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I. INTRODUCTIOR

Clycerol is one of the most important industrial ehemi-
calas., TIndicative of the importance of this compound, some
statistices are shown in Tables I and II concerning the lmports,
exports, and productlion of glycerols It is interesting to
note the sharp drop in imports and the corresponding increase
in exports during the two war perliods. The need for glycerol
during the present crisis is c¢learly evidenced by the current

fat salvage campaign.

Table I

Glycerol Production in the United States™

Refined gl‘eerol ﬁat aést per

Year (1bs. 1b.

1831 102,509,832 .10
1933 107,882,796 0,07
19356 118,726,871 LEP
183% 122,389,454 0,17
1938 158,778,320 0.104

ﬁﬁanufaeturing Chemists' Association (1940)

Acecording to Lawrie (1928) the production of 80 per cent
crude glycerol in the United States rose during the years
from 1819 to 1925 from 61,792,958 pounds to 105,406,943

pounds. This Increase reflected the development of new uses



for glycerol.

Table 11
Imports and Exports of Glycercl

Imports o

Year Exports
Crude Refined {1ibs.)
{1lbs.) {1ba.)
1913% - 34,399,120 452,339 e
1914 . 36,230,385 551,306 aoun
1915 18,661,929 360, 567 ———
1916 . 10,875,058 303,463 -
1917 , 4,078,803 137,128 S
1918 1,925,815 19,750 21,045,991
1919 1,183,952 162,916 13,018,882
1920 15,664,109 1,911,278 2,257,625
1036%* 11,148,985 3,447,487 1,146,026
1937 13,441,430 7,535,120 1,375,036
1938 13,097,525 2,567,411 3,746,217
1939 7,398,681

10,987,731 330,078

*Lawrie (1928) :
**Manufacturing Chemists' Association (1940)

Some of the 1lmportant uses of this versatile chemicel are in
the production of high explosives, anti-~freeze mixtures,
medicinals, plastics, and as a tobacco-moistening agent.
Lewrie {1%28} lists ninety-two products in the manufacture of
which glycercl is used, and this list is not a complete one.
Large amounts of glycerocl are also used in the manufacture of
&sier gums for varnishes, as a plasticizer in cellophane, and
as a lubricant for certein machines in the food-processing
industries.

¥rom the average stetistics for the peried 1940-41 the
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major uses of glycerol were as follows (adapted from U.S.I1.

Chemical Hews /19437):

Hitroglycerine  18.8% Cellophane  14.2%

Fesins 16.0% Edible D+ 7%
Tobacco 14.6% Drugs 6.8%

‘A11 of the glycerol available in the past has been ob-
tained by the saponification or hydrolysis of fats and oils.
In recent years synthetic methods for the production of
glycerol have been worked out, for example the one by Williams
{1940), but no data are avallable to show to what extent
aynthetic processes are being used, if at all. The amount of
glycerol produced by the saponification or hydrolysis of fats
and ails is, of course, limlted by the supply of fats and
olls and 1s also dependent on the market for socap and cendles.
The glycerol syntheslized by Williams' process requires pro-
pylene, a material derived from the propane in natural gsses
which are not inexhaustlble and represent 4 caplital asset in
our natural resources. Another method for the preparation
of glyéeroi involves the alteration of the course of a normal
ale@halic,farmant&tien by the use of sulfites, alkslles or
aven neutral salts. Fermentation methods have the advantage
that the fesrmentable substrate is derived from agricultural
produects which represent an annual income of matter and
energy.

At the beginning of the last war the CGermans, reallizing
the need for glycercl in making high explosives, began to
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dﬁ?&lsg fermentation methods for the production of glyeerocl
based on the theoretlical investigatlions of Neuberg {(1913).
Comnstein and Idfidecke (19281) undertook the technicsal produc-
tien of glycerol on & large scale, and Lawrie (1928) devotes
gonsiderable space to describing the process both as to fer-
mentation and recovery. According to this desoription, the
Protol CGesellschaft was organized and about twenty~four
factories set abaut'ﬁaking glyecerol by fermenting pure white
beet sugar in the presence of sodium sulflte. The smaller
factories shipped the fermented slop to the larger ones for
the recovery of the glycerol. About 10 to 12 kg. of best
refined sugar were requlired in the production of one kilogram
of dynamite glycerocl. No commercial scale production éf ,
fermentation glycerol wes carried on in the United States
during the last war, although Eoff (1919) conducted some
pilot plant fermentations using sodium carbonate instead of
sodium sulfite. With the cessation of hostlilitles the Cerman
sulfite process was probably discontinued because of the
relatively higher cost of the fermentatién product and the

" shrunken market. The higher c¢ost of the fermentation product
‘could be attributed to the cost of the substrate and to the
ihigh losses suffered in recovering the glyoerocl. The fact
that the glycerol produced by the soep menufacturers can be
considered as a by-product and the price adjusted accordingly
would also tend to keep the fermentation product off the

market. However, in times of emergency such as the last war



and even in the present one fermentation methods do offer a
solution to the shortage of glycerol. Degering (1943)
mentions that & modification of the sulfite process has been
developed by the Tennesgee Fastman Corporation for the com-
mercial production of glyeﬁral, but does not say whether it
is aétually beling used,

Since about 1922 few important developments have taken
plaece In the methods of producing glycercl by fermentation.

A good deal of work has eéntereé around the problem of re-
covering the glyecerol once it ls formed. Some of the newer
developments in distilling and extracting glycerol are rmch
more efficlent than the older methods of recovery. The two
hindering factors in the recovery of the glycerol are the
high concentratlons of salts present in the fermented beers
and the pressence of gums, dextrins, unfsrmentable sugars, and
so forth, carried over from the originsl sugar source, usually
cane or beet sugar molasses.

Hickey (1941) described a fermentatlion procedure for
glycerol productlon employing slightly soluble sulfites which
could be removed after fermentation. In this process mag-
nesium or caleium sulfite is used in place of the more soluble
sodium sulfite. The pH 1s adjusted to the proper level and
the fermentation 1s carrled out as usual with the difference
that agitation ls necessary to keep the solid sulfite sus-
pended and in contact with the medlum. Yields of glyecerol

are higher when the mors soluble magnesium salt is used, but
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in neither case do the ylelds go as high as those in the
sodium sulfite fermentations. The calcium and magnesium salts
are removed by flltretion with subsequent additlion of magnesia
or lime to decompose the aidehyde»bisulfita complex liberating
the acetaldehyde and precipltating esny remaining calcium or
magnesium lons remaining in solution. Sodium ions cannot be
removed by such procedures Dbecause of the general soclubility
of most sodium salts, Btarting with & reasonably pure sugar
the beer remsining after & caleium or magnesium sulfite fer-
mentation should offer fewer problems in recovery.

The use of a pure sugar as a substrate in the glycerol
fermentations would simplify recovery but it would also add
to the initlal cost. o reports were found in the literature
on the use of solutlons of acid-hydrolyzed starch or grain as
sources of sugar to be fermented directly without recovering
the dextrose from soluticn, with the excention of a brief
comment by Eoff (1919) on the use of corn syrup. It is
interesting to note that several patents clalm the use of
maltose as & fermentable sugar in the glycercl fermentation,
but no reports of experiments were found on the use of
maltose or of a maelted graln mash as the sugar source. For
instance, Connstein and Lilldecke (15621) claim the use of a
gaccharified starch mash 1n their patent but no examples were
given of its use. In s private communication R. J. Hickey
{1943) emphasized thé fact that such mashes gave poor fermen~

tations and needed special handling.
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In the patent literasture, and to some extent in th
journal reports, yields of glycerol up to the theoretical
51 per cent have been claimed. Yet reports on large-scsle
ferzentatlions seem to indicate that yvields of 20 to 25 per
cent glycerol on hexose would be conslidered good, Of aboub
thirty yilelds sbove 15 per cent reported in different arti~
cles‘anﬁ patents, two-thlrds were in the range from 15 to 28
per cent, the remainder ranging from 30 to 42 per cent.

There are severasl possible explanstions for these varied
results. The methods of analysis may have been different;
recovery methods especially are susceptlible to large errors.
it was noted that in most cases high ylelds were assocliated
with abnormally large inoccula. It 1s common praectice in
fermentation processes to use a fermented beer as an inoculum,
but in many cases laboratory workers have used pressed yeast
cbtained from & convenient brewery or dlstillery ag an inoeu-
lum when investigating the glycerol fermentation.

The purpose of the WQrg on which this thesis is based
wag to Investigate the possibllity of usling starchy materials
as the source of fermenbtavle sugars for the glycerol fermen-
tation and to investigate further the various factors which
Influence the yield of glycerol. DIuring the investigaitlon
the linmlte of practical application of the lermentatlion
process were kept in wind. Such limits would include the
time of fermentation, ease of recovery, size of inoculunm,

and availablllty of the fermentable substrate.



II. REVIEW OF PREVIOUS INVESTICATIONS

A, General Discusalion

The literature pértaining to glycerol has been rather
completely covered, up to the time of printing, by lLawrie
(1928} in his excellent monograph. The material for the fol-
lowlng abbreviated Giscussion of the discovery and early

istory of glycerol was obtained from lLawrie's monograrh.

Glycerol, more commonly called glycerine, is a viscous,
colorless and almost odarleas'liquid which is found free in
nature only to & very limited extent. Some free glycerol is
found in palm o1l and to an even lesser degree in some rareér
oils. Most glyecerol is found in fats and olls in combined
form and l1s obtained from them by saponification or hydrolysis.
The honor of the discovery of glyeerol belongs to Scheele,
who in 1779 first prepared this compound by mixing olive oll
and litharge and then heating the mixture. Upon washing wlith
water, a sweet-tasting solution was obtained which, on evapo-
ration of the water, gasve a viscous liguid. He called this
new substance Ythe sweet principlé of fats." It was known
glso ag Scheole's sweet pfinaiple or as o0ll sugar. Chevreul
in 1811 studied the composition of this sweet liguid and named
it glycerol. For many years Scheele's process was the only

commercial method for producing this compound, but as uses
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for glycerol became more general, the demand increased and a
new method was sought for its preparation. In 1823 Chevreul
obtzined a patent wherein alkalles were used to decompose the
fats and thus & new method for the production of glycerol was
developed, Later work by Tilgham showed that at high tempera-
tures and under pressure the acld or alksll might be dlspensed
with. The second great development in the production of
glycerol was the dlscovery by Wilscn in 1856 that glycerol
could be distilled with steam. In 18868, Nobel, following
Sobrero's discovery of glyceryl trinitrate, founéd that nitro-
glycerine, a8 it 1s more commonly called, could be handled
more safely after it had beon absorbed by kieselguhr. Thus a
great market was opened for glycerol in the production of
dynamite end also blesting gelatine.

Glycerol conteine & hydroxyl group on each of three
ad jacent carben stoms, the formula being CEQGE*QHGE~CﬁEGH,
A8 can be seen, there sre two primary alcohol groups and one
secondary alcohol group. As an alechol 1t may resasct tcvpra-
duce esters and ethers. Advantage is taken of this reaction
in the production of the glyptal resins., It resembles the
trioses in that it hes s sweet taeste. (lycerol is a weak acld
and dissolves the slkalies, the alkallne earths, and many
metalllic oxides, forming with them metallic compounds sinmilar
to the asleoholates, or addéditlion profucts in the nature of
double salts. At high teuperatures glycerol tends to decom-

pose to form acrolein and other decomposition products. This
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tendency 1s notlceable at the bolling point, 270° Ce, 8nd
therefore distillaetions of glycerol are best conducted under
vacuum and in the presence of steam. The yf&aanee ef salts
also accelerates the decomposition of glycerol. Glycerol is
infinltely soluble in water and alcohol, but insolubls in
ether and chloroform. Extraction procedures for recovering
glycerol are complicated by the fact that most of the solvents
for glycerol will also dissolve water, and therefore sugars
and salts tend to be carried over. Various reports are to be
Tound on the use of butyl aleohol and even ethyl aleohol in
extraction procedures to recover the glycerol. Advantage is
taken of the high hygroscopicity of glycerol in the manufac-
ture of certain inks and as a molstening agent for tobacco.

Praetically all of the glycerol produced at present is
obtained by tﬁe decomposition of fats and oilas. All fats and
‘vegetable olls arse glycériées of organie acids usually ococur-
ring as mixbtures. The saponification or hydrolysis of these
compounds may be brought about in various ways. The most im-
portant of these methods which are in commercial operatlion are:

1. Saponification by caustic soda;

2, Saponification or hydrolysis by steam under pressure

with or without the addition of catalysts;
5. Saponification at ordinary pressuree in the presence
of a speclal catalyst;

4, ¥nzymatic splitting to glycerol and fatty acids.

The bulk of the world's supply is obtained from the socap-

making process in which caustic sodas 1s used.



Wurtz (1857) was one of the first to syntbesiie glycerol,
In his method 1,2,3-tribromopropane was treated with silver
acetate to glve triscetin which on hydrolysis gave glycerol.
There are numerous other synthetlc methods most of whiech
utilize propylene as the initial sterting material. The pro-
cess developed by Willisms and hié coworkers (1938, 1940, 1941)
is probably the best and is reported to hsve been run on a
small scale at & profit. 1In this process propylene is chlor-
inated under high pressure to form allyl chleriée which in
turn is converted to allyl alcohol by means of sodium hydrox-
ide. Eypochlorous acid is added to the unsaturated linkazge to
form the chlorohydrin which 1s then hydrolygzed to glycerol.
In view of the present availability of apprecisble smounts of
propylene in the gases from petroleum-eracking plants,
together with the low cost of alkalies and chlorine, 1t might
seem that the synthetic method wouldéd be gquite feasible. Fow-
ever, the Initlal cost and the upkeep of a plant of this type
would be high; the supply of propylene from the aforementioned
sources 1s limited, and the supply of petroleum 1tselfl is not
without end as we are now well sware. Another drawback to
the method is that the glyeerol produced by it is contaminated,
even in 1ts purest form, by small amounts of glycols and
polyglycols which might be dissdvantagsous in the pharmaceuti-
cel and cosmetic industriles. Levey (1938) and Williems (1941),
both of whom are more In favor of synthetic methods than of

fermentation procedures, hsve discussed the economics of the
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production of synthetic glycerol.

A series of patents relating to the production of glycerol
by the hydrogenolysis of carbohydrstes has been granted to .
the Association of American Soap and Glycerine Producers, In-
corporated (1937, 1939). In the hydrogenolysis process a
polyatomic aliphatic alechol such as sucrose is treated under
pressures of asbout 145 atmospheres and at temperatures above
145° ¢. with hydrogen in the presence of a catalyst and a
carrler. In the case cited a copper sluminate catalyst was
described and anhydrous methanol was used as the carrier.
Sucrose was convertsd to 45.8B per cent propylene glycclg 21.58
psr cent glycerol, and 6.8 per cent of less volatile glycerol-
like compounds. Such a mixture could be used as an anti-
freeze. Hass and Patterson (1941) described a method of
purifyling glycerol obiained by hydrogenolysis through crys-
tallization from butyl alcohol.

B. Preparation of Glycercl by PFermentation

1. The use of sulfites

Pasteur {1858) was the first to ldentify glycerol as one
of the products formed when yenst acted upon sugars. In his
investigations on the production of winea and beers Pasteur
found that 3 to 5 gms. of glycerol were formed from 100 gms.
of sugar. It was not until Neubafg and his assocliates

(1913, 1917, 1919) began to publish thelr work on the
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mechanism of the alccholic fermentation that advantage was
taken of this potentisl source of glycerol. The advent of
tﬁe firgt V%orld ¥Yar also gave impetus to the studies. Nord
{1926) hag aptly said, "Lere is displayed a not freguent
case where practical warkeré have very fruitfully and stimu-
latingly influenced theoretical research in this sphere."
Lawrie (1928) discussed the production of glycerol by fermen-
tation quite thoroughly in Chapter V of his excellent mono-
graph, and recently Whalley (1942) has put out & compilation
of abstracts on this subject. Shorter reviews of the
glycerol fermentation are to be found in the literature by
May and Herrick (1930), Prescott and Dunn {(1840), and Owen,
Levey and Owen (1940).

Based on his own research and that of his assoclates
(1913, 1917, 1919, 1822), Neuberg conceived the yeast fermen-
tation of glucose as being capable of taking place in three
different ways depending on the conditions of the fermentation.
According to his views, all three of these forms involved the
breakdown of the hexose into two molecules of hydrated methyl~
glyoxal which was then transformed to pyruvie acid, setting

free active hydrogen according to the equation,
Cgliy p0g — /2CHZCO+CH(OH)g 7/ — 2CHZC0-COOH + /[BHp /

The pyruvie acid was then attacked by the enzyme carboxylase
and broken down into scetaldehyde and carbon dioxide, as

follows:
CH&CQ-GOGB e Cﬁscﬂﬁ + CG@.
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In a normal alcoholic fermentation the acetaldehyde was fin-
ally reduced by the actlive hydrogen to give ethyl aleohol,

the overall equation being
Cglyp0g —> 2CoHgO0H + 200, -(Neuberg's first form).

However, 1f an aldehyde flxing agent was added to the fermenta-
tion medium, the acetaldehyde could not be reduced by the
hydrogen whieh therefore reduced the methylglyoxal hydrate to

form glycerol according to the equation

CHzCO+CH(CH), + Hy —» CHuOH-CHOHCH,OH (glycerol),
the overall equation then becaming

CgHig0g — CzHgOz + CHgCHO + COp (Neuberg's second form).
In Table II1 some of the proof of this re}atianshiy ls given.

Table III.

Yields of Glyecerol and Aldahyda with Varying
Proportions of Sodium Sulfite®

Ratio of

Used Produced 1dehvde t
NagS Og Sugar ‘Aldehyde Glycerol glyzéiei °0
(parts) (parts) (parts) {parts)
33 100 11,980 25.37 1:1.96
60 100 12.562 24.86 l:1.98
75 100 13.89 27.62 1:1.98
150 100 18.65 36,90 1:1.88

“pdapted from Lawrie (1928)

If the fermentation were carried out under alkaline conditlons,
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the acetaldehyde underwent a Canlzzaro reaction to give acetic
acid and ethyl alcohol., Since the hydrogen was again free to
reduce the methylglyoxal hydrate, glycerol was again formed,
this reaction, Neuberg's third form of fermentation, being

fwrmulataé'as follows:
2@5312@6 + 329 - gcsﬁBGE + Ggﬁsoﬁ & GE&C&OH + 2602.

Although Neuberg's final equationsg have seldom been disputed,
his assumption of the existence of methylglyoxal was hypo-
thetical, and in newer theorlies of fermentation it has been
displaced.

| | The best explanation of the formation of glycerol by
yeast is probably to be found in the Embden~Meyerhof-Parnas
scheme of carbohydrate ﬁissimilatién. Esgsentially in thils
scheme the glucose is first phosphorylated to a hexosedi-
phosphate which in turn ls broken down into two trioses,
dihydroxyacetone phosphate and glyceraldehyde @hasyhate,‘
which are in equilibrium with one another, TUnder ordinary
conditions the dihydroxyacetone phosphate 1s further trans-
formed through several steps into pyruvic aecid and then Into
2 number of products, chief of which 1s acetaldehyde in the
alcoholic fermentation. The scetaldehyde is further reduced
to ethylkalcahol. In the case of the sulfite fermentation
tﬁ@ acetaldehyde 18 bound in the form of the bisulfite addi-
tion product which is not reducible, and then the hydrogen

which would otherwise reduce the aldehyde reduces the
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glyceraldehyde phosphate to X-glycerophosphate, which in turn
1s dephosphorylated to glycerol. In the initial pbhases of
the normal alcoholic fermentation, before the acetaldehyde is
formed and aects as the prime hydrogen acceptor, the glycer-
aldehyde phosphate is reduced to glycerol. This latter
process accounts for the 2 or 3 per cent of glycerol normally
found in the alcoholic fermentabtion. VWerkman (1942) and Nord
(1926, 1940) discuss the above fermentation scheme at greater
length in their excellent reviews.

Dumas (1874) earlier had shown that the alcoholiec fer-
mentation can proceed in the presence of various slkali salts
eand hinted at the possibility of influencing the course of
the fermentation by the addition of alkali sulfites. Hlller~
Thurgau and Osterwalder (1614) observed that in the case of
fermenting sugar solutions, added sulfurcus acid Instantly
combined with something which they correctly assumed to be
acetaldehyde., 1t was obvious that this compound might be the
acetaldehyde~sulfurous acid complex found by Hipper (1832),
the sodium sslt which had been known since the time of Bunte
(1873). EKerp (1904) found the dissoclation constant of the

acetaldehyde-sodlum bisulfite complex to be 2.84 x 1070

and
that of the glucose compound to be S.1l x 10"1, a ratlo of
about 1:80,000 showing that the acetaldehyde compound is nuch
more stable than the corresponding glucose compound.
Connstein and Lildecke (1919, 1921, 1924), proceeding on

the knowledge then availeble and stimulated by the contemporary
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work of Keuberg, began to investigate the possibilities of
the commercial preparation of glycerol by fermentation. At
first their investigatlions, probably started about 1914 or
sarlier, centered about the use of alkaline salts such as di-
sodium phosphate, ammonium carbonate, sodium bicarbonate, and
gso forth, but early in the work a disagreeable fact arose,
namely that under these alkaline conditions other bacteria
wounld grow qulte well and therefure the mashes were often
badly contaminated, Wlth sodium sulflite this trouble was not
encountered, since this compound exerts an antiseptic effect
which yeast seem to tolerate to a higher degree than other
organisms. Kahn and Conn (1944) claimed that the toxic factor
to yeast was the undisscciated sulfurous ascld, 7 to 8 mgs. of
the latter bringing about the rapld death of the yeast at a
pH of 2.6 ~ 2.9. However, the concentrations used by the
latter investigators were much lower than those ordinarlly
used in the sulfite fermentation, and the pE level too low.
Connstein and Lilldecke found that the yleld of glycerol in-
creased proportionally to the amount of sodium sulfite used,
up to & ecertain limlt ebove which the fermentation proceeded
too slowly and the yeast was harmed. Furthermore, they found
that the yeast which does not grow or has but little growth
could be reused i a nﬂnusﬁlfite fermentation was Interposed
between sulfite fermentations. Two factors seemed to influence
the yield of glycerol: a general salt actlion, since neutral

salts increased the yield of glycerol, end the speciflc actlon



of the sodium sulfite.
turned over to the German army authorities and the Protol

Gesellschaft was organized and began to produce glycerol by
the sulflite process.

their process was issued to Connstein and Lildecke.
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five main claims in the patent:

1.

2.

S

Se

Aceording to Connstein and Liidecke, neither the kind of
sugar nor the variety of yeast influenced the fermentation.
Refined and crude sugsars, as well a&s molasses, could be used.

The following tables taken from Lawrle (1928) summarize some

The process for manufacturing propantriel which
consists in adding alkaline sulfites (until
alkasline reaction) and yeast to sugar and then
allowing the mixture to be fermented.

The process for manufacturing propantriol which
consists in adding alkaline sulfites {until
alkaline reaction) and yeast to sugar, causing
the sugar to be fermented in presence of alka-
line sulfites, separating the yeasat and adding
the separated yeast and alkaline~reacting
substances to sugar, whereupon the process is
repeated.

The process for manufacturing propantriol which
congists in adding alkaline sulfites (until
alkaline reaction), neutral salts of magnesium
in a higher amount than necessary as yeast
nutrients, and yeast to sugar and causing the
sugar to be fermented.

The process for manufacturing propantriocl which
consists in adding alkaline sulfites (until
alkaline reaction) and yeast to sugar, causing
& part of the sugar to be fermented, adding new
portions of sugar and causing the sugar to be
fermented.

The process of producing glycercl whiech con-
sists in fermenting a solution of fermentable
sugar in an alkaline reacting medium.

The Connstelin and lLlidecke process was

In 1921 a Unlted States patent covering

There are



of the results obtained by Connstein and Lidecke in their

investigations;

Table IV
Yields of Glycerol with Alkeline Salts®.

o erse s
et

H

o

Alkaline Salt Ealt Sugar Glyecerol

{parts by weight) produced

‘ {per cent)
Disodium phosphate 46 100 11.0
isodium phosphate 70 100 15.6
Ammonium carbonate 10 100 13.4
Sodlum acetate 30 100 9.5
Sodium bicarbonate 14 100 12.7
Control, no salts added - 100 340

*pdapted from Lawrle (1928)

Table V

Glycerol Permentation Yields with Increasing
Concentrations of Sodium Sulfite”.

oo - vere enswes - i
o —— s <k serodocass

Sodium Sulfite Sugar Glycerol Yield
{parts by weight) (parts by welght) (per cent on sugar)

40 100 23.1

67 100 24 .8

80 100 27.3

100 100 30,1

120 100 53.0

150 100 34.6

200 100 867

*pdapted from Lawrie (1928)
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Table VI

Production of Aldehyde, Alcohol and Carbon Dioxlde
with Increasing Sodium Sulfite Concentration®,

S
———

Sulfite added Aldehyde Aleochol Carbon diloxide

{gms.) {(per cent) (per cent) {per cent)
25 2.42 59 .96 37.5
40 5.6 - . -
50 5.8 3548 35.8
ay; ?16 ' A ~ "'Qﬂ‘
SQ 909 bkt ond - -
100 10.0 29.4 29.4
120 15.0 -~ ' o
150 17.6 - I

*Adapted from Lawrle (1928)

The Connsteln and Llldecke process for the preparation of
glycerol was also applied on a large scale by the Austro-
Hungarian government during the last war. Zerner (1920)
reported on the investigations conducted in connestion with
the process. In a typleal example 100 gms. cane sugar,

40 gms. sodium sulfite, 10 gms. yeast and nutrient salts were
diluted to 800 ml. and fermented for about elghty hours at
35° ¢, The yields were 12.9 per cent acetaldehyde, 26.18 per
cent glycerol, 37.3 per cent ecarbon dloxide and 23.7 per cent
ethyl aleohol. In no case could the yisld of glycerocl be in-
creased above about 38 per cent. Zerner disagreed with
Neuberg's view that the lmpossibility of converting all of the
sugar to the theoreticel amount of glycerol could be attrib-

uted to the dissociation of the aldehyde~bisulfite complex.
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zZerner took the viewpoint that the reaction between the
soGium bisulfite and acetaldehyde was not instantaneous and
therefore competition for the aldehyde existed between the
sodium bisulfite and the reducing enzyme of the yeast. Con-
trary to Heuberg, Zerner claimed also that the pyruvic acid-
bisulfite 59mpeund was not fermentable and could not be the
precursor of the acetaldehyde in the fermentation. He had no
way of anticipating at that time the present idea that phos-
phopyruvic aeld is involved in this transformstion.

Cocking and Lilly (1922) in Englend attempted to develop
& process whereby the ylelds of glycerol could be ralised
above those obtained by Connstein and Lﬁéeake to the theoreti-
cal values demanded by the second equation of Heuberg. Their
Investigations cenﬁsr&é about the fact that the bisgulfite ion
end not the sulfite ion 1s the lon which combines with the
acetaldehyde. In an ordinary sulfite fermentation the bisul~
fite lon is produced by the actlion on sodium sulfite of the
carbon dloxide formed by the yeast from the sugar; naturally
the fermentation has proceeded to a certain degree before
much bigulfite 1s fermeﬂ;' However, bisulfites are too toxic
to add directly to the fermentation mashes. Cocking and
Lilly found that they could add s mixture of sodlium bisulfite
and sodium sulfite, 1n sueh proportions as to give a neutral
reaction to litmus, to a mixture of sugar and yeast and thus
obtain glyecerol. They claimed that no special scclimatization

was needed for the yeasts used and that most yeasts were
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suitable. The sodlum bisulfite could also be added as the
fermentation procesded as long as the reaction to litmus was
kept neutral. The highest yleld reported by them was 48.6
per cent of the suger fermented converted to glyaerelf The
latter value was arrrived at by calculsting back from the
amount of sulfite comblned with the aldehyde; by actual analy-
#is of the mash for glycerol, 45 per cent was found. In
aither case‘thase are among the highest ylelds to be found
reported in the literature.

It 1s Interesting to note that Connstein and ILildecke and
also Cocking and Lilly attacked the problem of the glycerol
fermentation from the viewpolnt of making commercisl applica-
tion of thelr findings, while Heuberg and his coworkers were
primarily interested in proving their theories of the alco~
holiec fermentation.

Gehle (1922) confirmed Heuberg's work on the equivalence
between glycerol and acetaldehyde. Cne point emphasized by
Gehle was that the toxilc effect of sodium sulfite incrsased
rapidly once the ratlo of one mole of sulfite to one mole of
the sugar had been exceeded. This probably was fortultous,
since the addition ygeduet of dextrose and sodium bisulfite
is highly dissociated in water soclution. The highest yleld
of glyecerol found by Gehle, himself, was 29.5 per cent on the
dextrose; thls and other values agree rather well with some
of the values pbtained in the work for this thesis. Gehle

also reported finding an excess of glycerol over the amount
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equivalent to the acetaldehyde fixed, and he attributed this
to the metabolle functions of the yeast. This "protein-
glycerol” varied ss the metabolic rate of the yeast, that is,
more was present in a rapid fermentation than In & slower one,
and the amount was dependent on those factors which effect
the well being of the yeast cells. In fermentations lasting
from three to five days Gehle found asbout 5 per cent more
glycerol than the acetaldehyde fixed could account for.
Whether this glycerol arose from some unknown process or from
the reduction of glyceraldehyde phosphate in the initisl
-gtages of the fermentation before acetaldehyde acts as the
hydrogen acceptor, or whether it arose from the alkaline fer-
mentetion of sugar according to the third form of alcoholic
fermentation, as Neuberg stated it, is still open to question.
The following is & summary of some of the conclusions
reached by Gehle,
1. ®ith ineraéaing sulfite concentration an lncress-
ing slteration of the fermentation products
occurs. The alterabtlon nearly ceases at about
80 per cent sulfite on sugar, although complete
Fermentation takes place at 100 per cent.
Explanation: As the concentration of the
hydroxyl increases conditions arise which result
in an asymmetric decomposition of the sugar
molecule. As the alkalinity of weakly alkaline
salts reachses 2 limit rather guickly with in-
creasging concentration, the alteration prodused
by this alkalinity must alsoc resch a limit.
2. The amount of glycerol produced in a fsrmenta-
tion by living yeast cells exceeds that calecu-
lated from the aldehyde equivalence by an amount

comparable to that produced in a normal alcoholie
fermentation.



S Different yeast strains have little effect upon
the qualitative and quantitative decomposition
of the fermentable substrate. The only differ-
ence is that different yeasts show varying
resistance to sulfite toxicity and therefore
the "protein-glycerol” may vary {(a measure of
the vitality of the cells). The "protein-
glycerol" is produced by the inner metabolism of

"~ the cell which is only indirectly relsted to the
processes golng on in the c¢ell periphery. The
produetion of thils glycerol depends on collec~-
tive factors whiech are faverable or unfaverable
to the yeast.

4, The total materisl accounted for (aldehyde,
glycerol, alcohol, and carbon dioxide) is 80 to
85 per cent; including acetic aclid it is about
85 to 80 per cent.

5. Comparison of fermentation activity with in-
ereasing sulflte concentration by means of carbon
dioxide development shows that in lower concen-
trations the yesst strives to 2 maximum by slow
increments. In higher concentrations the plecture
is reversed {around 60 per cent sulfite) so that
only by & sharp break can the transition inteo
the later stamges take place. The yeast seeks to
control the toxleity of the sulfite in the higher
concentrations by & regulation of the diffusion.

The investigations‘mentiana@ previoualy utilized sodlum
sulfite and bisulfite, but according to Neuberg (1919) all
sulfites may be used. However, since an excess of sulfite
(invaaluticn} is necessary to prevent excessive dissoclation
of the acetaldehydénbisulfita addition compound, the yields
of glycerol obtained by using some of the more insoluble sul-
fites can never be as high as those'obtaine@ by using the
more soluble sulfites such as sodium sulfite. Calcium and
magnesium sulfite were used by Neuberg primerily. The former
1s less soluble than the latter. The use of the insoluble

calcium au;fits enabled Neuberg to investigate the intermediary



metabolism of those organisms which are sensitive to al?&line
medie and to high concentrations of soluble salts. As the
sulfite in solution 1s flxed by the acetaldehyde, more of the
insoluble sulfite will dissolve to maintain aquilibrium; and
therefore there will never be at‘any one time an excesaslve
amount of soluble sulfite present. The inscluble salt present
acts as a reservoir. By using calcium sulfite and vigorously
agitating the medium both mechanically and by @assing.carbcn
dloxide into the medium to keep the calcium sulfite in suspen-
slon, a yield of 14.2 per cent glycerol on hexose welght was
obtained. |

By condueting the fermentation in 2 medium acidified
with phosphoric acid a yield of 15.2 per cent glycerol on
hexose was obtained. This latter experiment proved an Inter-
esting point since previcus fermentations using sodium sulfite
had been conducted in media which were alkaline or nautral to
litmus.
- Hickey (1941) investigated the use of ammonium, magneslum,
and calelum sulfites in the production of glycerol, paying
particular attention to the pH of the fermenting meéia. Con-
trol of the pH had not been previously investigated to any
- great extent. Ammonium sulfite would have an advantage in
the glycerol fermentation in that the ammonium and sulfite
ions could be removed readlly by vglatilizatiaﬁ and precipl-
tation respectively, thus axpﬁéiting the recovery of the

glycerol. ﬁo&ever, there were difficultlies in using this



salt since too acid a reactlon caused the sulfite to become
toxie, while too basic & reaction caused the free ammonia, 1t
was assumed, to become inhibitory. Celcium and magnesium
sulfite could be readlly removed as insoluble compounds from
the fermentation medium, and these salts responded with some~
what higher ylelds of glycerol when the pH was adjusted to the
correct level. This effect was more noticeable with ecalcium
than with magnesium sulfite, perhaps because of the higher
solubillity of the magnesium salt. The average glycerol yleld
using magnesium sulfite ren about 22 to 23 per cent of the
dextrose. These fermentations were run at pH levels below 7.0
or under acid conditions, thus greatly reducing the danger of
contaminations.

The use of calclum sulfite and bisulfite was also reported
by ﬁushénne (1942). A 21° Brix sirup waes fermented for five

days at 35° C. with S. ellipsoldeus in the presence of an acld

kslurry of calecium sulfite and blsulfite with constant slow
stirring. The fermented beer had a final pH of 4.5 and a con-
centration of 13 gms. of sulfur dioxide per liter. After
removal of the calcium sulfite by settling, the liguor was
neutralized with milk af)lima, conesentrated to a thick sirup
and distilled with steam. The ylelds on suger were 9.8 to
13+4 per cent alcohol and 10.1 to 15.3 per cent of refined
glycerol, depending on the amount of sulfite used. The neces~-
saryvsulfit& could be obtained from the juice purification

processes in certalin sugar factorles. A sugar factary



producing 8,000 tons of molasses per year could manufacture

6 tons of glyecerol and 1,000 gallons of alcohol per day using
this method, providing, of course, that it cculd.be managed
on such a large scale with profit.

The Japsnese investigator, Tomoda (1921 to 1929), has
conducted a great deal éf work on the preparation of glycerol
'by fermentation. Tomoda, unlike many of the other investi-
gators, sought by & study of the aldehyde-bisulfite complex
to find means of raising the yleld of glycerol. His theoreti-
cal studies led to the mathad of analysis used in the work
for this thesis. By reducing the alkalinity of the fermenting
solution the dissociation of the aldehyde complex was reduced,
and Tomoda (1924) claimed that his yields were higher than
either Neuberg's or Connsteiln and Llldecke's. From the disso-
ciation constants of sulfurous acid and the aldehyde-bisulfite
complex (Z2.84 x 10'§) Tomoda calculated that the dlssociation
of the complex at a pH of 6 to 8 1s not appreciable, but at a
pH of from 8 to 10.5 it increases to 50 per cent, and at a pH
above 12 the complex is almost completely dissociated. These
results were confirmed by a study of the distribution of the
aldehyde between water and benzene at several different pH
values. When a solution of the complex and sodium bicarbonate
wag distilled, all the aldehyde was distilled out of solution.
By using the methylene blue technique Tomoda (1928) showed
that the bisulfite ion was very injurious to yesast and that

sodium sulfite and the sulfite ion arrested the propagation
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of the yeast. The sldehyde~-bisulfite compound i1tself seemed
to have no harmful effects,

An interesting obssrvation by this inveatigétor showed
that in a synthetic medium the velocity constant of the fer-
mentation was a linear function of the namberlnf yeast cells
in a given volume, while infa natural medium such as molasses
the veloclty constant became a linear function of the logarithm
of the,numbaf of the yeast cells. This function would hold
true only within certaln limits, however. In studying the
effect of the sugar concentration Tomoda (1929) developed the
following equation: |

w = (a + kx)Vy,

where w 1s the amount of glyusral produced (gms. per 100 co.),
X is the initial concentration of sugar iﬁ the mash (gms. per
100 cc.), y the concentration of sulfite in the mash (as sodium
bisulfite, gms. per 100 cc.), and a and k are constants.
Although this equation did not check some of the results obe
tained in this thesis, it may well hold true for the conditions
under which Tomode worked. To explain some of his results
Tomods postulated a hypoﬁhﬁtical zymase-gulfite complex, and
from some of the results of calculations made on the basis of

- this hypothesis claimeéd that 0.2 per cent was the maximum
concentration of sodium bisulfite that wduld permit fermente~
tion. The presence of smsell amounts of 2,3-butanediol in the
fermented mashes was attributed to the dissoclation of the

sldehyde~bisulfite complex near the end of the fermentation



and the condensation of the aldehyde followed by reduction.

There are numerous other references in the literature to
the sulfite praéasa for preparing fermentation glycerol, but
most of them deal with minor varistions in the processes
already described. Haehn (1940) sltered conditions somewhat
by aerating the medium, and claimed a 21.5 per cent yield in
elght hours. He also was one of the few investigators who
mentlion controlling the pH of the medium. FHaehn's medium was
approximately 5 per cent sodium bilsulfite, 10 per cent sugar,
and one per zent’yeaat. Considering the cost of compressed
air, there seems to be no advantage in using this aeration
procedure, except that 1t might prevent the formation of
hyéregen sulfide at'the end of the fermentation, which in
itaélf is not serious if the fermentation me&ium 13 kept ecld
and the fermentation has proceeded at a good rate.

Barbet (1928) introduced the novel ides of using sulfur-
ous ascid (added es sulfur dloxide) to fix the acetaldehyde
instead #f a flxative agent such as sodium sulfite. By this
method fermentation would naturally take plasce at a slightly
acid reaction and there would be no difficultly removable
galts present. No yields were given in the patent specifica-
tions, however,

Qther materisls which have been used to fix the acetalde-
hyde are charcosl (Abderhalden, 1922), carbsmic acid hydrazide
{(Kobel, 1528), and dimedon (Neuberg, 1922). The first of

these materials removed the acetaldehyde by adsorption, the



other two by direct chemical union.

Takehashl and Asail (1933) studiled the production of
glycerol by 23 varleties of Nucor, this being the only refer-
ence to the production of glycerol by molds. Ordinarily the
yleld of glycerol was approximately 3.8 to 9.0 per cent of
the sugar assimilated, but the addition of sodium bisulfite
increased the amount. A yield of 21.5 per cent glycerol on
sugar utilized was obtained by using sodium bisulfite in a

congentration of 6 per cent.

2. The use of alkaline materlials

The theoretical basis for the formation of glycerol
under alkaline conditions has been mentioned previously under
Neuﬁerg’s third form of fermentation. The ratlio of glycerol
to acetlic acid follows closely the theoretical ratio derived
from the third equation. Among the many alkaline substances
used by this investigator (1917) were sodium carbonate,
potassium carbonate, tripotassium phosphate, potassium meta-
borate, magnesium oxide, and zinc hydroxide. The ylelds of
glycerol obtained by the use of alkaline substances were never
as high &s those obtailned by the use of sodium sulfite. Adams
(1919) using sodium carbonate obtained only 3 per cent glycerol.
Evidently this was no improvement over an ordinary fermenta-~
‘tion and was an exceptionally low yleld for the alkaline
fermentation. Connstein and Lildecke (1919) found that they

could obtain a 10 to 15 per cent yield of glycerol from
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dextrose with sodium carbonate. Eoff (1918) elaimed in his
patent that ylelds of 20 to 23 per cent on tbe‘sugar could be
obtained. It was claimed by Tomoda {(1824) that the yields of
glycerol when using sodlum carbonate would not be as high as
those obtained when using sodium sulfite, since the acids
formed by the yeast would produce acid carbonates which would
reducs the alkalinity of the medium, and that the maximum
vields were obtained at a pH of about 10. The major defect
of the alkaline fermantatien ig that the alkeline medium pers
mits many organiams other than yeast to grow and the fermenta-
tion is éam&gﬁd; Sulfite fermentations on the other hand
seldom become contaminated unless the sulfite level falls too
low,

During the flrst World War word was received in the
Unlted States Treasury Department that CGermany was producing
glycerol from sugar by & fermentation procesa. At that time
the publications dealing with the sulfite processes naturally
were not aveilable. Three government laboratories started to
work on the problem, and Eoff, lLindner and Beyer (1919) found
that the addition of alkalles such as sodium carbonate and
patasaiﬁm carbonate or the blcarbonates gave rise to consider-
able quantitles of glycerol during the fermentation of sugars.
Eoff was granted a patent in 1918 which coversd the production
of glycerol by the fermentation of sugars in the presence of
alkali. The inoculum was bullt up in a slightly alkaline

medium; the best yeast used by this investigator seemed to be



- 32 -

a Saccharomyces ellipsoideus var. Steinberg. Malt sprouts
and inorganic salts were used as nutri@nts in a dextrose
medium. Other fermentable substrates used by Foff were black-
strap molasses, cerelose or refined dextrose, corn syrup, and
- cane sugar. About 1B per cent sugar and approximately 5 per
cent sodium carbonate were found to be the best proporiions;
the sodlum carbonate was best added in powdered form and in
successive doses. Under these conditions 20 to 25 per cent
of the sugar was converted to glyeerol and consideraeble alco-
hol formed, the temperature being 30° to 32° C.

In America no use was made of the Eoff process for the
production of glyeercl for war purposes, but Eoff conducted
some smallescale fermentations at the glycercl refinery of
¥William F. Jobbins, Incorporated, at Aurora, Illinois. Using
blaakaﬁrag molasses on & 15,000 gallon scale this investigator
obtained 20 to 25 per cent glycerol on the fermentable sugars.
The problems in recovering the glycerol are readily under-
stood when one realizes that an srdinary Cuban blackstrap
molasses contains about 47 to 48 per cent actual sugars (52
per cent Fehling reducing material), about 8 per cent ash,

22 per cent water, and 22 per cent organic non-sugars. The
latter materials together with the sodium carbonate and yeast
sreate a very difficult mash from which to distill glycerol.
The newer methods of distilling glycerol probably could
handle such masterial, however. Of these methods the one

described by Carothers, Hill and Van Netta (1933) was
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especlally designed for alkaline fermentation liquors. In
this method the dealcoholized slops were distilled by atomiz-
ing the materlial and passing the spray counter carrent to
superheated steam in a vacuum; the resulting dlstillate was
treated with lime snd was blown with air %o remove phenolic
compounds, Several other steps then followed to remove
nitrogenous compounds and the lime, and the final product was
redistilled.

| McDermott, in a note for Lawrie's wmonograph (1928),
stated that the essential step in the process for the manufac-
ture of glycerol by the alkaline fermentation was the asltera-
tion of the course of the reasction between the enzymes of the
yeast and the fermentable scarbohydrates in the molasses,
because of the alteration of the hydrogen-ion concentration in
the medium resulting from the addition of alkali. If the fer-
mentation was conducted at a pH of 7 to 8.8 (apprgxim&taly

the limits of yeast tolerance), about 356 to 40 per cent of the
sugar underwent transformation é&cerding to Neuberg's third
form of fermentation. The ﬁain function of the soluble ash
content of the molasses in the soda ash process was to act as
a buffer, preventing the decrease in pH of the medium as the
fermentation proceeded for it might decresse in a synthetic
mediuﬁ. To improve a poor molasses 1t would therefore be
necessary to add buffer salts or regulate the additlion of
spdium ecarbonate s¢ as to maintasin the required pH.

MeDermott (1929} also patented a process for the
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production of glycerocl by fermentation which involved the
addition of sodium carbonate.

Hiekey (1941) studied the éffeat of controlled pH in the
alkaeline fermentations, using sodium carbonate and sodium
hydroxide. By meintaining the pH at 7.5 with sodium carbonate,
& glycerol yield of 10 per cent on sugar was obtained. When
a concentrated solutlon of sodium hydroxide was used to con-
trol the fermentation at & pH of 8 a yleld of 22.8 per cent
glycerol on dextrose was obtained. In both cases solutions
of the alkaline materisls were used and were added automati-
cally by the pH recording machine. Since sodlum hydroxide is
g strong base and can be made up in a2 much more concentrated
solution than sodlum carbonate, it was more convenlent to use.
This experiment also showed that it was the pH effect that
was important, and not the salt concentration, as some in-
vestigators had claimed. |

In connection with the alkaline fermentation Xrug and
MeDermott (1935) introduced a novel idea by using ammonia as
the alkaline agent. This had a great advantage in that no
fized salts were added to the medium, ammonium sélta being
readlily removable. The ash content of either of the previous-
ly mentlioned carbonate or sulfite processes tends to ralse
the bolling point of the glycerol-containing solution and,
furthermore, these salts accelerate the polymerizatlion and
decomposition of the glycerocl during the distlllation. Stili

another disadvantage of the fixed asslts is that they also
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tend to speed the decompositlon of the non-glycerol organic
matter and thereby introduce difficultly removable extransocus
materlials into the glycerol. In the process of Krug and
MeDermott ammonia ls added whenever the mash becomes slightly
acidic (below a pH of 7.0, colorimetrically determined), the
pH of the mash being adjusted from about 7.2 to 7.3. 1In the
patent a claim 1s made covering the pH range from 7 to 8.
Yields up to 18 per cent on sugar were obtained by using
molasses and ammonia (either in solution or as a gas). Hickey
{1941) also studied the effect of alkaline fermentations using
ammonia. Great difflculty was found in fermenting mashes in
which the pH was above 7.0 and in which an appreciable concen-
tration on ammonium salts was present, The toxicity of either
molecular ammonia or ammonium hydroxide was beliesved to be the
hindering factor. The use of ammonium sulfite was made diffi-~
cult by the fact that below a pH of 7 the toxicity of the
sulfite was aa#icsable and above a pH of 7 the toxielty of the
ammonlia seemed to interfere. Ammonium lons themaslves seomed
to be relatively non-~toxic. |

Takahashi and Asal (1933) in their investigations with
molds reported that & concentration of 4 per cent sodium
carbonate gave a yield of 23.5 per cent glycerol on the gugar
assimilated.

Mueh more material is to be found in the literature on
the alkaline fermentation, but since there wers no radical

differences batwaen\th&aa reports and those already mentioned,



they will be omitted. The reviews of Lawrie (1928) and
¥halley (1942) may be referred to for further information.

The use of neutral salts has received a certain amount
of attention. In Table VII are listed some of the neutral
salts used by Connstein and Lifldecke (1921, 1924). The highest
glyeercl yleld was 16 per cent. On pags 138 of Laﬁris’a mono-
graph a 1list of salts used in the production of glycerol is

given., Upon examining the data 1t can be seen that the

Table VII

Yields of Glyecerol in Fermentations Containing Various Salts.”

Salts used Amount of salt Glycerol yield
{(per cent on sugar) (per cent on sugar)

Calelum chloride 40 8.2
Ammonium chlopide 30 Ted
Sodium chloride 19 8.0
Sodium sulfate 24 6.7
Sodium sulfate 48 8.0
Sodium nltrate 34 5.5
Ferrous sulfate 60 11.8
FPerrous sulfate 120 13%.1
Aluminum sulfate ' 39 9.4
Aluminum sulfate 44 11l.6
Aluminum sulfate ' 80 16.0

*pdapted from Lawrie (1928)

highest yields were obtained by using sodium sulfite and bi-
sulfite; sodlum carbonate ranked next, while the neutral salts
seldom gave & yield above 10 per ecent. The exact mechanism
for the formation énglyaerol in the presence of nesutral salts

has not been ascertained, but probably it may be Neuberg's



third form of fermentation or a reaction closely allied to it.

No pH values were gilven in the data relative to neutral salts.



I1I. MATERIALS AND METHODS

A, Msterials

1. Bugars

Eaxtrcse and maltose were the two sugars used primarily
in this work, except for one or two experiments wherein
lactose, suerose, and fructose were used. meﬁt of the dex-
trose was of the technical anhydrous grade distributed by
Pfansti§hl; some C. P. grade was also used in certalin experi-
ments. Both the technical grade of maltose hydrate containing
7 to 8 per cent of dextrins and having a speclfic rotation of
£125° to +155°, and the C. P. grade containing no dextrins and
having & specific rotation of +131° were used in the prepara-
tion of several serles of fermentations. The supplies of
maltose were‘aISQ obtained from Pfanstiehl. Other sugars used

were all of the purest grades cbtainable.

2. Starchy materials

Several different starchy materlals were used as fermen-
tation substrates both after scld hydrolysis and, to a certain
extent, after enzyme saccharifications. The corn starch was
the usual commercially available type, the molsture content
averaging about 11 per cent. According to the official ascld-

hydrolysis method of the Association of Official Agricultural
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Chemists (1940) this starch analyzed on the wet basils 92.2 per
cent dextrose. 1In sadditlon to the corn starch prepared by the
wet-milling process, some dry-milled corn was also used. The
three samples of the latter were a yellow corn meal {(Quaker
brand), & cresm meal, and some brewer's grits. The latter two
were prepared from white corn, the brewer's grits belng some~
what coarser than the cream meal. The ground corn used in one
or two experiments was of the ordinary yellow variety, analyz-
ing 69.4 per cent dextrose on the wet basis by the A. 0. A, C.
dlastatic method.

S« Saccharifying agents

The mglt useé in thils work both to supply nulrients and
as a saccharifying agent was a distiller's grade rather finely
ground. The mold-bran was atsampls prepared in these labora-
tories according to the method of Hao, Fulmer, and Underkofler

(1943) from wheat bran using Aspergillus oryzae No. 38.

The acids used were of the C. P. graﬁé* Goering (1941)
discussed the advantages and diaadvanﬁagés of the various
mineral aclds in hydreolyzing starchy materials. 8ince sul-
furic acid is the cheapest and also one of the best, it was

chosen to be used in most of this work.

4, Medla uped

Two different types of medlia were used in the various fer-

mentations discussed in this thesis. The optimum semi-synthetie
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medium developed by Hickey (1941) was used In some of the
first experiments. This medlum, developed for the maximum
production of alechol from dextrose by yeast and utillzing
the minimum amount of added solids, has the composition

shown in Table VIII.

Table VIII

Optimum Semi-synthetic Medium for Alcoholic Fermentation®.

Heagent

of medlum
Yeast extract {Difeo anhyd.) 0.375 gm.
Ammonium chloride 0.15 gnm.
Dipotassium phosphate (trihydrate) 0.075 gm.
Konopotessium phosphsate 0.075 gm.
Magnesium sulfate (heptshydrate) 0.02 gm.

Caleium chloride

0.0
~ Dextrose for carrying culture 5.0
Dextrose for inococulum 106.0  gms.
Dextrose for experimental media 15.0

*Adapted from Hickey (1941)

It was found that the 10 per cent dextrose medium was moat
satisfactory for the glycerol fermentation.

The above medium, although quite satisfactory, was
tedious to prepare and used considerable amounts of chemicals.
Since in the usual glycerol fermentation quantities of salts
of various kinds are added and the yeast does not grow to any
great extent a éimpl@r medium was sought. Coering (1941)
found that heavy corn steep liguor In concentrations of about

4 gma. per liter gave satisfactory alcoholic fermentations in
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combination with aéid-bydrolyzed starch solutions., A sugar-
steep water medium,was used in most of the experimental work
conducted for the production of glycerol in connection with
this thesis. It was found on comparing the two types of media
by the alcohelic fermentatlon of dextrose that the stesp water
1n}conjunctien with the rather hard tap water in these labora-
tories gave as good ylelds of alcohol as did thelcptimum seml -~
aynthetic medium.

In many ceses the actual experimentasl media were not
sterilized since the sulfites exert an antiseptic effect which
the yeast talerates.te a higher degree than other organisms.
However, all of the media for carrying ﬁulturés and inocula
were sterllized at 15 pounds for 15 minutes. Very few contam-
inationé were found during the course of this work, and they
were accounted for either by the failure of the yeast to
fermént the‘sugar, as in the maltose fermentations, or by the
lowering of the free sulfite at the end of the fermentationa
to such & level that other mleroorganisms could grow. In the
maltose fermentations it was feuné’that sterilization of the
steep water ssparately was all that was necessary tq keep
certain sulfite-tolerant organisms from being carried into
the fermentation wedium. It is definitely not & good practice
to sterilize any media contalning sulfite since the sulfita,
especially the sodlum sulfite, has a strong alkeline reaction
and destruction of the sugar takes place. MNedia other than

those above mentioned which were employed for specifiec



purposes will be described whenever they were used.
5. Yeasts

Three different strains of yeasts were used in most of
the experiments describsd in this thesis. 4 strain of

Saccharomyces cerevisiame designated as No. 43 (Flelschmann's

catalog No., 2.15-52) was used for many of the experiments.
This yeast 1s a high~attenuating "top" yeast which has been
found very satisfactory for alcoholie fermentations run in
these laboratories for a number of years. For much of the
work on the preparation of glycerol by the fermentation of

maltose & strain of 8. ellipsoldeus var. Steinberg, American

Type Culture Collection No. 4098, was used. This culture is
deslignated as No. 53 in our laboratories. For massive inocu-
lations Fleischmann's yeast cakes were used. Theée weres used
directly es obtained from retail stores and were found to be
quite satisfaetéry for the fermentation of dextrose, giving
reasonably reproducible results.

Yeast strains were carried on either the optimum semi-~
synthetic medium or thﬁ>3t$8p—wat$r medium, the former being
used in most of the earlier work. For the yesst No. 43 a
5 per cent dextrose medlum was used, ané for the yeast No. 53
a b per cent maltose solution was used. Transfers were made
at intervals of two to three days, using sterile plpettes
delivering a volume of one or two mllliliters for inoculation.

The carrying cultures, 50 ml. In volume, were kept at 30° ¢.



'in 125-ml. Erlenmeyer flasks. All fermentations were run at

30° C. unless otherwlse specified.
6. Sulfltes

The sodium Sulfite used was of the anhydrous reagent
grade. Hagnesium sulfite ﬁés obtained from both the City
Chemical Company and from Mallinckrodt. The former was desig-
nated as "pure" and the latter had no grade designation. The
averages for the snalyses of these samples in triplicate by
fodine titratian in the presence of & small amount of sodium
bicarbonate to prevent excessive loss of sulfur dioxide were
as follows:

City Chemiecal product 56.5% MgSO0gk

Mallinckrodt product 68.4% MgSO0g
Since MgS0z+4Ho0 contains 59.2 per cent MgS0s, and MgSOz«3H,0
contains 53.8 psr cent &gses, the analytical results Indicate
that the commercial products are mainly MgS0g«4H;0. In the
fermentation media contalning magnesium sulfite excess solid
was used; so 1t made 1little difference whath&r the matveriel
contained a variable amount of water of hydration or small

amounts of magne&ium sulfate.

B« Hethods

1. pH measurements

For periodical checking of the pH of fermentation medie

-
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or for occasional readings of the pH, a Cameron pH meter was
utilized. If only an approximate value of the pH was desired,
as when meking up carrying media, universal indicator papers
’wera very convenlent. |

4 Cameron pH recorder was used to observe the pH in medla
continuously over periods of time extending from three to as
many as fifteen days. This recorder is adapted to stir the
fermentation for one minute out of every four and also to
control the pH of the medium by automatic addition of acid or
base solution. The latter feature was described in detail byA
Hickey (1941). The stirring is essential when medla contain-
ing magnesium sulfite are used. Both of the Cameron instru-
ments were callibrated at pH 4 by means of a phthallage buffer,
the recorder once every 24 hours, the simple meter whensver
used.

Fermentations on which the pH was checked continuously by
the recorder were run in a five-liter three-necked flask. Into
one of the side necks the electrode assembly was inserted; the
stirrer entered through the center neck and the third neck was
used for removing samples and for adding base or acid to con-
trol the pH. It was found necessary to take one very special
precaution when the recorder was used; thls was to ground
every metallic part In the region of the electrodes. If this
were not done, the pH recording was frequently extremely

erratioc,.



2. Alcohol determination

All determinations of alcohol were made by distilling
elther the whole medium or an aliguot, usually 300 ml., from
a Kjeldahl flask and collecting 100 ml. of distillate in a
’valumﬁtric flask. A 1llttle solid ealelum carbonate was added
before distillation to neutralize any acids present in the
medium, except in the case of the sodium sulfite fermentations
where no calcium carbonate was used. The distillates from
the sodlum sulfite medla were redistilled from a flask con-
taining & éma. of a mixbture of 3 parts of sodium sulfite and
one part of sodium bisulfite. In this way the amount of
aldehyde carried over was reduced to a mere trace., The sul-
fite holds back a certain amount of the aldehyde, and the rest
1s probably lost by volatilization during the two distilla-~
tions. The final distillate in esch case was brought to a
temperature of 25° C. and the specific gravity was ﬁsterminﬁa
by means of a chainomatic Westphal balance. A few drops of
lard oll added to the medium to be distilled alded in retard-

ing foam formation.

3. Supar determination

Reducing sugars were determined by & modified Shaffer-
Somogyl method as described by Underkofler, Guymon, Rayman
and Fulmer (1943). This method 1s guite satisfactory for
medla not containing sulfite. If sulfite is present, 1t must

be completely removed or it will interfere in the final



titration with sodium thiosulfate, since the sulfite will
reduce the iodine liberated from the potassium iodate, thus
giving high sugar values. The removal of the sulfite was
arﬁinarily accomplished by boiling an aliquot sample of the
medium, usually 5 ml., with acid ané then precipitating with
basic lead aeat&ﬁa‘ Whenever the soluble sulfite was very
high, however, this procedure was found to be unreliable, and
in most of the sulfite fermentatlons the final sugar values
were not determined.

Optical rotations were employed in several cases to get
an approximate idea of the amount of sugar left in the fer-
mented beers, but these measurements are complicated by the
presence of materials other than sugar and the uncertainty in
the case of maltose as to whether the yeast has converted any
of the sugar to dextrose. In any case since the aim of the
work &as to get the highest possible yleld of glycerol based
on the initial sugarkthe determination of residual sugar was

not a vitel matter.

4. Glycerol and acetaldshyde determinations

{ne method which may be employed in the determination of
- glycerol formed in fermentations 1s that developed by Fulmér,
Hickey and Underkofler (1940). This. method involves the
détarmin&tiau of the residual sug&r by the procedure mentioned
previously and then oxidizing the glycerol and sugar in s

separate sample by means of ceric sulfate. By means of
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standard curves t&e amount of ceric sulfate needed to oxidize
the glycerol is found and from this value the amount of
glycerol determined. The presence of protelns, most of which
can be removed by basic lead acetate,‘sulfita, or any athgr
oxidizable material, interferes with the anaiysis. ¥henever
the medium is of the semi-synthetic type and only small
amounts of scluble sulfite or sodium salts are present, the
sample may be treated with acild, bolled, and then ¢larified
with lead acetate. The results obtalned by the ceric sulfate
oxldation method then are fairly relisble. However, in the
presence of high concentrations of sulfite, especlally sodium
| sulfité, the method becomes unsatisfactory even when great
care 1s taken to remove interfering materials. None of the
determinations of glycarclvdascribed in this thesls were made
by the ceric sulfate-oxidation method, although many such

. were run 1nkaarliar unreported work. Several oiher oxidation
methods for the determination of glycerol are deseribed in
the literature, such as the periocdic aeid method of Bradford
(1942) and slso the method of Smith and Duke (1943).

The method em?lcyed for the determination of glycerol in
the fermentations described in this theslis was an adaptation
of a method described by Tomoda (1929). By determining the
amount of bisulfite fixed by the acetaldehyde during the fer-

mentation the amount of glycerol can be calculated. The

theoreticsel basis of the determination of the sulfite combined’

with the acetaldehyde 1s founded on the fact that the



aldehyde-bisulfite complex 1s only very slightly dissociated
in acid solution (pH b to 7}, but as the solution is made
~alk&1inae(pﬂ 8) the dilssoclation of the complex increases to
‘such an extent that all of the bound sulfite can be titrated
with iedina solutien;

Ripper (1900) utilized a method sowewhat similar to that
later developed by Tomoda for the determination of acetalde~
hyde. 1In Ripper's method the acetaldehyde iz distilled into
g solution of potassiwm bisulfite and the amount of free sul-
fite 1s determined by lodine titration. The difference
between the original amount of sulfite and the free sulfite
is squal to the amount of bound sulfite whiech In turn is
equivalent to the acetaldehyde prasent. The advantage in
Tomoda's methéd lies in the fact that no distillation is
necessary thus avolding any menipulative losses of the alde-
hyde during the distillation. Another distinct advantage is
that the total amount of sulfite present has little or no
effect upon the analysis. Tomoda when ehecking his method
against that developed by Ripper found that his results were
siighﬁly higher than the latter's, which might be expected in
view of the possible negative errors in‘ﬁipper‘s method.

The equivalence between acetaldehyde and glycerol has
been invastigataé by several workers and all are agreed that
the theoretieczl relationship 1s corraat; Since many of the
early investigators used Riﬁper*s method for the determina-

tion of acetsldehyde, and recovery methods followed by



oxlidations to determine the glycerol, very few of the workers

cbtained exactly the ratio of 2.09 as demanded by the eguation:

In the caloulations employed for this thesis the theoretical
ratic was used.,

The detalls of the analyticsal method actually employed
are given in the following paragraphs.

Easgenta:

A. O.1 N lodine solution containing 12.7 gms.
resublimed jodine and 16.0 gms. potassium
iodide, reagent grade, made up to one liter
and standardized ageinst sodium thiosulfate
solution of known normality.

B. One per cent starch solution, made up in
saturated sodium chloride solution to pre-
vent the growth of microbrgeanisms.

Ce. Sodium blearbonate, reagent grade.

Five milliliters of the fermentation medium to be ana-
lyzed is measured into a 125-ml. Erlenmeyer flask and 0.5 ml.
of the starch solution 1s added. The sides of the flask are
washed éewn with distilled water, and the titration with
iodine 1s carried out until the first purple color that per~
sists more than fifteen seconds appears. If the endpoint is
overstepped, back titration with a 0.1 N sodium thiosulfate
solution may be resorted to in order to rectify the error.
The volume of lodine consumed in the first titration is
equivalent to the free or unbound sulfite. Solid sodium

bicarbonate is then added until some s0lid remains undissolved



and the color of the.starch~iodine complex disappears. The
titration with iodine is then continued and the volume of
iodine consumed in this second tltration is equivalent to the
amount of sulfite bound by the acetaldehyde. Quite often in
the first titration with iodine the endpoint is rather fleet-
ing when the amount of free sulfita falls much below the
eguivalent of 5 ml., of lodine. The addition of 0.5 ml. of 6 N
hydrochloric acid before titration will remedy this. One dif-
fieulty often sncountered 1s excessive foaming when the bilear-
bonate 1s added, but the foam 1s easily collapsed by the
addition of a drop or two of Aercsol sgclutlion. The iodine
solution is best delivered from an automatlc burette such as
the pressure-filling sutomatic evérflcw burette sold by the
Ace Glass Company (catalog No. 5750). This particular burette
has an advantage in that the ilodine solution does not come in
contact with rubber. | |

The volume of lodine consumed in the second titration for
the bound sulfite is corrected to 0.1 N if the iodine solution
is not of that normality and then the amount of glycerol
may be calculated from the relationship:

ml. of 0.1 N I, x 0,0046 = gms. glycerol.

The smount of glycerol 1s then multiplied by a volume factor
to obtain the total smount of glycerol pressent in the medium.
For instance if the volume of the medium is 310 ml. the

volume fector would be 82 since the volume of the sample



- Bl -

titrated is 5 ml. If magneslum sulfite is used as the aldehyde
fixing agent, the medium should be centrifuped and 5 ml. of the
centrifugate used for the analysis, In this way the asctual
smount of sulfite dissolved in the medium may be deﬁermin&ﬂ,
which would not be the case 1f a variable amount of the so0lid
sulfite is present to resct with the lodine.

There will naturally always be a slight difference betwsen
the amount of glycerecl as determined by the above method and
the amount sctually present in the medium. A certain amount
of glyeerol is usually present In the medium which cannot be
aceauﬁteé for by Neuberg's second form of fermentation. This
glycerol may be the "protein-glycerol" as described by Gehle
(1922) or that formed in the initial phases of the fermenta~
tion according to the Embden-Meyerhof-Parnas scheme. The
acetaldehyde-bisulfite complex may alseo dizsoclate slightly
to liberate some aldehyde which in turn may be reduced to
alcohol or converted to 2,3-butanediol by the yeast. In any
case the errors are small and are negative errors, sc that the
yields of glycerol obtained by the lodine-titration method may
posaibly‘ha & little low. The error within a given series of
fermentations should be constent and therefore the trend of
the yields should be unaffected. In a private communication
Dr. He J. Bilckey (1943) stated that a comparison of the
lodine-titration method with a recovery method and with the
ceric sulfate oxidation method showed that the amount of

glycérol found by actual recovery agreed with the values



ebﬁaiﬂaﬁ by the iodine~titration method, but that the values
obtained by the oxidation method were too hiéh;“mﬁhg lack of
interfering substances and the rapidity of the analyéia are
two of the best features of the modlified method of Tomoda.
For the purposes of this thesia the advanﬁages'ef the method
far outwelgh the disadvantages.

Hecovery methods are slow and time-consuming and, further-
more, are subject to innumerable errors. Lawrie (1928) de~
scribes several recovery methods for the determination of
glycerél present in fermentation media. Most of these methods
require a further sbtep, usually an oxidation, to determine
the purlity of the glycerol recovered., During the present in-
vastigétion the acetone recovery wmethod described by Lawrie
was carried out in duplicate on & fermented medium which gave
a value of 29.2 per cent glycerol on dextrose by the lodine~-
titration method. As an extra precautlon sodium blcarbonate
was added to the 100 ml. sample before evaporation in order
to decompose the élaehydﬁmbisulfite complex., The sample was
evaporated to almost complete dryness and then excess solid
anhydrous sodlum sulfate was added. The dry mass thus ob-
tained was extracted for twenty~four hours with scetone in s
Soxhlet extractor, the acetone removed by distillation, and
the residue dissolved in absolute alcohol. The alechol
gsolution was centrifuged, the alcohol evaporated from the
centrifugate, and the residue was again dissolved in absolute

alcohol and the process repeated. The residual material
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obtalned from the last evaporation was dried in an oven at
110° C. until the weight loss was about 0,02 gms. for a
fifteen-minute perilod of h&atingﬁ The material obtained was
definitely impure‘sinee olly material could be plalnly seen

in the sample and the "glyeerol” was a very dark brown. The
per cent glycerol on dextrose obtained by this method amounted
to 36 per cent, which was evlidently teo high.

Using the same fermented material us employed for the
acetone récovary method, féur samples were treated in the
following manner. One hundred milliliters of the fermented
beer was evaporated to a thick syrup in the presence of H gms.
of sodium bicarbonste. The complex of acetaldsehyde and
bisulfite must be completely destroyed by the bicarbonate in
this step or the recovery will be considerably complicated.
The evaporated materizl wss treated with absolute alcchol and
then to the flltered alcohol extrasct an equal volume of
senhydrous ethyl ether was added. The resulting suspension
was filtersd, and the solvents evaporated on a steam bath.

The resulting viscous material was extracted with a fifty-
fifty alechol-ether mixture, filtered, and the solvents agailn
avaporated. The final drying was carrled out in an oven as
described previously. The results obtained checked very well
‘with the value of 29.2 per cent obtained by the iodine-
titration method. The results were 31.0, 29.5, 29.7, and 27.8
'(avsraga - 29.5) per cent. The meterial obtained by the

above recovery method was a clear, light yellow viscous
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product which certainly should be free from moisture. This
recovery method, although checkiﬁg guite well with the modi~
fied mathaé of TOmaéa, is time-conauming énd subject to srrors
arising from the various transfers.

There are many other methods far;ﬁhe datarmiﬁatian of
glycercol in fermentation medis but they need noﬁ be described
here. Descriptions may be found in the reviews of Lawrie
{1928) and Whalley (1942). It may be noteﬁ here that, unless
étherwise stated, all glyecerol yields reported in this thesis
are expressed on the basls of per cent product on initial

substrate.

‘5. Yeast ecell counts

Cell counts were made by using a Thoma-Zeless haemocytome-~
ter. The Thoma-Zelss counting cell is divided into sixteen
large squares each of which ls subdivided into sixteen smaller
squares. One yeast cell per large square ls equivalent to
250,000 yeast cells per milliiiter of medium. In making cell
counts the number of yeast cells present in ten of therlarger
squares was counted and the average value was taken as the
count for one large zquare., For purposes of simplification
the counts will be given 1n this thesls as the average number
of eells per large square and not as the total number of cells
per millillter. ﬁh@n excesslive numbers of cells were present
the medium was diluted to facilitate the counting. If exces-

sive clumping of the ysast occurs, acecurate counting is almosat

impossible.
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6. Molsture content of starchy materials

A very simple and reasonably accurate mﬁtbo& was adopted
fer this determination. A weighed aluminum dish, approxi-
mately 3 inches in diameter and 0.5 inch desp, was filled to
& depth of sbout 0.25 inch with the materlal to be tested and
was again weighed. The dlsh and its contents were placed in
an oven at 110° C+ for about twelve hours, cooled in ﬁ desic-
cator, and weighed. The loss in weight represented the
amount of molsture originally present in the material,
Weighings were carried out to the near&st‘cantigram, and the

results checked to within 0.1 of one per cent.
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IV. EXPERIMENTAL

A+ The Use of Enzyme-Converted Starchy Materials

ag Sources of Fermentable Sugars

There are two general methods for coenverting starchy
materials such as corn or corn starch to sugars fermentsble
by yeast. One method employs enzymes usually obtalned from
sprouted barley grain, commonly called malt, or from mold~-bran
to earry out the caﬁvaraian, the other method involves the use
of mineral acids and lnereased temperatures to bring about the
hydrolysis of the starch. #¥alt converts the starch molecule
to maltose primarily; mold-bran converts the sta?ch to maltose
and probably some dextrose; aclds convert the greater part of
the starch to dextrose although maltose and dextrins can be
found in the hydrolyzate in various amounts depending on the
severity of the treatmént‘

Goering (1941) obtasined almost complete conversion of a
7.5 per cent starch suspension to fermentable sugars by hydro-
lyzing the suspension in the presence of 0.02 N sulfuric acld
under 25 pounds steam pressure for four hours. His work also
inéia&teé that hlgher starch concentrations required higher
acld concentratlons, and that as good alcochol yields were not
obtained under these conditions as when lower starch concen-

trations were used. CGround corn alsc required higher acid
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concentrations than did corn starch. ﬁhsn ground corn was
acid-hydrolyzed some toxle factor seemed to be present which
interfered with the metabolism of the yeast. It was demon-
strated that this factor probably arose from the bran. Actu-
ally, per pound of fermentable suger obtained, starch is not
much more expensive than corn 1ltself.

Ag has been ﬁeﬁtiansﬁ previoualy, very few references
are to be found on the use of starchy materials as sources of
fermentable sugars’tﬂ be used in the preparation of glycerol
by fermentation, desplte the fact that several patents c¢laim
their use. Eoff (1919) 15 the only investigator who mentions
sctually using a corn syrup as a source of fermentable sugar.
The experiments described in this and in the following sec-
tions were made in an sttempt to detsrmine the feasibility of

using starchy materials as ssurc&s of fermentable sugars.

l. The use of a malted corn mesh as g source of fermentable

sugar

Ssveral preliminary fermentstions were run using malted
corn mashas contalning magnesium sulfite as the aldehyde~
fixing agent. The results of thess experiments were very un-
satisfactory; in fact, yields of glycerol of more than € per
cent of the reducing sugar, calculated as masltose, were rarely
obtained. One thing was noted, however, namely that long
perieéa of saccharificetion seemsd to be necessary, perhaps

because the presence of sulfite inhibited the action of the

malt enzymes.
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In one of the better fermentations the procedure used
waes as follows, Two hundred grams of ground corn was suspended
in one liter of 0.04 W hydrochloric¢ acid, steamed for fifteen
minutes, and then autoclaved at 15 pounds pressure for one-
half hour. The resulting mash was cooled to 63° C. and 20 gmsa .
of m&lg was added. The flask contalning the mash was immersed
in the malting bath, the temperature of which was malntained
at 53° C. and 10 gms., more of malt was added after eighteen
hours and again after twenty-four hours. After about ﬁhirty
hours the mash was filltered and 650 ml. of filtrate was ob-
talned which gave only & very faint lodine-starch test and had
a pH of about 6. By analysis 9.44 gms. of meltose hydrate was
present per 100 ml. of filtrate.

The filtrste was divided into three portiocns, twe of 250
| ml. and the third of 150 ml. To the two larger portions
20 gms. of magnesium sulfite was added, and then all three
media were inoeculated with 20 ml. of a thirty-six-hour inoccu-
lum of yeast No. 43 grown on a 5 per cent dextrose-steep
water medium. Twenty-four hours later the medle eaﬂtaining'
the magnesium sulfite were just beginning to gas and had a pH
of 6.8 while the medium containing no magnesium sulfite had
been gassing vigorously for some time. After & week had
passed, the formation of gas, which had never been very rapid,
seemed to be slowing down considerably In the medla containing
magnealium sulfite; and the medlia were analyzed for glycerol

by the lodine-titration method. The average yleld of glycerol
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from maltose was 15.4 per cent, which was considerably better
than had been found in some of the preliminary work. In view
of some of the later work the pH of 6.8 may have been respon-
sible for the better than average ylelds.

Another malt-saccharified fermentation was prepared by
using corn stareh instead of ground corn. The major differ-
ence between this and the preceding fermentation was that
acid~thinning was not resorted to, and, as a result, the pH
of the medlum after the magnesium sulfite had been added was
8,0, The sugar concentration was somewhat lower, being 6.4
gme. of maltose hydrate per 100 ml. Eighty-eight hours
after inoculation only 1.5 zl., of lodine was required for the
fixed sulfite, and the mash began to develop a noticeably bad
odor. Hicroscople examination revealed the presence of &
short rod-like contaminant which was not further ldentified.
later work with maltose showed that whensver the maéium had
a pH of 7.2 or higher fermentation by yeast seldom took place

and contaminants began to grow,.

2. pH recording of the fermentation of a maslted corn mash in

the presence of magnesium sulfite

In ér&er to get an ldea of the rate.of formation of
glycerol and thé trend of the pH during the fermentation of a
malted corn mash in the presence of magnesium sulfite, a
larger amount of medium was needed. Thls was prepared by com-

bining 2000 gms. of ground corn with 9 liters of tap water
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and then adding 120 gms. of malt. The cambinaévmash was held
at 63° C. for one-half hour, gelatinized by heating, and then
cooked under 5 pounds presaure for one and one-half hours.

The rather thlck mash was diluted to about 16 liters, cooled
to 63° C., and 1300 gms. of malt was added. This is a8 very
high proportion of malt, but & rather complete conversion was
desired in as short a time as possible. Twelve hours later
the mash was filtered and 3800 ml. of the filtrate ressrved
for the fermentation. To serve as incculum 400 ml. of this
filtrate was inoculated with yeast No. 43 and about 30 gms. of
magnesium sulfite was added. The remaining 3400 ml. of mash
was auvtoclaved for thirty minutes under 15 pounds pressure.
The anelysis of the autoclaved filtrate showed the presence of
11.4 gms. of maltose hydrate per 100 ml.

After the inoculum hed grown forty-eight hours it was
filtered with the ald of a small amount of Cellte and the
filter cake added to the 3400-ml. portion éf megh. Ten milli~
liters of steep water and 300 gms. of magnesium sulfite were
also added. The fermentation was carried out in s B-liter,
S-necked flask equipped with a stirrer controlled by the
- automatlie timer in the pH recorder which automatically
stirred the farmsntation‘avary four minutes. In Table IX
the pH valuea and the analytical data obtained from periodl-

cal analyses of the fermenting medium are glven.
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Table IX
Permentation of a Malted Corn Mash in the

Presence of Magnesium Sulfite

i1 . of Q0.1 N. lodine per 5 wl., of m&sh

Age pH
(hrs.) Free sulfite Filxed sulfite Total sulfite
4 7.0 18.1 0.5 18.6
24 6.4 17.1 4.7 21.8
48 6.5 15.1 6.7 21.8
"2 6.6 1.3 8.5 21.8
96 6.5 12.8 8.9 21.7
120 6.6 11.8 9. 21.5
144 6.6 10.4 11.4 21.8
168 6.6 8.6 12.6 21.2
192 6.6 6.7 14.1 20.8
216 6.6 5.3 15.3 20.6
240& 6’6 4:8 15&5 2{}»3
264 6.6 4.7 15.6 20.3
%Tan days

Around the tenth day of fermentation sligns of contamina-
tion were notlced, and since the fermentation seemed to be
finished, the recording was stopped. At acid pH levels con-
tamination is seldom encountered in the sulfite fermentations
unless, g8 it did in this case, the free sulfite lavelrfalls
below the equivalent of 5 mli. of iodlne per 5-ml. sample. It
is mslso worthy of note that the amount of total sulfite pres-
ent at any time during the fermentation 1s dependent to a
. greater degree on the pH of the medium than on the amount of
fixed sulfite. The anslysls for the eleventh day showed the

presence of 48.8 gms. of glycerol in the total mash, and this



is equivalent to a yleld of 12.0 per cent on the original
maltose hydrate present. It would also be 12.0 per cent on
the dextrose equlvalent of the maltose since the molecular
welght of maltose hydrate 1s exactly the sams as the sum of
the molecular weights of the two dextrose molecules that

could be obtained from it by hydrolysis.

S« The fermentation of acid-thinned starchy materials

saccharified by malt and mold-bran

The same general procedure was used ln preparing flasks
fles. 1 to 5 in this experlment although they were made up at
dgifferent times. Thirty grams (26.7 gms. dry basis) of the
starchy materlial to be used was mixed with 300 ml. of C.04 K
hydrochloric acid, gelatinized, and cooked for one hour at
15 pounds stesm pressure. To the cooked mash about one gm, of
calcium carbonate was added to neutralize the acid, and after
the mash had cooled to the proper temperaturse, the enzyme~
containing material was added. For the saccharifications with
malt 1.8 gms. of = good grade distiller's malt was sdded, and
the mash held at 55° C. for five hours; for the mold-bran
sécaharifieaticns 1.8 gms. of a mold-bran prepared with |
4. oryzae was added and the ﬁaah-held at 30° C. for about two
hours. The pH of the mashes during saccharification was

about 5.0. After the saccharification perled 25 gms. of mag-
| nesium sulfite was added along with 30 ml. of a 30-hr. culture

of yeast No. 43 grown on a 5-per cent dextrose-steep water
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medium. The flasks were shaken at intervals to insure good
contact betiween the sulfite and the medium. All of the media
were made up in dupllicate and were analyzed at the end of five
days.

A larger batch was made up to be run on the recorder.
Three hundred grams of cream mesl was mixﬂé with & liters of
0.04 N hydr@ehloric acid, gelatinized, and eaakéﬁ for one hour
at ‘15 pounds pressure. When the resulting mesh had cooled
down the recorder electrode assembly was lmmersed in the mash
and 10 gms. of calclum carbonate added, whereupon the pH fell
to 5.0. At this polnt 18 gms. of mold-bran was added and the
mash held at the incubator tsmperatufa of 30° C. for one and
one-half hours with intermittent stirring. Then 300 gms. of
magnesiwm sulfite was added along with 310 ml. of & 30-hr.
inoculum of yeast HNo. 43 grown on & 5-per cent dextrose-steep
water medium, and the pH immediately rose to 7.5. In twenty
hours the pH had fallen to 6.5, and 1t remained in that region
to the end of the fermentation. 7The amount of flxed sulfite
roseé slowly and épparantly atopped inereasing on the sixth
day, at which time 5 ml. of mash required 8.7 mle. of O.1 N
iodine for the fixed sulfite, The analysis of this fermenta~
tion (No. 6) is given in Table X along with the analysis of

the preceding fermentations (Hos. 1 to 5).
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Table X

Fermentation of Enzyme~Saccharifled, Acid-Thinned
Starchy Materials in the Presence

of Mapnesium Sulfite.

-

Ao~ n ——"

it

-

it

Flask Starchy Enzyne Yeast Glycerol
No. Material Source Strain yield®
o (No.) (%)

1 Corn starch liold~bran 43 132
2 Yellow corn meal Mold-bran 43 10.5
3 Yellow corn meal Malt 43 1l.2
4 Cream meal Mold~bran 53 12.9
5 Cream meal - ¥alt 53 12.86
6 Cream meal Mold~bran 43 11.5

*The yield of glycerol 1a calculated as per cent of dry
starchy materiasl converted to glycerol.

Although the yields of glycerol were ealcalateé on the
basis of dry starchy material, yields were still in thé;range
of 12 per cent, which seems to be the highest obtalnable from
enzyme~-saccharified materials_for a fermentation of four to
five days'! duration. On examining the data of Teble X, no
great difference can be seen in the use of mold-bran or malt,
but yeast gtrain No. 53 seems to be aomewhat better than

No. 43 for these conditions.

4. The fermentation of a malted corn mash in the presence of

various salis

The reason for the poor utilization of the maltose in the

previous fermentations might be ascribed to the spaéific



effect of the magnesium or sulfite ions, to the salt concen-
tration, or perhaps to the rémaval of phosphate from the
medium by the magnesium ion. In order to get an idea as to
what might be the hindering factor, a malted corn mash was
prepared in a similar manner to the preparation of the mash
Iin experiment 2 of this section. Two hundred gms. of ground
corn, 4 gms., of malt, and 900 ml. of tsp water wére maintained
at 60° C. for one-half hour and then gelatinized and cooked
at 12 lbs. pressure for one-half hour.k The rasulﬁiﬁg mash
ﬁas cooled to about ﬁGG‘G,, and a slurry of 130 gms. of malt
in 600 ml. of water was added. After allowing the sacchari-
flcation to proeceed for about three hours at 55° C. the mash
was filtered., The resulting filtrate totaled 1250 ml. and a
sample gave & rotation of +20.3° in a 2-dm. tube using the
yellow light of sodium. The filtrate was divided betwsen
four flasks in 300-ml. portions, snd each flask was then
iﬁﬂaulateﬁ with 30 ml. of & 24-hr. culture of yeast No. 43
grown on & S5~per cent maltose-steep water medium. Twe hours
lat@r, to separate flasgks various additicons of salts were
made, the additions being such as to make the concentration
ébsut 0.25 ¥, approximately the concentratlion of solubls
magnesium sulfite, when this salt is used, in the medium.

After three days the sngles of rotation were measured for the

- medium in each flssk under the game condltions as the rota-

tion of the original filtrate was measured. The results are

shown in Table XI1.



w 66 =

Table XI

Fermentation of & Malted Corn Mash in the Presence
of Various Salts.

Salt addition | X 20 for 2 am.*
10 gms. MgSOg ' +17.2°
10 gms. MgS0; + 1 gm. KoHPO,+3Hg0 417.6°
9 gms. MgSO, | +5.5°
13 g8 . ?&’&23{}4 : '1’5:69

*fataticn of criginal sugar solutlion was +20.3°.

No ealculatlons were made as to the actual concentrations
of maltose present since the presence of the salts would in-
troduce uncertainty inte the determination. The presence of
the two soluble salts only slowed up the fermentation since
over two-thirds of the originel sugar had been fermented
sccording to these Gata. Stark and Somogyl (1942) indicated
that electrolytes exert a gllght inhibitory effect on the
fermentation of maltose. However, the presence of magnesium
sulfite definitely hindered the utilization of the sugar.
Since the hindrance could not have been caused by the magnesium
~ion or by the salt concentration and probably not by the lsack
of phosphate; the sulflite ion, or perhaps the bisulfite ion,
evidently was the cause of the poor fermentations. Todine
titration of the two flasks containing the magnesium sulfite
showed that eniy about £ per cent of the maltose had been
converted into glycerol; or assuming from the rotation data

that one gram of maltose had been fermented, about 14 per cent
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glycerol was produced from the utilized sugar. Since yeast
ferments dextrose satisfactorily in the presence of magnesium
sulfita; i1t is apparent that in some way sulfite hinders the

fermentation of maltose.

B. The Fermentation of Acid-Hydrolyzed Starchy Materials
in the Presence of Magneslium Sulfite

1. The fermentability of seid-hydrolyzed corm starch

In sr&ef to obtain an idea as to tha‘fermﬁntability of
acld-hydrolyzed starch two samples of 22.5 gms. {(wet basis)
of corn stareh were welghed into separate 500-ml. Erlenmeyer
flasks, and to each flask 300 ml. of 0.02 H sulfuric acid was
added. The flasks‘ware heated for four hours at 25 lba. steam
praaamre; After this hydrolysis the media in the flasks were
dark brown and contained some suspended solid material. Five
milliliters of wedlum was removed from each flask and analyzed
for reducing suger; flasks A and B respectively contained 6.21
and 5.84 gms. per 100 ml. of reducing sugar calculated as
dextrose. These values corresponded to a conversion of starch
to dextrose of B4.5 and 79.5 per cent of thsoretlical, respec-
tively., Higher conversions probably would have been cbtained
Af the starch had been gelatinized béfore cooking. To flask A
25 gms. of magnesium sulfite and one mi;lilitar of steep water
were added, and the pH sdjusted to 6.0. Plask B was ad-
justed to pH 5 with sodium carbonate, and then both flasks



were inoculated with 20 ml. of & 24-hr. culture of yeast No.
4% grown on a 5‘per cent dextrose-steep water medium. After
six days the flasks were analyzed, although analysis could
have bseh run sooner since all eviﬁenes of gassing ceased on
the fourth day. |

Flask B showed the presence of only 0.1 gms. of dextrose
per 100 ml., indicating that férmentatien had been practically
complete. By lodine titration flask A showed the presence of
a total of 4.31 gma. of glyesrol which would correspond to a
yield of 25.0 per cent on reducing sugar or 22.1 per cent on
eriginal dry starch. Evidently from these data ascid~
hydrolyzed starch 1s quite satlsfactory as a fermaﬁtable

subatrate.

2. pH recording of the fermentation of acid~-hydrolyzed starch

The [irst fermentation of this type fermented satlsfac-
torily, but, because of faulty operation of the recording
machine, the trend In the pH was difficult to determine. How-
ever, at the end of about 55 hours lodine titration showed
the fermentation had ceased and that about 25.0 per cent of
the dry starch had been converted to glycerol.

Another medium wes made up by suspending 225 gms. of
starch in three liters of 0.02 ¥ sulfurie ascld, gelatinizing
the suspension over s burner, and then cooking 1t for four
hours under 25 1bs. pressure. To the resulting light yellow
hydrolyzate calcium carbonate was added to neutrallze the acid,

and the medium was filtered. By analysis the medium
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contained 6.89 gms. of dextrose per 100 ml., the total volume
being 3050 ml. The conversion of the starch was practically
qu&ngitativa‘ A eulture of Ho. 43 yeast grown in 300 ml. of
a B-per cent dextrose-steep water medium containing 15 gms. of
magnesium sulflte was filtered and the filter-cake was used

as the inoculum. To furnish nutrients, 15 ml. of steep water
was added, and then 300 gms. of magnesium sulfite was added.
The automatlc pariaéieai stirring kept the sulfite in good
contact with the mediume« At intervals samples wers removed
and analyzaé by the iodine titration method for fixed sulfite.

The results are shown in Table XII.

Table XII

pH Recording of the Fermentation of Acid-Hydrolygzed Starch
in the Presence of EagneaiﬁﬁAﬁulfita.,

Age K ﬁl. af 0 1 N icéina per 5»m1. sampla
(hrs.) PR . Free sulifite Fixed suifite

2 7.9 24.0 0.7

19 6.8 20.1 6.2

41 6.8 12.5 17.1

49 7.0 1l.4 17.6

B85 7.5 11.5 ‘ 17.9

89 7.9 {10.4) (15.8)
113 7.8 - 1l.8 16.1

From these data it ls spparent that the fermentation

reached completion in about sixty-five hours and the maximum
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amount of ilodine required for the fixed sulflte was 17.9 ml.
{(for & 5-ml. sample). This would be equivalent to a yield of
2543 per cent glycerol formed from the dry starch or 23.9 per
cont based on reduclng sugars.

Ghéraataristiaally the acidity of the f@rmentatiaﬁ rose
to a maximum as the fermentation proceeded, and then, azs the
fermantétion neared its ahﬁ, the acidity bagan to fall and the
pH rose #apiély, The aslight drop in the amount of the fixed
sulfilte after the pesk has been resched is aisa quité charac-
teristic of magnesium sulfite fermentations. The gradusl dis-
soclaetion of the aldehyde-bisulfite complex and the subsequent
reduction of the acetaldehyde by the yeast might account for
this decrease. |

| An attempt was made to run another fermentation similer
to the one just described but at a controlled pH of 6.6.
Unfortunately the control mechanism added too much acid at one
stage, and the pH fell to 5.6« The change was discovered and
altered several hours 1&%&?; but the fermentation was dead.
It had been noted in previous fermentations employing mag#
‘nesium sulfite that whenever the pH falls below 6.0 to 6.1

the medium becomes éefinitely toxic to the yeaat. *

&« Fermentation gﬁ acid~hydrolyzed starch in the presence of

magnesium sulfite at plH 6.3

This fermentation was run in conjunction with the suto-

matlec pH eontrol Qachanism of, the recorder, and the acldity was
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meintalned at pH 6.5 by the addlition of a 1:1 dilution of
hydrochlorie acid. The medium was prepared by suspending
300 gms. of starch in three liters of 0.058 N sulfuric acid,
gelatinizing the suspension over a burner, and then cooking
for four hours under 25 lbs. pressure. The resulting medium
cantained‘3‘85 gms. of dextrose per 100 ml,, or a total of
2?7 gma.‘ef dextrose, which represents a quantitative conver-
gion of starch to dextrose. A quantitative converslion asctu-~-
ally only means that as much dextrose was obtainad>from the
starch as was obtained by using the acld~hydrolysis method of
the A. 0. A. €., and the reducing sugar may not all be dex-
trasé, but 1s calculated as such. The recorder electrode
aasembly was then immersed In the medium, and calcium carbonate
was added, bringing the pH up to 5.1. Three hundred grams of
magnesium sulfite was then added, whereupon the pH rose to
8.0, but was lowered to 6.8 by the hydrochloric acid. 4at this
point a filter cake obtalnsd by filtering & 27-hr. sulture of
yeast Ho. 43 grown in 300 ml. of a S~per cent dextrose~steep
water medium contalining megnesium sulfite was added. The pH
was gradually lowered to 6.3 and maintained there during the
course of the fermentation. Samples were removed st inter-
-#al& and analyged, the results of the analyses being shown
in Table XIII.

it may be noticed in thls table that the total sulfite
values did not decrease as 1s common in uncontrolled fermen-

tatians where the pH rises at the completion of the
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fermentation, but rather the value for the total sulfite rose
slightly, indlcating that there was a shift in the equilibrium
between the four compenenté of this system: magnesium sul-~
fite {so0lid), magnesium sulfite (ﬁiasalvaé),‘magn&aium bisul-
fite, and the aldehyde~bilzulfite compound.

Table XIII

Fermentation of Acid~-Hydrolyzed Starch in the Presence
of Magnesium Sulfite at pH 6.3.

Age ﬁl. cf O.1 N isdine per 5am1. samg&g

(hrs.) Free sulfite Fixed aulfite Total sulfite
2 20.2 11 21.3
20 ‘ 19.4 1.8 21.3
&1 18,0 4.2 22.2
45 16.8 6.7 228.5
54 13.%7 9.0 22.7
64 13.9 2.9 25.8
e 12.1 11.9 24.0
108 9.7 14.4 24.1
126 8.0 16.6 24.8"
1560 10.7 17.1 27.8
174 10.2 17.2 27 4

Afﬁar one hundred seventy-four hours, thavfermentatibn
appeared Lo be completed, and the maximum value of iodine
fixed was equivalent to 52.1 gms. of glycerol in the whole
medium which totaled 3295 ml. This would correspond to a
yield of 18.8 per cent glycerol on dextrose or 19.5 per cent
on dry starch., About 50 ml. of aeld was required to maintain

the pH at 6.3 during the course of the fermentation. The
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yield of glycerol obtained in this fermentastion was lower th&é
that obtained in the previous one and proceeded much more
slowly, taking almost twice as long to reach completion. Evi-
dently 1t would be better to let a fermentation of this type
ferment without pH control or perhaps control it at a slightly
higher pH in the neighborhood of 6.6 to 6.7.

4. The fermentation of starchy materials hydrolyzed by 0.02 X

sulfuriec geid

In this series four different starchy materisls were used,
namely cream meal, brewsr's grits, yelléw corn meal, and corn
gt&r&h containing 10.9, 10.8, 1l1.1, and 1l.1 psr cent molsture
respectively. Sixty grems of each materisl was weighed into
separate one-liter Erlenmeyer f{lasks and to each flask 600 ml.
of 0.02 N sulfuric acid was added. The mashes wers gelatin-
ized over & burner and cooked for four hours at 25 1bs. steam
pressure. The corn starch madium‘showed & pH of 2.0 while.
the other mashes had a pH of 4 and also contained consider-
able solid material. The maaheé‘ﬁere nentralized with cal~
cium carbonates snd filtered, and theh each filtrate was
divided into two equsl portions. The results of the sugar
analyses are givén in Table XIV.

Sherman (1935) states that new-process corn meal (yellow)
contalns 78 per cent cerbohydrates, calculated as dextross,
exclusive of fibers, so it is spparent that the conversion of

the dry-milled meals was definitely not complete.



Teble XIV

Sugar Content of Mashes Containing Starchy Haterilals
Hydrolyzed by 0.02 H Sulfuric Acid.

Dextros V Tétél"m“ Total™ "§éimaeﬁt

Starchy Volume ,
terial (ml.) gms. per dextrose dextrose conver-
mate . 100 ml. in mash formed sion
(gms. ) (gms.)
Cl‘eam m@al 595 2»92 l'?ué: 18»1 . 5318
Brewer's grits 595 2.92 17.4 8.1 33.8
Yellow sorn mesal 600 2.51 15.1 15.6 29.3

Corn starch 820 767 4% .6 4.6 89.5

ﬁbalsulatad on the basis of a volume of 620 ml. since conside
erable ligquid was retained by the solids except in the case
of corn starch where only a negliglble amount of solid
remained.

To each portion of the filtrates 20 gms. of magnesium
-gulfite, two ml. of steep water, and 30 ml. of s 30-hr. cul-
ture of yeast No. 43 were added. The flasks were agitated at
intervalsg, and at the end of five days the fermented mashes
were analyzed. The results of the analyses are shown in
Tablé AV,

The yields of glycerol from the starchy materlals are
lower than the ylelds calculated on the basis of the dextrose
present in the medium because the conversion of starch to
dextrose was very poor. The ylelds from corn starch were
definitely better than those from the dry-milled mesls. The
gfasenee of reducing materials which may not be fermentable
may account for the low ylelds computed on the basis of

reduecing sugars calculated as dextrose.
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Table XV

Fermentation of Acld-Hydrolyzed Starchy Materlals
in the Presence of Magnesium Sulfite.

i

Starchy Glycerol Cms . Gms. dry % giyaé%ai formed

material formed  dextrose starchy from
‘ (gms.) - material .. Starchy
| VOXVIOS®  material
Cresm meal 1.09 8.7 26.8 12.5 4.1
Brewer's grita 1.02 8.7 26.8 11.8 3.8
Yellow corn 0.91 7.6 26.7 12.0 Sed
meal '
Corn starch 4.51 23.8 26.7 19.0 16.9

5. The fermentation of starchy materlisls hydrolyzed by various

concentrations of sulfuric acid

Three different starchy materials were mixed with varying
concentrations of sulfuric acid. The various combinations,

along with the numbers employed on various flasks, were as

follows:
Acld congentration
0.0B N 0.1 X 0.2 ¥
Corn atarch 2 b 81 -~
Yellow corn mesal Y5 Y1 Y 2

Cream meal c B c1 ¢c 2

All mashes warevprapareé in duplicate by adding 300 ml. of
the acid to 30 gms. of the starchy materisls in a 500-ml.
Erlenmeyer flask. The mashes were then gelatinized over a

burner and cooked for four hours at 25 lbs. pressure.
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The average values for the amount of dextrose in each
pair of flasks are given in Table XVI. The total amount of
dextrose was calculated on the basis of a total volume of
310 ml., while the amount of dextrose in thé filtrate was cal-
culatsed on the basis of the actual volume obtained after each
flask had been treated with calcium carbonate and filltered.

A dextrose content of 77.3 per cent was found for the yellow
corn meal (wet basis), which value agrees rather well with
Sherman's value of 78.5 per cent. Sherman gives the carbo-
hydrate content of cream meal as 79.0 per cent, the value for

flask € 1, when calculated on the wet basls, was 78.3 per cent.

Table XVI

Sugar Content of Mashes Prepared by Hydrolyzing
Various Sterchy Materizls

with Various Concentrations of Acid.

‘Dextraae B&xtreae‘in Total ﬁms.wdry »%Qdaxtrasa
Flask gmg, per  filtrate dextrose starchy dry starchy
Ho. 100 ml. {gms.) (gms.) material material
8 5 B.71 26.68 27.0 - 26,7 101.0
C B 7.12 20.3 22.1 £26.8 82.5
¥ 5 7.08 20.2 21.9 28.7 82.0
81 8.63 26.2 26.8 26.7 100.4
¢ 1 7.58 22.3 25.4 26.8 87.3
Y1 7.47 21,9 23.2 26.7 86.8
c 2 759 22.7 23.5 26.8 87.6
Y e 7.40 22.2 22.9 26.7 85.8

The average conversion of corn starch was 97.5 per cent

of theoretical. For all practicel purpeoses 0.05 N sulfuriec
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acid gave the best conversion of corn starch, while 0.1 N
acid gavé the best conversion of the cereal meals. Higher
concentrations of mash would probably require increased
amounts of acid in order to bring about a good conversion.

Fach flask was inoculated with 25 ml. of a 35~hr. inccu-
luﬁ of yeast ﬁ&. 43 graﬁn in the presence of a small amount of
magnesium sulfite, and then 30 gms. of megnesium sulfite was
add&d to each flask. Two different flasks of inocculum were
used, and the glycerol carried over with the inoculum into the
fermentation mashes makes a correction necessary. For series
5 and € the correctlion amounted to 0.08 gm. of glycerol, and
for seriss 1 the correction amounted to 0.C5 gm. of glycerol.
A correctlion for the amount of dextrose carried over from the
inoculum would be negligible since the inocula had stopped
fermentlng vigorously several hours before they were used.
The sx@arimantal flasks were agltated at Intervals, and at
the end of four days of fermentation they were analyzed. The
averaged results are given in Table XVII.

It may be concluded from these data that dry-milled corn
as typified by the cream meal and yellow corn meal can serve
as a suitable source of fermentable sugars when hydrolyzed
by 0.1 N sulfuric acid. Thesse meals would undoubtedly be
somewhat cheaper than corn atarch, but corn starch would re-
guire less acid and the problem of reeoverimg the glycerocl

should be simpler from an scid-hydrolyzed corn starch mash.
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Table XVII
Fermentation in the FPresence of Magnesium Sulfite
of Starchy Materials Hydrolyzed
by Various Concentrations of Acld.

o "

Flask Glycerol Corrected Wt. ¢ Glycerol formed from

¥o. found glycerol : K Dry astarchy
{gms.) (gms.) Dextrose material
8§ 5 5.10 5.02 18.9 18.8
C5 3.77 3.89 18.2 13.8
Y5 3.68 3.60 17.8 13.5
81 5.10 5.05 19.3 18.9
c1 4.51 4.46 20.0 16.6
Y1 4.36 4.31 19.7 16.1
c 2 4.72 4,64 - 20.4 17.3
Y a 4.64 4.56 20.5 17.1

8. The fermentation of various concentrations of acid-

. hydrelyzed starch

Duplicate samples of 30, 39, 51, and 60 gms. of corn
starch were welighed into 500 ml. Erlenmeyer flasks, and then
to each flask 300 ml. of 0.05 N sulfuric acid was added. The
mashes were gelatinized and then cocked for four hours at
25 1lbs. pressure. After hydrolysis samples were remsveé from
each flask snd analyzed for reducing sugar. The averages of

the results are given in Table XVIII.



Table XVIIIX

Sugar Concentrations in Mashes Contelning
Various Amounts of Acld-Hydrolyzed Starch.

pmowin "
it am

; Amount of
Flask =~ Oms.  Oms. of dextrose pextrose found Conversion
Ho. Btarch egquiv. to starch (gms.)
A 30 27.7 27,7 100.0
B 39 35.9 - 37.1 103.0
C 51 : 47.0 48.5 99.0
D 60 55.3 . 53.4 96.5

*calculsted from the value of 92.2% dextrose content obtained
by A. 0. A. C. acid~hydrolysis method for the analysis of
starch

The conversions were all good although they decreased
slightly at the higher starch concentrations. The values ob-
tained were of course subject to the error that all reducing
materiels were caloculated as dextrose which they might not be.

Qné gram of calcium carbonate and one milliliter of steep

waﬁer were added to each flask. HMagnesium sulfite was added

to>aaeh flask in amounts equal to the total weight of dex-
trésa present. All flasks were inoculated wiﬁh‘sﬁ ml. of &
27-nr. culture of yeast No. 43. When the flasks were ana-
lyzed on the fifth day, 1t was noticed that some of the
flasks werse still gassing strongly; so aenalyszes were run
again at two later dates. The results of these analyses are

ghown in Tahle XIX.



Table XIX

Fermentatlon of Various Concentrations
of Aeid»ﬁyérelyzéﬁ Starech in the Presence
of Magnesium Sulfite.

oo
w———

Flask Per gent glveerol on dextrose

% days 7 days ~ 21 days
A 17.1 19,3 18.3
B 14.3 17.8 18.1
G 11.1 15.0 19.5
) 8.6 12.1 18.6

The fermaﬁtatiana were completed more rapidly at lower
sugar eoneentfations, but as the fermentations progressed the
ylelds of glycerol all approached the same level., If qpe
results obtained on the fifth day are extrapolated, by the
method of Hickey (1941), beck to zero concentration of sugar,
we find the same 1limit of 25 per cent glycerol obtainable
from dextrose as was obtained by EHlckey. However, 1t is
réaﬁily apparent from the data in‘Table XIX that this calcula-
tion is good only for short perliods of fermentation and has
no meaning when the fermentations are allowed to proceed to

completion.
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C. The Fermentation af'Acié-Hyérelyseé Starch
in the Presence of Sodium Sulfite

Cenéiéar&ble speculation was made as to why the ylelds
of glyecerol in the fermentatlions of dextrose in the presence
of magnesium sulfite seldom exceedsd 20-25 per cent of the
weight of dextrose. It was noted that the total concentration
of magneslﬁm sulfite present in 5 ml. of the fermentation
medium required on the average about 25 ml. of 0.1 N 1odine
solution and this would be equivalent to a concentration of
2.6 gms. of the sulfite per 100 ml. of medium. In turn this
emount of megnesium sulfite would be equivalent to & concen~
tration of about 3.1 gms. of sodium sulfite per 100 ml. Since
the concentration of sugar present in the medium averaged
about 10 per cent, the ratio of sodium sulfite {equivalent to
msgneéium sulfite) to suger would be in the neighborhood of
30 per cent sulfite on sugar by weight. If one now looks at
the yilelds of glycerol obtained by other 1nvestigatérs who
have studlied the effect of varying the ratio of sulfite to
sugar, an Interesting correlation may be seen. For instance,
in the article by Gehle (1922) the following results were

glivent
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% Sodium sulfite % Glycerol formed
on suzar from sugsasyr

25 : 17.9
35 21-23
50 2426
75 28-32
100 - 33

133 35

It was noted above that the amount of magnesium sulfite
present in the fermentation medium was approximately equiva~-
ient to 30 per cent sodium sulfite on sugar. From Gehle's
data it can be seen that such & ratio would correspond to a
yield of about 20 per cent glycercl on sugar which valus
agrees ramarkably well wlith meny of the results obtalined in
the fermentations of dextrose in the presence of magnesium
gaulflite.

Since the amount of magnesium sulfite present in solution
1s limited by the solubility of this salt, it may be readily
seen that the ylelds of glyecerol obtained by fermentations in
the presence of magnesium sulflte cannot be as high as when
the more soluble sodium sulfite is used. Neuberg (1919) also
noted this fact in'his investigations on the use of the
SIigﬁtly soluble sulfites as acstalﬁehydé fixatives, Lowering
the pH would iIncrease the amount of magnesium sulfite (or
bisulfite) going into salutian; but unfortunately the toxlecity

of the bisulfite would also incresse.



1. The fermentation of acid«hydrolygzed starch in the presence

of varying smounts of sodium sulfite

8, Two hundred twenty-five grams of starch was suspended
in 3 liters of 0.02 N sulfurlc acid, gelatinized over a
burner, and then cooked for four hours at 25 lbas. pressurse.

To the resulting hydrglygata 15 gms. of calocium ﬁarhénate was
added and the solutlon flltered. %The éugar concentration of
the hydrolyzate was 6.75 gms. per 100 ml. or é total of 204.5
gms. which is equlvalent to a conversion af‘gﬁls per cent of
theoretical. The recorder alectrode assembly was immersed in
the medium and 15 ml. of steep water and 72 gms. of sodlum
éulfite were added. The pH was adjusted to 8.0 and then

380 ml. of a 30~hr. culture of yeast No. 43 grown on a 10 per
eent éeitrose~stasp water medlum containing 7.2 gma. of sodium
sulfite was added which brought the concentration of sodium
sulfite to 2.34 gms. per 100 ml. or 35 per cent sulfite on
BUZAT.

The pH fell from 7.8 to 6.8 in about 20 hours and re-
mained at that level till the fermentatlion was sixty~six hours
old and the fixed sulfite had reached a maximum value. At
this polnt the pH began to incresse rapidly and the fized sul~
fite decreased slightly indicating that the fermentation was
completed. Soon after the pH had begun rising signs of con-
tamination became apparent. This was easlily understandable

because the medium had become alkaline snd the free sulfite
had fallen to a concentration requiring only 2.7 ml. of
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jodine per 5 ml., and sulfite sufficient for & value of 5 ml.
of lodine is usually the minimum amount required to inhibit
the growth of contaminants even in slightly acid solutions.
A tsﬁal of 49.0 gms. of glycerol was present in the

medium at aixtyeaix hours. After all necessary corrections
were made, this amounted to a yield of 21.0 per cent glycerol
formed from the sugar. This yleld éhacka rather well with
the amounts obtained by CGehle aﬁd other workers and l1s very
close to the average yleld af glycerol aﬁtainsd in the mag~j

nesium sulfite fermentations.

b, In this fermentation the per cent sulflite on sugar
was increased to 43.5 per cent, other factors remaining con-
stant. The seme general procedure for hydrolyzing the starch
was used as descoribed sbove with the exception that 0.04 N
sulfuric acid was used. The resulting hydrolyzete contained
6.68 gma. of dextrose per 100 ml. or a tobtal of 207 gms.
which amounted to a thecoretical conversion of the starch.
After plaeing the recorder electrode assembly in the medium,
90 gms. of sodium sulfite and 15 ml. of steep water were
added, and the pH adjusted to 7.8. As an iInoculum 350 ml. of
a 4l-hr. culture of yeast No. 43 containing initially 30 gms.
of dextrose and 9.2 gms. of sodium sulfite was added. The
final concentration of sodium sulfite amounted to 2.94 gms.
per 100 ml. or 43.5 per cent on sugar.

In seventy hours the fixed sulfite reached a maximum



- 85 -

value equivalent to 17.3 ml. of 0.1 ¥ iodine per 5 ml. of
medium. However, the pH values did not follow the same trend
as in the previous fermentation. The pH fell to 7.0 in twenty
hours and remained at that level for about forty-eight hours
more and then began Increasing to 7.3. It stayed st 7.3 until
the fermentatlon was seventy hours old and then increased
rapldly to a value of 7.8. The total amount of glycerol
present in the medium amounted to 55,0 gme. which gave & yileld
of 2342 per ¢ent glycerol on dextrose. This yleld represented
an linerease of 2.2 per cent over the previous fermentation,

and agreed with the values obtained by Gehle.

5* The medium for this fermentation was prepared in the
same way as the medlum described in part a of this experiment;
the sugar concentration amounted to 6.8 gms., per 100 ml. or a
total of 202.6 gms. for the whole medium before inocculation.
To the medium were added 113 gms. of sodium sulfite, 15 ml. of
steep water, and 330 ml. of a 45~hr. inoculum of yeast No. 43
containing originally 10 per cent dextrose and 13 gms. of
sodium sulfite. These additionsa brought the concentrstion of
gsodium sulfite in the wedium to 3.4 gms. per 100 ml. or B6 per
cent sulfite on sugar. The pH fell to 7.0 in thirty héura
and then to 6.8 in forty-five hours. After elghty hours the
pH began increasing slowly reaching 7.5 in one hundred seven-
teen hours., The maximum velue for fixed sulfite occurred at

this time., The glycerol present in the medium amounted to a
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total of 54.3 gms. or a yleld of 23.4 per cent on original
sugars. This yleld was only slightly higher than that obtained
in the previous fermentation, and the f&rmentatian took con-
sidersbly longer to go to completion.

It is evident from the data obtained in these three fer-
mentations that for the lower concentrations of sodium sulfite
the ylelds obtained from ‘acid~hyérolyzezc} starch agreed rather
well with the results obtained by other investigators who used
dextrose or sucrose as the fermentable substrate. The agree~
ment with the yields obtalned by using megnesium sulfite as
- the aldehyde fixing sgent were also good. However, in fermen-
tation ¢ the length of time required for the fermentation to
cease, and the very slight inerease in yield indicated that
the yeast was not as active as in the lower sulfite concen-
trations. A few more experiments with still higher sulfite
concentrations showed that the yeast definltely did not fer-
ment the sugar under these conditions, ainﬁa the yields of
glycercl dropped to extremely low levels. Experiments
described in a later section showed that when a fermented
beer is used as an inoculum the yeaét population is not high
enough to carry on the complete fermentation of the sugar
when the sulfite concentration exceeds 3 to 4 gms. per 100 ml.
in sugar coneentrations such as were used ln the previous

fermentations.



2. The fermentation of acid-hydrolyzed starch in 10-per cent

gsodium sulfite solution by large amounts of yeast

This experiment is included in this section to show that
acld~hydrolyzed stareh will ferment satisfactorily in high
concentrations of sodlum sulfite when & very large inoculum
of yeast 1s used. One hundred thirty grams of starch was
suspended in 1200 ml. of 0.03 N sulfuric acid, gelatinized,
and then cooked for four hours at 25 lbs. steam pressure.

Thé resulting hydrolyzate, containing 9.49 gms. éf dextrose
per 100 ml. (97 per cent conversion), was divided into four
300 ml. portions and to two of the poftiana calcium carbonate
was added to neutralize the acid. To all four of the flasks
30 gms. of sodium sulfite was added followed by the additlon
of one-guarter of a yeast cake. The pH of the flasks con-
taining calcium carbonate wes 8.0; the pH of the other two
flaaks’was Te5.

When the flasks were analyzed on the fourth day the two
flasks conteining calcium carbonate showed slightly higher
yields of glyecerol than the other two flasks, but on the
fifth day all flasks showed the same amount of glycerol. The
per cent glycerol formed from the sugar amounted to 28.8 per
cent. It is quite evident that acid-hydrolyzed starch serves
as well ag purified dextrose for a fermentable substrate in

the presence of sodium sulfite.
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D. The Effect of Varying the Strain of Yeast on the Yield

of Glycerol Obtained from Various Sugars

1. The fermentation of dextrose in the presence of magnesium

sulfite by various strains of yeasts.

The four strains of yeasts used were as follows: three

Saccharomyces gerevisiae strains designated as No. 43, No. 16,

and No. 51, and also a strain of S. ellipscideus var. Steinberg

designated as No. 53. These cultures were carried thréugh
three successive 36~hour sub-cultures in a 5~p@r cent dextrose-
steep water medium starting from & slant. The third transfer
was used as the inoculum. For the fermentation medla eight
flaské each containing 200 ml. of a 1lO-per cent éexérese*steep
water solution and 20 gms., of magnesium sulfite were used.

To duplicate flasks 20 ml. of inoculum of the desired yeast
strain was added. The flasks were shaken psriodically and

were analyzéd at the end of the fifth day of fermentation.

The average results of the analyses are shown in Table XX.

Table XX
Effect of Variousg Strains of ¥Yesasts on the Fermentation
of Dextrose in the Presence of Magnesium Sulfite.

— T - %2 Glyecerol
Yoast Ko. Gms. Clycerol Gma. Dextrose %n dgﬁgross
53 3.58 20 17.8
43 B.88 20 19.6
16 .28 20 16.4

51 S+74 20 18.7
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From these data it is apparent that yeast Ho. 43 gave
the highest yleld of glyecerol, but the differences between
the three strains of §. gerevisise giving highest ylelds of

glycerol were not great.

2. The fermentation of maltose in the presence of magnesium

sulfite by verious strains of yesats

The same strains of yeasts and the same general pro-
cedurss were used as were deéeribed in the previous experi-
ment, Instead of dextrose technical grade maltose was used
as the fermentsble substrate, however. When the fermentations
were five days old they were analyzed and the averaged re-

sults are shown in Table XXI.

Table XXI

Effect of Various Strailns of Yeasts on the Fermentation
of Maltose in the Presence of Magneslium Sulfite.

-
-

Yeast Ho. Gma. Glycerol Cms. Maltose™ fn*éggzggi
16 2.25 17.6 ' 12.7
43 0.91 17.6 5.2
61 2.15 17.6 12.2
53 2.43 . 17.8 13.8

%Twenty grams of tech. maltose is equivalent to 17.6 gma. of
maltose hydrate.

Strain No. 43, although the best for the fermentation of
dextrose, was by far the poorest for the fermentation of

maltose. Saccharomyces ellipsoldeus, No. 535, was the best of




the four strains of yeast tried for the fermentation of
maltose. The ylelds of glycerol obtained from maltose were

notlceably less than those obtained from dextrose.

4. The fermentation of varlous sugars in the presence of

magnaaium gsulfite

In this series 20 gms. each of C. P. maltose hydrate,
lactose hydrate, levulese, C. P. sucrose, and (¢. P. dextrose
were weighed into 300-ml. Erlenmeyer flasks in duplicate. To
each flask 200 ml. of tap water and one milliliter of steep
water were added, and the medis were sterilized for fifteen
minutes at 15 pounds' pressure. After the flasks hed coocled,
25 gms. of magnesium sulfite and 20 ml. of a 42~hr. culture
of yeast No. 43 grown on a 5 per cent dextrose~steep water
meéiumvware added, At the end of the flifth day of fermenta-
tion the dextrose, sucrose, and levulose media had almost
ceased to show signs of gassing, while the lactose and maltose
media still had shown no signs of activlity. The averaged
results of the analyses are shown in Table XXII.

Lactose 1s known not to be fermented by meny strains of
yeast; 80 the low yield of glycerol from lactose ls under-
sbandable, but the poor fermentation of meltose is still
without explanation. Levuloss, sucrose, and dextrose all
fermented satisfactorily. The apparently lower yield of
glycerol obtained from levulose may be caused by the fact

that theksample of levulose used showed signs of containing

conslderable molsturse.



Table XXII
Yields of Glycerol (Obtained from Varlous Sugars
Fermented in the Presence of Magnesium Sulfite.

o e

Sugar Gms. Glycerol Oms. Sugar % Glycerol on auga?

lLactose 0.30 20 1.5
Haltoss 0.32 20 1.6
Sucrose .64 20 18.2
Dextrose | 3.68 20 18.4
Lewvulose 3,10 20 15.5

4. The fermentation of various sugars in the presence of

sodium sulfite

This series was run after much of the work on the fermen-~
tation of dextrose in the presence of sodium sulflite by large
amounts of yeast, desceribed in a later section, had been com-
plstéd. It is included here because of the similarity to the
previocug series. Small volumes were employed since one of the
sugars used, namely trehalose, 1s & rare sugar and gquite
gxpensive.

Into four separate test tubes of about 15-ml. capacity
one gram of sodium sulfite, one drop of steep water, 10 ml.
of tap water, and one gram of sugar were placed, Each btube
was then inoculeted with a smell pilece of & yeast cake which
actually represented & very large inoculum. Four days later
ths contents of the tubes were analyzed; the results are

shown in Table XXII1I.



Table XXIII

Yields of Glycerol Obtained from Various Sugars Fermented
in the Presence of Sodium Sulfite.

Sugar® Total gms. glycercl % Glycerol on sugar
Trehalose 0.002 0.2
Maltose 0.010 ’ 1.0
Sucrose 0.300 300
Dextrose 0.280 29.0

%All sugaés were of the C. P. grade. The trehalose and
maltose were monohydrates.

The ylelds of glycerocl from both sucrosse and‘daxtrase
were excellent while the yields from the other two sugars were
negligible. Actually the yleld of glycerol obtalined from
sucrose when calculsted on the basls of the hexose equivalent
of sucrose amounted to 28;8 per cent, almost identical with

the yield from dextrose.

E. The Fermentation of Dextrose in the Presence

of Sulfite by Large Amounts of Yeast

in exyeriments described in previous sectlions certain of
the results obtained seemed to indlcate that not only the
ratlo of sulfite to sugar but also the aetusl concentration
of sulfite seemed to influence the yleld of glycerol. Other
results pointed to the fact that the size of the incculum was
an impeortant factor. In order to simplify groeeéurea ané'to

dispense with as many unwented variables as possible, dextrose
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wag used as the fermentable substrate, while sodium sulfite
was used in almost all of the fermentations as the aldehyde
binding agent. So as to insure the presence of enough yeast
the use of yeast cakes wss resorted to. Much of the work
reported in the literature involves the use of such large
masses of yeast. |

The use of large amounts of yeast, in the form of
pressed yeast, as inoculs is ordinarily not practical on a
commerclial scale. High yeast concentrations could be ob-
tained by aerating a sugar-contalning medium, and after the
yéast had multiplied sufficlently the sulfite and, perhaps,
more sugar could be then added. Sﬁah g procedure has been

patented by Hildebrandt and Erb (1939).

1. The effect of nutrients on the fermentatlon of dextrose

in the presence of sodium gulfite

Certain indications from previcus fermentations and from
reports found in the literature seemed to poing to the fact
that the yeast either does not multlply in the presence of
high concentrations of sulfite or else only multiplies to a
very small degree. If this 1s true, the yeast should not
require as much nubrient material as in a normal aisohclic
fermentation. For the nutrient @edium a bB-per cent dexirose
sclution was used conbalining salts and yeast extract in the
smounts described for the optimum semi-synthetic medium men-

tioned in an earlier part of this thesis. For control
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purposes a solution of bH-per cent dextross in tap water was
employed. The volume of the medium used In each case was

300 ml., and sodium sulfite in the amounts indicated in Table
XXIV was added. Each flask was inoculated with one-half of a
yeast cake (about 5 gms. of yeast), and the series was ana-
lyzed flive days after Iinocculation. The results are shown in

Table XXIV.

Table XXIV
Effect of Nutrients on the Yield of Glycerol.

% Sulfite on sugar Added % Glycerol
nutrients on sugar

- BO present 20;2

50 absent 20.6

100 : present . 26.2

100 absent 23.9

150 present 26.9

150 absent 25.4

As can be seen from these data, the yreséncs of nutrisnts
apparently does increase the yleld of glyaarél‘ In later work
the synthetic medium was not used since stesp water in con-
Junction with tap water was found to be as satisfactory and

is eertainly more convenient and cheaper.

2. The fermentation of various concentrations of dextrose in

8 10~per cent sodium sulfite solution

The medla for this series were prepared by distributing
2800 ml. of a 10-per cent sodium sulfite solution containing



12 ml. of stesp water in 14 portions of 200 ml. in 300-ml.
Erlenmeyer flasks. To duplicate flasks increasing amounts of
dextrose were sdded ss indicated in the following table, and
esach flask was inoculated with one-quarter of a yeast cake.
After three days of fermentation the flasks were analyzed and

the averaged results are shown in Table XYV,

Table XXV

Effect of Varylng Dextrose (Concentrations on the Yield
of Glycerol in a 10-Per Cent Sodium Sulfite Solution.

Gms. Per cent % Sulfite Gms. % Glycerol

dextrose dextrose on dextrose glycerol- on dextrose
6 3.0 333 1.39 23.1
10 5,0 200 2470 27.0
15 Tab 133 4.38 29.3
20 10.0 100 6,00 30,0
25 12.5 80 7.38 29.6

40 20.0 50 9.23 23.1

gctually the percentages of sulfite and dextrose in the
media were slightly‘lass than the values shown for the flasks
contalining the higher concentrations of sugar becasuse the
addition of the sugar increased the volume slightly. The
highest yield of glycerol occurred at a concentration of
10 per cent dextrose and the ylelds dropped as the sugar con-
centration increased above 10 per cent. Fr&aautiana must be

observed ln interpreting the data obtained from a series

prepared in this menner because not only does the sugar
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concentration vary, but also the ratlio of sulfite to suger
varles.

It hed been noticed in a previcus fermentation that the
yield of glycerol increased after longer perilods of fermenta~
tion when higher sugar concentrations were used, but analyses
on the series just described after Five days had elapsed
showed only negliglble gains., Ancther serles almost exactly
duplicating this series was run at a later date. The only
differences were that the fermentations were run ln a volumse
of 300 ml. and were allowed to ferment for four days before
being enalyzed. The ylelds féllawad the same trend but tended
to be one toc Z per cent lower and the drop after the maximum
at 10 per cent dexirose was not as marked.

If the concentration of glycerol ia plotted ageinst the
concentration of dextrose, an almost linsar relation from

zero to 12 per cent dextrose is obtained.

5+« The fermentation of various goncentrations of dextrose in

the presence of verying smounts of sodium sulfite

The following sxperiment represents a combination of
several series carried out at different times, but combined
here because of the similarity of purpose and preparation.
The media for each serles were prepared by dissolving the re-
guired amount of sugar and steep liguor In a given volume of
tap water and then distributing in 200-ml. portions between

300-ml. Erlenmeyey flasks containing previously welghed amounts
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of sodium sulfite. All media, fermented in duplicate, were
incculated with ons-guarter of 8 yeast cake., The fermenta-
' tions were incubated at 30° C. and the flasks were shaken
occaslonally to keep the yeast in suspension. The 5- and 10-
per cent dextrose serlies were allowed to ferment three days,
the 7.5-per eéat dextrose series fermented four days, and
the 12‘5~§er cent dextrose series fermented five days.

in Table XXVI the averaged results for the various
duplicates are glven, and in Flgures 1 and 2 some of the data
are plotted. Aétually the concentrations of sulflte and
dextrose shewn‘in the teble are subject to a small variation
b&éauae of the change in volume when the sulfite was dissolved
in the medium, but the error is small enough to be disregarded
for all practical purposes.

The maximum yield of glyeerol occcurred at a dextrose
concentration of 10 per cent and a sulfite concentration of
10 per cent. The highest amount of glycercl present in the
medium was found in the flasks containing 12.5 per cent
dextrose and 15.6 per cent sodium sulfite, however. It is
@ifficult to détermine from these data whether the ratio of
sulfite to dextrose or the actual conecentration of sulfite
is the more important factor in determining the yield of
glycerol. Undoubtedly the two factors are both inval&eé. Why
the yields of glycerol should drop in the higher concentra~
tions of sulfite for the 10~ and l2.5-per cent dextrose

series is snother questionable point. The latter phenomenon,
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Table XXVI

Yields of Glycerol Obtained by Fermenting Various
Concentrations of Dextrose in the Presence of Varying
Concentrations of BSodium S5ulfite baiﬁg Large Inoculsa.

% ﬁaxtrcaa % Sulfite A gulfite Gmﬁ. ¢ Glycerol
in medium in medium on dextrose lyearsl on dextrose
ar 100 ml.

5 0.5 10 0.29 ; 5.9
u 1.3 25 v 0.74 ‘ 14.8
" 2.5 50 1.05 21.1
" 5.0 100 1.19 23,8
" 7.5 150 1.26 25.2
" 10.0 200 (1.24) (24.7)
" 12.5 250 . 1.29 25.8
o 15,0, 300 1.32 26.5
w 20,0% 400 1.42 28.8
7.5 1,9 25 1.13 15.1
" 3.8 50 1.78 25,7
" 5.6 75 1.94 25.8
" 7.5 100 2,01 26,9
" 9.4 125 . 2.09 7.9
" 11.3 150 2.11 28,2
n 20,0%% 267 2.14 28.5
10 1.0 10 0.61 6.4
" 2.5 25 1.56 15.6
" 5.0 50 2,57 25.8
" 7.5 75 2.79 27.9
" 10.0 100 2,89 29.0
n 12.5 125 2.88 28.9
" 15,0 150 2,70 27.0
n 20,0 200 2.09 20,9
" 20.0% 200 2.62 26.2

12.5 3.1 25 1.82 14.86
" 6.3 50 2,98 25,9
n 9.4 75 3,38 27.1
" 12.5 100 3.53 28.2
" 15.6 125 359 28,7
" 18.8 150 3.45 27.6

8 days old

500 ml. volume
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in all likelihood, woﬁld disappear 1f the fermentations were
allowed to proceed for a longer period of time. It is also
to ﬁe noted that the ylelds of glycerol for the same cmncen?
tfaticn of sulfite decrease wlth deersasing eonceﬁtraticn of
dextrose, In general 1t appears that a 10-per cent dextrose
solution containing 10 per cent sodium sulfite furnishes the

highest ylelds of glycerol.

4. A pE recording of the fermentation of a 10-per cent dex-

trose, 10-per cent sodium sulfite sclution

Exactly & liters of a solutlon conteining 300 gms. of
éextrase, 300 gms. of sodium sulfite and 6 ml. of steep liguor
in tap water was prepared and the recorder electrode assembly _
was lmmersed in thls medium. As an inoculum two yeast cakes
were used. Samples were removed at intervals and the results

of the analyses are shown in Table XXVII.

Table XXVII

pH Recording of the Fermentation of a 10-Per Cent Dextross,
10-Per Cent Sodium Sulfite Solution.

¥l. of 0.1 N Iodine equiv.

Age

{nrs.) pH to fixed sulfite
1 9.0 16
4 8.5 2.2

28 7.0 13.8

35 8.9 21.2

46 7.0 26.2

58 7.0 20.1

70 7.0 50.0

94 7.0 20.1
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The maximnm yield of glycerol occurred at seventy hours,
altheugh the fsrmentation may not hava actually been com-
pleted, sinae the pH was not rising and the fixed sulfite was
still increasing very slowly. The yield of glycerol amounted
to 27.6 per cent on dextrose. It seems that the yeast tends
| to adjust the,aaidity of the medium so that the sulfite
toxicity is not too great, and yet the acidity 12 high enough

to enable the cells to function &s neerly normally &g possibls.

5. The effect of temperature, surface~volume ratio, and age of

yeast cake on the ylelds of glycerol

&. In meny reports in the literature confllcts are to be
found as te what the optimum tempersature is for the production
of glycerol by fermentation. Some investigators alaiﬁ.that
30% 0. is the best temperature, while others claim thet higher
yilelds are obtained by incubating the mashes at 37° C. of
course it may be possible that the discrepancies are due to
the use of different yeasts or to some other factor. In
order to see if temperatﬁre changes would affect the ylelds
of glycerol under the conditions of fermentation described
heretoforse, the following fermentations were prepared.

A solution contsining 80 gms. of dextrose, 80 gma. of
sodium sulfite, and 4 ml. of steep water in 80C ml. of tap
water was distributed 1n four equal portions between separate
300-ml. Erlenmeyer flasks. Each Ilask was inoculated with

one~-quarter of a yeast cake, and two flaaks were placed in an
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incubstor at 30° C. while the other two flasks were placed

in an incubator at 37° C. After three and one-half days of
fermentation, the fermentations lncubated at the lower tem-
peraturs showed a yleld of 28.9 per glycerol on dextrose,
while those incubated at the higher temperature showed a yleld
of 29.5 per cent glyecerol on dextrose. Therafore, by increas-
ing the temperature of incubation 7° C. the yleld of glycerol
was ralsed by only 0.6 per cent, which 18 not & really

significant change.

b. Previously 1t had been noted that fermentations
earriéd out in small volumes (25 ml. or thereabouts) did not
give as high yielda of glycerol as might be expected. It was
bellieved that in all probabllity this phenomenon was assoclated
not with the small volume but rather with the surface-volume
ratio (8/V). The ratlo is obtained by dividing the area of
the surface of the medium (cm.2) by the volume of the medium
(em.®).

A total of 1300 ml. of a solution containing 130 gms. of
sodium sulfite, 130 gms. of dextrosey; 6 ml. of steep water,
and one yaaat<cake was prepared and distributed between flve
ﬁrlanmayer’flaﬁks of different sizes in the proportions
Indicated in Table XXVIII. %hen the flasks were four days old

the contents were analyzed and the results of the analyses are

shown in the tsble.
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Table XXVIII

Effect of the Surface-Volume Katio on the Yields
of Glycerol.

Vol. of medium Size of flask S/V Ratio % Glycerol

{ml.) {ml.) on dextrose
10 50 1.26 18.5
50 125 0.57 26.8
200 300 0.17 29.1
300 500  0.15 29.2
700 1000 0.11 29.2

The decrease in the yield of glycerol when the S/V ratio
becomes greater than 0.2 may be caused by the effect of the
oxygen of the alr on the metabollism of the yeast, or perhaps
it may only be an apparent decrease brought about by the leas'
of acetaldehyde either through volatilization or oxidation
which would decrease the amount of fixed sulfite in the
medium. In any case the 8/V ratio should be less than 0.2 to
cancel out this decrease in the yleld of glycerol whether
real or apparent.

In a previous experiment (Section D, experiment 4) vol-
umes of 10.5 ml. of medium were fermented in test tubes, the
S/V ratic being 0.12. The yield of gl#cerﬂl from dextrose
amounted to 29.0 per cent, thus confirming the fact that the

8/V ratio and not the volume is the critical factor.

¢. Since the yeast cakes used for massive inoculations

were known not to be of the same age when used, it was



- 106 -

thought worthwhile to see if the age of the yeast cake had
any appreciable effect on the yleld of glycerocl. 4 solution
containing 10 per cent dextrose, 10 per cent seodium sulfite,
and added steep water was divided in 300-ml. portions between
four 500-ml. Erlenmeyer flasks. The media in two of the
flasks were inoculated with one-quarter of a yeast cake
recently obteined while the media in the other two flasks
were Iinoculested with the same amount of yeast from a cake
that had besn kept In a refrigerator for two weeks. The
analyses of these flasks after three days of fermentation
showed that the ylelds of glycerol were almost identical
(28.2 per cent glycerol on dextrose); so it may be concluded
that the age of the yeast cake, wlthin limite, 1s not criti-
cal. Of course thils is assuming that the yeast has been

kept under refrigeration and not been allowed bto deteriorate.

6. The fermentation of dextrose In the presence of magnesium

sulfite

Since higher ylelds of glycercl were obtained from fer-
mentation médla containing high concentrations of sodium
sulfite when large amounts of yeast were used as inooculs, it
was thought worthwhile to see what effect large inccula would
have on the fermentatlon of dextrose in the presence of mag-
nesium sulfite. To a solutlon of 30 gms. of dextrose in
600 ml, of tap weter one yeast cake and 30 gms. of magnesium

sulfite were added. The medium was continuously agitated by



an air-driven stirrer, In twenty hours the glycerocl yield
amounted to 10.9 per cent of the dextrose, and the fermenta-
tion was completed in that time. Although the fermentation
took less time than similar fermentations employing smaller
inocula the yield was not apprecilably Gifferent.

A solution of 70 gms. of dextreose in 740 ml. of tap
water contalining one~third of a yeast cake, one gram of yeast
extract, and 70 gma. of magnesium sulfite was fermented as in
the previous experiment. At the end of twenty-three hours
the yield of glycerol amounted to only 15.9 per cent of the
initial dextroae, but in fifty-six hours the yield had
reached a maximum of 12.8 per cent. This ferméﬂtation took
longer to reach completion than the previocus one, which might
bé expected, however, since the lnoculum was smaller and the
dextrose concentration higher. The presence of nutrient
material did not seem to affect the yileld of glycerol. It
a?yeara from these two fermentations that the use of largs
amounts of yeast does not inocrease the ylelds of glycerol
when dextrose is fermented in the presence of magnesium

sulfite.
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¥. The Effect of Varying the Amount of Inoculum
on the Ylelds of Glycerol Obtained by

Fermenting Dextrose in the Presence of Sodium Sulfite

Observations from previous fermentations indicated that
ordinary inocula are not satlsfactory for the fermentation of
dextrose when high concentrations of sulfite are present.
Such ordinary inocula are prepared by inoculating a ferment~
able medium, such as beer wort, with a strain of yeast, allow-
ing the yeast to reach maximum growth, and then using the
fermented beer for inoculatlion purposes. On the other hand
dextrose in the presence of high concentrations of sulfite
could be fermented readily by adding large amounts of pressed
yeast. When an ordinary inoculum in the proportion of 10 per
ceant by volume is used to inoculate & fermentation medium,
the yeast count in the inoculated medlium 1is seldom grester
than 30 (i.e. 30 x 250,000 yeast cells per ml.). The yield
of glycerol obtained from the fermentation of a 10-per cent
dextrose solution in the presence of 10 per cent sodium
sulfite was only 2.6 per cent when such an inoculum was used.
¥hen large amounts of ysast were used an identical medium
gave a yileld of 29.0 per cent glycerol on dextrose. It is
quite apparent therefore that the amount of yeast used does
influence the yield of glycerol, and in the following experi-
ments an attempt was made to see what relation existed between

thesse wvarious factors.
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1. The fermentation of a 1l0-per cent dextrose, 10-per cent

sodium sulfite solution by varlious amounts of yeast

Two liters of & solution contalining 200 gms. of dexbfsaa,
200 gms. of sodium sulfite, and 8 ml. of steep water was dis-
tributed evenly between ten 300-ml. Erlenmeyer flasks. To
duplicate flasks 0.01, 0.05, 0.1, 0.25, and 0.5 of a yeast
cake were added. The smaller fractions were obtained by sus-
pending one-halfl of a yeast cake in distilled water, making a
total volume of 50 ml., and then removing aliquot portions by
means of a plpette. After four days of fermentation the
fermentations were analyzed and the averaged results are

gshown In Table XXIX.

Table XXIX
Effect of Varylng the Inoculum on the Yields of Clyeerol

Obtained by Fermenting a 1l0~Per Cent Dextross,
10~Per Cent Sodium Sulfite SBolution.

B I .

Fragtion of V&pprox, initial % Glycerol
yeast cake yeast count® on dextrose
0.01 36 5.3
0.08 185 28.8
0.10 350 29.1
0.25 920 30.1
0.B0 1700 30.4

*These counts should be multiplied by 250,000 to obtain the
actual number of cells psr ml.

As can be seen from the data in the table, the ylelds of
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glycerol for these concentrations of dextrose and sodlum sul~
fite did not inecrease greatly when the yeast count was above
about 200. The fermentations described in the previous ses-
tions wherelin a guarter of a yesst cske was used aa.inoculuﬁ
contained sufficient yeast to carry out the satisfactory con-
version of dextrose to glycerol. On the other hand, the poor
yield obtained In this experiment with a yeast count of 36
showed that a count of 30, usually obtained when an ordinary
Inoculum is employed, would definitely not be sufficient to
bring about satisfactory fermentation of dextrose in solu-

tions of high sulfite concentrations.

2. The fermentation of a 1l0-per cent dextrose solution ln ths

presence of varying amounts of sedlum sulfite by varying

eamounts of yeast

In the following series the fermentation medium was s
10~per cent dextrose solution containing 4 gms. of steep water
per liter of solution. To the solutlon to be fermented enough
yeast was -added to bring the count to the desired level, and
then the medium was distributed in 200-ml. portions between
flasks which contained previously weighed out quantities of
‘sodium sulfite. All fermentations were run ln duplicate,
and since the yeast was added to the whole batch of medium
bafere splitting it up, the yeast counts in all flasks were
practically identical. The fermentations were allowsd to

proceed for four days and then were analyzed. The combined
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results of these series are shown in Table XXX. 1In Filgure 3
these results and some data from Table XXVI ere shown in

graphie form.

Table XXX/

Effect of Varying the Inocculum on the Yields of CGlycerol
- from the Fermentation of & 10«Per Cent Dextrose Sclution

in the Presence of a Variable Amount of Bodium Bulfite

% Sulfite in Initial yeast Final yeast % Glycerol
medium count count on dextrose
2 " - 12.9
3 W - 15-2
4 " - 1311
5 " - 93
6 " » 3,0
? " - 5*9
8 " bl 4.1
1 35 100 6.5
5 " 81 22.1
& " 62 23.3
7 " 84 24.1
8 " 50 22.4
9 # 56 18.0
10 " (27) 4.0

It can be readily seen from the above data that a maximum
yield of glycerol was obtalned at 3-per cent sulflte concen~
tration when the initlial count was 18, and when the initlal
count was 35 the maximum occurred at 7-per cent sulfite con-

centration. From previous data a maximum was obtalned at
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10-~per cent sulfite concentration when the initial count was
above 200. Therefore we may conclude that with increasing
amounts of yeast the optimum amount of sulfite increases also,
a limit bsing reached at a concentration of 10 per cent
sodium sulfite. These date apply only to & 10-per cent dex-
trose solution. The following experiment indicated that for
b-per cent dextrose solutions the optimal emounts of sodium

sulfite differ.

S+ The fermentation of a S5~per cent dextrose solution by

et

varying amounts of yeast in the presence of varying amounts

of sodium sulfite

The following fermentations were prepared in a similar
manner to thase in the preceding experiment, the only differ-
ence being that a S5-per cent dextrose solution was used
instead of a 10-per cent solution. The analyses after four
days of fermentation are shown ln Table XXXI.

The maximum yield of glycerol occurred at 5 per cent
sulfite when the initisl count was 19, but when the initial
yeast count was 44, the glycerol yleld did not show a maximum
but rather tended to level off above 8-per cent sulfite con-
centration. In previous fermentations where the yeast count
was above 200 the ylelds of glyecerol seemed to resach a
maximum of 26.0 per cent st concentrations of sodium sulfite
in the neighborhood of 10 per cent. In Figure 4 the data
from Table XXI and some from Table XXVI are shown in graphle

form.
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Table XXXI

Effect of Varying the Inoculum on the Yields of Glycerol
Obtained by Fermenting a 5~Per Cent Dextrose Solution
in the Presence of Varying Amounts of Sodlum Sulfite.

% Sulfite Initial yeast count % Glyeerol on dextrose

2 19 18.0
3 " 19.1
4 " 21.1
B " 22.4
6 " 21.5
7 # 17.8
g 3 10.4

5.0
10 " 3.2
2 44 19.2
3 # 20.0
4 " 20.5
5 " 21.5
& " 22.8
7 " 23.9
8 " 25.6
g9 " 25.6

One might assume that a given amount of yeast will only ferment
a certaln amount of dextrose at a given sulfite concentration.
This assumption might explain some of the experimental data,
but certainly not all of it. One interesting fact does atand
out, however, namely that the maximum ylelds of glycerol are
found st higher levels of sulfite concentratlon for a &-per
cent dextrose solutlion than for a 10-per cent dextross solu-

tion when minimal amounts of yeast are used. It may also be
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said that for a given concentration of sodium sulfite more
yeast is required to ferment a 1l0~-per cent dextrose solution

than & 5-per cent solution.

4., The nse of a regulsr inoculum for the fermentation of

dextrose 1in the presence of sodium sulfite

The lncculum used in thls serlies was a 42~hr. culture of
yeast Ho. 43 grown on a 2.5-per cent dextrose-steep water me-
dilum. 7This inoculum might have been somewhat past the point
of optimum activity of the yeast, but by using an inoculum of
this age the corrsctlon for the amount of sugar carried over
into the fermentation media was reduced to & negligible
fgctar; In order to maintain the dextrose and sulfite concen-
trations at the proper levels a procedure was resorted to
which brought the amount of the incculum to sbout 11 per cent
of the volume of the medium belng inoculated. For lnstance,
the H-per cent dextrose flasks were prepared by dissolving
60 gms. of dextrose and 6 ml. of steep water in a total volume
of 1080 ml., and then adding 120 ml. of inoculum, bringing
the total volume of the medium to 1200 ml. Then thls medium
was divided vetween duplicate flasks containing 6, 10, and
14 gms. of sodlum sulfite, each flask receiving 200 ml. of
the medium. The 1lO0-per cent dextrose flasks were prepared in
a gimllar menner. ‘

Initisl counts of yeast in the various flasks varied

from 15 to 19, but this 1s within the counting error. The
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analyses were made after three days of fermentation, results

being shown in Table XXXII,

Table XXXII
Effect of Using a Regular Inooculum on the Yields
of Glycerol from Dextrose Fermented In the Presence
of Varying Amounts of Sodlum Sulfite.

m——— —"

% sulfite in % Dextrose in % Glycerol on
medium medium dextrose
3 S O 21.8
5 n 22.8
7 n ' 21.8
1 10 8.6
2 " 12.7
3 " 19.7
5 " 17.9
7 n 15.3
9 " 6.9

As can be seen the maximum yield of glycerel for the S-per
cent dextrose media occurred at 5 per cent sulfite, and both
the yleld of glycerol and the concentration of sulfite agreed
very well with previous results, The maeximum for the 10-per
cent dextrose fermentatlons coccurred at 3 per cent sulfite,
but, although the maximum was the same, the actual yileld of
glycerol was somewhat higher than the previous results

obtained when small inocula were used.
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5. The effect of the gradual addition of sulfite on the

yield of glycerol

It has been reported in the litﬁraturé, especially in
patents, that the gradual addition of sulfite leads teo higher
yields of glycerol. One explanation of this sffect could be
that the yeast has a chance to multiply before the sulfite
concentration reaches inhibitory levels. 3Since the biaulfite»
aldehyde complex is not supposed to be toxle to ysast, the
addition of sulflte in gradual amounts would keep the concen-
tration of free sulfite or bisulflite at a low enough level so
as not to be toxie to the yeast. In order to get an approxi-
mate ldea as to the effect of the gradusl addition of sulfite
the following media were prepared.

Four flasks containing 300 ml. each of a 9-per cent
dextrose~steep water maéium were prepared and then each flask
was inoculated to a count of about 40 with a suspension of a
yeast cake in water. To each of two of the flasks 30 gms. of
sodlum sulfite was added at one time. To each of the other
two flasks a total of 30 gms. of sodium sulfite was added in
small amounts over a perlod of two days. At the end of four
days of fermentation the media were analyzed. In those flasks
where the sulflte had been added at one time the average yield
of glycerol was 17.3 per cent, while in the other flasks the
yields averaged 24.7 per cent. The final yeast counts were
38 and 80, respectively. Although the ylelds in the flasks

+to which all the sulfite had been added at one time wsre
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higher than might be expected they still were 7 per cent lower
than the yield found in the flasks to which the sulfite had
been added gradually. The fact that the yéast count doubled
over the initlal count when the sulfite was added gradually
indicated that the yeast grew to some extent in the initial
stages of the fermentation. The yeast did not grow in the
flasks to which all of the sulfite bhad been added at one time.
It can be definitely said that the gradual addition of sul-
fite increases the yleld of glycerol when the initlal yeast
count is below 200. |

G. The Fermentation of Maltose in the Presence

of ﬁadium,Sulfitﬁ/

It had been noticed in previous fermentations where
enzyme~saccharified starahy materialas were fermented in the
presence of sulfites that poor ylelds, in comparison with
dextrose fermentations, were always obtained. In fact, the
highest yielda averaged about 12 per cent of the meltose
hydrate present at the beginning of the fermentation. Since
maltose could be readily fermented In the absence of sulfite,
as is evidenced by final sugar coﬁaenﬁratiens in the order of
0.1 per cent, the diffieulty must arise becsuse of the pres-
ence of sulfite. This was confirmed by previous work, and by
the fact that a yeast culture, instead of bscoming acclima-~
tized to sulfite, failled to reproduce when carried on &

maltose medium containing magnesium sulfite. When a yeast
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culture was grown on dextrose medis under similar conditions,
the yeast continued to multiply and the ylelds of gly&@f@l
remained st the same level instead of dwindling to the vanish-
ing point as they did in the case of the fermentation of
maltose.

Several series were run using technical grade maltose as
the fermentable substrate to see 1f the additlon of nutrients,
varying the strain of yeast, or altering the physical condi-
tion of the medium would increase the ylelds of glycerol.
Results were inconecluslve and often could not be rechecked.
The highest yleld again seemed to be in the neighborhood of
12 per cent for a four-day period of fermentatlion. Since
technical-grade maltose contains 7 to 8 per cent dextrins, it
was thought that the use of C. P. maltose which contains no
dextrins would at least remove one complicating factor from
consideration. The following experiments were carried out
using the purified wmaltose, many of the experiments beling
simllar to previous ones in which technical-grade maltose had
been used. Steep water was used as the nutrient in most of

the fermentations.

1. The effect of added materials on the fermentation of

maltose in the presence of sodium sulfite

Since C. P. maltose is expensive and since the volume of
medium is not as important as the surface-volume ratio, most

of the maltose fermentations were carried out In 125-ml.
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~ Erlenmeyer flasks containing 100 ml. of medium. Five per

cent supgar solutions were also used in order to conserve the
smount of maltose consumed. Yeast No. 53 wes used for inocu-
lating purposes, belng carried on a 5~pér cent maltose«steep

water medium.

8. Preliminery experiments on the fermentation of maltose
in the presence of 3 per cent sodium sullite at.aﬁ initial pH
of 8.0 showed that the fermentation was neﬁ aided by the
addition of malt, mold-bran, yeast extract, alfalfa, steep
water, phosphates, or ammonium salts. The addition of &er
trose caused f&rméntatien to take plece, but from the follow-
ing data 1t appears that only the dextrose fermented.
Mixtures of 3 drops of steep water, 5 gma. of sugars, and
80 ml. of water were sterilized’in separate flasks. After
the flaska had cooled, 10 ml, of inoculum and 3 gms. of
sodium sulfité were added to each flask. All fermentations
~were run in duplicate, énﬁ the results of tha analyses and
the proportions of sugar used are shown in Table XXXIII.

| it is readlly apparent that the sddition of dextrose 4id
not aid the fermentation of maltose. Perhaps the dextrose
‘might even be dstrimantal since, although the media were
below pH 7.0, 1little maltose was fermented. The yeast evi-
déntly prefers dextrose to maltose under these conditions of

rermeﬁtatiaﬁ.
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Table XXXIII

Effect of Added Dextrose on the Fermentation of Maltose

S i

m— s

Grs . Gras . Gms . % Glycercl on ¢ Glycerol on
Maltose Dextrose Glycerol dextrose™ maltose®¥

4.0 1.0 0.21 21.0 0.1

gc5 2!5 0.59 23}:6 5&0

an 500 1103 20&6 -

6&0 {}\v{} 6065 - 9.5

*caloulated on the assumption that all glycerol came from
dextrose.

*#caloulated on the basis that 20.6 per ¢ent of the dextrocse
was converted to glycerol; the remainder of the glycerol
coming from the maltose.

b. It was noted that in several fermentations wherein
the maltose sppeared to ferment the Initial pH was in the
neighborhood of 7.0. The following seriaa wag prepared to
see if the addition of nutrients would ald the fermentation
of maltose when the initisl pH was adjusted to 7.0. A solu~
tion of 80 gma. of maltose, 48 gms. of sodlum sulfite, and
160 ml. of inoculum was made up to a total volume of 1600 ml.
The medium was then adjusted to a pH of 7.0 and was distrib-
uted equally between sixteen flasks, to which had previously
been added the varlious substances listed in Table XXXIV.

The averagé analyses of the dupllicate media are shown In the

table. The fermentation period was four days.
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Table XXXIV
Effeect of Added Nutrients on the Fermentation of laltoss.

Kateiial~a@§ed ) % Glycerol on'
. maltose
0.1 gm. Malt 5.5
0.1 gm. Mold-bran | 8.5
0.1 gm. Yeast extract 8.5
0.2 ml. Steep water™ 10.7
0.1 gm. Dextrose ‘ 4.5
0.2 gm. KyHPO,»3Hg0 3.1
0.2 gm. KoHPO,*3Hp0 + 0.2 ml. steep water 11.2
Nothing added 5.3

*The steep water used in this and following experiments was
sterilized since it was found that by sterilizing this sub-
stance contamination of the medium seldom occurred.

Steep water was evidently the best nutrient to be used,
although yeast extract and mold~bran slso alded the fermenta-
tion. The sddition of phosphate in conjunction with steep
water only gave an increase in yield of glycerol of 0.5 per

cent, which was not sufficient to warrant its addition in

further work.

2. The effect of pH on the fermentation of maltose in the

presence of sodium sulfite

Since fairly good yields, as compared with the host of

poor yields obtained in previous work with maltose, were found
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when the initisl pH had been adjusted to 7.0, several series
were run to study the effect of the pH on the fermentation of
maltose. Th% concentration of maltose in all of the fermenta-
tions in this series was 5 per éent, and the media were pre-~
pared in the same meanner as those 1n the preceding experiment.
The only differences were in the amounts of sulfite, and that
steep water was used as a nutrient in sll cases. After prepa-
ration the medium was divided into separate 200-ml. portions,
the pH of each portion was adjusted to the desired level, and
then each 200-ml. portion was divided equally between two
125-ml. Erlenmeyer flasks. After four days of fermentation
the flasks were analyzed and the averaged results are shown

in Table XXAV. F;am these data 1t is appsrent that the opti-
mum range of pH lies between 6.9 and 7.1 for the fermentation
of maiteae in the presence of sodlum sulflte. The variation
of the sulfite concentration does not seem to effect the
optimum pH range or the maximum amount of glycerol abtaiﬁ*
able. At pH velues of 8.8 and below, 1t was natic&é that the
smount of total sulfite in the medium fell below the initial
values and this was attributed to the formation of sulfuréus
acid and subsequent loss of sulfur dioxide by volatiiisatiaﬁ.
Sulfurous acid is toxic to yeast so the decreasing glycerol
yieids with decreasing pH values are understandable. The
lower yields of glycerel obtained above pH 7.1 can probably be
attributed to the loss Iin sotivity of some enzyme system.
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Table XXXV
Effect of pH on the Fermentation of Maltose

in the Presence of Sodium Suzfite.

% Sulfite Initial pH Final pﬁ g Glynerol on m&ltose
5 60& - 505
3 6.8 - 10.1
3 7.2 - 11.6
5 ’?16 - 4:3
03 690 fd 3.8
4 6.8 6.7 11.1
1 6.9 6.9 11.4
4 7.0 7.0 11.8
4 7.1 7.1 12.2
4 T2 7.2 2.8
5 6.8 6.0 8.7
5 6.9 6.8 11.6
5 7.0 7.0 11.5
5 7.1 7.1 11.3
b 7.2 T2 2.9

Stark and Somogyi (1942) claimed that the optimum activ-
ity of maltase occurred at a pH of 6.0 to €.8, but that the
maximom rate of the fermentation of maltose occurred at pH
4.8, &ihce'at pH 4.8 maltase was almost inactive, these in-
vastigators‘elaimeé that the fermentation of maltose was
indegendaﬂt of maltase. Whether meltase is of is not neces~
aarﬁ 18 8till a controverslal question. 1In any case, the pH
range 6.9-7.1 is higher than either the pH range for the
optimum fermentation of maltose or the pH of maximum‘activitg
of maltase. Previous experimental data in £his thesis have
indicated that sulfite became toxic to yeast when the pH fell
below 6.8.
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3. pH recordings of maltose fermenting in the presence of

gsodium sulfite

The ylelds of glycerol obtained from mal%aéa heretofore
amounted to about one-hall of the yield that would be obtained
from dextrose fermented under the seme conditions. At first
it wass thought that perhaps only one-half of the ﬁaltesa was
fermenéﬁd, but such a hypothesis did not seem reasonable.
Another probable reason for the lower yields might simply be
that the rate of fermentation of mﬁltﬂse was much less than
that of dextrose. It had been noticed that maltose fermenta-
tians’éié not atap‘gaasing after four or five days of fermen-
tation, as did moat dextrose farmsﬁtatiens.

Two similar medis were fermented, one was aliaweﬁ to fer~
ment without pH contreol, the other was held at a pH lsvel of
7.0-7.1, The media were prepared by dilssolving 180 gms. of
maltose, 120 gmes. of sodium sulfite, and 6 ml. of sterile
steep water in tap water and bringing the total volume to
2700 ml. The recorder electrode assembly was placed in the
meéium, and the pH adjusted to 7.0, after which adjustment
300 ml. of a 48«hr. culture of yeast No. 53 grown on a H-per
cent maltose-steep water medium was added and the pH brought
to 7.1. Hydrochloric acid and sodium hydroxide were used %o
maintain the pH at the desired level in the pH controlled
fermentation. BSamples were removed at intervals and analyzed

for fixed 5u1fit&‘ The trend In the values for the {ixed
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sulfite parallels the amount of glycerol being formed in the
fermentatlion. The results of these analyses are shown in
Table XXXVI.

Table XX3V1

pH Recordings of Maltose Fermenting in the Presence
of Sodium Sulfite.

e e e e T e e e A O S et e A S T S

Controlled pH

Uncontrolled pH :
Age in pH 0.1 W I, for; Age in pE 0.1 ¥ Ip for
hrs. fixed sulfite  DrS- fixed sulfite
5 7.1 0.3 : 17 7.1 0.7
23 7.0 0.8 : 41 6.9 2.6
46 6.8 2.8 : 65 6.9 4.6
70 8.7 4.1 : 90 7.0 5.
94 6.7 5.3 113 7.1 6.5
118 6.7 6.1 s 137 7.1 6.9
142 6.7 7.0 : 161 7.0 7.8
166 6.7 7.8 s 185 7.0 8.1
190 8.7 8.5 : 209 7.0 8.4
214 6.8 9.0 : 233 7.0 8.9
238 6.9 9.8 : 281 7.0 9.5
286 7.0 10.5 : 329 7.0 9.8
310 7.3 10.9 : 377 7.0 9.9
358 '?‘3 1112 % - - -
362 7.3 11.4 : - - -
H

4lthough in each fermentation the amount of fixed sulflte
appeared to continue to increase, the rate of increase toward
the end of the experiments had become so small that the titra-
tion error was even greater than the amount of increase. It
was therefore eoncluded that the fermentations were finlshed

for all practiecal purpeses. In the case of the uncontrolled
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fermentation the yield of glycerol emounted to 20.8 per cent
of the inltisl maltose at the end of fifteen days of fermen-
tation. TFor the controlled fermentation the yleld was 18.5
per cent at the end of fifteen days. Although the controlled
fermentation started to ferment at & more rapid rate than the
uncontrolled fermentation, 1t gradually slowed up and then
began to proceed more slowly than the latter. The final
vields of glycerol obtained in these fermentations compared
favorably with ylelds obtained from dextrose fermented under
similar eondiﬁiona, but the dextrose fermentations required

8 much shorter time.

An aleahél determination was made In duplicate on the
fermented medium of the uncontrolled fermentation. A total of
35.5 gms. of aleohol was found, and of this amount 8.26 gms.
originally came from the inoculum. When the total amounts of
the products of the fermentation (glycerol, acetaldehyde, alco-
hél, and carbon dioxide) were calcﬁl&taﬁ from the experimental
data together with the theoretical equatlons for the alcohol
and glyecerol fermentations, only about 80 per cent of the
maltose was accounted for. However, unfermented maltose may
have been left in the medium. Other products such as acetic
acid were not determined, and there was undoubtedly consid-

erable loss of alcohol over the period of fifteen days.
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V. SUMMARY AND CONCLUSIONS

1. The fermentation of enzyme-saccharified starchy
materials in the presence of sulfites is not satisfactory.
The cause of the poor fermentations may be attributed to the
fact that the sugar formed from the starch by the enzymes 1is
mostly maltose, and it has been found that the fermentation
of maltose in the presence of sulfites does not proceed as

well as does the fermentation of dextrose,

2. Solutlions of acld-hydrolyzed starchy materials have
upreven‘guitable for the fermentative production of glycerol.
The hydrolysls of dry-milled materials requires higher acid
concentrations than does the hydrolysis of corn starch. The
dry-mllled materials would be cheaper, but the recovery of
the glycerol from the fermented solutions might be more

difficult then in the case of acid-hydrolyzed corn starch.

3. Dextrose, levulose, and sucrose can all be fermented
satisfactorily in the presence of sulfites. MMaltose, lactose,

and trehalose do not ferment satisfactorily.

4. Maltose may be fermented in the presence of sulfites
by furnishing suitable nutrients for the yeast and by adjust-
ing the pH to 6.9-7.1, although the fermentation takes con-

aiderably longer than does the fermentation of dextrose.
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5. Among those strains tested, the straln of yeast has
been shown to have little effect on the ylelds of glycerol
when dextrose, sucrose, or levulose i# uged as the fermentable
substrate. Certain strains of yeast appear to be more satis-

factory when maltose is the sugar fermented.

€. The surface-volume ratios of the fermentation media
Influence the ylelds of glycercl. When the ratios rise above
about two-tenths, the ylelds of glycerol, determined by the

ioﬁina;titratian method, begin to decreass.

7. The yilelds of glycerol are never as great when magnes-
jum sulfite 1s used as the acetaldehyde-binding agent as when
the more soluble sodium sulfite is employed in high concentra-
" tions in conjuﬁction with large inocula. When ordinary
inocula are used the yields of glycerol are about in the same
range for elither sulfite. It has besn found that the meximum
yields of glyecerol obtained when magnesium sulfite is em-
ployed are in the range from 20 to 25 per cent of the initlal
dextrose. When sodium sulfite 1s used in 1l0-psr cent concen-
tration, a yleld of about 30 per cent glycerol on initlal
dgxtre&e is obtalned in the fermentation of & 10-per cent

dextrose solution by a large amount of yeast.

8. The smount of yeaslt pressent In a fermentation medium
affects the ylelds of glycerol when sodlum sulfite is used as

the aldehyde-binding agent., Ordinary linocula do not furnish
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enough yeast for the fermentation of dextrose when the sodium
sulfite concentrations exceed 3 to 5 per cent, depending on
the supar concentrations. Above these sulfite concentrations
the yeast does not muliiply or, perhaps, nultiplies very
slowly. Ordinary ineccula sufflice when m&gn@éium sulfite 1s

used as the aldehyde~-binding agent.

8. When the concentration of yeast is less than
50,000,000 cells per ml. of medium the ylelds of glycerol maey
be improved by the gradual addition of the sodium sulfite to

the fermenting medium.

10, Yeast metabolism in a‘fermenting medinum containing
sulfite tends to adjust the reaction in such a way as to ob-
tain the best possible conditions Tor growth and fermentation.
It hes been found that in fermenting medla contslining magnes-
ium sulfité the pH decreases to 6.5~-6.6 and remains there
until the fermentatlion is nearly completed. When sodium sul-
fite is used, the pH decreases to about 7.0 and stays at that

level until the fermentation is almeost over.

11, In general it may be sald that those factors which
affect the velocity of an enzymatlc raactian'affeet the fer-
mentative production of glycerol. These factors includs the
concentration of substrate, the concentration of enzyme
{yeast), the concentration of electrolyte, the temperaturs,

the pH of the medium and the pressnce of aetivatgrs and
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inhibiters (sulfite). 1In the case of the glycerol fermenta-
tion the ratio of the sulfite in solution to the fermentable

spbatrate iz also an important factor.



- 132 -

VI. LITERATURE CITED

Abderhalden, E. and W. Stix. 1922. Untersuchungen fiber die
alkoholische GHrung wmittels Hefezellen unter verachiedenen
Pedingungen. VIII. Mitteilung. Fermentforschung. 6,
345+-347.

Adems, A. B. 1919. The production of glycerol from sugar by
fermentation. Chem. Trads J. 64, 385-386. (Original
not seen; abstracted in Chem. Abstr. 13, 2010. 1919).

Association of American Sosp and Glycerine Producers, Inc.
1937. Antifreeze solution. French Patent 816,952.
Aug. 21. (Original not seen; sbstracted in Chem. Abstr.
32, 22585. 1938).

Association of American Soap and Clycerine Producers, Inc.
1939. Glycerol, glycols and like compounds. British
Patent 499,417. Jan. 24. (Original not seen; abstracted
in Chem. Abstr. 33, 4603. 1939}.

Association of Official Agricultural Chemists. 1540, Officlal
and tentative methods of analysis. FPifth edition. Asso-
clation of Officlal Agricultural Chemists, Washington,

.4 »

Barbet, E. A. 1988, 4 process for the utilizatlion of alco-
‘holic fermentation in order to form large quantities of
glycerine by the use of sulfurous acid. British Patent
282,91?» Jan. 5. ‘

Bradford, P., W. D. Pohle, J. K. Gunther, and V. C.
¥ehlenbacher. 1942. Dstermination of glycerol by oxida-
tion with periodic acld. 0il and Soap. 18, 189-193.

Bunte, H. 1873. Ueber Hthylaldehydschwefllgsaure Balze und
" die Einwirkung des Schwefligsauren HNatrons aufl
Aethylidenchloriir. Ann. 170, 305-330.

Carothers, W. H., J. W. Hill, end F. J. L., Van Natta., 1933.
Method of manufacturing fermentation glycerel. U. 8.

Cocking, A. T., and C. He Lilly. 1922. Production of
glycerin by fermentation. U. 3. Patent 1,425,838, Aug. 15.


mailto:Mltt@ilu.ng

- 133 -

Connstein, W., and K. Lfidecke. 1919. foer Glycerin~
Gewinnung durch GHrung. Ber. 52, 1385-1391.

Connstein, W., and K. Lidecke. 1921. Process for manufac-
turing of propantriol from sugsr, U. 8. Patent
1,368,023. Feb, 8.

Connstein, W., and K. Llidecke. 1924. Process for manufac-
turing of propantriol from sugar. U. 5. Patent
1,511,784, QOct. 14.

Degering, Ed. F. 1943. An outline of the chemlstry of the
carbohydrates. John 8. Swift Co., Inc. Cincinnati,
Ohio.

Duchenne, J. 0. 1942. Manufacture of glycerol from sugar
by fermentation. Proc. 16th Ann. Congr. 8. African
Sugar Tech. Assoc. 1942, 45-47, (Original not seen;
abstracted in Chem. Abstr. 36, 7226. 1942).

Dumas, M. 1874. Recherches sur la fermentation alcoolique.
Ann. ehim. phys., ser, 5. 3, 57-108.

Eoff, J« R., Jdr. 1918. Process for menufacturing glycerocl.
U. 8. Patent 1,288,398. Dec., 17.

Boff, J. R., Jr., W. V. Lindner, and G, F. Beyer. 1919.
Production of glycerin from sugar by fermentation. Ind.
Engt Ghﬂmv }.‘_};, 842"8450

Fulmer, E. I., R. J. Hickey, and L. A. Underkofler. 1940.
Determination of glycereol by oxidation with ceric sul-
fate Iin fermentation medls contalning dextrose. Ind. Eng.
Qhﬁm;, Anal. Ed., l?_, 729-730.

Gehle, H. 1922, Verglrung von Zucker bel Cegenwart von
Dinatriumsulfit nach Neuberg und Reinfurth. Blochem. Z.
132, 566-588. |

Haehn, H. 1940, Productlon of glycerin by fermentation.
U. 8. Patent 2,189,793. Feb. 13.

Hao, Iu Cheng, E. I. Fulmer, snd L. A. Underkofler. 1943.
Fungal amylases as saccharifying agents in the slecocholie
fermentation of corn. Ind. Eng. Chem. 35, 814-818.

Hass, H. B., and J. A. Patterson. 1941. Purification of
glycerol by erystallization. Ind. Eng. Chem. 33, 615~
616.



- 134 =~

Hickey, R. J+. 1841. FEffect of controlled pH upon production
of chenmicals in several fermentations. Unpublished
Ph. Ds Thesis. Ames, Iowa. Iowa State College Library.

Hickey, R. J. 1943. Terre Haute, Iﬁé¢ Information on produc-
tion of glycerol by fermentation. Private communication.

Hildebrandt, ¥F. ¥., and N. M. Erb. 1939. Fermenting molasses
with yeast for alcohel production, ete. U. £. Patents
2,169,244 and 2,169,245. Aug. 15,

Kerp, ¥. 1804, Zur Kennitnls der gebundenen schwefligen
S8uren. Arb. Reichsgesundh. 21, 180-225.

Kobel, M., and A. Tychowski. 1928. Biochemische Spaltung
des Zuckers nach der zwelten Vergdrungsform unter dem
Einfluss von Carbamins8urehydrazid und Thio-carbamin-
saurehydrazid. Isollerung von Acetaldehyd und Clycerin.
Blochem. Z. 1989, 218-229,

XKrug, Wm. F., Jr., and P. A. McDermott {to E. I. du Pont de
¥emours and Co.). 1935. Production of glycerol by fer-
ﬁl@ﬁtat— ion. He &4 Patent 1 > 99@, gg@ - Feb. 12.

. Lawrie, James W. 1928. Glycerol and the glycols. Amer. Chem.
Soe. Monograph No. 44.

levey, H. A. 1838. The production and economics of synthetle
glycerol. Ind. Eng. Chem., News Ed. 16, 326-327.

1decke, XK., and N. Llldecke. 1929. Process for the produc-
tion of glyecerin. U. 8. Patent 1,698,800. Jan. 15.

MeDermott; F. A, {to E. I. du Pont de Nemours and Ce.). 1929.
' Produection of glycercl by fermentation. U. S. Patent
1,725,363, Aug. 20.

¥anufacturing Chemists' Association. 1940, Chemical facts
end figures. Flrst edition. Manufacturing Chemiats'
Assoclation of the United States, Washington, D. C.

May, 0. E., and H. T. Herrick. 1830. Some minor industrial
fermentations. Ind. Eng. Chem. 22, 1172-1196.

¥iller-Thurgau, H., and A. Osterwalder. 1914. Einfluss der
schwefligen SHure suf die durch Hefen und Bakterien
verursachten Clrungsvorginge im Weln und Obstwein.
Landw. Jahrb. Schwelz, 28, 480-548.



~ 1356 -

Neuberg, C., and E. Firber. 1917. tber den Verlauf der
alkoholischen GHrung bel alkalischer Reaktion. I.
Zellfreie GHrung in alkalischen LBsungen. Blochem. Z.

- 78, 238-263.

--Neuberg, C., J. Hlrsch, and E. Reinfurth. 1922. Veltere
Mitteilungen liber die Hquivalente Bildung von Acetaldehyd
und flycerin bei der zweiten Verglrungsform. BElochem. Z.
132, 589-596.

Neuberg, C., and J. Kerb. 1913. Uver zuckerfroie Hefeglrungen.
XIII1. Zur Prage der Aldehydbildung bei der GHrung von
Hexosen sowie bel der sog. Selbstglrung. Biochem. Z.
g@, 158"‘1?6 -

Neuberg, C. and E. Heinfurth. 1019. Weltere Untersuchungen
~ {iber die korrelative Bildung von Aceteldehyd und CGlycerin
beil der Zuckerspaltung und neue Beitrige gur Theoris der
alkoholischen Gﬁrumg. Ber. 52 B, 16 7-1703.

Nord, F. F. 1926. Chemical processes 1n fermentations.
Gi‘?ﬁ%m . ﬁ@"‘fo 5 41"7@:

~Nord, ¥. F. 1940. Facte and interpretstions in the mechanlism
of alcoholic fermentation. Chem. Hev. 28, 423-472.

Owen, Wm. L., H. A. Levey, and W. L. Owen. 1940. The pro-
duction of glyeerin by fermentation of sugar and melassas.
Intern. Sugar J. 42, 248-250.

Pasteur, L. 1858, Production constante de glycérine dans 1la
fermentatlion alcoolique. Compt. rend. acad. sci. 46, 857.

Presecott, 8. C., and G. C. Dunn. 1640, Industrial microbl-
ology. McGraw-H11ll Book Company, Inc., New York.

Rahn, 0., and J. E« Conn. 1844. Effect of increase in acld-
ity on antiseptic efficiency. Ind. Eng. Chem. 36, 185~
187’ |

VRipgar,‘&* 1892. Die schweflige S8ure im VWelne und deren

~Ripper, M. 1800. Eine allgemein anwendbare, massanalytische
Bestimmung der Aldehyde. Wonatsh. 21, 1079-10885.

~Sherman, H. C. 1935. Food products. Macmillan Company,
Hew York.



w 1E6 -

Smith, G. F., and ¥. R. Duke. 1943. Cerate and periocdate
oxidimetry. Perchloratocerate and periodate ions as
oxldants in the determination of orgsnic compounds. Ind.
Eﬂgv ﬂh@m., &ﬂ&l«; Edt 15 126*122*

Stark, I. E., and M. Somogyl. 1942. ﬁate on the fermentation
of maltose and glucose in alkaline solutions. J. Biel.
Chem. 142, &579-bB4. .

Tekahashl, T., and T. Asai. 1933. Fermentation products of
Mucor. I1Il., Production of glycerol and the effect of
addition of sodium bisulfite and sodium carbonsate.

J« Agr. Chem. Soc. Japan. 9, 443-448.

~Tomoda, Y. 1921. Preparation of glycerol by fermentation.
1, II. J. Soc. Chem. Ind. (Japan). 24, 240-252, 305-321.
(Gr;%inal not seen; abstracted in Chem. Abstr. 16, 985,
1922) .

~Tomoda, Y. 1924. The production of glycerol by fermentation.
J. Faculty Eng. Tokyo Imp. Univ. 15, 183-2056. (Original
not sean, abstracted in Chem. Abstr. 19, B69. 1925%

~Tomoda, Y. 1927. On the production of glycerine by fermen-
tation. IV. Dlssocliation of acetaldehyde~bisulphite
complex in alkeline solution. J. Soc¢. Chem. Ind. {Japan).
Suppl. binding. 30, 189-191B, 230B. (in English).

-Pomoda, Y. 1888. On the production of glycerine by fermen-
tation. V. Effects of sulphites on the yeast cell and
fermentation. J. Soc. Chem. Ind. (Japan). Suppl.
binding. 31, 5-6B. (in English).

Tomoda, Y. 1928. On the production of glycerine by fermen-
tation. VI. Influence of sugar concentration upon the
yield of glyecerine. J. Soc. Chem. Ind. {(Japan). BSuppl.
binding. 31, 151-152B. (in English). Chem. News. 137,
265-266. ’

Tomoda, Y. 1828. On the produectlon of glycerine by fermenta-
tion. VII. The veloclty of fermentation in presence of
sulphite. J. Soc. Chem. Ind. (Japen). Suppl. binding.
32, 229-230B. (in English).

~Tomoda, ¥. 1929. On the production of glycerine by fermenta~
tion. VIII. Formatlion of g,r-butylene glycol and acetlc
acld during glycerine fermentation in the preasence of
sulphite. J. Soc. Chem. Ind. (Japan). Suppl. binding.
32, 230-231B. (in English).



- 137 -

“Tomoda, Y. 1929. On the production of glycerine by fermen-
tation. IX. Separation of glycerine from fermented
waste molasses. J. Soc. Chem. Ind. (Japan). Suppl.
binding. 32, 271-272B. (in English).

Tomode, Y. 192¢. A slwmple method for the determination of
acetaldehyde. J. Soc. Chem. Ind. 48, 76-77T,

~ Underkofler, L. A., J. F. Guymon, M. M. Rayman, and E. I.
Fulmer. 1843, A seml-micro method for the determination
of reducing sugars in fermentation medla: Iowa State
College J. Sei. 17, 251-256.

Us 8+ I+ Chemical News. 1943. Uses of glycerol. Ind. Eng.
Chem. 385, No. 2. adv. 19-20.

Werkmen, C. He, and H. C. Wood. 1942. On the metabolism of
bacteria. Botan., Rev. 8, No. 1, 1-68.

Whalley, Muriel E. 1942, Abstrscts of articles and patents
on the productlon of glycerol by fermentation. N. R. C.
No. 1040. Hatlonsl Hesearch Council of Canada. Ottawa,
Canada.

Williams, E. C. 1938. Hodern petroleum research. Ind. Eng.
Chem., News Ed. 16, €630-633.

Williems, E., C., and Assoclates. 1940. 3Synthetle glycerine
from petroleum. Chem. and Met. Eng. 47, 834-838.

Willisms, E. C., and Assoclates. 19841l. Economlc aspects of
synthetic glycerine production. Chem. and Met. Eng.
48, 87-89.

Wurtz, A. von. 1857. Useber die klnstliche Blldung des
Glycerine. Ann. 102, 339-341.

Zerner, K. 1920. Chemismus der alkoholischen GHrung. Ber.
53 B, 325-334.



	1944
	The fermentative production of glycerol
	Thomas Masson Lees
	Recommended Citation


	 

