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II. INTRODUCTION

Glycercl has not been produced on a commercial besis by fermenta=
tion in normal times with any great degree of econonmic success. It
was successfully produced by fermentation in Germany, howewer, during
the World War of 1914-1918 for use in the mamufacture of explosives.
Such a production wes necessary for a nstionsl emergency where the
end justified the means in splite of the high cost of mamfacture.

The Connatein end Lidecke (1921)(1924) fermentation process in Germany
produced glycerel from beet sugar in the presence of sodium sulfite.
About twenty-four factories produced approximately ome thousand tons
of glycerol per month by this rather inefficient process. Smaller
amounts of glycerol were produced in the United States following the
success of the Germans, but sodium cerbonate was used in place of
sodiom sulfite. This alkaline fermentation method was patented by
Foff (1y18). In England, the Cooking and Iilly (1922) process wes
used to come extents It is similar to the method of Conmstein and
Ladecke except that sodium bisulfite is employed slong with the sodium
sulfite in order to incresse the yield of glycerol. It is claimed

to be & means of producing practieally a theoretical yield of glycerol.
by farmntatinn.

In nost of the glycerol fermentation processes sodium salts sre
added to iuncresse the glyecerol yleld. The relatively high solubility



of these sodium salis csuses certein difficulties in the recovery
of the glycercl from the mashs The glycerol is not easily distilled
in the presence of such selts without some deocomposition or etheriza~
tion. lore efflieient reocovery methods heve been deweloped, however,
in rmnt years. Glycerol extraction methods are usually rather
involvedy expensive,; or impractical.

 In order for fermentation glycerol to compete on sn econcmic
basis with that produced as a by=product of the soap industry, the
method of formstion of the glyeerol must be very efficlent end slso
the procedurs of recovery must not require excessive expense to
operate. The percentage recovery of the aveilable glycercl should
be at least 90 percent. The ntility and value of the hLyeproducts
‘must also be considered, as these might wsll be the factors which
determine the suceass or fallure of the process. Reoent methoda for
the synthesls of glycerol from petrolsun products appear to have
promise of successe On the other hend, there are very large guantie-
ties of blackstrap molasses availsble as a souree of sugar for fermen~
tation at very low cost. Corn or corn sugar might also be potential
carbohydrate sources.

Glycerol is a very useful commodity in an exeeptionslly wide
variety of fields. It is produced almost exclusively by the soap
industry at present. Since this production is limited by the quantity
of the scap prodnoed, glyeerol is not used as widely in industry as
it might be if more were avallable al & more reasonable cost to the



consumer. If a consumer were to use very large quantities of
glycercl, he would no doubt desire prectically an unlimited quantity
to be available at a stable price level. He would not consider ex=
pansion of an industry or process vhich would be controlled by the
linited availabllity of one cam;aan?nt. He could get no more than a
fixed amount of glycerol from the soap industry. If he wanted more
than the soap industry could supplys he would, no doubt, have to
turn to either the fermentation processes or to the synthetie pro=
cesagese The price of his glyverol would then probably increase
to such an extent that his process would no longer be industrislly
possible without economiec difficulties. Synthetic glyeerol is still
in experimental stages, but according to Williams and mssoclates
(1940)(1941) it ean be made at aprroximately the market prices
Fermentation glycercl is as yet t0o expensive for widespread mamie
facturing uses. Use ez an antifreeze in automoblles would require
an inexpensive product. The plastie industry could employ quantities
of glycerol if it were available at e low encugh price. A great
mmber of other possible uses are at hands The petroleum industry
is developing methoda for the production of long ehain fatty seids
from petroleum hydrocarbons and 1t is desired that these might be
converted into glyceryl esters or fats to be used in the food industry.
There has been a large smount of research done on the subject
of the production of glycercl by fermentation and it might appear
to some thet the glyeerol fermentation has very litile prospeet of
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industyrial realitys Thia thesis is concerned primerily with studies
on the glycerol fermentations. Speclsl sttention 1a given to the
relation between pH and the ylelds of various dissimilation products
of cerbohydrates in the presence or sbaence of certain aldehyde
fixing agents. Attention is also peid to the developrent of glycerol
fermentation methods which should allow greatly simplified methods
of glycerol recovery following the fermentatiozne



wlim

III. REVIEW OF PREVIOUS INVESTIGATIONS

As. Historicsl

Glyeerol, also called glycerine, or propanvl,2,3-triel, is a
thick liquid which is practically colorless and odorless. It is
rather sweet tasting and may be used as a foode Iiterature on the
subjeot of glyecerol in practically all its aspeots has been very
ably covered up to 1928 in the monograph by lawrie (1928). Because
of the avallability of this monograph, toples and references up to
1928 will be mentioned very triefly or omitted sltogether unless the
subject material is very pertinent to the investigstions made for
this thesls. The brief history in the following persgraph was
taken direstly from lewrie (1928).

In 1779 Scheele prepared glycerol by heeting a mixture of olive
oil and 1litharge. later, in 1784, he showed that this material could
be obtained from a varlety of oills and fats both of animal and of
vegetable origine The prosedure of Schesele was sbout the only method
of commercisl production of glycerol for many yearss In 1823 Chewvreul
published work which led to the slkaline hyirolyeis of fats and oils
es a nmethod of glyserol productione later it was found by Tilghman,
in 1853, that if fets were mixed with water and heated under pressure
without steam formation,saponification occurred slthough alkelis were
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products, fgﬁs and oils similar to the natural ones have been pre=
pared from petroleum :gmdt_mf.s.

The faot that glycerol is a product o? ferpentation wes first
noted by Pasteur (1§§8). Ho was studying pure yeast cultures in
connection with the.p;’oductim of wines and beers, and on quite
w;ehmly-wufihofemtedmmufmd that sbout 3.5
grams of glycerol were normally formed from every JO0 grems of sugaxrs
For quite a while this fact, though published, mede very litile ime
pression on sclentists in general. It wes not until about 1911 that
Neuberg anﬁihia co=workers began to publish sowme of the results of
their investigations on the problem of the alecholie fermentation
mechantsm (1923)(1915)(1918){1919)s Their conclusions as to the
mechanism of the dissimilation are shown in the following oqnationsi

(1) ¢ 8,0, = 280 —=> C HO {metiyl glyoxal aldel)

(2) c‘a‘a‘ ——— zan;c(oa)cm or zcsjcmm (methyl glyoxal)

(3) O =00 + £0 + ,aa we==> G B _(0H) (glycerol)
ax;w + 0 e c&;g;m {pyruvig scid enol)

(4) om ;g;coon b CO_ ¢ cs}cm {acetaldetyde)

() cazeocm 40 wwmed cnawrmﬁ {pyruvic acid)

cxxcm +H ——> cxsaazax {ethyl aloohol)
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Reaction (1) above is generslly known as the Gey=-Iussac resction.
Form (3) was considered &s & contimuation of form (2) wherein the
alkali caused the scetaldehyde to undergo the Cammiszarc resction
to form the Ml and acetic aclds Discussion and date which
substantiated Neuberg?s claime are adequately expounded in Iawriefs
According to Anderson (1938), Meyerhof considered the follows
ing renctions to occur in the dissimilation of a hexose by yeast:

(4) Hexose diphosphete tl:m t‘:aaaa s‘mn
* —— GB}B w——p ?‘m + 2?“
CH o o * Ba HPO oH OFO Na  CHOM Wa  CROFO Ne
(glycersldehyde («-glym {phosphoe
phosphate) phosphate)  glycerate)
{8) cool secx 2,00,
2H0H e 2Ha HPO_ + 2 eo —— am
ex OF0 ¥a ¢y 2 sn
3 2 3
{pyruvic
acid)
0 CHO COOH
o) ogE o | 204000 GHOR |
4 weesy 2CHOH I Py + 2CH0H
28s. HPO CH OFO0 %e 3 CE OF0 Ba
2 & 2 3 2 2 X 2

Msyerhof considered parts (A) and (B) to be the "Initiel phanse”,
and pert (C) wne considered as the "Stationery Condition” which wae
supposed to be the situstion after the fermentation had sterted
through the "Initisl phese®, and enough acetaldehyde had formed to



agt as the hydrogen acceptor in place of the glyceraldehyde
phosphate which is the hydrogen soceptor in the sbmonce of acetaldehyde.
For extensive dipoussions on fermentctive and respiratory
mechaniams, and on the rolss of wariocus sgents in metaboliss, one
ghould refer to the booka by Stephenson (1939), Oppenheimer and
Stern (1939), inderson (1938), and Prescott and Dumn (1940).
Connstein sni Liidecke (1919), after considering the earlier
work of Neuberg, studied the glycerol fermentation with the view of
. producing glycerol on a commeroial besiss They decided, on a
theoretical basis, that elkaline fermentations should result in
inereased glycercl production. This wes found %o be & fact, and
their observations were instrumental in the derivation of Heuberg*s
(1919)(1920) third fermentation mechanism. Some of their observaw
tions are noted in Table 1. By percent of glycerol produced is meant

TABLE 1

GLYCEROL YIEIDS USING AIKALINE SALTS IN THE
FERMENTING MEDIUM

~ (adepted from lswrie (1928))



the percent of the weight of the sugar found se glyesrolj that is,
al@mymaxgwmlrmlﬂogramafw@aris considered
es a 10 peroent yield. The theoretical yleld of glycerol from either
the alkaline or the sulfite mechanism is very close to 51 grums
from 100 grams of hexoses

Unfortunately, the pH values of these medls were not givene
The absence of pH date has besn typlesl of a large number of publie
eationg. Since certain ions, such ss the phosphate lon, are intie
mately soncerpsd with the sugar breakdowns, it is rather uncertain
to what extent the effects are due to the abnormel ion concentrations,
and to what exient the effects are pH functlons.

It was found that secondary infeotions csused certain 4iffie-
enlties in the alkaline fermentations; however, in suifite fermenta=-
tions the use of high conventrations of sodium sulfite stopped most

TABLE 2

THE EFFECT OF INCREASING ANOUNTS OF SO0DIUM SULFITE
I3 YEAST FEREINTATIONS ON GLICEROL YIELDS

40 100 23.1

67 100 24.8

8o 106 273
o0 100 301
120 100 33.0
150 o0 3446
200

100 36.7
(Adepted from Lewrie (1928)) | |
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of the infectionss Table 2 ghows the effect of incressing smounts
of sodium sulfite on the yield of glycerol.

For the alkeline fermentations Heuberg also used other reagents
than those mentioned above. Some of his reagents are noted below:

TABLE 3
REAGENTS CAUSING NEUBERG*S FIRST AND THIRD MECHANISKS
70 OCCUR
S m ——— y s s~ o m,
Aluainom Hydroxide Sodium Carbonate
Ferric Hydroxide Seddum Bioarbonate

Potassium Carbonate
Potassium Bicarbonate
Hagnesium Oxide

Sodium Phosphate (normal)
Sod4um Phosphate (secondary)
Zine Hydroxide

(adapted from lewris (1928))

Individual progesses and patents are taken up in the sectiona
which follow.
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Be Glyecerol Formation by the Sulfite Fermentation
Hethoda
Prelininary work on the sulfite process of fermentation wes
mentioned iIn previous sections. The actusl processes, many of which
were patentedy are now presented in greater detail.

As was previously mentioned, the Connstein and Liidecke (1919)
(1921)(1924) process was earried on in Germany during World ¥er I
in sbout twenty=four fsctories, snd about one thousand tons of glycerol
were produced each month in this manners. After the war the process
was petented in many countries and the petent references are noted
by lawrie (1928). The following five claims sre made in their
United States patent (1924):

l. %he process for mamufectur propantriol which conslats
4n pdding alkaline sulfites {until alkaline reaction)
and yeast to sugar and then allowing the mixture to be
fernented. '

2. The process for mamufactur propentriol which consists
in adding alkaline sulfites (until alkaline res
and yeast to sugar, causing the suger to be fermented
in the presensce of alksline sulfites, seperating the
yeaat end adding the separated yeast and alkasline re~
acting substances to sugar, whereupon the process is
repeated.

3+ The process for manufacturing propantriol which consists
in adding slkaline sulfites {until mlkaline reaction),
neutral salts of megnesium in a higher amount then
necessary as yeast mutvients, and yeast to sugar, and
causing the sugar to be fermented.
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4+ The process for msmufacturing propantriol which cone-
sists in adding slimline sulfites (until alkeline
reaction) and yeast to sugar, causing a portion of
the sugar to be fermented, sdding new portions of
suger and canusing the sugar {o be fermented.
5. The process of preducing glycerol, which consists
in fermenting a solution of fermentsbls suger in an
alkaline rescting medium.
It was clalmed that nelther the kind of sugar nor the yeast
| variety had any apprecisble effect on the outeome of the fermsnta=
tione This claim was disputed by other investigetors, such as
‘Gehle (1922) and lcDermott (1925), especially with regard to the
strain or variety of yeast. Sncoherowvaes sllineeldsug was employed
by some Investigators in preference to Saschearcuycss

strains; although the §+ gllivsoidsus fermentations were somewhat

slowers

Connstein ard Lidecke (1921)(1924) claimed succese using hoth
crode and refined sugars, and also molasses. They employed the
yeast from one fermentetion to seed the next for eight fermentations
tith apparent successe Objections to this method appeared sub=
sequently. Comnptein and ILiidecke presented the following date on
the use of the yesst of one fermentation as the invculum for a
following fermentation:
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TABIE 4

EFFECT ON GLYCEROL YIELD OF USIKG YEAST FROH ONE FERMENTATION
AS SEXD FOR THE NEXT

SO AR B L N
s
*»
w

(From Iawrie (1928))

Details of the process are, for exemplet %o ten liters of
waeter were added one kijlogram of sugsr and 100 grams of fresh yeast,
along with nutrient salts of potessium, phosphorous, msgnesium, and
nitrogens Finally 400 grams of sodium sulfite {anhydrous) were also
addeds The medium was shaken quite well and was inoubsted at 30°
eentigrade for 48 to 60 hourss It was noted that there was not an
apprecishle increase in the alkalinity of the mash sinee the cerbon
dioxide and acetaldshyde reeoted, supposedly, with the sodlium
sulfite to form some sodium bisarbonate and also some bismlfitew
aldehyde sddition product. The volatiles were rewoved by distilla=
tiong after which ealeium chloride and lime were added to the re~
neinine medium to precipitate the sulfite. The filtrate so obtained
was treated with sodium carbonate to precipltate the excess of soluble
calcimm gsltss The resulting filtrate was concentrated by
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evaporation, and the ayrup thus obtained wes glycerol oontaining
sodfum chloride and mome other soluble materials. The purified
glycerol was procured by steam distillation. It wes regularly
noted that as the amount of sulfite was inoreased,; the yleld of
glycerol and acetaldehyde increased, and that of the aloohol de~-
creased. Neuberg®s firat and second sehemes both occur in this
processs Experimentsl data substentisted Neuberg®s ideas quite well.
Fermentations using other salts were studied, btut the glyserol
yields were lower than those obtained by the sulfite fermentations.
Results are shown in Table 5.

TABLE 5

YIELD OF GLYCEROL BY FERMENTATION WITH VARIOUS SALTS

aazse A 48 8.0
m3 34 55
FesO, 60 1L.8
Fes0, 90 12.5
PeSO A 120 13.1
.uz(so *)3 39 9.4
A1, (s0,), 44 11.6
nt(sa i)_é 80 13.3

(From Iawrie (1928) and Comnstein and ILikdecke (1921))
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The above data showed that the acid rescting salts (e.g.
ferrouz sulfate and aluminum sulfete) in inoreasing eoncentretions

increased the yleld of glycerol in contrast to the ides that in-
creaged alkalinity alone increesed the glycerol ylelda in the absence
of sulfites.

Cocking and Idlly (1922) developed & process which was cleimed
to producs glyecsrol according to Neuberg’s second scheme in prace
tically theoretical quantitliess The purpose of thls im:k was to
improve the method of Connstein and Lidecke in order %o increase the
glycerol yields. It was considered desirable to introduce & certain
concentration of bisulfite ions in the medium containing sodium
sulfits at the onset of the fermentations This was done in order
to fix the acetaldehyde as it formed at the start of the fermeniew
tion and not to walt until aclds formed by fermentation reacted with
the sodium sulfite to form some bisulfite. Unfortunately, large
amounts of bisulfite ions are undesirable during & succesaful
glycerol fermentation by certain yeasts bscause of the antiseptic
actions Cocking and Iilly found that sodium sulfite and sodium
bisulfite could be used in combinstiona in which the resulting
solution was nesrly neutral to litmus. There was then no serious
antiseptic action. Thus the aldehyde was fixed at a much earlier
stage in the fermentation than cccurred in the sulfite fermentation
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of Connstein and Lidecke (1921)(1924)s It was claimed that the time
of fermentsetion using the mixture of scidi snd normal sulfites was
about helf the time of fermentation when the mermsl sulfite slone
wes useds The time of the fermentation wae usually sbout six days,
and the temperature was held at about 35° to 37° centigrade. The
glycerol yields usually spproximated 45 percent of the sugar weighte.
It appearsd thet the higher yields of glycerol were sasocieted with
longer times of fermentation.

The work of Reuberg on sugar fermentations by yemsts in the
presence of sulfites was confirmed by Gehle (1922). He noted that
with ineressing sulfite concentrations there was an inoreasing change
in the products of fermentation, and that the alterstion practically
cecged when there were sbout 60 parts of sodium sulfite to 100 parts
of sugar. He also observed that different types of yeast did not
aprreciably affect the qualitative and quantitative dissimilation,
although there was & rather noticeable difference in the degrse of
regiatsnce of the wsrious yeasts to the sulfite.

Barbet (1928) made use of sulfur dioxide for the sulfite fere
mentation. ?§ 6 molssses mesh was added some sulfur dloxide previous
to inoculation to the extent of about two grams per liter. The
mash was then seeded and fermentation proceeded with the addition of
sulfited medium contimously or intermittently in guantities not
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great emough to exhibit excessive toxie effects« The fermentation
was allowed to complete itselfy and & considerable amount of glycerol
wvas founds It is important to note that, in effect, an acid,
sulfurous acids; was used ss an sgent to inerease the glycerol
yvield in & yesst fermentation and not an alksline reacting materisl.
It has been generally considered thst in most arg' acid medium & more
or less typical aleoholic fermentation must ocours Thus Barbet
obtained increased glycerol yields by the use of an acid added to
& fermenting mashs Aetu#l yvields were not given by Barbet in his
patents
There are mmercus other patents conserning the use of salts,

noutral and ctherwise, alony with sulfites to produce glyeerols
Aecording to lawrie (1928) some patents claimed thet in sddition to
sodiun sulfite, about 0s2 to 1 parcent of the weight of sugar should
be added in the form of salts of strongly reducing sulfur aclds
such as “"hydrosulfates® znd "mulfoxylates.® This addition was
claimed to glve glyeerol ylelds greater than those obtained by the
uae of sodium sulfite alons. Ferrous and mangenese sulfates were
considered ®oatalysta® to increase glycerol formation. The addi~
tion of more suger to the mash at its point of greatest fermentation
activity with or without salt additions was slsc deseribed. Further
details sre found in the monograph of Lawrie (1928).

* In Rusaie, Golovin {1927) desoribed a fermentation using a
bisulfite. The fermentation wes complete in 48 hours, and on the



sugur velght besis yields of 20 perosnt glycerol; 20 percent
aleoohol, and § percent acetaldehyde were claimed.

liideoks and Iiidecke (1929) obtained a patent on s sulfite method
of vefermentation following s distillation of the first fermentation
medium. The temperature wes held at 30° to 35° centigrade for two
dayss Megnesium and nickel sulfates were addeds BREight kllograms
of molasses gave two kilogrems of raw glyeeroly or 960 granms of pure
glyoerols About 24 to 27 percent of glycerol was obtained fyrom pure
suger. Tomoda (1928} observed that in the presenss of sodium sulfite,
the alcoholisc end glycerol fermentations oocurred persllel from
start to finish. Mathemsticel relations were gilven.

Penkovaki (1929) studied the sulfite fermentation of sugar beets
and obtained 20 percent glycerol, 17.5 percent ethancl, and § percent
eoetaldehyde. In this yesr, Temoda (1929) stuiled $he velooity of
the fermentetion in the prescnce of sulfite. He also studied the
formation of 2,3=hutylene glyool and acetic acid during a sulfite
glycerol fermentation. Imperial Chemlieal Industries, IAd. and Iilly
(1930) improved on the sulfite fermentation of earbohydrates and
nolasses.

Giordani (1932) made a thecreticeal study of the sulfite fer-
mentation of Constein and Ilildecke. He agreed that hmulfites ine
creaped glyserocl ylelds by combining with the meetaldehyde first form=
ed in such a wsy a8 to prevent its further conversion to acid and
aloohol., A maximum yield of 25 percent glycerol was found when fermentsw
tion was carried ocut in the presence of 20 percent sodium bismuifite.



Takahashi end Asal (1933) studied both the sulfite and alkmline
dilssinilations of sugar by means of 23 varleties of Hucor. Hormelly,
glycercl was produced to the sxtent of 3.8 to 9.0 percent for the
assinmilated sugar; production was approximately parsllel to that of
alcohols It was found thet the addition of sodium bdsulfite or
sodium carbonate greatly increased the glyscerol yleld. The oplimum
coneentrations of these salts were found to be, respectively, 6
and 4 percente The corresponding ylelds of glycerol were 21.5 and
235 percent respectively, for the essimilation of zlucose.

Iilly (1935) deseribed o method for & fermentation wherein
soluble sulfites and bisulfites such as the sodium salts were added
t0 o fermentation medium In a menner similar to the original Cocking
and 111ly (1922) process, keeping the medium sbout neutral. However,
there ware added to the fermenting mmsh at intervals amall quantie
ties of regensrated sulfite~bisulfite solution containing the glycerol
of a previous dlssimllation.

The Russian investigators, Kurbatova and Shakin (1936), re=
ported that they used yeast of a sulfite fermentation repeatedly
without loss of fermenting activity, provided that & sulfite~Iree
growth of a oculture is interposed between each sulfite fermentation.
It was recommended that the yeast cells be separated from the sulfite
medium as soon es fermentation is complete.

Ivate (1936) reported on a process for obtaining glycerol from
cane juice by fermentation. Hs added salts and a quantity of sodium
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Owen (1937)(1939)+ Statisticsl and economic references were nade.
He considered the presence of bioweollolds snd the like to be of
quite unsuspected importance in a dissimilation such as the glycerol
fermentetions Owen stated (1937)(1939)s

It has been found that the additlion of mimute amounts
of the finely divided aemi highly dispersed absorbent
saterials like clay, bone-blacky asctivated carbon, ete.,
not only accelerate the rate of fermentation of sugars by
yessty but also provide conditlons for the efficient con~
verslon of sugars into aleohol in solutions whoss densities
or sugar concentrations would render it impossidle in the
absence of these biowcolloida.

While meny explanations have been sdvanced for this
benign ection of these substances, all of the investigators
have concurred in the opinion thet much of it ia to be
attributed to the activation of the hydrogen liberated in
the reaction, and its consequently more effective actlon
in reducing the aceteldehyde to alcohols In so far as
this is true, it represents an exectly opposite function
of these substances to that of alkali or sulfites in
immobilizing the scetaldehyde, and thereby preventing
its reduction to alcohol, sand resulting in the formetion
of glycerin from the sugar molecules



Cs Glycerol by the Alkaline Fermentation Hethods

The production of glyeerol by means of yeest fermentations of
sugars in an alkaline medium has not been considered as s commerclal
poasibility as longz as has the sulfife metheds The fact that the
producte assoclsted with the glycerol msde by the alkaline methods
are ethanol snd acetic acld, az compsred to acetaldehyds by the
sulfite method, might have great influence on the value of the fer-
mentations Ordinarily, ethanol end ecetio acid are more desirable
than is acetaldehyde. An alkaline process for the production of
fermentation glycercl wes developed in the United States about the
tine of the World War I.

During the World Wer I the price of glycerol rose quite rapide
1y to about sixty cents per pounds The United States Tressury
Departoent was notified by Dr. Alonzo E. Taylor that glycerol was
baing produced in Germany by & fermentstion method. Soon three
govermment laboratories started reseerch on this problem. Eoff,
Iinder, and Beyer (1919) discovered that the addition of certain
slkaline reagentz to & fermentation medium caused a rather large
incresse in the swount of glycercl formed from a given amount of
suzars Resgents used were sodium and potassium carbonates, bie
carbonates, hydroxides, end some other alkaline compounds. Koff
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(1918) obteined a patent on glycerol production by a yeast fermentae
tion in an elkaline medium. He claimed that about 20 to 23 percent
of the fermsntable sugar was converted into glycerole Hs listed
ag other products sncetic acld, ethanol, and scetonee The organisme
that he used were pure cultures of yeaste. He studied astrains of
both B, gerevigiag and 3s gllivsolideus. He claimed best results
wmmwam variety “"Steinberg®, known as a
California wine yeast. Optimm temveraturs wes stated to be about
37% centigrede. large scale fermentations were run by building up
imoeula from smaller ones, cousing each successive culture to be
grown in & medium made alizhtly alkaline by the resgent to be used
for alkalizing the large fermentation. This procedurs smounted to
sn acclimatigation of the organism to the alkeline fermentation
conditionse The alkall was added from time to time. It was re-
commended that the degree of alkalinity be mainiained at a peint
just short of the point of inhibitlon of the culture growthe It
was mentioned that sodiumy yu-’ca.aainﬁ, and calclum carbonates, phose
phates, and hydroxides may be usedj sodium carbonste was preferred
because of its cheapmees and availabllity. A typlcal medium was
made from molessee and contained sbout 11 percent total sugare
About 20 percent of the sugar wes converted to glycercl.

Boff (1919) stated that the glycerol yleld was proportional
to the apount of alkall used up to the erdurance limit of the
organism. He did pot mention pH as being the controlling factor.
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Ho showed thet the optimum temperuture was 30% to 32° centigrade
4n contrast to 37° as he hed given previously in his patents The
- best sugar concentrastion was steted to be 1T+5 to 20 grans per 100
ces of mediume In his molesses fermentations the sugar was calou=
lated by the Pehling reducing sugar methods It was shown that the
acturl fernentaeble sugar was only 92 percent of the Fehling velue.
The corrected glycerol ylelds were then 1946 to 27«1 percent on the
basis of fermentable sugare. For each 100 parts of Cubanr molasses
used (47.8 percent ns invert sugar) there would be producedt
Glycerolssescecscasassnsasscsass 10s04 parts

mﬁml%'bitqttiictieb.uwnnctlct} 1?‘-21 (!‘Qmed w
Acetic acid, etlsscnrencenacnane 3&34 ‘ &.13’&113&'919!1}

ABhesvsenreensenrsnansnnasensenas 8«9@

M&m Gﬁ!’bon&'bea..¢o.;.......»... 15‘94
Organic none=suzarSesss.cs.ssccss 22420

It may be noticed that in the resulting medium after alecohol
removel, for every ten parte of glycerol there were 49.5 parts of
nonwglyearol solide. Ordginally, only about 50 percent of the glycerol
present wes actually recovered by direct vacuum distillation. However,
treatment with ferrous sulfate followed by the use of hydrated lime
powler caused & rather large part of the orgenic noneeugars to de
precipitateds Pvaporation to 30 percent glycerol, followed by ateam
distillation under vacuum, brought the glycerol recovery up to about
85 to 90 percent. Such & clérifieatinn method is rather costly,
a8 are some other methodss The procedure has, however, emergency
value.



Connstein and Lidecke (1924) desoribed certain other types of
alkaline fermentations. Most of these dats may be found in the
monograph of lawrie (1928). Informetion en pH was not included,
unfortunatelye

NeDermott , in a note for lawrie®s monogreph {1928), explained
his views on the molasses fermentation in the presence of alkali to
forn glycerol. He stated that ordinarily from pH 3.5 to 6.8 the
Gay-lussae reaction, or Neuberg’s first equationy predominated.
When the pH renged from 7 to 8.8, a grest increase in glyeerol
formation was noted in mecordance with Neuberg®s third aquation.

He claimed that the change of the hydrogen-ion concentration on the
addition of the alkall onused a change in the reaction of the yeast
engymes on the carbohydrate being fermented. He noted that therse
wes an indicatlon in the litersture that high salt or sugar concene
trations slone enmhsnce the production of glycercl. HoDermott then
nentioned that the main advantage of the use of & molasses medium
over other media for alkaline fermentations is that the molasses
acts as a buffer for the added alknli. The implication was that
the better the buffer system, the betler the glycerol yleld.
ﬁaia%name of constant pH was stressed. Experimental date were
glven to show that molasses mash buffered the pH of the medium when
sodium carbonete was added intermittently mich better than daid
"synthetic® meshe The pH of both medls averaged about eight,
though the pH of the molasses medfium was mmch more constant in its



values The glycerol yields for the molasses and “synthetic¥ medis
were 18454 percent and 1524 percent respectively.

The question might arise aa to whether the increase in the
glycerol yield was csused by the constancy of the pH or by the
higher concentretion of solids in the molusses mashs The effect of
blo=collolds as mentioned by Owen (1937) might coms into effect in
the molasses mashe

Neuberg and Kobel (1930) mede studies on the decompesition of
nonsphosphorylated suger by yeest with the formation of glycerol and
pyruvic asid. KXobel (1931) mede studies on the formation of equi=
molecular smounts of glycerol end of pyruvie acid in cellsfree
fermentations of glucoses The effects of phoaphates and other ions
were studled.

Carothers, Hill, and Van Natte (1934) of E. I. du Pent de
Hempurs and

pepany, obtained a United States patent on fermentstion
glycerol wherein the suger was fermented in an alkeline mediumy the
glyecerol formed was distilled from the fermented product, :md this
glycerol was made alkeline with lime. The resulting mixture was
blown with eir in order to deastroy phenols which were present.

Hesse (1935) moted thst the meximum rate of fermentation
to aldehyde of an 8459 percent sugar solution in the presense of
4.27 percent sodium bicartonates was reached in 2.5 hours, which
was 40 to 70 times greater than the usual fermentation rate. The
agetaldehyde produced was changed to slcohol and meetic acide



Equal parts of glycerol and escetic acid were formed. |

The Norddeutache Hefeindustrie, A.=G. (1338) deseribed a method
vherein the acids formed during a fermentation were neutralized by
magnesivm carbonates

A& patent of possible importance was granted to Krug and McDermoti
(1935}« Tt was concerned with the use of exmonium hydroxide to con=
trol the alkalinity of fermentstion mashes in order to produce
glycerols An importent fact is that the smmonium hydraxide is not
2 "fixed” resgent, in that it is distillable itselfy; amd the emmonium
ecarbonate or bicarbonate that no doubt form sre also not "fixed®
and may be removed on digtillationy ss the smmonium gerbonate is
quite thermolsbile, even in solutione

The purposes of this patent of EKrug and W

srmott are very
closely aligmﬁ with some of the purposes of this thesis« They
stated with regard to the Eoff (1918) method that "while such soda
agh process produces & very good yisld of glyceroly, == the addition
of large smounts of soda ash and the like introduces difficult
problems in the recovery and purification of glycerol, particulsrly
when blackstrap molasses constitutes the source of the sugar.®

An sxtended quotatlion from the patent of Krug and NeDermoti
(1935), who are mssignors to E» I. du Pont de Nemours and Companyy
should lend considerable weight to the importance of the work cone
cerning glycerol production by means of fermentations

The quotation followss
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by the rddition of ammonium hydroxide. Good glycerol yielda were

secureds. It was uentioned that up to 1932 {t was thought by those
skilled in the srt that "free ammonia™ could not be used in plzoe

of sods ash with “commereiclly satisfaetory results. |

A mein mash was prepered and inoculated with a strain of yeaste
In about five to eight hours the fermentation became active, at
which time emmoniumm hydroxide wes added in such a quantity as to
make the fermenting medium slightly sikaline. Fénmntatim ¥wag then
allowed to proceed until the nmash had becowe neutral or slightly
~acid whereupon more smmonium hydroxide was ageln added to slight
alkalinity. This procedure wens repeated as often as was necessary
to keep the medium &t the dealred alkslinitys« Various yeasts were
used, but yeast "Hos 16" of HeDexrmott was preferreds Either smmonie
gas or ammonium hydroxide solutlons could be employed. In the
erxarples clted, commerciel ammoniuam hydroxide solution containing
26 to 28 percent ammonis wes useds The incubation temperature was
about 30° centizrade.

About 0.75 grem of ammonium sulfete was edded per liter of
molasses medium containing sbout 16 to 17 gruus of invert sugar
{calculated) per 100 ccs of mediume About Ou3 grams of secondary
ammoniur phosphete was added per liter of medium in some caaém
The time of fermentation was about T2 to 84 hours. The pH values
deaoribed usuelly oseillated between about 6.8 to ebout 7.3+ It
was mentioned in an example thet e pH of T2 to T4 was produced
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following an smmonium hydroxide eddition after which "fermentation
then ceases for & short time." When the fermentation “revived®

in about two to three houra the pH was found to have dropped to

about 648 to 7.0« The pH was neesured colorimetricellys The

sugar fermented was mentioned to have been 90.0% pergent in one

case and 92.16 percent in anothers It wss stated thet "after fere
mentation the mash will contain from about 6.0«6.5 percent by

volune of aleohal and about 2470+3415 grams of glycerol per 100 co.
This indicates & yleld on the totel sugar (3950 pounds) in the molasses
of 15.8+18.8% percent glycerol and 27.9«30.5 percent aleohol."

The slechol waa removed In the usual menner and from 20 to 40
percent of the ammonia was recovered by & sultsble serubber in the
aleohol vapor linee Vaouum svaporsiion conecentreted the demleoholized
modium to & heevy syrupe The glycerol was recovered from this syrup
by the uge of & spray tower such es that indicated by lawrie (1928).
However, such & tower 18 not entirely necessary since the low salt
concentration allows the use of the more usual types of distilling
equipments

Acetle seld was formed during the ferme:tiotion and was recover-
ed by the ususl methodse

In the examplea of this patenty it was shown that the ratio of
glycercl to ash was aboul 1.0 to OaT &8 compered to the correspondw
ing vatioc of 1:1.91 for the Eoff methods This was "a reduection of
the ash with respect to the glyecercl to ebout 40 percent of that
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which would be obtained with the soda ash process.® The handling
of emmonia was pimpler than the handling of strong caustics, and the
- amount of ammonis required constituted a noticeable economy. Re=
covery was much simpler and more feasible.

It is well to note that in this patent Krug and McDermott
claimed maintenance of pH from 7 to 8 although the deseriptions
hardly mention any pH value more alkaline than about Ts3 or Tede
Such a value was not slways maintained but was reached intermittent-
1y upon the addition of the ammonium hydroxide, after which the pH
gometines fell to 7 or belows It appeared that perheps time ine
tervals of fermentatlon in the scid rangs may have beer necessary
for a suocessful fermentation when emmonium hydroxide was used %o
control the pH. Vokorny (1913) noted a toxic action of samonia on
yeasts

The use of ammonium hydroxide required the formation of amm

carbonate or emmonium bicarbonate or both during the fermentation.

TABLE 6

AMMONIUM HYDROXIDE ADDITIONS WITH RESPECT T0 TIME IN ORDER T0
KEEP pH ABOUT SEVEN IN A JAVAN HOLASSES PERMENTATION OF

1 20 5110
2 15 10155
3 10 14:05
4 5 16340

(From Krug ard HoDermott (1935))



Both salts were derived from & weak bese and & very weak acide The
presence of such salts had the advantage of buffer affect in the
mediume The volumes of smmonium hydroxide solution (containing 28
percent aumonia) addad to three liters of e Javan cane molasses
medium econtaining 18 grams of invert sugar (calculated) per 100 oce
of medium are noted in Table 6.

& further discussion of the ammonium hydroxide fermentation
method will be found in a later section of this thesiss



IV. EXPERIMENTAL

A+ Apparatus

double seale type which will give direct resdings in either milli=
volts or pHs It was made by the Elsendrath Memorlal Iaboratories

of Racine, Wisconsin, and was obtained by this laboratory from the
Wilkens-Anderson Cowpany of Chicsgo, Illinoims It is a glase
electrode meter which operates entirely from batteries and iz nonw
portable inesmuch as a storage battery is necessary. Its operation
wag post satisfactory when operating directions were followed
carefully. It was advissble to keep all solutions used in conmection
with the pH neasurements at the same temperaturs as nearly as
possible to eliminate sny ervors arising from tempersture differe
ences of the opposing half-cells. Inagmuch as the instrument ia
widely used in industry and other scientific fields, it will mot

be deseribed further ss desired information may be obtalned from
the mamufacturers or from the distributors.

This meter is aimilar to the Cameron

Heler in some respects, but 1t is different in that it is portable.
It has the sample cup contained in the meter box, while the



Cameron meter has s separste detector unit sllowing easier access to
the pample cup and simpler menipulations Howevery either instrument
is quite satisfactory for pH nsasurements where a glass elesctrode
peasurenent is desireds This instrument is made by the Colemsn
Electric Compeny of Meaywood; Illinola¢ It is a bellisticalily opere
ated instrument, while the Cameron Meter is not, the balance point
of the latter being a null point on a galvenometers A pH measurement
may be made with elther instrument in a matier of secondss

Inasmuch as it 1s difficult to control pH by means of tuffers
at all desired levels, & means of very acourate control was desired.
A permanent record of the pH againat ticve was slso very desirshles
Buffers may keep the pH of & medium at spproximately the pH sought,
perhaps within 0.5 or 1 pH unit. Sometimes rather high salt concenw
trations are necessary for btuffers to be satisfactory, but this salt
may alter the process being studied to such an extent ag to be un~
satiafoctorys It was deaired in some cases to operate fermentations
with certain reagents that could be essily removed at the completion
of the fermentations Some resgents are not satisfactory for buffers
Af the case of salt removal 1s to be maintaineds Such pH control
~ agents are calclum hydroxide and anwonium hydroxides OControl of
pH by sulfwr dioxide in the presence of ammonium sulfite, calcium
sulfite, or magnesiwm sulfite were also considered or used.
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Considerable correspondence was made with varicus mamufacturers
and dealers of pH control instrumenta operating from a glass electrode.
It was found that such instruments are quite newy complicated, and
expensives The price of such an instrument wes found t¢ be in the
neighborhood of §1000« With this in mind some experiments were made
with certain vacusm tube cliroults to see if a control instrument might
be tuilt which would be simpler than the commercial instruments, as
well ss much chespers Shortly after this work had been beguny a
commercial pH recorder was obtained which wes adapted to pH controls
Because of this scquisition, further work on the developsent of such
an ingtrument was discontinueds

The eguipment gecured wes & Cameron pH Hecorder, obteined from
the Wilkens~Anderson Company in the spring of 193%. It was set up
and tested as & recorder of pH at first. Records were made of pH
against time for yeast fermentations amd for the hutylacetonie fere
mentations The curves obtained were excellent. The machine recorde
od the pH contimwously for 24 hours with little attention exoept to
occasionally check potentiometrie belances The record frem 10 P.R’
to 8 A.¥. was especially convenient.

After it was found that the instrument operated satisfuetorily,
the eircuit was adapted to control operation. 4 magneticelly cone
trolled Hercold switch was installed on the instrument in such a way
that a magnet moved in conjunction with the resording pen connected
to the reeoxding potentiometer screws. For the deteils of the opera=
tion of the recorder, one ghould sce the operating directions that
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came with the instrument; the circuits ere also includeds The de~
tails of the added circuits of the control mechenisms are shown bew
low; they were developed to a large extent in these laboratories: Ko
attempt is made here to describe the commercial instrument as it is
excoadingly complex and is des_cribaﬂ by the manmufacturerss Uany of
the references to parts end contact mumbers and tripewheel positions
refer to the code used in the manufacturers disgramse

The following diagrems of cireuits end parts are concerned only
with the control mechanisms The first eircuit involveas the almple
nagnetically operated Mercoid switch which came with the inatrument.
It 1s normelly closed, but opens under magnetic influence. The magnet
is usually behind the switeh keeping it open, thus keeping the solenoid
valve inoperative while the pH 1s at the desired level. The contrel
eircuit is shown in Figure l.

It was found that this type of circuit was not entirely satise
factory since control wes meintained only while the pH of the medium
tended to decrease, l.e., while acids formed as time proceededs Hows
every; toward the end of some fermentastions, the medium became less
acid, that is, the pH increased. The eircult was designed to add
base as the pH decreased with the magnet proceeding to the right
past S; of Figure l. When the magnet goes to the right of 3, & short
distonce, S, closes, thus operating the valve which allows the base
to flow until the pH increases. The nmagnet then mowes to the left,
thus opening 8, again and shutting off the solenocid wvalves But when



wlGem

the pi incresses from the controlled pH valuey then the switch 8,
opens agein causing the base to edd as before, and the magnet goes
farther and ferther to the lefts The base adds until the bese rew
pervolr is emptys Countrol of pH is losty, and the experinment is
spollede

4 sefety ciroult was designed to correot for this difficulty so
that cortrol of pH would be meluntained as usual when the pH of the
nedium tends to decressey but when it tends to increase, the base
cannot be addedj merely & pH record results. This modified eireuit
is showm in Flgure 2.

The magnet operstes normally behind 8, which came with the ine
strument; in this position the switch 1s "of{™ as noted previocusly
in Pigure l« As the magnet prooceeds to the right with decreasing pH,
the switeh 53 closes thus operating reley C which then opens the
solenoid valves Base is added, and pH iInereases until 32 opens
agein. But should the occasion erise that the medium becomes rore
bagic than the value for whiech the control 1s set, the magnet will
proceed to the left of S, tius causing the addition of some excess
base for an instants However, as S, is adjacent to 5y, the magnet
quickly closes 8’ which operates relaye 4 and B« Having been operw
aeted, these relays do not allow any more base to sdd since yelay ©
is now open. Relays Ay By and C will now remain in this position
regardless of what happens until sufficlent acidity forms in the
mediws to bring the magnet back to the right to S,y or until the



operator can observe the situation. If aoid. forms causing the magnet
to move behind 8, thus opening thet contact; then all relays fall
back to normal position, amd normal operation will proceeds When
the pH increasss from the pH control value again instead of the
reverse; then the procedure would be repeateds The operation of

this safety cirouit wes quite successful, The closer 5, and 5, are
together, the greater is the sccuracy of controle For a fermentation
that eontimually becomes more alkaline therc is no gontrol without

- revieing the above circuit by reversing the positions of 8, and S,
and by placing acdd in the reservoir instead of base. 3Since relays
4 and B keep themselves closed after they are opersted, it iz neccssary
not to jar them, ss contyrol will be lost if they are opened by any
means other than by sz,‘

It was found after several operations that gomelimes the balw
ancing mechanism of the Recorder, which balanceas the potentiometers
onee overy four minutes, commenced aperation at the time that base
was being sdded. When this is the case, base is sdded agein when the
timer trip-wheel is in position le=4, This 1s becsuse of previous
design of the instrument incorporating an automatic sampling perioed
during the four mimute time cyele. Through the advice of Dr. Cameron,
another reley was installed as shown in Figure 3 so that the solenoid
valve can not operste when the tripswheel is in position l«4. The
valve gshould be mble to operate only during the recording oycls, or
when the tripewheel is in position 4,
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It was found after the instellation of the relay D as indicated
in Figure 3 that operation of the entire control mechanism was satig=
factory« The only diffioulties encountered were di.i‘ﬁeﬁitien such as
were eaused by an open condenser in the photoelectric amplifier circuit,
an open circult in a dry cell, air bubbles in the malt bridge, an
electrical lesk in s glass electrodey occasional low charge in the
storage battery, and a few other situations. A relsy spring broke
on one ococasion. In an lnstrument as complex ss is this automatle
pH Recordex=Controller, there are meny possibilities for a mechanieal
defect to arise. Operation is successful, but the machine must be
watched rather carefully in order to deteet rapidly, if possible,
the source of trouble if it arises.

It was decided to further complicate the already complex cirocuit
by adding the necessary cireuit for automstically stirring the ferw
nenting medium for 15 seconds of every four mimites. The time cone
trol relay operated on the cycle which would allow this control to
be adspted. The resulting entire control circuit is sghown in Figwre
4. The medium 13 stirred 15 peconds out of four mimtes, and also
durdng the time that the solenoid wvalve control is allowing the base
to add to the mediwm. Each operstioh is independent of the cther
and there 1s no interference between cirouitse The final circult
made use of the advantegeous parts of previous circuita with an
intermittent stirrer control added as shown in Figure 4.

The oircult disgramed in Figure 4 operated quite successfully.
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There were occasional mechanical diffiocultles such ss the breaking
of & spring of a relay and other such actlons, but after a few con~
trols the difficulties were minimizeds The method seemed guite proe
pising and speversl control operstions have been run for six days
contimously without any trouble whatscever either with the machine
or its adjunctas. Control was mainteined with sase to within 0.1 pH
unit of the desired value. Ooccasional checks by the pH meters ver=
ified the record of the controls The place at which contrel of the
pH ceesed was where the pH began to incresse toward the end of some
fermentations. However, this increase was usually very slight anmd
graduale
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Be Methoda of Procedure

The anslysig of the fermentation was designed to be carried ocut

omieally &8 possible, and also with the greatest prectical
degree of speed and accuracys The accurscy is, of course, of primary
importances however, whore lerge mambers of determinations are to be
nade, it is most desirable to be sble to run these deteraminations
€0 pass with accurate oontrol of analyticsl conditions. One of the
moet common methods for the deteruinetion of reducing sugar is that
of Sheffer end Hartmaon (1921). The amounts of the necessary resgents
for a single sugar deteraination are large thus msking & single detere
mination relatively expensive. The method also has the dlssdvents
age of being rather inconvenient to use for large mmbers of anslyses
simlteneously. Adjustments of copper reducing eonditions must be
very aceurate in ordar to obtsin reproducible results. idost glycerol
analysis methods ere very complex and tediousj they usually depend
on the complete removel of sugers pricr to ectual anslysis. In
some methods there are days between the stert and the finish of a
single anelysis. Even then, the accuracy of the determination is
sometimes doubtful. Determinations of giyocerol gn masge in the pree=
gence of sugar by sone of the methods would surely try the petience
of even the most patient anslyste In meny cases, it is very advantaw
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geous 4o have the glycerol result within a few hours at most of the
time the sample is taken, thus rendering the long analysis quite
undesirable if another rore rapld and accurate method is avellable.

There are mumercus sugar analysis methods

that mey be found in most of the standard textbooks on food analyels
and related subjestsy but most of the methods are modifications of
the ferricyanide reduction procedure of Hagedorn snd Jensen (1923)
or of the originsl grevimetric copper reduction method of ¥unsen and
Walker (1906)s The most commonly used rodification of the Hunsen and
Walker method in this country is the volumetrie method of Shaffer
and Hertmann (1921).

The ferricyanide method depernds on the reduction of potassium
ferricyanide to ferrocyanide. Hodifieatiome of the Hagedorn and
Jensen method have been made by Blish and Ssndstedt (1933) and by
Gore snd Steele {1935)s Objections to this method heve been pointed
out by Shaffer and Semogyl (1933) and by Somogyl (1337)e A main
objestion was the lack of speciflelity to suger in contrust to the
specificity shosn by copper reduction methodss The method of Shaffer
and Hartmaon (1921) is & macro=determination, being run in 300 ml.
Erlenmeyer flzsks. It wes quite incomvenient to run large numbers
of determinstions in a short time by this method becsuse of the exsed
control necessary during the copper reduction by the sugars Improvew
ments in the aralytical methods were made by Stiles, Peterson, and
Fred (1926) and lster, as wes mentioned previously, by Shaffer and
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Somogyi (1933), and still loter by Somogyi (1937)s The method of
Somogyl (1937) was employed as the besis for development of the
apalyticsl methods nsed during this research. A modifled method
described in the thesis of Guymon (19:39) wes also uped.

The composition of the reducing sugar resgent recomnended by
Somogyit (1937) for determinations of micro guantities of suger in
bloed is given in Table 7.

TABIE 7

SOROGYI REAGENT FOR THE COPPER-IOGDOMETRIC DETERMINATION
OF VERY SWALL AMOUNTS OF SUGAR

A———— AR

i

Reagent Quantity

Naz003 (anhydrous) 25 gme

RBochelle salt 25 gme

CuSo,* 5Hy0 & gme

KaHCO3 20 gue

Na, 30, {anhydrous, enelytical grade) 200 gme

KI 1&5 Ste

IIﬂ; 6«0 ofts of 1 He solution
VWater To make 1 liter of solution

hcoording to Somogyl (1937) the sodium sulfate hes the effect of
stabiliging the solution; eliminating selfereduction of the reagent.
It also depressea the sarbonate lonizationy and thus the slkalinity
of the solutione The pethod of preparing of the resgent is quoted
from the paper of Semogyis

ation = The earbonate and Rochells salt are dissolved
500 eos of wablers then 40 sce of a 10 percent CuSOy




solution are introduced with stirring. This is followed
by the addition of the blcarbonate, sulfatey and iodide.
The solution is heated to bolling, kept boiling for about
thirty seconds, oooled, and after the addition of the
K10y diluted to 1 liter.

ince the chemicals, even though of analyticsl grade,
contadn solid impurities, the rsagent requires filtration.
Upon standing for s day or two before filtration, the ime
purities settle out ag floeculent partioles and can be
removed more completely than if the solution is filtered
freah.

It should be noted that filtrstion of the above reegent should
not be attempted through filter peper or other eellulosic materials
since there im some hydrolysis to reduoing sugars which will natur-
ally affect subsequent suger determinations by means of the reagent.
Cuprous oxide will gr=duelly settle out on prolonged standing. The
presence of finely divided particles in the reagent induces reoxida~
tion of ouprous oxide. These effects are discussed by Somogyi (1937)
end by Benedict (1931).

The reagents used for the micro sugar determinations weres

{4) The copper~iodometric resgent.

(B) XI«K,0,0, reagent which conteins 2.5 percent of each in
waters

(C) 5 Normal H,50, solution {Keep away from rubberit).
(D) HNa28203 standard solution approximately 0.005 normale

The resction wes run in 22 x 250 mn. Pyrex test tubes at first.
The procedure employed was es followss The sugar sample to be deterw
mined iz olarified with besic lead acetate and an aliguot ig added
to the test tube such that the solution added shall contain from



0«05 0 0s5 mge of dextrose or its eguivalent in o volume of 5.0

mls To the 5.0 ml. of suger solution in the test tube iz added

5+0 mle of Teegent (A)s After mixing, the tube is placed in a bolle
ing water beth for exactly 20 nimutes as recommecded Ly Somogyl
(1937), after which it is placed in water to cool the contenis to
30° centigrade. Then 2 mle of (B) is added, followed ly 1.0 mle of
solution (C)e The resulting selution is thoroughly mixed and allows
ed to stand for about five minutes at 30° with oocasional sheking.
The mixture is then titrated with standard sodium thiosulfate solution
(D) with about six drops of starch solution used zs sn indicator.

4 5 or 10 nl. sicro=burette 1s advisable for the thicsulfates The
volune of thiosulfate should be estimeted to the nearest 0.01 nl.

A blank should be run with all sugar deferminstions. Preferably two
blapks should be run at the same time that the sugar is determined,
and the sugar deteraminstions should be run in duplicetes It was
found after & musber of determinetions that & lineur equation sould
be used for caleulating suger from the thiosulfste titration value.
Equation (1) was fairly satisfactory for the date obtaineds

B = 0ull6 Y + 0.01.

In the equation, D is expressed as milligsrsme of dextrose and ¥
is the volume of thiosulfate in milliliters oblained by subtracting
the experimental titration value fron the blank titretion value, and
converting this volune to milliliters of 0.005 normal thiosulfate Af
the resgent is not of that normalitye.



It may be noted that ¥ is directly proportional to the quantity,
B - 0.01, and it is direotly proportional to the weight of cuprous
oxide precipitated which is proportionsl to the sugare Y is pgt the
thiosulfate titration value.

Typieal resulta are given in Table 8+ The dexirose used for the
standardization was Pfanstiehl’s C.P. anhydrous dextrose. It was
dried one hour at 110° centigrade and the rotation was measured. The

sugar was satiafactory. A standard solution was mede to contain

TABLE 8

STANDARDIZATION OF THE SOMOGYYI SUGAR WETHOD AGAIRST
bﬂ.m.grm m ¥ M1ligreums | Mlligrans Velmn, ¥ #Mligrens
Dextrose of 0;6105 N.Dextrose | Dextrose of 0,005 N« Dextrose
Presont thiosulfate Found Present thiosmulfate Found
0.050 0.6 0.02 04200 1.74 0.212
0.050 0.08 0.01 0300 2457 0.308
0.050 0.34 0.049 04300 2.28 0.274
04100 0.82 0.105 04300 244 0.293
0+100 019 0.101 0.400 3.38 0.402
04100 0.82 0.105 0400 3e36 0,400
0.100 0.73 0.095 0400 350 0+416
04200 1.69 0,206 0. 500 4,32 0.510
0+200 1.74 0.212 0500 4.16 04492
0.200 1.53 0.188 0.500 4,24 0.502
Q. 200 loﬁ 0-13‘ - - -

Osl mge of dextrose per ml. of solution. Volumes were neasured Crom
a 5 zmls urette. No solution was used which wes over 24 hours old,
sinee the growth of molds generally alters the sclutions by about



that time.

The analyses, as indicsted in Table 8, were not all that could
be dezired. There appeared to be an eveporation during the heating,
thus changing the concentration of reagentssand also the presence
of oxygen of the air might cmuse recxidation of the cuprous oxide.
Hentce, it was declded to modify the above procedure by covering the
test tubes with glass bulbs during heating and previocus to titration.
It was thought that lengthening the time of heating might also be
sdventsgeous. After some prelinminery tests it was decided to make
the following two modifications to the procedure described sbove:

{1} The time of heeting in the water bath is increesed from
20 minutes to 35 minutes.

(2) The resction tubes are covered with glass bulbs at all
times up to the ’§ime of t4tration with sodium thiosulfate solutions

It waa necessary to determine & new eguation for sugar determine
ations by the titrations with the modified methods Equatiom (2)
is the new equation. The definition of terms is the same as for
Equation le It mey be noted that the constant 0.001 is nearer sero
then was the similer constant of Egustion l.

{2) R = 0.2071 ¥ + 0.001

The reagent "B" (KI=K;C,0] should be added so that it remeins
on the suwrface of the mixture in order that lodine as it is formed
will have to go through potassium iodide in order to escape and



will be dissolved thus preventing escape while sfferveseence pro=
ceedss Typlcal resulta appear in Table 9.

TABLE 9

DEXTROSE ANALYSES BY THE HODIFIED SOHOGYI COPPER~IODOMETRIC
METHOD

HMlligrans Volume, ¥ Milligrems mmm Volume, ¥ Mlligrams
Dextrose of 0.005 XK. Dextrose | Dextrose of 0.005 K. Dextrose
Present thiosulfate Found Present thiosulfete Found
0,030 0.28 0.030 0. 300 2.79 0.300
0050 0447 0.051 0400 T2 0.400
0.+100 0.93 0,301 D+400 3.72 Oe 400
0.200 1.84 0.198 0. 400 3.73 0401
0.,200 1.88 0,202 0500 457 0.492
0.300 2.79 0. 300 0.500 4,56 0.491

The results of Table 9 indicste that the modified suger wethod
is quite sstisfaotory provided thet the guantity of suger in the
semple doss pot greatly exceed 0.4 mge. It mey be noted thet the
low values were found felrly seccuratelys however the percentage
srror with thess smsll amounts is greate The main objection te this
method 1s that = high dilution is necessery for many fermentation
annlyses.

The determination of sugar has alzo been considered by other
investigators of these luboratories. In order to eliminete the high
dilutions required for sugsr determinations such as were necessary
in the previous methods described, and to render the rengent and
resulis more reproducible, Cuymon (1939) developed what is celled
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reagent ®G% for suger determinetions where dilution requirements

gre not so highs BReproduction of results was quite satisfactory whem
subsequent reagents were mede up in the seme way. It was found to
be edviaable to make the pH of the reagent the important factor
rather than the actual smounts of basle resgents employed sines the
use of different batohes of chemicals nmay produce a d&ifferent pH

in the finel resgent. Reagent "G of Guymon is given in Teble 10,

TABLE 10

COPPER=-IODOMETRIC REAGENT ®G® FOR THE DETERMINATION
OF SUGAR OF A SEMI=-MICROC SCALE

ooy ._wﬂfm.m,mwwﬁ,w“NMMm“,m,,wmmfiiﬁyA,,u

Na,00; (anhydreus) 53 gme

NaOH About 1l.4 gne satureted solu-
tion is added to pH 9.48; this
requires about T.5 ml.

HaKC4Ha0g*4H20 (Rochelle salt) 125 gms

CuSOs+SH20  (mdd as HaO solution) 37«5 gre

4 140 gme

K104 3567 gne {exact amount)e
Baz804 (anhydrous) 50,0 gme

Hater to 1 liter final volume.

The prosedure of making up the reagent is sz followst The sodium
carbonate snd Rochelle salt ere dissolved in approximately 300 al.
of diatilled weter after which the copper sulfate is added as en
aqueous solution with stirring so that carbon dioxide will not be
evolved. The use of & funnel with its exit under the surface of the
carbonate solution is quite helpful. After this the potassium
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Official Agricultural Chemists (1925)s Ususlly sbout 300 mls of
medium were distilled in the presence of calcium gerbonate in order
to keep volatile acids from distilling. Xjeldmhl distillation appara=
tus was used, and 100 nl. of distillete were collected in a 100 ml.
volumetrie flaske The density of this solution wes measured st 25°
centigrade by means of a chainomstic Weatphal belances Standerd
econversion tables were employed to obtain the grams of ethanol per
100 mle of distillates

‘ In cases where amsonia might distil with the ethanol and water,
a second distillation was necessary, sulfuric ecié belng sdded before
the distillation until an acid resction to & nomealcoholic indicator

wes noteds Purther snalytienl directions hsve been ;iven by Gehle
(1922).

Sulfite waa deternmined by titration

with iodine solution as described by Kolthoff and Sendell (1937), end
Kolthof? (1929. Free sulfite was first titrated in acid solution.
Then on addition of sodium bilcarbonste, the bisulfitesaldehyde come
plex decomposed liberating the combined sulfite which wes titrated

with iodine solution. This determination 1s closely releted to the
ecetaldehyde determinations

The acetaldehyde may be estim ted
by an 1odimetric determination of the difference between totel sule
fite and fixed sulfite in the mediume The acetnldehyde fixes the




bisulfite ip a quantity proportional to the quantity of acetaldshyde
present. The fixed sulfite is liberated by slkalisation of the

solution. Detailed directions may be found in the papers of Tomoda

(1929) and Jeulmes and Espesel (1935)s A note is also given in the
monograrh of lawrie (1928). Other methods were described by Gehle (1922).

rearole The glycerol was determined by the
method of Fulmer, Hickey and Underkoflsr (1940). This method

consists of a deternination by a copper reiuction method followed

by an cxidation of both the suger and the glycerol by 0«1 normsl

egeric sulfate solutione This anelytieal method was developed especislly
for these stwiiess Further references may be found in the paper men=

tioned. Numerous other snalytical methods are given in the monograph
of lawrie (1928) and in the paper of Gehle (1922).

It was desired to have a medium with which to study the glycerel
fernentation which would be as nesrly synthetic as possible, end
also would have a minimum amount of "fixed selts™. The purpose of
uging such a medium was to make the enalysis of desalred products,
such as glycerel, simpler and more expedient, in order to follow
the desired ilnvestigations with more esse. Such & medium would be
used only to develop or improve methods for glycerol productione

Dextroge was used for the preliminary medium in order to have as
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1 percent of residual sugars. It was estimated that the desirable
smount of yeast extrmct should be sbout 0375 grams per 100 ml. of
- mediums This value was used for spubsequent investigetionse.

TABLE 12

EFFECT OF YEAST EXTRACT CONCENTRATION ON ETHANOL YIELD

Flaskst 200 ml. mediun in 500 ml. Erlenmeyer flasks.
Bediums 157 dextrose medium shown in Table 11, exoept for yeast
extract. pH= 5.
Starﬂiatim 10 lbs. for 30 min.
- m;éwmawgaimwﬂ.wmzm (5% inoeulation)
Imhatiom 5 days at 30

Granma of Density of Uprams of
Yeast Exte distilliate Ethanol,
in 200 ml. d§§ Total

0.0 C.9925 4.13
0,0 069924 4419
145 § 0.9900 5.60
ﬁgl 0.99(30 5&
02 0.9863 7.89
042 049868 7.58
O3 0.9846 8.95
0&3 0&9343 ?‘15
0.4 0.9817 10.85
0.8 0.9798 12.12
Qs5 0.9796 12,26
0.6 0.9796 12.26
06 09791 12,60
07 0.9736 12.94
a7 0.9789 12.73
0.8 0.9793 12.46
0e8 0.9791 12.60

1.0 0.9792 12.53




Having determined the optimum yesst extract conecentrstion, the
next material taken for study was ammonium chloride. A series of
flasks was prepared in e manner anslogous to the series of Table 12.
The data obtained are given in Table 13.

TABLE 13.
EFFECT OF AMMONIUM CRLORIDE CONCERTRATION ON ETHANOL YIELD

Flasks: 200 nl. in 500 ml. Erlenmeyer flasks.

Hedium: 157 dextrose, 0.375% yeast extract; other materials as in
Teble 11, except KHsCle. pH = 5.

Bterilisetiont 13 1bs. for 20 minutes.

Inoculumt 107 dexirose medium, 57 inosulation.

Incubations & days at 30° C.

A B st T Ao B 5 i M5 - 4 AN AP e A A R AP 7 AN 5l =~ A Attt .

Grmaf I:ami.hrnf | Grsas of

EHaCl distillate, Ethanol,
0.0 0.9801 11.91
B0 0.9792 12.53
0.1 0.9802 11.8%
(3 9% § 0.979% 12.0%
042 ﬁa?% 11'3?
0.2 0.9805 11.64
0a3 0.9806 11.57
0.3 0.9798 1z.12
0.35 0.9803 11.78
0.35 0.9811 11.25
O+4 . 0.9807 11.51
Oud 0.9821 10.59
0.5 0.9810 11.31
0.5 09809 11:3

An obssrvation of Table 13 indidntes no declided optimum for
ammonium chloride. Some samonium salts sre present in the yeast



extract. The fermentative aotivity was zreater, however, where an
apprecisble amount of ammonium chloride was present. A concentration
of 0,15 grems per 100 ml. of medium was used in subsequent medis,

The next nutrlent studied was the phosphate. Potazsium acid
phosphates were used wherein half of the salt was the primary and
the other half wes the secondary selt. Results are shown in Teble
14,

TABLE 14

EFFECT OF POTASSIUM ACID PHOSPHATE CONCENTRATION
ON ETBARQL YIEID

Flaskst 200 ale in 500 nle Erlenmeyer {lasks.

Hediumt 15% dextrose, 0.3757 yesst extract, 0.15% NH4Cl, and other
materials as in Table 11, except for the phosphate where
the welght in esch flask was mede up of 507 primary and
74 u;oondarv potassium phosphates, as deslgnated belows
P = 5 :

Sterilizstiont 13 lbs. for 20 minutes.

Incoulums 10% dextrose medium, 57 incoulation.

Incubations 4 days at w° (+

Density of Gramg of

distillate, sthanol,
a23 Total
0.0 0.9797 12.19
0.0 0.9794 12.3%
Ol 0.9795 12,32
¢ 5 § _ 0.979% 12.32
0.2 0.9795 12.32
0.2 0.9794 12.39
Cod 0.9794 12.39
0.4 0.9795 12.32
Oeb 049799 12.0%

046 0.9801 L9
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These selts do not seem to be oritical in requirement. Some
phosphates ers no doubt present in the yeast extract ellowing feye
nentation with no other phosphate added. Observation of the data
and reaction vigor indicated that about 0.1% gram per 100 nl, of the
mixed phosphates ls advantapgecuss

The effect of varying conocenirations of megnesimm sulfate
(¥gS04+THaO) was studied naxt. It wau noted by Connstein and Lidecke

TABLE 15

EFFECT OF HAGHESIUM SULFATE COHCENTRATICH OB
ETHANOL YIELD

mm: 200 mlc in 503 mle h'lemye: dmkm

Nediumt 15% dextrome, 0.3757 yenst extract, 0,157 NH,C1, 0.15%
phosphate mixture, and other materials as in Table 11
axoept for MHgSOs-THaO which 1& as shown belowe pH = 5.

Steriligationt 13 lbs. for 20 nimtes.

Incculuns 10 dextrosze mgdium. 5% inooulation.

Incubation:t 4 days at 30

Grens of Density of Graus of
RS0, TH0 distillate, sthanol
in 200 ssl. az; Total

0 0«97930 12.46
1] 097921 12452
0.02 0.97930 12.46
0.02 0.97920 12,53
0,04 097920 12.53
0.04 0.97930 12.46
.06 0.97930 12446
0406 0,97922 12.51
0.08 0.97925 12,50

0,08 0,97919 12.54




o

(1924) in their glycerol fermentation work that magnesium sulfate
was important as & fermentation accelerstor. Work was done by
other mesggatnrs, but as their purpose was not to obtain a medium
with minimum added solids, the investigation desoribed in Table 15
The resulte of Table 15 cbvioualy are inconclusive insofar as

TABLE 16

EFFECT OF CALCIUM CHIORIDE CONCENTRATION
OF ETHANOL YIELD

Flasks: 200 nl. in 500 ml. Erlesmeyer flasks.
Bediums 157 dextrose, 043757 yoast extract, 0.15% NHeCl, 0.15%
phosphate mixture, 0,027 kgS0e+THzO and other materials
a8 in Teble 11 except for Cal} which is shown below.

pH = 5.
Sterilisationt 13 lbs. for 20 mimutes.
Inoculumt 107 dextirose medium, 5% inoculation.
Incubationt 4 days at 30V Ce

Grams of Density of Grams of
‘Cally in distillate sthanal
200 ml. 4§§ total
0 0.9782% 12.80
0 0.97800 1297
0,02 0«97770 13.18
00&2_ 90977‘5 13&35
0.04 C.97770 13.18
0.04 097780 13.11
0406 0.97820 12.83
0.06 0.978% 12.63
0.08 0.97905 12.33
0.08 0.97780 1.11

optimm ooncentration of megnesium sulfate is concerned. Howaver,
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cbservations on the rate of fermentation in&iéated that the presence
of some of the salt is to be desired. The flesks of higher magnesium
sulfate conceritrations were quiescent sconer than were the flasks of
lower concentration. A concentration of 02 grame per 100 nmle of
nediun was used for subsegquent media.

The effect of the concentration of caleium chloride on the ethenol
yield from a yeast fermentation of dextrose was studied next. Data
are found in Table 16. TFrom the results of Table 16 it was decided
to use a concentration of 0.0 grems of calelum chloride per 100 ml.
of basal mediume

Bo particulsr edwautaze was found in the addition of an iron
galty 80 no iron palis werse included in the final basal medium,

TABLE 17

OPTIEUN SEMI-SYNTHETIC HEDIUM FOR MAXIMUY ETHANOL PRODUCTION
UTILIZING A MINDIOM OF ADDED SOLIDS

Reagent Weight per
_ 100 21+ of Medium

Yosst Extract (Difeo anhl) 0a375 gme

1:70 ] 0.15 gm.
E2HPO4* 3520 0,075 gne
KHaPOs 0.075 gme
¥gS04e TH;0 0.02 gm.
Ca; 0,01 gme
Dextrose for carrying culture 5.0 gme
Dextross for inoculun 10.0 ghe
Dextrose for experimentsl media 15.0 ;e

The optimum medium was taken to be as deseribed in Table 17.
The suger content varied according to the purpose of the medium.
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Tap water wos used in making up the mediae

The quantities of the salis employed in the medium were not
found to be critical in the experimentsl serlesj hence, the basal
medinm deseribed in Table 17 was chosen for the sake of consistency
in the worke

HeDermott (1935) in their patent on the fermentation of sugar to
glycerols They obtained 15.8 to 18.5 percent glycerol based on percent
of sugsr welght, or 31 to 36.3 percent of the theoretical yleld. Three
liters of a molesses medium required a totel of sbout 50 nl. of smmon=
fun hydroxide (28 percent NH,) which wes added in portions. The dilu-
tion effect was not very great with that smell an sdded volume. The

ammonia was added st intervals to keep the pH near neutrels Usually
the pH waz sbout 7«2 or 7«3 immediately after the ammonia addition,
ut it soon approached neutrality or slight acidity (pil = 6.8). More
ammonia was then sddeds In using ssmonis, no "fixed" salts were sdde
ody and the glycerol was nore essily recovered.

Some eontrolled fermentetions were desired at wvaricus pH levels.
It would be adventsgeous from a theoretical point of view o be sble
to expresa glycerol yleld as a funetion of pis The Cameron pH
Recorder~Controller 1s to eontrol fermentatlons at s desired pH level
by eutomstleally adding the base ss requireds The equipment wes
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sutomatically stirred for 30 seconds of every four minutes, snd slso
when the base was automatically addeds The pH was four after inocula~
tiony but it was hrought to about Te5 graduslly over a period of five
| hours. The machine worked excellently, but the fermentetion wes found
to have ceased after about one dey st this pHe Sugar was not being
consumdd, and no base wes added.

Anong the reasons considersd for the desth of the culture weres

(1) leck of acclimatisstion of the culture to the abnormsl
gonditions.

(2} Toxlcity related in some menner to the ammonium ione

(3) Unfavorable pH.

{4) Too repid a pH change in the beginning.

(5) Culture too week at the stert of the control perlod.

A batch of medium was prepared ss above which was to be econtrolled
at pil = 6.8 by emmonium hydroxide (14 percent Ni,)e This wes known
a3 trisl *N". The pH was conirolled at five for 12 hours following
incoulntion. Vigorous growth resulted. The pH wes gradually brought
to 6.8, the process requiring a period of about nins hours. After the
oulture was 90 hours old,; control was found to be unnecessary and wms
shnteffvhﬂsnﬁmingﬁmrmﬂ@nghmewﬁ; The pH had risen to
about To3 after 118 hours. This seems to be a typlcal phenomenon.
At 96 hours snd at 118 hours ebout 0.5 percent of the original sugsr
weg found remaining. The pH was checked at intervels with a Cameron
pE Heterj the record was sstisfactorys Anslyses showed 13.8 grams of
glycerol and 36.6 grams of ethanol were obtained from 100 grams of



dextrose, or 2T.1 percent of the theoretical glycerol, or 13.8 percent
on the sucar besis. About 9%9.5 percsmt of the sugar wes consuned.
About 92 percent of the dextrose was eccounted for, taking into considw
eration the fect that some ethencl 1s formed by the third squetion of
Neuberg, and the rest by the first equation (aleoholic)s The glyeorel
yield of this ferementation might be expscted to be e bit lower then
those reported by Krug and MoDermott (1935) es this wes rm at pH
6.8 to give 13.8 percent glyeerol on the sugsr, while they varied the
pH from 6.8 o about 7.3 and obtained 15.8 tc 18.5 percent of the
guger a8 glycerols Ancther differerce was thel they used molosses
instead of dextroses

The next trialy known as "0%, was run as before, except that soze
solid celeium carbon:te was sdded to the nmedium to keep the pH nearer
neutrol before the contrel was applieds About 10 grems of ealcium \
carbonste were added to the three liters of mediume After Inoculstion,
the culture grew luxuriantly for 24 hours before control was applied.
Sowe imstrumentsl difficuities had arisen. The pH of the nedium at
24 hours with ealcium éarbamte present wes about 5.8. &mmﬁ.a water
wae added as ususl for sbout six hours to bring the pH to 7.7 for the
eompletion of the fermentution. With such a gtrong start the fermentaw
tion should have gone well. However, fermentation ceased with 33 pere
cent of the suger untouched.

The mext trial, known as "P¥, weeg run in the ususl way. The
pH was gredually brought to 7.5 very carefuily over a period of nine



hours after incculstlion. But this run was inhibited aa were the
rest of the unsuccessful experiments at high pH wvaluess

#ith such conasistent unsuccessful fermentations at controlled
pH values over pH = T, it was thought that perhaps the diffienity could
be assooiated with the use of emmonium hydroxide rather than pR itself.
Also, Krug and McDermott (1935) did not desaribe fermémtations with
average pH much more than seven which were successful, although
they claimed the pH range from seven to eight to be desirable. There
have been numerous references to alkaline fermentationa in the liters~
turs, so the pH slone L8 not the csuse of the lack of completion of

the fermentations described sbowe. The controlled fermentations
"In through "P* are compured in Table 18. They are arranged in the
order of the controlled pH valveg.

Because of the results of

tém above experiments, and beoause of the fast that only one experiment
can be run at a tine on the instrument, il was decided to atudy the
effects of other ammonium salts on the fermentation in order to obtain
systems of smmonium salt buffere which eould be used to study the fere
mentation at wvariocus pH levels in rumerocus flasks slmultsneously.

An seid reecting ammonium sslt such as smvoniun chloride might be

used with an alksline reacting salt such as ammonium earbonate in
various proporiions to mske 8 buffer series. The ammoniunm earbonate
would tend to hydrolysgse somewhat forming some ammonium hydroxide.



The presence of NH,C1 would tend to suppress the dissocistion of the
ammonium hydroxide thus meking the pH in effect more acid.

TABLE 18

FERMERTATIONS HAVIKG pH AUTOMATICALLY COWTROLLED BY AMMONIUM
HYDROXIDE

Flask: 5 liter, 3~necked, containing 3 liters of mediume

Kediume eztimm semi=gynthetic with 157 dextrose; 3 litersj pH = §

Sterilizationt 30 minutes at 10 lbs. stesm pressure.

Inoeulums 300 ml. of eulture Ho« 43 in 107 dextrose medium.

Inoubationt 4 to 6 days at 30 to 32° C.

Instrunents Cameron pH Controller-Rsccrders

Basic reagent! Ammonium hydroxide (14 percent Ni3)

Btirrings Automatic, 30 sescs oul of 4 min., and on addition of
base.

Trial Ethanol (Glycersl Residual
pH  Yield, TYield,  Sugar, Remarks
% on suger % on suger % unferme

A 5.8 - - - Hechanicel difficulties.
Control loate Excess
SH,OR added sutomatiow

N 6.8 36.68 13.5% CABZ  Successfule
] Tob
to 7.5 - - Over 50 ¥aghenieal overation
exesllents Plasinlila=
, Lich ceaseds . o ...
P 1.5 - - Over 50 Hechanical operation
' excellent, but growth
, . ceageds
0 1.1 - - 3 Solid CaCOy present.

Hechanieal operation
bad the lst day, so
that medios had & 24
hour start of growth,
But after pH was con=
trolled at 7.7, growth
cengedy




TABLE 19

THE FFFECT OF ARMONIUM CHIORIDE IN GREATER THAN NUTRIENT QUAKTITIES ON
THE ALCOHOLIC FERMENTATION OF THE OPTTMUM SEXI-SYNTHETIC MEDIUN

Hedium: Optimum, with added sslt es showns, 300 mls in 500 ml. Erlemmeyer flasksy Contalned
15% dextrose; Initiel pH = 5,
Inoculums 20 mls of Culture ¥o. 43 in 107 dextrose optimum medium.
Incubstiont T days at 30° Cu {long time because of incompletely fermented media with high salt

eongentrations)
Total * Ethanol Yield Glyeercl Yield feaidusl
Flask NHC, HH4C1 Final (mse, % of Gne por Hof Zom Sugar,
Boe gne per  Normels pH corrected Theory 100 ml. Theory Sugar 4
100 ml. itye for Hedium Unferme
Inoenlun
1 0«15 0.0282 2496 17.44 75.8% 0.642 wvuﬁ& 4.09% 0.47%
2 0425 00469 2.96 17.37 755 02540 199 4.07 0.3%
3 0440 0.0750 2.97 17497 18.1  0.676 8445 4.31 0435
4 0460 0.1124 2.95 18.04 8.5 0.588 8.59 4038 Cudh
5 0.80 0149 2.92 18.11 78.8 0,702 8.75 446 0.38
6 1400 0.179 2.92 18.11 98.8  0.720 8.99 4,58 Dedl
1 1.5 04280 2.98 17.71 770 0.146 .31 4.75 1.07
8 2.00 04374 3401 17.72 7140 0.748 935 4.76 2,17
% M#S OOM@H. Wt.@u- : HW‘H.“ Wﬂ Qﬂ QO%NM wtm.ﬂ &tmﬂ F@n@
NHW &ig Gndg chb wtg @wc H. - - - Nw o 3

5,00 0935 3.22 5,01 21.8 - - - 65.2

-tg-
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was the inhibiting feotor in fermentations of acid pH ani of relative=
ly high ammonium chloride concentrations, it wes desired to know the
type and the extent of effectivencss of various mixtures of amwonium
chloride and ammonium carbonate as buffers for pessible use in fere
mentations. The ammonium carbonste used in all cases waa the mono=
hydrate tut welghts were calculated on the anhydrous basis. Normal

TABLE 21

EFFECT OF AMMONIUM CHLORIDE-AHGONIUM CARBONATE RATIO
ON THE pH OF SOLUTIONS OF GGESTAHT

mmmz % Equivalent §  pH of Solutions pH of S
of (Niy)a00;  of NHCL 1% in Nge 0.5 8o in NEG.

(474 100% 4,89 5403
1 99 6.94 709
2 98 T.15 T.30
4 96 740 T.52
10 90 T+74 791
20 80 8.00 8.20
60 40 8.43 8067
80 20 8.58 8.79
100 0

8.72 8.92

gsolutions of both ammonium chloride and ammonium ecarhonate were pre-
pared in distilled water« Various mixtures of the two solutions were
made up which resulted in & conetant ammonium ion concentration, but
with the snions of wvarying equivalent proportions. The pH of these
golutions wes measured at 25% centigrade by neans of the Cameron
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glass eleotrode pH meter. After those measurements were mede, the
solutions were diluted with an equal volume of distilled waters The
resulting solutions were 0.5 normel in ammonium ifons. The pH measure~
ments were again made as befors. The date are givern in Teble 21 and
Figure 5.

The data in Table 21 indicate that such mixtures of ammonium
salts might be satisfectory for tuffered pR fermentatlions if other
factors do not make thely use impractiocsl. Other ammonium salis
such as the sulfate should aet in 8 manner similar to the action of
smmonium ehloride in such buffers. A falrly high consentration of
anmoniun earbonate should be used so that the acetic acid that forms
during the fermentation would convert only & small fraction of the
carbonate to acetate.

In order to have some detse regerding the inhibiting effects
of various anions of ammonium salts on alecholic fermentutions of
the optimm medium being studied, where the salt concentration ias
greater than matrient requirements, the fermentations deseribed in
Table 22 and in Figure 6 show what salt or salts mey be used in
copcentrations approaching 1 normsls It was shown in Table 19 thst
snmonium chloride cculd not be used in consentrations sbove about
0.25 normel without leaving more than 0.5 percent of the sugar un=»
formented. The chloride, sulfate, and nitrste were attﬁied peparates
1y and as nixtures.

The results proved that ammonium sulfete wes by fer the rost
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satisfactory salt of those studied, insofar as residusl sugar was
concerneds It wes also shown that the armonium lon wes not the
inhibiting factor ss much as was the chloride ions Both chloride
and nitrate were unsatisfectory in concentrations up to about 0.5
mml, vhile the sulfate was satisfactory. MKixtures of the verious
salts were not as satisfactory as wes ammonium sulfete alons. It

iz well to note that all these fermentatlons were of the astraight
alcoholic types 1.@sy the pH was about three and sulfite was sbsent.
Buffer mixtures of smmonium carbomate sand ammonimm sulfate should
be satisfactory for studying the pH effeet on glycerol formetion
during sugay breakdowns by yeast, with the ammonium ion present. It
should be remembered that smwonium salts are desireble rather than
sodium or potassium galis because the oetion may be removed by
volatilization after alkalizetion.

A complete series of fermentations wes desired where pH is conw
trolled by smmonium salt buffers where the trend of s mmber of
fermontations might be studied at one time. Such studies would
take much too long & time with the automstic econtreller which can
control but one fermentation at a tims. Since it was shown in Table
22 that smmonium sulfate couid be used satisfactorily in concentra=
tions somewhat grester than 05 normaly it was declded to prepere a
series of fermentations containing various mixtures of smmonius
sulfate and ammonium carbonate along with the small amount of
ssmonium chloride added as a nutrient to the optimum rediume The
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total ammonium ion concentration was made to be 0.5 normal in all
casess The experiment is described in Teble 233 the results and
implications may be more easily observed in Figure 7.

Once again it is obvious that the fermentations wemt to
conpletion quite well as long as the fermenting medium had a pH
below Ty approximetely. As soon as the pH exceeded 7, the rate
of sugar consunption fell off quite rapidly and the growth was
sluggish, Although the medis were not uffered at examctly fixed pH
values, the velues for most of the media were near enough to & fixed
value so that trends could be noted and conciusions mey be drawm
within reasonsble limita of error.

The technique used was not for the purposs of getting maximum
possible glycerol ylelds, btut rather to study the fermentetive trends.
The glycerol yileld inoressed with the pH as the alechol decressed,
up to approximately pH = 7+ The more alkaline media contained higher
realdual sugser than the medis having pH values below T.

Evidently some‘hing happened at about pH = ¥, when ammonium
salts were used in relatively large quantities, which caused inhibition
of dissimilation. This effect was not shown in the alksline fermenta-
tions using soda ashe The ehange that seemed obwicus as the pH
approached and then pessed T was the very rapid formation of molecular
ammonium hydroxide which is in equilibrium with molecular ammonis.

The entire set of equilibria 1s as followss

NH} 4 OH = NHOR ——> 00 + Niy(801*n) = Ky (gas)



TABLE 23

AMMDNIUM SULFATE~CARBONATE BUFFERS O«5 NORMAL IN AMMORIUN ION CONCENTRATION;
THETR EFFECT ON pH; OLYCEROL FORMED, AND OF SUGAR CONSUNPTION

Yediums Optimun !ith 15% dextroses Sslis ware added sa Indicateds Both salts were added to cone
centrated medla as 3 Ne solutionss All the sulfate was sdded at the start, but the carbone-
ate was sdded in portions over periods of time proportional to the amount to be sdded (after
inocenlation)s All the carbonste was added by the end of about 24 hours in flasgks ¢, B, 8,
and T« The final wedium in each 500 mle flesk was 320 ml« of optimum medium except for the
edded salta of the tuffere. The ammonium concentration was Os5 K. when the optimm WH,CL
already there is conaidereds

Inocuwlume 20 mls of ngaxerm culture of yeuat Noes 43.

Incubationt 6 days at

Vole of  Vole of g8 923 pi  Giyeerol Sxmipiy.nol Dexte
Flask (NHe)2003, (mh),aa“ ae hre 48 hr, hre 112 145 Sof %on Found rose, ©
%le 3 . 99 nle 3 . hrs hrs mﬂ!’f’ sﬂm % of % Unw ‘f
Thm fern.
A 0 50 3.50 - 441 33 3639 3.29 113K 5«75% 80.0% 0-71%
B 1/4 49 3/4 3.58 - 340 3a34 3427 3431 1043 5425 B80.3 O.64
¢ 1/2 912 3. - 3043 335 3,32 3.33 11,0 5.60 80.1 0O.75
D 3/4 49 1/3 3.88 - 3.54 3e42 3443 3,42 1049 5.55 B1.8 0.63
G 2 ‘8 4»?8 3»13 3#6‘6 3‘70 3-75 3‘72 11.95 5:64 %11 3»53
1 4 46 Se34 4028 4,12 4,07 4.7 418 12,53 640 79.0 0,61
L 8 42 583 5443 5,20  5.21 5,18 5.29 15.52 7.92 74.0 0.53
¥ 12 38 6,15 6409 5495 6,02 6,19 641 15.42 T.86 T1.3 0,32
B 18 32 6e39 642 6439 6.49 6,54 6,80 16477 B.55 69.0 0,32
4] 25 24 6edl 657 6451 6466 5073 6.86 19.1 .74 6742 1.42
P 30 20 6449 6478 6.8 6.82 6487  T.03 20,0 10.2 60,9 T.25
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The ammonium ion was not at faulty, nor was the sulfate, ss was
’ ghown in Table 22. Carbonate ions were not at feult, as sode ash
fermentations wers successful. Ammonia ges was, of course, out of
the medium itself« The compounds left for susplcion were the molece
ulsy ammonium hydroxide, and molecular ammonia in solution. The con~
centrations of these agents were probably not sz important as were
the chenical activitles es defined by Lewis ard Randall (1923), or
the chemical potentials, as they are slso known. The relstion of
chenical potentisl to bacteriology has been discussed by Buchanan
end Fulmer (1930e).

The activity of molecular ameonla, for example, is practically
negligible et pH values more acid than about pH = 648, while the
activity begins to appear and rise very rapldly es the pH pesses T
and goes on to 8 or mores As pH = 7 iz reached and passed, the |
hydroxide ion concentration increases very rapidly, This allows the
formation of more and more ammonium hydrexide molecules which, being
in equilibrdum with ammonia, increases the activity of moleculsr
emmonis. The presenge of appreclsble concentrations of ammonium
salts at a given pH will have the effect of increasing the activity
of the ammonla over that sotivity or chemical potential in solutions
of low samonium salt concentrations. This might be considered in
some regpects anslogous to the incresse in bectericidel asctivity of
phenol solutions brought about by sdded sodium ehloride. The added
galt decreases the solubility of the phenol, thus hrigging the re~
sulting solution nearer to saturation. The phenol then has a



greater “escaping tendency® Such en effect aignifies greater
chemical mctivity or potentisle The phemwl 1s, in effect, driven
more foreibly intc the orgenism. Iikewiss, moniawauldbélm
soluble in e sclution of high smmonium salt concentration thsn in
ones of low concentration, snd the anmonis activity would thus be
greater. A fixed concentrption of ammonis would have a greater
activity in & 2 vormel solution of sodium carbonate than &t would
have in & 1 normsl solution of the same salt = other factors re-
maining the ssme. The sctivity would slso be incressed with an
increase in pH.

This theory explains every successful and every unsuccessful
fermentation mentioned thus fer vhers smmonium concentrations over
mitrient quantitiep were used. Removel of most of the ammonium
salts should allow fermentations et greater slkalinity than those
where smeoniun selts are presents It will be noted later that the
first fernentation controlled by soda ash was successful st pH Tulbe

Krug end MoDermott (1935) obtained glycerol yields from the ferw
mentation of molesses media which were 15.8 to 18.5 percent of the
sugar weight, wherses the maximum obteined ae shown in Table 23 was
about 10 percent of the total sugar weight, or about 11 to 12.3 per~
cent on the sugar fermented in flasks "P* and "Q". Howsver, the
availsble ammonium ion consentration in the experiments of Erug and
MoDarmott was about 0.26 to 0.28 normal, while the experiments of
Teble 23 were run in medis which were 0.5 normal in available ammohium



ion concentrations Neer pH = T much of the emmonium lons would be
converted to molecular armmonium hydroxide and ammonls, the activity,
or chemiosl potentisl, of which would incresss as a function of in~
creesing pH and of incressing smmonium or ammonis concentrationss
Thus the emmonia eetivity would be grester st a given pH in the
experiments of Table 23 than in the formentations of Krug and MeDermott
since more smmonium lons were svellable for emmonis formation near
the nentral pBe Then s lower pH would be required for fermentationa
of high awallable ammonia in order to decrease the activity of the
emmonia enough so thet inhibition of growth 1s not predominant. Thm
the higher ylelds would mot be expected in Tsble 23. Also Krug end
HcDermott used about 16 to 18 grams of molasses sugars per 100 ce. of
medium, while 15 grems per 100 nl. were employed in Table 23+ The
biowcolloids of the molasses may have had some effect alsoy socorde
ing to Owen (1937)« The results thus far are perhaps ressonsble,
though not identicals. IHigher suger concentrations are conduclive to
grester glycerol formetion according to MoDermott (1929). He also
noted that molasses medis in the presence of relatively lerge samounts
of sodium carbonate gave a slight precipitation slong with the develop-
ment of a slight smmonlacel odore The ammonie sotivity in the molesses
might 1imit the meximum pH at which fermentation would be complete.
The odor of emmonia would be obvious svidence of its pressnce and
activity.

An experimenty deseribed below in the section dealing with the



amponiunm sulfite fermentetion, further showed the difficulties of
using very high concentrations of ammonium salts in fermentstions
nesr pH = 7 or over.

It was desired %o obiein evidence of & more guantitative nature
concerning the toxic effects of free ammonia or ammonium hydroxide
in fermentation medin. Seversal sexies of fermentations were designed

| to shesi that at constant pH the toxicity increases as a Wion of
the initinl ammonium ion concentration. The peries were also designe
ed to show that at constant initlel amuonium lon coneentration the
toxieity increases with incressing pH and that pH = 7 i3 the earitical
valuee

A semiegynthetle medium was prepared which wes optimum except
that & nitrogen equivalent of urea was subatituted for ammoniuwm
chloride in order to have the ammonium coneentration equal to zeros
It was prepared in 300-ml« Erlemneyer flagks such that 180 ml. on
diluntion to 200 mls would result in a 15 percent dextrose mediume
Ammonium sulfate was added to each flask in 20 ml. of equeocus solmtion
to give the media the desired ammonium lon concentrations. Sterili=
gation was at 15 pounds for 15 minutes. The medie of the various
series were inoculated with 20 mle of im@eulumgrms.alﬁpemn{
dextrose mediume The organism was S. gevevigiag No« 43« The
cultures m incubeted for 100 hours st 30° centigrade. The pH
ad justments were made at fraquent intervels by additions of solid
sodium carbonates Data are given in Table 24 and in Figure 8.
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TABLE 24

SUGAR CONSUMPTION XN FERKENTATIONS AS RELATID
10 pﬁ AND AHNORIUM CONCENTRATION

(§Hy) 480, pH = 6.8 PH= 6.5

Normslity Crems of “Residual  Grams of kff Realdual

Added per ¥ Dextrose, Added per F. i Dextrose,

, Ze/100m1s 2oie /100m1

0.0 2.1 £ite 0,40 e 9;98 e Gel2 £ita
Ol 2.4 0.18 1.03 Oell
Cu2 2.3 .19 1.05 0,13
0.3 23 0,30 1.16 0.11
Cod 22 0.61 l1.16 O 14

0.5 2.2 v 2.89 1.21 _ 0.16
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velue of Te5 was deslred, but no fermentation hed been completed
successfully with an spprecisble ammonium ifon consentration present
at thig degree of alkalinity.

Thres liters of optimum medium were sterilized in a felitew,
3snecked flaske. The experimental data are given in Table 25.

The fermentation pertlally deseribed in Table 2§ wea sutomatie
eally controlled at pH = 7.5 by a sodlum sarbonate solution containe
ing 150 grems of the anhydrous salt per liter of solution. ZThe fere
mentation was falrly rapide The pH was controlled at 648 for about
the first 20 hours, to allow a good growth of yeast to get under
ways then the pH was changed to 7«5 over & perlod of two hours and
held at that value. Fiftyeone hours after inooulation, 1660 nl. of
the alkaline solution had been added, corresponding to 249 grams of
sodiun carbonate. The totel volume in the fermentation flask was
rapidly approaching the 5 1iter flesk capecity by this time. There~
fore, 500 mle of the mixture was removed at this pointe This pro-
codure caused compllcations in the analyticsl computations. In 96
houra a total of 1945 ml. of the carbonate hed been added and the
fermentation was cospletes Keeping the sodium carbonate solution
in 2 graduated container allowed s visible record of the rate of
congumption of the salt solution to be kept. The rate of consumption
corresponded to the rate of fermentetions

The low yleld of glycerol is not surprising for this fermente=
tion ss the pH was 6.8 for about 20 hours. Alse, the addition of
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asodium gﬁﬂn by dilute selution is not conducive to high glyesrol
yields sccerding to MeDermott (1929) as decreases were general when
dilute solutions were useds Solld sodium carbonate was generally
used when higher yields were cblained. However, it was the first
successful autometically controlled fermentation at a pH as alkaline
85 Ts5« Toward the completion of the fermentation after %0 hours
of incubstion and contyol had occurred, 4t wes found that the conw
troller was no longer neededs HNo more soda ash was added after that,
and the pH graduslly increased to 7.9+ The fermentation wey have
been complete in 90 hours.

The uge of sodium csrbonate with ammonium sulfate in fermentaw

tions was deseribed in the discusaion concerning the date of Table
24+

e JThe nse of sodium hviroxides Sinoe an extremely concentrated
solution of sodium csrbonate could not be prepared satisfactorily,
the dilution of the pH controlled medium described previocusly wes
en undesirable remult. The low glycerol yield wes presumably due to N
the dllution of the fermenting mediume However, & mich more concentrated
solution mey be made employing sodium

hydroxide in place of sodlium
carbonates The volume of solution required for automstic pH control
world be much less using oconcentrated sodlum hydroxide both becsuse
of the higher concentrstion popaible and beeause of the greater
alkaliging capacity of the pure bases

An automstic pH control was attempted on 3 liters of optimm
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medium where the sodium hydroxide solution employed for pH control
hed a congentration of O.5 ga. per mle. The first attenmpt ended in
failure when & relay broke and all of the base in the reservolr
emptied into the fermenting medivme Fermentation ceased.

The second attempt was suoceasful, There were prepared l.5
1liters of optimm semiesynthetic medium contalning 15 percent dextrose.
Sterilization was for 20 mimmtes et 15 pounds stesm pressures In-
ooulation wes with 200 mle of a 48 hour culture of yeast Nos 43.

The inoonlum medium wes initially 10 peroent in dextroses The fue
subation tempernture was 30° centigrades Over a period of six hours
after incoulation, the pH was gredually inoressed to 8 by hend. The
pH control was then get at pH = 8. At intervels the control was

cut out and the decrease in pH sz shown on the record was san indiese
tion of fermentative sctivity. Very little mechanical difficulty was
encountereds After about 80 hours of fermentation, the rate of base
consumption fell off indieating that the feramentation was nearly
conpleteds A% 118 hours the control wss atopped and the mediim was
analyzeds The volume of bese added sutomatically was 175 mls The
totel volume of resulting medium was 1879 ml., accounting for both
the inoculum and added basic solutiom. The dextrose concentration
initially, caleuleted on the basis of the final volume, was 1243 gme
per 100 mle of mediume Analysis showed 2.5 percent residusl dextrose
and & glyosrol yield of 22.8 percent on the sugar weight. This was
praciically twice the glycerol yield found in the pH controlled fere
mentation using a sodium carbonate solution for control.



8a..2ba uae of amponius sullite. The use of smmonium sulfite and of
ammonlum bisuifite hed not been mentioned in litersture, previous to
a note in the analytical paper of Fulmer, Hickey, and Underkofler
(1940). Water solutions of smmonium sulfite are not as alkaline as

are water solutions of sodium sulfite, though they are alkaline.
The use of ammonium sulfite and bisulfite was considered as &

posaiblility for the sulfite fermentation as the added salts would
be rather easily removed, presumably. The oontenplated salt removal
method would conslst of the addition of caloium oxide or caleium
hydroxids to the fermented medium thus precipitating ealeium sulfite.
Filtration would remove the precipitate, and cerbon dloxide could be
used to remove the excess lime. Distillation of the filtrate would
remove volatile materisl including ammonia whish might be recovered
and reuseds The residue should be a glyserol syrup containing
mainly mytrient salis unlesc a sscchariniec material such as molasses
wae useds Raw materials might be molssses, pure sugars, or hydrola,
anmonie, sulfur dioxide, and ealcium oxide or hydroxides The smmonia
and sulfur dioxide might be used ayelicly if efficlent enough re=

covery methods were obtained. Autometic pH control using sulfur
© dlexide as the controlling chemical would be desireble. The fermente
ing medium becomes more alkealine as fermentation proceeds since the
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bisulfite becomes tied to the aldehyde and

um carbonate o
blearbonate result, thus increasing the pH. Hence, mulfur dioxide
would be used in grester amounts than would ammonla.

For preliminery experiments smmonium sulfite menohydrate was
preperad by running sulfur dioxide gas into concentrated ammonium
hydroxide solution until the ammonia odor diseppeared. Then enough
ammonium hydroxide was added to again bring about the odor of ammonise
This precaution was to remove the possibility of bisulfite formstione

TABLE 26
AGCLIMATIZATION OF INOCULUM WITH ANMONIUM SUIFITE, OBSERVING pH

== = S ————————

Hediumns amzwﬂ.makwmiﬂngmmofmmM
10% in dextrose.

Inoculumt 10 ml. of cult &.431119%%3&1%

Incubetions ?Shaxmab?

Amponium sulfite sddeds (NH,)yS0,+H,0 added as & solids 5 gne added
mraperinﬁeszl}h sinlgraspnrt&m-

Time 27 hre 46 1/2 wr. 74 br.

pH 6.12 6.18 647

The addition of ethyl alcohol to the chilled mixture resulted im an
axcellent yleld of pure white crystaels which were filtered and dried.
This selt was prepared since none was at hand and the preperation was
ginple.

In order to acolimatine the yeast culture No. 43 to the soluble
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amsonium sulfite, as was recommended by Muszey (1932}, & flask of
optimm mediwm was prepared and ireasted as deseribed in Table 26.
It was found to be nevessary to add the sulfite in smell quantities,
as the addition of the entire amount in one eddition generally stopped
all growthe It may bs noted that pH increased with time according
to the experiment of Tuble 26. A very sctive growth was noted

The sbove medium was used as &n incculum for four flasks which
were to ocontain verying smounts of emmonium sulfite. To each flask
oontaining 300 nl. of 15 percent dextrose medium was added 10 grams
ef ammonium sulfites The pH of esech flask was mneasured before ine
coulation and was found to be J.44. Then 30 ml. of the inceulum
wore added to each flask; the pH was then found by glass eleotrode
to be 738. At-the end of four dsys of incubation at 30° centigrede
there wes found to be practically no fermentation. Growth had
ceaseds

This experiment was attespted before the inhibiting effects of
sxmonia under slkaline pH conditiona were noted sz desoribed in the
smmonium hydroxide section. However, it is useful as further proof
of the inhibiting cherascteristics of molecular ammonia or ammonium
hydroxide in scolution. PFurther work remsins toc be done on fermenta«
tions with ammonium sulfite to prove the value of such a fermentation.
However, it was shown that yeast will ferment dextrose in the pre~
sence of this sulfite.
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the long time involved.

The sxtensive employment of reagents such a2 caleium and magnesium
sulfites for fermentations producing glyeercl has not been reported.
The use of szuch resgents would have the edvantage of easy removal
from fermentation media in eontrest to the difficultles imvolved
when sodium sulfite and bisulfite are used. It is generally acknow-
ledged that the hlsulfite ion iz necessary for acetaldehyde fixation
in theae fermentations, and 1% is rather uncertein what the Msulfite
ion conventration in solutiom would be Af an excess of calcium or
nagnesiog sulfite were added to & fermentstion medium. The solubility
of the sulfite wonld be an important factor to considery as well as
the effect of acids formed by fermentztion on the solubility of the
sulfites The effect of carbon dloxide on the salt would be expests
od to be rather smell in slightly soid solutlons since sulfurous
acid is & stronger acld than is earboniec mcide It is obwious that
deereasing the pH of the mixture would increase the bisulfite ion
concentrations The 1deal situstion would be such that there would be
avallable sufficient bisulfite lons to fix 211 of the acetaldehyde
and atill not enough to exhibit taxic characteristiese An spproach
toward the ideal might be made by pH sontrol using sulfur dioxide
as the pH controlling agent in the presence of calcliws or nagnesium
sulfite. An acid pH should be maintaineds The 1dsal pH velues would
be expssted to be somewhat different for ealeium and megnesium
sulfites because of the effect of thelr different solubllities on
the blsulfite lon concentration. The solubilities of calolum and
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magnesios sulfites ave given in Table 27.

TABLE 27
SOLUBILITIES OF nﬁbmnm ARD HAGNESIUM SUIFITES AND WHwﬁHg

Salt mﬁﬂﬁﬁ&, m.u g
pexr 100 Parts ﬁa

0ag03°2Hp0 aesesssersnsecesasnns 0.0043 et 18° G,
CaS0302B20 eereerersesasan veraee 9 0027 et 90° Co
gu § FEBBREALABVRGAL A RIONS N“ gunﬁ
HgH0ys6Ho0 eouene asseseernneanne 0.833 hot
Qﬂ.ﬂgvu AEBPABLSEEESsaDIsERS N § exists in solution gUrH.
Hg(R90,) eevcvecncncncann. Ewaz.a exists in aclution only.
CaS03  weecscsncsrcrnsaes :a&&?.ﬁwwﬁ&wﬁn&ﬂa&?
CasS0 srseererasversasnne » 0800 gms in 1 liter 30% sugar goln.

3 (188 )

P&w?gugégwggfmggw?ﬁu

(Adapted from Mellor (1930))

A sethod for glycerol production utilizing sulfur dioxide in
connection with caleium or megnesium sulfites would be related in
& way to ths method of Barbet (1928) who used only sulfur dicxide
(or sulfurous acid) in fermentationss Free sulfurous acid would be
rather dirficult to use, probably, because of the toxlcity of high
bisulfite consentration. If the conoentration wers kept low encugh
to be non~toxio, then thers would most probably be low acetaldehyde
fixation. The lack of extensive industrial utilisation of the method
of Barbet might be a point of evidence supporting this contention.
The volatility of sulfur dioxide would be an sdventege in glyesrol



recovery compared with the methods necessary when sodium salts are
used.

The solubilities of caleiux and megnesium sulfites indicated in
Teble 27 were not given as functions of pHe It was deemed desirable
to determine the szolubilities of these salis as Dunctions of pi,
since they are {0 be used subsequently under warious pH conditions.

The solubility of both Merck¥s anhydrous caleium sulfite and
freshly precipitated celolum sulfite were studled es ph functions
st 25% centigrade. Seturated agueous solutions were prepared where
the pH values were sdjusted by means of sulfinic acid. The nmixtures

TABLE 28

SOLUBILITIRS OF HIDRATED AND ANHYDROUS CAICIUM
SULFITES AS FURCTIORS OF pH

Lﬁvﬂm GuBB; Hydrated CaSO3

xl.atmlxlg mwm Hbof@-lﬁl, Grams
Solution Consumed ml. of Dissolv= Solution Consumed per 100
PH by 10 nl. of Sulw ed CaS0; PH by 10 mls of  ml. of
fite Solution.  (oaloulated) Sulfite Solution Dissolwe
_ ed CaSO3
. . (ealeulsted)
3.55 1646 0,996 3.61 16.71 1.002
3.78 12,44 04746 3.95 2.71 0.583
4,00 8.97 04538 431 5.04 0.302
4,12 T.44 Ouddd 4.8 2.56 0.154
429 5.86 0352 S.45 1.08 04,065
4,49 4450 0.270 5.81 0.48 0.029
4.62 3.89 0233 644 0.28 0.017
4.9 2,20 0.132 7.68 0.04 0,002
542 0.98 0.05% - - -
6242 0.1% 0.00% - - -

T=52 0.05 0,003 - - -
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wers sheken et intervals over g period of ten hourse The pH walues
were deternined Ly means of the Cemeron pH Heter. The dissolved sule
fﬁ'ﬁm deternined volumetricelly by titrating 10 ml. samples of

the clear solutions with a O.1 normal lodine molution. Starch
solution wag used as an indicators On milmiw of the standard
icdine solution i3 equivalent to 0.0060 gram of calolum sulfite
accoxrding to the equationt

CaS0y + Iz + Hy0 wemwp CaS0q + 2HI

The data for the solubilities of calolum sulfite are glven in
Table 28 and in Figure Je

The solubllity of magnesium sulfite wes msssured as a function
of pH ix 2 manner anslogous to the methods used for eslolum sulfite
determinationss Sulfuric acid wes used for pH edjuatments, and the
pH was measured at 257 centigrade as before. One milliliter of Ol
normal iodine solution is egquivalent to 0.0052 grem of magnesium
sulfite (ggsa,). Experimentsl solubllity data are given in Table
29 and in Figure ¥.

The results shown in Tables 28 and 29 and in Figure 9 show a
sharp inorease in the solubllity of calcium sulfite as the pH
decreases below six, and in a simllar incresse in the solubility of
nagnesium sulfite was noted at about pH = 6.5. It was considered
that as the pH went below these wvalues, increasing acetsldehyde
fixation would occur along with incressed toxicity. Data are given



Dissolved Sulfite, gm. per 100 ml.

Relationship Between

|

! Sulfite Solubility and pH
0.8 e Anhydrous Ca SOj
o Hydrated Ca SO3
'; |
Mg SO3 §
0.6 ‘
(J
0.2 \
03 4 7 = 8 9

pH
Figure 9
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subsequently related to this considerations

It was thought that perhaps the presence of aceialdehyde would
increase the solublility of caleium sulfite becauae of the formmiion
of the agetaldehydewbisulfite complex. Some quantitative data cone
cerning such a solubiiity relationship to pH was desired. Such re~
sgtions ocour in fermentatlon medie, and 1t was hoped that scome

TABLE 29
THE SOLUBILITY OF HAGHESIUM SUIFITE A8 A ¥UNCTION OF pH
oo e e e e e
M of O Be Iz Gramg per 100 ml.
Solution Consumed of Dissolved %&3.
pH by 10 ml. of Sulfite {caleulated
Solution
Soﬁ 21.60 1.122
572 19.08 0992
6416 10.83 0.564
6.10 T+39 0.384
7-27 7436 0.383
7.81 129 0.380

8-32 7.28 9*3?9

information might be obtained which would be of valne in fermentaw
tions for glycerol productions

Studies were mede with satursted hydrsted calelum sulfite solu=
tions in the presence of e fixed concentystion of acetaldehyde tut
with varying pH levels. Aqueous solutions containing an exceass of
solid caleium sulfite were preparei. These solutions were adjusted
to various pH levels by means of sulfuris aeid solution. Acetaldehyde
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was added to these solutions as an agueous solution so that there
wag as final concentration 0.77 gms of soetaldehyde per 100 mls of
golution. On the addition of the acetaldehyde the pH of the soluw
tions increused markedly. The pH rose in one solution from 3.6 to
Be5, and from 7468 to 10.5 in another solution. The scetaldehyde un=
doubtedly combined with the availlsble bipulfite ions thus causing an
increase in the phHs

The free sulfite was determined by direct iodine titretion; and
the combined sulfite waa determined by further iodine titretion upon
the addition of excess solid sodium blearbonats o the solutions Date
are given in Table 30 arnd in Figure 10.

The results of Table 30 and Figuwre 10 indicate & great increase
in the sclubllity of calcium sulfite in the presence of aceteldehyde
a8 compared to its solubllity in water (see Table 28)« It may be
noted, especially in Figure 10, that the scetsldehydesbisulfite complex

ces to decompose with increasing rapidity as the pH incresses
past 4.5. This fast is indicated by the decresse in fixel sulfite

with an incresse in pH past 4.5.

A preliminery pH recording wes made on 1.585 liters of 15
percent dextrose medium with 160 gm. of Nerckes axhydrous calcium
sulfite addeds Inoculum was 150 mls of 10 percent dextrose culture
of yeast Nos 43+ The initiel pH was 6.6+ At 24 hours the pH wes 4.5
end at 48 hours the pH was 5. At about 57 howrs there was & gharp
rate of pH chenge and pH = 6.5 was shortly reacheds At 96 hours
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the pH wes 6.9« Analysis shoved 0.8 percent residusl dextrose and
a yleld of 8.81 pereent of the dextrose weight es glycerol. When
the pH wea 7 or more, the odor of acetaldehyde wes quite apparent.

TABLE 30

SOLUBILITY OF CALCIUM SULFITE AS 4 PUNCTION OF pH IN THE
PRESENCE OF A CONBTART CONCENTRATION OF ACETAIDEHYDE

" Hie of Ocl N Wls of Oul Ne Ml. of Ol Ko Free Sulfite Combined
pH I for Free I3 for Totel Ip for Come a8 Cad03. Sulfite as
Sulfite in  Suifite in  bined Sulfite Gme per 100 CaSOj3.

10 nle of 10 mle of in 10 mle of mle Gne por 100
121  1.52 2793 26.41 0.0%91 1.59
3.22 1.86 28405 26419 0.112 1.57
3.64 L.67 28.02 26435 0106 1.58
4,19 l.72 28.72 27.00 0.103 1.62
433 1.5 28443 26468 0.105 1.60
5.3 C.21 26.52 26.%2 0.013 1.58
640 0.21 24.87 24. 0,013 1.48
672 0.19 22.83 22.64 0.011 1.36
T+18  0.15% 21.27 21.12 0.009 1.27
7.60 0.2 13.21 13.09 04007 0.79

8.60 0.06 8.48 8.42 0004 0.51

Experiments were run to check the statements of Heuberg and
Reinfurth (1919) that freshly prepered cnlcium sulfite was better
for scetaldehyde fixation than wes the commerclel aenhydrous selt.
The fermentations were conducted at verious pH values to see if
there were varistions in glycerol produetion at different pH levels
for the different types of calcium sulfite.
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Optinum semiwsynthetic medium was prepared containing 15 pere
cent dextroses Two hundred mle of this medium were placed in each
of 10 Erienmeyer flasks of J00 mles capacliy and sterilized in the
usual vaye Twenty mls of 10 percent dextrose inoculum of ysast Hoe
43 were added to each flaske Calcium sulfite was added as showm
in Tables 31 and 32. The ineressed solution volumes in Teble 32
over thé volumes in Table 31 were due to the faet that the added
caleium sulfite of Table 32 was dampe Incubatlion was for four

TABLE 31

EFFECT OF pH ON GLYCEROL YIELD AKD OH SUGAR CONSUMPTION IN
FERWMENTATIONS IN THE PRESENCE OF ANHYDROUS CALOIUM SULFITE

st ko el A S e by i SO el 3 A el P

Total Dextrose Welght of Final Voluma Pereent Glycerol
pE Including Ime CaSOy Exclusive of Residusl ¥ on Dex~ % on

oculun, per Flask, Soligd, Dextrose trose Total
Qramg Grans e Consuned Dextirose

440 33 20 220 80.6 24,7 4.79

4.5 33 20 220 3.06 11.00 10.66

540 33 20 220 034 1031 10.20

58 33 20 220 0.54 10468 10.68

6.0 33 20 220 0«54 10439 10.31

days at 30° centigrade. The flssks were fraguently shaken by hand.
The pH was adjusted at intervels by sulfurie acld additions.

The results indicate that anhydrous calcium sulfite is not as
effective as is the hydrated salt in acelnldehyie fixation. These
observations verify the observations of Neuberg snd Reinfurth (1919).
It was alsc observed that deereasing pH in the range studied using
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anhydrous ealeium sulfite did not appreciably affect the glycerol
yield of experiments in which the suger was consumed felrly completes
lye. However, when the hydrated selt was used, an inoresse in glycerol
yield wes noted with decressing pHe

TABLE 32

EFFECT OF pH ON GLYCEROL YIRLD AND ON SUGAR CONSUKPTION IN
FERKENTATIONS IN THE PRESENCE OF HYDRATED CALCIUM SUIFITE

Total Dextrose Welght of Final Voluss, Percent Glyoercl Found
pl Including In- Ca303 per Muai:u of Residusl % on Bm % on

Grams hyeireua Jumed Dexe
Basls, tross
Grans
440 33 20 248 84,0  27.8 4445
4e5 33 20 245 8640 2644 3.76
540 33 20 245 0x8% 14s 4.1
6.0 33 20 245 0.594 11.3% 11.31

It is very probeble that contimvous sgitetlion and the use of
larger guantitiss of czlcium sulfite would have lnoreased the
glycerol yields.

In the experiments described in Tables 31 and 32, it is noteworthy
that a sharp deorsase Iin the suger consumpilion oocurred as the pH went
from 5 to 4.5 and below. Bisulfite lon toxicity was no doubt the
cause of these resulis.

A multiple stirrer wes ascquired vhich was capable of stirring
the medis of six flasks afmultanstualy and continuously. A& dise
advantege of the stirrer was the fact that it could not be placed
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proceeded to completion smoothly. This obsmervetion might be considere
ed evidence that unacclimatized yeast will grow in such & medium

1f glven sufficient time to get used to the conditions. The pH was
adjusted when nmocessary with 1B normel sulfuric seid. The volume
required per flesk was negligible.

It was considered as possibly desirsble to filter the solid cale
clun sulfite and yeast cultures from the previocusly fermented medis
and to use the resulting ceke s inoculum for a subseguent series
of fernentationss Such a culture in direct contact with caleium
sulfite would surely be acclimatized to the sulfite to some extente.
The cake eontalning the culture wes always kept damps

A serisa of five flasks was prepered containing 200 ml. of
optimm medium. Sterilisetion of the medium was not considered
necessarye Each flask was inooulated with one«fifth of the cake from
the two successfully fermented flasks deseribed above. Additional
hydrated celeium pulfite was added sueh that the totel weight of the
salt per flask was equivalent to 60 gms of the anhydrous salt. The
pH values studled were near the critical pH range where the bisulfite
ion soncentration begine to rise rapldly with decreasing pHe The
results of the experiment are given in Table 3i3.

From the data of Table 33 one may conclude that the glycerol
yleld approesches a constant value of about 10 percent of the dextrose
weight precticelly independent of pH variations under the conditions
described aboves
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The following equilibrium was cousidereds
0a(HS0,), + 20H,CHO ——> Ca[HS0,+CH,CHD],

The rate of decorposition of the acetaldehyde complex would be ine
dependent of the concentrations of ealcium blsulfite end scetaldehyde.
The rate of formation, however, would be dspendent upon the concentraw
tions of these compounds. As the concentration of the complex bullds

TABLE 33

GLYCEROL YIELDS FROK YEAST FERMENTATIONS AT DIFFERENT pH LEVELS
USING CAICIUN SULFITE CAKE FROM PREVIOUS FERMENTATIONS
AS IROCULUM

Tiltored  Imdtisl

rE  Volunme, Dextrose, Dextrose Gm. pu' %
- ghe por % 100 mle Dextrose
100 mls

53 208 18,22 0442 1.94 10.06
51 200 18,95 050 1.92 10.01
4.9 200 18.95 0e52 1.95 10403
4.7 200 18.95 Q.52 2.00 10.05
405 200

18.95 High; fermentation cessed.

upy the rate of decomposition would increase thus allowing a greater
concontration of acetaldehyde to be present thus allowing its greatw
er ensynatiec reduction to ethanol and s corresponding reduction in
the glycerol yield. If these suppositions are true, then decreasing
the initisl suger concentrations in the medis should result in inw
creaged percentage glycerol ylelds. The lower sugar congentrations
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should give less possible acetaldehyde, theoretlcally, and thus the
concentration of the aldehyde~bisulfite conmplex would be lower in
golutlon thus allowing a greater percentage of the agetaldehyde to be
fixeds This would result in hicher glycerol yields.

4L geries of medis was prepered to study the relatiocnship between
the initial dextrose concentration of the medivm end the glycerecl
vield in the presemge of hydrated oslclum sulfites The inoculum
waz the filtered 30lid eslcium sulfite cake containing the yeast Noe
43 of previous fermentetions. The ezlclum sulfite present per flask
was equivalent to 60 gme of the anhydrous saltse The medis were con=
timuously stirred at 26° centigrade. The fermentation time decreased
with decressing initial dextrose consentration; howevery, all media
wers allowed to stand for four days before anslyses were runs The
PE was not controlied accurately in the medis, ut all smembers of the
series were treated alikee The resulis of this investigaiion are
glven in Table 34 The implicetions mey be more elearly observed
in Figures 11 and 12.

The dato of Table 34 prove conclusively thet the percentage
glycerol yleld increases with decroaping initisl dextrose concentras
tion under the previbusly deseribed conditiongs A cerollary to this
gonclusion is that the percent of aecetaldelyde fixation decreases
with inereasing initiel dextrose concentrutions This evidence
supports rether strongly the contentions described above eoneerning
the adetaldehyde~bisuifite equilibrium. The ecetaldehyde~bisulfite
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fixation than ogcurred when celeium sulfite was used; henvey, & greater
glycerol yield should be obtained. The inoculum used was a filtered
caleiun sulfite cake ss described previocusly. The initisl unadjusted
pH of both medie after megnesium sulfite was sdded was about seven.

On fermenting about 24 hours the pH dropped %o aboui 643« At about

TABLE 35

PRELIHINARY FERMERTATIONS IN THE PRESENCE OF HAGHESIUM
SULFITE WITH pH UNADJUSTED

Inftial  4g903.6Ha0 of Residue) |
pH Dextromge, Present, dedims Dextrose,
Range gme per B mle Zae per 100

100 zle 100 mle
Telsbel 8 50 200 0.048  1.765 22,05

Tel=ba2 8 50 200 0.076 L7117 22.2

50 hours the pH had incressed to 7.l and the medis were guiessent.
Ansnlyses were run four deys sfter inoculastions HNo attecpt was mads
to control the pH in the medias Hesults are given in Teble 35.

The results of Teble 35 Irdicate that megnesium sulfite is an
efficient acetaldehyde fixing sgent aince about 22 persent glycerol
vas founds This velue 13 about 45 percent of the theoreticsl yields
The fermentation time was but a fraction of the time required in the
experiments of Heuberg enc Reinfurth (1919)s These date prove that
magnesivwm sulfite is & more efficient sesteldehyde fixing sgent than
is celeivm suifite. Grester glycercl ylelds resulted, thus verifye
ing the previous prediction.



1t was desired to study thaaffwts@.pﬁunthnyiald of glycerol
in fermentations in the presence of magnesium sulfite. The inoeculum
was the filtered magnesiuvm sulfite cake containing yeast Fo. 43 from
the fermentations of Table 35. The media were not sterilized. The
antiseptie action of the magnesium sulfite in solution was suffiecient
to keep contamination at & low level. The pH of each medium wes
sdjusted by neans of frequent additions of seversl drops of 7.5 normal
sulfuric acid. The medis were stirred continmuously. The temperaturs
was about 26° centigrade. Vigorous fermentetions were noted, The
fernentation time was four days. Results are given in Table 36.

TABLE 36

THE RELATION OF pR TO THE QLYCEROL YIELD OF FERMENTATIONS
IN THE PRESENCE OF MAGNESIUH SULFITE

Filtered Total Initial Floal Found

pH Volume, Weight  Dextrose, Dextrose, Om. per » on

Range ml, Ng303.6H20 gne per gme par 100 mls Dextrose
| 100 ml. 100 nl.

e
5.5 206.4 60 9.68 0.14 2:25 23.3
5.8 207 4 ] 9.66 0.4 2235 231
60 208.6 60 9.75 D.12 2.185  22.4
63 204.5 60 9.78 0.13 2.2 22.5
65 203.6 60 9.86 Gel13 224 22.7
1.0 20140 60 9.95 0.13 2.37 23.8

The results of Table 36 indicate that pH is not a aritical
funetion in the runge studied ani under the conditions employed.
These resulis ere similar to the corresponding results in the atudies
with calcium sulfite.



The next investigations were concerned with the effeot of inital
dextrose econventretion on the glycercl yleld of fermentations in the
presense of magnesium sulfite. The theorsetical considerations desoribed
previcusly for the use of calecium sulfite in fermentations apply qualie
tatively in the investigations with megnesium sulfite. The optimum

TABLE 37

THE FFFECT OF DEXTROSE CONCENTRATION ON THE GLYCEROL YIELD
OF FERMENTATIONS IN THE PRESENCE OF HAGNESIUM SULFITE

Final  Weight of xnw.az Time to Final 1 Found
Filtersd HgS03*SH:0 Dextrose, Quiescense, Dextrose, Om. per % on
Volume, per Flask, gws per hours gue por 100 al. Duxtrose
nle £Re 100 mle 100 mle
220 40 4054 b L1 0127 1.079 23.8
220 40 9.08 3 0.08C 2.0; 2244
220 40 13.62 48 0.080 24 20.4
g!;g :g 17.94 >72 0.121 3.320 18.5

22,70 >72 0,126 3.98%  17.6

semi~synthetic medium was used as a basis for these fermentations as

in previous experiments. The inoculum was an acclimatised guliure of
yeast Ho. 43 grown in the presence of megnesium sulfite without pH
adjustments. Inocculation was 20 mle of & 48 hour culture of this

yeast growm in a 10 percent dextrose medium. The temperature wes sbout
27° centigrede. GContimuous stirring wee meintained. The pH values

of the media were mntmlhéu In a1l flasks the pH was initinlly
about seven; at 48 hours the pH was ebout 6.3, and at four days the

pH had sgain returned to seven. The experimentsl data sre given in



“]3)-

Tahle 37

The results of Table 37 indlcate that incressing the initial
dextrose concentration causes an incresse in the final glycerol ecope
centration and s deoresse in the percentage yleld of glycerols This

TABLE 38

THE RELATIONSHIP BETWEEN EXPERIMENTAL AND CALCULATED
YIELDS OF GLYCEROL FROM FERMERTATIONS IRVOLVIRG
CALCIUM SULFITE

Initial _
Dextross, Glycerol Yield, Percent on Dextrose
4 20.8 204
8 16.5 16.0
12 12.6 12.5

15

9.8 9.8

trend is quite similar to thet found for fermentations in the presence
of caletium sulfite.

A mathematical consideration of the data of Tebles 34 and 37
shows the percent yield of glyecsrol, §, to be an exponential function
of the inltial concentration of dextrose, Dy thet l1s,

log G=mp + logk

The equations for the caleium sulfite and megnssium sulfite are,
respectivelys

log Gy = =0.0267 D + 1.417



log G; = =0.00730 D+ 1.417

An sxtraspolation indicates the maximum yield, et a dextrose
concentration of serc grama per 100 ml.s to be about 26 percent under
the conditions of the experiments. Howsver, whether such an extra-
polation is entirely justified would need to be supported by additione
al data in the lower ranges of concentration of dextroses

The agreement between the experimental values and those caleulated
by means of the above equations 1s shown in Tables 38 and 39.

TABLY 39

THE RELATIONSHIP BEIWEEN EXFERIMENTAL ARD CALCULATED YInLDS OF
GLYCEROL FROM FERMEKTATIONS IRVOLVING HAGRESIUM SUILFITE

Initial
Gile pOY Experiaental Caloulated
100 mla
4,94 23.8 2442
9.08 22.4 22.4
13.62 204 20.8
1794 18.5 1943
22470 17.6 17.8

Pets were desired conserniny the success of autometic pHeecntrolle
od fermentations in the presence of solid magnesium sulfite. HNedia
were prepered and the pH was sutomaticelly controlled by an scetie
scld solution (50 percent by volume)e The inoculs were cultures of
B+ gepoviaien Noe 43« The starting mediz were 1.5 liters of optimum
medis contalning 15 percent dextrose. Fermentetion temperature was



30° centigrade. About 280 gme of magnesium sulfite were sdded to
each batch. Experimental data ere given in Teble 40.

TABLE 40

QLYCEROL YIEIDS FROM FERMENTATIONS WITH AUTOMATICALLY CONTROLLED
pH IN THE PRESENCE OF MAGRESIUM SUIFITE

AR A

Inoculusm Ml. of Total  Initial Residual

pH Acetic Volume  Dextrose, Dextrose, Gm. psr % on
Acid Excluding gme per gms per 100 mle Dex~
Added Sollds 100 mls 100 ml. trose
- ) '
6.5 ig% mle 60 1755 12.82 D.124 3.04 23.4
dextrose

62 eSO 65 1565 14.38  0.070 3325 23.2

The results of the invesiigations of Table 40 substantizte those
of previous fermentations in the presence of megnesium sulfite inpoe
far ag the glycerol yleld is concerned. The yields of glycerol using
pH control et an scid level appesr slightly higher than those of une
controlled fermentations of correaponding initial dextrose concentre=
tions described in Table 37. The differences in yields are not cute
standing, howevers The use of acetic acid for pH control is not idesl
by any means since the magnesium acetate formed would csuse diffie
culties in the glycerol recovery. The use of sulfur diocxide for
sutomatic pH eontrol would have the advantage of simple removal on
completion of the fermentation.

One of the proposed advantages of the method of formetion of



glycercl by the use of slightly soluble sulfites is the fact that

such compounds msy be easily precipiteted by sultable pH adjustments
and subsequently be easily filtered from the fermented liguore. The
resulting medium may then be diatimd free from solvents and any
additional precipitate filtered. With sugar and perhaps mmtrients
added, the resulting medium could be refermented to build up the
glycerol content in order to mske its recovery more feasible economie~
ally. Such fermentations are desarided below.

The solvents were distilled from previcusly fermented media in
the presence of enough caleium hydroxide to keep the solution glighte
1y alkelines The resulting mixtures were then filtered; dextrose was
added to the filtrates which were then diluted to thelr initial vol-
umes before distillation of the solvents. Inoculation was by means
of & caleium suifite oake containing yeast Hos 43 from a previoua
fermentation. Fermentation occurred at about 27° to 30° centigrade
with internittent stirring for about four days. Results are shown
in Tsble 41.

The relatively low ylelds indiceted in Teble 41 were probably
partially due to non~continmuous stirring and possibly to the rela-
tively wide pH range found since pH was not controlled. However,
the data show thet more than one fermentation can be run on the sane
basic substrate with comparative esses The glycerol content of the
medium was inecresssd) more efficlent methods should increase the
glycerol yield significantlye.
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It wes desired to find whether e second fermentation could alse
be run using magnesium sulfite in place of calclun sulfites The
initial glycerol concentration of the medlum cmployed wms 3«04 gue
per 100 mls of molutlon. Two hundred ml. were taken and volatiles
were removed as desoribed above whore calcium sulfite was used.
Dextrose was added so thet the resulting medlium diluted back to its
inttial volume would contain 15 gme per 100 ml. Thirty ml. of yeast
culture No« 43 grown in 10 percent dexirose medium were edded as
inoonlune The net dextrose concentration was then 13.04 gme peor
100 ml. assuming 81l of the dextrose was gone from the inooulume
The inoculun contained 012 gme of glyceroles The total initlal glycorel
concontretion was 2469 gme per 100 mle The fimal glycerol conient
was found to have been 5.05 gme per 100 mls Thus, the increase in
glycerol content dus to the second fermentation mas 2.36 gm. per 100
mle This corresponds to a yleld of 18.1 percent on the dextrose weight.
Though the conditions were uolt necessarily idezl, this experiment
showed that more thar one fermentation could be run on the same basie
substrate using megnesium sulfite to bulld up the glycerol concentraw
tion in the medium toward a desirsble wvalues
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V. SUMHARY AND CONCLUSIONS

le The pH of the fermenting medis was followed by means of a
Cameron pH Recorder employing a glass electrodes Additional sirocuits
and squipment were devised to automatically control the pH at the de=
sired levels.

2+« Improvements were made in the reducing-sugar determination
method of Somogyi whioch resulted in more exact snd reproducible re=
sults.

3+ An optimun semi~synthetic medium was developed to serve as
& basel medium for studles on the glycerol fermentations. The medium
contained e minimun of fixed solids, that is, solids such ss mutrient
salts which are difficultly removeable from the fermented mediume 4
minimum of fixed solids was an Important requirement inesmuch as large
amounts of such meterisls cause considerable diffioulty in subsequent
glyosrol recoverys

4+ Studlies were made on the alkaline fermemtetion of dextrovse

‘: by meens of yeast using ammonium hydroxide sas the elkalfsing agent.
It was found that fermentations wers unsuccessful when sn appreciable
axmonium concentration existed in media in which the pH value was

above seven. It was concluded that molecular ammonis or ammonium
hydroxide in solution wes a toxio agent. The taxieity of the molecular



ammonia or ammonium hydroxide 1s a function of the actlvity of the
wolecular compound. Ammonium lons ars relatively non~toxic. The
activity and thus the toxiclity of emsonia or ammonium hydroxide is

& function of both pH and the svailsble ammonium concentration.
Consequently, aince the toxieity incresses sharply as pH &ncreases
past seven, the alkaline fermentation to prepare glycerol is not very
satisfactory, since greater alkalinity 1is necesassry for high glycerol
yields. The advantege of the use of ammonium hydroxide for pH
control of fermentations would have bsen its simple removal followw
ing fermentation.

S5+ Yeast will ferment dextrose in the presence of ammonium
sulfite provided the pH of the medium is sufficiently below seven
to obviate the toxic effects of ammonia. Acclimatization of the
culture to ammonium sulfite is nscessary. Ammonium sulfite is not
a "Tixed salt® such as is sodium sulfite since it may be removed
from fermented medis reletively easilys - The use of this salt in
fernentations for glyeercl production should be feasible. It is
probeble that pH control of the fermentin: medium by means of sulfuy
dioxide would be advissble.

6+ It was shown that automatic alksline pHwcontrolled fermentaw
tions could be run using aqueous solutions of sodium cerbonate and
sodium hydroxide ss the controlling agents. The use of the sodium
hydroxide solution for control was more satisfactory, howevers



1+ Calcium sulfite can be used in fermentations in order to in-
erease the glycerol ylelde An important advantage to the use of
calecium sulfite for the production of glycerol by fermentation is
the fsot that it may be removed from the medium by filtratione Ade
Justment of pH before filtration is advigable. The solubility of
caleiun sulfite is s function of pHe Increasing the inltial dexe
trose concentration inthe fermentation medium decreases the perw
sentage glycerol yleld. The percentage yield of glycerol is an
exponentisl function of the initial dextrose concentration. The
fermentation time wes found to be relatively short, from one to about
four days, depending on the initial dextrose concentrations Filltra=
tion of a fermented medium comteining calcium sulfite resulis in &
filtered cake of solid ealcium sulfite containing the culture of
yeast. This cake may be used g§s a very active inooulum for subse=
quent fermentationse Contamination was very reave. The meximum
glycerol yield approached 26 pereent of the suger weight as the
initial suger concentration approached zeroc.

8+ Hagnesium sulfite was found to act in a manner similar to
calelum sulfite in fermentations for the production of glycexol. It
was obsexrved that the glycerol yileld was greater in fermentationa
involving magnesium sulfite then in those employing calcium sulfite
for the sugar consentrations studied. However, the maximum glycerol
yleld spproached 26 percent of the sugar weight as the initiel sugar

goncentration approached seroy this is the same limiting velue ms
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12« It was shown that the soetaldehyde~biamulfite complex
appreaches a meximam concentration in fermentation medie ntilizing
ocalcium or magnesium sulfite for fixation of acetaldehyde« As the
coneentration of the complex increases, the concentration of |
acetaldehyde, or its squivalent, also increases, theoretically.

The Increased concentration of acetaldehyde results in a greater
probability of its reduction to ethanol Yy means of glycersldehyds
rhosphate; consequently s decressed yleld of glycerol would be
cxpacteds The efficiency of seeteldehyde fixation should be greate
est at the beginning of the fermentation before the scetaldehydes
bisulfite complex consentration is appreciables A method of con=
timcusly removing the acetaldehyde from o sulfite fermentation
mediws should result in a greater glycerol ylelds It may be possible
to continuously remove the acetaldehyde fyom & circulated pertion of
the fermenting medium by a disiillatiom, for example, under low
 pressures An increass in pH would more easily allow distillation
of the scetaldehyde from the medium. Following distillatdon, the
acetaldehydesfree medium could be readjusted to the acld pH of the
fermenting medium for further aldehyde fixation and glycerol formae
tion by further fermentations and distillstions.
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