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IRTRODUCTION

Ineressing attention is being pald by researeh workers and
various ageneclies to the develooment of industries bused upon the
producstion of industrial aﬁm&waawa from agricultural materials
a8 raw produets. The conversion of the ¢arbohydrates into use-
ful chemicals by fermentation processee offers particularly great
promlse of large scale application. Up to the time of the World
War the only chemicals produced on & large scale by fermentation
processes were sthenol and acetic aeid., Under pressure of short-
age for the production of munitions, methods were developed for
the production of glycerol and of agetone by fermentation. Nor-
mal butyl alechol is likewise formed in the latter process and
for a period of years found no large outlet. Now the butyle-sce-
tonle fermentation is one of the large chemical indusiries. It
is Ilnteresating to note that the finish on the average automoblle
represants the fermentation products of sbout one and three~
guarters bushels of corn.

Considerable attention has been paid to the commerecial pro-
duction of combustible gases and of acetic sncid by the thermo-
philic fermentation of cellulosic materiasls. kany patents have
been taken out for these processes., A consideration of the
literature shows the production of ethanel by the scid forming

thermophilic eultures. However, practically no systemutle work
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has been done on the subject, the production of ethanol belng
Incldental, It 1ls obvious that if a wethod could be developed
for giving censideruble ylelds of ethanol by the thermophilie
- fermentation of cellulese, such & process would be of great
value in the utilization of agricultural produets in the produce
tion of industrial chemicals. Cellulosic materials are very
ebundant in mature and large quantitlies are wasted s&nnually in
the form of oat bulls, corn cobs, corn stalks, beet pulp, and
similar materials. In the ¢vent of a shortage of petrcleum it
is not a8t all impossible that alawhnl from this source will be of
great importance ag a motor fuel.

The purpose of this thesis is to make a systematic study
of the produetion of ethanol by the thermophiilc fermentation
of cellulose and to determine the opt lmmum conditions of medium

and temperature for a varlety of cultures.
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HISTORICAL SURVEY

The history of the fermentatlion of cellulose dates bagk to
1950 when Mitscheriich (1850) observed that the cell membranes
of potatopea were destroyed when allowed to rot in wet places.

Later, ven Tieghem (1877, 1879) reported on the destruction

of cellulose by Bsgillus amylobacter at temperatures of 25°C. to

36°C. The orgenisms were able to withstand a temperature af 100%.
for short periods of time. Considerasble amounta'éf gas were
given off during the fermentation. He believed Bacillus amylo-
bacter to be the principal agent in the destruction of cellulose
in nature.

Omeliansky (1902} published a scries of articles on the
fermentation of eellulose at ordinary temperatures. He found
two types of fermentations. In one carbon dioxide and hydrogen
were the gaseous products and in the other carbon dioxide and
methane were formed, The fermentetions were very slow and et%ﬁh
lasted for montha.

Boruff snd Buswell (1929} apnd Buawell and Boruff (1930)
developed & method of obtaining large quantities of methane from
corn stalks by fermentation, The ratio of carbon dioxide to
methane veried from le1 to 1-~10. They caleulated that a ton of
corn atalks would produce from 10,000 to 20,000 cublc feet of
ges and a circle of 8 mile radius planted 30 per cent to cornm
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would yileld sufflcient a»rg stalks to supply gas to a city of
80,000 population. The literature on the fermentation of cellu~
lose at ordinary temperatures has been reviewed by MeBeth and Scales
(1913) and by Simola (1932).

the first mention of thermophliliec ctellulose decomposition
by hacteria waa by HacPayden and Blaxall (1899). Soil was sdded
to s matrient solution containing psper and incubated at 60°C.

The paper was destroyed in 10 to 14 days. Baéixli as well as many
spores were detescted in the culture. They stated that acetic
aeld, butyric acid, and furfural were formed, and that the sction
seemed to be symbiotic,

Woodman (1917) and Woodman and Stewart (1928, 1932) studled
the relation of thermophliile cellulose fermentation to digestion
in the raminant erganism. They wers able to demonstrate the
presence of considerable amounts of giucoss during the fermenta-
tion of cellulose in the presence of taluﬂng, but no glucose was
detected during the course of sn ordinary fermentation. They
are of the opinion that the thermophilic cellulose fermenters
play an 1mpnpta§t part in the utilizstion of eslliulese in the
ruminant organlam.

Ehouvine {(1923) astudied the eelliulose decomposing organisma
found in the 1n§3atinalyfxer& of man. Thermophillic bagteria
woere found that would decompeose cellulose, IJeveral different
media were used, but one containing organle nitrogen, scdium

ehloride, and di-potsssium phosphate was consldered the best.
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Ehouvine claime to have iscolated & pure culture, which she
named Bacilius cellulosese dissolvens, by washing & fragment

of fermenting cellulose with sterlls physiologicsl salt solution.
It was found that orgenlsms were present which were attached to
the cellulese by thelr non~sporulating end. This culture grew
more alowly than d4id crude cultures and had an optimum temperature
range of 369 and 519C., but would withstand 629C. MNany common
earbohydrates were not attacked by this culture., From one gram
of cellulose th@fe were abtalned 0.001 ge of hydrogen, 0,023 g.
of carbon dioxide, 0.02 g. of ethanol, and 0.008 g. of volatile
acids. The smount of cellulose descompozed was 0,178 g., 8o the
yield of ethanol was 1ll.4 per cent of the cellulose decomposéd.
There 18 some doubt as teo whether this onlture may be considered
& pure strein of & thermephilie esllulose fermenter.,

Langwell and his cow-workers in England have done a great
deal of work on the therwmephilic fermentation of cellulose and
cesllulosic materials, particenlarly with reference to commereial
applications. Lymn and Langwell (1923) presented & puper as &
part of & "Discussion of the Action of Bacteria on Cellulosie
saterials.” They claim that the erganisms grow from 37% e
680C., and that they have lesolated a pure cellulose fermenter
by plating and pieking from 8 solony. The optimum temperature
rang§ is reported to be from 60° to 680C. The cultures fermented
resistant celluloses such as filter psper, sulflite half atuflf, )

and linen fiver, modified resistant cellulose such a3 parchmet- V/
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ized fillter paper and mercerized filter paper, hemicelluloses,
gstarches, and sugers. Alcohol yielda of 27 per cent were obe
tained from sulfite pulp, B.3 per cent from filter paper, and
15.5 per vent from xylose from rice siraw, Butyric acid, lactie
acid, carbon dloxide, and methsne were also produced. In the
view of later work it is doubtful whether these authors were
working with pupre eulbtures.

fangwell and Hind (1923) c¢laim that for the thermophilie
eellulone fermentatlon potash and phosphate should be present in
the medium and that ammonium salts suffice as a source of nitro~-
ken. They note the extreme susceptibility of the organisms teo
copper and that the organisms cannot forment cellulose in the
presence of lignin. They claim that 40 gallons of & mixture of
. &lochol and acetic neld can be obtained from a ten of ferment-
able material such ss spent hops.

Langwell (1932) states that & moblile medium is necessary
for the rapid decomposition of cellulese. Thus, when beet pulp
is converted to a thick mucllaglnous mass by stirring, fermenta-
tion ceasea, He claims alse that the presence of caleium carbe
onate prevents the fermentation from golng to completion by
converting the phosphate into the inscluble tri-~calcium phosphate,
and that sodium carbonate or bicsarbonate is much better for the
neutrelizetion of the acids formed., The presence of metallic
iron was alse found to be injurious. Iron steam coile were

rapidly corroded and fermentetion would not progress during
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very little lagtic mcid whille mone~saccharides, with the excepe
tion of gsalactose, guve comslderable quantities of thie ascid.
These facts tend to disprove the formatlon of glucose as an
intermediste product in the formmtion of aleohols and acids.

Totrault {1930) continued the work on the culture. It was
apparent by this time that the culture was not pure. Although
geveral methods of purification were tried, Tetrault did not
conslder that be obtained a pure culture. Ameerobic plating,
dilution, pasteurlzation, and single«cell isolations were tried.
When the plating was attempted, cleared areas and coloniss re-
sulted, and apperently the ¢ellulose fermenters were prosent in
the elsared arcas while the colonles were formed by contaminents.
Tranafers from the cleared areas were not different from the
original cultures. @rowth was observed at higher dilutions than
digestlon of cellulose so this method had te be abandoned, Al~
though 114 single cells were ploked, only 4 developed and none
fermented cellulose, Teirault found that his cultures would grow
in ager concentratlions up to 1.5 per cent and that higher cone
centrations were inhibltory. 3anﬁeﬁalapaﬁ &8 method ef purificaw~
tion by repesated anaerobic plating whereby at least some of the
sontaminants were eliminsted. He obtulned considerable glucose
from all his purifled cultures; ylelds of glucose as high &s
0328 g. por 100 ce, wore obtained with & 3 per cent cellulose
nedium.

Seott, Pred, and Peterson {(1930) reported on the various
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producis obtained from crude, enrienment, and purifisd cultures
at B59C. Purification of the culture decressed the yleld of
ethanol from P.8 td 0.5 per cent.  Volatile aeid ylelds were
greatest in the enrichment or zemlpurified cultures. Either
ammonium sulphate or peptone was used as & source of nitrogen.

Saries, Pred, and Peterson {1952) reported on the contine
uous fermentation by the "addition withdrawal® process but less
vigorous fermentatlion resulted with each successlve step.

Sniessko and Kimball (1933) studled the bacteris found in
assoclation with the therwophlilie cellulose formenting organisms.
They prepared enrichment cultures in liguld media by heating and
plating aecording to the method of Tetrault. At dilutions of
3I»100,000,000 only 1 to & per cent of the cultures fermened
aaliaiﬁaa, but wore than 50 per cent contained bacteria of some
kind, showlng th«t the contaminents were precent in mueh greater
numbers than were the cellulose fermenters. For the purposes of
isglation, tultures were grawn in 0.3 per ceat agar or liguid
medin, ground with sterilized sand to secure uniform suspensions,
diluted in physiological salt solution, and used to seed agar
plates. Two organisms were isclated, Both were facultative
anaerobes, obligate thermophiles, Gram positive, and withstood
heating in boilkng water for 20 hours. One was considerably
larger than the other.

ém&aﬁxku {1933) attempted the isolatlon of & thermophilie
cellulose fermenting orgsnism. All ordimry methods of isoclation
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cent of the gellulose decomposed., The fermentations with this
pure gulture were somewhat slower than those in which enrichment
cultures were employed. This culture 4id not show neoarly sas
wide variations as did the crude and enrichment cultures, MNixe
tures of this culture with the contaminants iaalatéd by Sniessio
and Kimball were tried but only preliminsry experiments were per-
formed. It may be that excellent fermentations may be induced
by the proper mixing of oculturea.

Carter (1929) and Werkmen and Carter (1930) conducted exe
periments to determine the optimum pH of the fermentation of
corn cobs &t 61°C. They obtained an optlimum at & pE value of
9.,0. Their wmain objeet was to obtaln high volatile acid yields,
and they succeeded in obtaining ylelds up to 21.8 per cent of
the corn cobs added.

Stritar {(1931) conducted experiments on the fermentation of
best pulp with ecrude cultures at 589 to 582C. and obtained an
optimum at a pH value of 9.0; 56.86 per cent of the beet pulp
was fermented, of which 41.64 per cent was converted to volstlle
aglds.

‘Tomode (1832, 1933) reported on some data at 669C. Using
& 2 per cent fllter paper medinm the following yields were ob-
tained on the basis of c¢ellulose fermented: ethanol, 15-17 per
cent} acetic acid, 21-286 per cent; butyric acld, 8-8 per cent;
lactic acid, 0.5«1.6 per cent; carbon dioxide, 18-19% per cent;
hydrogen, 0.2~0.5 per cent; and no methene, It wvas also found



17—
that the unfermented eellulose had the seame physical and chemical
propertics as did the orliginal cellulose.

The litersture on the fermentation is so copious that in
the procedlng pages no attempt was made to give 8 complete rew
view of the subject., For &n almost complete bibliography on the
tople the reader is referred to the articles by Simola (1932).
It is evident that the previocus ressarches on the thermoshilie
fermentation of celiulose have been confined alwmost entirely to
the isolation of pure eultures and to the production of gases
and acetic scld., In a few instsnces the production of sthanol
has been noted, but no systematic quantitative work hos been re«

ported on the development of opltimum yields of this chemical.
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sixth day. When a culbture was not to be used for a while, the
flask was capped with tinfoll and placed in a refrigerator or at
room temperature. In guantitative experimenta, inosulations were
moade from & culture two to five days eold and which exhibited
good "heading.™ This procedure insured a rapid initiation of the
fermentation.

The cultures thus obtained are obviocusly mixtures, and vare
ious attempts have been made in other laboratories to effect a
separation of the various organisms present in cultures of thise
type. These attempts have not proven of value in the prepsration
of wore avtlve eultures than the originsl mixture. In the re-
searches hereln reported no attempts looking toward such a sepa-
ration were made; instead 1t was desmed desirable to find means
for maintaining the mizeéd cultures in 8 zatisfuctory degree of
vigor and sufficiently uniform so that results could be dupli-
cated.

Preparation of Nedia

The celliulose media wore usually made up in 3 liter quantie
ties. The required ﬁélﬁa were weighed into a flask and a little
water asdded to dlssolve them. The requlired amount of filter
paper was placed in a two liter beaker and one liter of water
was added. The paper was worked inte & pulp by rubbing and
squeezing by hand. The pulp was then placed in & large flask
with the salt solutlion and more water added until the total
amount of water was three liters. The mixture wasshaken and



20w
measured into smmller flasks. These flasks were then steriliiged
with steam for three houra under twenty pounds pressure.

When calclium carbonate was used for neutralizing the ferw
mentations, it was sterilized scparately for three hours at 163°C,
in test tubes capped with lead foll., Serap filter paper purw
chagsed from the Wilkins Anderson Company of Chicage was used as
the aupuly of cellulose. It should be noted that the concentrae-
tions of the materials used 1ln the preparation of the medis are
expressed in grams per hundred cc. of water added and not in

gramg per hundred cc. of medium.

Tire Permentation

i .

Inoculations were made from warm to cold flaska. If transe
fers were belng made simply to carry s culture, about one~fifteen~
th of the volume of the flask being inceulated was transferred
by pouring from one flask to the other. If a series was to be
incculated uniformly, & gredusted cylinder was used to moasure
aqual smounts lnto each flssk. It had been found that the fere
mentation would start more quickly if transfers were made from
flasks twe to five days old, when a considerable amount of the
paper remsined., Plpettes could not be used as it was Lfmpossible
- to get representative portions of the thilek wedium into the
pipettes.

If calcium carbonste was employed for nsutralization, it

wag sdded immediantely sfter the lnpeulation, If the fermenta«
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Kjeldahl flask und BO ce. were distilled over., The distillate
wos made just acid to congo red with sulphuric acld and again
Ailstilled to eliminante any ammonla that might be preasent. Un~
less otherwise Indlcated, the amounts of ethanol and butanol in
the distillate were mesgured by & method developed by others in
these laboratories, the details of which will be published later.
This method is based upon wet oxldation with petassium dichromate.
gecasionally the slcohols were estimated from refractive index
measuréements made upon the distillaste. The wet oxidation method
gave excellent r<sults for ethanol, but the percentage error is
likely to be considerable with butancl beecause of the extremely
small amounts present.

In order te verify the guantltetive results, the neutrsl
distillates from & mumber of fermentations were collected. 7The
coneentration of the aleohols was incressed by further distilla-
tion and by satursating with potassium carbomate. The aleochols
vere then fractionated; from 76 ¢ec. about 3 co. of distillate
were obtained with a bolling range of 114° to 118%°C, Practically
all the remainder distilled over between 77% and 85°C. The 3, 5
dinitrobensoate derivatives were prepared; that ffom the larger
portion had & melting point of €1° to 829C.; and that from the
smaller portion 62° to 649C. These data indicate the presence of
ethanol and n”"butanel in the ratic of about twenty-five to one,
which was spproximately that found by the oxidation method.
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Volatile acids.

The volatile agids were separated from the rest of the fer-
mentation products by distilling an acidified sample. The fer-
mentation liquid wes shaken vigoroualy and 50 cc. were measured

out into & 300 cc. Erlenm

eyer flask; 60 ce. of 1H. sulphurie
acid were added und the flask was allowed to stand open to the
air for about 20 minutes to allow any carbon dioxide to escape.
The seample was then washed into a 500 co. Kjeldahl flask. The
volatile mncids were dlstilled on & Kjeldahl distilling rack,

Five handred cc. of dilstlillate were colliscted; the volume of the
| liguild in the KJeldahl flask was maintained at sbout 100 ce. by
addltions of distilled watepr.

The distillnate was mixed thoroughly and 100 cc. were titrated
with %/10 sodium hydroxide using phenciphthalein as the indicator.
Ususlly this was a8 far as the amalysis was carried and the vole-
tile meid was calculuted as acetic acid.

wo methods were iried for the determimation of the relative
amounts of acetic and butyric scids. The distillation method of
Virtanen and Pulkki (1928) did not prove entirely satisfactory.
The procedure of Pyleman (1924) guve much more consistent results,
henee this method, with a silight variation, was used in all the
work on detepmining agetle and butyrie scld ratios. The method
employed wes as follows:

A portion of the distillate equivalent to sbout 2.5 cec. of

B/10 sodium hydroxide was accurately measured inte a 500 ce.
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Erlenmeyer flask. one drop of phenolphthelein was added and the
solution was made alkaline with K/10 sodium hydroxide, The flask
wes then pleced on & steam plate and allowed to evaporute to
dryness over nlght to remove aleohols. On the followling day the
flask was cooled, and 20 ce. of distilled water and 25 cc. of N/4
potassium dichromate were added. The flesk was placed under a
reflux condenser and 30 ec. of concentrated sulphurlic acid (36
§~} were added through the condenser. The liquid was refluxed
for exacetly one nour, cooled, and dlluted with distilled water
to about 250 cc.3 26 cce of a 10 per cent solution of potassium
iodide were added and the solution was titreted imuedliately with
standard ¥/4 sodium thiocsulphste with atereh as the indlcator,
A blank with distllled water was run on the resgents and potase
sium dichrosmte solution.

By this procedure the butyric acid ls spperently oxidized
guantitatively to scetlc acid but & correction must be applied
for the amounts of acetlc acld present apnd formed, as it is also
somewhat oxidized. The equation used in caloulsting the amount
of butyric acild iz as follows:

0.,00185{b»0.2n) = B
where b 1ndicates the difference between the blank and the
amount of N/4 sodium thioaulphsate required to titrate the excess
dichrgcate in cc., n the cc. of N/10 sodium hydroxide equivalent
te the aclds in the sanmple, and B the grams of butyric acid in
the sample. Acetic acid wes caleulated by difference from the
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originel titration with sodium hydroxide,

aen*wnlxtila aclds.

The samples used for the determination of velatile aclds
wers employed in the determination of nonwvolatile aclds. After
the dlstillatlon, the sample was rémoved from the XKjeldahl flaask,
avaporated to a volume of about 25 ce., and extracted with ether
for 48 hours. The other waz then allowed to svaporate, the resl-
due wes dissolved in water, and titrated with K/10 sodium hydro-
xide using phenolphthalelin as the indicator. The non-volatiilse
scids were reported as laetic aeid. The amounts found were too
small to be of any importance in these studles and consequently

this determination was generally omitted.

Residual gellulese.

ol -

The smount of residual cellulose at the conclusion eof an

an experiment was ocecsslonally determined in order to be able

to ealeulate the amount of cellulose decomposed by the organiams.
The determinations were made on the same sample used for the
determinations of aleohols and whieh represented 300 ce. of ferw
mentation liquor, After the removal of the neutrsl distillates,
the sample in the Kjeldahl flask was washed into an Erbenmeyer
flask, and two portions of concentrated hydrochleric acid of 10
ce» eoch were added to dissolve any calclum carbonate. The con-

tents of the flask were bolled about two minutes, allowed te
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settle, filtered hot on & Buchner funnel, and wagshed with water,.
The meterial on the filter was covered with a hot 3 per cent
sodium hydreoxide solution, which was allowed to remain on the
filter for a minute or so and then drawn off, The treatment
with 3 per cent sodium hydiroxide was repested, and the residue
aa:n weshed with water. If possible, the filter paper was pesled
off, but if not pessible it was allowed to remsin and a correcs
tion sapplied later. The residue was dried in the incubator at
B8569C, for a day or more and weighed.

The weight of reslidue divided by 3 gave the number of grams
of cellulose left per 100 c¢. of the fermentation liguor. This
value subtrected from the grams of cellulose originally present
per 100 cc. (usually 3 ge.) gave the number of grams of c¢ellulese
decompused per 100 ce., of medium,

The ehief source of error in this method lles in the sampling
of a fermentation when most of the celliulose 1la unfermented. The
medium is then very thick and the celliulose tends teo clump. In
such & case, when the amount of cellulose decomposed ia caleu«
lhted by subtraction, relatively larger errors are likely te
cocur. When only very smell amounts of ¢ellulose remain unfer-
mented, the correction applied for the extra paper esdded during
filtration is likely to be in error by about 20 wmilligrams but
this 1s not & serious error when the final calculations are made.
¥hen only smell smounts remein, the residue is usunally yellow in

color and contains e condiderable propertion of gums and bacteris.



In apite of these limitations, this method gives & good indlca~

tion of the amount of decomposition of cellulose.

Reduecing sugars.

Redueling sugars were determined by the method outlined by
Shagfer apd Hartmann (1920). In this procedure Fehling's sclu-
tiom 18 used and the reduction is carried out in the standard
manner. The reduced copper is determined by an lodometric titra-

tion.

Carbon dloxlde, hydregen, and methane were determined with
& Wil.lams pas analysls spparsatus.

The gases evolved during fermentation were collected over
saturated sodium chloride solution. The velumes of gus vollected
were measured, and & 100 ee. sample was drawn into the apparatus
for analysis. The gas was [irst bubbled through a sclution of
potassium hydroxide, and the degrease in volume of the sample
was recorded ss the percentage of carbon dioxide. Oxygen was
then added, the volume sgaln read, and the mixture in the tube
ignited by a sperk from & aspark coll. The gas was allowed to
cool, and the volume was read. The yss was then passed through
the potassium hydroxide to remove carbon dioxlde, and the volume
agnin determined. In some instances, when the pergentage of

hydrogen was high, 1t was necessary to let some of the sample
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escape before addling oxygen in order to keep the gases within
the apparatus during the expleosion.

The amount of carbon dioxide present waa ealculated ag
indicated abave. The pergentige of methane was equal to the
deeresse in wvolume during the last sbsorptlon with potassium
hydroxide. The peroentage of hydrogen was calculated by teking
the decreasse in volume during the exploslon lesa twice the per-
centage of methane and multiplying the result by 2/3. If part
of the sample was allowed to escape before adding oxygen, the
proper factor was applled in calculating the amounts of hydrogen
and methane.
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THE EFFECT OF VARIOUS PACTORS UPON THE PRODUCTION
OF ALCOHOLS AND ACIDS

The purpose of these experiments was to determine the effect
of temperature upon the production ¢f ethenol. The medium con-
tained 3 g. of cellulose, 0,26 g of di-petessium phosphsate and
the appropriate councentration of smmonium chloride, The concen-
tration of ammwonium chleoride was, at each temperature, caloulated
from the relation sstablished by Sherwood and Pulmer {1926) for
the aptim concentration of the salt for the growth of yeast,
The optimum concentration was eXpressed by thess authors as
0.0060 4 0,00306 t9C. At eanch temperature 8 liters of medlum
wers used In a 12 liter flssk fitted with a caplllery vent. Eagh
flask was inoculated with 500 ce. of eulture pumber 24, whiech
had been incubsated at 609C. Immedlately after incculatien, 200
g+ of aterlile calclum cerbonate were added. Turing the fermen~
isatwﬁ the flasks were shaken four times daily. A portion of
350 ce¢. was used for the analysis of the fellowing productas
ethanol, butanel, aeetic seid, butyric acld, and cellulose.

The first experiment was ran at 37,59, 459, BEO, and 609C,
The data showed a distinct optimum production ef ethyl aleohel

at 55%C. There was pructically no action at 37.89C. even after
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Pable 1.

X

The effect of temperature upon the production of ethanol
and butanol.

12 0.0057 0.0038 0,0037 0.0037 0.0008 0.0009 0.0001 0.0001
24  0.0003 0,0049 0.0045 0.0039 0.0008 0.0003 0.0003 0.0001
36  0.0381 0,0254 0.0111 0.0073 0.0017 0.0005 0.0003 0,000
48 0.0540 0.0537 0.0253 0.0175 0.0018 0,0003 0.0003 0.0001
60 0.0850 0,0880 0.0530 0.0388 0,0035 0,0006 0.0013 0.0001
72 0.0697 0,0216 0.108 0.0418 0.0047 0.0087 0,0028 0.0001
B4 ©0.0792 0.276 0.0063 0,011

96 0.0800 0.3517 0.287 0.0787 0.0058 0.012 0,0037 0,0034
120 0.528 0.3187 0.016 0.0083
144 0,1015 0.368 0.465 0,261 0.0088 0.020 0.018 0.0087
192 0.0000 0.363 0,603 0.403% 0.0078 0.020 0.068 0.0113s
264 00,0667 0.370 0.505 0.435 0.0100 0.016 0.056 0.0050
360 0.0067 0.368 0,465 0.433 0.0102 0.026 0,042 0.0088

s C4HQOR pexr 100 oey
] mhw“iw@n I T bt e

0.0008 0.0008 0.0008 00,0008

#Age 220 inatesd of 198 holive.
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Age in days.

Figure 1,
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f?able 2. The effeet of temperature upon the production of
acetic and butyrie acids.

0 0,011 0,011 0,011 0.0ll 0.0015 0,001 0,0016 0.0016
12 0.017 0.017 0,023 0,017 0.0018 0.0013 0.0015 0.0014
24 | 0.028 0.023 0.023 0.0030 0,0013 0,0013 0.0014
36  0.131 0.107 0.036 0,035 0.0019 0.,0012 0.0013 0.0014
48 0,189 0.72 0,01 0.071 0.0065 0.0022 0.0016 0.0012
60 0,278 0.227 0.148 0.101 0.0142 0.0021 0.0024 0.0018
72 0.461 0.546 0.208 0.140 0.0202 0.,0023 0.0031 0.0023
84  0.602 0,356 | 0.0316 0.0072 |
PE  0.612 0.507 0.0369 0.0126
144  0.810 0.813 0.635 0.386 0.0350 0.0312 0.0196 0.0156
182 0,815 0,806 0,730 0.488 0.0372 0.0442 0,0332 0.0275
264 0.840 0.980 0.770 0.635 0.0349 0.0446 0,0326 0.0316
360 0.842 0,880 0.781 0.750 0.0323 0,0443 0.0336 0.0424
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Tables 5. The effect of temperature upon the digestion of

selluloss.
' t
Age In 1
hours & ,
0 0.10 C.10 0.10 0.10
ig Oul1l 0.08 0.36 0,18
24 0.21 0,17 022 0.23
56 0868 0.38 0.36 0.352
48 0.80 0.75 0.61 Oudd
60 1.086 1.47 0.73 0.38
a2 .44 1.67 Q77 0.74
84 1.58 1.79
986 1466 2.16 1.50 .74
iz20 2.11 1.13
144 1.74 2.64 2.45 1.56
is2 1.80 2.76 2.81 2 4 36%
264 1,77 24,73 2.92 2.43

360 1.89 2.06 2.97 2.76

zhAge 220 instead of 192 hours.
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The Effeet of Temperdture onm

‘the Deeomposition of Cellulose.

Q=@ 50%.
| Am— 550G,
@ 65%.

e
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‘Figure 3.
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Table 4+ The effect of temperature upen the smounts of ethanol
and agetie aeid %aémmaaw per gram of ¢ellunlese decom~
@ﬁm&i

Age 1
in 3

24 0.044 0.020 0.021 0.017 1,09 0.14 0,11 0.1

26 0.089 0,067 0,032 0.023 0.24 0,28 0.10 0.11

48 0.068 0,073 0.041 0,040 0.24 0.24 0.17 0.16

60 0.061 0,075 0,073 0.102 0,26 0,19 0.20 0.10

72 0.048 0,138 0.139 0.066 0.32 0.22 0.27 0.19
0.050 0.154 0.38 0,20

0.191 0.106 0.37 0.23

1 0.154 0.168

144 0.068 0.140 0,185 0.193 0,47 0,31 0.25 0.29

192 0.050 0,132 0.180 0.171% O0.45 0.33 0.26  0.21

264 0.038 0.137 0,173 0,170 0.47 0.36 0.26 0.26

360 0,081 0,124 0.156 0,159 0.45 0.33 0.26 0.27

§g e
:
i

#Age 220 inmtead of 192 houra.



The Bffect of Temperature.

Yields on the eighih day.

609! -

0.6F

B

0.7

9,6

- . 4

‘.@l
g 3 S R " .
Grans Yield per 100 ee.

0.4

0.3 L

0.1}

 OwewnQ CoHEOH

® CHzCO0H

oy

‘Temperature.

Figure 4.

659

C.




w3Ge
which time sabout 935 per cent af ﬁhe cellulose was decomposed.
The decomposition was practically complete on the fifteenth day.
In Flgure 4 the ylelds of acetic acid and ethanol on the
eighth day are plotted aguinst temperature. This flgure shows
particularly well the effect of tempersture on the §1elda of
these products.

The Effect of Inorganis Selts

The effect of ammonium chioride.

In the previous section it was shown that the msximum pro-
duction of ethanol was obtained at 589G,, the yleld being about
20 per c¢ent of the gellulose fermented. For each temperature
the concentration of ammonlum chleride ‘ma that omloulated as
optimum for the growth of yeast, The following experiments were
designed to test gquantitatively the effeet of varying concentra~
tions of the mmmonium salt upon the production of ethanol. In
enth case THO coc. of Mim# were ;we;;&z?ed in 2 one liter Erlenw
meyer flask. The medium contained 3 g. cellulose, 0.25 g. di-
potassiug ;ahwpnata. about 3.3 g« calelum carbonate per 100 cec.
apd #aryixxg concentrations of ammonium ehloride. The culture
employed, number 24, was the same as that used in the tempers-
ture axperimenis. Hach flask was inoculated with 50 ce. of an
active fermentation of this culture.

The date obtained are given in Table 5. A% 600C, there
was very little difference in the yield of alechol or acid within
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Pable B, The sffect of amvonium chloride.

“~¥PhE5e PoSulLS Apre oaLlo

ments .-

T —— ‘
.8 N f] : . 1 % g s I T~
81 .51 3 8ei 8 19 818380 Seiai.y
of 381 2:8 285 30 15380200 oEant.]
g3: Saevdadsy 83 :253:885: 5881030
10,016 0,062 0,12 0.4l  0.433 0.127
0.088 ' 0.076  0.20 0.72 0.376 0.104
0.050 0.085 0.25 0.87  0.366 0.102
0.075 0.187  0.37 1.37  0.506 0,137
04100 04200 0.41 1.58  0.488 0.126
04150 0.376 0.46 2,12  0.816 0.177
0.200 0.30 1.01 0,387 0,520 0.54 2,47 0,963 0,210
0.226 0,36 0.98 0,375
04250 0.59 0.95 0.400 0.508 0.55 2.61  0.924 0.196
0.275 0,38 0.98 0,388
0.300 0.36 0,96 0.376 0.535 0.60 2.69 0,888 0,198
04326 0.47 1.02 0.471
0.350 0,40 1.02 0.392
0.376 0.40 0.95 0.421
0.400 0.43 0.96 0.437 0.518 0.58 2.66  0.893 0.196
0.450 0.42 0.97 0.433
0.500 0.45 0.98 0.458 0.443 0.62 . 2.57  0.714 0,172
0.550 0,39 0.92 0.424
D.800
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the range of 0.200 to 0.550 g. of ammonium chleride per 100 co.
apd the ratlo of aleohol toacid wes nsarly constant at about
Ouée The range of concentrations of the smmonium salt employed
at B5°C. was wider than at 609C. The yields of alcohols and
sclds were practically constant for concentrations of the salt
from 0.200 to 0.400 g per 100 co. at 559, Through this range
the ratio of ethanol te acld was considergbly more than twice
that at 609C.3 the yleld of sloohol amounted te about 20 psr cent
of the celluleose fermented. If the concentration of the salt was
less or greater than the sbove concentratione the ylelds were
lowered.

&ééorﬁiﬂg to the formula established by Sherwood and Fulmer
{1928), the optimum concentration of ammonium chloride &t E6°C.
1s 0.264 g+ per 100 cc., and 0.280 g. per 100 co. at 609C. These
values fell well within the range found to be optimum for the
thermophilic eellulose fermenters. A concentration of 0.26 g.
of ammonium ehloride per 100 cec. was used in all later experie-

ments.

The effect of potasslum phosphate.

Twelve one~liter flasks, with 750 ¢c. of medium in easgh,
ware prepared for this experiment. Eaech contalned 3 g. of cellu~
lose, 0.25 g. of ammonium chloride per 100 cc., and varying
amounts of phoaphate (KgHPO4,3H20); 26 g. of sterile calecium

ecarbonate were used per flask for neutralisetion. ZEach flask
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was glven an lnoculation of 50 ce, of culture number 24, The
flasks wers incubated at 589C., and determinations of ethanol,
butanol, volatile acids, and cellulose were made on the eighth
day. The results of this sxperiment are given in Table &.
¥aximum yields of ethyl aleohol were obtained between the
limits of 0.20 and 0.40 g. of phosphate per 100 cc., Maximum
vields of volatile acids were also obtained within this range.
The yilelds of butyl alcohol were too small to be determined with
any degree of acecuracy or to be of any grest impertance. The
range of maximmm cellulose decomposition was sbout the same as
that of maxlmum ylelds of athyl aleohol and of volatile acids,
A gconcentration of 0,28 g. of diepotassium phosphate per 100 ce.

wag used in sll leter experiments,

The effect of ealcium sulphate.

It nad been repeatedly observed that the cultures 414 not
grow as well in medis made with distilled water as they did when
tap water was used. It was known thaet the tap water contained
sbout 0.0185 g. of caleium sulphuate per 100 ec. and 1t was thought
that the poor fermentations in distilled water media might be due
to the laeck of this salt. Experiments were therefore undertaken
to determine the effeect of caleium auiyﬁate upon the fermentation.

gne liter Erlenmeyer flasks with 750 e¢e¢. of medium in each
were prepared for this experiment. Series ] was prepared with
ordinary distilled water from the regular supply. Esch flask
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HgOE per : Grams ! Grams cellulose
taclds per : decomposed per
$ 1680 ce. ¢ 100 co.

- D148 0.62
0.282 0.72
Q.246 0.60
0.204 1.28
0,348 2.08
0.450 1.58
0.518 2.31
0.5356 2463
0.5638 1.94
0.680 2.24
0300 1.26

0.136 0.28
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contained 3 g. of celliulose, 0,0272 g. Hglla,B8H20, 0.00) g.
FeClz, 6HoO, and 0.28 g« of di~potassium phosphate per 100 cc.
This amount of magnesium salt was equivalent to that in the
tap water., Verying proportions aﬂ & saturated solution of eal~
sium sulphate and distilled water were used in prepsring the
media. The amounts of the saturated caleiwn sulphate solution
employed varied from none to 750 ee, per flask. To each flask
there were added 26 g« of sterile calclum carbonate as & neutrale
iz2ing agent. Serles 11 was exactly llke 3erles I except that all
the water used was redistilied in glass. The flasks in both
series were inoculated with 50 ce. of culture number 22 and incu~
pated at 55°C. This culture was not a very good alcohol producer,
but an active culture of number 24 was not availsble at the time.
Determinations of ethanol, butanel, volatile acids, and residual
celliulose were made on the eighth day after inooulation. The re-
sults of these determinaticns are given in Table 7.

Although ﬁw@‘@waaaaw yilslds were low, the results indicate
gquite definitely that there is an optimum concentration of celcium
sulphate In the neighborhood of 50 cec. of ssturated caleium sule
phate per 800 ce, of medlum, which is equivalent to 0.0129 g. of
asrhydrous caleium suliphate per 100 ce. Jarger yilelds of ethanocl,
butanol, and volatile sclds were obtalined at this concentration
than at any other concentration used. More c¢ellulose decomposis
tion alse ocourred under these conxditions., A small amount of

calelum sulphate appears to be beneficial and & larger amount
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Table 7+ The effect of calcium sulphaie.
7 i gerIes 1. T series I1.
- ! 3 Distilled water 3 Redlstiiled water
S : B S S0 S 3 : T
B gL o ag r s 1®_ 3 2 1ot
% : & o TR - ¢
vtg:g :g' : 6 108 : 8 : B t o to
: t P, 1B, 180 187 s A, A 1 8 1%k
® ¥ no o a8 8. it . mno Cos
4.:‘ 4 :aﬁ xam ="*‘ﬁ:g“3 ggg ggg 332 Sr;ﬂr
§ LI :gg 2‘3‘:8 zﬁ‘h 12‘1&': ;538 :g@ 3‘;@‘& :;3:
3 1 @ Twd tog t@w ol : .t e )
£ i3 .dR (d% (BR 838,85 (% 8d8e°
I < Ex..| 1w 120 1w t @ taw agfd
e v 2 sézg :%% :gg:? zg zgﬁ :%gr—:
e t o o b4 o 3 o of toan %o % H 9 tho
s CRNT g @6 ;mﬂ t? ¢ O |  F9 OO0
00 750 0.145 0,006 0,88 1.628 0.178 0.011 ©2.88 2.28
60 700 0,194 0.017 0.80 2,09 0.231 0.016 1.21 2.80
76 676 0.0092 0,008 0.56 1.22 0,183 0.016 0.85 2.12
' 1@@ 660 0075 ﬁuﬁ@a 0448 - 0,088 0,007 0.60 1.38
150 600 Q0,073 0.00B 0434 009 0.036 0.004 0.38 1;17'
200 550 0.047 0.008 028 0892 0.063 0,000 0.4l 0.93
300 460 0,062 0.010 0434 0.62 0058 0.010 €36 L83
400 380 04072 04010 0.26 0.83 0.0356 0,008 0.40 Ca74
8O0 250 0.058 0,008 0.30 0.72 03039 0.004 0.26 0.94
600 180 0.014 0.001 0«30 0.17 0.030 0.000 0.13 0.53
F00 B0 0,022 0.002 0.87 0.80 0,039 0,006 0.31 0.08
7650 00 0.006 0,000 0.08 0,00 0.040 0.007 0.22 0.94
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very harmful. The amount of sulphate present in the tap water
wag almost identical to the optimum value obtained above.

A very distlnet odor of hydrogen sulphide was noticemble
when 200 cc. or more of saturated calcium sulphste were used
per flask. The calclum carbonate employed in this experiment
was of the preciplitated technical grede, and apparently contained
little sulphate. QGood fermentations were nearly always obtained
when this grade wae used with tap water., $0metiman when the "re-
agent" grade was used, poor fermentations resulted, and the odor
of hydrogen sulphide was usually noticeable in such cases. The
- lables on the "reagent™ grade usually list & meximum 803 content
of 0.02 per cent. If the maximum amount were present, the concen~
tration of sulphate in the medium from thls sowce would be
egquivalent to 0,00113 g« of calecium sulphate per 100 cc. for the
usual amount of calcium carbomate employed. This quantity added
to the amount present in tap water makes 0.0136 g. of calcium
éulghate per 100 cc. This may be the explanstion for the faet
that some lots of calecium carbonate gave poor fermentations. At
least this experiment indicates that the smount of sulphate in the
calcium carbonate may be a factor of considerable importance,.

Righer ylelds were ocbtained by using water distilled in
glass than by using ordinury dlistilled water as 1t came from
ﬁhé tap. Although experiments were not undertaken to test thias
point, it is probable that the decreased activity of the culture

1s due to small traces of copper and tin from the pipe line.
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The Effect of Variations of pH

Two series of experiments were run in the pH studies. In
Seriea I the pH was adjusted by sadditions of § normal sodlum
hydroxide er § normal hydrochloric scid. Such adjlustments were
made twice daily for the first four days and deilly thereafter.
Culture number 24 wes used and the flasks were inocubated at 609C.
After 12 days the aleohols and volstile acids were determined.

In Series I the pH was controlled by the use of 5 normal sodium
carbonate and § norsml hydrochloric acid. The pH values were
adjusted twice dally throughout the experiment. Culture 20 was
employed and the flasks were lncubsted at 5659C., ¢n the eighth
day the medla were amalyzed for cibanol, butanel, volatile aecide,
and residual cellulose. The media in both series contained 3 g.
callulose, 0.25 g. anmonium chloride, and 0.25 g. di-potassium
phosphate per 100 ce. of tap water,

The results are given in Table 8. For Series I the yield
of ethanol Incressed up to & pH of 6.756; from 6.76 to B8.00 there
wag very liitle difference in yleld; and at a pH value above 8.00
the yield very materlally decreased. - The yleld of acid paralleled
that of ethanol except that there was indicated &8 aslight maximum
at pH velnes from 7.75 to 8.00. In Series II the yield of ethanol
inereased up to & pH value of 7.50, remained practically constant
to pH value 8.00 and then decrsased, The aecid yleld paralleled
thet of ethanol except that there was & high ylsld &t pH 8.50.
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These results indicate thot with the teehnique employed the pH
for hilghest ylelds of ethanol should be adjusted within the
range of 7.6 to 8.0, The date again show the higher yield of
ethanol at 55°C. as compared to that at 609C.

There are several factors wiich meke & more exast recommenda=-
tion impossible without eobtaining further data. A high pH appears
to delay the start of the fermentation, but when once under way,
the action may be particularly vigorous. In Series II the flask
atvgﬁ 7.76 started first and was feollowed within 12 hours by those
8t T8, 7«25, and 7.0. The flask at 8,0 did not start until 24
hours later tham the one at pH 7.75. The flask at pH 8,6 had been
asctively fermenting only 4% days at the conclusion of the experi-
ment, and once under way it was the most rapid of all., Another
disturbing fuctor is the fluctuation in pH between adjustments.
During the active fermentatlon the usual decresses in pH at a
pH of 7.0, 7.88, 7.50, 7.75, 8.00, and 8.50 were sbout 0.3, 0.4,
0.7, 0.8, 0.9, and 1.3 units respectively during 12 hour periods.
This effect was even more proncunced in Serles I, using sodium
hydroxide as the neutralizing sgent. In the ideal experiment
the pH would be kept constantly at the specified value, but this
is rather difficult to do in the Jaboratory when large quantitics
of seid are produced.

In Pigure 6 are shown photograpns of the flask in Series IX
at the pH value of 7.25. These show the flask 0, 3 ard 8 days

after inoculation. The second shows the typical "hesd" formation.



Photograph 1.

Immediately After
Inoculation.

Photograph 2.

- . Days After
Inoculation.

Figure 5.

Photograph 3.

Eight Days After
Inoculation.

-06-



i

The Effeet of Variations of Concentrations of Cellulose

In these experiments 12 one~liter flasks were used, each
containing 780 cec. of medium of the composition employed im the
previocus studies. The concentration of cellulose was veried
from 1.5 to 6.0 ge per 100 cec. Hach flask was inoculated with
B0 ece. of culture number 24, followed by the acduition of 25 g.
of sterlle caleium carbonate. On the eighth day after inocula-
tion analyses were mmde for ethanol, butanol, and residual cellu~
lose., The date are glven in Table 9.

While the results are somewhat 1rregular, due to 4dilficul-
ties in the anslysis for celluleose, and other difficultiea in-
herent in this type of experlment, the following general trends
may be observed. With an increase in cellulose concentration
there was an incresse in the ylelds of ethanol and volatile acids;
the yisld of these chemicals per grum of cellulose fermented was
practically constant with indications of & maximum between 2 and
& ge of cellulose per 100 cc. The flasks containing more than 5 g.
of cellulose per 100 cc, were too thiek to allow efficient nﬁirw
ring. A conceniration of 3 g. per 100 cc. was gonsidered the
moat satisfuctory for quantitative studies since it gave suffi-
cient products te be convenlently analyzed and gave a medium

sufficiently fluid to be easily handled.
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Table B. The effect of variations of concentratlons of cellu-
lose.
1 ) 3 3 1 3 . : :
t & - H R T % : t 3 @ : : g
a 1t 8 t 8 %18, 18,4 e §: &9 =£g:§3£§
,gggx moe ¥ e * :tz 3533, : g =::§§§’ gtw P iyl 40O
A g,g $ 90 &t #A 3 i;%}ﬁwwgmg z§:’::3&
FE- PO PR RN CERE P & HE B R
2a: 58 188 t BR188%: 4 P haog Cfgr ror e
IR - X o 8 R B
%fg"gg 1 % : %g:ggﬁi §§§z 5%3"‘:&2 *gﬁﬁ‘u3=
S T £ : £ % t B 3 By @it o e} ? A BE X B
S ;8 13 ;843183 z‘gw 34%33:‘”& g P99 4
| ﬁuﬁ 0.050 0.002 0.11 0.38 0.14 0..31 0.10 Q.22 T2
1.0 0.079 0,002 0.17  0.57 0.14 0.30 0.08 0.17 67
1.5 0.174 Q‘Q&'ﬁ 0.22 1.04 ©.17 .21 0.12 Q.15 70
2.0 0371 0,013 0.31 1.89 0.20 0.17 0.18 Q.15 04
2.8 0,322 0,012 0.28 1.8 0.21 0.18 0.13 0.11 61
G0 0.382 0012 0.53 2,28 0.18 Q.24 Q.13 0.18 74
3&5 9*324 G*m 6»%3 3, Qtﬁl 0’23 6.18 Q.],Q 86
4,0 0,488 0.060 0.62 2.44 0.19 0428 012 0.16 61
4.6 0,726 0,000 0.7 3448 0.21 022 0416 0,17 vk
5.0 0.722 0.009 0,95 S«84 0.18 0.28 0.14 0,19 76
5.6 0.758 0.007 0.8) 4.71 0.18 0.19 Old 0.1%7 86
B840 D763 0002 0.85 4.80 0,16 Q.18 0.13 0.14 80
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Table 10+ The effect of meration.

BB

grams for the entire fermentation}).

Qgﬁﬁﬁa
C4HgOR
Volatile acids

Cellulose decom-
posed

Celliunlose added

(All gquantities are in

2.01
1.086
16.8

¥1.9
96.0

9.42
0.18
20.3

Td.4
86,0

78.9
87.0
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Table 1l. The effect of peptone.

Peptons, g%{3ﬁa CCe

1
)

00

4 :

3 0&2@ t 0.50 &8 1,00

UoHgO0H, g./100 oc.

C4HgOH, g+/100 ce. |
Volatile acids, g./100 ce.
Cellulose decomposed, g./100 cc.

ColgOH, g./g. cellulose
econposed

0.569

0.7¢ 0.76 0.78

0.0083 0.0062 0.01156 0.01356

0.52
2.13

Q.23

0«86 071 0.80
2.34 2,70 2,73

0.30 Q.32 0.36
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For the first exporiment twelve one llter flasks were pre-
pared containing 750 c¢o. of medium each. The medla contained
3 g. of cellulose, 0.25 g. of ammonium chloride, 0.25 g. of di-
potassium phosphate and varylng smounta of glucose per 100 ce.
Three flasks contained no glucose and were used sas controls.
Twenty-five g« of sterile calecium carbonute wers added to each
flask for nemtrelization. The flasks were inoculated with 50 ce.
of culture number 24 and incubated at 86°C, Determinations of
ethanol, butanol, volatile aclds, and residual cellulose were
made on the elghth day. At the completion of thils serles another
series was prepared and inoculated in the same manner as the
above, except that the concentrations of glucoase represented s
narrow range. The results of this experiment are given in Table
12. |

For the secend experiment, 11 600 cc¢. Ilesks containing 300
ce, of medium each were used. In six the medium cohsisted of
5 ge of glucose, 0.25 g« of ammonium chloride, and 0.25 g. of
dil-potassium phosphate per 100 ce. In the other § the medium
consisted of 3 g« of eovllulose, 0.25 g. of amponium chloride,
and 0.26 g. of di~-potassium phosphate per 100 cec. Ten ge of
sterile calelum carbonate were used per flaek for nentralization.
The glucose flansks were sterllized only 30 minutes at 15 pounds.
One glucose flask was incculated with about 15 ecce. of culture
number 24, The culture was transrarrad‘ﬁuﬁaaaaively through the
remaining five glucose flasks at the intervals of &8, 3, 5, and
§ days. Eaeh time the culture was transfersed to a glucocse flask
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Table 12, The effect of gluccse.

CITTIRCNE 11066 iPer cent dellu-
¢ 1 nﬁaﬁajﬁauaﬁuyaae aooeﬁﬁan¢n

0.0 0.518 Qsﬁawa‘ 0,66 2.81

94
0.0 0.812 0.76 2.79 93
0.0 0.5486 A 0.70 2.76 e
0.2 0.562 @é@ﬂg 0,71 2.64 88
0.2 0.5628 0.0130 0.74 2.88 84
G4 0,442 0.0003 0.80 2.68 a8
O.4 O304 0.0042 0.80 2435 81
Ou6 0.284 0.0032 0.78 1.54 51
D.6 0.870 0.0041 0.68 138 45
0.8 0.108 0.0032 0445 0,18 6
0.8 0136 00054 0448 0.40 13
1.0 0,101 00029 Dadd 0.00 00

Series I1
0.00 0,488 0.015628 0.70 2.82 94
0.025 0548 90,0000 0.70 2.8 96
0.060 0.580 0.0000 0«77 2.83 94
0.078 0,533 0.,0008 Q.71 2,83 94
0100 0.580 0.00X0 - @aﬂ& wa&w 96
0150 0.498 0.0077 .80 Maﬂ& 93
0.176 0.668 @?@ﬁmw C.81 2.89 96
0+200 04548 (.78 2,82 94
0.225 0.518 0.82 2.80 3
- 0.280 0577

Q.82 2,76 92
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The data obtained with the first series indicated that there
might be an optimum between 0.0 and 0.2 g. of glucose per 100
cc, 8and the second serles was prepared with this in mind. There
wag & slight inerease in the aleohel ylelds and & somewhat greater
increase in the yield of volatile selds, but no apprecisble differ-
ence In the decomposition of sellulose was noticeable within this
ranges

The addition of & small amount of glucose increases the yield
of both ethanol and velatile selds, but the inecresase is probably
due to the fermentation of the glucose rather than to an increase
in the fermentation of cellulese. It had been hoped that the pre-
gence of & small amount of glucoge would ald the fermentation by
producing & large number of bacteria in a short time which would
then attack the celluloese. Inetead, glucose ssems to delay the
action on the cellulose.

Prom the above results it would appear that sither the ac-
tual cellulose fermenter does not grow well on glucose or that
ite growth on glucose reduces its ablillity te ferment cellulose.
Parther proof of Shis was obtained in the second experiment with
glucose. When the culture was transferred to the medium con-
taining glucose and no cellulvse, & rapid fermentation set in, a
considerable amount of gas was given off, and the medium became
dark in color. The successive transfers on the glucose medium
continued to ferment rapidly. When the flask of ordinary cellu-
lose medinm was inoculated from the first glucose flask, the

fermentation of cellulose was evident within two days. An inoou-
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lation from the second glucose flask alse fermented cellulose,
but the action was not apparent until the fourth day. Transfers
from the third, fourth, and £ifth glucose flasks produced ne
fermentation of eellulose even though allowed to remaln in the
incubator for more than & monthe If the true cellulose fermenter
does not grow on glucose, the fact that trensfers from the first
two glucose flasks fermented cellulose can be explalned as being
due to the large inacuiaﬁian ratios used.

The determinstion of ahhanei on the first glucose flask,
when 1t was 8 days old, indicated 0,08 g. of ethanol per 100 co.
The determinations on the second glucose flask indlicated 0.74
g+ of volatile scids and 3.04 g« of reducing sugars. Both the
volatile scid and ethanol values were low compared to the usual
values obtained from the fermentation of cellulose, but the
effect was the most merked with ethanol. The same phenomenon
wag indicated in the first experiment in which the flasks con~
taining glucose ylelded reclatively more volatile aclds than ethanol.
In 8ll cases vhen itransfers were made from the glucose medium to
the csellulose wedium oonslderable gas evolved during the first
day or 890. Evidaht&y the cultures were using the glucose transe
ferred in thavinuaulum;

These experiments indicate that the presence of glucose up
to about 0¢25 per cent 1s not harmful to the fermentatlion while
larger amounts are deleterious. This fermentatlon cannot be re~
- garded as a good means of converting glucose into ethancl as

yeasts give greater ylelds in less time and at lower temperatures.
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rable 13. An snalysis of the gases produwesed by the fermentation.
An 800 ec, fermentation with Cal03 neutralizationm.
Experiment I.

"1 GC. gAB 1P6r BORGIPET GOnL? tC. gas
Age in hours: evolved : COp :t Ho ¢ per hour

24 367 15.6 17.9 1B
a7 43 50,0 44.2 &7
44 520 52,0 45.7 74
81 1080 £8.0 3B 46 64
70 485 65.8 321 54
87 862 88.0 11.6 Bl
93 230 804 8.3 38
112 841 Bl.9 7.6 44
138 720 9.4 6.6 28
ls2 291 B87.6 10.3 iz
229 120 B89.9 640 1.7
276 80 80.0 6.0 1.3
Left in ferm.
flask 800 80.0 6.0

Total volume ,
gas collected 6307

Yielda:s
¥olatile aclds as acetie 1.49 g./100 cc.
Potal carbon 4ioxide 0.987 g./100 ce.
Carbon dioxide from reaction of ‘
acids and celeium carbonate 0.546 g./100 ce.

Net carbon dioxide from fermentatiom 0.441 g./100 ce.
Hydrogen ‘ 0.00734 gq/ 100 ce.
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yileld of volatile aclds was quite high and amounted to almost
50 per cent of the cellulose sdded. At first the production
of hydrogen exceeded that of carbon dioxide, but as the fermen-
tation proceded there was a gradual decrease in the amounts of
hydrogen relative to those of carben dioxide. The rate of gas
production was at a maxlimum during‘ths second day, then gradually
decressed, and by the elghth day had prsctically ceased, The
total volume of guses collected was about seven times that of
the medlium, but 1f an allowanees is made for the amount of carbon
dloxids produced by the aetion of the volatile acids on calelum
carbonute, the ratic is only sbout five. The yield of carbom
dioxide was about 16 per cent by welght of the e¢ellunlose added.
The results of the Experiment IJ are given in Table l4.
The yield of sthyl alcohol was high in this experiment and even
axcesdsd thut of the wvolatile acids. The yleld of ethyl aleohol
was 26 per cent by weight and that of volatile aclids was 24 per
cents In this experiment the time Intervals between the several
gas anslyses wers greater than those in the preceeding experiment,
and the gus was removed in units of 1042 ce.; hence the rates
of production cannot be calculated with any degree of accuracy.
In general, the results sre like those obtained im the Iirst
experiment. The mein difference is the lower percentage of
carbon dioxide, but this is due teo the use of sodium hydroxide
a8 the neuirelizing agent In place of ealeium cerbonate. The
ratios of carbon dioxide teo hydrogen were prseticelly the same

in both experiments when sllowance was made In the first experi-
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Table l4. An gnalysis of the gases produced by the fermentation.
Exporiment IX. A 2060 co. fermentation with HaOH
-~ neutralization.

T GG+ ZaB 1 Per centi Per cent ¥ Yor cent

_Age in hours : evolved : COp Hg : CHyq
25 2084 18.2 18.2 0.40
73 5126 5243 Sl.1 0.38
87 4188 84.2 11.5 0.10
144 3126 70.8 2443 0.40
216 2084 58.6 22,5 0.08
294 880 56.0 28,7 0436
Left in ferm.
flask 1000 £6.0 28.7 0.36

Potal wvolume
gas collected 15,468

Yields:
Ethanol 0.78 g./100 ce.
Butanel 0.021 g./100 ce.
Volatile acids as acetic 0.72 g./100 ce.
Carbon dioxide during ﬁermaﬁta%i&n 0.55 g./100 oc.
Hydrogen 0.0096 g./100 co.
KMethane 0.0000083 g./100 ce.



S
ment for carbon dioxide from caloium cerbonate, The volume of
#a8 collected In the second experiment was just slightly over

five times the volume of the mediun.
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THE ﬁETEﬁﬁiﬁ&TIﬂﬁ OF THE PRODUCTS OF FERMENTATION URDER
OPTINUM CONDITIONS AT 609C.

In this experiment & four iiter flasgk contalning 2760 ce.
of medlum was prepared. The medium was composed of 3 g of
cellulose, 0.25 g. of somonium chloride, and Q.25 g. of di-
potagsinm phosphate per 100 cc., of tap water., The inoculum eon-
sisted of 200 ce. of culture n&mber 24, The flask was incubated
at 60PC. The pH was adjusted ﬁwiec daily to 2 value of 7.5 by
the addition of 5 H. sodium hydroxide. The gases evolved during
the fermentatlon were collecisd over a saturated solution of
sodium chloride and anslyged from time to time for carbon dioxide,
hydrogen, and methane. Twelve days after inoculation the con-
tents of the flask were analyzed for carbon dieoxide, vok tile
acida, ﬂﬂ&w#ﬁi&tile aclds, butanel, sthanol, acetone, reducing
sugar, reducing suger after hydrolysis, and crude fiber.

The #ﬁaunt of carbon dloxide remaining in the medium was
determined by acidifying a 200 cc. sample, boiling the liquid,
colleetlng the escaplng geasss over a saturated sali solution,
and determining the amount of carbon dioxlde with the Willlems
gus analysis apparatus. Acetone was determined by the uaual
iodemetric method. The hydreolysis waas effected by refluxing a
100 ec. sample for two and a half hours with 7 cc. of conoen-

trated hydrochlorie acid (speelflc gravity 1.187). The amount



-GG = ‘
of crude fibeyr was determined by the standard A.Q.A.C. method in
which & sample was refluxed with 1,25 per cent sulphuric useid
for 30 minutes, filbtered, refluxed with l.25 per cent socdium
hydroxide for 30 mimates, flltered, washed, dried, = nd weighed.
During the process of thils determination 8 considerable amount
of matorial was notlced that was soluble in the scld and insoluble
in the base. Since the materisl could not have been any of the
other products determined, 1t weas slso filltered, dried, and
~glghed. The exact mature of this material is unknown, but it ias
always prescnt in quite largs cusntitieas, It precipliates as &
flocculent pregipirate and when dried 1t is an amorphous powder.
It 48 light grey in color. The other determinations were mnde
in the usual manner.

The reaults of this expoeriment are glven in Table 15. The
vield of othanol was exceptionally large, smounting %o 0.78 g.
per 100 co. of fermented llquor. The yileldas of methane, hydrogen,
non~volatile acids, buienol, scetone and reducing sugars were
amall. The lnerease 1n the amount of reducing sugsr upon hydroe
lysls indicetes the presence of some carbohydrates of higher
molecular welght than glucese.

In Table 16 the perecentsage yields of the various products
and the percentage of the original carbon recovered in the vare
ious produets are glven, Hore than 86 per cent of the carhben
~8@ recovered sand the total welght of products constituted more
than 95 per cent of the original welght of cellulose. These

yalues do not take into account the molsture present in the cellu~
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Table 15« The praﬁuats of fermentstieon under optimum conditions
at 80°C. {The figures given are for the entire fer-

mentation).

Carbon dioxlde evolved during fermentation

Garbon dioxide remaining in the liguor

Assumed carbon dioxide evolution from
inoculum before incculastion

Total carben dlioxide

Less carbon dioxide from calclum carbonate

Ket carbon di@xiﬁa from foermentation

Hethane

Hydrogen svolved during fermeniation

Assumed hydrogen from inoculum before
inogulation

Total hydrogen frem fermentation

volatile zcldes as acetle weid

Kon-volatile aclds as luctic acid

Butanol

Ethanol

Loetonen

Redueing sugar as glucose

Reducing sugar af'ter hydrolysis

Crude fibex

Material soluble in scid apnd inscluble in
alkall

Total welght of products

#Kot positively identified,

18.8 &
8484

leld

. G

2.93

23.85 g.
0.0243

0.288

0315
21.6
0,216
0.633
23.87
C.l2
0.80

2.844
11,36

1.68

84,7323 g.
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Tuble 18. The products of fermentation under optimum condi-
tiong at B09C.

T™he results are expressed in the peresntuge of the earbon re~
covered in the various products and percentige by welght.

Carbon Weight

per cent per cent
G0y 13.35 2646
CHy 0.0465 0.0275
Hp 04000 0.356
CH,CROHCOOR 0.220 0244
CH3COUH 22.0 24240
C2Hg 08 30.0 26«30
C4HgOR 1.06 0.718
{CHz)2C0 | 0.19 0138
Rﬁdusimg sugar 0.58 0.71
Residual cellulose S22 3422
Insol. KUH, sol. Hp80Q4 12.85 7 12,88

Total 86 ﬁ5%5% 98 .68 ?55
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lose, The molsture in the paper was about 2.5 per cent. If
the wmolisture 1s taken inte sccount the regovery of carbon wans
88.7 per cent and the recovery by welght 98.0 per cent. In
addition to this, small smounts of llguor were removed from time
to time for the determinations of pH. If these amounts were
considered the vajlues would be slightly higher, but the differs-

enca would not be great.



R 3 T

MISCELIANEOUS OBSERVATIONS ABD EXPERIMENTS

The Production of Pigment

various golors were noticed in the media during ferments-
tion, including yellow, bright orange, grey, and intermediate
shades. Sometimes wvery little plgument was noticeable. In one
experiment black spots, about a half ineh in dlanmeter, appeared
simultaneously in several sultures. Because they ocourred simule
taneously it was thought they were due to something present in
the medie, but as far ag could be determined the medla had been
prepared as usual. One of the black spots was Ltranaferred te a
freah medium, and it grew and fermented cellulose, but the blaeck
color disappeared. No relationship was found between pigment
production and the productlion of aleohols and acids. The usual

color was & dull yellow.

The Effect of Heat Shooking

Becsusze heat shocking 1s so desirable in certain fermen~
tations, peartiecularly in the butyleagetoniec fermentation, 1t wes
thought that it might be beneficinl to this fermentation. Seversal
portions ¢f a culture were placed in teat tubea and plsced in
boiling water for periods varying from 2% to 30 mimutes. These



.
portiong were then used to inoculate flasks. The treatment was
without Influsnce; the ylelds of products were practically the

same in each caze.

The Effect of Change of Temperature

In the experiment on the effect of temperature it was found
that cultures at §6°C, started more rupidly and produced greater
gquantitiss of products during the first few duys than at lower
temperatures. Conseguently it was thought that the fermentation
might be speeded up by plaecing it at 65°C, for 48 hours and them
at 55%. Contrary to expectations, at the end of 8 days a fer-
mentation treated in this menner had produced only half as much
ethanol and about the sams smount of volatile aclds as one main-

tained at B5%. throughout the course of ths fermentation.

Ihe Effect of NMegnesium Chloride

It had been repeatedly shown that distilled water was not
ag good as tap water for the preparation of media, It was known
that the tap water contained about 34 parts per million of mage
nesium and it was thought that the dsleterious sffect of the disw
tilled water might be due to a lagk of magnesium salts. In one
case a series of medis were prepared with distilled water and
the content of MgClp,6Hgd was varied from zero to 0,56 g. per
100 ce. In another similar experiment the content of the mag-

nesium zalt was varled from zero te 0.10 g. per 100 co. PFrom
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the data obtained 1t appears that the presence of magnesium
salts in the concenirations used is neither harmful or benefli~
einl. The yilelds were still very lew in these media,

The Effeet of Ferric Chioride

Beecsuse of the presence of some iron salts is necessary in
many fermentation, 1t was thought that the presence of iron salts
might aid this fermentation. Two series of flasks were prepsared,
In one series the content of PFeCly,6H20 was varied from gsero te
0.64 g« per 100 ¢ce. and in the other from zere to 0.0060 g. per
100 ce. The presence of more than 0.10 g per 100 cc, was harm-
ful, but otherwise no definite trend was noticeable. In both
these series the ylelds were still very low. Distilled water was
used in ﬁhe'proparaticn of these media,

Losses yykxvgﬁnraﬁian

Puring the course of & fermentation there was a decrease in
volume of between 2 and J per cent. This was not taken into
aceount in the caleulations in most experimenis as it was almoast
exaetly compensated by the moisture eontent of the celluloese,
which was also between 2 and & per cent. In addition to the
folume effect, some alcohol was certain to be lost during the
fermentation. In ercver to sstimete this loss, flasks were pre-
pared with about 0.6 g. of ethanol per 100 cc, of water. The
approximate volume of gaa that would have been evolved during

fermentation of this size was aspirated through the solutions
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while the flasks were in the incubator et 56%. Approximately
2.5 per cent of the ethanol was lost during the operation. Losses

from this source are therefore not significant,
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GENERAL DISCUSSION OF RESULTS

The foregoing experiments show that it 1s possible to fere
ment cellulose at thermophilic temperatures and te obtain con-
siderable smounts of ethanvl. A medlium has beesn systematically
developed conslsting of 3 g. of cellulose, 0,256 g. of ammonium
chloride, and 0.256 g. of di~potasaium phosphate per 100 co. of tap
water. The best temperature appears to be 56%°C., and when ad~
Justments are made twlee daily the medium should be adjusted to
pH 7.8 to 8,0, Uaing this wmedium, ylelds of ethanol as high as
27 per vent of the gellulose decomposed mve been obtalned.

In & large proportion of the experiments calceium carbonate
was used as the neuiralizing agent in order te eliminate the
laborious adjustment of flasks twice daily. Calecium carbonate
gave & pH of 6.5 to 6.8 and the ylelds were correspondingly lower
than for pl values of 7.6 to 8,0, |

One of the charaet&riatzﬁa of the fermentation 1s the wide
varistion in yields, Thils can be illustrated very well by refer—
ence to Table &, It will be noted that the yileld of ethanol and
the decomposition of c¢ellulose were much less with a concentration
of 0.300 g« of phosphate per 100 ¢c. than with the two adjacent
concentrations. From the genersal trend the results at this conw
centration should be practically the same ss at the adjacent cone

centrations. Similar irregularitics were often observed. While
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general trends mmy be evménﬂ; from a single series of flaska, a
consideruble number of sekles must be averaged before smooth
curvea can be plotted.

As yet the problem of obtaining large ylelds of ethanol
from cellulose by thermophillce fermentation is far from solved.
The fact that distllled water does not yileld good results when
used in preparing the medlium has not been satisfuctorily ex-
plained. Purther experiments should be conducted with a wide
variety of cultures before gensralizations are made. The appliw
cation:of the fermentation to erude sellulosic materials er
the determination of the treatment of orude cellulosic materials
to maké them more fermentable should receive thorough study.
The investigation reported in this thesis was cerried out with
filter paper as the source of celiulose in order to eliminste

a8 WANY ¥ own factors as possible. The data presented ashow
that the yleld of ethancl can be very conslderably inereased by
the use of the proper concentration of nutrients, regulation of

pH and the employment of the proper temperature.
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SUMNBARY

The data presented in this Investigation may be summariszed
as followsy

1. Under the conditions used and with the culture employed
the optimum temperature for the production of ethanol was B&OC,

2+ A vonventration of .25 g« per 100 oo, of ammonium chlor~
ide sufficed as & source of nitrogen.

3. A concentration of 0.26 g. per 100 c¢. of di-potassium
phogpbate sufficed as & source of phosphate.

4. Calelum sulphate in concentrations greater than 0.019 g.
per 100 ¢e. greatly dé@raaaaﬁ the yleld of ethancl.,

&. Under the condltions of the experiments, with adjustmenta
twice dally, and with the gultures employed, & pH of 7.5 te 8.0
gave the highest ylelds of ethanol.

6« A concentration of celiunlose of 3 g« per 100 cc., was
found to be most satisfactory for the experimental work.

7. Under the conditions of the experiment and with the
cultures employed, aserstion decreused the yield of ethanol,

8. Additions of peptone inereased the yield of ethanol. It
also Increased the decomposition of eellulose. The yield of
scids inecreseed slightly wmore than that of ethanol.

9« The additlon of glucose did not increase the decomposi~

tion of cellulose. Concentrations up to about 0.25 g. of gluconse
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per 100 ¢e. incressed the yleld of sthanel, but larger amounts
decreagsed the yleld. Glucoase favored the production of volatile
acids. Repeated oculturing In glucose media with ne cellulose
caused the culture to lose its cellulose decomposing power.

10. The prinecipal grseous products of the fermentution were
found to be carbon dioxide and hydrogen. The percentage of hydro-
gen in the gases evolved was greater during the emrly part of
the fermentation. ‘The amount of carbon dioxlde in the gases was
equal to sbout 18 per cent of the esllulose by weight, depending
upon the neutrallzing agent used. The yield of hydrogen was
about (.25 per cent by weight of the cellulose added.

1le & fermentution st 60°% ., under otherwise optinum condi-
tions, ylelded 26+6 per gent carbon dioxide, 24.4 per cent volew-
tile aclds, 26.3 per cent ethanol, 0.71§ per cent butanol, 0.71
per cent reducing sugar, 0.356 per cent hydrogen, 0.244 per cent
non-velatile acids, 0.027 per cent methane, 12.856 per cent of a
waterial soluble in sclds and insoluble in bases, and 3.22 psr
cent of residual cellulose based on the cellulese originally

present. The total recovery was 95.422 per cent by welight.
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