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I. INTHODUCTION

Pioneer workers in fermentetions found that they could
isolate & group of organisiis {rom vasrious sources which were
markedly polyphagous in charecter, produeing varying quanti-
ties of n-butanol, p~butyric acid, H, and CO, as their chief
products. Subseguent study has revealed that in addition to
the aforementioned products, epprecieble amounts of acetone,
ethanol, acetic and formic ecids, acetylmethyl carbinol, and
several non~volatile aclds are produced during the normal
course of fermentation.

By reason of the variety of chemlecel changes which these
organisms ocould effect, as weli as the host of substrates which
offer utilizable materials for growbh, early efforts to pleture
a feasible, workable scheme as to the actual chemism involved
in the fermentation process were balked. Also, a great deal
of confusion erose from appasrently divergent results of var-
ious Investicators, since they were not working with identical
strains under the same conditions, The first major contribu~
tions to the study of bacteries producing n-butanol were made
by Fitz (12, 16). Other early workers who contributed con-
slderable knowledge regarding bacteria producing mp~butanol
were Pasteur (85), Beijerineck (2), Grimbert (24), Bredemann (6),
Fernbach (1l), and others. Later investigations will be dis-
cusgsed in subsequent paragraphs.

The industrial importance of the butyl-acetonic lfermenta-

tion wes not realized until the World *ar oreeted an ilmuediate



demand fTor large quantities of acetone. n~Butanol, at first
regarded as s technical by~-product, later found extensive use
in the prepasration of nitrocellulose lacguers. The econonic
signifiocance of the butyl=-acetone industry is attested by the
Tact that solvent production reached a peak production of
200,000 tons per year.

The industrial importance of the fermentation led to the
development of strains of bacteria capable of high solvent pro-~
duction from cheap sources of carbohydrates. Fernbach in
1912 (11) isolated and cultivated such an orgamnism, obteining
patents perteining to the manufacture of n~butanol and acetone
from various carbohydrqte sources by means of bacteria. How-
ever, patents simllar to those of Fernbach were later taken
out by :elzmann (54) and the organisms used commercially in
thls country are supposed to be of the Weizmann type, capable
of fermenting corn meal with high resulting ylelds of solvents
in the approximate ratios of six parts n=-butanol, three parts
acetone, and one part ethanol. The technical aspects of the
fermentation are reviewed by Gabriel (20), Gabriel snd Crawford
(1), G111l (22), Killefer (28), Nathan (32), Reilly et al (38),
Speakmann (46), eand Thaysen (50).

The butyl organism is capsble of working in meny different
substrates. MeCoy, Fred, Peterson and Hastings (30) give a
summary of the carbohydrates fermentsed by the butyl organism,.
While the solvent ratio may vary consliderably with the various

carbohydrates, it is of interest to note that Underkofler,



Christensen, and Fulmer (51) obtained s normel solvent ratio
from the fermentation of xylose and the yield on a molar basis
corresponded to 5/6 that of rlucose.

A number of conditions exert e marked influence upon the
yields of the different products of the feormentation. Fulton,
Peterson and Fred (19) report that high solvent production
occurs when the carbohydrate.protein ratio is from 5 to 10.
Weinstein and Rettger (53) concluded that an alcohol soluble
protein such as zein from corn, or a closely allled or associ-
ated substance 1s essential for the formatlion of normel emounts
of acetone and n~bhutenol from carhohydrates in a semi~-synthet~
ic medium, Fermentations carried out at low pH levels result
in the increased production of wscids with low solvent forma=-
tion. The alcohol-acetons ratio is high. While the hydro-
gen lon concentration pleys an important role, it should be
pointed out that the concentration of undissociated aclds
also affects the chemlsm of the fermentation.

Corn menl is particularly adaptable to the culture of the
butyl organism giving high yields of n-butanol, acetone, and
ethanol in the approxlmate welght ratio of 6:3:1.

‘The 1life cycle which the organism (Clostridium acetobutyl-
N

icum) passes through during the course of fermentation in 6%

corn mash is described by Peterson and ¥red (36). During the
maximum growth phese the becteria are approximetely 4.7¢ in
length and 0.71 in width. Midway in the fermentation they re-

veal a maximum number of about 1200 million per cc. A large



nurber of club-shaped cells or "elostridia" make their ap-
pearance during the fermentstion, reaching a maxinum number

of about 300 million per cec. at 30-36 hours. They are sone-
what larger than the vegetative cells. kMany of the cells

are grouped parallel to one another in raft-like formations
during the earlier stages of the fermentation. At 60-70
hours the vegotative cells have decreagsed considerably in size
(2.6 x 8.,0p), the clostridia have decressed considerably from
their nmaximum count, and nw:erous sporecs have appeared, Leing
oval bodlies ebout 2.4 long and l.zu‘wide. During the period
of most rapid chemlecal change, it is egtinated that one grom
of bacteria metabolizes ahout 0.7 grams of starch per hour.

The course of the Terzentation may be resolved into two
phasaes, The Tirst phase in the fermentatlon of corn is char®
actsrized by the rapid hydrolysis of starch and the sroteolysis
of proteins together with on inereasing production of acids,
consisting chlefly of pn-butyriec and acetic. - The ratio of
Hgy to CO, is greater than one by volume.

The process of hydrolyzing starch begins imnediastely after
inoculation. The quantity ol residual starch decreases pro-
¢gressively throughout the fermentation, the hydrolysis being
practically complete at the end of 50 hours. Concentration
of reduclng sugar resches a maximum at about 42 hours after
which there is e steady decline in concentration until at the
end of the fermentation the amount is neglizgible in a healthy,

normal fermentation,
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The butyl organism is distinctly proteolytic. The break-
dovn and utllization of proteins play just es importent pert
in the life of the organism as the dissimilation of cerbohy=-
drates. I'roteins are broken down concurrently Qith starch
during the course of the fermentation.

Because of the meny buffer substances produced in the
fermentation of corn mash, the messured hydrogen ion concentra-=
tion remains more or less constant at the approxiaate »il of
4.5 throurhout the fermentailon after a preliminary drop to
about pl 4.0, which tskes place during the first 10 to 12
hours after inoculation. The tltretable acidity increases
steadily untll it reaches a value equal to 5-6 cc. of /10
Na OH per 10 cc. of corn mash. This mcidity pealr occurs
Trom 15=20 hours after lnoculation. The acidlty then falls
off shkarply to about 2 cc. N/10 Na OH per 10 cc. of corn mash,
The low point in acldity occurs about 30-35 hours after in- |
oculetion, from which point thore is & gradual rise to a value
of 2.5-3,0 at the end of the fermentation.

The nature and production of acids have been Tollowed in
detall by Stiles, Petcrson and Fred (49). The sharp rise and
fall in titratable acidity is due chiefly to the production
end later utilization of acetic and pn-butyric acids. The
quantity of acetlc acid is less than that of n-butyric until
after the acldity brealk when the value for p-butyric falls off
very sharply to a point below that of acetic. uring ﬁhe

later hours of the fermentation both acids lncrease in amounts,



acetic acld remaining in excess st the closc of the fermenta-
tion. TFormic acid ils present in very swall amount. At the
end of the fermentation about 0.05 grem wes present per 100
grans of corn meal fermented. Tiwidence for a fourth volatile
sclid has alse been reported by the same authors. By use of
Ca COs about 40% of the intermediate mcids were retained as
the calclum salts. An enelysis showed 0.45 formie, 42,19
acetic, nnd>57.5ﬁ n-butyric ascid by weight.

The non=-voletile acids produced during fermentation have
been divided by the sbove suthors into an a-~hydroxy scid and
a residual fraction. Tho laotter gives evidence of being
partislly destroyed at the time of recedingAvolatile ecidity,
and thie ncid may be an intermediete product in the conversion
of starch to solvents. Sehridt, Peterson and Fred (59), have
isolated ;fleuéic acid from the non-volatile aeid residue., It
is believed thet some of the non-volatile acids may be produced
from nrotelns rether than as a result of carbohyvdraste dissimi-
lation.

The rate of gas production and the composition of the pgas-
eoug mixture given off during the fermentation of corn meal
have been carefully studied by several investigators (38),
B6), (44). 1In the early stages of the Termentation H, is
produced in the larger volume, As the fermentation prorress-
¢s the percentage of C0; graduslly Increzses until it reeches
epproxinately &07 by volume at e time corresponding to the

acidity brealr when it remeins more or‘less constant (36). The



rate of gas formation increeses until about the 36th hour when
e gradual cessation begins. It 1s reported that a slight
break in gas production oceurs at the acidity peak (44, 38).
At the peak of gas production a volune of gas approximately
equal to the volume of the fermented &5 corn nmash is vroduced
every two hours, Of the total volume of gas, about 60% is
CO, and 40¢) is H, (36). Speakman (44) reports that 3550 cc.
of gas consisting of 47.5 H; and 52.5¢ CO; 1s produced from
one gram of corn mea; (44) . It is worthy of note that coinci-
dent with the repid rise in CO, production, the acidity break
occurs and rapid formation of the solvente begins.

While acids are the chief products during the Tirst phase,
solvent {ormation occurs chiefly in the second phase concurrent=
1y with the destruction of acids. Acetone formation seems to
precede the formation of other solvents but the rate of forma=-
tion of ell solvents is considerably accelerated after the
scldity break. Maximum rete ol solvent production normally
occours between the 18th and 36th hours,

Acetylmethyl carbinol is & regular endproduct of the fer-
mentation, usually being formed to the extent of 300-400 milli=
crams per liter of corn mash (57). It is formed at about the
sane time as escetic and p-butyric acid, having perhaps a com=-
Hon precursor, If large amounts of scetylmethyl carbinol are
added to a growing dbutyl culture, a portion of it apparently 1is

utllized by the organism during the
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course of the fermentation,

Any mechanism for the butyl=-mcetonic fermentatioﬁ most
necessarily be very flexible to sccount for the veriztion in
the ratio of the Gifferent products formed under varyins con=-
ditions, the constency of the sane endproducts with a number
of utilizable substrates, and the shifting nature of the fer-
mentation in its difterent phases. As pointed out by Johnson,
Peterson end ¥Frea (25) there must be, of course, s balsnce main-
talned between the degree of oxidatlon of the compound ferment-
ed and the distribution of the various oxidized and reduced
products of the Tfermentation.

The chemism involved has lons been a problem of fering
considerable speculation. Grimbert (24) formulasted certain
equations showinr the transformation of glucose to the final
endproduets, variations in the finel quantities of products
beling accounted for by one of the equations taking precedence

over the other, Ethanol and acetone formations are omitted.

Collys0¢ = Cylighp+ 200, + 4H
Oolls30q = C4H; o0 + 200, + H,0
COH_,_;,O‘, = SCQI'I‘OQ

Speakman (45,46) has advenced the following scheme:

, Gluecose ,
Butyriﬁ acid Acetic acid N Lactic Acid
| I"I'Ig
Aoetoa%etic acid + I, Acetaldehyde l Acetic acid
| |"Hn |
Acetone + COg Ethyl alcohol H, + COg H; + CO,
Butyraldehyde

|-,

Butyl alcohol



Tieilly ot al (38) present the following equation re=-
presenting the proportions of the endproducts obtained and

their relstion to the carbohydrate fermented:
5CGH1005 + 3H,0 mmamam s~ 204}{100 + CSHSO + 7003 + 4H3+-H80

The changes may be represented by the following empirical
equations:
l. 6 HCOOH = 6 COy + 4Hy + 2H,
2e

&

& CoH O+ 2 Hg = CHZCHaCH,CH,0H + 40
5- 4 CQI:'I‘O = CafIGO + CI{;C}IQCHECHBOII + COQ

Buehner and Meisenheiner (23) postulated that n-butyric
acid and n-butenol arose from aldol which was the condensation
product of intermediste aceteldehyde.

Newman (%4) was of the opinion that the mechanism of the
butyl-alcohol fermentation could be cxplained on the basis of
certain well known physiological reactions. He stated that
an enzyme which brings about a decomposition csn, in the pres-
ence of the products of the remction, synthesize the substrate.
The products of the fermentation can then be produced in any
desired ratlo as equilibrium exists between various reactions.
The key position is given to n-butyric acid.

CelHy404 = C,H,CO0H + 2C04 + 2H,

CsH, COOH ~g%&+ C,H,CHgOH + H,0
\\\’CHaGHOHCHB COCH

CH4CHOHyCH,COOH ~=» CHsCO CH, COOH

CH,C0 CH, COOH - 2CH,COOH
Cl{,C0 CH, + CO,
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Neuverg and Arinstein (98) ~ive pyruvie acid the centiral

pouition in the formetion of n~butanol throush the Foruation

of pyruvic alcol.

C oy 40 = 2CH;CO COOH + 4H
201,C0 COOH = Gly C OH - COOH

¢ H,00 COOH
CeligOg + 4H = 200, + Ha0 + C4Hy o0

Sehoen (40) asssumed thet aldol ovicinating from the con-

densation of scetaldehyde may be the precursor of both acetone

and n=butanol.

Cl1,CHOHCHLCHO = CHaCHOHCH,CH,OH ~» CHZzCH,CH Cliz OH

CHRCHOHCHCOOH =» CIH,CHUH,COOH =2CH,COCH,; + CO0,

Perhaps the most universelly accepted mechanisn of the fer-
mentation has been proposed by Hluyver (29) in which the key

position is given to acetaldehyde,

CJ‘I; 506 -') 2“31{603
Tt e0g = CHLCHO + HZO0U
ICOOH = C0, + 2F

CHLCHO + H,0 =~ CH,CO0H + 2I )t
PR
ACHZCHO = CI,CIT0I Cli,CHO0 =» CH,CH:CHC~OH =
Y OH
2CI1;CO0H = CH 40 (OH) 4,CHZCO0H -
110 + CH,COCHLCOQOII = ClizCOCH,; + COg
2 - H,
CHsCHO + 2H -» CH,CH OH
CliaCHgCHigCOOH + 4 = Ui ;CH,CH,aCliz OH

The exlistence of many of the Iintermediste compounds assum=



ed in the preceding mechenism has not been proven. There are
severnl seneral nmethods for testing the probability of & re-
ection scheme in a metebolic process. In one procedure an
isoletion of the intermediste 1s attempted. Owin~ to the
hich velocity of & fermentstion and the fleeting existence
of certein trensitory produets a direct isolation is sometimes
very difficult, but recourse may be had to certain "fixetion"
methods., The possibility thet the fermentation coursc may
thus be altered weakens the vaelldity of this method. A gecond
procedure is the fermentation of & supposed intermediste and
analysis of the fermentetion products to determine its course
of chemicel trasnsformation. Accordings to Slator (42) an in-
ternediate, when added to a vigorously fermentating culture,
should disanpear gquickly and campletely, and unless the organ-
ism is able to utilize large amounts of a substance it should
not be regarded ag an intermedlate. Other procedures which
way be used in studying fermentation mechanisms includs the ad-
dition of non=proliferating cells or cell preparations to solu=~
tions of possible intermediates.

While acetaldehyde has been isolested in many other fermen-
tations, attempts to isolate it from fermentetions of Clostrid-

i um acetobutylicum have failed. Noubery and Arinstein (53)

had no difficulty in fixing it with Nag50; in the butyric
fermentation. Peterson and fred (36) and Donker (9) have
tried without success to fix acetaldehyde in the butyl fermen-

tation. The latter lnvestigator attributes this difficulty,



in the case of sulfite fixation methods, to the strong reduc-
Ing capacity of the organism.whioh results in the hreakdown
of sulfites to yleld H,S. Iiowever, Peterson snd Fred also
met with feilure using such compounds as dimethylhydroresor-
c¢inol and charcoal.

Johnson, Peterson snd ¥red (26) investlgated 2 number of
assumed intermediastes usine two procedurss: first, an attempt-
ed isolation of the campound; secondly, a determination of
R fermentablility. The compounds investigated were aceto=-
acetic acid, f=hydroxybutyric acid, pyruviec acid, methyl
glyoxel and sldol. These investipators found that acetoacet-

ic acid upon being added to a vigorous Termentation was rapid-
ly decarboxvlieted to acetone, the transformation takins place
with grentest repidity at the tine ol maximum acetone nroduc=-
tion. The decarboxylation was also accomplished by centri-
fured and macerated cells, but not with a Berkefeld filtrate
of' the culture, Iindiceting the mechanism to be intracellular.
Attempts to demonstrate the presence of acetoacetlc acid in a
normel culture met wlth fallure. f=Hydroxy butyric acid was
epparently not fermentable but it did not prove toxic to the
fermentation, Attempts to detect it in a normel fermentation
were not successful although the method used for isolation
should have been sensitive to 0.5 gram per 100 liters of cul-
ture,

Hethylelyoxal and aldol proved exceedingly toxic to the

organism., Methylglyoxal when added only to extent ol 0.03¢%



quickly inhibited an active culturec. Pyruvic acid was read-
ily fermeanted to yield increased quantities of products. The
creaver part vas transformed into acetic acid, acetone, and
acetyluethyl csrbinol. The balonece secured between compounds
Termented and conmpounds forned shows thet one of the cardbon
etons was lost as 00, while the other two anrnesred in the »ro=-
duects analyzed, The increased ecetylnethyl carbinol is given
as aevidonee Tor the formation of acetaldehyde. The large in=-
creass in acetic acld shows that the major part of the acetal=
dehyde wos dshydrogenated. The increased scetone 1s due to
the incereanse in acetic acld throuch ﬁhe formation ol sceto=-
acetic acld and subsequent decarboxylation. While n=butyric
acid inereazed slightly, n=butanol production was decrecaced.
Johnson, Peterson and 'red explain the formation of only small
antounts of 4=carbon compounds from pyruvic acid on the hasis
of its degree of oxidation. Since the production of n-butyric
scld and p~butanol involves reduction reactions, n scarcity of
hydrogen atoms results in thsir non-formation. This may be
true of n-butanol but the transformation of acetaldehyde to
n-butyric acid doses not require the addition of H;.

Neubers and Arinstein (33) also found that the eddition
of pyruvic acid d4id not result in an increase in 4-carbon com=-
pound in the butyric fermentation. Their explanstion wss
that n=-butyric acid did not arise from aceteldehyde condense=
tion.

speakmann (43) tested the fermentability of n-butyrie,



propionic and acetic amcids when edded to a butyl fermentation
in comn meal, Mis results are swieinrized in the following
table; the yields ave in terms of the added acid. Irsction=-

2l distillation was used in the anelysis for solvents.

Mash nlus 0.2¢ Incresse in yield of scetone 45
acetic acid by volume Increase in yield of ethanol 0y
KMash plus 0.24% Increase in yleld of acetone 30,
n-propionic seid by volume Ineresse in yield of n~propanol &0;
iiash plus .24 Incrcase in yield of acetone 10
n~butyric acid by volume Inerease in yield of n-butanol &0,

He concluded that the Intermediate acetlc and n~butyric acids
are reduced to the corresponding alcohols in the course of
Termentation. The increase in acetone noted in the above
table he attrivuted to the "influences exzerted by an acid on
intercellular life by virtue of its properties and prssence
in the surrounding solution only and not by conversion into
acetone within the cell."

Reilly and co=-workers (38) found that the trensfusion of
acetic acid to a bubtyl fermentation resulted in a 70~80¢ of
theoretical yield of acetone. The addition of =acetoascetic
acid clso resulted in an increase in acetone. A sinilar re-
port is made by Thaysen (50) who states that acetic acid can
be transformed into acetone by tne butyl=-acetonic organism,
the efficlency obtained by this bacteriological process being

greater than by the dry distillation of Ca acetsate,
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The addition ni acetic ecid with large scale production was
tried during the ‘“orid tar end fount just as successiul as
tlie laboratory procsess.,

Stiles, Peterson and ivred (49) report the destruction
of 0.097 gram of formic acld psr liter of 7 corn mash when

added to 7 growing culture of Clostridium scetobubtylicui.

They interpret these data as evidence for formic acid being a
precursor of &ll of the i, and part of the CO0g. liowever, the
utilization of such a negligible cvusntity renders the velldity
of such a conclusion rather doubtful. The effect upon the
ratio of products was to lower the n-butanol and scetons 2nd
reise the cthianol, the total yileld of solvents being unalfect-
ed.

Wynne (58) determined the inhibiting concentration of
various orgunic and inorganic aclds upon a culture of the butyl
organism but made no extended analysis of solvent production.

Bernhauer and Xursehner (4) added a number of assumed
internedietes to & butyl fermentstion In corn meal, determining
their fermentability and the Incremsse in reasction products
derived upon utilization. The percent increase for a glven
product was cerleulated upon the basis of theoretical conversion.
Acetlc acid was almost quantitatively converted into acetone.
In leter experinents with a somewhat altered bacterium, a con=
siderable portion of the added acetic acid was transformed into
ethanol In addition to acetone. The addition of acetic acid

to a fermentation in synthetic me dium proved toxic. n-Butyrie
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aclid was converted chiefly to n-butanol (in one experiment,
a 907 yleld wes obtained) with quite a perceptible increase
in acetone. In mnother expeviment, & rise in the nsroduction
of ethannl was noted. p=lydroxy-butyric acid did not prove
to be toxie but gave no increased yield of solvents. n-bBu=
tyraldehyde yizlded chiefly n-butanol with sweller amounts of
acetone. In three different experiments the percent increases
for n-butanol were 72%, 71% and 96%; the ylelds of acetone
were incressed 174, 25¢ and 3%: Crotonlc acid was transform=-
ed into n=-butanol end acetone, the percent lncresse in yields
fluctuating in each of three experiments as follows: n-butanol
ren 24y, 63 and 17Y%; acetone ran 50¢%, 33y, and 37%. Croton-
aldehyde proved to be very toxic, 0.036% causing complete in-
hibition of a beelthy fermentation. In one experiment approx-
imately 60% of edded acetaldehyde wes converted into n-butanol
with a very slight increase in acétone. In another ssries
the major transformation produect was ethanol. Addition of
acetaldehyde to a synthetic medium proved toxic. Acetaldol
wos added to the extent of 0.176% without a harmful influence
to the fermentation, but only small differences were noted in
the fermentetion products.

Blanchard and Mac Donald (5) have added propionaldehyde
and proplonic acid to actively fermenting cultures of Clostri-

dium acetobutylicuwn and found both to be reduced to the cor-~

responding alcohol. No evidence was obtained for the forma=-

tion of any aldols from proplonaldehyde after the manner an-



alogous to that postulated for the formation of aceteldol
Trom acetaldehyde. As a result doubt wmes cast upon the hy=
pothesis that aldol condensation plasys en important intermed-
iary part in the formation of n-butyric acid and n-butenol.
The purpose of the studies reported in this thesis wes
to obtain further informstion concerning the chemical changes
taking place in the butyl=-acetonic fermentation. The line of
attack pursued consisted in the addition of maximum emounts of
certain postulsted iIntermedlistes to the actively growing cul-
ture with subsequent identification and determination of the
endproducts of the added substance. In eddition to various
reported intermediates, n-propionic and isobutyric ecids were
added to determine whether they are reduced to the correspond=-
ing alcohols or are somehow woven into the pattern vhereby
the orgenlism produces pn-butanol, acetone, and ethsnol, regard-

less of the substrate utilized.



IT. METHODS
A. General

It has been polnted out that different conditions bring
gbout chenges in chemieal proocesses involved in the butyl=-
acetone fermentation. Therecfore, a first and nost important
caution must be to guard apainst undue alterations from the
noraal course ol fermentation. This led to the development
of a procedure which permitted transfusion of various compounds
to the medium with minimun deviations from a control. The
torm "transfuse" is taken to mean the graducl sddition of a
chemnical during the course of fermentation. If the normal
Teraentetion course is altered to any considerable extent,
eny attempts to gain an insight as to the endproducts of the
transfused intermedlates are apt to be confused by the shifting
naturs of the products formed due to varistions in cultural
conditions. fin active culture growing in corn mash is defin=
ed ss a normel fermentation, and is used for a control since
this medlum offers optimum conditions for growth.

A nunber of criteria are useful in checking an experiment-
al flask agalnst a control, such as pH, titratable acidity,
appearance, odor, fermentation time, gas production, solvent
yields, and degree of utilization of fermentable carbohydrates.
Titratable acldity offers a qulck method for checking the pro=-
gress of a fTermentation and 1 especiaslly valueble during the
Tirst stagres of fermentetion and during the time of actual

transfusions. If the transfused substance is acidic in nature



the degree of utilization of the secid may be deteriiined., If
the solvent production nechunisn of the cell is injured, this
elso is evident in increased acidity. A sharp ccidity break
ingide of 18 to 20 heours after inoculation is indicative of a
healthy culture.

The prescence of inany bulfering agents renders pH measure=
ment rather valueless in following changes occurring in the
mediwn, A healthy culture forms & charscteristic "head" which
is quite firm and quickly forms apein il broken up by shaking
the flask, If the culture 1ls slugglsh the head forms slowly,
if et 8ll, and sinks to the bottom of the flask upon aritation.
A "sick" fermentation is evidenced by a sour, rencid odor in
contrast to the rather sweet odor of a healthy culinre. Low
golvent producing cultures arc usually marked by a decressed
rate of gas productlon, increased fermentation time, ané high
aoldity. A high solvent yield is of course the best index
of a good culture. If a culture has proceeded normally the
anounts of fermentable carbohydrates remaeining will be negli-
gible.

By means of the above methods a fairly relieble check
was kept as to the progress of the fermentation. As long as
the experimental flesks did not deviate considerably from the
control, inereased amounts of the transfused compound were
added. Sinee under the most favorable conditions only sumll
amounts of traensfused products mey be added, it is desirable

to add the maximum emount to lessen variations in yields of
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individual solvents based upon the quantity of added substance.
srrors in analysis and blological variation of diffTerent fer-
mentations introduce enowh hazards even when worling with com=-
paratively large amounts of sdded products.

The neceselty of running # series In certain hiological
work hus been stressed by Tulmer, Nelson, and Sherwood (12)
end trensfusions with esch nroduct have been added in snounts
well beyond the noint of definite inhibition, It was found
that the most favorsble tine for transfusions wos after the
acldity bresk when the orgunism appesred to be less sensitive
to modlfied conditions and was better able to utilize the nd-
ded zeid, The Tirst addition of scld was wmade in the form
of the Ma selt, usually et ebout the 20th hour. Cubsequent
transfusions were performed as repidly es the organism utilized
the previous zddition. Yost rapid utilizetion took place be=
tween the 24th and 36th hours. L. perioé of approximately 72
hours was sllowed for the completion of the fermentation, at
which time the analysis of products was undertaken. The in=-
creasad yleld of solvents was calculated upon the besis of the
transfused acid. The increased yield of solvents was found
by subtracting the yield of the control flask froa the yield
of the transTused flask and correcting for difference in con-

centrations of corn in ths media.

B. Bacteriological

l. The Culture
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The culture used almost exclusively in this investigation
was one of Fernbach's snd designated in this laboratory as FpE.
It wes selected from a number of different stralns because of
1ts tolerence toward aecids @nd the high yield of solvents it
produced from corn. £l charscterlstics of the orgenism
indicate it typicel of the straine used for the commercisl
production of n-butunol which leve been roported in litorature

as Clostidium acetobutylicuwii.

The stock spore culture wus kept on soll containing 1049
CaC0,; or on seea send, from which the culture used for etch
expériment wis clways started, Approximuately 0.8 gram of soil
wes introduced into sterile corn mash, heut shocked for 2
minutes 1n boiling weter, cooled, and incubetsd. The culture
was carried in corn nash and the fourth to sixth subculture
used in the experinental procedures. Approximately a 5-10%
inoculetion retio was used in subculturing and a 3% inoculation
ratio for the fermentution. The incubation temperature used

[o]
was 37 C.

2. The ledia

The corn mash used for subeculturing and experimental
fermentetions was prepured from a weilghed awmount of ground corn
meal., Tap water wes added to give an approximute 5% corn meel
concentration, The(sturch was then gelatinized, snd the media
sterilized in an wutoclave &t 18 lbs. pressure for two hours.

The gelatinlzetion of the starch was effected elther by cooking



over a Bunsen burner with constant stirring or mereiy steuming
the [lasks in an autocluve with Crequent ugltetion. The
appearance of the moedia indicated when gelatinization was
complete, This preliminery cooking prevented the formation

of lumps during autocluving.

The subculitures were carried in 10 x 5/8 inch fermentution
tubes contuining 20 co. of mash, When & greater quantity was
needed for inoculation purposes, appropriate sized flasks were
used, Fermzntations to which trunsfused aclds were to be wdded
wers usually cirried out in two-liter Zrlenmyer flosks contuiln-
ing approximttely 1500 ce. of mash, The exuct percenteie of
corn wes c&éleculuted to the dry busis end ylelds computed from
final volumes tiken wfter fermentatione.

The treetment of the transfussed prodwets will be considercd

with the individual sxperiments.

C. Chemical

1. Detemminction of Solvents

_ 4in excess amount of CaCO,, or the equivalent gquantity of
NaOH needed to neutralize the seldity, was added to & measured
volume of the fermentation liquid (200 to 300 cc.) @nd the
solvents rapidly distilled into volumetric flasks. The voluue
of the distillate zmounted to one third to one half of the
total volume of the boeer, assuring the complete distillution

of all solvents, Since the solvents are quite volaﬁile the
volunmatrie flasks were cooled by partial submersion in & trouph

of cold water, The distillate was then used in the



-28-

determination of the different solvents,

In most of the guantitative determinetions of solvents,
one of the KgCrp,0, oxldution methods .:iven by Christensen and
Tulmer (&) was employed. 4 modlification of the procedure
worked out by Fang (10) involving the use of -a dlpping
refroctometer was wlso used, In this latter method, the
refructive index reading was determined on the original distil-
lete, and » second reading taken after the distillate had been
extracted with twice 1ts volume of CCl,. The acctone in hoth
cases was determined by CGoodwin's (23) modification of the
Messinger (81) icdoform titration metlhiod. The oxidstion
method guve more consistent results wund with the exception of

& few noted lnstances was used entirely.

2. Determination of Lcidity

The titretable aclidity of the mesh was determined by
titrating 5 cc., of the mush with I/10 NaOH uvsing phenolphthiclein
as an indicator. The samples vere brought to boilin; before
titration to expel the dissolved CO,. Since these titration
velucs ure reported in literature in cc. of 17/10 NaCH per 10
ce. of mesh, 81l velues were converted to this scele to avoid
confusion. The pH determinutlions were muds by the qulnhydrone

alsctrode procedure.

3. Deterud nation of liolsture

The emount of'molisture in the corn was determined by drying

(o)
& welghed semple to constuent weight in an oven «t 100-110 C.
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The loss in weight was found and the percent molsture cualculated.

4. Determinution of Carbohydrates

Whenever carbohydrate volues were to be determincd
samples were submitted to acid hydrolysis wccording to the
methods of the rLouwsociution of 0fficiul Agriculturael Chemists
(1) and @« deteruination of reducing sugérs vias mede by the
cheffer-Hertmenn nethod (44). In the analysis for residual
carbohydretes, the presence of certain reducing cubstinces
other then sugers is apt to render velues too high. In an
active fermentatlon, theamount of fermentcble carbohydrates
remaining is so smerll thet no considersble error is mede by

neglecting themn.

S. Determinetion of Volutile .cids

In instances where volutile wcids were determined, a
measured volume of the bser was neutrslized with NaOH and the
solvents distilled. The remeining liquid wss acidified with
one normel H,30, and distilled at constent volume until 500 ce.
of distillate had been collected. The volatils acids in the
distillate wers &etarmincd sccording to the method of Virtanen

and Pulkki (52).

6. Determination of Fermentation Gases

The fermentation guses to be analyzed were collected over
sutursted salt brine., Ths total volume of the gas wes measured
by mesns of & calibrated gas container. The determinetion of

the relotive amounts of CO,, Hy, and alr was mede with &
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Williams appuratus.
III. THE INVESTIGATION

’

A. A Study of the Reutral Products Producsd in

Corn lash upon the Trunsfuwidn of issuned Intormedlote icids

Meutrel products formed from the butyl-scctonic ferment-
ation of corn are n-butanol, cectone, etharol, end swmall
amounte of acetylmethyl carbinol. The boiling point of acetyl-
methyl carbinocl is 140-144°C and therefore only slight traces
are found with the distilled solvents (48)., If the corn ncul
medium is wltered by the eddition of other fermenteble
matericls, other substences mey be present as endproducts which
would distil with the solvents. Therefors, when consldered
neceasury, & transfusion was performed on a large volume of
fermenting mesli, the solvents distilled and fractionated, wnd
the verious fractions submitted to & qualitative study. Thls
procedure was necossary to determine the possible transform-
ations ocecuring in the destruction of the added acids. The
KzCrg0, oxidation method f{or solvent deterﬁination, &s well as
the use of refractive index, 1s not eapplicable if substences
othsr then the normal solvents ere present. If only n-butancl,
acetone, and ethanol aroe present, these latter nmethods offer w
ruplid and accuratec meens for anulysis of the fermentetion
products, and sre used in obtalning dats upon the course of the
transTormetion of the assumed intermediates,

The yield of solvents procured using fractional distil-

lation is apt to be somewhet low due larpgely to thelr
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volatility. This ls espeelally true of scetone. Also, an
accurate estimetion of cthanol is very difficult. However,
the quentitutive results obtuined for the n-butyric acid
transfusion through fractionation are included, wlthough the
quentitsatlve studies employing Lndirset enalysis are consid-

erad more accuruate,

L+ The Trensfusion of iwutyrie lecid

8. Direct Analyeis of Fermentetion Products by

Fraectional Distillation

Two series of flusks were fermentated; to one n-tutyric
gecld was trensfused while ths other served wg & control, Oince
n-bhutyric wcid is normally present os one of the intermsdiate
aeids during the course of fersentetion, 1ts tronsfusion should
not slve rise to neutrul products othisr then those normally
found., Compearative gualltetive studies of the different
fractions obtained upon distillation of the control snd acid
transfused fermentations showed this to be true. Cuuntitative
relationships showed the transformation of n-butyric zcid to
the three solvents.

For the Ilnvestipgation of the streight corn meel ferment-
ation, 9 two-liter Irlemnmeyer flusks, each containing approxi-
mately 1500 cc. of sterile 4.5% corn mash, were inoculeted with
50 cc. of an active 24 hour fourth trunsfer of culture FBEL.

The flasks were incubated for three duwys vhen the fermentetion
wes considered complete., The fermented mash was submltted to

distillation, 100 cec. of distillate belng teken Trom every
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400 cc. of the fermented liguld. 'The distillate vas saturated
with NeCl anc the solvents concentrated to a volume of &bout
one liter by distillution. 35Sult was gpuin edded und the
distillution repeuated, solvents ceasing to distill over after
about 500 co., had been distillad., To this final distillute

en excess of Ky00, was added and the solvent mixture cllowed

to stund over night in a refrigerator., This trewbuent resulted
in the formation of two luyers of liquid, one contalnlng the
solvents, the other a saturated asqueous luyer of ¥,00,. The
solvents were separated from the aqueous portion by meuns of

& scparatory funmnel, &nd the crude solvents, smounting to

219.5 cc., submitted to fractionzl distilletion using an
efficient fractionating column. The distillate was collected
in & greduate cylinder surrounded with ice. (In subsequent
runs 1t was found udvisable to repssat the additiorn of anliydrous
KaCO4 before doing eny fractionution as the crude solvents still
conbained smell swounts of watcr.)

A prelimlnary distillatlon was performed éeparating the
portion with & bolling point below 115O from n-butsnol. The
lower boiling liqﬁid wes dried with enhydrous Ne,~0, ond
refractionated, collecting sepirately distillutes Trom the
follbwing temperature ranses; below 570, 57-900, and 113—1160.
Y 90-91° the distilluate was cloudy in appecuarvnce &nd ssparated
into two phoses, one consisting principally of ggbutanol,'&nd
the other of water, This constent boiling n-butanol-water

mixture contuined appro:imctely 80% n-butanol. Cohaequently,
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the entlre 90~ll€5O fraction wes treated with &nhydrous K,CO0,
and the pure n-buténol recovered. The 57-90" portion was
refractioned to obtuln w sharper differentiution of the
widdle fractions,

It wes assumed that the distillete which had « boiling
point below 57° vas acetons, that the middle portion contoined
ethunol, and the higheust bolling fruction was n-butenol, This
was verlfied by the isolstion of thase solvents at their
reupective bolling points and identification accomplished by
preperction of anpropriate derivetives, using dlrsctions given
in Xamm (27). Dibenzylidene acetone, prepared by the conden-
sation of ccetone with benzaldehyde under the influsnce of
dilute olkulil, sgroed with the slven melting point of 111-112°.
The &,5-dinitrobenzoate esters were prepared from ths alcohols,
tho melting point obtadlned for the ethyl derivetive belng 900

1o]
and the butyl 63 us compored to the melitlng points

~

siven in
(o] o]
Kimm off 82 and 64 respectivaly.

The distillation curve obtalned by plotting ce. of distil-
late ageinst teomperature is shown in Flgure 1. The quantitative
results expressed in Table 2 are obtained from this praph, the
inflecetion points of the curve being used in determining the
division of solvents,

The sane procedvre as that outlined above wus employed in
the snelysis of the products of & Termentution to which n-butyric
ecid had been added, Trensfusions on 10 flasks, ecch contain-

ing approximately 1500 cc. of 4.5% corn mash, were bepun 17 1/8
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hours after & 3% inoculation with the fifth trinsfer of culture
¥Bhe AT this point the titratable ucldity hed recededa to an
averege valus bLelow 4 ce. of N/10 1la0li per 10 cc. of mash, ‘he
acidity, of coursve, varied slightly with the individuwl flusks.
~onples for weldlty reedings were taeken from the flesks through-~
out the coursc of the fermentetion, und the everuge values
obtulned wt the differsnt intervsels used as indexes as to the
utilization of' the wdded weid. Table 1 shows the rote of

addition of the weid wnd alec illustrutee its utilization by

Teble 1. Titrateble Acldity Lisssurerents end late

of Additlon of n~butyric ifeld

Acidity in cec. 1N/10 © Grans gclda added per

Hours : NaO? per 100 cc. of : 100 cec. of much
s LGSl .
17 1/2 0.5
16 1/2 0.5
19 1/2 4.6
20 1/2 0.5
21 1/% 4.6
2z 1/2 0.5
23 1/8 3.8
24 0.5
26 1/2 0.5
27 0.5




the organism as evidesnced by receding acidity. The transfused
n=butyric «eld wes prepurcd in suell strength thet 5 ee. con-
telned 0.75 grum of the pure celd, and added by means of &
sterile pipette., The weld was sterilized prior to its truns-
fusion by placing in an auvtoclave at 15 lbs. stewe pressure
for 15 minutes,

Lifter complation of the fermentations in three duys
the entire volume of fermented mesh wog diotilled ond submitted
to the stume procedurs Tor frictional distillstion end seperation
of colvents ws employsd in the trectuent outlined for Lhe
gstraloht corn meol forentution.  The raphicasl roprescentution
of the distillution is shown ir Dloure £ wnd the quantitetive

results compired v lbth Uhoss

\\'

ol tlie control in Table Z,

Thres distinet Troctions were obtaincd in the frectional
distillation sné the folloving wuulitotive tests applied., A
0lld derivetive for the lower fraction was obtelned by treating

wibth benzaldahyde and dilute HeOll to yleld diberzylidene

e
&+

acztonz. The melting point obbulned was 1110_ The higher
boilling fractions when trected with 3,5-dinitrobenzoyl chloride
gLve unon rcchQtLlll rutlion derivatives with melting points of
63 und 01 , which correspond to the vuluse previously given
for butyl 3,5~dinitrobenzoate wud sthyl 9,5-dinitrobenzoate,

In Tuble 2 are presented the cowmparative ylelds of solwvents
from the control and weld trensfused flosks, the dete being
computed from Figures 1 und 2. The perocuntages (graus per 100

ce. of nesh) were computed from the Tinul volume of fermented



Table 2. Anelyticel Results Obieinec from the Frrectional Distilletiorn of Straisht

Corn kiecl and n-Butyric .icid Trensfusion Fermertations

:Products/100 cec.
+from Control

+(Conc. of Corn
14,65 G/120 cc.

:G. Products/100
tce, Trom Jontrol
:{Calcd., to Conc.
sof Corn = 4,05

:G/10C ce.

:C:e Products/100 :Yi=ld of

scc., from Trans- :Solvents Tron
sfused Flasks tTransfused

: (Conc. of corn = :Butyric zcid
+4,58 Butyric ceid (1Jt. basis)

e= 0.347 /100 cc.:

Bthanol
Acstone
sutenol
Totel Solvents
Residual :icetic

idusl Dutyric

o d)

6}

e

0.081
0.28¢8
0.743
l.122
0.115
0.138

0.08¢

0.282

0.727

1.088
0.112

0.135

0.154 18.7 3
R

0. 33¢ 16.0 !

0.849 49.2

1l.542 70.3

0.112

0.175
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liguid. The residuul volatile uveclds were determined on
aliguot portions of the distilled liquor, two determinstions
being currlied out on such set of Tlasks and the wverupre value

recorded in Tuble 2.

B. inelysis of Femrmentation Products Using

Indirect Methods of Analysis

A series of fermentations wes esnslyzed for solvents 1in
which the amount of n-butyric acid added vurled Trom 0-0.479
gram per 100 ce. of corn mash., The media were contained in
two=-liter Mrlenmeyer flasks wnd consisted of approximetely
1500 cc. of sterile 4.5% corn meuwl (dry busis) per flaesk. The
sterile seid wus wdded fyrom a graduated pipette into the wctive
Tfermentetions, the troansfusion times ranging frow the 16th to
the 25th hour.

Table 3 outlines the addition of acid &nd shows the
Qcidity readings teken at verious intervals throughout the
fermentation, The transfused wcld was of such strength thet
euech 5 cc, portion added smounted to app;oxim&tely 0.06 gram
per 100 cc. moesh. In the final anulyses of the anulytical
results, expressed in Table 4, the percentagve acid is calou~
lated accurately on the basis of the corrected finel volumes
of the fermented mash,

The Tirst addltion of acid wus in the Toim of the Ka
salt vhich enhenced the buffering action of the medlum to such

an extent that pH veluss of the transfused flasks ren slightly
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Table 3. Rute of jicid Trensfusions and

Acldity hieasurenents

Control ¢ Flesks Receiving Butyric scild
(3 flasks) (3 flasks to eech set)

: 1 s 22 : S : 4

Time : pH 2 Aeid*: AJi.t pH & Acid : A h.: PpH : Acid @ si.iw pH 3 Aeld e

16 : 0.06 o.oeﬂ

17 0.06 0.06 |

17 3/4 4.8 2.2 5.2 1.8 4.8 3.4 4.9 3.2
18 1/2 0.06

20 4.8 2.4 5.1 2.2 4.9 2.6 4.9 3.0
20 3/4

22 4.9 2.2 5.2 2.4 5.1 2.4 5.0 2.6
23 1/2

25

72 2.7 2.8 2.7 2.4

P ————

1Abbreviations used: "Acid" = titratable acidity; "A.A." = G,
transfused butyric acid per 100 cc. nuash,

®3et No. 2 contrined £ flasks.

*First wddition of ecid wus in the form of the Na sult.






4 .

L A.ﬁ.; pH : Aeld : A.A.; pH z-‘-.cfd : ;’s.f;.z pil Acis.d ' :’-'..A.; DH e Ach L deeiis
0.06" 0.06 6.06" 0,06 0.06
0.086 | 0.06 0.06 0.06 0.06

L 4,9 32
0.06 0.06 0.06 ¢.06 0.06

3 4.9 3.0 5.0 2.6 4.9 2.6 4.9 3.0

0.06 0.06 0.06 0.12

t 5.0 2.6 5.1 2.4 5.1 2.4 4.9 2.0

0.06 0.06 0.06
0.06 0.12
7 2.4 3.4 3.4 4.1
|
|
A" o= G,






more alkaline thun those of the control. It muy be noted

that the pih readings snd titretuble acidities were kept felrly
close to those of the control except in flasks where consider-
able ucid was transfused. Final acldities show thut the
orgenism does not seem capuble of utilizing & great deal umore
then 0.3 grem n-butyric @cid per 100 cc. mediwm. This excess
acld has besn shown by snalysis of the residuel volatile acids

to be the accumulation of the unfermented Lransfused wueid,

The amount of unused wcid which accumuléted in this sxpsrimont
was not enough, howsver, to noticecably harm the fermentution.
Three duplicate flasks were run for ecach specified amount
of acid trensfused with the exception of the second sct which
contained two flasks. One flask from suwch set was used
throughout the fermentetion in procuring samples for acidity
measurersnts, The final recorded seidity is the aversge read-
ing Trom &«ll thsse flusksf after completion of the fermentution
in threes days, two 300 cc. portions of mash were taken from such
flask and 100 cc. distilled for anslysis. The.set of data in
Table 4 is calculeted from the K Cr,0, oxidation method. The
yields of solvents from n-butyric ecid were found by subtract-
ing the amount of products obtained in the control, after con-
verting to an equivalent corn meal concentration, from the

yield procured in the trensfused flesks., The grams of increased

solvent production over grems of n-butyrie added is then the

percent lncrease from the n-butyric acld wdded. The negutive

values for ethuanol merely show lower yields in the transfused
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Table 4. Yield of Solvents from n-Butyric acid

set e : + Zolvent rormed from Butyric
No. ¢ Medium 3 Solvsnts Formed s (¥Wt. & of Butyric sdded)

: Corn :putyric: BuOH : ie,CO0 : ZtO0H : Total : ZuO0E : e,C0 : LtOH : Total

+ G/100 :¢/100 : G/100 : G/1G0 : G/100 : G/10C : : : :

* CC. :1CC. : CC. : CC. R + CC., : : : :
l 4.59 0‘0 0.68 0036 0.12 1.16 - -—— - -
2 4,51 0.123 0.76 0.38 0.10 l.24 73 21 ~-15 79
3 4,52 0.182 0.79 0.36 0.09 1.24 &6 3 -15 54
4 4,51 0.236 ¢.81 0.37 C.11 1.29 60 7 -3 54
5 4,486 0.300 0.75 0.36 0.12 1.23 30 4 1 35
6 4,44 0.35¢ 0.78 ¢.38 0.13 1.29 34 g 4 47
7 4.45  0.478  0.7%  0.37  0.13  1.29 27 4 3 34

1
Czlculated from XgCr,0, Oxication kethod.

—Oﬁ—
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Table 5. Yield of Solvents from Trensfused icid

Yo. of:Fo. : :Solvent Formed from Butyric
Flasks:inal.: iedium : Solvent Formed : (Wt. § of Butyric Added)

: :Corn :butyric: sSulll : Lie,C0 : ZtCE :Total: BuOH : 1:8,C0 : ZtOX :Total

: :G/100 G/100 : G/100: G/100 : G/100:G/100: : : :

: :CC. cC., t CC. : CC. t CC, CC. ¢ : : :
2 6 4,73 0 0.723 0.368 0.080 1.181 -— - - -
2 6 4,65 0.197 0.808 0.389 0.105 1.302 48.8 13.5 81 70.2
2 4 4.62 0.283 0.875 0.,408 0,054 1.337 57.6 1¢6.8 -11.6 62.8
2 5 4,60 0.388 0.903 0.405 0.055 1.363 51.6 1l2.1 -8,3 5%.4

1
Celculeted from Refrazctive Index Lethod.

-'[?—
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flasks from those of the controls. Considering the facts thut
a very small emount of n-butyric acid was added and that the
amount of ethanol present ig very small, it 1s easy to ssec tiwt
a slight error in unalysis or a smull difference In the sctbusl
fermentetion ylelds would sasily account for the nepeative velue.
As previously noted in finel acidities, the entire @mount of
n-butyric aeld trunsfused was not utilized, which accounts for
the lower ylelds of solvents from the sdded ceild in the higher
menbers of the seriss., of acid concentrationse.

In another experiment transfusions were run on & similay
serles. T7The seme experimentel procedure was followed except
the finudl distillete wes enslyzed with refroctive index read-
ings, Teble 5 summarizes the results obtuined.

In summarizing the above data it can be seen thut n-butyric
acid is converted to n-butanol and to o somewhat lesser extent
to acetone, Hividence for an increased yleld of sthanol is
inconclusive. This 1s in substuntial agreement with the
previously discussed work of other investigators. The incrsase
in yleld of n~butanol has been explalned by the reduction of
n-butyric acid. However, the increcuse in acstone is not so eusy
to explain on the basls of direct transformetion, although, s
Newman (%4) has polnted out, B oxidaetion may teke place, end the
resulting acetoacetic scld decarboxyleted to yleld the acetone.
Another expluntstlon would be that «ll of the trznsfused n-butyric
acid was trunsformed into n-butunol and the intornel mechunism

)

of the fermentation so eltered as to cause a shift toward grecter
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acetone production. 5%1ll another approsach to this problem
vould be Lo assume thet the wdded seld may undergo o serles of
complex trunsformations with ths subsequent production of the
normel endproducts of the fermertetion. According to this
vievpoint, n-butyric celd muy be regurded simply s any other
substrate end the chemism involved in its utilization would not

necessurlly be confined to & reduction process as postulated.

C. A Comparative Ltudy of Gus Production in &

Control and a n-Butyric icid Transfusion

As has been pointed out by Johnson, Petcrson and Fred (25)
there must be an oxldation-reduction bilance mailnteined between
the substrate znd the products from the Termentation., Tlus, 1T
a relatively hipghly oxidlized substence is wdded to the ferment-
ation and 1s utilized us & substrate, the totel wmount of the
more oxidized endproducts will be incrsuascd with o corresponding
decrease in compounds of & reduced neturs, From the analyticual
results ovtained upon trunsfusion of n-butyric weid, it may be
seen thoet the reduced solvents of the fermentution are not
decreased. .Gince durlng the active fermenteation a consideruble
emount of nascent H, 1s produced, a decrcuse in reduced solvents
should not be expscted., Tt should follow thet the ratio of CO,
to H, will be changed to account for the oxldation-reduction
btilance,

In order to determine uny variation in gas production from

the &ddition of n-butyric secld, gas enalyses were run upon two
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fermentations, one being different from the other only in
respect to the trensfused scid. The medium for ezch flask
contained 59.6 grems corn meal und 1000 cc. 1,0. The culture
used wuas the fourth trunsfer of FBB. The geses from the
fermentetion were collected in & 80-liter bottle over a satur-
ated NeCl solution, The volumes were measured &t differcnt
intervels by removing the gus to a celibratsd ges container,
samples were taken from the ges collected during these time
Intervely and anwlyzed with a Villliams aparctus, The air in
the guses was estimeted by absorbing the oxygen in alkualine
pyrogullate solution and multiplying the oxygen percentape by
five, The amount of CO, dissolved in the mesh et the close of
the fermentatlon was estimsted from the difference between ths
bolled &nd unboiled acidity.

The totel volume of gas collected from the control wes
20,058 cc. of which 11,994 cc. were GO, &nd 8,064 cc. liz; the
CO./H, rTetio belng 1.49. The trunsfused flask gave & total
volume of gus of 20,536 cec. of whieh 12,951 cc. was CO, and 7585
cc. Hps The CO,/H, ratio wes 1.7l. TFigure 3 shows gus evolution
plotted ageinst tine.

The total emount of added n-butyric weid was 3.75 grems or
aﬁproximmtely 0,375 grams per 100 cc. of mash, Transfusion was
started ut the 15th hour when 0.75 gram was odded as the Na
salt, ‘lqual eamounts were added at ths 19th wnd 21st lLours and
1.5 grems at the 22nd hour.

At the end of the fewrmentation, the mesh was anelyzed for
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solvents using the refructive index method. Two 150 ce.
portions were tiken from ecach flusk and 50 cec. distilled from
euch sciple. The values.in Table 6 are the wverage from the
two different anelyses on euch flusk,

It ic to be noted thut the wddition of n-butyric wcid
inersuses the yields of n-butanol, wecctone, wund CC,, while the
production of H, is diminished. This con be szpleinzd on the
assuaption thut I, is utilized in the reductlon of the n-butyric
acld to n-butanol and that €O, i1s libersted in the fowsation of
acetone, However, sccording to the generully accepted schemes
for the mechanism of this fermentation only one wmol of CO,
should be Tormed for wuch additional mol of ascetone produced. &
clieck on the above date reveals cxcess €0, over this theoretlcal
amount., Anlso, the decrsused Hy productlon 1s not sufficient to
allow two mols of I, to be used for the reduction of onc mol
of n-butyric wecid., It is then apparent that the required
hydro:sen mey be obtulned by the breskdovm of some unknown inter-
medlote with the consequent liberution of CO,.

Johnson, Peterson and Fred (25) have postuluted the follow-
Ing equetions representing the ratios which exist between the
gquentities of ruses evolved and the quantltles of other products
forumed.

Callsoly = 2C,1140H + 200,
Colls 20s = C ligOH + 200, + 1,0
Cell; 04 + HeO = Cil3C0CH, + 3C0, + 4l1,

Colizg0g + 2H,0 = 2CH,CO0H + 2C0, + 4H,
Coliy a0 = Cgli,COOH + 200, + 2,



Table 6., Yield of Solvents from Trensfused n-putyric Acid

n-Butanol f acetone f “thanol f Total
:G/100 cc.:% yield:5/100 cc,.:5 yield:G/100 cec.:n yield:G/100 cc.:% yicld
+ m&sh ¢ from ¢ mash : from : masdh : from : mash + Trom
: + aeid ¢ r seid ¢ s aeid ¢ : eeid
TI'&IISfUSed 0.878 4-).9 00585 lE‘.S 00169 -C}.S 1043:’ :‘5.4

-(._)T‘,—




The various mechanisms proposed have these relationships
woven into one pettern tallored to Tit the quantlitative data
obteined from the fermentetion. By use of these eqguations
the above investigators celculated the volumes of CO, and Hg
corresponding to determined amounts of' the verious products
present at varlous stases in the fermentation. During the
early part of the fermentation the evolved gases were not near-
1y sufficieﬁt to account for the solvents and acids produced,
although substantisl agreement was found at the end of the fer-
mentation. These facts were offered as evlidence of the ex-
istence of an intermediamte which is a precursor of H, (either
molecular Hy or H, available for reduction) and CO,. In form-
ulating oxidation-reduction balances, evidence was also found
indicating an undetermined intermediate more oxidized than

glucose.

2. The Transfusion of Acetic Acid.

Acetic acid is produced In considerable suentities durlne
the course of the fermentation and its diseppearence as the
Termentation progresses seems definitely linked with the forma-
tion of acetons. During the Vorld viar, when a premium was
placed upon acetone production, it was found that good ylelds
of acetone could be obtained from acetic scid added to the
Termenting mash. The literature regarding this transformation
has been previously reviewed, eand it aeppears possible that ace=-

tic acid may be the sole precursor of acetone.
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It was not bellieved necessary to qualitatively study the
products derived from acetic scid so only e quantitative an=-
alyslis was pursued, Two sets of experiments, each involving
a series of transfusion concentretions, were perforaed. In the
first, analysis vas made by the refractive index method, while
the K ,Cr,0, oxidation method wes used in the second experiment.

The amount of treansfused acetic scid in the Tirst expori~
ment varied from 0.0 to 0.39 (grams per 100 cc. of mash). The
medium was prepared as given under general'methods and inocula=-
ted with trhe third transfer of culture FBB,. The acetic aclad
gadded was of such strencth tlat each mnddition of & ce. contain=-
ed 0.75 grams ol pure acid or equivelent to approximately 0.05
grams per 100 cc. of mash, assuming the total volume of nedium
in ench flesk to be 1500 cc. Corrections in volumes for re-
moved samples and sdded acld were made in the Tinal calculations.
Flasks were run in duplicete for each specified amount of trans-
fused acid, one Irlask being ﬁsed exclusively througchout the
active fermentation in the procuring of samples for acldity
readings. The final acidity is the average value for the two
Tlagks, Trie rate of acid addition and acidity readings are

given in Table 7.



Table 7. Rate of Transfusion of Acetic Acid znd Titrateble Acidity Hessurements.

Flask No.: 1 (Control): 3 : 5 : 7
: Tit,. ¢ G. acid : Tit. : G. acid : Tit. : G.azcid : Tit.
T ime : Acidity X : added v Acidity : edded : Acidity: added : Acidity
: : per 100 : ¢ per 100 : + per 100:
: ? CC.ussSh : : cc.nash ¢ : cc.izashe
14 4.8 4.6 5.0 4.8
186 5.2 5.2 4,9 5.0
18 £.2 5.4 4,5 4.3
18-1/4 0.05%% 0.05°> 0.05%%
19 5.0 5.0 3.6 3.6
19-1/2 0.05 0.05 ' 0.05
20 5.0 - 5.6 3.9 4.2
20-1/2 4.8 5.2 0.05 0.05
21 4,4 5.2 3.9 £,3
22 4,0 4.8 3.0 3.6
22-1/4 0.05 .10 . 0.05
23 4.6 3.4 B ek
23-1/4 0.05 C.C5 0.05
23=3/4 5.6 3.6
24 0.05 0.05
24-1/2 3.2 3.6
66 2.7 2.6 2.6 2.8

x - Titmtie acidity is expressed in cc. of C.1 X MaOH per 10 cc. of mash.

Xxx~ The tirst addition was in the form of the Na salt.

3

G



Three 200 ce. portions were talken Lrou each flusk and 100
cc. distllled for solvent anclysis using the relfractive index
method. The values recorded in Table 8 are the sverares ob-
tained from the glx separate enelyses for each specified
amount of transfused acid.

In the second series of acetic acid trensfusgions, a sim=-
ilar procedure was followed. The amount of added acld ranged
in emounts from 0 to 0.282 gram per 100 c¢c. of mosh, Three
flasks were carried for each of the eight ecid concentrations,
and twe enalyses were run on each flask using the X,Cr;0, oxi-
dation method. The acid was added slowly ovaer & period of
elrht hours evter the acidity breek, the titratable acidity
reedings belng lkept below an average of 4 cc. of 0.1 M NaOH per
10 cec. of mash throvchout the duration of the active fermentetion.
The acidity conditions thus ncerly approximated those of the
control, The finel acidities showed more or less cauplete
utilization of the added acid.,

The snslytical results are sumnerized in ‘Yeble 9.

The hilghest transformatlion of acetic acid to acetone ob-
tained in this series of experiments was 355 on a weight basis.
If we assume that two molecules of gcetic mcid camnbine with the
splitting off of one molecule of CO;, this represents = conver=-
sion of 7%/ on a theoretical basis., An increase in ethanol
also seems evident although 1t scarcely more than compensates
for the decréase in n~butenol, which may mean that the increase

in ethenol is not derived from the acetic acid, but is due to a



Table 8. Solvent Yields frem Trensfused Acetic Acid.

Solvent Yield from

Flask No.: : :

tiediumn: Solvent Yield : Transiuseé scetic
: : M Aeld C’-’t .,)
¢ Corn: Acetic: Bu CH : 7e,C0 : It Ol : Total : p~3ut-: Ace-~: Tthanol: Total
: 6./ ¢ Aeid  : G./100: G./1C0: G./100: G./100: znol : tons: :
: 100 : G./100: cec. : cc. : cC. T ce. : : : :
: CC, : CC. : : : : : : : :

3 and 4 4,6 0.20 0.816 0,427 0.195 1,228 -1l 34 13 36

7 and 8 4,6 D.29 0.618 0.441 0,201 1.260 -7 28 12 33

S and & 4.6 0.5%9 N.614 0.426 0.22 1,332 -8 35 14 43

AT



Table 9. Solvent Vields from Transfused Acetie scid

Xedium Total Solvent Yields ¢ % Solvents from Transfused
2 :  Acetic lcid (wteid)e
Corn : Acetic : Bu OH ¢ ie,0H : =t 0Od Total ¢ Bu OH : ie,C0 ¢ %“t OH : Total
G./100 : Aeid : G./100 : G./100 : G./100 : G./100 : : : :
ce. : G./100 : cec. : cc. : cC. : cc. : : : :
: CC. : : s : : i :
4,60 0 0.833 0.360 0.115 1,108 - - - -
4£.54 0.078 0.640 0.370 0.122 1.132 21 20 12 53
4,50 0.114 0.803 0.376 0.154 1.133 ~-14 21 37 44
4,50 0.150 0.577 0.380 C.182 1.119 -28 18 33 23
4,48 0.187 0.620 0.403 0.144 1.187 -2 28 17 &0
4,43 0.225 0.636 0.403 0.112 1.151 g 23 0 32
4,45 0.262 0.656 0.410 0.111 1.177 16 24 0 40




slight shift in resction equilibrias to yield more ethanol &nd
less p~butanol.

In enother set of experiments, in which 0.274: acetic
acid was transfused, a yield of 37i (wt. basis) of acetone was

obtainoed with no ineresse in ethuanol.

3. The Transfusion of Acetic=Butyric Acid rlxtures.

n-Butyric and ascetic acids are the principal acids pro-
duced during the fermentation. It is Inown thzt concurrent
with the rapié drop in titratable ecidity midwasy in the fermen-
tation, solvent production reaches its maximum rate. It there-
fore follows thet tlhe wcids are converted into solvents und it
has been postuleted In various fermentetion :echanisig thet
n-butyric acid is converted into n-buteanol and acetic wcid into
acetone. If these acids are the direct precursors of the two
solvents, transfusion of them in the same proportion as they
are produced by the organism should not affect the normal
n~butanol/acetone ratio and an excess amount of acetic ascid
should be evidenced by an abnorimal increase in scetone. These
regsults can be obtained only if the formetlion of n~butanol is
solely dependent upon n=butyric acid, and tiie production of
acetone dependent upon the acetic acid present.

The molar ratio of n-butanol to acetone in a normal fer-
nentation of corn is approximately 8:5. If n~butenol end
acetone are derived from n~butyric and ecetic acids, respective~

ly, the wmolar ratio of n-butyric to ascetic acld produced by the



organisii should be about 4:5, or a weight ratio of approximate=
ly 7:6. @illy end co=-workers (38) carrled out &« nuuiber of
maize fermentuations in the presence ol an e2xcess suount of
CaCO03 and found as a generel averase the molar ratio of n=-
butyric te scetic acld to be about 1.8:1, corresponaing to a
welpht ratic of €:18. The production of solvents wes prac—
tically nil. 0f course, 1t must be kept in mind that the pros-
ence of CaC0, micht upset the normel r=zezction ecuilibria.
Stiles, Peterson and Fred (49) added CaCOz to & fermentation
and isolafod 407 of the intermediate acids es thelr Ca sslis,
en cnalysis showlng 0.45 Tommic, 427 acetic, end 57.5; n-bu=-
tyric acid by weight. The concentrstion of n-butyric acid
exceeds thnt of scetle at the acldity break, the welght ratilo
beinz about 18:1. As the fermentation progresses the ratio
gradually shifts toward an increasing proportion of scetic
until from the %0th hour to the ené of the fermentation the
mols of acetic are in slight excess over n~butyric acid (49).
It has bsen shown in previous experiments thet the trans--
fusion of p=~butyric acid resulted in increased yields of pn-bu-
tanol with a smaller inerease in acetone. Acetic scid netted
a large Increase in acetone with @ small rise in ethanol con-
centration. The following experiment wes designed to check
the above results and also to deternmine, 1f possible, a con=-
centration of the two acids which would not alter the final
retio of products. Also, 1f the proluction of scetone and

n-butenol is dependent only upon the presence of the proper



—“SG—

amounts of scetic and n-butyric ezeilds, there should be a cer-

(&}

tein retio of the two acide whilelh will ellow maxiows awounts

e

of trancfused anclds giving meaxinum yielés.

=

A geries of escid solutions was prepared varying the ratio
of ecids frot pure n~butyric to pure acetic. ‘hese ecld solu-
tions were transfused in regular rnanner to carn mush inocul&téd
with the fifth transfer of ¥BB. Transfusions were sterted on
the 17th hour znd continued through the 256th, the acids belng
added as ropldly as titratable scldities showed utilizstion.
Therec d1d not seam to be an optimum ratio of acids thet could
be transfused, but rather an Increase in tolerance by the organ-
ism as the proportion of n-butyric acid was ircuressed. This
is in harmony with the fact that it is possible to add a creat-
er quentity of n=butyric tlian acetic acid to the foermentation.

_ i'he anelytical cresults ere summnarized in Table 10. Three
flasks were used as controls and two flasks run on each member
of the series. The datne were obtained using the K,Cry0, oxi-
dation method. The results expressed in Table 10 tend to show
an optimum yield of solvents when the retio of acids 1s approxe-
imately two perts of n-butyric to one part of acetic acld by
weight. Larger proportions of acetic scid tend to give in-
craased concentrations ol acetone. Hoviever, with the excep~
tion of the end members of the series, there 1s a consistent
incresse In ell solvents, regardless or the acld ratio employ-
ed.

The first addition of transfused acld as the Ne salt



Table 10. Solvent Yisclds from tie Transfusion of Butyric-icetic

Aecld Mixturses

: Mediumn . Yield of Solvents
Set : Corn * Zatio s Acetic ¢ Butyrie : BulH t e C0 ¢ TLOH « Total
No. : G./100 : of ¢ GJJ100 ¢ G./1C0 ¢ G./100 @ G./100 @ G./100 : G./100

¢ cC, : Butyric/: cc. ! CC. ! CC. T CGC. T CC. T ¢ce

: : Acetie : ] . . . .
1l 4,56 -- C.0 0.0 0.680 0.335 0.112  0.127
2 4,48 - 0.0 0,337 0.754 0.3% 2.102 <230
3 4,45 5/1 ¢.055 0.278 G.718 0,562 0.113 0.191
4 4.50 2/1 c.ll2 0.224 0.756 0,460 0,115 0,271
5 4,40 1/1 0.164 0.164 0.664 0.378 0.115 0.157
6 4,50 1/2 0.193 0.087 0.683 0.415 0.119 0.z222
7 4.42 1/5 0,237  0.047  0.664  0.401  0.102 0.174
8 4,45 - 0.266 0.0 0.552 0.418 0.1865 0.132




Teble 10. (Continued)

Yield of Solvents from Acid Ifixture (wt. ©)

Set Wo. BuOH e.CO LE0i Total
l o, - - o -
P4 =6 13 -2 7
3 16 11 1 a8
4 26 21 1 4.8
5 3 17 2 22
s} 6 29 S A8
7 2 e 1 30
8 -&9 1537] &8l 14

solvent Ratlios in Transfused ilesh () of totel)

Jet Mo, Buoll 1ieaCO T4 Ol
1 80.4 29,7 3.9
2 6l 504 3.3
3 60.1 3044 9.5
4 59.5 Bl .4 9.1
5 57.1 52,7 9.9
8 5642 5349 9,7
7 5645 B2 9.3
8 48,5 56,7 14.8




always insures sufficilent bhuffering action to keeon the hydro=-
gen lon concentration within limits not inhibitory to the fer-
mentation, not causing the various solvent yields from the

acid transfused Ilasks to deviete from those of the control,

as will be proven In a subsequent experiment. lowever, as
Donker {¢) points out, the concentrstion of undissocinted aclds

undoubtedly pley a very ilmportant role. The latter investi-

o

gator stetes thet & cevrtain "crlitical™ concentration of iree
n~butyric ncid ust be etteined hefore reduction to n-butanol
tuxee place, and likewlse scetic ecid must resch e certain lim-
it befors condensatlion to ccetone ocours. e gcecounts for an
Incressed acetone yleld upon the addition of p-butyric azcid by
csgumlng thet the p~butyric scld is reduced to p~butenol with
the simulteneous fornation of scetic acia from aceteldehyde,

the Increased cuantlty oif wcetic acld bheing transformed into
ecetone. However, he mentions that other substences than
aceteldehyde may act as hydrogen donatbrs. If e grester guen-
tity of acetaldehyde is converted to ecetic acid than normslly
takes place, the emount of mcetaldehyde rems ininy for the forma~
tion of pn~butyric ecid is less, therevy decreasing the n-butanol
yield. Therefore any shift in reasction equilibris must be ex-
plained on the bzsis thet the bacteria seem capable of utiliz-
ing other H, than originatingsg fron acetaldehyde and the exact
mechanlsm for the apparent transformetion of n-butyric acid to

acetone 8tlll resmains unexplained,



4. The Trapnsfusion of TFormic Acid.

Various investigators, whose work has already been men=
tioned, have postulated thet formic acid is the precursor to
all of the Hy, end a part of the COp formed in the fermentation,
If this is true, considerable quantities of the acid are pro=-
duced, although it has not been possible to isolate nore than
snall arpounts from the volatile ecid residue (49), It is en~
tirely possible that its presence may be of such & transitéry
nature that atteupts st isolation vrove very difficult. In
apprecieble amounts it 1s knovn to be very toxic to the organ-
ism.

Trensfusion of only 0.037 percent inhibited the fermenta-~
tion to such an extent that the solvent yields from the corn
In the transfused flasks was only 795% of that obteined from

controls.

B. A Study of the Neutral Products Produced in Corn lMesh

upon the Transfusion of Certain Chemicals.

l. The Transfusion of Propionic Aoid.

The>campounds thus far transfused in this investigation
are possible intermediates in the butyl-acetonlc fermentation.
Their addition to the fermentation hes resulted in increesed
yields of solvents. These transformations may be quite direect
or of such a complex nature that our present knowledge does not
allow us to accurstely picture the actual mechanism. If the

incrense in n~butenol upon the transfusion of n~butyric acid
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is the result ol a cuantitative reduction of the ncld, it is
conecelvaeble that propionic acld should also be reduced to
n-propanol. If this transformatlion does not talke place but
rather a rise in the production of the normal solvents occurs,
the Increcse can only be explained as a result of a complex
dissiinilstive process. Thie would elso be svidence that the
transformation of the postulated interiediete n-butyric acid
to p~butanol msay not be effected by the organism simply by a
direct raduotidn.

A quelitatlve study was made of the endproducts of & corn
meal fermentation to which propionic écid was transfused,
Seven four=-liter flasiis, each contalning epproximately 2100 cc.
ot sterile 4.5¢ corn mesh (dry basis) were inoculated with 100
ce, of & fourth transfer of culture POS, Transfusions were
tegun &t the 20th hour after inoculastion and continued turough
the 25th hour, thec rate of addition being governed by thé speed
which the organlism utilized the added acid. About 0.05 granm
of propionic acid per 100 cc. of mash was added at each interval,
the first sddition belng in the form.of the Wa selt. A total
of 0.245 gram acld per 100 cc¢. of mesh was added, The finel
titrateble mcidity velue in the control flesks was 3.0, while
the transfused flasks ran sbout 4.4,

After conpletion of the fermentation the solvents were
distilled and submitted to fractional distillation, the experi-
" nmental procedure followed was similar to that described under

n-butyric acid. In the preliminery fractionation, portions
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were collected below 57°, 57°«90°, 90°-115°C., and above 115°C,
The middle fractions were again dred with anhydrous K,005 and
refractionated. The distillate heving a boiling point range
from 90°=115° was again fractionated. The $,5=dinitrobenzoate
esters were prepasred from the alcohols having bolling poinﬂs
of 78°, 95°-97°, 98°=-100°, 105°~107°, and 115°, and melting
points of 90°, 69°~70°, 70°~71°, 64° and 64°, respectively,
were obtained., Kamm (27) gives the melting point of the
n-propyl derivetive as 73°. The melting points obtained from
fractions between 95°-105° indicate the formation of n~propanol.
The guantitative results of the fractionatlion are given

in Teble 11l.

Toble 11, Fractional Distillation of Propionic Acid

Trensfusion (Amount of Added Acid=53 grams)

Temp. Hange ce, Distillate

Below 56
56=85
65=70
70-75
7580
80-85
85-90
90~95
95-100
100-105
105-110
110-115
Above 115

=
] [88]
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2. A study of the Solvents Produced upon the Transfusion of

Isobutyrie Acid to Corn Mash.

Analogous to propionic and n-butyriec acids, iso-butyric



acid may be reduced to the corresponding alcohol. In order
to test the validity of this hypothesis, isobutyric acild was
transfused to a corn mash medium and an analysis mode upon the
distilled endproduets of the fermentation.

Nine four=-liter Irlenmeyer flasks, each containing ap=
proximately 3000 cc. of 5 corn mash (wet basis) were inoculat-
ed with a & inoculation of a fourth transfer of POS,. One of
the flasks wag set sslde as & control, snd to the rest of them
was addsed n total of D2.06 prams of isobutyric acid ewuivalent
to 0.2085 calculated on the basis of grams per 100 cc, of nmash.
The transiusions were carried out in the previously described
manner, the acld being added between the 1l8th and 24th hours.

Irom e representetive sample teken from the transfused
flagks three 300 ¢ce, portions were distilled. Analyses were
made for total solvents by means of Sp. G., end acetone using
the lodoform titration method. The same analyses ware perform=
ed upon distilletes from the control, There was no increase
in total solvents or acetone from the transfused isobutyric
acid. Values obtained for acetoﬁe and total solvents from the
transfused flaske were approximately the sare as those of the
control slthough titrstable scidities showed utilization of the
edded isobutyric acid., In another experiment, appreciable in~
creases in totsl solvents and acetone were obtained.

The belance of the fermented licuid from the flasks re-~
ceiving =secid wos distilled, redistilled from a saturated salt

brine, and the solvents separated and submitted to & fraction-
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al distillation. It was not found possible to lsolate sny 1so-
butyric acid, The 3,5~dinitrobenzoate were prepared froa al=-
eohols having bolling points of 78°, 106°-108°, 110°=-112°, and
115°, the melting ooints obtuined were 90°, 56°-57°, 64°, and
64°, respectively. The melting point for the {-butyl zerivative
is piven es 83° (27). The nmeltine point of the 106°-108°
fraction indicetes thet soue isobutyl slcohol iisy have been

forzed and was distilled in thils rence along with p~butanol.

3o A Study of Soivent Yiolds from Ferumentations at Verious

pll Levels,

In the transfuslon of tlie verious sclds it ws not pos=-
sible to maintain the pl levels of the =cid transfused flasks
eand controls exactly the same. The variation was very slight,
hovever, end usually e trifle to the olkaline side due to the
fact that a small amount of the total quantity of the transfus=—
ed acid was first sdded as thé Nea salt which served to give the
medium added buffer action. In order to ascertain the effect
of an altered pH upon the productlon of solvents, a series of
fermentations was carried out in which the pH levels during the
usual time of transfusions (fron the 16th to the 27th hours)
were varied from .8 to 5.3. These adjustnients were nade wit?
NaOH and HC1l, the normalities of the transfused solutlons belng
approximately 1.75.

Table 12 gives the solvent yields and ratlios at various
pH levels. The pH values of each member of the series varied

0.1l during the time of adjustment.



Teble 12. Effect of Variation in pH upon Solvent Yields

% Solvent Yield

(Basis Dry Corn) Solvent Ratios

8 *2 o 8
*% a0 s a8

¥o. of ¢ Mo, of ¢ Adj.: BulH : lie,C0 : BtOH : Total BulH : ie,C0 : TtOH

Flagk ¢ Anel, : pH : : : : :
1 Z 3.8 12.5 6.9 1.2 20.6 62.6 51.2 S
1 2 4,0 12.2 7.8 1.7 25.7 82.0 30,3 8.7
1l 2 4.2 158.4 8.2 1.7 26.9 6G.6 33.4 6.0
3 6 4.5? 15.9 7ed 2.2 25.4 64,2 27.6 8.2
1l 2 S.0 15.6 Ge7 2.0 24,3 64.2 28.6 7.2
1l 2 5.1 15.5 B9 1.7 24.1 62.5 30.4 7.1
1 2 5.3 15,0 7.3 1.7 24.0 62.6 28.8 8.6

4 control
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Only at a pH below 4.0 did the solvent yield seein to be
appreciebly lowered., “ithlin & renge of pH 4.0 to 5.5 the
yilelds and ratlios of solvents varied very little although there
sppearsd to be a slight incresse in acetone and p~butanol at
the lower levels and a slight rise in ethanol formstion as more
elkaline conditions were malntained.

This experiment also served to show the results obtained
from the transfusion of en inorgenic ascid. In the trensfusion
of the various acids emnployed in this investigetion, it wes
noted thet in most instances thre maximum eamount utilized by the
orgenism was approxinately equal to the amount of acids normally
renaining at the close of the fermentation. It is possible that
the added laboratery acid replaced the bLinlogically Toraned sclds
which account for the finsl resldual acidity. The work done
on the residual volatlle rmcids Aild not bear this out, although
it is conceivable that an Increase in solvents could be derived
Trom the utilization of the residual Termentation ecids and not
Trom the transfused product. If the presence of aclds at the
closc of the fermentation 1s an effort on the part of the organ-
ism to create proper environmental conditions, it should be pos~
sible to duplicate these conditions with various aclds. How=
ever, 1t ney be more logical to conclude that the residual aclds
merely represent an equilibrium concentration in respect to the
other products of the fermentation.

In the above cxperiment, if IC1l had replaced the residual

aclds, the solvent yields should have been increased as more of



the fermentetion acids would have been available for conversion
to solvents. The solvent yields at a pH of 4.5 was slightly
above the control although in view of the othor data, definite

conclusions cennot be formed.



SULIJARY AND CONCLUSIONS

A number of acids have been transfused in the butyl=-aceton-
ic fermentation of corn measl, and their fermentability and
course of chemical transformation have been determined. In
the Tirst part of this investigation intermediate acids were
added during the course of the fermentation. The compounds
transfused in the second part of the investigation are not
thought of as intermedintes to the formetion of n-butanol,
acetone, and ethanol, but were studied to gain & further in-
8ight into the chemism of the fermentation.

n-Butyric acld was transformed into p~butanol, and to a
sonevhet lesser extent into acetone. The production of CO,
was increased end H, decreased.

Acetic uéid was converted almost entirely into acetone.

n~-Butyric~acetic ceid mixtures gave optimum yield of sol-
vents when the ratio wes 2:1. This mixture also resulted in
yields of golvents, the major transformation being to n-butanol,
with least conversion to ethanol.

Formic wscid proved very toxic to the organism even when
added in very sinell arounts.

The transfusion of n=-propionic acid resulted in the Torma=-
tion of a small amount of propanol together with scetone.

Tvidence was obteined indicating lcobutyric acid to be
partially reduced to lscbutyl alcohol.

The pH of levels of e series of fermentations was varied

Tfrom 3.8 to 5.3 by the addition of HWC1l or NaOH. LIxcept for
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the fermentation carried out at a pH of 5.3, the solvent ylelds
were fairly uniform elthough thers was a slight tendency for
incroased’ﬂcetone and n=-butenol production whien the pl! was
slirhtly wore acid than thast of the caitrol.

The value of transTusing e postuleted intermediste to en
active Termentation s a method of approach to cain an insi
Into a fermentation mechonism is based upon the premise that
the substunce iz fermentaeble and is subject to the same chain
of resctions as occurs with intermnediates cssused in the fermen-
tation mecheanisn, An objection to this method of moprosch is
that the eaullibria of the various reactions in the fernentatlion
may be so eltered az to obscure the asctual endproducts of the
transfused nroduct. This is especially truoc in the butyl=~
acetonle rermentetlon where the verlous dlssimlletive chenges
must be very complex to account for the variety oi changes
broughﬁ about .

It should also be kepl in minég that the snount of & trans-
fused substance which the organism is able towilize is an im=-
portant consideration. An intermediste when adled to an active
fermentatlon should be converted quiekly, completely, end in
large amounts to its purported endproduct (Slator's rule). The
highest tolsrance for eny of the intermedlate scids transfused
was exhibited toward n-butyric acid and the amount utilized by
the orgenisn was approXximately 0.3 gram per 100 ce. of 5% corn
mash. Since there is an sbundance of avellable g given off

it is stranse that the orgenism should not be uble to convert
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lerge aanounts oi' this acid into p=~butanol if n-butyric acid
is to be regarded as a direct precursor to n-butanol. All of
the intermediste acids s tu d ie d in this investipetlon may
be isolated from the feramentetion. Lowever, froi the relative=-
ly smell omounts which the orgenism seemed capsble of utilizing,
it may be thet they are only incidentsl precursors of the nor=
mal endproducts and are not to be thought of as necessary pre=
cursors to the finel products in the butyl-acetonic fermenta~
tion.

‘e entire clarascter of the butyleacetonic fernmnentation
undergoes & radical change after the "meidity break”. The

produetion ot eecla

w

3 seemingly gives way to changres involving
the fomation of compounds of a rore reduced nature, Unlesg
the formeltion of the essuned Intermediete acids continues after
the acidlty break concurrently with the production of solvents
these aclds cennot be regarded ss the direct precursors to the
large guentitics of solvents formed as the aiount of acetic and
np~butyric acids present in the Ifirst stage of the fermentation
is insufficient. It the entire fermentetion mechanism is al-
tered durlng the second stage of the fermentation, it is pos-
sible thet the accunulated postulasted intermedimte eclds are
treated sinply as substrates, end sub jected to & serles of com=
plex transformations ending in the production of n-~butanol,
acetone, and ethanol. This seriles of transformetions may, or
may not, be restricted to. the more or less fixed mechanism pro~

posed by various investigators.



The results of this investipetlion tené to show thet the

butyl crgonlsnm mey sreduce veryinge quoentiltics of ons, two, or

1. The transiuscd prodéucto ey bo Silrect Interscdictos 1n
the Tersentetion, end are procursors to e given solvoents «s
postuleled in the d¢ifferent propoced nechanlismg.

Se Thi translused assumed Interpediet es mey underco the

o

troncforontions svslgned to thoen In the werlous zmechanisas, but
tha onurse of the fermentation may be en elbtered thnt eprarent
convercion to other solvents occurs, This e::aiic.w tion would
neeount for the sonsront trsnsformetlon of pebutvrriec eeld into
acetonae.
Ge Thao trenzfused substences mey be rasarded sianly as
ferrsntsble substrates, and the solvents derived I'rom e serles
of complex renctions Involving the synthesle of p-~butonol,
acetone, snd ethanol.

‘1ile thece nelde ere Tormentsble, the limited tolerance
dignleyed by the orgenipgn toward thes dces not seen to juetily

the conclusion thet they ore the 8o Intorcediates to peetone

b
Q

and p=butencl,
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