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a b s t r a c t

In the present work, biofiltration of xylene vapors has been investigated on a laboratory scale biofilter
packed with press mud as filter material inoculated with activated sludge from pharmaceutical industry.
Four various gas flow rates, i.e. 0.03, 0.06, 0.09 and 0.12 m3 h−1, were tested for inlet xylene concentration
ranging from 0.2 to 1.2 gm−3. The biofilter proved to be highly efficient in the removal of xylene at a gas flow
vailable online 11 June 2008

eywords:
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ress mud
ylene

rate of 0.2 m3 h−1 corresponding to a gas residence time of 2.8 min. For all the tested inlet concentrations,
the removal efficiency decreased for high gas flow rates. For all the tested gas flow rates, a decrease in
the removal efficiency 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 2.52, which confirms complete degradation of xylene if one considers
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. Introduction

The atmospheric emissions of volatile organic compounds
VOCs) represent a major contributor to the deterioration of air
uality and pollution of the environment. Among these VOCs,
ylene (or dimethylbenzene) is a hazardous chemical that can be
ound in many consumer products such as paints, lacquers, var-
ishes, adhesives, cements, inks and dyes, cleaners and degreasers,
viation gasoline, etc. It is also used in the manufacture of plas-
ics and synthetic fibers, insecticides and pesticides, leather goods,
nd other chemicals. A considerable share (over 60%) of the total
missions of xylene into the atmosphere originates from indus-
rial facilities. Biofiltration is a pollution control technique using
iving material to filter or chemically process pollutants. When
pplied to air filtration and purification, biofilters use microorgan-
sms to remove pollution. The airflows through a packed bed and
he pollutant transfers into a thin biofilm on the surface of the
acking material. Microorganisms, including bacteria and fungi,

mmobilised in the biofilm, degrade the pollutant. VOCs trans-
er from the gas phase into the aqueous and solid phases where
icroorganisms biodegrade VOCs into environmentally harmless
nd products, such as carbon dioxide, water and biomass. Dur-
ng long-term operation of biofilters, especially with high VOCs
oad, biofilters might suffer from dryness of packing media, acid-
fication and nutrient limitation, which reduce microbial activity

∗ Corresponding author. Fax: +91 4144 238275.
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ganic carbon used for the microbial growth.
© 2008 Elsevier B.V. All rights reserved.

o influence the removal of VOCs. Therefore, in long-term opera-
ion of biofilter with high VOCs load, high efficiency of biofilter
s related to various performance parameters such as character-
stics of packing media, water content of support media [1–3],
H of media [4], addition of nutrient [5,6] and temperature
7].

Xylene is a clear, colorless and hydrophobic liquid that has
characteristic pungent odor. It is an important chemical, and

sed widely as a solvent in the printing, rubber, leather, paint-
ng and varnishing industries. Xylene isomers have been listed
s hazardous and toxic atmospheric contaminants under CAAA
Clean Air Act Amendments of 1990, USA). Many studies on
emoval of xylene and other VOCs by microorganisms have been
eported [8–13]. Abumaizar et al. reported biofiltration of ben-
ene, toluene, ethylbenzene and xylene (BTEX) contaminated
ir streams using compost-activated carbon filter media with
nlet concentrations more than 200 ppm and a gas load rate of
7.6 m3 m−2 h−1 and removal efficiencies of 90% were achieved [14].
mong the BTEX compounds, xylene is more difficult to biode-
rade under mesophilic and thermophilic conditions in the toluene
cclimatized biofilter [15]. Even though, a number of studies on
iofiltration of xylene is available the removal results were not
atisfactory.

Only few studies focused on the performance of biofiltration in
he removal of xylene as the sole pollutant in the airflow [16–19].

asnaa Jorio, Louise Bibeau, Guy Viel1, Michèle Heitz [16] stud-

ed the biofiltration of xylene vapors on a laboratory scale biofilter
acked with peat and concluded that maximum elimination capac-

ty obtained were 67, 52 and 41 g m3 h−1 for gas flow rates of 0.4,
.7 and 1 m3 h−1, respectively.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sarav304@gmail.com
dx.doi.org/10.1016/j.jhazmat.2008.05.158
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An experimental study on the removal of xylene vapors from an
ir stream was conducted. During the experimentation, the biofilter
esponse to steep and abrupt variations in the xylene inlet con-
entration and gas flow rate was investigated. The results obtained
howed that the removal efficiency of the bioreactor regained its
igh values (above 96%) in less than 24 h following the change to

ow concentrations and gas flow rate [17].
The present paper describes the effects of various xylene inlet

oncentrations; gas flow rates and height of the biofilter on the
erformance of biofilter, using press mud as a packing media and
valuated the production of carbon dioxide during biofilter opera-
ion.

. Materials and methods

.1. Biofilter media and inoculum preparation

The commercial press mud (sugar industry waste) has been
elected as the biofilter and chosen as a packing medium. The sup-
ort material was ceramic berl saddle. The press mud was sieved
o reject particles with a diameter less than 3 mm. The charac-
eristics of the packing materials are given in Table 1. Chemical
omposition was determined using standard method, organic con-
ent was determined by calcinations at 550 ◦C, and specific surface
rea by the nitrogen adsorption–desorption method. The inocu-
um was obtained from a 2-month acclimatized culture seeded

ith activated sludge from the secondary clarifier of pharmaceuti-
al industry. 200 mL of the concentrated sludge were placed in an
erated batch reactor and diluted with 1 L of nutrient solution con-
aining N and P (3.84 g L−1 K2HPO4, 1.94 g L−1 KH2PO4, 3.00 g L−1

H4Cl, pH 6.97). Vitamins and trace minerals were added by dilut-
ng 3 g of Supradyn.

.2. Experimental setup and monitoring of biofilters

The xylene biodegradation was carried out in laboratory-scale
iofilter (Fig. 1) made of acrylic column with a total height of 1 m
nd an internal diameter of 0.05 m. A 0.01 m headspace was used
or the waste gas inlet and for nutrient feed, while a 0.01 m bot-

om space was used for the treated air outlet and leachate. The
iofilter was equipped with four sampling ports to measure VOC
oncentrations, located at 0 (inlet port), 0.25, 0.50 and 0.75 (out-
et port) m of column height. Additional ports located at 0.125,
.375 and 0.625 m were used for the measurement of temperature

able 1
hysical and chemical characteristics of press mud before filtration

. No. Properties Units Values

hysical compositions
1. Average particle size (mm) mm 2–4
2. pH 6.2
3. Electrical conductivity (mS/cm) 1.53
4. Moisture content (%) 80
5. Bulk density (kg/m3) 1825
6. Porosity (%) 78
7. Pressure drop (mm of water) mm Hg 2
8. Dry matter (%) 20
9. Water holding capacity (%) 45
10. Organic substance (%) 54
11. Ash (%) 45

hemical compositions (dry basis)
12. Carbon content (%) 48.35
13. Hydrogen (%) 2.5
14. Nitrogen (%) 1.9
15. Sulphur (%) 3.2
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nd to recover bed particles for humidity analyses. Berl saddles
nd press mud was filled up to the top of the reactor. First of
ll, compressed air was passed through the filtration device to
emove moisture, oil and particulate matter. After purification, the
ltered air stream was split into two sections: minor and major
ir stream. For producing loaded air stream of desired concen-
ration, the minor air stream was passed separately through the
lass bottles containing xylene solution (99% pure) and through
he humidifier. The xylene loaded air stream and humid air were

ixed in a glass bottle. Finally, this mixed humidified xylene loaded
ir stream was mixed with major stream and then fed to the bottom
f the biofilter in up flow mode of operation. The airflow rates was
ontrolled and measured by a Rotameter (Placka Purge Rotame-
er, India) for high flowrate (1–10 L min−1) and for low flow rate
1–300 cm3 min−1). Finally, xylene concentration was maintained
t the desired value by adjusting the fine brass control valves. In
resent study, the experiments was carried out at the range of
.2–1.2 g m−3 for a different gas flow rate of 0.03, 0.06, 0.09 and
.12 g m−3. Pressure control valve was used for constant airflow
o the reactor. The biofilter was operated at various inlet xylene
oncentrations and gas flow rates. Samples was collected at a reg-
lar intervals of time from the inlet, outlet and as well as from the
ampling ports using an airtight syringe and analyzed for residual
ylene.

.3. Chemicals and mineral medium

The nutrient solution (basal salts medium, BSM) was con-
inuously sprayed two times in a day for 30 min on the top of
he packing media through the nutrient distribution system. The
SM solution used for the continuous tests had the following
omposition per liter of water: K2HPO4, 0.91 g; Na2HPO4·2H2O,
.39 g; KNO3, 2.96 g; (NH4)2SO4, 1.97 g; FeSO4·7H2O, 0.2 g;
gSO4·7H2O, 2.0 g; MnSO4·7H2O, 0.88 mg; Na2MoO4·2H2O, 1 mg;

aCl2, 3 mg; ZnSO4·7H2O, 0.04 mg; CoCl2·6H2O, 0.04 mg. All
he chemicals used were AR grade with more than 99%
urity.

.4. Microbial cell counts

Approximately 1 g of press mud was put into 9 mL of sterile
xtraction buffer (0.1% sodium pyrophosphate and 2% NaCl) and
igorously mixed for 3 min. The suspension was separated from
olid particulates by sedimentation, serially diluted with 0.9% NaCl
olution, plated in a nutrient agar for isolation of bacteria. The
olonies on the plates were counted after 1 week of incubation at
8 ◦C in the dark. The bacteria were identified following [20] and
ungi following [21].

.5. Water content of the media

Water content of the media is one of the most important factors
hat affect the performance of the biofilter [22–25]. According to
un et al. [26,27], the optimal initial water content of the packing
edia treating xylene ranged from 50 to 70% and from 40 to 60%,

espectively. The results of [23] showed that ethanol elimination
apacity was relatively high for water contents ranging from 49
o 70%. In order to maintain the water content of the filter media
n this work, the air streams were humidified above 95% relative

umidity (the apparatus used for testing the relative humidity was
ot sensitive when the relative humidity was higher than 95%) and
ater was added into the bed from the top of the biofilter accord-

ng to the condition of the packing media. During this project, the
ater content of the packing media in the first, the second and the
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where V is the volume of the packed bed section (m3); F is the gas
flow rate (m3 h−1); and Ci and Co are the inlet and outlet concen-
tration (g m−3) of the pollutant, respectively. The carbon dioxide
Fig. 1. Schematic diagra

hird sections ranged from 50 to 60%, 55 to 60% and 55 to 65%,
espectively.

.6. Analytical methods

In order to examine the performance of the biofilter, inlet and
utlet concentrations of xylene and carbon dioxide were mea-
ured daily. The xylene concentrations in the gas were measured
sing a Gas Chromatograph (Model 5765, Nucon gas chromato-
raph, Nucon Eng., India) with a poropak-Q column (1/80′′ ID,
iquid-10% FFAP, solid-Ch-WIHP, 80/100 mesh) and flame ioniza-
ion detector. Nitrogen was used as the carrier gas with a flow rate
f 0.06 mL min−1. The temperatures of the injection port, oven and
etection port were 250, 150 and 250 ◦C, respectively. The area of
he chromatograms was determined using the Winacid Chromatog-
aphy Software, Version 6.2. A 500 cm3 glass bulb was connected
o the outflow of each stage for taking gas samples. The calibration
urve was prepared by injecting known amounts of the xylene into
sealed bottle equipped with a Teflon septum according to the stan-
ard procedure [28]. The injected amount of xylene was allowed to
vaporate in the air space within the bottle at experimental tem-
erature (30 ◦C). For the calibration, air samples were drawn from
he bottle by a 1 mL gas tight syringe (Hamilton–Bonaduz–Schweiz,
witzerland) and analyzed by gas chromatograph. The air samples
ere drawn from the various sampling ports by using a gas tight

yringe and analyzed.
Carbon dioxide (CO2) concentration was determined by acid
lkali titration method. The air streams containing CO2 were col-
ected and absorbed by 50 mL NaOH of 0.1 mol L−1. Then the
olution absorbed was titrated by HCl of 0.1 mol L−1. Clean air and
ir prepared with various known xylene concentrations served as
he calibration standards. The temperature of the filtering medium

c
d
p
b
a

p flow biofilter system.

as recorded daily at three different levels of the biofiltration col-
mn using T type thermocouples.

.7. Performance evaluation

The performance of the biofilter was evaluated by the following
erformance parameters, xylene inlet load (IL), g m−3 h−1, removal
fficiency (RE), %, elimination capacity (EC), gm−3 h−1. The defini-
ions for these parameters are set out below:

BRT = V

F
(s) (1)

E (%) = Ci − Co

Ci
× 100 (2)

C = F(Ci − Co)
V

(g m−3 h−1) (3)

CO2 = CCO2,out − CCO2,in(g m−3 h−1) (4)

CO2 = Q (CCO2,out − CCO2,in)

V
(g m−3 h−1) (5)
oncentrations measured at the inlet and exit of the biofilter are
enoted by CCO2,in and CCO2,out (g m−3), respectively. Operational
arameters such as the pollutant inlet concentration and the empty
ed residence times (EBRTs) are in general not constant but fluctu-
te within certain ranges.
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ig. 2. (a) Experimental results of continuous tests of xylene removal from air strea
c) 0.09 m3 h−1; (d) 0.12 m3 h−1. (b) Influence of xylene loading rate on the eliminat

. Results and discussion

.1. Influence of xylene inlet concentration

Biofiltration of xylene vapors emissions was carried out over a
eriod of 160 days at various operating conditions. Four various gas
ow rates were tested: 0.03, 0.06, 0.09 and 0.12 m3 h−1, correspond-

ng to EBRTs of 2.8, 1.47, 0.93 and 0.7 min, respectively. The xylene
nlet concentration was also varied in the range of 0.2–1.2 g m−3.
uring the 160 days of operation, each set of operating conditions

gas flow rate and xylene inlet concentration) was tested at var-
ous discontinuous periods of time to insure the accuracy of the
xperimental results.

Each experiment was run at a given inlet xylene concentration
nd gas flow rate for a period of about 10 days. The duration of
he starting abiotic removal due to physical absorption or adsorp-
ion by the packed bed was evaluated during the start-up phase
hrough control columns without biofilm. Under the same condi-
ions of moisture content (50%), the breakthrough occurred after

h with the press mud, thus demonstrating the lower water reten-

ion capacity of the former material. To prevent an excess substrate
hock to the microflora, the first series of tests was carried out, oper-
ting at the lowest gas flow rate (0.03 m3 h−1) as well at the lowest
ylene concentration (0.2 g m−3).

e
t
c
u
f

ng press mud as packing material. Gas flow rate of (a) 0.03 m3 h−1; (b) 0.06 m3 h−1;
pacity of the biofilter.

Only 2–4 days of continuous operation were needed to reach
early constant values of degradation efficiency under these condi-
ions, due to the progressive microflora adaptation to the operative
onditions. The final RE settled again close to 98% as the result of
he biological activity, which indicated biofiltration is a really effi-
ient technique in the control of waste gases containing xylene at
ow concentrations.

The second, third and fourth series of experiment were per-
ormed by maintaining constant inlet xylene concentrations of 0.4,
.6, 0.8 and 1.2 g m−3, with each inlet xylene concentration, four
ifferent flow rates of 0.03, 0.06, 0.09 and 0.12 m3 h−1 were tried.
he RE was satisfactory and the system proved very stable dur-
ng the whole experimental investigation, thus demonstrating the
igh capacity of the cells to withstand a wide variation in pollutant
oncentration as well the relative resistance of the selected sludge
o such a toxic VOC like xylene. Steady state was assumed to be
chieved when the removal efficiency under given operating con-
itions kept nearly constant for at least 5 days. The result obtained
uring the overall experimental study showed that xylene removal

fficiency, decreased either with increasing xylene inlet concentra-
ion or with decreasing EBRT, which is shown in Fig. 2a. The results
ollected evidenced that the elimination capacity increased reg-
larly with the organic load. Similar observations were reported
or benzene removal [29]. In this press mud-based biofilters, the
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ig. 3. Removal efficiency of xylene at the exit of the biofilter vs. xylene inlet con-
entration for various EBRTs.

limination capacity linearly increased up to an organic load
7 g m−3 h−1, while beyond this values it increased more slowly
nd reached a maximum. At loads higher than 17 g m−3 h−1, xylene
vailability to the microbial system became inhibitory in biofilter
olumn and the elimination capacity decreased as shown in Fig. 2b.
he maximum elimination capacities obtained in this work are
igher than the values reported earlier [29] using mixed compost
nd activated carbon as packing material.

.2. Influence of gas flow rate

One of the important hydrodynamic parameters in the biofilter
s input gas flow rate because it quantifies the amount of pollu-
ant (xylene loading in the present case), which is to be treated per
nit time. The gas flow rate is an important parameter in biofil-
ration process. In present study, four levels of gas rate, i.e. 0.03,
.06, 0.09, and 0.12 m3 h−1, were investigated. Fig. 3 describes the
emoval efficiency of xylene versus inlet xylene concentration. As
hown in Fig. 3, the removal efficiency was 98% at a gas flow rate
f 0.03 m3 h−1 at an inlet concentration of 0.2 g m−3. When the
nlet concentration of xylene was increased at constant flow rate of
.03 m3 h−1, a decrease in removal efficiency was observed. At a gas
ow rate of 0.06 m3 h−1 and at an inlet concentration of 0.2 g m−3,
he removal efficiency was found to be 93%. But, when the inlet
ylene concentration was increased to 1.2 g m−3 without changing
he gas flow rate, significant drop in removal efficiency (i.e., from 93
o 50%) was observed. At higher gas flow rates 0.09 and 0.12 m3 h−1

he maximum xylene removal efficiencies were found to be 73%
nd 63%, respectively at an initial xylene concentration of 0.2 g m−3.
ith a higher inlet xylene concentration of 1.2 g m−3, very low effi-

iencies (i.e. Less than 31%) were observed in the gas flow rate range
f 0.09–0.12 m3 h−1, Thus, low values of gas flow rates (i.e. high val-
es of EBRT) were favorable for degradation because the contact
ime between the microorganisms and xylene was increased. Thus,
ow values of gas flow rates (i.e. high values of EBRT) were favorable
or degradation because the contact time between the microorgan-
sms and xylene was increased. For high values of gas flow rates
orresponding to low values of EBRT the contact time between the
icroorganisms and xylene was too low. Similar fluctuations in the

iofilter performance for toluene removal have been reported [14].

.3. Effect of bed height
In order to understand the dynamics of xylene removal, the nor-
alized xylene concentration profiles at a different flow rates of

.03,0.06, 0.09 and 0.12 m3 h−1 for different xylene inlet concen-
ration of 0.2, 0.4, 0.8 and 1.2 g m−3 were obtained as a function of

t
i
b
fl
1

ig. 4. Elimination capacity of xylene and the filter bed temperature vs. time.

he biofilter height. The results presented in Fig. 4 indicates that the
emoval is more efficient in the lower part of the biofilter than in the
pper part of the filter. Nearly 60% of the xylene was removed in the
rst 25 cm of the bed height, while the rest of the 50 cm removed
nly an additional 20–25%. This may be due to a higher concen-
ration of microbial population and higher moisture content in the
ower section of the filter bed. Similar dynamics reported in the
enzene removal using municipal sludge as a filter medium [30].

.4. Temperature effect on biofilter

The filter bed temperature was monitored at three different lev-
ls of the biofiltration column. The temperature (T) variations along
ith the elimination capacity of the biofilter for different flow rates

nd inlet xylene concentration are shown in Fig. 5. The plot shows
hat T is an increasing function of EC, and as the temperature is
ncreased from 23 to 29.8 ◦C, the elimination capacity increases
rom 4 to 67 g m−3 h−1. As one can see, when the temperature rises
r diminishes, the elimination capacity tends to follow the same
rend of variation. In fact, the reaction of biodegradation of xylene
n the wet biofilm is exothermic. Thus, an increase in the inten-
ity of the biodegradation activity gives rise to a higher yield in
he elimination of the contaminant and an augmentation of the fil-
er bed temperature, simultaneously. Hence, the intensity of the

icrobial activity in the filter bed strongly depends on the biofilter
emperature. Similar situations were obtained in xylene removal
16,31].

.5. Carbon dioxide production on biofilter performance

In the biofiltration process, the organic pollutants are aerobically
egraded to water and carbon dioxide and used as the essential
arbon source for the microbial growth. Hence, the carbon dioxide
oncentration profile in the gas phase at the inlet and the outlet
f the biofilter provides useful information on the biofilter perfor-
ance. A positive gradient of CO2 concentration in the gas phase

hrough the biofilter indicates that there is CO2 production due the
iodegradation of the organic pollutants. Fig. 6 shows the outlet
arbon dioxide concentration versus the xylene inlet concentra-
ion for various gas flow rates. In all tested operating conditions,
he outlet CO2 concentration is always higher than the inlet CO2
oncentration (0.50 g m−3) indicating biodegradation of xylene in

he biofilter. The concentration of CO2 at the exit of the biofilter
ncreases as the gas flow rate decreases. This result confirms the
etter performance of the biofilter at smaller gas flow rates. For a gas
ow rate of 0.03 m3 h−1 and inlet xylene concentration smaller than
.2 g m−3, the outlet CO2 concentration increases with increasing
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ig. 5. Axial variation of normalized concentration at different initial concentra-
ion of pollutant: (a) flow rate = 0.03 m3 h−1, (b) flow rate = 0.06 m3 h−1, (c) flow
ate = 0.09 m3 h−1 and (d) flow rate = 0.12 m3 h−1.

nlet xylene concentration to a maximum of 4.3 g m−3. For higher
nlet xylene concentrations, a slight decrease in the CO2 concentra-
ion at the exit is observed. This behavior is in agreement with the
bserved variations of EC with the inlet xylene concentration at a
as flow rate of 0.03 m3 h−1. The same remark is also valid for the
esults obtained with the gas flow rates 0.06, 0.09 and 0.12 m3 h−1.
he variation of PCO2 as function of EC for the various tested oper-

ting conditions of xylene inlet concentration and gas flow rates is
resented in Fig. 7. In this figure, the mean experimental data lie
easonably around the line y = 2.53x. This indicates that the ratio
etween PCO2 and EC, i.e. the mass of CO2 produced per mass of
ylene removed, is on average equal to 2.53 for all tested condi-

ig. 6. Outlet carbon dioxide concentration vs. inlet xylene concentration for various
as flow rates.

r
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ig. 7. Quantity of carbon dioxide produced at the exit of the biofilter vs. elimination
apacity.

ions with a R2 values of 0.88. In fact, this ratio should be 3.3 in the
ase of complete oxidation of xylene to water and carbon dioxide
ccording to the following stoichiometric reaction:

8H10 + 10.5O2 → 8CO2 + 5H2O

However, in case of biodegradation of organic pollutants, a frac-
ion of consumed organic carbon is used for the microbial growth
ccording to the following metabolism:

rganic pollutant + oxygen = carbon dioxide + water

+cellular material.

This explains the observed deficit in CO2 production in com-
arison with the case of complete chemical oxidation of xylene.

n addition, in the biofiltration process, the biodegradation of pol-
utants occurs in the liquid phase (the wet biofilm), and the CO2
roduced may partly accumulate in biofilm as one of its solute
pecies, HCO3

−, H2C O3 or CO3 2− that can cause a deficit in CO2
n the gas phase. This may also partly explain the fluctuations of
he experimental ratio. Interestingly however, the small difference
etween the experimental ratio and the ratio evaluated from the
toichiometric reaction of complete oxidation is evidence of the
emoval of xylene exclusively by aerobic degradation and elimi-
ates any option like adsorption or incomplete oxidation of xylene

n explaining the decrease of xylene concentration through the
iofilter. Also, this analysis reveals that the follow-up of the CO2
oncentration profile through the biofilter can be efficiently used
or describing the biofilter performance.

.6. Effect of microbial count

Aerobic heterotrophic bacteria and fungal Counts in the filter
aterial were regularly achieved for the follow-up of the micro-

ial growth intensity inside the biofilter. Fig. 8a and b presents
he aerobic heterotrophic bacteria and fungal counts in the raw
on-inoculated filter material and in the samples withdrawn from
ach section of the filter bed, respectively. These results show the
ttainment of a stable bacterial and fungal density, higher than the
acterial and fungal density measured in the raw material, few
ays after the start-up. During all the operating period, an aver-
ge value between 108 and 1010 CFU/g of humid filtering material

as reported for the various sections of the filter bed. However,

xcept for the day 5 after the start-up, the aerobic heterotrophic
acteria and fungi counts were always slightly higher in the first
ection of the filter bed, which can be related to the higher removal
f xylene at this section in comparison with the two other sections.
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ig. 8. (a and b) Microbial count of heterotrophic aerobic bacteria and fungi at the
hree sections of the filter bed vs. time.

his behavior is probably due to the higher inlet xylene load at this
ection.

. Conclusion

An experimental study on the removal of xylene vapors from an
ir stream was conducted on an upflow laboratory scale biofilter
sing press mud as filter media over a period of 160 days. In this
tudy, the biofiltration column was fed with an air stream charac-
erized with a xylene inlet concentration range of 0.2–1.2 g m−3 and
he different empty bed residence time of the injected air stream
as 2.8, 1.47, 0.93 and 0.7 min. The maximum removal efficiency
btained was 98, 82, 75 and 65% for gas flow rates of 0.03, 0.06,
.09 and 0.12 m3 h−1, respectively. The result concluded during the
verall experimental study showed that xylene removal efficiency
ecreased, either with increasing inlet xylene concentration or with
ecreasing EBRT.

In order to understand the dynamics of xylene removal, steady
tate normalized concentration versus bed height plots at different
nitial concentrations was given. It was found to be nearly linear at
ower flow rate and slightly exponential at higher flow rate.
Temperature measurements revealed that the biofilter temper-
ture strongly depends on the intensity of the microbial activity in
he filter bed. Increase from 23 to 29.8 ◦C in the average tempera-
ure of the filter bed was accompanied with an increase from 4 to
7 g m−3 h−1 in the elimination capacity. A sensitive dependence

[

[

rdous Materials 162 (2009) 981–988 987

etween the temperature of the filter bed and the biofiltration per-
ormance was noticed. Higher filter bed temperature was recorded
or tests at a gas flow rate of 0.03 m3 h−1 for which the highest
iofiltration performance, in terms of elimination capacity, was
btained.

The important data collected on carbon dioxide concentration
rofile through the biofilter revealed that the follow-up of the car-
on dioxide production provides a reliable means for monitoring
he biofiltration performance. The carbon dioxide concentration in
he gas phase was measured at the inlet and exit of the biofiltration
olumn. For all the experimental conditions, the quantity of carbon
ioxide produced was approximately 2.52 times the xylene elim-

nation capacity. The stoichiometric ratio for complete oxidation
f xylene being 3.3, the small deficit in carbon dioxide production
an reasonably be attributed to the use of a fraction of consumed
rganic carbon for the microbial growth in the biofilm.

The bacterial count performed on filter material samples with-
rawn regularly from the filter bed shows the establishment of a
table bacterial density only few days after the start-up. A slightly
igher bacterial density was observed at the bottom section of the
lter bed. The experimental results revealed that the biofiltration
erformance in terms of removal efficiency was higher for smaller
as flow rates for all the tested xylene inlet concentrations.

cknowledgement

The authors would like to gratefully thank the Department
f Chemical Engineering, Annamalai University, for providing the
nvironmental Engineering and Bioprocess laboratories for carry-
ng out this research.

eferences

[1] A.C. Auria, J. Aycaguer-Devinny, Influence of water content on the degradation
capacity of ethanol in biofiltration, J. Air Waste Manage. Assoc. 48 (1998) 65–
70.

[2] H.H.J. Cox, H.J. Doddema, W. Harder, F.J. Magielsen, Influence of the water
content and water activity on styrene degradation by Exophiala jeanselmei in
biofilters, Appl. Microbiol. Biotech. 45 (1996) 851–856.

[3] M.B. Bagherpour, M. Nikazar, U. Welander, B. Bonakdarpour, M. Sanati, Effects of
irrigation and water content of packings on alpha-pinene vapours biofiltration
performance, Biochem. Eng. J. 24 (2005) 185–193.

[4] C. Lu, M.R. Lin, C. Chu, Effects of pH, moisture, and flow pattern on trickle-bed
air biofilter performance for BTEX removal, Adv. Environ. Res. 6 (2002) 99–
106.

[5] E. Morgenroth, E.D. Schroeder, D.P.Y. Chang, K.M. Scow, Nutrient limitation in
a compost biofilter degrading hexane, J. Air Waste Manage. Assoc. 46 (1996)
300–308.

[6] H.K. Son, B.A. Striebig, R.W. Regan, Nutrient limitations during the biofiltration
of methyl isoamyl ketone, Environ. Prog. 24 (2005) 75–81.

[7] A.B. Darlington, J.F. Dat, M.A. Dixon, The biofiltration of indoor air: air flux
and temperature influences the removal of toluene, ethylbenzene, and xylene,
Environ. Sci. Technol. 35 (2001) 240–246.

[8] R.L. Corsi, L. Seed, Biofiltration of BTEX: media, substrate, and loading effects,
Environ. Prog. 14 (1995) 151–158.

[9] C. Lu, M.R. Lin, W.C. Chu, Removal of BTEX vapor from waste gases by a trickle-
bed biofilter, J. Air Waste Manage. Assoc. 50 (2000) 411–417.

10] C. Lu, K. Chang, Biofiltration of butyl acetate and xylene mixtures using a trickle-
bed air biofilter, Eng. Life Sci. 4 (2004) 131–137.

11] R. Torkian, M. Dehghanzadeh, Hakimjavadi, Biodegradation of aromatic hydro-
carbons in a compost biofilter, J. Chem. Technol. Biotech. 78 (2003) 795–801.

12] K. Lu, S. Chang, A. Hsu, A model for the biofiltration of butyl acetate and xylene
mixtures by a trickle-bed air biofilter, Eng. Life Sci. 5 (2005) 46–53.

13] R.T. Chen, Taylor, Thermophilic biodegradation of BTEX by two Thermus species,
Biotechnol. Bioeng. 48 (1995) 614–624.

14] R.J. Abumaizar, W. Kocher, E.H. Smith, Biofiltration of BTEX contaminated air
streams using compost-activated carbon filter media, J. Hazard. Mater. 60
(1998) 111–126.
15] J.M. Strauss, K.J. Riedel, C.A. du Plessis, Mesophilic and thermophilic BTEX sub-
strate interactions for a toluene-acclimatized biofilter, Appl. Microbiol. Biotech.
64 (2004) 855–861.

16] H. Jorio, L. Bibeau, G. Viel, M. Heitz, Effects of gas flow rate and inlet concen-
tration on xylene vapors biofiltration performance, Chem. Eng. J. 76 (2000)
209–221.



9 f Haz

[

[

[

[
[

[

[

[

[

[

[

[

[

88 V. Saravanan, N. Rajamohan / Journal o

17] H. Jorio, K. Kiared, R. Brzezinski, A. Leroux, G. Viel, M. Heitz, Treatment of air pol-
luted with high concentrations of toluene and xylene in a pilot-scale biofilter,
J. Chem. Technol. Biotech. 73 (1998) 183–196.

18] L. Bibeau, K. Kiared, R. Brzezinski, Treatment of air polluted with xylene using
a biofilter reactor, Water Air Soil Pollut. 118 (2000) 337–393.

19] H. Elmrini, N. Bredin, Z. Shareefdeen, M. Heitz, Biofiltration of xylene emissions:
bioreactor response to variations in the pollutant inlet concentration and gas
flow rate, Chem. Eng. J. 100 (2004) 149–158.

20] F. Dai, Morphology and Taxonomy of Fungi, Science Press, Beijing, China, 1987.
21] R.E. Buchanan, N.E. Gibbons, Bergey’s Manual of Determinative Bacteriology,

Williams and Wilkins, Baltimore, 1974.
22] R. Auria, G. Frere, M. Morales, M.E. Acuña, S. Revah, Influence of mixing and

water addition on the removal rate of toluene vapors in a biofilter, Biotechnol.
Bioeng. 68 (2000) 448–455.
23] R. Auria, A.C. Aycaguer, J.S. Devinny, Influence of water concentration on degra-
dation rates for ethanol in biofiltration, J. Air Waste Manage. Assoc. 48 (1998)
65–70.

24] M. Morales, S. Hernández, T. Cornabé, S. Revah, R. Auria, Effect of drying on
biofilter performance: modeling and experimental approach, Environ. Sci. Tech-
nol. 37 (2003) 985–992.

[

[

ardous Materials 162 (2009) 981–988

25] P.A. Gostomski, J.B. Sisson, T.S. Cherry, Water content dynamics in biofiltration:
the role of humidity and microbial heat generation, J. Air Waste Manage. Assoc.
47 (1997) 936–994.

26] Y.M. Sun, X. Quan, J.W. Chen, F.L. Yang, D.M. Xue, Y.H. Liu, Z.H. Yang, Effect of
initial moisture content of packing material on the biofiltration of gaseous ethyl
acetate, Acta Scientiae Curcumstantiae 22 (2002) 576–580.

27] Y.M. Sun, X. Quan, J.W. Chen, F.L. Yang, D.M. Xue, Y.H. Liu, Z.H. Yang, Toluene
vapour degradation and microbial community in biofilter at various moisture
content, Proc. Biochem. 38 (2002) 109–113.

28] J.P. Lodge, Methods of Air Sampling and Analysis, Lewis Publishing Inc., New
York, 1989.

29] L. Zhu, R.J. Abumaizar, W.M. Kocher, Biofiltration of benzene contaminated air
streams using compost-activated carbon filter media, Environ. Prog. 17 (1998)
168–172.
30] R. Eldon, D.V.S. Rene, T. Murthy, Swaminathan, Performance evaluation of
a compost biofilter treating toluene vapours, Proc. Biochem. 40 (2005)
2771–2779.

31] K. Kiared, B. Fundenberger, R. Brzezinski, G. Viel, M. Heitz, Biofiltration of air pol-
luted with toluene under steady state conditions: experimental observations,
Indus. Eng. Chem. Res. 36 (11) (1997) 4719–4725.


	Treatment of xylene polluted air using press mud-based biofilter
	Introduction
	Materials and methods
	Biofilter media and inoculum preparation
	Experimental setup and monitoring of biofilters
	Chemicals and mineral medium
	Microbial cell counts
	Water content of the media
	Analytical methods
	Performance evaluation

	Results and discussion
	Influence of xylene inlet concentration
	Influence of gas flow rate
	Effect of bed height
	Temperature effect on biofilter
	Carbon dioxide production on biofilter performance
	Effect of microbial count

	Conclusion
	Acknowledgement
	References


