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Abstract- A mathematical model was developed to describe a fed-batch acetone-butanol-ethanol (ABE) fermentation 
with simultaneous pervaporation. The model predicted satisfactorily batch or fed-batch fermentation with or without per- 
vaporation by introducing a parameter reflecting cell activity loss during fed-batch fermentation with pervaporation. The 
model also predicted the effect of membrane area, membrane thickness, and sweep air flow rate on glucose constraaption 
rate and residual butanol concentration in the fermentation broth. Glucose consumption rate increased by 30% by either 
doubling the membrane area or decreasing membrane thickness by half. 
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I N T R O D U C ~ O N  

Butanol fermentation is rather complicated in its pathway 
and served as a good example for mathematical modeling in 
fermentation. Volesky and co-workers [Votruba et al., 1986] 
pioneered modeling of batch butanol fermentation processes us- 
ing Monod's growth model. The model was modified to in- 
clude product inhibition and pH effect on acid re-utilization 
[Srivastava and Volesky, 1990], and further modified for simu- 
lation of fed-batch butanol fermentation [Volesky and Votruba, 
1992]. Continuous ABE fermentation with incorporation of bu- 
tyrate and butanol inhibition was modeled by Jarzebski et al. 
[1992]. 

Simultaneous fermentation and separation systems were also 
modeled mathematically. Simultaneous fermentation and separa- 
tion increases productivity by removing components from the 
culture medium. Shukla et al. [1989] modeled ABE fermenta- 
tion in a continuous hollow fiber fermenter-extractor. Groot et 
al. [19911 modeled continuous isopropanol-butanol-ethanol (IBE) 
fermentation with pervaporation by lumping all solvent prod- 
ucts in one parameter. Park et al. [1991] used an equilibrium 
stage approach lo model a trickle bed fermentor-separator us- 
ing gas stripping. 

In this study, we developed a mathematical model that de- 
scribes a fed-batch butanol fermentation with simultaneous per- 
vaporation and studied separation conditions that increase glu- 
cose consumption. Pervaporation is one of simultaneous ferment- 
ation and separation technique and can be used to increase fer- 
mentation productivity. Pervaporation is a membrane separa- 
tion process thal combines evaporation and permeation through 
a semipermeable membrane, and azeotropic point can be avoid- 
ed because the vapor-liquid equilibrium is modified when a 
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polymeric membrane is placed between the t~o phases of a bi- 
nary mixture. We compared the prediction by the mathematical 
model with the experimental results reported in our previous 
publication [Geng and Park, 1994]. In the model, we included 
a growth parameter to count the cell activity loss due to cell ag- 
ing or overcrowding effect [Contois, 1959] because we ob- 
served that cell growth in a fed-batch culture tended to slow 
down after an initial period [Geng and Park, 1994]. 

MATHEMATICAL MODEL FOR FED-BATCH 
BUTANOL FERMENTATION 

WITH PERVAPORATION 

Fig. 1 shows a control volume of the system consisted of a 
fermentor and a pervaporation module mounted inside the fer- 
mentor. We developed mass balances for biomass concentra- 
tion, substrate concentration, medium volume, and concentra- 
tions of five end products: butanol, acetone, ethanol, butyrate, 
and acetate. 
1. Cell Growth and Mass Balance 

In our ted-batch system, no cell mass wa~,; taken out of the 
fermentor and cell growth slowed down due to either ac- 
cumulation of inhibitory products or aging effect of the overall 
cell population. To consider this effect, Monod's growth model 
was modified as follows by including a growth parameter, 
[Contois, 1959] and a product inhibition term I: 

S p = jtt,,,ax I (1) 
/3Z+s 

where I a is the specific cell growth rate, and ~t~ is the max- 
imum cell growth rate, s is glucose concentration, and X is the 
biomass concentration, 1~ is the growth parameter that, together 
with cell density (X), serves as a Monod coefficient, and I is 
the butanol inhibition term. According to Costa and Moreira 
[1983[, I was estimated as follows: 
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Fig. 1. Control volume appfied to the fed-batch fermentation- 
separation system. 
F,: feed rate of supplemental medium, F.: effluent rate, V: 
volume, x: cell mass concentration, A: acetone, B: butanol, 
E: ethanol, BA: butyric acid, AA: acetic acid, s: glucose 
concentration, f.: volumetric water flux across the mem- 
brane, f,: volumetric solvent loss due to pervaporation 

dV 
d--~ =F, - ( f~ +fs)A w -F~ (6) 

where F, is the feed rate of medium supplement, Asp is the sur- 
face area of the pervaporation module, f~ is the volumetric wa- 
ter flux across the membrane and is considered constant, L is 
the volumetric solvent loss due to pervaporation and is es- 
timated by the following expression: 

f~ = q~e(B) + q~p(A) + q~p(E) (7) 
& Po p~ 

where qffs and p's are the mass fluxes and densities for B 
(butanol), A (acetone) and E (ethanol), respectively. Eq. (7) re- 
lates volumetric flux rates with mass flux rates, qffs are es- 
timated as follows assuming flat membrane and zero con- 
centration on the permeate (lumen) side of the membrane: 

Q 
cbp (i) = D i -7-  (8) 

where D, and C, are the diffusivity of component i through the 
silicone membrane and concentration of component i, respec- 
tively, and l is the membrane thickness. 

Combining Eqs. (5) and (6) gives the cell mass balance 
equation as follows: 

~_tX = ( p _ m ) x _  F, x (f~ + f~)Aw 
V V Z (9) 

I = 1 when C s <_ 4.5 g/L (2a) 

I = 1.33-  0.083 ,C B when C 8 > 4.5 g/L (2b) 

where Cs is butanol concentration in g/L. Notice that the bu- 
tanol inhibition wiU not be in effect until butanol concentration 
goes beyond 4 5  g/L. For fed-batch pervaporative fermentation 
in which butanol[ concentration was about 4-5 g/L, the slow 
cell growth can only be explained by a growth parameter (~) 
that accounts for cell aging. Acid inhibition was not included 
in cell growth model because the strain we used (Clostridium 
acetobutylicum B18) was a low acid producer [Park et al., 
1993]. The total cell mass, X, in the control volume, V(t), is 
given by: 

X=V(t)Z (3) 

where t is time and Z is cell mass concentration. The overall 
biomass balance is as follows: 

dX =/.tX_mX._ F, Z (4) 
dt 

where ta is cell growth rate in Eq. (1) and m is maintenance 
rate. F~ is the effluent rate, which is zero if there is no bleeding 
during fermentation. Combining Eqs. (3) and (4) produces the 
following expression: 

F dV v d z  = ( P - m ) V x -  ~ Z - - ~ - Z  (5) 
dt 

The last term describes cell density decrease due to volume in- 
crease. The volume change with time is given below: 

The first term on the right hand side of Eq. (9) represents the 
cell mass concentration change due to growth and maintenance. 
The second term represents the dilution effect due to additional 
feed to the fermentor. Depending on the feed condition, F~ can 
be assigned zero or a specific value for certain period of time. 
The third term describes the concentrating effect due to volume 
loss of water and solvents by pervaporation. The effluent term 
E in Eq. (6) plays no role in the cell mass balance Eq. (5). 
This is true for the equations to follow. Physically this means 
that the concentration of an individual component in the fer- 
mentor does not change by broth withdrawal. 
2. Butyrate Formation 

Butyrate formation is growth-associated and is an efficient 
energy production process by C. acetobutylicum [Gottschalk, 
1986]. When butyric acid concentration reaches a level, cells 
switch their biochemical pathway to solvent production. The de- 
cline of butyrate concentration during solventogenesis can be 
seen as an imbalance between butyrate production and its up- 
take. The uptake depends on pH, butyric acid concentration, 
and glucose availability [Geng et al., 1995; Fond et al., 1985], 
and is proportional to biomass concentration. A butyrate bal- 
ance is given as follows: 

d CB. 4 = kb, l lX- (Sig) k ~  --C"ba s Z 
dt kc~ +C~h ~ k , + s  

_ F.~-(f,, +f,.)Am CB A (10) 
V 

where C,A stands for butyrate concentration. On the right hand 
side of the equation, the first term represents the growth-as- 
sociated butyrate production, the second term is the butyrate up- 

Korean J. Ch. E.(Vol. 13, No. 6) 



614 C.-H. Park and Charles Q. Oeng 

take as a function of undissociated acid and glucose concen- 
tration, and the last term refers to the concentrating effect due 

to volume change, k~ in the first term is the rate constant for 

butyrate formation. Sig in the second term indicates a phy- 
siological signal that switches on acid uptake and the solvent 

production when butyrate reached a certain concentration C,  

Thus Sig is given as follows: 

Sig = 0 when C~A < C. (1 la) 

Sig= 1 when CBA ~ C, (1 lb) 

where C~ depends on pH as follows [Geng, 1995]: 

C~ = (0.48 0.176pH)(1 + 10 Cs'~-PG ~) ( l l c )  

Sig in the following Eqs. (13), (14) and (16) used the same 

definition as in Eq. (11). This was based on the assumption that 

butanol and acetone production was negligible before butyric 

acid concentration reaches C~ in Eq. (11). We also assumed that 

acetate uptake was synchronized with butyrate uptake. We think 

that these assun~tptions were reasonable because in our previous 

experiments butanol production was less than 1 g/L before bu- 
tyric acid concentration started to decrease and onset of acetate 

uptake was 2-3 hrs behind the onset of butyrate uptake. 

In the second term, k,~ is rate constant for butyrate uptake 
and k ,  is Monod coefficient for acid uptake, and Co~, is un- 

dissociated butyrate concentration and can be determined from 

the following Henderson-Hasselbach equation using a pK,, value 

of 4.82: 

l oq,H -pKa 
C,b ~ - C~A (12) 

1 + 10~H pK,~) 

3. Butano l  F o r m a t i o n  
For strain (7. acetobutylicum B18, butanol formation showed 

a strong depenclence on cell growth, and slight butanol pro- 

duction was observed in stationary phase [Park et al., 1993; 
Geng and Park., 1993]. Therefore, both growth associated and 

non-growth associated terms were used in this model for bu- 

tanol formation similar to Srivastav et al. [1990]. The following 

equation describes butanol mass balance in the control volume: 

dCt~ ~ Cub a S 
-Sig |(k,~ 1/./+ k~ ~)X + 0.841 k b,,b -7---- + C,,b,, ,"--z:---Z] 

dt L - Ir lr 

F , - ( f , ,  +L)A~ e C.~ (13) 
- q":" ('CR)A~r' - V 

where (.', is butanol concentration, Sig is defined in Eq. (11). 
The first term en the right side of Eq. (13) is butanol formation 
rate in which k,~ and k~: are rate constants for growth as- 

sociated and non-growth associated butanol formation, respec- 
tively. The second term represents the butanol converted from 

butyrate. The constant 0.841 (g butanol/g butyrate) is the weight 

ratio of butanol and butyrate based on mole-to-mole conversion. 

The third term, q,p(C~), represents butanol flux through the per- 
vaporation module as indicated in Eq. (8). The last term de- 

scribes the ,~c, lume change effect. 

4. Ace ta te  F o r m a t i o n  
Acetic acid formation is analogous to butyrate formation and 

acetate mass balance is given similar to butyrate mass balance: 

dCaA Cuaa S 
d-~ -=k~allZ-(Sig)k'" kc2+Cuaa k,.+s )f  

_ F~-(f. ,  +f~)A,p CAa (14) 
V 

where k.o is rate constant for acetate formation and ko.o is rate 

constant for acetate uptake, and k,: is Monod coefficient for ace- 
tate uptake. Sig is defined in Eq. (11), C~. is the undissociated 

acetate concentration at a given pH and p](~ of 4.76, and is 
given by the following expression: 

10 (t'u - pKa ) 
c . o .  - ( c ~  - 0 .5 )  ( 1 5 )  

l + 10 (pH-pKa) 

where a constant, 0.5 g/L, is subtracted from the total acetate 

concentration because experimental data showed that C. aceto- 
butylicum B18 uptake acetate when its concentration was high- 
er than 0.5 g/L [Park et al., 1993; Geng and Park, 1994]. 

5. A c e t o n e  F o r m a t i o n  

Acetone mass balance is similar to butanol mass balance, and 
is given as below: 

dCa -Sig (k~t~+k~z)Z+0.482 k,~o k~2+C,,o~ k~ +s dt - -  Z 

- % (Ca)A~p - L - (f,~ + L ) A ~  
V CA (16) 

The first term in the parenthesis on the right hand side is 

acetone formation, where k,~ and ko, are rate constants for grow- 
th associated and non-growth associated acetone formation, re- 
spectively. The second term represents acetone converted from 

acetate. Sig is defined in Eq. (11). The constant, 0.482, is bas- 

ed on the assumption that two moles of acetate is needed to 
form one mole of acetone [Srivastava and Volesky, 1990]. The 

third term, q,(Ca), refers to the acetone flux by pervaporation 
as shown in Eq. (8). The last term represents the volume 

change effect on the acetone concentration. 

6. E t h a n o l  F o r m a t i o n  

Ethanol is produced during early stage of cell growth as a 

way of NADH oxidation (personal communication with Dr. Da- 
vid Woods, South Africa). Thus, ethanol formation is growth 

associated. Because ethanol production by the strain BI8  is 
low [Park et al., 1993], the non-growth associated term is not 

included in this formulation. The ethanol mzss balance is given 

as follows: 

dCL _I~pz_qw(CE)A~ ~ F~-(f~ +f~)A~p CE (17) 
dt V 

where CE is ethanol concentration, k~ is rate constant for 

growth-associated ethanol formation, q~p(CE) is the ethanol 
separation flux as in Eq. (8), and the last term is the con- 

centration variation due to volume change. 

7. Subs trate  (glucose)  C o n s u m p t i o n  
The substrate carbon balance is given below according to 

Roels [1983]: 

5 l de/ F, (s o -  s'l + (f~ + f~)A~p s 
d s _  1 ~-m)x-~(_-:~-_ ~ . -7 -  ' (18) 
dt y ~  ~ - Y ,  Ot ) -  V 
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where s is substrate (glucose) concentration: Y,  and Y, are the 

cell mass yield and product i yield on glucose, respectively; dP,/ 
dt is the product formation rate for component i as described in 

Eqs. (10), (13), (14), (16), and (17), respectively; s, is the sub- 

strate concentration of the supplemental medium. The first term 
on the right hand side of Eq. (18) is the glucose consumption 

rate for biomass synthesis. The second terna is the glucose con- 
version rate to acids and solvents. The last term refers to the 

glucose concentration change due to the volume change. 
In summau', the model developed in this study consists of 

eight independent equations with eight unknowns. The un- 

knowns are biomass concentration, substrate concentration, med- 
ium volume, and concentrations of five end products: butanol, 

acetone, ethanol, butyrate, and acetate. This system of first or- 

der differential equations is nonlinear and can be solved using 
Runge-Kutta method [Charpra and Canale, 1988]. A computer 

program for the Runge-Kutta method was written in PASCAl,. 

The model involves many constants that are not readily 

available. Thei~ selection and sources are given in Table 1. Find- 
ing these coefficients requires the use of sophisticated software 
and the use of nonlinear regression technique [Volesky and Vo- 

truba, 1992]. 
Due to the limited information on our pervaporative fed-batch 

butanol system, some of the coefficients such as Monod coef- 

ficients were adopted from previous reports [Srivastava et al., 

1990; Jarzebski et al., 1992] because they are less likely to af- 
fect the simulation results for a particular strain. Rate constants 

Table 1. List of coefficients used in the modeling 

Item Value Explanation References 

!3 25 Constant counting cell activity Estimated 
& density 

la~ 0.26 Maximum cell growth rate Jarzebski et al. 
[1992] 

m 0.01 Maintenance rate Jarzebski el al. 
[1992] 

k,~ 1.11 Rat,." constant for butyrate Estimated 
forraation 

k~,~ 2.0 Rate constant for butyrate Estimated 
uptake 

k~L 5.18 Monod coefficienl for butyrate Volesky & Votruba 
uptake [ 1992] 

k, 0.2 Monod coefficient for glucose Volesky & Votruba 
o)ncentration [ 1992] 

k~, 1.5 Rat,: constant for growth Estimated 
associated butanol formation 

k.z 0.525 Rate constant for non-growth Estimated 
associated butanol formation 

k~, 0.82 Rat,: constant for acetate Estimated 
formation 

lq,, 0.5 Rate constant for acetate Estimated 
uptake 

k,.2 2.1 Monod coefficient for Volesky & Votruba 
acelate uptake [1992] 

1% 0.49 Rate constant for growth Estimated 
associated acetone formation 

k~a 0.17 Rate constant for non-growth Estimated 
associated acetone formation 

k~ 0.1 R.ate constant for ethanol Estimated 
formation 

for acid and solvent formation were estimated from our batch 

and fed-batch fermentation results using a sequential parameter 
estimation method [Bailey and Ollis, 1986]. It should be point- 
ed out that the yield factors in Eq. (18) are true yield factors 

[Rods, 1983] based on the biochemical pathways of the ABE 
fermentation and should not be confused with generic terms 

used in fermentation production analysis, which is defined as 
the products formed divided by the total glucose consumption 

during fermentation. 

R E S U L T S  AND DISCUSSION 

The prediction by the mathematical model was compared with 
our experimental data from batch fermentation with and with- 

out pervaporation, and fed-batch fermentation with pervapora- 
tion [Geng and Park, 1994]. Computer simulations were also 

carried out to show the effect of membrane area, membrane 

thickness, and sweep air flow rate on glucose consumption rate 

(GCR) and butanol concentration in the fermentation broth. 
1. Model Prediction vs. Experimental  Data in Batch Fer- 
mentation 

Fig. 2 compares the results of model prediction and exper- 

imental data for batch fermentation without pervaporation (as- 
sign membrane area by zero, A,p=0). Glucose concentration de- 

creased slowly from an initial value of 60 g/L during the lag 

phase of biomass growth. With an increase in biomass and the 

onset of solventogenesis, glucose concentration decreased ra- 
pidly. This trend continued until the glucose was depleted and 
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Fig. 2. Comparisons of model simulation (M) and experimental 
results (E) of a batch ABE fermentation without per- 
vaporation using C. acetobutylicum B18. 
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Fig. 3. Model simulation (M) compared with experimental data 
(E) in a hatch ABE fermentation with pervaporation. 
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Fig. 4. Model simulation (1%!) compared with experimental data 
(E) of a fed-batch ABE fermentation with pervaporation. 

cell growth was inhibited by the high butanol content in the 
medium. At hour 40, cell mass began to decrease due to cell 
autolysis. After that, butanol and acetone concentrations con- 
tinued to increase until the glucose was completely consumed. 
During the whole fermentation period dependence of solvent 
production on cell growth was a mixed type, first growth-as- 
sociated production followed by non-growth associated produc- 
tion when cell mass began to decrease at hour 40. The model 
predicted the final butanol concentration of 15.7 g/L The bu- 
tanol yield was 26%, which was similar to our experimental 
results [Park el al., 1993]. The predicted profiles matched well 
with the experimental data. 

The results in Fig. 2 indicate that the model satisfactorily 
predicted formation and uptake of acids by C. acetobutylicum 
B18. The simulation showed that cells produced butyrate and 
acetate in the acidogenic phase and began to take up acids dur- 
ing the solventogenic phase�9 The model predicted the maximum 
butyrate concentration similar to the experimental results. Acetic 
acid uptake was slow, and its re-utilization was not favorable at 
concentrations less than 0.5 g/L. Notice the difference between 
the experimental and the predicted decline of acid concentra- 
tions, especially of acetate. This was probably caused by either 
over-estimating acid production or under-estimating acid uptake 
during solventogenesis. 
2. Model Prediction vs. Experimental Data in Batch Fer- 
mentation with Pervaporation 

Batch fermentation with pervaporation was simulated by as- 
signing membrane area by 0.17 m 2 (A+,=0.17) at the onset of 
butanol production. Fig. 3 shows the model simulation and ex- 
perimental results for batch fermentation with pervaporation. In 
general, the model predicted the experimental data satisfactorily. 
The model was also able to predict the onset time of solvent 
production. The model predicted a complete butyrate uptake near 

the end of the simulation. Acetate concentration remained at 0.5 
g/L during the rest of the fermentation because acetate uptake 
was designed to be effective only when its concentration exce- 
eded 0.5 g/L. 
3. Model Prediction vs. Experimental Data in Fed-batch 
Fermentation with pervaporation 

Fig. 4 compares the experimental data with the model simu- 
lation during fed-batch fermentation with pervaporation (assign 
membrane area by 0.17 m ~, A+=0.17). The experimental data 
show the glucose concentration before each medium supple- 
ment. The amount of glucose supplemented to the medium was 
shown by the vertical increases in the simulated glucose con- 
centration. Glucose concentration predicted by the model agre- 
ed well with the experimental data except some underestima- 
tion during hours 30 and 40. Cell mass predicted by the model 
appears overestimated because cell mass entrapped in the per- 
vaporation module was not included in the experimental data. 
The product concentrations predicted by the model agreed well 
with the experimental data except for the sudden increase at 
hour 60, which was caused by an unexpected stoppage of per- 
vaporation. Butyrate concentration predicted by the model mat- 
ched satisfactorily with the experimental data. Acetate con- 
centration was slightly underestimated at the onset point of sol- 
vent production, but its concentration showed a good agree- 
ment with the experimental data and was maintained at a level 
of 0.5 g/L. These results indicated that material balances used 
in the model equations were proper and the mechanisms in- 
volved in ABE fermentation by strain 1318 were properly in- 
corporated in the model. 
4. The Effect of Membrane Area, Membrane Thickness, and 
Sweep Air Flow Rate on Glucose Consumption Rate and Re- 
sidual Butanol Concentration in the Fermentation Medium 

The efficiency of solvent removal from the medium in a fer- 
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Fig. 5. Effect o~ membrane area on glucose consumption rate 
(GCR) during fed-batch fermentation and pervaporation. 

mentaiJon-pervaporation system depends on such factors as mem- 

brane area, membrane thickness, and sweep air flow rate. Ef- 
ficient butanol removal will increase glucose consumption rate 

(GCR) defined as glucose consumed per liter broth per hour. 
The standard conditions used to study the effect of membrane 

area, membrane thickness and sweep air flow rate were as fol- 
lows: membrane surface area 0.17 m 2, air flow rate 1 L/min- 

tubing, and membrane thickness 240 I.tm. For example, during 

surface area test, surface area was varied while membrane thick- 
ness and sweep air flow rate were fixed at 240 I.tm and I L/ 

min-tubing, respectively. 
Fig. 5 shows the dependence of GCR on membrane surface 

area. Three ,;urface areas of 0.085, 0.128, and 0.17 m ~ were 

tested while keeping membrane thickness and sweep air flow 

rate constant. "]['he slow rise in GCR during initial 15 hrs cor- 
responds to before solvent production. The vertical increase at 
about 15th hour was caused by the onset of solvent formation. 

During typical batch butanol fermentation glucose consumption 
increases rapidly at the onset of solvent formation because bu- 

tanol and acetone, the two major products, start to be produced 
at around this time. In our numerical calculation a vertical in- 

crease in glucose consumption rate (GCR) was also related to 

the use of Sig  in Eqs. (10), (13), (14) and (16) which simul- 
taneously turns on glucose consumption for butanol and 

acetone production when butyrate concentration reaches a crit- 
ical level (C,). In numerical calculation glucose consumption 

rate was calculated by dividing glucose consumption (g/L) by a 

small time inte~wal (At) that was used for numerical integration. 
This resulted in an almost vertical increase in glucose con- 

sumption rate. After solvent formation started, GCR increased 

further. GCR decreased slightly when glucose concentration de- 
creased below 30 g/L near the 25th hr. When glucose con- 

centration was increased vertically by glucose supplements, GCR 

jumped to h~gher levels�9 As this process repeats, a saw-blade 

type of GCR profile resulted. 
When the membrane area was doubled from 0.085 m 2 to 0.17 

m 2, GCR increased by 30% (from 2.15 to 2.8 g/L-h at hour 80). 
Total glucose consumption also increased by 30% (from 100 g/ 
L for 0.085 m-' to 130 g/L for 0.17 m" during hours 29 and 80). 

As shown in Fig. 6, a thinner membrane increased glucose con- 
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Fig. 6. Effect of membrane thickness on glucose consumption rate 
(C~R) during fed-batch fermentation and perval~ration. 
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Fig. 7. Effect of  sweep air flow rate on residual butanol con- 
centraton during pervaporative fed..batch fermentation 
(unit for air flow rate: L/rain/tubing). 

sumption. When membrane thickness was decreased by half 

(from 480 lain to 240 I.tm), the GCR increased by 33% (from 
2.1 to 2.8 g/L-h). Total glucose consumption during hours 29 

to 80 also increased by 33%, from 135 to 180 g / L  

Fig. 7 shows that residual butanol concentration decreases at 
higher sweep air flow rates. For example, at hour 80 the bu- 

tanol concentration decreased from 8 gYL to 6 g/L when the 

sweep air flow rate increased from 0.5 L/rain/tubing to 1.0 L/ 
min/tubing. A further increase in air flow rate to 1.5 L/min/tub- 

ing decreased the butanol concentration only by 0.5 g/L. This 

is because the diffusion rate through the membrane does not in- 
crease significantly once the flow rate reached a certain critical 
point [Geng and Park, 1994], Residual butanol concentration 

was similar from hour 15 to about 22. This means that even at 

a lower flow rate of 0.5 L/rain/tubing butanol removal was ef- 
fective as long as butanol concentration was less than 2 g/L. 

C O N C L U S I O N S  

The prediction by the mathematical model developed in this 
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study agreed well with the experimental data for batch fer- 
mentation with and without pervaporation and fed-batch fer- 
mentation with pervaporation. The model satisfactorily describ- 
ed the physiological principles involved in ABE fermentation 
and well represented the mass balances involved in the fer- 
mentation-separation process. The model predicted that dou- 
bling surface area increased glucose consumption rate (GCR) 
by 30% and decreasing thickness by half increased GCR by 
33%. Increasing sweep air flow rate also increased separation 
efficiency, but tc, a limited extent. 
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N O M E N C L A T U R E  

A : acetone [-] 
AA : acetic acid [-] 
A~,, : membrane area [m-'] 
B : butanol [-] 
BA : butyric acid [-] 
CA : acetone concentration [g/L] 
C~ : acetic acid concentration [g/L] 
CB : butanol concentration [g/L] 
C~ : butyric acid concentration [g/L] 
CE : ethanol concentration [g/L] 
C, : concentration of component i [g/L] 
C~ : critical butyric acid concentration required for solvent 

production [g/L] 
D, : solvent diffusivity [m-'/hr] 
E :ethanol [-] 
f, : volumetric solvent loss due to pervaporation [L/m2-hr] 
f, : volumetric water flux across the membrane [L/m2-hr] 
E. :effluent r~te [L/hr] 
F, : feed rate of supplement medium [L/hr] 
I : butanol inhibition term [-] 
l : membrane', thickness Ira] 
k~ : rate constant for butyrate formation [-] 
kh,~ : rate constant for butyrate uptake [hr '] 
k,~ : Monod coefficient for butyrate uptake [g/L] 
k~ : Monod coefficient for glucose conc. [g/L] 
k~, : rate constant for growth-associated butanol formation [-] 
L,_, : rate constant for non-growth associated butanol formation 

[hr '] 
ko,, : rate constant for acetate formation [-] 
k~,,,, rate constant for acetate uptake [hr- '] 
k,~ Monod coefficient for acetate uptake [g/L] 
1~, rate constant for growth associated acetone formation [-] 
ko~ rate constant for non-growth associated acetone formation 

[h~ '1 
k,. rate constant for ethanol formation [-] 
m maintenance rate [hr '] 
P, : product i concentration [g/L] 
q,p : mass flux [g/m2-hr] 
s, s~ : glucose concentration [g/L] 
t : t ime [hr] 

V :volume [L] 
Z, X : cell mass concentration [g/L], cell mass [g] 
Y~ : cell mass yield on glucose [g/g] 
Y, :product i yield on glucose [g/g] 

G r e e k  Letters  
:growth parameter [-] 

B, ~t~ : specific cell growth rate, maximum cell growth rate [hr '] 
p :density [g/L] 
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