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CHAPTER 1
INTRODUCTION

As the costs of crude o0il and natural gas increase and the proven
reserves decrease, the search for altermative sources of raw materials
(e.g., sorghum molasses, Jerusalem artichoke, and cellulosic materials)
for energy production, such as butancl, acetone, and ethanol, becomes
increasingly crucial.

Sorghum is a valuable source of grain and sugar. Because of its
short growing season and drought tolerance {(Creelman et al,, 1981),
sorghum is gaining attention as a sugar and starch source. So far more
gorghum juice has been used to produce sorghum syrup than crystalline
sugar. Sorghum juice is usually evaporated and marketed in the name
of sorghum molasses as both feed and food. Commercial sorghum molasses
varies widely in quality. It appears that no attempt has been made to
ferment it for producing butanol-acetone in spite of the fact that
molasses from other sources has been widely employed for this purpose.

Besides ethanol fermentation, there are several fermentation
processes available for producing suitable substitutes for traditional,
petroleum derived liquid fuels. In particular, butancl and acetone
can be produced via anaerobic fermentation (see, e.g., Weizmann,

1938; Beesch, 1952; McCutchan and Hickey, 1954). These products may

be used as fuel individually or blended together.

1-1
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Butanol, as a potential agri-fuel, has certain physical-chemical
qualities and production attributes, which for blending with conven-
tional petrcleum fuels and on-farm use, make it superior to ethanol.
The phvsical characteristics of butanol are more like those of gasoline
and diesel fuel; thus it mixes more readily than does ethanol. Butanol
is slightly water-soluble, and therefore, will remain mixed with gaso-
line or diesel fuel even if water is present. Due to its larger
molecular size, butanol has a much higher heat of combustion than
ethanol, which means a greater percentage of butanol can be mixed with
petroleum fuels without engine power loss.

Butancl-acetone fermentation by Clostridium species has been
reported by numerous investigators (see, e.g., Abou-Zeid et al., 1978;
Gottschal and Morris, 1982; Gottschalk and Bahl, 1981l). Two different
types of strains have mainly been known as the starchy material fer-
menting strains; one is of the Fitz type (Fermbach, 1932), which
utilizes potato starch effectively, and the other is of the Weizmann
type (Weizmann, 1919) which ferments corn starch more effectively
than potato starch. Organisms of the Weizmann type frequently have
been used commercially because of the superior yield and character-
istics favorable to low cost material in the early days of the butanol-
acetone fermentation industry.

Because of its relatively low cost and also because of its ease
in handling, molasses has attracted attention as a carbon source for
butanol-acetone fermentation since the early 1920's. Many attempts
were made to ferment molasses by the organism of the Weizmann type;

in some attempts, mixtures of grain and molasses were used (Weizmann,
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1938), and in others protein was added to the molasses (Hellinger,
1939). It appears, however, that none was overly successful.

The objectives of this research were rejuvenating past butanol-
acetone fermentation processes and developing new fermentation tech-
nology for eventually using butanol as a potential agri-fuel. These
investigations were concerned with identifying several crucial fermen-
tation parameters and determining how improvements in the butanol
prccess can be achieved,

Chapter 2 reviews the published literature on several aspects of
butanol fermentation, including strains, raw material, solvent produc-
tion, gas production, butanol toxicity, and mechanism of solvent
formation. The screening of strains is described in Chapter 3. To
optimize the fermentation medium, the effects of sorghum molasses
concentration, initial pH of medium, and concentrations of ammonium
salt, calcium carbonate and phosphate on the solvent yield were
investigated; this work is detailed in Chapter 4. The diauxy pheno-
menon, sugar utilization pattern and solvent production from unhydro-
lyzed sorzhum molasses are described in Chapter 5. <Chapter 6 reports
the sugar utilization pattern and effects of hydrolysis conditionm,
temperature and agitation on the solvent yield from inverted sorghum

molasses.
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CHAPTER 2
LITERATURE REVIEW

The interesting history of the butanol-acetone fermentation process
has been described by several authors (Gabriel, 1928; Gabriel and Crawford,
1930; McCutchan and Hickey, 1954; Walton and Martin, 1979). Butanol as
a product of microbial action was probably first observed by Pasteur in
1861. There was considerable interest in commercializing the process in
1909 in England primarily as a means to obtain butadiene as a raw material
for synthetic rubber.

From its start as a wartime venture in England in 1916 until the
establishment of the synthetic butanol process in the late 1930s, the
fermentation preccess was the major method for m;nufacturing butanol.

Because of the unfavorable economics in comparison to the synthetic
process using petroleum-based feed stocks, the fermentation process
ceased to operate in the early 1960s in the United States and in most
other countries. However, there is renewed interest in examining the
fermentation processes as a means of producing all or a portion of our

future needs of butanol and acetone.

MICROORGANISMS

The organisms employed for the various butanol fermentation processes

are Clostridia species. The strain, Cl. acetobutylicum is classified

as a strain of the Weizmann type according to the description in Bergey's

2-1
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Manual (Breed et al., 1957). It has been widely emploved in the fermen-
tation of cereal grain mashes.

Among the sugar--or molasses--fermenting organisms are, for example,

Cl. propyl butylicum alpha (Miler, 1938), Bacillus tetryl (Arroyo, 1938;

Owen, 1939). These organisms necessitated the use of invert sugar for best
operation since sucrose was not fermented readily. Other cultures have
been found which ferment uninverted molasses. Among these are Cl.

saccharo-acetobutylicum (Woodruff et al., 1937) and several variants

of Cl. saccharo-butvl-acetonicum-liquefaciens (Arzberger, 1938; Carnarius

and McCutchan, 1938). A patent was issued to Hall (1939), for a process

which employed an organism called Bacillus butacone. The spores were

described as being unusually heat resistant, withstanding 100°C for 45
to 190 minutes. Both molasses and starchy media were fermented and com-

plex nitrogeneocus nutrients were required.

MATERIALS

Most of the acetome and butanol produced by fermentation has used
one or more of three sources of carbohydrates, i.e., corn (Weizman,
1938) blackstrap molasses, or high-test molasses (Paul, 1963). Other
available sources of carbohydrates such as grain, milk whey, Jerusalem
artichoke, straw, and wood waste can also be used (Pomeranz and Munck,
1981; see Table 2).

Blackstrap molasses is the mother liquor from cane sugar refining.
Its total content of sugars is about 52% as sucrose. It actually contains
about 30% sucrose and about 227 invert sugarf

When excessive sugar cane is harvested, the juice is expressed from

it and concentrated to about 70 to 75% sugar in the presence of a small
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2-6
amount of mineral acid, thus partially inverting sugar and preventing it
from crystallization on standing. The resultant mixture contains about
50% invert sugar and 25% sucrose; it is known as high test molasses.

When blackstrap or high-test molasses is used for the fermentation,
the media is generally deficient in avilable nitrogen and phosphate.

A culture, such as the Cl. saccharo-butyl-acetonicum-liquefaciens type

(Arzberger, 1938), can utilize ammonia nitrogen in the medium. It does
not need complex nitrogeneous sources, such as those required for grewth
by some other strains (see.Table 1)o

Extensive laboratory research has been carried out on the butanol-
acetone fermentation of wood sugar obtained as wood hydrolyzate (Prescott
and Dunn, 1959) or as waste sulfite liquor (Walton and Martin, 1%79).

Leonard et al. (1947) found that sugar solutions prepared by the hydrolysis

of maple, oak, and fir could be fermented with Cl. acetobutylicum to give
a solvents yield of 24.5 to 38.5% based on the sugar utilized. The sugar
utilization was about 80-85% with a solvent ratio of approximately 72%
butanol, 25% acetone, and 3% ethanol. Further work needs to be done on
this raw material since solvent yields fell off when the initial sugar
concentration of the mash exceeds 3% (Tsuchiya et al., 1949).

Agricultural residues such as bagasse and rice straw have been
hydrolyzed by mixed culture filtrates to obtain fermentable sugars.
The hydrolysate was used to produce butanol to the extent of 16 g/l
(Soni et al., 1982). The production of butanol and acetone from the sugar
present in waste sulfite liquor was studied by Wiley et al. (1941). They
heated the liquor first with lime to remove sulfites, then with additional

lime to precipitate lignin. This resulted in an initial sugar concentration
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of 3.03% and eventually gave rise to a sugar utilization of 90% and a
sclvent vield of 30.6% based on the sugar used. The ratio of solvents

was butanol 61.7%, acetone 31.8% and ethanol 6.5%.

SOLVENTS
The solvents, butanol, acetone, and ethanol have been produced from

starchy or sugary materials by use of the species Cl. acetobutylicum.

The resultant solvent ratio is usually 30% acetone, 60% butanol, and
10% ethanol (Gabriel, 1928; Gabriel and Crawford, 1930; McCutchan and
Hickey, 1954; Walton and Martin, 1979). Table 3 shows the yield and
composition of soclvent when molasses is used as substrate for butanol-
acetone fermentation.

The ratio of solvents can be modified toc some extent by manipulating
the temperature of cultivation and the composition of the nutrients in
the cultivation media. Tarvin (1941) reported that an additionm of
nitrates instead of ammonia to a molasses fermentation increased the
yield 5f acetone at the expense of butanol. For example, in a typical
experiment the addition of NaNO3 at a concentration of 4.5 g/l increased
the final concentration of acetone from 30.7 to 40.9%. Carnarius (1940)
found that the butanol ratio could be increased 3 to 5% at the expense
of acetone by cooling a molasses mash from SOOC to 24°C 16 hours after
inoculation.

Table 3 shows some results on the butanol fermentation of hydroly-
sates of corncobs and wood. Langlykke et al. (1948) studied the production
of butanol and acetone by fermenting xylose and glucose derived from the
acid hydrolysis of corncobs. After purification, the hydrolysate with an

initial sugar concentration of 5.03% gave a sugar utilization of 90% and



Table 2. Available Carbohydrates for Fermentation Use
Sugars Cane Surplus production may be
temporary and local. Prior
Beet .. ,
treatments minimal. Whey is
Grape a clean waste well suited
for biomass products. Cane
Process wastes from above
and beet could be grown spe-
Milk (lactose - whey) cifically for fermentation.
Molasses
Jerusalem artichoke
Starchy Cereals Local surpluses especially
Materials ; of spoilgdmaterials inevi-
S Rice :
table but seasonal. Prior
Cassava treatments minimal. Ear-
Hemdoe marked cultivation possible
but may conflict with food
Potato uses. Some clean wastes
Process wastes from above best for biomass.
Corn
Cellulosic Corncobs, oat hulls, etc. Large surpluses, but some
Materials local and seasonal. Low

Straw
Wood waste
Sulphite liquor

Paper waste, etc.

cost but bulky in transport.
Prior treatment maximal.
Cheapest when as process
waste for on-site use.
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a 30.6% yield of solvents based on the sugar used, The ratio of solvents

was butanol 61.7%, acetone 31.8%, and ethanol 6.5%.

BY-PRODUCTS

Among bv-products of the butanol-acetone fermentation process are
the fermentation gases. The amount produced from cultures giving the
higher butanol ratios is about 0.29 1/g sucrose. Approximately 60-657%
by volume is COZ’ the remainder being HZ' Cultures yielding higher
acetone percentage produces a greater propertion of H2 in the evolved
gases. These gases have been used for synthesizing both methanol and
ammonia (Moreira et al., 1982). Some interaction may exist between the

volume of H, evolved during the fermentation and the level of butanol

2

present in the final fermented broth.
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MECHANISM OF ACETONE-BUTANOL FERMENTATION

Formation of Acetone

Although the mechanism of alcocholic fermentation of sugar by yeast
and that of the lactic acid fermentation by lactic acid bacteria have
been well established, the intermediary metabolism of butanol-acetone
fermentation has not been elucidated completely. The existing know-
ledge of the mechanism of the butanol-acetone fermentation was reviewed
by Prescott and Dunn (1959), and Doelle (1975). The most probable meta-
bolic reactions involved in glucose utilization by Clostridium organisms
are shown in Figure 1 (Prescott and Dunn, 1959; Doelle, 1975; Stanier
et al., 1969).

Cl. acetobutylicum possesses a transferase system that diverts

acetoacetyl-CoA from the normal cyclic mechanism to produce acetoacetate.

" "o
C=0 C=0 C==0

| + CH,CO0H — | + |

THZ THZ SCoA

C==0 Co0- acetyl-CoA
|
SCoA acetoacetate

acetoacetyl-CoA

The decarboxylation of acetoacetate to acetone is an irreversible
step. The enzyme responsible for this reaction is acetoacetate

decarboxylase.
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CH,COCOOH
(PYRUVATE)
CoA
ATP  ADP ® E?A
CH, COOH ACETYL-(:) CHsCOCoA= CH,CHO = C,H.C
(ACETIC ACID) (ACETYLCOA) /} (ACETALDERYDE) =
NADH  NAD® NADH NAD*+ (ETHAN
+
He H*
CH3COCH,COCoA CH3COCOA CHyCH,CH,COOH Col
(ACETOACETYLCoA) (ACETYLCoA) o (BUTYRIC ACID) ATP
ACETIC ACID CHs COOH .
NADH+H* \C‘(ACETIC ACID) AMP +F
ACETYLCoA CH3CH,CH,COCoA
NAD* NAD* BUTYRYLCOA}

NAQH+H+
CH3COCH,COOH  CH3CHOHCH,COCoA
(ACETOACETIC ACID)  (8-OH-BUTYRYLCoA) CHyCH=CHCOCo0A NADH +H*

(CROTONYLCoA) NAD*
‘ CHg CH ,CH,CHO
(BUTYRALDEHYDE)
CH,COCH| ::::NADH+H*

{ACETONE) NAD*

CHCH,CH ,CH ,OH|
(BUTANOL)

Fige 1. The formation of acetone, butanol, and butyric acid by
species of the genus Clostridium (Docelle, 1973).
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Gy TH3
o Y ?==o + co,
?Hz CH,
coo-
acetoacetate acetone

Formation of Butanol

The reduction of butyric acid to butanol is carried out in three
consecutive reactions. Butyryl-CoA may be formed differently if the
amount of available acetyl-CoA is deficient. The reduction of butyryl-CoA
to butyraldehyde is by NAD+ and catalyzed by the aldehyde dehydrogenase,
- A

Butyryl-CoA + NADH + H' —— Butyraldehyde + NAD™ + HSCoA
The final reduction to butanol is also carried out with a well-known
enzyme, NAD+-linked alcohol dehydrogenase, i.e.,

Butyraldehyde + NADH + B — n-Butanol + nap+
The production of butanol occurs after the change to the production of
acetone has taken place.

The metabolic pathﬁay is, therefore, glucose to butyrate via pyruvate.
The pH of the medium drbps to 4.0 due to accumulation of butyrate and
acetate, which is produced at the initial stage during the fermentation.
At this point, a new enzyme system is activated, leading to the reduction

of the accumulated butyrate to butanol.
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Formation of Butyric Acid

Saccharolytic Clostridia ferments glucose to butyric acid. The
intermediate acetyl-CoA will be taken as the starting point (see Fig. 2).
From the peint of view of energetics, the production of acetate as the
sole end product would not be satisfactory because it becomes more and

more difficult to reoxidize NADH + H' to NAD' + H, as the pH falls into

2
the acid region.

As shown in Figure 2, the cyclic mechanism brings about formation
of butyric acid, which is much less an acid end product than acetate.
Two acetyl-CoA molecules undergo a condensation to form acetcacetyl-CoA,
liberating 1 mole of CoA. The next step in the cycle is a reductive
step, whereby acetoacetyl-CoA is reduced to B-hydroxybutyryl-CoA and
reduced NAD is oxidized to NAD+. The dehydration of B-hydroxybutytyl-CoA
occurs, forming crotonyl~CoA and water. An NAD+-linked dehydrogenase is
responsible for the further reduction to butyryl-CoA. The last step

in the cyclic mechanism is a transfer reaction to produce acetyl-CoA

and butyric acid.
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ACETYL-CoA
ACETYL-CoA BUTYRATE
ACETATE
ACETOACETYL-CoA BUTYRYL-CoA

CROTONYL-CoA
CoA ///,}ﬁ

R=-OH~BUTYRYL-CoA

Fig. 2. The formation of butyric acid from acetyl-CocA by Clostridium
species (Doelle, 1975).
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CHAPTER 3
SCREENING OF MICROORGANISM

Butanol-acetone fermentation of starchy material by Clostridium
species has been reported by numerous investigators (see, e.g., Gabriel,
1928; Peterson and Fred, 1932; Fouad et al., 1976). Mainly, two differ-
ent types of strains have been known as the starchy material fermenting
strains; one is of the Fitz type (Fernbach, 1932), which utilizes potato
starch effectively, and the other is of the Weizmann type (Weizmann,
1938), which ferments cofn starch more effectively than potato starch.
Organisms of the Weizmann type frequently have been used commercially
because of the superior yield and characteristics favorable to low cost
material in the early days of the butanol-acetone fermentation industry.

Because of its relatively low cost and also because of its ease of
handling, molasses has held attention as a carbon source for butanol-
acetone fermentation since the early 1920's. Many attempts were made
to ferment molasses by the organisms of the Weizmann type; in some
attempts, mixtures of grain and molasses were used (Paul, 1963; Taha
et al,, 1973), and in others, protein was added to the molasses (Doi
et al., 1960; Mahmoud et al., 1974). It appears, however, that none was
overly successful. Meanwhile, the interests of researchers in this
field have shifted to searching for new and effective strains for fer-
menting molasses, but relatively little effort has been spent in elu-

cidating why the new strains are more effective than those of the

Weizmann type.
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The molasses fermenting strains, which have been reported, belong
to two types, one fermenting inverted molasses (Stiles, 1937; Hildebrandt
and Erb, 1939) and the other fermenting molasses directly (Sherman,

1935; Arzberger, 1938; Carnarius and McCutchan, 1938). The latter has
been used widely in commercial plants; it gives relatively high yield,
and using it eliminiates the necessity to invert sugar in molasses.
Despite the fact that this type of strain ferments molasses effectively,
it ferments starchy material poorly. In fact, butanol-acetone fermenta-
tion plants traditionally had to maintain several types of strains to
utilize different feedstocks. Unfortunately, this complicates the
operation and management of such plants.

Some investigators (see, e.g., Compere and Griffith,1979) reported
the fermentation capability of several butanol-acetone producing strains
on different kinds of sugar as the sole carbon source. The objective
of this work was to select a strain from a collection of five American
Type Culture Collection's (ATCC) strains, which are known butanol-acetone
producers. The strains were tested for their sugar utilization capa-
bilities with a sorghum molasses medium and a synthetic medium which

contained glucose, fructose, or sucrose as the sole carbon source.

MATERIALS AND METHODS

Procedure

Microorganism. A strain suitable for fermenting sorghum molasses

was screened from butanol-acetone producers obtained from the American
Type Culture Collection (ATCC). The cultures screened were Clostridium

acetobutylicum ATCC 824, ATCC 4259, and ATCC 10132, Cl. saccharoper-

butyacetonicum ATCC 27022, and Cl. butyricum ATCC 860.
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The cultures were maintained in screw-capped tubes (16 x 150 mm)
with 10 ml of the 5% (w/v) corn meal medium at 5°C after cultivation
for 72 hr at 3706, and were transferred routinely once a month.

Medium. A basal medium with the composition as shown in Table 1
was used for screening strains. A 25 g/l of glucose, fructose, or sucrose
was added to the basal medium as the sole carbon source. The sorghum
molasses medium comprised of 100 g/l sorghum molasses, 6 g/l (NH4)2804,
and 2 g/l KHZPO4 was also used for the screening. Sorghum molasses used
for this study was obtained from a farm co-op (Alma, Kansas). The sugar
composition of the molasses was: sucrose, 28%7 (w/w); glucose, 14% (w/w)
and fructose, 15% (w/w).

Cultivation. For each strain, a 10 ml of corn meal medium was
used to activate the maintenance culture stored at 5°C. The inoculated
corn meal medium was heat-shocked to germinate the spores in boiling
water for 60 seconds, and was immediately cooled in a water bath. The
culture was then incubated at 37°C for 18 hours. The growing culture
on corn mash was inoculated to 140 ml of the molasses medium or synthetic
medium in a 300 ml screw-capped flask equipped with a 14 mm screw-capped
cleanout and a 130 mm depressed arm (Bellco Glass Inc., Vineland, New
Jersey). The screw cap of the flask's cleanout was replaced by a rubber
cap through which a syringe needle was inserted to permit fermentation
gases to escape prior to autoclaving.

Anaerobic conditions for the cultures were maintained by sparging
nitrogen gas through the media. No sparging was needed to maintain an

anaerobic atmosphere after growth began.
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Fermentation was performed for 72 hr at 37°C. The initial pH was
adjusted at 6.0. The pH was checked and adjusted to not drop below pH 4.5

by adding 5N sodium hydroxide during fermentation.

Analytical Methods

Optical density. In screening strains, no éttempt was made to
measure the biomass concentration. Cell growth was monitored for refer-
ence simply by measuring the optical density of the medium at 560 nm
using a Bauch and Lomb Spectronic 20 spectrometer.

Sugar concentration. Sucrose, glucose, and fructose were monitored

using a Varian model 5000 high pressure liquid chromatograph (HPLC),
equipped with a column for sugar analysis with packings, an Aminex ion
exclusion HPX-87H (Bio-Rad Laboratories). For protection, the column

was preceded by a Micro-Guard column packed with ion exclusion resin,
Aminex HPX-85H (Bio-Rad Laboratories). The guard column was replaced
routinely every 50 injections. A detecting system used for sugar analysis
was a differential refractometer, Waters model 401. The column was heated
to 4500, and 0.0IN sulfuric acid was used as the mobile phase at a flow
rate of 0.9 m./min. Samples were centrifuged for 15 min at 3000 rpm in

a model IES-HN=-SII centrifuge (International Equipment Co). n-Propanol
was used as the internal standard.

Solvent and organic acid. Solvents and organic acids were assayed

using a Hewlett Packard Model 5710A gas chromatograph. A glass column,
1.82 m by 2 mm, was filled with packings (Chromosorb W-AW, 80/100 mesh),
coated with 10% AT-1000 (Alltech Associates, Arlington Heights, Illinois).
The operating conditions were: injector temperature, ZOOOC; flame ioniza-

o o
tion detector temperature 250°C; column temperature, 80 C to 160°C.
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Helium was used as the carrier gas at a flow rate of 30 ml/min. Samples
were treated by the same methods as those employed for the sugar analysis
and were acidified by adding sulfuric acid to transform the salts of
organic acids to the free acid form so that samples contained 1% (w/v)

sulfuric acid.

RESULTS AND DISCUSSION

Microorganisms suitable for sorghum molasses fermentation were
screened from a collection of five American Type Culture Collection's
(ATCC) strains, which afe known butanol-acetone producers. As indicated

in Table 2, two strains, Cl. acetobutylicum ATCC 824 and Cl. acetobutylicum

ATCC 4259, were superior to the others in fermenting sorghum molasses.
Both strains showed a similarity in utilizing sugar and in producing
solvent. Glucose was consumed more easily than other sugars by these
two strains. The remaining three strains consumed sugars, especially
glucose and sucrose, without appreciable competition. Most strains,

except Cl. acetobutylicum ATCC 4259, consumed sucrose more easily than

fructose.

The strains were tested for their sugar utilization capabilities
with a synthetic medium which contained glucose, fructose, or sucrose
as the sole carbon source. As shown in Tables 3 and 4, both strains,
ATCC 82& and ATCC 4259, exhibited comparable capabilities for utilizing
glucose and fructose.

As indicated in Table 5, the strain, Cl. acetobutylicum ATCC 824,

could not compete with the strain eventually selected for use in this

work, Cl. acetobutylicum 4259, in utilizing sucrose. However, the sucrose




Table 1. Composition of the basal medium
for screening of strains.

KZHPD4 0.75 g
KHZPOé 0.75 g
MgSO, 0.2 g
FeSOr_,+ " 7H50 0.01 g
MnSO, " Hp0 0.2 g
NaC1l 1.0 ¢
Cystine 0.5 g
Yeast Extract 5.0 g
Asparagine 0.5 g
(NHA)ZSOQ 2:0 g
Resazurin 0.3 g

Distilled Water 1000 ml
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Table 2. Comparisom of growth and solvemt production by several Closcxidius
species in the sorzhum molasses maedivm.

Growth Sugar Producction (3/100mi)
Sezaia (0D acr 380em) Consumptien Tiald
(g/100m1) Acacome Zthangl 3urancl Total )

glucecse 1,00

Cl. aceczoucwlicun fmctosed. .45
AZICC 324 3.%0 suczose J.30 3.05 0.2 3.22 0.1 29.32

Total 2.05

glucose 1.30

Cl. acaropusrlicim fructesad.’d
ATCC 2239 .03 sucrose 0.70 0.08 2.08 3.43 0.37 C.i

Tatal 2.76

glucosa 0.33

S1l. zesecopurylicenm fructosel.l8
ATCC 10132 1.35 sucrose J.43 0 0.01 Q 2.91 0.7

Total L.24

glucose 0.7

Cl. saccharoserducr- fsuerosaed.il
icaroniclm sucrosa J.37 2 J3.01 .22 9.23 1i1.%f

ATCC 27022 2.08 Total 1.72

Z2lucose 0.30

CL. ouTricm trucsosed.27
AZCC 280 <32 suczcse 0.38 Q 2.01 3 2.401 Qs3

Total 1.23

z) The =olasses -edium used iz this tast was analy-ed as cemtainiag 2,.5% (w/7) suerosa,

1.3% (w/v) glucsse aad L.147 (w/v) frucsosa.



Table 3. Compariscm of zrowth and solvent production by saveral Closcr=diim
species in the zlucose zedium.

Growch Sugar Production (g/10Cmi)

Stzai= (0D at 560mm) Consumption ‘Zialdi

(g/100mi) Acacome Zthanol 2utamol Toral (W)

Cl. agatcbutrliicm

TCC 824 2.96 1522 0.01 0.02 3.24 27 2.
Cl. acetobutwlici= . 1 9= - = . ne
ATCC =259 L.52 2.27 9.10 a.12 0,39  0.51 5.3
C_l_. acatobugyrlicem | . % o < ;
ATCC 0122 =39 g.20 0.0l 6.01 0 9.02  10.3
Cl. sasea2zaesducy ; g 0.82 0.01  0.01 2.4 0.1 13,3
acaconisum
ATCC 27022
€L, SpEmesm 2.34 3.18 2.0l 8.0l 9 9.02  1i.1

ATCC 6D

a) Inizial glucosa concentzaczian was 2.3 /100 =i.
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Table 4. Cemparison of growch and solvent producsion by several Clostrisiuz
specias in che fructosa zedium.

Growth Sugar Praoduczion (g/100me)
Se=ain (0D at 360mm) Consumpcion viald
(g/l00mg) Acstcne Ethanol 3BSuctanol Toral (%)

Ci. acacopurrlizum

l

ALCC 324 2.73 1.21 2.01 0.22 g.i3 9.2 7.3
€. acecsburylicum

ATCC <333 3.30 1.83 0.04 0.02 2.25 Q.32 175

1. acesobucrlicum

AICC 13152 s 86 0.43 2.01 J.02 Q 2.493 a7
2Z. sacsharscertuty ’

acacsaisud

Tee Zi0ZE 2.08 Q.46 0.01 ¢.02 Q.36 0.0% 19.3
Cl. bugmricum

'
Sucorsess L
ATCT da0 .36 0.10 2.01 2.02 9 0.03 0.0 !
|

a) Imizial fructose concensracica was 2.5 z/100 =i,



Tabla 5. Comparison of zrowth and solvent produczion by several Clostsidivm
spacies in the suczose medium,
Groweh Sugar ?zoducticn (z/100mz)
Straia (OD at 560nm) Consumption vield
(g/100me) Acetome Ethanel 3Sutanol Tocal ()
Cl. aceccbutylicam
ATEC 324 1.35 0.71 Q.01 Q.01 Q.13 Q.15 20.0
Cl. acetsburylicem
ATCC 4259 1,31 1.99 2.03 0.03 2.28 ©C.32 14,2
21l. aceroburrlicu=
ATCS iUl32 1,25 0.21 Q.01 0.01 a 9.02 14,2
Cl. sacsharoverbuty
acatonicum
ATCC 27022 2.86 1.50 a.d2 .02 Q.08 3,12 Tl
CZ. JucTrizim
AZCC Zad 1.76 1,11 0.01 2.0l g 2.02 2.0 |

a) I=isial sucrose concentTaticm was 2.

5 /100 =,
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utilizing capability of the strain, Cl. saccharoperbutyacetonicum

ATCC 27022, was almost comparable to the latter, but its solvent pro-
ducing capability was not.

It is worth drawing attention to the strain, Cl. acetobutylicum

ATCC 4259 (Bacillus butylicus), with respect to its capability for

utilizing sucrose; it consumes as much as 80% of sucrose contained in

the medium. This implies that this strain is highly capable of producing
invertase. From the results of the test for sugar utilization, it was
chosen for subsequent experiments.

The strain, Cl. acetobutylicum ATCC 4259, should be classified as

a strain of the Weizmann type according to the description in Bergey's
Manual (1948). The elucidation of its characteristics, namely, differ-
ent rates of consuming different kinds of sugar, seems to be important
for solving difficulties encountered by a strain of the Weizmann type

in fermenting molasses in earlier days.
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CHAPTER 4
MEDIA OPTIMIZATION

The commonest of the carbohydrate raw materials used in the acetone-
butanol fermentation are molasses and corn. Cane or beet molasses,
which is sugary, was used as substrate for the butanol-acetone fermen-
tation in earlier days. Molasses are classified into two types,
blackstrap molasses and high test molasses, according te the manner
by which they are manufactured. Blackstrap molasses is a type of the
motﬁer liquor of crystalline sugar. On the other hand, high test
molasses is a kind of concentrated juice from sugar cane or sugar beet.
The concentrated juice is partly inverted by acid to prevent it from
forming sugar crystal during storage. Strictly speaking, high test
molasses is not molasses but inverted syrup.

Sorghum is a valuable source of sugar and also grain. Recently,
sorghum is gaining attention as a sugar and starch source because of
its short growing season and drought tolerance (Chubey and Dorrell,
1974). So far, more sorghum juice has been used to produce sorghum
syrup.than crystalline sugar. Sorghum juice is usually evaporated and
marketed in the name of sorghum molasses for both feed and food. Com-
mercial sorghum molasses vary widely in quality. So far no attempt has
been made to ferment it for producing butanol-acetone in spite of the
fact that molasses from other sources have been widely employed for
this purpose.

4=1



It is, hewever, justified to supplement the molass medium with
ammonium sulphate and phosphate as sources of nitrogen and phosphorous,
respectively. Grain was often used as a carbohydrate source during the
early work on the acetone-butanol fermentation. Since the strains of

Cl. acetobutylicum are able to hydrolyse starch and other polysaccharides,

the grain mashes do not need to be hydrolyzed. The use of sugar materials
in the acetone-butanol fermentation has been discussed (Beesch, 1952,
1953).

The objective of this study was to increase the solvent yield by
optimizing fermentation medium. The experimental parameters are as
follows: sorghum molass concentration, effect of initial pH of medium,
concentrations of ammonium salt, calcium carbonate and phosphate, and

effect of temperature.

MATERIALS AND METHODS

Procedure

Microorganism. The selected strain, Cl. acetobutylicum ATCC 4259,

was used throughout the study.

Medium. A medium, containing 140 g/l sorghum molasses, 6 g/1
(Nﬂa)stA’ 2 g/l CaCo,, and 2 g/l KH,PO,, was used as a basal medium
for optimization.

Cultivation. The same as those listed in Chapter 3.

Analytical Methods

Sugar Concentration . The same as those listed in Chapter 3.

Solvent and organic acid. The same as those listed in Chapter 3.




RESULTS AND DISCUSSION
Sorghum Molasses Concentration-

A series of experiments with different sorghum molasses concentra-
tions were carried out to examine the effect of concentration on the
extent of sugar utilization and subsequent solvent production. The
nutrients were added to the medium in proportion to the sorghum molasses
concentration. The range of molasses concentration, namely, 10-18%
(w/v), was chosen so that the effect of solvent inhibition is minimum.

As indicated in Figure 1, glucose was consumed completely indepen-
dent of the molasses concentration; however, the relative consumption
of sucrose decreased and that of fructose increased with an increase
in the molasses concentration. As also indicated in Figure 1, the
final solvent concentration increased in proportiom with an increase
in the molasses concentration. The results imply that fructose and
sucrose compensate each other to render the relative or fractional
sugar consumption essentially constant. The results also suggest that
fructose is more easily consumed than sucrose when the sugar concen-—
tration is high. It appears, however, that when the concentration of

sugar is low, sucrose may become relatively more easily consumed.

Effect of the Initial pH of Medium

The pH of the molasses medium was adjusted by the addition of sul-
furic acid or sodium hydroxide solution to a level of 5.0, 5.2, 5.4, i
5.8, 6.0, 6.2, 6.4, 6.6, 6.8, or 7.0 before inoculation; the optimum pH
ranged between 5.6 and 6.6 (see Figure 2). At any initial pH value over

or below this optimum range, the production of butanol, acetone, and
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ethancl dropped sharply. The range of optimum initial pH was slightly
wider and lower than those reported by other investigators (Janke and
Siedler, 1937; Kovats, 1960; Senkevich et al., 1960; Taha et al., 1973),
whose values ranged between 6.0 and 6.7 for almost all substrates,
including sugar cane molasses. As also indicated in Figure 2, within
the range of optimum initial pH, the pH of the medium was highly depen-
dent on the age of culture; more specifically, the pH at the final stage
was appreciably higher than that at the early stages of fermentation.
The maximum solvent production was obtained at the initial pH of 5.8.
The butyric acid concentration in the final broth increased gradually
with an increase in the initial pH of the molasses medium.

The pH of the medium plays an important role for the production
of solvent. Toward the middle of the fermentation when the pH of the
medium drops to 4.5 two new products are formed: acetone and butanol.
Their formation coincides with a decrease in the concentration of butyrate.
This is also indicated by the observation that solvent formationis largely
reduced when the pH of the medium is kept above 5 (Andersch et al., 1982;

Gottschalk and Bahl, 1981).

Ammonium Salt Concentration

Ammonium sulfate in the basal medium was replaced with different
amounts of ammonium sulfate. Sterilization of a resultant medium was
carried out in two ways. In one, ammonium sulfate was added before
sterilization, and in the other, it was added after sterilization. As
shown in Figures 3 and 4, independent of the sterilization method, the

optimum concentration was 0.2%. Above this point, total solvent



Butyic acid (4 /100ml)

O
r

|
Mo
S}
A
it
|

Acetone concentrution (g /100 mi)

O
(9]

Lisluaol concentration (g/100ml)
m

Ethanal concentration (g /100 mi})

o)
o
b

Q-0 PH 244
d—d PH Finai
©@=~© Sutyric acia’]

o K
D18 = /‘/K(@—@ —454

o)

m
ai

>y — 52
- 48

| &=04 Savent

| O=0 Sutend

Ol .

= | X=X Acatone —Q20

I 9-0 Cihanal
O 18— —0.i8

at Q.2
| ‘
NN
X \
Ao
VA= ccs
\'\ :" o~
\ X
\ —CCa
N

Fa

Initial pH =f mecium

. Effeqt of the initicl pH cf medium on scivent procuction oy CJf.
gcetcbutylicum ATCC 4283,

pH

Total solvent concentation (g A100 ml)




Butanol concentration (¢g/100 ml)

o
1

Butyrlc ocid (g/100mi)

Ethunol coacentratlon {g/100 mi)

C-C oA
03 B-3 Butyric acid|5 5
—-50
445
o]
&-4 Soivent
i Q- Butanol 05
c20 @-@ F'hanoi :
X—X Acstone
Clé 04
gi2 —0:3
v
—0.2
—0.
Q g2 24 (08 -] c3 I1C 1.2

(NH4)2 S04 Concentraticn (g/1CCmi)

Fig. 3. Effect of the =sncentraticn of ammenium sulfare {22ded
tefcre sterdization) on solvent procuction by C2.

acetobutylicum A

—

TCC 42382,

pH

Acetone concentration (g /100 ml)

lm?

Total solvent concentration (g/100ml)



Butanol conceatratlon {g /100 ml )

Q-0 A
-_g 04 Butyric gcid | 6.0
3
< 03 —55
o ‘
-
S G2 —50
=]
i
=3
@
0 40
Qe Q2c r 0
l O=—O Solvent %
! Q=0 Butanoi
| 9—9 £'hanol
! ‘ X—X Acetone
as— sk =04
i
: gl2 —03

Ehanol concentration (¢/100ml)

c o2
C2— 0044 ® —o!
i
@
o ‘_ t ! I f | | 0
9 02 04 08 as L0 12

{MH4)53Q, Concentration (g/1COmI )

PH

Acetone concentration (g/100m} )

Fig.4 Effect of the concentration of cmmonium suifate [separcte
sterilizaticn ) ¢n scivent croducticn 5y CJ. acerobutyiicum

ATCC 4229

Tolul solvent concentration (g/I00m!)



4=9
production decreased with a decrease in the ammonium sulfate concentra-
tion. Previous workers (McCutchan and Hickey, 1954; Abou-Zeid et al.,
1976, 1978) stated that the suitable amount of ammonia to be added to
the medium was about 0.7 to 1.7 wt. % of sugar contained in the molasses
medium. The amount of ammonia used in this work was in the range of 0.75
to 3.75 wt. % of sugar contained in the medium. The optimum was approxi-
mately at 0.8 wt. ¥ which was close to the low end of the reported range,
i.e., 0.7 wt. Z.

Sterilizing ammonium sulfate separately from the medium gave a
remarkable increase in the concentrations of acetone and ethanol.

Notice that the butyric acid concentration attained in this scheme was
twice as high as that attéined when ammonium sulfate was sterilized
together with the medium. A higher concentration of butyric acid sug-
gests a potential increase in butanol via a reduction process. It
appears that ammonium reacts with reducing sugars during sterilizationm,
and that the product could inhibit fermentation.

Nitrogen is supplied through the use of degraded protein nitrogen,
ammonium sulfate, and the use of corn-steep liquor, yeast water, or
distillation slops (MeCutchan and Hickey, 1954). Although some ammonia
may be added to the mash initially to bring the pH to 5.7 to 6.7, most

of it is added after the fermentation has proceeded for about 16 hr.

Calcium Carbonate Concentration
The standard basal medium contained 0.27 calcium carbonate; however,
various quantities of calcium carbonate were added to create media with

different concentrations. As shown in Figure 5, the concentrations of
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solvents and butyric acid increased with an increase in the calcium
carbonate concentration, reaching the optimum at 0.2% of the medium;
this coptimum concentration of calcium carbonate was lower than the pub-
lished value. The presence of calcium carbonate in the fermentation
medium buffered the acidic organic compounds liberated during the fer-
mentation production of acetone-butanol and this led toan increase in the
total yield of the solvents. An earlier worker (Fouad et al., 1976)
reported that the suitable amount of calcium carbonate in the molasses
medium was 5 to 7 wt. % of sugar contained in the medium when ammonium
sulfate was also used as nutrient. The amount of calcium carbonate used

in this work ranged from 2.6 to 7.9 wt. Z of sugar.

Phosphate Concentration

Different amounts of phosphate in the form of KH2P04 were addea
to the medium. Concentrations were expressed as the equivalent quanti-
ties of phosphorus pentoxide; they ranged from 0.05 to 0.3 wt. % of
sugar in the medium. No response was detected in this series of experi-
ments. An earlier investigator (Walton and Martin, 1979) reported that
0.2% phosphorus pentoxide was suitable for high test molasses; however, a
very small amount of phosphate or none was needed for blackstrap molasses.
Sorghum molasses used in this work was found to contain phosphorus pen-
toxide in the amount of 1.33% of the weight of sugar. According to these
results sorghum molasses employed in this work contained sufficient

phosphate for the butanol-acetone fermentation.
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CHAPTER 5

FERMENTATION OF UNHYDROLYZED SORGHUM MOLASSES

Incomplete consumption of sugar is often encountered in fermenting
multisubstrate media such as molasses and wood hydrolyzates (Chiang et
al., 1981; Hsiao et al.,, 1982). When microorganisms are grown in a
mixture of two or more types of sugar, the growth curve may exhibit
more than one growth phase, sometimes separated by a distinct lag perioed,
due to an adaptation phase of cells to one of the substrates, if its
metabolism requires induced enzyme synthesis (Standing et al., 1972;
McGinnis and Paigen, 1969; Stumm-Zollinger, 1966). This phenomenon was
first reported by Momod (1947) samd was termed as diauxic or polyauxic

depending upon the types of sugar present in the mixture.

MATERIALS AND METHODS
Procedure

Microorganism. The strain, Cl. acetobutylicum, was used.

Medium. The optimized medium, containing 140 g/l sorghum molasses,
2 g/l (NHA)ZSOA’ and 2 g/1 CaC0,, was used throughout this study.

Cultivation. Fermentation was performed for 1/2 hr at 37°C using
a5 1 jar fermentor (New Brunswick Scientific Co., Inc. Model 19) con-
taining 2.85 1 of medium and 150 ml of inoculum. The initial pH was
adjusted at 6.0. The pH was maintained at 5.0 by adding 5N sodium

hydroxide during fermentation.

5~1



Analytical Methods

Biomass. 10 ml of broth were centrifuged for 15 min at 3000 rpm
in 2 model IEC-HN-SII centrifuge (International Equipment Company,
Needham Heights, Mass.). The supernatant of the culture medium was
removed and the cells were resuspended in 10 ml of 2N H2804 and cen-
trifuged for 15 min at 3000 rpm. The cells were washed again with
distilled water, transferred to a filter paper under vacuum condition,
and dried overnight at 105°C. Prior to weighing, the filter paper was
placed in a desiccator until it attained a constant weight.

Sugar concentration. The same as those listed in Chapter 3.

Solvent and organic acid. The same as those listed in Chapter 3.

Gas flow rate and composition. The gas flow rate was measured

using a flowmeter with a micrometervalve (Gilmont Instruments, Inc.,

Great Neck, New York), having a measuring range between 0.02 and 15 ml/min.
Composition of the gas was analyzed by means of a Packard Model 427 gas
chromatograph with a column, 1.82 m x 6.3 mm, filled with packings,

Porapak N (Waters Associates). The gas was analyzed under the operating
conditions of: injector temperature, lOOOC; thermal conductivity detector
temperature, lOOOC; column temperature, lOOOC; and carrier gas (nitrogen)

flow rate, 80 ml/min.

RESULTS AND DISCUSSION
Diauxy Phenomena and Sugar Utilization

Sorghum molasses contains three different types of sugar, sucrose,
glucose and fructose. The sugar composition of blackstrap molasses

depends naturally on its origin and source; reportedly (Creelman et al.,
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1981), it has approximately the following composition: sucrose, 30%
(w/v); glucose, 11% (w/v) and fructose, 11% (w/v). Sorghum molasses
used in this work contained 28% (w/v) sucrose, 14% (w/v) glucose and
15% (w/v) fructose. Thus far, the pattern of sugar utilization in

molasses by Clostridium acetobutylicum has not been reported, while

the solvent yield based on the weight of sugar consumed during fermen-
tation has been given in numerous publications.
Figure 1 shows the sugar utilization and cell growth pattern of

Clostridium acetobutylicum ATCC 4259 grown in the sorghum molasses

medium. As indicated in this figure, the three types of sugar contained
in the medium were consumed sequentially. Glucose was consumed most
rapidly and sucrose was slowest. The pattern of cell growth indicates
that growth is closely related to the sugar consumption; sucrose was

not consumed until glucose disappears completely, and the cell growth

was divided into two cycles by a period in which the growth rate was
essentially zero or negative. Apparently this pattern of growth was
influenced by the diauxie phenomenon reported by Monod (1947); the first
exponential phase of cell growth ended almost simultaneously with exhaus-
tion of glucose. This fermentation system was controlled by the so-called
catobolite regulatory mechanisms (Russell and Baldwin, 1978).

When microorganisms are grown in multisubstrates, such as molasses
and wood hydrolyzate, the phenomenon of diauxic growth and sequential
substrate utilization is often encountered. Epps and Gale (1942) first
noticed this effect in bacteria in 1942; it was termed the "glucose
effect" by Monod (1947) in the late 1940's after he had investigated

this phenomenon further. Magasanik (1961) invented the term "catabolite
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repression’ to describe it when he discovered that substrates other than
glucose could produce the same effect.

Glucose and fructose were consumed in parallel after the middle
stage of exponential growth phase. However, sucrose started to be
consumed almost immediately after the disappearance of fructose. The
biomass concentration also decreased immediately after the fructose
was consumed completely.

The results described in the above paragraph indicate that diauxie
phenomenon can be clearly identified between the consumption of inverted
sugar and that of sucrose, but it is not the case between the consumption
of glucose and that of fructose. Therefore, apparently the second

exponential growth of Clostridium acetobutvlicum is effected purely at

the expense of sucrose. The results also seem to suggest that the
sucrose consumption system of the cell is inhibited by the presence

of glucose and fructose, presumably more strongly by the former than

by the latter, and sucrose, glucose and fructose compete with each

other during their transport across the cell membrane (McGinnis and
Paigen, 1969). The reduction in the biomass concentration during the
transitional period between the two exponential growth cycles is possibly
due to cell autolysis caused by the inability of the microorganism to

consume sugar in the medium.

Solvent Production

The solvent pro&uction pattern of sorghum molasses fermentation
was closely related to the cell growth pattern, as shown in Figure 2.
However, it is worth noting that the rate of solvent production recovered

slightly ahead of the rate of cell growth after termination of the

transitional phase.
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The development of butanol-acetone fermentation from molasses has
apparently been influenced by the diauxie phenomenon. Earlier investi-
gators (Ono, 1943; Toi, 1943) reported that the intermediate or side
products from sugar refining, e.g., white sugar, raw sugar, sugar juice
(sugar cane or sugar beet), inverted molasses and blackstrap molasses,
gave rise to different solvent yields. The solvent yield increased
with an increase in the extent of purification; white sugar, being the
most purified, gave the highest yield and blackstrap molasses, with
the lowest extent of purification, gave the lowest yield.

The composition of sugar juice is very different from that of
inverted molasses. While sucrose is the major component in sugar juice,
it is only a minor component of inverted molasses. From the standpoint
of the diauxie phenomenon, it appears that in the production of butanol-
acetone the role of the minor sugar component in sugar juice is different
from that in inverted molasses. The minor component in sugar juice,
inverted sugar, is consumed prior tec the major component, sucrose; this
implies that the sugar juice medium is a simple substrate system, namely,
a non-competitive system, from the standpoint of the diauxie phenomenocn,
in a comparatively short time, the viability of the cell to remain high
when it starts consuming sucrose. However, because inverted sugar is
the major component in inverted molasses, this medium remains a multiple
substrate system, namely, a competitive system, for a relatively long
time when inverted molasses is used as substrate; this elongation of
the competitive period makes the cell less vital, and consequently,
its comsumption rate of less-competitive sugar becomes low when inverted

sugar is largely digested.



5-8
The final solvent concentrations in the medium were: butanol,
0.59% (w/v); acetone, 0.287 (w/v) and ethanol, 0.13% (w/v). The solvent
yields based on the weight of sugar consumed were: butanol, 11.8%;

acetone, 5.6%; and ethanol, 2.6%. The total solvent vield was 20.0%.

Gas Production

Hydrogen and carbon dioxide are produced in the butanol acetcne
fermentation (Doelle, 1975; Moreira, 1981). Gas production from the
sorghum molasses medium, realized in this work is illustrated in Figure 3.
The total gas vield in terms of the volume was almost nineteen times the
volume of broth. At the early stage of fermentation, the cumulative
volume of hydrogen gas produced was larger than the cumulative volume
of carbon dioxide. Subsequent to 18 hours, however, the latter exceeded
the former. The ratio of hydrogen and carbon dioxide in the cumulative
total gas production was 48/52. The cumulative total gas production
or vield and the ratio between hydrogen and carbon dioxide were close
to those from the corn meal medium, as reported by an earlier investi-
gator (Peterson and Fred, 1932).

As can be seen in Figure 4, certain relationships apparently exist
between the gas production rate and biomass concentration, and between
the gas production rate and sugar consumption pattern. The curve for
the gas production rate ran four to ten hours ahead of that for the
biomass concentration up to 44 hours of fermentation. Therefore, the

two curves ran in parallel. Furthermore, the curve for the gas produc-

tion rate exhibited a significant change at the time each kind of sugar

disappeared.
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The present results indicate that it is possible to predict the
biomass concentration or cell growth rate from the gas production rate
and tc detect the time when a particular type of sugar is consumed
completely in a multiple substrate system, e.g., molasses. The present
results also suggest that control of the sugar concentration in such
a multiple substrate system can be achieved through measurements of the
gas production rate in fed batch fermentation. So far not much has been
published on the instantaneous flow rate measurement with a "microflowmeter"

during butanol-acetone fermentation in a flask or small scale fermentor.

Organic Acid Production
It has been known (Wood et al., 1945; Twarog and Wolfe, 1962) that
butyric acid and acetic acid play an important role in producing butanol-

acetone by the strain Clostridium acetobutylicum. The Weizmann type

micrcorganism has been reported to produce a high concentration of buty-
ric acid and that of acetic acid in the corn meal medium up to 20 hr of
fermentation; between 20 and 30 hr of fermentation the acid concentration
decrease sharply (Davies, 1942); and they increase again slowly from the
minimum point at around 30 hr to the end.

In the present work, as shown in Figure 5, the concentrations of
both acetic and butyric acids increased sharply until 23 hr of fermenta-
tion when glucose was consumed completely; thereafter, the acid concen-
trations continued to increase, but with decreasing rates. However, no
distinct breakpoint could be detected in either acid concentration-time
curve, as indicated in the references cited in the preceding paragraph.

It has been reported (Gottschalk and Bahl, 1981) that the accumulation
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of organic acids is indicative of a rapid increase in the solvent con-
centration that will follow. Our results, as given in Figure 5, appear
to suggest that the diauxie phenomenon affects largely the concentrations
of acetic and butyric acids; the concentration-time curves of both
acids seem to be affected by the complete consumption of glucose. The
final concentrations of organic acids in sorghum molasses were: butyric

acid, 0.75% (w/v) and acetic, 0.34 (w/v).
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CHAPTER 6
FERMENTATION OF INVERTED SOQORGHUM MOLASSES

The results presented in the preceding chapters indicate that
butancl-acetone fermentation of sorghum molasses is inhibited by a
diauxie phenomenon, i.e., leaving sucrose in the medium incompletely con-
sumed, and that the effect of this phenomenon can be minimized by invert—-
ing sorghum molasses by means of acid hydrolysis.

Acids have widely been employed for hydrolysis of sucrose contained
in sugar juice (Olbrich, 1963) or molasses (Junk and Pancoast, 1973).
Inverted molasses, the so-called high test molasses, has been produced
from evaporating sugar juice previously inverted by acid. In this case
the hydrelysis temperature is comparatively mild (83—95°C); however,
the hydrolysis time is relatively long (90 min). The content of
inverted sugar in acid-hydrolyzed sugar juice is only two thirds of
the total sugar contained in the unhydrolyzed sugar juice.

When inverted sugar juice is emploved as the substrate for butanol-
acetone fermentation, it should be sterilized. During sterilization,
inverted sugar is partly converted into other types of sugars through a
mutual conversion process, and simultaneously it possibly is decomposed
into pigment compounds, mostly caramel and melanoidines; the pigment
hinders the butanol-acetone fermentation.

In the present work, the simultaneous process, involving hydrolysis
and media sterilization, has been designed to protect the fermentation
media from forming substances detrimental to the fermentation.

6-1
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MATERIALS AND METHODS
Procedure

Microorganism. The strain, Cl. acetobutylicum, was used.

Medium. The medium, containing 140 g/l sorghum molasses, 2 g/l
(NHQ)ZSOA’ and 2 g/1 CaC0, was hydrolyzed. The hydrolysis of sorghum
molasses was carried out at 120°C for 30 min, and was performed simul-
taneously with the media sterilization. Sulfuric acid and hydrochloric
acid were used for this purpose. The pH of both acids were between 1.0
and 4.0, Sodium hydroxide was added to the medium to neutralize the
acids. The initial concentrations of different kinds of sugar in the
resultant medium were: sucrose, 0.6% (w/v); glucose, 3.1% (w/v); and
fructose, 3.7% (w/v).

Cultivation. The same as those listed in Chapter 5.

Analytical Methods

The same as those listed in Chapter 5.

RESULTS AND DISCUSSION
Sugar Utilization and Cell Growth

In the fermentation of sorghum molasses described in the preceding
subsection, it was found that the diauxie phenomenon exerted a signifi-
cant influence on the pattern of sugar consumption and cell growth.
However, as illustrated in Figure 1, there was no indication of the
existence of the diauxie phenomenon in the fermentation of inverted
sorghum molasses, even though the biomass concentration decreased imme-
diately after glucose was completely consumed. No transitional phase

could be identified in the pattern of biomass concentration. The biomass
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concentration in the inverted sorghum molasses medium increased with a
decrease in the concentration of glucose remaining in the medium up to
44 hr of fermentation, indicating that the exponential growth time of
the cell in the inverted sorghum molasses medium was much longer than
that in the sorghum molasses medium, and that the biomass concentration
in the former was much higher than that in the latter. This pattern of
cell growth and sugar consumption is apparently beneficial to the
butanol-acetone fermentation.

The apparent lack of a diauxie phenomenon between glucose and
fructose was also indicated by the fact that fructose was consumed
simultaneously with glucose. If the diauxie phenomenon occur during
fermentation, the less favored sugar, in this case fructose, is not
consumed during the consumption of the more favored sugar, in this case
giucose. The consumption of the former should begin only after the
complete consumption of the latter.

In spite of the apparent lack of a diauxic phenomenon between the
two monosaccharides, glucose and fructose, the results, as presented
in Fig 1, strongly indicate that competition for consumption indeed
exists between the monosaccharides, and sucrose contained in the medium
is hardly consumed during the fermentationm, even after one of the mono-
saccharides, glucose, is essentially completely utilized. The results
depicted in the preceding paragraph imply that competition exists between
sucrose and fructose, and from the standpoint of consumption by micro-
organism, fructose is more favorable than sucrose after the total removal
of glucose from the medium. Even though competition for consumption

between sucrose and fructose is active in the multiple substrate system
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under discussion, i.e., inverted sorghum molasses, it will not affect
the solvent yield significantly because the sucrose concentration is
comparatively low in such a medium. In fact, the remaining sucrose
can be completely inverted into monosaccharides if the hydrolysis is
optimized, so that products of acid hydrolysis will not detrimentally
affect the outcome of fermentation. On the other hand, a decrease in
the rate of fructose consumption immediately after removal of glucose,
concomitant with a decrease in the biomass concentration, 1s probably
affected by the existence of another control mechanism, most likely the

end product inhibition during fermentation,

Solvent Production

Unlike the fermentation of sorghum molasses, as shown in Figure 2,
no transitional phase existed in the solvent production pattern when
inverted sorghum molasses was fermented. The rate of solvent production
was almost in parallel to the rate cf biomass production up to the point
where the biomass concentration attained its peak. Subsequently, the
rate of solvent production decreased with a decrease in the biomass
concentration. As stated in the preceding paragraph, the end product
inhibition was probably responsible for a gradual decrease in the solvent
production rate immediately after glucose was completely consumed.

The final solvent concentrations in the inverted molasses medium
were: butanol, 1.5% (w/v); acetone, 0.37% (w/v); ethanol, 0.18% (w/v);
and the total solvent 1.55% (w/v). The solvent yield based on the weight
of sugar consumed was: butanol, 19.6%; acetone, 7.2%; ethanol, 3.4%;

and the total solvent 30.3%.
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The final solvent concentration and solvent vield based on the

weight of sugar consumed in the inverted sorghum molasses medium were
more than 50 percent higher than those in the sorghum molasses medium.
The solvent yield of inverted sorghum molasses was almost the same as
that of high test molasses employed in the past (McCutchan and Hickey,
1954); however, the concentration of total solvent was about 80 percent
of that reported for high test molasses. The difference in the solvent
concentration between sorghum molasses and high test molasses was pro-
bably due to the fact that the latter gave rise to a higher extent of
sugar consumption than the former. Apparently, the consumption could
be increased by optimizing the sugar concentration in the inverted

sorghum molasses medium and by completely inverting sucrose in the medium.

Gas Production

Gas production from the inverted sorghum molasses medium is illus-
trated in Fig 3. The total gas yield in terms of volume was 18.4
times of the broth and the cumulative volume of carbon dioxide exceeded
that of hydrogen at 28 hr of fermentation. This point was 10 hr behind
the corresponding point for the sorghum molasses. The ratio of cumula-
tive volumes of hydrogen and carbon dioxide at the end of fermentation
was 4/6. Note that even though the total cumulative volumes of the
gases produced from sorghum molasses and inverted sorghum molasses were
very similar, it is highly probable that the ratio of the cumulative
volumes of hydrogen to carbon dioxide from each of these media is closely
related to the solvent yield. It has been suggested (Gavard et al., 1957;

Twarog and Wolfe, 1962; Valentine and Wolfe, 1960; Zerner et al., 1966)
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that hydrogen plays the role of an electron donor in converting butyric
acid to butanol., Therefore, it could be expected that the sorghum
molasses medium would preduce more hydrogen gas than the inverted
sorghum molasses medium. As indicated earlier in connection with
Fig 3 in Chapter 5, the total cumulative volume gradually decreased
with a decrease in the biomass concentration,

The gas production rate from the inverted sorghum molasses medium
is shown in Fig 4. As mentioned in the preceding paragraph in con-
nection with the sorghum molasses fermentation, the gas production rate
moved ahead of the biomass concentration up to around 50 hr of fermen-
tation. The gap between the gas production rate and biomass concentration
gradually decreased with the maximum gap to about 8 hr occurring at the
time when the gas production rate moved ahead of the biomass concentra-
tion. Subsequently, the gas production rate and biomass concentration
were almost synchronous. Similar to the sorghum molasses medium, the
gas production rate from the inverted sorghum molasses medium also
drastically decreased around the point where glucose was consumed
completely.

These results suggest that it is possible to predict the biomass
concentration or cell growth rate from the gas production rate and to
detect the time when a particular type of sugar disappears not only in
the sorghum molasses medium but also in the inverted sorghum molasses

medium.

Organic Acid Production

Figure 5 illustrates the organic acid production pattern in the

inverted sorghum molasses medium. A comparison of this figure with
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Fig 5 in Chapter 5 shows that there is a significant difference
between the pattern of butyric acid production rate from the sorghum
molasses medium and that from the inverted sorghum molasses medium.
In the sorghum molasses medium, both butyric acid and acetic acid con-
centrations increased sharply at around 20 hr of fermentation; then
they increased gradually. 1In the inverted sorghum molasses medium,
however, the butyric acid concentration-time curve exhibited a distinct
peak at about 28 hr of fermentation, and subsequently it declined to 53
hr, and then it increased again slightly to the end. The highest butyric
acid concentration in the inverted sorghum molasses medium was 0.42%
(w/v). These results seem to suggest that the peak in the butyric acid
concentration-time curve is closely related to the production of butanol
as reported by earlier investigators (Beesch, 1953; Davies and Stephenson,
1941). Their works indicate that at the later stage of fermentation, the
rate of conversion of butyric acid into butanol becomes higher than the
rate of production of butyric acid.  Consequently, the increase in the
butyric acid concentration ceases; it eventually decreases giving rise
to a peak. The acetic acid concentration-time curve in the inverted
sorghum molasses medium is very similar to that of the sorghum molasses
medium. The final concentration of acetic acid in inverted sorghum

molasses was 0.28% (w/v), which was lower than the 0.34% (w/v) of sorghum

molasses.

Effect of Hydrolysis Condition
As described previocusly, sorghum molasses differs from inverted

sorghum molasses in the pattern of sugar utilization by Clostridium
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acetobutylicum. Figures 6 and 7 show the pattern of sugar utilization

at different pH in the sorghum molasses medium inverted by sulfuric acid
and hydrochloric acid, respectively. The two acids exhibited very similar
patterns of sugar consumption except at a relatively low pH. The amount
of sugar consumed by the organism between pH 2.0 and 3.0 was relatively
high. The results indicate that no appreciable differences exist in the
acids' hydrolyzing capacities at the same pll. The extent of hydrolvsis

ranged from 17%Z at pH 4.0 to 80% at pH 1.0. Much of the sucrose contained

in sorghum molasses was hydrolyzed.

The substances detrimental to the fermentation could possibly be
produced during acid hydrolysis at low pH. Moreover, it is possible
that sugar utilization by the microorganism would be influenced by the
concentration of salt produced by hydrolysis and neutralization. No
sucrose contained in the unhydrolyzed sorghum molasses medium was con-
sumed; apparently this was caused by the diauxie phenomenon. As indicated
in Table 1, the solvent yield from molasses inverted by hydreochloric acid
was far less than that invérted by sulfuric acid; however, more butyric
acid were produced from the former than the latter. The solvent yields
were comparatively high in the pH range between 2.0 and 3.0 for both
acids. Note that not only the concentration, but also the type of salt
could influence the sélvent yield.

In spite of the fact that remarkable increases in the sugar utiliza-
tion and solvent yield have been attained in the inverted molasses medium,
much remains to be done to improve them; while the solvent yield based on
the sugar consumed is reasonably high, it is rather low on the basis of

the initial sugar available in the medium (see'Table 1). These results
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show that the solvent yield of inverted sorghum molasses by Cl.

acetobutylicum can be increased by carefully selecting a proper hydro-

lysis condition, e.g., pH, temperature, or time. From the standpoint
of osmotic pressure, ammonium hydroxide, and calcium carbonate, which
are related to the nutrient of the medium, can be used as neutralizing

agents to prevent formation of excessively concentrated salt solutiom.

Effect of Temperature

Table 2 shows the effect of temperature on solvent yield in the
inverted molasses fermentation. It can be observed that the optimum
fermentation temperature is in the range of 30°C to 35°C. Our results

are in good agreement with available information (Walton and Martin, 1979).

Effect of Agitation on Solvent Yield

Fermentation experiments were carried out under different agitatiomn
rates of 0 RPM, 100 RPM, and 200 RPM (O'Brien and Morris, 1971). The jar
fermentor scale fermentation was performed as described in the Materials
and Methods section. Figure 8 shows the total volume of gas evolved
during the fermentation experiments at different agitation rates as
functions of time. Note that the increase in the rate of agitation
tends to enhance gas production appreciably. The total volume of gas
released varied from 18.4 liters for 0 RPM to 24.0 liters for 200 RPM.
The available information (Walton and Martin, 1979) indicates that the
total gas production per gram of glucose can be as high as 0.44 liters
which is equivalent to 22 liters for the condition of O RPM. This is
comparable to our result. The corresponding levels of butanol and

butyric acid observed in the fermentation broth at O and 200 RPM are
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Table 2. Eifect of the temperaturz on
vield during butanol-acetone

sorghum molasses.

the solvent producticn and
fermentation of the inverced

Fermentation
temperature (°C)

Production (g/100 m$)

Yield
based on

Acetone Ethanol Butanol Total Suzar(Z)
25 0.30 0.21 0.85 1.36  26.7
30 n.35 0.18 1.0 1.52  29.8
35 0.37 0,18 1.0 1.53 0.3
40 0.28 0.17 0.79 1.24  24.3
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shown in Figs. 9 and 10, respectively. It is important to note that
the highest concentration of butanol occurred at the 0 RPM which pro-
duced the lowest amount of H, in the off-gas stream; however, for the
run with 200 RPM the highest level of butyric acid was obtained. These
data indicate that high agitation rate tends to drive hydrogen away from
aqueous phase and this lost hydrogen is no longer available for the

reduction of butyric acid to butanol during the final stage of fermentation.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATION

The strain, Clostridium acetobutylicum ATCC 4259, was selected

after testing several strains for their capabilities to utilize sorghum
molasses and individual sugar found in the sorghum molasses. Ewven
though the capability of this strain to consume sorghum molasses and
individual sugar is better than those of other strains, it has diffi-
culty in consuming sucrose contained in the sorghum molasses medium.
This is apparently due to the diauxic effect between inverted sugar

and sucrose.

The diauxie phenomenon can be minimized by inverting sorghum
molasses by acid; in fact, the solvent yield can be increased by as
much as 50 percent. Methods besides acid hydrolysis may also be
used to minimize the diauxic effect. If the medium contains predomi-
nately one type of sugar, the diauxie phenomenon will be dormant.
Therefore, one approach is to use sorghum juice as the substrate because
relatively little inverted sugar is contained in it; sucrose is the

dominant component in the juice.

The fermentation of sorghum molasses has shown that the con-
sumption of sucrose can be increased by lowering its concentration.
This implies that a-fed batch approach may be advantageous for fer-

menting sorghum molasses directly.

The strain, Clostridium acetobutylicum ATCC 4259, seems to belong

to the Weizmann type, which can utilize starchy material effectively.

7-1



7=2
This fact in conjunction with the findings of the present work, indi-
cates that it may be advantageous to produce butanol-acetone commercially
not only from starchy material but also from sugary material by solely

employing this straim.
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A strain, Clostridium acetobutylicum AICC 4259, suitable for

butanol-acetone fermentation of sorghum molasses was selected from
several strains of the American Type Culture Collection (ATCC). It

was cultivated in the composition-optimized sorghum molasses medium.
The microbial growth and sugar consumption pattern in the sorghum
molasses medium exhibited a typical diauxie phenomenon. The results
strongly suggest that the difficulty encountered by the Weizmann

type of organisms in butanol-acetone fermentation of molasses is

due to the diauxie phenomenon causing a significant decrease in the
solvent production rate. Acid hydrolysis of sorghum molasses minimizes
the occurrence of the phenomenon, thereby remarkably increasing the
solvent yield. The final solvent concentrations in the inverted
molasses medium were butanol, 1.0% (w/v); acetone, 0.37% (w/v);
ethanol, 0.18% (w/v); and total solvent, 1.55% (w/v). The total
solvent yield in the inverted sorghum molasses medium was 30.3% based
on the weight of sugar consumed. Effects of the temperature, agitation

and heat-shocking were also investigated.



