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I, INTRODUCTION

Glycerol, or glycerine as it is commonly called, has
become a very important industrlal chemical. In addi-
tion to the uses for which it is essential there are a
wide variety of applications which would lead to expanded
consumptlon of the commodity if it were available in
larger quantities at a reasonable cost. At present it 1is
used most extensively in textiles, resins, and explosives,
The last use waé brought to our attention by the household
fat salvage project during the recent war. This conserve
ing of fats also emphasized the fact that our prinecipal
source of glycerol was the fat-splitting process. A new
synthetic plant which went into operation in 1948 is ex-
pected to assure a more adequate supply of pure glycerol.

‘The Termentation processes for producing glycerol
have been restricted mostly to war-time use when the ne-
cesslty for having it for explosive manufacture overcame
considerations of cost. C(ermany made considerable glycerol
by fermentation during the World War of 1914-1918, Thelr
process was developed by Connstein and Ludecke and cone
sigsted of the fermentation of beet sugar in the’presenea
of sodium sulfite as a fixing agent for acetaldehyde. By

a rather inefficient method Germany used the process in
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24 factories with the smaller ones shipping the fermented
slop to the larger ones for the recoﬁery of the glycerol.
According to the description glven by Lawrie (1988) the
output amounted to approximately 1000 tons each month after
the factories got into operation on a large scél®* A ;ittl&
glycerol was made by fermentation in the United Statas:
after the German process had been developed, but here an
alkaline method using sodium carbonate was worked out by
Eoff. England made glycerol by a fermentation process of
Cocking and Lilly which was reported to glve very good
yields approaching the theoretical value, This method was
simllar to that of Connsteln and Liudecke but used sodium
bisulfite in addition to the sodium sulfite in order to
obtain increased ylelds of glycerol,

In recent years no very drastic changes have been
developed in the processes for producing glycerol by ferw
mentation., Most of the later patents in the field are
based on only slight modifications of the processes men-
tioned above. HMuch work has been done on the problem of
reeovering the glycerol from fermentation residues. There
have been a number of extraction methods worked out which
are claimed to be more efficient than the older distilla=-
tion methods.

Experience has shown that much of the difficulty and

expense involved in the fermentation processes arises {rom
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the recovery of the glycerol. The most troublesome factor
is the high concentrations of soluble salts present in the
fermented beers. PFor thisg reason Hlckey (1941) investigated
the uge of less soluble sulfites. He employed magnesium

or calcium sulfite instead of the sodium salt, Unfortun=-
ately the ylelds were not as high; however, the recovery

of the glycerocl should be simpler since the calcium and
magnesium salts can be removed by filtration. Sodium ions
carmot be gotten rid of so easily, for no common sodium
salts are Iinsoluble,

HMost of the fermentation procedures for glycerol that
are described in the literature use sugar as the raw ma=-
terial, but it would be desirable from the standpoint of
initial cost to use starch. There are very few references
to the use of starch for this fermentation although it is
suggested in a few instances, Connstein and Liidecke men=
tion the use of a saccharifled starch mash in one of their
patents, but they give no data on its use.

The theoretical yleld of glycerol is approximately
51 per cent, and there are some claims of very nearly this
value, However, the majority of the ylelds reported for
large~scale fermentations of commercial size éra in the
region between 20 and 30 per cent., If the ylelds are
given for glycerol recovered, they are even lower. There
is correlatlion between the size of the inocula and the

yields obtained.
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The purpose of the investigation on which this thesis
is based was to determine the best conditions for a glycerol_
fermentation proecess using stareh as the fermentation sub=
gstrate. It was hoped that a process could be developed
which might have practical application for commercial
glycerol production. To this end most of the work was done
with the use of those sulfites which would not increase
the concentration of soluble salts enough to make the

glycerol recovery too difficult.



II. HISTORICAL

The history of glycerol from its preparation by Scheele
in 1779 until 1928 is very well covered in the monograph
by Lawrie (1928)., PFor that reason 1t will be necesgsary to
deal here wilith only those phases of the subject directly
concerned with the present investigation. The principal
pointg of interest will be the lfermentation methods for
the formation of glycerol. |

The literature mentions varlious synthetic methods for
preparing glycerol. Wurtz (1857) made it by reacting
1,2,3,~tribromopropane with sllver acetate and hydrolyzing
the product, triscetin, with alkali, When it was dlscover-
ed that propylene could be chlnrinated to allyl chloride,
it was reallized that this reaction could be used as an ime
portant stariting step for the synthesis of glycerol. The
industrial prospects of this method were discusszed by
Levey (1938), and he concluded that it was economically
sound, Willlams (1941) also evaluated the economic factors
snd presented the process as a desirable method for
glycerocl production. The commercial synthesis using proe-
pylene as the starting material was begun finally in 1948
and 1s described in "synthetlc Glycerine™ and "Glycerine

by Synthesis™, two anonymous articles in Chemical Engineer=-

ing for October 1948,
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A proceas for produclng glycerol by the hydrogenolysis
of carbohydrates has been patented by the Association of
American Soap and Glycerine Producers, Incorporated (1939).
It consists of treatinzg a polyatomic aliphatic alcaholl
such as sucrose with hydrogen under pressures of about 145
atmospheres and at temperatures above 145° C, Copper
aluminate is used as a catalyst, and anhydrous methanol is
used for a carrier., The products obtained were 45.8 per
cent propylene glycol, 21.5 per cent glycerol, and 6.3 per
cent of less volatile glycerol-like compounds,

Pasteur (1858) first reported discovering glycerol as
a fermentation product. He found that the normal amount
of glycerol formed in fermentations with pure yeast cule
tures was about 3 g. from every 100 g. of sugar. His re=
sults were based on investigations concerned with the pro=-
duction of wines and beers,

Many studies on the mechanism of glycerol formation
by yeast have been made, Neuberg and his associates (1917,
1919) did much of the earliest work., He proposed three
forms of suger dissimilation that were possible for yeast,
The principal reaction for a normal alcoholic fermentation
is expressed by the Gay-Lussac equation:?

CgHy20g —>2CoH50H + 2C0g.
If, however, an aldehyde-fixing agent 1s present, the second
form of dissimllation takes place according to the follow=-

ing equation:
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CgHyo0g — CzHg0z + CHzCHO 4+ COg
The third type is similar to the second but includes a
conversion of the ascetaldehyde to ethanol and acetic acid
as brought about by alkaline conditions. To fix the
acetaldehyde and cause the fermentation to take the second
form, Neuberg used such agents as dimedon or the sulfites
of sodium, calclium, magnesium, or zinc., Kobel and Tychowski
(1928) reported using carbaminic hydrazide (semlcarbazide)
and thiocarbaminic hydrazide for the same purpose.

The scheme of Embden, Meyerhof, and Parnas for sugar
dissimilation provides the most generally accepted ex-
planation for the formation of glycerol by microorganisms,
According to thils mechanism glucose is first phosphorylated
to a hexosediphosphate which then is broken down into two
triosephosphates, dihydroxyacetone phosphate and glycer-
aldehyde phosphate. The last two compounds are in equi~
librium with each other. For the normal alcoholic fer-
mentation the glyceraldehyde phoéphate is converted by a
serlies of resctions to pyruvie acid, which is decarbo-
xylated to acetaldehyde., The aldehyde 1s reduced finally
to ethanol, In Neuberg's second dissimilation form, where
the aeetal&ghyde is fixed by some sulfite or other agent,
the aldehyde cannot be reduced, but instead dihydroxy-
acetone phosphate is reduced to X-glycerophosphate. This

compound decomposes to give glycerol. Porter (1946)
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discusses the above fermentation scheme in much greater
detall,

As mentioned earlier, in the normal yeast fermenta-
tions traces of glycerol are always found. It 1s supposed
that according to the Embden, Meyerhof, end Parnas scheme
this 1s the result of the reduction of some dihydroxyacetone
phosphate In the early stages of the fermentation before
much acetaldehyde is formed. Once an adequate supply of
the aldehyde has been produced, it replaces the dihydroxy=-
acetone as the hydrogen acceptor.

There are numercus books which glve discussions of
this fermentation mechanism and of the glycerol fermentation
in general. Lawrie (1928) reports on much of the experi-
mental work supporting it. The Neuberg and Heyerhof schemes
are discussed by Prescott and Dunn {(1940) and Porter (1946).
A brief review on the production of glycerol by fermentation
is found in the article by May and Herrick (1930). A col=-
lection of abstracts of articles and patents on the subject
was put out by Whalley (1942).

Maller=-Thurgsu and Osterwalder (1914) were probably
the first to observe that when sulfurous acid was added to
a fermenting sugar solution it combined with something in
the solution. They supposed that the compound which re-
acted was acetaldehyde, and it was later proven thét they
were correct. The acetaldehyde-sulfurous acid complex and
its sodium salt had been known for quite some time before

this.
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Connstein and Liidecke (1919) studlied the glycerol fer=
mentation from the standpoint of its industrial possibilie-
ties., They first considered an alkaline process. Lawrie
(1028) gives their results from using the following alkaline
salts: sodium acetate, secondary sodium phosphate, sodium
bicarbonste, and ammonium carbonate.

As 1s so often true with sarlier work, no pH values
were reported for the solutions used in the work mentioned
above,., This means that the glycerol ylelds cannot be cor-
related with the alkalinity of the fermentation mashes. In
many cases it is difficult to decide how much of the effect
of the salts 1s due to the pH and how much to other factors,

Lawrie (1928) mentions several other reagents that
Neuberg had used for the alkaline fermentations. These
included sodium carbonate, potassium carbonate, potassium
bicarbonate, magnesium oxide, tertiary sodium phosphate, and
zinc hydroxide, Contamination was found to cause diffie-
culties frequently in some of the fermentations in alkaline
medium since many bacterlia will grow quite well under these
canditians.' This trou513 was not encountered when high
concentrations of sulfites were used. The sulfite has
enough antiseptic action to keep contaminants from inter-
fering. Apparently the téxicity is due to the bisulfite ion
present in the solutions. Since secondary infections are

important considerations for industrial fermentations,
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Connstein and Liidecke turned to the sulfite process,

Sodium sulfite was used to fix the acetaldehyde. In-
creas Ing the amount of the sulfite in the medium increased
the yleld of glycerol. Lawrie (1928) gives a rather detailed
report on the results of this study. The data do not show
any maximum yleld reached by increasing the sulflite con-
centration., However, the increase in yield is too small to
overcome the losses of recovery from the mashes with the
high salt contents., When the amount of sodium sulfite is
increased too much, the fermentation is slowed down, and
the yeast does not function properly. The numerical re-

sults are shown in Table 1.

Table 1

Yields of Glycerol with Various Concentrations
of Sodium Sulfitex

e e R e e
Sodium sulfite Sugar Glycerol yield
(parts by weight) (parts by weight) (per cent on sugar)

40 100 23.1
67 100 24,8
80 ' 100 287.3
100 100 30.1
120 100 33.0
150 : 100 54.6

200 100 3647
s#hdapted from Lawrle (1928)
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Connstein and Ludecke used 40 parts of the sulfite for 100
parts of sugar in their industrial procedure.

The processes were patented by Connstein and Ludecke
in Germany, Hungary, Austria, and the United States. Patent
references are listed in Lawrie (1928). There were five
claims in the United States patent of Connstein and Ludecke
{1924)., The first was for a process for manufacturing
glycerol by adding alkaline sulfites (until alkaline re-
action) and yeast to sugar and then fermenting the mixture.
They made & second claim for a process involving separation
of the yeast after the initlal fermentation and repetition
of the fermentation by adding the separated yeast and
alkaline~feacting substances to more sugar. The third claim
was for a process using neutral salts of magnesium in a
higher amount than necessary as yeast nutrients. Under the
fourth claim they suggested adding new portions of sugsr
after part of the original sugar had been fermented, The
last claim was for a process of producing glycerol by fer=-
menting a solution of fermentable sugar in an alkaline-
reacting medium., These claims were from the last of all
thelir series of patents taken out in the various countries
mentioned above,

Connstein and Ludecke stated that nelther the kind of
sugar nor the variety of yeast affected the fermentatlon.

Gehle (1922) disagreed with the statement in regard to the
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effect of different yeast strains. The specles of yeast

used was genserally Saccharomyces cerevisiae.

Connstein and Liidecke (1921, 1924) used molasses and
reflined and crude sugars, all successfully. They found that
the yeast could be recovered and added to the next fermenta=
tion without decreasing the ylelds of glycerol., Although
this procedure was not recommended by some other Iinvesti-
gators, Connstein and Lidecke reported the results given

in Table 2 for a series of fermentations they ran.

Table 2

Yields of Glycerol Using Yeast from One Fermentation
as Seed for the Next#

e St i it o e e ot g et e et A

Times yeast was used Glycerol yiald
{(per cent on sugar)

18,8
21,4
22.9
22.8

22.3
20,9
19.9
2l.2

G-I RO H

#Adapted from Lawrie (1928)

‘A typical example of the Connstein and Lidecke process
is afforded by the followlng description: To a solution of

one kge. of sugar in 10 liters of water, nutrient salts of



potassium, phosphorus, magnesium, and nitrogen, 100 g. of
fresh yeast, and 400 g. of anhydrous sodium sulfite were
added, After the mixture was well stirred, 1t was held at
30° C, for 48 to 60 hours. The alcohol was distilled off,
and the sulfite was removed as calelum sulfite befaré the
glycerol was recovered,

These investlgators also trlied salts other than sule
fites, but they all gave lower ylelds of glycerol. Table 3

indicates the results they obtained.

Table 3
Yields of Glycerol with Various Salts#

Salt Glycerol yield
(per cent on sugar) {per cent on sugar)
Calcium chloride 40 8.2
Ammonium chlorlde 30 743
Sodium chloride 19 B840
Sodiunm gulfate 24 647
Sodium sulfate 48 8,0
Sodium nitrate 34 5¢5
Ferrous sulfate 60 11.8
Ferrous sulfate 120 13.1
Aluminum sulfate 39 2.4
Aluminum sulfate 44 11,6
Aluminum sulfate 80 1640

#Adapted from Lawrie (1928)

It is interesting to notice that even the saltis which give
gn acld reaction bring about the production of considerable

glycerol, .
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Cocking and Lilly (1922) developed a process which was
a nodiflecation of the Sulfite process of Connstein and
Liudecke. They reported that they could produce glycerol
in almost theoretical amounts. In this Engllsh process 1t
was found possible to make use of bisulfite in conjunction
wlth normal sulfites to produce a mixture which was neutral
in reaction to litmus. Although bisulfites are relatively
atrong antlseptics and cannot be used alone in large guanti-
tles in the glycerol fermentation, they may be introduced
in low concentrations into medium containing sodium sulfite
without harming the yeast,

‘Gehles (1922) confirmed Neuberg's work with regard to
the equivalence between the acetaldehyde and the glycerol
produced by the fermentation of sugar in the presence of
sodium sulfite, He found an alteration in the fermentation
products with iIncreasing sulfilte concentrations and a dif-
ference in strains of yeasts in their degree of resistance
to the toxielty of the sulflte. By analyzing for aldehyde,
glycerol, alcohol, carbon dioxide, and acetic acid, he could
account for 85 to QOAper cent of the sugar. The total
smount of glycerol produced was equivalent to the amount of
acetaldehyde plus & 1little more comparable to the quantity
produced in a normal alcoholic fermentation and an "oxida=-
tion value™ calculated from the acid production.

The manufacture of glycerol by the use of sulfur
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dioxide gas was patented by Barbet (1928). The gas was
added to a molasses mash before Inoculation and continue
ously or intermittently after the fermentation had started.
Care mat be exercised to avold using the gas in quantie
tles large enough to poison the yeast., This was another
case in which an acid mash was used for the glycerol fere
mentation instead of the more usual alkaline reaction.

Iiidecke and Ludecke (1929) patented a method which ine
volved following the distillation of beer from one sulfite
fermentatlon with another fermentation. They used a temw
perature of 30° to 35° C. and a period of two days before
the distillation, ﬁégnesium and nickel sulfates were added
to the mash, The yields were about 24 to 27 per cent glyc-
erol based on sugar.

Tomoda (1921 to 1929) made an extensive study of the
sulfite fermentation for preparing glycerol., He investle
gated the acetaldehyde-bisulfite complex and its effect on
glycerol ylelds. By increasing the acldity of the fer-
menting medium Tomoda (1924) found 1t was possible to de=-
crease the dissociation of the aldehyde éemylex and ralse
the ylelds. The toxiclty of the bisulfite lon as con-
trasted with the aldehyde~bisulfite complex was demeﬁstrata&
by Tomoda (1928a). The aleshol and glycerol production
were observed to occur in parallel by Tomoda (1928bj.

He worked out mathematical equations to express fthe amount



of glycerol produced for given concentrations of sugar and
sulfite. The velocity constants were determined by Tomoda
{1929b) and found to be different functions of the concen-
tration of yeast for different media., He alsoc studied the
formation of 2,3=butylene glycol and acetlc acid in this
fermentation,

Further improvements in the sulfite fermentation were
claimed by Imperial Chemical Industries, Ltd. and Lilly
(1930) and Glordani (1932). The latter used high concentra=-
tions of bilsulfite in his fermentationa. He obtained
yields of 25 per cent glycerol from mashes contalning 20
per cent sodium bisulfite.

Most of the work dealing with glycerol fermentations
has been done with yeast, but Takahasi and Asal (1933)
published an article on the production of glycerol by vari-
9us‘s§eciss of Mucor. The molds produced normally 3 to 9
per cent of glycerol based on the sugar consumed. Alcohol
production approximately paralleled the glycerol production.
When sodium bisulfite was added, the glycerol yield was in-
ereased, The optimum concentrabtion of the bisulfite was
6 per cent, With this amount the glycerol yield was 21,5
jée’r cent based on the glucose assimilateda

Yeast may be used repeatedly wlthout loss of activity
in sulfite fermentations according to Kurbatova and Shakin

(1936). They stated that the culture should be grown in
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sulfite-free medium between each sulfite fermentation.
They also recommended that the yeast be separated from the
sulfite medium as8 soon as the fermentation 1ls Tinished,
This was & confirmation of the results of Connsteln and
Lildecke on the continued use of the yeast. In the process
of Connsteln and Liideecke, however, 1t was not specified
that intermediate medium wlthout sulfite was necessary.
Rao (1937) experimented with glycerol fermentations
of waste cane molasses. He reported on fermentations with

Saccharomyces cerevisiae in the presence of alksline sule-

fites, carbonates, and bicarbonates, The yiel&sAobtained
were from 10 to 15 per cent of glycerol based on the sugar,

The Norddeutsche HefeiIndustrie A.-G. (1938) patented
a8 glycerol fermentation process using 3 per cent sodlum
chloride in addition to the sulfite, The method used sugar,
sodium cﬁlcriaa, sodium bicarbonate, ammonium sulfate,
magnesium gulfate, and veast and operated at 37° €. and a
pH of 72 to 7.5, Haehn (1938, 1940) claimed aeration in
the presence of oxidatlon catalysts, such as iran or maﬁ~
ganese salis, produced good yields of glyecerol.

Corneé (1941) patented a process using 200 to 230 g.

=3

of sodium sulfite for 180 g. of sugar and a pH of 8. The
fermentatlion was conducted at 34° to 35° C. for 5 days,
and then the solution was distilled at 110° to 120° C. The

reslidue was evaporated and distilled at 10 mm. pressure
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and 170° to 180° C., to give a 33 to 35 per cent yleld of
glyecarol,

.Hickey (1941) studied the preparation of glycercl using
ammonlum, calecium, or magnasium sulfites in & sugar medium.
Later Fulmer, Underkofler, and Hickey patented a process
for the caleclum and magnesium sulfites, The study was exw
tendeé;by Lees (1944) to converted starch media using
principally magnesium sulfite. The next year Neuberg and
Roberts (1946) took out a patent on a sulfite process, which
used a mixture of sodlum sulflte and sodium bisulfite and
gave a yleld of 35.2 g« of glycerol from 95 g. of sucrose,
One of the most recent patents on a sulfite process was that
of Fulmer, Underkofler, and Hickey (1947) using ammonium
aulfite,

Considerable work has been done on the production of
glycerol by alkaline fermentatlon methods since the other
products 1ln these methods are sethanol and acetic acid, wﬁieh
are more desirable than the acetaldehyde produced by the
sulfite process. Eoffl davelapeé4the best-~known American
godlum carbonate fermentation. Due to a report during World
War I that glycerol was'beihg produced in Germany by a fers
mentation method, research on thls problem was started In
the United States. Eoff (1918) obtained a patent on glycerol
manufacture by a yeast fermentation in an alkaline medium.

He claimed best results by the use of a temperature of 37°
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Ce and by acclimatization of the organism, Saccharomyces

ellipsoideus, variety Stelnberg, to the alkaline fermenta-

tion eonditions. About 20 per cent of the sugar was con~
verted to glycerol when sodium carbonate was used to main=-
tain the degree of alkalinity Just below a value which would
inhibit the yeast growth. For maximum yields 1t was necesg=
gsary to use amounts of alkall up to the endurance limit of
the organism. A sugar concentration of about 17.5 ge. per
100 ml, of medium was best. The fermented solutlon from
whioh the glycerol was to be racov§raé~eantained 4.4 parts
of solids for every part of glycerol, and this made the re-
covery process difficult and expensive,

Usually the yields obtained from the slkaline fermenta~
tions are lower than thase of the sulflte processes, Adams
(1919) reported only 3 per cent glycerol from sugar using
sodium.earbanata. Increased glycerol yilelds were cbtained
by Boff, Lindner, and Beyer (1919) from the addition of
alkaline reagents, such as sodium and pobassium carbonates,
bicarbonates, and hydroxides, to a fermentation medium.

MeDermott, in the book of Lawrie (1928), gave his
theory of the glycerol fermentation of molasses, A shift
from an asid reaction to an alkaline one was considered to
cause a 8hift from the first form of Neuberg's schemes to
the third form. His theory was that the different hydrogene

ion concentration changed the actlon of the yeast enzymes



on the carbohydrate belng fermented. He also stated that
the reason molasses was a good substrate for the alkaline
process was the buffer action of the soluble ash content.
He pointed out that the buffering effect helped to maintain
& more constant pH by lessening the alkalinity when the
alkall was added and preventing a rapid lowering of the
hydroxyl~ion concentration by the fermentation afterwards.
Experimental data were given to show the buffering actlon
of molasses mash as contrasted with a synthetlc mash when
soda ash was added at intervals., The pH of the molasses
mash was more nearly constant and gave a yleld of 18,54 per
cent as against 15.24 per cent for the synthetle mash.

MeDermott stated that a lowered production of glycerol
resulted from using those types of molasses having a lower
*buffer effect.s A poor molasses would be improved by adding
buffers or arranging the soda dosage to keep the pH more
constant. He thought increasing the concentration of the
mash might have the same effect sinece there was an indication
from the literature and from practice that high salt or sugar
concentrations alone would increase the glycerol prodic tion
as compared to less concentrated media. McDermott (1929)
patented an alkaline glycerol fermentation process using
sodium carbonate.

Neuharg.and'ﬁebal (1930) studied the fermentation of

non-phosphorylated sugar to produce glycerol and pyruvie



acid, Carothers, Hill, and Van Natta (1933) patented another

process for manufacturing glycerol by theruse of alkall,

One of the most important parts of their patent was their

distillation method for reeovering the glycerol. After re-

mﬂving the alcohol the slop was distllled by spraying it

counter current Lo a stream of superheated steam In a

vacuume. The distillate was further purified by mixing with

lime and blowing air through the mixture to destroy phenols,

kThﬁ Norddeutsche Hefeindustrie, A.=G. (1938) described

an alkaline method. HMagnesium carbonate was used to neutrale-
ize the scld formed during the fermentation. Another proe

| cess patented by Erug and MeDermott (1935) made use of
ammonia as the alkaline agent. This had the advantage of
making the glycerol recovery simpler since armonla and

its salts can be removed. vThe pH of the mash was adjusted

to about 7.3« Using molasses they obtained yields of

18 per cent glycerol based on the sugar,

Hickey {1941) made further investigatlons on the possie
bilities of the alkaline Fermentation of dextrose by yeast
us ing ammonlum hydroxide as the alkalizing agent, He re-
ported that fermentatlons were unsuccessful when an appre-
ciable ammonium soncentratioﬁ was used In media in which
the pH value was above 7. Vokorny (1913) had studied the
‘effect of ammonia on yeast and had also noticed a toxie

actlion,.



Takahasi and Asal (1933) in their investigations with
mslds‘reported on the effect of addition of alkali, The
use of sodium carbonate increésed the glycerol yleld. Four
per cent was the optlmum coﬁcentratien and gave a yield of
23.5 per cent glycerol based on the sugar consumed.

Hodge (1942) patented a process for the manufacture of
glycerol bj a fermentation of sugar solutions to which am-
monia or an ammonium salt was added In amounts above the
nutrlent requirements; g.g., an ammonia solutlon equiva=-
lent to ore-tenth to one per cent by weight of the mash,.
For tnis method he suggested a pH of 6 to 7, but in a later
patent Hodge (1945a) stated that the more limited range be=-
tween 6,4 and 7.0 was preferable., The process described in
the United States patent by Hodge (1945b) involved growing
the yesst in a low-sugar mash, such as ethanol stillage plus
ammonium sulfate, with aeration. This gave a sufficlent
yeast erop in 12 to 24 hours., At this time molasses was
added to get a sugar concentration of 15 to 20 g. per 100
ml. Aeration was discontinued, and the pH was brought to
approximately 6.6 by adding ammonium hydroxides From
about the twentieth untlil the thirty-sixth hour of the fer=
mentation, & slurry of freshly-slaked lime, or some other
non~toxic neutralizer, was added at intervals to maintaln
the pH between 6 and 7, After the sixtleth or seventieth

hour the beer contalned 2.6 to 3.4 ge of glycerol and 5 to
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7 g+« of ethanol per 100 ml. provided the pH was controlled
'pregerly;

The Aktleselskabet Dansk Gaerings-Industri (1944) pat-
ented a glycerol and alcohol fermentation process In which
concentrated solutlons of raw materials containing sugar
were fermented by means of at least one part of yeast for
sach ten parts of sugar while the solutlon is maintained
weakly alkaline for a part of the time at leasts The solids
in the raw materials comprised at least 82 per cent of fer-
mentable sugar, and the solution contained more than 200 g.
of fermentable sugsr for each liter of the liquid at the
time the fermentation 1s brought to a close. The pH was
preferably 7 to 8 for most of the time and was brought be-
tween 6 and 7 towards the end of the reaction. By ferment=
ing 200 kg. of sugar with 100 kg, of press yeast in 600
liters of water at 32° C., with & continuous addition of
sodium hydroxide solution, there were obtalned after 48
hours 89,6 liters of alcohol and 24.2 kg. of glycerol.

Helsh, Blackwood, and Ledingham (1945) reported the
production of glycerol and 2,3-butanedlol by FPordls strain

of Bacillus subtilis when grown at 30° €, on a glucose

solution at a pH of 6.0 to 6.8 under anaerobiec conditlons.
By the use of calelum carbonate to control the pH, glycerol
vields of 40 moles for each 100 moles of glucose were ob=-

talned under laboratory conditions. Blackwood, Neish,
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Brown, eand Ledingham (1947) found considerable variation in
the yields gilven by different strains of Bgeclllus gubtilis.

A commercial process was patented by Nelsh, Ledingham, and
Blackwood (1947). A sterile 5 per cent solution of sugar
together with nutrients was fermented at 37° C., and the
products included 29.4 per cent glycerol and 23,1 per cent
2,3=bubanediol.

Schade and Férber (1947) obtalned a patent on a process
for the manufacture of glycercl by the fermentation of carbo=
hydrates with yeast in the presence of magnesium carbonate
and with a stream of a neutral gas, such as alr, passing
through the fermenting solution to strip out the more
volatile by~products. These by-products could be recovered
by scrubbing the exit}gas. Hydrolyzed wheat was mentioned
as a substrate, and the conditions used were a temperature
of 32° C. and a pH of 7.0 to 7.2, controlled by adding the
magneslum carbonate. After 26 hours of fermentation 310 ga
- of pure, refined glycerol were obtained from 1700 g. of
reducing sugars. A similar Qroaaag was patented by Schade
(1947) in which a 100 g. of a pressed yeast containing
about 72 per cent of water was added to 10 liters of a
hydrolyzate of a starch material containing about 10 per
cent of total reducing sugar. During fermentation at the
usual btemperature alr was passed through the mixture which

was maintained in the neutral range by contlnuously



neutralizing the aclds formed with the addition of a base,
A yield of 22 per cent of glycerol based on the fermented
sugar and of about 310 g. of yeast wlth a 72 per cent water
content was obtained,

Grover (1947) patented a process f[or alcohol and glycer~
ol using sodium hydroxide, ammonium sulfate, and secondary
ammonium phosphate with Initial aeration to give a good
yeast growth. A 56«hour fermentation produced 40,6 per
cent of ethanol and 8,12 per cent of glycerol by weight on
a sugar basis, It Wés suggested that the spent mash, after
geparation of the yeast and ethanol, be slopped back to
dilute other fermentations thus increasing the amount of
giyesral in the mash, facilitating recovery, and Ilmproving
yields,
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III. EXPERIMENTAL

A, Materials

1+ Comsatareh

The commstarch uséd in these investigations was Buffalo
powdered starch obtained from Corn Products Refining Company s
Argo, Illinois. It waé stored in a tightly sealed metal
drum, The molsture content was found to be 1l.7 per cent.
| According to the official acid-hydrolysis method of the
Association of O0fficial Agricultural Chemists (1945) this
stareh analyzed to give a glucose equlvalent of léé.% per
cent based on the dry starch or 92,0 per cent based on the

wet starch ags it was welighed out for use in this work.

2+ Steep water

Steep water was used as a nutrient in some of the fer=
mentations and In some of the medla for carfying the cul-
tures. It also was obtained from Corn Products Refining
Companye. It contained 50,0 per cent total solids or 63 g.
sollids per 100 ml.

3. Yeasts

A strain of Saccharomyces cerevisiase designated as
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number 43 (Fleischmann's catalog number 2.15-52) was used
for some of the early experiments. It had been used for
alcoholic fermentations in these laboratories for many
years., A medium containing 5 per cent glucose and 0.5 per
cent steep wabter was employed to carry the culture,

Most of the work was done with massive inoculations.
For this purpose ordinary cakes of Fleischmann's fresh
yeast were used. They were obtalned for each experiment as
fresh as possible from grocery stores and were kept in a
refrigerator until used,

Several experiments were carried out with a culture

of Zygosaccharomyces acidifaciens, American Type Culture

Collection number 8768, It was carried on a medium con-
sisting of 20 g. of glucose, 3 g. of Bacto peptone, 0.1 g.
of yeast extract, 3 g. of primary potassium phosphate,

3 ge of ammonium sulfate, 0.25 g, of caleclum chloride, and
0.25 g. of magnesium sulfate in one liter. Regular trans-
fers of the cultures were made every few days to keep them

active,
4, Bacterlium

Some fermentatlons were conducted with Ford's strain

of Bacillus subtilis, American Type Culture Collection

number 102, It was carried on a medium containing 5 per

cent glucose, one per cent calcium carbonate, 0.5 per cent
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yeast extract, 0.05 per cent secondary potassium phosphate,
0,05 per cent primary potassium phosphate, and 0,02 per
cent magnesium aulfate heptahyérate, The culture was trans-—

ferred every two days.
5. Sulfites

Two different lots of magnesium suifite were used in
these Investigations. They both bore the label of the City
Chemical Corporation, New York., The first, used for some
of the eﬁrly experiments, analyzed 56,5 per cent magnesium
sulfite, indicating that it was mostly the tetranydrate.
The other lobt, which was gsed for most of the work, analyzed
48,4 per cent magnesium sulfite, corresponding to the hexa~-
hyéraﬁe. The calcium and ammonium sulfites used were se-
cured {rom Eimer and Amend, New York. The calelium salt was
a dihydrate, and the ammonium sulflite was the monohydrate.
A 1little calelum sulfite and magnesium sulfite were freshly
preciplitated for use in one experiment. The calcium salt
was prepared from calcium chloride and sodium sulflte, and
thé magnegium sulfite was made from magnesium sulfate and

godlum sulfite.

B, Analytleal Methods

1. Determination of alcohol

The aleohol determinations were made by distilling the



media from a Kjeldahl flask and collecting 100 ml. of dis=-
tlllate in a volumetric flask. The distillates were dis=-
tilled a second btime from a flask containing 5 grams of a
mixture of three parts of sodium sulfite and one part of
sodium bilsulflte, The second distillate was placed in a
constant-temperature water bath at 25° C. and then the spe-
eific gravity was determined with a chainomatic Westphal

balance.

2. Determination of sugar

The reducing sugar content of the hydrolyzed starch
mashes was determined according to the method of
Underkofler, Guymon, Rayman, and Fulmer (1943). The reagents
were standaprdized with a series of concentrations of pure
glucose solutions., All of the ordinary analyses for the
worlk done for thils thesls were carried out in duplicates.
Triplicate samples were used where standardizations wvere
involved. The glucose equlvalent of the starch was determ~
ined by the aecid hydrolysis procedure desceribed by the
Assoclation of Official Agricultural Chemists (1945} fol=-

lowed by the redueing sugar analysis.

3+ Determination of sulfite

Sulfite was determined by titration with a standard

0s1 normal lodine solution. This solution was prepared by



dissolving lodine with potassium lodide in water and stand-
ardizing against arsenious oxide. The latter was recrystal-
lized from reagent-grade material using 20 per cent hydroe

chloric acid,

4. Determination of acetaldehyde

Acetaldehyde was determined by finding the amount of
sulfite bound by it. When sulfite is present with acetalde=
hyde in a weally acid solution, there way be considered to
be one sulfite radical assoclated with each aldehyde mole=
cule. This bound sulfite 1s liberated by making the solu-
tion weakly alkaline with sodium bicarbonate. Hence, by
an iodimetric titration of the free sulflte in weakly acid
solution and a further titration after saturating the solu=-
tion with sodium bicarbonate, the amount of bound sulfite
was obtained as the difference between the total and the
free sulfite. Tomoda (1929) described the method. Lawrile
{1928) and Gehle {(1922) also mention methods for determin-

ing acetaldehyde.

5, Determination of glycerol

In most of the experiments, where Saecharomyces

cereviglae was used to carry out the fermentationas, the

glycercl yield was determined by snalyzing for the acetalde=

hyde fixed during the fermentatlion. The correlation between
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the formation of the aldehyde and glycerol was discussed by
Neuberg and Reinfurth (1919), and was mentioned in the his-
torical section of this thesis. This procedure gives values

slightly below the true amount of glycerol.

For the experiments with Zygosaccharomyces acidifacisns,
the asbove method is not applicable since the glycerol pro-
duction involves a different mechanism and the acetaldehyds
formed 1is not equivalent in this case. Here a periodate
oxidation of the glycerol was carried out usling an excess
of perlodate and adding iodide followed by a thlosulfate
titration of the liberated lodine. The procedure followed
was that of Wood and Werkman (1940).

In the experiments with Bacillus subtilis a periodate

oxidation was agaln used, The other principal product of
these fermentations 1s £2,3-butanediol, whieh is also oxi~
dized by the periodate. In the case of the glycerol oxida=-
tion formic acid is formed and can be titrated with standard
sodium hydroxide. The details of this method are aescribed
by Shupe (1943).

C. An Investigation of Various Aldehyde-fixing
Agents To Induce the Glycerol Fermentation
of Acid=hydroyzed Starch
There are numerous reagents that react with aldehydes

to form more or less stable combinations which would probably

prevent the reduction of acetaldehyde to ethanol in
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fermentation medla. Some of these were tried in this experi-
ment even though they couldn't be expected to have much
value for industrial fermentations. ‘Thirty crams of starch
was used In each flask and hydrolyzed by autoclaving with
300 mle of 0.1 normal sulfuric acld at 25 pounds steam
pressure for 2 hours. Following this the acid was neutral-
ized, and the reagents shown in Table 4 were added, Inoccu=
lation was made with a suspension of yeast cakes, and after
3 days glycerol analyses were made by the pericdate-oxida=
tion method following removal of the reagents and reducing

sugars. The yields of glycerol are given iIn Table 4,

Table 4

Effect of Various Aldehyde-fixing Agents
on Yields of Glycerol

i sy St et o4

Reagents addéd tc-SOO ml. éf}mash, 248 Giycsrci ﬁiéld,
per cent of glucose

e v oW e S At e o o

equivalent
Hydroxylamine hydrochloride 10 5.6
Phenylhydrazine hydrochloride 6 Te2
Semicarbazide hydrochloride 10 7ed
Sodium sulfite 30 29,5

The results in Table 4 indicate that all of the re=
agents are effective in inereasing the glycerol yield above

that found normally in yeast fermentations. The use of
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phenylhydrazine and semicarbazide gave falr ylelds. Sodium -
sulfite was far better than any of the other reagents, and
since sulfites are more economical, there would seem to be
no reason to consider the other reagents for an industrigl

process,

D. The Permentation of Acid~hydrolyzed Cornstarch by
Saccharomyces cerevislase in the Presence of Sulfite

le Acld-hydrolysis of cornstarch

Since Goering (1941) had worked out the conditions
necasséry for acid-hydrolysis of cornstarch by sulfuric
acld, this information was used in preparing media for the
glycerol fermentations. An experiment was carried out to
determine the effect on the glycerol ylelds of using dif-
ferent concentrations of sulfuric acid to saccharify the
starch., It was declded to use a perliod of 2 hours and a
steam pressure Gf‘aﬁ pounds per square inch for the cooking.

Thirty~gram gquantities of starch were weighed out and
placed into 500-ml. Erlenmeyer flasks, Three hundred ml.
of sulfuriec acid solutlong of various concentrations, as
given in Table 5, was added to each rléak, All fermentation
madia were prepared and fermented in duplicate., The starch
was gelatinized by heating the mixtures in a hot water

bath until they thickened. They were shaken frequently



during this veriod of heating to prevent the starch from
sticking to the sides and bottom of the flasks. This pre=-
limlnary gelatinization is probably not necessary, but it
avoided the possibility of lumps forming during the cooking
to follow. The flasks were then placed in an autoclave and
heated for 2 hours at a steam pressure of 25 pounds per
square Iinch. The hydrolyzates were neutrallized by thé ad-
dition of calcium carbonate.

When the temperature of the contents of the flasks
had dropped to 60° C,y 1.2 ge of mold bran, 0.9 g. of steep
water solids, and 30 g. of magnesium aulfite tetrahydrate
were added to each flask, After the temperature was down
to 30° Ces the media were inoculated with 30 ml. of a 24-
hour culture of yeast (number 43) grown in a medium con=-
slsting of 5 per cent glucose, 5 per cent magnesium sulfite
tetrahydrate, and 0.5 per cent steep water, The flasks
were placed in an incubator at 30° C., The first glyceroi
analysls was made on the third day after the inoeculation.
For this purpose the total volume of the liquid in each
flask was measured, and 1l5-ml, samples were centrifuged.
Five ml. of the centrifugate was used for titration with
standardized 0,1 normal ilodine solution. A few drops of
6 normal hydrd&hlaric acid and one ml. of one per cent
starch solution were added before the titration of free

sulfite, and excess sodium bicarbonate was added before
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Table 5

Effect of Concentration of Sulf&ric Acid Used for Hy=
drolysis of Starch on Yields of Glyecerol and Ethanol

Conc, of Glycerol yleld, per cent Ethanol yleld,
acid, - of glucose per cent of
normality 3rd day 4th day Bth day glucose
0,01 10.5 12,3 12.3 16.3
0.02 14.5 17.5 17.4 18,8
0.08 14.6 18.8 19.5 18.6
0.1 14.2 18,9 19.8 20.7
0.2 13.8 18,9 1.9 21.8

the second titration as explalned in the section on methods
of analysis. These analyses were repeated on the two fol~
lowing days. Analysis for alcohol was made on the fifth
day. The ylelds found are given in Table 5, These yields
were calculated on the basis of the glucose equivalent to
the 30 g. of starch, as found by the analysis mentioned
under the section on materials, plus the 1.5 g. of glucose
contained originally in the inoculum.

On the basis of the results of this experiment it was
decided to adopt 0.1 normal sulfuric acld as the concentra=~
tion for hydrolysis in future experiments. When the analy-
ses were made on the third day, it was evident that the
fermentations were not complete, for there was an active
evolution of carbon dioxlde from the flasks, The results
of the first set of analyses were rather mlsleading as to

the best concentration of acid, By the fourth day the



“BGm

maximum yield of glycerol, 18.9 per cent of sugar, was

found in the two highest concentrations of acid. On the
fifth day there was still little difference between the
yields of the two highest concentrations. The fermentatlions
were nearly complete by this time since the gassing had
nearly stopped and the analyses of the flasks from the
lower acid concentrations showed little change from the
fourth day.

The color of the hydrolyzates was darker at the higher
acid concentrations. This indicated some destruction of |
sugar by caramelization. From the glycerol ylelds of
Table 5 there is little choice between the 0,1 and 0.2
normal acid. The latter was discarded because of the evie
dence of more sugar decomposition even though this wasn't
indicated in the ylelds,

For an industrial process considerably higher pressures
and a shorter time would be used for this hydrolysis step.
The time could be shortened from hours to a matter of
minutes, but the high pressures required were not readily
avallable in the laboratory. Ruf, Stark, Smith, and Allen
(1948) described an acid~hydrolysis process which is
satisfactory for industrial purposes.

Hayek and Shriner (1944) present a possible process
for hydrolyzing starch by sulfurous acid. It would seem
that it might be applicable to the sulfite glycerol fer-

mentation. For this reason an experiment was undertaken



to test 1it.

5ix grams of starch was placed in each of three pyrex
tubes used for Carius halogen determinations. Enough of a
standard solution of sulfur dioxide in water (titrated
against a standard iodine solution) was added with addi-
tional water to give 60 ml., of acid sclutions contalining
0.340, 0,687, and 1.044 g. of sulfur dioxide, respectively,
in the three tubes, It had been calculated that these con=-
centrations would give final concentrations in the 11qﬁid
phase of 0.5, 1.0, and 1.5 g. of sulfur dioxide per 100 g.
of water after the tubes were sealed and heated to 135° C.
Part of the sulfur dloxide would be driven from the liquid
phase into the gas phase above which had a volume of 50
ml, The calculation was made from an extrapolation to
135° C. of the vapor pressure data for sulfur dioxide so-
lutions as given In volume III of the International
Critical Tables, page 302. The weight of sulfur dioxide
which would be in the gaseous phase was determined ap~
proximately from the gas law equation using a pressure obe
tained from summing the extrapolated partial pressures and
subtracting the partial pressures of alr, water, and sulfur
dioxide at the temperature in the tube when it was sealed,
This quantity of sulfur dioxide was asdded to the amount
desired in the 1i§u1d phase to give the values used above,

Six 50-ml. Erlenmeyer flasks were also prepared in
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duplicate with 3 g. of starch and 30 ml. of 0.02, 0,05, or
0«1l normal sulfuric acid in each to compsare wlth the sule
furous acid hydrolysis. The flasks and sealed tubes were
placed in an autoclave and heated for 2 hours at a steam
prasaure okaO pounds per square inch, After cooling, the
tubes were opened, and a little magnesium carbonate was
added to all of the tubes and flasks to partially neutralize
the acid. Samples were taken for sugar analyses, and then
the contents of the tubes were dlvided between duplicate
50eml. Erlenmeyer [lasks, To all of the flasks enough
magnesium sulfite hexahydrate was added to give 3 g. of the
sulfite in each flask. They were lnoculated with 1.5 ml.
of an active yeast suspension and lncubated at 30° C,

Since large inoculations were used, the fermentations
‘seemed to be complete by the third day. At this time
glycerol analyses were made by the method described for
sulfite fermentations. Table 6 presents the regults of
this experiment.

With the sulfuric acid the amount of conversion to
sugar Increased with the concentration of the acid as in
the previous experiment. However, even with the lowest
concentration the conversion was quite good. The glycerol
yield was less for the lowest concentration even though the
ylelds were calculated on the basis of the sugar found by

the analyai&.



Table 6

Comparison of Sulfurous and Sulfuric Acid Hydrolysis of
Cornstarch for the Glycerol Fermentation

vesnesntioed
———

Concentration of Conversicn'bf ~Glycercl yvield,
hydrolytic agent starch to glu~ per cent of ‘
coses per cent glucose

Sulfuriec acid

0.02 normal 8935.9 14&6

0,05 normal 96,1 16.1

0«1 normal 98,0 16,1
Sulfurous acld

0.5 g. S05/100 g. HgO 6742 13.5

1.0 g. 802/100 g. Hz0 72.5 8.8

1.5 ge 805/100 g. Hg0 80,2 7.6

With the sulfurous acid the amount of conversion to
sugar was not so good but did increase with the concentration
of the secid. Hayek and Shriner (1944) report some better
conversions than thesej; so it is probable that a higher
concentration or higher pressure would have glven better
hydrolysis. The glycerol ylelds were dissppointing. At
the higher concentrations of sulfur dioxide the results
would indicate that the free sulfur dioxide or blsulfite
ion was inhibltng the fermentation.

This sort of inhibition was observed also in some ex-
periments to be éescﬁibed later where sulfur dioxide was
used. Probably a more complete neutralization of the sul-
furous acid to give a higher pH would have produced better

results. According to the patent of Barbet (1928), however,
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the medium could still be acld when using sulfur dioxide.
Although sulfurous acid could probably be used as the hydro=-
lytic agent for a glycerol fermentation of starch, the above
data indicate that the sulfur dloxide process would be more
difficult to carry out than the sulfuric acid hydrolysis,

and it does not seem as sultable for industrial use.

2+ Effect of addition of nutrients to glycérol fermentations

The addition of many of the salts commonly used as
nutrients in yeast fermentatlons was tried by Lees (1944)
and found to have little effect on the glycerol fermenta-
tion. Various less common salts have been reported by
investigators to stimulate yeast fermentations. Some of
these were used for this experiment at the concentrations
gshown to be effective for other fermentations. The pro=-
cedure was similar to that described in the first experi-
ment on hydrolysis with various concentrations of sulfuric
acid. In this case the concentration of sulfuric acid
used for hydrolysis of the starch was 0.l normal. Thirty
grams of cornstarch was added to each 500-ml. Erlenmeyer
flask with 300 ml. of the acid. The starch was gelatinized
in & hot water bath, and the flasks were autoclaved for 2
hours at 25 pounds steam pressure. After the flasks had
cooled, the acid was neutralized as before, and 30 g. of

magnesium éulfitﬁ tetrahydrate and the phosphate, arsenate
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or tartrate were added. Thirty mle of a culture of yeast
grown for 24 hours in a sulfite medium was used for the in-
oculum of each flask. The glycerol yields found as the

fermentatlons progressed are shown in Table 7.

Table 7
Effect of Addition of Salts on Yields of Glycerol

Glycerol yield, per ce
Salt . of zlucose equlvalent
drd  4tn  bth 6th  7th
day day day day day

None 2.3 2.4 3.1 4.2 6.8
KoHPO443HpO, 0.5 g./100 ml, 2.3 2.5 4.2 7.0 9.2
NagHAsOys 0.005 molar 1.9 1.9 2.2 3.2 4.6
KoC4Hy0gs 8 mg./100 ml, 2.2 2.3 3.3 4,2 6.9

These data Indicated that the glycerol fermentation is
slow and the yilelds are low without the addition of nutri-
ents. The use of steep water and mold bran in the first
experiment on sulfurile acid hydfelysis resulted in much
better yields than any of these. The ad&iticn of pvhosphate
increased the yield, and the arsenate decreased 1t, while
tartrate had no effect,

Up to this time most of the inoculations had been made
with ligquid cultures of yeast rath@f than yeast cakes even
though it had been reported by Hickey (1941), Lees (1944),
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and others that massive inoculations gave faster fermenta-
tions and better yields, It was first thought that the use
of yeast cskes was not practical Industrielly, but, since
massive Inoculations and reuse of yeast are practical iIn
Industrial fermentations of sulfite waste liquor and wood
hydrolyzates, similar procedures should be applicable for
glycerol fermentations. Hence, massive Inoculations from
vyeast cakes were used in subsequent experiments, The cakes
were suspended In water to give about one cake in each 45
ml, of asuspension, and 15 ml., or one-third of a cake, was
added to the usual 300 ml. of fermentation medium. For

the present experiment on the effect of some citrates, 30
g« of cornstarch was weighed into each 500-ml, Erlenmeyer
flask, and 300 ml, of 0.1 normal sulfuric acld was added.
The starch was gelatinized, autoclaved at 25 pounds steam
pressure for 2 hours, and cooled., The acld was only partly
neutralized with caleclum carbonate so that the medium re-
sulting would be slightly acid, Thirty grams of magnesium
sulfite and 24 mg. of the citrates were added. Fifteen ml,
of the suspension of yeast cake was used for inoculation,
The fermentations progressed rapialy at 30° C., and analyses
were made on the third day when the rate of evolution of
carbon dioxide had aiawe& do#n. The results of this experi-
ment are shown in Table 8,

Table 8 indicates that the small amounts of the ci=
trates do not influence the glycerol ylelds very much,



Table 8
Effect of Addltion of Citrates on Yields of Glycerol

Cltrate added Glycerol yleld, per cent
of glucose equivalent

Hone 21.1

Magnesium 21.7

Sodium 20.9

Armonium 2l.8

The magnesium and ammonium salts gave slightly better yields
than the control, but the most Important point about these
data is the fact that the fermentations wers all rapid'with
high yields as a result of the massive inoculatlions with
veast cakes. Complex nutrients might be expected to increase
the yields more than salts would. For this reason various
nutrients and enzyme preparations were tried to investigate
thelr effect either as nutrients or as saccharifying agents.
The procedure was aimilar to that of the last experiment
except that the nutrlents and enzymes were added after the
hydrolysls and partlal neutralization when the medium was
8till at 60° C. to glve the enzymes a chance o exert a
further saccharifying action if possible.

The addition of the substances listed in Table 9 Iin-

creased the ethanol yields some but did not appreciably
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Table 9

Effect of Addition of Complex Nutrients and Enzyme
Preoparations on Yields of Glycerol and Ethanol

Substance aéhed:“gg; cent Glycerol yialé;w"#Eiﬁéﬁéi“yiéid;mm
of starch per cent of glu~ per cent of glu=
: cose equivalent cose equivalent

Nothing 24.7 15.9
Yeast extract 1.5 25,2 16.2
Malt 4.0 24.9 17.9
RHozyme S 0.2 25,0 18.1
Amylase concentrate 4.0 25.4 18,5
Mold bran 4,0 2540 18.4
Corn steep liquor 5.0 24,4 18.5

change the glycerol ylelds. There was a slight increase of
glycerol but not enough to compensate for the cost of the
nutrients. For this raason none were used in subsequent
work with massive inoculations,

3. Studies on the glycerol fermentation of cornstarch with
varlous sulfites

Except for the first preliminary experiment the work so
far had been done with magnesium sulfite exclusively as the
fixing=agent., Two other sulfites which could be easily re-
moved after fermentation without increasing the soluble
salt content are calecium sulfite, which is not very soluble,
and ammonium sulfite, which could be decomposed gnd elim-

inated by heating. Thirty- and 60-g. quantities of each of
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the three sulfites were compared in this experiment, The
procedure was the same as iIn previous runs. Thirty grams
of cornstarch and 300 ml. of O.l normal sulfuric acid were
placed in 500-ml, Erlenmeyer flasks, and gelatinization and
autoclaving at 25 pounds per square inch steam pressure for
2 hours followed. Enough calcium carbonate was added to
give a final pH of 6, and each flask was inoculated with
15 ml., of the yeast cake suspension. The results are given

in Table 10.

Table 10

Comparison of Magnesium, Calcium, and Ammonium Sulfites
as Fixing-Agents for Glycerol Fermentations

Sulfifs | leycerol yield, psr cent’
of glucose equivalent
30 ge Magnesium sulfite 23.4
60 g+ Magnesium sulfite 23.1
30 g« Calelum sulfite 4.6
60 g. Caleium sulfite 4,1
30 g. Ammonium sulflte 1.3
60 g. Ammonium sulfite 1.6

Prom the data of Table 10 it was evident that magneslium
sulfite gave much greater yields than either the calecium or
ammonium salt. The fermentations with ammonium sulfite ap-

peared very sluggish with little evidence of carbon dloxilde



evolution. Since the use of 680 g. of the sulfites did not
give increased yields over thoge obtained with 30 g. except
wilth the ammonium salt, 30 g. may be considered a sulfi-
clent amount,

Neuberg and Reinfurth (1919) thought that the uase of
freshly precipltated calelum sulfite in fermentations re=
sulted in higher acetaldehyde fixation than did the use of
a commercisl anhydrous salt. It was decided to try both
freshly precipltated calcium sulfite and freshly precipli-
tated magnesium sulfite in comparison with the commerclal
products. Thirty grams of starch and 300 ml. of 0.1 normal
sulfuric acld were placed in 500-ml. Erlenmeyer flasks, The
starch was gelatinized, autoclaved for 2 hours at 25 pounds
steam pregsure, and cooled., The acid was partly neutral-
ized to give a final pH slightly above 6, an& the sulfites
were added. The freshly precipitated sulflites were prepared
from sodium sulfite and caleium chloride or magnesium sule-
fate,. Iﬁcculatian was made wiﬁh 15 mle of the ususal yeast
cake suspension, The data for these fermentations are given
in Table 11. The yields are those determined on the third
day.

The results in Table 11 indicate that freshly precipi-
tated calcium sulfite may be some hetter than the commerclal
product, but there was no improvement in yilelds using the

freshly precipitated magnesium sulfite. Actually it seemed
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Table 1l

Comparison of Freshly Precipitated and Commercial Sul-
fites as Fixing-Agents for Glycerol Fermentations

Sulfite Glycerol yield, per cent
of glucose equivalent

Magnesium sulfite hexahydrate

30 g. commercial 22,5
30 ge freshly precipltated 21.8
60 g. freshly precipitated 22,0
Calecium sulfite dihydrate
30 ge commercial 4.1
30 g freshly precipitated 4,8
60 g+ freshly precipltated 4,8

that the physical state of the sulfites, in regard to thelr
moisture content and how finely powdered they were, de-
termined how much they tended to cake and form lumps which
ih turn probably affected the yilelds. This would be ex-
pected especially in these fermentations, where there was
no constant stirring but only occasional shaking of the
flasks,

For a commercial pracess\hoth the sulfite and yeast
would probably be recovered and used over in subsequent
fermentationas. This was tried, starting with 30 g. of
starch and 300 ml. of 0.l normal sulfuric acid in 500-ml.
Erlenmeyer flasks. The starch was gelatinized and asuto~

¢laved for 2 hours at 25 pounds steam pressure, After the
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acid had been partially neutralized to give a final pH of
6.3, the magnesium sulfite was added, and Inoculation with
15 mls of the yeast cake suspension followed. The fere
mentations were incubated for 65 hours at 30° C. before
analyses were made. Then the medla were filtered, and the
cakes of sulfite and yeast were added to another set of
flasksyaf hydrolyzed starch medium prepared as before. To
one palr of duplicate flasks no further additions of sulfite
or yeast were made. To the others various amounts of sul-
fite or yeast or both were added as shown In Table 12,

These second fermentations were again incubated for 65 hours

at 30° C. and analyzed to give the results in Table 12,

Table 12

Glycerol Yields of Buccessive Fermentations Using Sule
fite and Yeast Recoverd from Firsit FPermentation in
the Second Fermentatlon

D o O e A . e Pt o P b st

First fermentation Second fermentation

Sulfite Glycerol yield, Sulfite Yeast Glycerol yleld,
added per cent of added added, per cent of

Be glucose equiv. e cakes glucoge equiv.

60 20,8 0 0 15.1

60 20.7 0 1/3 20.1

30 20.2 30 g 17.1

30 19.9 30 1/3 19,7

30 20.4 15 0 16.8

30 20,0 15 1/6 19,0
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The second fermentations gave reasonably good yiel&s,
indicating that the sulfite and yeast can be recovered and
used over, The addition of more yeast resulted in better
fermentations than where no more was added, Yhere were two
posslble reasons for this. For one the filtration process
used to recover the sulfite and yeast from the first series
was very slow so that the yeast was often dry and probably
not wvery active by the time it was added to the second seriles,
and for another the conditions of these rapid fermentations
wlth massive inoculations véry likely give 1little growth of
the yeast. (

When calcium aulfite was used as the fixing-agent,
mich poorer glycerol yields were obtained than with magnesium
sulfite. It was desired to find the effect of adding mag=
nesium ions to a calecium éulfita fermentation. Thirty
grams of starch was weighed into 500-ml. Erlenmayer flasks,
and 300 ml, of O.1 normal sulfurle acld was added, The
medium was asutoclaved for 2 hours at 25 pounds steam pres-
sure. The acid was neutralized with calcium carbonate,
and then 30 g. of calcium sulfite dihydrate and various
amounts of magnesium sulfate were added to the flasks.
Inoculation was made as ususl, and glycerol was determined
after 65 hours of incubation. The data are reported in
Table 13. ‘

The results in Table 13 indicated that the magnesium



Table 13

Effeet on Glycerol Ylelds of the Addition of Magnesiwm
Sulfate to Caleium Sulfite Fermentations

&gmesium sulfate hﬁptahyarate Glycerol yield, per
a&ded, Es cent of glucose equlv,

0 5.0
6 643
12 75
18 8.0
24 8,8
30 Qb

sulfate Iincreased the glycerol yields from caleium sulfite
fermentationa. The ylelds increased up to the highest cone
centration of magnaéium sulfate used. This is interesting
from a theoretical standpoint, but for a practiecal industrial
process 1t 1s not significant. The highest yleld 1s still
less than half of that obtained with magnesium sulfite.

Since the last éxperim@nt showed that magnesium lon
improved caleium sulfite fermentations, 1t was decided to
try various mixtures of the sulfites as fixing-agents. The
stareh was hydrolyzed In the usual manner., After the acid
had been partly neutralized with calcium carbonate, the sule
fites were added in the amounts shown 1n Table 14, Glycerol
analyses were made on successive days with the results col=-
lected in T&bie 14.

The resaults indicated that the mixtures do not give as

good ylelds as the magnesium sulfite alone. The yilelds



Table 14

Effect of Various Mixtures of Hagnesium and Calclum or
Ammonium Sulfites on Yields of Glyc@rol

FMagnasium.'Calcium Ammgnium » Glyceral‘yield, p&r‘cent

sulfite sulfite sulflte _of glucose equivalent
6 HoOy go Z2Hp0,g. HoOy g “First Jecond Third
day day day

30 0 0 12.0 19.1 20.5
60 0 0 11.5 17.6 2l.2
20 10 0 11.6 18.7 18.0
15 15 0 11,6 15.8 15.9
40 0 20 6.7 6.2 6.2
15 0 15 35 3.1 3.2

from the magnesium and calecium sulfite mixtures were fairly
good but decreased as the proportion of the caleium salt
was increased. The calcium sulfite was probably contribut-
ing very little to the aldehyde fixation. Results from
other experiments would lead to this conelusion., Ammonium
sulfite appears actually to inhilbit the fermentation when
added with magnesium sulfite. The glycercl analyses gave
lower values on the sscond and third days than were obtalned
on the first day. These flasks exhibited practically no
gas evolution or other signs of fermentative activity., Ex~-
cept for the fermentations containing ammonium sulfite the
yields Increased from day to day, but the prccess’seemeﬁ to
be about complete on the third day. This was judged from
the rate of evolution of carbon dioxide whieh had slowed
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down by the third day. A few check analyses made on the
fourth day confirmed this observation. S8Some of the {lasks
gave lower values for the glycerol content by the fourth
daye.

It is known from mény reported ylelds in the literature
that sodiuwm sulfite will give better yields than these ob-
tained from magnesium sulfite. If the yields with magnesium
sulfite could be Inereased by adding a little sodium sule-
fite without adding enough to Increase the soluble sodium
salt content very much, 1t might be practical to use such
a mixture. This was’inveatigatad in the following»experi»
ment, The hydrolyzed starch was prepared as usual. After
the media had cooled, the calcium carbonate was added to
partially neutralize the acid. Addition of the sulfites
followed, bn the third day glycerol analyses were made.

The results are presented in Table 15,

Table 15

Effeet of Various Hixtures of Hagnesium and Sodium
Sulfites on Yields of Glycerol from Acld Media

Magnesium SULTLte Sodium SuUllflte GLlycerol yield, per cent
hexahydrate, g heptahydrate,g. of glucose equivalent

50 . 0 21.3
24 8 22.6
20 13 23.2
5 20 2045
10 26 16,6

0 39 S.1




Although the yields did increase with increasing sodium
sulfite for the two smallest additions, there wgs a decrease
with larger additions. The explanation for this decrease is
most likely the fact that the acid used for hydrolysls was
not completely neutralized leaving an aclid medium to which
the sulfites were added, and although thils is favorsble for
fermentations with magnesium sulfite alone, it gave enough
bisulfite ion with the more soluble sodium sulfite to be
toxic to the yeast.

Since the last experiment did not tell what 1t was de-
gired to learn from it, another one was set up in which it
was made certain that the media were slkaline. The starch
was hydrolyzed in the usual manner. The acid was completely
neutralized. The sulfites were added in the quantities shown
in Table 16+ All of the media had pH values above 7. When
the fermentations were analyzed after 65 hours, the ylelds of

glycerol were found to be as shown in Table 16.

Table 16

Effect of Various Mixtures of Magneslum and Sodium Sul=
fites on Yields of Glycerol from Alkaline Hedia

Magnesium suifite  Sodium SULLite Giyceroi yiaid, per

hexshydrate, 2. heptahydrate,g. cent of gluecose equlv,
20 10 23.7
15 18 25.8

0 30 28.5




With this set of fermentations there was & steady in-
cregse Iin the yield of glycerol as the proportion of the so-
dium sulfite was increased. The rise, however, was too
gradual to make 1t advisable to add sodium sulfilte to mag-
nesium sulfite fermentations. The increase in yleld would
not #cmp@nsaﬁe for the greater difficulty of recovery from
the beer with a higher soluble salt content,

Before the study of the use of mixtures of sulfites
was given up, an experiment was made using ternary mixtures
of ammonium, ecalclum, and magnesium Sulfites, The usual 10
per cent cornstarch mashes were prepared. Acld hydrolysis was
carried out, and the rest of the preparation for fermenta-
tion was as usual., The sulfites were added in the amounts
shown in Table 17, On the third day after inoculation
samplea were taken, and their glycerol content was deter-

mined, The\resul@s are presented 1n Table 17.

Table 17

Effect of Various Mixtures of Ammanlum, Calecium, and
Magnesium Sulfites on Yields of Glycerol

WMagnesium SuUle Calclium sul= Ammonium Sule GLycerol yields

fite hexahydrate filte di- fite mono= per cent of
Ce _ hydrate, ge hydrate, g. glucose equiv,
20 20 20 6.7
30 15 15 2.9
30 20 ’ 10 2.8
40 18 . 5 640

80 0 o 22,0
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The data of Table 17 indicated that in all cases of the
mixtures, the fermentations were greatly inhibited. No
further work was done on mixtures of sulfites as fixing=-
agents, Attention was turned now to the effect of pH of the
media on the fermentations with the different sulfites.

4, Effect of pH on the glycerol yields obtalned from
acid-hydrolyzed starch with various suifites

As a result of previous experiments, & slightly acld
medium had been found desirable for the fermentations with
magnesium sulflite, According bto the opinion of Hickey
(1941) the fermentations with ammoniwm sulfite should also
be on the acldic side of neutral, for he thought thalt mo=
lecular asmmonla or ammonium hydroxide in solution when the
media had a pH value above 7 was toxlc for the yeast., The
objeet of this investigation was to see how the glycerol
yields changed with the pH of the medium in the presence
of the magnesium, calcium, or mmonlum sulfites.

In the first of this serles of experiments magnesium
sulfite was employed. The mashes were prepared in the
usual manner. The only changes In the procedure came after
the hydrolysis of the staréh* The sulflte was added, and
then the pH was adjusted. For measuring the pH a glass
electrode pH-meter was used. Concentrated solutions of
hydrochloric acid or sodium hydroxide were added in small
quantities to give the &esired pH. The flasks were then



Table 18

Effect of pH on the Yislds‘of Glycerol and Ethanol from
the Fermentation of Acid-hydrolyzed Starch in the
Presence of Magnesium Sulfite

S Glycerol yield Lthanol yield
pH .
- . per cent of per cent of
Initial At 20 hrs, At 40 hrs, glucose equlv. glucose equlv.

5.0 Hel 5.0 13.9 0.3
5*5 5.5 5;5 9.8 G.g
6.0 6.1 6.0 22.5 18.5
645 G4 6.5 22.7 16,5
7.0 6.8 649 19.1 22.2
75 740 7s1

17‘ 5 20 - 5

inoeulated In the usual way and placed In the incubalbor. AL
20«hour intervals the pH was measured and read§uaﬁa& to the
deslred value where necessary. The data are collected in
Table 18.

The above data i1llustrate the fact that the glycerocl
yislﬂs are influenced quite markedly by the pH of the medium
used. This is undoubbtedly due to the concentration of ble
sulfite ilon produced from the sulflte at the different pH
values. The optimum pH seemed to be bebtwesen 6.0 and 6.5
with a rather rapid decline 1n yields when the pH fell below
640. Practically no alcohol was formed in the media at pH
5.0 and 5,5. There were still fair yields of glycerol at
these low pH values but much below the best yields. The

amount of glycerol formed at pH 5.0 was definitely greater
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than that at 5.5, probably because of the change in the rate
of reaction of the yeast enzZymes with the pH.

| A similar series of fermentations was carried out with
both caleium and ammonium sulfites. The same pH range was
examined for the calcium sulfite, but for the ammonium salt
& more acid range was used because of the observation of
Hickey that alkaline media were unsatisfactory for use with
ammonium sulfite. The data obtalined are summarized in

Table 19, giving averages for the duplicate fermentations.

Table 19

Effect of pH on the Yleld of Glycerol from the Fermenta-
tion of Acid~hydrolyzed Starch in the Presence of
Caleium or Armmonium Sulfites

pH ﬁiycaral yield, per cent

- , " _ of glucose equivalent

Caleclum sulfite dihydrate, 30 g.

5.0 4.9 5.0 4.5
545 5.7 5.5 6,0
640 547 5.8 4,3
645 6.1 641 3.7
70 6.2 643 3.2
745 6.4 6.5 2.8

Ammonium sulfite monohydrate, 60 g.

4.5 4,2 4.4 l.4
5)3 4;5 4*6 1¢5
5.5 5.4 5.4 143
6.0 5.5 5.6 1.1
645 643 6.4 1.8
7«0 647 6.9 0.9
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For the ealeium sulfite fermentations there 1s again a
regular variation of the yields of glycerol with the pH
of the medium used. It is once more svident that magnesium
sulfite was much superior to elther the caleium or ammonium
galt in bringing about good yilelds of glycerol. The differ-
ence between the effsctiveness of the magnesium and calclium
gsulfites is probably due to the difference in the concentra-
tion of the sulfita ion in solution which results from
their solubilities. With the less soluble calcium sulfite
the optimum pH waé at a more acld reaction of about 5.5.
The yield at this point was better than those reported
earlier in this thesis for calcium sulfite fermentations;
so the conditions of pH used in previous experiments had
probably not been optimum. About all that can be sald about
the data for ammonium sulfite is that the fermentations were
very poor. The lowest yield was at the highest pH,

5. Effect on glycerol ylelds of the addition of sulfur
dioxide to magnesium suliite fermentations

Since 1t might be desirable for an industrial process
to use sulfur dloxide to control the acidity of glycerol
fermentations, the effeect of adding sulfur dioxide was ine
vestigated., Actuslly the pH of the medla does not change
much during the fermentatlon 1f the initial adjustment was
made to a value near the optimum, so that little sulfur
dioxide would be needed for this purpose. In the following
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experiments more sulfur dioxide was used than would be needed
for gimply controlling pH.

For the first experiment flasks of hydrolyzed starch
were prepared as usual., Thirty grams of magnesium sulfite
hexahydrate was added to each. Sulfur dioxide was bubbled
through th@ medla in half of the set of flasks for a short
time, The pH was adjusted to the values shown In Table 20,
and inceulahian was made with one-~third of a yeast cake for
each flask, At 20~hour intervals the sulfur dioxide treate
ment was repeated, and the pH of all the flasks was ro=
ad justed, The results of the glycerol analyses made on

the third day are given in Table 20.

Table 20

Effect of Intermittent Addition of Sulfur Dioxide on
Yields of Glycerol from Acld=hydrolyzed Starch in
the Presence of Hagnesium Sulfite

P e e e et NS S e e

pH Sulfur Glycerol yield, per
dioxide cent of glucose equiv,
64,0 - 23.1
640 + . 17.6
645 - 22.8
645 * 22.1
70 - 20.2
7.0 + 20,0

The data from Table 20 showed that the ylelds were less

for those fermentations to whiech the sulfur dloxide was
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added. Also 1t was evident that as the pH was increased
the amount of Inhibition decreased. The concentration of
bisulfite ilon is probably the significant factor in the in-
hibition observed. On the basils of these data it would
appear that sulfur dioxide could not be used in very high
concentrations in any glycerol fermentation medium with an
acid pH.

Another experiment was carrlied out in which a continu=-
ous slow addition of sulfur dloxide was used. The gas was
bubbled very slowly through the usual magnesium sulfite
medium in a pair of duplicate flasks, The gas coming from
these two flasks was bubbled through the contents of another
pair contalning the same medlum initially. This second
pair of flasks had more gas passing through them since there
was considerable carbon dioxide evolved from the fiﬁst pair,
The magnesium sulfite was stirred up some by these gas
bubbles, and hence the question of the stirring effect was
brought up« To cheek this another pair of flasks was
stirred with motor-driven stirrers to keep the magnesium
sulfita sﬁapende& in them. The results of this series of
fermentations are presented in Table 21.

The results in ﬁhe last table indicate that stirring
is advantageous for the fermentation. The flasks which
were not stirred were shaken nevertheless several times a

day as in all of the previous experiments. Since there



Table 21‘

Effect of Continuous Addition of Sulfur Dioxide and
Stirring on Yields of Glycerol

Treatment Glycerol yleld, per cent
of glucose equivalent
{1) None 22.1
{(2) Sulfur dioxide bubbled 17.0
through ,
(3) Exhaust from (2) bubbled 22.4
through
{4) stirred DB

was no apparatus available in the laboratory to stir a
large number of flasks uniformly, however, In subsequent
experiments stirring was not resorted to unless specific~
ally mentioned. The sulfur dioxide agéin inhiblted the
fermentations into which it was first introduced. The
apparently increased yleld observed in the second pair of
flasks may be due to acetaldehyde carried over by the gas
from the first flasks., Although all this work with sulfur
dioxide was not of a quantitative nature, the results
indicated that further refined investigations of the addi-
tion of sulfur dioxide to magnesium sulfite fermentations
were not warranted. In this connection it might be well
to recall the inhlbitlion observed In experiments reported
in an earlier sectlon of this thesls where sulfur dioxide

was used to hydrolyze the starch for fermentatlons.
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6. Bffect of varying the mash concentration and tempera-
Ture on the vlyca?ol vields obtalned from scid-
hydrolyzed starch mashes

Fcf commercial purposes it 1s desirable to use as high
a mash concentration as will give good yields of glycerol,
The varliation of the ylelds with starch concentration was
next Investigated. A series ranging from 5 to 20 per cent
was set up.

The various required quantities of starch were weighed
into 500«-ml. Erlenmeyer flasks, and 300 ml, of 0.1 normal
acid was added., The starch was hydrolyzed, and the acid
- was partially neutralized. After taking samples for a sugsr
analysis, the fermentations were carried out in the usual
manner. The magnesium sulfite was used in varying amounts
equal to the welght of the starch in order to keep the
ratio of sulflte to substrate constant. The results are

sollected in Table 22.

Table 22

Effect of Varying the Mash Concentration
on the Yields of Glycerol

Cencenﬁration afwvﬁcnvarsian of wG-lyceralhyiald, pér'csnth
mash, per cent starech to glu- of glucose

cos8e, per cent Second day Third day

5 100.2 2346 23.4
10 9547 22,6 22.5
15 94,6 18.8 19.2

20 03.6 16,5 17,1
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From the above data 1t 1s obvious that the ylelds drop
off with increasing starch concentrations. The starch con-
version to sugar also gets poorer at the higher §encentra»
tions of mash., The fermentations seemed to be qﬁite com-
plete on the second day; At the two lower starch concenw
trations there was a slight decresase of yields by the third
day. It was to be expected that the more concentrated
mashes would take longer to ferment even thougn the inoculum
was used In amounts proportional to the weight of starch
in the flasks.

A Turther Investigation was made testing the Influence
of temperature of Incubation on the glycerol yields from a
series with different atérch concentrations. Two series of
starch mashes were nmade up and run as usual except that one
was incubated at 30° C., and the other at 37° C. The results

are given in Table 23,

Teble 23

Effeet of Temperature on Glycerol Ylelds of Various
Concentrations of Starch Mashes Hydrolyzed with Acid

Concentration Glycerol yield, per
Centigrade of mash, per cent of glucose
cent equivalent
30 5 22,0
30 10 21.5
30 20 17.0
37 5 22.5
37 10 21.9

37 20 172
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The results presented above indlcate that 37° C. was
more favorable for the glycerol fermentation than 30° C,
The yields were a little better at the higher temperature
with all concentrations of starch. Although this is above
the optimum temweratura for yeast growth, the enzymes In-
volved in the fermentation undoubtedly function better at
thig temperature., However, the lower temperature was still
used In the following experiments reported iIn this thesls,
The decreasing glycerol ylelds with increasing concentra-
tions of starch were again evident iIn this experiment., A
10 per cent mash was used in most of the subsequent work.

T« Effect on glycerol yield of delaying the addltion
of suifite Lo the fermentation

_It was felt that in these fermentations with massive
inoculations there was very little growth of the yeast.
The fermentations appeared to be carried out largely by the
enzymes contained in the yeast introduced as the inoculum.
It would seem desirable to have the yeast growing actively
at the time the fermentation was begun, One way to accom~
plish this would be to inocula te the hydrolyzed starch medium
and delay the addition of the sulfite until the yeast had
a chance to become active. The fermentations were prepared
in the usual way except that the addition of the magnesium
sulfite was delayed for various periods of time after in=-

oculation as shown in Table 24. Sixty-five hours after the
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Table 24

Effect of Delayed Additlion of Magnesium Sulfite on
Yields of Glycerol

Tlmﬁ betwsen inoculation and Glycarel yield, per nant
addition of sulflte, hours of glucose equivalent
0 23545
1 21.3
2 20,0
20 4,0
24 2.8

Inoeulation the glycerol was determined in the usual manner,
The data are collected In Table 24,

From the data presented in Table 24, it is apparent that
delaying the addition of sulfite causa& only conslderable
lowering of the glycerol ylelds, This result was expected
for the cases where the sulfite addition was delayed for the
longer times bubt not for the short time intervals, Evgn 8
delay of 30 minutes resulted in a lower glycerocl yield.
S5till smaller intervals of time might have showed an increase,
but 1t did not seem that much activation of the yeast could
be obtained by this method. Apparently from the data the
fermentation of the substrate to ethanol starts off so
repidly that any activation of the yeast is more than off~
set by the loss of substrate to ethanol production. It is

intersst{ng to note that the ethanol fermentation must be



nearly complete at the end of one day, for, when the sulfite
was added at that time, the glycercl yleld was about that

normally found in the alecoholic fermentation. Even with the
20~hour additian the glycerol found was only a little above

normal,

B Effaat/gg gizeercl yields of gcclimatization of yeast
to magnesium sulfite

For the early work in this thesis before massive ine
ocul atlons were used, the yesst cultures had been sccli-
matized to the sulflte by transferring the yeast from the
usual sugar medium to one containing magnesium sulfite be~-
fore the culture was used for lnoculating the fermentations.
In the experiments using yeast cakes they had only been susw
pended in water and added dirsctly te the media to be lfer-
mented, It was thought advisable to see il the acclimatiza-
tion to sulfite would lmprove the fermentations with
veast cakes. The mashes were made up in the usual way.
Inoculations were made with 15 ml. of suspensions of one=-
fourth of é yeast cake in a medium consisting of & per cent
glucose, 5 per cent magnesium sulfite hexahydrate, and 0,5
per cent steep water., The suspensions had been incubated
at 30° C. for various lengths of time as shown in Table 25,

The results in Table 85 show that acelimatization of

the yeast cake suspensions to sulfite has no appreciable



Table 25

Effect on Glycerol Yields of Acclimatizatlion to Sulfite
of Yeast Cake Inoculum

acclimatization, of glucose equlvalent
hours

23543
23.0
23.1
23.2
22,9
23.0

xtﬁm#&wﬁ

influence on the glycerol ylelds. The yields were calculated
on the glucose equlvalent to the starch weighed out plus

the small emount of glucose which was used In the inoculum
suspensions, With these massive Inoculations acclimatiza=-
tion is not useful as it is with the liquid cultures,

9. Effect on glycerol ylelds of activating the yeast
before Inoculation

Nelther delaying the addition of the sulfite nor ac~
climatization to sulfite improved the setion of the yeast in
bringing about the glycerol fermentation. Another attack
on the problem was to try to activate the yeast a little
before it was used to Inoculate the fermentations. The
usual hydrolyzed starch medium with magnesium sulfite was

prepared, and inoculation was made with one~fourth of a



veast cake which had been suspended in a medium consisting
of 5 per cent glucose and 0.5 per cent corn steep liguor
and incubated at 30° C. for variéus periods of timé a8 shown
in Table 26. The results of glycerol analyses made 65 hours
after incculatlon are collected in Tabls 26,

Table 26

Effect of Activating Yeast for Various Times on
Yields of Glycerol

Time of setivation Glycerol yisld, per cent
period, hours of glucose equivalent
0 20.8
2 21.0
4 22,7
6 23,4
g 23.1
24 21.2

From the sbove data it appears that better glycerol
yields can be obtained by activating the yeast before in-
oculation, A maximum yleld of 23.4 per cent was gotten when.
& G=hour activation period was used., This length of time
~ was probably about that required for the large amount of
yeast to exhaust the small amount of sugar available, Even
after 24 hours the yeast gave an increased yleld although

the sugar must have been used up for quite some time,



E. The Fermentation of Acild~hydrolyzed Cornstarch
by Bacillus gsubtilis

le Effest of mash concentration and nutrients on the yields
of gg%csrel obtained from acid-hydrolyzed starch by
Bacillus subtillis fermentations

Bacillug subtilis has been shown to produce glycerol

and 2,3abutanedini from sugar solubtions according to the
~work of Blackwood, Nelsh, Brown, and Ledinghsm (1947), It
should be possible to adapt this fermentation t& acide-
hydrolyzed starch mashes. The fermentations were prepared
in a similar manner to those for yeast fermentations except.
that various concentrations of starch were tried, and salts
and nutrlents In the following concentrations were used:
0.05 per cent secondary potassium phosphate, 0.05 per cent
primary potassium phosphate, 0,02 per cent magnesium sulfate
heptahydrate, one per cent calcium carbonate, and 0.5 per
cent yeast extract or one per cent corn steep liquor. In-
oculation of each 250~ml., Erlenmeyer f{lask ﬁcntaining 150
ml, of medium was with 10 ml. of & 24-hour culture of

Bacillus subtilis grown at 37° C. The results of glycerel

analyses; made on the fifth day by periodate oxidation and

titration of formie acid produced, are collected in Table 27.
The results from Tgoble 27 indicate that the ylelds fall

off as the starch concentration is increased., Corn steep

liquor as a nubtrient source gave slightly better ylelds than



Table 27

Effect of Mash Coneéentration and Nutrients on Yields
of Glycerol from Pacillus subtilis Fermentations

Mash snneantra- Nutriant Glyeerel yiel&, per eent
tion, per cent of glucose squivalent
5 Yeast extract 12.0
75 Yeast extract 10.2
10 Yeast extract 9.6
5 Steep liquor 1540
7eb Steep liquor ~ 10.6
10 Steep liquor 10.4

yeast extract. This would be desirable since the steep
liquor would be a more economical nutrient for industrial
use. These yields obtalined in this experiment were much
lower than those reported by Blackwood, Neish, Brown, and
Ledingham (1947). The fermentations appeared slow, and 1t
is possible that if they had been allowed to continue for
a longer time higher yields would have been found.

2. Effect on glycerol ylelds of adding sulfite to
Bacilius subtilis fermentations

In view of the fact that the 2,3~butanediol produced by
the Baeillus subtlilis fermentation has litile demand, it was

thought desirable to Investigate the effect of sulfite in
fixing the acetaldehyde before the glycol was formed if the
organism could tolerate it., Fifteen grams of cornstarch

was weighed into 250-ml. Erlenmeyer flasks and hydrolyzed



with 150 ml, of acid in the usual manner, The acid was
neutraglized, and one per cent of corn steep liquor was added.
The media were sbterilized and cooled, and sterile caleclium
carbonate, salt aalﬁtien, and magnesium asulfite as shown in
Table 28 were added. After fermenting for 6 days the mashes
were analyzed for glycerol and acetaldehyde. The data are

collected In Table 28.

Table 28

Effeet of Various Amounts of Magneslum Sulfite on Yields
of Glycerol from Bacillus subtilis Fermentations

yagnesium“aulfitem ”Glzcarol Ziﬁldg %“of glucase'eguivalent

hexahydrate, ge Total XEquivalent to acetaldahyde
o 10.5 0.9
4 8.2 4 1.7
8 5.8 2.0
12 , 5.0 2.2
1lé 2.8 2ok
20 3.2 2.8

The data in Table 28 Indicate that the total amount of
glycerol dropped off more or less regularly as the sulfite
concentration was increased, At the same time the amount of
acetaldehyde Increassd with increasing concentration of sule~
fite, With the two highest amounts of sulfite the total
glycerol content was only slightly greater than the glycerol
equivalent to the acetaldehyde. The effect of the sulfite
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was certalinly one of inhibition of the normal fermentative

sctivity of the Bacillus subtilis,

3. Effeect of pH and stirring on the glycerol ylelds from
Bacillus subtills fermentations ol hydrolyzed starch

Since the pH was found to exert a great deal of influ-
ence on the yields of glycerol obtained from yeast fermenta=
tions, it was decided to tast‘tﬁis point in regard to the
Baeclllus subtilis fermentations of hydrolyzed starch. A

7.5 per cent starch mash was hydrolyzed with 0.1 normal sul-
furic acid in 250-ml, Erlenmeyer flasks. The acld was neu-
tralized, and one per cent corn steep liquor was added, The
pH was adjusted to the values shown In Table 29, In some
cases one per cent calcium carbonate was added to control
the pH near 6. After sterilization and the additi@n of |
nutrient salt solution the flasks ﬁere_ineculated with 10

ml. of a 24~hour culture of Bacillus subtilis grown at 37°

Ce Some of the flasks were stirred. Glycerol analyses
were made after the fermentations had been going for a
week in a 37° C. incubator, These data are in Table 29,

A pH of 6 was more favorable than the higher values.
The use of calcium carbonate to hold the pH near 6 and
stirring, especially where the carbonate was used, Improved
the yields. These fermentatlions were more vigorous than
the former ones probably in part due to the higher tempera-

tures of incubsastion.
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Table 29

Effect of pH and Stirring on Yields of Glycerol from
Bacillus subtlilis Fermentations of Hydrolyzed Starch

pH Stirring Glyaeral yield, per cent
of glucose equivalent
?OO - 13'5
6,5 - 16,2
5»0 haad 181»6
Caleium carbonate - 20,7
6,0 + 18,8
Caleium carbonate + 28.0

F. The Fermentation of Acid-hydrolyzed Cornstarch
by Zygosaccharomyces acidifaaiens

1. Bffect of nutrlents and sulfite on Zgﬁasaccnaremyces
Termentatlons

In tha experiments reported by Nickerson and Carroll

{1945) with Zysosaccharomyces fermentations considerable

glycercl was obtained from sugar without the use of any
aldehy&e~fixing agent. The following éeries of fermenta-
tions was made to see how hydrolyzed starch would serve as
a substrate and to see what the effect would be of adding
sulfite and using other nutrients to replace the peptone
and yeast extract mixture used by Nickerson and Carroll.
Two hundred ml. of 10 per cent starch medium was used in
250=-ml, Erlenmeyer f{lasks., After hydrolysis the acid was

neutralized and salts were added to give the following



concentrations per liter: 3g. of primary potassium phosphate,
3 ge of ammonium sulfaﬁe, 0.25 gs of calecium chloride, and
0425 ge of magnesium sulfate. The other nutrients and mage-
nesium sulfite were added as indicated in Table 30. The
mashes were then inoculated with 15 ml. of a 2-day culture

of Zygosaccharomyces acidifaciens and allowed to lerment

for 10 days in a 30° C, incubator. The results of glycerol

and acetaldehyde @mialyses are collected in Table 30,

Table 30

Effect of Sulfite and Various Nutrients on Yields of
Glycerol and Acetaldehyde from Zygosaccharomyces
Fermentations

Magnesium sule Nutrient Glycerol yield, per
Tite hexahydrate cent of glucose
s e g%uivalent o
: otal Bquiv. to
acetaldehyde
0 Peptone,; 0.6 + yeast 77 0.6
extract, 0.02
0 Yeast extract, 0.5 8.0 O.4
0 Corn steep liquor, 1 Be3 O+4
20 Peptone, 0.6 + yeast 8.4 8.0
extract, 0,02
20 Yeast extract, 0.5 8.7 8.4
20 Corn steep liguor, 1 8.6 8.6

The results of Table 30 indicated that sulflte increased
the production of glycerol slightly. Corn steep liquor

seemed to be a satisfactory nutrient. According to the work
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of Nickerson and Carroll (1945) the metabolism of this yeast
follows to & considerable extent Neuberg's third form of
fermentation, The addition of sulfite to fix the acetalde-
hyde resultis in eliminating this form, for practically all
of the glycerol found in these cases was equivalent to the
acetaldehyde.

2., Effect on glycerol yvield of pH and the use of massive
inoculations in Zygosaccharomyces fermentations

Masslve inoculations and pH were lmown to affect the

-glycerol yield with Saccharomyces. It was thought that the

effect with Zygosaccharomyces should be studied., The usual

starch media was preyareé in 200-ml, quantities. After
hydrolysis and neutralization of the acid, one ml. of corn
steep liquor and a nutrient salt solution were added to each
flask to give the concentrations mentioned in the last ex-
perimental series. HMagnesium sulfite was added to half of
the series of flasks, and the pH was adjusted to the values
indicated in Table 31l. A considerable quantity of the yeast
nad been grown in a molasses-salts medium to provide for
massive inaculatians. It was activated for 6 hours and used
in amounts corresponding to those used for the ordinary
veast cake incculations where large inocula are indicated

in Table 31. For the small inocculations the ordinary liquld
cultures were used as in the last series. Table 31 shows
the results of glycerol and acetaldehyde analyses as made

on the fifth and tenth days.
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Table 31

Effect of pH and HMassive Inoculations on Yields of
Glyeerol from Zygosaccharomyces Fermentations

s

Magnesium Glycerocl yleld, per cent of
sulfite Inocula pH F§%ucose equivalent ,
hexahydrate —__Fifth day — Tenth day
Ee Total Aldehyds-~ Total Aldshyde
equivalent - equiv,
0 ‘nﬁrgﬁ 7.0 8.5 0.7 Bed C.4
0 Small 7.0 4.3 0.9 8.0 0.9
20 Large 7.0 21.1 20.3 21.0 19.9
20 Large 6.3 22,8 21.9 22.5 21.0
6e3 7.6 6,8 14.7 1346

20 Small

The use of massive iInoculations with sulfite gave ylelds
on the fifth day which were comparable to those obtained

with the Saccharomyces fermentations. The higher pi was

more favorable without sulfite and the lower wi th sulfilte,
Agein, 1t 1s evident that although this yeast will produce
about 8 per cent glycerol without sulflte, the glycerol
produced in the presence of sulfite 1s only that equivalent

to the acetaldehyde flxed by the sulfite.



-] -

IV, DISCUSSION

The yields of glycerol obtained from either of the
yeast cultures iIn the presence of magnesium sulfite and from

the Bacillus subtilis fermentations of acid-hydrolyzed

starch were nearly the same, The bacterial fermentation
was slower than those with the yeast 1f massive inoculations
of yeast were used. About a week was needed using Bacillus
subtilis, whereas the yeast fermentations were usually
complete by the third day.

For raw materials the starch, acid, and culture were
required in each process., With the bacterial fermentation
a nutrlent, such as corn steep liquor, and calclum car~

bonate were also needed., With Saccharomyces magnesium

sulfite was required, and with Eygosaecharcmyces it was

also desirable since 1t increased the glycerol yield by two
and a half times.

From the standpoint of the salt content of the beer
the glycerol recovery should be simplest from the fermenta-
tions with the Baclllus., This 1s because no sulfite was

used, With Zyegosaccharomyeces the sulfite could be omitted,

but the inereased yleld of glycerol obtained with its use
would probably more than compensate for the increased cost
of recovery. The difference in by-products in the processes
might be expected to affect the ease of recovery of glycerol

also.



Each of the three organisms could yileld different by-

products, With the Saccharomyces fermentation the prinecipal

by=products were ethanol and acetaldehyde, With the bac-
terium they were 2,3~butanediol and lactic acld. The by~

products from the Zygosaccharomyces fermentation depended

upon.wbéther gulfite was used or not. In the presence of
sulfite the principal secondary products were again ethanol
and acetaldehyde, but‘in the absence of sulfite they were
ethanol end acetic acid.

The best yields from the yeast fermentations in the
presence of sulfite wculd correspond to sbout 25 lbs. of
glycerol, 20 lbs. of ethanol, and 10 lbs. of acetaldehyde
from 100 lbs. of starch. A%t present prices the three
products would be worth $3.81, §1.01, and $1.15, respec-
tively, or a total of §5.97 while the starch would cost
$4.67 and the magnesiwn sulfite needed would cost about
@&.é& but would be largely recoverable for reuse., With

the Baclllus subtilis fermentation one could expect to get

25 1bs, of glycerol, 25 lbs. of 2,3-butansdiol, and 10 lbs.
of lactic aclid from 100 lbs. of starch. The glycerol and
lactic acid would have a total value of $5.66, but there

is no market for the 2,3«butanediol at present although it
doss have & potentlal value. The starch would agaln cost
$4,67, and there would be an addi%iohal expense of about

£0.36 for caleium carbonate and nutrients. From
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Zyposaccharomyces lermentations of 100 1lbs. of starch with-

out sulfite the yields would be 10 1lbs. of glycerol, 10

1lbss of ethanol, and 5 lba. of acetic acld, according to

the figures of Nickerson and Carroll (1945) with only 57
per cent utilization of the substrate., These products would
be worth $1.52, $0.50, and $0.,38, respectively, or a total
of $2.40, and the starch cost of $4.67 would indicate that
better utilization of the substrate would be necessary to
make this fermentation of any commerical Interest. In the

presence of sulfite the Zygosaccharomyces gives a fermen-

tation which corresponds almost exactly to that of the

Saccharomyces, Since this Investigation was centered

around the production of glycerol, no astudy was made of the

by~produects in the absence of sulfite,
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V. SUMMARY AND CONCLUSIONS

l. Acld=-hydrolyzed starch has heen found to provide a
suitable substrate for glycerol fermentations. In all
cagses tried the starch medium gave practically as good
yilelds as those reported for sugar medium. The use of acld-
hydrolyzed starch as the substrate for glycerol fermenta=-
tions would reduce initial cost.

2. Glycerol can be produced from acld-hydrolyzed starch
mashes by the use of various common aldehyde~fixing agents
other than sulfite. The glycerol ylelds are lower than
those obtained from sulfite fermentations., From the con-
sideration of economics and recovery sulfite is better
sulted for an industrial process.

S5¢ The addition of nutrients to glycerol fermentations
of acld-hydrolyzed starch 18 unnecessary if large lnocula
are used., The fermentations are brought about apparently
by the enzymes associated with the inocula, and there is
very little proliferation of the yeast. Since the nutrients
are useful only as a supply of growth factors for the yeast,
they are not needed for the fermentatlons,

4, Magnesium sulfite proved to be much more satisfac-
tory than elther calecium or ammonium sulfite for the pro=-

duction of glycerol by the fermentation of acld-hydrolyzed
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starche The addition of magnesium ion to & calclum sulfite
fermentation Increased the glycercl yield somevhat but did
not glve nearly as good results as the use of magnesium
sulfite. Meagnesium sulflte and yeast can be used over for
successive fermentations 1f care is taken to maintaln the
activity of the yeasnt,

5. The use of mixtures of magnesium, calclum, and ame
monium sulflites gives poorer yilelds of glyecerol than the use
of magnesium sulfite alone. Ammonium sulfite actually
. inhibits the fermentation so that its use in mixtures
prevents the other sulfites from giving thelir normal ylelds
of glycerol. Addition of sodium sulflte to a magnesium
sulfite fermentation increases the yleld, but the concen=-
tration of soluble salts is also increased thereby making
the recovery of the glycerol more difficulte.

8. The pH of the fermentation medla influences the
vields of glycerol. For magneslium sulfite the optimum
value lies between 6,0 and 6,5, and for the calcium sulfite
it is about 5.5« When ammonium sulfite is used, the variaw=
tion of glycerol yields with pH is not great for pH values
between 4.5 and 6.5.

7. The percentage ylelds of glycerol decrease when
he initial concentration of starch is increased, This
effect was observed in fermentations conducted at both

30° C. and 37° €, It was found that the ylelds of glycerol



‘obtained at 37° C. were higher than those at 30° C. for the
same starch concentrations.

B84 The degree of activity of the yeast used as lnocula
affects the yields of glycerol when large inocula are used.
The activity of the yeast from commerclal yeast cakes can
be increased by suspending them in a glucose-corn steep
liquor medium and incubating the suspension for several
hours before 1t is used for inoculation of the fermentation
mashe. The addition of sulfite to the suspension to ac=-
climatize the yeast to the sulfite before inoculation does
not improve the glycerol ylelds.

9+ Glycerol can be produced from acid-hydrolyzed starch

by Baeillus subtilis, Ford's strain, The ylelds are about

as good as in the yeast fermentations, and no aldehyde-
fixing agent is required. When sulfite 1s added to the
fermentations, the yiald of glycerol decreases, although
the amount of acetasldehyde found as a product increases,

10, The yeast Zygosaccharomyces scldifaciens ferments

acid~hydrolyzed starch without an aldehyde-fixing agent to
give a considerable amount of glycerol., It has been found
that the addition of sulfite to the fermentation increases
the glycerol yields and the amount of acetaldehyde. With
the use of sulfite an acid reasction is desirable, but without

sulfite a neutral pH is better,
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