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An novel diffusion reaction model for the determination
of both the steady-state and transient-state behavior
of biofilters for waste air biotreatment is developed
and discussed. The model considers the reactor to
comprise finite sections, for each of which transient
mass balances are established and solved by digital
simulation. The elimination of methy! ethyl ketone
(MEK) and methyl isobuty! ketone (MIBK) vapors from
air as single and mixed pollutants serves as an
example to illustrate and discuss both the model's
response and its parametric sensitivity. Experimental
evaluation of the model is presented in part 2 of this
paper.
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Introduction

Biological waste air treatment processes offer a cost-effective
solution for the treatment of large volumetric airstreams
containing low levels of pollutants. However, in spite of
their widespread use in a broad spectrum of industries,
such processes have only been subject to a minimum of
modeling. Accordingly, empirical knowledge dictates the
design and scale-up of biofiltration plants, even though
substantial performance improvement could be expected
from a more comprehensive knowledge of the individual
processes involved in pollutant elimination. Because of
the complexity of the several steps involved in pollutant
elimination, biofilters are often considered as mysterious
“black boxes” within which pollutants vanish as a result of
the action of capricious microbes. Therefore, the develop-
ment of appropriate models and their validation are
required for improved process design and performance.

Biofilters are reactors in which a humid polluted
airstream is passed through a porous packed bed on which
pollutant-degrading microbial cultures are naturally im-
mobilized. Biofilters excel in two main domains; in the
removal of odoriferous compounds (I—4) and in the
elimination of volatile organic chernicals (1, 4—10), primarily
solvents, from waste air. Under optimum conditions, the
pollutants are fully biodegraded without the formation of
aqueous effluents.

In the present work, a new approach to biofilter modeling
in response to the industrial need for more reliable
information concerning not only steady state but also
transient responses of biological filters is presented. Ad-
ditionally, a major interest exists in the development of
adequate models as a basis for the conceptual understand-
ing of biofilter operation. The aerobic biodegradation of
methyl ethyl ketone (MEK) and of methyl isobutyl ketone
(MIBK) vapors in downward flow biofilters was selected as
amodel system. The study of binary pollutant elimination
appeared to provide much greater scope for developing an
understanding of biofiltration processes than did studies
of single pollutant elimination (7, 11).

Previous investigations (9, 12, 13) involving biofilter
modeling solved steady-state equations either analytically
or numerically by iteration. Ottengraf et al. (9, 12) solved
analytically the biolayer concentration profile and inte-
grated it over the height of the biofilter to obtain the amount
of pollutant biodegraded in the whole biofilter, assuming
either first- or zero-order kinetics. The resulting solution
was presented in terms of dimensionless groups. However,
such an approach cannot be used to describe interactions
between multiple substrates (7), transient states, or changes
in the reaction order within the reactor.

Hirai et al. (3) correlated experimental results, consider-
ing the biofilter bed as a homogeneous plug-flow reactor
with Michaelis—Menten type degradation kinetics. Neither
diffusion nor phase transfer processes were taken into
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FIGURE 1. Stagewise model of biofilters showing the structure considered for finite-differencing. Biofilters are divided into ideally mixed

subdivisions.

account. Such an approach may be useful for correlating
sets of results but does not describe the fundamental steps
involved and, therefore, cannot be applied over awide range
of operating conditions.

Shareefdeen et al. (13) developed a mathematical model
for describing methanol biofiltration. This quasi-steady-
state model based on the growth of biomass could not be
used to describe short-term transient behavior. The model
parameters were mostly determined in non-biofilter sys-
tems, and it was assumed that either methanol or oxygen
was depleted in the biofilm. This may be the case for
methanol but will not generally be true for other pollutants.

All the above models failed to explain dynamic phe-
nomena and interactions between multiple pollutants
during their elimination. The mathematical model devel-
oped herein has the advantages cf describing both steady-
state and dynamic behavior, even when pollutant inter-
actions occur.

It should be recognized that there are numerous of
models available for biofilm or biological trickling filter
description (14—19). However, because of the absence of
a free liquid phase in gas-phase biofilters, major differences
in the nature of the biofilm (nonsubmersion) exist, and
such models cannot be directly applied for the simulation
of biofilter operation.

Model Development

The approach chosen is based on dynamic mass balances
and uses the simulation techniques described by Dunn et
al. (20) and Ingham et al. (21).

For modeling purposes, the biofilter height is divided
into layers as shown in Figure 1. Within each layer three
main sections are considered: the gas phase, the biofilm,
and the liquid sorption volume. The sorption volume
consists of water content dispersed within the carrier.

Gas phase Biofilm Sorption
Biofilm thickness=z ~ volume

Layer, w-1 D e >
l J Subdivision, n=

Layer, w

Cj,w

Layer, w+1 4

r y

-

FIGURE 2. Schematic description of the model for one section of
the column. The polluted airflows through the gaseous section, gas—
biofilm equilibrium is assumed, and simultaneous diffusion and
biodegradation (symbolized by circular arrows) of the pollutants
occurs in the biofilm subdivisions. No biodegradation of the pollutants
occurs in the sorption volume.

Further, the biofilm is divided into four subdivisions, with
each subdivision being considered to be ideally mixed. In
the present model, the biofilter height was considered to
comprise 10 layers, corresponding to the essentially plug-
flow tracer response (11).

The fate of the pollutants in any section is illustrated in
Figure 2 and can be described as follows. The polluted
airflows downward so that convection is the vector of
pollutant transport in the gaseous phase. Atthe gas—biofilm
interface, equilibrium is assumed to occur, i.e., gaseous
and interfacial liquid concentrations are related by Henry's
law. In the biofilm, the pollutants simultaneously diffuse
and are consumed by the microorganisms. Storage of the
pollutants in the sorption volume is also possible, but only
after their diffusion through the whole thickness of the
biofilm. Figure 1illustrates the overall structure considered
for the mass balances, while Figure 2 illustrates modeling
details for one section.
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The following assumptions were made:

1. Each subdivision, as defined in Figures 1 and 2, is
ideally mixed.

2. The gas-phase interfacial resistance is negligible.

3. The gas and the liquid (biofilm) phases are in
equilibrium at the interface.

4. The biofilm is treated as a planar surface.

5. Substrate transport between the liquid subdivisions
(biofilm and sorption volumes) is by diffusion and can be
described by an effective diffusion coefficient.

6. The mass transfer coefficient between the last biofilm
subdivision (subdivision 4) and the sorption volume is the
same as between adjacent biofilm subdivisions.

7. Oxygen limitation does not occur. This was con-
firmed experimentally by operating the biofilter at a high
pollutant loading and switching to enhanced oxygen
concentration (31%) in the waste air without significant
changes in the elimination capacity (11). Mass balances
for oxygen could be incorporated if deemed necessary.

8. The volume of the sorption volume is assumed to be
equal to the water content of the support material minus
the biofilm volume, and no biological reaction takes place
within the sorption volume.

9. In the biofilm, no net growth of biomass is assumed
so that kinetic constants remain constant over the time
considered. Michaelis—Menten type kinetics with com-
petition between substrates is assumed (22).

10. The biomass, i.e., the biocatalyst, is homogeneously
distributed throughout the biofilm and can mediate the
degradation of both substrates simultaneously.

The introduction of a liquid sorption volume propor-
tional to the water content of the support material is
supported by the fact that sorption of both ketones on the
humid support material correlates reasonably well with
their solubility in the liquid phase (11). No biological
reaction is assumed in the sorption volume because of its
dispersion throughout a matrix in which the pores are too
small for microbial penetration (23). Accordingly, the
matrix is assumed to have only a sponge function for water
and pollutant storage. As defined, the sorption volume
influences only transient-state behavior (11). It acts as a
dynamic reservoir for pollutants and, therefore, buffers
fluctuations in operating conditions.

Dynamic mass balances are written for both pollutants
in each subdivision. In the following equations, C refers
to gaseous concentrations and S to liquid concentrations.

Mass Balance over the Gas Phase. For the gas phase
in the layer w, the dynamic balance for the gaseous
concentration Cj,, can be written as

Ve 4G, AV
WA =6Cu— Gy O

where (Ve/W) is the volume of each gaseous subdivision,
(AV/W) is its interfacial area, Gis the total gas flow, Wis the
total number oflayers, index wrefers to the layer considered,
where 1 < w < W.

The diffusion flux J of component j into the biofilm is
evaluated by finite differentiation:

ds; Siow— S
= ) o 2w Yilw
Jjw= Df( dz )z—O D=ZN

Gaseous concentrations (C;,), and interfacial concentra-
tions (S;0.) are linked by the interfacial equilibrium

2)
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hypothesis:

Siow = Ciw

/H, 3)

Mass Balances over the Biofilm. In the biofilm, the
dynamic mass balance over a subdivision n is

zﬂg dsj,n,w _ zﬂ(sj,n—l,w - Sj,n,w _
WN dt W ZIN
Sj,n,w - Sj_n+1,w) _ zﬂ/g @)
ZIN Sinw W N

where (AV/W){(Z/N) is the volume of one biofilm subdivision
and (AV/W) is its cross section. R, is the biodegradation
rate, and N is the total number of biofilm subdivisions.
Indices n and wrefer to the number of biofilm subdivisions
and biofilter stages, respectively. In eq 4, the term in
parentheses associated with Drepresents the incoming and
outgoing pollutant diffusion fluxes in the subdivision, as
given by the finite-difference gradients.

Considering a nongrowing biofilm, the degradation rate
Ry;is given for each subdivision in the biofilm by Michaelis—
Menten type kinetics (22), with competition between the
substrates when MEK and MIBK are biodegraded simul-
taneously. Hence

V. S;

R, = Biidid 5)
Sjmw Km/(l +1,,/K)+ Sj,n,w

where I, is the concentration of the competitive substrate,
namely, MEK, when MIBK is considered and, conversely,
MIBK when MEK is considered. K;is the inhibition constant
of I on the removal rate of j.

Other types of kinetics (22) such as noncompetitive (eq
6) or uncompetitive (eq 7) inhibition were evaluated, but
the competitive inhibition kinetics (eq 5) gave the best
results and was used for further modeling.

V.S
R = m -
S+ IK)K,+9) noncompetitive (6)

. VS

= iti 7
s= X +S1TTK) uncompetitive  (7)

Mass Balance over the Sorption Volume. In the
sorption volume, where no biological reaction takes place
and assuming the mass transfer coefficient is equal to that
in the biofilm, it follows that

EY de,S,w - A_V(Sj,4,w - Sj.s,w) 8)
w dr w ZIN
As the total sorption volume (TSV) is assumed to be equal

to the difference between the volume of water in the system
and that of the biofilm

TSV = W1 — ¢)mc — VAZ (9)
where mc is the moisture content of the packing material.

System Solution. System equations are simplified with
respect to substrate concentration, interfacial area, etc.,



TABLE 1

Model Parameters for Dynamic Simulation of Elimination of MEK and MIBK in Biofilters (77, 25)

biofilter characteristics symbol value unit source

interfacial area per volume unit A 150 m2m-3 adapted from ref 13

biofilm thickness (sorption volume not counted) z 100 um adapted from ref 13

porosity of the filter bed € 0.5 mean residence time studies of pulses of

inert gas in the biofilter bed (77)
moisture content of the packing material mc¢ 60 wt % drying of weighed packing samples (717)
pollutant characteristics symbol MEK MIBK unit source
effective diffusion coefficient D 2.85 x 10710 5,37 x 10710 m2s™! model fitting of sorption experiments on

inactive packing material (17)

maximum degradation rate Vm 225 x107* 551 x107% kg m~3s~' model fitting of independent single pollutant
degradation experiments in biofilters (77)
Michaelis—Menten constant Km 1.37 x 1078 1.49 x 1073 kgm™ model fitting of independent single pollutant
degradation experiments in biofilters (77)
competition—inhibition constant K 370 x 107 1.32x 1073 kgm™ model fitting of independent mixed pollutant
degradation experiments in biofilters (77)
Henry coefficient H 2.35 x 1073 571 x 1073 direct GC measurements of gaseous and

aqueous phase concentrations (77)

and are written in a form that is accepted by simulation
language, namely:

for the gas phase
G, _ ow AN(G
bw _ — - pEyY
ar Ve Gt~ G Dfez( m, ,) (10)
for the biofilm
ds; . N
—jn D10~ 28y Sy = Rs,,,, (A1

where R;,, , is given by eq 5

for the sorption volume
ds;
JSaw AVN _
dr - PASV x 25w~ Sisw)

where TSV is given by eq 9.

This system of equations was solved using the SimuSolv
program (24), which is an interactive mathematical model-
ing tool for simulating physical systems defined by algebraic
and differential equations. The program allows the opti-
mization of model parameters by nonlinear curve-fitting
of experimental data. The SimuSolvruns on mainframe or
workstation platforms and employs the ACSL language.

From the different integration methods available, Gear’s
Stiff algorithm was chosen. This algorithm is of variable
step length and of variable order and runs significantly
faster than other Runge—Kutta or Runge—Kutta—Fehlberg
methods. Depending on the model, the final integration
time, and the maximum integration step, an extended CPU
time was required.

To determine the model parameters, the system of
equations was optimized to coincide with the results for a
specific series of experiments (11, 25). The use of the
SimuSolv program allowed both optimization of model
parameters by nonlinear curve-fitting and estimation of
the quality of the result obtained.

(12)

Results and Discussion
In the present study, the model is applied to the dynamic
simulation of a realistic operating case and examined with

TABLE 2

Conditions for Dynamic Simulation of Simultaneous
Elimination of MEK and MIBK in Biofilters

biofilter bed height 1{m)
biofilter bed area 1 (m?
airflow rate 45 (m3h="
changes in inlet concentrations
MEK
hour 0 0.5gm~3
hour 10 20gm-3
hour 20 Ogm-3
MIBK
from hour 0 on, constant 05gm-3

respect to its parametric sensitivity for steady-state behavior.
The values of the model parameters selected for each
pollutant are listed in Table 1.

Dynamic Response. Here, a simulation is presented
for a case where an active biofilter is restarted after a several-
day interruption with the inlet concentration of one
pollutant, MIBK, kept constant and the concentration of
the other pollutant, MEK, increased in a stepwise manner
and subsequently disconnected. The simulation was based
on the model parameters listed in Table 1 and the conditions
listed in Table 2.

In Figure 3, both the inlet concentration and the
computed dynamic response of the biofilter to the situated
conditions described above are shown. The biofilter
evolution concentration profiles with respect to time are
given in Figure 4.

As seen in Figures 3 and 4, a predicted steady state is
reached after 3 h, after which time complete removal of
MEK and 80% removal of MIBK are predicted. After the
restart, the dynamic increase of pollutant penetration and
the marked effect on concentration profiles of competition
between MEK and MIBK can be seen in Figure 4 after 0.5,
1, and 6 h, respectively.

After 10 h, the MEK inlet concentration was increased
stepwise. Whereas the model predicts a breakthrough of
MEK, 95% of the MEK was removed. Significant repression
of MIBK degradation was predicted, resulting in an increase
in the MIBK outlet concentration from 0.1 to 0.4 g m™3,
Corresponding modifications in the concentration profiles
are shown in Figure 4 after 11 and 18 h, respectively.
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FIGURE 3. Dynamic simulation of the simuitaneous removal of MEK and MIBK vapors from a waste airstream in a biofilter. In the upper
graph, step changes in inlet concentrations are shown. In the lower graph, the dynamic response predicted by the biofilter model is shown.
The vertical dashed lines indicate the times chosen for the evaluation of the biofilter concentration profiles reported in Figure 4.

In the simulated case, MEK was interrupted after 20 h.
However, persistence of MEK in the outlet stream for as
long as 2 h after interruption was predicted as a direct
consequence of a combination of desorption and biodeg-
radation. Thereafter, MIBK was removed as a single
pollutant, undergoing complete elimination, contrary to
the first 10-h phase where its breakthrough was induced
by the inhibition of MEK. Significant differences could be
observed in the MIBK concentration profile after 24 h
compared with after 6 h. This illustrates the major impact
of competing pollutants on each other and emphasizes the
necessity of determining and validating appropriate kinetics
for multiple pollutants elimination.

Detailed examination of concentration and of reaction
rate (11) profiles in the biofilter reveal that axial gradients
lead to changes in reaction rate order, which varied both
as a result of operating conditions and of the position in
the reactor. When individual pollutants are removed, zero-
order kinetics are usually observed at the inlet of the reactor,
but as a result of pollutant depletion, these changed to
essentially first-order kinetics in the column. With multiple
pollutants, complex changes in the order of the reaction
rate occurs, depending on both the kinetics and the
operating conditions. Such changes justify the use of
essentially unsimplified, complex biodegradation kinetics
in the model. As a result, the model displays necessary
flexibility for describing various operating conditions for
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any pollutant within a broad range of physicochemical
properties and biodegradation rates.

Parametric Sensitivity of the Model. The parametric
sensitivity of the model was analyzed for MEK removal as
a single pollutant on the basis of the conditions listed in
Table3. This analysis permits determination of the relative
importance of each parameter involved in the biofiltration
process.

Two different inlet concentrations of the pollutant were
considered in order to investigate the general trends with
respect to parametric sensitivity. Therefore, two sets of
results are given, one for a low inlet concentration (A) and
the other at a high inlet concentration (B). Additionally,
variations in the inlet pollutant concentrations, airflow rates,
and bed height provided valuable information on the
performance of the biofilter system under an extended range
of operating conditions.

As the biofilter considered is 1 m in height and 1 m? in
surface area, the airflow rate is equal to both the surface
and the volumetricloadings. If not otherwise stated, results
are given as contour plots for the elimination capacity (in
g m~3 h~1), as defined in eq 13 with respect to the two
parameters varied and indicated on the axes. Under the
conditions chosen, complete removal of MEK corresponds
to 50 and 150 g m3 h™! for inlet concentrations of 1 and 3
gm™3, respectively. The pair of parameters determined by
simulation of the experimental results is indicated in the
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TABLE 3

Conditions for Study of Parametric Sensitivity of
Model for MEK and MIBK Elimination in Biofilters

biofilter bed height im
biofilter bed area 1 m2
airflow rate 50 m3 h™1
MEK inlet concentration land3gm™3
MEK and MIBK inlet concentrations

mixtures of MEK and MIBK: each 0.7gm-3

figures as ablack dot. The parameters maintained constant
have their values listed in Table 1.

elimination capacity =
(inlet — outlet concentration) x airflow
biofilter bed volume

(gm™h™ 3)

The influence of the effective diffusion coefficient Dand
of the maximum degradation rate Vi, are of particular
interest as generally one of these parameters dictates the
eliminationrate. InFigure5,adomain where MEK diffusion
control occurs at low diffusion coefficients is shown on the
left-hand side of each figure. In this operating domain, the
maximum biodegradation rate exceeds the maximum
diffusion rate, and the pollutant is degraded before
penetrating into the deeper subdivisions of the biofilm and
into the sorption volume. On the other hand, when V,, is
low, the process is obviously controlled by the biodegrada-
tion rate and the biofilm gradients are negligible. This is

most noticeable at high gaseous phase pollutant concen-
trations (Figure 5B for D > 1 10710 m~2 s~1), where a linear
increase in elimination capacity from 10 to 140 gm~3 h~!
is observed. The increase in inlet pollutant concentration
from 1 to 3 g m~3 enlarges the domain where the process
islimited by the biodegradation rate, whereas the diffusion-
limited domain is essentially unaffected by the pollutant
concentration. The border between the diffusion and
reaction controlled regimes depends on both the diffusion
and the reaction rates as well as on the interfacial
concentration. This can be best explained by considering
the influence of D and V;, on the concentration profile in
the biofilm, particularly on the conditions necessary for
complete pollutant depletion within the biofilm.

The modeled values for Vi, and D, indicated by the black
dotin the figures, show that case A is essentially unlimited,
i.e.,, complete elimination is achieved, and that case B is
clearly limited by the biodegradation rate.

The sensitivity of MEK elimination to the Michaelis—
Menten constant, Ky, with respect to the maximum
degradation rate is depicted in Figure 6. Small changes in
K generally do not lead to major effects as can be seen in
Figure 6, where the maximum degradation rate is again
found to be the most sensitive parameter. However, when
major changes in Ky, are made, significant effects on process
efficiency are observed. Therefore, Ky, cannot be neglected
in the description of the biodegradation kinetics. Exami-
nation of the effect of concentration increases in Figure 6
shows that, contrary to what should be expected from the
expression for reaction rates, the influence of X is
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undiminished when the pollutant concentration increases.
This is of particular importance during the removal of
pollutant mixtures, when the apparent K, is markedly
increased by competition (see eq 5) with a subsequent
reduction of the degradation rates of individual pollutants.

The Henry coefficient is one of the most important
physicochemical properties of the pollutant as far as
biofiltration is concerned. In Figure 7, the sensitivity of
the biofilter model to the Henry coefficient is analyzed with
respect to the maximum degradation rate. The Henry
coefficient is varied from 1073 (low volatility component,
i.e., high interfacial equilibrium concentration) to 0.1 (highly
volatile component, i.e., low interfacial equilibrium con-
centration), corresponding to a realistic range of partition
coefficients (i.e., 1/H) of 1000:10.

Examination of Figure 7 shows that the Henry coefficient
sensitivity remains moderate as long as the Vy, rate is low,
i.e., in the reaction rate controlled domain. However, at
Vin values greater than 0.003 kg m~3 s71, the impact of the
Henry coefficient on the overall elimination capacity
becomes predominant. This can be explained by the
increasing role of diffusion when degradation rates rise
and, hence, the increasing importance for high liquid
equilibrium concentrations (i.e., low H values) to ensure
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film penetration and significant degradation rates.
Figures 8 and 9 are not strictly parametric sensitivity
studies but present further illustration of biofilter perfor-
mance under various operating conditions. The influence
of bed height and MEK inlet concentration on both
elimination capacity and percentage removal, as defined
in eq 14, is shown in Figure 8, panels A and B, respectively.
One clearly sees an increase in elimination capacity parallel
to the increase in inlet pollutant concentration and a
corresponding decrease in percentage removal when the
increase is outside the domain of complete removal.

removal =
inlet — outlet concentration
x 100

inlet concentration (%) (14)

Similarly, elimination capacity and removal are reported
with respect to airflow rate and inlet concentration in Figure
9.

Figures such as Figures 8 and 9 are extremely useful for
design purposes as they clearly show performance at any
operating conditions, thereby permitting optimization
either of the elimination capacity or of the percentage
removal.
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other (6, 7, 26). This is illustrated in Figure 10 where the
gaseous phase concentrations are set at 0.7 g m~2 of MEK
and 0.7 g m~3 of MIBK and the operating conditions are as

The parametric sensitivity of the model in the case of
multiple poilutants is a complex problem because of the
dependency of the biodegradation of the pollutants on each
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indicated above. Under these conditions, complete re-
moval of one pollutant represents an elimination of 35 g
m3hlL
The results for the variation of the inhibition constants
and their influence on the elimination capacity of MEK (A)
and MIBK (B) are shown in Figure 10. It is obvious from
Figure 10A that when Kj, .. .. vz 1S lower than 0.001 kg m3,
a breakthrough in MEK results from the presence of MIBK,
and increasing repression of MEK biodegradation by MIBK,
parallel to the decrease in the inhibition constant, is
observed. However, small changes in K, .. vz around
the value reported in Table 1, indicated by the black dot
in Figure 10, do not lead to obvious diminution of the overall
elimination capacity as complete removal of MEK is
achieved. The inset graph in Figure 10A shows that for
these values of K, even if complete removal of MEK is
predicted, when mixed with MIBK, the MEK penetration
profile in the biofilter column is greatly affected by the
presence of MIBK. Therefore, if the parametric sensitivity
to K; would have been represented at partial removal of

MEK, a much higher sensitivity of MEK elimination to K,
on mxx Would have been evident.
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Examination of Figure 10B shows that MIBK biodeg-
radation depends not only on the inhibitory effects of MEK
but also on its own inhibitory effects on MEK biodegrada-
tion. This is clearly a consequence of the high sensitivity
of MIBK biodegradation to the local concentration of MEK.
Changes in Ky .. vex affect MEK concentration profiles
and consequently the inhibitory effect of MEK on MIBK.
Further, Figure 10 shows that when K; values are increased
substantially, inhibition decreases and, ultimately, the
elimination capacity reaches values for the degradation of

the individual pollutants, such that the poliutants are
degraded essentially independently of each other.

The performance of a biofilter exposed to mixtures of
MEK and MIBK is shown in Figure 11, where MEK
elimination is significant over the whole spectrum of
conditions but with a marked influence resulting from the
presence of MIBK at the highest concentrations considered
also being evident. MIBK inhibition is clearly quantified
in panel B, where MIBK elimination is increasingly inhibited
by increasing concentrations of MEK. MIBK elimination
is shown to be independent of its own inlet concentration
for low concentrations of MEK. As established elsewhere



(11), this is because of the apparent “zero-order” kinetics,
i.e., constant elimination capacity of a biofilter over a certain
concentration or loading of pollutant, for MIBK removal in
excess of a critical loading of approximately 25 gm~2 h~!,
i.e., 0.5 g m~3 inlet concentration of MIBK.

Conclusions

A novel model for the description of gaseous waste
biofiltration has been developed and discussed. The model
considered the biofilter height to be divided into 10 layers.
Three main sections were considered in each layer: the
gas phase; the biofilm, which was split into four subdivi-
sions; and a reaction-free liquid sorption volume, which
was directly proportional to the water content of the biofilter
packing material. Michaelis—Menten biodegradation ki-
netics were assumed to apply in the biofilm, and competitive
inhibition was included for cases involving the simultaneous
degradation of pollutants. Simulation techniques were used
to solve the dynamic mass balances. The biofilter model
permitted a detailed description of local gas and biofilm
concentrations during both steady- and transient-state
biofilter operation. The simultaneous biodegradation of
MEK and MIBK served as a test system for discussion of
both the dynamic and steady-state biofilter operation and
of the parametric sensitivities of the model. The experi-
mental evaluation of the model is presented subsequently
(26).

Simulation of a realistic case emphasized the dynamic
response of the biofilter to step changes in the operating
variables and identified the consequences of competition
between the pollutants undergoing treatment. The dy-
namic evolution of concentration profiles in the biofilter
allowed one to distinguish between the several kinetic
regimes that occurred under various operating conditions.

The analysis of the parametric sensitivity of the model
developed herein exhibited interesting features for single
and mixed pollutant removal in biofilters. The biodegra-
dation of MEK and of mixtures of MEK and MIBK was shown
to be subject to overall limitation by the biodegradation
rate, and the domains for probable diffusion limitation were
defined.

The influence of K, increased with increases in pollutant
concentration, contrary to established interpretation of
saturation kinetics which predicts a minor influence of Ky,
at high pollutant concentrations. Therefore, the Ky, term
can be expected to play a major role during the removal
of multiple pollutants that exhibit competition kinetics,
because it is multiplied by the inhibition term. Variations
in the value of the Henry’s law coefficient confirmed that,
because of their favorable gas—biofilm equilibrium, pol-
lutants with the lowest Henry coefficients are the easiest
to remove from waste air, provided of course that they are
biodegradable.

The sensitivity analyses of MEK and MIBK elimination
in the case of multiple pollutant removal proved that MEK
was less sensitive than MIBK to the presence of the other
pollutant. This is because of the intrinsic properties of the
microbes responsible for MEK and MIBK biodegradation
and of the higher biofilm concentrations of MEK, which
results from its lower Henry coefficient.

Furthermore, the characteristics of biofilters for the
removal of MEK and MIBK mixtures were established by
the model, providing quantitative information on the
elimination of each ketone over a broad range of mixture

compositions. Such information is of evident interest for
design purposes.

Because of the versatility of the model illustrated here,
the conclusions obtained in the present study can be
extrapolated for other biofilter systems used for waste air
purification. Additionally, the essentially simple model
structure makes for easy adaptation for various situations
and can even be modified to account for conditions such
as oxygen limitation and byproduct inhibition.
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Nomenclature

(kg m~3) gaseous concentration of component j

(m?s™) effective diffusion coefficient of component
J

G (m? s~1) airflow rate

H; Henry coefficient of component j

1

J

Ji

S o

component /, inhibitor in biodegradation kinetics

component j

(kg m~2 s™1) diffusion flux of component j into the
biofilm

(kg m~3%) competition inhibition constant of com-
ponent j on component ¢

kg (m~3%) Michaelis—Menten constant of component

J
mc  Dbiofilter packing moisture content (in wt %)

methyl ethyl ketone
MIBK methyl isobutyl ketone

N number of biofilm subdivisions in each layer (here
N=4)

n biofilm and sorption volume subdivisions (1 < n <
N+ 1)

Ry, (kg m~3 s~1) degradation rate of component j

Simw (kg m™3) liquid concentration of component j,
subdivision n, layer w

t (s, h) time

TSV (m?3) total sorption volume

Vin (kg m~2 s~1) maximum degradation rate

14 (m3) total reactor volume

w number of layer subdivisions (here W = 10)
w biofilter layer subdivisions: 1 < w < W

Z

(m, um) biofilm thickness (sorption volume not
counted)

biofilm depth coordinate

[

Greek Symbols
€ porosity of the filter bed

Literature Cited

(1) Chem. Eng. 1991, 508, 13.

(2) Eckhardt, A. In Proceedings of Biological Treatment of Industrial
Waste Gases; Dechema: Heidelberg, Germany, March 24—26,
1987; 2 pp.

(3) Hirai, M.; Ohtake, M.; Shoda, M. J. Ferment. Bioeng. 1990, 70,
334-339.

(4) VDI-Berichte 3477. Biological waste gas/waste air purification,
Biofilters. In VDI-Handbuch Reinhalten der Luft, Band 6; VDI:
Diisseldorf, Germany, 1991; 32 pp.

VOL. 29, NO. 4, 1995 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 1057



(5)
(6)

o
9

(10)
(11)
12)
(13)
(14)
(15)
(16)

(17
(18)

(19)

Buchner, R. Ph.D. Dissertation, TU Wien, Austria, 1989.
Deshusses, M. A.; Hamer, G. In Proceedings of Fundamentals of
Biocatalysis in Non-Conventional Media; Noordwijkerhout, April
26—29, 1992; Tramper, et al., Eds.; Elsevier Science Publishers
B. V.. Amsterdam, The Netherlands, 1992; pp 393—399.
Deshusses, M. A.; Hamer, G. Bioprocess Eng. 1993, 9, 141-146.
Leson, G. J. Air Waste Manage. Assoc. 1991, 41, 1045—1053.
Ottengraf, S. P. P. Exhaust gas purification. In Biotechnology 8;
Rehm, H.J., Reed, G., Eds.; VCH: Weinheim, Germany, 1986; pp
426—452.

Sabo, F. Ph.D. Dissertation, University of Stuttgart, Germany,
1991.

Deshusses, M. A. Ph.D. Dissertation, Swiss Federal Institute of
Technology Zurich, Switzerland, 1994.

Ottengraf, S. P. P.; Meesters, J. J.; van den Oever, A. H. C.; Rozema,
H. R. Bioprocess Eng. 1986, 1, 61—69

Shareefdeen, Z.; Baltzis, B. C.; Oh, Y.-S.; Bartha, R. Biotechnol.
Bioeng. 1993, 41, 512—524.

Diks, R. M. M. Ph.D. Thesis, TU Eindhoven, The Netherlands,
1992.

Jennings, P. A; Snoeyink, V. L; Chian, E. 8. K. Biotechnol. Bioeng.
1976, 18, 1249—-1273.

Martin, G.; Le Roux, A.-Y.; Schulhof, P. Water Sci. Technol. 1982,
14, 599-618.

Ottengraf, S. P. P. Biotechnol. Bioeng. 1977, 19, 1411—-1417.
Rittmann, B. E.; McCarty, P. L. Biotechnol. Bioeng. 1980, 22,
2343-2357.

Speitel, G. E., Jr.; McLay, D. S. J. Environ. Eng. 19983, 119, 658—
678.

1068 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 29, NO. 4, 1995

(20) Dunn,1.],; Heinzle, E,; Ingham, ].; Prenosil, J. E. Biological reaction

engineering; VCH: Weinheim, Germany, 1992; 438 pp.

(21) Ingham, J.; Dunn, L. J.; Heinzle, E.; Prenosil, J. E. Chemical

engineering dynamics; VCH: Weinheim, Germany, 1994; 701
pp-

(22) Fersht, A. Enzyme structure and mechanism, 2nd ed.; W. H.

Freeman and Co.: New York, 1985; 475 pp.

(23) Gisi, U,; Schenker, R.; Schulin, R.; Stadelmann, F. X,; Sticher, H.

Bodendkologie; Georg Thieme Verlag: Stuttgart, Germany, 1990;
p 49.

(24) SimuSolv Modelling and Simulation Software, Version 3.0—120;

revised August 13, 1993; Dow Chemical Company.

(25) Deshusses, M. A,; Dunn, L. J. In Proceedings of the 6th European

Congress in Biotechnology; Florence, Italy, June 13-17, 1993;
Alberghina, L., et al., Eds.; Elsevier Science Publishers B. V.:
Amsterdam, The Netherlands, 1994; pp 1191-1198.

(26) Deshusses, M. A.; Hamer, G.; Dunn, L. J. Environ. Sci. Technol.

1995, 29, 1059—1068.

Received for review August 8, 1994. Revised manuscript re-
ceived December 15, 1994. Accepted December 16, 1994.%

ES940505N

@ Abstract published in Advance ACS Abstracts, February 1, 1995,



