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Abstract

Biological air treatment systems have been widely under investigation in recent years. Inclusion of non-biodegradable organic solvents to these
systems is a way to improve the biotic removal capacity of the systems. In this article the process of absorption and biodegradation of a hydrophobic
organic compound in a two liquid phase stirred tank bioreactor has been modeled. Using the model it has been shown that the inclusion of an
organic solvent is advantageous if certain conditions are met. Some simulation examples showed that the usefulness of adding an organic solvent
to the system depends on kinetic parameters of biological reactions and mass transfer coefficients of pollutants and oxygen between the air and
liquid phases. Since different factors influence the process, the usefulness of including an organic solvent to the system should be checked in each
special case. The simple model presented in this article can help the prediction of the effect of amending a solvent to the bioreactor under a set of

given conditions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Biological waste air treatment systems have been widely
under investigation in recent years. These systems that use
naturally occurring microorganisms to degrade air pollutants,
are classified in biofilters, biotrickling filters, and bioscrubbers.
Biofilters are fixed bed columns with immobilized biofilm on
packing particles. A polluted air stream passes through the bed
and the pollutants and oxygen diffuse into the biofilm and are
degraded by microorganisms. The bed is kept wet by intermittent
irrigation or humidifying the entering air stream. In biotrickling
filters, a liquid solution is being constantly circulated through
the bed and the bed particles are surrounded by a liquid film. The
pollutants diffuse into the liquid medium and from there into the
biofilm on the particles, where they are degraded by microor-
ganisms. The pollutants are also degraded partly by suspended
microorganisms in the liquid medium. A bioscrubber consist of
an absorber and a bioreactor. The pollutants are absorbed in the
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absorber and degraded in the bioreactor. Although all biolog-
ical waste air treatment systems have common basic features,
they have some advantages and disadvantages when compared
to each other [1].

Since all biological reactions take place in the presence of
water, the effectiveness of the biological processes for treatment
of hydrophobic compounds is relatively poor [2]. Inclusion
of a heavy organic solvent such as silicone oil in a biological
air treatment system can improve the net transfer rate of
hydrophobic compounds from air into the aqueous phase of the
system. Solvent droplets in a biological air treatment system can
mediate the transfer of the pollutants from the air to the aqueous
phase and improve the performance of the system. Cesario et
al. [3] conducted a theoretical study on the feasibility of using a
water immiscible organic solvent for improving the efficiency of
bioscrubbers and biotrickling filters, and based on the difference
between the calculated volumes of solvent amended bioreactors
and the control solvent free bioreactors concluded that the use
of an organic solvent would be advantageous only if the solvent
has high affinity for the pollutants, and also if the specific area
for mass transfer between the solvent and water is large enough
to compensate for the additional transfer resistance, introduced
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by the solvent. They, however, assumed an instant biological
reaction in the aqueous phase and ignored the effect of kinetic
parameters of bioreactions on the process. Other researchers
have examined the use of heavy solvents in biotrickling filters.
van Groenstijin and Lake [4] used a mixture of silicone oil
and water as the trickling medium in a biotrickling filter and
obtained the elimination capacity of 80 gmbjd h~! for hexane
that was higher than those obtained by other researchers in oil
free biotrickling filters. A similar system was used for removal
of a mixture of aromatic compounds from an air stream. The
elimination capacity for the aromatics in a silicone oil amended
biotrickling filter was 2.4 folds higher than the elimination
capacity in a control biotrickling filter [5]. Fazaelipoor et al. [6]
showed that the inclusion of silicone oil in the bed of a biofilter
could enhance the n-hexane removal efficiency of the biofilter
considerably compared to a control oil free biofilter.

Inclusion of heavy organic solvents in biological air treatment
systems can also be useful for the removal of hydrophilic com-
pounds from air streams. High concentrations of many organic
pollutants have inhibitory effects on biological reactions and if
there is an inert heavy organic solvent in the system, the pollutant
would partition between the organic and the aqueous phases and
the concentration of the pollutant in the aqueous phase would
be under control.

The organic solvent should be immiscible with water,
non-toxic and non-biodegradable by the employed microor-
ganism(s), as well as being cheap, non-toxic to human, and
possessing low volatility [7].

Although it is generally assumed that the inclusion of a heavy
organic solvent in biological air treatment systems is useful for
the removal of hydrophobic and/or toxic pollutants, regardless
of the difficulties that may arise in practical use of the solvents,
they may not be useful in all cases. That is because there are
many factors that influence the effectiveness of a biological air
treatment system, and in analyzing the usefulness of amending
heavy organic solvents in biological air treatment systems, all
of the factors should be taken into account.

Many fundamental models have been developed for bio-
logical air treatment systems, but few of them considered the
inclusion of a heavy organic solvent in the system [8]. Our aim
here is to develop a mechanistic model for a two liquid phase
stirred tank bioreactor to be able to predict the conditions under
which the inclusion of a solvent is advantageous compared to
an ordinary one liquid phase bioreactor.

2. Model development

Fig. 1 shows a schematic of the system. A mixture of
aqueous—organic phases flows into the bioreactor continuously.
The polluted air stream is dispersed in the liquid medium. Oxy-
gen and the pollutant diffuse into the liquid medium and the
pollutant is degraded in the aqueous phase. The effluent liquid
medium from the bioreactor separates into aqueous and organic
phases and the organic phase recycles to the bioreactor. The
treated air exits the bioreactor at the top. To model the process
the following assumptions have been made:
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S » Outlet air stream
1

Organip/aqueous
mixtur

[

Aqueous phase effluent

Inlet air stream

Solvent recycle b

Fig. 1. Schematic of a continuous two liquid phase stirred tank bioreactor for
air treatment.

1. The volumes of the two liquid phases are constant in the
bioreactor.

2. All phases in the bioreactor are perfectly mixed.

3. There is no mass transfer resistance at the air/aqueous,
air/organic, and aqueous/organic interfaces.

4. The oil droplets are homogenously distributed in the aqueous
phase.

5. Oxygen and the pollutant are the only limiting factors for the
biological reaction and all other required elements exist in
excess.

6. There is a linear driving force for the mass transfer between
the gas phase and the liquid phases. There is also a linear
driving force for the mass transfer between the aqueous and
organic phases.

7. A double substrate Haldane type equation is used for the
specific growth rate of the microorganism.

8. The distribution of the pollutant/oxygen between the phases
follows the Henry’s law.

Based on the above assumptions the governing equations
of the process are obtained as below:
a. Mass balance for the reactants (oxygen and the pollutant)
in the gas phase;

dct e o K¥e [CF
dtl = Dy(Cj — C7) — ;T miéa - C?
KPes [ CF
SSB T o) cqoy=cg ()

g \m®
where i stands for the both of the reactants (the pollutant
and oxygen), C ig (g m~3) represents the reactant concen-
tration in the gas phase, ¢ (s) represents time, Dy s™h
is the ratio of the inlet air flow rate (Qg) to the volume
of the air in the bioreactor (Vy), Cﬁ (gm™3)is the reac-
tant concentration in the inlet air stream, K iga (s™1)is the
overall volumetric mass transfer coefficient of the reac-
tant between the gas and the aqueous phase, &,, &g, &
are the volume fractions of the aqueous, the gas, and the
organic phase in the bioreactor respectively, mlga is the
Henry’s law constant of the reactant for the distribution
between the gas phase and the aqueous phase (Clg /CH,
C? (g m~3)is the reactant concentration in the aqueous
phase, K;%S (s™1) is the overall volumetric mass trans-
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fer coefficient of the reactant between the gas and the
organic phase, m;gS is the Henry’s law constant of the reac-
tant for the distribution between the gas phase and the
organic phase (C;g /C), C? (g m~3)is the reactant con-
centration in the organic phase, and C;go (gm™3) is the
initial concentration of the reactant in the gas phase.

. Mass balance for the reactants in the aqueous phase;

dc? ce
T; = Dy(Cy — CH + K¥ (méa — c;‘)
(65 uX
K L—CY) - 2

+ l (mlsa l ) YX/[ ( )
where;
w= MmaxCSC%

(kp + C3 + C& /K)(ko + C3)’

Ci0) = Cj 3)

where D, (s~!) is the ratio of the inlet aqueous flow
rate to the volume of the aqueous phase in the biore-
actor (Vy), C§ (g m~?) is the reactant concentration in
the inlet aqueous stream, K;? (s™Yis the volumetric
mass transfer coefficient of reactant between the aqueous
and the organic phase, m;* is the distribution coefficient
of the reactant between the aqueous and the organic
phase (C5/C%), u (s7!) is the specific growth rate of
the microorganism in the aqueous phase, X (gm~3)is
the biomass concentration in the aqueous phase, Yy
(g biomass/g reactant) is the yield of biomass growth on
the reactant, pmax (s~1) is the maximum specific growth
rate of the microorganism, CS (gm~3) and Cy (g m—3)
are the pollutant and oxygen concentrations in the aque-
ous phase, & (g m—3) and ko (g m—?) are half saturation
constants for the pollutant and oxygen, Ki (g m~3) is the
inhibition constant for the pollutant, and Cj, (g md)is
the reactant initial concentration in the aqueous phase.

. Mass balance for the reactants in the organic phase;

dt
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where Dg (s~1) is the ratio of the inlet organic phase flow
rate to the volume of the organic phase in the bioreac-
tor (Vs), C; (g m~?) is the reactant concentration in the
inlet organic phase, and Cj, (g m~3)is the reactant initial
concentration in the organic phase.

. Mass balance for the biomass in the aqueous phase;

dx

o = HX DX, X(0) = Xo &)

where; ’
Mmax Cg C?)

M =
(kp +Ca + C2/K1 ) tho + CB)

where X (g m~?) is the biomass initial concentration in
the aqueous phase.

The equations were transformed to dimensionless
forms using the following dimensionless parameters:
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where;
o PCyCy
(m3aks + C3* + C3*2 /mS ki YmGké + C&

(10)

This set of initial value differential equations was solved
using the fourth order Runge—Kutta method.

3. Simulation of the process for a model pollutant

To demonstrate the conditions under which a solvent is use-
ful, toluene was selected as a model pollutant and silicone oil
as a model solvent. Toluene has widespread usage in chemical
industries and poses air pollution problems due to its volatil-
ity. Silicone oil is a non-biodegradable hydrophobic solvent
[9].

The data in Table 1 have been used to simulate the removal of
toluene from a polluted air stream. Additional data or the data
different from Table 1 are under each figure. The operational
data (volume of the phases, mass transfer coefficients and bio-
kinetic parameters) are not from any specific operations and have
been chosen arbitrarily. It should be noted that these data are in
the range of the data that have been reported in the literatures
[10-16]. In all simulation cases presented here, it is assumed that
the pollutant and oxygen concentrations in the organic phase do
not change along the recycle path (so the first term in 4 and 8
can be deleted).

Fig. 2a and b compare the performance of a solvent amended
bioreactor with a control bioreactor (in this paper in all cases
when a solvent amended bioreactor is compared with a solvent
free bioreactor, the only difference between the two biore-
actors is that in the solvent free bioreactor the volume of
solvent is replaced by an equal volume of the aqueous phase).
It can be seen that when the value of k; is high, the sol-

Table 1
Parameters used in the simulation of the process in the two liquid phase stirred
tank bioreactor

Parameter Value Unit
Va 0.4 m?
Vs 0.2 m?
Vg 0.2 m?
0, 0.02 m3 s~}
Mmax 24 %1074 s
kp 1 gm™3
K1 0.1 gm™3
Yxip 1 g biomass/g pollutant
Yx/0 0.5 g biomass/g oxygen
my’ 0.27 -
mg' 345 -
my 0.003 -
mg 10 -
K} 0.012 s7!
K5 0.012 s7!
K 1.2 57!
K 0.012 5!

o :
Ky 0.012 s7!
K 1.2 s

Y Y Y Y Y Y Y Y Y Y VY Y Yy P Y Y Y Y Y ¥ Y Y Y Y P Y VY Y Y YV Y ¥ Y Y P Y Y Y P YV P Y Y Y Y YT 7Y
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Fig. 2. (a) Comparison of the exit gas concentration from a solvent amended
bioreactor under different values of k; and a control bioreactor. (b) Comparison
of the biomass concentration in a solvent amended bioreactor under differ-
ent values of k% and a control bioreactor CS[ =1gm™3, D,=2x1073s7",

Xo=1000gm™3.

vent has no positive effect on the process as the process
approaches the steady state conditions. In fact the solvent may
have a negative effect compared to a solvent free bioreactor,
because it occupies a fraction of the volume of the bioreac-
tor without improving the biotic removal of the pollutant. It
is obvious that existence of an organic solvent with a high
affinity toward the pollutant enhances the sorption capacity
of the bioreactor, but the solvent enhances the biotic removal
of the pollutant only under proper kinetic parameters. Faza-
elipoor et al. [17] amended silicone oil to a perlite based
biofilter and showed that it was not much effective compared
to an oil free bioreactor, while in another work by improv-
ing the reaction kinetics, they showed silicone oil could be
effective to improve the biotic removal capacity of a biofilter
[6].

The inhibitory effect of the pollutant is another factor that
affects the usefulness of the solvent in the bioreactor. Fig. 3a
and b compare the performance of a solvent amended bioreactor
(under different values of inhibition constant) and a solvent free
bioreactor. When the inhibition constant is low, the solvent has
no positive effect.

The ratio of the maximum specific growth rate to the mass
transfer coefficients between the phases (p1) is also an impor-
tant factor that determines the usefulness of a heavy solvent
in the system. This ratio should be high enough if the sol-
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Fig. 3. (a) Comparison of the exit gas concentration from a solvent amended
bioreactor under different values of kf and a control bioreactor. (b) Com-
parison of biomass concentration in a solvent amended bioreactor under
different values of kf and a control bioreactor Cgl =1lg m’3,DZl =2x1079s7 1,

Xo=1000gm3.

vent is to be useful. Fig. 4a and b compare a solvent amended
bioreactor under two values of p; and a control bioreactor.
Under a low value for pj, the performance of the solvent
amended bioreactor is not considerably better than a solvent
free bioreactor. One of the ways of keeping a high pi, is
increasing Kf)a by vigorous mixing and/or addition of emulsi-
fiers for adequate dispersion of solvent droplets in the aqueous
phase.

In practical situations the concentration of the pollutant in the
entering air stream may fluctuate considerably. The concentra-
tion may be zero for some periods and may be very high for some
other periods. The presence of the solvent can delay the microor-
ganisms to be washed out of the bioreactor during the periods of
zero or very low concentration of the pollutant in the entering air
stream. This phenomenon is shown in Fig. 5. The concentration
of the pollutant in the inlet air stream is the same for the two
bioreactors, but under the given operating conditions only the
solvent amended bioreactor can prevent the microbial concen-
tration from washing out. The microbes can uptake the pollutant
from the solvent during the periods of zero concentration in the
inlet air stream.

Some solvents have a good solubility for oxygen and can
enhance the overall transfer rate of oxygen from the air to the
aqueous phase. This can be useful when the process is under
oxygen limitation. Fig. 6a and b compare the performance of

Cpg*

150000 200000 250000 300000
t*

—o— solvent amended bioreactor, p1=0.02 —o— solvent amended bioreactor p1=2

0 50000 100000

—— solvent free bioreactor

(b)
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150000
tﬁ

—O0— solvent amended biorector, p1=2

200000 250000 300000

—¢— solvent amended bioreactor, p1=0.02

—— solvent free bioreactor

Fig. 4. (a) Comparison of the exit gas concentration from a solvent amended
bioreactor under different values of p; and a control bioreactor. (b) Com-
parison of biomass concentration in a solvent amended bioreactor under
different values of p; and a control bioreactor Clg)[ =1 gm‘3,Da =2x 1073571,

Xo=1000gm™3.

a solvent amended bioreactor when the oxygen solubility in
the solvent is high with a solvent amended bioreactor when the
oxygen solubility in the solvent is low. It can be seen that when
oxygen is a limiting factor, solvent can be useful in enhancement
of biotic removal of the pollutant only if it has good solubility
for oxygen.

(X
Mg
ey

I o
B A A

—o— Inlet air stream Conc.(gram per cubic meter)
—O— X*(solvent amended bioreactor)
—#— X*(solvent free bioreactor)

Fig. 5. Variation in biomass concentration in a solvent amended bioreactor and a
control bioreactor due to the variation at the concentration of entering air stream.
D,=24.5x 10725, Xy =1000gm3.
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—O— solvent amended bioreactor, high solubility of oxygen in the solvent
—{3— solvent amended bioreactor, poor solubility of oxygen in the solvent
—— solvent free bioreactor

—o— solvent amended bioreactor, high solubility of oxygen in the solvent
= solvent amended bioreactor, poor solubility of oxygen in the solvent

—— solvent free bioreactor

Fig. 6. (a) Comparison of the exit gas concentration from a solvent amended
bioreactor under the conditions of high and low solubility of the solvent for
the oxygen. (b) Comparison of the biomass concentration in a solvent amended
bioreactor under the conditions of high and low solubility of the solvent for
oxygen.

4. Conclusion

Addition of a heavy organic solvent to a bioreactor can be
useful under certain conditions. The simple model presented
in this paper can predict if addition of a solvent to a biologi-
cal air treatment system is advantageous compared to a solvent
free bioreactor under a given set of conditions. Some simulation
examples revealed that if k;, is large (low affinity of microorgan-
isms to the pollutant), and/or K7 is small (high inhibitory effect
of the pollutant), addition of the solvent would have little or
negative effect on the improvement of the biotic removal of the
pollutant from an air stream. The model also shows that the ratio
of maximum specific growth rate to mass transfer coefficients

between the phases (p1) must be high enough if the solvent is
to improve the biotic removal of the pollutant. The existence of
a solvent is helpful in prevention of the microorganisms from
washing out during the periods of zero or low concentration of
pollutant at the entering air stream.
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