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Biological waste air treatment in biofilters

Marc A Deshusses

Recent studies in the area of biological waste air treatment
in biofilters have addressed fundamental key issues such

as microbial dynamics, microscopical characterization of

the process culture and oxygen and nutrient limitations.

The results from these studies have provided a deeper
insight into the overall biofiltration process. In the coming
years, such advances should allow for the design of better
reactor controls and the improvement of pollutant removal in
gas-phase bioreactors.
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Abbreviations

FAME fatty acid methyi esters
MEK methyl ethyl ketone

MIBK  methyl isobutyi ketone
PLFA phospholipid fatty acids
voc volatile organic compound
Introduction

Increasingly stringent environmental legislation is gener-
atng great interest in industry as to the effectiveness
of biological waste air treatment techniques. Biological
waste air treatment is relatively inexpensive compared
with conventional techniques such as incineration or ad-
sorption onto activated carbon. Also, biological treatment
is environmentally friendly, treatment is performed at
ambient temperatures, and it does not generate nitrogen
oxides or secondary waste streams. Pollutants are generally
converted to carbon dioxide under the action of growing
or resting microorganisms. Biological waste air treatment
techniques have become the method of choice in many
instances for the control of low concentrations of odors,
volatile organic compounds (VOCs), or hazardous air
pollutants in large air streams.

In recent years, there has been significant maturation of
biological waste air treatment research. This has resulted
in a large number of papers concerning the performance
and operation of the so-called biofilters, or biotrickling
filters. Interestingly, the fundamental processes involved
during the eliminaton of a pollutant in a gas-phase
bioreactor are still very poorly understood. In this review.
advances made in the past year are discussed and placed in
an overall perspecuve for process understanding and pro-
cess optimization. The discussion focuses on fundamental
and microbiological aspects of pollutant elimination in
biofilters. Although there have been some significant

“

contributions concerning the design and the operation
of biofilters [1,2**} and concerning the marketability of
biological waste air treatment techniques {3,4], these
aspects, as well as recent advances in biotrickling filters

and innovative gas-phase bioreactors, will not be discussed
herein.

Biofiltration process

Biofilters are reactors in which a humid polluted air
stream is passed through a porous packed bed (generally
a peat or compost mixture) on which a mixed culture
of poliutant-degrading organisms is naturally immobilized.
As described in Figure 1, the elimination of a gaseous
pollutant in a biofilter is the result of a complex
combination of different physicochemical and biological
phenomena. The following discussion seeks to identify
the different steps likely to occur during biofiltration,
so that reviewed papers can be placed in a general

perspective for their contribution to the understanding of
the process.

The pollutant vapors and oxygen are transported in
humid air by forced convection. Interphase mass transfer
occurs, and, provided that the biofilter bed particles are
small, interfacial equilibrium is achieved so that gas-phase
resistance can be neglected. In the biofilm, simultaneous
diffusion and biodegradation of the pollutants occurs as
a result of growing or resting microorganisms. Oxvgen
1s also subject to diffusional resistance. The sorption
of all chemical species involved is possible either after
diffusion through the biofilm as modeled before [5] or
directly from the gas—solid contact occurring on bare
portions of particles [6). As biodegradation occurs in the
biofilm, metabolite formation is possible [7-9]. If formed,
metabolites will undergo the same simultaneous diffu-
sion/biodegradation/sorption processes. Acidic metabolites
will be neutralized by limestone or other pH buffer agents
generally mixed with the support prior to the packing
of the biofilter. The fact that mertabolites are seldom
observed suggests that thev are degraded faster than
the primary pollutant either by ancillary strains in direct
contact with the primary pollutant degraders (consortia)
or directly by the primarv pollutant degraders themselves.
The carbon dioxide resulting from the oxidation diffuses
back and is further transferred to the gas phase. Some of
it can also accumulate as carbonate.

The role of the packing is to support the biofilm. In
addition, it serves as a reservoir for water, pollutants and
nutrients by adsorption on its matrix and absorption in
pore water. The packing material generally comprises a
fair amount of organic residues that may be utilized as
nutrients by the process culture, even if it is still not
clear to what extent they are utilized. Little is known
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The biofiltration principle, the fate of pollutants during the process. and the physiological states (inspired from [12]) of the process culture. a,,,
water activity; N, nutrients (N, P, K. and trace elements); S, primary substrates (pollutants); S,, secondary substrates.

about biofilter process cultures and how thev are affected
by operating conditions or their direct environment. In
most instances, microorganism emissions [10] and nutrient
leaching {11] can be neglected. such that biofilters can
"be considered as closed systems with respect to nutrient
balance. Hence, a (pseudo) steadv state must exist
between the different physiological states as described
in Figure 1. The ‘cryptic’ growth of microorganisms [12]
is not the only means of recycling nutrients because
higher organisms like protozoa are also present in biofilters.
Even if they do not contribute directly to the pollutant
elimination, they are certainly essential for nutrients cycles
in the system. In the furure, as fundamental understanding
of the phenomena described in Figure 1 progresses.
reactor performance and process control will be improved.

Microbial dynamics

A number of questions exsist as to the composition of the
process culture. Classical microbiological techniques have
revealed the presence of mixed populations of bacteria,
veast, fungi and higher organisms in biofilters. In most

cases, these techniques are limited to the quantification
and characterization of culturable organisms, that is, a
small proportion of the actual microflora. To overcome
this limitation. two recent studies {13°,14*] have taken
advantage of specific lipid markers to characterize in situ
changes in the bacterial communities. De Castro e a/.
[13*] used the analysis of 50 fatrv acid methyl esters
(FAMESs) generally utilized for microbial identification
and reduced the results to two principal components: to
characterize different sources of biofilter inoculum and
to quantify the changes occurring to the biofilter process
culture over 90 days. The biofilters treated vapors of
o-pinene. a common poilutant in the wood industry. The
results demonstrated that the composition of the process
culture differentiated rapidly from the inoculum, and that
significant differences were observed between the inlet
and the outlet side of the biofilter. This implies that the
widespread assumption of homogeneous culture structure
throughout the bed height is not valid. In a similar
approach. phospholipid fatty acid (PLFA) fingerprints
were used by Webster er #/. [14°] to monitor various aspects



of the phvsiology and composition of the process culture.
Several biofilters treating low concentrations of both VOCs
and hvdrogen sulfide were operated with and without pH
control. Unexpectedly, the results show that changes in
the microflora occur even after more than 500 days of
operation, whereas it is usually assumed that a constant
microflora is generally achieved within a few weeks.
Whether the observed changes were related to operational
factors such as moisture content or related to the aging
of the biofilter could not be established. Interestingly,
the long-term composition of the process culture was
not influenced by the packing tvpe (compost or granular
activated carbon). This sucgests that, in some cases, the
long-term deactivation of biofilters is related to packing
structural changes (channeling and compaction) rather
than to process culture deactivation. This contradicts
nutrient himitations discussed further in this review and
emphasizes the fact that biofilters can be subject to
various limitations depending on the application and the
operating mode. In addition to providing fundamental
insights, the use of markers such as FAMEs or PLFAs
might, in the future, serve as high-tech diagnostic tools for
troubleshooting biofilters exhibiting poor performance.

Biofilm architecture and microbial density

The study of biofilm architecture is a difficult task. In
biofilters, the ill-defined nature of the support (generally
compost) and the absence of thick biofilms makes it
even more difficult. Therefore, most investigations on
biofilms in gas-phase bioreactors use a biotrickling filter
configuration, allowing an incrt support to be used and
thicker biofilms to be sampled. The results of biotrickling
filter studies can probably be used to understand biofilter
biofilms, although differences must exist because of the
absence of shear or liquid convection in biofilters. Tivo re-
markable studies are worthy of mention [15°%,16°]. Moller
er al. [15°*] described the distribution of Pseudomonas
putida in the biofilm of a toluene-degrading biotrickling
tlter, using, amongst other techniques, scanning confocal
laser microscopy, 16S rRNA probes. and various staining
techniques. Interestngly, P, putida constituted only 4% of
the total biofilm population. but was responsible for about
65% of the degradation of the toluene vapors. Further, a
comparison of the rRNA content of P. putida in the biofilm
and growing under opumum conditions in suspension
indicated that toluene degradation activity by P putida
was substantially lower in the biofilm than in suspension.
This can probably be attributed to various stresses oh
the immobilized culture. but it also suggests that the full
potential of biofilters and biotrickling filter has not vert
been fully explored. Finally, the microscopic observation
of fully hvdrated biofilm secuions revealed important
heterogeneities, with large channels extending from the
gas—liquid interface of the biofilm to the substratum. Such
channels clearly increase pollutant and oxvgen avaiiability.
In a previous study with submerged biofilms {17], de
Beer er al. evaluated that the supply of oxvgen through
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such voids and channels was roughly 50% of the total
oxvygen transfer. This might explain why primary pollutant
degraders are found throughout the biofilm, and not only
at the gas-liquid interface. Further. it raises the question
of the validity of traditional flat surface biofilm modeling.
Anorher study reports highly heterogeneous biofilms in gas
phase bioreactors [16°]. Detailed microscopic observation
of relatively thick brofilms (2-5mm) in biotrickling filters
revealed that the biofilm comprsed three regions, the
relative thicknesses of which were approximately constant.
The external film (5% of rtotal thickness) had a high
bacterial and hyphal tip densitv. It also comprised a
number of pocket-like structures free of cells. These
structures could correspond to the channeis described by
Moller er a/. [15%¢]. The intermediate region (20% of
total thickness) was characterized by reduced numbers
of bacteria, an increased number of hyphae and an
absence of pocket-like structures. Also, a number of
nematodes were detected. Finally, the basal region (75%
of total thickness) composed of tightly compacted hyphae
against the substratum exhibited littde staining with
haemato-eosin, indicating the absence of cytoplasmic
maternial, that is, dead or starved biomass. The fact that
large amounts of presumably heterotrophic fungi, that
is, those requiring an organic carbon source for growth,
were detected in a reactor dedicated to hydrogen sulfide
and carbon disulfide elimination (i.e. in the absence of
organic carbon) raises a number of questions concerning
the ecology of the process culture and the fate of carbon
during waste air biotreatment.

Because of experimental difficulties encountered during
direct microbiological investigations of the process culture,
a number of studies focus on the determination of indirect
or bulk microbial parameters such as protein content
or respiration rates. One of the most interesting recent
contributions 1s by Cox er /. [18**} who report protein
content. crude lipid (a storage material in the cells) and
organic matter content in a styrene-degrading biofilter
containing the veast Exophiala jeanse/mer. The results
demonstrated an approximately homogeneous distribution
of those compounds over the height of the biofilter. This
supports previous work [19-22] on biofilter modeling,
where the biofilm was assumed to be homogeneous
throughout the height of the reactor without much
justification. [Further, the microscopic observation of
biofilms showed that the average thickness of the biofilm
increased from 80 pm on dav 35 to 280 um on day 300, but
that no improvement in poilutant elimination occurred.
During this time. the total protein amount in the biofilter
remained approximately constant, suggesting that the mass
of active microorganisms also remained constant. Hence,
it demonstrates that most of the biofilm was made of
inacuve cells. In general. whether this inactvity is due to
the limited availability of nutrients, diffusion limitacion of
oxvgen in the biotilm, a poor turnover of dead biomass
or another phenomenon, such as the presence of a toxic
compound. requires evaluation on a case-bv-case basis.
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Oxygen limitation

In the case of Cox er 4/ [18*] discussed in the
previous section, experiments with air enriched with
oxygen improved the performance of the biofilter and
demonstrated that oxygen was indeed limiting. In sim-
ilar experiments, Deshusses e @/, [23] found that no
significant improvement of the simuitaneous removal of
mixcures of methyl ethyl ketone (MEK) and methyl
isobutyl ketone (MIBK) was observed when the oxygen
content in air was increased. In this case, the fact
that significant cross-inhibition of MEK and MIBK
biodegradation occurred suggests that kinetic effects were
more important than diffusion effects. This was further
demonstrated in transient experiments where pulses of
either compound were injected into biofilters, and both
cross- and self-inhibitions were observed. Clearly, these
two examples demonstrate that oxvgen limitation is case
specific. As a rule of thumb, it is most likely to occur in
high-performance biofilters or when thick biofilms exist.
Other studies suggest that fortuitous anaerobic microenvi-
ronment conditions exist in biofilters [24.25], as indicated
bv the biodegradation of traces of perchloroethvlene
(PCE), a compound recaicitrant to acrobic degradation.
A step further was accomplished bv du Plessis e o/
[26] who promoted anaerobic conditions in a biofilter so
that nitric oxide could be denitified. To establish an
anaerobic biofilm, toluene-contaminated air was enriched
with acetvlene. The removal rate of nitric oxide remained
low, and process optimization will be necessary before the
effective treatment of combustion gases can be achieved.
These iatter examples are the exception rather than the
rule. In most applications, biofilter control will seek to
avoid anaerobic conditions because of the formation of
odorous compounds under anaerobic conditions and the
limitations resulting in pollutant ¢limination.

Nutrient requirements

The effectiveness of nutrient additions to biofilters
remains a highly debated question. Clearlv. a continuous
supply of nutrients is not desirable because rapid clogging
of the biofilter bed by excessive biomass growth would
occur, but an intermittent supply might prove useful to
replenish exhausted biofilters or to temporarilv increase
biofilter performance. In this respect, a study on the
effect of gaseous ammonia additions ro biofilters reported
bv Auna er @/ [27*] merit comment. 48h after the
first ammonia addition, toluene removal in the biofilter
increased from approximately 10 g of toluene degraded per
cubic meter biofilter per hour (gm=3h-1) to 80 g m=3 h-!
(100% removal). The increase in performance correlated
with increases in carbon dioxide production and in reactor
temperature. After four days, the removal started to
decrease slowly. It stabilized at about 30 gm=3h-! 15 days
after the ammonia injection. When a second injection of
ammonia was given, the effect was much less pronounced,
and only up o 40gm=3h-! of toluene was eliminated.
Dryving conditions and heterogenetties in the biofilter
packing material were possible explanations discussed by

the authors as to why the second ammonia injection was
not as effective as the first one. This was demonstrated
by comparing toluene uptake in gaseous or liquid
microcosms loaded biofilter packing material. Further
evidence of a case where nitrogen was limiting pollutant
elimination in a compost-based biofilter was presented
by Morgenroth er 4/ [28]. When suboptimum hexane
elimination (~10 g m=3 h—1) was observed, several measures
were used in an attempt to improve performance. This
included mixing of the biofilter media, drying and mixing
the media, and the addition of concentrated solutions of
potassium nitrate to the biofilter bed. In the latter cases,
a low concentration of nitrate improved performance for
only four days, whereas the addition of a high concentra-
tion of nitrate resulted in the complete removal of hexane
(21gm=3h-1) for over two months. Because nitrogen
limitation most probably depends on the availability of
nitrogen from the packing, the authors suggest that
determining potentially mineralizable nitrogen (PMN) in
compost used for biofiitration. using ammonium-nitrogen
production under waterlogged conditions. For sustained
operation, composts with high PMN will be preferred
because thev allow for the slow release of assimilable
nitrogen. As a whole, this study emphasizes that further
research is needed to understand the nitrogen cycle in
biofilters. In the future, when both the nitrogen and the
carbon cvycles are better defined, further research will
be needed to understand the cvcles for potassium and

phosphate and to assess the role of trace elements in
biofilters.

Conclusions

Biofilter technology was utilized in the field well before
there was a basic understanding of its fundamental
principles. This has resulted in several cases of unsuc-
cessful or subopumum operation of large-scale biofilters.
Todav. with recent advances in the understanding of the
fundamental principles underlving biofiltration, promise
exists for better reactor design with optimal operating
conditions. Even so, a number of fundamental questions
remain unanswered or require further clarification. These
include, but are not limited to, the quantification of
biomass turnover, the definition of biodegradation kinetic
relationships and factors influencing these relationships,
the question of the complex ecology of biofilter microflora,
and the determination of the availability and cycles of
poliutant. oxvgen and essential nutrients. All of these
factors have been shown to significantly influence both
the performance and the long-term stability of biofilters,
and thus require further investigation. In particular,
quantitative studies are necessarv. This should be made
easier with the expanding use of modern tools of
biotechnology. Finally, the largest problem to overcome
will be the translation of recent and future basic advances
into real process improvements; however, it is the only
way for biofiltration technology to mature from the actual
mysterious black box reactor to a well-engineered process.
based on solid science rather than on trial and error.



Acknowledgements

I wish to thank Huub H} Cox and ‘Todd S Webster for their critical
comments on the manuscript.

References and recommended reading

Papers of particular interest, published within the annuali period of review,
have been highlighted as:

» of special interest
*s of outstanding interest

1. Standefer S, Willingham R: Experience with pilot- and full-scale
biofilter operations. In Proceedings of the 1996 Conference on
Biofiltration. Edited by Reynolds FE. Tustin, CA: The Reynolds
Group; 1996:77-84.

2. Van Lith C. Leson G, Michelsen R: Evaluating design options for
[ biofilters. J Air Waste Manage Assoc 1997, 47:37-48.

This paper presents extensive discussion on moisture control and water bal-
ance; other aspects of full-scale biofilter operation, such as nutrient supply,
biofilter material, operating temperature and treatment costs, are discussed
in lesser detail. Case examples are presented.

3. Yudelson JM: The future of the US biofiltration industry. In
Proceedings of the 1996 Conference on Biofiltration. Edited by
Reynolds FE, Tustin, CA: The Reynolds Group; 1996:1-11.

4, Kosteltz AM, Finkelstein A, Sears G: What are the real
opportunities in biological waste gas cieaning for North
America? In Proceedings of the 89th Annual Meeting and
Exhibition of the Air & Waste Management Association. Air &
Waste Management Association: 1996:15.

5. Deshusses MA, Hamer G, Dunn 1J: Behavior of biofilters for

waste air biotreatment. I. Dynamic model development. Environ
Sci Tech 1995, 29:1048-1058.

6. Shareefdeen Z, Baltzis BC: Biofiltration of toluene vapor
under steady-state and transient conditions — theory and
experimental results. Chem Eng Sci 1994, 49:4347-4360.,

7. Devinny JS, Hodge DS: Formation of acidic and toxic
intermediates in overioaded ethanol biofilters. J Air Waste
Manage Assoc 1995, 45:125-131.

8. Gibson NB, Swannell RP), Woodtield M. Van Groenestijn JW, Van
Kessel LBM, Wolsink JH, Hesselink PGM: Biological treatment of
VOCs from the food and drink industry. in VD! Berichte 1104.
Dusseldort: VDI Verlag; 1994:261-272.

9. Johnson CT, Deshusses MA: Evaluation of a rapid methodology
to determine elimination capacities in biofilters for VOC
treatment. in Proceedings of the 1996 Conference on
Brofiltration. Edited by Reynolds FE. Tustin, CA: The Reynolds
Group; 1996:223-230.

10. Ottengraf SPP, Konings JHG: Emission of microorganisms from
biofilters. Bioprocess Eng 1991, 7:89-96.

11. Smet E, VanLangehove H, Verstraete W: Long-term stability of

a biofilter treating dimethyi sulphide. App/ Microbiol Biotechnoi
1996, 46:191-196.

12. Mason CA, Hamer G, Bryers JD: The death and lysis of
microorganisms in environmentat processes. FEMS Microbiol
Rev 1986, 39:373-401.

13. De Castro A, Allen DG, Fuithorpe RR: Characterization of the
. microbial population during biofiltration and the influence of
the inoculum source. In Proceedings of the 1996 Conference
on Biofiftration. Edited by Reynolds FE. Tustin, CA: The Reynqlds
Group; 1996:164-172. s
This paper reports on experiments with sterilized compost and wood chips
biofilters inoculated with either soil, activated sludge or a compost inoculum.
The biofilter inoculated with activated sludge proved more stable and more
efficient than the others. Changes in the process culture were monitored by
analyzing the FAME fingerprint and reduced to two principal components.

14, Webster TS, Devinny JS, Torres EM, Basrai SS: Microbiai
. ecosystems in compost and granular activated carbon
biofilters. Biotechnol Bioeng 1997, 53:296~303.
Granular activated carbon and yard waste compost biofiiters were used
lo treat ar contaminated with low concentrations of VOCs and hydrogen
sulfide. Various pH control strategies were implemented and their effects
on the process culture were monitored using PFLA markers. The resuits
showed that pH significantly affected the stress of the process culture and

Biological waste air treatment in biofilters Deshusses 339

that community density fluctuated, but that the proportion of Gram-, Gram+,
eucaryotes and others remained essentially constant,

15, Moller S, Pedersen AR, Poulsen LK, Arvin E, Molin S: Activity

. and three-dimensional distribution of toluene-degrading
Pseudomonas putida in a multispecies biofilm assessed by
quantitative /in situ hybridization and scanning confocal laser
microscopy. App/ Environ Microbiol 1996, 12:4632-4640.

This excellent paper reports various data on the structure of multispecies

biofilms in a toluene-degrading biotrickling filter. Pseudomonas putida, the

main primary poilutant degrader was present throughout the film, most prob-

ably because of large void channels in the biofilm allowing increased oxy-

gen and toluene mass transfer. The in situ toluene degradation activity of

P. putida was found to be lower in biofilms than in suspensions.

16. Hugler WC, Cantu-De la Garza JG, Villa-Garcia M: Biofilm

. analysis from an odor-removing trickling filter. In Proceedings
of the 89th Annual Meeting and Exhibition of the Air & Waste
Management Association. Air & Waste Management Association;
1996:20.

Microscopical observation of biofilms from an industrial-scale biotrickling fil-

ter used for hydrogen sulfide and carbon disulfide removal showed that the

biofilms had a high water (89.6% by weight) and sulfur (1.4% by weight)

content. The biofilm architecture showed essentially three regions, most of

the microbial activity being concentrated in the external layer.

17. De Beer D, Stoodley P, Roe F, Lewandowski Z: Effects of
biofilm structures on oxygen distribution and mass transport
Biotechnol Bioeng 1994. 43:1131-1138.

18.  Cox HHJ. Moerman RE, Van Baalen S, Van Heiningen WNM,

. Doddema HJ. Harder W: Performance of a styrene-degrading
biofilter containing the yeast Exophiala jeanseimei. Biotechnol
Bioeng 1997 53:259-266.

This paper reports detailed investigations on the removal of styrene in per-

lite biofiiters. Biofilters were operated at low pH (2.6-3), and the primary

pollutant degrader was the fungus Exophiala jeanseimei, Profiles along the
column tor protein content, crude lipids, and organic matter are presented

and discussed. Biofilm thickness did not affect elimination capacity nor did

it affect the total protein content. The maximum elimination capacity could

be increased by 50% by increasing the oxygen content in air, demonstrating
that the process was limited by oxygen diffusion in the biofilm.

19. Ottengraf SPP: Exhaust gas purification. In Biotechnology
8. Edited by Rehm HJ, Reed G. Germany: VCH Weinheim;
1986:426-452.

20. Shareefdeen Z. Baltzis BC, Oh YS. Bartha R: Biofiltration of
methanol vapor. Biotechnol Bioeng 1993, 41:512-524.

21. Deshusses MA. Hamer G, Dunn 1J: Behaviour of biofilters for
waste air biotreatment. |. Dynamic model development. Environ
Sci Technol 1995, 29:1048-1058.

22. Hodge DS. Devinny JS: Modeling removal of air contaminants
by biofiltration. / Environ Eng ASCE 1995, 121:21-32.

23. Deshusses MA. Hamer G, Dunn 1J; Transient-state behavior of a
biofilter removing mixtures of vapors of MEK and MIBK from
air. Biotechnol Bioeng 1996, 49:587-508.

24, Devinny JS, Webster TS, Torres E, Basrai S: Biofiltration for
removal of PCE and TCE vapors from contaminated air. Hazard
Waste Hazard Mater 1995, 12:283-293.

25.  Ergas SJ, Schroeder ED, Chang DPY, Morton RL: Control
of volatile organic compound emissions using a compost
biofilter. Water Environ Res 1995, 67:816-821.

26. Du Plessis CA. Kinney KA, Schroeder ED, Chang DPY, Pierroti D,
Scow KM: Anaerobic activity in an aerobic, aerosol-fed biofilter.
In Proceedings of the 1996 Conference on Biofiltration. Edited by
Reynolds FE. Tusin, CA: The Reynolds Group; 1996:158-163.

27. Auria R, Morales M, Acuna ME, Perez F, Revah S: Biofiltrations
. of toulene vapors: start up and gaseous amonia addition. in
Proceedings of the 1996 Conference on Biofiltration. Edited by
Reynolds FE. Tustin. CA: The Reynolds Group; 1996:134-141.
This paper reports very interesting results on the early stages of a biofilter de-
grading toulene, and on toulene uptake by biofilter packing in microsocosms.
During start up, elimination capacities up to 190 gm-3h-! were observed,
coupled with important heat and carbon dioxide generation. Subsequently,
when performance stabilized, ammonia was added to the biofilter and per-
formance increased significantly for short pernods of time. Heat, water and
carbon balances were established and discussed.

28.  Morgenroth E. Schroeder ED, Chang DPY, Scow KM: Nutrient
limitation in a compost biofiiter degrading hexane. J Air &
Waste Manage Assoc 1996, 46:300-308.



