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Abstract— A mathematical model of the membrane-extractive butanol fermentation process, which has been de-
veloped as a method of in situ product recovery to solve the problems of butanol fermentation caused by the severe
product inhibition, was proposed and the model was solved by a computer-assisted numerical method. The results in-
dicate that the best way of improving the butanol productivity is to use a feed with high glucose concentration. On the
other hand, only marginal advantages are obtained by increasing the membrane area and/or the extractant flow rate
beyond certain limits. It is also shown that a solvent with distribution coefficients as high as those of oleyl alcohol is ac-
ceptable for this process.
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Fig. 1. Schematic diagram of the membrane-
extractive butanol fermentation system.
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Table 1. Fixed value parameters in the simula-

tion study
Parameter Value References
v 300 mi expe;imerital
condition
tmaz 0.05 h-1 [11], p. 135
K, 1.02 g/l [11], p. 73
Cyy 44 g/l [11], p. 64
Ky 15.7 g/l [11], p. 64
Yo 0.556 16]
Yyss 0.020 [11], p. 133
X, 0.411 [17]
Xo ~0.155 (18]
Kp 3.56 for butanol [11], p. 31
0.34 for ethanol
k; 4.23x 10 cm/sec (11}, p. 46
for butanol
r; 0.69 for butanol [11], p. 94
q, 6.23 11 +0.172 [11], p. 154
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Table 2. Variable parameters in the simulation

study
Parameter Minimum Standard Maximum Unit
D 0.002 0.025 0.050 h-1
Dy 0.1 0.2 10.0 h-1
A 0.15 0.30 3.0 m?2
Sg 250 500 750 g/l
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Fig. 2. Pattern of membrane-extractive butanol

fermentation variables.
Sp=500 g/L, A/V=10cm?, Dg=0.2h-1P,

Pg=total solvent concentration in the broth
and in extractant; PDp=total solvent produc-

tivity; PDg=extracted solvent productivity
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Fig. 3. Effect of feed glucose concentration on

total solvent productivity.

A/V =10 em’l, Dg=0.2 h-1
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Fig. 4. Effect of membrane area on total solvent

productivity.
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Fig. 5. Effect of extractant dilution rate on to-

tal solvent productivity.
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Table 3. Solutions of the MEBF model equations under the constant flow assumption

Case 1: No product inhibition (C;<Cy,)

Co Ex+1) a+ B/D) Yy,(Sp-5)
Ex+1+(Dg/D)Kp

Kp( a+ 8/D) Yy,(Sp-S)
Ex+1+(DgD) Kp

Cs=

KD/ )

S=1—D/um

X=Yy;5 (Sp-S)
= (Dy/DYK/[Ex+ 1+ (Dg/D)K )

PDr=(aD+8) Yys[SgKsD e D)}

where Ex=DgV/kA

Case 2: Under product inhibition (C,>C,,)

By(B,2-4B, B3)\/2

where B, =A /K,
Bz = A1A4 + AzSF/K] + DSCSF/DK]
B3 = A2A4SF + (DS/D)A/CSF_ A2A3

and A;=Ex+1+(DgD)Kp
Ay=(a+BD) YygEx+1)
Ag=KsD/
A=1+CyK;-D/ o

C _KD+EXCSF

ST Ex+1
S- KsD/#m
~T(C-CK,-Dl s
X=Yxs(Sp-8)

=D5CS/(GD+ﬂ) X
PDr=DYy5(Sp-8)
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rate determining factor 7} /o] A4lile] F43 #
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- Fig.7& constant flow assumption ¥ %93}
-3 analytical solution # numerical solution 2]
AolE vehd Helch, o] A#E Em Iy DE
feed @ S0l w2} 10-40%9) #1ched 2po] 7} WA s}e]
o] zpe]E FA}5k constant flow assumption &

S3te] AAAE AL ALl 5-20%9 exlst A
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Fig. 7. Effects of feed glucose concentration

and aqueous dilution rate on D’/D ratio

and corresponding PD,’/PD; ratio.

Sp=500 g/l, AV=10 cm-1, Dg=0.2 h-1
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Table 4. Comparison of solvent productivities
predicted by the model with ex-
perimental values

Experimental condition Relative
Run No. sim erp
Sp Dg D Error (%)
3 250, 0.2 0.032 231 251 -8.0
6 500 0.2 0.014 2.87 234 22.6
7 500 0.2 0.010 3.12 258 20.9
9 500 0.1 0.013 27 198 33.4

10 500 0.4 0.014 288 229 25.8
Average =20.1

Table 5. Comparison of cell concentrations and
specific productivities predicted by the
model with experimental values

Cell Concentration Specific productivity

Run No.
Pred. Exper. Error (%) Pred. Exper. Error (%)
3 10.8 11.2 -3.6 0.214 0.224 -4.5
6 129 9.2 40.2 0.223 0.253 -11.9
7 126 114 10.5 0.248 0.226 9.7
9 12.9 8.6 50.0 0.214 0.229 -6.6
10 13.0 93 39.8 0.222 0.245 -94
Average 27.4 -45
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NOMENCLATURE

A : membrane area, cm? or ft?

C, : concentration of component i in the broth,
g/l

Cy : concentration of component i in the extract-
ant, g/l

Csm @ concentration of component i in the feed ex-
tractant, g//

C, : butanol concentration in the broth, g//

Cy @ threshold butanol concentration in the broth,
g/t

D  : inlet aqueous dilution rate, h™!

HWAHAK KONGHAK Vol. 27, No. 4, August 1989
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D : outlet aqueous dilution rate, h™!
D, : inlet extractant dilution rate, h!
D/ : outlet extractant dilution rate, h-'
Ex : extraction coefficient (= D,V/kA)
F : inlet aqueous feed rate, //h
F’ . outlet aqueous feed rate, //h
Fp : volumetric extraction rate of total products,
{/h
F : inlet extractant flow rate, //h
F{ : outlet extractant flow rate, //h
Kp : distribution coefficient
Ky : butanol inhibition kinetic parameter, g/!
k;  : overall mass transfer coefficient, cm/sec
P : product concentration, g//
PD; : recovered productivity, g//.h
PD; : total productivity
Ep : specific productivity
I; : weight fraction of component i in the product
S : substrate concentration in broth, g//
Sz : substrate concentration in feed, g//
\ : volume of broth, /
W, : extraction rate, g//
X : cell concentration, g//
x, : factor correlating S and p
X, : factor correlating P and o
Yy,s : cell yield (g cell/g substrate)
Y. : carbon dioxide yield (g CO,/g substrate)
a : growth-associated coefficient correlating qp
and u
A : non-growth-associated coefficient correlating
qpand ¢
®  : specific cell growth rate, h™
imee © Maximum specific cell growth rate, h™!
p  : density of aqueous phase, g/cm®
2 : density of feed solution, g/cm®
ps : density of extractant phase, g/cm®
¢p ¢ product inhibition factor
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