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Abstract: Biotechnological techniques, including biofil-
ters and biotrickling filters are increasingly used to treat
air polluted with VOCs (Volatile Organic Compounds). In
this work, the start-up, the effect of the gaseous ammo-
nia addition on the toluene removal rate, and the prob-
lems of the heat accumulation on the performance of a
laboratory scale biofilter were studied. The packing ma-
terial was sterilized peat enriched with a mineral medium
and inoculated with an adapted consortium (two yeast
and five bacteria). Start-up showed a short adaptation
period and an increased toluene elimination capacity
(EC) up to a maximum of 190 g/m3/h. This was related to
increased CO2 outlet concentration and temperature gra-
dients between the packed bed and the inlet (Tm-Tin).
These events were associated with the growth of the mi-
crobial population. The biofilter EC decreased thereafter,
to attain a steady state of 8 g/m3/h. At this point, gaseous
ammonia was added. EC increased up to 80 g/m3/h, with
simultaneous increases on the CO2 concentration and
(Tm-Tin). Two weeks after the ammonia addition, the
new steady state was 30 g/m3/h. In a second ammonia
addition, the maximum EC attained was 40 g/m3/h, and
the biofilter was in steady state at 25 g/m3/h. Carbon,
heat, and water balances were made through 88 d of
biofilter operation. Emitted CO2 was about 44.5% of the
theoretical value relative to the total toluene oxidation,
but accumulated carbon was found as biomass, easily
biodegradable material, and carbonates. Heat and water
balances showed strong variations depending on EC. For
88 d the total metabolic heat was −181.2 × 103 Kcal/m3,
and water evaporation was found to be 56.5 kg/m3. Evi-
dence of nitrogen limitation, drying, and heterogeneities
were found in this study. © 1998 John Wiley & Sons, Inc.
Biotechnol Bioeng 60: 483–491, 1998.
Keywords: biofiltration; toluene; start-up; nitrogen limi-
tation; heat and carbon balances; water evaporation

INTRODUCTION

Biofiltration is the most frequently used biological Air Pol-
lutant Control (APC) system. Initially, biofilters were ap-

plied to remove odors and inorganic substances (H2S) from
air (Leson and Winer, 1991). Recent studies have shown
that biofiltration can be used successfully to reduce or elimi-
nate Volatile Organic Compound (VOC) emissions (Otten-
graf et al., 1986). Of the installed biofilters 78% have been
used for odor control, 14% for VOC removal, and in 8% of
the applications there was a mixed purpose (van Lith, 1996).
In Europe, biofilters are used extensively, where as many as
500 full-scale biofilters are installed treating waste gas
streams from diverse sources (Leson and Winer, 1991).
Linked with stringent regulations of air emissions, the ap-
plication of biofiltration has appeared in other countries
such as the United States (Hodge and Devinny, 1993; Sha-
reefdeen et al., 1993; van Lith et al., 1997) and Me´xico
(Morales et al., 1994; Revah et al., 1995).

The principle of biofiltration consists of a biologically
active bed through which the contaminated off-gas is
vented. Filter beds are based on peat, compost, bark, or soil
and mixtures of these with added organic or inorganic inert
materials, that serve as carriers for the microorganisms, nu-
trients, and water. The pollutants are transferred from the air
into a wet biologically active layer (biofilm), which devel-
ops on the filter particles. Aerobic biodegradation of organic
pollutants occurs with the formation of CO2, H2O and bio-
mass.

Long-term operation of high efficiency biofilters is asso-
ciated with the control of key conditions such as: water
content of the support (Auria et al., 1998; Bohn, 1993; Cox
et al., 1996; Pinnette et al., 1995; van Lith et al., 1997),
temperature (Bohn, 1993; Medina et al., 1995; Pinnette et
al., 1995; Williams and Miller, 1992), nutrient addition,
(Bohn, 1993; Kinney et al., 1996; Morgenroth et al., 1996;
Weckhuysen et al., 1993), and media pH (Leson and Winer,
1991; Williams and Miller, 1992).

The biodegradation processes in the biofilter, being exo-
thermic oxidation reactions, increase the bed temperature
(Medina et al., 1995; Pinnete et al., 1995; van Lith et al.,
1997) which, in turn, promotes drying of the packing ma-
terial and the development of heterogeneous zones. Drying
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of the biofilter contributes to numerous effects such as non-
homogeneous flow distribution, reduction of the biological
activity, and variations in the sorption of gaseous pollutants
(Auria et al., 1998; Williams and Miller, 1992).

Availability of inorganic nutrients plays a role in the per-
formance of biofilters. In general, the necessary nutrients
for microbial survival are present in sufficient concentra-
tions (Leson and Winer, 1991). However, to maintain or
improve biological degradation rates, for high loading rate
and treatment of specific pollutants, the biofilter may re-
quire the addition of nutrients (Bohn, 1993; Kinney et al.,
1996; van Groenestijn and Hesselink, 1993; Weckhuysen et
al., 1993). Morgenroth et al. (1996) have observed that ni-
trogen addition to compost can improve the media life and
removal capacity of the biofilter. Addition is generally done
by periodic spraying of nutrients in liquid solution from the
top of the biofilter. However, supports like compost and
peat do not promote a homogeneous distribution of the liq-
uid phase in the biofilter. An excess of water may result in
the development of anaerobic zones, headloss, and reduc-
tion of gas-solid contact area (Williams and Miller, 1992).

All of the above-mentioned operational parameters influ-
ence microbial activity, however, few studies have per-
formed a quantitative determination of these aspects and the
state of the microbial population. A very important stage is
the biofilter start-up. Only a limited number of publications
(Deshusses et al., 1996) report details concerning the start-
up period of biofilters. This situation probably exists be-
cause start-up is usually considered not to influence future
performance. A detailed analysis of the microbial state
(growth and nutritional aspects), during this stage, has not
been presented. Reports about carbon balance in biofilters
are scarce (Deshusses, 1997; Medina et al., 1995) and few
publications determine the metabolic heat and water evapo-
ration rate (van Lith et al., 1997). Studies of these aspects
would help in the understanding of biofilter behavior to
increase performance.

From the information noted and based on previous stud-
ies with biofilters to eliminate toluene (Morales et al.,
1994), this work was performed to study the start-up and the
effect of the addition of gaseous ammonia on the steady-
state behavior of a biofilter adapted for toluene elimination.
Furthermore, the toluene removal capacity, CO2 production,
accumulated carbon, and temperature gradients were em-
ployed to estimate metabolic heat production and the water
inventory which, in turn, have a strong effect on the biofilter
performance.

MATERIALS AND METHODS

Mixed Culture and Media

Filter material consisted of peat previously sterilized by
gamma-irradiation with 60 Co at a dose of 2.0 Mrad and
neutralized with 0.04 g Ca(OH)2/g dry peat. A mineral me-
dium containing (g/L) KH2PO4, 0.6; K2HPO4, 2.4;

MgSO4 z 7H2O, 1.5; CaSO4, 0.15; FeSO4, 0.03; (NH4)2SO4,
3.0, and a stable population formed of five bacteria and two
yeast (Acun˜a et al., 1998) were added. The inoculum was
pre-adapted in the same mineral media with successive
daily toluene additions (300 g/m3) and transferred every 3
weeks. The initial water content and pH were 65% and 7.0,
respectively.

Experimental Equipment and
Operating Conditions

Gaseous toluene elimination experiments were conducted in
a laboratory scale biofilter (Fig. 1), which consisted of a 150
cm long cylindrical acrylic column with an inner diameter
of 14.3 cm equipped with a number of axial sampling ports.
The height of the biofilter bed was 0.64 m, equivalent to a
volume of 10 L. The dried peat mass was 1190 g. For
sampling, toluene was drawn through a six-port valve with
a 0.250 mL loop connected to a pump. The sample was
injected from this valve into a FID gas chromatograph (Se-
ries 580, Gow-Mac, Bridgewater, NJ, USA) equipped with
a 1/8 in. × 6 ft. stainless steel column (Silar 10 C, GRAPAC
GC 80/100, Alltech, Deerfield, IL, USA). Operating condi-
tions were: injector, 190°C; oven, 180°C; detector, 200°C;
carrier gas (N2), 25 mL/min. Standard curves were obtained
by injecting a known amount of toluene into a 500 mL
calibrated glass bottle using a 10mL liquid syringe. For the
determination of the CO2 concentration, an IR gas analyzer
(1A-AA1, MIRAN A Foxboro, Bridgewater, MA, USA) at
4.3mm with a 0.75 m pathlength was used. The same IR gas
analyzer at 10.4mm with a 20.25 m pathlength was also
used to quantify NH3 concentration in the biofilter. Tem-
peratures were measured by thermocouples T (CPSS-186G-
12, Omega, Stamford, CT, USA) at the inlet, outlet and in
the medium with a precision of ±0.1°C. A pressure trans-
ducer (7352-16, Cole Palmer, Chicago, IL, USA) was used
to obtain the pressure drop through the bed.

The air containing toluene vapor was supplied to the bio-
filter by a compressor. The polluted air stream was obtained
as follows: Air was divided into two flows. The main stream
passed through a spray prehumidifier and water saturator in

Figure 1. Experimental system. 1. air flow, 2. electronic mass flow sen-
sor, 3. prehumidifier, 4. humidifier, 5. cyclone, 6. syringe pump, 7. toluene
vessel, 8. mixing chamber, 9. static mixer, 10. biofilter.
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a second stage. Air relative humidity was measured with a
capacitive sensor (Humicor 6100, Coreci, Lyon, France),
values higher than 98% were routinely obtained. Air flow
was controlled with an electronic mass flow controller sen-
sor (FMA-773-V, Omega, Stamford, CT, USA). The second
air flow was bubbled through a 0.5 L bottle containing
liquid toluene and was measured and controlled with a mass
flow controller (FMA-767-V, Omega, Stamford, CT, USA).
A syringe pump with a 50 mL syringe containing liquid
toluene connected to the vessel allowed maintenance of a
constant level. The two streams were mixed with a static
mixer before passing to a diffuser located at the top of the
biofilter. The polluted air flowed downwards through the
biofilter. For data logging, an acquisition system (RTI-820
Analog Devices, Norwood, MA) and a personal computer
were used.

During the experiment, the inlet toluene concentration
was maintained constant (1.5 g/m3 ± 0.2 g/m3). The toluene
load was 190 g/m3/h for the first 14 d and was changed to
80 g/m3/h thereafter. Experiments were performed at room
temperature. No water was added during the operation of
the biofilter to study the effect of temperature increase and
drying. For the experiments with ammonia addition, an am-
monium hydroxide (NH4OH) solution was injected into air
stream line. For each injection, 30 mL of NH4OH were
added over 14 h, the ammonia addition rate was 0.43 mg/
ghumid peat/h. The NH3 vapors and the humidified air stream
were mixed before entering the biofilter. During this period,
toluene was not injected into the biofilter.

Samples of peat were periodically withdrawn at different
levels of the bioreactor. For each sample, the water content
and pH were measured using a thermobalance (LP15B,
Mettler, Greifeensee-Zurich, Germany-Switzerland) and a
potentiometer (Conductronic 20, Me´xico, México).

Elimination capacity (EC) of the biofilter was determined
as the concentration difference between the inlet and exit
divided by the empty bed residence time. Efficiency is de-
fined as the ratio between the concentration difference and
the inlet concentration.

Accumulated Carbon

Experiments were carried out to determine the carbon ac-
cumulated as biodegradable material and carbonates in the
packing material on the 88th day.

The biodegradable material was measured by taking 1 g
of humid peat sample, which was diluted to 100 mL with
distilled water and homogenized. Two mL of this mixture
were introduced into a 125 mL glass bottle, sealed with a
Mininert valve (VICI precision Sampling Inc., Baton
Rouge, LA, USA). The evolution of CO2 was monitored by
a gas chromatograph TCD-GC (Series 550 Gow-Mac,
Bridgewater, NJ, USA) equipped with a concentric column
(CTR-1, Alltech, Deerfield, IL, USA). Operating conditions
were: injector, 70°C; oven, 30°C; detector, 60°C; the carrier
gas was helium at 60 mL/min. The digestion process was
registered during 5 d at30°C. No other carbon source was
introduced to the system.

The same system and sample size was used to measure
carbonates by adding enough concentrated HCl to lower the
pH to 1.0 and measuring the evolved CO2 by TCD gas
chromatography as described above. Samples and measure-
ments were made in duplicate.

Water and Heat Balance

The total water evaporated from the biofilter was calculated
by a mass balance using the air flow rate, the inlet and exit
temperature obtained during the biofilter operation which
had been stored by the data acquisition system. In this cal-
culation, it was assumed that both inlet and exit air stream
were saturated. With this information, the water evapora-
tion-condensation rate was obtained [Equation (A.1), Ap-
pendix A]. To calculate the total water evaporated, it was
necessary to integrate with the time. The water produced by
the toluene degradation was determined by the stoichiome-
try of the reaction considering the experimentally produced
CO2 obtained as gas and as carbonates [see Appendix A,
Equation (A.6)]. The global water change rate is calculated
from the evaporated water by the balance and the produced
water.

The heat balance was made using air flow and inlet, exit
and medium temperature from the data acquisition system.
In the heat balance, the theoretical considerations developed
by Gutiérrez-Rojas et al. (1996) were adopted. The accu-
mulated heat is obtained as a result of the sum of the dif-
ferent heat transport mechanisms (conductive, convective,
and evaporative) and the metabolic heat. The total heat ac-
cumulation was calculated using the medium temperature
data, left-hand side in Equation (A.8) (Appendix A). Point
values were obtained using the differences in the conditions
along the length of the biofilter, and finally were numeri-
cally integrated within the biofiltration time domain. Con-
ductive, convective and evaporative heat removals were cal-
culated with the first, second, and third members of the
right-hand side in the Equation (A.8) and also integrated.
Metabolic heat was calculated by solving Equation (A.8).

RESULTS AND DISCUSSION

Start-up

The biofilter start-up was characterized by a short period
(<1 h) of toluene adsorption on the packing material, fol-
lowed by an adaptation of the microbial population for ap-
proximately 6 h. After this period, during which no removal
was observed, the elimination capacity (EC) started to in-
crease rapidly up to a maximum of 190 g/m3/h (100% ef-
ficiency) after 21 h (Fig. 2). This event was strongly related
to CO2 production and bed-packing temperature increases.
The maximum CO2 concentration observed was 1.5 g/m3

and the temperature difference between the packed bed and
the inlet (Tm-Tin) was 4°C (Fig. 2). These events could be
associated with a vigorous growth phase of the microbial
population, where a high toluene consumption and meta-
bolic heat generation were noted. After this period, the
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elimination capacity decreased slowly and a steady state
was attained on the 10th day with an EC of 8 g/m3/h (Fig.
3). At this point, there was undetectable temperature gradi-
ent (Tm-Tin), and the CO2 concentration was about 0.2
g/m3. On the 13th day, the toluene load was decreased to 80
g/m3/h by increasing the residence time, however the EC
remained at 8 g/m3/h until the 21th day of operation (Fig. 3).
At this time, it was assumed that a steady state had been
attained.

Studies of biofiltration of toluene vapors with non-
adapted microbial populations reported that steady states
were reached in about 2–3 weeks (Morales et al., 1994;
Ottengraf and van den Oever, 1983; Shareefdeen and
Baltzis, 1994). During this time, the removal capacity in-
creased slowly until a steady state was achieved. In this
work, the behavior of the biofilter was different. The shorter
acclimation period was probably due to the previous adap-

tation of the microbial population to toluene degradation.
This behavior has been observed for sulfides (Cho et al.,
1992) and VOCs (Deshusses et al., 1996; van Groenestijn
and Hesselink, 1993). High elimination efficiencies during
the start-up have been attributed to the physical and chemi-
cal interaction between the wet packing material and the
pollutant (Deshusses, 1997; Zilli et al., 1993). In this work,
the toluene breakthrough was observed rapidly (<1 h). Ac-
cording to the sorption isotherm (Acun˜a et al., 1998) the
sorbed toluene in the packing material would be 0.54 g. This
amount of toluene was introduced to the biofilter in approxi-
mately 17 min. After that, evidence of the increased micro-
bial activity was evidenced by increases in EC, CO2 pro-
duction, and the bed temperature. The maximum tempera-
ture obtained with a gradient of 4°C was not inhibitory for
these microorganisms as reported by Acun˜a et al. (1998).
The EC of 8 g/m3/h, reached in steady state is low compared
with the other reported values of 20–100 g/m3/h (Hwang
and Tang, 1997; Kinney et al., 1996; Morales et al., 1994;
Ottengraf and van den Oever, 1983; Shareefdeen and
Baltzis, 1994) and could probably be attributed to nutrient
limitation. Nitrogen limitation was suspected from informa-
tion on the composition of peat (Martin et al., 1989) with the
added mineral medium. Also the possibility that some of the
initial nitrogen could have been volatilized cannot be ruled
out. Diverse studies have observed nitrogen limitations on
biofilters (Kinney et al., 1996; Morgenroth et al., 1996),
which made supplementation necessary.

Ammonia Additions

At 12th day, samples of the peat were taken from the bio-
filter. Only small variations from the initial conditions of pH
(6.8) and water content (64%) were measured, suggesting
that these two parameters were not limiting. Toluene deg-
radation rates in batch culture using biofilter packing
samples with aqueous nutrient solution and water as control
showed that nutrients were the limiting factor for an in-
creased toluene degradation (Acun˜a et al., 1998). To im-
prove the elimination capacity of the biofilter, the addition
of a gaseous assimilable nitrogen source was tested. Am-
monia was introduced on the 21st operating day, for a pe-
riod of 14 h with no simultaneous toluene addition. At the
moment that the ammonia injection was stopped, a pH in-
crease (pH4 9) was observed in the packing material near
the inlet (8.25 cm). Because the ammonia is very soluble, it
was retained in the first few centimeters. The desorption of
the ammonia provoked a displacement front and a pH in-
crease (pH4 7.2) towards the middle region of the biofil-
ter. However, no variations in pH at the biofilter outlet were
detected. On the third day after ammonia injection the inlet
and middle zones had recovered their normal pH values (pH
4 6.8) reflecting both desorption and microbial uptake.
This return to normal pH values corresponded to the maxi-
mum removal capacity (Fig. 3). A new biofilter start-up was
observed after 48 h from the ammonia injection. The re-
moval capacity reached a maximum value of 80 g/m3/h

Figure 2. Biofilter start-up. Evolution of the toluene elimination capac-
ity, CO2 concentration and (Tm-Tin).

Figure 3. Evolution of the elimination capacity of the biofilter, tempera-
ture gradient, and CO2 concentration.
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(100% efficiency) and efficiencies greater than 90% were
maintained over a period of 4 d (Fig. 3). In this case the
maximum was lower compared to the start-up because the
toluene load was decreased. The improved EC coincided
with increases of the (Tm-Tin) temperature gradient and the
produced CO2. As may be seen in the Figure 3, (Tm-Tin)
and CO2 concentration peak values were 4.2°C and 1.75
g/m3, respectively. The EC then decreased to 30 g/m3/h on
the 15th day after the ammonia injection. This new steady
state of the biofilter was correlated with a constant (Tm-Tin)
temperature gradient and CO2 production of 1.2°C and 0.5
g/m3, respectively.

On the 41st operation day, a second ammonia addition
was performed. The system response was observed within 5
d with a maximum removal rate of 40 g/m3/h (50% effi-
ciency). The biofilter attained a new steady-state value of 25
g/m3/h, after 20 d from the second ammonia addition. In this
case, the CO2 concentration and temperature increments
were lower than the first addition (Fig. 3).

After the ammonia additions, the EC was measured at
various heights in the biofilter at different times. In Table I,
the toluene removal capacity and carbon dioxide production
rate are presented. These measurements were obtained on
the 48th, 74th, and 88th operation days. Increased elimina-
tion capacities were observed at the inlet and the middle
zones of the biofilter. In practice, only two-thirds of biofilter
was removing toluene. This pattern was correlated with the
evolution of CO2 production at different zones of the bio-
filter (Table I). The tendency of the biofilter zones showed
that, while the inlet zone improved its efficiency as time
proceeded, the middle decreased and the outlet zone in the
biofilter maintained very low toluene EC. The improved
performance of the inlet zone is probably because this re-
gion received more ammonia. At the beginning, the elimi-
nation capacity was low due to the large rise in pH, but
slowly an increase and/or adaptation of the microbial popu-
lation improved the performance. On the 48th day, almost
the total toluene removal was carried out by the middle
zone, where the increment on the pH was not as important.
The elevated heat production and water evaporation, asso-
ciated with the strong EC, might have provoked the eventual
decay in the performance of this zone (this point will be
discussed in the next section). A probable explanation of the
poor performance of the outlet zone was that it received
insufficient nitrogen. It may be observed that the values at
the outlet zone are similar to those obtained at the first
steady state (day 12). A higher removal capacity could be
obtained if the outlet zone was not limited by nutrients as
confirmed by microcosms experiments (Acun˜a et al., 1998).

Carbon Balance

After 88 d of biofilter operation, 518.4 g of toluene were
consumed, and 1735.5 g of carbon dioxide would have been
produced by a complete toluene oxidation [Equation (A.6)].
However, the experimentally measured total CO2 was only
772 g, which corresponds to 44.5% of the theoretical value.
This difference can be attributed to various forms of carbon
accumulation in the biofilter such as: (1) biomass genera-
tion, (2) CO2 retained on the media as carbonates by ionic
equilibrium, (3) the production of intermediate compounds,
and (4) extracellular polymer material necessary for the bio-
film formation. Similar low recovery values have been ob-
tained (Medina et al., 1995) with the toluene elimination on
a biofilter packed with GAC where only the 38% of the
oxidized toluene was converted into carbon dioxide while
the remaining was reported to be incorporated into biomass
by cell synthesis. On the other hand, other studies, such as
the work reported by Deshusses (1997) have found better
carbon dioxide recoveries. Further studies were made on
this point to identify and quantify the unaccounted carbon.

The fate of the consumed toluene is shown in Figure 4.
As may be seen, a significant amount of the consumed
carbon (0.44 gcarbon/gdried peat) was found as accumulated
products, the biodegradable material (polymers and inter-
mediates) was approximately 32% (0.141 gcarbon/gdried peat)
and the carbonates were 14.3% (0.063 gcarbon/gdried peat).
Evidence of the polymer formation was observed by SEM
(Acuña et al., 1998). Summing these quantities to the 44.5%
of gaseous CO2 (0.196 gcarbon/gdried peat), the balance is ap-
proximately 90.8% of the total carbon (0.44 gcarbon/gdried

peat). By difference, an estimate of the biomass produced
globally during the biofilter operation showed that 9.2% of
the carbon was transformed to biomass (0.04 gcarbon/gdried

peat). The global CO2 production, as emitted gaseous CO2

and as retained carbonates, was 58.8% of the theoretical
value corresponding to the total oxidation of toluene [Equa-
tion (A.6)]. This value will be useful to calculate the pro-
duced water and to compare the generated heat in the water
and heat balances.

Heat Balance

The energy balance of the biofiltration experiment was per-
formed [Equation (A.7), Appendix A]. The accumulated,
conductive, evaporative, and convective heats were calcu-
lated, and metabolic heat was deduced by solving Equation
(A.8) (Appendix A). In Figure 5, the evolution of the meta-
bolic heat is shown. Significant heat production was ob-

Table I. Elimination capacity and CO2 production along biofilter zones at different time.

48th day 74th day 88th day

Zone EC (g/m3/h) CO2 (g/m3/h) EC (g/m3/h) CO2 (g/m3/h) EC (g/m3/h) CO2 (g/m3/h)
Inlet 29.95 ± 3.25 40.6 ± 4.65 37.55 ± 6.2 48.08 ± 5.8 59.34 ± 12 72.69 ± 11
Middle 77.42 ± 13.7 81.6 ± 13.17 21.51 ± 4.02 25.27 ± 3.84 11.57 ± 1.3 15.64 ± 3
Outlet 11.14 ± 1.74 4.39 ± 0.79 4.67 ± 0.8 1.58 ± 0.07 0.74 ± 2.6 3.64 ± 0.5
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served during start-up and in the first addition of ammonia
on the 21st day. During the first 48 h of start-up, metabolic
heat (−16.25 × 103 Kcal/m3) was produced and linked with
the high toluene removal. Later, between the 10th and 21st
days, the EC decreased to very low values (Fig. 3), and there
were negligible temperature gradients (Fig. 3). Subse-
quently, the first ammonia addition was made. From days
21 to 41, the generated heat was −61.1 × 103 Kcal/m3,
maintaining a removal capacity of 30 g/m3/h and tempera-
ture gradients (Tm-Tin) of −1.2°C. The second ammonia
addition had no effect on the temperature gradients.

Integrated data of different heat contributions are shown
in Table II. The energy balance was made using the Equa-
tions (A.7–13) and Tables A.1 and A.2 (Appendix B).

The total metabolic heat generated throughout the biofil-
ter operation was of −181.2 × 103 Kcal/m3. Globally, this
value is only the 61% of the theoretical value of −297.1 ×
103 Kcal/m3 calculated from the liquid toluene combustion
heat (−10.1 Kcal/g) and the total CO2 production [Equation
(A.6)]. This deviation could be associated with the fact that
bed temperature was only measured at one point and the
media was considered homogenous. Another source of de-
viation could be the estimation of the global heat transfer
coefficient, U, which was calculated from correlations in the

literature. With these considerations, it may be seen (Table
II) that convective (40.7%) and evaporative (41.3%) mecha-
nisms were the main contributions to the excess heat re-
moval in the biofilter.

Water Balance

Water is generally added to biofilters to compensate losses
by evaporation. In this study, no water was added to exam-
ine the effect of the heat associated to the toluene degrada-
tion on the drying of the biofilter. The water evaporation
rate can be evaluated using Equations (A.1–5). A simple
stochiometric relation [Equation (A.6)] was used to calcu-
late the water production value. In Figure 6, the water evap-
orated from the biofilter and the water produced from the
toluene oxidation are shown. As can be observed that during
biofilter start-up, the water removal rate reached very high
values of approximately −450 g/m3/h, which yields a total
of 98 g of evaporated water for the first 48 h of biofilter
operation. Coupled with the reaction, water was produced at
a rate of 82.4 g/m3/h, which corresponds to the production
of 17.7 g of water for the same period. After this period, the
biofilter activity was very low, and no water evaporation
existed. From the first ammonia addition and to the end of
the biofilter operation, drying of the packing material was
clearly observed. During this stage, 745 g of evaporated
water and 190 g of produced water were calculated.

The total quantity of evaporated water in the biofilter

Figure 5. Evolution of the metabolic heat.

Table II. Integrated results of the energy balances for 88 days of opera-
tion.

Heat Kcal/m3

Accumulated 22.5 × 103

Convective −64.5 × 103

Conductive −28.7 × 103

Evaporative −65.5 × 103

Metabolic −181.2 × 103

Figure 4. Fate of the transformed toluene carbon in the biofilter for 88 d
of operation.

Figure 6. Evolution of the water evaporation and production rates.
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during the operation was 792.2 g and the water produced by
reaction was 235.3 g. The evaporated water (56.5 kg/m3)
produced a global change in the moisture content from 65 to
57.2%. The mean rate of change of the total water mass was
26.41 g/m3/h. In the case of ethanol vapor biofiltration (Au-
ria et al., 1998), the rate of change of the total water mass
was measured at 38 g/m3/h. This difference can be attrib-
uted to a lower air relative humidity (91%) than that used in
this experiment (closer to 100% RH). van Lith et al. (1997)
suggest diverse moisture control methods at different ranges
of evaporative losses. For values less than 50 g/m3/h,
manual moisture control is recommended, however, in the
present work, higher values were observed during specific
stages of biofilter operation, so periodic monitoring and
restoring of the evaporated water should be necessary to
maintain an adequate global moisture content. At the end of
the biofilter operation, the support was unpacked, homog-
enized, and the moisture content was measured. The aver-
age value was 62%. This value is slightly higher than the
value calculated.

In Table III the moisture content at different positions is
shown. Although the global moisture content did not change
notably, as previously stated, a distribution in the humidity
of the packing material was observed. As a result of tem-
perature gradients, the drier zone was between 10–30 cm
while the outlet zone had an excess of water. In the middle
zone, 20–40 cm, some very dry zones with a moisture con-
tent close to 35% occurred. The heterogeneity in this zone
was observable. These events may be related to the higher
toluene removal in the inlet and middle zones, which
brought the generation of high heat production and tempera-
ture gradients. The increase in the temperature provokes
increased water evaporation. The outlet zone had a very low
toluene removal and because of this, the produced heat was
low, the air stream was cooler, and water condensation ex-
isted. Consequently, the water content was increased. Prob-
ably, the decrease in the toluene EC and CO2 production in
the middle of the biofilter (Table I) may be linked to the
drying process. A notable decrease in the removal associ-
ated with drying problems has been observed in other works
(Auria et al., 1998; Kiared et al., 1996). In the first study,
the toluene removal efficiency decreased 50% when the
moisture content changed from 70% to 40%. There is a
strong relationship between these environmental conditions
and the local microbial activities (Acun˜a et al., 1998).

CONCLUSIONS

In this work, a laboratory-scale biofilter was operated for 3
months. During this period diverse aspects were studied. A
fast start-up was observed which was associated with the
inoculation of adapted microorganisms. Stabilization at low
EC values, due to nitrogen limitation, was subsequently
attained. This limitation may have been partly caused by
peat, which was selected over others, such as compost, that
are more often used in biofilters. The nitrogen limitation
was counteracted by gaseous ammonia injection. However,
a new strategy of the addition must be implemented to reach
a more even distribution throughout the biofilter. Studies on
the carbon balance showed the presence of carbon accumu-
lated in the packing material as biodegradable compounds
and carbonates, however, more detailed studies about these
accumulated byproducts related to the toluene consumption
must performed to understand the role they play on the
biofilter performance.

The high toluene consumption related to the microbial
growth stage during the start-up and ammonia addition had
a great effect on temperature gradients and CO2 production.
It was important in this study to observe the effect of mi-
crobial growth on toluene consumption, at start-up, local EC
were greater than 190 g/m3/h, which are among the highest
values reported for toluene degradation in biofilters. Sus-
tainable high EC could be obtained under vigorous micro-
bial growth conditions. While this is a very promising re-
sult, the problems of biomass clogging and drying would
have to be addressed. Drying was experimentally detected
and predicted by the water balance, giving an adequate rep-
resentation of this phenomenon in the biofilter. Extensive
drying of the packing material, heterogeneity problems, and
slow deactivation of the biofilter are consequences of the
temperature gradients present with high toluene removal
rates. Slow deactivation was caused by low water content,
which was caused by drying resulting from temperature
gradients, a consequence of heat accumulation. In the fu-
ture, the information from the heat and water balances
should permit application of control strategies (adding water
or mixing the packing material) to obtain an improved bio-
filter performance.

The authors acknowledge the useful comments of Dr. Fermı´n
Pérez.

NOMENCLATURE

As heat transfer specific area, orthogonal to the air flow (m2/m3

packing bed)
Aw heat transfer specific area, parallel to the air flow (m2/m3 packing

bed)
Cp medium heat capacity (Kcal/kg/°K)
Cpa dry air heat capacity (Kcal/kg/°K)
Cpp peat heat capacity (Kcal/kg/°K)
Cpv water vapor heat capacity (Kcal/kg/°K)
Cpw water heat capacity (Kcal/kg/°K)
De biofilter external diameter (m)
EC toluene elimination capacity (g/m3/h)

Table III. Moisture content at different levels in the biofilter at 88th day.

Zone Height (cm) Moisture (%)

Top 0–10 55
10–20 45

Middle 20–30 40
30–40 61

Bottom 40–50 75
50–60 75
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Fair volumetric air flow rate (m3/s)
G air mass velocity (kg/m2/s)
G volumetric air flow rate (m3/m3 packing bed/s)
ho external film coefficient (Kcal/m2/s/°K)
he internal film coefficient (Kcal/m2/s/°K)
k biofilter wall thermal conductivity (Kcal/m/s/°K)
P local atmospheric pressure (Atm)
Po standard atmospheric pressure (Atm)
Pvi partial pressure of water vapor (Atm)
Pvsi saturated pressure of water vapor (Atm)
Pr dimensionless external Prandtl number
Qw latent heat of vaporization (Kcal/kg)
R8e dimensionless external Reynolds number
RHi air relative humidity
To standard temperature (°K)
Ti air inlet or outlet temperature (°K)
Tm temperature of the medium (°K)
U overall heat transfer coefficient (Kcal/m2/s/°K)
Vr volume of the packing bed (m3)
xp peat mass fraction in the medium (kg peat/kg)
xw water mass fraction in the medium (kg water/kg)
yi water mass fraction of inlet or outlet air (kg water/kg)

Greek symbols

d biofilter wall thickness (m)
« biofilter void fraction
f mean peat particle diameter (m)
lg air thermal conductivity (Kcal/m/s/°K)
mg air viscosity at standard temperature (kg/m/s)
r medium bulk density (kg/m3)
ri inlet or outlet air density (kg/m3)
ro air density at standard conditions (kg/m3)

APPENDIX A

Theoretical Considerations

Water Balance

Water evaporation rate (Wev) was calculated using the fol-
lowing equations:

Wev = ~yinrin − youtrout!
Fair

Vr
(A.1)

Water mass fraction contained in air is given by (Houber-
echts, 1968):

yi = 0.622
Pvi

P − Pvi
(A.2)

Partial pressure (Pvi) and saturated pressure of water va-
por (Pvsi) can be written as:

Pvi = RHiPvsi (A.3)

Pvsi = expS25.775−
5281.1

Ti
D (A.4)

And, air density was calculated as follows:

ri = r0 ST0

Ti
D S P

P0
D (A.5)

To estimate water production rate, an elementary stoichi-
ometric relation was used. In this balance, the water formed
from biomass, intermediates, and polymer production was
considered negligible as compared to the water formed by
total toluene oxidation. The simplified balance can be writ-
ten as:

C7H8 + 9O2 → 7CO2 + 4H2O (A.6)

This equation was used in the water and heat balance
considering the total CO2 production (CO2 in the effluent
plus carbonates retained in the support), instead of toluene
consumption measured experimentally, which also reflects
conversion to biomass, intermediaries, or polymers.

Heat Balances

During biofiltration experiment, heat accumulation (Qacum)
within the biofilter can be expressed as the sum of different
heat contributions as: conductive (Qcon), convective (Qconv),
evaporative (Qev), and metabolic (−Qmet).

Qacum 4 Qcon + Qconv + Qev − Qmet (A.7)

The different terms of the Equation (A.7) can be written
as (Gutiérrez et al., 1996):

rCp

dTm

dt
= UAw ~Tin − Tm! + G8~rinh8in − routh8out!

+ GAsQw~yin − yout! − Qmet (A.8)

The heat capacity of the medium (Cp) was evaluated as
follows:

Cp = xwCpw + xpCpp (A.9)

The overall heat transfer coefficient was estimated as
(Gutiérrez et al., 1996):

U =
1

1

he
+

1

h0
+

d

k

(A.10)

With

he = 3.6
lg

f SfG

mg«D0.365

(A.11)

and

h0 = 0.91
lg

De
R8e

0.365Pr1/3 (A.12)

Air enthalpy (h8i ) was estimated using the following equa-
tion: (Houberechts, 1968)

h8i 4 CpaTi + yi(CpvTi + Qw) (A.13)

APPENDIX B

The parameter values using to solve the heat and water
balance are shown in the Tables A.1 and A.2.
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Table A.1. Parameter values used in the heat balance.

Symbol Definition Value Units

Cpa Dry air heat capacity 0.24 Kcal/kg/°K
Cpp Peat heat capacity 0.30 Kcal/kg/°K
Cpv Water vapor heat capacity 0.44 Kcal/kg/°K
Cpw Water heat capacity 0.99 Kcal/kg/°K
Qw Latent heat of vaporization 586 Kcal/kg
lg Air thermal conductivity 6.21 × 10−6 Kcal/m/s/°K
ro Air density at standard condition 1.29 kg/m3

mg Air viscosity at standard
temperature

1.85 × 10−5 kg/m/s

Reference temperature 293 °K

Table A.2. Characteristic parameter values of the system.

Symbol Definition Value Units

k Biofiter wall thermal
conductivity 1.4 × 10−3 Kcal/m/s/°K

P México atmospheric pressure 0.74 atm
Po Standard atmospheric pressure 1 atm
xp Peat mass fraction in the

medium 0.35 kg peat/kg
xw Water mass fraction in the

medium 0.35 kg water/kg
Biofilter height 0.64 m
Biofilter internal diameter 0.14 m

d Width of the biofilter wall 0.004 m
« Bed porosity 0.715 —
f Diameter of peat particles 0.004 m
r Packing density 300 kg/m3

As Heat transfer specific area
(orthogonal) 1.56 m2/m3

Aw Heat transfer specific area
(parallel) 26.5 m2/m3

Outlet air relative humidity 1 —
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