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Introduction

The acetone—butancl-ethanol (ABE) fermentation process. using Clostridium
acetobutvlicum or C. beijerinckii. epitomizes the problems of all fermentation
processes vis-g-vis chemical synthesis:

1. Low reactor productivities;
2. Presentation of a dilute aqueous solution for product recovery.

In particular. the process is subject to severe product inhibition. at
concentrations no greater than 20 g [7'. and this, in turn. restricts the
concentration of sugar that can be fermented.

The purpose of this chapter is to review some recent developments in
fermentation technology as applied to the ABE process. The aim of such
technologies is to increase reactor productivity and/or remove product
inhibition. In this way, the economics of the overalt process can be improved.

Detailed accounts of the microbiology and biochemistry of the ABE process
(outlined in Figure I} have been presented in several recent reviews (e.g.
Linden. Moreira and Lenz. 1985: Ennis. Gutierrez and Maddox. 1986: Jones
and Woods, 1986; Awang. Jones and Ingledew. 1988). In this article,
techniques for improving productivity in batch fermentation will be considered
first. followed by the use of continuous culture techniques and some novel
fermentation technologies, such as the application of immobilized cells.
Finally. some integrated fermentation/product recovery technologies will be
described. because the key to future commercial development of the process
may depend on minimizing product inhibition while reducing the costs of
product recovery.

Abbreviations: ABE. acctone-butanol—thanol: CFM. capillary crossilow microfiltration: CSTR.
continuous stirred tank reactor.
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CO;, H, Ethanol, Acetone, Butano! Acetic acid, Butyric acid

Figure I Major mewabolites produced from carbohydrate on anaerobic lermentation by
Closrricdion aeciobuatylicwm tor C. beiferinkin.

Batch fermentation
pH AND INITIAL SUGAR CONCENTRATION

It has been known for many years that the culture pH value has a strong
influence on the course of the ABE fermentation. The general concensus has
been that fermentations performed at relatively high pH values produced acids
rather than solvents, whereas in fermentations performed at relatively low pH
values, the reverse was true (e.g. Monot, Engasser and Petitdemange, 1983).
However, there have been several reports of solvenis (i.e. total
butanol + ethanol + acetone) being produced at pH values approaching
neutrality, and it is now clear that there is a strong interaction between the pH
value and the initial sugar concentration, and also the strain of bacterium used.
Thus, higher initial sugar concentrations encourage solvent production, even at
pH values approaching neutrality (Monot eraf., 1982: George and Chen, 1983
Monot, Engasser and Petitdemange, 1983; Holt, Stephens and Morris, 1984;
Ennis and Maddox, 1987). Marchal, Blanchet and Vandecasteele (1985),
working with a substrate derived from the Jerusalem artichoke {Helianthus
tuberosus). re-emphasized the marked influence of pH value, and showed that
while a low pH value favoured solvent production over acid production, it also
led to an increase in the total fermentation time. Their solution to the problem
was to control the pH profile during the process. Two such profiles were
described. In one, the pH was held at pH 6:0-6-5 during the growth phase, and
was then allowed to decrease by self-acidification. In the second, the pH was
similarly held during the growth phase, and was then allowed to drop by
self-acidification. Onreaching pH 5-3. it was re-adjusted to pH 6-5, followed by
another natural decrease. By this means, substantial improvements in solvent
production were achieved. A similar approach has been described by Ennis and
Maddox (1987}, working with a substrate of whey permeate. They reconfirmed
that at relatively low sugar (lactose ) concentrations (45 ¢ 171}, low pH favoured
solventogenests. but growth and sugar utilization were poor. Conversely. at
higher pH values, although growth and sugar utilization were much improved,
solvent production was poor. The pH profile that was developed to optimize
the fermentation involved holding the pH near neutrality during the growth
phase, and then allowingit to fall naturally to the optimum value for the solvent
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production rate (pH 5-1-5-5), at which point it was maintained by addition of
atkali (ammonia).

The conclusion that can be drawn from these studies is that to achieve a high
solvent productivity, itis necessary to control the pH profile during the process.
rather than simply to maintain a constant pH value. The optimum profile for a
given substrate and bacterial strain is probably case-specific, and should be
evaluated for each situation.

AGITATION AND HEAD-SPACE PRESSURE

Spivey (1978), in his article describing the commercial process then operating
at National Chemical Products. South Africa. stated that during the
fermentation the head-space pressure was allowed to rise 1o 35 KPa above
ambient pressure (due to the carbon dioxide and hydrogen produced by
bacterial metabotism). Further. the fermentation vessels were not fitted with
mechanical agitators. Presumably. sufficient mixing occurred due to gas
cvolution so that agitation was not required. Maddox. Gapes and Larsen
(1981) performed experiments in a stainless steet fermentation vessel where the
head-space pressure could be controlted. Pressures of up to 105 KPa were
generated naturally, and held at the required value using a relief valve. It was
shown that maintenance of a positive head-space pressure resulted in a marked
improvement in solvent productivity. the value increasing from 0-05 g/l h to (-2
g/Lh when the process was conducted at 105 KPa above ambicnt pressure
rather than at atmospheric pressure. Furthermore. it was demaonstrated that
sparging or sweeping the culture with hydrogen gas at atmospheric pressure
had no effect on the solvent productivity, and it was suggested that this is
because the partial pressure was not sufficiently high to achieve the necessary
concentration of hydrogen in solution. It was postulated. based on remarks by
Spivey (1978). that the hvdrogen gas produced early in the fermentation is
subsequently reused by the bacterium to provide reducing power for butanol
production.

In contrast to the above, Griffith, Compere and Googin (1983) reported that
at a head-space pressure of 1400 KPa, produced by pressurizing with hydrogen
gas, there was a slight decrease. rather than an increase. in butanol production,
Unfortunately, no details were provided for production rates or yields.

In support of the beneficial effects of an increased head-space pressure.
Doremus, Linden and Moreira (1985) compared fermentations performed at
105 KPa with those performed under non-pressurized conditions. They
demonstrated a 60% improvement in butanol productivity in the pressurized
fermentations, and they postulated that this was due to supersaturation of the
broth with hydrogen. Lobos, Lamed and Su (1982) had previously reported
that high levels of hydrogen supersaturation can occur in unstirred cultures of
various anaerobic bacteria, including C. acetobutylicum. This supersaturation
favours the formation of reduced products, such as butanol and ethanol, at the
expense of oxidized products, such as acetate and butyrate. Depending on the
organism, mole ratios of reduced : oxidized products can increase as much as
tenfold under conditions of supersaturation, and this can also be achieved by
application to the cuiture of a positive hydrogen head-space pressure (Lobos,
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Lamed and Su, 1982). Yerushalmi, Volesky and Szczesny (1983) have also
investigated the effect of increased hydrogen partial pressure on solvent
production. Using hydrogen gas, they achieved head-space pressures of up to
1479 KPa, and observed increased yields of 18% and 13% for butanol and
ethanol, respectively, compared to non-pressurized fermentations. The
corresponding acetone yield was decreased by 14%. Although no data were
provided for product concentrations or productivities, this shift in product ratio
from acetone towards butanol is of practical interest.

The effect of carbon dioxide pressure on solventogenesis has been studied by
Klei, Sundstrom and Miller (1984). However, their methodology was such tiat
the fermenter head-space contained hydrogen (from bacterial metabolism) in
addition to carbon dioxide, so their results should be interpreted with some
caution. Nevertheless, their findings show that maximum solvent concentra-
tions were achieved at a head-space pressure of 175 KPa. At a pressure of 280
KPa ethanol production was eliminated. Doremus. Linden and Moreira (1985)
have stated that the concentration of dissolved carbon dioxide has no effect on
solvent production,

More recently, Brosseau, Yan and Lo (1986), using C. sacchuroperburyl-
acetonicum, have confirmed that maintenance of a positive head-space
pressure favours solvent production, but no details were provided of the
pressures attained.

When investigating the effects of hydrogen supersaturation in cultures of
clostridia, Lobos, Lamed and Su (1982) commented that supersaturation was
dramatically reduced upon agitation of the broth. The effect of agitation on the
ABE fermentation has been studied subsequently by other investigators.
Welsh and Veliky (1984) compared the effect of non-agitation with agitation at
100r.p.m. (1-2titre working volume fermenter). and observed that agitation of
the culture had a detrimental effect on the solvent concentration, yietd and
production rate. In addition, there was a decrease in the ratio of butano! to
acetone in the broth. Doremus, Linden and Moreira (1985) reported similar
results when investigating the effect of agitation over the range 25-300 r.p.m.
(3 litre working volume fermenter). Thus, solvent productivity was inversely
proportional to the agitation rate. No real effect was observed on the final
solvent concentration or ratio of butanol to acetone. but this may reflect the
fact that no experiments were performed with a zero agitation rate. As
expected, the effect of agitation was much less in pressurized than in
non-pressurized fermentations,

In contrast to the above, Yerushalmi and Volesky (1985), working in the
agitation range 190-560 r.p.m. (10 litre working volume fermenter), observed
no real effect of agitation on the solvent production rate, concentration or
yield. However. this may again reflect the lack of a non-agitated control
experiment. Nevertheless, a slight increase in the specific solvent production
rate was observed as the impeller speed increased from 190 to 340 r.p.m. At 560
r.p.m., growth of the culture was inhibited, presumably due to shear effects.

Overall, it is now apparent that operation of the batch fermentation process
under conditions of non-agitation and a positive head-space pressurc is
conducive tosolvent production. Technically, these requirements are simple to
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achieve. The effect appears to be caused by the high partial pressures of
hydrogen which are attained. resulting in hydrogen supersaturation of the
culture.

CARBON MONOXIDE AND VIOLOGENS

Closely related to the effects of agitation and head-space pressure on the ABE
process are the effects of carbon monoxide and methyl and benzyl viologens.
Carbon monoxide is an inhibitor of the enzyme hydrogenase. and thus its
action increases the pool of reduced nucleotides in the cell. which in turn leads
to increased production of products which require reduced nucleotides for their
formation. i.e. butanol and ethanol (Datta and Zeikus, 1985). Methyl and
benzyl viologens also alter electron flow in favour of the alcohols, but the exact
mechanism is unknown (Rao and Mutharasan. 1986).

Kim et al. (1984) and Meyer, McLaughlin and Papoutsakis (1985). working
in batch culture, have investigated the effect of gassing with carbon monoxide.
in mixtures with nitrogen. They observed an inhibitory effect on cell growth.
hydrogen production and acid production, while there was a stimulatory effect
on ethanol and butanol production. This work was extended by Datta and
Zeikus (1985}, who demonstrated that metabolic modulation by carbon
monoxide was particularly effective when acetate or butyrate, at 5g 17", were
added to the fermentation as electron sinks. Using levels of carbon monoxide in
the range 10-20 KPa partial pressure. it was observed that solventogenesis
commenced earlier and higher butanol concentrations coutd be achieved. The
latter was related to an increased ratio of butanel to acetone. Indeed. in some
circumstances, acetone production could be completely eliminated. As
mentioned earlier, this manipulation of end-product ratios is not without some
commercial significance. Meyer, Roos and Papoutsakis (1986) subsequently
extended these observations to glucose-limited continuous cultures. Normaily.
salvents are not produced under conditions of glucase limitation, but when the
culture was sparged with carbon monoxide, ethanol and butanol (but not
acetone) were produced at very high specific production rates.

The use of carbon monexide in ABE fermentation processes may prove to be
a commercial proposition. provided that a cheap supply of the gas is available.
The major benefit appears to be increased production of ethanol and butanol at
the expense of acefone.

The application of methyl and benzyl viologens to solvent production gives
similar effects to those of carbon monoxide, but its practical utility may be
timited. Rao and Mutharasan (1986). working in batch culture at pH 5-0,
showed that addition of methyl viologen (0-1 g 17") led to increased production
of ethanol at the expense of acetone, while the butanol concentration remained
unchanged. At pH 6-8, where there was no solvent production in control
experiments. addition of methyl viologen stimulated cthanol production.
These observations have since been extended to continuous culture
experiments (Rao and Mutharasan, 1987. 1988). Under glucose-limited
conditions at pH values above pH 6-3. where solvent production is not
normally observed, addition of methyl or benzyl viologen led to a decreased
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production of acetate and butyrate. and an increased production of ethanol and
butanol. Acetone was not observed. Simitarly, the use of benzyl viologen in a
on-nutrient-limited continuous fermentation led to an increased ratio of
butanol to acetone. Kim and Kim {1988) have recently reported similar results,
and, in addition, have successfully used electrochemical energy as a source of
reducing equivalent to achieve the same effect.

NUTRIENT LIMITATION

It 15 often difficult to interpret the literature with regard to the effect of a
nutrient limitation on solvent production in batch fermentation, since although
initial nutrient concentrations are usually described, the nutritional status of
the culture during and after the process is often not. For commercial media, it
has been stated that all nutrients are normally present in excess (Jones and
Woods, 1986), but it is not clear whether this is the optimum situation.
Technically, itis simple to add supplementary autrients to commercial media if
required, and also to remove certain nutrients, although this may be costly.

Nutrient limitation in batch culture may be defined as a situation where
cettular growth is restricted (terminated) due to the exhaustion of an essential
nutrient. In the ABE fermentation, glucose limitation is well known to be
detrimental to solvent production, and will not be considered further (Monot.
Engasser and Petitdemange. 1983: Long. Jones and Woods, 1984).

Nitrogen limitation has been studied by Monot and Engasser (1983) who
reported that strong solvent production occurred after exhaustion of nitrogen
from the medium. In contrast. Long, Jones and Woods (1984) concluded that
nitrogen-limited cultures did not produce solvents. Their results showed that
there must be a minimum nitrogen concentration remaining after the growth
phase for solventogenesis to occur. Roos, McLaughlin and Papoutsakis (1985)
performed experiments where the ratio of nitrogen to glucose was varied, to
investigate the effect on solventogenesis. Although itis not clear if nitrogen was
ever a limiting nutrient, the data suggest that an excess of nitrogen is
detrimental to selvent production, and that as the ratio of nitrogen to glucose
decreases, the rate of solvent production increases. Thus, solvent production
may be enhanced by a lowered availability of nitrogen.

With regard to phosphate-limited batch cultures, Bahl, Andersch and
Gottschalk (1982) have described how solvent production occurred after
exhaustion of phosphate from the medium. In conditions of excess phosphate,
the fermentation produced acids rather than solvents, and thus there may be a
case for removal of this anion from commercial media. Recently, Bryant and
Blaschek (1988) have described the effect of buffering on solvent production,
but 1t is possible to interpret some of their data as an effect of the phosphate
concentration. Although the nutritional status of the culture at the end of the
termentation was not described. the results appear to confirm that solvent
production can occur under phosphate-fimited conditions.

Kanchanatawee and Maddox (unpublished data) have studied the effects of
nitrogen and phosphate limitation, and conditions where ali nutrients are in
excess. on solvent production. The resuits confirm that solvent production can



Acetone-butanol-ethanol fermentation 195

occur under conditions of nitrogen or phosphate limitation, but that the
optimum conditions are where both the nitrogen and phosphate concentrations
are just sufficient for growth. but are not growth-limiting. If either nitrogen or
phosphate is present in too great an excess, there is a decrease in solvent
production. Hence. there is an interaction between the nitrogen and phosphate
nutrient concentrations, which may help to explain some of the apparent
contradictions in the literature. particularly for nitrogen. Similar results have
been observed by Yerushalmi and Volesky (1987) with regard to the nitrogen
concentration, i.e. the optimum condition for solvent production occurs when
the supply is just in excess of that required for biomass growth.

Iron limitation in batch culture may be a useful technique for manipulation of
the ratio of butanol to acetone. Junelles er al. (1988) performed experiments
whereby the iren content of the medium was reduced from 10 mg 111002
mg 17 (as FeSO,.7H,0}. with the result that the butanol to acetone ratio
increased from 3-7 1 to 11-8 : 1. It was suggested that iron limitation. in
addition to inhibiting the enzyme hydrogenase. directly affected the carbon
and electron flow. Previous to this. Bahl er al. (1986} reported on experiments
carried out in chemostat culture. in a low-phosphate medium. Under iron
limitation. the ratio of butanol to acetone was increased from 2 : 1 to & + 1.
Hence. on the grounds that butanol is a more desirable product than acetone.
there would appear to be a case for close examination of the iron content of
commerciat media,

Fed-batch fermentation

The technique of fed-batch culture is widely used in the fermentation industry.
In some cases. e.g. the penicillin production process. the glucose consumption
rate of the culture, and hence the growth rate. js controlled via the rate of
ghucose supply. This is used to direct the metabolism of the organism. In other
cases, e.g. in the glutamic acid production process using fed-batch culture. a
controlled supply of sugar is used as a means of overcoming substrate inhibition
and of obtaining a high concentration of product in the broth. thus reducing
product recovery costs. For the ABE fermentation, fed-batch culture is of
limited value uniess coupled with continuous product removal. This is due to
the problem of product inhibition which restricts the solvent concentration in
the broth to less than 20 ¢ 17", From the rather limited literature that is
available on the application of fed-batch culture to the ABE fermentation. it
appears that high feed rates of sugar favour solvent production. whercas Jow
rates favour acid production (Fond er al., 1984, 1986).

Continuous fermentation using free cells
The criteria for a commercially successful continucus fermentation process
may be listed as:

High reactor productivity:
High product concentration in the broth:
3. Long-term operational stability.

[
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1t has long been recognized that continuous fermentation is a very useful means
for attaining high reactor productivities. This is achieved by maintaining the
culture for long periods of time at the value of its maximum instantaneous
production rate (as observed in batch culture). In addition. continuous culture
avoids the non-productive downtime which is a feature of batch fermentation.
Ennis, Gutierrez and Maddox (1986) have summarized some of the culture
conditions and productivities which have been observed in ABE continuous
culture. Values of up to 2-5 g/l.h (for total solvents) have been recorded, but
are more usually in the range 0-3-1-0 g/l.h. Unfortunately, high productivities
are often achieved at the expense of high solvent concentrations and sugar
utibization, and this remains a problem. Furthermore, it is becoming
increasingly clear that it is difficult to maintain continuous ABE fermentation
(using free cells) in a long-term stable steady-state. This is a major drawback to
commercial application, and thus it is a problem that must be solved.

OPERATIONAL STABILITY

Instability of continuous cuiture of solvent production using C. acerobutviicum
has been recognized for more than 50 years. Wheeler and Goodale {1932),in a
patent application, described how attainment of stability required a cascade of
fermenters in series, because of the complicated life cycle of the organism.
Since then, the problem has been remarked upon by many authors (Dyr,
Protiva and Praus, 1958; Finn and Nowrey, 1938; Yarovenko, 1962;
Hospodka, 1966; Gottschal and Morris, {981: Jobses and Roels, 1983;
Stephens ef al., 1985; Clarke and Hansford, 1986: Fick and Engasser, 1986).
There appear to be two distinct types of instability (Barbeau, Marchal and
Vandecasteele, 1988). The first is represented by metabolic oscillations. and
appears 1o be caused by ‘product inhibition’ (‘acid shift’). Thus, long-term
stability of single-stage continuous fermentations has only been obtained at
relatively low butanol concentrations. conditions that do not favour
economical product recovery. The second type of instability is represented by a
long-term metabolic drift towards acid, rather than solvent, production. Thisis
sometimes known as “degeneration’ (or ‘acid drift"} (Finn and Nowrey, 1938;
Barbeau, Marchal and Vandecasteele, 1988).

In single-stage continuous culture, solvent production is favoured at low
dilution (growth) rates, while acid production occurs at high dilution (growth)
rates {Bahl, Andersch and Gottschalk, 1982; Monot and Engasser, 1983).
Hence, most workers have operated continuous culture at low dilution rates,
conditions where ‘product nhibition’ (*acid shift™) occurs. Barbeau, Marchal
and Vandecasteele (1988) have documented the metabolic oscillaticns that
occur in a product-limited (nutrient excess) continuous fermentation in a
single-stage reactor at fow dilution rate (D) (0-035 h™"). Thus, oscillations were
observed 1n the concentrations of biomass. solvents and acids, and all
metabolic activity ceased when the solvent concentration exceeded 12 g 171,
Similarly, Fick, Pierrot and Engasser (1985) have identified butanot as the
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main factor responsible for the limited viability of C. acetoburylicum in a
single-stage, product-limited continuous culture, and long-term stability
depends on holding its concentration below 9 g 17", Clearly, such a low
concentration does not aid the economics of product recovery. Clarke,
Hansford and Jones (1988) have recently described the same phenomenon, and
have provided an explanation for the oscillations, involving two physiologicat
types of cells in the culture, i.e. acidogenic and solventogenic types. At any
given time, the higher growth rate of acidogenic cells leads to their selective
retention in the culture, giving an increase in biomass and acid concentrations.
As the acid concentration increases. so cells are triggered into the
solventogenic type, causing increased solvent and decreased acid concentra-
tions. However. the lower growth rate of the solventogenic cells results in their
preferential washout from the culture, accompanied by a decrease in solvent
concentration, and this triggers a new cycle of cell growth and acidogencsis.

These metabolic oscillations prevent the attainment of a true steady-state.
and are undesirable in a commercial process because of the loss of carbon into
unwanted acidic products.

The cause of ‘degeneration” ("acid drift’) is not yet clear. However, it has
been reported to be promoted by high pH values, high dilution rates and by the
absence of nutritional limitation (Barbeau, Marchal and Vandecasteele. 1988).
These authors suggested that a key clement to prevention may be nutritional
limitation by, for example, nitrogen, possibly in a two-stage culture.

Solutions to the problems of ‘product inhibition" and ‘degeneration’ have
been sought by many workers. As mentioned above. Wheeler and Goodale
(1932} recognized the problem of instability, and avoided it by using several
fermenters in series. They stressed the importance of maintaining a high
growth rate in the first fermenter (D>0-1 h™"). Later, Dyr. Protiva and Praus
(1958) described the use of three-stage and four-stage systems. but they still
encountered the problem of ‘degeneration’. They suggested that this was due
to insufficient differentiation of the growth and solventogenic phases.
Eventually, a five-stage system was developed whereby a high growth rate was
attained in the first vessel (D = -3 h™'), acidogenesis in the first and second,
and solventogenesis in the third, fourth and fifth vessels. Hospodka {1966) and
Yarovenko (1962) subsequently described an 11-stage continuous process, but
they admitted to problems of ‘degeneration’.

Bahl, Andersch and Gottschalk (1982) further developed the concept of a
multistage system, using a two-stage phosphate-limited chemostat. In the first
stage. the dilution rate was 0-125 h™', leading to good cell growth, while in the
second stage the dilution rate was 0-(4 h™' and solventogenesis, but not
growth, occurred. They demonstrated that this system was extremely stable.
Stephens et al. (1985) confirmed the instability of one-stage continuous cultures
under a variety of conditions, and suggested that a two-stage process, using a
turbidostat as the first stage. might be a solution to the problem. Barbeau et al.
(1986) have also suggested a two-stage process. as have Godin and Engasser
(1988). Hence, there now seems little doubt that a two- or multistage process,
whereby the different physiological phases of the organism are separated from
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each other, is a potentially useful solution to the problem of instability in
continuous culture using free cells. The key appears to lie with obtaining
unrestricted cell growth in the first vessel, followed by solventogenesis. but not
growth, in the latter vessels. Solventogenesis may be obtained via a nutrient
limitation.

Another solution to the stability problem has been suggested by Fick and
Engasser (1986) who considered that the metabolic oscillations may be due to
flocculation of cells, as well as to butanol toxicity. By incorporating KCl (0-5
g 7Y into the feed medium, they prevented flocculation and achieved stable
steady-stages in a one-stage fermenter. Soni, Soucaille and Goma (1987) have
linked instability of continuous cultures with autolysin production (which is
stimulated by butanol), and have suggested the use of divalent cations as a
means of preventing autolysin production, and hence “degeneration’. Finally.
Rao and Mutharasan (198%) have noted the use of benzyl viologen in
preventing "degeneration’, but practical application of this technigue may be
limited.

NUTRIENT LIMITATION

There have been many studies into the use of chemostats for solvent
production. In addition to being a means of increasing fermenter productivity
over batch culture, chemostat culture is an excellent tool for the elucidation of
biochemical mechanisms, and for studying the effects of various environmental
parameters on microbial physiology. Unfortunatety, some reports in the
literature are difficult to interpret as it is not always clear whether a
nutrient-limited condition has, in fact, been attained. Some claims of
chemostat culture provide no evidence for a nutrient limitation, and
examination of feed-medium composition casts considerable doubt on such
claims. Furthermore, it is now realized that the effect of nutrient limitation on
solvent production must be considered in interaction with other important
environmental parameters, such as culture pH, dilution rate, etc. Neverthe-
less, it is now clear that solventogenesis in continuous culture can occur under
several different nutrient-hmited conditions, including phosphate limitation
(Bahl and Gottschalk, 1984; Soni, Soucaille and Goma, 1986), nitrogen
hrmitation (Andersch, Bahl and Gottschalk, 1982; Monot and Engasser, 1983;
Stephenseral., 1985), magnesium limitation {Stephenseral., 1985; McNeil and
Kristiansen, 1987) and sulphate limitation (Bahl and Gottschalk, 1984),
Recently, Clarke and Hansford (1986) studied solvent production under a
variety of nutrient-limited conditions {including nitrogen and phosphate), and
concluded that although solventogenesis occurs under these conditions, such
hmitation is not essential for solvent production. However, the possible role of
nutrient limitation in preventing culture ‘degeneration’ has been mentioned
above, and this may represent an advantage over the non-nutrient-limited
condition.

During their studies into chemostat and turbidostat culture. Gottschat and
Morris (1982) and Stephens et al. (1985) made the observation that
solventogenesis is favoured by high cell densities whercas acidogenesis is
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favoured by low cell densities. Interestingly, Hospodka (1966} had also
stressed the importance of maintaining a high cell denstiy (>7 x 10" cells mi™!)
during his description of a multistage pilot plant process. Unfortunately, there
has been no further study into this phenomenon, despite its potential
commercial application with regard to the novel fermentation technologies
described below.

In conclusion, free-cell continuous culture allows superior productivities (up
to 2-5 g/l.h) to be achieved when compared with batch culture. Such systems
are notoriously unstable, although multistage systems may provide a solution
to the problem. Unfortunately. the solvent concentrations that are achieved in
continuous culture are considerably lower than in batch culture. aggravating
the problem of economic product recovery.

Novel fermentation technologies
CONTINUOUS CULTURE WITH CELL RECYCLE

Continuous culture {using free cells) with cell recvcle is a technique by which
the cells in the effluent stream are collected and recycled to the fermenter. The
result of this is that higher biomass concentrations are achieved in the
fermenter, and this should lead to higher reactor productivities. Furthermore,
the higher biomass concentration within the fermenter may allow the process to
operate at higher product concentrations than in conventional systems. with
the resuit that the higher productivities achieved are not entirely at the expense
of product concentration. Potential disadvantages of cell recycic include the
need for additional capital equipment, and the process may be complex and
difficult to operate. Tuble I summarizes the studies using this technology.

dable 1. Celi reevele techniques apphicd 10 the ABE lermentation

Productivity

Reevele technique g/l h Comments Reference
Centrifugation <10 Cells were heat-shocked during Vijeswarapu, Chen and Fouich
recvele (1985}
Capillary CFM 54 Dregencration” oceurred Adschar eral. (1983}
34 Two-stage. stable system Adfschar eral. (1983}
Mincral wubular G- Mctabolic oscillations and Ferras, Minicr and Goma ( 1986)
membrane “degeneration” were observed
Plate and frame 6-8 Phasphate-limited. stable Schiote and Gottschalk {1986)
tilter SVSLei
Hollow-fibre CFM 65 Stressed the importance of Picrrot. Fick and Engasser
bleed dilution rate {1986)
Tubular CFM 24 Proposed hypothesis to explain Ennis and Maddox { 1989)

metabolic oscillations

An early report of a continuous culture with cell recycle applied to the ABE
fermentation was that of Vijjeswarapu, Chen and Foutch (1985). Cells. and
presumably spores, in the effluent stream were heat-shocked by passage
through a glass tube held at 80°C, and were then harvested by centrifugation
before being returned to the fermenter. Although product concentrations and
productivities were low, the use of recycle increased the value of these
parameters up to fourfold, compared with a conventional continuous
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fermentation. No comments were made regarding the fong-term operational
stability of the system.

The application of microporous membranes to cell recycle in the ABE
fermentation has been described by several authors. Here, the fermenter
effluent is pumped to a membrane through which liquid, but not cells, can pass.
The cells are then returned to the fermenter. Afschar er al. (1985) used a
capitlary crossflow microfiltration (CFM) device for the recycle, and applied
turbidostat control to the fermenter biomass concentration. At a biomass
concentration of 8 g 171, and a dilution rate of -64 h™ ', a solvent productivity
of 54 g/l.Lh was achieved. The authors did not mention any metabolic
oscillations, but stated that after ‘prolonged’ periods of cultivation at high
product concentrations, "degeneration’ occurred, i.e. a similar phenomenon to
that observed in non-recycle continuous systems. The problem was solved
using a two-stage system. with cell recyeling and turbidostatic biomass control
in both stages. Productivities in the range 2-3 g/l.h were achieved. at solvent
concentrations of 12-15 g 17!, Biomass concentrations were 2-3 ¢ |™! and
£0-12 g 17" in stages 1 and 2, respectively. This system apparently provided
long-term operational stability, Ferras, Minier and Goma (1986) have
described the use of a mineral tubular membrane device for the cell recycle,
and achieved a biomass concentration of 125 g 7! (no cell-bleed device was
used). At this high cell concentration, however, plugging of the membrane
occurred. Considerable metabolic osciliation was observed, and after 22 days
of operation ‘degeneration’ was evident. Nevertheless, transient productivity
values of up to 6 g/l.Lh were observed. Schlote and Gottschalk (1986) have
described a plate and frame ultrafiltration system for cell recycle in a
phosphate-limited continuous culture. Productivities of 6-5 g/l.h and 2.2 ¢/l.h
were recorded at solvent concentrations of 1625 g 1™ and 22 gl17'
respectively. No mention was made of instability problems, perhaps reflecting
the use of a nutrient-limited culture.

The application of a hollow-fibre ultrafiltration system has been described by
Pierrot, Fick and Engasser (1986). These authors stressed the importance of
two parameters, the total dilution rate and the bleed dilution rate. The former
determines the throughput of the system, and the latter defines the biomass
growth rate. Productivities of 4:3-6-3 g/l.Lh were achieved at solvent
concentrations of 13-16 ¢ 17" and a biomass concentration of 20 g 17!, The
authors made no reference to operational stability of the system. More
recently, Pierrot ef af. (1987} have described a two-stage continuous reactor
with cell recycle in the second stage, High productivities were claimed at
solvent concentrations in excess of 17 ¢ 177, but ne experimental details were
provided.

In contrast to most workers, who have used laboratory media for their
experiments, Ennis and Maddox (1989) have described the application of a cell
recycle system (one-stage fermenter) to a technical substrate. i.e. whey
permeate. Initial experiments showed that a tubular CFM unit was superior to
plate and frame or hollow-fibre systems. but preblems were encountered with
filter blockage, necessitating the development of a complex backwashing
system. Stable steady-states were difficult to achieve, and culture ‘degenera-
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tion’ was invariably observed. The reasons for the metabolic oscillations were
discussed. and similar conclusions were drawn to those of Clarke. Hansford
and Jones (1988). i.e. the culture consists of several different morphological/
physiological types whose relative proportions fluctuate. Ennis and Maddox
(1989) commented that for the substrate used the cell recycle system was
inferior, in terms of productivity, stability and ease of operation, to
fermentation systems using cells immobilized by ecither entrapment or
adsorption.

[n conclusion, it appears that cell recycle systems are useful for achieving
increased reactor productivities, although their application to technical
substrates remains relatively unknown. Stable steady-states can be achieved
and. in contrast to non-recycle systems, high product concentrations are not
sacrificed for high productivity. Technically, however, cell recycle is a complex
system. and pilot plant studies are required before a full technological
assessment and comparison with other types of reactors can be made.

IMMOBILIZED CELLS

Cell immobilization is defined as a technique that confines cells within a reactor
system, permitting their easy reuse. Compared to free cell suspensions, greatly
increased cell densities can be achieved, resulting in increased fermenter
productivities. Further, in continuous culture systems, high dilution rates can
be used without fear of washout. Phenomenonologically, a continuous
fermentation system using immobilized cells is similar to that using recycle of
freely suspended cells. However, immobilized cells have the advantage that
they can be used in a variety of reactor types, e.g. packed beds, fluidized beds,
that are not readily appticable to free cells. Overall, it appears that continuous
fermentation systems using immobilized cells do not suffer from the same
stability problems as do free cells. However, a disadvantage of immobilized
cetls is the additional cost and operation of immobilization.

Alginate-immobilized cells

The majority of reports describing this entrapment technique originate from
two laboratories. one in Sweden and one in The Netherlands. The first report
was from the former. when Haggstrom (1979) demonstrated the successful
immobilization of both spores and cells, and then used the immobilized cells
(after germination in the case of spores) in a non-growing mode for solvent
production from glucose. Productivities were reported to be superior to those
using free cells. and it was stated that immebitization of spores was preferable
to that of cells (Haggstrom and Molin, 1980). Subsequent reports from this
group described the use of glutaraldehyde to improve the mechanical strength
of the alginate beads. and use of the beads in a packed-column reactor with
liquid recirculation (Haggstrom, 1981: Haggstrom and Enfors. 1982). Th:
reactor productivities obtained were up to 2-8 g/.h. but during operation these
rapidly decreased to approximately 1 g/l.h. This decrease was attributed to a
fack of nutrients. since the feed medium contained only glucose plus salts.



202 IANS. Mapbox

Nevertheless, the continuous fermentation was operated for 42 days, after
which time the beads remained mechanically intact. Subsequently, a technigue
was described for maintaining a constant productivity in non-growing
immobilized cells, based on the intermittent addition of nutrients to the reactor
(Forberg, Enfors and Haggstrom, [983). It was suggested that the cells must be
maintained in an active, but non-growing, condition for maximum solvent
productivity and vield to be achieved. However, the usefulness of this
technique to technical substrates is unknown.

In contrast to the Swedish group, workers in The Netherlands did not use
glutaraldehyde to mechanically strengthen the alginate beads, and the feed
media used contained all necessary nutrients for celi growth. Krouwel, van der
Laan and Kossen ( 1980) immobilized spores in alginate beads, and used them,
after germination. in a packed-bed reactor for continuous solvent production.
The productivity (1 g/l.h) was approximately fourfold greater than that of
traditional batch fermentation using free cells. Although the reactor was
operated for nine days, it did suffer from problems of stagnant zones and poor
pas release. As with the Swedish group, the Dutch workers preferred to
immobilize spores rather than cells, and they have described & start-up
procedure involving “sterilization” and *activation’” of the alginate beads using
an ethanol/water mixture (Krouwel, van der Laan and Kossen, 1981).

Because of the difficulties encountered with the packed-bed reactor, a
continuous stirred tank reactor (CSTR) was investigated {Krouwel, Groot and
Kossen, 1983). The advantages of this reactor type include easy gas release, no
concentration gradients, and, because the mixing state 1s known, the system at
steady-state can be modelled relatively easily. Using the CSTR. productivities
of up to 4 g/l.h were achieved, and the system was stable and simple to operate.
Duriag a further study into a packed-bed reactor, Krouwel er al. (1983)
reiterated its disadvantages of poor spore germination during start-up {because
of pH gradients) and presence of stagnant zones; and the system is not true plug
tlow. They concluded that this reactor type was not suitable for continuous
solvent production using alginate-immobitized cells.

A comprehensive assessment of various types of reactors for alginate-
immaebilized cells has been performed by Schoutens er af. (198064). Because the
ABE process suffers from product inhibition, a plug flow (e.g. packed-bed)
reactor should be favoured. However, as mentioned above, this system gives

Table 2, Comparisen of reactor types for algimate-immebilized cells {Schoutens er al .. 19800)

Tvpe Advantages Disadvantages
CSTR Allows good spore germination  Solids hold-up only 30%
Eoasy gas release High bead attrition at high stirrer rates
Settling of beads w low stirrer rates
Packed bed Solids hold-up S-00% Gas release is difficult

[ How is unfavourable or blontass
development

Fluidized bed Solds hold-up H-13"% Without recvele. plug fow characteristics
Easy zas release hinder start-up
Attrition rates lower than CSTR Recvele inereases mising
Gas-ift loop Easy gas release Solids hold-up 20-40%,
reuctor Well-mixed

Lo bead altrition rares
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poor spore germination and poor gas release. Nevertheless. o process kinetic
study, in addition to demonstrating that the process is controlled by product
inhibition. revealed that a high bead concentration in the reactor favoured
increased product concentration and productivity (Schoutens, van Beelen and
Luyben, 1986}. Table 2 surnmarizes the advantages and disadvantages of four
reactor types, as described by Schoutens ef al. (1986a). Subsequently, a more
detailed study was made of the fluidized-bed reactor and the gas-lift joop
reactor {Schoutens et al.. 1986b; Schoutens et al.. 1986¢). For both reactors.
bead attrition rates were low and stable operation was attained. However, on
the basis of its overall performance, which was due to its higher reactor loading,
the fluidized-bed reactor was considered to be the superior type.

Other reports describing the use of alginate-immobilized celis include that of
Ennis, Maddox and Schoutens (1986) who used a CSTR and a fluidized-bed
reactor with a substrate of whey permeate. The results confirmed that the
process is controlled by the inhibitory butanol concentration, and that the
reactor productivities varied as a function of the dilution rate and the bead
fraction in the reactor. Stable operation was achieved for 17 days. Taya. Yagi
and Kobayashi (1986) described the use of a CSTR., while Largier et al. (1985)
used a sporulation-deficient mutant in a fluidized-bed reactor. The latter
allowed a high productivity (3 g/l.h) at a high solvent concentration (15 g1 h,
but the system was operated for only a short period of time.

In addition to alginate. the use of carrageenan-immobilized cells has been
studied for continuous solvent production. A stable system with a butanol
productivity of 5-2 g/l.h has been described, but no details were provided
(Anon., 1981). Frick and Schugerl (1986) compared the use of alginate,
k-carrageenan and chitosan for cell immobilization. The aiginate and chitosan
beads were dried to improve their stability, while the carrageenan beads were
treated with diaminohexane and glutaraldehyde. The fermenter system was a
two-stage stirred tank cascade. The alginate-immobilized cells proved to be the
most productive (1-9 ¢/l.h at a solvent concentration of 15 g 17", and remained
stable after 30 days of operation,

Overall. alginate immobilization is a uscful technique for improving the
productivity of the ABE fermentation, while retaining reasonably high product
concentrations. In contrast to free cell systems. there are no reports of
instability during operation. In addition. the technique is technically simple to
operate, does not require expensive capital equipment, and appears suitabie
for technical substrates. However, the cost of cell immobilization will need to
be considered befere its commercial poteatial is known.

Immobilization by adsorption

In contrast to immobilization in alginate, which is an entrapment technique,
immobilization by adsorption of cells onto a solid surface should avoid any
problems of nutrient/product diffusion in the bulk liquid to/from the cell.
However. accumulation of multicell layers may negate this advantage,
Technically, immobilization of cells by adsorption is a cheap and mild
procedure, and should be readily amenable to scale-up.
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The adsorption of C. acerobutylicum onto beechwood shavings has been
described as giving reactor productivities comparable to those obtained with
alginate immobilization (Forberg and Haggstrom, 1985). The glass reactor was
packed with beechwood shavings arranged as parallel sheets on a supporting
base of wire netting. under which was a magnetic stirrer. The reactor was
started-up using a spore suspension, and was then operated continuousty using
a glucose/salts feed medium with intermittent dosing of a nutrient solution. In
this way, the cells were maintained in an active, but non-growing state. The
system was operated under stable conditions for several weeks. with a
productivity of 1-5 g/l.Lh. The excellent cell adsorption that occurred was
attributed to an extraceliular polysaccharide material produced by the bacterial
cells.

Welsh, Williams and Veliky (1987) adsorped cells onto coke and achieved a
stable steady-state with a productivity of 1.2 ¢/l.h at a solvent concentration of
12 g 1"'. Bonechar, as used in sugar refining, has been used as a solid support
by Qureshi and Maddox (1987). Here, the bonechar was placed in a glass
column, and was inoculated by pumping in a growing culture. The system was
then operated as a packed-bed reactor. During start-up, biomass accumulation
was favoured by operating at dilution rates high enough to prevent
growth-inhibitory concentrations of solvents, Once biomass was accumulated,
the dilution rate was decreased so that excessive biomass growth was prevented
by the inhibitory solvent concentration. Although the system was operated
successfully for 62 days, it finally suffered from problems of blockage. due to
excess biomass growth, and gas hold-up. Recently, a mathematical model has
been presented to describe this packed-bed reactor (Quresh:, Paterson and
Maddox, 1988). The model postuiates the presence of different morphological/
physiological cells types within the reactor, similar to those described by
Clarke, Hansford and Jones (1988) for a free cell continuous fermentation. The
point is made that further increases in reactor productivities, at sufficiently high
solvent concentrations, will depend on achieving a greater understanding of the
factors affecting the life cycle of the organism.

Because of the problems encountered with the packed-bed reactor,
investigations were made into various configurations of this reactor type, and
into a fluidized-bed reactor. With the packed bed. productiviticsof upto 6 g/l.h
were achieved at solvent concentrations of 67 g 17!, but blockage and gas
hold-up always presented problems. The fluidized-bed reactor. however,
proved to be extremely stable, and was operated for 50 days at productivities
approaching 5 g/Lh. Interestingly, based on the bonechar loading. the
fluidized-bed reactor was six times more productive than the packed bed,
probably due to greater amounts of biomass being present (Qureshi and
Maddox, 1988).

Maddox {(1988) has compared the use of bonechar-immobilized cells,
alginate-immobilized cells and a ceil recycle technique. using crosstiow
microfiltration, for solvent production from a potential commercial substrate,
whey permeate. The highest reactor productivities were achieved using
bonechar-immobilized cells, and the system was stable and very simple to
operate. Alginate-immobilized cells also provided a simple and stable process.,
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but reactor productivities were lower. The cell recycle technique was
technically difficult to operate. and stable conditions could not be attained.
However, it was stressed that the cell recycle technique could be more useful
for other substrates, not suffering from the handicap of precipitation. and
hence membrane-fouling, problems that are always encountered when using
whey permeate as a substrate.

Integrated fermentation/product recovery techniques

As mentioned earlier, one of the major problems of the ABE fermentation
process is that it suffers severely from product inhibition at total solvent
concentrations of less than 20 g 17!, This leads to a dilute aqueous solution
being presented to product recovery, with concomitant adverse effects on the
economics of the process. In addition, product inhibition restricts the
application of fed-batch culture to the fermentation process, and so advantage
cannot be taken of this technique 1o improve reactor productivities. One
solution to these problems is to develop an integrated fermentation/product
recovery process whereby toxic solvents are removed from the culture at a rate
similar to that at which they are being formed. In this way, it should be possible
to ferment more concentrated sugar solutions (giving reductions in capital
costs), obtain higher fermenter productivities, and. depending on the
technique used, reduce the costs of product recovery. Possible integrated
processes have been described by Ennis, Gutierrez and Maddox {1986), and
some applications are given below.

ADSORPTION

The desired characteristics of an adsorbent for use in the ABE process include
high adsorbent capacity for ethanol, acetone and butanol. but not sugar, acetic
acid, butyric acid or any nutrients; favourable adsorption kinetics; and efficient
adsorption over varying solvent concentrations (Ennis, Gutierrez and
Maddox, 1986}, Adsorbents which have been investigated are summarized in
Table 3.

Silicalite (a zeolite analogue) is a molecular sieve which can preferentiaily
adsorb alcohol from alcohol-water mixtures. Equilibrium  adsorption
isotherms for ethanol and butanol have been presented (Milestone and Bibby,
1981). The latter was concentrated from 0-5% (wiv) to 98% (wiv), with
subsequent thermal desorption at 150°C and reuse of the sificalite. Maddox
(1982) subsequently used silicalite at the end of a batch fermentation process.
and demonstrated its effectiveness at adsorbing butanol. More recently,
silicalite has been used between stages of a two-stage continuous fermentation
process (Ennis, Qureshi and Maddox, 1987). The fermentation was performed
in two packed-bed reactors in series. using bonechar-immobilized cells. In the
control experiment, without between-stages product removal, little fermenta-
tion took place in stage 2, despite the presence of sufficient sugar, indicating
that product inhibition was occurring. However, when the stage 1 effluent was
treated with silicalite prior to stage 2, further fermentation occurred. The data
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Table 3. Adsorbents that have been tnvestigated Tor the ABE fermentation

Adsorbent Comments Reference

Zeolite and silicatte Adsorplion capacity 80- Milestone and Bibby {19813 Maddox
9 mg butanolfg resin {19823 Larsson and Mattiasson

Mavadsorb some {1984): Ennis. Qureshi and Maddox

nuLricnts {TURT)

NAD series Adsorption capagity Grootand Luvben {1US6}: Das. Seniand
inferior orsimidur to Ghose {19871 Ennis., Qureshi and
silicalite Maddox (T987): Niclsen ¢raf. {1988)

May adsorhsome
NULrents

Bonopore Adsorption capacity Larsson and Mattiassen (1984): Nielsen e
similar to sthcalite af (T98R)
Does natadsorh
nulrients

Churcoal und Girootand Luvhen (1986): Das, Soniand
activated carbon Ghose (1987)
[RC-50 Das. Sont and Ghose { LO8T}

showed good adsorption of solvents onto the silicalite, but not of sugar.
However, there was evidence that some other nutrients were removed from the
broth. Similar results were observed for the polymeric resin XAD-16. A
synthetic zeolite has also been investigated by Larsson and Mattiasson (1984).
In their experiments, the fermenting culture was pumped through a membrane
unit, from which the cells were returned to the fermenter while the broth was
passed through a zeolite columsn before recycling to the fermenter. The
adsorption capacity of the zeolite was given as 5% . but few experimental details
were provided. Similar experiments were performed with a crosstinked
divinylbenzene-styrene copotymer. whose adsorption capacity was given as
T%.

The XAD series of resins (Rohm and Hass, Philadeiphia} have been
investigated by several authors. Groot and Luyben (1986) added the resing to a
batch fermentation medium prior to inoculation, and determined the amount
of butanol produced. The adsorbents became fouled with cells, but this did not
scem to affect their adsorption capacities (3080 mg ¢~ ! resin) in subsequent
fermentations. XAD-8 was the most successtul of the series studied. Other
members of the series have been investigated by Nielsen er al. (1988) and Das,
Soni and Ghose (1987). The overall conclusion seems to be that white they have
reasonable adsorption capacities for butano}, some essential nutrients are also
removed from the broth. While this would not be a problem if the resins were to
be used only at the end of a batch fermentation as an intermediate step prior to
product recovery by distillation, it may preclude their use in integrated
fermentation/product recovery processes, unless additional nutrieats are
added to the culture.

Bonopore (a divinylbenzene-styrene copolymer; Nobelkemi AB, Sweden)
has been investigated by Nielsen er al. (1988), who showed that it does not
remove nutrieats from the fermenting broth. Since its adsorption capacity for
butano! is similar to that of the XAD series, it appears to be a more suitable
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adsorbent than cither this series or silicalite. Although Bonopore does adsorb
butyric acid. this can be minimized by raising the value of the cuiture pH.
Bonopore was tested in repeated batch cultures. where it was shown to improve
cell growth. sugar utilization and solvent production. The bacterial cells were
removed from the culture prior to the adsorption stage. and subsequently
added back.

GAS STRIPPING

The use of gas stripping to remove irhibitory solvents during the ABE
fermentation. foliowed by condensation for product recovery, has hecen
demonstrated by Ennis eral. (1986). In a batch fermentation. using nitrogen as
the stripping gas at a flow rate of 2 vvm, significant increases were recorded in
sugar utilization rate and solvent productivity. Further experiments have been
performed using gas stripping as a between-stages product removal technique
in a two-stage coatinuous fermentation process (Ennis. Qrureshi and Maddox.
1987). The effluent from stage 1, which contained sugar but in which
fermentation had ceased due to product inhibition. was gas stripped prior to
being passed to stage 2. where further fermentation occurred. In comparison
with solid adsorbents and liquid extractants. gas stripping removes only volatile
solvents from the cultures, and the technique has been suggested to be superior
to the use of the XAD series or silicalite (Ennis. Qureshi and Maddox. 1987).
However. no information is available regarding the costs associated with
solvent recovery from the vapour phase following gas stripping.

REVERSE OSMOSIS

There are few reports on the application of reverse osmosis to product removal
during solvent production, so it is difficult to assess its potential. Garcia. lanotti
and Fischer (1986) have used polyamide membranes in an integrated
continuous fermentation process. Ultrafiltration of the fermenter effluent was
used for cell recycle. and the ultrafiltrate was passed to reverse osmosis for
solvents recovery. The permeate was recycled to the fermenter. Hollow-fibre
ultrafiltration was considered to be a suitable pre-treatment for reverse
osmosis. although fouling and plugging were problems. The flux of
fermentation liquor through the reverse osmosis membrane was only one-third
of that of a model solution. Butanol rejection values of 98% were possible, at
recoveries of 2045%. The authors concluded that the technique can overcome
the problems of dilute solvent solutions and low fermenter productivities,

LIQUID-LIQUID EXTRACTION (EXTRACTIVE FERMENTATION)

In extractive fermentation. a solvent is contacted with the broth during
fermentation: inhibitory products dissolve into the solvent. and product
inhibition is reduced. Products dissolved in the solvent phase can be recovered
by distillation or back-extraction into another solvent (Roffler. Blanch and
Wilke, 1987a). The basic requirements of the technique have been well
described by Mattiasson and Larsson (1985) and Ennis, Gutierrez and Maddox
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(1986). The following criteria need to be considered in the selection of a solvent
for extractive ABE fermentation:

1. Immiscibility with the fermentation broth;

2. High partition coefficient for the fermentation products:

3. High selectivity for the fermentation products, i.e. no removal of nutrients

or intermediates;

Non-toxicity to the producing organism,

5. Products can be separated easily from the solvent, and the solvent can be
recovered easily;

6. The solvent is cheap and available in farge quantities;

7. The solvent can be sterilized, is non-flammable, and has relatively low
viscosity;

8. The solvent does not form stable emulsions with the fermentation broth.

=

A list of solvents that have been investigated is given in Table 4.

An early report on the application of extractive fermentation to the ABE
process was that of Wang er al. (1979). These authors used corn oil in repeated
batch fermentation, and demonstrated an improvement in butanol production.
However, there was a rapid loss of culture activity after a second replacement
of the corn oil. Subsequently. several groups have surveyed a range of solvents
for their use as butanol extractants, but not all of these solvents have been

Table 4.  Solvents that have been investigated for extractive ABE fermenration

Solvent Fermentation technigue Reference

Alcohols Extractive batch Roffler. Blanch and Wilke { {U87a)
Dadgar and Foutch (1985)
Griffith. Compere and Googin (1983)

Decanol Cell reeyele W avoid toxicity Eckert and Schugerl (1987)
Decanololevi Extructive batch Evans and Wang (1988)
alcohol
Hexanol Dhalysis Traxier eral. {1983)
Olevlalcohol Extractive batch and fed batck  Roffler. Blanch and Wilke (1987a)

Roffler. Blanch and Wilke ( 1Y87b}
Roffler, Blanch and Wilke {14988}
Taya. Ishii and Kobavashi (1983)
Lshii. Taya and Kobayashi (1983)
Honda et el (F987)

Shimizu and Matsehara {1987)

Alkancs Extractive batch Roffler. Blanch and Witke (1987a)
Dadgar and Foutch (1983)

Aromatic hydrocarbons Dadgar and Foutch (1985)

Corn il Extractive bhatch Wanger ol (1979}

Esters Extractive bateh Roffler, Blanch and Wilke ( [987a)

Dadgar and Foutch (1985)
Griffith, Compere and Googin (1983)

Dibutyiphthalate fxtractive batch Wayman and Parckh (1987)
Parekh. Parckh and Wayman (1Y85)
Vegetable ol Ciriffith, Compere and Googin {1984}
fatty acid esters

Halogenated Extractive batch Levy (1984)

hydrocarbons Dadgar and Foutch (1983)
Ketones Dadgar and Foutch (1985)
Polvoxyulkylene Extractive batch Crriffith, Compere and Googin (1983)

cthers
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tested during an actual fermentation process. Griffith, Compere and Googin
(1983) measured the partition coefficients of a range of alcohols, esters and
polyoxyalkylene ethers, and tested several in culture, Although aleohols and
esters generally displayed superior partition coefficients, they were more toxic
to C. acetoburvlicum than were the polyoxyalkylene ethers (partition
coefficient 1-5-3). Hence, the latter were considered to be more uscful,
Subsequently, some vegetable oil fatty acid esters were also investigated
(Griffith, Compere and Googin, 1984). These esters are useful because of their
partition coefficient (up to 3). low toxicity and low viscosity, but no
fermentation data have been presented regarding their use. Other reports
which include surveys of a range of potential extractants include those by
Dadgar and Foutch (1985) and Roffler, Blanch and Wilke (1987a). The results
may be summarized:

1. Alkanes are poor extractants, but are non-toxic and separate rapidly from
the fermentation broth. Substitution with halogen groups improves the
partition coefficient, e.g. Levy (1984) used Freon FII. bul few
experimental data were presented.

Esters are good extractants. are relatively non-toxic, but their phasc
separation behaviour may be a disadvantage. Nevertheless, dibutylphtha-
late has been studied in some detail (see below).

3. Alcohols are good extractants. but some suffer from toxicity to C.

acetobutylicum.

2

From the available information, it appears that there is no one solvent that
meets ail of the selection criteria, e.g. good extractants tend to be toxic. but
soime have been considered in further detail.

Oleyl alcohol has been the subject of several recent reports on extractive
ABE fermentation. Taya. Ishii and Kobayashi (1985) described its use in a
fed-batch extractive fermentation, and demonstrated increased sugar con-
sumption and butanol production. However, they commented on the relatively
low partition coefficient of oleyl alcohol for acetone. Although acetone
concentrations are unlikely to become inhibitory during the fermentation
process, this point must be of some concern with respect to total product
recovery. Possibly, some authors have paid insufficient attention to extraction
of acetone and ethanol. The choice of oleyl alcohol as a suitable butanol
extractant has been confirmed by other reports (Ishii, Taya and Kobayashi,
1985; Honda er af., 1987; Shimizu and Matsubara, 1987).

In a series of papers, Roffler and co-workers have provided further
information on the use of oleyl alcohol (Roffler, Blanch and Wilke, 1987a.
1987b, 1988. Roffler, Wilke and Blanch, i988). In an extractive batch
fermentation. glucose utilization was increased from 80 g 177 (o 100g 1", white
the butanol productivity was 60% higher than in a traditional batch
fermentation. In fed-batch extractive fermentation, a feed glucose solution of
339 ¢ 17", was fermented at an overall butanol productivity of 1-3 g/l.h. Thus,
the extraction technigue aflows advantage to be taken of fed-batch culture. The
fermentation was commenced in batch culture. and when solventogenesis
began oleyl alcohol was added to the fermenter and the glucose/nutrient feed
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was initiated. Because a nutrient solution, rather than simply glucose, was
continuously fed, ceil growth continued and biomass concentrations of up to 14
g 17! were attained (Roffler, Blanch and Wilke, 1987b). The authors
commented that when separate aqueous and organic phases are maintained in
the fermenter during extractive fermentation. the rate of butanol transfer from
the aqueous to organic phase may be much slower than the rate of butanol
production. Although the interfacial area could be increased by agitation, this
could make phase separation difficult. Hence, it would be preferable to contact
solvent and fermentation broth in a separate extraction vessel. This concept of
a fed-batch continuous extraction was subsequently applied by recycling whole
broth, containing cells, to a Karr reciprocating plate extraction column in
which butanol was extracted by oleyl alcohol flowing countercurrently through
the column (Roffler, Blanch and Wilke. 1988). In this way, a feed solution
containing glucose at 300 g 17! was fermented at an overall butanol
productivity of 1 g/l.h.

As mentioned above, some potentially useful butanol extractants suffer the
disadvantage of being toxic to C. acerobuiylicum. However, some workers
have been able to minimize this disadvantage, and thus use solvents with
superior partition coefficients. Traxler eraf. (1985) used dialysis fermentation
in combination with extraction using hexanol. In this way, the toxic hexanoi
was kept apart from the biomass. and significant increases in butanol
productivity were obtained. A similar approach has been adopted to prevent
contact of toxic n-decanol with the bacterial cells (Eckert and Schugerld. 1987).
Here, a continuous culture. cell-recycle fermenter was utilized. The effluent
stream from the fermenter was pumped to a crossflow microfiltration unit,
from where the cells were returned to the fermenter while the permeate was
extracted with decanel in a four-stage mixer—settler cascade. The extracied
broth was returned to the fermenter. A productivity of 3-08 g/1.h was achieved,
but the reactor-extraction system was rather complex. Interestingly, the
decanol that was used was saturated with butyric acid, to prevent extraction
from the broth of this metabolic intermediate.

Another approach with n-decanol has been to use it in admixture with oleyl
alcohol (Evans and Wang. 1988). Thus decanol, an extractant with a high
partition cocfficient (6-2), but high toxicity, was mixed with oleyl alcohol, an
extractant with a relatively ow partition coefficient (3-2) but low toxicity. Up
to 40% (v/v) decanol in oleyl alecohot proved to be non-toxic to C.
acetobutylicum . provided that the fermenting cuiture was maintained at pH
4-5. Using a mixture of 20% (v/v) decanol in oleyt alcohol, butanol production
was increased by 72%.

An example of an ester being used as an extractant is that of dibutylphthalate
(Wayman and Parekh. 1987; Parekh, Parekh, and Wayman, 1988). Although
this solvent has only a low partition coefficient for butanol (1-39}, it was chosen
on the basis of its low water solubility and lack of toxicity. In addition, it is
commercially available, steritizable and does not form stable emulsions. Using
a cell-recycle technigue to obtain a high biomass concentration, Wayman and
Parekh (1987) performed repeated batch extractive fermentations. Butanol
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plus acetone concentrations of up to 32 g 1™ (based on agueous volume) were
achieved.

In summary. it appears that there are two approaches to the application of
extractive fermentation to the ABE process. The first uses extractants with
refatively poor partition coefficients but which are non-toxic. while the second
uses cxtractants with higher partition coefficients but. because of their toxicity,
additional equipment and/or technology may be required to avoid contact
between cells and extractant. Given the low value of butanol as an industrial
chemical, and hence the need to reduce capital costs during production, it may
be that the first approach is the more realistic for commercial application.

AQUEOUS TWO-PHASE EXTRACTION

One of the problems of extraction using organic solvents is that the extractant is
often toxic to the bacterial cells. Aqueous two-phase extraction presents a
possible solution to this problem. The principles of the technigue, and its
application to the ABE process. have been described (Mattiasson, 1983;
Larsson and Mattiasson, 1984; Mattiasson and Larsson. 1985). The phase
system consisted of a glucose nutrient medium containing 6% dextran, and
25% polythylene glycol {molecular weight. 20 000). i a ratio of 1 : 6. Hence.
the bacterial cells were concentrated in the bottom nutrient phase, and the
fermentation products were free to equilibrate between the phases. Compared
with a control fermentation. the two-phase system gave a similar productivity
((+25 g/l.h). The commercial potential of this technique is difficuit to assess, but
it appears that the exact composition of the phase system is Very important

(Mattiasson and Larsson, 1985).

PERVAPORATION

Pervaporation is a membrane process in which liquids diffuse through a solid
membrane, and are then evaporated and removed by a gas stream. or by
applying a vacuum. When the components of the liquid show different
diffusivities in the membrane., the mixture can be separated (Groot, van den
Oever and Kossen. 1984; Ennis, Gutierrez and Maddox, 1986). Application of
pervaporation to a batch ABE fermentation has been described by Groot, van
den Oever and Kossen (1984) and by Larrayoz and Puigjaner (I987). Both
groups used silicone membranes and nitrogen as the gas stream, but whereas
the former circulated the fermentation broth to a separate pervaporation unit,
the latter placed the membranes inside the fermentation medium. The
selectivity of the system for butanol and acetone is 50 and 35, respectively, but
lower values are more realistic when fermentation broths are used. The system
shows no selectivity for ethanol or acetic and butyric acids. Under typical batch
fermentation conditions, application of pervaporation resufts in higher
productivity values. However, the real benefit is noticed when using initial
sugar concentrations higher than normal (Larrayoz and Puigjaner. 1987). With
an initiaf sugar contcentration of 100 g 17! without pervaporation. butanol and
acetone production totalled 23 g 1!, and not all substrate was used. With
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product removal, the butanol plus acetone concentration was increased to 335
g 17! and the sugar was completely exhuausted. Unfortunately, product
removal by pervaporation appears not to have been applied yet to fed-batch
fermentation.

Product removal by pervaporation has been applied to continuous
fermentations using alginate-immobilized cells (Groot et al., 1984; Groot and
Luyben, 1987). Productivity increases of up to 70% have been recorded.
coupled with increased sugar utilization.

A preliminary report has described the use of hydrophobic microporous
membranes rather than silicone membranes {Pons and Tillier-Dorion, [987). it
is claimed that mass transfer is considerably improved, but no data were
provided for butanol or acetone.

The use of a liquid membrane rather than a solid membrane has been
described by Matsumura et af. (1988). The liquid membrane (oleyl alcohol) was
supported on a microporous polypropylene flat sheet (25 um thick), and the
liquids diffused through, to be removed by a gas stream in the normal way. A
selectivity for butanol of 180 was claimed, but no data were provided using
fermentation broths. [t was estimated that should this pervaporation technique
be used as a pre-treatment process for butanol purification, the energy
requirement would be only 10% of that of conventional distillation.

A recent development of pervaporation is “perstraction’. Here, the liquid
passes through a membrane {e.g. a silicone membrane), but instead of being
evaporated by a gas stream, it is withdrawn by a liquid extractant (usually an
organic solvent). The advantage of perstraction over conventional extraction 18
that the agqueous and organic phases arc separated from each other, hence
emulsions cannot form. The advantage over pervaporation is the high
selectivity of the system. Groot. Timmer and Luyben (1987) have applied the
technique to the ABE fermentation. They used a silicone rubber membrane
coupled with isopropyl myristate (non-toxic to C. acetobuivlicum), and
demonstrated that product removal from the broth resulted in increased sugar
utilization. It was estimated that the diffusion of butanol in the membrane using
perstraction was seven times greater than with pervaporation. Although this
technique appears very promising, it is clear that further work is needed to find
the optimal combination of membrane and extractant.

Conclusions

At present, the ABE fermentation is uneconomic. Consequently, etforts are
being made to develop a technology which satisfies the following requirements:

High reactor productivity;

High solvent concentration;

Process is technically simple to operate;

Long-term stability of reactor (for continuous fermentation).

o o =

Many reports have appeared recently describing continuous fermentation
processes, including the use of immobilized cells and cell-recycle techniques.
However, these technologies are little used industrially for any fermentation
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products, hence there is little expertise/experience available for large-scale
operation. Conversely, fed-batch culture is widely practised industrially, for a
variety of fermentation products. Unfortunately, the ABE fermentation is not
well suited to this technology, unless a simultaneous product removal
technique is developed.

Itis generally accepted that alleviation of product inhibition is the major goal
in the development of an economic fermentation process. This would allow
high solvent concentrations and productivities to be achieved. It is unlikely that
major gains will be made in the development of solvent-tolerant bacterial
strains. Hence, this goal will be reached only through the development of
appropriate technology. Therefore, given the availablity of expertise in
fed-batch culture, it would appear that this technology, coupled with a
simultaneous product removal technique, has a good chance of success.
However, the product removal technique must not be too capital-intensive or
difficult to operate, since butanol remains only a low-value product. Therefore,
pilot-plant data are awaited concerning the integrated fed-batch fermentation/
product recovery technigues mentioned in this article, so that appropriate
costings can be made.
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