Possibly 
other, less biodegradable or water-soluble compounds present in the waste gas 
will determine the lower limit of the EBRT. Next to organic materials like com-
post, peat, or wood bark, different alternative carrier materials were described 
for H2S biofi ltration, being rockwool, fuyolite, and ceramics (Kim et al., 1998), 
a pelletized mixture of pig manure and sawdust (Elías et al., 2000), pellets of 
agricultural residues (Elías et al., 2000), porous lava inoculated with Thiobacillus 
thiooxidans (Cho et al., 2000), and microorganisms immobilized in Ca-alginate 
(Chung et al., 1996a,b, 1997, 1998; Huang et al., 1996; Park et al., 2002).
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Next to biofi lter applications, more recent articles describe H2S removal 
with biotrickling fi lters. Their main advantage is optimal control of pH, nutri-
ents, and accumulation products, although of course treatment costs are higher. 
At an EBRT between 30 s and 120 s, high H2S removal effi ciencies (> 95%) eas-
ily can be obtained for H2S concentrations between 200 ppmv and 2000 ppmv 
(Ruokojärvi et al., 2001; Sercu et al., 2005b). At lower infl uent concentrations, 
lower EBRTs can be used at high removal effi ciencies. Gabriel and Deshusses 
(2003) described the retrofi tting of existing chemical scrubbers for H2S removal 
to biotrickling fi lters, maintaining an EBRT between 1.6 s and 2.2 s. Removal 
effi ciencies > 98% were commonly reached for 30 ppmv inlet concentrations, 
with decreases to 90% at 60 ppmv peak concentrations. The removal of volatile 
organic sulfur compounds in the same reactor was lower, however, e.g., 35% 
± 5% for carbon disulfi de. The authors attributed the residual odor after the 
biotrickling fi lter mainly to the persistence of these compounds. Also Wu et al. 
(2001) obtained > 95% H2S removal effi ciency at EBRT = 5 s, at < 6 ppmv infl u-
ent concentrations in a pilot-scale biotrickling fi lter. At 20 ppmv infl uent concen-
tration the removal effi ciency decreased to about 89%.

3.3. Removal of Ammonia and Hydrogen Sulfi de

A number of studies have been performed regarding the simultaneous removal 
of H2S and NH3, because both can constitute an important part of odorous gas 
mixtures. Similarly as with the removal of the separate compounds, high removal 
effi ciencies can be obtained during simultaneous dosing of both compounds, at 
concentration levels usually occurring in odorous mixtures (< 50 ppmv). At higher 
H2S and NH3 concentrations, inhibition of the NH3 removal can occur. Kim et 
al. (2002), for instance, obtained higher than 99% and 92% removal effi ciencies 
for H2S and NH3, respectively, in a wood chips biofi lter, at infl uent concentra-
tions of about 50 ppmv (EBRT = 1 min). At concentrations exceeding 200 ppmv, 
however, H2S inhibited the NH3 removal, which decreased to 30%, but this effect 
was reversible when the H2S concentration decreased again. By using a granulated 
activated carbon biofi lter, the inhibition during H2S peak loadings decreased due 
to buffering effects. An important aspect of simultaneous H2S and NH3 biofi l-
tration is that the extent of the pH decrease, caused by production of sulfuric 
and nitric acids, can decrease, because the accumulation of acidic products can 
be small due to (NH4)2SO4 formation. At NH3 concentrations equal or higher 
than H2S (on volumetric basis), Chung et al. (2000), for instance, observed no 
acidifi cation. Recently, Chung et al. (2004) showed that acidifi cation during H2S 
and NH3 removal could further be decreased considerably by selection of hetero-
trophic bacteria (Pseudomonas putida CH11 for H2S and Arthrobacter oxydans 
CH8 for NH3). Heterotrophs oxidize H2S and NH3 mainly to elemental sulfur 
and organic nitrogen, causing only very small production of acidic end-products. 
In the activated carbon biofi lter, H2S and NH3 concentrations between 20 ppmv 
and 120 ppmv could be very effi ciently removed during 180 d. A carbon source 
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had to be supplied every two weeks to support growth of the heterotrophic organ-
isms. A number of researchers used microorganisms immobilized in Ca-alginate 
to remove mixtures of H2S and NH3, although the performance of these reactors 
was somewhat lower than with the more traditional biofi lters (Chung et al., 2000, 
2001a,b). Possible advantages, however, are increased possibilities for pH control 
and removal of metabolic products (elemental sulfur and (NH4)2SO4), as is also 
the case with biotrickling fi lters.

3.4. Removal of Volatile Organic Sulfur Compounds

Volatile organic sulfur compounds (VOSCs) include compounds like dimethyl 
sulfi de (DMS), dimethyl disulfi de (DMDS), mercaptans, and carbon disulfi de. 
These compounds have been related to odor complaints in some studies. A direct 
correlation could even be established between the total odor concentration and 
the concentration of VOSCs in waste gases of rendering plants (Defoer et al., 
2002). Van Langenhove et al. (1992) compared a full-scale biotrickling fi lter and a 
biofi lter for treating rendering emissions. Both techniques removed alkanals very 
effi ciently, but organic sulfur compounds were much less effi ciently removed. 
This was attributed to an insuffi cient development of microorganisms capable 
of degrading these compounds. Goodwin et al. (2000) also observed problems 
removing reduced sulfur compounds with a biofi lter at a biosolids composting 
facility. Increasing the EBRT from 20 s to 32 s improved the removal effi ciency 
somewhat. In contrast, VOCs like methane, formaldehyde, isopentanal, N,N-
dimethyl methenamine, and dimethylamine were removed for more than 95% in 
all cases at average inlet concentrations of 15 ppmv.

Different reasons can explain the relation of VOSCs and odor nuisance. 
First of all, VOSCs combine a very bad smell with very low odor threshold val-
ues, for instance 0.1 ppbv to 3.6 ppbv for DMDS and 0.9 ppbv to 8.5 ppbv for 
methyl mercaptan (Smet et al., 1998). This means that to prevent odor nuisance 
only very low concentrations can persist in the treated gas stream. Second, com-
pared with H2S, VOSCs are less biodegradable. Degradation rates decrease in the 
order H2S > MM > DMDS > DMS (Cho et al., 1991; Smet et al., 1998). There-
fore, it is recommended to inoculate biofi lters to shorten the start-up period 
and to remove high concentrations of these compounds. Smet et al. (1996a), for 
instance, increased the maximal DMS elimination capacity from 10 g m−3 d−1 
to 680 g m−3 d−1 after inoculation of a compost biofi lter with Hyphomicrobium 
MS3. Also other authors used inocula (e.g., Hyphomicrobium spp., Thiobacillus 
spp.) to remove VOSCs in biofi lters (Cho et al., 1991, 1992; Zhang et al., 1991; 
Park et al., 1993). However, in full-scale applications, the use of inoculation is 
not well documented. Smet (1995) reported successful removal of organic sulfur 
compounds in a full-scale biofi lter treating emissions from mushroom compost-
ing, after inoculation with a specialized strain. Fifty days after inoculation, the 
total sulfur removal effi ciency (excluding H2S-S) in the inoculated biofi lter sec-
tion had increased to 99% compared with 68% in the noninoculated section. But 
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even when inoculation is used, in a mixture of reduced sulfur compounds, H2S is 
preferentially degraded over dimethyl sulfi de or other organic sulfur compounds 
(Cho et al., 1992; Wani et al., 1999; Zhang et al., 1991). This occurs because H2S 
oxidation yields most energy for the microorganisms (Smet et al., 1998). There-
fore, the bioreactor has to be designed large enough to allow H2S degradation at 
the inlet side of the biofi lter and degradation of the remaining VOSCs deeper in 
the biofi lter bed. Finally, when a biofi lter is designed properly to remove VOSCs, 
there is still a change of long-term decrease in removal effi ciency because of 
acidifi cation. Similarly as for H2S, sulfuric acid is formed after complete oxida-
tion of VOSCs. Microorganisms degrading the VOSCs, however, are much more 
sensitive to low pH values than H2S oxidizing bacteria. Smet et al. (1996b), for 
instance, observed a decreased DMS elimination capacity when the compost pH 
decreased below 5. To prevent problems due to acidifi cation, the bioreactor has 
to be designed large enough, and for high infl uents loadings pH control should 
be included. Alternatively, two-stage systems have been proposed, fi rst remov-
ing H2S and subsequently VOSCs (Kasakura and Tatsukawa, 1995; Park et al., 
1993; Ruokojarvi et al., 2001; Sercu et al., 2005b). Ruokojarvi et al. (2001), for 
instance, developed a two-stage biotrickling fi lter for sequential removal of H2S, 
methyl mercaptan (MM) and DMS. Two bioreactors connected in series were 
inoculated with enriched activated sludge, the fi rst operating at low pH for H2S 
removal and the second at neutral pH for DMS removal. MM was removed in 
both reactors. H2S, DMS and MM elimination capacities (as S) as high as 47.9 g 
m−3 h−1, 36.6 g m−3 h−1 and 2.8 g m−3 h−1, respectively, were obtained for the 
entire two-stage biotrickling fi lter at > 99% removal effi ciencies and the reactor 
showed a good long-term stability.

3.5. Removal of Odorous VOCs

Generally, odorous VOCs are biodegradable in biofi lters (Van Langenhove et 
al., 1989b, 1992; Goodwin et al., 2000). In most cases these compounds are not 
the cause of odor problems when biofi lter malfunctioning occurs, and therefore 
literature data about the removal of low concentrations of these compounds are 
less available than, for example, ammonia and hydrogen sulfi de.

The removal of aldehydes, alcohols, and fatty acids is generally very good 
in biofi lters (Kiared et al., 1997; Mohseni and Allen, 2000; Otten et al., 2004; 
Sheridan et al., 2003; Weckhuysen et al., 1993). For methanol, for instance, 
it was, found that concentration step changes and periods without methanol 
loading did not affect its removal effi ciency in biofi lters (Mohseni and Allen, 
1999), which was attributed to the good biodegradability and high water solu-
bility of methanol. In some studies it was shown that nutrient addition could 
enhance VOC elimination capacities during longer periods, e.g., in the case of 
butanal (Weckhuysen et al., 1993) or butyric acid (Sheridan et al., 2003). It has 
been observed that in the case of aldehydes, the corresponding organic acids 
can accumulate during biofi ltration, especially at higher infl uent concentrations 
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(Weckhuysen et al., 1993; Sercu et al., 2005a). This can lead to a pH decrease, 
potentially limiting the removal effi ciencies of other compounds in the waste 
gas. Next to biofi lters, biotrickling fi lters have been used to remove odorous 
VOCs. Again, high removal effi ciencies have been obtained for aldehydes, alco-
hols, and volatile fatty acids (Chang and Lu, 2003; Chua et al., 2000; Ibrahim 
et al., 2001; Kirchner et al., 1991), even at low EBRT. Kirchner et al (1987), for 
instance, showed > 90% removal effi ciencies for compounds like aldehydes and 
alcohols at 5 ppmv to 40 ppmv infl uent concentrations and 2.4 s EBRT. Ibrahim 
et al. (2001) found 92% and 95% removal effi ciencies for 10 ppmv acetaldehyde 
and propionaldehyde inlet concentrations, respectively, in a column packed with 
immobilized activated sludge beads at EBRT = 12.4 s. At higher infl uent con-
centrations, the removal of both compounds decreased, however, due to inhibi-
tory effects. For higher infl uent concentrations, higher EBRT values are needed, 
as shown by Chang and Lu (2003). They found nearly complete isopropanol 
removal effi ciencies in a biotrickling fi lter, operated between 20 s and 90 s EBRT 
time at infl uent concentrations between 100 ppmv and 500 ppmv. When too high 
infl uent loadings are applied, accumulation of compounds or intermediates can 
occur. Chua et al. (2000) found > 99% removal effi ciencies for butyric and valeric 
acid in a biotrickling fi lter, at mass loadings between 4.8 g m−3 h−1 and 37.8 g m−3 
h−1 (0.05 g m−3 to 0.86 g m−3). However, at loading rates exceeding 32 g m−3 h−1, 
the maximal biodegradation capacity was reached and accumulation of volatile 
fatty acids in the liquid phase was observed.

3.6. Removal of Odor Mixtures

From the previous sections, it is clear that most of the components present in 
odorous mixtures can be removed effi ciently with biological waste gas cleaning 
techniques, when properly operated, even at relatively high infl uent concentra-
tions. Also, in industrial applications treating mixtures of compounds, often high 
(odor) removal effi ciencies can be obtained. Park et al. (2001), for instance, used 
a biotrickling fi lter packed with ceramics and inoculated with activated sludge to 
remove odors at a composting facility. After a 30 d acclimation period, > 95% 
removal effi ciencies were obtained for NH3 and H2S during about 60 d of opera-
tion. Also, at a biosolids composting facility, Goodwin et al. (2000) found effi -
cient odor removal with a biofi lter (> 95%) after about 3 months of operation at 
EBRT = 20 s, as determined with olfactometric analyses. Luo (2001) observed > 
98% odor reduction with wood bark biofi lters treating rendering emissions during 
a period of 3 years, at EBRT = 6.8 min. Reducing the EBRT to 1.7 min did not 
affect the odor removal effi ciencies during the fi rst 3 months of operation. After 
22 months, however, the odor removal effi ciency was 99.1% at EBRT = 6.8 min 
and only 29.7% at EBRT = 1.7 min. This clearly shows that regular fi lter medium 
replacement is necessary, especially when lower EBRT values are used.

When a complex mixture of odorous compounds has to be treated, removal 
effi ciencies of the single compounds can be smaller than expected. This can be 
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caused by, e.g., toxic effects of substrates or metabolites. Van Langenhove et al. 
(1989a) compared the applicability of a tree bark biofi lter for removing odors 
from a vegetable processing industry, mainly emitted during the blanching pro-
cess. The main odorous compounds identifi ed were sulfi des, isothiocyanates, 
nitriles, and aldehydes. In pilot-scale experiments all compounds were removed 
with > 95% removal effi ciencies at a volumetric loading rate of 200 m3 m−2 h−1. 
However, a full-scale biofi lter, designed according to the results obtained from 
the pilot-scale studies, had lower removal effi ciencies after 6 months of opera-
tion (45% to 65% for sulfi des). This was found to be caused by the accumulation 
of isothiocyanates, which was not observed during the short-term pilot-scale 
experiments. For hexanal, Van Langenhove et al. (1989b) observed 85% removal 
effi ciency in a wood bark biofi lter, at 10 ppmv inlet concentration and EBRT = 
0.33 min. To simulate emissions from a food processing plant, 40 ppmv SO2 was 
added to the waste stream, leading to a drastic decrease of the hexanal removal 
effi ciency to 40%. Next to toxic effects, preferential degradation of easily biode-
gradable compounds can inhibit the removal of other compounds. Smet et al. 
(1997), for instance, found that isobutanal was preferentially degraded before 
DMS, in a biofi lter inoculated with Hyphomicrobium MS3, when both com-
pounds were simultaneously dosed. This could cause low removal of DMS when 
a biofi lter is designed too small.

4. CASE STUDIES

4.1. Methodology

In all case studies mentioned in this paragraph, samples have been taken of the 
untreated and the treated airfl ows, in order to determine important parameters. 
First, the chemical composition of the airfl ow was revealed using GC-MS analy-
sis. These data are very useful for the determination of the total chemical load 
going to the bioreactor, as well as for improving the working effi ciency of it, 
being able to indicate the compounds or groups of compounds that are degraded 
insuffi ciently. The second type of analyses used is the determination of the total 
odor concentration, using dynamic olfactometry. These data are used to deter-
mine the total odor removal effi ciency of the bioreactor, which is the fi nal wanted 
effect of the use of a bioreactor in case of odor problems.

4.1.1 GC-MS Analysis

4.1.1a. Sampling procedure. The gases were sampled using a method that 
involved preconcentration on an adsorbent. This preconcentration step was 
carried out at the sampling location. Tenax TA was used as adsorbent. Tenax 
TA is a porous polymer based on 2,6-diphenylene oxide. It has been specifi cally 
designed for the trapping of volatiles and semivolatiles (SIS, 2000). The collected 
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waste gases were cooled at about 4 °C before adsorption. This cooling stage 
was used in order to increase the breakthrough volume and in order to separate 
excess water vapor. The sampled adsorption tubes were fi lled with approximately 
750 mg Tenax. Sampling rate was 200 ml min−1 and sampled volume varied 
between 50 ml and 10 L.

4.1.1b. Analysis. The analysis of the VOCs present in the sample was done 
in different steps, including desorption from the adsorbent, separation by gas 
chromatographic techniques, quantifi cation by fl ame ionization detection, and 
subsequent identifi cation through mass spectrometry. The desorption step con-
sisted of a thermal desorption. A second preconcentration (cryogenic trapping 
of the VOCs) was necessary in order to achieve good chromatographic separa-
tion. The cryogenically concentrated samples were introduced immediately into 
the GC by rapid heating of the trap. The different compounds were separated 
in a gas chromatograph (Varian 2700) with a 100% polydimethylsiloxane apolar 
column (type DB-1, 30 m × 0.53 mm, fi lm thickness 5 µm, J&W Scientifi c). The 
mass spectrometer used was a Finnigan MAT 112 S with an electron impact ion 
source and a magnetic sector analyser.

4.1.2. Olfactometry

4.1.2a. Sampling procedure. The gases were sampled using the static 
sampling method. In this method, a sample is collected and transferred into 
a sampling container (bag). Collecting the sample was done with the “lung 
principle,” where the sample bag is placed in a rigid container and the air is 
removed from the container using a vacuum pump. The partial vacuum cre-
ated in the container causes the bag to fi ll with a volume of  sample equal to 
the volume that was removed from the space around the bag in the rigid con-
tainer. In some sampling points, where a risk of  condensation in the sampling 
bag existed due to high humidity and high temperatures, a predilution was 
applied using dry odor-free nitrogen. Sampling materials used were Tefl on™ 
for tubing and disposable sampling bags made of  Nalophan™ fi lm. All samples 
were analyzed by the accredited odor laboratory of  PRA OdourNet bv (The 
Netherlands) within 30 hours after sampling. During transportation, samples 
were not exposed to direct sunlight. All measurements of  the odor concen-
trations were executed by dynamic olfactometry according to the EN13725 
(CEN, 2003).

4.1.2b. Principle of dynamic olfactometry. The odor concentration of a 
gaseous sample of odorants is determined by presenting a panel of selected and 
screened human subjects with that sample, varying the concentration by dilut-
ing with neutral gas, in order to determine the dilution factor at the 50% detec-
tion threshold. At that dilution factor, the odor concentration is 1 ouE m−3 by 
defi nition. The odor concentration of the examined sample is then expressed 
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as a multiple of one European odor unit per cubic meter (ouE m−3) at standard 
conditions for olfactometry.

4.2. Odor Removal at a Vegetable Oil Extraction Plant

4.2.1. Background (Van Elst and Van Langenhove, 2001)

Crushing and extraction plants for vegetable oils often cause considerable emis-
sions of odor, which may cause offense in nearby residential areas. The type of 
oil seed processed partially determines the amount and type of odor released. 
Only limited information is found in literature on the composition of these 
waste gases, on source strength classifi cation, and on possible treatment meth-
ods. Lacoste et al. (1996) performed a quantitative study of odorous compounds 
in gas effl uents from three rapeseed crushing plants. Olfactometry was used to 
determine odor concentrations of gaseous effl uents. Chemical analyses revealed 
the presence of nitriles, aldehydes, and sulfur compounds like mercaptans in 
conditioning and pressing emissions, while hydrogen sulfi de and acetaldehyde 
were the major odorant compounds in the absorption unit effl uents.

An oil crushing and extraction plant, situated in an industrial area in the 
northern part of France, mainly processes soybean, sunfl ower, and rapeseed to 
produce vegetable oils. Signifi cantly higher odor emissions occurred when pro-
cessing rapeseed (colza) compared to those associated with other types of oil 
seed. Because of the growing number of complaints arising from the surrounding 
residential area at distances of more than one kilometre, the plant management 
decided to tackle the odor problem. The process of improving the odor situation 
in the vicinity of this plant was a process that took several years and included 
various types of measurements and interim evaluations. The measurements were 
a combination of chemical analyses, olfactometry, and fi eld panels. Chemical 
measurements (gas chromatography, combined with mass spectrometry) were 
mainly used to get a better understanding of the composition of the different 
waste gas streams on the plant. Different gas streams have been sampled to iden-
tify and quantify the VOCs present. In the interpretation, special emphasis was 
put on compounds with a low odor threshold. Olfactometric measurements were 
used to determine the total amount of odour present in the waste gas stream. 
These data were very useful to make a classifi cation of the different sources in 
order to set priorities for abatement but also to calculate the total odor abate-
ment effi ciency of treatment systems. Field panel measurements determined the 
impact of the total odor emission on the vicinity of the plant.

4.2.2. Identifi cation of the Main Sources

The fi rst step in the processing of the seeds consists of a number of physical 
treatments, like cleaning, crushing, heating up to 60°C, pressing, and cooling. 
The main odor sources in this treatment are the hot and humid vapors that 
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arise at the heating stage and during pressing. Also the cooling of the material 
before entering the extraction unit, which takes place on the open conveyor belt 
between the crushing and the extraction unit, can be considered as an impor-
tant source. The residual oil is then extracted from the fl akes with hexane in an 
extraction unit. Hexane and oil are separated in a distillation unit. The residual 
fraction of the seed is treated in a desolventizer to remove hexane. Before being 
vented in the atmosphere, the vapors of the extraction process pass through an 
absorption system with mineral oil to recapture hexane. The emissions of the 
absorption contain high concentrations of hydrogen sulfi de, and thus represent 
an important odor source. The extracted residue of the seed is dried and cooled 
and sold as livestock feed. Large amounts of fresh air are used in this process 
and are emitted to the atmosphere, loaded with odorous components. Olfacto-
metric emission measurements of a selected number of odor sources resulted in 
the following emissions (see Table 2).

The vapors of the conditioners were already incinerated in both steam boil-
ers with an odor removal effi ciency higher than 90%. The resulting calculated 
emissions in European odor units per hour demonstrate the importance of the 
emission of the absorption unit on one hand (72%) and of the drying-cooling 
unit on the other hand (18%).

Chemical measurements were carried out on the six sampled emission points. 
Table 3 gives an overview of the compounds per chemical group. The data in Table 3 
are the emitted mass fl ows per hour for fi ve sampling points (conditioners not 
included). The results of the chemical measurements show an important contribu-
tion of mainly organic sulfur compounds and hydrogen sulfi de to the total odor 
concentration, considering their low odor threshold. Though no data were found 
on the odor threshold of the specifi c nitriles and 4-isothiocyanato-1-butene, 
there might be an important infl uence of these compounds to the global odor 
concentration. The high hydrocarbon content in absorption, conveyor belt, and 
drying-cooling are mainly caused by the presence of hexane as extraction solvent 
(hexane, 2-methylpentane, 3-methylpentane, cyclohexane, methylcyclopentane).

Table 2. Odor Concentrations Measured at Six Points in the Process

 Odor  Total fl ow  Total odor  Percentage of 
 concentration  rate per  emission  measured 
Emission point (ouE m−3) source (m3 h−1) (ouEh−1) emission (%)

Vapors of conditioners 46 × 103 10300 - -
Exhaust steam boiler 0.9 × 103 32200 29 × 106 0.9
Presses 425 × 103 195 83 × 106 2.7
Absorption unit 5564 × 103 400 2225 × 106 72.1
Conveyor belt from 
extraction to drying unit 515 × 103 350 180.106 5.8
Drying/cooling unit 8.8 × 103 64700 570 × 106 18.5
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4.2.3. Abatement Techniques

As a fi rst abatement step, some high concentrated streams limited in volumet-
ric fl ow were chosen to be incinerated in the existing steam boilers (i.e., waste 
gases coming from the absorption unit and presses). As a second step, a suitable 
technique was chosen for the fl ow coming from the drying-cooling unit. This 
waste gas stream, relatively low in concentration but high in volumetric fl ow, was 
decided to be treated in a biofi lter system after doing some pilot tests. A biofi lter 
combined with a scrubber, designed for a fl ow of 100.000 m3 h−1, was constructed 
by Monsanto EnviroChem systems and operation started in April 1998.

A collecting chamber was installed to receive all waste gas fl ows. The pur-
pose of this chamber was to create a velocity drop and separate residual dust. 
The scrubber had three main purposes: capture of small dust particles, humidi-
fi cation of the airstream up to 100%, and cooling up to 37 °C. The biofi lter itself  
is a closed, top-down model. The biofi lter material consists of small polystyrene 
balls surrounded with compost. Inside of the fi lter are two stages, each subdi-
vided in different compartments, with load measuring cells. These cells measure 
the weight of the compartment, and depending on the weight, additional water 
can be sprinkled if  dehydration is stated. Figure 11 shows the scrubber, the front 
side of the biofi lter, and the extraction fan and the silencer, both positioned 
behind the biofi lter.

Triplicate olfactometric control measurements (June and July 1998) of the 
ingoing and outgoing odor concentrations, as well as the chemical composition 
of both fl ows, confi rmed the good odor removal effi ciency of the complete sys-
tem, with a low residual odor concentration (see Table 4). The chemical compo-
sition of the waste gas at the outlet of the biofi lter only revealed hydrocarbons 
(hexane, etc.) above the detection limit. Afterward (August 1998), some smaller 
but concentrated waste gas streams were added to the collecting chamber, which 
resulted in a complete solution of the odor problem after three years of analyses 
and investments. Table 4 shows that though the inlet concentration increased over 
the different measurements, the outlet concentrations were relatively constant. 

Table 3. Mass Flows in g h−1 for the Different Emission Points

 Boiler     Drying-
 exhaust Presses Absorption Conveyor belt cooling

Hydrocarbons 0.27 3.1 470 395 3940
Aldehydes 1.2 12 25 7.1 60
Ketones 0.35 1.5 1.2 1 16
Alcohols - 7.7 - 0.05 3
Nitriles 0.35 17 - 151 3600
Organic sulfur compounds - 6.5 35 0.4 15
4-isothio-cyanato-1-butene - 0.7 - 0.2 7
Hydrogen sulfi de - 0.89 1822 - -
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A value between 1000 and 2000 (ouE m-3) can be considered as a normal back-
ground value for the typical “own smell” of a good working biofi lter. In some 
cases, still lower values are possible (up to 500 ouE m-3).

4.3. Odor Removal at an Animal Rendering Plant

Rendering is the transformation of  animal by-products into stable products 
mainly by evaporation of  the water and separation of  the fat. Fresh animal 
by-products start to decompose as soon as the animal has been slaughtered 
into mainly volatile substances through anaerobic processes often initiated by 
the bacteria of  the stomach and intestinal contents. The volatile substances 
are set free when the raw material is heated and dried (water evaporation). 
They are found in the water vapor and part of  them are condensed with the 
water to be treated in wastewater treatment plants, whereas others remain in 
the gaseous phase (noncondensables) depending on the vapor pressure under 
the given condensation conditions (Oberthür and Vossen, 2001). The odorous 
substances from rendering originate mainly from the proteins in the animal by-
products through anaerobic decomposition. The main constituents of  render-
ing odors are hydrogen sulfi de, ammonia, organic sulfi des, aldehydes, organic 
acids, and other minor compounds, which due to their low odor threshold, 

Table 4. Average Odor Concentrations Measured at the Biofi lter

 Concentration  Concentration at  Removal 
Date at inlet scrubber (ouE m-3) outlet biofi lter (ouE m-3) effi ciency (%)

June 1998 3 935 622 84.2
July 1998 11 787 1 670 85.8
July 1998 33 914 1 964 94.2
Sept 1998 165 537 1 277 99.2

Figure 11. Scrubber and biofi lter (left); fan and silencer (right).
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however, might contribute in a characteristic way to the rendering odor (VDI, 
1996). Due to the nature of  the material processed, animal rendering activities 
thus result in the emission of  volatiles and disgusting odors, causing nuisance 
in the factory’s neighborhood (De Roo and Van Langenhove, 2000). Several 
technologies such as thermal or catalytic combustion, stage scrubbers, and bio-
fi lters may be used for the elimination of  volatiles from waste gases.

In the investigated rendering plant, the noncondensable gases are inciner-
ated in the steam boilers, resulting in a highly effi cient odor removal. The other 
odorous waste gases are treated in different biofi lters, each preceeded with a 
scrubber using normal water as scrubbing liquid.

The so-called category one material (cadavers, destruction blood, slaughter-
house by-products) is processed in one production line (ca. 300.000 ton year–1). 
On this line, two large, conventional biofi lter units are in use. Biofi lter 1 treats the 
waste air coming from the “clean zone.” General building extraction is used to 
avoid diffusive emissions, as well as point suction on all process units. Biofi lter 1 is 
divided in two parts (1A and 1B); both airfl ows could be monitored separately.

Biofi lter 2 treats the waste air coming from the “unclean zone” (building 
extraction and point suction on breakers, pasteurization tanks, buffer tanks, 
etc.). In a separate production line, animal by-products of poultry are processed 
for use in petfood (ca. 100.000 tonnes year–1). Biofi lter 3 treats the air coming 
from this separate poultry line.

In the period between 1998 and 2002 the in- and effl uent gas fl ows have been 
monitored by olfactometry and GC-MS analyses (unpublished reports Project 
Research Gent). Table 5 gives an overview of the different chemical compounds 
found in the waste gas streams.

Defoer et al. (2002) showed that the presence and concentration of the 
organic sulfur compounds is determining for the total odor concentration of 
the fl ow. A direct correlation could be established. For this reason, only the total 

Table 5. Overview of Different Chemical Compounds in Rendering Air

Compound class Chemicals identifi ed

Hydrocarbons Pentane, hexane, heptane, octane, nonane, decane, undecane, dodecane, 
  tridecane, 2-methylpentane, 3-methylpentane, benzene, toluene, ethylben-

zene, o, m, p-xylene, methylethylcyclohexane, methylcyclopentane
Alcohols Ethanol, 3-methylbutanol
S-Compounds Dimethyl sulfi de, dimethyl disulfi de, dimethyl trisulfi de, carbon disulfi de
Halogenated VOCs Trifl uoromethylbenzene, 1-chlorobutane, tetrachloroethylene, 
 dichloromethane
Ethers 2-Methyl-1,3-dioxolane
Furanes Furane, 2-methylfurane
Ketones Acetone, 2-butanone
Aldehydes 3-Methylbutanal, 2-methylbutanal, n-hexanal, isobutyraldehyde, 
 benzaldehyde
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odor concentration (expressed in ouE m-3) and the concentration of volatile 
organic sulfur compounds (expressed in ouE m-3) are shown in Table 6.

This set of data shows that even with high infl uent odor concentrations, low 
outlet concentrations can be reached. However, it seems to be diffi cult to reach a 
“normal” background value situating between 1000 and 2000 ouE m-3. This can 
be caused by two factors:

● the infl uent concentrations are quite variable due to different processes; 
peak loads can be negative for the effi ciency of the biofi lter; and

● the presence of the volatile organic sulfur compounds cause the typical 
smell of the waste air; as mentioned above VOSCs are less biodegradable, 
unless the biofi lter is inoculated with sulfur-degrading microorganisms.

5. ACRONYMS AND ABBREVIATIONS

Bv Mass loading rate
BPT Biological plate tower
DMS Dimethyl sulphide
DMDS Dimethyl disulphide
EBRT Empty bed residence time
EC Elimination capacity
MM Methyl mercaptan
ppbv Parts per billion volume
ppmv Parts per million volume
TEA Triethyl amine
VOC(s) Volatile organic compound(s)
VOSC(s) Volatile organic sulphur compounds(s)

Table 6. Overview of the Results

 Odour in Odour out VOSCs in VOSCs out
  (103 ouE m−3) (µg m−3)

BF 1A 1998 638 14 1815 200
 2000 118 1.7 322 12
BF1B 1998 267 5 130 200
 2000 48 3.8 100 10
BF2 2000 172 48 569 438
 2002 163 4 400 7
BF3 9/1999 1339 297 4599 3277
 12/1999 128 3.5 193 15
 2000 240 84 931 531
 2002 19 6 Not measured
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