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Abstract: A novel, continuous bioreactor system combin-
ing a bubble column (absorption section) and a two-
phase bioreactor (degradation section) has been de-
signed to treat a gas stream containing benzene. The
bubble column contained hexadecane as an absorbent
for benzene, and was systemically chosen considering
physical, biological, environmental, operational, and
economic factors. This solvent has infinite solubility for
benzene and very low volatility. After absorbing benzene
in the bubble column, the hexadecane served as the or-
ganic phase of the two-phase partitioning bioreactor,
transferring benzene into the aqueous phase where it
was degraded by Alcaligenes xylosoxidans Y234. The
hexadecane was then continuously recirculated back to
the absorber section for the removal of additional ben-
zene. All mass transfer and biodegradation characteris-
tics in this system were investigated prior to operation of
the integrated unit, and these included: the mass transfer
rate of benzene in the absorption column; the mass
transfer rate of benzene from the organic phase into the
aqueous phase in the two-phase bioreactor; the stripping
rate of benzene out of the two-phase bioreactor, etc. All
of these parameters were incorporated into model equa-
tions, which were used to investigate the effects of op-
erating conditions on the performance of the system. Fi-
nally, two experiments were conducted to show the fea-
sibility of this system. Based on an aqueous bioreactor
volume of 1 L, when the inlet gas flow and gaseous ben-
zene concentration were 120 L/h and 4.2 mg/L, respec-
tively, the benzene removal efficiency was 75% at steady
state. This process is believed to be very practical for the
treatment of high concentrations of gaseous pollutants,
and represents an alternative to the use of biofilters. ©
2000 John Wiley & Sons, Inc. Biotechnol Bioeng 72: 156-165,
2001.
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INTRODUCTION

organic solvents (Chang et al., 1993; Oh et al., 1994; Yeom
and Yoo, 1999). However, because they are suspected to be
carcinogens and can produce offensive odors, their release
to the environment is strictly controlled and they are clas-
sified as priority environmental pollutants by the U.S. En-
vironmental Protection Agency (EPA, 1986). A variety of
methods have been suggested to treat these materials. Physi-
cal or chemical methods such as incineration, chlorination,
ozonation, and combustion are expensive, requiring elabo-
rate equipment and substantial amounts of additional fuel.
Adsorption onto activated carbon is also costly and the satu-
rated carbon may be a hazardous waste, requiring either
regeneration or transportation to a hazardous-waste landfill
(Hodge and Devinny, 1995). Biological treatment using mi-
croorganisms has the potential of not producing secondary
effluent problems. Also, in general, biological treatment
processes may be the most cost-effective technique for
treating agueous waste streams containing organic com-
pounds (Thayer, 1991).

BTX compounds may be present as contaminants in
solid, liquid, and gaseous streams, and gas-phase removal of
volatile compounds has received considerable attention of
late. Biofilters, considered to be one of the most promising
methods for the treatment of volatile compounds, consist of
a packed column with biologically active materials such as
immobilized cells and compost (Ottengraf, 1986). The pol-
lutants contained in the air stream are aerobically degraded
in a biofilter column. Biofilters, however, can treat only low
concentrations of volatile pollutants (Hodge and Devinny,
1995). Maintaining proper temperature, pH, and moisture
are also challenging problems (Shareefdeen and Baltzis,
1994).

Yeom and Yoo (1999) recently suggested a hybrid bio-

Volatile aromatic compounds, such as benzene, toluene, and,.or comprised of a bubble column bioreactor in series

xylene (BTX), are major products of the petroleum and fine

with a biofilter. When a high concentration of gaseous pol-

chemical industries and among the most frequently usef;;ant was fed to the hybrid bioreactor, much of it was

Correspondence toA. Daugulis

degraded in the bubble column bioreactor section with some
being stripped by aeration and subsequently degraded in the
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tive to a simple biofilter, because, by manipulating opera-



tion variables, such as air flow rate and residence time obenzene as follows. The cells were precultured at 30°C in a
wastewater, it was possible to share the pollutant burdef25-mL flask containing 50 mL of medium [10 g/L glucose,
between the two sections. Even though it had several ads.0 g/L yeast extract, 5.0 g/L (NjL.SO,, 5.0 g/L KH,PO,,
vantages in the treatment of volatile pollutants, it still hadand 1.0 g/L MgSQ - 7H,0]. After the cells were harvested,
the same limitations associated with biofilters as noted prethey were resuspended in distilled water and then centri-
viously. fuged twice. The cells were then transferred into a 160-mL

We have recently been examining the potential of two-serum bottle containing 30 mL of medium. The medium
phase biocatalysis for bioremediation applications in whichcomposition was: 5.0 g/L ¥HPQO,, 4.5 g/L KH,PQ,, 2.0
a second, distinct organic phase is employed for the “delivg/L (NH,),SO,, 0.3 g/L MgSQ, - 7H,0, and 200uL trace
ery” of inhibitory substrates to a cell-containing aqueouselements. The trace elements consisted of 16.2 g/L
phase. In this scheme, very large amounts of xenobioti¢eCl - 6H,0, 9.44 g/L CaHPQ 0.15 g/L CuSQ - 5H,0,
substrate can be dissolved in a hydrophobic organic phasand 40.0 g/L citric acid. Three microliters of benzene were
and can then partition at an appropriately low concentratiorput into the bottle as a sole carbon and energy source and
by means of equilibrium to cells. Such a system is self-the liquid benzene concentration was assumed to be 42.8
regulating in the sense that the metabolic activity of the cellsng/L using Henry’s constant (Yeom and Yoo, 1999) and
determines the rate of transfer of the xenobiotics, and th&vas measured to be 40 mg/L. The bottle was sealed with a
processing concept has been successfully applied to the delgutyl-rubber septum and aluminum crimp cap. After 20-h
radation of very large amounts of phenol (Collins and Dau-incubation, the cells were fully adapted to benzene and in-
gulis, 1997), pentachlorophenol (Munro and Daugulis,oculated into the aqueous phase of the two-phase bioreactor.
1996), and BTX (Collins and Daugulis, 1999a). We haveDuring continuous operation of the combined absorber/
also been able to show that the organic phase can be usedtimreactor system, the mineral medium composition was 5.5
efficiently (i.e., >99%) recover spilled BTX from soil, and g/L (NH,),SO,, 1.0 g/L KH,PQ,, 0.75 g/L MgSQ - 7H,0,
then be used in the two-phase system to completely degradasd 1 mL/L of trace element solution.
the contaminant species (Collins and Daugulis, 1999b).

In this study, we combined an absorption column with the . ] .
two-phase bioreactor to remove and degrade benzene froffbsorber/Bioreactor Configuration

a gas stream. In the absorption column, hexadecane (Whlck schematic diagram of the integrated system is shown in

was sglected because of its favorable physical properties f?i(igure 1. The central feature of this arrangement consisted
capturing benzene) was used to scrub a gas stream contalr}-a 2-L New Brunswick Scientific Bioflo fermentor with a

oumped to the two-phase bioreactor whetealigen'es Xy- viously described (C_ollms and Daugulis, 199_7). In addltlon_,
losoxidansY234 in the aqueous phase consumed the Cong.means of generatl_ng a constgnt compo;mon benzeng-m-
taminant. The hexadecane was then recirculated back to tﬁaér stream was required, and this was achieved by manipu-
stripper for reuse. Prior to experimentally demonstrating the
effectiveness of this concept, it was necessary to quantify

the mass transfer rates between the various phases as well as Fg, Cc®
microbial kinetic coefficients. These were used in a math-
ematical model to identify appropriate operating conditions
(e.g., concentrations, flow rates) to be used. Two experi-
ments were then undertaken to show the validity of this
process concept.

Forg, Corg

A
]
]
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Absorption column

MATERIALS AND METHODS Air

Microorganism L1

Alcaligenes xylosoxidan¥234 isolated from oil- ~---)
contaminated soil was used in this study. It can degrade '
benzene, toluene, and phenol (Yeom et al., 1998; Yeom and "
Daugulis, 1999b). Flow meter

Benzene . .
Medium reservoir

Media

. . . . L. Figure 1. Schematic diagram of the novel bioreactor system for the
To eliminate any microbial adaptation period in the conceplreatment of gaseous benzene. Solid line: liquid flow; dashed line: gas

demonstration, thA. xylosoxidan¥'234 was preadapted to flow.
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lating the ratio of the air flow rate to a 1-L flask containing RESULTS AND DISCUSSION

pure benzene, and a make-up air flow stream. The system

aIS(_) made_ use of a glass cylindrical abs_orption column (WmSoIvent Selection

an inner diameter of 6.5 cm and a working volume of 1.0 L)

to scrub the benzene gas stream with the solvent. A sinteré@ne of the most important aspects in the development of
glass sparger was used to introduce the gas stream into th@is system was selecting an appropriate solvent. As men-
absorber. The solvent was circulated in a closed loop in thi§oned in a previous study, the solvent must be biocompat-
system, with benzene being picked up in the absorber, ani#le, nonbiodegradable, nontoxic, and inexpensive, and
being “delivered” to the cells in the two-phase bioreactor,have a high partition coefficient and selectivity as well as
with subsequent return to the absorber. The entire systef@w volatility and density (Yeom and Daugulis, 1999a). By
was maintained at 30°C by means of water baths, heatingieans of a systematic solvent selection strategy, as previ-

coils, and internal temperature control on the fermentor. ously described (Collins and Daugulis, 1997; Yeom and
Daugulis, 1999b), hexadecane was chosen as the solvent for

the treatment of benzene in this two-phase system.
Solvent Selection

The strategy and procedure for solvent selection in twoMass Transfer Measurements in the
phase partitioning bioreactors has been described previousfyPsorption Column

(Collins and Daugulis, 1997; Yeom and Daugulis, 1999b),a pupble column was used in this study to remove benzene
and considers physical, biological, environmental, operafom ajr by contacting with hexadecane. The liquid benzene
tional, and economic factors. In the present applicationcgncentration along the column length (using three sam-
hexadecane was chosen as the best solvent for the treatm?m‘hg ports) with continuous gas injection was investigated
of benzene in this configuration. to examine the fluid dynamics in the bubble column. We
found that there was no benzene concentration gradient (i.e.,
that the column contents were well-mixed) along the col-
umn length as long as the air flow was maintained above 30

To measure the benzene concentration in the absorptidffh (1061.0 cm/h of superficial gas velocity) in the experi-
column containing hexadecane, a 3-mL liquid sample wagnental configuration (data not shown).

taken and mixed with the same volume of distilled water. Because there is no reaction in the column (and as long as
The mixed solution was shaken vigorously and left for 4 h.the air flow to the column is above 30 L/h) the equation
Two microliters of the aqueous phase (lower phase) wabelow can be used to describe the mass transfer of benzene

taken and injected into a Perkin-Elmer gas chromatograpHom the gas stream to the liquid phase (Hecht et al., 1995):

The peak area was compared with a previously prepared dc,

calibration curve. The benzene concentration in the organic at k agadC* = C) (0]
phase was estimated from the measured aqueous phase con-

centration by using a distribution coefficient of 140.1, whereC, is the hexadecane benzene concentrakicay,sis
which was previously determined. The benzene concentrghe mass transfer coefficient of benzene into the liquid
tion in the organic phase (hexadecane) in the two-phasphase, andC* is the saturated organic phase benzene con-
bioreactor was measured in the same way. In order to mea&entration, which is in equilibrium with the benzene in the
sure the benzene concentration in the aqueous phase of thalk gas phase. In this equation, the driving force for mass
two-phase bioreactor, aqueous samples were taken and ceransfer is the concentration difference between the satu-
trifuged to remove cells. Two microliters of cell-free aque- rated benzene concentration and the actual benzene concen-
ous phase was injected directly into the GC. Because phaggation in the column. If both value ag,s and C*, are
separation in the bioreactor was extremely good, sampleavailable, the liquid phase benzene concentration in the col-
could be taken directly from each phase without stoppingumn can be predicted with respect to operating conditions
stirring or aeration. To measure the gas phase benzene cosuch as gas flow rate and inlet benzene concentration. In the
centration leaving the absorption column and the bioreactoubble column, the mass transfer coefficiektag,d is
250p.L of gas phase was withdrawn with a gas-tight syringeknown to be dependent on the physical properties of the
and injected into the GC. The resulting area was also comsolvent and solute, superficial gas flow rate, and the dimen-
pared with a calibration curve of gaseous benzene to detesions of the column, whereas the saturated benzene concen-
mine the actual benzene concentration. The operation conration (C* ) is dependent on the gaseous benzene concen-
ditions of the GC in both the cases (liquid and gas benzendyation and solvent properties (Akita and Yoshida, 1973). If
were: 250°C injection temperature; 50°C oven temperaturehoth valuesk, ag,.andC*, are not available in the literature,
and 200°C detection temperature. The cell concentratiothey can be measured experimentally. The saturation con-
was measured by optical density using a Brinkman PC60@entration of benzene in the hexadecane that was in equi-
colorimeter at 640 nm and a previously prepared calibratiotibrium with various gas phase benzene concentrations was
curve. determined experimentally. Gaseous benzene was fed to the

Analytical Methods
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bubble column at various concentrations and the quuidTabIe |. Effect of inlet gas flow rate and benzene concentration on the
phase benzene concentration was measured. At each g’agss transfer.coefficient of benzene from the gas stream into hexadecane
phase benzene concentration when the concentration of belj-ihe absorption column.
zene in the hexadecane reached a constant value, the system

had reached equilibrium. Figure 2 shows the linear depen-

dency ofC* on the gaseous benzene concentratigh ¢ oS flow rate (Lh) 34 85

Inlet benzene (mg/L)

0.988). 60 0.076 0.059
Next, thek, ay,svalues were determined. By integrating 120 0.124 0.127
Eqg. (1), we can get Eq. (2):
In(C* = Cp) —InC* =k ay,d 2

and by plotting InC" — C,) versust, was determined . . .
from t)r::slopeg(sﬁuler aerd Kargi 1%3955 As shown in TableS€NCY: To do this we needed to formulate an equation that

. . would predict the exit benzene concentration from the col-
I, it can be seen that the effect of influent gaseous benzene . . o

. . . umn with respect to absorber operating conditions. Al-
concentration ork ay,s is almost negligible compared to

that of the gas flow rate. The correlation k. with gas though the liquid phase in the absorption column was well

- - mixed, it could not necessarily be said that the gas phase
flow rate & = 0.986) is: was also well mixed. For the gas phase in bubble columns,
K agas= 3.802x 10, ) a plug-flow type equation is often applied to predict the exit

) o gas concentrations as previously noted by Hecht et al.
where,vg is the superficial gas flow rate. These results arg1995). On the basis of a plug-flow assumption, the equa-

consistent with others reports (Deckwer and Schumpeon, 1o determine the benzene concentration in the exit gas

1993; Hecht et al., 1995), which noted th@By.siS Pro-  syream from simple mass balance is:

portional only to the superficial flow rate as long as the

radius of the bioreactor and the physical properties of the v dCs =k a,.{C* - C,) @

solution do not change. Wit6* and k_ay,snow correlated 6 gz ~ B L

with the influent gaseous benz.ene concehtranon and .gal'—srom the linear correlation of the equilibrium benzene con-

flow rate, respectively, it is possible to predict the behavior : . g -
S centration with gaseous benzene as shown in Fig. 2, it is

of benzene absorption into hexadecane from the gas strear% ssible to have:

over a range of gas flow rates and gaseous benzene coR® '

centrations. However, Eq. (1) is valid only on the condition C* =1Cg (5)

that the liquid phase is well mixed. where, f is a proportionality constant similar to Henry’s
In this system, it is desirable to minimize the exit benzene ' brop y y

concentration from the absorber to get high removal efﬁ_constant and was found to be 0.912 < #@m the slope in
9 g Fig. 2. By using this relationship in equation (4) and inte-
grating, the following equation is obtained:

. .G
CQ=Cee ™+ (1-€%)

whereC{; areC2 are inlet and outlet gaseous benzene con-
centration.Stis the Stanton number and is defined as:

SELL

G

()

wherelL is the length of the column containing the hexa-
decane. The experimental data were compared with Eq. (6),
and Figure 3 (curve) shows that this equation does not
match the actual exit benzene concentration well. As an
alternative approach, a completely mixed gas phase was
assumed and a mass balance on gaseous benzene was set up
to predict exit benzene concentration as shown:

Benzene in an absorption column X 10'3(mg/L)

0 T T T T FgCIG - FgCOG = VbubkLagas(C* - CL) (8)
0 2 4 6 8 10 where, \{,, is the working volume of the absorption col-
Inlet gaseous benzene (mg/L) umn. By arranging, we can get the following equation.
Figure 2. Equilibrium correlation between gaseous benzene concentra- co = Ci _ Vbutkl_agaio B CL) (9)
tion with benzene in hexadecane. G G F

[¢]
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Figure 3. Exit benzene concentration from the absorption column asFigure 4. Benzene concentration in hexadecane in the absorption column
predicted by plug-flow (curva) and well-mixed (curveb) equations for that provides 90% removal at an inlet benzene concentration of 8.5 mg/L
the gas phase®) Experimental data. and a gas flow rate of 120 L/h.

As shown in Figure 3 (curvk), even though there is some in batch operation when .the cell concentration reaghed 1700
discrepancy at time zero, Eq. (9) predicts the exit benzenB'9/L (Yeom and Daugulis 1999b). In the case of higher cell
concentration very well. As seen earlier, as the benzengoncentrations, aeration would have to_ be mcrease_d. In
concentration in the hexadecane increases, so does the el{lES€ measurements, therefore, the aeration rate was fixed at
benzene concentration in the exit gas stream. Thus, it wag ML/min (0 vvm), 250 mL/min (0.25 vvm), or 500 mL/min
necessary to determine the value of the benzene concentré®-> Vvm). )

tion in the hexadecane that would ensure a desirable level of 1he mass transfer of benzene from the organic phase to
removal efficiency in the column. This was done by plotting the aqueous phase can be determined by:

liquid benzene concentration versus exit gas benzene con- Caqu

centration. For example, in the situation in which the influ- gt - K@iq(Corg = MCagql) (10)

ent benzene concentration and gas flow rate are 8.5 mg/L

and 120 L/h, respectively, if we are to remove >90% of thewhereC,,,andC,,, are the benzene concentrations in the
benzene, the benzene concentration in the absorption cakqueous and organic phases, respectively, mnds the

umn should be <0.624 g/L, as shown in Figure 4. distribution coefficient of benzene between the aqueous and
organic (hexadecane) phases. The driving force for mass
transfer is the difference between the benzene concentration
in the organic phase and the corresponding equilibrium ben-
zene concentration in the aqueous phase. To obtain an ac-
The mass transfer rate of benzene from the organic phase twiratek, aq, it is necessary to measure the benzene con-
the aqueous phase in the two-phase partitioning bioreactocentration in both liquid phases and in the gas phase leaving
k aq, Was measured with respect to aeration and agitatiothe bioreactor. However, if the initial benzene concentration
rates. In consideration of possible oxygen limitation by theis high enough and the total experimentation time is short
cells, higher agitation rates and aeration rates are preferrednough, the benzene concentration in the organic phase can
Also, high agitation rates will enhance the mass transfer ratbe assumed to be constant. Thus, it is possible to integrate
of benzene between the two phases. However, high agitd=qg. (10) and by plotting Ir,,, - m.C,,) versus, the slope

tion rates may cause an emulsion and high aeration will alsprovidesk a;,, which is the mass transfer coefficient in Eq.
cause more stripping of benzene from the two-phase biorg10). The experimental results are shown in Table Il. Be-
actor. In examining the effect of agitation on phase stabilitycause it was impossible to take samples more frequently
we found that the phases remained distinct at up to 500 rpnthan every 5 sk g, at 500 rpm could not be measured
As for the limit of the aeration rate, we had found that theredirectly (the transfer rate was so high that much shorter
was no oxygen limitation by the cells with aeration of 250 sampling times would be required), but was estimated by
mL/min (0.25 vwvm on the basis of aqueous phase volumelinear extrapolation of the data at 0, 200, and 350 rpm (the

Mass Transfer Measurements in Two-Phase
Partitioning Bioreactor
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Table II. Effect of aeration and agitation rates on the mass transfershown in Figure 1 and on the knowledge that the liquid
coefficient of benzene from organic phase to aqueous phase in the twcphase in the absorption column was well mixed, the absorp-
phase partitioning bioreactor. tion column can be described by Eq. (12). In the case of the
Agitation (rpm) bioreactor, benzene is stripped out by aeration by the driv-
ing force of Corg = Couppie’)- Counnie’ 1S the liquid benzene

Aeration (wm) 0 200 30 500 concentration in the organic phase equilibrated with the
0 0.072 111 4.50 10.15 benzene concentration in the inlet air bubbles. Because this
025 0.088 1.03 4.04 9.01  penzene concentration is negligible compared with the ben-
0-50 0.061 0.89 281 583 Zene concentration in the organic phase, the final balance on

Jextrapolated value. benzene in the organic phase of the bioreactor can be de-

scribed by Eq. (13). The benzene in the aqueous phase is
degraded by the microorganisms as well as being diluted by
speed at which a sampling raté®s was used). Although  an aqueous feed rate, as shown in Eq. (C4); here already
the value ofk,_a;, is thought to be dependent on both agi- includes benzene being stripped by air [as per Eq. (13)]. The
tation and aeration rates in the two-phase bioreactor, thgicroorganism balance, with cells growing on benzene, but

agitation rate, of the two, appeared to be the most influentiabeing diluted by the aqueous feed rate, is as described in Eq.
factor on the mass transfer rate. They, increased withan  (15):

increase in the agitation rate but decreased with an increase
in aeration rate, except for the case of 0 rpm. Because ben-d_CL =k a8, (C —C) +F (Corg=CL) 12
zene has high volatility, it can be stripped from the aqueous dt % VO Vg

phase, which is consistent with tliga;, being inversely d (C - Cyre)

proportional to the aeration rate. The measured values heFef = Forgv—org = 2K 84 (Corg = MCyqu)

are likely the summation of the mass transfer rate of ben- org

zene into the aqueous phase by agitation and stripping by ~ KagasLorg (13
aeration.

By aerating the bioreactor it was anticipated that SOMRIC,q, 1 pmaCaqu F
benzene would be continuously stripped out of the two=g; = K@iq(Corg ™ MCaqd "k 1 ¢ X~y
phase system, and it is desirable to minimize this loss. We (14
already obtained parameters for the stripping of benzene
from the absorption column as described earlier, but accord- d_X: PmaCaqu —@X (15
ing to Akita and Yoshida (1973), the mass transfer rate is dt  Ks+Cyqy”  Vaqu
dependent on the properties of the bioreactor contents a here E

the di ter of th tor. In addition. the bi ‘ org IS the hexadecane circulation rate (HCR) and
on be drameter od Be reactor. n ah 'Lon’ € bloreac OrFaqu is the aqueous feed rate of new medium (AFR),,
was being agitated. By measuring the benzene concenteraqu andV,, are the working volumes of the bubble col-

tion in the orga'm'ic phase at 350 rpm a}nd various air flOWumn, aqueous phase, and organic phase in the two-phase
rates, the coefficient for b enzene stripping from the organiGyigreactor, respectively. The operating parameters of the
phase K.Lagas?) was calculat_ed using Eq (2_)' The resu_|t|.ng system are listed in Table Ill. The biological terms in the
correlation betweek, a,,¢,with superficial air flow rate is: Monod equationy,,.., (maximum specific growth rate) and
K 8gasz= 647 % 10 % (11) K (half—saturation constant), were calculated _from previous
_ o o batch experiments (data not shown). If the inlet gas flow
By comparing the benzene stripping coefficient from anrate, inlet gas benzene concentration, and agitation and aera-
aqueous phase (0.708'at 530.52 cm/h and 1.074hat  tion rates are fixed, there are only two remaining operating
1061.03 cm/h) (Yeom and Yoo, 1999), it can be seen thayariables: the hexadecane circulation rate (HER,) and

the benzene stripping coefficient in this study is only one-the aqueous feed rate (AFR,,). The removal efficiency
seventh at the same superficial air flow rate, which means

that the ability of hexadecane to retain benzene is seven
times higher than that of water Table Ill.  List of operating parameters for the simulation of the novel

bioreactor system.

Mathematical Formulation for Simulation of Parameter value
the System K 8gas (1/h) Eqg. (3)
. . . . klagaso(1/h Eq. (Il
Mathematical model equations were formulated in thlskt;‘jq (Zl(,h)) Tgm(e)”
study to determine the effect of each operating parameter og (mg/L) Eq. (5)
the performance of the system. The simulation study alsox (-) 140.08
helped to determine which parameter is most critical intn(ra;(llh) 8-2’2
continuous operation and to optimizing the system for hlgfks (mg/L) 12.47

removal efficiency. Based on the experimental system
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at steady-state can therefore be calculated by considering 8
input and output amounts of benzene:

6 ]
Removal efficiency(%) =
4 -
FC&+FgCebhtF
(1— e aunaqu> x100 (16 & o |
FCo S
>
where Fy, and Cg, are outlet gas flow rate and exit gas 5 0~
benzene concentration from the two-phase bioreactor. If ali2 2

of the variables in Eqg. (16) are measured, the removal ef-2 Agitation HCR iICM Aeration
ficiency of the entire system can be calculated. Alterna-Q 4
tively, it is also possible to estimate the removal efficiency i
through simulation. We can replace the terms relatingtothe g |
exit gaseous benzene concentratiéQge, Fq,Cop) With
mass transfer terms from Egs. (8) and (13). Now, Eg. (16) -8
can be rearranged as: AFR
-10

Removal efficiency(%) =
Figure 5. Sensitivity analysis of operational parameters on the removal

VouK 8gadC* = C) - efficiency of benzene. Screened bars: +20% variation; horizontally lined
bars: —20% variation.
VorgkLagasporgi; - Faquaqu % 100 (17) °
FCo

column to the two-phase bioreactor, was thought to be a

Ifthe.inlet gas flow rate and gaseous benzene concentratiq,r]Elry important operating parameter, but actually showed
are glvgnp*, kLag?Sandk,_ag?szcan be determined from the very low sensitivity over the experimental range studies.
correlatlons mentioned _ear||er. The values/gfy, Vg and _Agitation rate, which determines the mass transfer rate of
.Faq“ are given as operating paramet_ers and ‘heﬂ the remalenzene from the organic to the agueous phases in the two-
ing values €., Corg and Cyqy) are given from S'WF"'C‘“O”_ phase bioreactor, also showed low sensitivity, which sug-
resuilts. It should be noted that the removal efficiency In'gests that mass transfer is not a rate-determining step in the

cludes the removal of benzene both by absorption and b'oﬁlvo—phase system. Unlike the parameters mentioned earlier,

degradation at transient state, but only by biodegradation 8{rp showed a significant 13.5% sensitivity of removal ef-
steady state. ficiency

The performance of thg mtegrated system can be charac- Next, we attempted to identify appropriate operating con-
ter!zed by'the removal eff|C|ency of benzene "?‘t steady St","t‘?zlitions for the treatment of a 120-L/h gas flow rate (well
This was investigated with respect to the various operating, e the flow rate that induces well mixedness in the ab-

parameters,_ and a sensitivity anz_g\l_ysis was performed _tgorber) and with 4.2 mg/L of gaseous benzene. Because the
eyaluate Wh'ﬁh ones V\[/:e_re m055t chr|t|caI to the remt_)\{al eﬁc"usual retention time of gas flow in biofilters is in the range
ciency, as shown in Figure 5. Parameter Sensitivity Wasy o 5 ¢4 1 g min, and the pollutant concentration is around

determined as the difference in removal efficiency at the1 0 mg/L, we set the same retention time and a pollutant
steady state when the values of the parameters we(rf' '

h d by +20% and —20%. Fi “concentration at four times higher. Aeration and agitation
changed by oan 0. Flve parameters were considz o \ere fixed at 0.25 vwm and 350 rpm, respectively.

ered: the agitation rate (350 rpm)g a_tgration rate (0.3 va)Because HCR and AFR were thought to be the most critical
HCR (2.0 L/h); AFR (0.2 L/h); and initial cell concentration operating parameters from the sensitivity analysis, their in-

(100 mg/L). The initial cell concentration induced the Ieastfluences on the removal efficiency of benzene were inves-

ihfgge’&n J]Ehe remqval ef:]lqﬁncy, _v(;nth an impact Ef Onlﬁ' tigated by simulation. As shown in Figure 6, the removal
U0, AS 107 aeration, whic provides oxygen to the ce Sefficiency increased with an increase in HCR or a decrease
but also strips benzene from the bioreactor, its effect on th

e fh AFR. Theoretically, it is possible to get >99% removal
removal efficiency was thought to be dependent on benzen&ﬁiciency with extremely high HCR and low AFR; how-

concentration _in the organic phase. In an earlier study W&yer, the system may be limited by a high cell concentra-
found that a high benzene concentration of 14,000 mg/L "}ion, which can cause oxygen limitation. In a previous

the organic phase gaused a s.trlppmg rate of glmost 24Qtudy, it was found that there was no oxygen limitation with
mg/h, with a concomitant reduction in removal efficiency of0 25 vwm aeration and a cell concentration of 1700 mg/L

30.5% (Yeom a_nd Daugulis, 1999D). Howe_ver, in the Pr€Swith this in mind, the optimal conditions were determined
ent study, the highest benzene concentration was as low ﬁ/ grid search to be:

2000 mg/L in the organic phase in the two-phase bioreactor,
and the sensitivity of aeration was found to be very lowe Hexadecane circulation rate 3.0 L/h.
(1.22%). HCR, which delivers benzene from the absorptior® Aqueous flow rate= 0.12 L/h.
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Figure 6. Effects of hexadecane circulation rate and aqueous phase flow = 20
rate on the removal efficiency of benzene. &’ ]
0 T T T 1
® Aeration rate= 0.25 vvm. 0 10 29I'ime3?h) 40 %0
® Agitation rate= 350 rpm.

. . . . Figure 7. Operation of integrated system with arbitrarily chosen operat-
With these operating conditions, the predicted benzene Corilﬁg conditions: (a) benzene in absorption colun®);((b) benzene in

centration in the absorption column and in the organic antganic phasem): (c) benzene in an aqueous phasd;((d) cell concen-
agueous phases in the two-phase bioreactor at steady stateion (¥); and (e) removal efficiency of benzen# . Lines represent
were predicted to be 707.7, 562.0, and 3.25 mg/L, respecimulation results.

tively. The final cell concentration was predicted to be

1645.2 mg/L. of operation, the benzene concentration started to decrease

due to higher biodegradation rate (high cell concentration),
Verification Experiments and the removal efficiency began to increase. After 30 h of

operation, the system entered steady state, in which the
Two experiments were conducted to demonstrate the feasbenzene concentration and cell concentration in the system
bility of the system, and to compare the results to the earliedid not change. The expected cell concentration at steady
predictions. Also, we wanted to show that the simulationstate was 821 mg/L, but the actual concentration was 512
exercise was useful in predicting optimal conditions andmg/L (37.6% lower). During the exponential phase of cell
thus high removal efficiency. In both experiments, the in-growth, the cells produced foam. Most of the foam stayed at
fluent gas flow rate and benzene concentration were set tthe top of organic phase, but some also formed at the in-
120 L/h and 4.2 mg/L, respectively. terface between the agqueous and organic phases. By means

In the first (nonoptimal) experiment, the aeration rate inof microscopic examination it was determined that the foam

the two-phase bioreactor was chosen arbitrarily as 500 mLéontained a significant amount of cells, and cell growth was
min (0.5 vvm on the basis of aqueous phase volume) andlso observed on the walls of the bioreactor, as reported in
HCR and AFR were set at 3.0 and 0.2 L/h, respectively. The previous study (Yeom and Daugulis, 1999b). The removal
initial cell concentration was 85 mg/L. Figure 7 shows bothefficiency of benzene at steady state from both the simula-
the simulation and experimental results. The cells grewion and the experiment was about 69%.
without a lag period, and up to around 15 h of operation, the In the second experiment, the optimal operating condi-
benzene concentration in both the absorption column antions were adopted from the simulation. The aeration rate
the organic phase in the two-phase bioreactor increasedvas decreased to 0.25 vvm and the AFR was also decreased
This was attributable to both the low biodegradation rate oto 0.12 L/h. The other conditions were the same as those in
benzene due to low cell concentration and the low benzenthe first experiment. During the early stages of the experi-
stripping due to low benzene concentration. As the benzenment the benzene concentration in the absorption column
concentration increased, the exit benzene concentration alsmd the two-phase bioreactor increased due to the low cell
increased, and thus the removal efficiency decreased a®ncentration, as was also seen in the first experiment. After
shown in Figure 7. When the cell concentration and benzen#&5 h of operation, when the cells reached 840 mg/L, and the
concentration in the absorption column and organic phasbenzene concentrations in both the absorption column and
reached 450, 2014, and 1985 mg/L, respectively, after 16 the organic phase in the two-phase bioreactor reached 1700
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the mass transfer rate was much higher than the biodegra-
dation rate, which means that biodegradation is the rate-
limiting step. If the cell concentration were increased in the
system, the benzene removal efficiency could be increased.
The observed lower cell concentration (relative to the simu-
lations) was due to entrainment and foaming, and is likely
the major cause of the discrepancy between the predicted
and actual performance of the system. A higher cell con-
centration would require higher agitation and aeration rates,
which could potentially break the stability of the two-phase
system and produce excessive foam. Using pure oxygen is
an effective alternative approach (Collins and Daugulis,
1999h), but is relatively costly.

In future work, addressing the foaming issue will be one
of the main challenges. We also plan to treat very high
gaseous benzene concentrations (e.g., 20 mg/L) using the
two-phase system, which is substantially higher than has
been seen with biofilters. In addition, we will be examining
the effectiveness of this system to handle gaseous mixtures
(e.g., BTX) of volatile organics. Finally, using a counter-
current packed-bed column instead of a bubble column
should be a better choice in the design of the system in
terms of achieving more efficient gas absorption.

Figure 8. Operation of integrated system under predicted optimal con-
ditions: (a) benzene in the absorption colun®);((b) benzene in the
organic phasel); (c) benzene in the aqueous phasg;((d) cell concen-
tration (V¥); and (e) removal efficiency of benzen#® §. Lines represent
simulation results.

The authors thank Dr. Y. J. Yoo at Seoul National University for
allowing the use ofAlcaligenesY234.

NOMENCLATURE

mg/L and 1580 mg/L respectively, the benzene concentra- C’
tion started to decrease. After 30 h of operation, the system
had reached steady state. Because the AFR was set lower=
than in the first experiment, the cell concentration in the ¢, -
agueous phase was higher (1380 mg/L) and this led to a
higher removal efficiency. During the exponential growth
phase, the cells again produced foam, which resulted in a &
reduction in the effective aqueous phase cell concentration. Ce
The predicted removal efficiency in this experiment was
84% and the actual measured value was 75%. C,
The removal efficiency could be increased further by an Cy°
increase in the cell concentration; however, the higher cell
concentration would require high aeration and agitation Corg
rates, which could cause more benzene to be stripped. In;
this case, a condenser at the top of the bubble column and

two-phase bioreactor could address this problem. Faqu
F
Fop
CONCLUSION Forg
kLagas

In this study, a novel bioreactor system combining a bubble k.
column and a two-phase bioreactor was used to remove
gaseous benzene. Even though a relatively high concentra-k a,
tion of benzene was injected into the system, it was ab-
sorbed in the bubble column containing hexadecane. The Ks
absorbed benzene was transferred to the two-phase biore-
actor and partitioned to the aqueous phase where it was
degraded bylcaligenes xylosoxidané234. We found that r

as2

liquid benzene concentration equilibrated with input gaseous
benzene concentration in the absorption column (mg/L)
benzene concentration in aqueous phase in the two-phase bio-
reactor (mg/L)

liquid benzene concentration in the organic phase equilibrated
with the benzene concentration in the inlet air bubbles into
organic phase (mg/L)

liquid benzene concentration in the absorption column (mg/L)
gaseous benzene concentration in an absorption column (mg/
L)Cgg exit gas benzene concentration from the two-phase
bioreactor (mg/L)

benzene concentration into the absorption column (mg/L)
exit benzene concentration out of the absorption column (mg/
L

benzene concentration in the organic phase of two-phase bio-
reactor section (mg/L)

proportionality constant between gaseous benzene and equili-
brated benzene in hexadecane (=)

aqueous feed rate of new medium (L/h)

gas flow rate into the absorption column (L/h)

outlet gas flow rate from the two-phase bioreactor (L/h)
hexadecane circulation rate (L/h)

mass transfer coefficient of benzene in the absorption column
(a/n)

mass transfer coefficient of benzene out of the organic phase
in the two-phase bioreactor section (1/h)

mass transfer coefficient of benzene from organic to aqueous
phases in a two-phase bioreactor (1/h)

half-saturation constant in a Monod equation (mg/L)

length of absorption column containing hexadecane (cm)
partition coefficient of benzene between water and hexadec-
ane (-)

reaction rate (mg/L h)
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s substrate concentration (mg/L)

t time (h)

Vwporking volume of aqueous phase (L)
Vpworking volume of absorption column section (L)
Vworking volume of organic phase (L)

X cell concentration in agueous phase (mg/L)

Y cell yield coefficient on benzene (=)

Z axial coordinate (cm)

Greek letters
r-maximum specific growth rate (1/h)

vsuperficial gas flow rate (cm/h)
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