;e3e< <~ ~ 4 T t 6 T WBh05 JAN 2005 WO 02/ 08438 PCT/ US01/ 23149 METHODS
FOR | NCREASI NG THE PRODUCTI ON OF ETHANOL FROM M CROBI AL FERVENTATI ON FI ELD
OF | NVENTI ON The present invention is directed to inprOVﬁseg zgﬁ m crobi a
fermentation 5 nethods. for the production of ethanol fro aseous
substrate {@lf3i Ng at | east one reducing gas using an

facultatlcg Ud@é?ogenlc bacteri a: BACKGROUND OF THE | NVI E&%ﬂgkﬁﬁé?hods for
produci ng et hanol, anong ot her organic acids, alcohols, hydrogen and
organic acid Salts, fromthe m crobial fernentation of gaseous ‘substrates -
1o in nmedia containing suitable nutrients and trace mnerals using certain
anaerobi c bacteria have been dlsclosed these inventors. Far exanple, the

i nventors have previ oudBIHRPRE CITHRPRODUGIION PBs ar e

i ntroduced into a biore& MN%ERQMME@{@BMEWE&TI&MS of anaerobic
bacteria that utilize the waste gas conponents by a direct pathway to
prioduce a desFigd OFINYENIIONhe corrpound is 15 recovered from-the aqueous .
phase in a separatf vessel. or .ve, utilizi n a swta?l recovery met hod

far the conpound BecRiesEp i ‘ﬁ?ﬁ?fb‘lsage"&dwé’ﬁﬂ%w fRep UGS i MeRRI®X t r act i on,
distillatison aretmomar fhtpkcastidniEed@nol fofn DfaBus SitfstraieBhtaAE @YRAY Met hods.
The bacteria can be renmoved fromthe aqueous phase and recycled to the

bi or eact or t o OPbieACNSBaKIHRE anasobie (rdeyitative) %ﬂ‘?@,gelﬁlﬁbéaﬁﬁm M zi ng
productivity. Cell separation, if 2b : desired; i.s acconplished by
centrifugation, nmenbranous f||trat| on, or ot her technl ques. See, for

exanpl e) | nt eBAﬁQGﬁQIUNDﬁPeﬁIEMNENd‘éKﬂNon No. W98/ 00558, published January
8, 1998; U.S. Pat at.ent No. 9 6 and U. S:
Patent No. 5,821, 1 thy?srfc’ ?f&?‘f‘ir‘ %?aBLir ?’E"'Wa‘iﬂb?’c’ﬁa&ff@ d:';’ aid@g% Pc acid, .
strains of thaydogeenobogatiagdesaltsfrodbthisblial dérafenatiph aﬂgmhk fubstadtes abl e to
al so prodyce et ‘%?Ol as.a B uct .in the converél on of c¢arbon, nonoxi de

(CO, hydtogell! T 5°°§W8“rbe§ ptisRtsHad treesaningiRls USING Gertan BeT8PiCacet i ¢ aci d
(CH3COOH) andbastdiamele Heerdisdd:d by me@eﬁ%to@%oaeehmmt tl?erxﬁveim?é’\ﬁh By the

foll owi ng overal] stoqichionetric equations: N. 2005 WD 02/ 08438
PCT/ US01/ 23140resiorsly discjospbihat dittreganpixturgs tnezxtrp)iuedeEtO# bjorgaefor- 1, CH3COOH +
2 T-2Q(2) . J : CzH, pH +. 3
H20(4)O( S)ever af&g?g?rg’%pfrlg%g msof {s&#ﬂﬁ?ﬂ ggna%o%%ﬁégaﬁ thfu‘ Lﬁlll:i%tchrétﬁe' train PETC
(U.S. Pat ent Cmonénts_w}l i) patlvvayde prdamteza qewréa c7oﬁa:toemd 'Na;cco{ilpégﬁl i586) and
strains G 36, 5 re each
deposi ted |n %ﬁe%"ggﬁ%”eo s@:ﬁ% i éep&aljf dcﬁr Pves{%%gﬁh |a€gejpés%|l$

Boul evard, I\/amas\&qsmetwu ﬂﬂﬂt&(&aﬂﬁﬁl&d pwdﬂeerd Axeeples ofirebipgry m&ﬁ&ﬁ?mcﬂddar merly
ATCC No. 49S57 553 0,.. 559SS, and, 55959 10 respegti vel Each of the

S raine of C SRIRGIARTORLOHa R RS reeeot o AHERBOF e e PRt i th a

guani ne and C‘yhea&bﬂ&ﬁa datleremioiet GO tHeaduebisphhse@hd pdrgtitd BAhebibaittolidese
bacteria use a variety of substrates for growth, but not methano]l or

| act at e. Thes’é‘a‘QEaM‘%’sceﬂlF?"fcéfl*“ﬁ“ﬁ“% Has fna@@)mmg RepGuetiuity. s%@'cﬁeﬁr%“%a@ upt ake
rates: andyyspe i at ure
Vory 1 Tt le eqtmd jeciia ol oBitdioh Wiompilods SRtfi3h, 17 ol iEhibeRE

oper at e i deal $ae, for esn@le, Ineinatiopal Patent/Appliottion N (W@ $/BRSIS, munbhsh?ét yl (i :

product rati o B RboP AT scFud TN TS B BaBRbo AR ARl B 5 Ff% ne

‘Wi | d" state. Pdtédodioob,82xrcentrati ons are typically onI y 1-2 g/L. Wile
this. abllltyto produge ethano| is of intereg cause of | et hanol
productivity the IWE‘@“"BBHPé'PJOéPEE’éH?fo‘ECC%a"EqSé“’%} ﬂ‘ﬁtﬁ%a'@é@hﬁ%"ﬁtﬁn‘f‘? pr oduce
ethanol 0§ aceQRHR 7P1}z gdc%’:ﬂr% ablWid Qs&‘brﬁ@lce@gxraﬁdyl%.% pFS%I&bﬂ%"tl&t' on the

above-nenti oned C jun dahl1i stral ns have been used .to produce ethanol
and acetyl vvlttdnvt’astpm ofthathon manpxide(CQ); tydfeagu GL,) pad carben diaxids (GOMY Teet yl ),

but the ethangl gncent rat t sults in
| ow producti \/I?rf’?f’ 'BP owtfo”g’n@’;%ésﬁ ﬁm{;%&npf @L%-If {J?lg\{ﬁ% C%ﬂfé?m?%lel S an

i ssue, . . ..ar@6honibyakd olfovihe otepall AicHicthai¢ se@bdodst gh (8-10 g/ L) ‘
concentration of acetyl (2.5-3g/L nolecular acetic acid) in conbination
with the presence of ethanol. Furthernore; as the gas rate is.increased in
an effort to produce nore ethanol, the culture is inhibi ted“m"mmmﬂmmmmm
nol ecul ar acetic acid and then by CO As a result, the cult

unstable and fails to uptake gas and produce additional products«esfsst her,
early work 30 by the inventors showed difficulty in producing nore

2:1 ratio of ethanol to 05 JAN 2005 acetyl in a steady st@“ﬂlmmﬂﬂwﬁm
See, e.g., Klasson et al., 1990 Applied Biocheoistiy acrd Bi

Proceedi ngs of the 11"' Synposium on Biotechnol ogy for Fuels . antbooooz
Chem caI S, 24/ 25: 857; Phillips et al., 1993 Appl | ed Bi ochem st ry. ar| d

~ o

o ' 1



t wo- st age, coggnrs éaéstlr ed reactor

I n anot her enbodi nent of the nmethod of this invention, a two stage CSTR
(bioreactor) is used which consists of a growth reactor which feeds the

- fermentation broth to a production reactor in which nost o6 JAe oghanol is

pr oduced. \pognot her aspect of the invention, the nethod descrr b above
i ncl udes t he” &6 onal . steps of recovering ethanol by re@@%‘ﬂ%ﬁ
ferment ati on broth fromthe bioreactor; distilling. ethanol fromthe. broth;
and recovering the ethanol. Additional I y or preferably, a sanple of the
broth is subjected to centrifugation fo elininate cells; . and the

mai nt enance of the ratio is nonitored using gas chromat ography In still
anot her aspect, the neth t rther enploy an xO0

addi tional step of recycI@l@rgg;-f-a/a}?gr-i;(:3 Q@Qﬁ%wyto 5 g!'L acetyl) fromthe:
et hanol production back ‘tH;t'-t?eC@e-&o@H;c(mHtp hety, gy equi | i briumis :
est abl i shed bet ween thedghg’qugisnd acet in he reactor. As a result,

.nore of the CO, COZ an 5* (G étdt@)@z(%)nd converted to products

results in ethanol produeHj en.céX-He , advant ages of the present
i GLE0REES 2P0

invention gre descr$bed further in. ng detail ed description of
the pref erred enbod?P e &xemplare SfalnSBQLEﬁz/@EBmluEded@Htrﬁ?ﬁPﬁrE Jﬁlﬂﬁ Fig. 1

is aschenatrcNdrsaqmagm A tHab | 0 u sferrrentatlon rret od with
product recove{ﬁlﬁaccor gl)nsgl:?oﬁtgldg%l %3 ?&%%3 @%Xﬁi’é’ staips€103 tand O-52nd

liquid phase nt{-Pikant Ned6.d3¢,97Br Ehésedtrits itk @5RaRh&NitePinGRS %atm Lhe

subj ect bact er t@fyrd@o (%,urlgso C@nversron of the gaseous su tra y?eo

et hanol and acetic acr akes pr ¥EEsBoulevad, MaéaséQSoVA?,ZOIEQMOStungas 4

cont ai ni ng gasiesessidndiost: Bammom@@y\/AmW@@ pu§l5“3%pve5r9% %f% 2 and H,
ue

from bi orggct g conbusted as 1 are cel |
recycle, | ?qur §rs %?tfve&eﬁt%% ﬁdtée §tEains of €. (7ellfgdaélerpaaranrmeroﬁrcvg‘raﬁeoglhee cells 7
and cel | - free bpeeneaiithd gah@nS SR G@ sent_ back to bioreactor
3 and, 25 pe 8 is sggnt to pro ﬁc{ c%'\?lém&clgf‘ﬁah?)flag‘dﬁﬁzlﬁ@l?/ecovered
fromthe per ngg.‘F%S Cler# usgiavarintitof wulstyatbs gioeh, &kif hateRdthaRolich la%F'alt

separation i s Thede sGaRS S¥E e8 is separated in distillation cqurm
9 to produce 95% et hanol g‘befrl%: a"%tna"e&%tsrsuptaicereps and spesific back to

‘bi oreactor 3. P’l‘h’écw/%seimﬁtndwldwsmhswm&% haturg Sty lﬁtﬂe eﬁar@l proﬁﬁ%n%m 08438 5

JAN 2005 RCT/ / ecul ar..sieve 12 where an rous- et hanol® 13, the
desired final H%?%d%@%égowgg' Z’(’EQPWQ*%WP%IIYIauﬁé"ce@ﬂﬂa%lmballwroducctn is sent

back to the detbaidl tcaaqetyh(xeownmre%rst%&thﬁeé %Fg'tnré&n ‘?'I@enfc ici 'ﬁa %c%@‘ggf alt
(0] Cu ure

stability.. ut 1,29 (1 gert et qrml ger20rmads acaty?) in tiecoviMer t ed gas 3

fromthe Pr odsxa:tbr Erh R5128RccRBTR f CSTR. 1. Production
Stage CSTR 4 nglﬁ:%nfreseh gasnkfgreeetglg%at”? dqtﬂr%@ Rﬂ@@ﬁ’&‘ﬁ?"fﬁ&é&o Bodecenel | as

culture feed ¥ ERREsh bSF%'@%O@WRﬂﬁnol(ﬁeoducﬁ\&@yﬁé awifl” bectéHednid 96t the

nost prodoct i rusedio ebndrigal ent to Produc ion Stage CSTR 4. Cells 9
are not recycled to the Gowré%cgetﬁ '@%‘?‘Ra c?_rF‘E}EﬁCG BiS6duct 10 consisting of

di lute 10 et hanol With miner ﬂlﬁrxamnmmprutmo,bfh@taho‘}esmgﬁlgg&c@q” % athﬂ/estf ; naI
distillation hqr,p%u&ls &%Q E%){F\Tlafred as_anhydrous et han c{ as 12 1.
DETAI LED DESCRI PTI 4 acqtylwiby @B@dtwtlrmneoftlrlo(reqmatlpﬂtsves

‘net hods for teﬁan@tmaéamwlpbﬁmgemtmbmematgagqgsgﬁ@% h @P”t ai ni-ng . at

-l east one reduc as articul ar t he gaseous %8 :
e is% ‘g‘” é&

i ndustrial WASP& 4 Wgﬁé’é“ys #leday. In QA0jticBGA]veve dtabiRly 1§Qni§§u€ar‘0|

These . me2shodsprisesly duetdas ter than 10 g/ Lday
mani pul ating t he grg | ogi cgé]atge?q'MJ \ﬂgfg/@h’@g OfB&eél'lZ? g/LOne rret hod of

the inventi oH’OJF& Waracetihacid)im demigeatioh M%ﬁrbkeﬁdﬁf e’t‘lﬁ%lprurtﬂ_é?ﬁro %sdatr on of
e reduced

NAD(P)Hto \ etic acid produced he culture to’
to ethanol . AI ter é?]y?n%%ﬁge%iﬁa’o?% W?qirwe@omtymm thyr wituretis inhibiséd, hi gh
conoent 2t ofst b nokhanabelnaNRLIRCE, | PR eI, and thereby
% r.edox potenti al the errre and t her eby
reduci ng ace'f'isEa g%‘ét%'emdfﬁﬂas amthgrodweehdditiond piodic. FOMRR]daff wepoduce hi gh
et hanol 3gon at er than about 10 g2, and preferably
great er tha%g%kﬁ ﬂ_ e%dl 'I‘@ %ti’%m@tﬁfé@h%?dtfﬁwe(handtm ess than
about 5 glL 2s free acetl C acr din the bi oreactor). These nethods al so
mai ntai n and control nethod conditions for continuous ethanol and acetic
acid production '"to help the systemrecover rapidly fromnethod upsets.
Further, the nethods of this invention help prevent culture acclimation to
| ow nutrient concentration, which can be detrinmental to 7 0 5 JAN 2005 wo

02/ aa3a PCT/ US01/ 23149 cul ture performance. The present invention provides .- -

a viable commercial nmethod for ethanol production. Z Definitions Unless
ot hervvr se defr ned the foll ow ng terms as used throughout th| S 5

-, = Y s ... —— M. 1 o Y 1



per liter. of sanple. Cell concentration is measured directly or by
calibration to a correlation with optical density. 25 The term "natural
-state" describes any conpound, elenment, or pathiway havi Ngg RO mﬂr}l i onal
el ectrons or protons that are normally present. Conversely, "the tefm
"reduction state" describes any conpound, elenent, or pathway having an
excess of one or nore electrons. The "reduction state" is achieved by

addi ng one or nore electrons to the "natural state", i.e. by lowering the
redox potential of the 30 fernentation broth. io ~ 05 JAN 2005s WD 02/ 08438
PCT/ US01/ 23149 "Et hanol .productivity" is the volunetric productivity of

et hanol , ‘cal ecstyltreaistemlytstute opdratinofSes, ez, Kieady esi/qaleo®ifdes! concentration
and the li q'u'?d ;ete-ti on_fi rr@ GLRT) iri. continuoys systems, or the ratio of
the et hanol BHFCEHTIAEIGRHO%GH90%), Praseedings glithedd” Sympessee t hat
concent rat | oBidtehRAb&YoP¥IEHRI CHIMICRNH9S 5571 BlhBL DANOlock appiied |
productivity". describes a volunetric ét anoﬁ roduct i vl y Rk greater than
10 g/ |, day. ZHieehemistamsed Biotghhdegye Rtocedings obthe d4'hSyropdsiumeans great er t han

about 1.Q g/+%iHE , eater than ] ‘ethanol in fernmentation broth

or a pro ucthiroa#?‘gglgéﬂg{ %e?i%ﬁmadt%heﬁg%fsa?@%f Sé':ainclf‘lg WFe. "Excess ~I~" is

avail abl e for et hatuwge pmidnof devametie BedchBe tha Likofhadrbigc PRt Aher10 Hz in |

the feed gas,to,.the gg’?gof E%%O tines the nioles of CO converted and three
L Co

times the nol'dsCoftt iR feamentatiog og susars thatgle not eensume €8 GOrandi o i s | ess
than 1.0, exHpmrb#ack Soltst:s. AMainla8bhs: 18 J\@ﬁl o 2 D uced
through a different cont rosl lin 'al' rrgtcthgﬂ?‘g&m L lgllgﬁ&é%%k%qg?%gﬁewgtdhmys

S Uil zedl i nPa#Retae hsdeert altaredwhil imalud @ muttienMypésomicrevirgdnismgspecifibe bound by

t heory, jphe jqa) f: j.ze . 1 he hods...f or .i ncreasi nq the
anaer obilc prdgg}tﬁ@? }o@%e%g%xﬁ%?%égﬁsb{:ﬁ?? %ﬁopﬁg%eﬁg%goﬁgg%‘ﬁog@gas %é%eisﬁe’ar e based
upon the bi d-®gRethsteipat iWd98s ./ iBaviolivl,Ng 510 12000, drositoa ah)fiofAD( 1' )H t o

AUt ot f ophi ¢ “TFeh: R0 ARy Ae R of d S A A e g oRReR. pat huays 1o

enabl e 20 cofsti7éuous production and mai nt enance of hi gh concentratijons of
ethanol with | ow_acetate concentrations under stable operati ng condi ti ons,
g

t her eby provi di ng "EGTRBRT ansed ity therg of thethapdineof industrig gateowrsybietason from:
i ndustriigl ghsgslity Ih&uRSSRANbR!col i %AQ( - RlsekN the,
bi ol ogi cal pat hways s descri bggk?g\\ggi‘%ﬁrgr&rtss?&f é bg%ﬂ%at?liy%%fg}s&%’hanol from
gaseous conpfsiieaitts, COwed G Thereds 2 ®Rd to amtdnédthoprodngion of ethariol ee st ep -
bi ol ogi cal ; f )S: d Hz are oxidized
and) in doi Eﬁ*‘i‘%ﬁ?F”é?é%@%“%’k%?%fﬁ?h%ﬁffx@h%"?%ﬁ%f%tﬂ?%ﬁeg He+HO -~
CO +4H ' 11 fermgntgtigyed segogaseibOREBgetiSBckRGa/ US01/ 2, 31d9 The products of -
step 1 are then converted to acetic acid, a step that requires NAD(P)H:
NAD(P)H - NAD(P) CO+ CO~ + 6 H -- CH3COOH + H20 s Finally, if excess:
" . NAD( P) H i s SEMGVIARDY @F METmS¥ENTEON eacti on of step 1 proceeds at a faster
rate thgn the reaction of step .2, acetic acid,is reduced to ethanol.
NAD( P) H- ' - NAD nr@@mﬁe ﬁé%ﬁi'*fhﬁﬁ& the pesoat WVFM?“H%&?PW@ avail ability
of excess NARORIsHicH4R SoHbishdiR] fealy SER b SAOSHERPMEPRshPinREQGYCt | on of .
et hanol from acetic ‘acid: There are two known basic pat ﬁway cycCl'es in the
acet ogeni ¢’ fRICAWERiony arpatertbamt®ef andagetaty consemtratioplpwehtbamayoutsid e, in
which CO igpr : : L. @group. ..'he sequence fo& the generation of
et hanol and abe'%%8§@n§ (o 18 el 5 SRR ste8i B T s et al..,
1994, Applied Bi 2 SLLLY, i ot echnol Qg i - 145 The 1s Acetyl - CoA.
cycle nz s an i ng@? g%%/s%f;éé th‘?’é'fq%ﬂ&elé?@g&gé?%ﬂﬁ c%list(ntﬂﬁ%s]r@oéiyf% B n%t he CO
cycl e rfor nethagolrfivacths amdemblioMasterialffemestiton of a gasqopsisubetthte, Bermabmixi n can al so
be reduced'c?%‘ e as it is oxidized on the enzynme hydrogenase. As a result,
the Acetyl - PR c%'/cl e al so reacts clockwi se, and ferredoxin is oxidized. If
t he i nner CO cychburangdn b feeméutetionl bidledktarnad hmaerabing heetdgetib bacsaxiven, r at es,
ferredoxin is.i.n a redox-state .20 equililbrium. 1f. however. these two cycles
do ot _occltieps pRebIERkaro Plefg el iplid by pdan R UGHE g SARPRY o 1 o e
than the AggitytheraRAngyrd sH of ReiuBachboers.gdoxin is built up.- Also with excess
HZ, reduced ferredoxin can al so be produced in excess. This excess reduced
ferredoxin causes the NAD(P) to be regenerated (reduced) to NAD(P)H, which
buil ds an excess that nust be relieved®to equilibriumand in doing so,
reduces 25 acetic acid to ethanol. The THF cycle functions for cell growth
and is necessary for a continuous culture; therefore it cannot be
conpl etely stopped. Reducing the THF cycle rate al so sewes to cause a
hi gher NAD(P)H to NAD(P) ratio. NAD(P)H is oxidized in tw places. By
limting this oxidation, which would keep the total cellular NAD(P)H to 30
NAD(P) ratio in balance, the NAD(P)H is used to reduce acetic acid to

_____ 1 - ARL AN A1 2 AT Loy NANT LS A Dl O ASNNA AN A -




in the bioreactor. A variety of manipul ati ons, described. specifically
‘bel ow, added to the basic 2s steps of this invention permt the enhanced
- production of ethanol. Preferably, liquid . phase nutri eng 5l 14N toggsi On ‘
(pant ot henate or cobalt) or the use of excess HZ or CO are tﬁe nethod steps
of the invention, described in .detail below used to achieve and maintain
the desired et hanol producti vi ty and permt productl on of stable
concentrations and 'ratios of ethano] to acetate 'in the fernentation
broth. These 30 cHRMVINEheidlupIRAqorSRIg GaRePPOHD HrateQopriging 63{B¥ht r at i ons of
et hanol and ggRkfkenyn the is 0 5 JAN . 2005 WD 02/(18.138 PCT/ USO1l /23149
fermentation broth. In a preferred enbodi nent, the ethanol to acetate
product ratio prostisemingsaidisalcrgy praiethsnste in siddroreacior gt aparequnt of 100: 1 and
t he et hanol i um Pant ot henat e -
Limtation Sﬁﬂ%?%ﬂ%&gt)?p llogbenﬁﬁdﬂd&%g%?ﬁ%éﬁcﬁ\%ht&l on, the nethod for
mani pul ating t he mainthioggaled sppeifitimateysf Guritakedn said hmmbtom@dambum:tf and limt
acetic acid I nt of cal ci um pant ot henat e
in the nutrllgﬁ‘?&j m%ﬂoggn {%X c&?%%ﬁ@h&kﬂ%ﬁfe %{e@éé than required to maintain
the bacteria at avlsteibiai] basteciadre mmukttcdonsadtbmaﬂactonb)tmdmcmmm gdéul | y .
e e R KA e
nutrient msckaldrhypcterheacmcmsyulstablvmektymicmtraabem saldrbwm fr@laatttc\aeldtm the CO
cycle rate. e, reduction
o NAI 7(P) t(?]%&?ﬁaﬁﬁ%qgﬁ 38%%% yce?%%{ogggggs% %1 3 /i ug'?lld ggr%%o%}gg? hanol as
t he final prioplodiced ats pRadutiitityegneates thanridg/Atpeodeyi mdoﬂmwbthWI arie
m crogr ai 0s f i nt n per gram
(g) of cell S(:A(’i%g ar% ro%a%egé i g]fc entQ %) b%tpg @d‘ifblért%%crt&%tgg?lo oﬁgtﬁ%n%i]toe of 0.5 to
| 00. A rmreadﬂaefrazlnlleltpaﬁtlothenate I|mtat|on is in the range of 2 to 75 yg
of cal ci um pant oEﬂhena Rer gram ( %"‘ dry cells produced in the reactor.
Still a preferre rﬁ’g’f’ igieak of this e aé,utb%ma@pwl#!rtswéeprlaﬂws 8Re O MOReo SO ug
of 20 calci 'émﬁéa'é\lldwtx‘@ﬂéﬁsealﬂﬁﬁg 183 &)p aPafme&@'s!:léctPJ QQrHQt?edgrbtt};the reactor.
Anot her enbodi mrent of this linmtation |s at about 1- of* cal ci um
pant ot henat. éowmgp%mtw) madiumeontentpmotiisobfded rate, heuqoeaiep rate, Anot her
enbodi ment @ L um pant ot henat e
per gram () Ber? ‘ gsme?@étcgﬁbﬁh%ﬁcgggggasé%g cggtf‘ﬁtg éjﬂfs rfre%glrrt% ‘of the nutrient
mai nt ai ns etfétalndhtlcmhm&mglmmnwate,mrmduet hibieioh ctepoetl dbisitymnp satdtratel on. One
enbodi nment bE]t Rips method is illustrated in Exanple 4. In another aspect of
t hi s met hod, e acclimation of the bacteria in the fernentation bioreactor
to low limti ng Dednmhumrﬁtwatm&rtﬂenatsaqe@twacmetﬂaatpumﬂng SepdigiRes by regul ating

or adjusti ngJ B/e ferrrggt ation aﬁgrameters so that, a_constant cal cium
pant ot henat &'PESHEIASHALICETCIE SHhgaieas ustratpitemarsips fhegedicihggeas, 44 sonet i nes

nore than 3@ DRiredfeATRpRke. 01'1119@%3 1§ Q@s‘ﬂ'a I\?h%m d.3 @b thefoPed/drahr g0l tati on
rate, or H2 partial pressure 2005 \ VO 02/ 08. 13F PCT/US01/ 23149
i s adj ustedcelll\%ﬁbé?tef('fﬁarﬁgé§10if¢t1°i¢dﬂ1mué€hts are avoided, but a relatively
constant nutrien i cCulture is

al l oned to accl |¥T€{e?§ﬁ'r&'?pi\f/\\sﬁ?&qtﬁ% '3%1"#358@“%‘% ?H%S'%H‘d‘t \Evp%ﬁtﬁls poor product
ratios of lmaniguletiizostel dfgheraethod mclodeslf&ﬁﬁagmﬁumd firmestatiom bieneactsi bl e met hod.

Thus) reactor, shuyt do and rej nogul ation i s _nec Preferably t he
‘bi ol ogi cal AT RgtEGtme \gnﬁ‘ﬁh‘i(’t"‘tﬂ“ls’éﬂa Iiting REou R GE SARAL jfeé%ipé RS RTORREt | it
aceti.c acid t b t yﬁﬁgso? uldlfbid”t!&;af eed gas to the
bi or eact or, ogﬂdgdwglhgﬁnmy?fﬁgﬁétfm ungtb)%bﬁlttg enatdé}_‘lgen ‘the nutrient. medi um
as descri benfoéb@densalldqub@mtpr at start-up, the normally linmting |iquid
phase nutrient calcium pantothenate is kept in excess to avoid acclinmation
to low nutrient concentrations, a 10 condition that can result in very poor
performance and the loss of the culture's ability to .produce achieve high
et hanol productivities of nore than 104g/Ld.ay if excess HZ is not

enpl oyed. An exanpl e of such regul ation of fermentation paraneters for a
particul ar bacterial culture is illustrated in Exanple 17. ~, Cobalt
Limtation 15 In another enbodi ment of this invention, the nethod for

mani pul ati ng the bi ol ogi cal pathways to favor ethanol production and |imt
acetic acid production involves linmting the amount of cobalt in the -
nutrient nmediumto an anount which is less than required to maintain the
bacteria at a stable steady state concentration that would :fully utilize
the cobalt provided. Cobalt Iimtation is observed when the 20 rriicrograns
(pg) of cobalt fed to the reactor per gram (g) of cells (dry weight)
produced in the bioreactor is in the range of S to 100. Preferably, a
cobalt I|mtat| on |nvoI ves pr OVI d| ng bet ween about 20 to 50 Py of cobalt to

e e



overall three-step nethod through substrate inhibition. This decreased rate
of step 2 iri relation to step 1 causes an excess of NAD(P)H, which | eads

- to. ethanol production in favor of acetic acid, , Although @50@’@{32&]@ can
result in increased ethanol production by directly 5 reducing the redox

pot enti al vob ovdsessd er mentati on broth, the presence of excﬁusfggzﬂufo
i'nhibits growh by inhibiting the CO dehydrogenase and therétore the uptake
of H~. The presence of excess CO unfortunately also results in poor HZ
conversion, which may not be econonically favorable. The consequence of

ext ended ‘operati on under substrate inhibition is poor H- uptake. This

.eventual |y causes cell lysis and necessary to restarting of the reactor.
Where this method HAZMhersAbAdiawtethe methodiof e in@ntioriselndas@ravaitingi ti on (t he
. presence of t oRchitn @BsdiPbactddB ik B Ldi g the initial growth
of. the culture or thereafter, the Sda%aﬁéeczﬂqggélégrgﬁ#ﬁtng%ﬁp‘?&ma Mg e is
.reduced unt i |2 qan&tartisebali coneentratiorbindiadjusting onebi Mofcharaietdrh Isugitdsahi on of how

to adjust the gasy or .agitation.rate tqg acconplish this effect is
“illustrated in lé@%{@te?i?lf%%%"@,?a"ﬂ&&ig@f%ﬁﬂ PR##™Bul ative St_e In addition
to the majbr .met hoo\ddhihﬂaﬂ@bﬁ@xaﬁﬁt@ﬂ%%f%%&th@di_iﬁéﬂf&é‘%%tﬂgcg?ﬁﬁ%@LT&?BP&Q. st eps

are desirably.included in the ethanol production ne ncreasi ng Mass
Transfer One A tQfRAtrifhgrtian telimivatereals aidto gy evomatognapmototninattot the mass 20
transfer of theifklagse dithe Hli@TAL e the liquid fermentation
broth is faster than the abill ?aty‘k}g){gﬁtéwﬁgglu%gi a toutilize the dissol ved
gases. For exanpl eln#nother pmbgdiment,che methbdcompriyeFeedingasgaddsedusi s fed CO,

bant ot henat o absia@ARa Aol otk i it §:he o RRoME srpum ocaiomteh | s
limited by theraduction IostilgastHer emissdeiangdnd gis&oub Bebstrad dithePbassisadyh t he 25

syst em produc e.acid as th roduct. If the culture is fed a slight
aanount of Cog'%‘rﬁﬁi%tflb@ 'gﬁltgg‘é gxcs1s &Hﬁtan}oéafé Feautseqd by the baateriae whereinuptake t

produces . et hafil} by tHoB@:&Ta.is inhibltQOnAWE N IR IHS /95@ & . e liquid
phase for the,cul %Hre to use, substrate | nm){;{ﬁ??\gn zga{glf)g'?tﬂ\?\ﬁg?@hw;an lead.
to cul ture up¥€t®®¥fd cell death. Thus, there is a very narrow range of

operation with excRSg: iR8er LHBHE: of & I rovides.an .30 illustration
of this method. 20 5 JAN 2005 U BPho L. Gl BISyHES 429 vy ¢
referencel’ o thibitiaady yrolecular appti¢ &xid is nedocadichy ifieasing eheanqnenss feeadateed
ferredoxin toyhg, a1 cycl the .reduction of ferredoxin

t hr ough hydrogenat@éﬂl%gl?g‘oaggtﬁcrac dgpscr)fségt 'Pﬁ&%rﬁﬁﬁtaﬂﬁ%?rﬁﬁ‘-%ﬁaﬁWPé. The
rriethods desexcedsed@ gierein. linit the rate at which the .organises can
utilize the dissolyed ﬁ%asgﬁ gqbé restricting the rate at w uch essenti al
nutrients e.g., carénet [ SRR OMGRYREthe rastheds, Higipaninylating step mayissiudat es, such
as Q02 gas; oagiatingatht mbdiem| uctenie aMBEdsEdus dubs@hte RYthR bRYdalioR 9t S .
substrate,  HZ or .COto the culture. . A theoretical rate ofa%gfs%atransfer,
whi ch i s % ast38ai9ate; Far exsmplegredygiion in the egitstion rate redeces theseosntsfiGGIt e, even
Wi t hout ot hergrdnkfairbfiol (A0 : I 0 t en -achi eved,
is limted by the natura méér;gi\[/lv]t %Fogﬁefhg% ?eidﬁéeho&}%g%ip%ﬁ\og&b%ﬂ%???Jr'ée,s t he
nost product iapdncseaseiiHimenversonysethat the eedoeisg gdsy Hy 3§ mreseqoiaghd biorsadtat € or
agitation rat J tel than.the ra t whi t he hi ghest possible
concentrat i oﬁﬁ%)fée%e 'S %?Eévﬁ{hdtef“l“le%mf ﬂé&%g’ﬁ‘é?iaafge §hS rHe ey é'ﬁ?bfi mtation.
There woul d tsimilarly escyicatiatt Kesketp Eleatiolst JFEtIRarkiREE tﬁé%@z%ﬁigé}ée{%in' i bi tion
coul.d .qwszl y _cause -cel | t?‘eat h and a 15 resul ting by-product (?orfcentratl on
whi ch i s % oxi@MeE 12 &0 thal theFeducing gasyBplismresgnidr skefermeaatin bipfeadtar mnot her
enbodi ment  Ofexgs®tthOsoth LehiiSend j _stability in the high ethanol
concentration/ (im tqurgceti El ’geé’?eﬁ%%r@gﬂéﬁgftf‘@an i's achieved in the nethods
which limt cobal In sl ;oethm’ thophrehmr?lmmlétﬁod, Ole mmﬂilﬁalt@-ﬁ napm@ka@g;e' of Hz or
CO. 20 According to this step, as the culture uses the gaseous substrates
CO, Hz and cgl’fugét‘?ﬁ@ %&FGS&?H&W&G@%'PW the bipreactpr bsforg himiting the ealduppl ied in
slight exces§ant¢9:hsdait@é}tcoséipéb%féerm%ﬁmﬁﬁ'é‘m{g@enit ﬁea?}?ﬂ. eved by attaining steady
operation and then gradually increasing the gas teed rate,and/ or agitation
rate (10% or less increnents) until . the CO and biz conversions just start
to decline. This is one neans of avoiding mass 25 transfer |imtation,

whi ch favors acetic acid production, ang suppl yi ng excess reduced ‘
ferredoxin in order to reduce NAD(P) to” NAD(P)H and produce ethanol. If CO
and HZ are not supplied in slight excess, mass transfer limtation occurs,
and the. pathway is balanced. This results in poor ethanol to acetvte
product ratios (high acetate concentrations). H gh acetate concentrations
can ultimately result in acetic acid 21 WO 02/0S-t138" Q5 JAN 2005

PCT/ US01/ 23149 i nhi bition, which [lim ts the ability Qf the bacteriumto
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earlier in the discussion of avoiding culture acclimation to | ow

pant ot henate or cobalt concentrations, the culture is nost geﬂh@%léy

- brought up to a high cell concentration prior to Ilmtlng Q1 , but
supplyi ng ¥REH to the culture. This rapid start-up POTENSRAICUl ture
acclimation and yields good product ratios (high ethanol and | ow acetate
concentratio.ns). If the rapid start-up is not enployed, poor product

rati os can occur and the culture can acclinmate to low |liquid phase nutrient
concentrations and require reactor reinoculation. The reactor is stafted
with a batch |iquidgy i LRl st

continuously to the g&gggeteg%bamm og?vgzmﬁ%dgﬁfgﬁglpg%e he ﬁﬁha% Eﬁgg 600 rpm-
in a |aborat or(?lomwoennmﬂsd\mwhmnmmﬁalgroﬂhaédcmrwdmhtfead)s tierfermantatibe desi r ed

pH.. The Ilqw he re ct.or C s af a batch of nutrient . °
‘medi um cont ai g’ur%q@? °@1“¢1‘§°“5ﬁ3& qat WE“’Q twgﬁ‘%@ﬁﬂﬂ‘df O80%Ent r at i on of
linmiting nutrient, Iehiditer aspabiCifhe iRwAtieH, h%nﬂétﬁoﬂes&m@hﬁovéﬂwuﬁ&’ the

pant ot henat e or 75 gpb cobalt as an exarrpl e). If 20 contl nuous i nocul um

from an ex?stiWHOTREERSAL recousHR sihercl by sareaying the fermesiation begsle Famithe | | keI y
i s not necessajgteactdr; dlﬁlllﬁ\g%@ﬁ%ﬁel fﬁﬁ\?th'e%rdt?%n&ﬁ%&é?ﬂ%%leYha‘th ARitTRA

during initial start-u [ow rate hase at art up
woul d be’ C0, fr%@refwebla@uwudmof tadrathis sgasctqscaltoeelanﬂlga@pnttatelxmmaueablds woul d be

kept at | ow | I i [ at. hl. biti exenpl ary
general st art%ég tﬁe;ﬂ lgg}c{) ?8&98? guc?’ﬂﬂ&’a d‘%‘&&%ﬁﬁ?'ﬂ °%‘3§r§¥|9r cially viable
et hanol concent r at i[m)std ahothen z@ﬁbct @Zmathod bEthe mentidh ma@ further efpley &i | nct
phases: i n|

star where, cel |, production Is critical
start :_up eré'l éﬂ ianq, eR %‘?{e?@f fing Wateroprtaiping pp tod Sﬂaﬂ?aty'(%é‘?"sti‘%%ﬁn%t ate :
operation.. Esgpestfubidd back fothé teabtossc%at aHFé blﬁbﬁﬂ%%&&tﬂ&he@%w@én tqpocul ati.on of
a batch I|qU| dz with a nomnal |i % nutrient, selected fromcobalt

(75 ppb) or c& lendﬁﬂ?)w%tnﬁém@@m( 2@S¢@glllL)noaQ0ﬁethQ16@; €Qgamd], fedwd the/ 08438 d
JhaAN 2005 PCTLRR UG b Reablpkddlhl CALitn dndicl R, fact |1 tate start- up,
the gas feed rate and agit POn rate are prer Pentlaly kept |ow, while Hi
is fed in excess. @Iﬂ@rwa@eamadeaMagwaqhepm lmentmurarerr@s@'ﬂ)adﬁmhprms excess

H2; nutrient 9 ULs. L aLer U e utrients are
actual |y g%]esglhe{? Ofcli'ﬁ’[7lh Eleté)fé 't Sc”B % Ofab/eo‘?rﬁts Uﬁ‘gﬂﬁq gdneé'kf’qﬁ efn acclimation to 5
|l ow nutrients. As the fer nmentation proceeds over a period of several hours
after inocul a d H2 is consuned. The changes irt
these rates i WEmewgﬁgﬁﬁ Gt e shoul-d be nomi nal | y increased
sl owly (perhaps byFig0DRQQcHKangkiE Blaaral'rﬁm&@ttir%ra%ornﬁﬁﬁ)tuﬁﬁFerm@ifﬁfon%a@ﬁdd od of 2-3
days) to avoi d, mass, transfer limtation This onset of CO2 production

occurs much ndftd progyctdesevery 3§9‘§@'@§rﬁ0 @wpm@mlm%mw ?\\h@i[ﬁée 1 awstliguid i on as
opposed to ba I St |t e agitation
rate i s incr egg&gah?@gm nggglquzcgeq%stb?%?g&?%hﬁg | t| g?l occ ea Hagt‘ﬁﬁls procedur e
of wat chi#y nglw«hv@vrymwn(omhe@@@omwstcatemm)hawubllalnéaMmamdltdkys placrisasi ng

fate 1501 1 edenitihnd Fani S cRatisariss cler e oG Che rd AR 1 batcn
li qui fl cul tur encomtadrtedmmmﬂ;tahd)m fraﬁtlﬁcaéhcflfr 3rarr@cyucgdhéda;m&hd 80?) @glmglgorof ut nost

i mport ance. ce a onraelsrace pm|n

| aboratory Ne WRRAC%L ‘%ﬂﬂ#*?ﬁ UEsit 3t It L€ &Pﬁfatqr%evﬂ@m EF%‘ Si's al | owed
broducti on rars *%gfcf’é@ﬁeb%“*.*ﬁ%?rk&? o sopte Bl ke S bAck b BicfealRET ahdl W f
conversi Gis eRumede 8ds B pnetiugt m@}ktzryl-litmt@aalbe pecegsed fom thetfeemeaté t gas

(at least 0.5 t r.oduct.i on tate and
the free nol egﬁr am‘a‘%:@eﬁ??am § © @@ﬁ'&qgr}f Eéltse%aﬁatxo%s 19 |emﬁl°ded|23(}j,lg@%a%§§d rate
is then turnegd semra(técnh d&uﬁdteﬁ&olbamertg kb‘&h@évswaﬁm{oabvsaﬁbaﬁnomnatvﬁm& cul ture)
toinitiate Ci)a‘%"dnuo Uld f eed and t he \%Z"S rate |s increased in 10Q
increments to r‘t‘%i aP@&actprawTha%/oe of ewehesd 10s 21H8<Ls to avoid
excess acetic acid production. As the gas rate is increased, the liquid
phase nutrients are limted (calcium pantothenate or cobalt), and the .
effect of such limtation is a. small drop in HZ conversion, at the target
production. At steady state operation, pfoduction of 15-35 g/L, ethanol and
0-5 glL 30 acetate is reached. At this stage, snmall adjustnents in limting
nutrients, liquid feed 26 WO 02108.t38 0 5 JAN 215 PCT/ USO1l 23149 rates
and gas feed rates are needed, and are chosen by one of skill in the arr
with resort to knowl edge extant in the art as well as the teachings of this
invention. If cell recycle is to be added to the nethod of ethanol o
production, it is added at this tinme along with an adjustnment in gas rate
(| ncr ease) and nutr| ent concentratl on (decr ease) 5 The above descrl bed

o, g,



1Y0 U2/118.38 p ~ JAN 2005 PCT/ US01/ 23149 ability to transfer gas to the
cul ture) and t hus produced only acetic acid as the productg§tJ4N pegganet ers
- for ethanoOPMBdtti od t hrough pantothenate linitation, BI0d/2814P t at i on
or the presence of excess HZ or CO were nonitored to serve as conparisons
for when ethanol is produced as the dom nant product. 5 As shown i.n Table
2, the Ca=d-pantothenate fed per unit of cells produced was 157S to 3150
m cro-grans per gramof cells produced (pg/g-cell produced). Simlarly the
cobalt fed perm@lkanrafeve el {Nﬁerﬁﬁﬁ}%%@eml 143 de@wé“d"ﬁﬁl éﬂoﬁ@ftgs S&atated
produced). The_ specific CO uptaké rate was 0.3

nol e/:g- cel | mi fiemdiluty papal i whish l&%&thapk@sthe)dlstiﬂatlmedolmmn fhe sum of two

Comert 04 ves | cos HHAITDYGERE A0 ER IR e R bR BRE Rbol ) e

desi red operat QGSJ‘N) aytgm foe impbeanaltuie sABUGT GRowiRstdgB € SAIW 1 WERL liduid | S
realized that %mﬁx}ate and cobalt were fed in Iarﬁ excess to the

react or abdve FRfvaRed e 3559“&1"]18?’%@‘0&5(%35& iaé3d takirevah ansf er
limtation. Th&hed e | I

decreaséd si grr:?cf%c(gtsnl;llUP gflbgu‘tétﬁnkﬁ?{é?tﬁ%ng{)ove%%ﬁ gc?/? ﬁd ﬁg%aﬂ%&c?)&ﬁenat e
or cobalt i mifeed$ enwelllas ciulturg Saed Ftfeont Gicoyth Stage Gﬁ'ﬂRdeedderdetSheusedltoter New

Brunswi ck Sci e [ t at bi or

significantly %tég{eé@ssgﬁr%g chF %‘é\tﬁn’?ﬁﬁ 5é]f)e"!at°lfg\:’/‘§1°g?%§€agﬁ\gggﬁuste&:yﬁgve t he

concentration amé nmdlmg[b_led toothe CibdimtlhtStigerUSl’Im I10quid Fldustadondistiag af ailiont ai ned
C. j.~ngdagl i i.n EII}IZ for, pé_odﬁg on of acetic, acid from CO. COZ and

" H2.” The gal >t thsrermenationemshiy producs epthe figakdistidationprasicicagd is

(referen.ce gasaove.aaqsam@dmamp&t,h@@ fime was 7.5 to 8.0 minutes. Liquid
medi um cont ai ning salts, vitamns and trace elenents was fed at a liquid
retention tine of 3.0 to 3.5 hours, and the cell retention tine was 40
hours. The pHU@?&E@Eﬁ%@R@%@@ﬁGﬁ'? rate was 900 to 1000 rpm

conversi on was

Under these conditions t to 99% and the HZ 2s
conver si on was 94 {lbe 98%snt ifiventivelidvobesmethbdsdon the avaasobl. frntentatiod ofy/ L and

acetate was t r t. at /L. The nt ot henate fed to
the reactor p se%rﬂagn/%b% aggslﬁ%f]tamv{}és??ﬁgm?f)e é%ogaﬁgpﬁ%"ﬁ a&l?ﬁlgngﬁeéc%el S
produced. 1The oommadehtsfoedqdparxalwmste aad s)aaieknsgaaéthgq@b\m,arnetﬂgpﬁoktmoa range

of 62.0 to 99. cob cel odyced. The specjfic 31 05 SAN
zao~ WO W211) é‘%‘fsegﬂﬂé%fﬁ% 1359 &ﬁf'&‘ki‘é s MnaalO ey b gulating

mol e/ g-cel | th:&!ogJ&h@aﬁhafhis(bf@fﬁe siljettdctbitn. td]ﬂn%dmmf theMRvéntiBR Sadsbe CO
converted and thé3N ng\ the CO02 converted vas S75. EXAMPLE 4.
dange oAN

ETHANOL. PRODUGER ARAT BRIV e RPN mﬂﬂmﬁ@mﬁ@ HiteNADPON 5 A New
Brunswi ck Sci eaidef éc‘éu&é?cf ﬁﬂd@ed'&:gmrc?&%}’o ﬁeer@ﬁi?c ?détﬂz{hoF gllfté?ﬁ&f\/éf Was

operated as a st ralgl hr ough w thout cell recyc usi ng G
jungda7al 29 ; Stheamat Q}iSdor WEEO dEBUEfihigh cbmentpert@dugfetmc’btﬁ apaeenaiic f r om CO,

@02 and H-, feed t e ctor nta| ned
63. 3 % H2, 31%‘*@% Fofits %‘%ﬁgﬁﬁt"%ﬁeéﬁf Fifsthg xedox ppfeyfidl e i 3%(5‘@ &t fon

t: me of 27 (T rbcrltth;sand thgﬁﬁbydedmdg U(E&l&@d@&{]%tl@dnﬂl meen@fleﬁis oSﬁxﬁsﬁﬁve&ﬂdnt Irace
elements and a ljmte ant ot henate was fed to the 1.55 liter
reactor at a IW%#HF"(J‘“@%FE%PFB%GE'F onst(i.&3,18raatef Shancd O%Jé’%’ﬁi e Prefegdly 4. 7,

and the agit algiitr ftidh b5 SY ahP1Bw dé@d&rcoﬁéaﬁﬁﬁlo%@rearekmaxthsyms the CO
conversion was 98% the HZ conversion was '83% and the cell concentration
was. 1.5 t & 2. dregagetic mitintbe bmctpr)oérbcseme&todaalsmmemrremogmr@ﬂnemcto 19

o/ L, and acet / { ctivity
ranged from 1?5@“!8%?5%%%@% é?ﬁan fa“%'ﬁgﬁtgzakﬁaf‘g‘-’ﬁgt‘%‘a@g‘@ ttltlaelr)s'rsyggglr et hanol
producti on, pastowdr naridly ﬁohlmmtmc&tumﬂs ViRgthes ere nithasef eis ingentibn help
pantot h. enate feed to cel . oduct ratio of 17.7 to 2

pant okhenat e/ §-¢&t FUIBF‘E)EI‘E?L@ t'°'@8ri%?\§f 'Ffﬁ|°§“°P%Hqt’8“t‘Bh'Pm%a“%Gﬁiﬁgtr‘ge“?éﬂb

pant ot henat e/ g-cell produced and 1575-3150 pj pant ot henat e/ g-cell produced
in 20 Exanple 3 for acid production. The cobalt fed per unit of cells
produced was 5000 to 6000 pg eobalt/g-cell produced, a |evel that is even
greater than in Exanple 3 and assures no’cobalt linmtation. The specific CO
uptake rate was 0.23 to 0.30 mmole/g cell mnute. The ratio of H2 fed to the
sum of two tines the CO converted and three tinmes the C02 converted was
1.03, and the HZ partial pressure in the exit.gas was 25 0.5'5-0.64 atm It
is possible that either excess H2 or |imted , pantothenate caused ethanol
production. Pantothenate |imtation for ethanol production was al so

addressed in another New Brunswi ck Scientific ~ioflo Il |aboratory reactor .-

operated with cell recycle usi ng C jrnagdahlii, strain GOl ATCC 55988.
This reactor was fed gas cont ai ni ng 32 05 SAN 2005 V\D 02/ 08438
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36% CO and 6% C~T~o0. The gas retention tine was variable, but was nomnally
3.0 mnutes. Liquid nedium containing excess salts, vitam @g %mg&gdl ng
- pantothenate) and trace netals was fed to the G0 m react iquid
retention \EégZ? of 8.2 hours. The cell retention tine, obtained by passing
the react 30 & ¥ent through a ceramic 2s hol I ow fiber fY4¥ &2 18.5
hours. The pH was 4.5, the agitation rate was 450 rpmand the liquid
recirculation rate wa~~0.4 to 0.5 gpm Under these conditions, the gas -
conversions were variable, but the CO conversion was nomnally 72% and the
H conversion was nomnally 12% . The cell concentration was 2.7 g/L.
- Ethanol was 3%ultu¥@edhRARd38He p?é’éht?%ﬁti?n%%ﬁ@&%’ vieblA b nith R GRthAlfoO - 9
.g/ L, and acetate was produced at 2.6 g/L.” The et hanol productivity was
29.0 g/ Lday. Iethaaglairgduction.t he paraneters for ethanol production, the ratio.
of the pantot I}enat ef eg. to the cell production was 97 p.g ..
pant ot henat e/ g- cel {ﬁ" ‘§lited. This 5 level is sufficientl y high to assure
~ that pantothenace Waes§\etherisgidefing, thElgliowad ternitfas@eddiahioubisdt e t he cel |
producti on_was "%36_[{)9 cgbfalélg el | produced, again a |level that assures
that cobali waBSGHERNT 4if feiingd asfRowst i o of the H, fed to the sum of two
tinmes the CO conve W1 Yo R ¥ ' e 1 nd the
H2 partial pr essur.ghg\ggﬂ 1.906'&@1??71'% rﬁrﬁg@ﬁiaéﬁé@% ?gg{é}e/sﬁ? ta?%rr;[ etléxr?fah%ﬁs (0.5
atm) assures tigh ingdudex cendigueys nytrienhfsed, sabstretededdacrdipredustioncinthen.  The
specific COu r - D, -cel |l rnin |t hat, assures
excess CO as 'ggo?%dﬁteotr’ﬁ%g rég{?os'f)‘rl(ggé‘él %gfrlérfx%ha;bg?rgac%gbar{depg%c!#?%éﬁgmﬁ. Eglfng excess
CcO 1;1 or etli anacbrrl]t.lbmouubédsmmmas at &l pd@imh tisH At @dur in tiersainb of inaliffees ? nit ment
with C 1]zng ii, strain C01 in e AUTOKLAVTM reactor (Buchi) . system
agai n- wi t]I"PZceIs rear"?cfb?cﬁ‘t'ﬁ‘fﬂﬂ‘sﬂ‘{cﬁssdﬁ?@ﬁF’Teth“ci“i‘?éﬁ?'é?‘it8 8 StF%ﬂg’ Sggep‘@’rﬂi"é) ®of 24
hours. 1 n thi $iopeaRer BRRiteddd 8ta8DQs Mbart BRAECLIDSS MRS rleRfhrbRSvafittMsq]. & fRey 15. 8%
Hz, 36.5% CO 38.4% NZ and 9.3% COZ at _a 1.4 minute gas retention time. The
react or pressUiHeS substratg ppd rutrieny carcenatipss g\ﬁln@iflqéirﬁhﬁgmq}ﬁfpbéﬁi ai ni ng excess
salts, vitam Rgn@Rthiohaffe %}@alct%_r\ﬁﬁt?c{!ﬁgm@&alﬁ Jn't%i&e&ﬁ&‘??x%b@ﬂ rdhd(g of 4.8
hours, and the cell retention tine, obtalned %y passing el ~uent through a
cerani ¢ 20 holfiogyih¢ bigesactpr, las well aneanditiond vhrabies suchise tqmpendwesiang, t he

agi tation,Jat he liquid recirculation rate was 0.4 to
0.5 gpm tilde(rare\tgﬁg%%g%%ﬁw{ﬁtgg%,t}"t‘ehe CO conversion was 71.6% and the H2
conversi on was 11. Bs tefh&gasedus sosrarst dsafsedieral@means CQ4lbne, O &, Was

produced at 1 L. and _acet at s .produced at 2. 7 L,. The et hari ol
Pt oduot vty s B AP i L0 A F s bral i gt b e evaons.
production ( Taklu@ingdhitrdebRaddarhétAarfin BaRdeaidieRat Quch@dsebs fubfraelidciueoduct i on
was 294 pg pantot henate/g-cell produced. This level is far in excess of the

moninurri | ev@fSeR RutiTeRBY Ythihaae Sipicaliigicated oF edaesiedin tlremehpasitiirhenat e
limtation THRedRbftHbudh@BRAbhstioRd 1 fbr&e@'nb%@"i“ent@ro?gﬁ'sqﬁétﬂ& t‘ﬁ’??as@&?& Egg
cobalt/g cell produced, Tagain a level that ensures the cobalT was fed in
excess. The 36ubstrate sopddeyCO5 IN\OLIRR £iDBetBBents ¢PETiA W8, XBd gasgousatbstratef HZ. f ed

wes 03 s hectiiret EREwilR, TralPBYEE THRaPRG e BF Bkl S Bleliear P e -
assures that €Qcadd,Ch i partivdadyafreferras embtiment, hhelgatous aulssirag ceinprssl to be

produced. EXAMPLE 7. %{N& RODUCTI ON W TH EXCESS, SENT 5 A New
Brunswi ck Sci gﬁtEPPé“‘EEof ! qtgﬁéP%@W#@Fh‘ﬁ’ﬁTt&“iwlgg d Por was operated
as a.straisght céhscNeRl mestidRed WhdVaAHY aCiglst oﬁ@%‘al’%fﬂ)rog’e?\', 00, Cthah@iddr gdahlii,
strain COL ATCC 55988 for the production ot ethanol from CO, COz and Hz in

the presence Bethane dBws,Huch sphatrajessinglededvhadisicheventienally referted ta R éung2¥ Yo H2,

ot e o AR S Bt o Bhod 2Pl PN bl S

el ements was #ewastgdsdiefraneAiridty af industdalitteillodset ention tinme of 35 hours, The
pH was 5.0 and the_aji ta"gidc;}r%_ rate was 1000 rémh Under, bglege og_er“ati ng ‘
condi ti ons the CO B¢t Jedicingagasomeanssithenar bath ClOrddn Ryrias BH2%ka 8" 60- 80%
The cel |l goncgy j / bEan.was | Og/ L
and the as?et a%gé;{nghfc‘:%ﬁ‘fér‘\%s%ag§?e\?gsr %qéiméf {&ﬁﬁépg{bﬁgﬁgmgg%%%dﬁs?ﬁa\é{?t y was
6.7 g2day Irt analyzing the paraneters for ethanol production, the
~pantothenate feed to cell production ratBo was 900-1125 ~tg panto.thenate/g
cell produced, thus assuring excess pantothenate was present. Simlarly,
the cobalt feed to cell production ratio was 991-1239 ug cobalt/g cell

produced, again assuring that excess cobalt was 20 present. The specific CO

upt ake rate was 0.28-0.35 muol/g cell mn, a level such that excess COwas .- -

not causi ng ethanol production. The ratio of the noles of H2 fed:to the sum
] of 2 times the _rml es CO_converted and three times the nol es COz_converted

- a ~ ~ . - g _m - a ~ " o T



0 5 JAN 200 CVO 021U3. 138 PCT/ US01/231.t9 EXAMPLE 10. H CH ETHANCL
PRODUCTIVITY IN A CSTR WTH CELL RECYCLE AND PRESSURE ' A hi gh pressure

. AUTOKLAV' "t reactor (Buchi) was operated as a CSTR wi t h 0GulNaNra805
circulation and cell recycle using C. jungdahlii, strain CGOL for the 5
product i o¥Pi02BH3®et hanol from CO, COZ and H2. The react oPCRASIBEEat ed at 30
psig and fed gas containing 62% HZ, 31% .CO and 5% CZH6. The gas retention
time was 1.14 mn (atnospheric pressure basis), with an actual gas
retention tine of 3.5 nmin. . Liquid nedium containing excess salts,

vitam ns and trace netals was fed to the 600 ml reactor at a liquid -
retention ti t e 10 was
525 1pm  Under ™ hsan: ofteicis g2 fheP oW s v ARENb Ve B BLER DB ° Mo o
conver si on- wago@ﬂ%randaltoﬂlan I-gwancmananseno medias u@%neﬂtheﬂus auiumtt cat beam

contai ned 20 b hano L acet.at e. an productivity
nas. 150" gzdayRtiskehintring i paadoE oS &5 2% epug Flon)
operated as ain&digntéisbhd 'tHetéstE&s Gin b bﬁ%&ﬁ@aﬁ@e&@kthodﬁ&)‘&h o R gag
jurigdaFrlii, strain GOL; the reactor 15 was operated at 6 atm{(75 pS|g)
and fed $ynga® kydrareasing thy raisoef gps detxwytgohe@%twaa When thobaatiz are The gas -
retention ti ctual gas
retention ti %p &ﬁégﬁmé}eé@ﬁg_@q%g Qﬁ hi %ﬁugwﬁﬁ ogwﬁ‘?%gﬁgeci%rgségggﬁﬁlf’ vitam ns
and trace netiatrsasimgshd pddyang dfethrecict or at a liquid retention ti rre of 1.62
hr. The cell retentiQn ti was 24 hr, the pH wa dthe ...
agitation.rate was‘th@B"‘ﬁ’&‘f?qg”ﬂz&ftﬁt’a@ﬁet‘%@?&f"gt&r{at ﬁcéﬁgvg%ger&ﬁhnch are
concent rat i orabied cBn\Q:rth(D and Wetell? IE0Md TG iRB etiRfolUnletid atid@rddacgonver si on
was 60% The #Q_I{)% tream contained 25 g/L ethanol .and 3 g/L acetate. The
et hanol p}Podd@t wefmgc‘%; 98 &9 the mmwptléuqetwnéwﬁfm@tﬂommoswm CULTURE
W TH EXCESS &R RESRYAc:Sith vobli, UskiBehadr QWb Rork iR COloswidhnPmBeating K cul ture
ensures a heal thy i noculum free from contam nants, but is not always

- successf ul asBleM1bqqtfcfw"a’lldﬂ@@W@E@u@eadsmi?aubemfC tthesmpagetiernt ow cel |

density enpl WRY rate and
agitation ra%%gftgﬁﬁlp?ﬁ’ogl% C\'wjudﬁ*&%gf%f?% yﬂ Ui &?}h‘???d Q"}%"fﬂgﬁ%n

V' VO 021 08. 138, Q lijﬂHG[OSZ R@Eﬁﬁﬁﬂfeﬁ&b&&r&pmﬂ:etup @B\leng:etmgmdn i nocul um
from stogk cul tur i.n this exa .e the stock

cul tur escif or ﬁ“ﬁ%feﬁt’ht‘i“’dﬁ %6 Se?e}’?EEdrf@'at??H‘rthes(?dT ]Eﬂ’dégy 8FQ?:F8‘?{JH8&W ii, strain
C- . OL (ATCC AccesHyahe Mom “RHRSBKaiNeT iBisGhaa mikell laulatﬁeofrﬂwos&rmmbﬂmtal es on -
Q0," COaandH~|n ri.ch me@umcontg;ymn 1 qg/l) EcLextract and 1, g/L
trypticase, sU0iest bESHPRE SN T ATAES. Of e b p e REF2APP¥hEENDI oyed
was 0.4 m/L fRddUiima@bRAPeeRUsveghyt i on containing 50.5 nmg/r., calcium
pant ot henate, 20.6 /L d-biotin and 50.6 ng/L thianmne HCl . Bottl es were

i ncubated at 37C ihhe derap Shiereastar Lifseactnr,” orti&rmentatinndiorarates, " dradvde & o t he
exponent i,al t JMNth each

i nocul ati gn q%%%&?ﬁa@gﬁe cgg%gﬂ %F ersbt?g?: ¥y *?ﬁ?’g/%@?‘gaﬁy ?Pra]ﬁsf erred from
serum-bott| esztntaogameht t,\étrchorﬁcltrtkedthamonnm.anSSBmd 'It@nméabty)rm’fkbe i nocul ati on.

A successful _i no a is d ri e I . t ocedure can be
repeat ed sevéfg° %lt.'l‘ ?ééa{% %Fgé ??mem éﬂ“P@ﬁcgif gf‘%u ning a
successful i fl@t@@nﬂ&dt&”Staﬁ@Mﬁe’r'ar o‘ﬂfer Hé@@@ﬂuﬂﬁﬁlé"&?@a@fﬁiﬁfc&ﬁhcﬁ Breferdbpyf bat ch

of basal nedi um (shown in Table 1) containi ng vitam ns and salts
15 (t=0). Théomtle method of thigiaventien, Barcfermpantation wchmgorspasesw@“fthnperature

was  38. 56 an ég%% 210 m nutes.
The gas eedqcato%al neé‘é%g@%ﬁe%é‘&@% g’t%} a{tlg?%ﬁ r(t =13 hr)
sone CO converlmtnnostvaﬁthnptc&tdpt anhmoatnspmaeceklr t he agl tation rate was: :

i ncreased from 24Q (o I pm The gas retention ti S dec ased to .
100 minutes at t 71ep]trmed§ %93"'&9’?1 elo d&%"é‘g%&%ei‘t n@?@@?‘ tinme
was made at tmeﬂnatﬂlﬁch éUntamTﬂF‘anﬁ&‘aﬁt@Hl&'PalE ﬁtﬁ?cxé’t@?o Eérﬁt?c gr&ﬁﬂtﬁé@aeétéﬁ 100 rpm
"increnents at = hr, 72 hr and 85 hr. By t = 110 hr, the system:
was oper at i ngulw:dthaGiGFQaESUgmserﬁtnoomCthcdamdhesemediantﬁloﬁtpoam efie \agﬁtﬁ/&tﬂ on rate

35% Therb, wBlrets TR EDE KOy SreoeRs ibistiedi KA e et SR hanol “ana

acetate (~ lg/L each) had accunul ated.in the batch culture broth. The
efforts up until this tine enphasized cell growth in the reactor. Medi um
flow using the sane concentrations as in basal nmediumwas started at a rate
of 0.4 mhnin at t = 120 hr. A program of nom nal increases in gas rate,
agitation rate and nediumrate was then initiated while carefully

mai nt ai ni ng the 30 system under excess HZ. By t = 210 hr, the ethanol e
concentration was 17 g/L, the 42- 0 5 JAN 2005 WD 02/08-t 38 PCT/ USO1/ 23149
acetate concentratlon was 1 g%h the ceII concentratlon was 1 6 g/L the CO

Y. Y. Y. Y A o ' - o ~ N7



wi th CO and HZ~conversions of 95 and 73% respectively. These conditions
were 10 mai ntained for nearly 200 hours of continuous opgrsagjmr‘m?s

- denonstrating that the reactor system had recovered its ability to produce
et hanol aw@ Pagisgssentially retained the previous opera '1%‘§§gfg{i9ti ons.
EXAMPLE 14. ETHANOL PRODUCTI ON METHOD W TH OVERSUPPLY O sinple
experinment was perfornmed in a continuous high' pressure stirred tank .
reactor with cell recycle to denonstrate the shift fromacetic acid
production to ethanol production due to the presence of high CO
concentrations. Prior to this experinent the reactor containing C.
jurrgderhlii, pgdications, Golilinguhsse ofthe diverdorat Sée, pigeths nuRienf metl Romplat g and f ed
gas containin 57;% H2. 36% CO.and 7% CZH~. The 20 gas retention time was
less than 2 niefeReed in %"ﬁf‘é"ﬁflpecﬁ?i’atePte%@HWeﬁNpi WORAS 3% theraient fee cel |
retentiori tigsgones; 2s, t ktak | L ale r 1 he
tenperature was 38C. .Ungg%?ﬁ%s%@ggﬁ%ia??%Pfﬁg%%%%rlé%aﬁéﬁvari abl e
and aver aged ®soybligatipns idsntified abomee Astardingubrsthe presenb invertiva, ayorcaged 20% The

Chanel e st RRRRIARRNGLR LR e RIS B D, S BRTRRR BT, ° ©°

t he gas-r et enmgfuratciumepanashdnater Basevkr, atysicdl RbofatoreAGtde® hdlaim ¥cess CO was
not present. 'Igpe Ereisc#lr»e was. ot ai B_(fd at, 23 Zﬁ'@?ﬁrlﬁ"ﬁ The pH was foll owed
| ong enough t B ERERFPRIGIAR from; 25‘1‘":9_ 2£07tRINg 82 s ciyperPiiteateange of
4.5 - 4.6. Pure COheaens Ritiag absede Wt intilenitRot® abindeGatbdase tmyi el d a
gas feed of 47%H2, 47% CO and 6% C-H6 at a gas retention tine 02.3 46 Q
5 JAN 2005 WOWHNEBeding opereoisGubstz which, dirimgbeseridhdturegromth inthe exit gas -
. conposi tijpn; @ e, .t nitored with tinme, Table 7 :
- shows the pH célkg%dgg’s)glagggﬁ%?’g@?gwg%gg‘{é{%ﬁ%Bﬁq%ger\tlgluh%oriasfsggfly -ftﬁg addi tion
of extra CO t@ stahls bagtstiab growhinrthybinfemudre Alladthes sutistedcésGn dddiutrienn, t he
reactor 5 pH increased to 5 25 and.the cul ture had. shift 1.54 g/ 1,
(0.0257 nol e/‘F?@"ﬁt‘:’g*‘éf% S&B”‘f?‘*fb“d?’ise T4 8% 49185% L’)°“'g‘t"H‘é'?¥o1 ?r?‘The pH

i ncrease occlavidenbedsr lamitagisnllstthavbn InbRade irtBe aebf MdRRhGf BRIlAGIGONVerted to

et hanol . Accorrpsgngain this c,ha[#qe was a decrease in CO conversion from91%
to 71% In dERPEAE hy ' e neiertdeed rate peeasdead srertathe SultyFR BU%Sdpm to 0. 15

gpm - t he 15 eaddoftespdhtiih@intreaddt the Rie 6 NINALKARFhVGRE Bf Gus) QueGBNPAE AL 1 ONS
held. Fifty m nutplg,s after CO i ntr%d’uécati%n the et hano S%:or?centrat%on‘ was
11.29 g/ L andel Aensidtet ate concentration was 1.75 glL. At this time, the
excess CO was tur s Ofifie AOfe WG :‘ﬁ&tkgrﬂoiwe&fe“?s%}%&?&br%&i%’lﬁe Hiegan to
fall, and the acetate conceniration began to rise. e decrease in pH was
due to the comlesnbi onfresfacetidvaitcind heetatoiab pudsent irlthe Sekntatiachrdth. Thke

et hanol - aceti_g: acd i . VEr S |y _.of i s, thus reversible.
Bl £ 15, T NEdse e i Rt G Bk pprBs s YOE B dy ol o of
met hod wat er abacdnstaot ‘tabetatt’2coneertatior thelidver eleciEd thellipiur tish méleddiat i on to
recover ethanol. i s.dessent ial to,. mnimze effluent production, and 'to

maxi ni ze t he 37HGI2H cgRceplraiion selative dpvicetate spbact or, and to linit the acetic
aci d~product i on.  2gey cledlriatibtih s PRGIAEETIs bAMAHA 4R, D8 ANE pIRSH, econoni cal
met hod for concentrating 15-13l5 lg/ I],.Jﬁe.t han@ﬁs,o%#ai Irlleg’. ?_?omtﬁg raeact or to
95% et hanol . Prdéerqfsarapie. Welhconedntretidnds medsered direatlytonby calibeationdo ur t her

concentrate |t .desired concentration. In performng the
AR o

distillation, 1 Wat'er is produced as the overhead. product.

Wat er i s25Gener at eGheterm haturaltstataTrleribelaay cahayound) eltingent, lor pithway halvg bot t ons
product 25 contg%tns qu ic acid frgmthe react or produced durin

fer ment at i on"P 3°BHYR] CILLRPLTIOIPIENS e NoRlYaHREsEntn Srony s Y’Gge ing

ferment ati on“gfudion kY asschdesahecdifRlind Elembm! b ﬂaﬁM&@mﬂviﬁ%Sﬁ‘eﬁb‘ésiét‘ace metal s
and other mnerals. The rec%l/"g%e ‘of nutrients mnimzes the quantity- of ,

ef fl uent, th&ge ofmereglectransabel reductien dtatelsis nthisvedibyradding @sfe onmareent s t hat
nmust be subs d to the fermentation bioreacgtarn. The recycle 47
~ 5 JAN 2005%%5%@%3’%‘%@1‘?%(1‘7&% egng e “cdé’i‘gf’ée“ﬁ@é’g{ehﬁts the formation -

of furtheer afeehemataibebthy establishing equilibrium between the ethanol and
acetic acid. Thus, no net acetic acid is produced .with water recycle.
Recycle of nore than 3-5 g/l, acetate can result in acetic acid inhibition
in the reactor. Thus, as a result of wdter containi ng 'acetate recycle, the
substrate CO, COz 5 and H2 can be converted to ethanol as the only product.
Table 8 shows results for the fernentati on of gas containing 50% CO, 45% H2
and 5/ CH4; using C. jzngdahlii, strain O52 Wth water recycle. Tn these
experinments, the perneate fromhollow fiber filtration used for cell
recycle was sent to distillation. After renoving ethanol, the water was
filtered wwth a 0.2 mcron filter to to renove any precipitated

o . B o - M 1 g,




operated with excess vitamns, trace mnerals and salts necessary to
provide nutrition to the culture. The reactor was operated with 'excess Ha
- present in the feed gas such that the ratio of the nol e§ OjAl\l'%?ﬂﬁed to the
sum of two tines the noles of CO 20 converted and three 'tsi mes “Uhe nol es of
C02 conyer s 5.67. 'If. this ratio were not greater il.1.0, excess HZ
cannot ﬁ‘éo%@%gye\ﬁt. in the reactor and et hanol producti%%ﬁgg&éni]épt he :
presence of excess HZ cannot occur. Furthernore, the HZ partial pressure in
the exit gas was 2.61 atm a |evel that exceeds the requirenent of 0.4 atm
- for ethanol production due to excess HZ. Finally, the ratio of Hz parti al
pressure to CO 25 partial pressure in the exit gas was 10.88, a |evel
whi ch is great er“Ettaasl podaciiy” isxieivsiométhiatpraduvotigty dikthasoclpedadntd 40 utili ze
all of the avail ahle carbon. Under these, congi tions . the.r e’actgqr‘ ,P>r oduced
nearly 26 e rasiorh Hisisteadstate shang) spnognigation agd dhedfquid repRation imA GR
‘producti vi t; ] : Qo Le bar : V, dqteria are
ot et 51 CGBER SutaR S ot e ok AR R RO e
react or carnagroducethacenegniratian indeteh systemsc c&e phrasb Ehiglyetbrred ent . Anot her

popect 31, TRoRRURHE S Rrht Dkt Kb R A AR S o o
| NHI BI TI ON.A | atlt)fe@h?w“m@vuoﬁadugsmtimdfe&rahellr’ltxﬂefahs:gx’aﬁterf then %ﬁm.@ge?ati ng Wﬁt
an. agitation rate of 800 rpm shows, an outl et CQ concentratijon_,of 10% when
it had beerP'pRblvreats tipds &L FFQMW irfergRaniation begth op2 PIRIUEHAtQRE | et . By
decreasi ng dilRoPQiab&hie@PsNat ot® 600 rpm _ CO inhibition was renoved and
the outlet CO concentration returned to 5% This results in increased H2
upt ake; a: necesEaeeps Horislavailahle foo etbtrial prastuctign when the gatiglaf thermeles efas fed to
t he reagt ory - I . E ’ [ @elaqd[ CSTR* Wi th
cel l rglgycl%lggﬁétfg%f Egt;oz%e s%?ﬁh%rtjﬁgg@%g?ﬁe?ﬁ@v%pergta &ﬁéy% t hout
nutrient | ithe mates ofiCO; camvereeslds giZater th@iOl iOn If thes rhbe i lepashan T exdess H,

pant ot henat.e is fed at a rate of npre than 100.ug.calcju nt othenat e per
gram of cel'f BOt&VB‘E‘g]&é‘Bd S\WH‘OEB%WY beprp Lbceglthrauglhgg&g‘fgn O:’T‘kgﬁl‘ﬂ%n 100 ug per
gram of celh&hptiglluced. HZ is present in the exit gas at about 0.2 at~m and
t he specifi¢c CO uptake rate is Less, than 0&? % {909 cellsmn. The

agi tation rikte iKregtiofosipshPadtis Uladdndbndfethastd tH4" i 04r e produces only
acetic @ci d (no wiRPRishinE ESEound by BRoR/, AURventdrs 8RBdize thit thdie agi-tation

rate is increased quickly'to 900 rpmor "the gas rate is increased by about
10% et handhethadsdprsngreasingitlhe anaerobie oendoetion efelipnol fiem thermegheds) |

concentrati ' ' t : . hierds ul ture
di es due tod%gbtﬂ%gﬂlﬁg E%&n%ngiq{p?gﬁhe bi%y%%ﬁéég&n%% elgo v‘gééﬂé&ghﬁi@egfansf er
| eadi ng t 0 NADERH] to PIATIBY tni thebasBdathw@y Byd N FAkGaBX@e U2 phthBay B8

PCT/ USO1/ 231- MP .. CONTROLLJ NG. ACETI C 7 P | BI TI ON | n.
| abor at ory ?&Q‘)ﬁpﬁﬁé&%’hﬁs%ﬁ‘? IHRIUOR JVaIVE T",amg%[%tﬂgﬁf CiFd Ha{i!r?gs Toéné ®et hanol , n :

the i quoi d dosfiridlib PrddidtioR ahdmaiarhaRE of Righcdrbentnaions of ethdnd] withitesw f or a
period -of 3 6 hours iwan attenpt to wash out, the excess  acetic acid from
t he react oracqiptiecnsestraians yader pighle RReratig ‘TOE‘S}’t'SFS»lﬂF‘?éé%é’LW?YE‘?‘Bgto produce nore
et hanol . Al L eagit : i i delhde@ns are hel d
constant. A‘flfo T gﬁ&?ﬂyﬁ%@;ﬁ%ﬁﬁg?&ﬁ%ﬂ@f Bﬁdguf’?gﬁ% ret e%ti.on time is
returned to 24 Hbeesseatistingolperomitiof NADREHISAPER Xin thy biolggical patdvare and 1S
to 25 g/L ethanol results...Several. attenpts.l i LA

ot ont Yon of faced s Elahe g ook el of FERS solaSHiEBRpttfs 4 i ver y,
HZ is asdedC0,co)endEsoctlrsiieethréestdl Hislogiexeeaod1Znclonfinsdtep, thience - excess.
CQZ can also lead to acetic acid production ip f I‘t%et hanol . These

modi fi cat | SHestigtes EEhanddleaaxidiget and, ’Q@ioﬂ‘gﬁPo@[}éi‘%ﬁ%#(@ t hus prevent a
poor product ratio, and a | ow et hangl —~psagygti vity. Thereafter, the use of
excess H2 in the feed gas or |Limti | i quid ase nutrient concentration
is resumed. 15 EXAMPLE 24. o@@dsnhtpibggﬁ)ﬂc%%%ﬁwmom DE C. jrrrrgdahlii, .
strain ERI 2 when fed excéss nutrients (pantothenate and cobalt in excess)
and w t hout an abundance ofHz in the feed gas had a specific CO uptake rate
of 0.23 to 0.48 mmol/gmn., and no ethanol was found in the product stream
However, when C. jrngdahlii, strain CGOL was simlarly fed excess nutrients
20 wi t hout an abundance of Hz, in the feed gas; but was under a condition
where an oversupply of CO was causi nglkt hanol production, the specific CO
uptake rate was 0.67 to 1.34 mmol/gmn. .Under these conditions the culture
produced 9~.9 to 12.0 g/S., ethanol and 2.6 to 2.7 g/l) acetate. EXAMPLE
2f : CONTROLLI NG PRODUCT RATI OS W TH CELL PURGE 2$ A gaseous substrate (30%..- -
CO 15% HZ, 10% CO, 45% NJ . fernmentation takes place in a CSTR (pH= 5.0)
Tenperature= 38C, Pressure = 20 psig) utilizing C. jzngdahlii, strain CO

.
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, f~u~u~azwnmn/d84mv1 -O~O~1 ~\W5~ ~ 5 JAN 2005 vO o~/ 0S- P8I/USDI/¥314d ~Cao y V
~3 U0 OOH4r OOM OCVH.N.ObO a PCTIUS01/231-t9 56 Qo |

02108. 138 O cd UOOU._~j oao~~~V/ &G ~U'"'ago a~ ~Ci ONQ5 JAN
2005 PCTI US011231 a9 ¢ ~. noNvDovG -i N, N~n~h, oo~nosNd; ,
etvca: ~co- ~oooc~a.t~: c~rvevoc~. vt,, r

am J.- - 1;\/le 1NW’J&E§§ ﬁtepal are tl@iwco \feéed to aLceLlc aC|d 4 3%)%&0%1%%6@\61\] -
~nN ~MNd NAd NMN~NMt1NNNNAﬂ§p)‘I£IlV1 ~O~f " C~NM . :
NAD(P)H —~ NAD(P)
CO +CO,+6H" — CH,;COOH + H,0
5 .- Finally, if excess NAD(P)H is available because the reaction of step 1 proceeds at a

faster rate than the reaction of step 2, acetic acid is reduced to ethanol.
NAD(P)H — NAD(P)
CH,COOH +4 H' — C,H,0H+H,0

Thus, the availability of excess NAD(P)H from substrate oxidation leads to the
10  production of ethanol from acetic acid.
There are two known basic pathway cybles in the acetogenic pathway: (1) the
Acetyl-CoA cycle and (2) the THF cycle, in which CO, is ‘reduced to a methyl groﬁp.
The sequence for the generation of ethanol and acetic acid therefrom is illustrated in J.
R. Phillips et al., 1994 Applied Biochemistry and Biotechnology, 45/46:145. The
15 Acetyl-CoA cycle has an inner cycle, referred to herein'as the CO cycle. As the CO
cycle normally reacts clockwise, ferredoxin is reduced. Ferredoxin can also be o
reduced by Hj as it is oxidized on the enzyme hydrogenase. As a result, the Acetyl-
CoA cycle also reacts clockwise, and ferredoxin is oxidized. If the inner CO cycle and
the Acetyl-CoA cycle react at the same rates, ferredoxin is in a redox-state
20 equilibrium, If ﬁowever, these two cycles do not occur at the same rate, i.e., the CO
cycle reacts at a faster rate than the Acetyl-CoA cycle, reduced ferredoxin is built up.
-Also with excess H,, reduced ferredoxin can also be produced in excess. This excess
reduced ferredoxin causes the NAD(P) to be regenerated (reduced) to NAD(P)H,
which builds an excess that must be relieved to equilibrium and in doing so, reduces
25  acetic acid to ethanol. |
The THF cycle functions for cell growth and is necessary for a continubus
culture; therefore it cannot be qupletely stopped. Reducing the THF cycle rate also
.serves to cause a higher NAD(P)H to NAD(P) ratio. NAD('P)H‘is oxidized in two
places. By limiting this oxidation, which would keep the total cellular NAD(P)H to
30  NAD(P) ratio in balance, the NAD(P)H is used to reduce acetic acid to ethanol.
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abundance and promote the reduction of acetic acid to ethanol.
5 II.  TheMethods of the Invention
| The basic steps of the method include the following: A continuous -
fermentation method with pfoduct recovery is described by reference to Fig. 1 and
exemplified in Example 1 below. A continuous flow of gasecus substrate 1
comprising at least one reducing gé.s, e.g., CO or'H2 , is supplied at a selected gas feed
10 rate and a continuous flow of liquid phase nutrient meditim 2 at a selected nutrient
| feed rate are supplied to a fermentation bioreactor 3 cohtaining a subject bacteria. In -
the bioreactor 3, the medium and gaseous substrate are fermented by the bacteria to
produce ethanol and acetate acid. Once a stable cell concentration is achieved under
steady state conditions, the components of the continuous system are mampulated to -
15 reduce the redox potential, or increase the NAD(P)H to NAD(P) ratio, in the .
| fermentation broth, while keeping the free acetic acid concentration in the bioreactor
less than 5g/L. The methods of this invention are designed to permit and maintain
production of ethanbl and acetate in the fermentation broth such that the ethanol
producti?ity is greater than 10 g/L-day at an ethanol to acetate ratio of between 1:1
20 and 20:1. In one embodiment, that ratio is greater than 3:1. In another embodiment,

- that ratio is greater than 5:1. In still another embodiment, that ratio is greater than
10:1. Instill another embodiment that ratio is greater than 15:1. The -method of this
invention is alternativgly;effec_:tive in enhancing stable continuous (steady state)

) production of high ethanol concentrations (15-35 g/L ethanol) and low acetate
25 concentrations (0-5 g/L acetate), i.e., ethanol to acetate product ratio of 3:1 or more,
from CO, CO,, and H, with good method stability.- |
P'eriodically, during the course of the methods of this invention, samples of the
broth are removed to determine the ratio by a conventional assay method. For
example, the cells are separated from the sample, e.g., by centrifugation and the cell-

30 free sample is then subject to an assay method, such as the preferred method of gas
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’ skill'in the art. The addmona] opt10na1 steps of the method are added to achieve
and/or maintain the ratio. Example 2 demonstrates such an assay method.
Steps used to manipulate the system components and maintain and/or achieve
5  the desired ethanol productivity or the ethanol to acetate ratio include at least one,
and desirably, combinations of the following steps: altering nutrient medium contents,
nutrient feed rate, aqueous feed rate, operating pressure, operating pH, gaseous |
substrate contents, gas feed rate, fermentation broth agitation rate, avoiding product
inhibition step, decreasing cell density in the bnoreactor or preventmo substrate
10 mhlbltlon Some preferred manipulations include supplymc the bioreactor with liquid
phase nutrient (pantothenate or cobalt) limitation, a slight excess of CO and H, in the
-feed gas, minimizing acetate concentration, avoiding culture acclimation to low liquid
- phase nutrient concentrations, bringing the culture to asuitable cell concentration at a
. relatively fast rate, raising the pH of the culture above 4.5, purging bacterial cells from
15 thebioreactor to a cell concentration less than the stable Steady state concentration
that utilizes all redﬁcing gas or nutrient substrates in the bioreactor and increasing the
aqueous feed rate when the free acetic acid portion of the acetate present in the
fermentation bioreactor broth exceeds 2g/L, thereby inhibiting any unwanted increase
in the concentration of free acetic acid. All of these steps are described in detail
20  below. v
| Exhaust gas 4 containing gases other than CO, CO, and H, and unconverted
CO, CO, and H, from the reactor are vented from the reactor and are used for their
fuel value. If excess H, as a controlling mechanism is employed, the H, partial
pressure in the outlet gas and ratio of H, partial pressure to CO, partial pressure in the
.25 exit gas are used to identify the control of the ethanol to acetate ratio by that step.
Cell recycle is used (but is not required) to increase the concentration of cells inside
the bioreactor, and thus provide more biocatalyst for CO, CO, and H, conversion.
With cell recycle, liquid effluent from the reactor 5 is sent to a cell separator 6 where

the cells 7 and pérmeate (cell free liquid) 8 are separated. The cells 7 are sent back to

30  thebioreactor and the permeate 8 is sent to product recovery.
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{\IE"C\I)[C\I)JObém\/l%é"/g m%pm%/%]a;q @g{'é’t lottoqugycjfe/back,{P h’lme. reacﬁ é Ci‘he rec%'clg ~6V0
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ethanol overhead 10 is sent to a molecular sieve 12 where anhydrous ethanol 13, the
10  desired final product is separated from dilute ethanol 14 which is sent back to the
distillation column 9.
The continuous combination of growth, death-and cell purge maintains a
constant cell concentration, such that a continuous method used in producing ethanol
(and small amounts of acetic acid) can operate for many months by being fed CO, CO,
15 and H, along with nutrients without additional culture fsuppiementation. The methods .
of this invention maintain and control conditions for continuous ethanol and acetic
acid production and prevent or oorrect rapidly for method upsets. The methods of
this invention also help prevent culture acclimation to low nutrient concentration,
which can be detrimental to culture performance. In the descriptions below and in the
20  examples, unless otherwise indicated, the pressure used is 1 atmosphere and the
_ temperature used is between 36-41°C. Desirable temperatures and pressures may be
determined by one of skill in the art, depending on the mioroo-rganism selected for use
in the bioreactor. ‘ ‘
A var:ety of mampulatrons described speonﬁcally below, added to the basic
25 steps of this invention permit the enhanced production of ethanol. Preferably, liquid -
phase nutrient limitation (pantothenate or cobalt) or the use of excess H, or CO are
the method steps of the invention, descrrbed in detail below used to achieve and
maintain the desired ethanol productivity and permit production of stable

concentrations and ratios of ethano! to acetate in the fermentation broth. These |

30  conditions permit production of stable concentrations of ethanol and acetate in the -
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WO 02/08438 flI 5 JAN 20D5' PCT/ USO01/ 23149 Al published docunents. are

i ncorporated by reference herein. Nunerous nodifications and variations of

- the present invention are included in the above-identifi %?5 ggﬁc#'gﬁd cation
and are expected to be obvious to one of skill iri the art. c

" nodi fi caVPA#8843hd alterations to the conpositions and nBETUSIE/28f49t he
present S invention are believed to be enconpassed in the scope of the

cl ai ms appended hereto: 62 0 5 JAN 2005 CLAIMs: A stable continuous

met hod for producing ethanol fromthe anaerobic bacterial fernmentation of a
gaseous substrate, the nethod conprising: 5 culturing in a fernmentation

bi or eact or B aAgkARlG, ACPLRRSANG BAHEN HTLMAbER sk IRl

produci ng ethanol In a liquid nutrient medi umconprising calclrum

pant ot henat epradutedin the fdrinefitali@sisothiapreajenthian 303; and ulppéthanafcdnoes ation

bi oreactor said aa_‘emfg ubstrate conprising carbon nonoxide; and 10 ,
mai nt ai ni ng 'S &AL HIPR ﬁ?lpant othenate in said bioreactor at an anount of.

0.5 to 50 ~,g/gr ofm%m&@%&m produced in said bioreactor;
and maintaining the specific rate o uptake in said bioreactor at an

armount of at | eadn ope sperifiglemborimeatrafdkis inventipnvbie grethaskfopmenipylatingrtheut e;
wherei n said. ri e i pul.at.ed in.said bi.ore I reducing the 15
redox pot enﬂ)l@?fg Eagf P Etﬁﬁ’ggsetgrs@ryé %ﬂﬁg&lﬁiﬂuﬁ?é“ ai’% ‘NKBE‘@E%@? ipgc?élulctﬁont he

f er ment at i onndlas limitingehe sraduht pé cdlcum pastothiesate i the atiaibhiemalblrh tcamcent rat i on
in said bioreactor .frele a}g:etic.a idis pr%d ced.in sai.d bioreactor at a
concent r at i GTOSFT YRR Islps3 fhag rgqyired to,maintainthe bagteria.atastahle, F?acb'r%"ﬁﬁced at a
product i vi t Yeogéendrh®dn thiewolld By lutiRRY thél8dlciu@pdniohRh e prdiaded. et hanol and
acetate are produced in a fernentation broth in said bjoreactor at a ratio
of ethandl tignptheapisins eormpasantiof Acglyl-goAprnd sherefpee, hplimbias stleididi ng to claim
1, wherein i ] i: LOM I s Whit ai d
Ferment at | o by R B A g e R o

sai d et hanolth¢ €OmyddunedThid SaBes Abgldrmpt dfoddumed Garctidoxin eod the agdwetion dfur t her

conpri sing the- noVyli said fermentation broth fr ai d

bi or eact or, I‘E‘i‘e‘[s)@%)ﬁ?ﬁ@%ﬁ’ﬁ’aﬂgltpﬁq?bgﬁ{‘%%sas tlS‘Pchﬁd[u ik ?f;eg;% “8'r“‘|sggg @'5‘11? d et hanol .
30 4. The mgtréddt.according to claim 3, further conprising the steps of .
recycling water containing acetate fromsaid distillin t back to said
bi or eact'dr. 63 Gn@ﬁ“;?ﬂﬂe gﬁ‘ﬁﬁ“@‘. is ?Pﬁ?“ﬁét"a\ﬁa thed RIS 3RS @lgfeﬁe%qﬂni, ‘wher ei n
sai d bact er ipdffotifenft8 fRCib @R fh &8 P @ran QYR CARTH SV dightPhrodeRt abaet eri um
woodi i, Butyribacteri um‘mat@él otrophicum C ostridium aceticum C.

acet obut yl i dFRFEAT 1T th@papal s mmﬂ? AEDSE S RRINPANt RO lireifabien i 18 hem

| j ungdahlii ,@RdrBepyoSL#RIIGE ' dry Bl ety AGrPrding to
claims5, wher & n SS?Z %%(gtp}r’i g&%”ﬁt%ﬁgggﬁﬁtﬁml(g) gfelrgct (gg%fdr&gm the strains
consi sting dtackET 8till ERreferrd BataihapaEligitation is htherangsed Odcte S0digf to claim
1, wherein i ] teyl ect. f up consi sting
of (2 o bonciiHAREEN P E G beshPnaL o Rthe iy, ol P FO03 B
monoxi de, caribodindhiofithie limitatidtyidaogent 1-85 pghf caleithqan@tieaddipaggta cl aim 7,
wherein sai d gaseous substrate additionally conprises nitrogen or nethane.
150 The. ik Felizrroteieny P raq%r-mAm9tthﬂ?él_+nq&5fz§§vssmna S Aoyt at | east
one par anet q0-399| Lo RRiuit PARdthshall RY BrafPRS bBédl8 gradfucdilin ihedBicto Thiym
contents, nutrient feed rate, aqueous feed rate, operating pressure,

operat i ng plmoyaisddhesnusiien matsncehrnehproduagias in pusterenge &0 acktasrent ati on brot h
agitatiogn r odyict gk nhihifil t . cal [ 2Q substrate

i nhi bi t|9°on ﬁ\%‘%@%?jrégtefnlgﬁéﬂr{éhgeérfggf ?ne%!d I%ﬁgétﬁgﬁlgg& grggl%?'di ng to claim,
conpri si ng rai si hyardileer pipeatbafirtkis ethodlthe addlignativn bbthe dectenadnnigs t o cl ai m 9,

conpri sing peri odi,cal,l urgi ng 25.bacterial cells fromsaid,bioreactor to
a cell conc ?ﬂ“te&tlai‘%rg{_"Péé °’E8Palﬁg’dm§ft“¥p‘f ‘%H&‘Eﬂ‘?’?’éﬁt? ganceREafionis avPded 4
reduci ng gasy Qfguﬁ%%b?mjus?ﬂdg%er@ﬁ@eﬁta!ﬁﬂn pRafhelRtOLE fat REonskat caltiémnet hod

i
according to claim conprrsing increaSing the aqueous feed rate when the
free aceti cpagpiiepase consantertion iemaintainad, ovipleat keast oinp, asdisemetimesanerathasn 30

broth exceeds 2 qg/L, ther redyci.n ny. unwanted. in [

concent rat i 8He’<?1ag‘§“§fe& 0? ig%s‘gtgé%ré’%’ ﬁq‘aé?%‘fa r%tﬁ’ aglguon IRfG 26{3‘?8‘%@‘_‘1 p?%%‘ngret hod
according to claim9, conprising reducing said gaseous substrate feed rate
to relieve substrate inhibition and nailatain said productivity. 14. The

met hod according to claim9, wherein said agitation rate is reduced 5 to
relieve substrate inhibition and maintain said productivity. 15: The net hod
according to claim9, conprising supplying to said bioreactor said gaseous

substrate at a rate of from0.3 to 2 mvol CO gramof dry cell of bacteria .-~

in said bioreactor/mnute. 10 16. The nmet hod according to- claim15, wherein
the amount of carbon nonoxide present in said bioreactor is greater than
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from 0.3 to 2 mmol CO/gram cell (dry weight) of bacteria/minute. In another
20  embodiment, the CO is provided at a rate of from 0.5 to 1.5 mmol CO/gram cell (dry
~ weight) of bacteria/minute. In another embodiment, the CO is provided at a rate of

about 1 mmel CO/gram cell (dry weight) of bacteria/minute. Example 24 provides an

illustration of one embodiment of this method step.
This rate of CO uptake maintains ethanol production in-preference to aceté.te_
25  production. If CO is supplied such that the dissolved CO in the fermentation broth is
| signiﬁcant by gas pressure or extremely good mass transfer, the fermentation broth
becomes more reduced. Oversupply of CO has two additional benefits. Excess CO
*may cause the CO cycle to operate at a faster rate, and if the Acetyl-CoA cycle is
otherwise limited and cannot keep up with the CO cycle, reduced ferredoxin builds-

30 up. CO may also slow down step 2 (production of the intermediate acetic acid) in the
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| growth of the culture or thereafter, the gas feed rate and/or agitation rate is reduced
until the substrate inhibition is relieved. An illustration of how _té adjust the gas rate
or agitation rate to accomplish this effect is illustrated in Example 21.
15 & Additional Manipulating Steps
‘ In addition to the major method enhancing steps described above, several
method steps are desirably included in the ethanol production lﬁetllod.
L Increasing Mass Transfer
~ One such additional embo_dimeﬁt involves ensuring that the mass
20 transfer of the CO or H, from the gas feed to the liquid fermentation broth is faster
than the ability of the bacteria to utilize the dissolved gases. For example, if a
bioreactor contammg C. ljungdahlii is fed CO, CO, and H, and is operated without
limitation on nutrients (such as pantothenate or cobalt) or the presence of excess Hz, ’
cell growth is limited by the amount of gas transferred into the liquid phase and the
25  system produces acetic acid as the product. If the culture is fed 2 slight amount of CO
or H, in excess of that required for culture growth, it produces ethanol. However, if
too much gas is transferred into the liquid phase for the culture to use, substrate
inhibi’ti_on occurs,' which can lead to culture upset and cell death. Thus, there is a very
narrow range of operation with excess mass transfer. Example 22 provides an-

30  illustration of this method.
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operating range since substrate inhibition could quickly cause cell death and a
15 resulting by-product concentration which is toxic to the culture.

2, Stupplying excess CO and H,

In another embodiment of a method of this invention, stability in the
hlgh ethanol concentratlon/hmxted acetic acid production is achieved in the methods
which limit cobalt or calcium pantothenate, or provide an abundance of H, or CO.

20 According to this step, as the culture uses the gaseous substrates CO, H, and CO, as
the carbon and energy sources, CO and H, are supplied in slight excess. A slight
excess of CO and H, is achieved by attaining steady operation and then gradually
increasing the gas feed rate and/or agitation rate (10% or less increments) until the
CO and H, conversions just start to decline. This is one means of avoiding mass

25 transfer limitation, which favors acetic acid production, and supplying excess reduced
ferredoxin in order to reduce NAD(P) to NAD(P)H and produce ethanol. If CO and
H, are not supplied in slight excess, mass transfer limitation occurs, and the pathway
is balanced. This results in poor ethanol to acetate product ratios (high acetate

- concentrations). High acetate concentrations can ultimately result in acetic acid
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10! 1 9838109815 &akthr to allow cell growth and further ethanol production. Another manipulating
| 15 step is used to avoid culture failure. One modification involves briefly increasing the - -
liquid or aqueous feed rate to reduce the liquid phase concentration of inhibiting acetic
“acid to lower than 2 g/L An illustration of this step for a particular culture in a
reactor is demonstrated in Example 23, -
‘ 4. Water recycle ;step
20 . Still another optional method step for maintaining a stable culture
which produces ethanol as the only product with no net écetic acid production in the
methods of this invention involves adding water recycle from distillation back to the
fermentation reactor (see, e.g.; Example 15). As was noted earlier, water (contair. ng
up to 5 g/L acetate) recycle has the benefit of recycling the produced acetate back to
25 the reactor so that no net acetic acid is produced. An equilibrium is thus established
between the ethanol and acetate in the reactor. As a result, all CO, CO, and H, fed to
the reactor and converted to products results in ethanol production, except for that

used for culture maintenance.
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Instead acetate iscome eventually the dominant product. This acclimation to low
- limiting nutrient concentrations results in a culture which produces more acetic acid
15 than ethanol (ethanol to acetate product ratio of 1.0 or less), and yields low ethanel -
concentrations (sometimes as low as 1 g/L) Adaptation most likely occurs when the
culture is not provided with sufﬁc.lent nutrients during start-up, where growth rate is
more important than ethanol production rate, Additionally, there is a danger that the
 culture can be acclimated to low limiting nutrient concentrations during steady state
20 operation particularly as the limiting nutrient concentrations are adjusted downward to )
- rid the reaction system of acetate. |
To avoid this adaptation when usmcr the pantothenate or cobalt lirniting
steps above, mstead of allowing the culture to grow thh the available nutrients, and
the danger mentioned above, another modification of the method can be employed. A
25 two-stage CSTR system where primarily good culture growth occurs in the first stage
on a slight excess of limiting nutrients (perhaps with accompanying acetic acid
production), followed by a productiori stage where the culture from the first stage is
now limited by the limiting nutrient and is i.ised to produce high concentrations of
: ethanol,' is another modification of the method. This modification enables the

30 maintenance of a stable culture, which does not acclimate to reduced pantothenate or
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smgle CSTR used to produce ethanol The gas feed to this reactor is unconverted gas
3 from the Production Stage 4 and the liquid feed is fresh medium 2. The Growth
15 Stage CSTR is operated without cell recycle. The purpose of this Growth Stage
reactor is to provide a healthy culture for later ethanol production that does not
acclimate to low pantothenate concentrations. ,
. The Production stage reactor 4 is operated at a nominal LRT of less
than 20 hours. Thi§ CSTR with cell recycle is fed a fresh gas feed 5, and may have‘“ h
20 low conversions. It is fed fresh medium feed 6 as well as culture feed 7 from the -
- Growth Stage. Minimal pantothenate or cobalt is fed to this reactor since the excess
from the Growth Stage is available. Cell recycle 8 is used in this reactor in order to
get the most production out of the cells sent back to the reactor 9. The exit ethanol
concentration in the liquid prc;duct 10 should be greater than 20 g/L. The features of
25 the two-stage CSTR system include little change for acclimation to low pan;othenate
or cobalt coricentratio,ns; an oirerall LRT ofless than or equal to 30 hours; an
expected greater ethanol productivity and higher ethanol concentration than from a

single CSTR of the same size. .
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v 5  accomplished by batch inoculation from stock culture (Example 11) or by employing a
' contihuoué inoculum from an existing reactor as culture feed (Example 12). As noted
earlier in the discussion of avoiding culture acclimation to low pantothenate or cobalt
concentrations, the culture is most desirably brought up to a high cell concentraﬁon
prior to limiting nutrients, but supplying excess H, to the culture. This rapid start-up
10 avoids culture acclimation and yields good product ratios (high ethanol and low
acetate concentrations), If the rapid start-up is not employed, poor product ratios can
occur and the culture can acclimate to low liquid phase nutrient concentrations and -
require reactor reinoculation. ' |
_ - The reactor is started with a batch liquid phase (liquid medium is not
15 initially fed continuously to the reactor), at low agitation rates (perhaps 400-600 rpm
in a laboratory New Brunswick Scientific Bioflo® reactor) and at the desired pH. The
liquid phase in the reactor thus consists of a batch of nutrient medium containing
vitamins and salts, with a nominal concentration of limiting nutrient, either calcium
pantothenate or cobalt (20 pg/L pantothenate or 75 ppb cobalt as an example). If )
20 continuous inoculum from an existing reactor is employed, batch liquid phase o
operation likely is not necessary. In this case, gas is fed continuously to the reactor
during initial start-up at a slow rate. Ideally, the gas phase at start-up would be CO,-
free, H2~a5undant and the gas rate and agitation rate would be kept at low levels to
avoid'FC-O substrate inhibition. . |
25  An exemplary general start-up protocol for producing and sustaining
commercially viable ethanol concentrations from CO, CO, and H, consists of three
distinct phases: (a) initial start-up, where cell production is critical; (b) start-up where -
production rate becomes critical; and (c) steady state operation. Essentially, initial
start-up is characterized by inoculation of a batch liquid, with a nominal limiting

30 nutrient, selected from cobalt (75 ppb) or calcium pantothenate (20 pg/L) at a desired
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preferentially kept low, while H, is fed in excess. The cause of ethanol production
during start-up is excess H,; nutrient limitation occurs later. Thus, excess liquid
* nutrients are actually present durihg start-up to avoid unwanted culture acclimation to
5 - lownutrients. Asthe fermentation proceeds over a period of several hours after |
inoculation, CO, is produced and H, is consumed. The changes in these rates
indicated that the agitation rate should be nominally increased slowly (perhaps by 200-
300 rpm in a laboratory reactor, over a period of 2-3 days) to avoid mass transfer
limitation. |
10 This onset of CO, production occurs much more rapidly in systems
enﬁplvoying continuous inoculation as opposed to batch inoculation frqm stock culture.
However, if the agitation rate is increased too fast, CO substrate inhibition occurs.
This procedure of watching H, conversion (or CO, production) while nominally
increasing agitation rate occurs at-a relatively rapid rate until thé target agitation rate
15 isreached. During this time of increasing agitation rate in batch liquid culture, cell
production instead of product formation is of utmost importance.
| Once the target agitation rate is reached (800-1000 rpm in laboratory
New Brunswick Scientific Bioflo® reactor), the culture is allowed to steady to confirm
: H, uptake. The start-up shifts to a mode in which production rate becomes important.
20 .It is desirable to have CO conversions exceeding 80% and a high H, partial pressure in
the exit gas (at least 0.55 atm) to assure ethano! production while limiting acetate and
the free molecular acetic acid concentration. The liquid medium feed rate is then
turned 6n (for systems having batch inoculation from stock culture) to initiate |
continuous liquid feed and the gas rate is increased in 10% increments toward the
- 25 ftarget flow rate. H, remains in excess to avoid excess acetic acid production, As the
gas rate is increased, the liquid phase nutrients are limited (calcium pantotlﬂenaté or
cobalt), and the effect of such limitation is a small drop in H, conversion, at the target
produbtiOn. _ ' .
At steady state operation, production of 15-35 g/L ethano! and 0-5 g/L

30  acetate is reached. At this stage, small adjustments in limiting nutrients, liquid feed
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y rates and1 gas@g& rgt%:s are needed, and are chosen by one of skill in the art with
resort to knowledge extant in the art as well as the teachings of this invention. If cell
recycle is to be added to the method of ethanol production, it is added at this time
along with an adjustment in gas rate (increase) and nutrient concentration (decrease).
5 The above described methods of continuously producing and mainté.ining high
concentrations of ethanol with low by-product acetate concentrations under stable
operating conditions enhance the use of the subject bacteria on a commercial scale for
ethanol production. The steps outlined in the methods above overcome the limitations
of ljtilizing the subject bacteria for commercial_ethanol production from CO, CO, and’
10 H,. Preferably the method employs a continuous bioreactor, although batch and fed-
batch fermentation methods are also used, but are not likely to be economically viable
for large-scale ethanol production.
~ The ‘folldwing examples illustrate various aspects, methods and method steps
according to this invention. These examples do not limit the invention, the scope of

15 which is embodied in the appended claims.

EXAMPLE 1. AN EXEMPLARY METHOD OF THE PRESENT INVENTION
A synthesis or waste gas containing CO and/or CO,/H, is continuously
introduced into a stirred tank bioreactor contaihing a strain of C. ljungdahlii, along
. with a conventional liquid medium containin}g vitamins, trace metals and salts. One
20 desirable nutrient medium is reported in Table 1 below. | |
During method start-up using a culture inoculum of 10% or less the reactor is
operated with a batch liquid pﬁase, where the quuid medium is not fed continuously to
the reactor. The liquid phase in the reactor thus consists of a batch of nut;ient ‘
" medium with a nominal concentration of limiting nutrient, either calcium pantothenate
25 orcobalt. Alternatively, a rich medium containing yeast extract, trypticase or othgr
complex nutrients can also be empldyed.
Ideally, the gas phase at start-up is CO,-free and contains excess H,. The gas
rate and agitation rate are kept at low levels (less than 500 rpm in a New Brunswick

Scientific Bioflo® fermentation bioreactor) to yield CO and H, in slight excess, but at
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- the same time, avoxdmg CO substrate inhibition, In a one-liter laboratory New -

Brunswick Scientific Bioflo® fermentation bioreactor, as an example, where the feed
gas composition is 63% H,, 32% CO and 5% CH;, the agitation rate to initiate start-
- up is 400 rpm and the gas rate is 20 mV/min. The cause of ethanol production during
5 start-up is excess Hj; limitation on nutrients occurs later. Thus, excess liquid nutrients
(pantothenate, cobalt) are actually présent during start-up to avoid unwanted culture
acclimation to low nutrients,
As the fermentation proceeds over a perfod of several hours after inoculation,
CO, is produced from the conversion of CO, and H, is consumed along with the CO,,
10 which is a signal to nominally increas‘e the agitation rate to avoid gas mass transfer
limitation, In the New Brunswick Scientific Bioflo® CSTR, the exit gas is 25% CO,
67% H,, 2% CO,, and 6% CH,. If the agitation rate is increased too fast, CO
substrate inhibition occurs, as evidenced by a decrease in methane concentration after
an increase in agitation. Thus the agitation rate might typically be increased by 200
15 rpmin24 hours. This procedure of monitoring CO, production (or H, conversion)
| while n,ominally increasing agitation rate occﬁrs at a relatively rapid rate until the
target agitation rate is reached. A typical target agitation rate in the New Brunswick
Scientific Bioflo® fermentation bioreactof is 900 rpm. During this time of increasing
agitation rate in batch liquid culture, cell production instead of product formation is of
20 -utmost importance.. Thus, cell concentrations of about 1.5g/L are attained, while
typical product concentrations are 10g/L ethano! and 2g/L acetate from the batch
culture. ‘ , |
Once the target agitation rate is reached, the system is allowed to grow to
maximum H, uptake. It is desirable to have very high H, exit concentrations (typically
25" >60%) to assure ethanol production while limiting acetic acid production. The liquid
medium feed is then turned on (for systems having batch inoculation from stock
culture) to initiate continuous liquid feed and the gas feed rate is increased toward the
target flow rate. In the laboratory New Brunswick Scientific Bioflo® fermentation .
bioreactor-the liqu'id feed rate is typically 0.5 ml/min, while the gas flow rate is

30 increased by 10 to 15% every 24 hours toward a target rate of 125 ml/min.
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production. As the gas flow rate is increased, cell production increases until the
reactor is eventually limited on liquid phase nutrients (calcium pantothenate or cobalt)-
as evidvenced by a small-drop in H, conversion, at the target productivity. In the New

5 answick Scientific Bioflo® CSTR, this is recoonizéd by a 10% drop in H,
conversion at a target productlvxty of 20 g/Lday.

The production method and reactor system are then maintained at a steady
state producing 15 to 35 g/L ethanol and 0 to 5 g/L acetate as products, with only |
occasional small adjustments in limiting nutrients, liquid rates and gas rate. Typical

10 steady state conditions in the laboratory New Brunswick Scientific Bioflo®

~ fermentation bioreactor without cell recycle, are a gas retention ltime (gas flow-
rate/reactor liquid volume) of 20 minutes, a liquid retent’ion.timc (liquid flow
rate/reactor liquid volume) of 30 hours and an agitation rate of 900 rpm, yielding CO
conversions of 92% and H, conversions of 60% with pantothenate limitation,

15 Inan embodxment of this method in which cell recycle is added to the reactor
system, it is added at this time along thh an adjustment in gas rate (increase) and
nutrient concentration (decrease): With cell recycle in the New Brunswick Scientific
Bioflo® CSTR, the gas retention time is typically 8 minutes, the liquid retention time is
12 hours, the cell retention time is 40 hours and the agitation rate is 900 rpm. These

20 conditions typically yield a CO conversion of 92% and a H, conversion of 50% with

pantothenate limitation.

EXAMPLE 2. SAMPLE ANALYSIS VIA GAS CHROMATOGRAPHY
To achieve and/or mamtam proper productivity and ratio, a sample of the |
fermentation broth in the fennentatlon bioreactor must be penodlcally sampled. A
25 sample greater than 1.5 »ml of culture is taken from the culture in the bioreactor. The
sampie is ‘placédin a microcentrifuge tube and the tube is placed in a Fisher Scientific
Micro 14 centrifuge with necessary ballast for balancing. The sample is subjected to’
8000 rpm for 1.5 minutes. A 0.500 ml sample of supernatant is placed into a 1.5 ml

vial designed for use in a gas chromatograph autosampler. A 0.500 ml sample of an
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acid in deionized water, ‘The phosphoric acid assures the all acetate is converted to
acetic acid and is detected by gas chromatography.

One pl of the prepared sample is then injected by autosampler into a Hewlett-
Packard 5890 Series II Gas Chromatograph equipped with a 007 FFA Quadrex 25m x
0.53mm ID fused silica capillary column. The analysis is conducted with a helium
carrier gas in split-flow mode with 66 ml/min split-flow and 7.93 ml/min injector

purge. The column head pressure is set to 4 psig which yields a column carrier flow -

of 7 ml/min. The temperature program is 75°C for 0.2 minutes, a ramp to 190°C at a

rate of 30°C/minute, and a hold time at 190°C for 5.17 minutes. The resulting runtime
is 8 minutes. The instrument is calibrated for ethanol (0 — 25 g/L), acetic acid (0-25
g/L), n-butanol (0-5 g/L) and butyric acid (0-5 g/L)). Five standards, prepared from
reagent grade materials, are used for the calibration. If the sample is outside the '

calibration range of concentration (e.g., >25 g/L ethanol), 0.250 ml of the sample and

10250 ml of deionized water are placed into the vial with 0.500 ml of the internal

vstandafd and the dilution factor is included in the analysis.

EXAMPLE 3: ACID PRODUCTION IN A LABORATORY CSTR WITH CELL
RECYCLE

A New Brunswick Scientific Bioflo® laboratory fermentation bioreactor was
operated with cell recycle using Clostridivm ljungdahlii, strain ERI2, ATCC 55380
for the production of acetic acid from CO, CO, and H,. The gas feed contained 40%
H,, 50% CO and 10% N,, and the gas retention time to the one-liter reactor was 7.7
to I8 6 minutes. Liquid medium containing vitamins, salts and trace elements was fed
at a liquid retention time of 2. 6 to 2.9 hours. The pH was 5.1 to 5.2, the agitation

rate was 1000 rpm and the cell retention time was about 40 hours. Under these

‘conditions of mass transfer limitation (and not nutrient limitation), the CO conversion

was 94 to 98% and the H, conversion was 80 to 97%. The cell concentration was 4
to 8 g/L, and acetate was produced at 10 to 13 g/L.. No ethanol was produced.

Although the reactor was operated under mass transfer limitation (limited by the
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1s6t ability to transfer gas to the culture) and thus produced only acetic acid as the
product, the parameters for ethanol pro‘ductibh through pantothenate limitation,
cobalt limitation or the presence of excess H, of CO were monitored to serve as |
comparisons for when ethanol is produced as the dominant product. o
5. As shown in Table 2, the Ca-d-pantothenate fed per unit of cells produced was |
1575103150 micro-grams per gram of cells producéd (pg/g-cell produced). Similarly
the cobalt fed per gram of cells prod‘uced was 1734 to 3468 (ng/g-cell produced). -
‘The épeciﬁc CO uptake rate was 0.35 to 0.61 mmole/g-cellsminute. The ratio of the
‘moles of H, fed to the sum of two times the moles of CO converted and three times
10 the moles of CO, converted was less than 0,46.. Thus, none of the parameters we;e_in
the desired operating range for ethanol production by the culture,
It is realized that pantothenate and cobalt were fed in large excess to the
- reactor above when making acetic acid as the product under mass transfer limitation.
 That is, the pantothenéte and/or cobalt levels could be decreased significantly and still
15 be above the levels for pantothenate or cobalt limitation. To illustrate this, the -
| medium fed to the 1-liter New Brunswick Scientific Bioflo® fermentation bioreactor
was modified to significantly decrease cobalt addition to a level that was just above
the conéentration of cobalt for cobalt limitation. The reactor again contained C.
ljungdahlii strain ERI2 for production of acetic acid from CO, C‘O2 and H,. The gas
20  feed contained 55% H,, 25% CO, 15% COQ, and 5% CH, (reference gas), and the gas
retention time was 7.5 to 8.0 minutes.. Liquid medium contaihing salts, vitamins and
trace elements was fed at a liquid retention time of 3.0 to 3.5 hours, and the cell
retention time was 40 hours, The pH was 5.0 to 5.3 and the agitation rate was 900 to
1000 rpm. Underv these conditions the CO conversion was 95 to 99% and the H,
25 conversion was 94 to 98%. The cell concentration was 2.5 to 4.0 g/L and acetaté was
the onfy product at 10 to 14 g/L. _ ‘
The Ca-d-pantothenate fed to the reactor per gram of cells was 2250 to 3600
HE pantbthenate/g-cells produced. The cobalt fed per unit of cells produced was

reduced to a range of 62.0 to 99.2 pg cobalt/g-cells produced. The specific CO
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two times the CO converted and three times the CO, converted was 0.875.

EXAMPLE 4. ETHANOL PRODUCTION IN LABORATORY CSTRs WITH
PANTOTHENATE LIMITATION |

ANew Brunswick Scientific Bioflo® II laboratory fermentation bioreactor was
operated as a straight through CSTR (without cell recycle) using C. ljungé!ahlii, strain
C-01 ATCC 55988 for the production of ethanol from CO, CO, and H,, limited on
pantothenate. The gas feed to the reactor éoﬁtained 63.3% H,, 31.4% CO and'5.3%
C,H; (reference gas); fed at a gas retention time .of 27 minutes. Liquid medium
containing excess salts and trace eler‘ﬁgnts and a limited supply of pantothenate was
fed to the 1.55 liter reactor at a liquid retention time of 3 1.4 hours. The pH was 4.6
to 4.7, and the agitation rate was 650 rpm. Under these operating conditions the CO
conversion was 98%, the H, conversion was 83% and the cell concentration was 1.5
t0 2.0 g/L. Ethanol was produced at a concentration of 15 to 19 g/L, and acetate was
produced at 1.5 g/L.. The ethanol productivity ranged from 11.5 to 14.5 g/L+day.

In analyzing the parameters for ethanol production, pantothenate limitation
was seen by operating with a pantothenate feed to cell production ratio of 17.7 to

23.6 1g pan;othenaté/g-cell produced. Compare this ratio to the 2250 to 3600 Hg

pantothenate/g-cell produced and 1575-3 150 pg pantothenate/g-cell produced in

Example 3 for acid production. The cobalt fed per unit of cells produced was 5000 to
6000 pg cobalt/g-cell produced, a level that is even greater than in Example 3 and
assures no cobalt Iimitétion. »T‘he specific CO uptake rate was 0.23 to 0.30 mmole/g-

cellsminute. The ratio of H, fed to the sum of two times the CO converted and three

_ times the CO, converted was 1.03, and the H, partial pressure in the exit gas was

0.55-0.64 atm. It is possible that either excess H, or limited pantothenate caused
ethanol production.

Pantothenate limitation for ethanol production was also addressed in another

- New Brunswick Scientific Bioflo® II laboratory reactor operated with cell recycle

using C. Jjungdahlii, strain C-01 ATCC 55988. This reactor was fed gas containing
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excess salts and trace elements was fed to the 2.4 liter reactor at a liquid retention
time of 24.8 hours. Cell recycle was provided by employing a 0.2 um hollow ﬁbgr

5 membfane, and the éell retention time was 69 hours, The pH was 4.6, and the
agitation rate was 650 rpm. Under these conditions the CO conversion was 90%, the
H, conversion was 53% and the'cell concentration was 2.5 g/L. The ethanol
concentration was 18 g/L and the acetate concentration was 3 g/L The ethanol
productivity was 17.4 g/Leday. | '

10 In analyzing the parameters for ethanol pfodu-ction (Table 2), the ratio of
pantothenate fed per unit of cells produced was 8.08 ug pantothenate/g-cell produced.
Again, pantothenate limitation was assured by operating at a level far less than that
recjuired for acetate production. The cobalt fed per unit of cells produced was 39601
ug cobalt/g-cell produced. The specific CO uptake rate was 0.33 mmole/g-

15 cell'minute. The ratio of H, fed to the sum of two times the CO converted and three
times the CO, converted was 1.14, and the H, partial pressure in the exit gas was o
0.60-0.65 atm. Excess H, could be a potential reason for ethanol production;
however, the high CO, content in the exit gas (0.14 atm) shows that growth was
limited By parlltothenate‘

20 In another experiment, C. ijngdahlfi,'strain ERI2 was fed 1500 to 3600 pg
pantothenate/g cells produced during acetic acid production from CO, CO, and Hy, a
condition where the reactor was not limited on pantothenate (or any other limitation
except for the ébility to transfer gas to the culture), and no ethanol was found in the
product stream, - ‘ . |

25 During limitation on pantothenaté for ethanol production from CO, CO, 'and

H,, C. ljungdahlii, strain C-01 was fed 8 to 24 pg pantothenate/g cells produced,
while maintaining all othérvnu_trients in ekcess, Under these conditions, strain C-01

produced 15 to 19 g/L ethanol and 1.5 to 3.0 g/L acetate.
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ew Brunswick Scientific Bioflo® II laboratory fermentatlon bioreactor was
operated as a straight through CSTR (with no cell recycle) using C. ljungdahlii, strain
C-01, ATCC 55988 for the production of ethanol from CO, CO, and H, with cobalt
fimitation. The gas fed to the reactor contained 60% H,, 35% CO and 5% CH,
(reference gas), and was fed at a gasretention time 6f 14 miﬁutes. Liquid medium
containing excess salts, vitamins and trace metals (except for cobalt, which was
limiting) was fed to the 2.5 L reactor at a liquid retention time of 40 hours. The pH
was 4.9 and the agitation rate was 650 rpm. Under these conditions the CO

conversion was 91%, while the H, conversion varied from 20 to 80%, but was

- nominally 55%. Ethanol was produced at 26 g/L, acetate was produced at 4g/L and

the cell concentration was 2.5 g/L.. The ethanol productivity was 15.6 g/Leday.
In analyzing the parameters for ethanol production, the ratio of the

pantothenate fed to the cell production was 15.2 pg pantothenate/g-cell produced.

This level was quite low, such that cobalt limitation might not be assured in favor of o

pantothenate limitation. Cobalt limitation was seen by operating with 33.3 pg
cobalt/g-cell produced, a level which is 100 times less than used in reactors without
cobalt limitation. The ratio of the H, fed to the sum of two times the CO converted
and three times the CO, converted was 0.94. The specific CO uptake rate was 0.37
mmole/g-celleminute.

Cobalt limitation for ethano! production was also demonstrated in a CSTR
with cell recycle using C. Jungdahlii, strain C-01 ATCC 55988. This experiment was
run to demonstrate cobalt limitation in the presence of excess pantothenate, in
contrast to the previous reactor in this example. The New Brunswick Scientific
Bioflo® 2000 laboratory fermentation bioreactor with."a 0.2 pm hollow fiber
membrane for cell recycle, was fed gas containing 60% H,, 35% CO and 5% CH,,
(reference gas) at a gas retention time of 5 minutes. Liquid medium containing excess
salts, vitamins and trace metals (again, except for cobalt which is limiting) was fed to

the 1.2 liter reactor at a liquid retention time of 16 hours. The pH was 5.1 and the
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H, conversion was 50% and the cell concentration was 4.2 g/L. The ethanol.
concentration was 18 g/L and the acetate concentration was 4 g/L. The ethanol

5 'productnvxty was 27 g/L-day.

In addressing the parameters for ethanol production in this reactor (Table 2), _
the ratio of pantothenate fed to cell production was 85.7 pg pantothenate/g-cells
produced, a level which is 5.5 times greater than in the previous reactor in this
example. Cobalt limitation was seen by operating with 47.6 pg cobalt/g-cells

10 produced. The ratio of H, fed to the sum of two times fhe CO converted and three
times the CO, converted was 1.03, and the H, partial pressure in the exit gas was 0.60
atm. Again, excess H, could be a potential reason for ethanol production; however,

' ‘the high CO, content in the exit gas (0.1-0.15 atm) shows that growth was limited by

cobalt. The specific CO uptake was 0.50 mmol/g-cellsminute.

15 EXAMPLE 6. ETHANOL PRODUCTION IN LABORATORY CSTRs WHEN

OPERATING WITH EXCESS CO PRESENT
A high pressure AUTOKLAVT™ reactor (Buchi) was operated as a CSTR
- with culture circulation and cell recycle using C. Jjungdahlii strain C-01 for the

production of ethanol from CO, CO, and H, in the presence of excess CO for a period

20 . of 50 hours. The reactor was operated at 25 psig and fed gas containing 57% H,,
36% CO and 6% C,H,. The gas retention time was variable, but was nominally 3.0
minutes. Liquid medium containing excess salts, vitamins (including pantothenate)
and trace metals was fed to the 600 ml reactor at a liquid retention time of 8.2 hours.
The cell retention time, obtained by passing the reactor effluent through a ceramic

25 hollow fiber filter, was 18.5 hours. The pH was 4.5, the agitation rate was 450 rpm
and the liquid recirculation rate was:0.4 to 0.5 gpm. Under these conditions, the gas
conversions were variable, but the CO conversion Was nominally 72% and the H,

conversion was nominally 12%. The cell concentration was 2.7 g/L. Ethanol was
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In analyzing the parameters for ethanol production, the ratio of the 3
pantothenate fed to the cell production was 97 pg pantothenate/g-cell produced.” This
level is sufficiently high to assure that pantothenate was not limiting. The ratio of
cobalt fed to the cell production was 836 ug éoBalt/g cell produced, again a level that
assures that cobalt was not limiting. The ratio of the H, fed to the sum of two times
the CO converted and three times the CO, converted was 1.09, and the H, partial
pressure was 1.6 atm. The high CO, content in the exit gas (0.5 atm) assures that
excess H; did not cause ethanol production. The specific CO uptake rate was 1.34 -
mmol/g-cellemin., alevel that assures excess CO'as a method of producing ethanol.

The technique of using excess CO for ethano! production was also
demonstrated in another experiment with C. ljungdahlii, strain C-01 in the

AUTOKLAV™ reactor (Buchi) system, again with cell recycle and with culture

- circulation, fora period of 24 hours. In this experiment the 600 ml reactor was fed

gas containing 15.8% H,, 36.5% CO, 38.4% N, and 9.3% CO, at a 1.4 minute gas

retention time. The reactor pressure was maintained at 40 psig. Liquid medium

containing excess salts, vitamins and trace metals was fed at a liquid retention time of

4.8 hours, and the cell retention time, obtained by passing effluent through a ceramic

hollow fiber filter, was 19.2 hours. The pH was 4.5, the agitation rate was 1000 rpm

and the liquid recirculation rate was 0.4 to 0.5 gpm. Under these conditions, the CO

conversion was 71.6% and the H, conversion was 11.8%. The cell concentration was
7.1 g/L, ethanol was produced at 12.0 g/L. aﬁd acetate was produced at 2.7 g/L.. The
ethanol productivity was 60 g/L day. |

In analyzing the parameters for ethanol production (Table 2), the ratio of

_ pantothenate fed to the cell production was 294 pg pantothenate/g-cell produced.

This level is far in excess of the minimum level required to cause ethanol production

due to pantothenate limitation. The rate of cobalt fed to the cell production was 735

jg cobalt/g cell produced, again a level that ensures the cobalt was fed in excess. The
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assures that excess CO is available as the method of causing ethanol to be produced.

EXAMPLE 7. ETHANOL PRODUCTION WITH EXCESS H, PRESENT
5 A‘Ne_w'Brunswick Scientific Bioflo laboratory fermentation bibreactor was
- operated as a straight through CSTR (without cell recycle) using C. ljungdahlii, strain
C-01 ATCC 55988 for the production of ethanol from CO, CO, and H, in the
. presence of excess H;. The gas feed to the reactor contained 77% H,, 19% CO and
4% CH, (reference gas), fed at a gas retention time of 30 minutes. Liquid medium
10  containing excess salts, vitamins and trace elements was fed to the reactor 'at a liquid
retention time of 36 hours. The pH was 5.0 and the agitation rate was 1000 rpm,
‘Under these operating conditions the CO conversion was 97-99% and the H,
conversion was 60-80%. The cell concentration was 0.8-1.0 g/L, the ethanol
concentféﬁon was 10g/L and the acetate concentration was 3.3 g/L. The ethanol
15 productivity was 6.7 g/Leday
| In analyzing the parameters for ethanol production, the pantothenate feed to
cell production ratio was 900-1125 pg pantothenate/g cell produced, thus assuring
excess pantothenate was present. Similarly, the cobalt feed to cell production ratio
was 991-1239 pg cobalt/g cell produced, again assuring that excess cobalt was
20 present. The specific CO uptake rate was 0.28-0.35 mmol/g cell min, a level such that
excess CO was not causing ethanol production. The ratio of the moles of H, fed to
the sum of 2 times the moles CO converted and three times the moles CO, converted
was 1.96, a ratio that is above 1.0, the Iével where excess H, is present and thus could
be controlling ethanol production The H, partial pressure in the exit gas was 0.70-
25 0.87 atm, and the ratio of the H2 partial pressure to CO, partial pressure in the exit gas
was 65, Thus, the reactor was producing ethanol due to the presence of excess H,.
In a second experiment, a high pressure AUTOKLAV™ reactor (Buchi) was
opérated as a CSTR with culture circulation and cell recycle ﬁsing C. ljungdahlii,

strain C-01 for the production of ethanol from CO, CO, and Hj in the presence of

37



1 210%@#& ()- 1 210%@& ()- 1 210%@#& ()- 1t T80S74 2100/%§: @5

210%@& ()- 1S6t G yU 210%@& ()- 1 210%@& ()- 1 cGr4 o‘%’% @& ()- 1
210%@#& (WO 0UOTIDY@E () - 1 210%@& ()- 1 210%@& ()- 1 RIVE@EYY) - 1 cGr4
210% 210%@#&' ()- 1 210%@& ()- 1 210%@& ()- 1 210%@& ()- 1 210%@& ()- 1
210%@#& ()- 10S3G74 210%@& ()- 1 210%@& ()- 1 210%@& ()- 1S6t G yU-
210%@& ()- 1 !|"#$& 0084 210%@& ()- 1 210%@& ()- 1 210%@& ()- 1
210%@#& ()- 1 210%@& ()- 1 210%@& ()- 1 210%@& ()- 1' (*+, - pT80CB4

10 (. bR, o B Mo O g, ) oot
2109%@H&: () - UBeferencRigiyfodl 1D UopAd AYGENEN (ilne 08221 AH@HES. (Diquid m2diON@H& () - 1
210%#& () - containing excess salts, vitamins and trace elemients was fed to the reactor at a liquid
retention time of 8.97 h_Ours.‘ The cell retention time was 22.7 hours, the pH was 4.5
5 and the agitation rate was 800 rpm. Under these operating conditions the co
- conversion was 91.5% and the H, conversion was 43.4%. The cell concentration was
5.5 g/L and the acetate concentration was 2.85 g/L. The ethanol pfoductivityn in the
reactor was 215-240 g/L-day. _
| In analyzing the parameters for ethanol production, the pantothenate feed to
10 cell 'production rate was 46 ng pantothenate/g cell produced, a level that may indicate
pantothenate limitation, The cobalt feed to cell production ratio was 460 ug cobélt/g
cell produced, a level which assures that cobalt was not limiting. The specific CO
uptake rate was 1.68 mmol/g-cell-min, a level that could indicate that excess CO were
preéent if it were not for the high H, uptake rate of 4.14 mmol/g-cell'min, which
15 indicates that substrate inhibition to the H, conversion was not occurring. The ratio
of the moles of H, fed to the sum of two times the moles CO converted and three
times the moles CO, converted was 5.67, a rate that is far above the required ratio 6f |
1.0 for éxcess H, to be present. The H, partial pressure'in the exit gas 2.61 atm, and
the rate of H, partial pressure to CO, partial pressure in the exit gas was 10.9.- The
20 reactor was thus producing ethanol as a result of the'presence of éxcess H,.

A summary comparison of method parameters and results for Examples 3

through 7 is shown in Table 2 below.

EXAMPLE 8. PRODUCT SHIFT IN C. L/JUNGDAHLII STRAINS ER12, C-01
 AND PETC USING MEDIUM FORMULATIONS
25 The methods of this invention can be applied to any of the C. [ungdahlii
strains. Results from medium maﬁipulation experiments employing strains ERI2, C-
01 and PETC are shown in Table 3 below. The purpose of these experiments was to
demonstrate that each of the strains can be shifted from acetic acid production to

ethanol production merely by manipulating the medium. Thus, a culture was fed
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experiments was to demonstrate that medium manipulation can result in product shift

for each of the strains. Thus, attaining high product concentrations and productivities

~was not a focus of these experiments.

* The reactor was operated as a straight through CSTR (no cell recycle) for
each of the culture experiments. The gas retention time was nominally set at 50
minutes, the liquid retention time was nominally set at 40 hours and the agitation rate
was nominally set at 1000 rpm. Thése conditions were chosen to allow comparisons
of the strains, but not to achieve high productivities. |
As noted in Table 3, strain ERI2 was subjected to five changés in medium
which shifted the products back and forth from acetic acid as the dominant product to

ethanol as the dominant product. Both pantothenate limitation and cobalt limitation

“were demonstrated for ethanol production by this strain. Strain C-01 was shifted

three times using medium manipulation, again with both pantothenate limitation and
cobalt limitation demonstrated as the mechanism for ethanol production. Strain PETC

was shifted only once, with ethanol production due to cobalt limitation. Each of the

strains showed higher H, conversions when producing acetic acid, rather than ethanol, -

as the dominant product. This occurs because acetic acid is produced under mass
transfer limitation (limiting the amount of gas to the cultufe), whereas ethanol is
produced when limiting. nutrients, and thus excess gas is supplied which can negatively
affect gas conversion. Small amounts of acetate are always present in the product
stream when the dominant product is ethanol. However, when acetic acid is the
dominant product, ethanol is usually not present in measurable concentrations. In
shifting dominant products from ethanol to acetic acid by nutrient manipulation, it was
shown that it was very difficult to remove all traces of ethanol. Complete removal of
ethanol occurred only after several weeks of continued operation on acetic acid

enhancing medium.
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WLOY%$& () - K" #re shown in Table 4. In the table, GRT refers to the gas retention time (ratio of liquid

volume to inlet gas flow rate), LRT refers to the liquid retention time (ratio of liquid
10 volume to liquid flow rate), and XRT refers to the cell retention time (average amount
of time cells spend in the reactor). As is noted in the Table 4, ethanol concentrations
- of 17.5 to 33 g/L were obtained, and the ethanol productivity ranged from 14.4 to
21.1 g/Leday. | |
Similar results are shown for ethanol productlon from gas that is not as
15 l'lCh in CO. The gas used in the experiment using C. ungdahlii C-01 without recycle,
| for which results are reported in Table 5, contains 16% H,, 27% CO, 6% CO,, and
51% N,. Ethanol concentrations ranging from 11 to 26 g/L were obtained with this
gas, with 2.0 to 5.0 g/L acetate present as a secondary product. The ethanol
productivity ranged from 11.1-20.1 g/L-‘day. * The cell concentration is based upon
20 dry cell weight in Table 5.
| Finally, steady state data for the conversion of gas dontéining 50% H,,
45% CO and 5% CH, in a CSTR with cell recycle using C. ljiungdahlii 0-52 (ATCC
Accession No. 55989) are shown in Table 6 below. Ethanol concentrations of 18 to
23.5 g/L and acetate concent\ratior.ls 0f3.0t0 5.7 g/LL were attained. The ethanol
25 productivity ranged from 21.1 to 39.0 g/Leday.
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reactor at a hqutd retentlon time of 3.6 hours. The pH was 4.5 and the agitation rate

was 825 rpm. Under these conditions, the cell concentration was 8 g/L, the CO

conversion was 90% and the H, conversion was 40%. The product stream contained

20 g/L ethanol and 2.75 g/L acetate. The ethanol productivity was 150 g/Leday.

In another high pressure AUTOKLAV™ reactor (Buchi) operated as a CSTR -

with culture circulation and cell recycle using c ljungdahlii, strain C-01, the reactor
was operated at 6 atim (75 psig) and fed s'yﬁgas containing 55% H,, 30% CO, 5% CH,
and 10% CO,. The gas retention time was 1-min (atmospheric pressure basis), with - -
an actual gas retention time of 6.0 min. Liquid medium containing excess salts,
vitamins and trace metals was fed to the reactor at a liquid retention time of 1.62 hr.
The cell retention time was 24 hr, the pH was 4.5 and the agitation rate was 800 rpm.
Under these conditions, the cell concentration was 2.0 g/L, the CO conversion was
95% and the H, conversion was 60%. The product stream contained 25 g/L ethanol

and 3 g/L acetate. The ethanol p'rod‘uctivity was 369 g/L+d.

EXAMPLE 11: START-UP FROM STOCK CULTURE WITH EXCESS Hz
PRESENT

Start-up using a batch inoculum frorﬁ stock culture ensures a healthy inoéulum
free from contamlnants but is not always successful as an inoculation procedure
because of the rather low cell density employed, especially if the method parameters

such as gas rate and agitation rate are pushed upward too rapidly just after

-inoculation.
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inspection: With each inoculation, approximately 90 ml of stock culture were

10  transferred from serum bottles to 1 liter of medium, represenfipg 9% by volume
inoculation. A successful inoculation is described below. The outlined procedure can .
be repéated several’timés to obtain a successful inoculation.

In obtaining a successful inoculation, 90 ml/L of inoculum were added to a 1
liter batch of basal medium (shown in T.ablle 1) containing 0.4 ml/L vitamins and salts

15  (t=0). The agitation rate was 240 rpm, the pH was 5.3, the temperature was 38.5°C
and the gas retention time (continuous gas flow) was 110 minutes. The gas feed
contained 62% H,, 31% CO and 7% C,H,. After 13 hr (t=13 hr) some CO
conversion was noted, and at t=23 hr the agitation rate was increased from 240 rpm

" to 300 rppm. The gas retention time was decreased to 100 minutes at t = 27 hr, and a

20 further decrease in gas retention time was made at t = 46 hr. The agitation rate was
also increased in 100 rpm increments at t = 28 hr, 59 hr, 72 hr and 85 hr.

By t =110 hr, the system was operating with a gas retention time of 80
minutes and an agitation rate of 600 rpm. The cell conqentration was 0.5 g/L and the
CO conversion was 35%. There was still no H, conversion, but small amounts of

25 ethanol and acetate (~ 1g/L each) had accumulated in the batch culture broth. The
| efforts up until this time emphasized cell growth in the reactor.

Medium flow using the same concentrations as in basal medium was started at
a rate of 0.4 ml/min at t =120 hr, A program of nominal increases in gas rate,
agitation rate and medium rate was} then initiated while carefully maintaining the

30 systemunder excess H,. Byt =210 hr, the ethanol concentration was 17 g/L, the
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EXAMPLE 12. START-UP USING INOCULUM FROM EXISTING CSTR
10 | The start-up of a CSTR using continuous inoculum from an existing CSTR is.
much faster and is more dependable than a start-up from batch bottles of stock
culture. A CSTR containing Isolate C. [jungdahlii, strain C-01 (ATCC Accession
No. 55988), that had nearly ceased ethanol production and was producing 2-3 g/L
| ethanol, 7-8 g/L acetate and about 0.3 g/L butanol as the liquid phase products, was
15 restarted using a continuous inoculum from an existing CSTR.
The CSTR from which the inoculum was taken was producing about 17 g/L
ethanol and 1 - 2 g/L acetate, while operating at a gas retention time of 25 minutes, a
liquid retention time of 32 hours, an agitation rate of 650 rpm, a temperature of
38.5°C and pH 4.66. The cell concentration was 1.7 g/L, the CO conversion was
20.  essentially 100% and the H, conversion was 85%.
Continuous inoculum addition was started (t=0), and at this time, the agitation
rate was reduced to 500 rpm and the gas retention time was set at 38 minutes.
Effluent from the productive reactor (0.5 ml/min) served as the continuous inoculum
for the CSTR being inoculated, with continuous inoculation occurring over a period
25 ofseveral hours. By t=5 hr (5 hr after the onset of continuous inoculation), gas
conversion was noted, and the agitation rate was increased to 700 rpm. The
continuous inoculum was turned off at t = 28 hr. The gés conversions improved
steadily, allowing steady increases in gas rate (lowered gas retention times) and an

~ agitation rate increase to 750 rpm. By t = 30 hr, the CO conversion was 95% and the
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WL09B& () - K" heeltath&teldy dfath (e.g., Example 1) is upset due to unforeseen changes in

method conditions, e.g., mechanical problems in the reactor. Upset to the reactor

system can either be minor, such as a briefincrease in the gas rate which causes short-
10 term substrate inhibition, or major, such as a longer term increase in the gas rate
which eventually leads to increased acetic acid production and more severe molecular
acetic acid product inhibition'
Short-term upsets are easily corrected by merely readjusting the upset
- parameter (for example, lowering the gas rate to its original level) and monitoring the
15 progress of the reactor to assure that the upset has not led to a longer-term problem. =
However, acetic acid product inhibition is a more severe problem. If excess
molecular acetic acid i‘s produced by the culture as a result of long term substrate
inhibition, excess nutrient addition, CO, accumulation or mechanical problems of
many types, the problem that led to the excess acetic acid must first be corrected. The
20 excess acetic acid, which quickly leads to product inhibition, is then cleared from the
system by increasing the liquid rate to wash the acetic acid (and unfortunately ethanol)
from the system. Once the acetate level is below 3-5 g/L, the liquid rate is reset and
the reactor is placed back under either excess H2 feed or vitamin or cobalt limitation
(with or without cell recycle). Bringing the reactor back involves reducing the gas
' '25‘ rate to avoid substrate inhibition and/or agitation rate before cell washout and lysis
takes place. The agitation rate or gas rate is then increased, as described in
Example 1.
In one specific example, a CSTR with cell recycl‘e'containing C. ljungdahlii,

strain C-01 that was producing ethanol and acetic acid from CO, CO, and H, began.
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concentration rose to 7 g/L, conditions that are neither stable for operating the reactor

10 nor economical for ethanol production. The cell concentration was 2.4 g/L, the CO

conversion was 85% and the H, conversion was 25%. .

The strategy used in recovering the reactor consisted of first dramaticélly
reducing the gas feed rate to the reactor, followed by gradual recovery of the reactor
in the presence of excess H, . The liquid rate to the reactor was not reduced to clear
product inhibition in this example because the acetate concentration was not
exceedingly high. Instead, the acetate concentration was allowed to more gradually - -
drop to non- mhlbmng levels with the reduction in gas flow rate and subsequent
operation in the presence of excess H,. The specific procedure in recovering the
reactor is dlscussed below.

20 Cell recycle was turned off and the gas rate was dramatically reduced by 70%
to a gas retention time of 62 minutes, while only slightly adjusting the liquid retention
time from 23 to 30 hours (t=0). The vitamin concentration in the medium was not
changed. Wit-h.this change in gas rate the CO conversion increased to 98% and the H,
conversion increased to 80%. More importantly the system had excess H, present, as

25 evidenced by the decrease in CO, in the outlet gas from 19 to 5%. With the onset of
excess H,, the acetate concentration fell while the ethanol concentration increased. At
t= 66 hr (66 hr after turning off cell recycle), for example, the acetate concentration

had fallen t_o' 4 ¢/L and the ethanol concentration had risen slightly to 7.5 g/L.
The presence of excess H, (and the lowered acetate concentration) permitted

30 subsequent increases in gas rate, first slowly and then at a faster rate. By t=215 hr
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with CO and H, conversions of 95 and 73%, respectively. These conditions were

10  maintained for nearly 200 hours of continuous operation, demonstrating that the

reactor system had recovered its ability to produce ethanol and had essentially

retained the previous operating conditions.

- CO

EXAMPLE 14. ETHANOL PRODUCTION METHOD WITH OVERSUPPLY OF

15 ' A simple experiment was performed in a continuous high pressure stirred tank,

reactor with cell recycle to demonstrate the shift from acetic acid production to

ethanol production due to the presence of high CO concentrations. Prior to this

experiment the reactor containing C. Jjungdahlii, strain C-01 was operated ata
pressure of 20-25 psig and fed gas containing 57% H,, 36% CO and 7% C,H; The

20  gas retention time was less than 2 minutes, the liquid retention time was 38 hours, the

cell retention time was 28 hours, the agitation rate was 600 rpm and the temperature

was 38°C. Under these conditions the CO conversion was variable and ayeraged
85%, and the H, conversion was variable and averaged 20%. The cell concentration
was about 2.5 g/L, and the product stream contained 9 g/L ethanol and 3 g/L. acetate.

25 As a first step in preparing for the test, the gas retention time was increased in

order to ensure that excess CO was not present. The pressure was maintained at 23-

24 psig. The pH was followed long enough to ensure that it was stable in the normal
operating range of 4.5 - 4.6. Pure CO was then blended with the regular feed gas to

yield a gas feed of 47% H,, 47% CO and 6% C,H; at a gas retention time of 2.3
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W0 /$& 0- free acetic acid being converted to ethanol. Accompanying this change was a
decrease in CO conversion from 91% to 71%. In decreasing the culture circulation
rate from 0.4 gpm to 0.15 gpm, the reactor pH fell, but the ethanol and acetate
10 concentrations held.

Fifty minutes after CO introduction the ethanol concentration was 1129 g1
and the acetate concentration was 1,75 g/L. At this time, the excess CO was turned
off and the ethanol concentration and pH began to fall, and the acetate concentration
began to rise. The decrease in pH was due to the conversion of ethanol to molecular

15 acetic acid. The ethanol-acetic acid shift through oversupply of CO is thus reversible. V

EXAMPLE 15. WATER RECYCLE TO MINIMIZE Acetate PRODUCTION
The recycle of method water back to the fermentation bioreactor after
distillation to recovér ethanol is essential to minimize effluent productior_l, and to
maximize the yield of ethanol from the reactor, and to limit the acetic acid production.
20 . Distillation has been found to be the most economical method for concentrating 15-35
g/L ethanol o'b'tained, from the reactor to 95% ethanol. Adsorption with molecular
sieves is then used to further concentrate the ethanol to the desired concentration. In
performing the distillation, 95% ethanol in water is produced as the overhead product.
Water is generated as the bottoms product during distillation. The bottoms product
25 . contains acetic acid from the reactor produced during fermentation (3-5 g/L acetate)
and any nutrients not used.up during fermentation or destroyed by the heat of
distillation, such as trace metals and other minerals, The recycle of nutrients
minimrzes the quantity of effluent, that must be treated as well as the quantity of

nutrients that must be subsequently added to the fermentation bioreactor. The recycle
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ml)(y&;\/\éO(y?&K( ) §,§(ﬁ &4, using 9 lfungdahlii, strain 0-52 with water recycle. In these
: experiments, the permeate from hollow fi ber filtration used for cell recycle was sent to
distillation. After removing ethanol, the water was filtered with a 0.2 micron filter to
10 Temove any precipitated by-products, The fractlon of water recycled compared to the
total water (as medium) fed to the reactor in these experiments ranged from 25- 100%. .
The experiment with 100% water recycle lasted for nearly 500 hours or about 20
liquid retention times. Asi is noted in the results with 100% water recycle, no net -
acetic acid was produced. In fact, a small amount of acetic acid was eventually

15 consumed. The ethanol productivity ranged from 12 to 27 g/Leday.

EXAMPLE 16. TWO- STAGE CSTR SYSTEM WITH PANTOTHENATE FEED
TO THE GROWTH STAGE ‘
The proper pantothenate feed to the growth stage is a variable that must be
optimized. Typical results from a Growth Stage Reactor using C. bzmgdahln C-01
20 were described in Examples 11 and 12, with the exception that a bit more acetic acid
would be produced in this reactor since additional pantothenate or cobalt is fed to the
Growth Stage to ensure a healthy and stable culture. The vitamin concentration
employed was 0,7-0.8 ml/L: medium of an- aqueous solution contammg 50.5 mg/L
calcium pantothenate, 20. .6 mg/L d-biotin and 50.6 mg/L thiamine HCI. The
25 Production Stage CSTR with cell recycle is fed-effluent from the growth stage reactor
and produces ethanol as the predominant product. The pantothenate concentration
fed to this reactor is much lower than in the Growith Stage, only 0.1-0.2 ml total
vitamins/L medium of the aqueous solution contammg 50.5 mg/L calcium
pantothenate, 20.6 mg/L d- biotin and 50.6 mg/L thxamme HCI. The gas retention
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about 3 g/L acetate also present. The ethanol prodqctmty was 31.6-37.9 g/L+day.

EXAMPLE 17. REGULATING THE FERMENTATION PARAMETERS TO
10 AVOID ACCLIMATION TO LOW LIMITING CALCIUM PANTOTHENATE

The acclimation of the culture in the fermentation bioreactor to low limiting
calcium pantothenate concentration is avoided by regulating the fermentation
parameters (gas rate, liquid rate, agitation rate, H, partial pressure) while avoiding
major changes in nutrients; but instead maintaining a relatively constant nutrient feed

15" concentration, as follows. ‘

During start-up of a laboratory New Brunswick Scientific Bioflo® CSTR, C. |
ljungdahlii, strain C-01 was fed a liquid nutrient stream containing vitamins, trace
minerals and salts necessary to provide nutrition to the culture. The pantothenate
convce‘ntration in the nutrient medium was 20 pg/L, a concentration that when coupled

20 with the slow rate of medium feed ensureé that there is more than 100 pg.calcium
pantothenate fed per gram of cells produced (excess pantothenate) because of low cell
‘productionA in the bioreacter. Similarly the cobalt concentration in the medium was 1
ppm, a concéntratibn that ensures cobalt is also present in excess. Instead, the H,
partial pressure in the exit gas was kept in excess of than 0.55 atmospheres by feeding

25  agas containing no CO,, 63.3% H,, 31.4% CO and 5.3% C,H,, thus yielding a ratio
Of H, 1.4 / (2 CO cgnyested @1d 3CO; ¢onenca) OF more than 1 and by carefully regulating the_
gas feed rate and agitation rates to achieve greater than 95% CO conversion and

| greater than 80% H, conversion. As these high conversions are attained with time,

the cell concentration builds from an initial level of near 0 g/L to about 1.5 g/L.
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to produce acetic acid during the early stages of start-up, with the product ratio later

“ brought under control throu0h pantothenate limitation.

EXAMPLE 18. LIMITING COBALT TO THE REACTOR |
C. ljungdahlii, strain ERI2 was fed 62 to 3500 pg cobalt/g cell produced
10 during acetic acid production from CO, CO, and H,, a condition where the reactor
was not limited on cobalt (or any other limitation except for the ability to transfer gas
to the culture), and no ethanol was found in the product stream. During limitation on
cobalt for ethanol production from CO, CO, and H,, C. ljungdahlii strain C-01 was
fed 33 to 48 pg cobalt/g cells produced, while maintaining all other nutrientsin '
15 -excess. Under these conditions, strain C-01 produced 18 to 26 g/L ethanol and about
4 g/L acetate.

EXAMPLE 19. AVOIDING ACCLIMATION TO LOW LIMITING COBALT
CONCENTRATION
Acclimation to low limiting cobalt concentration is avoided by regulating the
20 fermentatioﬁ.paramete'rs (gas rate, liquid rate, agitation rate, CO, content) while
avoiding major changes in niitrients, but instead maintaining a relatlvely constant -
- nutrient feed concentration, as follows.
During start-up of a laboratory New Brunswick Scientific Bioflo® CSTR, C,
ljungdahlii, strain C-01 was fed a liquid nutrient stream containing vitamins, trace
25 minerals and salts necessary to provide nutrition to the culture. The cobalt
concentration in the nutrient medium was 75 ppb, a concentration that when coupled
with the slow rate of medium feed ensures that there is more than 50 pg cobalt fed per

g of cells produced (excess coba]t) because of low cell production in the bioreactor.
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conversion. As these high conversions are attained with time, the cell conéen"tration
builds from an initial level of near 0 g/L to about 1.5'g/L.. Since the cobalt
‘concentration is held constant during this start-up, the pg cobalt per g cells produced
gradually decreases until it is less than 56 pg. cobalt/g cell produced, a condition which
10 isthen cobalt limited. The system thus grows into cobalt limitation. High ethanol
~ yields are attained throughout the start-up by employing excess H, in the feed.
Alternatively the reactor is allowed to producevacetic acid during the early stages of

start-up, with the product ratio later brought under control through cobalt limitation.

EXAMPLE 20. OVERSUPPLYING HYDROGEN

15 During operation of a laboratory AUTOKLAVT™ reactor (Buchi)
operated as é CSTR with liquid recirculation and cell recycle, C. {juﬁgdahlii was
operated with excess vitamins, trace minerals and salts necessary to provide nutrition
to the culture. The reactor was operated with excess H, present in the feed gas such
that the ratio of the moles of H, fed to the sum of two times the moles of CO

20 converted and three times the moles of CO, converted was 5.67. Ifthis ratio were not
greater than 1.0, excess H, cannot be present in the reactor and ethanol production
due to the presence of excess H, cannot occur. Furthermore, the H, pértial pressure
in the exit gas was 2,61 étm, a level that exceeds the requirement of 0.4 atm for
ethanol production due to excess H,. Finally, the ratio of H, partial pressure to CO,

25 partial pressure in the exit gas was 10.88, a level which is greater than 3.0 and assures
that enough H, is present to utilize all of the available carbon. Under these conditions
the reactor produced nearly 26 g/L ethanol and less than 3 g/L acetate. The ethanol

productivity was more than 200 g/L-day. If any of these above criteria are not met,
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" ' _n 0
<0 werzamg)zl) ALTRYAARNNG-CO SUBSTRATENEm Al & () - 10%
ttX 10% & ;
@ 0 ( A [aboratory New Brunswick Scientific Bioflo® CSTR operating at an,

agitation rate of 800 rpm shows an outlet CO concentration of 10% when it had been
previously operating with only 5% CO in the gas outlet. By decreasing the agntatlon
rate to 600 rpm, CO inhibition was removed and the outlet CO concentration returned

to 5%. This results in increased H, uptake, a necessary condmon to efficiently utilize
10 all of the gas fed to the reactor,

EXAMPLE 22. MASS TRANSFER

 As an-example of excess mass transfer leading to ethanol production,
consider a laboratory CSTR with cell recycle containing C. ljungdahlii, strain ERI2
operating without nutrient limitation or excess H, or CO in the feed gas. That is,

15 pantothenate is fed at a rate of more than 100 pg calcium pantothenate per gram of
cells produced and cobalt is fed at a rate of more than 100 1g per gram of cells
produced. H, is present in the exit gas at about 0.2 atm and the specific CO uptake
rate is less than 0.3 mmol CO/g cellssmin. The agitation rate is 800 rpm. Under these

~ conditions the culture produces only acetic acid (no ethanol present in the product

20 ‘stream). If the agitation rate is increased quickly to 900 rpm or the gas rate is

' increased by about 10%, ethanol is observed in the product stream, until the cell

concentratlon Increases in order to uptake the gas or until the culture dies due to
substrate inhibition. ’

)



10

15

200

25

10% & ()- 10% & ()-."ui low ¢cC 10% & ()-." 10% & ()-." 100/?' & ()-
10% & ()-." 10% & ()-." 10% & ()-." 10% & ()-."_? 10% & ()- 10%

& ()- " 10% & ()-." 10% & ()-." 10% & ()-." 10% & ()- S%R%O@O
10% & ()-." 10% &'()- " 10% & ()-." 10% & ()-." 10%
& ()-." 10%© o8bgsps . "; _ 10% & ()-."(ui low 10% & ()- Cilflﬁ%m,ﬁl_() _
10% & ()-."( 10% & ()-." 10% & ()-." 10% & ()-." 10% " : 100.
& ()-." 10% & ()-."_? 10% & ()-."( 10% & ()-." 10% .&() .10%..&()
10% & ()-." 10% & ()-." 10% & ()-." _? 10% & ()-."( . 0% & ()-." 10%
&0 " lon &: H o Yoee 8208 &(? #;5%&?;?; fLOf(V) &' (7#1OCV 008/:') ()-
éfoc(yg & ()1 " %%AI\QP f(% 2£ E'%%chp@yqé ACEFIE ACTPFRODYGHINEIR I%FION 10%10/
' "& () *FH+, - 0% 0
@ ()0 a0k a () ook gty GRER o ebaitag o aigfiacfend 194,
& ()-." 10% tﬁWlO] "the ipsid Ritenyion ‘tmila()%ed&eﬁ)ffo 2411%513&1(2)hours fcﬂr&%ueln&cll S\FN

% & ()-." 10%

%87/89& 5 g b iy g esest sy i e vt i
10% & ()- 5" lmﬁliim&'tf(e)ablley dfatie cutuirs to rg&h:%@b@%%&olo%l oﬁieﬁx@a@torgep@)a‘tm;& 10@
&(0)-."& 10% d(r?utnent coln%xéfons are held oo%x(s)ta{gt After this period of time, the liquid

retention time is returned to 24 hours and a product stream containing 3 g/L acetate:
and 15 to 25 g/L ethanol results. Several attelnpts in reducing the liquid retention
time are required to clear the product inhibition. Alterna;iveiy, H, is added to the gas
feed to allow excess H, control, since excess CO, can also lead to acetic acid
production in favor of ethanol. These modifications prevent excess acetic acid
production, and thus prevent a poor product ratio, and a low ethanol productivity.
Thereafter, the use of excess H, in the feed gas or limiting liquid phase nutrient

concentration is resumed.

EXAMPLE 24. OVERSUPPLYING CARBON MONOXIDE

' C. ljungdahlii, strain ERI2 when fed excess nutrients (pantothenate
and cobalt in excess) and without an abundance of H, in the feed gas had a specific
CO uptake rate of 0.23 to 0.48 mmol/gemin., and no ethanol was found in the product
stream. However, when C. ljungdahlii, strain C-01 was similarly fed excess nutrients
without an abundance of H,, in the feed gas, but was under a condition where an
oversupply of CO was causing ethanol production, the épeé‘iﬁc CO uptake rate was
0.67to 1. 34 mmol/gemin. Under these conditions the culture produced 9.9 t012.0
| g/L ethanol and 2.6 to 2.7 g/L acetate.

EXAMPLE 25: CQNTROLL]NG PRODUCT RATIOS WITH CELL PURGE
A gaseous substrate (30% CO, 15% H,, 10% CO,, 45% N})
- fermentation takes place in a CSTR (pH= 5.0, Temperature= 38°C, Pressure = 20
psig) utilizing C. ljungdahlii, strain C-01, with cell recycle (cell retention time = 40

hours and the liquid retention time = 6 hours) and the culture is not limited in growth
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uptake higher than 0.5 mmol CO per gram dry cells per minute. In doing so, the cell

retention time is reduced to between 6 and 25 hours.

Table 1. Ethanol Production Medium

10 Component Quan-tity Per Liter-

2 g/l FeCl,« 4 H,0 10 ml
85% H,PO, 0.05 ml

MPFN Trace Metals® 20 ml

o (NI'I4)2HPO4 0.60 g

15 NH,Cl 2.00¢g
NaCl - 020g

KCl ' 0.15¢g

‘MgCl, » 6H,0 050g

| CaCl,r 2H,0 020g

20 Cysteine HCI » H,0 025¢g
Vitamins solution® variable®

2 MPFN Trace Metals contains (per liter of solution): 10 ml of 85% H,PO,,
0.10 g of ZnSO, + 7H,0, 0.03 g of MnCl, + 4H,0 0.3 g of H;BO;, 0.20 g of CoCl, *
25 6H;0, 0.02 g of CuCl, « H,0, 0.04 g of NiCl, * 6H,0, 0.03 g of NaMoO, * 21,0,
2.00 g of FeCl, * 4H,0, 0.01 g of Na,SeO;, and 0.10 g of Na,WO,* 2H,0
b Vitamins solution contains 20.6 mg/L d-biotin, 50.6 mg/L thiamine HCI
and 50.5 mg/L d-pantothenic acid, calcium salt -
30 - : . L
: ¢ Varies considerably from 0.3 - 0.5 ml at inoculation to as much as 0.7-0.8
ml at high gas rates
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10 maintaining said calcium pantothenate in said bioreactor at an amount of
0.5 to 50 pg/grams of dry cell of bacteria produced in said bioreactor; and
maintaining the specific rate of CO 'uptake in said bioreactor at an
amount of at least 0.5 mmol CO/gram cell dry weight of bacteria/minute;
wherein said bacteria are manipulated in said bioreactor by reducing the
15  redox potential, or increasing the NAD(P)H TO NAD(P) ratio, in the fermentation broth
after said bacteria achieves a stable cell concentration in said bioreactor, free acetic acid
is produced in said bioreactor at a concentration of less than 5 g/L free acid, said ethaﬂol
is produced at a productivity greater than 10g/L per day, and wherein both ethanol and
acetate are produced in a fermentation broth in said bioreactor at a ratio of ethanol to
20  acetate from 1:1 to 20:1.

2. The method according to claim 1, wherein said bioreactor comprises a
growth reactor which feeds said fermentation broth to a second fermentation bioreactor

in which most of said ethanol is produced.

25
3. The method according to claim 1, further comprising the steps of
removing said fermentation broth from said bioreactor, distilling ethanol from said broth
and recovering said ethanol.
30 4. The method according to claim 3, further comprising the steps of

recycling water containing acetate from said distilling step back to said bioreactor.
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%8s & T GL0Y%ss& T Gl0%s& , pT8t X<4T GI
GLO ngio( ) selected from the( g)roup consisting of ga) carbon monoxide, (b) carbon monoxide and

hydrogen, and (c) carbon monoxide, carbon dioxide and hydrogen.

8. The method according to claim 7, wherein said gaseous substrate
additionally comprises nitrogen or methane.
15
9. The method according to claim 1, further comprising altering at least one
parameter selected from the group consisting of nutrient medium contents, nutrient feed
rate, aqueous feed rate, operating pressure, operating pH, gaseous substrate contents,

gas feed rate, fermentation broth agitation rate, product inhibition step, cell density,

20  substrate inhibition and combinations thereof.
10.  The method according to claim 9, comprising raising the pH above 4.5.

11.  The method according to claim 9, comprising periodically purging
25  bacterial cells from said bioreactor to a cell concentration less than a stable

concentration that utilizes all reducing gas or nutrient substrates in said bioreactor.

12 The method according to claim 9, comprising increasing the aqueous
feed rate when the free acetic acid portion of the acetate present in said fermentation

30  broth exceeds 2 g/L, thereby reducing any unwanted increase in the concentration of

said free acetic acid.

64



GlO0%s& ()-, T GLO¥ss& ()-, SDhf w AT GLO%ss& ()-,t X<4T GI GlO%:sl&' ()-

GlO%ss& ()-, T GLO%s& ()-, T GLO%s& ()-, T GLO%s& ()-, T GLOYss& ()-.’

- GlO%ss& () -, t X<t X<4T GI Gl0%ss& ()-, T GLOY%ss& ()-,SDhf w AT Gl0%ss& () -
GlO%ss& ()-,t X<4T GI GlO%s& ()-, T Gl0%s& ()-, T GlO%ss& ( §1 » JAN 2005

Gl0%s& ()-, T GLO%ss& ()-, T GlO%s& ()-, T GlO%ss& () - X<t. <

GlO%ss& ()-, SDhf w AT GLO%ss& ()-, T GLO%s& ()-, T GLOYsS& () - C<4T GTT

YsS & 09658 GLO%S& ().-,T GLOYS& ()-
SIOESE )T el SN bl e ete S
GLOYSE (shbstrteL0dEadid dtiedo STHORES %l'lﬁl}l’aoﬁ &:ﬁfﬂ % gﬂ%ﬁ%ﬂg‘/l) Ve
- GlO%ss& ()-, T GLO%s& ()-, % GlLOY%s& () - &()-,
GLOY%ss& ()-, T GlO%ss& ()-, &T GlOY%ss& 8)/ &T GLOYsS& ()ATTGlGégzgs& ()

0 : % 2
Sovest O B TR Bbind 87 SutdonSiiasl ek 0-
GLOY%S&' ¢9 relﬁv&fb%ﬁt&uﬂilbuﬂin%@%@aﬁl&aﬁﬂsmd)iﬁbff%@l . 0%55& () /SDhf w AT

GlO%ss& ()-, T GLO%ss& ()-, T GLOY%s& ()-,tX<4T GLO%ssé& ()- : T Glol%;_s&' 0)-
Gl0%s& ()-, T GLO%ss& ()-, T GlLO%s& ()-, T Gl0%ss& () GlO%s& () -

etlo: 9 Qss& () - tX<4T
L aesont W AT CLOTeS et e o LRI bk SRR,
GL0Yss &' bilorgattoGhdidigadiofy sybistritet a rate of from 0.3 to 2 mmol CO/gram of dry cell of

bacteria in said bioreactor/minute.

10
| 16. The method according to claim 15, wherein the amount of carbon
monoxide present in said bioreactor is greater than the amount required to maintain said
bacteria at a stable bacterial concentration that wouid fully utilize the carbon monoxide
provided.
15

17.  The method according to claim 15, wherein the amount of CO present 1n

said bioreactor maintains ethanol production in preference to acetate production.

18. The method according to claim 15, wherein said rate is 0.5 to 1.5 mmol

20 COfgram of dry cell of bacteria in said bioreactor/minute.

19.  The method according to claim 7, wherein said gaseous substrate
comprises carbon monoxide, carbon dioxide and hydrogen, wherein an excess of
hydrogen relative to said carbon monoxide and carbon dioxide is present and wherein

25  said excess hydrogen causes said bacteria to produce a high ethanol to acetate ratio in
| sa1d fermentation broth. , ,

20.  The method according to claim 1, wherein sa1d amount of calcium
pantothenate is less than required to maintain said bacteria at a stable bacterial
concentration that would fully utilize the calcium pantothenate provided.

30
21. The method according to claim 1, wherein said amount of calcium

pantothenate maintains ethanol production in preference to acetate production.
65



Gl0%s& ()-, T GLOY%s&T GLOY%sSs& ()-, &T GLOYss& () -, &T GlOWs§&' ()-

GlO%ss& ()-, T GLO%ss& ()-, "tX8tX<4T GlLO%ss& ()-,T GlOsts& (0)- .
GlO%ss& ()-, T GLO%ss& ()-, SDhf w A"$(+-13_7?2<4T Glp%;s& ()-0% FNYB& ()-
Gl0%s& ()-, T GLO%ss& ()-, T GLOY%s& ()-, T GLO%s& () -, 3689I=?k0’ ?<4 B
Gl0%s& ()-, T GLO%ss& ()-, SDhf w AT GlO%s& ()-, T GlO?/css& ()-, ?BEI K!\IP_.<4T
GLOT GlO%ss& ()-,T GLO%s& ()-,T GLOY%s& ()-, T GLOY%ss& ()-, T GlOsts& O)-
GlO%ss& () -, PRTVX[ _?<4T GLOT GlO0%ss& ()-, T GLO%ss& ()-, T GlO%;s& ()-
Gl0%s& ()-, T GLO%s& ()-, T GLOY%s& () - [\]" bt X8?<4T GLO0%ss& () -

Gl0%s& ()-, T $3.0%s3ke fn)eth @c@i@n@s@ 3)1 en‘i"sﬁ?%ﬁ‘cﬁhﬁ&%@f‘d-r%k(lym

GLOY%ss& ()-, T. GLOY%s& ()-, T GlO%S& () T’ GLOYSS &
GLOYss& (Dantothemats tedmmd o &1 psskivm pamtothbostsirarny of diSiket] oﬂlbédferla
GLO%ss &' ( d 0%s& ()-,} _?<4T GLOT GLO%s& ()-, T Gl0%ss& () -
Gl0%ss& ]§ro lIC gflLO%:s&' ()-, T GLO%s& ()-, T GlO%ss&' () -, 0?<4SDhf w AT
GLOY%s &' () T GLO%s& ()-,T GLO%S& ()-, T GLOYS& ()-, hH<4SDhf w AT
GlLOY%ss& ()-, T Gl0%ss& ()-, T (310%;5&'( T GlLO%s& ()-, T GLOY%ss& ()-
GLOYsS & () _ R34 Sphihepethed agecgding to Haim dywbere(n said agoosssLalcium T

0 1L I kB8 e %

GlLO%ss&' (roduke®l0%ss& () -, T GLOY%s& ()-, T GLOY%ss& ( ) T GlO%ss&' ( ) K/ t X84T
GLO%ss& ()-, SDhf w AT :
10 24.  The method according to claim 1, further comprising the step of
preventing acclimation of said bacteria in said bioreactor to said calcium pantothenate
amount by adjusting the parameters selected frorn the group consisting of gas rate,

liquid rate, and agitation rate.

15 25. The method according to claim 9, wherein said nutrient medium further
comprises cobalt at an amount of 5 to 100 ug cobalt/grams of dry cell of bacteria

produced in said bioreactor.

26, The method according to claim 25, wherein said amount of cobalt is less
20  than required to maintain said bacteria at a stable bacterial concentration that would

fully utilize the cobalt provided.

27.  The mcthod according to claim 25, wherein said amount of cobalt
maintains ethanol broduction in preference to acetate
25
28.  The method according to claim 25, wherein said amount of cobalt is 20

to 50 pg cobalt/grams of dry cell of bacteria produced.

29.  The method according to claim 25, further comprising the step of
30  preventing acclimation of said bacteria in said bioreactor to said amount of cobalt by

maintaining a constant cobalt concentration and adjusting the parameters selected from
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