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I N T R O D U C T I O N  

The majority of feedstock chemicals are currently supplied by the 
petrochemical irtdustry. However, the need for alternate syntheses of 
these compounds has brought about a lot of interest in the production of 
these compounds by fermentation of renewable resources such as wastes 
from food and other agriculturally related industries. 

One potentially valuable chemical feedstock is 2,3-butanediol. I ts  de- 
hydration yields the common industrial solvent, methyl  ethyl ketone. 
Compared to ethanol, methyl ethyl ketone has a higher heat of combus- 
tion. It is also a more effective liquid fuel additive than ethanol since it 
gives a higher octane number when mixed (25%) with gasoline (1). 
2,3-Butanediol can also be converted to 1,3-butadiene, a monomer used 
in the production of synthetic rubber, plastics and other consumer ori- 
ented polymers. The L-form of the butanediol also has potential use as a 
substitute for ethylene glycol as an antifreeze (2). 

There have been a number of attempts in the last few decades of 
producing 2,3-butanediol by fermentation of different substrates. Entero- 
bacter aerogenes was shown to produce this compound from citrus wastes 
(3). Klebsiella pneumoniae was able to utilize wood hydrolysates as sub- 
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strates for 2,3-butanediol production (4). Another renewable resource of 
interest is whey.  The first report of whey as a medium for 2,3-butanediol 
production showed that Bacillus polymyxa was a microbe with industrial 
potential due to its fermentative capabilities, its nonpathogenicity and its 
genetic stability (5). Increased butanediol yields by this organism when 
hydrolyzed whey  was used has also been reported (6). 

Numerous studies have reported the advantages of using immobi- 
lized cell systems over free cells in fermentations (7). Cells of Enterobacter 
sp. immobilized in carrageenan or calcium alginate have been shown to 
produce 2,3-butanediol from glucose or xylose, respectively (8,9). A tech- 
nique has also been described using titanium hydroxide as a matrix for 
immobilizing Aeromonas hydrophila for 2,3-butanediol production from 
starch (10). More recently, immobilized cells of Klebsiella pneumoniae were 
reported to show good productivity using whey permeate as substrate 
(11). The purpose of this study was to compare 2,3-butanediol produc- 
tion by free cells with immobilized cells of B. polymyxa using hydrolyzed 
whey permeate as a growth medium. 

/V~THODS 

]Vlicroorganism and Culture Conditions 

A mutant  of Bacillus polymyxa ATCC 12321, designated as AIsR- 
#11-9-1, was used. This mutant, isolated from a series of spontaneous 
and nitrosoguanidine-induced mutations, was shown to produce acetoin 
and 2,3-butanediol earlier and in greater quantities than the wild type 
strain (12). The cells were maintained on brain heart infusion agar slants 
(Difco). Inocula were prepared by transferring a loopful of cells from the 
slant into a hydrolyzed whey permeate solution and incubating with agi- 
tation at 35~ for 12 h. 

To concentrate the cells for immobilization, a biphasic medium of 
hydrolyzed whey  permeate was used. In this system, the culture is 
confined to a small volume of liquid overlay but has diffusional access to 
the nutrients in the solidified base and consequently becomes densely 
concentrated (13). 

All fermentations were conducted in duplicate shake flasks at 35~ 
unless otherwise indicated. The ratio of immobilized cell beads to sub- 
strate was 1:10 (wt%). For comparison with free cells, the equivalent 
weight of cells in the immobilized beads were suspended in the same 
volume of substrate. 

Substrate 
The substrate used was whey permeate powder (Express Foods Co. 

Inc., Louisville, KY) reconstituted to 50 g/L lactose, unless otherwise in- 
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dicated. The whey permeate solution was hydrolyzed with Novo Lacto- 
zym 3000L Type HP enzyme (Novo Laboratories, Inc., Wilton, CT) at a 
dose of 3.5 ml/L at 40~ for I h. The pH of this solution is approximately 
6.5. 

Immobilization 

B. polymxa cells were immobilized in calcium alginate beads. Unless 
otherwise indicated, a cell loading of 14% (g cell dry wt/g alginate) was 
used. The cells were harvested by centrifugation at 12,000 x g for 15 min 
and resuspended in a small volume of saline solution and mixed with a 
sodium alginate solution to give a final alginate concentration of 4%. The 
alginate-cell slurry was then extruded as drops through a syringe into a 
0.15 M CaC12 solution resulting in beads of about 3 mm in diameter. The 
beads were incubated in this solution for 1 h at room temperature after 
which they were rinsed with sterile distilled water prior to use. 

AnaO4:ical Methods 
The fermentation products of interest were 2,3-butanediol and its ox- 

idized form, acetoin. 2,3-Butanediol was determined by the method  of 
Desnuelle and Naudet (14) and acetoin by the method of Westerfeld (15). 
Diacetyl and acetaldehyde, two compounds associated with this fermen- 
tative pathway, were found not to occur in significant quantities. 

Glucose was determined by the hexokinase method using a Sigma 
diagnostic kit (Product no. 115). Galactose was determined by UV spec- 
trophotometry using a Boehringer Mannheim test kit for lactose and ga- 
lactose. 

Cell concentrations were determined by comparing the optical den- 
sity (OD) of a solution to a standard curve of cell dry weight and OD at 
420 nm. Cell dry weights were determined by harvesting the cells by 
centrifugation at 12,000 x g for 15 min. The cell pellet was washed twice 
with buffered saline solution and then dried to constant weight in a 
105~ air oven. 

Scanning Electron/qicroscopy 
The immobilized cell beads were razor cut to reveal the interior and 

then fixed with 4% glutaraldehyde for 4 h. This was followed by over- 
night post-fixation with cold 1% osmium tetroxide solution. Following 
stepwise dehydration with increasing concentrations of ethanol, the 
specimen was critical point dried with liquid CO2. After sputter coating 
with a thin layer of gold and palladium, the beads were observed in an 
ISI-40 scanning electron microscope. 
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RESULTS ArID DISCUSSION 

Effect of Cell Loading 

Immobilized cell beads were prepared with varying cell concentra- 
tions to determine the effect of cell density on 2,3-butanediol production. 
Calcium alginate beads were prepared with cell densities of 1.5, 5.0, 8.0, 
14.0, and 20.0% (g cell dry wt/g alginate). The fermentations were con- 
ducted with sequential replacement of substrate every 24 h. 

As shown in Fig. 1, 2,3-butanediol production increased during the 
first few hours with the most marked increase at the two lowest cell Ioad- 
ings. The comparable product concentrations obtained for the wide 
range of cell loadings indicate that diffusional resistance through the 
bead may not be that critical up to a certain point. Physical studies on 
calcium alginate gels report that, at least for low molecular weight sub- 
strates and products, diffusion in and out of these highly hydrated gels 
progresses quite easily (16,17). As such, higher cell concentrations result 
in higher product concentrations. 

Analysis of variance of duplicate runs showed that the cell loadings 
of 14 and 20% resulted in significantly better 2,3-butanediol production. 
However, it can be seen that the one with 20% loading consistently pro- 
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duced a lesser amount  of 2,3-butanediol than did the one with 14% load- 
ing. This could indicate that at higher cell densities, the porous structure 
of the gel decreases and diffusional restrictions become more evident. 
With regard to this, an important kinetic parameter to be considered in 
immobilized cell systems is the effectiveness factor which is the ratio of 
the observed reaction rate to that achieved in the absence of diffusional 
limitations. Microscopic observation of the beads shows very dense 
growth of the bacteria within the calcium alginate matrix (Fig. 2). 

Effect of Temperature 

2,3-Butanediol production by free and immobilized cells was deter- 
mined at different incubation temperatures, namely 25, 30, 35, and 40~ 
This experiment was done because differences in the optimum tempera- 
tures for free and immobilized cells are known to exist such as in the pro- 
duction of ethanol by yeast (18). 

Figure 3 shows that the trend in butanediol production was similar 
for both the free and immobilized cells, the opt imum being 35~ At 

Fig. 2. Scanning electron micrograph of immobilized cells of Bacillus po- 
lymyxa. Line scale equals 10 ~m. 
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Fig. 3. Effect of incubation temperature on 2,3-butanediol production. 
Results were obtained after 72 h of fermentation. 

40~ there was considerable reduction in 2,3-butanediol concentrations. 
This could be directly related to the effect of temperature on the growth 
of the cells. In a study of 2,3-butanediol production by Aerobacter 
aerogenes, the growth rate was shown to fall to nearly zero at tempera- 
tures above 37~ (19). Slightly higher product concentrations were ob- 
tained for the immobilized cells. 

Effect o f  pH 

The effect of the pH of the substrate on 2,3-butanediol production 
was also determined.  As with temperature, the same trend was observed 
for both free and immobilized cells, with product concentrations increas- 
ing with increasing pH (Fig. 4). The higher level of product concentration 
in the immobilized system may be attributed to a pH gradient formed 
within the bead. In the microenvironment of the immobilized cell sys- 
tem, partitioning effects may occur that cause shifts in pH as a result of 
the negative charge on the bacterial cell (20). One would reason that 
these interactions would be greater with the available hydrogen ions 
than with the uncharged substrate and product molecules. 

Although the improved product concentrations at lower pH for the 
immobilized cell system is not great enough to justify its use in acid 
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Fig. 4. Effect of pH of substrate on 2,3-butanediol production. Results 
were obtained after 96 h of fermentation. 

whey, this property could offer some protective effect to the cells during 
increased acid production during fermentation and could possibly ex- 
tend the fermentation life. 

Effect of Agitation 

There are numerous conflicting reports in the literature on the effect 
of aeration on 2,3-butanediol production by free cells of Bacillus polymyxa 
(21). We have not found a study that considered the effects of aeration on 
the production of 2,3-butanediol by immobilized cells of Bacillus 
polymyxa. Therefore, free and immobilized cells were incubated under  
quiescent and agitated conditions to determine the effects of aeration on 
2,3- 
butanediol production. The agitated free and immobilized cells resulted 
in higher product concentrations and had higher yields than the static 
cultures (Fig. 5). Although it is generally known that a certain degree of 
aeration is required for the initial stages of the fermentation, it has been 
reported that aeration also favors the production of biomass at the ex- 
pense of 2,3-butanediol (22). Results opposite to those obtained would 
then be expected. It should be noted, however, that under more anaero- 
bic conditions, there is a greater buildup of acetate in the cells. Although 
acetate is known to induce the enzymes associated with 2,3-butanediol 
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Fig. 5. 2,3-Butanediol concentration and yield of free and immobilized 
cells incubated in static and agitated cultures. Results were obtained after 72 h of 
fermentation. Yield is expressed as tool 2,3-butanediol produced/mol of glucose 
or galactose utilized. 

p roduct ion ,  it does  so only  up  to a certain o p t i m u m  level, above wh ich  it 
is toxic to the  microbial  cell (23). This migh t  have  been  the case in the 
static cul tures  even  if comple te  anaerobiosis was  not  at tained.  It shou ld  
also be no t ed  that  for static cultures,  there  could be external  diffusional  
restrictions on  substrate  and  product  transfer in the  uns t i r red  b o u n d a r y  
layer  a r o u n d  each cell or particle of immobi l ized cells. 

The h ighe r  level of p roduc t  concentra t ion in the agi tated free cells 
than  in the agi ta ted immobi l ized  cells may  be a t t r ibuted to the more  aero- 
bic e n v i r o n m e n t  of the  free cells since the en t rapp ing  matrix of the immo-  
bilized cells could  offer some resistance to the diffusion of oxygen  to the 
cells. (24). 

Effect of Initial Substrate Concentration 

The inf luence  of initial substrate concentra t ion on the fe rmenta t ion  
was  also s tudied .  The reconst i tut ion of the w h e y  pe rmea te  p o w d e r  to dif- 
ferent  concent ra t ions  was  done  prior to hydrolysis  a n d  thus  was  based  
on  the lactose concent ra t ion .  The concentra t ions  s tud ied  we re  25, 50, 
100, and  150 g/L. It shou ld  be no ted  that  after comple te  hydrolys is ,  the 
combined  concent ra t ions  of glucose and  galactose,  calculated on a mole  
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Fig. 6. 2,3-Butanediol concentration and yield at various initial substrate 
concentrations. Results were obtained after 60 h of fermentation. Yield is ex- 
pressed as mol of 2,3-butanediol produced/mol of glucose or gaiactose utilized. 

basis, were 26, 53, 106, and 158 g/L, respectively. These data were also 
verified by chemical analyses. 

Figure 6 shows that the highest product concentration and yield 
were obtained when the initial substrate concentration was 106 g/L. The 
increase in product concentration up to initial substrate concentrations of 
106 g/L could be a result of a proportional increase in the total cell mass 
produced.  Yields, however, are not constant and also increase with in- 
creasing initial substrate concentrations. As in the case of Klebsiella 
oxytoca, the differences in yield may be related to the specific oxygen sup- 
ply (25). These experiments were conducted under  the same degree of 
agitation and so the oxygen supply would be consistent for all the flasks. 
With a low total cell mass, as in those from the low substrate concentra- 
tion, the oxygen supply available per cell would be greater. This might 
have caused more of the substrate to be metabolized through the respira- 
tory pathway. 

As in all fermentations, there is an opt imum initial substrate concen- 
tration for the maximum product yield in a fixed batch time. In this 
study, the optimum initial substrate concentration was 106 g/L. The 
sharp decrease in yields beyond this concentration for both free and im- 
mobilized cells could be related to the decreased water activity at high 
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solute  concentra t ions .  U n d e r  condit ions of decreased  wa te r  activity, the 
cells s p e n d  a significant part  of their energy requ i rement s  to mainta in  
concent ra t ion  gradients  and  viability (26). 

With increasing initial substrate concentrat ion,  the p r o d u c t  concen- 
t rat ion for immobi l ized  cells followed the same t r end  as yield whereas  
wi th  free cells, the p roduc t  concentrat ion showed  an increas ing  t rend up  
to the h ighes t  substrate concentrat ion.  Gel en t r apped  immobi l ized  cell 
prepara t ions ,  in themselves ,  have reduced water  activity because  of the 
p resence  of a po lymer  (27). The effect of reduced wate r  activity at lower  
substrate  concentra t ions  was  probably not great e n o u g h  to affect the 
metabol ic  activity of the organism. Higher  substrate concentra t ions ,  as 
m e n t i o n e d  earlier, may  have  c o m p o u n d e d  this effect so that  there  was  a 
l ower  p roduc t  concent ra t ion  for the immobil ized cells. 

In conclusion,  immobi l ized cells of Bacillus polymyxa produced  
2,3-butanediol  in equal  or greater  amounts  than the  free cells u n d e r  the 
different  cul ture  condi t ions  studied.  This wou ld  prove  useful  for contin- 
uous  fe rmenta t ions  in the future.  
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