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ABSTRACT

Continuous acetone-butanol fermentation was investigated for
solvent production. After approximately 11-15 d of continuous opera-
tion, the nutrient composition was changed, and an alteration in cell
morphology was observed. This led to the aggregation of cells, fol-
lowed by cell adhesion on the glass reactor. Under these conditions
of continuous operation, there was a many-fold increase in solvent
productvity. A calculated solvent productivity of 4.1 g/L/h could be
attained under these conditions. The continuous operation could be
sustained for more than 250 reactor vols.

Index Entries: Clostridium acetobutylicum; cell adhesion; aggrega-
tion; chemostat culture; dilution rate.

INTRODUCTION

In recent years, much attention has been focused on continuous ace-
tone-butanol fermentation with cell-recycle systems (1-6). Although it
appears very attractive for solvent productivity (ranging from 3.0 to 6.5
g/L/h), it is associated with increased operational problems, such as mem-
brane plugging and energy-intensive broth pumping through the mem-
brane. These problems are compounded on scale-up. Moreover, the in-
crease in biomass concentration may not give a proportional increase in
solvent productivity, because of diffusional limitations or retarded meta-
bolic activity. As an alternative, immobilized-cell-reactor systems can be
used to improve solvent productivity. Acetone-butanol fermentation has
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been studied extensively by various researchers using immobilized-cell
reactor systems (7-15).

Recently, significant improvements in solvent productivity have been
achieved in continuous fermentation on both synthetic and complex media
(16-20). Solvent productivity of 2.54 g/L/h was achieved using synthetic
media (20). However, one of the limitations of this process was long-term
stability. The active solvent production lasted for only about 55-70 reactor
vols. The use of nutrient limitation is one proposed approach to improv-
ing the stability of chemostat cultures. It was noted that phosphate,
potassium, or nitrogen limitation might be used for improved stability of
chemostat cultures (21-23). However, this improvement would be asso-
ciated with low solvent productivity.

From the foregoing discussion, it appears that a different approach
might be required for a further increase in solvent productivity with im-
proved stability. The emphasis of the current investigations is to modify
the nutrient conditions in such a way that cells could be adhered on the
glass reactor used for continuous operation. This adsorption by electro-
static interaction, reviewed in the literature (24), has been successfully
applied for ethanol fermentation with improved productivity.

MATERIALS AND METHODS

Organism and growth conditions: Clostridium acetobutylicum ATCC
824 was used throughout these studies. The medium used in these in-
vestigations contained the following per liter of water: glucose-H:O,
51.7 ¥ KH2P04, 0.5 g KzHPO4, 0.5 g’ MgSO4'7H20, 0.2 ¥ NH4C1, 1.5 g
FeSO4-7H;0O, 10 mg; p-aminobenzoic acid, 8 mg; and biotin, 0.04 mg.
However, the concentrations of MgSO47H;O and FeSO4-7H,O were
varied. In addition, calcium and zinc were also supplemented in some
studies, as described. Silicone (100 ppm) was also added to the feed
vessel to control the foam in the reactor. The continuous fermentor set-up
was the same as described earlier (17). A schematic diagram of the con-
tinuous operation is shown in Fig. 1. The fermentor was operated at 35°C
with pH controlled at 4.4 by the addition of NHsOH. The enzymatic
glucose assay and analyses of liquid samples for solvents and acids were
carried out by the method described earlier (1).

RESULTS AND DISCUSSION
Influence of Increased Concentration of Mg2+
on Performance of Chemostat Cultures

The current investigations have been examined in view of the devel-
opment of chemostat cultures with improved solvent productivity and
stability. The normal chemostat-culture experiments could last for only
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Fig. 1. Schematic diagram for continuous reactor system.

Table 1
Influence of Increased Concentration of Magnesium on the Performance
of Chemostat Cultures Growing at the Fixed Dilution Rate of 0.229+0.005 h-14

Glucose
Total Solvent Butanol consumption

solvents, productivity, productivity, rate,
Day g/L g/L/h g/L/h g/L/h
14 1.7 0.38 0.27 2.26
15 6.9 1.54 1.03 5.21
16 8.7 2.04 1.36 6.26
17 9.3 2.13 1.47 6.64
18 9.0 2.05 1.39 6.33
19 8.6 1.97 1.33 6.18
20 9.1 2.08 1.42 6.52

#Magnesium concentration was increased from 0.8mM to 8mM on the fourteenth day.

about 11-15 d at the dilution rate of 0.2+0.02 h-1. Thereafter, degenera-
tion start, resulting in the total loss of solvent-producing capabilities and
a change in the acid type of fermentation. In the initial experiments, the
concentration of Mg2+ was increased to 8mM (in the feed vessel) for the
continuous culture on the fourteenth day. As a consequence, cells started
aggregating, and fewer cells adhered on the glass reactor on the fifteenth
day. The results (Table 1) indicated a significant improvement in solvent

Applied Biochemistry and Biotechnology Vol. 24/25, 1990



758 Soni

Table 2
Influence of Different Concentrations of Magnesium on the Performance
of Chemostat Cultures Growing at the Fixed Dilution Rate of 0.229+0.005 h-12

Glucose
Total Solvent Butanol consumption

solvents, productivity, productivity, rate,
Day g/L g/L/h g/L/h g/L/h
21 8.5 1.92 1.33 6.39
22 8.7 1.99 1.40 6.52
23 8.6 1.99 1.39 6.58
24 8.4 1.91 1.34 6.47
25 8.5 1.97 1.39 6.47
26 7.3 1.66 1.11 5.61
27 6.4 1.43 0.87 4.37
28 5.6 1.25 0.76 4.00
29 8.7 1.98 1.32 6.30
30 7.8 1.76 1.08 5.20
31 7.0 1.59 1.04 4.88

4Magnesium concentration was increased to 12mM on the twentieth day and to 16mM
on the twenty-fourth day. Finally, on the twenty-eighth day, it was reduced to the initial
level of 0.8mM.

productivity. The chemostat culture continued to operate under this in-
creased concentration until the twentieth day. During this period, the
global solvent production and glucose consumption altered significantly,
as a fivefold increase in solvent production rate was noted and a threefold
increase in the glucose consumption rate was recorded. Interestingly, the
butyrate concentration remained at 1.0+0.1 g/L. This indicated that cells
were not of the degenerating type. Another feature of this culture was an
increase in the butanol-to-acetone ratio to 3.0+ 0.2 from 2.0+0.2, as a re-
sult of sudden increased magnesium concentration. This indicated that
the physiological change of cell aggregation was associated with the
change in electron flow pattern for higher butanol production.

To clarify the role of magnesium, the concentration was further altered
on the twentieth day, from 8mM to 12mM. The solvent production and
glucose consumption pattern remained unaltered (Table 2). However, a
further increase in Mg2+ concentration, to 16mM (Table 2), led to signifi-
cant inhibition of solvent production and glucose consumption. A 30%
decrease in the rate of solvent production was observed on the twenty-
eighth day (compared to the rate before increasing the concentration of
Mg?+ on the twenty-fourth day). Cell aggregation and adhesion were also
reduced signficantly during this period. The feed was changed to normal
conditions (i.e., 0.8 mM of Mg?+). The results (Table 2) indicated that, al-
though the global activity increased initially on the twenty-ninth day, it
could not be continued for an extended period for high production of sol-
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Table 3
Influence of Different Concentrations of Magnesium and Zinc
on the Performance of Chemostat Cultures of Clostridium acetobutylicum
Growing at the Fixed Dilution Rate of 0.37+0.03 h-1#

Glucose
Total Solvent Butanol consumption
solvents, productivity, productivity, rate,
Day g/L g/L/h g/L/h g/L/h
14 15 0.50 0.31 3.47
15 2.2 0.82 0.56 4.93
16 6.8 2.65 1.72 8.75
17 5.6 2.24 1.48 7.80
18 6.8 2.72 1.72 8.80

2The chemostat was started at the high concentration of magnesium (2.5mM). On the
fourteenth day, magnesium was replaced by zinc (1.7mM). However, magnesium was
also supplemented in the medium at a concentration of 0.8mM. On the sixteenth day, the
feed medium was again switched over to the earlier concentration of magnesium (2.5mM).

vents. This experiment was continued until the fiftieth day. Total solvents
could still be produced at the concentration of 3.5+0.2 g/L. The increased
concentration of Mg?* was used in the present investigations because
earlier studies showed significant improvement in the solvent production
rate at an increased concentration of divalent cations, such as Mg2+, Ca?*
Zn2+, and Fe2+ (25). These results indicated that cell adhesion could be in-
duced by the sudden increased concentration of divalent cations; how-
ever, the reasons for this were not clear.

Influence of Zn2+ on the Performance
of Chemostat Cultures

A new chemostat-culture experiment was started to confirm the
reproducibility of cell aggregation and adhesion. The feed medium was
supplemented with a comparatively higher concentration (2.5mM) of
Mg?+. The chemostat cultures were operated initially at the dilution rate
of 0.34 h-1. There was no aggregation of cells until the thirteenth day.
The feed was modulated by supplementing it with Zn?+ at 1.7mM. How-
ever, Mg?+ was also added at 0.8mM because of nutritional requirements
for different metabolic functions. Once again the cell responded to this
sudden change, because the aggregation was noticed on the fifteenth
day, followed by adhesion on the glass surface. As shown in Table 3, sol-
vent production and glucose consumption rates improved significantly.

After continuing with Zn?+ for 48 h, the feed pattern was again changed
to preexisting conditions (i.e., 2.5mM of Mg?+). The results indicated no
specific alteration of the global performance for solvent production and
glucose consumption. The feed pattern was continued for another 48 h
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Table 4
Influence of Calcium on the Chemostat Culture of Clostridium acetobutylicum
Growing at the Fixed Dilution Rate of 0.40+0.01 h-14

Glucose
Total Solvent Butanol consumption
Time, solvents, productivity, productivity, rate,
h g/L g/L/h g/L/h g/L/h
24 7.2 2.95 2.05 10.15
36 7.4 2.89 2.00 10.04
48 7.6 3.04 2.08 10.60
60 7.5 2.92 1.99 10.10
72 7.5 2.93 1.99 10.02

4Calcium was added as calcium chloride on the eighteenth day and the time-course was
followed until the twenty-first day.

with Mg?+ (Table 3). High solvent productivity could be achieved under
these conditions.

Effects of Ca2+ and Fe2+ on the Performance
of Chemostat Cultures

Because Ca?* and Fe?+ showed favorable effects on solvent produc-
tion, the present investigations were continued with these divalent cations.
The feed medium with a high concentration of Ca?* (1.7mM) was started
on the eighteenth day and continued until the twenty-first day. Solvent
production rates of 2.95+0.1 g/L/h could be attained under these condi-
tions (Table 4). These values were about sixfold higher than those at the
beginning of the changeover (i.e., on the fourteenth day). The feed pattern
was changed on the twenty-first day to a high concentration of Fe?*, and
this was continued until the twenty-fourth day. The results (Table 5) indi-
cated that high solvent-production and glucose-consumption rates could
still be maintained. From these results, it can be inferred that an appro-
priate concentration of divalent cations (Ca2+, Mg?*, Zn?+, Fe?*) could be
used to attain and maintain cell aggregation for long durations without
any destabilization of global performance.

However, to verify the necessity of a high concentration of divalent
cations for maintaining high solvent productivity, the feed pattern was
changed again on the twenty-fourth day to a normal medium (i.e., 0.8mM
of Mg?*) and continued until the thirtieth day under these conditions. It
was very interesting to note that high solvent-production rates (4.1 g/L/h)
could be maintained (Table 6). The concentration of butyric acid remained
at 0.7+0.2 g/L throughout these investigations. This low value again indi-
cated that there was no cell degeneration. Because it was still not clear if
the divalent ions were essential for cell aggregation, the chemostat-
culture experiment was restarted. The above results were confirmed in

Applied Biochemistry and Biotechnology Vol. 24/25, 1990



Acetone—Butanol Fermentation 761

Table 5
Influence of Iron on the Chemostat Culture of Clostridium acetobutylicum
Growing at the Fixed Dilution Rate of 0.423+0.004 h-14

Glucose
Total Solvent Butanol consumption
Time, solvents, productivity, productivity, rate,
h g/L g/L/h g/L/h g/L/h
24 6.6 2.80 1.94 9.06
36 6.8 2.90 1.96 9.48
48 6.6 2.80 1.90 9.48
60 6.5 2.77 1.92 9.35
72 6.5 2.77 1.93 9.24

?Iron was added at a concentration of 1.7mM on the twenty-first day, and the time-
course was continued until the twenty-fourth day.

Table 6
Influence of Normal Medium Condition
on the Chemstat Culture of Clostridium acetobutylicum
Growing at the Fixed Dilution Rate of 0.41+0.02 h-1#

Glucose
Total Solvent Butanol consumption
Time, solvents, productivity, productivity, rate,
h g/L g/L/h g/L/h g/L/h
24 7.2 2.96 2.02 10.10
48 8.4 3.60 2.49 11.10
72 9.2 3.96 2.84 12.20
96 9.8 4.03 2.80 13.00
120 10.6 4.14 2.89 13.50
144 10.2 4.10 2.86 13.10

4The culture was previously operated at a high concentration of divalent cations; on the
twenty-fourth day, normal feed medium was started, and the time-course was followed
until the thirtieth day.

another independent experiment (Table 7). From these results, it can be
inferred that, although higher concentrations of divalent cations are not
necessary for cell aggregation (Tables 6 and 7), these higher concentra-
tions will allow the stable operation of fermentation for longer durations.

A comparison of our results with the literature (Table 8) indicated that
solvent productivity similar to that of cell-recycle systems could be
achieved by cell adhesion. Another interesting observation was the in-
crease in stability. Further investigation of these findings with the goal of
developing a stable aggregating culture could lead to a breakthrough in
acetone-butanol fermentation. Based on a multistage continuous pro-
cess, a recent economic analysis indicated that the solvent production is
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Table 7
Influence of High Dilution Rates
on the Performance of Chemostat Cultures of Clostridium acetobutylicum?®

Glucose
Total Solvent Butanol consumption

Time, solvents, productivity, productivity, rate,
h g/L g/L/h g/L/h g/L/h

0 0.5 0.28 0.11 2.58
12 0.9 0.55 0.31 4.21
24 3.1 1.83 1.24 8.00
36 6.2 3.70 2.49 12.40

2The chemostat was started at the dilution rate of 0.20 h~ during 10 d. On the tenth day,
dilution was further increased to 0.60+0.01 h, and the time-course was followed, consid-
ering this increase as time zero.

Table 8
Comparison of Performances of Continuous Fermentation
Under the Condition of Maximum Solvent Productivity
Achieved by Different Groups Using Clostridium acetobutylicum

Largier Frick and  Asfchar Ennis and
et al., Schugerl, etal.,, Maddox, Current
1985 1986 1985 1989 work
Two- Two- Two- Single Single-
Fermentation stage stage stage stage stage
system immobilized immobilized  cell cell continuous
cells cells recycle  recycle system
Total
solvents, 15.4 4.0 7.0 7.1 10.6
g/L
Butanol
productivity, 1.6 - - - 2.9
g/L/h
Solvent
productivity, 3.0 4.0 4.5 2.9 4.1
g/L/h
References 10 13 2 4 -

again very close to chemical routes (26). It was noted that the rational
price of butanol ranges from $0.276 to 0.357/Ib for fermentation-based
process, whereas the price ranges from $0.269 to 0.312/Ib for petrochemi-
cal processes. The current investigation has the potential to further reduce
the cost of fermentation routes. However, the implementation of the
fermentation process would depend on the demand for these solvents
and the availability of cheap raw materials.
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CONCLUSIONS

Several novel conclusions can be drawn from our investigations: First,
although continuous cultures are associated with low stability, this stability
can be improved by nutrient limitation at the reduced solvent productivity.
However, if a sudden change is introduced in the continuous process, cell
aggregation could be obtained, followed by adhesion on the glass reactor.
In addition, appropriate concentrations of divalent cations could be added
to the feed medium to improve the stability of chemostat cultures. The con-
tinuous operation could be sustained for more than 250 reactor vols without
any loss of culture activity. The electron flow could be altered by aggregat-
ing cells for high production of butanol. A butanol-to-acetone ratio of 3:1
was noted. Finally, a high solvent productivity of 4.1 g/L/h could be at-
tained and maintained for long continuous operation.
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