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As an alternative to traditional indirect ligquefaction, biclogical
processes may be used to convert the components of coal synthesis gas to
1iquid fuels. Blological processes offer certain advantages over chemical
conversion, including operation at ambient temperatures and pressures, high
yields and product specificity. These advantages are partially offset by
slower reaction rates and special reactor considerations such as sterility
and nutrient provislon,

Organisms have been identified in the literature that are capable of
converting gaseous mixtures of €O, Hy, and CO2 to organic acids (such as
acetic and butyric acids) and to methane (Clausen and Gaddy, 1986). Although
many anaercbic, facultstively anaerobic, and even some strictly aercbic
microorganisms are known to form ethanol from glucose (Wiegel, 1980). no
organism was known to form ethanel autotrophically from synthesis gas
components. In 1987, researchers at the University of Arkansas reported the
isolation of a strict snaerobic mesophilic bacterium from animal waste that
was capable of comverting CO, Hj, and CO7 to a mixture of acetate and ethancl
(Barik et al., 1987). Preliminary identification studies have indicated that
the bacterium has a strong possibility of being a new clostridium species
(Tanner, 1988)., It is likely that in the same manner as with other
clostridia growing on sugars, ethanocl and scetate are formed from acetyl-CoA
by this organism, with the product distribution highly dependent on the
regulation of electron flow (Rao et al., 1387).

The purpose of the present research progran is to obtain fundamental data
to allow optimization of a biological system for the production of liquid
fuels from synthesis gas. Basic microbiological procedures ars being
utilized to determine whether the newly isolated culture is a new Clostridium
species on an existing species now capable of preducing ethanol from CC, CO2,
and Hy. Studies in batch and continuous culture are being used to manipulate
the biclogical pathway in an effort to eliminate acetate from the product
stream at the expense of increased ethanol preoduction. Finally, culture
conditions are being optimized to maximize the yield and concentration of
ethancl produced from synthesis gas.
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TECHNLCAL APEROACH:
SUMMARY GF PAST EESEARLCH

AumumﬁhuuﬂwufmauuHWnsMdenswuﬂuumum
are capable of comverzing GO, &0z and E2 in eyncthesis ges Co methane and
organic asida zuch as scetare and butyrate {Lorowitr and Eryant, 1984;
Genthnier and Bryant, 1982; and Levy et al., 1981y, Acetste may, in tum. ba
used in preducing high value chemicals such as eitrie acid (Yachinags ez &l.,
1972; and Tabuchi =c al., 1%73) and seversl aminc acids (Bedzliong et &l..
1979). However, no source identified either mixed or pure cultures capable
of producing liguid fuely from CO, CO2, H} or ScALATE. Frea aneTgY
caleylatione, howaver, show thart many reactlons ars eneTgetically feagible AL
a blological catalyst can be found (Thauer et al., 1577). Thus, bacteria
guct be lzclated from patural sources In prder t6 acFaks the feasbilicy of
biological converslon.

Naturel sources of bacteria such as scwage sludge, animal wastes, and
zuds serve as & final repository for a consortium of bactarla, capabla of
converting & wide varfisty of substrates to many diffarent products. Almost
#1l of che pure culture bacteris found in culturs collectiens today
sriginated from & mixed bacterlal population fsclated Lfrem guch natural
environments. The natural carben flow in nixed cultures pbtained from sevaga
sludge and animal rumen is the oetabolism of substrats to msthans, Thus,
pethane inhibitors must be added to sasples from thess xources in order to
stop mathane production and to allow incermediates to form, Actlimetlon to
co, COp, and Hz must be achleved aver an extanded pariod of time, during
which the cultures ars supplemented with basal splts, vitamine, and minerals.

Culture isolation studiss wers carried out 1n the University ¢of Arkensas
laboratories in an effore te find bacterls capable ef converting €O, €02 and
Hy to liquid fuels., Several patiural. inoculs wveres used Including sevaps
gludge, anizel waste, ccal pils runcfi mnd goilz. The pathod of successive
rransfer was ucilized, while simultsneously blocking pathanogenasis, Table 1
sumarizes the varisblas mnd their ranges studied during culturs iselation,
enrichment and pralininary optimization. The scresning mediun consioted of
an aquecus mixture of vitemins, gingrals, yeast extract, and resazurin in
addition to rhe inoculun snd carbon scurce. The result of these sxperipentd
wvaz the ipolation of a culturs capsbla of producing ethancl and acetates from
g0, ©O; and Hp when uping a chicken waite inoculum ac pE 5, and usiog a BEEA
fnhibitor to block methamogen=sis. Bassd upen preliminery fdancification
gtudier, the culture was tentatively ldentified as & wenber of the

Clostridiyg apeclss,
Bateh Farmentation Prefiles

Batch fermentation experiments with the mewly t{selated microorganlsa in
glase bottles under eaxternally controlled ermditions did not show & high
degren of raprotucibility. This behavior is typlcally found with moat
elogtridia {Finn and Nowrey, 1952), and although the assessuent of
ervironmantal conditfons in an sver-changing substrate and product
concantration system is difficuler, batch fermentations provide important
(nformation in eveluating overall performance. The resules presanted here
su::lrtz- the most often encounterad patterns durdng the experimental
studles.
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The dissppearance of CO and Hz during the batch esperisent for varlous
inirial pressures Is showm in Figures 1 and 2, raspoctively. As noted, both
€0 2nd Hz wers readily conzumed at all pressurss beiow ? ata. Long lag
Phages occurred, howesver, which makex repeticion of results difficulr.

Acetata and ethanol preduct levels are plotred xs a function of tima in
Flguras 3 and 4, respactlvely. As noted, both acetats and ethaisl Tevels
increazed roughly with the initisl precsure soployed. However, u marked
differenca in sthancl preduction was observad between the lower Prastures of
0. 45 and 1.08 atm and the higher pressures of 1.4, 1.42, and 1.99 atn. It
seens than echanol production is not directly relatad to the amount of
substrate conzumed, but instead depends more upon other ewvirsmmantal
conditione, The ut{lization of slightly soluble gaseous gubstrates {zuch ax
CO and Hz) In shaken reactors becomes macs transfer limited at & certain
level of cell concentration (Vega, 19€7; and Vege or 2)., 1988). TUnder these
conditions, the veolumetric rate of carbon ponoxide uptake I3 preportional to
the partial pressure of carbon monoxide In tha gas phaze, ag 1a showm in
Figure 5 for the four experimants cthat fully ucilizad the substrates. Tha
ratio of the masy transfer coefficlant to the Hanry's law constant for carbor
Bonoxide, Kra/il, is found te be 4.0 mmel €O/atm L h from ths slepe of the
besk fit link through the deta. A& similar plot can be obtained for hydrogen.
Tha dissclved carbon monoxide and hydrogen concentrations are, tharafore,
kept az a level very close to zero as zcon sg the fermentation becomes mass
transfer limited, The bateh fermantation can be considered to be subsrrate
lizited throughout most of the process.

CULIURE IDENTIFICATIDN

As mentloned previocusly, preliminary sxperipants have indicated that
there iz a strong passibilicy that the newly isolated culturs is a msmber of
the Closeridiuyg specine. A subcontract was given to the Unfversicry of
Oklshoma, Dapartment of Botany amd Mlerobiclogy, to posltively identify the
bectaria as aither a new species or existing species capable of CO, COy and
Hi petabolism te athanol and acetate. Using established microbiolegical
Procedures for culture Identification and chezsctarization, Dr. Ralph Tanner

of the Univargity of Oklahoma has indicated that thers iz a VeTY ETrong
likelihood that the {sclate ix a new Slostridivy species. Studiss are
presently underway to verlify the hypothesia. -

Bvaluatien of Resction Stolchiometry

The etolchiomatry for tha formaticn of wcetate from carbon monoXide, as
well as hydrogen and carbon diokfde, haz been well-aztabiZphed far pany
acetoganic bacteria {Ljungdahl, 1986). Thers ramctions sta:

4 C0 + 2 Hy0O ~ CH3C00H + 2 Cop (1)
AC® w « 37_8 kcal/gmola CHyCOOH
nd

2C0; + 4 Hz = CH3COOH + 2 HaO (2}
AG® = - 18,6 kcal/gmole CH3GOOH
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Similar aquations may be written for the formation of ethanol from O, COp
and H:

6 CO + 3 Hp0 ~ CoHeOH + & GOy - (33
LG = = 59§ kcal/gnole CoHgOH
znd
200y + 6 Hp =~ CoHsOH + 3 Hal (4%
AG® = - 23.2 keal/gmole C2HSCH

Tuperizents were Eirst carrisd out in tha Universlity of Arkansas
laboratoriss using = mixture of CO, Hy and GOy Lo verifying the above
stoichiometries. S5ince both substrates (G0 apd CO7/H3) ware utilized in
these experiments and both products were formad, it was not possibkle to
directly measure the stolchiometric cosfficlents fer sach of equationx
presented ahove. Howaver, an Indirect Indiceticnm of ths validity of
Equations (l-&)} was inferred. A cembimatisn of Equations (1-4) yialds:

& AREToR + & ANacH = - (aN¥en + & Fgz) (53

sinse 6 moles of €O or & moles of Hy are required to form 1 mole of athanel,

and & molac of CO or & woles of Hy &re required to form 1 gele of acetats.

Thus, a plat of tha laft-hand side of Equatien (5} as a function of the J
right-hand side should yleld a strmight 1ine with slope eguel te 1.0 1£ the
stoichiometries shown In Eguatlons {1-4) ars valid.

Fipure 5 ghove a plot of the left-hand side of Equatiom {5) as = Ffunction
of the right-hand zide for warious initlal prassures. As noted, a single
straight line was cbtained with a slope of 0,853, Sin~a the slopa waz vary
cloze to 1.0, the validity of Equatlesn {5}, and thue Egquatfons [1-4), ia
demonscrated,

In order to Eurther verify the stoichiomecriss presentad in Equationa {23
and (4%, experimants were carried out with only CO7 and By aF substratas.
Equation {5} Is thus texted for (02 and Hp alcna in Figure 7 st variocus
inirial Ky partial pressures. As observed, all of the data fell along a
single straight 1ine with & slope equal to (.9 (close to unity). Thua, Hp
and CO7 mot only serve as grovwth and production subgtrates for
sp. without the presence of €0, But alse confirns the stolchiometrles
presanced in Equations {2) and [4).

ELIMINATION DF AGCETATE
= dia

The producticn of ethancl by Clestridiug sp. I{x accompanied by the
production of acatate, an undesirable by-product Lf a fuel 1x sought.
Although the new isclate is tha first erganizm to show the production af
ethanol from CO, Hz and €03, several othet clescridial specles are kmown to J
marufacture ethanol from sugars (Rogers, L98E), L. thermocellum. C.

therpobvdrosul furicum and &, zaccheyolyLigum have been shown to produce
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- ethanol from complex carbohydrates such as cellulose and starch, and from
simple sugars such as glucose. In all three cases, however, acetic acid and
sometimes lactic acid are always produced as by-products of the fermentation.
It is very likely that similar biochemical pathvays exist for these bacteria
and the new isolate, thus providing information on the methanisms that lead
to the production of ethanol and acetate.

The ethanologenic clostridia convert sugars to pyruate via the fructosge-
biphosphate pathway producing two moles of ATP and two moles of NADH Per mole
of hexose (Figure 8). The majority of the pyruate is convertad to scetyl-CoA
with small amounts going to lactate or CO2 and Hp. Acetyl-CoA can than be
reduced to acetaldehyde and then to ethanol, or it can be converted inte
acetate with stoichiometric production of ATP.

The pathway utilized by clostridial species and other acetogenic bacteria
to autotrophically grow on Hy/CO and CO has been recently established by
Wood et al., (1982) in studies conducted with L. thermoaceticum, and has been
termed "the acetyl-CoA pathway”. Evidence is accumulating that this pathway
1s utilized by other bacteria that grow with CO2 and By as the sources of
carbon and energy. This group includes all of the acetogenic bacteria, the
methane producing bacteria and the sulfate-reducing bacteria. A schematic of
the acetyl-CoA pathway for autotrophic growth by acetogenic bacteria f{s shown
In Figure 9. The mechanism involves the reduction of one molecule of COp to
8 methyl group and then its combination with a second molecule of COy (or a
molecule of CO) and CoA to form acetyl-CoA. The reduction of CO3 to a wethyl
group in the tetrahydrofolate pathway (bottom cycle in Figure 9) requires one
molecule of ATP and one molecule of NADH per molelcule of CO) reduced. Also,
it is important to notice that the conversion of acetyl-CoA to acetate is the
only source of substrate level phosphorylation in the acetogenic clostridia
during unicarbonotrophic growth (Ljungdahl, 1983). When terminating in
acetate, the pathway is balanced in ATP and the production of ethanol or
other end-products would result in a net consumption of ATP which would not
suppert growth of the bacteria.

The high growth ylelds of homoacetogenic bacteria on sugars and the
discovery of a large variety of electron transport proteins have provided the
first clues to indicate that, in clostridial species, ATP may be generated by
& proton gradient mechanism and electron coupled phosphorylation. It has
been suggested that the generation of the proton gradient may be caused by
the free flow of Hp through the cyloplasmic membrane and the presence of
mexbrane bound hydrogenase (Ljungdahl, 1983). In view of these findings, it
is possible to expect that end products other than acetate (such as ethanol)
may be manufactured in microcarbonotrophic growth of clostrial species. The
understanding of the basic energetics supporting growth and metabolism is
fundamental to the development of products other than acetate in clostridial
fermentations,

Elimination of Acetate as a Product

Clostridial fermentations yield a wide variety of end-products which
include two to five major acids and/or solvents as well as gaseous products
such as Hy and £03. The amount of reduced versus neutrazl and oxidized
products is always balanced with the amount of H2 and also ATP produced and
has the potential of a great deal of natural variation. Several strategies
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have been smploved In ocher clostridisl fermentacions, particularly the ‘
acatone-butancl fermsntation by ¢, agetobutylicup, which have lad to

lpcreases in the sslectivity of sslvents varsus acide. Sope of these

strategles have been imvestigated with the nawly isolatad strain and the

tasultx ars showed below.

1. fontrel of Qrowth Rate Paramelersd

Studies in the acstops-burancl faroentation have showm that high selvent
visldr depend upon adjusting growth-limiting factors such as phosphats,
nitrogen, ste, io a range which allows some growrh but net under optisum
condltions {(Bahl et al., 1982; Bahl and Cottschalk, 1984; Gottachal and
Morris, 198la). Solventogenetsisz, then 1s apparently a metsbolic response to
2 condition of urbalanced growth vhers tha utilizsble energy source Temains
In excess but growth Is Testricted by other llmiring factors or growth
Inhiblters, 5Seill, the melecular shanges thar trigger the formatlon of
solvants due to growth rastriction ars unknown.

Eairly in the studies conductsd with Clostrigdiuz #p.. tha fmportance of
the yaast extract concentration employsd im tha mediun on the ratio of
ethanoel to acetate chtained during a fermentation was recognized. In a
typieal batch farmentatlom, tha productlon of srhanel ocours simul tapeously
and a rether sonctant ratio of products iz maintained alemg the fermentation.
The ratio of sthanel to acetate, however, 1a bighly depandsnt upon tha yeast
extract concentration st iz shown In Figure 10 where the produce ratio is
plotted for varfous cases. In accardance with the sbservatiens in the
acstone-butanel fermentation, the limitatiom of some growth Factor prasent in ‘
yeact AXtract rasults in berter solvent/acid raties {a molar ratio of about
1:9 was obrtained for yeast sxtract concantrations of or below 0.052 whila &
ratio of 1:22 eccurred in Figure 10 for higher levels of yeast extract).
Unfertunately, the ability of the bacteria to adopt to lower levels of yeast
extract has been shown in latar exparimencs. Thus, the affect obssrved in
bateh cultura has not proven uteful in continuous axpetiments wheTe yeast
sxtract could not ragulate growth.

thile growth tontrol in contirusus culrutre has not bean successful
through nutrient limitacion strategies, the rate of growth of bacteria in
chemostats can bas easily contralled by sdiusting the dilution zate. AE
steady-stats, In & continuocus stizred-tank resctor that i fed & cell-fras
sclutiom, it Ls necessary that the spacifis grovth rate equals tha dilution
rate {Bafley and Blliw, 1977). Therefors, low growth rates can be achieved
by using low d{lutfon rates. Ths melar product ratle of ethanol to acetate
schieved at various liguid flow rates in a New Brungswick Bioflo £.30
chemostat specially mdapted for mnaercbic operation iz shown in Figurs 11.
As 1g cbhzerved, when all other varisblas xre hald censtant, the lower
Allution rates ylalded the higher raties. Values of 0.6-0.7 mol of
sthanol /mol of acecate wers maintained for over 30 days.

Better product ratfos have been obtained in othsr contirmous experimantal
studiesd where a cozbhinatisn of facters that are kmown to impTove
sclventogenesis in other zlostridial fermsntations are mpplied. The product
ratics obtained ln two other runs are shown in Figures 12 and 13. A
coobination of sudden decresses In yeast extract with decresses in dilution ‘
rates led to sseillatory behavier with ratice as high ax 1.2 mol schenel/mel
acetate. Even highar ratios (as much as 2.8 ool ethanol/mol mcetate) weTe
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achieved by employing a sudden decrease in the operating pH frem 5.0 to 4.0,
followed by a decrease in the dilution rate. The sudden change in operating
PH, however, may have brought about an induction of sporegenesis in the
culture and is discussed below.

2. The Use of Reducing Agents as a Method to Improve the Ethanol/Acetate

~ Eroduct Ratio

Several researchers have shown that the presencs of reducing agents in
the liquid media of Clostridium fermentations has brought about an increase
in solvent formation in the product stream at the expense of acid formation.
Rao and Mutharasan, for example, showed a five-fold increass in acetons
yields from glucose at pH 5 when adding methyl viologen to a culture of ¢,
acetobutvlicup (Rao and Mutharasan, 1986). In a similar study, the additien
benzyl viologen to the media in a C, acetobutvliicun fermentation was
responsible for increasing the quantity of butanol in the product stream to
over 90X of the total solvents formed. Acid formation decreased
significantly in favor of butanol formstion. Other reducing agents produced
similar results on Clostridiuym strains, including sodium sulfide, cysteine
hydrochloride, scodiuam thioglycolate and electrochemical energy (Rao and
Mutharasan, 1988b; Rao er al., 1987; Rao and Mutharasan, 1987; and Kim and
Kim, 1988). Reducing agents apparently cause altered electron flow, which
direct carbon flow and acid to alecohol production. Reducing equivalents ars
directed to the formation of NADH which, in turn, resulted in increased
alcohol productioen.

Since the bacteria isolated at the University of Arkansas for the
conversion of CO, Hy and CO3 to ethanol and acetate is also a Clostridium, it
was felt that the addition of reducing agents to the medium might also result
in increased solvent (ethanol) production at the expense of acid formation.
Batch experiments were thus carried out with small quantities of reducing
agents (30,50 and 100 ppm) added to the feed in order to assess the
feasibility of increasing the ethanol to acetate ratio through reducing agent
addition. The experiment carried out with 100 ppa of reducing agents
resulted in very limited growth in all cases. On the other hand, 50 Ppz and
30 ppm concentrations were successful in improving the ethanol to acetate
ratio in some cases as shown in Table 2. The flask containing benzyl-
viologen at a concentration of 30 ppm produced 3.7 mmol of ethanol with a
ratio of 1.1, the highest ratio cbserved in batch experiments so far. It is
interesting to mention that those reducing agents that improved the product
ratio always resulted in slower growth rates of the bacteria, as could be
expected from decreased ATP formation. Continuous experiments with the
addition of reducing agents will be started soon.

3. Induction of Sporulation

Recently, the connection between sporulation and solventogenesis has been
the subject of sxtensive studies both in batch cultures {(Jones ot al., 19B2;
Long et al., 1984a;b) and chemostat cultures (Gottschal and Morris, 198la;b).
Under certain conditions, which are strain-dependent, a shift of the bacteria
into a sporulation phase occurs which is accompanied by worphological changes
(elongation of the cells) and the production of solvents rather than acids.
In some cases, such as ¢, thermosaccharolvricup, an uptake of previously
produced acetate takes place during sporulation (Pheil and Ordal, 1967). The
selection of two classes of mutants, the clsg and the spo wmutants of C,
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acetobutvlicaly, has sonfirmed the ralacisnchip batwesn sporulation and
golventogenszis, The clg mutancs are unable to form & clorerldial stage and
cannot switch to zolvenrogenesiz, The Spo outanca, howevar, blocksd at =
lazer stage in sporegenesis. can all produce zolvmnts (Jones et al., 1982},

The conditions that caure the snket of sporolation and swolvantopenesis
vary apong the clostridial strains, Ia the cage of £, therpogaccharolviicuny,
significant athanol production and elongated cell formation both raquira a
cexbined algnal of a specific carben scurce (L-arabinose or L-xylese}, lower
pH and a restricted supply rate of the enetiy source (Landuyr ef al., 15833,
In the caxze of C, acetoburylicum, switching te the solventegenic phase and
diffatentiation to the clastridial stage requires the prazenca of glucose and
nitrogen, & low pH and & zinioum acetats and butyrate concentratisn, It has
alse been cbserved that, £n general, gocd sporulation can be induced in batch-
culture using carbon sourcex that tend to reduce the bacterlal growth race

{Hsu and Ordal, 19569),

Experinents have besn conducted with Clostridiug sp. grown {n bazal media
at pH 5.0 with a 0. 012 corwentration of varlous carbehydratas {starch,
galactose, rhamnoss and cellobiose) In the presence of synthesis pas. Table
3 runmarizas the resultc chbtained for emach of the nutrients studlad, along
with the maximin values obtained for cell concentration, sthanol
cencentration and molar product raticz. As roted, the highest product ratios
were pbtatned faor celloblose with product ratiozs ovar 3 times the ratle
cbtainad {n the presance of yeast axtracst, Ethanol and cell concentrations
vere highest in the presence of cellobicse and galactosa, where the sathanel J
goncantrations wers ovar 4 tioes tha valus ebrained in the presence of yeast
axtract,

Futurs VWork

The sunmarized results presantsd above point towards tha nezcesicy of
controlling the grovth and the physiclegical state of tha culturs In ordar to
achleve highey sthancl toc acetate ratios. 1t has besn shows hew forcing tha
culturs to grov slowly leads to the production of ethanel in favor of
scetate. At the zane time, aclvent production results in alewsr growth due
to reduced ATP production. The additlon of reducing agents such as bengyl
- vilolegen that provide alactrons to promote the teduction of acetyl-CoA Lo
athans]l have bespn showmn bo alza Tesult in & highar ratio of sthanol te
acetara. Fipally, the uca of condicions {suddwn pH shift, ete,) and
chemicals (complex carbohydrates} that may cause thes enset of a sperulation
stage In the culture have helped increass the ethanel formed from synthesls

Las.

The future work in the elinination of acetats an & by-product of the
farmentation will concencrace on the optimlzarlion of the use of the
strategles menticned above Ffor the particular cass of tha nev Clastridivm
utiliring eynrhasic gax. Both zaparsta zstudies for sach atrategy will ba
optinized and a cowbination of these will be sought that will bying about a
maxizmm Tatle ¢f achanol co acetate. Specifically the folloving aspects will
be sublact of study:

a) The use of continuous sddition of a reducing agent such aa beneyl J

violegen in & continuwous stirred-tank reactor cperating at low dilution
rates.
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b) The gastch for an cptioun sporulatisn smedium in batch sxpatiments,
nx wall zz the cearch for the condicions thar tripgar the shift to
spcrulation and the enset of solveancogenesic,

¢) The separation of an scidogenic phase and n molventogenie phass in a
Ewo-stage continuous gtirred-tank reactor systes in a cimilar narmer ax has
been successfilly accomplished in the xeetone butansl farmsntabion (Bahl ef
#l., 1582). Good comditinns for growch in a first stage will be followed by
4 audden shift in cpersting conditions, as wvell ms the addition of chemicals
that have rhown erMancamant in the ethanel to acetate ratio, Eventually, the
£ize of the firscr staga will be minimized as much ms possible and recycle
between the stages wlll be attemptad, .

CULTVRE CFEIMIZATION

The feasibllity of convarting CO, CO7 and Ha 1a wynthesis gas to ethancl
by Clozeridiug ep. bust ultimately be demonstrated in batch and continuous
laboratory and pilet-scale reactors., Prior to assessing technical
frasibility, culture condicions must be optimizad to maxiwize ethanol
toncentraticns and yields, vhile miniplzing the capital and cperating cosca
for fermencation, The optim{zation studies will include the decerminarien of
#an lnexpansive medium that will enable adequate growth of the culture whils
4t the sane time promoting substrats uptake and ethanol formstion. Studiaes
direcred towards establishing tha telerance of the organiem ta high product
{athansl and acatste) concentratinne ure necessary for ap adequata dagign of
the fermentation parameters. Also, if the organicm shows a low produst
tolerance, sngineering strategies (such ax exrracciva feroantation) er
genetic imprevenent (by mutationm/selection studies) may ba aszploysd to help
improve the fermentation scomomics. In addition, somm genatic srudies may b
directed towvards an optimization of the culture that will result in becter
e¢thanol to acecate ratlos.

The results of prelininary experiments in culturs cptimization as well as
Initisl guidelinme for future work in this ares sare summarized below,

Hedla Optimization

Fermentation studiss with Clostridiyg ap. have, in the past, been carriad
out in s basal oadium containing 0.01% yeast sxtract, &8 well as B-vitamins
and minerals. Yesrt axtract has been shown to affect tha ratio of products
Produced by Clestridium sp. (ssa Figurs 10). In addition, yaast axtract (= a
very sxpansive medis constitvant and is alss axpected to Intsrfsre with
cutaticn/selaction sxpariments. Experiments wars thus carried cut in an
Atteopt Lo remove yeast extrast from the mediua and, In the precess, develop
a pinina) wedium for the growth of Clostridium sp. Eventually the esxentfal
amine scids for growth will be found, sand an lnexpansive source of thess
anino acids will be substituted into the medium,

The nevly isolested Clostyidiyg was first adapted to grovw in & medium
devold of yeast axtract following strateglies sinilar to those employed by
Savage and Druke (1965} with €, thermeguretrophicym. The culture was
Fequentially cransferred into media containing decreasing concentrations of
yeast extract (0.01X, O.005X, 0.001%, OI) and an snriched formulation in
minerals, trace metals, amino acids and B-vitamins, Once the culturs was
adapted to growth without yeast sxtract, all soluticn cencentrations vere
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halved succassfully except che trace sineral sclution, Next, the resoval of
the B-vitapins solution was attampred, But prohiblitad growth. Howewver, the
culture was then grown withour tha amino acid golution. At thiz point,
various combinations of B-vitaming ars baing sxamined for possible
slimination from the medim cooposition,

Iroducey Tolerance

A liniting factor in many fermentations is that the organisa usad as the
biocatalyst im not tolerant of low concentrations of 1lts producc, so that
toxic and Inhibitory effectas cause growth and substrata uptaks toc ECOP.
Calculations show that increasing the produst butancl goncentration in
clostridial fermantationzs from 1.2 to 2X w/v would cut the snergy consumption
for distillation in half (Lindan er al., 1986). BSeveral engineering
approaches such as vacuum fermentation and extractive fermentation have baon
developed to help minimize product Enhibitlen sffsces by removing the product
az it {s produced (Phillips and Humphrey, 19B3; Griffich er al., 1983; and
Mattiasseon, 1983). A bioclogical approach La alss possible, whara tha
physlclogical and molecnlar nature of product texiclty and tolerance ate
determined,

Expariments have been carrisd out with [lpstzidium sp. in the presance of
various ethanol eoncentrations to measure the effect of athanol concentration
on grovth and CO consumptien. These results are summarized- in Flgures 14 snd
15. A3 noted in Figure 14, neicher the rate of cell growth nor the waximum
call concentraiicn wes sppreciably sffsctad by ethanol concenttations up ts
20 g/L. Similarly, Figure 15 showe that C0 censumption L unaffaected by the
presance of sthanol in rthis concentracion range. Future experimants will
datarzine the wffests of hirher sthamel concentiacicns on growth and
svbstrate uptake, as well as determining the affacts of acetata on culturs
perfotmanse. )

Pptimization by Mutatien/Selection

Genetic studies with varfous Cloztridium speecias has besn tha mublact of
Intense research In the 1980s. Several mutants of [, thermocsliug, C.
aserobutvlicun and C, sacchavelvticum have been pbtained using UV, EMS and
¥AG mutagsnic agants. Whila mcoe of the genetic stadiss have beano directed
towards understanding the genetic characteristics of clostridia, several
mutants have been obtained that are more product tolerant (Herreros and
Gomezrm, 1980; 1Lin snd Blascheck, 1983) ax wall as bacttar zolvent produdexs
{Duong «t &f., 1%83; Jonesx ec al., 1%83).

In particular, two typaz of autants af the newly iseolated Cloztxidium
that wlll afd the alininatisn cof acetats will be sought: sutants that blogk
the pathway branch that yialds acatars from aceryl-CoA and putants that ara
deficient in 4 late aporulation steps., The mutation that results in & strain
deficient In acetate production by affecting gemas coding for
phosghotransacetylase and acetyl kinase (the two enzymes catalyzing tha
formation of acetate from acetyl-GoA) has been successfully spplied o L

{vtich can only ba done dus to the reversiblliicy of tha
gcetyl-CoA to acetats staps) it would ba lethal if converted to fluorcacetyl-
CoA. In this panner, a mutant producing a ratlp of echanol to asetata from
tellohiose 8 timer higher than tha wild-typs parent strain was cbtained.
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In the case of unicarbonotrophic growth of the Clostridia, however,
complete eliminatfon of the acetate branch may lead to an extreme dependency
of ATP production on the electron transport phosphorylation mechanism that,
as mentioned before, the Clostridia is expected to have. The pessibilicy of
obtaining such mutants growing on CO or Hz/CO7 i{s, therefore, not very clear.
5till, if such mutants were obtained, a dramatic Increase in the ethanol to
acetate ratio is expected.

From preliminary experimentation and information from other genetic
studies, mutants that are not able to complete a sporulation cycle are more
realistic in the case of growth on synthesis gas components. These mutants
are caught in a stage of sporulation from which they cannot proceed or revert
and, therefore as mentioned before, continue to produce ethanol for a much
longer period of time than the wild type. Thess mutants may prove to be very
useful in the two-stage system described before by allowing a much larger
residence time in the solvent stage reactor (2nd stage). -

Other mutants that may be more tolerant of higher ethanol or acetate
concentrations may also be important to seek if the inhibitory levels of the
parental strain are found to be too low for economic exploitation of the
culture in an individual scale.

-2

SIGNIFICANT ACCOMPLISHMENTS:

1. Determined overall stoichiometric relationships for the production of
ethanol and acetate from CO, COz, and Hz by Clostridium sp.

2. Carried out identification studies which have indicated that the

bacteria is a new Clostridiup species.

3. Tdentified the major factors affecting solventogenesis versus
acetogenesis for this clostridial fermentation in batch and continucus
reactors. It was found that:

a. controlling the rate of growth in continuous culture by simply
decreasing the dilution rate increased the ethanol to acetate molar ratio
from 0.2 to 0.75;

b. the addition of 30 ppm of benzyl viologen, a known electron
donor, in batch culture boosted the ratio from 0.2 to 1.1;

¢. the use of cellobiose, a not so readily available carbon source,
in place of yeast extract in batch culture increased the ratio from 0.13 to

0.45;

d. an abrupt change in pH and dflution rate in continuous culture
brought about an increase in ratio from 0.2 to 2.8.

4. Developed a basal medium for Clostridiup sp. which does not include

expensive yeast extract to help both the economics of the fermentation and to
aid in mutation/selection experiments.
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Table 1

General Screeuing Methodology

Pargmeters

pH: 5.0 7.0

Temperature: 30°C and 37°C

Carbon Sources: CO, COz and Acetate

Nutrient Supplementation

Methane Inhibitors: Bromo ethane sulfonic acid (BESA)

and monensin

Enrichment Method

Anaeroblic

Initial Inoculum: 10X (v/v)

Incubation and Observation

Weekly Transfer of 50% Culture Media
Analytical-Test for Organic Acids and Llquid Fuels

* & § 2 @

tim t

« Isolation of Bacterial Cultures
» Process and Culture (mixed and pure) Optimization
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Tahle 2

Peak lavels for Ethanol Production and the Melar Ratie
{ETOH/ACH at 30 and 50 ppw Radusing Agent Concentrations

Reducing sgent

Cootrol

Eodium thisglyeolate
Azcorbile medid
Hethyl Vielogen

Eenzyl Vielogen

{50 ppr) (30 ppm)
Eronsacy — EICH mgoly
0.60 0.12 1.40
1.30 0.20 1.30
1.50 0.24 1,50°
1.90 0,20 2.50
1.25 0.21 3.70
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Table 3

Summary of Results with Nutrient Sources
Bringing About Sporulation

ETOH/ACH
Nucrient ell Conc (mg/l)  ETOH (mmel)  melar xatie
Yeast Extract 140 0.13 . 0.13
Cellobicse 170 0.56 0.45
Rhamnose ‘ 135 0.31 0.31
Galactose | 168 0.53 0.38
Starch 130 - 0.27 0.36
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K a/H = 4.0 mmol Co/atm L e
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Figure 5. Determication of the velumetric mass transfer coefficient
for carbon monoxide.
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Figure 6. Tasting of propozed atolchiometrises for mixed substrats
conversion to ethenol and acetate by Clostridivm sp.
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Figure 10.

Product ratio for Clostridium sp. in batch culture
at various initial yeast extract concentrations.
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Figure 11, Malar product vatie for Clostridium ap.

in comtinucus culture.
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