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Abstract Elimination capacity (EC) is frequently used as a
performance and design criterion for vapor-phase biofilters
without further verification of the microbial quantity and
activity. This study was conducted to investigate how bio-
filters respond to high pollutant loadings and ultimately
how this affects the EC of the biofilter. Two identical lab-
oratory-scale biofilters were maintained at an initial toluene
loading rate of 46 g m−3 h−1 for a period of 24 days. After
the initial biofilm development stage, the loading rates were
increased to 91 g m−3 h−1 and 137 g m−3 h−1, respectively.
Following a short period of pseudo-steady state, toluene
removal efficiencies rapidly declined in both biofilters, with
a concurrent decline in both critical andmaximumECs. The
decline was mainly due to deterioration in the biodegrada-
tion activity of the biofilm and a decline in the toluene-
degrading bacterial population within the biofilm phase.
The findings imply that high toluene loadings accelerated
the deterioration in overall performance due to a rapid ac-
cumulation of inactive biomass. As a result, care must be
used when relying on EC values for biofilter design and
operational purposes, since the values do not appropriately
reflect the temporal changes in biodegradation activity and
active biomass quantities that can occur in biofilters sub-
jected to high inlet loadings.

Introduction

The removal of a wide variety of odorous and volatile
organic compounds (VOCs) from contaminated waste gas

streams is a major environmental concern. Vapor-phase bio-
filters have emerged as an effective alternative among the
many conventional abatement technologies available, since
they consume comparatively less energy and produce few un-
desirable byproducts (vanGroenestijn andHesselink 1993).
Numerous studies have demonstrated that biofilters can
successfully treat a wide range of VOCs; and their appli-
cation range can be expanded by increasing their VOC-
degrading capacity (Kinney et al. 1999; Jang et al. 2004;
Song and Kinney 2000; van Groenestijn and Hesselink 1993;
van Groenestijn and Kraakman 2004).

The VOC-degrading capacity of biofilters is commonly
quantified as a function of pollutant loading by determining
the contaminant elimination capacity (EC):

EC ¼ Cg;in�Cg;out

� �� Q

V
g=m3=h
� �

(1)

Cg,in is the inlet VOC concentration in the gas phase (g m−3),
Cg,out is the outlet VOC concentration (g m−3), Q is the gas
flow rate (m3 h−1) and V is the biofilter bed volume. EC tests
are typically performed by sequentially increasing the inlet
pollutant loading stepwise and then calculating the EC corre-
sponding to each pollutant loading. An EC versus pollutant
loading curve is used to determine two important indicators,
the maximum EC value and the critical EC value. The max-
imum EC is the point at which the EC curve achieves its
highest value, while the critical EC is defined as the point
at which the EC curve begins to deviate from the 100%
removal line (Deshusses and Johnson 2000). These two pa-
rameters are useful not only to evaluate biofilter perfor-
mance under a given operating condition but also to set
design criteria such as biofilter size and empty bed contact
time. This design approach is based on the assumption that
EC is a stable measure of biofilter performance. However,
declines in biofilter performance often occur in biofilters
(Kinney et al. 1999; Smith et al. 1996;Weber and Hartmans
1996; Eq. 1).

There are several potential reasons for a decline in bio-
filter performance, including excess microbial growth and
temporal and/or permanent changes in the pollutant-de-
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grading microbial culture. Excess microbial growth in the
biofilm phase can cause biofilter operating problems such
as clogging and high pressure drops leading to low con-
taminant removal efficiencies and ultimately system failure
(Song and Kinney 2000; Sorial et al. 1995; Weber and
Hartmans 1996). Moreover, temporal changes in the rela-
tive quantities of microbial components in the biofilm phase
can lead to a decline in overall bioreactor performance.
Biofilm systems in mixed-culture biofilters are hetero-
geneous, containing active microbial components that
actively degrade pollutants and inactive microbial compo-
nents that consist of secondary microbial populations and
dead cells. As a result, the relative quantity of pollutant-
degrading, active biomass can be a critical factor affecting
long-term performance and the observed pollutant-degrad-
ing activity (Song and Kinney 2001; Juteau et al. 1999).

Changes in the pollutant-degrading activity of biofilters
subjected to a high inlet loading have generally not been
considered and biofilter performance is characterized at a
given point in the operation by the EC without further ver-
ification. It has been hypothesized that EC curves deter-
mined for moderately loaded biofilters are different from
those determined in a biofilter operated at the critical load-
ing rate or higher. In this study, two toluene loading rates,
equivalent to the critical EC point and the maximum EC
point, were applied to two identical biofilters to determine
how continuously high loadings affect the EC of the bio-
filters over time. In addition, changes in biomass accumula-
tion, toluene-degrading activity and heterotrophic bacterial
counts were examined to gain insight into how high toluene
loadings affect biofilter performance and the pollutant-de-
grading microbial population.

Materials and methods

Biofilter configuration and operation

The experimental set-up used in this study was identical to
that of a previous study (Song and Kinney 2000; Song and
Kinney 2001). The two laboratory-scale biofilters consisted
of stainless steel columns (16.2 cm I.D.) packedwith porous
ceramic pellets (Celite R-635; Celite Co., USA) to an over-
all packed bed height of 1.0 m. The bacterial consortium
used to inoculate the packing material was obtained from a
mixed culture grown in another toluene-degrading biofilter
in the laboratory. An inoculum solution was cultivated using
the consortium prior to biofilter inoculation as described by
Song and Kinney (2000).

The filtered compressed air was split into two streams.
Pure toluene was injected into one air stream using a syringe
pump (model 200; KD Scientific, USA) and the other stream
was saturated with a nutrient-laden aerosol generated by a
nebulizer (Heart, Westmed, USA). The two air streams were
combined and supplied to each biofilter at an empty bed
residence time of 1min. During the first 24 days of operation,
the inlet toluene concentrations were maintained at approxi-
mately 200 ppmv (0.76 g m−3) in both biofilters, yielding a
toluene loading rate of 46 g m−3 h−1. On day 24, the inlet

toluene loadings to the biofilters were increased to 91 g m−3

h−1 and 137 g m−3 h−1, respectively.
A fine aerosol generated by the nebulizer was used to

supply approximately 120 ml day−1 of nutrient solution to
each biofilter. The nutrient medium contained 2.72 g l−1

KH2PO4, 1.42 g l
−1 Na2HPO4, 1.32 g l

−1 (NH4)2HPO4, 10.1
g l−1 KNO3 and trace elements, as described by Ridgway
et al. (1990). When the toluene loading was increased in
each biofilter, the concentrations of the nitrogen sources
(NH4

+, NO3
− ) were increased proportionally in the nutrient

solution to maintain a nearly constant carbon/nitrogen (C/N)
supply ratio of 9.8. The other components of the nutrient so-
lution remained unchanged thoughout the biofilter experiments.

Analytical methods

Duplicate gas samples were collected from gas sampling
ports using 0.5-mL gas-tight syringes (Hamilton, USA). The
grab samples were immediately analyzed using a gas cho-
matograph (series 6890; Hewlett Packard, USA) equipped
with a flame ionization detector and a capillary column
(HP-5; Hewlett Packard, USA). EC curves were determined
in both biofilters by increasing the inlet concentration step-
wise for 2 hours, similar to the procedure used byDeshusses
and Johnson (2000). Five to six different loadings were
applied and the EC values were calculated for each load-
ing, using the overall toluene removal efficiency observed
at each loading. The CO2 evolution from each section was
measured using an infrared CO2 analyzer (LI-6252; LI-
COR, USA).

Biofilm samples were collected periodically from the
eight sampling ports located along each biofilter column.
For the chemical oxygen demand (COD) and protein anal-
yses, samples were prepared by adding an appropriate
amount of packingmaterial to 10ml of deionizedwater. The
samples were homogenized using an orbital vibrator for 5
min and a sonicator for 1 min. The COD was measured
using a COD vial (Hach, USA) according to a closed-reflux
colorimetric method (APHA et al. 1992). The total biomass
protein concentration was quantified using a protein assay
kit (Sigma, USA), based on the modified Lowry method
and using bovine serum albumin as standards. For the in
vitro toluene-degrading activity and enumeration analyses,
biofilm samples were collected by adding an appropriate
amount of packing material to 10 ml of saline solution
(Song and Kinney 2000) and then homogenized in an or-
bital vibrator for 1 min. The in vitro toluene-degrading
activity was measured by determining the initial toluene
biodegradation rates, using an analytical procedure devel-
oped by Yee et al. (1998). The activity was normalized by
protein content to obtain the specific activity, expressed as
μg toluene mg−1protein h−1. Bacterial populations were enu-
merated by the spread plate method and expressed as col-
ony-forming units (CFU), as described previously (Song
and Kinney 2001). R2A media (Difco, USA) was used to
count total heterotrophic bacteria, while agar plates made
with hydrocarbon minimal medium [1.34 g l−1 KH2PO4,
1.42 g l−1 NaHPO4, 0.5 g l

−1 KNO3, 2.38 g l
−1 (NH4)2SO4,
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8.0 g l−1 granular agar, and trace elements] were used in a
sealed chamber containing toluene vapor for the enumera-
tion of toluene-degrading bacteria only.

Daily carbon accumulation in the biofilm phase was de-
termined by subtracting the carbon exiting the bioreactor
system via CO2 evolution and the liquid leachate from the
carbon input to the biofilm phase from toluene degradation
(Song and Kinney 2000):

Cumulative Carbon g� cð Þ
¼

X
day

h
Toluene degration g� Cð Þ

�CO2 evolution g� Cð Þ
�Carbon in the leachate g� Cð Þ

i
(2)

The differences in toluene and CO2 concentrations in
the inlet and the outlet gas steams were converted into
equivalent carbon mass units, while the carbon lost in the
leachate was determined by COD measurements.

Results

Biofilter performance

Initially, both biofilters were operated for 24 days at a tol-
uene loading rate of 46 g m−3 h−1 to establish a stable bio-
film. During this initial period, both biofilters achieved high
toluene removal efficiencies of greater than 99.9% (Fig. 1).
On days 21–23 in both biofilters, EC tests were performed
to determine the critical EC point and the maximum EC
(Fig. 2). At a loading of 91 g m−3 h−1, the EC line began to

deviate from the 100% removal line, defining it as the
critical EC point (Deshusses and Johnson 2000). In addi-
tion, the maximum EC was determined to be 120 g m−3 h−1

at a toluene loading rate of 143 g m−3 h−1. On day 24, the
inlet toluene loadings were increased to 91 g m−3 h−1 in one
biofilter (referred to as “BioR-Critical”) and 137 g m−3 h−1

in the second biofilter (referred to as “BioR-Max”). BioR-
Critical was operated for an additional 21 days at the ele-
vated, critical EC point (overall 45 days) and BioR-Max
was maintained for an additional 23 days at the maximum
EC point (overall 47 days).

A drop in the overall toluene removal efficiency fol-
lowed the loading increase in each biofilter (see Fig. 1). In
BioR-Critical, the removal efficiencies were maintained at
a pseudo-steady-state level of 96% for approximately 10
days. However, on day 35, the removal efficiency started to
decrease rapidly. By day 45 when BioR-Critical operation
was terminated, the overall removal efficiency had declined
to 46%. In addition, the critical EC and maximum EC were
reevaluated in the BioR-Critical biofilter on days 42–45. As
shown in Fig. 2, the critical EC and maximum EC sub-
stantially decreased to 22 g m−3 h−1 and 54 g m−3 h−1,
respectively.

At the increased loading in BioR-Max (137 g m−3 h−1), a
12-day pseudo-steady-state period was observed with an
overall removal rate of approximately 78% (Fig. 2). A rapid
decline in overall efficiency was also observed in BioR-
Max and the decline in biofilter performance progressed at a
rate similar to that in BioR-Critical. The critical EC and
maximum EC determined on days 42–45 in BioR-Max
were 23 g m−3 h−1 and 63 g m−3 h−1, respectively, which
were similar to those of BioR-Critical (see Fig. 2).

Even though a short period of pseudo-steady-state was
observed in each biofilter after the increase in toluene load-
ing, the decline in activity began almost immediately after
the load increase, as evident in the toluene profiles along the
column. In each case, the daily toluene profile (i.e., a tol-
uene degradation pattern along the length of the biofilter)
shifted from an exponential removal curve to a linear profile
(data not shown), although the overall toluene removal
efficiencies remained relatively unchanged during the pseudo-
steady-state period.
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Other operating parameters were held essentially constant
thoughout the entire experiment. For instance, the pressure
drop across both biofilter columns was found to be less than
0.1 inch of water (25 Pa) thoughout the experimental pe-
riod. In addition, the moisture content of the packing ma-
terials was maintained in a range 45–60% (w/w), which is
generally within the range required to achieve full biolog-
ical activity (Gostomski et al. 1997). The continuous supply
of nutrient medium via the aerosol delivery system could
have had an inhibitory effect on the microorganisms by in-
creasing the salinity within the biofilm phase (Holden et al.
1997). However, another study using the same biofilter and
nutrient supply system showed that greater than 99% toluene
removal efficiencies could be maintained over 78 days of
operation at a toluene loading of 46 g m−3 h−1 (Song and
Kinney 2001). Therefore, the rapid drop in toluene removal
efficiency within the relatively short period of biofilter op-
eration was more likely due to a limitation in biodegra-
dation activity, rather than other environmental factors in
the biofilters.

Carbon balance and biomass accumulation

Biomass accumulation was monitored by completing the
carbon balances for both biofilters (Diks et al. 1994; Song
and Kinney 2000). Solid lines in Fig. 3a, b represent the
cumulative carbon in the biofilters, calculated using Eq. 2.
A carbon balance in the biofilm phase was also completed
by converting the measured COD values for biomass sam-
ples to an equivalent carbon mass unit (bars in Fig. 3). As-

suming 100% oxidation and a zero oxidation state for the
organic matters measured in the COD tests, the COD mea-
surements can be converted to g-carbon (C) units using a
conversion factor of 0.36 g-C for 1.0 g-COD. Theoretically,
the cumulative carbon quantities calculated using Eq. 2
should be equivalent to the carbon accumulation in the bi-
ofilm phase as determined by the COD measurements. In
each biofilter, the total biomass accumulation as calculated
by Eq. 2 and that determined via the COD measurements
(lines, bars in Fig. 3) were relatively consistent, indicating
that the carbon closure was experimentally valid over the
biofilter operating period.

These cumulative carbon profiles show that biomass in
both biofilters continuously accumulated during the entire
operational period. During the initial 24-day period at the
toluene loading rate of 46 g m−3 h−1, both biofilters ac-
cumulated biomass at an identical rate (3.2 g-C day−1) and
the yield coefficient was calculated to be 0.15 g-Cbiomass/
g-Ctoluene. More rapid carbon accumulation occurred imme-
diately after the loading increase in BioR-Critical. Similarly in
BioR-Max, substantial increases in the rate of biomass accu-
mulation (5.8 g-C day−1) and the yield coefficient (0.18 g-
Cbiomass/g-Ctoluene) were observed after the loading increase.

It was also clearly demonstrated in this study that the
decline in the toluene removal rate corresponded to a de-
cline in the rate of biomass accumulation at the elevated
toluene loadings (Fig. 2). During the final phase of BioR-
Critical operation when the biofilter performance declined
rapidly, the biomass yield coefficient also decreased to less
than 0.07 g-Cbiomass/g-Ctoluene. Similarly, at the end of BioR-
Max operation, the yield coefficient also dropped to less than
0.09 g-Cbiomass/g-Ctoluene, whichwas substantially lower than
that determined during the initial start-up period.

Toluene degrader fraction and microbial activity

Table 1 summarizes the total heterotrophic and toluene-
degrading bacterial counts determined in each biofilter im-
mediately after inoculation and during each toluene loading
condition. The toluene-degrading fraction of the total plate-
countable bacteria in the biofilm phase is also presented.
In both biofilters, the number of heterotrophic bacteria in-
creased with time, but the toluene-degrading fraction of
the total population decreased rapidly when the biofilters
were subjected to elevated toluene loadings. At the end of
these experiments, less than 20% of the total heterotro-
phic bacterial population in either biofilter consisted of
toluene-degrading bacteria, indicating that the non-toluene-
degrading population became dominant in the biofilm
phase. In our previous study conducted at a constant toluene
loading of 46 g m−3 h−1 (Song and Kinney 2000), a gradual
decrease in the toluene-degrading fraction was also ob-
served with increasing toluene exposure time. However, in
this previous study the toluene-degrading fraction still con-
stituted 43% of the total bacteria population, even after 43
days of biofilter operation.

Changes in biofilter performance were also examined by
determining the in vitro toluene-degrading activity of bio-
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film samples collected from the biofilter (Table 1). During
the initial moderate loading period (days 0–23), high tol-
uene-degrading activity was maintained in both biofilters.
After the loading increase in BioR-Critical, a rapid activity
drop was observed. The highest toluene loading in BioR-
Max also resulted in a substantial activity decline. These
changes in the in vitro microbial activity are consistent with
the decline in overall toluene removal efficiency. Never-
theless, the quantity of total biomass continued to increase
in each biofilter with time, even though the toluene-de-
grading activity of the biomass continued to decline.

Discussion

A rapid decline in biofilter performance and toluene-de-
grading activity was observed in both biofilters when they
were operated at high toluene loading rates representing
the critical EC point and the maximum EC. The decline in
biofilter performance resulted in a concurrent decline in the
critical EC and maximum EC. The EC values, which are
commonly used as key indicators of biofilter performance,
were not constant over time at loading rates greater than or
equal to the critical EC point. In contrast, both critical and
maximum ECs determined on day 33 in our previous study
(Song and Kinney 2001) were almost identical to those
determined on day 56 using the same biofilter at a contin-
uous toluene load below the critical point of 46 g m−3 h−1.
This finding shows that EC values vary substantially with
time in biofilters operated at elevated loading conditions.
As a consequence, great care must be taken when using EC
data, since the EC curve is generated under ideal conditions
with the basic assumption that EC is a stable measure of
biofilter performance over an extended period of opera-
tion. Furthermore, when interpreting EC values, it should
be taken into account that ECs fundamentally depend on
the quantity of active biomass under a given set of operat-
ing conditions.

Continuous accumulation of biomass in the biofilm
phase is one possible reason for the decline in biofilter
performance and EC. Our previous study (Song and Kinney
2000), using the same biofilter system operating at a con-
stant toluene loading of 46 g m−3 h−1, showed that bio-
mass clogging and eventual system failure occurred when
the cumulative carbon total exceeded 250 g-C after 75
days of continuous operation. However, the decline in bio-
filter performance in the current study was not likely due
to complete biomass clogging. Rather, the decrease in spe-
cific surface area due to biomass accumulation lowered the
mass transfer flux of toluene from the gas phase to the
biofilm phase. A numerical model which uses a cellular
automaton approach to incorporate biomass accumulation
with time (Song and Kinney 2002) predicts that increases
in biofilm thickness lead to a rapid decrease in specific
surface area and eventually overall removal efficiency.
Another interesting finding in the model simulation is that
toluene profiles along the column shift from exponential
curves to linear profiles as biofilter performance deterio-
rates, a prediction which is consistent with the experi-
mental findings in this study.

Along with the effect of biomass accumulation, an in-
trinsic decline in pollutant-degrading activity also contrib-
utes to the deteriorating performance of biofilters subjected
to high loading rates. The declines in removal efficiency in
both BioR-Critical and BioR-Max at high toluene loadings
clearly imply that a higher toluene loading initiated the de-
terioration in microbial activity. Leddy et al. (1995) demon-
strated that non-toluene-degrading variants appeared in a
wild-type cell culture of Pseudomonas putida as a result of
plasmid instability. They also showed that plasmid instabil-
ity (i.e., plasmid deletions and mutations) was mediated by
metabolic byproducts in the toluene degradation pathway,
such as benzyl alcohol. Mirpuri et al. (1997) also demon-
strated that the number of non-toluene-degrading variants
increased with toluene exposure period, yielding a gradual
decline in biodegradation activity in a bioreactor. These

Table 1 Bacterial counts and in vitro toluene-degrading activity in the biofilters

BioR-Critical BioR-Max

Total
heterotrophic
countsa

(CFU gpellet
−1)

Toluene-
degrading
countsa

(CFU gpellet
−1)

Toluene-
degrading
fraction
(%)

In vitro toluene-
degrading
activitya

(μg mg−1 h−1)

Total
heterotrophic
countsa

(CFU gpellet
−1)

Toluene-
degrading
countsa

(CFU gpellet
−1)

Toluene-
degrading
fraction
(%)

In vitro toluene-
degrading
activitya

(μg mg−1 h−1)

Immediately
after
inoculation

0.19×1010

(±0.02×1010)
0.17×1010

(±0.01×1010)
89.1 – 0.09×1010

(±0.01×1010)
0.07×1010

(±0.01×1010)
82.9 –

Initial
loadingb

0.59×1010

(±0.06×1010)
0.40×1010

(±0.04×1010)
67.4 31.9 (±9.8) 1.08×1010

(±0.24×1010)
0.69×1010

(±0.13×1010)
63.1 28.5 (± 4.4)

Elevated
loadingc

2.13×1010

(±1.10×1010)
0.35×1010

(±0.12×1010)
15.9 6.0 (±2.5) 1.82×1010

(±0.86×1010)
0.36×1010

(±0.17×1010)
20.3 8.3 (±2.5)

aEach data point represents an average value obtained from eight different biofilm samples collected from sampling ports located across each
biofilter column as described by Song and Kinney (2000)
bPerformed on days 13, 14, 16 and 17 at the initial loading conditions
cPerformed on days 37, 38, 42 and 43 at the elevated loading conditions
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results imply that exposure to high toluene concentrations
over long periods of operation makes toluene-degrading
bacteria either less prolific than other non-toluene-degrad-
ing bacteria or causes them to lose their ability to degrade
toluene either temporarily or permanently. Overall, high
toluene loadings accelerate the deterioration in biofilter
performance due to a rapid accumulation of non-toluene-
degrading biomass.

Since continuous exposure to toluene results in a decline
in toluene-degrading activity, the highest toluene loading
rate at the maximum EC point was expected to accelerate
the decline. However, the rates of the activity decline were
similar in both biofilters operated at the critical EC and the
maximum EC. These experimental results imply that the
decline in the toluene-degrading activity progresses with
time at a similar rate if the toluene loading is increased
above the critical EC point. This study also clearly dem-
onstrates that biofilters treating toluene need to be operated
at inlet loading rates below a threshold value in order to
maintain stable biofilter operation over an extended period.
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