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Abstract: A hollow fiber membrane bioreactor was in-
vestigated for control of air emissions of biodegradable
volatile organic compounds (VOCs). In the membrane
bioreactor, gases containing VOCs pass through the lu-
men of microporous hydrophobic hollow fiber mem-
branes. Soluble compounds diffuse through the mem-
brane pores and partition into a VOC degrading biofilm.
The hollow fiber membranes serve as a support for the
microbial population and provide a large surface area for
VOC and oxygen mass transfer. Experiments were per-
formed to investigate the effects of toluene loading rate,
gas residence time, and liquid phase turbulence on tolu-
ene removal in a laboratory-scale membrane bioreactor.
Initial acclimation of the microbial culture to toluene oc-
curred over a period of nine days, after which a 70%
removal efficiency was achieved at an inlet toluene con-
centration of 200 ppm and a gas residence time of 1.8 s
(elimination capacity of 20 g m−3 min−1). At higher tolu-
ene loading rates, a maximum elimination capacity of 42
g m−3 min−1 was observed. In the absence of a biofilm
(abiotic operation), mass transfer rates were found to
increase with increasing liquid recirculation rates. Abi-
otic mass transfer coefficients could be estimated using a
correlation of dimensionless parameters developed for
heat transfer. Liquid phase recirculation rate had no ef-
fect on toluene removal when the biofilm was present,
however. Three models of the reactor were created: a
numeric model, a first-order flat sheet model, and a zero-
order flat sheet model. Only the numeric model fit the
data well, although removal predicted as a function of
gas residence time disagreed slightly with that observed.
A modification in the model to account for membrane
phase resistance resulted in an underprediction of re-
moval. Sensitivity analysis of the numeric model indi-
cated that removal was a strong function of the liquid
phase biomass density and biofilm diffusion coefficient,
with diffusion rates below 10−9 m2 s−1 resulting in de-
creased removal rates. © 1999 John Wiley & Sons, Inc. Bio-
technol Bioeng 63: 431–441, 1999.
Keywords: volatile organic compounds; hollow fiber
membranes; biological treatment; air pollution control;
modeling

INTRODUCTION

Biofiltration is a low cost and effective method for control-
ling air emissions of biodegradable volatile organic com-
pounds (VOCs). Studies and field applications of these sys-
tems, however, have been limited to inlet VOC loading rates
of less than 50 g m−3 h−1. At high VOC loading rates,
microbial growth results in clogging of media pore spaces.
In addition, these systems are of limited use where degra-
dation results in the formation of acidic metabolites (e.g.,
methylene chloride), where co-substrates must be added to
induce enzymes required for cometabolism (e.g. trichlo-
roethene), or where anaerobic conditions must be main-
tained in the system (e.g. tetrachloroethene).

A hollow fiber membrane bioreactor (HFMB) is currently
under investigation that has the potential to overcome the
limitations described above. The HFMB utilizes hydropho-
bic microporous hollow fiber membranes that serve as a
support for the microbial population and provide a large
surface area for VOC and oxygen mass transfer. Waste
gases containing VOCs are passed through the lumen of the
hollow fiber membranes. Soluble compounds in the gas
phase are transferred through the membrane pores and par-
tition into a VOC degrading biofilm surrounded by a circu-
lating nutrient media. Compounds in the biofilm are avail-
able for biodegradation. The reactor is also designed to
provide a method for wasting biomass to prevent clogging
at high VOC loading rates. In addition, pH buffers, nutri-
ents, and/or co-substrates may be added to the system to
support the microbial population and neutralize acidic me-
tabolites.

Hollow fiber membranes have been used previously in a
number of gas transfer applications including: air stripping
of VOCs from contaminated water (Castro and Zander,
1995; Semmens et al., 1989), recovery of cyanide from
wastewater (Shen et al., 1997), bubble-free aeration of bio-
reactors (Ahmed and Semmens, 1992, 1996; Cote´ et al.,
1988, 1989), and biological treatment of VOCs in waste-
waters (Aziz et al., 1996; Freitas dos Santos and Livingston,
1995a; Pavasant et al., 1996). Several authors have also
investigated the use of HFMBs for treatment of gas phase
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VOCs (Ergas and McGrath, 1997; Hartmans et al., 1992;
Parvatiyar et al., 1996a,b; Reij et al., 1995, 1997).

Hartmans et al. (1992) first reported using a HFMB for
the control air emissions of toluene and dichloromethane. A
number of different membrane materials were tested. Their
experiments resulted in greater than 95% removal of toluene
and dichloromethane.

A flat sheet microporous polypropylene HFMB was used
by Reij et al. (1995) to remove propene from a gas stream.
After five days with an inlet propene concentration of 2300
ppm, the biofilm acclimated and 58% propene removal was
maintained for the duration of the thirty-day test. Because
propene is a poorly soluble compound, all mass transfer
resistance was found to be in the liquid phase. For more
soluble compounds, the authors determined that membrane
phase resistance could approach the same order of magni-
tude as liquid phase resistance.

Parvatiyar et al. (1996a) used a two module-in-series
polysulfone HFMB to investigate toluene removal from a
contaminated airstream. Toluene removal reached 84% with
a 16-second gas residence time and an inlet concentration of
600 ppmv. A similar experimental system was used by the
authors to study degradation of trichloroethylene (TCE)
(Parvatiyar et al., 1996b). The biofilm was initially accli-
mated to toluene and then gradually weaned from a toluene/
TCE mixture to 100% TCE. A 30% TCE removal efficiency
was achieved with a 36-s gas residence time.

In a previous study (Ergas and McGrath, 1997) a poly-
ethylene HFMB was used for removal of toluene from a
contaminated airstream. Removal efficiencies of greater
than 97% were achieved with an inlet toluene concentration
of 100 ppmv and a gas residence time of 1.4 s. Removal
efficiency was found to decrease over time, however, due to
clogging of the bioreactor with microbial biomass. Math-
ematical modeling assumed that mass transfer resistance
was dependent on liquid phase resistance and that gas and
membrane resistances were negligible. Abiotic reactor test-
ing demonstrated that, with no biofilm present, mass trans-
fer was dependent on liquid phase turbulence.

The objective of this research was to further investigate
the use of a HFMB for removal of toluene from a gas stream
and to determine the effects of varying operating conditions
on reactor performance. Toluene was used as a model com-
pound in these experiments because its biodegradation is
well understood. Specific objectives included (1) determi-
nation of the effect of liquid phase turbulence on toluene
mass transfer in an abiotic (no biofilm) HFMB, (2) deter-
mination of the effects of toluene loading rate, gas residence
time, and liquid phase turbulence on toluene removal effi-
ciency in a laboratory-scale membrane bioreactor, (3) de-
termination of the effect of nitrogen source (NH4

+ or NO3
−)

on toluene biodegradation rate and biomass yield, and (4)
refinement and testing of mathematical models of mass
transfer and biodegradation.

THEORETICAL DEVELOPMENT

The continuity equation incorporating Monod kinetics can-
not be solved analytically for a biofilm, therefore a large
number of biofilm models have been developed. Most often,
either simplifying assumptions are made or a complex set of
nonlinear equations is solved numerically (Saez and Ritt-
mann, 1988). Recent research has shown that biofilms are
much more complex than as described by simple biofilm
models. Transport of dissolved compounds is not solely due
to diffusion. Transport of particulate matter is not solely due
to microbial growth. In addition, biofilms have been shown
to have nonconstant porosity and continuous attachment and
detachment of cells (Wanner, 1995). Nonetheless, relatively
simple models of substrate diffusion and reaction have been
validated using microsensor measurements (Cunningham et
al., 1995).

Simple first- and zero-order approximation models of
biofilm diffusion and reaction may be found in most bio-
engineering texts. In most cases, however, first- and zero-
order approximations do not reflect the substrate concentra-
tion actually found in a biofilm (Saez and Rittmann, 1990).
Saez and Rittmann (1988) developed a pseudoanalytical so-
lution for substrate flux in a biofilm at steady state that was
accurate over a wide range of substrate concentrations. A
similar approach resulted in an algebraic solution that was
accurate for a fully penetrated biofilm (Kim and Suidan,
1989). Studies using toluene in a flat plate vapor phase
reactor resulted in a complex model incorporating growth,
inhibition, and decay kinetics which fit observed concen-
trations in the reactor with adjustment of the parameters for
biofilm density, endogenous decay rates, and death rates
(Mirpuri et al., 1997; Villaverde et al., 1997).

The system reported here differs from all of the models
described above in that the general biofilm model uses an
inert surface to establish a boundary condition, with sub-
strate entering the biofilm from the liquid interface. In a
membrane biofilter, substrate partitions from the gas phase
to the membrane surface, enters from the solid support
side, diffuses through and is degraded in the biofilm, dif-
fuses across the liquid interface, and is then degraded in the
liquid phase. A conceptual model of this system is shown in
Fig. 1.

Figure 1. Conceptual model of the phases of the hollow fiber membrane
reactor.
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Abiotic Mass Transfer Model

An analytical solution was developed for mass transfer in an
abiotic hollow fiber membrane reactor. The abiotic mass
transfer model was used to evaluate the overall mass trans-
fer coefficients from the experimental data.

In the absence of a biofilm, the VOCs diffuse through the
membrane pores, then through a stagnant liquid film, then to
the bulk liquid phase which is treated as a continuous-flow
stirred-tank reactor (CFSTR). The liquid phase concentra-
tion may be kept low by flushing liquid from the reactor,
much like the operation of a scrubber. The concentrations at
the interface between the membrane and liquid phases can
be described by Henry’s law:

SL 4 Cg/H, (1)

whereH is the Henry’s law coefficient,Cg is the gas phase
concentration, andSL is the liquid phase concentration. The
flux from the gas phase to the liquid phase,J, can be de-
scribed by

J 4 KA(Cg − HSL), (2)

whereK is the overall mass transfer coefficient andA is the
membrane surface area. A series resistance model may be
used to describeK:

1

K
=

1

kg
+

1

km
+

H

kl
, (3)

wherekg, kl, andkm are the local mass transfer coefficients
in the gas, liquid, and membrane phases, respectively. Pre-
vious authors (Yang and Cussler, 1986; Semmens et al.,
1989; Ergas and McGrath, 1997) have used correlations of
dimensionless parameters to estimate mass transfer coeffi-
cients for hollow fiber air strippers and bubbleless aeration
systems. Knudsen and Katz (1958) developed the following
equation to estimate heat transfer coefficients for fluid flow-
ing in ducts:

Sh 4 45.45Re0.6 Sc0.33, (4)

where Sh is the Sherwood number (Kd/Ds), Re is the Reyn-
olds number (devL/n), and Sc is the Schmitt number (n/Ds).
The effective diameter,de, is calculated as four times the
area over the wetted perimeter. At steady state, the transport
equation for VOCs in the gas phase is

vz

dCg

dz
= Ka~Cg − HSL!, (5)

wherevz is the gas velocity in the fibers anda is the mem-
brane surface area per unit volume. With the boundary con-
dition Cg 4 Co (the inlet concentration) atz 4 0, Eq. (5)
integrates to

lnFCg − HSl

Co − HSL
G =

−KaL

vz
, (6)

whereL is the length of the fibers.

Biofilm Model

A model was derived for a single lumen and related to the
total removal by the number of lumen. Model assumptions
included: steady state operation; Monod biodegradation ki-
netics; and constant biomass density,rb. Because concen-
tration varies both axially and radially, no analytical solu-
tion exists for a single lumen. Therefore, the lumen is di-
vided along the axis inton sections, each with an axial
length,Dz. The influent gas concentration to thenth section
(see Fig. 1) is the concentration exiting the previous section,
Cn−1. The concentration exiting thenth section,Cn, is equal
to the influent less the removal in the section due to the
mass transfer and biodegradation.

Membrane Mass Transfer

The flux, Jn, of substrate through the membrane can be
expressed as

Jn 4 kmAm(Cn,m − Cn−1), (7)

wherekm is the membrane mass transfer coefficient,Am is
the area of the membrane in the section, andCn,m is the gas
phase concentration on the outer face of the membrane. A
number of authors have assumed that gas and membrane
resistances are negligible compared to liquid phase resis-
tance (Ergas and McGrath, 1997; Yang and Cussler, 1986;
Cotéet al., 1989) and thereforeCn,m is approximately equal
to the concentration in the gas stream,Cn−1. Since the mem-
brane is surrounded by biofilm, the liquid phase concentra-
tion at the biofilm interface,Sn,0, can be related toCn,m

(4Cn−1) by Henry’s constant:

Sn,0 4 Cn−1/H. (8)

Eq. (8) sets the inner surface (left-hand) boundary condition
for the biofilm model.

Suspension Mass Transfer and Degradation

The suspension (liquid volume) is treated as a CFSTR. The
mass flux of the substrate,Jb, from the biofilm to the liquid
can be described by

Jb 4 kL AB (Sn,i − SL) (9)

wherekL is the liquid mass transfer coefficient,Ab is the
outer surface area of the biofilm,Sn,i is the VOC concen-
tration at the outer surface of the biofilm, andSL is the bulk
liquid VOC concentration. If we assume Monod biodegra-
dation kinetics, a mass balance on the liquid volume yields

rL

Y

mmax SL

KS + SL
V = QSo − QSL + Jb, (10)

whereV is the liquid volume,rL is the biomass density in
the liquid,mmassis the maximum specific growth rate,Y is
the yield coefficient,KS is the half−saturation coefficient,Q
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is the liquid flow rate, andSo is the influent VOC concen-
tration to the suspension.

Substituting Eq. (9) into (10) and solving forSn,i yields

Sn,i = S1 +
VrLmmax

YkLAb ~KS + SL!DS−
Q

kLAb
~So − SL! (11)

This relationship sets the exterior surface (right-hand)
boundary condition for the biofilm model.

Biofilm Mass Transfer and Degradation

The continuity equation in cylindrical coordinates (r, z, and
u) for the biofilm is

S

t
+ Svr

S

r
+ vu

1

r

S

u
+ vz

S

zD
= DsS1

r



r Sr
S

rD +
1

r2

2S

u2 +
2S

z2D + Rs, (12)

whereS is the substrate concentration in the biofilm,DS is
the VOC diffusion coefficient in the biofilm,vr, vu, vz are
the velocities in ther, u, andz directions, respectively, and
Rs is the substrate utilization rate. Assuming no advection
(vr 4 vu 4 vz = 0), steady state (S/t 4 0), no concen-
tration gradient in thez direction, and Monod substrate uti-
lization kinetics, Eq. (12) simplifies to

DS

1

r S1

r

2S

r2 +
S

rD = −
rb

Y

mmax S

KS + S
. (13)

There is no analytical solution for the above equation, there-
fore three approximations, numeric, first-order, and zero-
order, were generated:

Numeric approximation.The left side of Eq. (13) was
numerically integrated by separating the biofilm into radial
sections. For theith biofilm section at axial locationn, with
a thicknessDr, andDS 4 Sn,i−2 − Sn,i−1:

DS

1

r S1

r

D2S

Dr2 +
DS

DrD = −
rb

Y

mmax Sn,i

Ks + Sn,i
. (14)

Given the left-hand boundary condition and an initial as-
sumption forD2S/Dr2 an iterative solution for the substrate
concentration profile through the biofilm can be found.

Flat sheet approximations.Analytical solutions to Eq.
(13) may be generated by approximating the biofilm as flat
sheet, with a lengthrg, the geometric mean radius, and
thicknesstb. This approximation will introduce an error,
which is expected to be insignificant. Given these assump-
tions, Eq. (13) simplifies to

DS

2S

r2 = −
rb

Y

mmaxS

KS + S
. (15)

In addition, two standard simplifying assumptions are ap-
plied in biofilm modeling, as discussed above, to give ana-
lytical solutions: (1) zero-order reaction,S>> Ks (RS 4 rb

mmax/Y) and (2) first-order reaction,S << Ks (RS 4 rb

mmaxS/YKS). Given the boundary conditions of Eqs. (8) and
(11), the flat sheet, zero-order solution is

S= −
rb mmax

2YDS
r2 +

rb mmaxtb
2YDS

r + Sn,m

wheretb =Î2YDS ~Sn,i − Sn,m!

rbmmax
. (16)

The substrate utilization rate,RS, can be calculated by in-
tegrating over the volume of the biofilm:

RS = 2prgtb DzSrbmmax

Y D. (17)

Given the boundary conditions of Eqs. (8) and (11), the flat
sheet, first-order solution is

S= Sn,me−rÎrb mmax

YDSKS wheretb = − ln S SL

Sn,m
DÎrbmmax

YDSKS
.

(18)

The substrate utilization rate can be calculated as

RS = 2prgDzSetbÎrbmmax

YDSKS −1DÎrbmmax

YDSKS
(19)

Removal in the Reactor

Two spreadsheet programs (MS Excel and QuattroPro ver-
sions available) were used to perform the calculations for
the three theoretical models. In determining the removal in
the biofilm, the numeric model takes an initial assumption
of D2S/Dr2 to predictDS/Dr. The initial D2S/Dr2 approxi-
mation is based upon the second derivative of the zero-order
approximation of the substrate concentration throughout the
biofilm. This assumption is used since the inner face of the
biofilm has the highest VOC concentration and therefore the
kinetics are closest to zero-order. The zero-order and first-
order models estimate the removal in the biofilm in a similar
manner. An initial estimate of the biomass thickness is
made, from which the substrate concentration at the outer
edge of the biofilm is determined. Next the biomass thick-
ness is calculated based on the model prediction of the
biomass thickness (tb). The program preforms an optimiza-
tion by varying the initial biomass thickness estimate until
the difference between the guess and the calculated biomass
thickness is negligible. Removal due to the biofilm is then
estimated from Eq. (17) or (19).

EXPERIMENTAL METHODS

Batch Culture Studies

Mixed liquor suspended solids (MLSS) were collected from
the Amherst, MA, wastewater treatment facility and accli-
mated to toluene over an eight month period. Cultures were
maintained in separate batches that utilized either NO3

− or
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NH4
+ as a nitrogen source. Twenty-five milliliters of each

culture was added to 100 mL of a mineral media solution
(MM) in 250-mL glass bottles sealed with Mininert septum
caps. Nitrate MM consisted of (g L−1) KH2PO4, 3.47;
K 2HPO4, 4.27; NaNO3, 1.59; MgSO4zH2O, 0.46;
CaCl2z2H2O, 0.018; and FeSO4z7H2O, 0.001, in tap water.
In the ammonium MM, the NaNO3 was replaced by 1.23
g/L (NH4)2SO4. Toluene was added to an initial headspace
concentration of 1000 ppmv. Bottles were maintained at
27°C with mixing. Approximately every 20 min, a 1.5-mL
headspace sample was withdrawn from each bottle and ana-
lyzed as discussed below. Volatile suspended solids analy-
sis was performed at the beginning and end of each experi-
ment.

Membrane Materials

Membrane bundles (hollow fiber membranes potted in poly-
sulfone fittings) used in this research were manufactured by
Spectrum Microgon (Laguna Hills, CA, P/N CG2M-040-
01N). The polypropylene hollow fiber membranes had an
inner diameter of 200mm, an outer diameter of 250mm, and
an active fiber length of 19.5 cm. Porosity (pore density)
was nominally 50%, with 0.05mm nominal pore size. There
were 2400 fibers in each bundle and the total outer surface

area was 0.37 m2. The membrane bundle was placed in the
“ball” configuration. This configuration allows slack in the
fibers so they tend to splay out in a ball shape, allowing for
more surface area to be exposed for biofilm formation.

Reactor Configuration

A schematic of the experimental system is shown in Fig. 2.
A list of system components is given in Table I. Toluene
was continuously added to the inlet airstream using a sy-
ringe pump. The rate of air flow was controlled using a gas
flow meter.

The bioreactor housing was a 10.5-cm diameter by 28-cm
high glass cylinder with anodized aluminum endplates. The
overall volume of the system, including recirculation pump
and tubing volume, was 3.1 L. An adjustable pressure-
regulating valve was used at the liquid outlet to maintain the
liquid pressure in the bioreactor at slightly higher than the
inlet air pressure. This allowed for bubbleless passage of
toluene and oxygen through the membranes.

A nutrient solution containing the microbial culture sur-
rounded the hollow fiber membrane bundle. The nutrient
solution was based on the mineral media used in the batch
assays, and consisted of (g L−1) KH2PO4, 2.43; K2HPO4,
2.99; NaNO3, 5.56; MgSO4zH2O, 1.61; CaCl2z2H2O, 0.062;

Figure 2. Experimental reactor configuration; SP, sample port; PG, pressure gauge; CV, control valve.
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and FeSO4z7H2O, 0.0035, in tap water. A metering pump
was used to add MM to the reactor at a flow rate of 8 mL
h−1. A variable speed recirculation pump kept the liquid
well mixed, and enabled testing of the effect of liquid tur-
bulence on mass transfer.

For the abiotic experiments, the nutrient media feed sys-
tem was replaced by tubing to a laboratory sink faucet.
Water from the sink flowed through the reactor at a rate of
either 0.5 or 1.0 L min−1 to flush VOCs from the reactor.

Analytical Methods

Gas samples were withdrawn from the inlet and outlet of the
reactor through septa using Hamilton gas-tight syringes
equipped with SampleLock valves. Gas phase VOC analy-
sis was accomplished using a 30-meter Restek RTX-624
megabore capillary column (isothermally at 100°C with N2

carrier at 20 mL min−1) in a Varian 3500 GC equipped with
a 50-mL sample loop and a flame ionization detector. De-
tection limits were 2 ppmv by this method. The GC was
calibrated daily using certified hexane standards. Hexane
and toluene standards were compared every 2 weeks. All
samples were analyzed in duplicate.

Liquid phase toluene concentration was determined using
a glass sample bubble inserted in the recirculation loop (Fig.
2). A Mininert septum cap was used to inject air into the top
of the bubble. Reactor liquid circulated in the bottom of the
bubble. The system was allowed to equilibrate for at least 30
min before sampling and GC analysis of the bubble head-
space.

Volatile suspended solids (VSS) analysis was performed
using Standard methods 2540 D and E (APHA, 1995). Ni-
trate concentrations in the bioreactor were measured us-
ing Ultraviolet Spectrophotometric Screening, Standard
Method 4500 (APHA, 1995). pH of the reactor liquid was
determined using a calibrated pH electrode (Orion Model
720A).

Experimental Program

For the abiotic reactor experiments, seven experimental
runs were conducted at liquid recirculation rates between 0
and 8.6 L min−1. For each experiment, multiple gas samples
were taken at the reactor inlet and outlet to determine steady
state toluene removal. For all abiotic experiments, the inlet
toluene concentration was 200 ppmv, the inlet gas flow rate
was 1 L min−1, and the inlet gas pressure was 40 cm of
water column.

A list of conditions for the bioreactor experiments is
given in Table II. The bioreactor was normally sampled
every other day throughout the 80-day test. Toluene con-
centrations were measured in both the gas and liquid phases.
Target inlet toluene concentrations varied as much as 25%
due to syringe pump fluctuations. This variance had little
effect on removal efficiency. For all experiments the inlet
gas pressure was 40 cm of water column.

RESULTS

Batch Culture

Batch culture studies were conducted to determine if sig-
nificantly lower biomass yields could be achieved using
nitrate as a nitrogen source rather than ammonium. Previous
authors have observed that high biofilm thickness results in
decreased membrane bioreactor performance due to diffu-
sion limitations (Freitas dos Santos and Livingston, 1995b;
Ergas and McGrath, 1997). Other biofilm control strategies
currently under investigation include use of high liquid
phase velocities and air scour to shear biomass off the mem-
branes.

Headspace toluene concentrations in all cultures tested
decreased from 1000 ppmv to less than 1 ppmv over seven
hours as shown in Fig. 3. Ammonium cultures acclimated
more quickly to toluene than the nitrate cultures. Once the
nitrate populations acclimated, however, they degraded
toluene at the same rate as the ammonium cultures with a
lower biomass yield. Zero-order degradation rate constants
and observed biomass yields for all experiments are shown

Table I. Experimental system components.

Component Manufacturer/model

Compressed air filter/regulator McMaster Carr 500K91
Inlet flow meter Cole Parmer 63219-21, 0–2.3 L
Inlet pressure gage Dwyer Instrument Magnehelic 3T323,

0–5 psi
Syringe pump Harvard Apparatus Model 22
Membrane bundle Spectrum Microgon CG2M-040-01N
Outlet pressure gage Dwyer Instrument Magnehelic 3T323,

0–5 psi
Outlet flow meter Cole Parmer/Gilmont E-03232-22,

0–3.7 L/min
Nutrient media peristaltic pump Buchler/Labconco 2-6250
CV: pressure regulating valve Parker 4M-RL4A
PG: liquid pressure gage Weksler Instruments, 0–30 psi
Liquid flow meter King Instruments, 0–5 GPM
Recirculation pump/motor Teel Progressing Cavity

1P610/Dayton 4Z248D

Table II. Experimental parameters used in bioreactor experiments.

Test
Inlet concentration

(ppmv)
Recirculation
rate (L/min)

Inlet flow
rate (L/min)

Residence time 200 3.8 0.5
200 3.8 0.75
200 3.8 1.0

Substrate loading 200 3.8 0.5
500 2.8 0.5
600 2.8 0.5

1000 2.8 0.5
Liquid velocity 200 0 1.0

200 1.9 1.0
200 3.8 1.0
200 5.7 1.0

436 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 63, NO. 4, MAY 20, 1999

 10970290, 1999, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/(SIC

I)1097-0290(19990520)63:4<
431::A

ID
-B

IT
6>

3.0.C
O

;2-G
 by M

issouri U
niversity O

f Science, W
iley O

nline L
ibrary on [11/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



in Table III. These parameters were used in the modeling
efforts discussed below.

Abiotic Mass Transfer

Experiments were performed to determine baseline perfor-
mance of the system in the absence of a biofilm and to
determine the effect of liquid recirculation on mass transfer
rate. Mass transfer coefficients (determined from experi-
mental data using Eq. (6)) increased with increasing liquid
phase velocity, as shown in Fig. 4. The Knudsen and Katz
heat transfer coefficient correlation (Eq. (4)) gave a reason-
able estimate of the mass transfer coefficients for the sys-
tem. A comparison of the data with the Knudsen and Katz
model is also shown in Fig. 4.

Bioreactor Acclimation

A plot of toluene removal efficiency vs time during the first
18 days after inoculation of the reactor with the nitrate-
utilizing cultures is shown in Fig. 5. Inlet toluene concen-
tration was 200 ppmv and gas residence time was 1.8 s
during this period. Initially, inlet and outlet toluene concen-
trations were equal, indicating that physical/chemical re-

moval processes were not significant in this system. On the
day after reactor inoculation with the pre-acclimated sus-
pended culture, a sharp increase in toluene removal was
observed. On the third day, the reactor liquid was clear,
biofilm attachment to the membranes was observed, and
toluene removal efficiency decreased by 50%. Over the next
seven days, removal efficiency gradually increased as the
biofilm grew denser.

Arcangeli and Arvin (1992) and Reij et al. (1992) also
observed this phenomenon in fixed-film bioreactors degrad-
ing toluene and propene respectively. The authors attributed
the drop in removal efficiency to starvation conditions in the
liquid phase. As the biofilm attached to the membranes and
the density increased, higher removal efficiencies were ob-
served.

An alternate explanation for the drop in removal is in-
creased mass transfer resistance due to changes in the hy-

Figure 5. Toluene removal efficiency during the acclimation phase of the
bioreactor studies.

Figure 3. Toluene disappearance in batch cultures utilizing nitrate or
ammonia as a nitrogen source.

Table III. Growth phase toluene degradation rates and observed yield.

Sample

Degradation rate
(mg toluene/mg
biomass/day)

Observed yield
(mg biomass/mg

toluene)

Culture A–ammonia 42 0.41
Culture A–nitrate 42 0.24
Culture B–ammonia 33 0.61
Culture B–nitrate 33 0.45

Figure 4. Comparison of mass transfer coefficient determined using Eq.
(6) for the experimental system with the Knudsen and Katz correlation (Eq.
(4)).
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drophobicity of the membranes. Toluene from the gas phase
and polysaccharide materials from the biomass could coat
the pore surfaces of the membrane, decreasing hydropho-
bicity and causing water to fill some pores. This would
result in increased membrane phase resistance (1/km). Lund
(1996) observed this phenomenon in blood oxygenation
systems, with increases in mass transfer resistance of sev-
eral orders of magnitude. Lipids were found to act as sur-
factants that changed the hydrophobicity of the membranes.

Toluene removal efficiency reached steady state 9 days
after inoculation. Thereafter, the biofilm appeared to have
uniform density along the fibers but was denser on fibers
towards the center of the membrane bundle where there was
more protection from liquid phase turbulence.

Steady State Bioreactor Performance

A summary of the steady state bioreactor performance data
is shown in Table IV. Three sets of experiments were per-
formed: (1) gas residence was varied by changing the gas
flow rate and maintaining the inlet concentration at 200
ppmv, (2) toluene loading rate was varied by changing the
inlet toluene concentration while maintaining the gas flow
rate at 0.5 L/min, and (3) liquid recirculation flow rate was
varied from 0 to 5.7 L min−1.

Toluene elimination capacity increased with increasing
gas residence time and substrate loading rate, however,
elimination capacity appeared to reach a maximum of 42 g
m−3 min−1. Although mass transfer rate was highly depen-
dent on liquid phase velocity in the abiotic system, no effect
was observed on toluene removal efficiency at any flow rate
once the biofilm was established. Liquid phase turbulence
does not appear to affect mass transfer rate, except indi-
rectly by controlling biofilm thickness.

Biofilm Models

Model simulations were performed using the three biofilm
models and the parameters shown in Table V. Experimental
conditions and results, given in Tables II and IV respec-

tively, were used to determine if the models could predict
observed removals. None of the models initially accurately
predicted VOC removal efficiency. To fit the models, the
biofilm density was varied until the predicted removal
matched the observed removal. All three models were fit to
a single experimental observation (1.8-s gas residence time,
3.8 L min−1 liquid flow rate). The zero- and first-order
models predicted removal poorly, as shown in Fig. 6. In
addition, values ofrb fit to the first- and zero-order models
were 40 and 0.4 mg L−1, respectively, several orders of
magnitude lower than the literature values (Characklis and
Marshall, 1990). Poor prediction of removal with these
models is not surprising because the concentration in the
biofilm varies from well above to well below the half satu-
ration value, spanning both zero- and first-order behavior.
Due to the poor performance of these models, no further
analysis was performed with them.

The numeric model fit the observed removal fairly well,
as shown in Fig. 6. The biofilm biomass density was cali-
brated at 29,000 mg L−1, slightly higher than that reported
by Characklis and Marshall (1990). The numeric model
predicted the observed trend that the liquid turbulence, or
flow rate, had little effect on observed removal. The nu-
meric model slightly underpredicted the effect that substrate
loading had on removal in the system.

The only case of poor prediction by the numeric model
was the effect of gas residence time on removal. Observed
removals were higher than predicted removals for these
runs. If the pore space of the membranes became water-
filled during the course of experimentation, as discussed
above, an added resistance to mass transfer would be ex-
pected, and mass transfer to the biofilm could become de-
pendent upon the gas flow rate (gas-to-liquid transfer).

The numeric model was modified to account for the pos-
sibility of mass transfer resistance through the water-filled
pores of the membrane (Eq. (7)). The concentration at the
biofilm inner surface,Sn,0, was approximated by the con-
centration predicted for a stagnant liquid film. If a stagnant
liquid film with no biological activity stretched between the

Table IV. Summary bioreactor performance over the four month experimental program.

Test

Gas
residence
time (s)

Liquid
flow rate
(L/min)

Inlet
conc.
(ppm)

Toluene
loading rate
(g/m3/min)

Removal
efficiency

(%)

Elimination
capacity

(g/m3/min)

Residence time 0.9 3.8 194 52 55 28
1.2 3.8 201 45 68 30
1.8 3.8 193 26 71 18

Substrate loading 1.8 2.8 220 29 72 21
1.8 2.8 499 66 54 36
1.8 2.8 620 82 43 35
1.8 2.8 914 121 35 42

Liquid velocity 1.8 0 200 27 70 18
1.8 1.9 174 23 68 16
1.8 2.8 220 29 72 21
1.8 3.8 193 26 71 18
1.8 5.7 185 25 72 18
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gas/liquid interface and the bulk fluid, the concentration at
any point can be determined as (Bird et al., 1960):

S Sn,0

HCn
D = S SL

HCn
D

r−ri

ro−ri, (20)

whereri is the inner radius of the membrane andro is the
outer radius of the membrane with 0.1 mm added (biofilm
thickness approximation). The resulting toluene concentra-
tion at the inner biofilm decreased to roughly one-eighth the
prior value, and removal decreased correspondingly. When
the biofilm thickness was increased to 35,000 mg/L to fit the
experimental datum, the predicted removals for the other
experiments were all low, as reflected in Figure 6. Further
experimentation is required to clarify the difference be-
tween model predictions and observed removal.

Sensitivity Analysis

A sensitivity analysis was conducted on the numeric model
to determine (1) if the assumptions had a large effect on
predicted removal and (2) the apparent effect of varying

operational parameters on system performance. The yield,
liquid mass transfer coefficient, and liquid substrate con-
centration had little effect on predicted removal in the sys-
tem. The liquid phase biomass density, however, had a sig-
nificant effect when it was greater than 10 mg L−1. This was
expected since a higher biomass density significantly in-
creases liquid phase removal. Similarly, the suspension vol-
ume attributed to thenth section of a single lumen has a
significant effect when it becomes greater than 0.1 mL. The
half saturation constant has a significant impact, decreasing
the removal rate when it approaches the substrate concen-
tration at the inner edge of the biofilm. The effect of the
biomass density on predicted removal is shown in Fig. 7.
The relationship appears to be linear for values below
10,000 mg/L and then approaches a maximum of approxi-
mately 80%. The effect ofmmax was similar to the effect of
biofilm density, as expected (mmax andrb are essentially a
single parameter in Monod kinetics). The relationship of the
biofilm diffusion coefficient and predicted removal is also

Figure 6. Comparison of predicted and observed percent removals.

Table V. Parameter estimates for the biofilm models.

Parameter Value Source

Outer diameter,dout 0.25 mm Manufacturer
Inner diameter,d 0.20 mm Manufacturer
Number of fibers,n 2400 Manufacturer
Fiber length,L 19.5 cm Manufacturer
Fiber division,Dz 5 mm Assumed
Henry’s law coefficient,H 0.27 Montgomery and Welkom, 1989
First order rate constant,k 33 day−1 Measured
Yield coefficient,Y 0.24 mg mg−1 Measured
Half saturation constant,Ks 0.02 mg/L Corseuil and Webber, 1994
Liquid mass transfer coeff.,k1 varied Eq. (4)
Liquid diffusion coeff.,DL 8.5 × 10−10 m2s−1 Reid et al., 1977
Biofilm diffusion coeff., DS 0.8*DL Rittmann and McCarty, 1980
Biofilm biomass density,rb 25,000 mg L−1 Characklis and Marshall, 1990
Liquid biomass density,rL 1 mg L−1 Measured
Total reactor volume,V 2.4 L Measured

Figure 7. Sensitivity of removal as a function of biofilm density and
biofilm diffusion coefficient.
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shown in Fig. 7. Small changes in the estimate of DS (ap-
proximately 7 × 10−10 m2 s−1) have a significant effect on
predicted removal of the system. The current biofilm diffu-
sion coefficient was based upon the assumption that the
biofilm diffusion coefficient is approximately 80% of the
liquid diffusion coefficient (Rittmann and McCarty, 1980).
Other investigators have found that the relationship can be
as little as 17% of the liquid diffusion coefficient (Beyenal
et al., 1997). This suggests that selection of a biofilm dif-
fusion coefficient is critical to the model prediction and that
increased removals can be achieved for compounds with
higher diffusion coefficients.

CONCLUSIONS

This study demonstrated sustained removal of 200 ppmv

toluene from an air stream using a membrane biofilter. Re-
movals ranged from 28% to 72%, with removal efficiency
directly related to gas residence time and inversely related
to the substrate loading. Although liquid turbulence domi-
nated mass transfer in the abiotic case, with the Knudsen–
Katz correlation predicting mass transfer, the removal in the
bioreactor was not affected by the liquid flow rates exam-
ined. The maximum elimination capacity for the conditions
studied was 42 g m−3 min−1.

The bioreactor seed, isolated from the Amherst WWTP,
exhibited similar degradation kinetics whether grown on
ammonium-N or nitrate-N, but the yield on nitrate was one-
half to two-thirds of that on ammonium. When the biore-
actor was seeded, initial removal was high, subsided, and
then returned to high levels, possibly due to mass transfer
affects associated with biofilm formation. Nine days were
required after seeding to achieve stable removal.

Three models of the reactor were created: a numeric
model, a first-order flat sheet model, and a zero-order flat
sheet model. Only the numeric model fit the data well,
although removal predicted as a function of gas residence
time disagreed slightly with that observed. A modification
in the numeric model to account for membrane phase resis-
tance resulted in an underprediction of removal. Sensitivity
experiments with the numeric model indicated that removal
was a strong function of the biofilm phase biomass density
and also of the biofilm diffusion coefficient, with diffusion
rates below 10−9 m2 s−1 resulting in decreased removal
rates. This membrane biofilter system shows great promise
as a treatment system for high gas loading rates and chlo-
rinated organic compounds that currently cannot be treated
using conventional biofilters.

Nomenclature

a membrane surface area per unit volume (1/L)
A membrane surface area (L2)
Ab biofilm outer surface area (L2)
Am membrane surface area in a section (L2)
Cg gas phase concentration (mass/L3)
Cn gas phase concentration in thenth section (mass/L3)

Cn,m gas phase concentration on the outer face of the membrane
(mass/L3)

Co inlet gas phase concentration (mass/L3)
d membrane diameter (L)
de effective diameter for calculating Re (L)
Ds diffusion coefficient in the biofilm (L2/time)
H Henry’s law coefficient (dimensionless)
J mass flux from the gas phase to the liquid phase (mass/time)
Jb mass flux from biofilm to liquid suspension (mass/time)
Jn mass flux through the membrane in thenth section (mass/

time)
K overall mass transfer coefficient (L/time)
kg, kL, km gas, liquid and membrane mass transfer coefficients (L/

time)
KS Monod half-saturation coefficient (mass/L3)
Q liquid flow rate in the suspension (L3/time)
Re Reynolds number (dimensionless)
rI,ro inner and outer radius of the membrane (L)
rg geometric mean radius (L)
Rs substrate utilization rate (mass/L3-time)
S biofilm phase concentration (mass/L3)
Sc Schmitt number (dimensionless)
Sh Sherwood number (dimensionless)
SL liquid phase concentration in the suspension (mass/L3)
Sn,0 concentration at the membrane biofilm interface in thenth

section (mass/L3)
Sn,i concentration at the outer edge of the biofilm in thenth

section (mass/L3)
SO concentration entering the suspension (mass/L3)
tb biofilm thickness (L)
V suspension volume (L3)
vr, vu, vz velocity in ther, u, or z direction (L/time)
vL velocity in the suspension (L/time)
Y yield coefficient (mass/mass)
n kinematic viscosity (L2/time)
Dr thickness of biofilm section (L)
Dz vertical length ofnth section (L)
mmax Monod maximal specific growth rate (1/time)
rb biomass density in the biofilm (mass/L3)
rL biomass density in the suspension (mass/L3)
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are those of the authors and do not necessarily reflect the views
of the National Science Foundation. Ms. Shumway was sup-
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Program. The biofilm modeling is part of the work supported by
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