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I. INTRORUCTION

2y3=-Butanediol, commonly known as 2,3-butylene glycol,
has also been called f-b:tylene glycol, symmetrical dimethyl
ethylene glycol, symmetrical butylene glycol, 2,3~dihydroxy-
butane, and pseudo=butylene glycol. The general formula of
the compound is CH3'CHOH~CHOHFCH3. 2,3-Butanediol has
received special attention in recent years because of its
possible conversion to l,3~butadiene for use in the manufac-
ture of synthetiec rubber. With the loss of our sources of
natural rubber to Japan,  intensive research was carried out
by many organizatlons for the purpose of investigating all
possible materials, including 2,3-butanediol, which could be
converted into l,3-butadiene, the basic material of the more
lmportant synthetic elastomers, .

Three raw materials, petroleum, ethanol, and 2,3-butane-
diol, attained major importance és possible sources of the
butadiene. The relative advantages of each material with
respect to the production of butadiene were the subject of
numerous congressional debates and committee investigations.
The Baruch commlittee compiled a critical survey of our rubber
supplies and of the proposed methods for the production of
synthetic rubber, and presented eviderice showing the neces-

sity for a method of production of 1,3-butadiene which would
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meet the demand for a supply of a large am»unt of the buta-
diene in as short a time as vpossible. Inasmuch as the
commercial production of the butadiene from ethanol had
already been established as an industrial process in
Furope, and the semi-commercial production of the butadiene
from cracked gasoline had been shown to he feasible, 1t was
logical that these materials bhecame the major sources of the
l43~butadiene for the production of our synthetic rubber,
The rate at which new plants were built and existing plants
were converted to the production of these raw materlals is
a recorded tribute to the ingenuity and perseverance of the
fermentation and petroleum chemists and engineers. Rubber
Director Dewey (1944) reported that in the second quarter
of 1944, about sixty per cent of the butadiene produced in
this country was prepared from ethanol, and the remalnder
from cracked petroleum. From the first quarter of 1943 to
the second quarter of 1944, the production of butadiene from
ethanol was increased from one and a half short tons to
ninety-nine short tons and the production from petroleum
was lncreased from five and a half to sixty-four short tons.
Thus, in a little over a year, butadiene production lncreased
approximately twenty-three-fold,

When the synthetic rubber program was organized, the
conversion of 2,3-butanediol to 1l,3-butadlene was still in

the laborétory or pilot-plant stages. It was, therefore, a
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wise cholce not to replace the more established processes
with the butanediol process when the need for synthetie
rubber was so critically immedlate. However, the possibility
remained of converting the ethanol distilleries to the pro-
duction of 2,3-butanediol by fermentation with very minor
changes should the butanediol process prove to be more
feaslible or more economical, Furthermore, the physical and
chemical properties of 2,3-butanediol and its derivatives
are such that it might well find appllcation In the prepara-
tion of a variety of products such as antifreezes, solvents,
plasties, resins, humectants, pharmaceunticals, and coatings.

The production of chemicals by fermentatlon has long
been advocated because of the huge potentiel supply of
agricultural raw materials. Of equal importance is the
possibility that volume production of chemlcals by fermenta-~
tion would provide a stabilizing factor in agricultural
economy by utilization of surplus crops. 2,3-Butanediol can
be produced by fermentation from a variety of agricultural
materlalss ény naterial contalning sugars, stardh, pentosans,
or cellulose can serve as the ultimate raw material for the
production of the diol. In the event that the process is
adapted to industrial production, the raw materials used will
necessarily depend uvpon their availabllity and the ecﬁhomic
feasibility of production from selected materials.

The method of attack relating to the productlon of chem-

icals by fermentation which has been used in these laborato-
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ries for many years involves the following essentials: first,
selection of an organism which is known to produce substan-
tial quantities of the chemieal desired; second, selection
of a raw material which is readily available in substantial
quantitiess third, selection of a medium and conditions
suitable for growth of the orgenism; and fourth, variation,
one at a time, of the variety and of the concentration of
the constituents of the fermentation medium and of the
physical conditions of cultivation until the optimum condi-
tions for o»roduction of the desired chewlcal have been
established., The advantages of this method have been dis-
cussed by Fulmer (1943).

The use of starch or, in general, any pure carbohydrate
as the raw material for the production of chemicals by fer-
mentation lends itself well to the above procedure. The
amount and type of nitrogen supply, growth factors, and
inorganié materials present can ie varied at will within
wide limits, An additional factor to be‘considered i1s the
possibllity that constituents present in the original raw
material befcre the isolation of the pure carbohydrate may
be detrimental to maximum production of the chemlcal desired.,
On an industrial scale, separation of the starch from the
other constituents of the corn kernel prior to fermentation
also permits recovery of valuable by~productss that is, corn

oil, gluten, germ meal, and hran. There is a ready market
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for these prodﬁcts, and, in many cases, a salcable by-
product can determine the economlec feasibllity of an indus-
trial process,

The experimental investigations in this work have been
divided into five major parts. The first part, the produc-
tion of 2,3-butanediol from dextrose by fermentation with
Aerobacter aerogenes, was conducted in an effort to determine
some of the factors involved in the fermentatlion of compara-
tively large volumes of media, with particular reference to
decreasing the time required for fermentation, Conecurrent
with this phase, but included under a separate heading, was
the recovery of the 2,3-butanediol from the fermentation
liquors.,

The second part, the production of 2,3~butanedlol from

corn by fermentation with Aerobacter acrogenes, was under~-
taken at the request of the Doane Agricultural Service of
St. Louls, Missouri. The work was done in cooperation with
the Columbia Brewing Company of St. Louis for the purpose
of determining if brewery equipment and procedures could
be adapted to the produetion of 2,3-butanediol by lermenta-
tion.

The third part, the production of 2,3-butanediol from
corn by fermentation with Aerobacillus polymyxa, was under-

taken for the purpose of preparing the levo-~2,3~butanediol,

and also te determine some of the factors and relations
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involved in the fermentatlion of starchy substrates by

Aerobacillus polymyxa in order that the information thus

obtained might be applied to the investigations concerning
the fermentation of corn starch.
The fourth part, the preparation of 2,3-butanediol

from corn starch by fermentation with Aerobacillus polvmyxa,

was carried out in order to investigate the optimal conditions
for the formation of 2,3-butanediol from corn starch, and
to determine if conditlons could he discovered under which
the fermentation of starch could be conducted more efflcient-
ly than the fermentation of the whole grain,

The {ifth part was conducted concurrently with the
production of 2,3~butanediol from dextrose ani from corn,
and involved a study of the recovery procedures hest suited
to the isolation of the diol from fermented mashes. These
investigations were conducted in order to recover the 2,3~
butanediols in order that other members of the research
grovp in Biophysical Chemistry might study the physical and
chenical properties of the purified materials.

There is also included, in the Appendix, the design
of semi-pilot plant fermenter units and a semi—pildt plant
extraction unit which were constructed for the use of
members of the research group in Biophysieal Chemistry for
1arge-scaie study of the production and recovery of fermen-

tation productse.
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IT. HEVIRG 9V LITTRATURE

Aes Preparation of the 2,3~-Butanediols

1. GCremical melhodsg

Probably the eurliest reported preparatlon of 2,3-
butanediol is that of Wurtz (1859), who preparcd the
conpoungd from 2-butene by conversion of the hvtene to the
dibromide, the Aibromide to the dlacetate with silver
acetate, and the discetnte to 2,3-butancdiol by means of
agqueous potassium hydroxide, Adaptztions of Uhis meiliod
have been used by a number of workers incluwling Haruyanma
and Ligasi (1928}, dMoureu and Dode (1937), and Taulen,
Furray, and Cleveland (1943).

tltekoff (1882) prepared 2,3-cpoxybutanc from 2-butene
&nﬂ found thet the epoxybubtane could be completely converted
to 2y3-butanediol by reaction with bolling water, Simiiar
netliods were employed by Wilson and luecas (1936), Batalin
and Jeryumov (1936), and Winsteln and wood (194¢).

There has been consilderable controversy concsrning the
Torpatlion of 2,3~-butanediol by the actlon of magnesium amal-
gam won acetaldehyde. HNeunier (1902) renorted that a
small amount of the 2,3-bhutancdiol was formed by the above

reaction. lowever, Tlschtschenko and Voronkow (1906), in
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an attempt to duplicate the results of Meunier, were unable
to detect 2,3~hbutanediol among the reaction products but
dld report the formation of an acetate of 1,3-butanediol.
Kling and Roy (1907) reported a fifteen per cent yield of
1,3-butanediol hy the above reaction and assumed that this
was the compound which Keunier had considei'ed to be the
243=d10ole The controversy was finally clarified by Ciusa
and Milani (1913, 1915) who found the main product of the
reaction to be 1,3-butanediol, while 2,3-butanediol was
also formed in small amounts. The 2,3~butanediol was
identified by Ciusa and Milanl by oxlidation to diacetyl
and by the phenylurethan derivative.

The preparation of 2,3-butanediocl by hydrosenation
of dlacetyl in the presence of nickel was reported by
Sabatier and Nailhe (1907). Acetylmethylecarbinol was also
formed. |

Clamician and Silber (1911) found a small amount of
2,3~-butanediol among the products resulting from the
exposure of a mixture of acetone and ethanol to light for
nina months.

2,3~Butanediol may also be prepared by direct hydroly=-
sls of the dihalogen derivatlves of 2-butene. This method
was used by Bbeseken and Cohen (1920)., Schierholtz and
Staples (1939) reported a yield of fifty per cent of theory
by the hydrolysis of 2,3-dibromobutane in the presence of
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lead oxide. Dobryanskii, Gutner, and Schigel!skaya (1937)
ohtained a forty per cent yleld of 2,3-butanediol by hydroly-
sls of 2,3-dichlorobutane in the presence of sodium bicar-
bonate.

Smoler (1930) studied the reduction of acetaldehydde
by the dropping mercury electrode and stated that the
probable reduction product was 2,3-butanediol. Subsequoent-
ly Semerano and Polacsek (1938) positively identified
243~butanediol as the product formed.

Fichter and Metz (1936) reported the formation of a
small amount of 2,3-butanediol as a secondary product
resulting from the electrolysis of the sodium salt of
2-methylbutanoic acid in the presence of sodium nitrate,
Fichter and Sutter (1938) found that eleven grams of 2,3-
butanediol dinitrate was formed from a hundred grams of
2-methylbutanoic acid under similar conditions, Rudin
(1942) reported that some 2,3-butanediol was formed upon
the electrolysis of a mixture of the sodium salt of pen-
tanoic acid and sodium nitrate. Miolati and Semerano (1937)
found 2,3-butanediol among the products resulting from
agitation of the sodium salt of 2-hydroxybutanoic acld

with carbon.
2. Microbiological methods

a. Mechanism of formation

In the study of the mechanism of the formation of
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fermentation roducts, it ﬂs Edvantapeouésto know the

varlous minor products which are formed by the organism under
consideration in order that these products may be examined
for their possibilities as precursors leading to the forma-
tion of the main product. It may be generally assumed that
closely related species follow the same mechanism if the
major products formed are the sane,

The products of fermentation of xylose and sucrose by
Aerobacter faeni were found by Breden and Fulmer (1931) to
be 243-butanediol, acetylmethylearbinol, ethanol, acetic
acid, formie acid,vsuccinic acld, l-lactic acld, butyriec
acid, carbon dioxide, and hydrogen. Patrick (1931) found
acetone, acetylmethylcarbinol, ethanol, acetic acid, formiec
acid, suceinic acid, lactic acid, carbon dioxide, and
hydrogen to be formed from levulose by Aerobacillus polymyxa.
It is, of course, well known that Aerobacillus polymyxa also
produces 2,3-butanediol by fermentation of carbohydrates.

The available literature concerning the mechanism of
the formation of 2,3~butanediol deals mainly with the immedi-
ate precursor for 2,3-butanediol and the relation between
the diol and écetylmethylcarbinol. Investigators have not
agreed as to the mechanism of the biologlcal origin of these
products. Harden and Norris (1912) suggested that 2,3-butane-
diol was formed from dextrose by Aerobacter aerogenes by

reduction and condensation of acetaldehyde but presented
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no evidence to substantiate this theory. Neuberg, Nord, and
Wolff (1920) presented data showing that acetaldehyde was an
intermediéte product of the action of Aerobacter aserogenes
on levulose, Nagal (1923) found that acetaldehyde accumulat-
ed in conslderable quantities when calcium sulfite was added
to an Aerobacter aerogenes fermentation.

On the other hand, evidence given by Reynolds, Jacobson,
and Werkman (1937) indicated that in the case of Aerobacter
indologenes, acetic acid was reduced and éondensed to 2,3~
butanediol, although these lnvestigators suggested that the
conversion may go through acetaldehyde and acetylmethylecar-
binol as intermediate stages. Barritt (1937) found that
many bacteria vere able to oxidize 2¢3~butanediol to acetyl-
methylcarbinol and suggested that in the bacterial fermenta-
tion of dextrose, formation of 2,3-~butanediol may precede
the formation of acetylmethylcarbinol.

Silverman (1941) and Silverman and Werkman (1941)
reported that a cell-free enzyme preparation from Aerobacter
aerogenes converted pyruviec acid into acetylmethylcarbinol
and carbon dioxide without detectable intermediate formation
of acetaldehyde. These results indleated that the addition
of acetaldehyde and acetlic acid increased ylelds of acetyl-
methylearbinol by inhibiting the enzyme system by which
pyruvic acld is converted to acetic acid and formie acid.

The above workers emnhasized the possibility that the
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mechanism of dissimilation with »roliferating cells and with
enzyme preparations may differ., Gross, Wood, and Werkman
(1942) added acetaldehyde containing heavy carbon to enzyme

preparations from Aerobacter aerogepes; all the heavy carbon

added was found in the recovered acetaldehyde, showing that
acetaldelyde as suchwag not an intermediate in the formation
of the 2,3~butanediol, although the possibility of nascent
acetaldehyde acting as an Intermediate was not precluded.

The investigations of Slade and Werkman (1943) consti-
tute the most direet evidence for the participation of
acetaldehyde as an intermediate in the formation of 2,3~
butanediol. By adding acetic acid containing heavy carbon
to Aerobacter indologeneg fermentations, it was found that
the acetic acid was reduced and conilensed to 2,3-butanediol.
Therefore, acetaldehyde, or a closely related derivative,
was involved in the synthesis of the diol. The carbon-
carbon linkage created in the synthesis involved the carbon
atom originally present in the carboxyl group of the acetic
acid.

Stahly and Werkman (1942) studied in‘detail the mechan-~
ism involved in the formation of acetylmethylcarbinol and
2y3~butanediol by Aerobacillus polymyxa. These studies
were made using as cultural media both dextrose-peptone
and dextrose-peptone plus several probable intermediary

compounds. The above investigators found that whether the
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fermentstions were conduct~d serobically or snaerobicelly,
the addition of scetaldehyde resulted in incressed yields
of ethencl, acetylmethylcarbinol, and 2,3-butsnediol.
Furthermore, acetaldehyde was fixed by additlion of calecium
sulfite to a normal fermentation. The addition of acetate
likewlse reosulted in Incressed yields of acetylmethylearbin-
ol and 2,3%-butanediol, Thus, it would appear that the mech-

anism of the formation of butanediol by Aercbacillus polymyxa

is simllar to thap for species of the Aerobacter genus.

With respect to the relation between the microbiologlcsl
formation of Z,3-butanediol and acetylmethylecarbinol, Stahly
and Werkmsn (1942) found that s marked drop in oxidation
potentinl and rapid fermentation of the dextrose followed

inoculation with ferobacillus polymyxa, of a vigorously

oxypgenated dextrose medium, The potential rose only after
most of the dextrose was fermented. Large cuantities of 2,3~
butanediol accumulated while the oxidation potential was

low, =mnd part of the batanedlol ﬁéa oxidized to acetylmethyl-
carbinol after the oxldetion potential attained = ‘alrly
high level., Furthermore, added acetylmethylearbinol was
reduced.to 2,3~-butanediol, but only when the oxidationA
potential was low. From these results 1t was concluded that
ncetylmethylcarbinol and 2,5-butanediol comprise a reverslble
oxidation-reduction system with a low oxldation-reduction
potential -favoring the accumulation of 2,3-butanedlol snd a

high potential favoring the formation of acetylmethylcarbinol.
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It would thus appear that with both Aerobacter aerogenes

and Aerobacillus polymyxa, acetylmethylcarbinol snd %,3-butane-

diol are formed by reduction and condensation of preformed
acetic smcid, probably through the intermediste formation of
acetaldehyde or a closely related intermediaste. Likewise,
with both organisms, acetylmethylcarbiﬁol and Z2,%-butanediol
constitute 2 reversible oxidation-reduction system with the
ratio of the two products depending to a large extent upon
the oxidation-reduction potentinl existing toward the comple-

tion of the fermentation,

b. Yields of 2,3-butanediol, &,3-Butanediol and the

assoclated product, acetylmethylcarbinol, are formed by a
large number of mlcroorganisms and occur in a wide variety
of netural products., Only thoce investigaticns will be
reviewed in which quantitatiﬁe data were obtalned under
standardized conditions,

Henninger (1882) fractionated fifty liters of red
Bordeaux wine and succeeded In isolating sbout six grams
of a diol which he assumed to be 2-methy1-1;E-prOpanediol.
Since Henninger 4id not examline the constitution of the dilol
but drew his conclusions from the physical propertles of
the product, the butanedlol which he 1lsolated mey conceiv-
ably have been 2,3-butanediol,

Pere (1898) examined the products of the action of
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Bacillus subtilis, Bacillus mesentericus vulgatus, and

Tyrothrix tenuis on dextrose and sucrose and found in the
distillates from the fermentation liquors a levorotatory
substance which reduced Fehling's solution. Although Pere
attributed the reduction to glyceraldehyde, there is little
doubt that the compound was actually acetylmethylcarbinol,
Grimbert (1901) found that up to 0.09 gram per 100 ml., of
acetylmethylcarbinol was produced from various sugars by
Bacillus tartricus. Desmots (1904) identified acetylmethyl-
carbinol among the volatile products formed by the action of

a number of bacteria of the Bacillus group upon a variety

of substrates.

The fifst significant contribution to the production of
243=-butanediol by fermentation was made by Harden and Vialpole
(1906) who isolated about eight grams of 2,3-butanediol per
liter from a solutlion of five per cent dextrose subjected
to fermentation by Aerobacter aefogenes. Making a correction
for losses whilch occurred during distillation, the authors
estimated that the total yield of the 2,3-butanedliol was 27
per cent of the weight of dextrose added. The fermentation
was conducted at 37°C. under anaerobic comdition in a
medium containing peptone and chalk, Walpole (1911) conducted
additional fermentations under similar conditions and recov-
ered 21 grams of 2,3-butanediol from fermentation of 100

grams of doxtrose. Similer results were obtained by Harden
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and Norris (1912) and by Thompson (1912).

Lemoigne (1912, 1913a,. 1913b, 19192, 1919b, 19231,
1923b) studied the formatioﬁ of 2,3-butanediol and acetyl-
methylcarbinol by several bacteria of the Bacillus senus,

The yields obtained were very small, .

By adding dlacetyl to yeast fermentations, Neuberg and
Nord (1919) found that 35 per cent of the diacetyl added
was converted to 2,3—butanediol.' Neuberg, Nord, and Wolff
(1920) obtained 1.5 grams of 2,3-butanediol and 0.7 gram of
acetylmethylcarbinoi by fermentation of 100 grams of dextrose
with Aerobacter aerogenes. Neubarg and Kobel (1925) added ten
grams of acetylmethylecarbinol to a fermenting yeast and sugar
mixture and after a few days were able to isolate 5.8 grams
of 2,3-butanediol.

In studying the classification of Aerobacillus polymyxa,
Donker (1924) found that this organism formed 25 per cent of
2y3=butanediol and 19 per cent of ethanol in fermentation of
dextrose. Donker (1926) reﬁorted that in the fermentation of
"a twd per cent dextrose medium by Aerobacillius polymyxa,
twenty per cent by weight of the dextrose utilized could be
accounted for as 2,3-butanediol and twenty per cent as ethanol.
With Baecillus macerans only a trace of 2,3~butanediol was
formed.

A number of patents, evidently eVolving from the initial
efforts of Donker (1924, 1926), Harden and Walpole (1906),
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Walpole (1911), Harden snd Norris (191£2), and of Thompson
(1912), have been issued to Verhave and his associates.
Several of these pstents - Verhave (1928, 1929a, 1929Db,
1953), Kluyver snd Scheffer (1933), and W, V. Nederlandsche
Gist-en Spiritusfabriek (1934) - were issued in separate
countries and appear to be nenrly ildentical., The patent

of Kluyver and Scheffer (193%) comprises fermenting a mash
containing carbohydrates, nitrogen compounds, phosphates,
and a carbonete with an organism capable of forming £,3-
butenediol. The improved process represented in the patent
involves development of the process to a technical scale

by substitution of starchy materisls or molasses for dextrose,
substitution of smmonlum sulfate or malt for peptone, use of
carbohydrate concentrations up to 15 to €0 per cent, and
decre~sing the time of fermentation to less than two dasys

by the use of aeration. Thus, in an example representing
the sbove process, potatoes sscecharified by malt were fer-

-mented by Aerobacter aerogenes, in the presence of super-

phosphate and limestone, in 33 to 39 hours. Calculations
made from the data gilven Indicate = yileld of npproximately
%4 per cent of 2,3-butanediol snd 18 per cent ethanol by
welght of the starch present. Scheffer's process (1936)
recommends replacement of air by hydrogén recovered from

but=nol fermentations,

pederson and Breed (1928) found that Serratia marcescans

and Serratia indica formed Z,%-butanediol from dextrose.
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Yields were high as 16 per cent by welpght of dextrose fermented.

Work at Iowa State College on the preparation of 2,3-~bu=-
tanediol by fermentation was first reported by Breden (1930)
and Breden and Fulmer (1931). These authors investigated the
aerobic and anaerobic fermentation of xylose and sucrose by

~ Aerobacter faeni at 37°C. The yields of products from a

synthetic medium containing two per cent carbohydrate may be
summarized as follows, in terms of grams of products per 100

grams of sugar added:

Xylose Sucrose
aerobic anaerobic aerobic anaerobic

Carbon dioxide 0.5 38.9 82.2 52,8
2 ’B‘Butaned i01 lO .6 13 [ 7 150 1 16 .6
Acetylmethyl-

carbinol 2.6 0.3 6.5 0.6
Lthanol 6.3 1209 11.3 1903
Lactic acid 1.2 12,7 2.3 14.3

Essentially all qf the sugar was fermented at the end of ten
days. Several factors are particularly worthy of notes the
inerease in conversion to carbon dioxide under aerobic con=-
ditions, the increase in diol yield and corresponding de-
crease 1n acetylmethylcarbinol under anaeroblc conditlons,
and the increase in the ylelds of ethanol and lactic acid
under anaeroblc conditions. It is also noteworthy that the
same products are formed from xylose as from sucrose, Any
theory of the mechanism of the fermentation must, therefore,

take into consideration the digssimilatlon of the five-carbon
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as well as the six-carbon sugars,

The work of Breden and Fulmer was extended by Fulmer,
Christensen, and Kendall (1933) snd Kendell (1934a, 1934b).
These investigators studied the utilization oi sucrose by
several hacterls of the Aercbacter genus and deterained
optimel conditlons for fermentation of sucrose under essen-A
tinlly anaerobic conditions at 37°C. lkesults obtained by
fermentation of solutions of various sucrose concentrstions

are shown below:

Sucrose added, suecrose Fermentation £2,3%-Butanediol
¢rams per 100 wml. fermented, ~ perlod, formed, grams per
per cent days 100 gremsg of
sucrose added
2 99 7 42.5
4 09 12 4545
6 09 14 4543
8 9 18 4G.4
10 88 23 41.1
12 85 23 44,5

The medium used by the above suthors was developed sccord-
ing to the methods later described by Fulmer (1943). 1In

addition to sucrose, the medlium contsained:

grams per 100 ml.

NH4C1 0,250
KoHPOge 3 Hy0 0.175
CaCl, 0.015
MegS0y 0.175

The optimum pH was found to be 6,0, "The ylelds of Z,3-butan-

ediol obtalned were higher than any previously reported and
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anounted to about 90 per cent of theory.
Birkinshaw, Charles, and Clutterbuck (1931) found that

Baclllus asiaticus-mobilis gave approximately 27 per cent of

2, 3=butanediol by welght of dextrose ndded in fermentation
of 2 modified Czapek-Dox medium. Brockmann {(1833) studied
the role ol oxidahién-reduction ia the dissimilation of dex-
trose by species of Aerobacter and concluded that while the
addition of hydrogen acceptors tended to increase the oxida-
tion potential, the variation had llttle or no effect on
vields of Z,3-butnnediol and acetylmethylesrbinol. Chappell
(1925} obtained ylelds of twenty to thirty per cent of 2,35-

butsnediol in the fermentation of sucrose by Aerobacter faeni.

Canepa and de la Serns (1835) found that s two per cent solu-

tlon of dexlLrose was completely fermented by Aerobacter sero-

genes, glving 26 per cent of &,3-butanediol.

Workling with cell suspensions of Aerobacter lndologenes,

ifiichelson snd Werkman (1938) found that in a dextrose medium
above pH 6.3, ten per cent by weight §f dextrose f{ermented
was converted to 2,5-butenediocl, while at or below pH 6,3,
39 per cent of the dextrose fermented was converted to theﬂ
diol,

Seksguti, Ohara, and Kobayasi (1939) isolasted strains

of herobacter aerogenes and Herobacter cloacae from soil

which were capable of producling thirty to forty per cent



-2l

of 2,3~butanediol from an elght per cent solution of dexirose
at pi 6 to 7 and a temperature of 37-38°C. Sakaguchi, Ohara,
and Kikuti (1940) obtained similar yields from varlious sugars.
With the advent of World War II and the increasing in-
terest in 2,3-butanediol as a precursor for butadiene,
studies on the produection of 2,3~butanediol by fermentation
were initliated in many laboratories, including those of
Commereial Solvents Corporation, Heyden Chemical Corporatlon,
Joseph [, Seagram and Sons, the National Research Council of
Canada, the Northern Regional Research Laboratory, Schenley
Distillers Corporation, and others. Much of the work done
was put under governmental secrecy orders and has not been
reported, although the secrecy orders have since been lifted.
Elder (1942) mentioned the fermentation of saccharified
grain mashes by Aerobacter aerogenes. According Lo an anony-

mous article in Chemical Industries (1943), 2,3-butanediol

was at that time being produced on a large pilot-pnlant scale
by the Schenley Dilstillers Cornoration. ‘Adams (1943) stated
that members of the National Research Council in Canada were
studying the production of 2,3-butanediol by fermentation of
wheat with Aerobacillus polymyxa.

Hendlin (1943) studied the fermentation of dextrose by
Aerobacter aerogenes and obtained up to 40 per cent of
2,3-butanediol by weight of dextrose added. The medium used

contained 5 per cent of dextrose in addition to inorganic
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salts, and was aerated for 864 hours and then allowed to
stand without aeration for an additional 12 hours. During
this period of standing after aeration, the 2,3-butanediol
content of the fermentation liquor increased while the
acetylmethylcarbinol content decreased; the sum of the two
products remained constant. Hendlin also found that corn
mashes could be fermented to 2,3-butanediol by the use of
Aspergillus oryzae in conjunction with Aerobacter aerogenes.
From a medium containing 15 per cent corn meal, one per cent
calcium carbonate, and 0.4 per cent dipotassium phosrhate,
Hendlin obtained up to 38 per cent of 2,3-butanediol. by
welght of starch added.

A patent issued to Christensen (1944) involved the fer-
mentation of sugar or molasses solutions by Aerobacter aero-
genes; the sugar concentration was held above & per cent by
periodic addition of sugar.

By using the starch-hydrolyzing yeast Endomycopsis fibu-
diger in conjunction with Aerobacter aerogenes, Wickerham gt
al (1944) obtained 27 per cent of 2,3-butanediol and 13 per
cent of ethanol by weight of starch present. The substrate
used was a 15 per cent wheat mash.,

Although much of the work which is reviewed in the
following paragraphs was reported too late to be of asgis-

. tance 1in the selectlon of experiments in conducting the

present lnvestigations, it is included here 1ln order that
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the survey of other work done may be brought up-to-date.

Studles on the fermentation of wheat mashes with Aero-

bacillus polymyxe were reported by Ledingham and Adams (1844).
The ylelds obtained upon fermentation of 15 per cent whesat
mashes were about 33 per cent of 2,3-butanediol and 19 per
cent of ethanol by welght of starch present. 1t was found
that the most concentrated mash which could be fermented
efficiently contained about 15 per cent wheat. <Ihe maximum
yields were obtained after 4% days incubation at 32.5°C.
Katznelson (1944a) studied additional factors affecting

the fermentation of whest by Aerobacillus polymyxa and

found that nelther the age of the inoculum nor the nature

of the inoculating medium had much effect on the yields of
2,3-butanediol. The surface~volume ratio was found to have

e considerable effect on the yleld of products; a'high
surface-volume ratlo favored the production of Z,3-butanediol.
Addition of yeast extract to the medium likewise eflected

an increasse In the yleld of Z2,5-butanediol. Katznelson

(1944b) also studied the effect of bacteriophage on Aero-

bacillus polymyxa and recommended aseptic techninue and
the use of non-lysogenic strains as precsutions., Katznelson

and Lockhead (1944) found that Aerobacillus polymyxa required

biotin for growth,
The production of Z,3-butanediol from wheat was also
studied by Ledingham, Adams, and Stanier (1945), who found

that the addition of yeast extract, malt extract, dried
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yeast, or corn steep liquor was essential for the prepara-
tion of an active lnoculum. Pure wheat starch with inor-
ganic supplements was only partlally utilized; even combina-
tions of starch wash water, bran, gluten, and yeast extract
added to the wheat starch failed tolproduce as good results
as were obtained by fermeﬁtation of the whole grain. Aero-
bic conditlions were found to lnhibit the fermentation,
particularly in regard to the rate of fermentatlon., DPass-
ing nltrogen or hydrogen through the medium was found to
decrease the time of fermentation but was also found to
increase the yleld of ethanol and decrease the yield of
2,3-butanediol, In fermentations conducted on 15 per cent
whole wheat mashes, ylelds of 2,3-butanediol plus ethanol
were as high as 50 per cent by weight of available starch,
Stanier, Adams, and Ledingham (1945) found that the
filterability of the fermented mash varied considerably
with the strain of Aerobacillus polymyxa used. By selec-
tipn of proper strains, it was possible to obtain a readily
filterable mash and stlll obtain high yilelds of the diol.
Rose and King (1945) compared yields of 2,3-butanediol
and ethanol obtained when 15 per cent wheat mashes were
fermented with Aerobaseilllus polymyxa in small flasks and
in five-gallon fermenters. ‘Yields of the 243~butanediol
were consistently higher when the fermentations were con-

ducted in small flasks, while the ethanol yields were con-
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sistently higher when the fermentations were conducted in

the five-gallon fermenters.

Studies on the production of 2,3-butanediol from wood
hydrolyzates were conducted by Perlman (1944), Yields ob-
tained were about 35 per cent by weight of the sugar present
in the hydrolyzate. The fermentation was carried out using

aerated cultures of Aerobacter aerogenes,

According to Stanier and Adams (1944), Aeromonas hy-
drophila produces considerable quantities of 2,3-butanediol
in the fermentation of sugarsj 37 grams of the diol were
obtained from 100 grams of fermented dextrose. Neish, black-
wood, and Ledingham (1945a, 1945b) found that a strain of
Bacillus subtilis formed 57 millimoles of 2,3-butanediocl
for each 100 millimoles of dextrose fermented.

Adams and Stanier (1945) found that the ratio of 2,3~
butanediol to ethanol resulting from fermentation of wvarious
sugars with Aerobacillus polymyxa varied with the sugar used
as the source of carbon. Liebmann (1945) gives the follow-

ing equation for the dissimilation of dextrose by Aerobs-

cillus polymyxas

5 CgHyz06 —> 3 CqH1p0p + 4 CoHgOH + 10 COp + 3 Ha.
This equation‘probably represents the results usually ob-
tained rather than the theoretical conversion.

Production of 2,3-butanediol from acid-hydrolyzed
starch was studied by Ward, Pettijohn, and Cogniill (1945).
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Yields obtained in fermentations with perobacter aerogenes

were from 40 to 41 per cent by welght of starch added.
3. Methods of recovery

The problems lnvolved in the recovery of 2,3-butanediol
from fermentation liguors are similar to those involved in
the recovery of glycerol. Like glycerol, 2,3-butanediol is
miscible with water in all proportions and has a boiling point
considerably above that of water, 2,3-Butanediol is alsc very
hygroscopic and therefore is difficult to obtain free from
water, Two general methods seem to be applicable to the re-
covery of the 2,3-butanediol, distillation and solvent ex-
traction. Of these two methods, solvent extraction following
evaporation scems to have been more generally used. Walpole
(1911), Thomson (1912), Harden and Norris (1912}, and Neuberg
and Nord (1919) recovered the 2,3-hutanediol by evaporation
of the fermentation liquor to a syrupy liquid, followed by
extraction of the residual dlol with ethanol and fractlonation
of the resulting solution, Losses of 2,3—butanedioi by this
method were rather high.

Ether extraction has been employed by Chappell (1935) and
Akabori (1938). This method has also been used in connection
with the work of Kolfenbach, Kool, Fulmer, and Underkofler
(1944), Further details of this method will be discussed
later,

According to Flder (1942) and an anonymous article in
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Chemical Industries (1943), butanol extraction has bheen used
in the pllot-plant recovery of the 2,3-butanediol from fer-

mentation liquors. The previously mentioned patents of
Verhave and his assocliates involve recovery by vacuum dis-
tillation.

Recently, Rose and King (194%5) studied the recovery of

243-butanediol from wheat mashes fermented by Aerobacillus

olymyxa. Considerable difficulty was experienced in coag-
unlating the wheat proteins, and as much as 20 per cent of
the diol remained in the filter cake. Recovery of the diol
was conducted by passing the vaporized liguor through a
packed fractionating column and refractionating the distill-
ate, The overall recovery was 50 to 9% per cent of the
2,3~butanediol present in the fermented mash.

Blom et al (194%) described a recovery process which
involved steam-stripping a concentrated liquor at an elevat-
ed pressure., The feed liquor was obtained by fermenting
saccharified wheat or corn mash with Aerobacter acrogenes
and concentrating the filtered mash. The concentration was
carried out by multiple-effect evaporation, the vapors from
each effect being rectified to retain all of the 2,3-butan-
ediol in the evaporator syrup. The proposed recovery pro-
cess, which is based on pilot-planf investigations, 1s
described by Blom et al as follows:

The evaporator sirup containing all of the
glycol is fed to the top of a packed stripning
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column, which is operated at a pressure of 55
pounds per square inch gage. Stezm 1s passed

up the column, in the ratio of 5 pounds of steam
per pound of sirup, and absorbs or strips the
glycol from the sirup during the countercurrent
passage., After every 1l hours of operation the
sirup fed to the stripping column is diverted to

a storage tank . . . and water is pumped through
the column for 1 hour to remove the deposited
sludge. Steam flow 1s not interrupted during

the washing cycles hence, the continuity of the
operation as a whole is not disturbed. The
stripped sirup, vhich lis discharged from the

base of the stripping column, is similar to dis-
tillers! evaporator sirup and is drum-dried for
the production of poultry and cattle feed. The
vapor from the top of the column contains buty-
lene glycol, water, and an insignificant amount

of impurities., It is led to the base of a bubble-~
cap scrubbing column, which is also operated under
pressure, and ls washed free of glycol by a strcam
of water introduced at the top-of the column., A
reflux ratio (overflow to vapor) of approximately
0.286 1s used in this operation. The vapor from
the top of the scrubbing column has a pressure of
approximately 50 pounds per square inch gage and
is divided into two streams; one stream is used for
process work In other parts of the plant, and the
other stream 1s compressed to a pressure of 55
pounds per square inch gage by a thermocompressor
with steam at a pressure of 250 pounds per square
inch gage. The compressed vapor 1s re-used for
stripping. Steam withdrawn from the system for
process use is approximately equal to that required
for compressionj hence, the steam required for strip-
ping is practically only that which 1s condensed
because of heat losses ln the system., The glycol-
water product from the scrubbing column contains
approximately 8% butylene glycol and is easily
rectified to make a product containing 99% buty-
lene glycol.

Pilot plant data showed that the condensate from the stiripping
colunn contained as much as 90 per cent of the 2,3-butanediol

present in the concentrated liquors



Be. Properties of the 2,3-Butanediols

1. Chemical properties

Although a large number of compounds closely related in
structure to 2,3-butanediol have been described in the litera-
ture, those considered here will include only such as have
been prepared froﬁ 2y3~butanediol directly.

The esterification of 2,3-butanediol is important in that
butadiene prepared from the dlol is usually made by catalytic
decomposition of the diacetate., It 1s well known that the di-
acetate of 2,3-butanediol can be prepared by esterification
with acetic acid or with acetic anhydride. Schniepp, Dunning,
and Lathrop (1945) descriﬁéd a continuous process for the
acetylation of 2,3-butanediol. The operuntion was carried out
by feeding the.diol, along with a catalytic amount of sulfur-
ic acid, into the top of a reaction column while introducing
a continuous stream of glacial acetic acid into the base of
the column.. The diacetate of 2,3-butanedi$l was produced in
a 97 per cent of theory yield. Shlechter, Othmer, and
Marshak (1945) studied the kinetics of the esterification 6f
the diol with acetic acld and described a continuous esteri-
fication process utilizing an entraining agent to remove the
water formed. Yields of the dlacetate were about 95 per
cent of theory.

According to an advertisement of the Lucidol Corporation
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(1933), 243=-hbutanediol forms nitrates with nitric acid and
resins with phthalic anhydride, Matignon, Moreu,‘and Dodé
(1932-1933) prepared the dinitrate of 2,3-butanediol by
esterification with nitrie acld in the presence of sulfuric
acid.

Denivelle (1939) prepared the neutral sulfite of 2,3-
butanediol by treating the diol with thionyl chloride in
the presence of pyridine. Rippere and La Mer (1943) found
that 2,3-butanediol reacted with boric acid to yield a
slightly volatile ester. Kolfenbach, Fulmer, and Underkofler
(1945) descrilbed the properties of the inner carbonate of
243-butanediol. The carbonate was prepared by the interac-
tion of the diol with phosgene,

Oxidation of 2,3-butanediol may lead to a variety of
substances., Walpole (1911) examined the oxidation products
obtained by the action of dilute nitric acid on the diocl and
reported finding acetylmethylecarbinol, diacetyl, lactic acid,
and carbon dioxide. The oxidation of 2,3-butanediol to
diacetyl by reaction with bromine in water was studied in
detail by Matignon, Moreu, and Dodé (1934). This reaction
has often been used 1n the analytical determination of the
diolj the diol is oxidized to diacetyl and the dlacelyl con-
verted to nickel dimethylglyoxime., McAllister and de Simo
(1936) were issued a patent involving the catalytic oxida-~
tion of 2,3~butanediol to diacetyl. The reaction was carried

out in a stream of oxygen over a copper catalyst. Accoriding



to Suknevich and Chiligaryan (1936), 2,3-butanediol is
converted to c¢hloroform by reaction with calc;um hypochlor-
ite. FEvdokimov (1938) Tound that the diol gave earbon diox-
ide, water, and formlc acld upon warming with anhydrous
oxallc acid,

"The acetals of 2,3-butanediol'are readlly formed in the
pres:nce of aldehydes or ketones with hydrochloric acid as
catalyst. Backer (1936) attempted to prepare butadiene by
heating 2,3-butanediol with aluminum oxide and obtained in-
stead an appreciable amount of methyl ethyl ketone., An
acetal was also formed in the reaction, résulting from inter-~
action of the diol and the methyl ethyl ketone. Backer show-
ed the structure of the acetal to be:

B
Colig. _-0—C——Cly

c
oy 0—C——CHy
- H

Bbeseken and Tellegen (1938) studied varilous acetals of 2,3~
butanediol., Reaction of the diol with diacetyl in the pre-
sence of such dehydrating agents as phosphorus penéoxide

led to the formation of three different acetals whose struc-

tural formulas may be represented as follows:
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The direct dehydration of 2,3-butanediol to hutadiene
is a reaction which involves merely the removal of two mole-
cuies of water from the diol molecule. This recaction has
been attempted by many investigailp rs including Backer (1936),
Akabori (1938), Denivelle (1929), and Kolfenbach (1944).
Invarlably the maln produect obtained in the reaction was
methyl ethyl ketone, although Kolfenbach did obtain a 7.5
per cent yield of the butadiene.

Catalytic decomposition of the esters of 2,3-butanediol
to butadiene, however, has heen proved to be a feasible
process. Tishchenko and Kosternaya (1937) and Kosternaya
(1938) 6bta1ned butadiene hy the decomposition of the xanthate
of 2,3-butanediol. Denivelle (1939) obtained 8 to 10 per
cent of butadiene by the decomposition of the neutral sulfite
of the diol, On a practical scale, however, the diacetate
appears to be the best starting material for the preparation
of butadiene. A patent issued to Hill and Isaacs (1938)

involves the preparation of butadiene by passing the hot
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vapor of the dlacetate of 2,3-butanediol through a tube
packed with quartz. In a report on the progress of buta-
diene production Flder (1942) indicated that an 88 per cent
conversion to butadiene conld be obtained by the catalytic
decomposition of the diacetate, An outstanding feature of
the diacetate process is the fact thét the butadiene pro-
duced is of sufficiently high quality for polymerization
so that further purification is unnecessary. Recently,
Morell, Geller, and Lathrop (1945), Schnienp et al (1945),
and Shlechter, Othmer, and Brand (1945) have renorted the
details of the process.

Neish (1944) found that substantial amounts of acetyl-
methylearbinol could be produced by passing 2,3-butanediol
over a hot copper catalyst. Diacetyl was also formed.
Nelsh, Haskell, and Macdonald (1945) studied the formation
of methyl ethyl ketone by dehydration of 2,3-butanediol
with sulfuric acid,

2. Physical properties

Inasmuach as 2,3~butanediol contains two asymmetric
carbon atoms in a symmetrical molecule, three stereoisomeric
forms are possible, the configuration of which, according

to conventional practice, may bhe represented as follows:
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CH 3 Cli 3 CH 3
10=C=I1 H-{-OH H~$—0H
11-C-0H HO-?-H HC~0H
Cliq cH 3 CHly
a-2,43-butane~- X=-243=-butane~ meso=-2 4 3~-butane-
diol diol aio1

It would be expected that the d- and 1l-2,3-butanediols
would have ldentical physical properties, differing only
in the sign of rotation, wherecas the meso form would be ex-
pected to have physlcal provertles differing from those of
the 4 and 1 forms. Farly data concerning the physical
properties of the 2,3-butanedlols are not reliable, since
most of these data are given without reference to the
stereoisomeric form or forms present.

Wilson and Lucas (1936) prepared the dl mixture and the
meso~2,3~butanediol starting with the g¢is- and trans-butene,
respectively. The diols were purified by reecrystallization
from isopropyl ether. The properties of the two forms pre-

pared by these investigators were given as follows:

Configuration dl -meso
Boiling point at 742 mm., °C. 176.7 181.7
Boiling point at 16 mm., °C. 86 89

Melting point, ©OC, 7.6 - 34.4

Wilson and Lucas also found that the dl mixture and the meso
isomer formed a eutectic melting at -1.5°C. and containing

about 44 per cent of the meso form. Ward et al (1944
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deternined the physlcal properties of the 2,3-butanediols

isolated gn masse from fermentollions with Aerchacter aero-~

genes and ferobacillus polymyxa. The properties rencorted

by these authors were:

Fermentation by A. polymyxa A. aerogenes
Specific rotation, 25°C, ~13.0 1.0
Refractive index, 25°C. 1.4307 1.4384
Melting point Oé. 19 25
Tiscosity, 25°C., centipoises 41.0 118.0
Fydrate formation - pentahydrate
(melting point
16.8%C,)

The physical constants of the dlols as pfiven by Morell and
Auernheimer (1944) agree substantially with those given by
Ward et al.

Neish (1945) has presented evidence showing that the
2,3-butanediol produced by Aerobscillus polymyxa is the

pure levo isomer. Neish reported the density of the product
to be 0.9880 at 26°C., (water a2t 15°C. = 1) and the refrac-
tlve index measured in daylight to be 1.4318.

The 2,3-butanediol formed by Aerobacter aerogenes has

been shown by ILees, Fulmer, and Underkofler (1944) to con-
sist of about 90 per cent of the megso form. Iulmer, Under-
kofler, and Bantz (1943) have shown that the remaining 10
per cent consists almost entirely of the d form.

vurtz (1859) reported 2,3-butanediol to be soluble
in all proportions ln water, ethanol, and ether. The

Imecidol Corroration (1933) reported that 2,3-butanediol was

a nearly colorless solid or liquid, hygroscopic, a good
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solvent for dyes, and possessed remarkable ability to pene-
trate woods and textiles.
Chappell (1935) isolated 2,3-butanediol from fermenta-

tions by lLerobacter aerogences and obtained two fractions

upon fractionally distilling the product. The highest
boiling fractlion, which was undoubtedly the meso form, had
only a slight positive rotation. Pressure~-temperature rela-
tionships for this fraction, as given by Chappell, were as
follows: '

oc, 100 110 120 130 140
Pmm. 24.0 44,5 76,0 120.0 177.0

These data may be expressed in the form of two eqguations,

as follows:

LIemperature range Fauation
100-120°C, log Pmm = - 3731 + 11.38

T
- 2924 + 9.326
¥

i

120-140°C, - log Pmm

Schierholtz and Staples (1935%) determined pressure-tempera-
ture relationships of 2,3~butanediol prepared by hydrolysis
of 2,3~dibromobutane. The relationships, as expressed by

the authors, were:

Temperature range Laquation
80-130°C. log Pym = - 3023.9 + 9.5521
T
130-182.5%C, log Ppm = = 2907.1 + 9.2616
: T

Inasmuch as Schierholtz and Staples fractlilonated the diol

until the refractlve indices for successive fractions agreed
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to not more vhan 0.60038, the boiling point datum

.76

(182.59C° 0 mm') indicates that the 2,3~butanedi~nl was rather

pure meso. Thr density was reported as d20= 1.0033, and the
refractive index asa Nggz 1.43637,

Blom et al (194%) determined liquid-vapor equilibria of
2y3~-butanediol-water mixtures at various pressures. The 2,3~
butanediol used was the meso mixture obtained from Aerobacter
aeropenes fermentations, Additional data for the diol-water
and other systems involved in butadiene manufacture from 2,3-
butanediol are given by Othmer, Shlechter, and Koszalka (1945).

The specific heat of 2,3-butanediol was determined by
Khokhlovkin and Kalacheva (1936). The experimental values
given weres

At 30°C., 0.6009 calories ver gram
At 140°C., 0.8311 calories per gram

The data were also expressed ass

¢ = 0,5381 - 0.0010464t, where § is the temperature in °C.,
and ¢ is the specific heat in calories per gram.

douren and Dode (1937) determined the heat of combustion
of 2,3~butanediol under éarefully controlled conditions and
found Gy to be 588.3 kilocalories per mole and Qp to be
589,.,1 kilocalories per mole.

Marvel and Denoon (1938) determined the ultraviolet ab-
sorption spectra f@r various compounds and found that 2,3~

butanediol dld not absorb in the ultraviolet region. Kraus

(1941) found 2,3-butanediol to be a fairly good solvent for
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nitrocellulose. Of a list of twenty-five solvents, 2,3~
butanediol was fourteenth in time required for solution of
equal quantities of nitrocellulose., Willard (1941) deter-
mined the extent of sound absorption and the velocity of
sound in numerous liquids including 2,3-butanediol. Barnes,
Liddell, and Williams (1943) determined the infrared spec-
trum of a number of compounds relating to synthetic rubber
and found that 2,3-butanediol showed little absorption in
the unsaturated region from 1900 to 1600 cm:l., This is
important in spectrosconie analysils for unsaturated com-
pounds in materials containing 2,3-butanedilol.

Lees, FMulmer, and Underkofler (1944) investigated the
hygroscopicity of 2,3-butanediol (prepared by Aerobacter
aerogenes fermentation) and found that the anhydrous diol
would absorb as much as 10 per cent of its weight of water
in 16 hours. These investigatﬁrs also determined speecific
viscosities of mixtures of meso-2,3~butanediol and 1-2,3-
butanediol and found the speeiflc viscosity to bhe an ex-
ponential function of the percentage of meso-2,3~butanediol
present. The results were expressed by the equation,

% mego-glycol = 140.0 log (s - 2,.87) =55.2,
vhere 8 is the specific viscosity. The specific conducti-
vities and pH values of mixturcs of meso-2,3-butanediol and
1-2,3=-butanediol in boric acid solution were also determined.

The equations derived expressing the relations for a mixture
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of the two diols in a 0.5 molar boric acid solution were,

%4 meso-glycol = 153.6 - (22.3 x L x 109),
where L is the specific conductivity, and

% meso-glycol =.123.6 - (4.81 x ay+ x 105)

Liquid-liquid extraction data for systems composed of
meso-2,3-butanediol, water, and various solvents were com-
piled by Othmer et al (1945). The solvents.studied included
butanol, butyl acetate, 2,3-butanediol acetate, and methyl-
vinylcarbinol acetate.

3. Biological propertiesg

Many microorganisms are capable of carrying out thelr
normal metabolism with 2,3~butanediol as the sole source of
carbon. According to Sakaguchl and Kambayasi (1939), 2,3~
butanediol is assimilated by bacteria, yeast, and molds almost
as well as is glycerol.

One of the most interesting microbiological reactions
of 2,3~butanediol 1is its oxidation to acetylmethylcarbinol.
Kling (1905a, 1905b) obtained a 50 per cent yleld of acetyl-
methylcarbinol by the action of Mycoderma aceti, using as

the substrate the diol produced by fermentations by Aero-
bacter aerogenes. Visser't Hooft (1926) reported a 77

per cent yleld of acetylmethylcarbinol using Acetobacter
suboxydans. Both workers assimed that they were dealing with
substantially equimolar quantities of the 4 and 1l forms of

24y3=butanediol and since in each case the residual dlol was



dextrorotatery, Kling concluded that the 1 form only was
attacked, while Vissert tooft concluded that both the d
and 1 forms were attacked. It 1s now well estsblished that

the 2,3-butanediol produced by Aerobacter serogenes consists

of a mixture of the stereoisomers containing about 90 per
cent of the meso-2,3-butanediol. Fulmer, Underkofler, and
Bantz (1943) obteined yields of better than 90 per cent of

acetylmetnylcarbinol by the action of Acetobacter suboxydans

ocn the diol produced by the Aerobacter aerogenes. The
25
residual diol recovered showed a rotation of[}(] = 10.15,
D
shiowing that the stereolsomeric mixture of the 2,3-butanediols

produced by Aerobacter aerogenes consists of the meso-dlol

and the d-dlol with little or none of the l-diol. In addi-
tion, Underkofler, Fulmer, Bantz, and Kool (1944) have shown

that Acetcbacter suboxydans will preferentlally oxidize the

meso- and levo-~diols, while the dextro-diol 1s not attacked.
Thlis represents another example of the biochemical specifi-
city ol living organisms toward one of a pair of enantlo-

morphs,

Stanier and Fratkin (1944) found that Aerobacter aerogen-

es was uneble to oxidize the l-isomer but 414 oxidigze both

the meso~- and g-isomers. Aeromas hydrophila oxidized the

meso-z,s-buténedlol but not the 1l-isomer and probably not

the d-isomer, Aerobacillus polymyxa oxidized both the l-and

meso-2, -butanediols, but the l-isomer was oxidized four
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times as rapidly as the meso~-isomer,

There are few actual data concerning the physlological
action of 2,3-butanediol upon mammals. Neuberg and Gott-
schalk (1925) found that 2,3—buténediol injected into rabbits
was excreted as a glycuronic acid compound, No toxlc effects
were observed. Hooper (1936) included 2,3-butanediol among
examples of water-miscible solvents of vitamin D suitable
for theurapeutic use. Zwikker (1942) stated that 2,3-butane-
diol could be substituted for glycerol in suppositories and
all pharmaceutical preparations for external use, but
should not be added to preparations for internal use, since
it is somewhat toxic and in sufficlent concentration causes
kidney damage. Doisy and Westerfield (1943) found that the
acetylation of o-aminobenzolc acid by rabbits was slgnifi-
cantly increased by the administration of 2,3-butanediol,

It should be interesting to determine the rélative toxicity

of the stereoisomeric forms of 2,3-butanediol.
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III. PROTUCTION OF 2,%~-DUTANEDICL FROM DEXITROSE

BY FERMENTATLON WItH ALROBACTER AXROGENES

A. Introduction

This phase of the work was begun in January, 1942, and
was undertaken for the primary purpose of preparing releative-
1y large quantities of 2,3-butanediol. The recovered snd
purified diol was used by other members of the research
group in Blophysical Chemistry in studylng the physical

and chemlonal properties of the compounds

Bé Materials

The dextrose used wee enhydrcus "cerelose” obtained
from the aAmerican Maize-Producta Compsny, Roby, Indiana,
Inorganlc constituents used in the media were reagent grade

chemicals: In the prepsration of the medla, distilled water

was used unless otherwise specified.

C. OCultures,

Two strains of Aerobacter aerogenes were used in this

series of experiments. The numbers assigned in the Biophys-

ical Chemistry culture collectlion and the sources of the
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organlsms are shown belows

Neme Culture Number Source

Aerobacter aerogenes B16 Americen Type Culture
Collection No, 211

ferobacter aerogenes B24 Northern kKegional

Research Laboratory,
Peoria, Illinols
(NRRL B199)

Ds Methods of Analysils

1. Determination of 2,3-butanediol

In the early part of the work, nc convenient method was
available for the rapid determination of 2,2-butanediol in a
large number of samples., Later, sn unpublished method made
available by the Northern Reglonal Research Laboratory waﬁ
used. This method involves the oxidation of the 2,3~butane-
diol to acetaldehyde, absorblng the scetaldehyde in excess
sodium bisulfite, oxidizing the excess bisulfite with a strong
icdine solutlon, liberating the bound bisulfite with sodium
blcarbonate, and titreting the libereted bisulfite with a
standard iodine solutlon, using starch as the indicator,
acetlmethylearbinol, dextrose and maltose Interfere with
this method. here the butanedlol:acetylmethylcarbinol ratio
is 5:1 or greater, ancetylmethylcaerbinol remscts guantitatively

to yleld one mole of acetaldenyde per mole of acetylmethyl-



carbinol; thus, the appropriate correction may be applied
after the determination of the acetylmet: ylearbinol. Maltose
eand dextrose aleo react to yleld small amounts of bisulfite-
binding materials. By conducting snalyses on pure solutions
of dextrose and of maltose, it was found that consistent
results were obtainable over a fairly wide range of conczntra-
tions. Curves for dextrose and maltose corrections were thus
plotted which permitted corrections to be appllied for these
two substances, FEthanol and lactlc acid do not interfere to
an appreclable extent. This method for the determination of

2,3=butanediol is similar to the one described by Johnson (1944).

2e Determination gg residual dextrose

The modified Shaffer-Somogyl method of Underkofler, Gu -
mon, Rayman, and Fulmer (1943), which has been used in these
lsboratorlies for a number of years and found applicable to
the determinstion of a variety of easily oxidlzable fermenta-
tion products, wis used Yor the determination of dextrose.

The reagents used were standardlzed periodieslly against pure

snhydrous dextrose.

3. Determination of -ethanol

During the early portion of the work, ethanol was deter-
mined by distllling s portion of the fermentation medium

after the addition of czlcium carbonate and determining the



specific gravity of' the distillste, The per cent ethanol was
ready from s stendard table for specific gravity of pure ethan-
ol-water solutions, It was found later that ammonis also
distilled Trom the fermentatlon licuor, thus meking this
methiod unreld lable for the determination of ethanol, Hence
ethanol analyses conducted in this manner are not reported,
It was necessary, therefore, to develop a sultable method

for the determination of ethanol which would be spvolicable

to rapld determination of the ethanol content of a large
number of samples. The method used was adapted from the
dichromate oxidation method of Kozelka and Hine (1941).
Certain changes were made, since it was not necessary to
observe all the precautions involved when determining the
amount of ethanol in blood for medicolegnl purposes,

Procedure used

A sample of fermentation liouor contalning
from 40 to 2000 mg. of ethanol was diluted to
300 ml. and placed in a 500-ml. Kjeldahl dis-
t1illation flask, A smell smount of calcium
carbonate was then added to prevent volatiliza-
tion of acids, and the flask was fitted with s
spray trap and attached to a KXjeldahl distilla-
tion rack. The liquid was then dlstilled, and
the first 100 ml. of distillate was collected
in a volumetric flask. An sliquot of the dls-
tillate containing from 2 to 20 mg. of ethanol
was placed in a 200x75 mm. pyrex test tube, snd
5.00 ml. of 0,4000 N potassium dichromate was
added, Sufficient water was added to bring the
total volume to 10 ml,, and 2.0 ml. of concen~
trated sulfuric aclid was allowed to run down
the side of the tube to avoid mixing and libera-
tion of excess heat beifore stoppering. The tube
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was then stoppered with a rubber stopper fltted

with a short section of fine bore capillary tub-

ing, snd the tube shaken quleckly, care being

taken to prevent the solution from touching the

rubber stopper. After standing for £0 minutes,

the tube was placed in an ice bath to prevent

further oxidation, When the tube was cool, 10

ml, of water was added, the liauid transferred

to a 125-ml, Erlenmeyer flask, using 10 to 18

ml. of water in the transfer. Crystslline potass-

ium iodide (0.4 g.) was added, en? the liberated

lodline titrated with 0.05 normal sodium thio-

sulfate, using soluble starch as indieator.

The differences between this oxldation procedurs and
that of Xozelka and Hine lle in the use of 2 more concentrat-
ed dichromate solution to extend the alloweble variation in
smount of ethanol in the sample, the use of a caovillary stop-
per instead of an alrtight seal, and sllowing the heat of sol-
ution of the sulfuriec acid to furnish the heat necessary for
the veaction rather than heating the mixture in a water bath,

Teats were run to determine the effect of various factors
on the determination., It was found that quunfitative results
were obtainad with pure aloohol solutions when the period of
standing during the oxidation procedure was from 10 to 30
minutes., Stoppering with a caplllary stopner was equally as
effective as an alrtight stopper.

Table 1 shows the results obtained when pure ethanol-

water solutions were subjected to the oxidatlon procedure.

It i3 evigdent that virtually cuantitetive recovery was obtained,
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It would be expecterd that acetylmethylecarbinol would
interfere with the method, since 1t is somewhat.volatile
with steam, Acetylmethylcarbinol wss propared according to
the procedure of Tulmer, Underkofler, and Bantz (1943) and
was purified by fractionation. The material thus obtalned
had a bolling range of 142-143°C. Solﬁtions of the acetyl-

methylcarvinol wera subjectod to the dichromate oxlidation

Table 1

Analysis of lithanol-water Solutions by Dichromate Uxidation

Ethanol added, Ethanol by enalysls, ' Recovery ,
mee mee per cent
2,04 2.086 101.0
2.04 2,07 101.5
4.08 4.05 9Y.3
4,08 - 4,05 _ 99.3
8.16 8.14 99,8
8.16 8.18 100.2

lz,2 : 12,2 100.0
12.2 12.2 100.0
16,3 16,5 100.0
16.3 16.3 100.0
20.4 20.5 99.5

20,4 | 20.3 99.5




wftie

Table 2

Analysls of Acetylmethylesrbinol Solutions by Tichromate

0xidetion

Acetylmethylcarbinocl Acetylmethylesrbinol Recovery,
added, by snalysisk,
mge me e per cent
1,01 1.38 137
1,01 1,49 148
2,02 2044 121
2.02 234 116
3403 3.30 108
3.03 3.30 109
4.04 4.15 103
4.04 4,15 103
5095 5,10 101
5.05 5.10 101
6.06 €.06 100
6406 6,06 100
7.07 7.03 8845
7.07 7.03 89.5
8.08 Bel5 101
8408 8,056 99.6
9,09 9,05 98.7
9,09 9.05 99.7

%Calculated on the basls of oxldation of the acetyl-
methylearbinol to diacetyl.
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procedure, It ia evident from the regulte given in table 2
thet In sewples containing over 3 mg., of acetylmethylearbine
0l, the carbinol is cusntitabively oxidlzed Lo diecetyl;
whereas for lower suantlties, the oxidation proceeds farther,
Since the effective concentration oif dichromate toward
acetylmethylezrbinol would be reduced if a small amount of
scetImethylecarbinol were present with a relatively large
amount of ethanol, a serles of solutions contalning wvarious
smounts of ethancl and scetvlmethylcarbinol were prevsred
and sbjected tc the oxidstlion procedure. The results of
the ennlysis of these solutlons, shown in table 3, indiecate
that in the presence of ethanol, acetylmethylcarbinol is
essentinlly cuantitativsely converted to diacetyl. The cor-
rectlon for acetylmethylecarbinol present in distillates from
fermentation may thus be applied on a guantitative dasis.
In carrying out the determinations, blank analyses were

condusted with eachh series of analyses. The amount of so-
dium thiosulfate required for emch sample was subtracted from
that required for the blsnk, and the titer wveslue thus obtain-
ed was converted tc its equlvalent of 0,4000 normal potas=
sium dichromate. Using s dichromate solutlon containing

19.61%2 grems of potasaium dichromate per liter of solution,
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Table 3
Anslyslis of Lthanol-Acetylmethylcarbinol Mixtures

by Nichromate Oxidatlion

Fthanol added, Acetylmethylcarbinol Xthanol Ethancl

added, recovered, recovered,
mga mge mge per cent
4.08 1.01 3.98 97.5
4,08 1.01 4,08 100.0
4,08 2,02 4,04 99.1
4.08 2.02 4,04 99.1
4,08 5.05 4,05 99.1
4,08 5.056 4.01 98.1
20.4 1.01 20.2 99.0
20.4 1.01 20.2 98.0
20.4 2.02 20.2 99,0
20.4 2,02 20.2 99.0
20:4 5.05 20.0 98,0
20.4 5.05 2000 98.0

1.00 ml, of the dichromate solution is eculvalent to 4.61
mge. of ethanol or H.80 mg. of acetylmethylcarbinol. One

milligram of acetylmethylcarbinol is therefore eculvalent
to 0,113 ml, of 0,4000 normal potassium dichromate, or

0.529 mg. of ethsnol.
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4. Fstimation of acetylmethylecarbinol

Puring the course of the study on the intérference of
acetylmethylcarbinol with the determination of ethanol, 1t
was found that the amounts of acetylmethylcarbinol appearing
in the same fractions of the distillate for solutions of
identical concentrations were surprisingly constant. In
order to determine if this phenomenon could be appllied to the
determination of acetylmethylcarbinol in fermentation liquors,
a solutlion of acetylmethylecarbinol was prepared, and appro-
priate guantities of this solution diluted to 300 ml. The
solutions were then distilled under the same conditions as
employed for the determination of ethanol, snd successive
100-ml. frections of distillate were collected from each
solution. Aliquot portions of the distillates were analyzed
for acetylmethylcarbinol content by the method of Underkofler
et al (1943). The reagents were standardlzed against puri-
fisd acetylmethylcarbinol. Results of these anslyses,

shown in table 4, indicate that an average of 44.5 per cent

~of the acetylmethylecarbinol presrnt in the solution was

contained in the first 100 ml. of distillate. The fraction
present in the second 100 ml. of distillate was also constant.
It should be noted that for the solution containing 0,167

grams of acetylmethylecarbinol per 100 wl., a slight decrease

occurred in the perceuntage of acetylmethylcarbinol recovered.
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Table 4
Effect of Acetylmethylcarbinol Concentration on the Amount

of Acetylmethylearbinol Distilled

st

Acetylmethylcarbinol Acetylmethylcarbinol Recovery of

added, in distillates, scetyimethylcarbin-
ol
ng. mZe per c’:ent
1st 2nd lst end
100 ml. 100 ml. 100 ml. 100 ml.
50 22,4 18.9 44,8 37.8
50 23,4 18.9  46.8 37.8
100 44.8 36.4 44,8 36.4
100 44,8 36.4 44,8 36.4
r 200 87.6 71,5  43.8 35.8
| 200 89 .4 71.9 44,7 36.0
| 300 134 109 44,7 3643
5 300 131 107 43,7 35.7
| 400 180 144 45.0 36.0
| 400 177 147 24,7 36,7
| 500 214 1783 42,5 35.6

500 216 178 43.2 35.6




However, Blom and Efron (1945) have shown that the enuilibrium
relation between the liculd and vepor composition for acetyl-
methylcarbinol-water solutions is linear for concentraticns cof
acetylmethylcarbinol up to one per cent. Therefore, the above
method should be applicable to solutions containing up to one
per cent of acetylmethylcerbinol.

In the snelysls of fermentation licuors, the acetylmeth-
vlcarbinol was determined in the dilstillate from the ethanol
determination, thus affording at the same time an accurate
estimate of the amount of acetylmethylcarbinol present in
the samples taken for the determination of ethanol.

Lenglykke and Peterson (1937) have previously applied a
method similar to the methéd discussed ahove to the determina-
tion of acetylmethylearbinol in fermentation liruors and
have shown that the presence of other materials in solution

has 1little effect on the fraction of acetylmethylcarbinol
sppearing in the distillate.

S5« Determinstion of pH

The pﬁ values of fermentatlon ligquors were determined
with a Csmeron glass electrode apparatus. The meter was
adjusted ageinst a potassium acid phthalate buffer, pH 4.10,.

Determinations of pH were carried out at room temperature.



E. Experimentol Results

1. Study of the factors affecting the rate of utilization

of dextrose by Aerobacter merogenes

The time reaoulred for completion of fermentation be-
comes inereesingly Importont 2s the scele of production
increases, On an Industrial scale. the man-hours of work
recuired and the equinment necessary for the produetion of
2 glven amount of substance dep'nd to s great extent upcn
the rate of fermentation. Since it was desired to produce
the 2,3%3-butanecdiol on a lerge laboratory scale snd at the
same time to develop some iInformstion concerning the fecsi-
bility of industrial production, it was considered advisable
to make a preliminary study of the factcrs affecting the

rate of fermentation of dextrose by Aerobacter serogenes.

a. Effect of sddition of csalcium carbonate. Kendall

(1934a) obtained up to 48 per cent by weight (on the basis
of the sugsr added) conversion of sucrose to 2,3-butanediol.
Kendnll conducted the fermentations in a synthetlic medium at
37°¢. and adjusted the pi dsily to 6.10. “he fermentation
required about 14 days for completion. Kluyver and Scheffer
(19%3) claimed 20 to 3% per cent by welght conversion to
2,3=butanediol of the sugeres present in molasses. In this
case the medium was aerated continuously, and cslcium cer-

bonate was a:ded to maintain the desired ptl. The fermenta-



tion period was from 33 to 39 hourse. In view of these re-
sults, it was desired to determine the effect of the addition
of calcium carbonate on the rate of dextrose fermentation by

Aerobacter nerogenes. The conditions of the experiment are

given below:

Organlism: Aerobacter nerogenes, l.5.C. B16

Medium:
N8 CL 0.25 grams
Mgéa (anh. ) 0.20 grams
KZHP84 0,15 grems
GaCle 0.015 gram
Dextrose 10.0 grams
GaCOz | as shown in table 5

Distilled water to 100 ml.

Inoculums

Five ml. of a 48-hour culture of Aercbhacter
aerogenes per 100 ml., of medium, grown at

3700 . on the shove medium containing 20
grams of calecium carbonate per liter,
Scale of fermentations
100 ml, of medinm in 300-ml, Erlenmeyer flasks.

Sterilizations
Constitutents for each fermentation sterilized
together for 30 minutes at 15 pounds steam
pressire.
Incubation:
At 379C., with shaking several times dally.
The rosults, glven in table 5, indicate clearly that

the addition of calcium carbonate definitely increased the

rate of utllization of dextrose. It should be noted that
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no attempt was made to adjust the pH of the control fermen-
tatlonsg; 1t should therefore not be assumed that the addition
ol calcium carbonate is 2 more effective meéns of ph ccntrol
than the perlodic addition of alkali. However, the addition
of calcium carbonate prior to inoculation is e more convenient
means of pH control and lessens the danger of contamination

whlch might be introduced by periodic sempling and addition
of alksll.

Toble 5
The Wffect of Addition of Calcium Carbonate on the Rete of

Utilization of Dextrouse by Aerobacter serugenes B1l6

Age of fermentation, " Utilization of dextrose,
hours _ per cenbt
CaC0z added, CaClx added,
none 2.0 grams per 100 ml.
o - . - -
52 5 69
125 11 79
200 20 B4

b. Effect of seration and nitrogen agitation. Since

Klnyver and Scheftf'er (1933) claimed complete lermentation of

molasses by Aerobacter aserogenes in 33 to 39 hours and ascrib-

ed the decrease in time recuired for completion of the fermen-
tatlon to the effects of seration, an effort was made to dup~-

licate these results using conditions similar to those given



in the preceding experiment. The medls uvsed were of the
aame composition as the medium used in the preceding experl-
ment contalning 2.0 grams of caleium carbonate pec 100 ml.
The orgenism and the ratio of inoculum to medium volume were
the same, However, tap water was used instead of distilled
water. The fermentatlons were conducted on a larger scale
than in the previous experiment in order that the 2,3-butane-
éiol formed could be recovered., ‘(hree 4-gnllon fermentations
were included in the series: number 1 was z2erated with fine-
ly dispersed alr; number 2 wss agltated with dispersed nitro-
gen, snd number 3 wes neither aerated nor agitated for the
first 44 hours. At the end of 44 houvurs, the conversion of
dextrose was so slight In fermentation number 3 that aeration
was started 1n thié fermentation also. The results of the
experiment, as expressed in table 6 and {lgure 1, show
clearly that aeration is very effective in increasing the
vate of utilization of dextrose. 'T'he fact that the nitrogen
agltation alse increesed the rate of fermentation indicates
that at least a portion of the effects of meration may be
due to the sgitation and/or eweeping out of the carbon
dioxide formed.

although the fermentations were not analyzed for 2,3-
butanediol content, the recovery yield (obtained by concen-
trating the fermented licuors under vacuum, extracting the

butanediol with diethyl ether, snd fractlionally distilling
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the resulting extract) from fermentation number 1 was 27 per

cent by weight of dextrose added. Ylelds from fermentations

2 and 3 were somewhat less,

Table 6
Effect of Aeration and Nitrogen Aglitation upon the Rate of

Dextrose Utllization by Aerobncter aerogenes Bl6

Age of Utillzation of dextrose, per cent
fermentation, 1 2 3
Aerations ¥itrogen Aerationk after
hours agitation% 44 hours
18 3345 8.8 2.7
24 8l.5 16.6 3¢3
37 82.8 3345 4,5
44 985,03 39,0 540ttt
72 95,0 85.,1 71.2

% 50 ml., per llter per minute,
%% Aeration stopped at 44 hours,
w2 Aeration started at 44 hours.
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2. Laboratory preparation of 2,3%-butanediol from dextrose

by fermentation wilth Aerobscter aerogenes

a. Sterllizatlon apparatus. Sterilization of large

volumes of dextrose medla in an autoclave usually causes
excesslive caramelization of the carbohydrate due to the

long period of heating necessary to bring the solution to

the ste i1lization tempersture and also due to the long period
required to cool the solution below its boiling point., Inase~
much as 1t was desired to conduet the fermentetions in 5-
gallon bottles, the need for apparstus to provide rapid
sterilization and coolling of large volumnes of fermentation
media was evident. = The apparatus.shown in figure 2 was cone
structed from discaided equipment'hut was found adsequate

for the intended purpose., Several improvements could ob-

viously be made if the equipment were to be fabricated rather

‘than adapted.

Sterilization of medis was carrled out by dissolving
the dextrose and soluble salts in 9 liters of water, placing
the solution in the tank, end sparging with live stemm until
the solution boiled und the air was driven from the tank,
The tank outlet valve was then closed and the stesm pressure
mainteined at 15 pounds for 30 minutes., The steam was then

shut off, end the presesure was allowed to fall to atmospher-

ic, The pipe snd tube below the drain vslve were sterilized
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by flowing steam during this cooling period, end the solu=-
tion was drained into previously sterilized 5-gnllon bottles.
The amount of condensate obtzined brought the liocuid volume
to between 15 and 16 liters, The liquid was stirrea contin-

uouely while in the tank.

b. Yermentation apparatus. The fermentations were

carried out in S5-gallon bottlaes, each containing 15 to 16
liters of medium, /11 bottles were eauipped with Aloxite air
disversers, thermometers, and gas outlet tubes, as showvn in
figure 3. The temperature of the room in which the fermen-
tations were carried out was controlled to within 2°C.

of the tempersture specified, The rir used in aersting the
fermentations was tasken from the compressed alr line snd was

“éég;;if;éd by passing through a sterilized cotton filter.

c. Hesults of fermentatlons. Turing the course of the

work, a number of 1lB-liter fermentations were carried out.

The medium used during the flrst portion of the work was iden-
tical with that employed in the preceding 4-gallon fermente-
tions. The calclum carbonate was sterilized separately and
added after sterilization of the medium. All fermentations
were conducted at a room temperature of 3700., and were serat-
ed at the rate of 50 to 100 ml. per liter per minute. The
averages of the results of five fermentations thus conducted

are shown in table 7.
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Table 7
Production of 2,%-Butanediol by “ermentation of Nextrose

by Aercbacter aseropgenes Bl6

Average Range

Initial dextrose, ' ' 10.0 ) e

grams per 100 wml.
Utilization of dexircse,

per cenb 95 89 to 97
Yield of £,3-butesnedlol,

grams per 100 ml. Bed7 3,086 to 35,53

per cent by weights 51.8 2.6 to 34.6
Time {or completion, ‘ :

hours 52 34 to 109

» Based on total dextrose addea, corrected for dextrose added
in inoculum and Tnr volume change.

The results obtained indicate that the fermentation can read-

11y be conducted on & large laborztory scale., The yield of

2,3-butanediol was less than that reported by Kendall (1934a),

but the decresse in fermentstion time partially offsets this

difference for purposes of production.

During the latter stages of the investigetion, a medium
recommended in a report issued by the Northern liegiloneal Re-
search Leboratory was used in the preparation of the 2,35~
butenediol. The conditions of the experiment were as glven

belows



Organlsm: Aerobacter aserogenes Bl

Medium;

Textrose 1£0 grams
Mg30,e 7HO 0.25 gram
KHcPOg 1.80 grame
Urea ‘ 2.0 grams
Galo., 5.0 grams
Tap water to 1000 ml.
Inoculum:
Nextrosea 75  grams

Concentrated corn
steep liauor 5.0

CaC0z R 5.0 grams

Mistilled water to 1000 ml.
The organism wes transferred from a stock slant
to 10 ml. of the shove medium contasined in s 50~
ml, Erlenmeyer flask and incubated at 30°C, for
42 hours. This culture was transferred to 100 ml.
of the same medium contained in s 300-ml. Erlen-
meyer f{lask, which in turn was used to inocculate
1000 ml. of the same medium contsined in a 2-liter
Erlenmeyer flesk. After 48 hours of incubation
et 30%C., 1000 ml. of this culture was used to
inoculate ezch of the 16-1liter fermentations.

Scale of fermentations; 15 liters of medium contained
in 5-gsllon pyrex bottles.

Steriligation: ‘The ures was sterilized separstely
as a 20 per cent solution. The fermentation bottles,
containing the reaquired amount of calelum carbonsate,
were sterilized In an autoclave, The media were
sterilized in the sterilizetion tank previously
described. After the sterile solution hed bern
placed in the bottles, the urea was added snd the
pii of the media adjusted to 6.1 to 6.2,

Incubation: At a room tempersture of 30 to 32°C.

Aeration: Air was passed through the Aloxite dispersers
at the rate of 50 to 100 ml, per liter per minute.
Aeration was continued until the utilization of
dextrose ceased, after which the fermentatlions were
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2llowed to stand for 6 to 12 hours without neration
before final analysis,

The average of results of three such fermentestions are shown

in table 8,

Table 8
Production of 2,%«~Butanediol by Fermentstion oif lextrose

by Aerobacter aerogenes Bl6

Average Range

Initial dextrose,

grams per 100 ml, 15.0 -~
Utilization of dextrose,

per cent 77 76 to 78
Yields of 2,%-butanediol,

grams per 100 ml. 4.08 4,04 to 4,08

per cent by welights 25.7 He4d to 25,9
Time for completion,

hours 84 66 to 180

#Eased on dextrose sided.

A number of fermentations were also conducted using a

strain of Aerobacter amserogenes obtained from the culture

collection of' the Northern Keglonal Research Laboratory.
The organlsm is designated in the culture collectlon of the
Blophysical Chemistry department of lowa State College as

BZ4 and was obtained as NRKRL B 199. The medium and condi-



tions under which the {ermentations were conducted were
identical with those of the preceding exveriment. <fhe re-
sults of two of these fermente ions conducted et an initial
dextrose concentration of 10 per cent are shown in table ¥,
and the results of four fermentations concucted at an initial

cextrose concentration of 16 per cent are shown in table 10,

Table 9
Proauction of 2,d%-Butanediocl by Fermentation of Ten Per Jent

Pextrose Wedlum by Aerobacter serogenes Bid

iverage Renge.

Initial dextrose,

grams per 100 ml. 1040 -
Jtilization of dextrose,

ner cent 15 84 to 858
Ylela of ¢,3-butanediol,

grams per 100 ml, _ 3.16 3410 to 3.22

per cent by welghtx 25,0 28,0 to 30,0
Time for completion,

hours 45 40 to 50

“+Baged on dextrose adided.
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Table 10
Productlion of 2;3-putanediol by Termentation of Slxteen Per

Cent Textrose Medium bh: perobacter aerogenes B24

e et versan P
—— R e gt arbesa e =

Aveérage itange

Initlisel dextrose ,

grems per 100 ml. 1640 -
Utilization of dextrose,

per cent 92 88 to 93
Yield of 2,3-bubtsnedlol,

grams per 100 ml, 6430 G.08 to 6.60

per cent by welghtsw 374 34,2 to 36.5
Time for completlion,

hours 93 g3

%Based on dextrose added,

. Conclusions

Aeration and the addition of calcium carbonate to the
fermentation medium substantially decrense the time required
for completion of the fermentation of dextrose Ly Aerobacter
serogenes, Under the conditions employed, over 30 per cent
by welpght of the dextrose sdded has been converted to 2,%-
butanediol in as llttle sa 34 hours., These results, ob-
tained in fermentations conducted on a large laboratory
scale, indicate that the fermentative production of 2,3-bu-

tanedlol from dextrose could be feasibly conducted on an

industrial scale.
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Ive PRONUCTION OF 2, 3-BUTANEDIOL FROM COWN BY FERWMENTATION

WITH AEROBACTER ARROGENES

A. Introduction

This phase of the work was undertaken in cooperstion
with the Doane Agricultural fervice of “t., Louls, Missouri,
The semi-pilot plant and plent fermentations were cerried
out at the plant of the Columbia Brewing Company, St., Louils,
Missourl.

The purpose of this investigation wae to determine
whether. brewery eocuipment and technioues could be adspted

to the production of 2,3-butenediocl by Aerobacter aerogenes,

In the menuf'acture of beer, saccharification of starch-
containing materlals is followed by filtration of the
saccharified mash. The filtrate, called beer wort, is then
subjected to fermentation by veast. The problem thus re-
solved itself into studies on the production of 2,%-butanediol
by the fermentation of wort prepared by the saccharification

snd filtration of corn mash,

The saccharlfication process, as carried out in the
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orepsration of beer, Involves two stepss pre-thinning and the
meln saoccherification., The starch~contsining material (corn
in the present experiments) and the malt for pre-thinning are
ground and mixed with water at 70°C. After two hours at this
temperature, the temperature is railsed to 105°C. (4 pounds
per scuare inch), and the mixture is boiled for one and one-
half hours, 9%Yhe saccharification is carried out by suspend-
ing ground malt in cold water (28°C.) =nd adding the hot corn
mash from the cooker. The mash is then agltated at 65°C.
until the iodlne test for starch shows only a faint pink
color. The mash is then pumped to a Lauter tub, which is

a copper tub with a false bottom composed of a slit screen.
#hen the agitation is stopped, the malt end corn hulls settle
and form a filter bed. When the tub is tapped, the filtrate
is returned to the tbp of the bed until s sparkling clear fil-
trate is obteined., The [iltrate is then run into & copper
boiling kettle and concentrated to the desired sugar content,

The first Aerobacter asrogenes fermentation conduected

wag carried out In the plant, There was no opportunibty to
precede the plant fermentation with laboratory investign-
tions on fermentation of filtered wort, but since the first
important factor to be determined was whether the brewery
egquipment covld be adapted to the handling of the corn mash
asnd flltration of the wort, the plant experiment gave the

necessary information. The mash filtercd readily through
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the Lauter tub, and a sparkling clear, yvellowish filtrete

o

was Obtained,

Tne fermentation, however, was unsuccessful. The pH
of the fermentation licuor dropped repidly from 6.0 to 4.1,
and utilization of maltose ceased after 50 per cent of that
present in the wort had been utilized. *The yield of 2,3~
butanediol was about 10 per cent by weight of the total
meltose present.

The reasons for the unasuccessful fermentation could
have been any number of wvsriables which could not be con-
trolled in the first trisl., Host of these difficulties were
mechanicel such as inadeguate coentrol of alr flow, limita-
tions in spparatus for sterilizetion of the celcium carbon-
ate and ures wrich were aidded to the medium, and Iinsdequate
size of inoculum tanks. W¥hile the necemsary changes 1ln
equipment were belng made, 1t was deciced to cenduct labora-
tory investigatlons on the preparation of Z,3-butanediol from

filtevred corn wort,.

B. Experimental Results

1. Laboratery investigatlions
During the course of the laboratory exporiments, a num-

ber of variables which conld coneceivably have an effect on

the yield of 2,3-butanediol were studled. By Tar the great-
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est number of these were found to have little or no effect
on the results of the fermentations, fThus it was found
that the addltlion of magnesium sulfate and potassium phos-
phate wegs not essential. The fermentations of worts con-
talning 7 to 12 per cent masltose could be fermented effi-
ciently but worts containing greaster than 15 per cent maltose
fermented slowly and resulted iln decreased ylelds., Aeration
was found essential for rapid fermentation; consistently
good results were obtained using eir flow rates of from 20
to 100 ml. per liter per minute., <1he addition of an excess
of laed 0il, added to prevent fosming, was not detrimentsl.
The presence of feorric lons in concentrations of 10 to 2%
parts per million had no effect on the results. <The pl of
the medium could be adjusted with either calcium hydroxide or
ammonium hydroxide before or after sterilizetion with ecually
ood results., & drop o the pH of the mash from 6.1 to 3.9 |
during saccharification was not detrimentsal to the fermenta-
tlion. ‘fhe presence of the cupric ion in a concentratlion of
5 parts per million llkewlse had no effect on the results,
The ylelds obtained in the initial laboratory experiments
varied from 10 to 20 per cent of Z2,3-butanediol by weight of
maltose present in the filltered wort. By lowerlag the tempera-
ture at which the mash wss nheld during sacchariflcetion to

58°C. and allowing the mesh to stand for 12 hours during



saccharification, ylelds of 20 per cent were obtuined rather
consistently., Addition of msnganous sulfate to the medium at
times sppeared to cause a further increase in the yield, but
the results were not consistent.

Jignificaent improvements in the yield of 2,3-butanediol
were obtained, however, by combining the above improvéments
with the addition of malt or malt extract to the medaium after
sctive fermentstion had commenced, The experiment conducted
in determining the ef'fect of the addition of melt extrsct 1s
shown below,

To prepare the wort for the fermentstlon media, 2000
grams of corn and 120 grams of malt were added to & liters
of tap water, and the mixture was heated in a water bath ot
#89C. for two hours., 'The mash was then heated to boiling by
direct stesming, cooked in the sutoclave for two hours at
5 to 6 pounds steam pressure, and rllowed to cool overnight.
After cooling, 1357 grams of malt were added, and the mash
wag placed in a water bath held st 56 to 58°C. for 6 hours ahd
allowed to cool overnight. The mash was then filtered throughv
a frult press, and the ceke was wasghed with two liters of
water, The combined filtrates were then refiltered through
muslin and then through heavy filter paper. £ clear f{lltrate
was thus produced. The filtrate so obtained was diluted to

the desired maltose concentration.
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To the filter<d wort, the following constituents were

addeds
Urean 2.0 grams per liter
¥inS04q 0.05 grams per liter
CaC0x 5.0 grams per liter

The urea was sterilized sepsrately as a 20 per cent solution
and the calclum carbonate as a 20 per cent slurry. The
manganous sulfate was dlissolved in the wort and 1000 ml. of
the resultant solution placed in each Z-liter Lrlenmeyer
flnsk. The flasks were fitted with Aloxite eir dispersers,
and the media were then sterilized for 45 minutes at 5 pounds
per square inch. After cooling, the urea solutions and the
caleium carbonate slurries were added, and the media were
adjusted to pif of 6.1 to 6.2 with ammonium hydroxide.

The media were then inoculated with 50 to 60 ml. of ¢

48-hour culture of Aerobacter aerogenes B24, grown at 30°C.

on z2n unsersted medium of the following composition:

Dextrose 75 grams
Concd. corn steep liquor 5 ml.
Cal0x 5 grams
Pistilled water 1000 ml,

Alr, flltered throupgh sterile cotton, was pessed through the
alr dlspersers at a rate of 40 to 50 ml, per liter per
minute. Incubation was at 30°C.

After 24 hours of fermentation; 25 ml. of malt extract,
prepared by stirring 50 grams of distillers malt with 500 ml.

of tap water for 30 minutes and filtering the resulting sus-
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penslion, was added to erch fermentation. Whon maltose utilizae
tion censed, the alr was shut of{f =snd the fermentation allowed
to stand without seration for esn additional lZ-hour period,

8t which time final snalyslis was conducted,.

The results of the fermentations are shown in table 11,
These results clearly indicate thst not only was utilization
more complete when malt extract was added, but conversion of
the vtilized maltose to 2,%-butanediol wes more efficlent
“hen the extract was added,

The more complete utilization of maltose when malt ex-
tract wes added may have been due in part to the conversion
of partially saccharified dextrins to wmaltose by the active
malt dlastase. The probability of thls occurrence 1ls sub-
stantiated by the fact that some fermentations anulyzed =
few hours after the addition of malt extract showed an actual
increase in maltose concentration greater than that due to
the maltose present in the mnlt extract added. It should be
noted that if the above supposition is correct, an error is
introduced in the expression of the per cent of thpory vield
of 2,3-butanedlol, since the calculstlions have been mede on
the basis of initial and finael maltose concentrations with
a correction for the maltose eaquivalent of the mrlt extract
added. The weight per cent yield is also subject to this
error, but the weight ver cent of 2,3-butanediol based on the

total starch present in the corm and malt would be about 90
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Table 11
Effect of the aAddition of Malt Extract on the Fermentation of

Filtered Corn Wort with Aerobacter serogenes B24

Malt extract added,
ml, per liter None 25

Initial maltose concentration,

grams per 100 ml. 11.9 11,7
Utilizatlon of meltose,

per cent 55 85
Yield of 2,5-butanediol,

grams per 100 ml, 1.82 3488

per cent by welghts 16 33

per cent by theoryis 86 78

PTime for completion,
hours 100 90

# Based on maltose added, as maltose hydrate

#% Based on maltose utilized

per cent of the weight per cent yleld as expressed above,
since about 90 per cent of the starch present in the corn and
malt were consistently recovered zs mesltose in the flltrate
and washings after saccharificetion. It will be noted that
the amount of malt added for saccharificstion was much greater
than thsat ordinarlly used in the saccharifieation of cormn mash

for alcohol production, This amount of malt is commonly added

In saccharification of starch for the preparation of beer, and



since the filter bed in the Lsuter tub is {ormed mainly by
malt husks, it was deci<led to use this emount for experimental
investigatlons.

The results of fermentations conducted at three ditferent
maltose concentrstions are shown in teble 12, The fermentations
were conducted in the same manner as the fermentations in the
preceding experiment to which the malt exbtreact was added,

Yields obtained by this procedure were at times as high as 3&
per cent by welght of maltose present, but these results were
not obtained consistently. The results given in table 12 rep-

resent more falrly those which may be consistently obtained.

Table 12

Foermentation of Filtered Corn Wort by Aercbacter merogenes B24

at Various Maltose Concentretions

Initial meltose concentrrtion,
grams maltose hydvrate
pe.’r‘ 100 ml. 11.7 9.4 7.6

Utilization of maltose,

per cent 85 82 85
Yield of 2,3-butanediol,

greams per 100 ml, 3.88 3.16 2.34

per cent by weight# 33 34 32

per cent of theorys 78 82 72

Time for completion, ,

hours 90 47 47
% DBased on total maltose present, as maltose hydrate
%% Baosed on maltose utilized




2+ Semi-pilot vlant fermentetion

Subsequent to the completion of a number of successful
leboratory fermentsations, tha Fermentation of filtered corn
wort was conducted on a semi-pilot plant scale under condi-
tions similar to those used in the lsboratory experiments.,

The development of the 1noculum in order %o huilld up
the volume of the culture was carried out on media of the
same composition as the inoculum for the preceding experiment,
transferring every 24 hours to 10 ml., 100 ml., and 1000 ml.,

respectively., The finsl 1lnoculum contained the following

constituentay

Beer wort 607 ml.
Gacos B Rl ooam
;aC0s 8. grams
Urea 2.0 grams
Tap water Lo 1000 ml.

Sufficlent wort and water were mixed in & S-gallon pyrex
bottle tou give n total volume of 15 liters. The manganous
sulfate was then added, the bottle ewulnppned with sn aserator
stone a8 shown in figure 3, and the solution sterilized for
30 minutes at 15 pounds per square inch. The calclum carbon-
ate was sterilized dry and the urea in a 20 per cent solu-
tion. After cooling, the ures and calcium carbonate were
added. fThe resultant pH of the solution was 5.9, and the
maltose concentrstion wes B,2 grams per 100 ml, The medium

was inoculated with 1000 ml. of ¢ zg-hour cultuvre of Aero-
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kacter acrogenes P24 rnd incvbated nt 30 to 31°C. A slow
strecm of aterile alr was prssed thrcugh the aerator stone,
In order to prepare the corn wort for the fermentation
medium, 15 gallons of tap water were heated to 60°C. in the
mash tub shown Jdiagrammaticelly in figure 4., Seventy pounds
of ground corn and 10 pmmds of ground brewers malt were
then added, and the mash stirred manually with a wooden
paddle. "The mash was then heated to 100°C, and boiled for
two and s half hours, After cooling to 6903., sufficlent
water was acded to bring the tempersbture to 64°C,, snd 40
pounds of ground brewers malt were added, The mash was
stirred manually for 30 minutes and then allowed to stand
for 12 hours, during which time the temperature decreassed to
569C., The liguor was then separsated from the insoluble
solids by pressing the mash through a frult press. No
attempt was made to make a gquantitatlve recovery of the
maltose, since only sufficient wort for a 45-gallon fermenta-

tion was needed.

The final fermentation medium was composed of the

following constituents:

Maltose (anh,) (in filtered wort) 91.5 pounds
Mn&0,4+4Ho0 0.28 pound
CaC0y 4.2 pounds
Urea 1.7 pounds

Tap water to 100 gallons
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The filtersd wort was placed in the 60-gnllon yeast culture
tank shown dizgrammatically in figure 5, and sufficient tap
water was added to bring the maltose conecentration to S1
pounds per 100 gallons. The total wvolume at thls polnt was
43 gallons. Yo thils solution, 0.15 pound of mangnanous sul-
fate (tetrahydrate) was added, and the 1iguld was heated by
direct steam to 21297, and then sterilized for 60 minutes
at 10 pcunds, Amomnts of 0.26 pound of ures and 2,15 pounds
of caleium carhonate were storilized separately, the urea
in a 20 per cent solutlion and the celcium carbonate in a
20 per cent slurvy; both were added to the fermentation
mash after it had cooled to 88°F. The resultent pH was 6.0,

The medium wag then inoculated with a B-gollon culture

of Aerobacter serogenas cultured on the inoculum indicated

above. The age of the inoculabting eculture was 25 hours.
Analysis of the wort after inoculstion showed 42.6 pounds

of anhydrous malbose per 100 gesllons. Alr was passed through
a steam Jacket and a cotton fllter and introduced into the
fermentation tank through the Lamsen stone in the bettom of
the tank., The aeration rate was controlled st C.40 cuble
foot per gallon per heur for the first 12 hours of [ermenta-~
tion and at 0.16 cubic fool per gellop per hour for the next
24 hoursz. Two pounds of grouvnd Aistillers malt was added to
the fermentation 16 hours after inoeulation. The temperature

of the medium was maintsined at 89 to QZOF. by running cold



-82!"

L

GAS OUTLET
=S

——/

«zz'SIGHT GLASS

?AI'R INLET

____423

STEAM INLET
P

Fig. 5. Semi-pllot plant fermentation tank.
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water over the tank when tho towmperature rose. At 36 hours
the rir wae shul off; inal nnalysls was made 42 hours ailer
inoculation.

The course of the fermentstion with respect to pn, male
tose utilizatlon, and prouuctiocn of z,3-butanediol is shown
in table 1%, .cetylmethylcarbinol was determined at 42
neurs and was found to be 0,17 pound per 100 gallons. al-
tose ceoncentratlions hrve not been corrected for interference
cue to the acetylanethylcurbinol present. “he course of the
fermentation with rcaspect to the maltose utilization and
prouvuetion of 2,3-butnnediol iz shown grsphlicslly in flgure
te A summary of the results of the fermentation is shown
in table 14, It willl Dbe noted that the yleld compares favor-
aoly with those obtalned in laboretory fermentations.

It was originally planned to conduct sdditional plant
fermentutions, but Iinterest in the production of butadiene
from the ciol abated with the development of the ethanol
and petroieum processes, In addition;, a critical shortage

of com developed, and s a result tnis phase of the resezrch

was discontinued,
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Table 13
Semi-pilot Plant Wermentation of Filtered Corn Wort by fAero-

bacter sei-ogenes BZ4

Time after Haltose 2,3=-Butanediol
inoculation, 0H concentration, concentration,
hours pounds per 100 pounds per 100
zellons gallons

0 6.0 78,4 0

12 8.9 46 9,5

16 5.2 {malt added)

1e 5.2 32 14.3

24 5.2 28 21.0

28 B.2 18 22,2

32 5.1 16 25,5

36 5.1 14 €6.5

42 4.9 1l.1 27.2
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Table 14
Semi-pllot Plant Fermentation oi TFiltered Corn YVort by idera-

bacter aeropenes BR4

ﬂ

s
=~

Initial maltose concentration,
pounds maltose (anh.) per

100 gallons 8.4
Utilization of maltose,

per cent 86
Yield of 2,3-butanediol

pounds per 100 gallons 27.2

per cent by welghtw 35.0

per cent of theoryuwx 7.0

Time for completion,
hours 42

% Based on initinl maltose (anhydrous)
#% Based on utilized maltose

C. Conclusions

Addition of mselt extract to the fermenting medium sub-
stantlally improves the yleld of 2,3-butanediol obtained in

fermentation of corn wort by Aeérobacter serogenes. Thirty-

five per cent (by weight) of the maltose present in the wort
has been converted to Z,3-butanediol in a fermentation per-
i0od of 42 hours. 7These results, obtalned on 2 semi-piiot
plant scele, show a definite possibility of production of
2,3-butanediol by adaptation of brewery equipment and tech-

nicues to the fermentation process.
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V. PROPUCYLION OF £2,3-BULANELEDIOL ¥KROM CORM BY FEAMENLATION

WITH AEROBACILLUS POLYMYXA

As. Introduction

The use of fAerobacillus polymyxa in the preparation of

2,3-butanediol from starchy materials heas at least one dis-

tinct advantage over the use of Aerobacter aerogenes, namely,

the abllity of the organism to utilize starch directly with-
out preliminery saccharification of the starch. This factor
is importsnt industrially, because the sacchsrification step
would add considerably to the cost of production of the 2,3-
butanediol. In addition, the 2,3-butanediol produced by

Aerobacillus polymyxa is the levo-diol, Since the levo-diol

does not form a hydrete such as is formed by the meso-isomer,
the former 1s suitable for use as an anti-freeze sgent.

The production of 2,3%~butanedliol by Aerobacillus poly-

myxa was [irst mentioned by Donker (1926). The'group of patents
issued to Verhave and his associates (1928a, 1928b, 1929c,
1933) nnd to Kluyver end Scheffer (1933) also mention the use

of Aerobacillus polymyxa but not in connection with its starch-

hydrolyzing abllity. In a search for starch-hydérolyzing organ-

isms capsble of producing 2,3-butanedicl, members of the re-

search staff of the Northern Reglonal Research Laboratory
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found that aderobacillus polymyxa (NREL-B510) possessed the

abillity to attack unsaccharified stsrch in grain mashes very
rapidly, converting the starch to Z2,3-butsnediol, acetyl-
methylearbinol, and ethanol. W%With respect to the nutrient
reculrement s of this organism, the above workers found that
the fermentation of corn or wheat mashes containing calcium
carbonate could be coniucted successfully. The addition of
a supplementaery nitrogen source was found to be unnecessary,
as was slso the addition of inorgenic salts other than cal-
cium carbonate,

Kegarding Opérating conditions, aseratlion was found to
be neither necessary nor desirableé, Agltation was likewise
unnecessary. The optimum tempersture of fermentation was
found to be 30°G., ''he fact that aeration is not essential
glves rise to the possibility of recovery of the gaseous
procducts, carbon dioxide and hydrogen, on an lindustrial
scale,

Fermentations were conducted at the Northern Regional
Research Laborstory on & pllot-plant scale. ©The yields ob-

tained were as followss

Substrate Corn Wheat
Yields,
per cent by welghts
2, 3=-Butanediol 29,0 27.0
Acetylmethylcarbinol 0.5 0.9
Ethenol R2.2 24,7

#HBas«d on totsl starch present
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The total yield, cslculated as per cent of theory from starch
utilized, was 10¢ per cent, suggesting that other components
of the mash, such as pentosans and hemicelluloses, might be
utilized by the organism. The time reocuired for the fermen-
tation of an 8 per cent mash was two to three days. 7The 2,3-
butenediol recovered from the fermentation mashes was found
to be the levo-form having a specific rotation at 259C. of
-13.0%, a viscosity about one-half that of the meso-torm,

and a density of 1.450525 as compared with 1.458425 for the

dlol producted by Aerobacter serogenes.

The following investigations were carried out for the
purpose of preparing snd recovering levo-2,3-butanediol from
corn mash fermented with Aerobacillus polymyxa and to deter-
mine some of the factors involved in the production of 2,3=-

butanediol by fermentation of corn mash with Aerobacillus

polymyxa.

B. Materials

The coxn used was Iowa No., 2 yellow corn and was ground
in a Wiley mill with the medium screen in place. Analysis

showed the following partial composition:

Starch 68.5 per cent
Molsture 1l.2 per cent
Nitrogen 1.28 per cent

Ash 1.15 per cent



The malt used was distillers' melt and was ground in a
Wiley mill Just before use. Analysis showed the following

partisl composition:

Starch 57.3 per cent
Nitrogen 1.28 per cent

The calcium carbonate used was powdered U.S5.P. grade.
The bacterial bran used was obtained from Dr. L. M.

Christensen of the University of Nebrasksa.

C. Gultures

The organism used was Aerobaclillus polymyxa 1.5.,Ce B25,

It was obtained from the culture collection of the Northern
Regional Research Laboratory and was designated as NRRL B510.
The stock cultures were stored on corn mash containing 5 per

cent corn and 0.5 per cent caleium carbonate,

De Methods of Anslysis

1. Determinastion of starch‘

Starch in the raw materials was determined by direct
acid hydrolysis according to the method of the Association
of 0fficial Agricultural Chemists (1940), followed by the
determination of dextrose in the hydrolyzate by the method
of Underkofler et al (1943).
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2. Peterminatlon of nitrogen

Nitrogen in the raw materials was determined by the

Kjeldahl method 2s described by Koltoff and Sendell (1938).

-

3. Determination of moisture

Molsture in the raw materials was determined by drying

a2 sample of the meterial to constant welght at 105°¢.

4, DPeterminastion of ash

Ash was determined in the raw materiala by igzniting a
sample of the materlisl to constent weight over a ieker

burner.

S Determination12£ regldéuel carbohydrate

The resldual csrbohydrate in the fermentstion mashes
was determined by the seme method as that used for the deter-
mination of starch in the raw materinls, 1t was necesssry
to apply & correction for the acetylmethylecarbinol present
in the hydrolyzates, since ansalysis of semples before and
after hydrolysis showed that the acetylmethylearbinol present

was not affected by the acid treatment.
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6. DNeterminabion of malboge, 2, 3-butanediol, ethanol, and

acetylmothylearbinol

These substances were determined by the methods previously
discussed. All 2,%-butanediol annlyses have been corrected for
maltose and acetylmethylcarbinol interference; all ethanol sanaly

ses have been corrected for acetyvlmethylenrbinol interference.

7. ¥reparation of samples for nnalysis

Inasmuch ag the gemples conteined varying emcunts of insol-
uble sollids, the Alrect determination of constituente present
in the f{iltrate obtained rom such a mash, reczlculated to the
volume of the mash, would te subject to error due to the vol-
ume occupled by the solids nresent. In order to minimize the
effect of the presence ol sollds, the fermentation mash was
well agltated, and a sample of 200 % 1 wl. withdrawn and this
sample dlluted to 500 ml. in a volumetrlic flask. %hen the
original fermentation mashes consisted of 200 ml. of medium
or less, the total mssh was diluted to 500 ﬁl. In this manner
the error due to the volume occcupied by the solids was reduced
to not more than two-fifthe of its former wvaljue.

In order to remove samples for the various esnalyses, the
dlluted mashes were well shaken, end samples of the ayltated
mash were removed for residusl cerbohydrsate snslysis and
for the ethanol gend acetylmethylcarbinol distillation pro-

cedures. The remainder of the dlluted mash was sllowed to



settle, and samples for the determination of 2,3%-~butenediol

snd of free maltoge were btsken from the supernatant liguid,

L. Experimental tesults

1. Leborntory production of 2,35~butanediol

The initial phrass of this portion of the investigetlon
were concerned with the preparstion and recovery of levo-
2, 3-butanediol for purposes of the study of the physical
and chemical properties of the purifisd material by other
members of the resesrch group in Biophysical Chemistry.
The "fermentstion procedures followed were thoge recommended
by the Northern Reglonal Research Laborstory. A summary of

the conditions used and the results obtained iz shown below;

Mediums
Corn 100 grams
CaClgy 5.0 grams

Tap water snd steam condensate to 1000 ml.

Sufficient corn and celcium carbonate to make
15 liters of medium were placed in 5-gallon bottles,
Lleven liters of tep water were then added and the
starch gelatinized by introducing live steam. The
mesh was then diluted to 15 liters, the bottle
plugged with cotton, 2nd sterilized for 60 min-
utes at 15 pounds, After cooling to 30°C., the
mash was inoculated with 1000 ml, of a 24~hour
culture of perobacillus polymyxa, I.5.C. B25,
grown on a medium contalning 5 per cent corn and
0.% per cent calcium cearbonate. Analyses were
conducted periodlcally for 2,3-butanediol; when
no further increwmse occurred, the fermentation
was discontinued. Average results of a number
of fermentations conducted in this manner are
shown in table 15,




Table 15
Production of %,3-Butanediol by Wermentation of Corn Mash with

Aerobacillus polymyxa BRS

Yield of 2,53-butsnediol,

per cent by weightx 20,4
Yield of ethanol,

per cent by welghts 17.8
Time of fermentation,

days 4%

#Baged on the starch added.

2. Fermentation of corn mash by Aerobacillus polymyxa

In order to plan the procedure to be followed in the
Investigations of the factors involved in the fermentation

of corn starch by Aerobacillus polymyxs, the following experi-

ment s were conducted on corn mash to determine some of the
relationships existing between the products of fermentation.

a. Effect of varistion in the concentration of corn.

This experiment was condueted in an effort to determine the
highest concentration of mash which could be fermented effi-
clently.

The mashes were prepared as follows. The corn was
placed in a 300-ml, Lrlenmeyer flssk. Calcium carbonate
equal to 5 per cent of the welght of the corn (but not less

than 0,5 grams per 100 ml.) was added. One hundred ml. of



distilled water was then added, sand the mash was heated to
boiling to gelatinize the stsrch. The flasks were then
plugged with cotton and sterilized for 30 minutes at 15
pound s,

The inoculum for the experiment was prepared as follows:
The organism was tranaferred from a stock culbture to 10 ml.
of a8 medlum containing 5 per cent corn and 0.5 per cent calcium
carbonate in & six by one-half inch test tuhe and incubated
48 hours at 30°C. One ml. of this culture was then transferred
to 10 ml. of fresh medlum, and htransfers were made every 24
hours thereafter to fresh 10-ml. portions of the sama medium.
The final lnoculum was made up of 200 ml. of the same medium
contained in a 500-ml. flask, inoculsted with 10 ml. of the
culture and incubated for £4 hours at 30°C. ‘'he inocuvlum wes
the fcurth transfer from the stock culture., Each 100 ml. of
mash was inoculated with 8 ml. of the above inoculum. The
fermentations were then incubated at 30°C. for 19 days. The
long fermentation period was used in order that the more con-
centrateﬁ mashes might be fermented as completely as possible.
From the results of the exveriment, as expressed in table 16,
several interesting observations can he made. Tigures 7 and
8 show some of these data in graphical form. In figure 7
18 shown the relstionship between the yields of Z,3-butanediol
and acetylmethylcer binol, exnressed as per cent by weight of

the starch adderd., It is evident that an ineresse in the yleld



Table 16

The Effeoct of Vaerlstlon in Mash Concentratioa-on the Fe

Corn added,
grams per 100 ml. 2.5 . 5.0 7.5 10.0 12.5 15.C

Yield of products,
grams per 100 ml.

2, 3=But anediol 0.25 0.53  0.88 1.35 1.88  1.51
Acetylmethylcarbinol - Q.30 . 0.48 0,60 0.01 _ 1.0L Lol
Total 0.55 1.01 1.48 1.97 2,22 2el 5
Ethanol ' 0.10 0.22 0.49 0.58 0.58 0.50
Yield of produots,
per cent by weight*
2,3-Butenediol 12.6 14.3  16.2  19.0 13.3 12.1
Acetylmethylcarbinol  15.0 A3.3 - 11.0 8.5 11.7 11.6_
Total 2746 276 27.2 2745 25.0 — - 2h4a0
EthanOl 5.1 6-0 9‘0 8-1 6.5 . ' -f)
Yield of products,
per cent of theory** e
 2,3-Butenediol. .. 25.0  28.8 . 31.6 37.6 27.5 25,6
Acetylmethylcarbinol 0,8 . 27.3  22.8 i17.2 2&:% 224
Total 55.8  56s%.  Slely 54.8 - 52.3 LBsv
Ethanol 9.8 - 11.7 17.7 15.7- . 13.2 1344
Total yield of products, T
per cent of theory** 65.6 67.8 72.1 70.5 65.5 61.4,

-Utilization of starsh, :
per cent 90.5 89.8 89.7 9l.1 87.3 = 87.3

¥ Pased on storoh aaded
** Based on starch utilized -
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" Table-16

tloa—-on the Fermentation of Corm by Aerobaclllus polymyxa B25

- Lo
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Fige T. Effect of the concentration of corn on the yields of
2,3-butanediol and acetylmethylcarbinol obtalned by fermentation

of corn with Aerobacillus polymyxa B25.
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of 2,3-butanediol was accom:anied by s decresse in the yleld
of acetylmethylcarbinonl, and vice versa, These results may
be explalned on the bosis of the investigations of Stahly and
YWerkman (1942), who presented evidence which showed the exis-
tence of a reversible oxidation-reduction system between the
above pro:siucts, This relation is further shown by figure 83
although the ylelds of Z,3-butsnedliol sand acetylmethylearbinol,
expressed =28 grams per 100 ml., of mash, are not smooth funce-
tionsg of the coneentretion of corn, the yield of the sum of
these two products ls slmost a atrsight line function of the
concentrntion of corn,

The best welght per cent vields of Z,3-bhutanedlol plus
acetylmethylcarbinol were obtained from mashes containing up
tc 10 per cent of corn., 'The yvlelds of ethenol were congld-

arably lower than ordinarily obtained by fermentation of corn

with Aercbacillus polymyxa. Since the mashes were incubated

for 19 days, the low ylelds of ethanol wezre probably duse to
loss of the alcohol by wvolastilization.

b. Effect of the length of the veriod of fermentestion.

The following experiment was conducted in en effort to deter-
mine the length of fermentation period reocuired for the max-
imum conversion of the starch in corn mashes to 2,3-butane-

dlol and to study further the relations existing between the

producte formed.
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The mashes were prepared in the same manner as those in
the prececing experiment, using an amount of calcium carbon-
ate eauivalent to © per cent of the weight of corn in the
mash, ‘'The fermentations were conducted at corn concentra-
tions of 10, 20, 30, and 40 grams per 100 ml. of water.
Since analyses were to be conducted at perlodic intervals,

a number of flasks of each concentration were prepared.

This procedure was used rather then preparing a large volume
of fermentation mash of each concentration, since mashes
prepared by the latter procedure would be subject to varlance
in surface-volume ratlo and depth of fermentation liquor due
to the withdrawal of samples.

The inoculum for the series was prepared in the same
manner as $or the preceding experiment, except that the final
inoculum was the fifth transfer from the refrigerated stock
culture. At varlous intervals, duplicate flasks of each
concentration of mash were anelyzed for maltose, £,3-butane-
diol, acetylmethylcarbinol, ethanol, and residual carbohy-
drate,

The results of the analyses at various intervals are
shown in tables 17, 18, 19, and 20 for mash concentrations
of 10, 20, 30, and 40 grams per 100 ml., respectively. The
ylelds of Z,%-butanediol, acetylmethylcarbinol, and ethanol
are shown graphically in Cipgures 9, 10, 11, snd 12, Exam-A

ination of these flgures shows that the concentration of
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Table 17

The Effect of the Length of the Period of Fermentation on the

Fermentation of Ten Per Cent Gorn Mash by Aero-

bacillus polymyxs BZ5

‘ime of fermemtsetion,
days 1.3

2.1 5.0 5.0 E.0 15,2
Yiocld of products,
grams per 100 ml.
2,%=-Butanediol 1.15 1,54 1.68 ~ 1.09 1.71 1.60
Acetylmethyl-
carbinol 00,13 0,08 0,16 0,30 0.88 0.43
Total 1.26 l1.65 1.84 1.89 1.99 2,03
Ethanol 0.78 0,80 0,93 0.85 0.78 0.63
Yiold ol products,
por cent by welghtx
2, 5-Butanediol 1641 21,6 23.6 28 3 24,0 22.4
Acetylmethyl- 4
carbinol 1.5 1.2 242 4.2 3¢9 6.0
Total 17.6 22.8  25.8 26,7 27.9 28.4
Ethanol 11.1 12,8 13,2 12.1 11.1 9.0
Yield of products,
per cent of theoryx:
Acetylmethyl-
carbinOl 4&9 3.5 506 9‘__9_ 8.‘7 12.6
Total 55.9 62,8 63.9 61.3 60.9 58.b
Fthenol S4.4 34,5 31.9 27.2 23.6 17.9
Total yield of producis,
per cent of theorys» 89,3 97.3 95.8 88,5 64,5 7644
Utilization of starch,
per cent H7.0 66,56 73.0 78.2 82.7 88.2

%»Based on totsl star ch esdded,

»#Based on starch utilized.
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Table 18
The Effect of the Length of the Period of Fermentation on the
Fermentation of Twenty Per Cent Corn Mash by Aero-

bacillus polymyxa B25

Time of fermentstion,
days 201 5.0 8.0 1105 15.2

Yield of products,
grams per 100 ml,

2, 3-Butanediol £.62 3.28 3.41 3426 3.08
Acetylmethyl-
carbinol 0,15 0,22 0,30 0.67 0.96
Total 277 De 00 3.71 34935 4.04
Ethanol 1. 48 1, 51 1.57 leB4 l.22
Yield of products,
per cent by welght*
2,3-Butanediol 18.8 23,5 24.4 23,3 22,0
Acetylmethyl-
carbino.l 1.0 1.6 2.2 4.9 '7.0
Total 19.8 26.1 26.6 28,2 29.0
Ethanol 10.6 10.8 11.2 9.6 8e7
Yield of products,
per cent of Theoryxsx
Z2,%-Butanediol 6l.1 60.5 57.1 53.2 50.1
Acetylmethyl-
carbinol 3¢ 2 4.1 5,1 1l.1 15,9
Total 64.3 64,6 62.2 64,3 66,0
Ethanol 33,2 2763 25,7 21.4 19.4
Total yleld of products,
per cent of theorys: 97.7 91.9 87.9 B5.,7 85.4
Utilizatlion of starch,
per cent 56.3 70.0 ‘7'7.0 7900 '1904

#Based on starch added,
#»#Based on starch utllized.
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Table 19

The Effect of the Length of the Period of Fermentation on the

Fermentation of Thirty Per Cent Corn Hash by éero-

bacillus polymyxa B25

Time of fermentation,

days 2.1 5.0 8.0 11. 5 15.2
Yleld of products,
grams per 100 ml.
2’ S-Butanﬁdiol 3.59 4.74 4. 96 5010 4095
Acetylmethyl-~
carbinol _0.20 0.24 0.32 Q.32 0.35
Total 3,59 4,98 5.28 5.42 5,50
gthanol 1.90 2.04 2,04 1.608 1.62
Yield of products,
per cent by weights
2,3-Butanediol 16.3 22,6 23,6 24.4 £23.8
Acetylmethyl-
carbinol 1.0 1.1 1.5 1.5 1.7
Total 17.3 23,9 25.3 25.9 25.5
Ethanol Se1 0.8 9.8 9.0 7.8
Yield of products,
per cent of theorywx
2, 3-PButanediol 5245 62.3 62,4 62.5 62.0
Acetylmethyl-
carbinol 302 3.2 4,1 4.0 4.5
Total 55,7 65.5 66.5 665 66.5
Ethanol 28,8 26843 25.1 2246 19.9
Total vyield of products,
per cent of theorywx  B4.5 0l.8 91.6 89,1 8644
Utilization of starch,
per cent 55.8 65.8 68.9 T70.6 69,0

#Based on sturch added.
+#Bagsed on starch utilized.
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Table 20
The Effect of the Length of the Period of Fermentation on the

Fermentation of Forty Per Cent Corn Mash by Aero-

bacillus polymyxa BE25

Time of fermentation,
days 5,0 8,0 11.5 1562

Yield of produets,
grams per 100 ml,

2, 3~-Butanediol 5. 50 6407 8.27 6e29
Acetylmethyl-
carbinol _0.20 . 0.28 0.8 028 -
Total 5.70 - 6435 6455 Y
Ethanol 2.38 2,29 2.19 l.75

Yield of products,
per cent by weight

2,3=Butanediol 19.9 22.0 22.6 22.7
Acetylmethylear-
binol 0.7 1.0 1.0 1.0
Total 20,6 23.0 23.6 23.7
Ethanol B.6 -~ Be3 77 B3
Yield of products,
per cent of theopyns
2,3-Butanedlol 61,7 64,4 66,2 6641
Acetylmethyl-
carbinol 202 3¢l Sel 3¢l
Total 63.9 675 69.3 6842
Ethanol 2042 2348 21.9 18,0
Total yleld of products,
per cent of theoryws 90.1 91.3 91.2 87.2
Utilization of starch,
per cent 58,0 6le3 61.6 6l.9

rBasaed on starch added.-
#4Based on starch utilized.
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ethanol in the mash quickly reached a maximum snd then gradu-
2lly decreased. As hes Deen mentioned previously, this de-
cresse 1ln the concentration of ethanol was probably due largely
to evaporation. The formation of 2,%~butanediol was rapld
during the first few dsys of the fermentation at all of the corn
concentraetions used, In the fermentation of the 10 per cent and
20 per cent corn mashes, the 2,3-butanediol concentrstion resch-
ed 8 maximum and then decreased, the decresse being accompe=
nied by an increase ln the concentration of acetylmethylcarbinol.
Thls relation is further shown by the sum of the concentrstions
of 2,%-butanediol and acetylmethylcarbinol, which generally'
came to a maximum and then remained constant or incre=sed
graduslly after the initial perlod of rapid fermentation.
An exception to thls relationship is the polnt at 15.2 days
for the 30 per cent corn mash, but this point is of doubtful
aceuracy, since the results of the duplicate fermentations
were not consistent, A8 compared with the anslysis at 11,5
days, one of the duplicates showed an increase in the con-
centration 5f 2,3~-butanediol and an increase in the utiliza-
tion of starch, while the other showed a decrense in the
concentration of ¢,3-butanediol and a decrease in the utiliza-
tion of the stardéh.

The ylields of acetylmethylcarbinol, expressed in grams

per 100 ml. of water added, were considerably higher at the
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end of the fermentatlon nerlod for mashes of 10 per cent
and 20 per cent then for mashes of 30 per cent and 40 per
cent corn. Thie would indiente thet 2 higher oxidation-
reduction potential existe towsrd the end of the fermenta-
tion period in mashes of lower corn concentration.

The ylelds of 2, %~butenediol plues rcetvlmethylcarbinol,
expressed as per cent b welght of starch present in the
mash, are shown in figure 18, In fermentestion of 10 and 20
per cent mashes, the finel yilelds were essentially equal,
The tlime required to obtasln the maximum yield, however, was
conslderably longer in the cnse of the 20 per cent mash,

The vield obtained from fermentation of the 30 per cent mash
was only slightly less than that obtalned at lower concentra-
tions, but a conslderahle decrerse in yvield was obtained in
the fermentation of the 40 per cent mesh,

¢o Effect of pre-thinning the massh. Considering the

fermentation from a practical standpoint, it would appear

that the productlion of Z,3-butanediol by fermentetion of mash-
eg containing 30 grams of corn per 100 ml. of water would be
the most efficlent. As compared with the fermentation of a
mash containing 10 per cent of corny, production of the 2,5~
butsnediol by fermentstion of a 30 per cent mash would in-
volve one-third the fermenter volume zand one-third the evapor-
stor capnaclty, Howsver, corn mashes of 20 per cent and nhove

are so thick as to preclude handling in industrisl equipment.
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Even assumlng that the entire operatlons ¢f gelatinization
and storilization of the mash could be carried out in the
formenters, the 30 and 40 per cent mashfs in the preceding
expe riment were s0 bhick aflter fermentation that snecisl
eguivment wonld be required Lo transfer and filter the fer-
mented mash. Since 2,3-butanediol, in order to compete with
slmiler procducts, such as glycerol snd ethylene glycol,
would have to be produced on a low-cogt basls, the use of
specielized equipment wowld have to be kept at 2 minimum,

It 1ls evident, therefore, that the nractical fermenta~
tion of concentrated mashes wlll depend to 2 grest extmnt on
whether the mash can be thinned before transfer of the wmeash
to the fermenter,

The method genorally used for thinning of corn mashes
i1s to 2dd 2 emall amount of malt to the mash before cooking
and to heat the aglitated mixture to approximetely 70°C. How-
ever, according to the report ismsued by the Northern Reglonal
[iesearch Laboratory, the presence of reducing sugars in the
fermentatlion mash inhibits the diastatic octivity of Aero-

bacillus polymyxa. Hence, 1f s pre-thinned mssh i1s to be

{fermented with this orgenism, the thinning must he dome in
such & manner that little of the sterch ls converted to mal-
tose or dextrose.

The following experiment was conducted in an effort to

determine 1f the mash could be pre-~thinned with malt or bac-
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terial-bran without seriously decrensing the »ield of 2,%-
butanecdiol.

Thinning of the corn magh with malt wos conducted at
corn concantirationg of 20 and 40 grams pef 100 ml. of water
ancd wes carried out by »nlecing the corn in 500-ml. Erlenmeyer
flasks, adding 100 ml. of distilled water, aond placing the
fleasks In a water beth held at 779°C. After the temperature
of the mash had reached 75°2., varying amounts of the malg
were added to separcte flasks and the temperature maintained
at 75 1°c. for 30 minutes. The flasks were shaken fre-
quently during this period. The mashes were then heated to
boiling over a Bunsen f{lame, the calclum carbonete added
{equlvalent to 5 per cent of the welght of the corn), the
flasks plugged with cotton gnd sterilized for 30 minutes at
15 pounds,

Thinning of the corn mash with bascteriesrl-brun was cone-
ducted at a corn concentration of 20 grams per 100 wl. of
water, The thinning was carried out by placing the com in
500~-ml. Erlenmeyer flacks, adding 100 ml. of distllled water
which hat been heated to 65°C., end adding varying amounts
of the bvacteriasl-bran. The flosks were then placed In a weter
bath held at 65°G., and the temperature of the water bath was
grodually incrensed so that the tempernture of the mash in-

crensed to 85°C. in 30 minutes. One gram of caleium carbon-

ate was then ndded to esch flask, and the mashes were then
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heated to boiling over a Bunsen burner. The mashes were ster-

1lized f'or 30 minutes at 15 pounds.
After cooling to room temperature, each flask was inocu-

Inted with 8 ml. of ~ culture of Aerobacillus polymyxa BZS,

which was grown 24 hours on a medium containing 5 per cent
corn snd 0.5 ver cent calcium carbonate. The lnoculum was
the 24th transfer from the refrigerated stock culture. The
mashes were incubated at 30°C., snd were shaken several times
daily.

The mashes contalning 20 grams of corn per 100 ml. were
analyzed 10 days after inoculstion; those containing 40 grams
of corn per 100 ml. were analyzed 21 days after inoculation.
The recsults of the fermentatlons coniucted on the media con-
teining R0 grams of corn per 100 ml. and pre-thinned with
veryving amounts of malt are shown in table 21. The results
given are averages of duplicate fermentations. Since it was
expected that a decresse in yield would be obtained when the
mashes were pre-thinned with malt, it is somewhat surprising
to obser&e that a substantial increase in the yleld of 2,3~
butenediel occurred when the mash was so pre~thinned. The
Increesse amounted to as much ss 4,7 per cent by weight of
totel starch present when two grams of malt were added per
20 grams of corn. Fven when 0.3 grem of malt was added per
20 grams of corn, an increase of 3.6 per cent of butanediol

by welght of starch present was obtained,
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Table 21

The Effect of Pre-malt Treatment on the Fermentation of Twenty

Per Cent Corn Haslhi by Aerobscillus polymyxa E25

Melt added,

gramg per 100 ml. 0.0 Qe 1.0 2e0 3,0
Yield of products, |
grams per 100 ml.
2,7-Butanediol 353 4,08 4,25 4,48 4,55
Acetylmethyl- )
carbinol 0. 50 0.51 0453 0.57 0.57
Total 1.03 4.59 4,78 5,06 5.12
Ethanol 1.02 0.86 0.85 0. 80 0,98
Yield of products,
per cent by welghtx
2, 5=Buatanediol 25,2 28.8 29.2 29.7 29.0
Acetylmethyl- ~
carbinol 566 ..,5'6 Se6 3.8 3.6
Total 28.8 3244 32,8 33.5 32,6
Ethanol 71 6.1 5.9 6.0 6.2
Yield of produects,
per cent of theory#:
Acetvimethyl- :
carbinol BeH 8.6 8.9 9% 9.0
Total 8645 T6.1 78.5 830.6 79.3
Ethanol 16,0 13,9 13.6 14.0 14.8
Total yleld of products,
per cent of theoryuw: 82,5 89,0 82.1 94,6  94.1
Utilization of starch,
per cent 8.1 77.0 5.7 76.0 4.4

#Based on starch sdded,
»:Based on starch utilized.
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There was little difference iIn the weight per cent

vields of either ethanol or acetwlmethylcarbinol in the pres-

ence or absence of malt, nor was there a significant differ-
tnce in the amount of atareh utilized. The drop in per cent
utilization of atarch with the addition of more malt may
nhave been due to the presence of more starch (added as malt)
in the initial mash,

The incressed production of 2,3-butanediol obtained
upon additlon of melt would savpear to be due to a more effi-
cient uwtilization cf the starch. This 1s shown by the in-
erease In the per cent of theory yleld of 2,3-butanediol.

Table 22 showg the resulis obtalned when the mashes con-
teining 20 grame of corn per 100 ml. of water were thinned
wibth bacterial-bran. The results parallel those obtained
with mashes pre-thinned with malt. Use of increasing quanti-
tles of bscterial-bran, however, seemed to stimulate the
production of acetylmethylcarbinol, while the yields of acetyle-
methylearbinol obisined with the addition of inereasing quan-
tities of malt were substantielly constant. The 1ncreased
yielde of acetylmethylcarbinol are, therefore, apparantly
not relsted to the viscosity of the mash, since in thils
case en incresse In the yleld of scetylmethylearbinol would
nlso be expected upon the sddition of increesing quantities

of malt, In addltion, the mashes which were prepared with
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Table 22
The Effeet of Pre~Thinning the Mash with Bacterisl-brsn on the

Fermentatlion of Twenty Per Cent Corn Mash by Aerobacillus poly-

myxa BeH
Bacterial bran added,
grams _oer 100 mle 0 Os1 0.2 Ce3 06 __
Yield of products,
grams per 100 ml.
2,3~Putanediol 34¢H3 5.93 SeB4 S 8B bedd
Acetylmethyl-
carbinol 0+ 50 0,78 0.86 1.01 1.3%
Total 4,03 4,71 4470 4459 4,75
Ethﬁnf’l 1.02 1,38 2 1 28 1,34 1018__
¥ield of products,
per cent by welghtu#
2,3-Butanediol 2542 28,0 27.4 25.6 2445
Acetylmethyl-
carvinol 346 He7 Be1 T2 945
Tobal 28,8 BB T B35 3248 34,0
Ethanol 7ol 9,6 ~ B.6 9,4 B2
Yield of products,
per cent ol theoryns:
2,3%=Butanediol 58,0 64.0 64.8 59.0 57.2
Acotylmethyl-
earbinol 12.0 13,0 14.8 17.0 22.6
Total 65,5 77,0 796 76.0 79.8
Ethenol 16.0 2le 5 20.6 2l.1 18.8

Total yleld of products,
per cent of Lheovyss 82.5 98.% 100.2 97.1 98.6

Utilization of starch,
per cent 7841 79.2 76,3 78.2 772

+Based on starch added,
%»Based on gtarch utilized.
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bacterial~bran wers more viscous than those pﬁepured with
malt. Thls would 1ndicnate that the inerense in the vield

of ncetylmetihylcarbinol obtained ugon the addltion of bnae-
terial-bran was due t0 sn lncreasse in the oxidation-reduction
potential of the medlum, resulting from the addition of the
bacterinl-bran,

The results of fermentations conducted on mashes con-
taining 40 grams of corn psr 100 ml. of wzter and pre-thinned
with various amounts of mslt are shown in table 23. The
welight per cent ylelds of 2,3-butanediol obtrined ware nct
as nipgh as Lhose obheined by fermentation of the 20 per cent
mashes, but in this case also, an improvement in the yl=ld
was obtained by pre~thinning the mach. The wyields of 2,3~
butenediol plus acetylmethylesrbinol, however, were as high

ag Bl." per cent of theory from the starch fermented.

I Conclusions

Nearly 30 per cent of the starch present in a 10 per
cent corn mash c¢sn be converted to 2,3-butanediol in four

and one-half days by fermentation with Aerobacillus polymyxa
B25,

A long period of fermentation leads to an incresse in
the yield of acetylmethylearbinol and a decrease In the yield

of 2,3-butaneciol, particularly at low mash concentrations,
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Table 23

The Effect of Pre-mzlt Treatment on the Fermentatlon of Torty

Fer Cent CGorn Mesh by Aerobacillus polymyxa LZ3

Walt added,

grams per 100 ml. 0 0.5 1.0 2.0 3.0 5.0
Yield of products,
grams per 100 ml.
2’ 5-But8nediol 7.00 7.65 7.72 8.17 '70"3 '7055
Acetylmethyl-
cerbinol 0425 0.21 0.27 0.25 0.28 0.54
Total 725 7 .86 7.99 8.42 8.10 7.89
Yield of products,
per cent by welpghts.
2,3-Butanediol 24,4 27,4 27.4 28,2 26.6 24,7
feetylmethyl-
carbinol 1.0 0.8 1.0 0.9 0.9 1.1
Total 25.4 ?8.2 28.4 29.1 2705 B 25.8
Yleld of products,
per cent of theoryws
2,3=-Butonediol 63.8 73.5 78,0 79.0 78.6 77.5
Arvetylmethyl-
carbinol 2.6 1.5 2.8 2e5 2.8 3.6
Totul 66.4 5.0 80.8 Bl.5 Bl.5 Bl.l
Utilization of starch,
per cent - 69.0 67,0 63.2 64.4 60.0 57.3

»Based on starch sdded.

»2Baged on starch utilized,



However, the sum of the ylcolds ol k,’~butanecdicl und acetyl-
methylearbinol at all corn concentrolicns either shows a
erndual increzse or renches & maxlimuam a2nd then remains con-
gteat, Indienting converslon of Lhe z,%-butancdiol to acetyl-
methvlearbinol after nmctive formentntion has subsided.
Fermentrntion of corn mashes contalning ae much as 40
+rame of corm per 100 ml, csn be efficlently conductec, and
good ylelds of Z,3-butanediol csn he cbtained 1{ tne mashes
are pre-thinned with melt, However, in the production of 2,3=
butaneiiol by fermentation of concentrated mashes, conslder-
able d1i{flculty wouls undoubtedly be encountered in the rocove
ery of the 110l from the {eraented mash, due to the large
amounls of residual carbohydrate and other solids present,
1t ia deubt’ul 1f the mash cculd he filtered resdily Lecause
of the grain residues nresent; the presence of large suantitles
i
of soluble earbohydrate would certninly interfere with recov-

ery of the diol by distillation.
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VI, PRODUCTION OF 2,3-BUTANEDIOL FHROM COIN STAKCH BY FEN-

MENTATION WITR AEROBACILLUS POLYMYZXA

A, Introduection

As has been previously mentioned, oroduction of 2,3
butanediol by fermentation of starch rather then by fermen-
tation of the whole graln would possess certasin adventages.
If fermentation ovrocesses were carried out in conjunction
with a corn milling plent, it would be possible to eliminate
certain procedures connected with the preparation of the
substrate materisls and thereby decrease the cost of produc-
tion of fermentation produets, It must be admitted, of
course, thnt the market price of starch is higher than the
price of corn on the basis of carbohydrate content, This
difference, however, would be at lesst partiaslly offset by
eliminating the drying step in the production of commercisl
stareh, There 1s no rerson to believe that a starch slurry
could not serve as & substitute for the dried starch with
equally good results.

The production of 2,3-butmnediol from starch rather thaen
from the whole grain would possess an additionsl practical
ad;anbage, viz, the absence of graln residues from the fer-

mentation mesh, If the ylelds of Z,3~butanediol from the
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two medis were the ssme, based on the starch contents of
each material, the recovery of the diol from the starch
mash should be more efficient, since the ratio of residual
solias to 2,3-butenediol would be much smaller in the fer-
mented starch meash than in the fermented corn maSh..

The first step in determining whether 2,3-butsnediol
can be produced more economicaelly from starch thsn from cor
1s to ascertain whether the fermentatlion process can be
conducted as efficiently on starch mashes as on corn mashes.
Unless the wield of the diol from fermentation of starch
mashes 1s comparable to that which can be obtained by fer-
mentation of corn, the advantages glven sbove for using
starch as the subsﬁrate materiasl will be nullified. The
following portion of the research, therefore, was conducted
in order to determine the conditions favorable to the for-

mation of 2,3%-butanediol by the sction of Aerobasclllus poly~-

myxa on corn starch.

B. Materials

The starch, corn gluten, and spray-dried corn steep
liquor were furnished by the American Malze-pProducts Company
of Roby, Indiana. Analysis of the starch showed the follow=-

ing partiasl compositions



Starch 8.0 per cent
Nitrogen 0.04 per cent
Ash 0.06 per cent

The corn gluten was ground to e fine powder ln a ball mill.

Analysis of the ground materisl showed:;

Molsture 6.4 per cent
Witrogen 8,70 per cent
Ash 1,29 per cent

Anelysis of the drled corn steep liouor showed 6.96 per
cent nitrogen and 15.1 per cent ash,

The dried yeast and the malt sprouts were furnished
by the Pabst Brewling Company of Milwsukee, Wisconsin., The
corn and malt were the same as those employed in the pre-
ceding section, ‘'he s8lfalfs meal wag prepared by grinding

cured alfalfs hay, and the peptone and yeast extract were
the Difeo dehydrated products,
C. Cultures

The orgenism used in this portion of the work was Aero-

bacillus polymyxa I.5.C. B32, obtained from the culture col-

lectlion of the Northern Regional Research Laboratory as
NRRL BS510-R18., The stock cultures were stored on corn mash
containing & per cent corn sand 0.5 per cent caleium car-
bonate. The cultures were kept active by drily transfers

to fresi medium of the same composition.
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e Methods of Annlyzils

The enalyticsl methods used were ldentical with those
employed in the preceding section. Unless otherwise indi-
cated, the results of the @nalyses have been corrected for

the presence of interfering substances as shown below.

e Methods of Calculntion

Since the methods for calculation of the yields of
various products are complicated by the necessity of spply-
ing corrections for the various interfering substances, the
details involved in epplylng these corrections are shown
below,

The results of stendardizetion of the sugar reagents
ageinst pure samples of dextrose, maltose hydrate, and acetyl-
methylcarbinol are shown graphlcally in figure 14. It will
be noted that when the amount of acetylmethylcarbinol present
in the sample 1s less than 6 mg., the amount of acetylmethyl-
carbin&l present 1s a linear function of the amount of sodium
thiosulfate required. It will also be noted that the amount
of msltose hydrate (or dextrose) present in the sample is a
linear function of the amount of sodium thiosulfate required.
Since the amount of acetylmethylcarbinol present in the
samples taken for the anslysis of dextrose or mesltose was

always less then € mg., it was possible to use a numerilecal



(BLANK - MI.:- N323203 REQDQ)' HL. 0005 N

N

N

:
\ Jw
RN
\

. L~
e

-G~

/

e

4 A/’///,, ACETYLMETHYLCARBINOL
-

gz
y

\

//

2 3 5 6 7 9 10
, AMOUNT IN SAMPLZ, MG.
Fige. 14, Results of calibratlon of sugar reagents,




=126~

factor to correet the apparent maltose and dextrose con-
centrations for the interference due to the presence of
acetylmethylearbinol. Thus, from the relations shown in
figure 14, one mg. of acetylmethylcarbinol is equivalent
%o 1,71 mg, of msltose hydrate or 0.80 mg. of dextrose.
The gruph of figure 15 was constructed on the basis
of the vesults obtained when solutions of pure maltose
nydrate were subjlected to the procedure employed for
butanediol analysis., Since the ratio of the amount of
maltose to 2,3-bhutanediol-equlvalent vsried wlth the
smount of meltose pres nt in the sample, the correction
for maltose was bsged on the actual emount of maltase
present in the samples tsken for 2,%-butanediol analysis,
and the extent of the correction was read from figure 15.

It has been previously mentioned that in the ethanol

determination, one mg. of acetvimethylcarbinol is eculve~

lent to 0.529 mg. of ethanol, and also that the amount of
acetylmethylearbinol appearing in the distillete result-
ing from the dlatillation of 100 ml. from a total volume
of 300 ml. of solution 1s equal to 44.5 per cent of the
total acetylmetaylearbinol preseat in the 300-ml. sample.
Since acetylmethylcarbinol reacts guantitatively
with the reagents as used in the determination of 2,35
butanediol, ylelding one mole of acetaldehyde per mole

of acetylmethylcarbinol, one mg. of acetylmethylcarbinol
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is equ;valent to 0451 mge. of 2,3%-butanedliol in anslysis for
the diol.

Tollowing is given a typical example of the calculations
Invelved in the determination of the ylelds of products end
the concentrations of residual carbohydrate and free maltose.
A fermentstion was conducted in a medium containing 15.00
grema of etarchl ver 200 ml. of water. The Ilnoculum was
8 ml. of a culture grown on 5 per cent corn medium. After
4 1/ days of fermentation, the mash was transferred to a
500-ml, volumetric flask and diluvted to 500 ml. This mix-
ture wes well shaken, snd two 200-ml. camples wWere poured
off before the solids could settle, One of the 200-ml.
samplee was hydrolyzed with hydrochloric acid according to
the method previously mentioned for the determination of
reslidual carbohydrate. After hydrolysie, the sample was
neutralized to methyl orange with concentrated sodium
hydroxide, trenaferr-d to a 500~ml. volumetric flask,
diluted to volume, nnd flltered. Anslysis of a Z2-ml.
sample of the filtrate showed an apparent dextrose concen-

tration of 6.24 mge. per 2 ml,

41t should be noted that where the amount of starch added to
the medium is stet-d, the term "starch" refers to the commer-
clal starch described under ¥ateriasls. The amount of pure
starch added 1s 82,0 per cent of the amount of commerclsl
starch added. However, ylelds expressed as per cent by
weight bmsed on stareh added sre bssed on the amount of

pure starch added, including the starch contained in the
inoculum,
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The other 200-ml. sample of the diluted mash was trans-
ferred to a KJjeldahl flask, and 100 ml. of distilled water
was added. Cslclum carbonate and a smell amount of ecestor
0il were then added snd the mixture distilled until 100 ml.
of distillate was collected, Analvsis of a 5-ml., sample of
the distillate for acetylmethylcarbinol showed the presence
of l.64 mg. of acetylmethylearbinol per % ml. Anslysis of
a 2-ml. semple ctf the distillate for ethanol by the dichro-
mate oxidatilon method showed an apparent ethanol concentra-
tion of 1l4.2 mg. of ethanol per 2 ml.

The solids in the remainder of the original diluted mash
were allowed to settle, and a smell amount of the supernatant
liquor was filtered, Analysis of a 3-ml. sample of this
filtrate showed an apparent 2,3-butanediol concentration of
2l.2 mg. per 3 ml.; snalysis of s 2-ml. sample showed sn
apparent msliose hydrate concentration of 7.561 mg. of maltose
hydrate per 2 ml.

S8ince the analysis for acetylmethylcarbinol is the only
determination which is not subject to interference due to
the presence of the other constituents, the calculation of
the emount of this constituent present in the fermentation
liguor must be made first., The calculations are made as

followss
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Acetylmethylearbinol in % ml, of

distlllste 1.64 mg.
Acetylmethylcarbinol in 100 ml, of

distillate 1l.64 x 100 32.8 mg.

5

Total acetylmethylcarbinol in sam-

ple distilled 32.8 x 100 0.074 gram

44,5 x 1000

Total acetylmethylcarbinol in fer-

mentation llguor 0.074 x 500 0.19 gram

200

The apparent amount of ethsnol is calculated and correct-

ed for interference due to the presence of acetylmethylecarbinol

z8 followss

Avparent ethanol in 2 ml, of dis-

tillsate 14,2 mge
Apparent ethanol in 100 ml. of

distillate 14.2 x 100 0.710 gram

1000 x 2

Total apparent ethanol in sample

dietllled 0.710 gram
Total apparent ethanol in fermen-

tation liquor 0.710 x 500 1.77 grams

200

Acetylmethylcarbinol correction
0.19 x 0.529 0.10 gram

Total ethanol in fermentation
liquor 1.77 - 0.10 1.67 grams

The apparent amount of residual cerbohydate (as dextrose)
1s calculated and corrected for interference due to the

presence of acetylmethylcarbinol as follows:
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Aoparent dextrose in 2 ml, of hy-

drolyzate 644 mge.
Total apparent dextrose in hydrol-
yzate 6.24 x 500 l.56 grams
1000 x 2 '
Total apparent dextrose in fermen-
tation licuor 1.56 x 500 3480 grams
200

Acetylmethylearbinol correction
0.19 x 0,80 0.15 gram

Total dextrose in fermentation
licuor 3.90 - 0,15 3.75 grams

The apparent smount of free maltose in the fermentation
licuor is calculated and corrected for interference due to
the presence of acetylmethylcérbinol as follows (rll maltose
concentrations are expressed as masltose hydrate):

Apparent msltose in 2 ml, of

filtrate 7.6l mg.
Total apparent maltose in fermen-
tation licuor 7.61 x 500 1.90 grams
x 1000

Acetylmethylcarbinol correction ‘
0.19 x 1.71 0,32 gram

Total maltose in fermentation
liguor 1.90 - 0,32 1.58 grams

The apparent amount‘of 2,3~-butanediol in the fermenta-~
tion liquor 1s corrected for interference due to the presence

of maltose and acetylmethylearbinol as follows:
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Apparent 2,3~butanediol in 3 ml. :
of filtrate A

mg.
Maltose present in 3 ml, of fil-
trate 1.58 x 3 x 1000 "Ded  Mifa
500
¥altose correction ( from fig. 15) 1e3 mMge

Avoarent 2,3-butanediol in 3 ml. )
of filtrate (corrected for manl-
tose nresent) 21.2 « 1,3 19.9 mg.

Total apparent'z,s-butanediol in

fermentation liouvor (corrected

for maltose present) :

19,9 x 500 3.32 grams
3 x 1000

Acetylmethylcarbinol correction
0.19 x 0,51 : 0.10 gram

Total 2,3-butanediol in fermenta-
tion licuor 3.32 - 0.10 5.22 grams

In order that the extent of the corrections mzy be shown,
a summary of the corrected amounts of the above constitﬁents
and values which heave been calculated without applying correc-
tions are given belows

Amount present in fermen-
tation liquor, grams

Constituent - ' : Uncorrected - Corrected
2, %=Butanediol Se 54 3.22
Acetylmethylearbinol 0.19 0.19
Ethenol 1.77 1.67
Cerbohydrate (asAdextroae) 3490 3,75

Tree maltose (as maltose
hydrate) 1.90 1.58
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Since the starch added contained 82,0 per cent pure

starch, and the corn added in the inoculum contained 68.5

per cent starch, the total amount of pure starch nresent

wes 1.57 grams, equivalent to 13.97 grsms of dextrose, The

theoretical ylelds of Z,%-bubtsnediol, acetylmethylcerbinol,

snd ethanol, based on total starch available, are therefore

6.37, 6,83, and 7.14 prams, respectively., The calculatlons

involved iIn the determination of the per cent of theoreti-

cal ylelds ol these products on the basls of utilized

starch are made as follows:

tlilization of starch )
(13,97 = 3,75) x 100 72.8
1597

Yield of 2,3-butanediol
3422 x 100 63.5 %
597 X 0,728

Yield of acetylmethylcar=-

binol 0.19 x 100 BB i
B.85 X 0.728
Yield of ethanol
1,67 x 100 | ZE.1

T.14 X 0.728

Yield ol total products
63.D5 & 3.8 & 32,1 . 99.4

Calculations of the ylelds of the above three

of theory

of theory

of theory

of theory

products,

in per cent by weight of pure starch added, are made as

followss



~134~

Yield of 2,3-butanediol
3.22 x 100 25.6 # by welght
Cef
Yield of acetylinethylcor-
binol 0,19 x 100 1.5 # by weight
z.\—
Yield of ethanol

1.67 x 100 13.3 % by welght
1. 57

Te Fxperimental hesults

1. Effect of varying concentrations of inorganic constit-

uent s

In order to determine the optimum conditions for the
formation of e fermentation product from a given substrate

material, it is advisable to begin with =2n erbitrarily

chosen bassl med:um and then to study the effect of variation

in the concentration of a single constituent, The optimum
gquantity of this constituent is then added to the basal
medium and the effect of varying concentrations c¢f other
constituents determined in a similar manner.

In applying the above procedure to the determination
of optimum concentrstions of inorganic constituents for
the formation of 2,3-butanediol from corn stareh by fermen-

tation with Aerobacillus polymyxa, the basal medium chosen

consisted ofs
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Starch 7.5 grams
CaCoy 0.5 gram
Dletllled weater 100 ml.

In preparing the fermentstlon mashes, double the amounts of
the sbove materinls, together with varying asmounts of other
added materlals as will be indicated, were placed in each
500-ml. Erlenmeyer flask. The stsrch was then gelatinized
by heating the mashes over a Bunsen burner, following which
the flasks were plugged with cotton and sterilized for 30
minutes at 15 pounds steam pressure. Included in some of
the experiments as a control were fermentations condaucted
on corn medla contalning 20 grams of corn snd 1.0 grsm of
calcium carbonate per 200 ml, of water,

The media were Inoculated with 8 ml, each of a 24-hour

culture of Aerobacillus polymyxa B32, grown on a medium

containing 10 grams of corn snd 1.0 gram of cslcium carbon-
ate per 200 ml. of water, After 4% days incubation at 30°C.,
the fermentations were analyzed by the methods previously
mentioned. Results glven are averages of duplicate fermen-

tations,

a. Effect of veriation in the concentreotion of ammon-

ilum chloride. Since a source of nitrogen is necessary to

support growth of any organism, emmonium chloride was the
first constituent added tc the basal medium. The inoculum
for the experiment was the 25th trenster from the refrigerated

stock culture, The results obtalned upon addition of varying
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concentrations of the smmonium & loride are shown in table
24, It willl be noted that when no smmonium chloride was
added to the medium, little utillzation of the starch occurred,

The highest utilization of starch and the highest weight per

cent yleld of 2,3-butanediol plue acetylmethylcarbinol occurred

at an ammonium chloride concentrstion of 0,z gram per 100 ml.
Comparison of the data obtained from the starch fermenta-
tions containing 0.2 gram of ammonium chloride per 100 ml.
with those obtained Irom the corn fermentations shows that
the welght per cent yield of 2,3-butanediol plus scetylmethyl-
carbinol obtained by fermentation of starch was only about
one-third of the yield of these products obtained by fermen-
tation of the whole corn, However, the per cent of theory
yields of the three products, 2,3-butanediol, acetylmethylcar-
binol, and ethanol, are comparable to those obtained in the
fermentation of corn, showing that the lower weight per cent
yields obtained in the starch fermentations were due to a
lesser extent of utlilization of the starch in the starch mash
rather than to less efficlient conversion of the starch to 2,3%-
butenediol, acetylmethylcarbinol, and ethanol.

b, Effect of varistion in the concentration of potassium

dihydrogen phosphate. The preceding experiment showed the

optimum concentration of ammonium chloride to be about 0.2
gram per 100 ml, In the present experiment, this amount of

ammonium chloride was added to the basal medium previously
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Table 24

Effect of Variation in the Concentration of Ammonium Chloride

on the Fermentation of Corn Starch by Aerobacillus polymyxsa

B32
10%
NH,4C1 added, Corn
grams per 100 ml. 0 0.1 0.2 0.3 0.4 Hash
Yield of products,
grams per 100 ml,
2,3-Butanediol 0.16 0.69 0.79 0.78 0.72 l.82
Acetylmethyl-
carbinol 0.04 0,06 0.07 0.06 0.05 0.14
Total 0.20 0,75 0.86 0.84 Q.77 1.96
Ethanol 0.14  0.47 0.47 0.45 0,43 0.95
Yield of produets,
per cent by welghts
2,3=-Butanediol 2.5 11.0 12.6 12.4 11.5 26.1
Acetylmethyl-
carbinol 0.6 1.0 lol A.O 9_’__.§ 2.0
Total 3T 1200 15.7 13.4 12,3 28.1
Ethanol 2,2 7.2 7.5 Te2 6.8 13.7
Yield of products,
per cent of theoryww
2, 3-Butanediol 29.6 48,9 85.6 65.5 56.6 57.9
Acetylmethyl-
carbinol 7.5 4,3 5.0 4.4 3.9 4.6
Total “37.1  53.%2 60.6 59,9 59.5 62,5
Ethanol 26,2 32,4 32.2 31.2 2.4 30,0
Total yleld of products,
per cent of theory 62.3 85.6 92,8 9l.1 91.9 92.5
Utilization of starch,
per cent 15.5 40,5 40,7 403 371 8Bl.1

% Based on starch added
wxBased on starch utilized
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indlcated, end the concentration of potassium dihydrogen
phosphste was varied as shown in table 25, The inoculum was
the 25th transfer from the refrigerated stock culturec.

The addition of the potassium dihydrogen phosphate to
the medium resulted in incremsed utilization of starch and
a corresponding incrense in the weight per cent yleld of the
products. The optimum concentration of potassium dihydrogen
phosphate was 0.10 to 0.15 gram per 100 ml.

The maximum yield obteined in the present experiment,
£0,5 per cent of 2,3-butanediol plus scetylmethylcarbinol by
welght of starch added, was still considerebly less than the
vield obtained from corn in the preceding experiment, showf
ing thet the addition of other nutrients of the proper tipe
might cause a further increase in yield.

c. Effect of variation in the concentrution of magnesium

sulfate, Under the conditions of the preceding experiments,
the optimum concentrations of ammonium chloride and potassium
dihydrogen phosphate were found to be about 0.2 and 0.15 gram
per 100 ml., respectlvely., 7These amounts of the above mater-
1als were therefore added to the basal medium, and the amount
of magnesium sulfate added was varied as shown in table 26.
"he final inoculum was the 334 transfer from the refrigerated
stock eulture, The results of the experiment show that the

addition of magnesium sulfate (heptahydrate) in cuantities up
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Effect of Varlation in the Conoentrstion of Potassium Dihydrogern Phospha

per ocent

. polymyxa B
KH2PQ), added,
grems per 100 ml, 0 0.05 0.10 O.15
Yield of products,
grams per 100 ml.
2,3-Butanediol 0.99 1.23 1.25 1.26
- Acet ylmethyl- ‘
. earbinol 0.07 0.0 0.07 0,07 _
Total 1,06 1430 1.32 1e33
Ethanol 0.61 Q.74 0 77 0.77
Yield of products,
per cent by welght*
2,3~Butanediol 15.2 18.9 19.2 1944
Acetylmethyl- :
ocarbinol l.1 1.l 1
Total 16.3 20.0 20.3 i”"?
Ethsnol Qi 1l.4 11.9 1_39
Yield of products, |
.~ per cent of theory*¥*
2,3=Butunediol. 55.3 5 5446 5he 5
- Acetylme thyl-
.¢arbinol - _ 4.0 _%.1“ 1. . 3¢k
Total 59.3 5Tely - 5747 57 o
Ethanol 33.2 30.9 32, § 3204 . -
Total yield of products, o o
per  cent of theory™** 92.5 88.3 90.5 90.90
‘ ,ﬁtilization»df starch,
51.3 65.0 65.6

6544

* Based on starch added

** Paged on starch utilized
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Teble 25

.hydrogen Pnosphate on the Fermentaetion of Corn Sterch by Aerobacillus

. plymyxa B32
0415 0.20 0.25 0.30 0. 35
1.26 1.22 1.24 1.20 1.22
0,07 _  0.06 0.0 0.05 0.05
1233 1.28 1.2 1.25 1.27
0.77_ - 0.7k, 0.7 0.71 0.76
1944 18.8 19.1 18.5 18.8
J-'O,L ' 0-9 008 008 008
20.5 ’ 1907 1909 1903 19.6
11,9 . 1l.h 11k 10.9 11.7
54e5 54.0 53.2 - 52.2 53.3
5%, — 55.% 5L, T55.5
L ;32 ll-_ 3149 3140 30,1 C 324
90.0 S 88.6 6.4 8he5 87.9

6544 64.8 66.8 65.9 65.6







Tahle 26

Effect of Vaeriation in the Concentration of Maegnesium Sulfate on the Ferment

%gS0y,* THR0 sdded, .
grams per 100 ml. 0 0.03 0.05 0.10 0.15

Yield of produsts,
grams per 100 ml.

2, 3-Butanediol 1.22 1.23 1.22 1.23 1.22

Acetylmethyl- , .
carblnol 0.07 0.07 . 0.07 04,07 0.07

Total 1.29  1.30 1.29 1.30 . 1.29

Yield of products,
per cent by weight™

2,3~Butanediol 19.4,  19.6 19.4 19.6. - 19.4

Acetylmethyl~- .
Oarbino.l . 1.1 l.1 . lel . l.ol : 1.1
Total . 2045 20.7 20,5 20,7 . 20.5

*Resed on starch added
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Tahle 26

Bulfaete on the Fermentatlon of Corn Starch by Aerobacillus polymyxs B32

| 10%
0,16 0.15 0.20 0.25 0. 30 0.35  corn
, mash
1.23 1.22 1.23 1.21 1.20 1,20 1.86
0,07  .0.07 . - 0,07 0.07 0,07 .  0.07  0.1h
1.30 . 1.29 . 1.30 1.28 1.27 1.27  2.00
19.6 - 19.4 19.6 19.2 19.1 19.1  26.6
1.1 - 1.1 1.1 1.1 1.1 1.1 2.0

20,7 . 20.5 20.7 20,3 20.2 20.2  28.6
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to and including 0,55 gram per 100 ml. wes neither benefilcial
nor detrimental to formation of the 2,3-butanediol. The

mashes wevre not analyzed for sthanol or residual: carbohydrate.

2. Effect of varying concentrations of orgenic nutrients

Followlng the preceding experiment, a number of fermen-
tations were conducted employing a basal medium contalning
7«5 grems of starch, 0.5 gram of calclum carbonaste, 0.2 gram
of ammonium chloride, and 0.15 gram of potassium dihydrogen
phosphate per 100 ml, of water, A variety of materials were
edded to the basal medium, a single concentration of a single
constituent to separate flasks. The materlals added includ-
ed a number of inorganic materials snd a variety of nitrogen-~
ous organic¢ materials such ms corn gluten, malt, alfalifa meal,
ete. The additlion of complex nitrogenous materiasls to the
basal medium resulted In incresases in the ylelds of 2,3-butane-
diol, wheroas no significant increnses in ylelds were obtained
upon eddition of inorganlc materials.

In view of the results obtasined, 1t was obvious that the
development of a medium containing an organic nitrogen source
held more promise than further development of s medium con-
teining inorganlc nutrients only.

a, Effect of the kind of organic nitrogen source. The

first step in the development of a medium containing a com-

plex organic nitropgen source was the comparison of alfalfa
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meal, corn steep llcuor solids, corn gluten, and pephtone.
The basal medium for the experiment was composed of the

following constituents:

Starch 5.0 grams
€200, 0.5 gram
DPistilled water 100 ml.

To separste flasks were sdded varying quantities of slfalfe
meal, steep licquor solids, corn gluten, and peptone., The
potassium dihydrognn‘phOSphate and swmmonium & loride previouas-
1y employecd were not. edded to the media, since 1t 1s not nec-
essarily true that the additlon of these materipls is essen-
tial when a complex organic source of nitrogen is added. The
starch concentratlon of 5,0 grams‘per 100 ml. was used in
order that differences due to the extent of utilization of
the starch might not be exaggerated,

The media were prepared snd lnoculated in the manner
previously indicated snd were analyzed after 4% days incuba-
tion. The results glven are average value for dupllocate
fermentations,

Addition of inereasing auantities of 21falfa meal, as
shown in table 27, resulted in increased utilization of the
gtarch and 1n a corresponding incresse in the wolght per
cent yileld of products.

Addition of Incressing gquantities of steep liouor solids,

as shown ln table &L, also caused an increanse in the amount
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Table 27
Effect of Varistion in the Concentration of Alfalfa Mesl on the

Fermentation of Corn Starch by Aerobacillus polymyxa B32

e e

Alfelfa meal added,
grams per 100 ml, 0

Yield of products,
grams per 100 ml,

2, 3-Butanediol 0.13 0.21 043 0,57 0.87 1.2
Acetvylmethyl-
carbinol 0404 0,05 0.06 0,08 0,0% 0.20
Total - 0.1%7 0,26 0.48 0.65 0.96 2,01
fthanol V.10 0.17 0.28 0.58 0.55 0.98

\

Yileld of products,
per cent by welghts

2,5=-bButanediol S5s1 5.0 10,2 13,5 2046 26.0
Acetylmethyl- .
carbinol 1l.0 1.2 l.4 1,9 2ol 2e9
Total 4,1 302 11l.6 15,4 22l 2869
Ethanol 244 4,0 6.6 9.0 13,0 14.0

Yield of products,
per cent of theory#s

2,3-Butﬂn@di°1 56.5 44.5 55.9 54.6 5307 6007
Acetylmethyl-

carbinol 12.0 ° 11.0 7.8 7.9 5.6 6.9
'l‘otal 48.5 bs.s 6(507 E‘ZDE sgos 6:.6
Etheanol ——— = 27.6 35.0 %5.4 35.6 33.2 32,0

Total yleld of products,
per cent of theoryxx
7641 90,5 99,1 98,1 92,5 99,6

Utilization of starch,
per‘ cent 15.5 20.2 3209 44.5 69.1 77.2

# Based on starch added
%4 Based on starch utilized
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Table 28
Effeet of Variabtion in the Concentration of Steep Liquor Solids

on the Fermentation ol’ Corn Starch by Aerobacillus polymyxa B32

o
o

104
Steep licuor solids corn
added, mash
grams per 100 ml, 0 0.1 Ded 0.5 1.0
Yield of products,
grans per 100 ml.
2,3=Butanediol 0el13 0.65  0.97 1.07 l.186 l.61
Acetylmethyl-
carbinol 0.04 O0.11 0,11 O.12 0.16 0.20
Total 0.17 0.76 1.08 1.19 1.54  2.01
Ethanol 0.10 0.41 0.63 0,63 0.63 0.98

Yield of products,
per cent by welpghts

2,3=-Butanediol S.1 15.3 22.9 25,3 £7.9 26,0
Acetylmethyl-
carbinol 1.0 2.6 2.6 2.8 3.8 2.9
Totel 4.1 1’7.9 25.5 28.1 31.'7 2809
Ethanol 2.4 9.7 14.9 14.9 14.9 14,0
Yield of products,
per cent of theoryws
2,3-Butanediol 38,5 58,0 53.4 58,7 63,0 60,7
Acetvimethyl~
carbinol 12,0 3.7 5.9 6.3 B.4 6.9
Total 48.§ 65." 59.5 62,0 6804 67.6
Ethanol 27.6 34.8 34,0 S32.2 31l.4 32.0

Total yleld of products,
per cent of theoryxs
T6el 100e5 93,5 94,2 99.8 29,6

Utilizetion of sgterch,
per cent 15.3 49,2 77,3 8l.,8 B3.7 T7.2

» DBased on starch added
% Based on starch utilized
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of starch utilized and an incresse in the weight per cent
yileld of products. It is interesting to note that bthe weight
per cent yleld of 2,3-butzanediol plus acetylmethylearbinol
obtained in the presence of 1.0 gram of steep linuor solids
pexr 100 ml, is grester than that obtained from the fermenta-
tion of the 10 per cent corn mash, %These results sre not
strictly comparable, however, since the corn mash contained
Gev8 grams of available starch per 100 ml., while the starch
mashes contalned only 4.23 grems of available sbtarch per 100
ml,

The results obtalned by the addition of corn gluten, as
shown in table 28, were comparable to those obtained with
steep liquor solids. Addition of peotone, the results of
which are shown in table 30, also caused an increase in the
utilization éf starch snd an increase in the yield of prod-
ucts with increuasing concentration of peptone.

A more direct comparlison of the welght per cent ylelds
of 2,3-butanediol plus acetylmethylesrbinol obtained upon
the addition of the varlous nitrogen sources is shown in
figure 16, Alfalfa mesl was decldedly inferior to the other
three nutrients, Peptone was superior to either corn gluten
or steep liquor solids when the three nutrients were present
in concentrations of 0.1 gram per 100 ml. but somewhat in-
ferior at higher concentrations. Corn gluten and steep liquor

solids gave ampproximately the same ylelds at all concentra-
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Table 29

Effect of Variation in the Concentration of Corn Gluten on the

Fermentaetion of Corn Starch by Aerobacillus polymyxa B32

105
Corn gluten added, cormn
grams per 100 ml, Os 0.1 0e3 0.5 1.0 mash
Yield of products,
grams per 100 ml,
2,3-Butanediol 0.13 0.61 1.07 1,13 l.18 1.81
Acetylmethyl-
carbinol 0.04 0.09 0,09 0.09 0,10  0.20
Total 0,17 0.70 1.16 1.22 1.28 .01
I‘:thB.nOI O. 10 0.58 0061 0063 0.64 0.98
Yleld of produets,
per cent by welghts:
2,3-Butanediol 3.1 14,4 26,3 26.8 27.9 26,0
Acetylmethyl-
carbinol 1.0 241 2e1 2.1 2.4 249
Total 4.1 16.5 27.4 28.9 30.3 28.9
Ethanol 2.4 9.0 14.4 14.9 15,1 14.0
Yield of products,
per cent of theorywx
2,3-Butanediol 3645 52.2 56.1 57.9 6045 60,7
Acetylmethyl- .
carbinol 12,0 7.7 4.8 4,6 5¢3 6.9
Total 48,5 59,9 60,9 62.5 65.8 67.6
Total yield of products,
per cent of theoryx«
76.1 91,7 92.1 93.4 97.8 99.6
Utilization of starch,
per cent 15.3 49,8 81l.3 84.0 83.2 77.2

% Based on starch added
%»wBased on starch utilized



Table 30
Effect of Variation in the Concentrntion of Peptone on the Fer-

mentation of Corn Starch by Aerobacillus polvymyxa B32

10%

Peptone added, corn

gramg per 100 ml, 0 O.1 Oad 0.5 1.0 mash
Yield of procucts,
grams per 100 ml,

2,5-Butanediol 0013 0071 0087 0099 1.09 1.81

Acetylmethyle

carb‘ln()l 0004 0010 O. 11 Ooll Ooll 0.20

Total 0.17 0.81 0.98 1.10 1,20 <401

FEthsnol 0.10 0.47 0,58 0.63 0.63 0.98

Yield of products,
per cent by welght#

2,3-Butanediol 3el 16.8 20,6 23.4 25,8 26.0
Acetylmethyl-
carbinol 1,0 Zed 2e6 2e6 246 29
Totﬂl 4.1 19.2 23.2 26.0 2804 28.9
Ethanol 2.4 11.1 13,7 14,9 14.9 14.0

Yield of products,
per cent of theorys

2,%-Butanedliol 36,5 53.2 49,0 53.6 55.3 60,7
Acetylmethyle

carbinol 12,0 7.8 6.2 61 567 6,9
Total 48,5 61.0 56,2 59,7 61.0 6746
Ethanol 27.6 34.4 31,8 53.4 8l.2 52,0

Total yleld of products,
per cent of theorys

76.1 75,4 87,0 93,1 92.2 99,6

Utilization of starch,
per cent 15.3 56.8 75.8 78.6 84,1 T7.2

% Basged on ster ch added
#% Based on starch utlilized
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tions, The results of the experiment, as expressed in figure
16, emphaslze the principle stated by Fulmer (1943) that a
comparison of the effect of the addition of different materials
upon microblologlcel processes should be made at various cone
centrations,

Inasmuch 838 asn incresase 1n‘yield was obtained upon addi-
tion of increasing auantities of corn gluten and steep liquor
solids up %o and including 1.0 gram of elther constituent per
100 ml., it would appear'that the optimal concentraiion of
each of these constituents ls in excess of 1.0 grem per 100
ml. However, part of the increase in yleld was probably due to
small asmounts of carbohydrate present in the corn gluten and
steep liqﬁor zollids.

It should be emphasized that the experiment was conducted
at a starch concentration of 5.0 grems per 100 ml., and that
the nost effective concentration of nutrients may vary with
the concentration of starch used. However, the relative effi-
clency of the verious nutrients with respect to increasing
the yleld of £,3-butanediol, on a sem1~éuantitative basis at
least, should hold for various concentrations of starch.

b, Effect of varistion in the concentration of corn

gluten, 7The preceding experiment showed that corn gluten
and corn steep liquor solids are effective nutrients for the
production of 2,3-butanediol from corn starch by fermentation

with Aerobacillus polymyxa. Peptone was also found to be fairly
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effective but the cost of this matorisl would be prohibitive
or use as a nutrient on an industrial scale, Corn gluten
and corn steep liquor, on the other hand, are by~products of
the corn milling industry and would be readily avallsble

at a comparatively low cost. In order to investigate further
the effect of addling lncrensing cuantities of corn gluten on
the yleld of products, fermentations were conductszd in media
containing 7.5 grams of starch per 100 ml,

The medla were prepared and inoculsted In the same man-
ner as the previouvs experiments, each 500-ml. Erlenmeyer
flesk containing 1%.0 grams of starch snd corresponding
amounts of the other constituents. The composition of the

basal medlum uged -in this experiment was as follows:

Starch 7.5 grams
CaCOyz 0.5 gram
Distilled water 100 ml,

To separate {lacks of the basanl medlum were added varying
aquantities of corn gluten. The culture used for the inoe-
ulum was the 32nd transfer from the refrigersted stock cul-~
ture, The fermentations were analyzed after % dsys incuba-
tion,

The results of the experiment are shown in table 31.
The yields of 2,3-butsnedlol plus ascetylmethylcarbinol ob-
tained from mashes contalning 0.5 and 0.7 grams of corn glu-
ten per 100 ml., were comparable L0 the yleld obtailned by fer-

mentation of corn, even though a higher percentage of starch



Table 31

Effeot of Variatlon in the Concentratlion of Cora Gluten on:the Eeﬁpenta

Corn gluten added,
‘ grams per 100 ml. 0o 0.1 0.2 003 Quds

Yield of produsts,
- grams per 100 ml.

2,3=-Butanediol 0.23 0.84 1.00 1.32 1.7
Acetylmethyl- :

VO(’]rbinOl . O, 01{- 0-Q7 0, 09 0.08 0p07

Total 0.27  0.91 1.09 1.0 - Lukh

Yield of produots,
per cent by weight*

2, 3~-Butanediol 3.7 13.4 15.9 21.0 23fb

Aget yluethyl-
ecarblnol : 006 . l.1 l.h- 103 1.1
Total be3 145 17.3 22,3 2L.5
Ethanol 2.5 7.8 9.1 10. 3 11,6

Yield of produets,
per cent of theory**

2,3~-Butanediol 40.2 58.6 55.7 63.0 YA
Acetylmethyl- )
carbinol. . . Te2 . 5.1 - 541 3.8 : : 332
Totel W7k 63.7 60.8  656.8 5727
~Ethanol 274 33.4 31.2 30.4 - 312
Total yield of produots;" ' '
per cent of the ary** 7h.8 97.1 92.0 97.2 98¢

Utillzation of staroh, o
per cent 16.4 41.1 51.4 60.0 5.3

* Besed on étaroh added
** Baged on sterch utilized
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Table 31

)niﬁne Fermentation of Corn Starch by Aerobsclllus polymyxe B32

e - sipm

10%
0.4 0:5 0.7 corn

N _ mash
147 1.53 1.60 1.71
0.07. 0.07 0.08 0.1l

, Lobl 1.60 1.68 1.85
— 073 0.75 0. 80 0.9l
236l 245 2544 2L.5

1.l 1.1 1.3 2.0

Wb 24,6 26,7 26. 5

- 11.6 11.9 12,7 © 13.5

Db ed 6l 7 65.7 55.2

3?2' 3.1 ) . 3dh boé

5747 67.8 69.1 59.6
3D 31.0 32.0 30,1
98.¢ 98.8 101.1 89.9

6503 67-9 6909 79.8
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was utlilized in the corn mash., However, the starch fermenta-
tions contsined only $.22 grams of avallnable starch per 100
ml. while the corn fermentations contained 6,98 groms of
avsllnable starch per 13) wl, This difference in the carbo-
hydrate concentration prevents an accurate comparison of
the results obteined by fermentstion of the two substreotes.

The relation between the yield of %,%-butsnediol plus
acotylmethylcarbinol s2nd the amount of corn gluten added is
shown in figure 17. A fsirly rapid increase in the yield
of %,%-butanediol plus acetylmethylecarbinol occurred upon
addltion of increasing amounts of corn gluten up to 0.4
gram of corn gluten per 100 ml., wheress the addition of
amounts in excess of 0,4 grsam per 100 ml., resulted in only
8 slight increase in the yleld of the two products over that
obtrined upon the nddition of 0.4 gram.

Filgure 17 also shows the relation between the per cent
of starech utillzed and the asmount of corn gluten added, It
is interesting to note how closely the utllization of starch
parallels the yleld of £,3-butenediol plus acoctylmethylear-
binol, 'his 1is reflected in the per cent of theory yields
of 2,3-butanediel plus acetylmethylcarbinol, which were sub-

stantislly constant when corn gluten was added to the medium,
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TYLMETHYLCARBINOL
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g, 17. Effect of variation in the concentratlon of
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3. _Effect of varlaetion of other constituents in the presence

i o e g et

f corn gluten

Covrn gluten was chosen as the basal nutrient for fur-
ther investigetions, If the fermentation were to be con-
ducted on an industrial scale 2nd in conjunction with =
corn processing plant, and if the {fermentztion of corn
sterch could be conducted successfully using corn gluten as
the maln nutrient, it might not be necessary to separate
the starch and gluten in the milling process, thus saving
an addlitlonsl step in the processing of the raw materials.

The basal medium for the following series of experiments

was comnosed of the following:

Starch 7e5 grams
CaC0gz 0.5 groms
Corn gluten 0.% grams
Distilled water 100 ml,

Each 500-ml, Trlenmeyer f£lask contained double the amount of

the constituvents shown sbove., The media were prepared in the
ssme manner as in the previous experiments and the fermenta-

tions were snalyzed after 44 days incubstion at 30°C.

a. Proliminary survey. This experiment was conducted

as a preliminary survey of the effect of the addition of var-
lous substances on the production of Z,3-butanediol from corn
starch medis contalning corn gluten as nutrient. The pur-
pose of the survey was to determine if any of the materinls

added would effect an incresse in the amount of 2,3-butenediol
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fermed. To separate flasks of the basal medlum were added the
various substances chown in table 32, The inoculum was the 25th
transfer from the refrigerasted stock culture,

'ne results of the experiment, as given 1in table 3£, show
that the results were not greatly affected by addition of
emmonium chloride, potassium dihydrogen phosphate, magnesium
sulfate, or ferrous smmonium sulfate at elther ol the concen-
trations of these materlals used., J&ddition of potasssium {erro-
cyanide, potsssium ferricyanide, or copper sulfsete had little
effect at the lower of the two concentrations used for these
materials but csused a decrease in yield at the higher concen-
trations, fThe addition of cobalt sulfste resulted in decreas-
ed yields at both of the concentrations emploved, Increases
in the yilelds of 2Z2,3%-butanediol plus acetylmethylcarbinol were
obtained vpon addition of manganous sulfate, potassium per-
manganete, ferrlic chlorlde, and yeast extract, indicasting
that a more detsiled study of the effect of the sddition of
these substances mipht be worthwhile.

b, Effect of variation in the concentration of mangan-

ous sulfate, The preceding exveriment showed that an increase

in the yleld of £,3-butanediol was obtained when mangsnous
sulfate was added to the mash, It was therefore declded to
investignte the effect of the nddition of mangsnous sulfate
over a wilder renge of concentrntions in order to determine

the optimum concentration of this constituent. Various
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Teable 32
mifect of aAddition of Ve=rious Substsnces on the Fermentation

of Corn Starch by Aerobacillus polymyxa B32

Constituent added Amount added, Yield of 2,3—butanedf;i

grams per plus acetylmethyl-
100 ml. carbinol
grams per per cent
100 ml. by welghtx

None 0.0 1.45 25,0
NH,C1 0.05 1.46 235.2
Q.10 1.46 23.2
KHePOy 0.08% 1.43 Le.8
0.10 1l.44 22,9
Ng804+7Ho0 0.05 1.47 23.4
0.10 1.45 23,0
MNSO4 0.0025 1.57 25,0
0,025 1.46 23.2
BKMnOy4 0,0025 1,68 26.7
0,028 1.60 25.4
FeS04(NH, ) 0804+ TH0 0.008% 1.49 23,7
aremhe e 0.025 1.46 23,8
FeCln+6Ho0 0,008 1.54 24,5
) 0.025 1.55 24.6
KqFe(CN)g 0.,0025 1.40 22,2
0,025 1.06 16.9
K. Fe(CN)g 0.0025 1.46 23.2
0.025 1.05 16.7
CoS04 71,0 0.0025 1.27 20,2
0.025 0.53 8.4
CuS04.7H20 0.0025 1.41 22.4
0,008 1.20 19.1
0.05 1,70 27.0
Yenst Extract 0,25 1,76 28.0

%*Based on starch added
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amounts of mangsnous sulf'ste were added to separnte flasks
of the basal medivm which were then sterilized, inoculated,
Incubated, and analyzed in the manner previously indlcated.
The inoculum for the experiment was the 30th transfer from
the refrigerated stock culture.

The results of the experiment, shown in table %3, show
that the meximum yield of 2,3%-butanediol plus scetylmethyl-
carblinol was obtalned in the presence of 0,0006 gram of man-
gnmous sulfste per 100 ml, The optimal range of manganous
sull'ate sovears to lie between 00,0003 and 0,003 gram per
100 ml. Conecentratlons higher than 0.03 gram per 100 ml.
resulted in decrensed yields.

c. Lffeet of variantion in the concentr-tion of potas-

sium permanganate. Since potsssium permanganate had slso

been found to stimulate the production of ,3-butenediol, it
was consldered desirable to investigate the eftect of the
additlon of this substance over a wider ronge of concentra-
tions than was used in the preliminary experiment,

Ordinarily, after the optimum concentration of mangan-
ous sulfate had been determined, this amount of the material
would be added to the basal medium when determining the
effect of the addition of subsecuent constituents. However,
the manganous sulfate was not added to the mash in the

present experiment, since the effects of the two constituents,



Table 33

Bffeot of Varlation 1n the Concentratlon of Menganous 3Sulfate ol

MnSO, added,
grgms per 100 ml. 0 0.0003 0.0006 0.0010 0.00350 -

Yield of products,
grams per 100 ml.

2,3-Butenediol . 1.59 1.65 1.66 1.64 1.6
Acetylmethyl~ : .
carbinol 0.05 . 0.06 0.07 0.97 -.0.08
Total 1.64 1.71 l.73 1.71 1.72
Ithanol 0.81 0.81 0.75 0.76 - 0e76
Yield of producis,
per cent by welight¥
2,3-But anediol 25.3 - 26.2 26.4 26.1 26.1
Agetylmethyl-
carbinol 0.8 - 1.0 L1 1.1 1.3
Tot al 26.1 27.2 27.5 272 274k
Ethanol 12.9 12.9 11.9 12.1 12.1
Yield of produets,
per cent of theory**
2,3-Butanediol - 63.5 .  65.9 65.1 6545 “Blye9
Acetylmethyl- ‘
caerbinol 2,1 2.5 2.9 2.9 3.2
Ethenol 32.1 32.0 28.2 30.0 29.8
Total yield of produsts, |
per cent of theory** 97.7 100.4 96.2 98.4 ~97:9

Utilizetion of staroch,
per cent 71.6 71.9 73.0 71.9 725

¥ Based on starch added
** Baged on sterch utilized
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Table 33

18 Bulfate on the Fermentation of Corn Starch by Aerobacillus polymyxa B32

00030 - 0.0060 0.0100 0.030 0.060 0.100
1.6k 1.59 1.62 L.54 1.48 1.24
. 0.08 ' 0.07 0.08 0.07 . 0.09 0.07
T1.72 1.66 1.70 1.61 1.57 1,51
2601 25,3 25.8 28,5 23.6 19.
© 1.3 - 1.1 1.3 1.1 1ok 1.1
27 lr 26,5 271 25.06 25,0 20.8
1z2.1 1103 11l.1 11.0 9.6 806
“Bled . 66.1 66.1  66.1 68.7 66.1
3.2 3.1 .3 3.2 L2 3,9
68.1 69.2 69.4 69.3 72.9 70.0
29.8 29.4 28.4 29.14 27.5 29.5
97:9  98.6 97.8 98.7 100.4 99.5

72.5 68.9 70.2 66.6 61.8 53,9
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which are both manganese compounds, might not be adiitive,
It was indeed {ound to be true subsesuently that tho addi-
tlon of potsssium permangonate to a mash containing the
optimum sm~unt of msngsnous sulfate did not eilfect a fur-
ther incrense in the yield of products.

The results obtained upon addition of varying ouantl-
ties of potasgsium permangenste fto the basal medium sre shown
in teble %4, The inoculum wag the 27th btransfer from the
refrigerated stock culture, The optimum concentrztion of
votassium permangsnnte was approximetely 0.003 grams per
100 ml., with the optimal range lying between 0,001 and
0.006 groms per 100 ml,

It will be noted that the utlilization of the starch in
the present experiment wes as high as 80 per cent. This
extent of utilization and the yleld of 2,3-butanedlol plus
acetvlmethylcarbinol of 27.9 per cent by welght of starch
2died avre the highest which have been obteined by fermenta-
tion of a 7.5 per cent mash in the present investigatlions.
This yield compares favorably with the results obtained by

fermentation of corn mashes containing egquivalent cuenti-

ties of starch.

4, Effect 22 cultursal conditions

a. LEffect of wariation in the number of transfers of

———. Svtt,  Smtmemta——— e dvay Moo W

the culture. It will be noted that in the preceding experi-

ments the number of times the organism was transferred on



Table 34

Effect of Verlation in the Concentration of Potesssium Permenganate

v

KMnOh added,

grams per 100 ml. 0 0.0003 0.0006 0.0010
Yield of produsts,
grems per 100 ml.
2, B*Butanedio.l 1063 1063 1.61 1069
Acetylmethyl~ o o
carbinol 0.05 0.06 0.06 0.07
Fotal 1.68 1.69 1.6 l.76 .
Ethanol 81 0.80 0.79 0.86 .
Yield of produets,
per ocent by weight*
2,3-Butanedi ol 25.7 25.7 25.6 26.8
Aget ylumethyl~
carbinol 0.8 1.0 - 1.0 l.1 _
Total 26.5 20.7 26.6 279
Ythanol 12.9 12.7 12. 13.7
Yield of produects,
per cent of theory**
2,3~Butanedi ol 63.0 63.0 63.5 63.3
Acet ylmethyl~- A
carbinol . 2.0 2e bt 2 2%§‘ .
Total 65.0 65.4 66. 66,0 .
Ethanol 31.0 30, 30.8 31.9 .
Tot sl yield of products,
per cent of theory** 96.0 96.0 96.8 97.9
Utilizatlion of starch,
per cent The? Thel 72.8

? Based on starch added
** Based on staroch utilized
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2ermangtnate on the Fermentation of Corn Sterch by Aerobaclllus polymyxe B32

010

0.0030 0.0060 0.0100 0.0300 0.060 0.100
69 1.68 1.69 1.64 1.57 1.4,8 1.39
o7 . 0.07 0.07 0.08 . 0.09 0.09 0.09
6 175 176 173 1:66 1,57 158
86 0.88 0.93 0.92 0.87 0. 80 0. 85
8. 26.7 26,8 26.1 25.0 23.6 22.1
1 1.1 1, 1. 1. 1.4 Lok
5 778 57.9 5Tk 551 350 53,8
7 14.0 b 14. 13.8 12.7 13.5
3 62.0 59,9 58,4 58.0 58,0 56,5
%;A‘_,. 2.7 2.6 2.9 3,3 3.6 3,7
T 557 535 oL 513 5.5 562
9 . 32.2 32.7 32, 31.8 31.2 35,
9 96.9 95.2 93.7 93.1 92.8  95.9
.5 77.8 80,8 80.5 77.6 73.1 70.6
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& per cent corn medium wss recorded., In or‘er tc determine
whethoer variatlon of the activity cf the culture cccurred
Juring; these transfers, with resulting decresse or increase
In ability to form Z,3-butenediol, fermentations were cog-
ducted which were inoculated with cultures which hed been
transferred varyling numbers of times., 'fhe cultures were
trensferred in the same menner ns in the preceding exper-
iments; i.e., the stock culburc was trsnsferred to o medium
contsining & per cent ccin and 0.7 per cent cslceium carbo-
note. This firat transfer was incubated at 30°C. for 4¢
hours, and the culture wes thereafter transferred every 24

hours toe fresh medium o the same composition.

The medla used in the experiment ccntained:

Storch 7.5 grams
Catog 0.5 pgram
Gorn gluten 0.5 gram
Tistilled water 100 ml.,

The medls were prepared in the same manner ns indiceted in
the preceding experiments snd were analyzed for Z,%5-butane-
diol only. The ylelds of 2,3-butanedlol expressed in table
35 represent the apparent ylelds of 2,3~-butanedlol obtained,
2ince they have not been corrected for interference due to
the presence of maltose and scetylmethylecarbinol. The
results indlcate that there was no loss cf activity of the
culture upon extensive subculturing, and poesibly & slight

increnge in sctivity. Inaemuch as the yields have not been
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Table 558
Effect of Veristion in the Number of Transfers on the Yield of

2y, b-Butanediol from Fermentation of Corn Starch by Aerobacillus

nulvmﬁxa B>

Number of transfers Apparent yield of Ancarent yield of
preceding inoculation 2,3-butanediolsw 2,%-butanediols
grams per 100 ml, per cent by weight
of stareh added

3 1.68 26.8
4 1.68 26.8
5 1.70 27.0
10 1.70 27.0
19 1.77 28.2
49 1.77 28.2

#Not correctead [or interference due to the presence of acetyl-
methylearbinol of maltose.

corrected for interflerence due to the presence of ncetylmethyl-
carblnol and meltoss, the conclvslion that sn incretse in the
vield of £,3-butanedlol does occur when bLhe inoculum has been
extensivaly is not entirely justified, but the possibility

of sn incresse in activity upon extensive subculturing is

worthy of further investigation.

b, Fffect of variation in the surface-volume rstioc of the

fermentution mash, The amount of exposed surface and the

depth of the fermentation mash often have a decided effect
upon the results obtained in fermentation processes. This
i freouently one of the main difficulties encountered when

attempts are made to extrapolate results obtelned in the
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laboratory to the fermentation of large volumes of mashes.
The oresent experviment was conducted in sn effort to deter-
mine the effect of varistion in the surface-volume rutio

on the fermentation of coxn starch by Aerobacillus polymyxa.

The fermentation media were composed of:

Starch 7.5 grams
Corn gluten 0.5 gram
Calcium carbonate 0.5 gran
Tistilled water 160 ml,

The fermentstions wers conducted in 3000-ml. Fernbech flasks,
contsining varving volumes ol wmash., The wmedis were prepared
by viacing 150, 1lle.5, 75, H6.2, end 37.5 grums of starch
(in duplicate) in separate Ilasks and adding corresponding
cuantities of the other constituents, ATter sterilization
and cooling, esch flssk was inoculated with a culture of

herobacillus polymyxa B3Z; the amount of lnoculum used was

4 per cent by volume of the weter adided %2 the wmedium.

sfteor incubation et 30°C. for 44 days, the surface,
the volume, and the welght of the mashes were wmeasured, and
300 grams of each mash dlluted to 500 mi, for snalysis.
The results of the experiment, shown in table 36, have been
recalculated from the rasults of the anslyses so thal the
concentration of the constituents of the mush might be
expressed as grame per 100 ml, of weter added. The rezults
show that the yield of products asnd the extent of utilization

of the starch sre markedly affected by the surface-volume
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Table

56

Fffect of Vorietion in the Surfsce-volume Hutlo of the Fermen-

tation Mash on the Fermentstion of Corn Sterch by fercbsclllus

ovolymyxa B32

Surface-volume ratio,

SG‘.' Cilie pex' ﬂllo On075 0.15 O.(("-r‘/ Oo F/‘S‘ \)060
Y1leld of products,
grams per 100 ml.
a,3~-tutansdiol 1.22 1.30 1.3 1.48 1.566
Acetyimethyl-
carhbinol 0,008 0,010 0.025 0,07 0,027
Total 1.22 1.31 1.39 1.51 1.59
¥theaunol U758 0.80 0.83 077 0.75
Yield of products,
per cent by welghty
Acetylmethyl=-
carbinol 0.1 0.2 0.4 0.4 0.4
Total 19.5 20349 2.2 4.0 2b.2
Ethanol 11,9 12,7 13,2 12.2 11,9
Yield of products,
per cent of theoryrw
2,%=Butanediol 59.6 535.0 55,8 59.5 63.1
Acetylmethyl-
Ggrbin()l 0.2 O.'? 100 1.1 lcl
Total 53.8 59,7 56,8 60,6 63,1
Ethanol 45,8 35,4 53,0 Bk 25940
Tot=l yield of products,
per cent of theorysx 95.6 95,1 89.8 90.8 92.1
Utilization of starch,
peI‘ Cent 58.6 63.1 70.4 71.2 72.2

% HBasged on starch added
%% Based on starch utilized
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ratlo, The welgul per cent yield of 2,3-butwnediol and the
extent of utilization of the starch increrged with sn in-
crease Iln the surface-volume ratio, This relation 1s shown
grapnically Ly figure 18; the incresse in yield of £,3-butsn-
edlol plus acetylmethylecerblnol closely parallels the ine
crease in the extent of utilizstion of the starch, showing
that bthe eiflciency of conversion of utilized sterch to 2,3~
butsnedliol plus scetylmethylesrbinol 1s net grestly affected
by the suriace~volume ratio,

The welght per cent yleld of ethanol resched a maximum
st a surtace-volume ratio of 0.27 and then decreased, while
tre per cenbt of theory yleld decressed with increasing sur-
face-voluime ratio, Since the per cent of theory yleld of
2yZ-tutanedlol was essentially constant, it is probable thet
the decrense in the per cront of theory yield of ethanol was
due Lo more evaporation when the depth of the magh was less.

The ef'fect of the surface-volune ratlo may be due to san
increased alr svpply and ¢ more rapild release of carbon
dioxide at higher surface-volume retios. The fact that the
final pH eof the medium was higher st nigher surface-volume
ratios {(renging from 5.9 at & surface-volume ratio of 0.075
to 6,2 at a surface-volume rzatlo of 0.70) lenda credence to
the theory thab mors rapld relense of carbon dioxide may be

one of the factors invelved.
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The results of the experiment show ghat the ylelds ob-
tained when the fermentation is conduected in smoll flasks
will probsbly be dissimilar to those which would be obtained
on a larger scale; therefore, although the factors involved
in the fermentstion of corn sterch may be studied on a lsbora-
tory scale, conclusiong thus derived cannot be extrapolated to
show the feasibility of industrial production.

c. Effect of the nsture of the inoculum medium. A pre-

vious experiment has shown that when yeast extract was added

to 8 medium containing corn gluten as the main source of ni-

trogen, an incresse In the yleld of 2,3-butenediol snd in the
extent of utllization of stsrch was obtained. Thus it was

appsrent thst the nutritional requirements of Aerobsclillus

polymyxa were not completely satisfied by the corn gluten.
Since yesst extract contains a number of growth-promoting
substences, it is poseible that the increase in utilization
of the starch which resulted when yeast extract was added
may have been due to an inerease in the number of cells of
the organism developed in the fermentation medium. In this
event, the possibility of the development of a more active
inoculum by the additilon of yeast extract to the inoculum
would be worth Investigating,

The cost of yeast extract would prohibit its use on an

industrial scale., It was therefors decided to substitute
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malt sprouts snd brewers' yeast, both low-cost msterisls,
for the yeast extrasct and to determine the effect of the
addltion of these substances to the inoculum medium and to
the fermentation medium.

The mashes sand the inocula were prepared as previously
indicsted, 211 of the constituents being added prior to
sterilization. Carbohydrate contents of the corn and starch
employed have been given previously. Each inoculum contalned
an smount of corn or starch equivalent to a pure starch con-
tent of 3.4%2 grams per 100 ml. of water added. Each fermen-
tation medium contained san amount of corn or starch equiva-
lent to a pure starch content of 6.15 grems per 100 ml. of
water added. The constituents of the wvarious inoculating
media were as followss

Inoculum ¢

Corn 5.0 grams
Calecium carbonate 0.5 gram
Distllled water 100 ml.

Inoeulum C,Y

Corn 5.0 grams
Calcium carbonate 0.5 gram
Dried brewers! yeast 0.5 gram
Distllled water 100 ml.
Iinoculum ¢ ,M §

Corn 5.0 grams
Calcium carbonate 0.5 gram
Malt sprouts 0.5 gram

Distilled water 160 ml.
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Inoculum C,Y,M &

Corn 5.0 grams
Calcium carbonate 0.5 gram
Nried brewers' yeast 0.5 gram
Malt sprouts 0.5 gram
Distilled water 100 ml,

Inoculum &,V , M §

Corn starch 4.17 grams
Calecium carbonate 0.5 gram
Dried brewers'! yeast « & gram
Malt sprouts 0.5 gram
Distilled water 100 ml.

The fermentatlion mashes contained the [ollowing

constituents:

Medium §
Corn starch 7.5 grams
Calcium carbonate 0.5 gram
Corn gluten 0.5 gram
Distilled water 100 ml.

Medium 3,Y
Corn sterch 7.5 grams
Calcium carbonate 05 gram
Corn gluten 0.5 gram
Dried brewers! yeast J.% gram
Distilled water 100 ml.

¥edlum S,¥ 3
Corn starch 7.5 grams
Calcium carbonate 0.5 gram
Corn gluten 0.5 gram
Malt sprouts 0.5 gram

Distilled water 100 ml,
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le g S
Corn starch 7.5 grams
Calclum carbonate 0.5 gram
Corn gluten 05 gram
DPried brewers! yeast 0.5 gram
Malt sprouts 0.5 gram
Distilled water 100 ml.
Medium C
Corn 8.97 grams
Calcium carbonate 0.5 gram
Distilled water 100 ml.
Medium C,V,M S
Corn 8.97 grams
Calcium carbonate 0.5 gram
mried brewers' yeast 0.5 gram
¥alt sprouts 0.5 gram
Distilled water 100 ml,

Eaeh 200 ml, of inoculum was seeded wilth 10 ml. of a

24~hour culture of Aercbacillus polymyxa B3Z grown on medium

of the same composition as Inoculum C. Each 200 ml. of fer-
mentation medium was secded with 8 ml., of the inoculum indi-
cated in table 37,

The fermentations were analyzed after 35 days incubation.
Results of the analyses are shown in table 37, 1t 1s evident
that the addition of elther malt sprouts or brewers'! yeast,
or a combination of the two, to the medium or to the inocu-

lJum stimulated the production of ,3-butanediol by increasing
the extent of utillzation of the starch., The yield of 2,3~
butanedlol obtained when yeast and malt sprouts were added

to the inoculum only was as good as the yleld obtalned when



Table 37
Effect of Addition of Melt Sprouts and Brewers' Yoast to the Inoculum

Asrobaeillus polymyxa

Inoculum c c,Y C,M S C,Y,M S c

s
w

Medi um s s S,Y

Yleld of products,
grams per 100 ml.

2,3=Butanediol 1.30 1.45 1.53 1.62 1.63
- Acetylmethyl~ .
cerbinol 0,08 . 0.09 0.09 0.10 . 0ell
Total 1.38 1.5 1.62 1.72 1.74
Ethenol 0.68 0.73 0.82 0.84 . 0.7%
Yield of products, |
per oent by weight*
2.3’Butanedi°l 20.7 2300 2‘0—0[.} 2508 136.0
Acetylmethyl~ :
carbinol 1.3 1.4 1ol 1.6 1.8
Total 22.0 2hely 2548 27 by Y Y
Ethenol 10.8 - 1l.6 13.0 13.4 —itle9
Yleld of products,
per cent of theory** )
2,3-Butanediol 63.9 64.0 63.5 63.9 6702
Acetylmethyl- g 4eo _ é
- carbinol .. .- %.1.‘ L .. 3, S o0 bbb
- Etheanol 32.6 31.4 334 32.4 3062 -
Totel yleld of prod wts, | | N ~mwi‘
per cent of theory** 100.6 99.4 100.7 100.3 102.0

Utllization of staroh, R )
per cent 58014- 6[‘-08 69-0 7208 . ()90“

¥ Baped on Staroh added
** Based on starch utilized
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c.

c C,Y,M S S,Y,M S ¢ C,Y,M S c
S, Y S,MS S,Y,MS 8 c c C,Y,M 8
1.63 1.51 1.62 1.45 1.49 1.58 1.73
0,11 0.15 0.12 0.06 0.12 0.13 0.12
L7k 1.66 1.7 1.51 1.61 1.71 1.85
0.7% 0.76 0.72 0.74 0.84 0.80 0.85
2640 24.0 25.8 23.0 23.7 2542 27.
1.8 2.4 1. 1.0 1.9 2.1 1.
7.8 2044 277 2he 0 25.6 27 3 29.4
1.9 12.1 11.5 11.8 13.4 12.7 13.5
6702 57.0 63.0 60. 58.0 58.6 65.4
hub 5,8 5.2 2.6 L8 L9 Leb
1.8 6%T§ 68.2 631y 62. 8 63.5 70.0
_:30.2 28-0 29.8 30-2 31'8 280 31.‘&
102.0 90.8 98.0 93.6 e 6 92.4 101.4
69l 76.0 67.8 68. L 73.6 77.2 75.8
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yenst was added to the medlum but not to the inoculum, and
wasg equally asg good ns that obtained when yeast and malt
sprouts were added to both the inoculum and to the medium,
Replacement of the corn in the inoculum by an equivalent
amount of starch resulted In a decressed yield of 2,3-
butsnediol. In the fermentation of corn mashes, the addition
of yeast and malt sprouts to the inoculum or to the medium
also craused an Increese in the yield of 2,3-butenediol ob- °
tained,

The results of the expe~iment show that the nature of
the inoculum medium has a considerable effect on the results
of the fermentations, Inasmuch as the addition of malt
sprouts and yeast to the inoculum medium effected an increase
in the yield of 2,%-butanediol without adding appreciably
to the residunl sollids content of the fermented mash, this
factor might well be taken into considerstion as a starting
point in future investigations.

1t should be noted that the mashes were snalyzed at 3%
days, rather than st 43 days as in the preceding experiments,
The differences in the extent of starch utilization and yilelds
of 2,3-butanediol obtained upon the addition of yeast and
malt sprouté to the inoculum and to the medium may be due
mainly to differences in the rates of fermentation., Further

experiments in which the mashes were analyzed at wvarious
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intervals would show whether the dAifferences obtained
would be less as the length of the fermentation period

was Increased. Even if the increase in the yleld of 2,3~
butenediol obtained upon addition of growth-promoting sub-
stances to the inoculum were due to a difference in the
rate of fermentation, the incremse in the rate of fermen-
tation would be important industrially, since less eculp-

ment would be necessary if a shorter period of fermenta-

tion could be used.

G. Discuasion of liesults

The fundamental problem denlt with in this section was
the preparation of 2,3-butanediol from corn starch by fer-

mentation with Aerobacillus polymyxa. The advantages in

using the starch rather than the whole grain as the sub-
strete ares (1) the recovery of bv-products from the rsw
material in separating the starch; (2) the absence of grain
residves from the fermented mash., Whether or not these ad-
vantages would off'set the difference in cost of the corn
and starch as a substrate wmeaterial would be tc a great ex-
tent dependent upon the possibility of obtaining as high a
vield of the 2,%-butsnediol from starch mashes as from

corn mashes of equivalent starch content.
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A medium conteining ammonlum chioride as the source of
nitrogen, supplemented by other inorgsnic materials, holds
little promlise as an effective medium for the production of
2, %=butanedliol from corn starch. A medium containing com-
plex orgenic materials as the source of nitrogen, on the
other hand, shows great promise as a nutrient medium for
producing the diol. Since the addition of elther corn
sbteep llnuor solids or corn gluten to the medium 1ls effec-~
tive in bringing about high ylelds of the diol, the use of
elther of these two materinsls is to bhe prrticulsrly recommend-
eds PRoth are by~preducts of the commercinl starch separa-
tlon process, and both are low-cost materials., 7The use of
corn gluten as the sgource of nitrogen wmay have an additional
advantage; since 1t is the lagst congtituent of the corn to be
removed from the starch in the starch separation process, it
might not be necessary to effect a complete sevaration of the
starch and gluten, thus saving an additional step in the pro-
cessing of the starch.

The yield of Z2,3%~butenediol obtsined by fermentetion of
& medium containing 7.5 grams of starch, 0.5 grsm of calcium
carbonaste, 0,% gram of corn gluten, and 0.003 gram of potas-
slum permanganate per 100 ml. of water was eouanlly as high
2s that obtained hy fermentation of 2 10 per cent cornvmash
containing 0.5 per cent calcium carbonate, These results

show thert the fermentetion of corm mashes or starch mashes
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can be conducted with eocusl efficiency.

The results obtalned at varying surface-volume ratios
indicate that 1t would not be practiesl to extrapolate the
latoratory results to a2 orediction of the results which
coulid be obtained in large-scale production,

Preliminary exmefiments were cnnducted at various
starch concentrations. The results showed that mashes con-
teining up to 10 grams of starch per 100 ul. could be fer-
mented in 6 deys with little varilation in the yileld of the
¢,d-butenediol, while s decresse in the yields of el1l prod-
ucts occurred when the stsrch concentrution was lo.b per
cent or grester,

The main difficulty foreseen for adaptation of the fer-

mentgtion of corn starech by Aerobaclillus polymyxa to cowner-

cial production of 2,3-bvtanediol is the Incomplets utiliza-
tion of the stsrch. 1In the present experiments, the maximum
final concentration of Z,3-butanediol obtslned wasg 1.69 grams
per 100 ml. of water, while the residunl carbohydrate, cal-
culated as starch, was 1,3 grams per 100 ml, This amount of
residual cerbohydrate would undoubtedly interfere with the
recovery of the £,3-butanediol, particularly if the diol were
to be recovered by distillation. Further investigetions,

therefore, might well bLe conducted in an elfort tc discover

means of increasing the utilization of the starch. A few
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preliminary exneriments were conducted with this factor in
mind, ineclwiing inoculstion of the fermented mush with yeast,

relinoculstion of the fermenting mash with Aerobaclllus poly-

myxa, and lnoculation of the fermented mash wlth Rerobacter
aerogenesg. However, none of these exploratory experimonts
met with success, aslthough further investigations misht be

wagrranted,

H. Conclusions

Under the proper conditions, neerly £7 per cent (by
welght) of the starch present in & 7.5 per cent starch mash
can be converted to 2,3-butanediol in 44 days by fermen-

tation with Aerobaclillus polymyxa B32,

The addition of smmonium chloride to @ mash contalning
starch snd cslecium carbonate results in an increase in the
vield of &,%-butanediocl. The addition of potassium dihydro-
#en phosphate csuses a further ineresse. The addition of
magnesium sulfate has little effect on the results,

The addition of organic sources of nitrogen results in
higher ylelds of the Z,%-butanediol than the addition of am-
monium chloride. Corn gluten ané corn steep licuor solids
are particularly effective,

The addition of » small amount of manganous sulfate or
potasslum permanganate to a starch medium containing corn

gluten as the source of nitrogen effects a further increase
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in the yield ol the Z,%-butanediol.

The abllity of Aerobacillus polymyxa B3Z to form 2,3-

butnanediol dees not vary spprecizbly upon extensive subcul-

turing on 5 per cent corn mash.

‘“he formstlion of Z,3-butanediol by Aerobacillus poly-
»

myxa B3< 1s conslderably arfected by s change in the surface-

volume ratlo of the medium., At higher surface-volume ratios,

more of the starch present is utilized uand more <,%-butane-

diol is formed.

The additlon of malt sprouts or brewers! yeast to the
inocuium or to the medlum causes an increase in the utiliza-

tion of the starch and nn incrense in the yield of 2,3~

butnsnediol.
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Viie HREOVELELY OF 2, 3-BUTAMEDLOL FROY BFLadiWTATION WASHRS

A, Introduction

The recovery of 2,3-butanediol from fermentecd mashes
is complicated by the high bolling point of the diol and
by its affinity for water., In addition, farmented mashes
usunlly contsin apprecleble smounts of solid material in
solution and in suspension., The sollds content of the
fermented medie, particularly if the fermentation is con-
dtucted on whole grain mashes, is often higher than the
diol content.

The main purpose of this portion of the investigation
wee to recover the 2,5-butanediol from the fermented masheos,
The 2,3-butanedlol recovered was used in the previously men-
tioned investigations of Fulmer, Underkofler snd Bantz (1943),
Kolfenbach (1944), Lees, Fulmer, and Underkoficr (1944), and

Underkofler, Fulmer, Bantz, and Kooi (1944).

B. Experlmentasl Hesults

The recovery experiments were carried out on lermented

medla resuvlting from the fermentatlon ouf dextrose media by

Aerobacter aerogenes and from the fermentation of corn mashes

by Aerobaclllus polymyxa. The initlal treatment of the fer-

mented media was the ssme in rll casesn, The medium was
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adjusted to pH 8 to 10 by the anddition of concentrated sodium
hydroxide end filtered through » dlatomsceous earth filter
cake, The flltrate was then rendjusted to pH 7 end concen-
trated under vacuum to about one-fourth the originsl volume.
This concentrated solutlion will hereafter be referred to as

the concentrated liquor,

1. Recovery by distillation

A number of dlstillation procedures were tried for the
recovery of the 2,2%-butanediol from the concentrsted liguor.
By employing ordinary vacuum distillation, followed by frac-
tionsl distilletion of the distillste, apnroximetely 60 per
cent of the diol present in the fermentntion llcuor was re-
covered,

One variation of the vacuum distillstion technicue at-
tempted involved introduclng the concentrated solution drop-
wige Into a dlstillation flssk connected through a condenser
and a receiver to the vacuum source. By keeplng the temper-
asture of the dilstillstion flask at about BOOOC., the diol-
water mlxture could be distilled continuously until a large
amount of sollds was deposited in the distillation flask.,
Upon fractional dlstllletion of the resulting distillate,
about 60 per cent of the diol present in the fermentetion

liquor was roeccovered, An additional 12 per cent was recovered
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by extracting the distillestion residue with 95 per cent

ethanol and fractionating the resulting solution.

2. Recovery by solvent extraction

Solvent extraction was found to be a more practical
recovery method on a lnboratory scale thsn was vacuum
distillation., Diethyl ether was used as the extraction
solvent. A number of commercizlly svallable laboratory
continuous ligquid-liouid extractors were tried but most of
these were poorly desligned asnd the extractlions became time-
consunlng operations. As a result, a laboretory continuous
countercurrent liculd-liocuvld extractor was designed by
Kolfenbach, Kooi, Fulmer, =2nd Underkofler (1944). Using
this extractor, over 80 per cent of the 2,%-butanediol
present in s concentrated licuor containing 15 per cent of
2,3-butsnediol was extracted in about 7% hours of continuous
operation. The dlol in the extract was recovered by evapor-
ating the ether over o water bath and fractionally Adistill-
ing the residusl liquid. Over21ll recovery of the 2,3-butane-

diol by this procedure was 85 to 90 per cent of that present

in the fermentation liquor.
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VIII. SUMMARY

1. A study of the production of £,3-butanediol from

dextrose by fermentation with Aerobacter aerogenes was under-

taken, By adding calcium carbonate to the medium and nerst-
ing, the fermentation time was decre-sed to as little as 34
hours. In fermentations conducted on a large laboratory
scale, ylelds of £,%-butanediocl as high as 35 per c;nt by
welght of the dextrose added have been obtained.

2. A study of the productlon of 2,3-butanediol from

corn by fermentatlion with Aercbacter aerogenes was undertaken.

The use of brewery equipment and techniques for conducting
the fermentatlon was iInvestigated, The addition of manganous
sulfate tc the fermentation medium, the lowering of the
saccharification temperature, and the sddition of malt or
malt extract to the fermenting medium effected an increase
in the yield of 2,3-butanedlol obtained. In fermentations
conducted on a laboratory scale and on a semi-pilot plant
scale, 3% per cent of the welght of maltose present in a
filtered wort has been converted to 2,3-butanediol.

3. The production of 2,3%-butsnediol from corn by fer~

mentation with Aerobacillus polymyxa has been investigated,

Long periods of fermentstion led to an incresse in the yield
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of acetylmethylecarbinol and a decrease in the yield of
2,3=-butanediol, partlicularly at low mash concentrations.
The welght per cent ylelds of 2,3-butnrnediol obtained [rom
pre-thinned mashes containing up to 40 grams of corn per
100 ml, were nearly as high as the yields obtained {rom
more i lute mashes, However, considerable residual csarbo-
hydrate remained when the mash concentrction was high.
Nesrly 30 per cent of the weight of starch present in a 10
per cent corn mash was converted to &,3-butsnediol in 43
days.
4, A study of the production of 2,3-butanediol from

corn starch by fermentetion with Aerobacillus polymyxa wes

undertaken, The effect of the addition of & number of
inorganic and orgaenic materisls to the medium was investi-
gated., The addition of complex sources of nitrogen,. such
as corn gluten or corn steep licuor solids, wes essential

to producing high yields of 2,3-butanediol. By the addition

ped

of a small amount of potassium permanganate to a medium
containing corn starch, calelum carbonate, and corn gluten,
the vield of Z,3-butenediol obtained was as high as that
obtained in the fermentation of a corn mash equivalent in
starch content to the starch mash., Ylelds of Z,3%5-butanediol
obtained were nearly 27 per cent by welght of starch added,

Extensive subculturing of the organlsm was f'ound to

have 1ittle effect upon the ylelds of Z,3-butanedlol obtained.
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Higher yields of “2,%-butanediol were obtained from mashes
with high surface~volume rsotios than from mashes with low
surface-volume ratlos,

The addition of malt sprouts and brewers' yeast to the
inoculum medium resulted in higher ylelds of 2,3-butanediol
then those obtazined when these substances were not added to

the inoculum medium,

5, 7The recovery of 2,3%-butsnediol from fermented media
by solvent extraction was found to be more efficient than
recovery by distillation. It was found possl ble to recover

90 per cent of the Z,7-butanediol present in the fermenta-

tion liquor,
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DESIGN AN CONSTRUCTION OF SEMI-PILOT PLAWY FEREFNYER AND

EXTHACTOR UNITS

The seml-pilot pnlant fermenters and bthe extractor shown
In the diagroms below were designed and constructed in connec-
tion with the foregolng investigations. It was originally
planned to f'cllow each phase of the investigation with semi-
pllot nlent fermentotions in order to determine if the results
obteined 1n the laboratory could be dupliceated on a larger
scale, The diffieculty in obtaining materisls prevented the
reslization of this objective during the course of the present
investigstion,

'the floor plan and the locstlon of the ecuilpment are
shown in figure 19. 'The still, condenser, and vacuum pump
were commercinl semi-pilot plent units, The floor was ccn-
structed of concrete,_and 11 of the equlpment was anchored
on ralsed conecrete blocka, The floor was =o constructed
that all points sloped toward the drain.

Vignre 20 shows the line diagrsm of the 50-gallon fer-
mentor unit, All outlets to the fermentatlon tank were
equipped with tapped valves., Provision was thereby made for
sterilization by passing steam through the portions of the

pipes which covld not be sterilized by steum under pressure,
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Provigions were also made for ruonning cooling water through
the water Jucket,

The line disgrom of the 20-gellon fermenter 1s shown in
flgare 21. The pining detail is similar to that tfor the
larger fermenter, except that the steam is introduced into
a coll rather than into o jacket. TMNirect steaming of the
medium can be carried out by capning the fermenter drain and
introducing live steam through the stesm line connected to
the drain valve,

‘he line diagrem for the proposed construction of a
semi-pllot plant extractor unlt is shown in figure 22. lhe
deslgn has been petterned after the laboratory continuous
counter-current liould-liquid extractor of Kolfenbach, Kool,
“ulmer, end Unﬂerkofler.l The column is a H-foot section
of B-inch inside-diameter cast iron pipe. Three 12 by 1
inch sight glasses are spaced at intervels on the front of
the column to permit obeervation of the solvent and feed
levels and of the degree of dispersion., ‘T'he piping details
allow for the use of either lighter-than-water solvents or
heavier-than-water solvents, ‘Ihis extractor heos been de-

signed for use with a packed column and discontinuous feed.

iRoli‘enbnch, Je Je, He ¥, fool, F. L. Fulmer, and L. A.
Underkofler. Ind. Eng. Chem., Anal, Bd. 16, 475-474 (1944).
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The solvent is continuously vanorized in the boiler shown
at the right in figure 22, The feed 1s vlaced in the tank
shown st the top of the figure and after passing through

the column 1s collected in the raffinste tanik shown at the
bottom., When the feed tank has been emptied, the raffinate

is ftorced up to the feed tank by air pressure and recircul-

ated,
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