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Abstract

According to previous literature works on biofiltration of mixtures of aromatic compounds vapors, xylene is the most resistant to
biodegradation in biofilters. However, only limited information is available about the application of biofiltration to the removal of xylene
vapors as the sole contaminant in the air stream. In the present work, biofiltration of xylene vapors has been investigated on a laboratory
scale biofilter packed with a new filter material composed essentially of peat mixed with structuring and conditioning agents and initially
inoculated with a microbial consortium. Three various gas flow rates, i.e. 0.4, 0.7 and 1 m3 h−1, were tested for xylene inlet concentration
ranging from 0.2 to 4 g m−3. The biofilter proved to be highly efficient in the removal of xylene at a gas flow rate of 0.4 m3 h−1 corresponding
to a gas residence time of 157 s. For all the tested inlet concentrations, both the removal efficiency and the elimination capacity decreased for
high gas flow rates. For all the tested gas flow rates, a decrease in the elimination capacity was noticed for high xylene inlet concentration.
The follow-up of carbon dioxide concentration profile through the biofilter revealed that the mass ratio of carbon dioxide produced to the
xylene removed was approximately 2.5/1, which confirms complete degradation of xylene if one considers the fraction of the consumed
organic carbon used for the microbial growth. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Air biofiltration has been practiced since the early
decades of the current century. However, this process has
lost its popularity for many decades due to various operating
problems that prevailed over its numerous advantages. As
a response to increasingly stringent regulations for volatile
organic compounds (VOCs) emissions during the last
decades, increasing research efforts were deployed for the
development of technologies that are both efficient and cost
effective for the treatment of relatively dilute air emissions.
The treatment of such emissions using conventional tech-
nologies such as incineration or adsorption is particularly
expensive and energy exhausting. In this context, due to
its competitive cost and its environmentally safe aspect,
the biofiltration technology gained the interest of many re-
searchers and industrialists. Owing to the recent progress
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in the knowledge of various aspects of this process, air
biofiltration is now a well established and reliable tech-
nology widely used for air pollution control. For dilute air
emissions, in comparison with the traditional physical and
chemical technologies, biofiltration has many advantages
including a negligible energy consumption, low investment
and operating costs and the absence of environmental nui-
sances such as the transfer of pollutants to another phase or
the release of hazardous or toxic wastes [1–3].

As for all the biological pollution control technologies,
biofiltration is based on the natural ability of a specific
microbial population to degrade the target pollutants. For
the treatment of VOCs emissions, the organic pollutants
are aerobically degraded by aerobic heterotrophic micro-
bial species. Generally, a biofilter consists of a fixed bed of
porous solid particles on which microorganisms are immo-
bilized and form a liquid biofilm. The air stream is forced
through the filter bed and the pollutant concentration gradi-
ent between the gas phase and the wet biolayer causes the
transfer of pollutants to the biofilm in which they are subse-
quently biodegraded to water, carbon dioxide and biomass.
Various natural materials and industrial biological residues
such as peat, compost and wood bark are frequently used
as filtering material. Such materials offer many advantages
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including their availability at low prices, a rich variety of
indigenous microbial species content and a propitious bio-
logical medium for microbial growth and activity especially
for their nutrients supply [2,4–8]. However, biofilters packed
with these materials may be subject to operating difficulties
such as compaction or channeling [9,10]. Recently, some
synthetic materials including ceramic, glass, polystyrene,
perlite, activated carbon, sandstone and clay are widely used
as the main constituents of the filter bed or mixed with bi-
ological residues. Such materials, even if more expensive,
offer the advantages of excellent mechanical and physical
properties which permit to significantly increase the useful
life of the filter bed [3,8,11–14].

In the present paper, the biofiltration of xylene vapors was
investigated using a new filter material consisting of small
balls composed of peat moss (70% w/w) mixed with two
structuring and conditioning agents (30% w/w). The same
filter material has been successfully used for toluene biofil-
tration [5], and this bed has shown advantages on other ma-
terials such as: suitable size of particles to prevent blockage
due to microbial growth, long term useful life, strong buffer-
ing capacity and a pH range of 7.2–7.7 which is propitious
for the growth of bacteria. Xylene isomers have been listed as
hazardous and toxic atmospheric contaminants under CAAA
(1990) [15]. Xylene is a major constituents of gasoline. Also,
it is used as a solvent in many production industries includ-
ing the painting and varnishing industries. In Canada, xylene
vapor emissions were estimated in 1990 to be 96 kt/year.
58% of these emissions were attributed to the use of xylene
as solvent, while xylene vehicles emissions constituted 39%
of these emissions [16]. Only few studies focused on the
performance of biofiltration in the removal of xylene as the
sole pollutant in the air flow [17–19]. Baltzis and de la Cruz
[17] studied the biofiltration ofpara-xylene andmeta-xylene
vapors and concluded that onlymeta-xylene could be re-
moved in the biofilter. However, biofiltration of mixtures
of benzene, toluene, xylene (BTX) and other hydrocarbon
vapors has been investigated by many researchers in previ-
ously published work [6,20–23]. Most of these studies re-
vealed that the removal of xylene was always less efficient
compared to the other pollutants of the gas streams [18,23].
Questions arose as to whether the removal of xylene could
only be achieved in the presence of other aromatic pollu-
tants such as toluene, i.e. by cometabolism. Having shown
in a previous work [18] that the biofiltration of xylene va-
pors as the sole contaminant in the air streams was success-
fully achieved on a filter bed previously used for the removal
of toluene vapors, the present research focused on the use
of a new filter material for the removal of xylene vapors.
The objective of the present paper is to describe the effects
of varying the xylene inlet concentration and the gas flow
rate on the biofilter performance and some operating mea-
surable parameters, such as temperature and carbon dioxide
production. The results discussed here were obtained dur-
ing 1 year of operation of the biofilter. Presentation of the
daily measured performance of the biofilter during all the

operating period is beyond the scope of this paper. Only the
most pertinent results are presented and discussed. The im-
pressive results reported on xylene vapors biofiltration and
the particularly significant effect of the gas flow rate and
the inlet concentration for this relatively recalcitrant pollu-
tant contribute to extend our knowledge on the limitations
of application of this technology to the treatment of xylene
emissions and help in describing the effect of xylene con-
centration on the biodegradation kinetic rate.

2. Materials and methods

The main components of the experimental set-up used for
the air biofiltration tests are shown in Fig. 1. The biofilter
consisted of a vertical three stages cylinder made of rigid
Plexiglas, with an inner diameter of 0.15 m and a total height
of 1.5 m. It was filled with previously humidified, and condi-
tioned peat balls to a total height of 1 m, evenly divided into
three identical sections. The filter material at each section
was supported on a sieve plate that ensured homogeneous
distribution of gas flow over the cross section of the filter
bed. The inflowing gas was supplied tangentially at the base
of the column, at a height of 0.15 m under the first section of
the filter bed, in order to evenly distribute the gas before con-
tacting the filter material. To avoid drying effects of the filter
bed by the air flow, the inlet gas was previously humidified in
a separate humidification tower to more than 95% of relative
humidity. In order to generate the contaminated air stream,
a small fraction of air flow was saturated with xylene vapors
and mixed with the air flow at the exit of the humidification
column. Flow rates of the main fraction of the air stream and
the fraction saturated with xylene vapors were metered by
previously calibrated gas flowmeters in order to obtain the
desired xylene inlet concentration and gas flow rate through
the biofilter. The contaminated air at the inlet contained a
mixture of xylene isomers at the following proportions: 19%
(v/v) of meta-xylene, 65% (v/v) ofpara-xylene and 16%
(v/v) of ortho-xylene. The contaminated airstream was in
contact only with glass, Teflon and Plexiglas. A nutrient so-
lution was periodically pumped over the filter material in
order to maintain adequate moisture of the support media
and supply the microbial population with additional nutri-
ents. The nutrient solution consisted of an aqueous solution
containing KH2PO4, NH4NO3, (NH4)2SO4, NH4HCO3 and
some trace nutrients such as ZnCl2, FeCl3, CuCl2, MnCl2,
Na2B4O7, (NH4)6Mo7O24 and CoNO3. The filter bed was
irrigated daily with 1 l of the nutrient solution evenly dis-
tributed at the top of each of the three sections of the filter
bed.

At the start-up, the filter bed was inoculated by a
specific activated consortium of microbial species. This in-
oculum was prepared from a consortium supplied by GSI
Environnement Inc. (Enviro. biotech. microbial line prod-
ucts, EVB-110). The consortium consisted essentially of
specific microbial aerobic and facultative anaerobic species.
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Fig. 1. Biofiltration unit.

The filtering medium temperature was measured daily
by three type T thermocouples located at the mid level of
each section of the filter bed. These thermocouples were
connected to a digital temperature monogram (Omega DP
465). Three gas sampling ports were installed at the exit
of each section and served as well for pressure drop mea-
surements by a differential pressure manometer (Air Flow
Developments, Canada, LTD, model 4u.5). The gas sam-
ples were analyzed for their xylene concentration by a to-
tal hydrocarbon analyzer (model FIA-220, Horiba) equipped
with a flame ionization detector and a Hewlett–Packard
gas chromatograph model 5890, coupled to a mass spec-
trometer (GC/MS) and equipped with an HP5 (silicon 5%,
30 m×0.25 mm×0.25 mm film thickness) capillary column.
These two equipments were provided with a sampling loop
which permitted automatic and repeated gas sampling di-
rectly from the biofilter. The gas phase at each location in
the biofilter was also analyzed for the carbon dioxide con-
centration using a CO2 analyzer (Ultramat 22P, Siemens)
equipped with a continuous sampling pump. The gas anal-
ysis equipments were calibrated daily prior to xylene con-
centration measurements. Clean air and air at various known
xylene concentrations served as standards. Also, three solid
sampling ports located at the mid level of each section of
the filter bed permitted the occasional withdrawal of peat
ball samples for moisture and bacterial count analysis. The
moisture content of the filter material was measured by an
infrared moisture determination balance (model AD4713,

AND). The bacterial counts on the filter material samples
were performed using standard culture methods.

3. Results and discussion

Biofiltration of xylene vapors emissions was carried out
over a period of 1 year at various operating conditions. Three
various gas flow rates were tested: 0.4, 0.7 and 1 m3 h−1,
corresponding to empty bed gas residence time of 157, 90
and 63 s, respectively. The xylene inlet concentration was
also varied in the range of 0.2–4 g m−3. During the year of
operation, each set of operating conditions (gas flow rate and
xylene inlet concentration) was tested at various discontin-
uous periods of time to insure the accuracy of the experi-
mental results.

The inoculation of the filter material helped in acceler-
ating the establishment of an active microbial population
in the filter bed since the biodegradation of xylene in the
biofilter was observed few days after the start up. Also, the
daily measurement of pressure drop through the filter bed
revealed the excellent mechanical and physical properties of
the filter material since the pressure drop rarely exceeded
1 mm H2O/m of packing height. Occasional excess biomass
accumulation caused an increase in the pressure drop to a
maximum of 40 mm H2O/m of packing height. This high
pressure drop peaks were easily controlled by adequate ir-
rigation of the filter bed which allowed the removal of the
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Fig. 2. Operating conditions (inlet xylene concentration and gas flow rate) vs. time; elimination capacity and temperature at the mid level vs. time.

excess of biomass. The follow-up of the moisture content of
the filter material confirmed the adequacy of the occasional
irrigation mode and the water retention capacity of the fil-
ter material since the moisture content of the filter material
was successfully maintained around 60% (wet basis) which
corresponds to the recommended filter material moisture for
biofiltration processes [24,25].

The biofiltration performance is discussed in terms of the
xylene inlet load (IL, g m−3 h−1), the removal efficiency (X),
the elimination capacity (EC, g m−3 h−1) and the mass of
carbon dioxide produced per units of filter medium volume
and time, (PCO2, g m−3 h−1) which are evaluated using the
following equations:

IL = Q

V
Cg0; X = Cg0 − Cgs

Cg0
;

EC= Q

V

(
Cg0 − Cgs

) ; PCO2 = Q

V

(
CCO2,s − CCO2,0

)

3.1. Temperature effect

In general, the temperature of the filter material increases
along the filter bed from the bottom to the top. The same be-
havior has been reported in previous works [26]. This phe-
nomenon is predictable since the metabolic biodegradation
of the organic pollutants is an exothermic process. The en-
ergy released by these reactions causes the progressive rise
of the gas temperature in the bioreactor, which in turn causes

a positive temperature gradient in the filter bed from the gas
inlet location to the outlet. Also, the lowest level of the bed
is subject to cooling effect of the inlet gas which is at a
temperature of 18◦C.

During all the operation period, the temperature difference
between two consecutive levels ranged from 1 to 3◦C. Fig.
2 shows the temperature measured daily at the mid level of
the biofilter and the corresponding total EC at the exit of the
filter bed. Temperature variations at the mid level are very
representative of the variation trends noticed in the other two
levels.

The daily follow-up of the filter bed temperature variations
clearly revealed a sensitive dependence between the tem-
perature of the filter bed and its biofiltration performance.
During the first 20 days following the start-up of the biofil-
ter at a gas flow rate of 1 m3 h−1, the temperature increased
from 23 to 28◦C. This increase was subsequent to the in-
crease of EC. The decrease in EC from 60 g m−3 h−1 to a
mean value of 35 g m−3 h−1 observed between Days 20 and
65 was also accompanied with a progressive decrease in the
filter bed temperature to 23◦C at the mid level. At a con-
stant gas flow rate (1 m3 h−1), the daily fluctuations of the
temperature of the filter bed generally were subsequent to
the change in EC. During the second experimental phase
with a gas flow rate of 0.4 m3 h−1, the filter bed temperature
was generally higher than the temperature measured in the
first experimental period (with a gas flow rate of 1 m3 h−1)
and in the third experimental period (with a gas flow rate of
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Fig. 3. Microbial count of heterotrophic aerobic bacteria at the three sections of the filter bed vs. time.

0.7 m3 h−1), even if the values of EC were almost similar,
ranging for all flow rates between 10 and 60 g m−3 h−1. In
fact, the filter bed performances at a gas flow of 0.4 m3 h−1

in terms of X, as will be discussed in a later section of
this paper, was generally better than those obtained in the
two other experimental periods. This behavior suggests a
higher intensity of the metabolic microbial activity at that
gas flow rate. Also, the cooling effect of the entering gas
is less important at a smaller gas flow rate, which may
partly explain higher bed temperature for smaller gas flow
rates.

3.2. Bacterial count results

Aerobic heterotrophic bacteria counts in the filter material
were regularly achieved for the follow-up of the microbial
growth intensity inside the biofilter. Fig. 3 presents the aer-
obic heterotrophic bacteria counts in the raw non-inoculated
filter material and in the samples withdrawn from each sec-
tion of the filter bed versus time. These results show the
attainment of a stable bacterial density, higher than the bac-
terial density measured in the raw material, few days af-
ter the start-up. During all the operating period, an average
value between 108 and 1010 CFU/g of humid filtering ma-
terial was reported for the various sections of the filter bed.
However, except for the Day 3 after the start-up, the aerobic
heterotrophic bacteria counts were always slightly higher in
the first section of the filter bed, which can be related to the
higher removal of xylene at this section in comparison with

the two other sections. This behavior is probably due to the
higher inlet xylene load at this section.

3.3. Gas flow rate and inlet xylene concentration effects

3.3.1. Removal efficiency and elimination capacity
The gas flow rate and the inlet pollutant concentration are

the most important parameters in the biofiltration process.
Both parameters quantify the amount of pollutant to be re-
moved in the biofilter. The performance of a biofiltration unit
is strongly dependant on the pollutants inlet concentration.
Biofiltration has proven to be highly efficient for dilute air
streams and even for more concentrated emissions of easily
biodegradable pollutants. On the other hand, the biofiltra-
tion process is less proficient in the treatment of highly con-
centrated emissions of moderately or poorly biodegradable
pollutants [27]. In fact, an increase in the inlet pollutant con-
centration enhances the transfer rate of the pollutant to the
biofilm. However, high concentrations of some recalcitrant
pollutants may produce inhibition effects on the metabolic
activity of the microbial population [25]. Also, high inlet
concentration in the air stream enhances the biomass produc-
tion, which increases the volume of the biofilm surrounding
the filter bed particles, decreases the porosity of the filter
bed and causes restriction to the air flow and channeling in
the filter bed [28,29]. On the other hand, for a specific filter
bed volume, the gas flow rate is the key parameter for vary-
ing the gas residence time which should be long enough to
permit the pollutant and oxygen transfer from the gas phase
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Fig. 4. Removal efficiency of xylene at the exit of the biofilter vs. xylene inlet concentration for various gas flow rates.

to the biofilm and their biodegradation by the immobilized
microflora. Hence, the hydrodynamic behavior and the flow
regime of the gas phase in the biofilter as well as the pol-
lutant and oxygen transfer rate from the gas phase to the
biofilm are conditioned by the gas flow rate and also, to
some extent, by the inlet pollutant concentration.

In the present work, the combined effect of the xylene in-
let concentration and the gas flow rate on the biofilter perfor-
mance was investigated. Only the results obtained at steady
state are discussed. Fig. 4 presents the removal efficiency
of xylene versus the inlet xylene concentration for the var-
ious tested gas flow rates, i.e. 0.4, 0.7 and 1 m3 h−1. Fig. 5
presents the elimination capacity as function of the inlet load
for each gas flow rate. At a gas flow rate of 0.4 m3 h−1, the
removal of xylene is 100% for inlet concentrations ranging
from 0.4 to 2.6 g m−3 and decreases from 100 to 70% as the
inlet concentration increases from 2.6 to 4.2 g m−3 (Fig. 4).
At this gas flow rate, for IL smaller than 70 g m−3 h−1, cor-
responding to inlet concentrations smaller than 3.2 g m−3,
EC increases with IL (Fig. 5). For xylene IL between 70
and 85 g m−3 h−1 (i.e. xylene inlet concentration between
3.2 and 3.8 g m−3), EC is constant at the maximum value of
67 g m−3 h−1. As IL is increased to 90 g m−3 h−1, EC de-
creases to 55 g m−3 h−1. At a gas flow rate of 0.7 m3 h−1,
X decreases from 88 to 45% for inlet xylene concentrations
varying from 1 to 2.4 g m−3 (Fig. 4). For this gas flow rate,
Fig. 5 reveals a similar trend of variation of EC versus IL as
for a gas flow rate of 0.4 m3 h−1, except that the maximum
EC for 0.7 m3 h−1 is smaller, i.e. 52 g m−3 h−1 for IL vary-
ing from 58 to 72 g m−3 h−1. Similarly, at a gas flow rate of

1 m3 h−1, the removal of xylene decreases from 100 to 25%
for inlet concentrations ranging from 0.4 to 2 g m−3. For
loads smaller than 60 g m−3 h−1, EC increases with IL to a
maximum of 41 g m−3 h−1. EC remains constant at its max-
imum value as IL increases between 60 and 95 g m−3 h−1

and decreases for higher xylene loads. The analysis of the
biofilter performance shows that both EC at constant IL and
X for constant xylene inlet concentration decrease when the
gas flow rate is increased. Higher gas flow rate decreases the
contact time between the pollutant and the microbial popu-
lation and consequently lowers the filter bed efficiency and
EC. The general trend of the variation of EC versus the xy-
lene IL for the various gas flow rates shows an increase in
EC with increasing xylene IL to a certain value which de-
pends on the gas flow rate. In these situations, the increase
of the xylene inlet concentration enhanced the transfer rate
of xylene from the gas phase to the biofilm so that more mi-
croorganisms participate to the biodegradation activity. This
behavior can be described as a diffusion limitation regime.
At the maximum EC, the entire active microbial population
is involved in the biodegradation kinetics and the diffusion
limitation does not occur for these operating conditions. As
IL is increased above the upper limit of the diffusion limita-
tion regime, EC first remains constant to its maximum value
and then decreases for higher IL. Increase in the xylene in-
let concentration above the maximum EC conditions causes
a significant decrease in bothX and EC. Such a behavior
was not expected since previous research works [24,30–32]
reported a constant EC with increasing pollutant IL in the
absence of diffusion limitation, i.e. in the reaction limitation
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Fig. 5. Elimination capacity vs. xylene inlet load for various gas flow rates.

regime. In fact, the experimental results described in these
works were adequately represented by a zero-order kinetics
for the pollutant biodegradation rate, which leads to a con-
stant quantity of pollutant degraded per unit of time and fil-
ter bed volume, i.e. elimination capacity. In the present ex-
periments, the increase in the amount of xylene transferred
to the biofilm enhanced by increasing the xylene inlet con-
centration above the maximum EC conditions seems to have
an inhibition effect on the xylene biodegradation rate which
causes a decrease in the amount of xylene biodegraded. This
analysis reveals that the kinetics of xylene biodegradation
in the biofilm is not likely to be zero-order and probably
includes a term relating to inhibition at high xylene concen-
trations.

3.3.2. Carbon dioxide production
In the biofiltration process, the organic pollutants are aer-

obically degraded to water and carbon dioxide and used as
the essential carbon source for the microbial growth. Hence,
the profile of carbon dioxide concentration in the gas phase
at the inlet and the outlet of the biofilter provides valuable
information on the biofilter performance. A positive gradient
of CO2 concentration in the gas phase through the biofilter
indicates that there is CO2 production due the biodegrada-
tion of the organic pollutants. Fig. 6 shows the outlet carbon
dioxide concentration versus the xylene inlet concentration
for various gas flow rates. In all tested operating conditions,
the outlet CO2 concentration is always higher than the inlet
CO2 concentration (0.72 g m−3) indicating biodegradation
of xylene in the biofilter. The concentration of CO2 at the

exit of the biofilter increases as the gas flow rate decreases.
This result confirms the higher performance of the biofilter
at smaller gas flow rates. For a gas flow rate of 0.4 m3 h−1

and inlet xylene concentration smaller than 3.2 g m−3, the
outlet CO2 concentration increases with increasing inlet xy-
lene concentration to a maximum of 8 g m−3 approximately.
For higher inlet xylene concentrations, a slight decrease in
the CO2 concentration at the exit is observed. This behavior
is in agreement with the observed variations of EC with the
inlet xylene concentration at a gas flow rate of 0.4 m3 h−1.
The same remark is also valid for the results obtained with
the gas flow rates 0.7 and 1 m3 h−1. The variation of PCO2
as function of EC for the various tested operating condi-
tions of xylene inlet concentration and gas flow rates is pre-
sented in Fig. 7. In this figure, the mean experimental data lie
reasonably around the liney=2.5x. This indicates that the
ratio between PCO2 and EC, i.e. the mass of CO2 produced
per mass of xylene removed, is on average equal to 2.5 for
all tested conditions with a standard deviation of 0.5. In fact,
this ratio should be 3.3 in the case of complete oxidation of
xylene to water and carbon dioxide according to the follow-
ing stoichiometric reaction:

C8H10 + 10.5O2 → 8CO2 + 5H2O

However, in case of biodegradation of organic pollutants, a
fraction of consumed organic carbon is used for the micro-
bial growth according to the following metabolism:

Organic pollutant+ Oxygen

→ Carbon dioxide+ Water+ Cellular material
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Fig. 6. Outlet carbon dioxide concentration vs. inlet xylene concentration for various gas flow rates.

Fig. 7. Quantity of carbon dioxide produced at the exit of the biofilter vs. the elimination capacity.
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Fig. 8. Operating conditions (total xylene inlet concentration and gas flow rate) vs. time and individual removal efficiency of xylene isomers at the exit
of: (a) the first level of the filter bed; (b) the biofilter.



218 H. Jorio et al. / Chemical Engineering Journal 76 (2000) 209–221

This explains the observed deficit in CO2 production in
comparison with the case of complete chemical oxidation of
xylene. In addition, in the biofiltration process, the biodegra-
dation of pollutants occurs in the liquid phase (the wet
biofilm), and the CO2 produced may partly accumulate in
biofilm as one of its solute species, HCO3

−, H2CO3 or
CO3

2− which can cause a deficit in CO2 in the gas phase.
This may also partly explain the fluctuations of the experi-
mental ratio. Interestingly however, the small difference be-
tween the experimental ratio and the ratio evaluated from the
stoichiometric reaction of complete oxidation is evidence of
the removal of xylene exclusively by aerobic degradation and
eliminates any option like adsorption or incomplete oxida-
tion of xylene in explaining the decrease of xylene concen-
tration through the biofilter. Also, this analysis reveals that
the follow up of the CO2 concentration profile through the
biofilter can be efficiently used for describing the biofilter
performance.

3.4. Removal efficiency of xylene isomers

Fig. 8a and b show the individual removal efficiency of
each isomer as function of time for a continuous period with
various conditions of total inlet concentration and gas flow
rate at the first section of the filter bed and the exit of the
biofilter, respectively. Fig. 9a and b show the individual re-
moval efficiencies of the xylene isomers at the exit of the
biofilter versus the total inlet xylene concentration at a gas
flow rate of 1 and 0.4 m3 h−1, respectively. The increase of
the total inlet concentration of xylene decreasesX for all the
three isomers. At a gas flow rate of 1 m3 h−1, the difference
betweenX for para-xylene andortho-xylene is generally not
very significant whereas themeta-xylene is more efficiently
degraded (Fig. 8a, b and 9a). At a gas flow rate of 0.4 m3 h−1,
X for ortho-xylene was the lowest, followed bypara-xylene
and thenmeta-xylene (Fig. 8a, b and 9b). Owing to the low
flow rate of 0.4 m3 h−1, i.e. high empty bed residence time
(157 s), meta-xylene was completely removed for all the
tested inlet concentrations (Fig. 8b over the period of Days
80–140, and Fig. 9b). At higher gas flow rates, the overall
removal efficiency generally decreases and so does the indi-
vidual removal efficiency of all three xylene isomers. From
the analysis of Fig. 9a and b the degrading microorganisms
metabolize the xylene isomers preferentially in the order:
meta-xylene, para-xylene andortho-xylene. This order is
established through the whole height of filter bed, beginning
from the low level to the exit of the biofilter (Fig. 8a and
b). These results demonstrate the varying affinity of the mi-
crobial species grown in the biofilter toward each isomer. A
similar behavior was also reported in another study [18] of
biofiltration of xylene vapors emissions at a pilot scale using
a different filtering medium inoculated with a pure culture
of four species of microorganisms. Also, a study by Baltzis
and de la Cruz [17] revealed a higher maximum specific
growth rate, estimated by flask experiments, onmeta-xylene

in comparison withpara-xylene for a consortium capable
of growing on all xylene isomers. The analysis of the pre-
vious works [17,18] and the present study confirms that
among the xylene isomers,meta-xylene is naturally the most
easily biodegradable whileortho-xylene is the less readily
biodegraded.

4. Conclusion

Biofiltration of xylene vapors has been investigated, over
a period of 1 year, in a laboratory scale up-flow biofilter
packed with a new filter material. Various pollutant inlet
concentrations and gas flow rates have been tested.The fil-
ter material exhibited good physical and mechanical prop-
erties as justified by the low pressure drop through the filter
bed recorded during all the operation of the biofilter and the
possibility of controlling the occasional excess biomass ac-
cumulation by adequate irrigation of filter material. A sen-
sitive dependence between the temperature of the filter bed
and the biofiltration performance was noticed. Higher fil-
ter bed temperature was recorded for tests at a gas flow
rate of 0.4 m3 h−1 for which the highest biofiltration perfor-
mance, both in terms of elimination capacity and removal
efficiency, was obtained. The bacterial count performed on
filter material samples withdrawn regularly from the filter
bed shows the establishment of a stable bacterial density
only few days after the start-up. A slightly higher bacte-
rial density was observed at the bottom section of the filter
bed.

The experimental results revealed that the biofiltration
performance both in terms of removal efficiency and elimi-
nation capacity was higher for smaller gas flow rates for all
the tested xylene inlet concentrations. For all the tested con-
ditions, the analysis of the individual removal efficiencies
of the xylene isomers revealed that the order of the ease of
biodegradation wasmeta-xylene followed bypara-xylene,
thenortho-xylene. For a gas flow rate of 0.4 m3 h−1, com-
plete removal of xylene was achieved for inlet concentra-
tions up to 2.6 g m−3. For all the gas flow rates, the elim-
ination capacity is an increasing function of the inlet load
for low xylene concentrations and reaches a maximum at
an inlet concentration which depends on the gas flow rate.
The maximum elimination capacity obtained were 67, 52
and 41 g m−3 h−1 for gas flow rates of 0.4, 0.7 and 1 m3 h−1,
respectively. For inlet concentrations higher than the maxi-
mum elimination capacity conditions, the elimination capac-
ity decreases. Such behavior which has never been reported
in previous literature works, is evidence that the kinetics of
xylene biodegradation by the active microbial population in
the biofilm is not zero-order since high xylene concentration
seems to produce inhibition effects on the microbial activity.
The important data collected on carbon dioxide concentra-
tion profile through the biofilter revealed that the follow-up
of the carbon dioxide production provides a reliable means
for monitoring the biofiltration performance. For all the ex-
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Fig. 9. Individual removal efficiency of xylene isomers at the exit of the biofilter vs. total xylene inlet concentration: (a)Q=1 m3 h−1; (b) Q=0.4 m3 h−1.

perimental conditions, the quantity of carbon dioxide pro-
duced was approximately 2.5 times the xylene elimination
capacity. The stoichiometric ratio for complete oxidation of
xylene being 3.3, the small deficit in carbon dioxide pro-
duction can reasonably be attributed to the use of a fraction
of consumed organic carbon for the microbial growth in the
biofilm.

5. Nomenclature

CFU colony forming units
Cg0 inlet concentration of the pollutant in the gas

phase (g m−3)
Cgs concentration of the pollutant in the gas phase

at the exit (g m−3)
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CCO2,0 inlet concentration of carbon dioxide in the gas
phase (g m−3)

CCO2,s concentration of carbon dioxide in the gas
phase at the exit (g m−3)

EC elimination capacity of the pollutant (g m−3 h−1)
IL inlet load of pollutant (g m−3 h−1)
PCO2 quantity of carbon dioxide produced in the

biofilter (g m−3 h−1)
Q gas flow rate (m3 h−1)
V volume of the filter bed (m3)
X removal efficiency of pollutant (dimensionless)

Acknowledgements

The authors are indebted to Conseil de Recherche en Sci-
ences Naturelles et en Génie du Canada (Programme de
Partenariat Technologique) for their financial support. The
authors also wish to express their gratitude to S. Lebrun.

References

[1] R. Marsh, Biofiltration for emission abatement — Réduction des
émissions par biofiltration, European Coatings Journal 7/8 (528)
(1994) 8.

[2] B.C. Baltzis, Biofiltration of VOC vapors, in: G.A. Lewandowski,
L.J. DeFilippi (Eds.), Conference Proceeding on Biol. Treat. Hazard.
Wastes, Wiley, New York, 1998, pp. 119–150.

[3] H. Jorio, M. Heitz, Traitement de l’air par biofiltration, Canadian
Journal of Civil Engineering 26 (1999) 402–423.

[4] A.M. Martin, Peat as an agent in biological degradation: peat
biofilters, in: A.M. Martin (Ed.), Biological Degradation of Wastes
Elsevier Applied Science, New York (1991) pp. 341–362.

[5] G. Wu, B. Conti, G. Viel, A. Leroux, R. Brzezinski, M. Heitz, A
high performance biofilter for VOC emission control, Journal of Air
and Waste Management Association 49 (1999) 185–192.

[6] A. Mallakin, O.P. Ward, Degradation of BTEX compounds in liquid
media and in peat biofilters, Journal of Industrial Microbiology 16 (5)
(1996) 309–318.

[7] B. Cardenas-Gonzalez, S.J. Ergas, M.S. Switzenbaum, Characteri-
zation of compost biofiltration media, in: Proceedings of the 1997
Air & Waste Management Association, 90th Annual Meeting &
Exhibition, Toronto, ON, CA, 06/08-13/97, AWMA, Pittsburgh, PA,
USA, Paper 97-WA71A.02, 1997, p. 11.

[8] R. Govind, S. Desai, D.F. Bishop, Control of biomass growth in
biofilters, in: 4th International In Situ and On-Site, Bioremediation
Symposium, Proceedings of the Battelle Memorial Institute, Vol. 5,
New Orleans 4/28-5/1/97, 1997, p. 195.

[9] H.L. Bohn, Biofilter media (for air pollution control), in: Proceedings
of the 1996 Air & Waste Management Association, 89th Annual
Meeting & Exhibition, Nashville, TN, USA 06/23-28/96, AWMA,
Pittsburgh, PA, USA, Paper 96-WP87A.01, 1996, 11pp.

[10] T.O. Williams, Odors and VOC emissions control method, Biocycle
36 (5) (1995) 49–56.

[11] D.A. Pisotti, Biofilter eliminates more than just VOCS from a press
exhaust, in: Environmental Conference Exhibition, Vol. 1, TAPPI
Press, Atlanta, Ga, 1997, pp. 271–275.

[12] C. van Lith, Long term experiences with biofilter material stabilized
with inert additives, in: Proceedings of the 1996 Air & Waste
Management Association, 89th Annual Meeting & Exhibition,

Nashville, TN, USA 06/23-28/96, AWMA, Pittsburgh, PA, USA,
Paper 96-RA87B.06, 1996, 7pp.

[13] W.J. Swanson, R.C. Loehr, Biofiltration: fundamentals, design and
operations principles, and applications, Journal of Environmental
Engineering 123 (6) (1997) 538–546.

[14] J. Yavorsky, Odor and VOC control from flavor manufacturing
through advanced biofiltration, in: Proceedings of the 1997 Air &
Waste Management Association, 90th Annual Meeting & Exhibition,
Toronto, ON, CA 06/08-13/1997, AWMA, Pittsburgh, PA, USA,
Paper 97-FA159.04, 1997, 10pp.

[15] G. Leson, F. Tabatabai, A.M. Winer, Control of hazardous and toxic
air emissions by biofiltration, in: Proceedings of the 1992 Air &
Waste Management Association, 85th Annual Meeting & Exhibition,
Kansas City, MO, USA 06/21-26/92, AWMA, Pittsburgh, PA, USA,
Paper 92/116.03, 1992, 12pp.

[16] Environnement Canada, Xylènes: Loi Canadienne sur la Protection
de l’Environnement, Liste des Substances d’Intérêt Prioritaire,
Rapport d’Évaluation, 1. Xylènes — Aspect de l’Environnement,
2. Environnement — Surveillance — Canada, Gouvernement
du Canada, Environnement Canada, Santé Canada, ISBN
0-662-98653-9, N◦ En40-215/22F, Ottawa, Canada Communication
Group Publishing, Canada, 1993, 36pp.

[17] B.C. Baltzis, D.S. de la Cruz. Removal of xylene vapors in
a biotrickling filter, in: Proceedings of the 1996 Air & Waste
Management Association, 89th Annual Meeting & Exhibition,
Nashville, TN, USA 06/23-28/96, AWMA, Pittsburgh, PA, USA,
Paper N.96-RP87C.01, 1996, 14pp.

[18] H. Jorio, K. Kiared, R. Brzezinski, A. Leroux, G. Viel, M. Heitz,
Purification of air polluted by high concentrations of toluene and
xylene in a pilot scale biofilter, Journal of Chemical Technology and
Biotechnology 73 (1998) 183–196.

[19] L. Bibeau, K. Kiared, R. Brzezinski, G. Viel, M. Heitz, Treatment
of air polluted with xylenes using a biofilter reactor, Water, Air and
Soil Pollution (1999), accepted for publication.

[20] R.L. Corsi, L. Seed, Biofiltration of BTEX: media, substrate, and
loadings effects, Environmental Progress 14 (3) (1995) 151–158.

[21] C. Kennes, H.H.J. Cox, H.J. Doddema, W. Harder, Design and
performance of biofilters for the removal of alkylbenzene vapors,
Journal of Chemical Technology and Biotechnology 66 (3) (1996)
300–304.

[22] H.D. Nguyen, C. Sato, J. Wu, R.W. Douglass, Modeling biofiltration
of gas streams containing TEX components, Journal of Environmental
Engineering 123 (6) (1997) 615–621.

[23] Y.S. Oh, R. Bartha, Construction of a bacterial consortium for the
biofiltration of benzene, toluene and xylene emissions, Journal of
Microbiology & Biotechnology 13 (6) (1997) 627–632.

[24] S.P.P. Ottengraf, Exhaust gaz purification, in: H.J. Rehm, G. Reed
(Eds.), Biotechnology: a Comprehensive Treatise, Vol. 8, No. 12,
VCH Verlagsgesellschaft, Weinheim Publishers, Weinheim, Germany,
1986, pp. 425–452.

[25] G. Leson, A.M. Winer, Biofiltration: an innovative air pollution
control technology for VOC emissions, Journal of the Air & Waste
Management Association 41 (8) (1991) 1045–1054.

[26] K. Kiared, B. Fundenberger, R. Brzezinski, G. Viel, M. Heitz,
Biofiltration of air polluted with toluene under steady state conditions:
experimental observations, Industrial and Engineering Chemistry
Research 36 (11) (1997) 4719–4725.

[27] J.W. van Groenestijn, P.G.M. Hesslink, Biotechniques for air
pollution control, Biodegradation 4 (1993) 283–301.

[28] G. Leson, R. Charvira, A.M. Winer, D.S. Hodge, Experiences with a
full-scale biofilter for control of ethanol emissions, in: Proceedings
of the 1995 Air & Waste Management Association, 88th Annual
Meeting & Exhibition, San Antonio, TX, USA 06/18-23/95, AWMA,
Pittsburgh, PA, USA, Paper 95-MP9A.04, 1995, 11pp.

[29] O. Wanner, A.B. Cunningham, R. Lundman, Modeling biofilm
accumulation and mass transport in a porous medium under high
substrate loading, Biotechnology and Bioengineering 47 (1995) 703–
712.



H. Jorio et al. / Chemical Engineering Journal 76 (2000) 209–221 221

[30] J. Benitez, J. Russo, A. Zapata, Kinetics of the degradation of toluene
and ethylbenzene in a compost-based biofilter, in: Proceedings of the
1995 Air & Waste Management Association, 88th Annual Meeting &
Exhibition, San Antonio, TX, USA, 06/18-23/95, AWMA, Pittsburgh,
PA, USA, Paper 95-TP9C.06, 1995, 15pp.

[31] A.P. Togna, G.J. Skladany, Treatment of BTEX and petroleum
hydrocarbon vapors using a field-pilot biofilter, in: Proceedings of

Prevention, Detection, and Remediation Conference, API National
Ground Water Association, Petroleum Hydrocarbons and Organic
Chemicals in Ground Water, Houston 11/2-4/94, 1994, pp. 443–
458.

[32] C. van Lith, S.L. David, R. Marsh, Design criteria for biofilters,
Process Safety Environmental Protection 68 (B2) (1990) 127–
132.


